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INTRODUCTION

Industrial context: nuclear safety

High pressure bubble expansion in liquid is involved in several safety problems studied in the Nuclear
Industry, such as BORAX-type 1 accidents in pool-type experimental reactors or Hypothetical Core Dis-
ruptive Accident (HCDA) in a liquid-sodium fast breeder reactor. A BORAX-type accident involves a
high-pressure bubble created by the interaction of melted metal materials with water. A typical accident
of this type has occurred (USA, 1961) for the SL-1 reactor (Stationary Low Power Reactor Number One)
(see Figure 1).

Figure 1: Schematic view of reactor SL-1 (left); three mechanism of control rods ("mécanisme de barre
de contrôle" on the left figure) were damaged (right) after the BORAX-type accident in 1961 [Couturier,
2011].

For a liquid-sodium fast breeder reactor, the scenario of an HCDA supposes the reactor core has partially
melted and the molten fuel chemically interacts with the liquid sodium to produce a large quantity of
gaseous components. The explosive expansion of the high-pressure gas bubble thus formed yields significant
loads on the reactor vessel. A series of experiments corresponding to the HCDA configuration has been
performed at the CEA on the test-rig MARA2 . This test-rig, displayed in Figure 2, is of a reduced
scale 1/30 with respect to a full scale containment. In the MARA2 experiment, a solid explosive material
is ignited in water instead of sodium. Sensors are positioned at various locations in the containment in
order to measure the time evolution of flow fields such as pressure, density, velocity and displacement of
the structure. These measurements provide the validation basis for nuclear safety computational codes.
Before reviewing some of the numerical difficulties raised by the simulation of such a bubble expansion
problem, let us briefly describe some of the key physical features of this flow configuration.
1 BORAX stands for BOiling water ReActor eXperiment [Couturier, 2011].
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Figure 2: MARA experiment to study the HCDA at 1/30 of the full scale [Galon, 2002]. Note the sphere
containing the explosive material at the center of the liquid (water) volume in the vessel.

Bubble expansion: physical description

The primary physical phenomena are graphically illustrated in Figure 3. In a first stage, after the
combustible-liquid contact, a first pulse of pressure or a shock wave is dispatched radially outward and
imparts a large momentum to the liquid (Figure 3, left). The intensity of the shock wave falls off rapidly
as a consequence of the multidimensional expansion. In a second stage, due to this large momentum, a
vapor sphere or vapor bubble begins to expand in the confined medium of liquid initially at rest (Figure 3,
right). Such motion creates the second pulse of pressure which is much less intense than the first one but
still higher than the hydrostatic pressure. It also contributes to the motion of the surrounding medium.

Figure 3: Primary physical phenomena for HCDA: (a): First pulse, (b): Second pulse and bubble expan-
sion.

It is clear that for a short time after the initial explosion, the flow is not in the low-Mach number regime
and the pressure waves are responsible for possible damage of a structure. Such regime does not last long
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however and one quickly deals with a flow is in the low-Mach regime since the pressure waves are physically
dissipated and moreover because their intensity, as already mentioned, rapidly decreases in time due to
multidimensional effects. In long time, it is the kinetic energy of the liquid rather than the pressure waves
that is responsible for the deformation or even the rupture of the containment structure. In this work,
we mainly focus on the low-Mach stage of the problem where we have a (slow) expansion of the bubble
accompanied by the propagation of acoustic waves of small amplitude. .

Numerical solution of a HCDA-type problem

As briefly discussed in the previous paragraph, the HCDA problem involves two distinct scales: the fast-
propagating scale of pressure waves and the (slow) fluid scale of bubble and liquid. An incompressible model
is therefore not suited to the HCDA simulation as it will not account for the compressible flow features.
Consequently, when computing the HCDA problem or similar nuclear safety problems, compressible solvers
are retained, generally based on a finite volume method of Godunov type. Approximate Riemann solvers
are well suited for compressible flow calculation and can be extended to deal with two-phase (liquid-gas)
flows governed by hyperbolic conservation law systems. However, they display some issues when applied to
flow computations with a wide range of Mach number [Rieper and Bader, 2009]: an efficiency or stiffness
issue and an accuracy issue.
The efficiency problem comes from the fact there is a large disparity between the speed of the acoustic
waves c and the fluid velocity v in the low-Mach case: c >> |v|. For compressible solvers, the CFL number
is determined by the speed of the fastest wave, i.e. that of the acoustic waves instead of the speed of
the fluid despite the fact that the acoustic waves do not actually play a dominant role in the low-Mach
analysis:

∆t = CFL×min
(

∆x

|v|
,

∆x

|v|+ c

)
= CFL× ∆x

|v|+ c
≈ CFL× ∆x

c

The CFL stability condition yields therefore a very small time step leading to a lack of efficiency of
compressible solvers.
The accuracy problem was initially pointed out by [Volpe, 1993] and can be illustrated using an example
taken from [Dellacherie, 2010]. The simple configuration under study is the inviscid flow through a 2D
channel with an upper straight wall and a lower wall displaying a bump (see Figure 4). The flow is entering
the channel with a velocity such that the inlet Mach number (based on the inlet velocity and the inlet
speed of sound computed from the inlet temperature) is small, equal to Min = 10−2. The discrete steady
solution obtained on a rather coarse mesh using the standard Roe solver is reported in Figure 4. It is found
that this standard Roe scheme is actually unable to converge to the expected quasi-incompressible steady-
state and provides a totally spurious numerical solution. The lack of accuracy of standard compressible
solvers when computing low-Mach flows has been explained in [Guillard and Viozat, 1999] for the Roe
scheme or in [Guillard and Murrone, 2004] for the Godunov scheme, by performing a rigorous asymptotic
analysis at the discrete level. It turns out that the incompressible pressure perturbation of order O(M2)
is falsely computed, at the discrete level, as a term of order O(M), leading to the previously illustrated
spurious numerical results.
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Figure 4: Pressure contours at M = 10−2. Standard Roe scheme [Dellacherie, 2010].

Figure 5: Pressure contours at M = 10−2. Low-Mach Roe scheme [Dellacherie, 2010].

Various methods have been developed in order to circumvent the stiffness and lack-of-accuracy issues
displayed by conventional approximate Riemann solvers:

• The preconditioning method of Turkel [Turkel, 1987] originally solves the stiffness problem. The
time-derivative of the vector of conservative variables is premultiplied by a suitable preconditioning
matrix with the purpose of scaling the eigenvalues of the system to similar orders of magnitude.
As a result, the disparity in wave-speeds is removed and the convergence towards a steady-state
solution is accelerated. As a side effect, it is also successful in rescaling the wrongly computed
pressure perturbation at O(M) to the correct order of magnitude [Miczek, 2012,Miczek et al., 2015].
The Roe-Turkel flux preconditioning technique for steady state flows can also be adapted for time-
dependent flow [Guillard and Viozat, 1999]. This is achieved by applying the preconditioning matrix
only on the upwind dissipation term. The Roe-Turkel method has been recently extended to the
two-phase gas-liquid case in [Pelanti, 2017]. However, the approach filters acoustic waves as shown
in [Bruel et al., 2019] for instance and is also proved to be expensive as one must decrease significantly
the time step (∆t ≈ O(M2)) to guarantee the numerical stability.

• The method of [Dellacherie, 2010,Dellacherie et al., 2016] relies on the centering of the pressure term
in the numerical flux. The implementation of this method is quite simple and it was shown to be
able to fix the accuracy issue for physical problems free of acoustic waves (see the low-Mach channel
flow in Figure 5). For problems where acoustic waves are present, it will be shown later in this work
that the method is unstable due to a lack of numerical viscosity. Moreover, the fix has been limited
up to now to single-phase flow problems (perfect gas flows) and the efficiency problem still remains.

• [Rieper, 2008,Rieper and Bader, 2009] have proved the accuracy issue of low-Mach computations
using approximate Riemann solvers can be actually fixed by using triangular meshes (in 2D and
grids with tetrahedra in 3D). The approach is interesting since it does not modify the underlying
numerical schemes. However, using purely triangular or tetrahedral grids is not always desirable, for
high-Reynolds number flows for instance, and the efficiency problem remains open.

It is also possible to turn to alternative solution strategies:

• The asymptotic approach introduced by [Paolucci, 1982] and further discussed in [Beccantini et al.,
2008], [Roller et al., 2005], [Rieper, 2008] expands flow variables in power of the Mach number and
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injects them into the compressible equations yielding a so-called asymptotic system, free of acoustic
waves. This method seems to be a good candidate for approximating loads applied on a structure.
However, the main remaining issue is how to efficiently solve the asymptotic system. Moreover, the
method is still limited to single-phase flow problems.

• When focusing on the calculation of a quasi-incompressible flow with a solution strategy taking ad-
vantage of an existing framework targeted on hyperbolic systems of conservation laws, the artificial
compressibility method originally developed by Chorin [Chorin, 1967] appears as an option. Note
that it was also extended in [Nourgaliev et al., 2004] to deal with unsteady multifluid flows, using a
level set approach to describe the fluid-fluid interface. However, in the present work, as will be de-
scribed in chapter 4, the Discrete Equation Method (DEM), already implemented in the Europlexus
code to tackle multiphase flows, is the approach of choice which should be extended to deal with
low-Mach configurations.

It can be stated there is currently no off-the-shelf numerical method or strategy that would readily provide
an efficient and accurate numerical solution for low-Mach two-phase flow problems. This observation moti-
vates the present PhD thesis, the objective of which is to develop the expected numerical strategy building
on available tools implemented in the Europlexus code, namely approximate Riemann solvers, DEM for
multiphase flows and Arbitrary Lagrangian Eulerian method to deal with fluid-structure interaction. The
final application targeted in this work is an HCDA-type problem, that is a bubble expansion in a closed
vessel with the interaction between the flow and the containment walls taken into account.

Thesis contribution

To investigate the numerical low-Mach problems encountered when computing two-phase flows, we first
proceed by analyzing the accuracy issue for single-phase flows of liquid with the purpose of understanding
the numerical behavior of 1-D and multi-D problems including open and closed computational domains.
Some available numerical fixes are thus adapted to the liquid governed by the Stiffened Gas Equation of
State (SG-EOS) and are applied to compute a series of numerical test problems. It will be shown that
such fixes are indeed curing the accuracy issue, while leaving the efficiency issue an open problem.
Motivated by the development of a novel numerical strategy that can not only solve the accuracy problem
for low-Mach two-phase flow problems but also reduce the computational cost, we propose next the so-
called Discrete Equation Method - Low Mach (DEM-LM) numerical strategy. The method extends to
the low-Mach number regime the existing DEM method [Abgrall and Saurel, 2003] by borrowing ideas
from the Artificial Compressibility (AC) approach. It can be combined with the anti diffusive UDCS
approach [Tang, 2012] capable of sharply capturing fluid/fluid interface. Moving boundaries can also be
taken into account by employing the ALE approach.

Outline

The thesis is divided in two parts, as summarized in Tables 1-2.
In the first part of the thesis, the low-Mach accuracy problem is discussed for liquid flows, with a focus
on a pressure centering strategy proposed in the literature:

• In Chapter 1, we review the reasons for the lack of accuracy of standard compressible solvers when
computing low-Mach flows. Some available numerical fixes, in particular the pressure centerin strat-
egy proposed by Dellacherie [Dellacherie, 2010,Dellacherie et al., 2016] is adapted to the computation
of low-Mach liquid flows governed by the stiffened gas equation of state.

• In Chapter 2, we perform a series of test cases to assess the advantages and drawbacks of the standard
compressible schemes with and without low-Mach correction.
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In the second part of the thesis, we present the development of a novel numerical method able to efficiently
compute accurate solutions of two-phase flows in the low-Mach number regime. The strategy builds upon
existing methods available in the Europlexus code used throughout the thesis (DEM method for two-phase
flows, ALE method for fluid-structure interaction) and introduces an original Artificial Compressibility
approach. The development is described from single-phase low-Mach computations to the application to
the MARA problem (HCDA experiments):

• In Chapter 3, the new Artificial Compressibility (AC) method is first developed for single-phase
flows and analyzed on a series of piston test problems.

• In Chapter 4, we briefly recall the Discrete Equation Method (DEM) approach used for computing
two-phase flow problems.

• In Chapter 5, the new method presented in Chapter 3 is combined with the DEM method to tackle
low-Mach two-phase flows. The new method is denoted as DEM-LM where LM stands for Low
Mach.

• In Chapter 6, the original DEM and novel DEM-LM methods are applied to the computation of the
MARA problem (HCDA-type problem involving the expansion of a bubble in a closed domain filled
with liquid), with and without fluid-structure interaction.

Conclusions on the achievements of the thesis and detailed perspectives of future developments to address
the missing steps not yet covered are finally provided.

Objectives
Chapter 1

• Analyze the low-Mach accuracy problem through the asymptotic behavior of
standard compressible solvers applied to the computation of low-Mach single-
phase flows governed by the stiffened gas equation of state.

• Propose and assess low-Mach correction methods to fix the accuracy problem.
Chapter 2 • Evaluate the accuracy of numerical solutions given by standard and low-Mach

correction methods described in Chapter 1.

Test problems:

• 2D cylindrical axisymmetric piston: assess the accuracy of standard schemes
with the presence of acoustic waves.

• 2D Gresho vortex: assess the accuracy of standard schemes with and without
low-Mach correction when computing the slow fluid scale.

• Gresho vortex acoustic: assess the accuracy of standard schemes with low-Mach
correction when computing fast acoustic and slow fluid scales.

• 1D low-Mach shock tube: assess the accuracy of standard schemes with low-
Mach correction when computing wave propagation problems.

Table 1: Organization of the thesis: Part I: Pressure centering as a fix for low-Mach liquid flows.
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Objectives
Chapter 3

• Review existing methods based on the artificial compressibility approach for
computing low-Mach single-phase flow problems.

• Propose a novel numerical strategy to fix the drawbacks observed in classical
approaches.

Test problems:

• 1D planar piston problem with acoustic waves: demonstrate the advantages
and drawbacks of the classical methods and evaluate the accuracy as well as
the efficiency of the new strategy.

• 1D and 2D cylindrical piston problems with well-prepared initial condition:
evaluate the accuracy and the efficiency of the new method in computing closed
domain problems without presence of acoustic waves.

Chapter 4 • Overview of the Discrete Equation Method (DEM) used for solving two-phase
flow problems and analysis of its numerical solutions in the low-Mach number
regime.

Test problem:

• 1D bubble expansion problem: compare the solutions given by the asymptotic
(analytical) model and the DEM method in the low-Mach number regime.

Chapter 5 • Extend the DEM method to the low-Mach number regime. The new method is
named DEM-LM and is based on the numerical strategy introduced in Chapter
3 for single-phase flows.

Test problem:

• 1D low-Mach bubble expansion problem: compare the solutions given by the
asymptotic model, the DEM and DEM-LM methods and evaluate the accuracy
as well as the efficiency of the DEM-LM strategy.

Chapter 6

• Application to the industrial two-phase multidimensional test problem (MARA)
with fluid structure interaction.

Test problems:

• 2D MARA problem: validate the DEM method in computing a fluid-structure
problem.

• 2D low-Mach MARA problem: evaluate the performance of the DEM-LM
method by comparing its solutions with those given by DEM.

Table 2: Organization of the thesis: Part II: Development of a novel artificial compressibility method for
low-Mach two-phase flows.
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Introduction

The purpose of this chapter is to review the reasons why exact or approximate Riemann solvers successfully
used for compressible flow applications fail to provide accurate solutions of low-Mach single-phase flows.
The diagnosis relies first on an asymptotic analysis in section 1.2 for the Euler equations briefly introduced
in section 1.1. The same procedure is next applied at the discrete level in section 1.4 for some standard
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1.1. EULER EQUATIONS

numerical schemes briefly described in section 1.3.
The asymptotic analysis is in fact used by many researchers to analyze the low-Mach behavior of a finite
volume scheme but has been usually applied to the case of flows in open domains [Guillard and Viozat,
1999, Guillard and Murrone, 2004]. We will extend the analysis in section 1.4 to the case of a closed
domain, for one dimensional and multidimensional problems, as this is the case of interest in our work
(with low-Mach flow in a containment as a final target).
Once understood the reasons for the lack of accuracy of low-Mach computations using conventional exact
or approximate Riemann solvers, we adapt in section 1.5 corrections which have been proposed in the
literature to compute accurately low-Mach flows. These corections, usually proposed for low-Mach flows
of perfect gases, are adapted for liquid flows governed by the stiffened gas equation of state.

1.1 Euler equations

1.1.1 Conservative formulation

In a non-reacting (absence of chemical reaction) single-phase flow where the body forces (gravity, magnetic
or electrical fields, etc), and the dissipation effects (related to the viscosity or thermal conductivity of fluid)
are assumed to be negligible, the conservation equations describing the flow evolution form the compressible
Euler system of equations. In its conservative form, the system can be written as:

∂ρ

∂t
+∇ · (ρv) = 0

∂(ρv)

∂t
+∇ · (ρv⊗ v + pI) = 0

∂ρet

∂t
+∇ · ((ρet + p)v) = 0

(1.1)

where the total energy per unit mass et is the sum of the internal energy per unit mass e and the kinetic
energy per unit mass 1

2v · v. The velocity field is a three-component vector, for example in the Cartesian
coordinate system v = (u, v, w) and I is the identity tensor. The pressure field is coupled with other fields
and the above system is closed by an equation of state (EOS) which links pressure, density and specific
internal energy:

p = p(ρ, e) (1.2)

System (1.1) can be rewritten in compact form as:

∂U
∂t

+∇ · f = 0 (1.3)

with U the vector of conservative variables and f the physical flux:

U =

 ρ
ρv
ρet

 , f =

 ρv
ρv⊗ v + pI
(ρet + p)v


This conservative formulation is frequently used as it allows the calculation of discontinuities in flow
(shocks, contact surfaces) since jump relationships at discontinuities are implicitly contained in the flux
vector f.
It can be useful to study the Euler system in the case of a simple one-dimensional situation, where the
conservative vector and the flux vector of the general system (1.3) become:

U =

 ρ
ρu
ρet

 , f =

 f1

f2

f3

 =

 ρu
ρu2 + p

(ρet + p)u


11
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The one-dimensional Euler system may also be written in quasi-linear form:

∂U
∂t

+A(U)
∂U
∂x

= 0 (1.4)

with:

U =

 u1

u2

u3

 =

 ρ
ρu
ρet

 , A(U) =
∂f
∂U

=



∂f1

∂u1

∂f1

∂u2

∂f1

∂u3

∂f2

∂u1

∂f2

∂u2

∂f2

∂u3

∂f3

∂u1

∂f3

∂u2

∂f3

∂u3


1.1.2 Primitive formulation

Another useful formulation for the Euler equations, though not suitable for calculations involving shocks
or strong discontinuities, is the primitive formulation which writes:

∂ρ

∂t
+ v · ∇ρ+ ρ∇ · v = 0

∂v
∂t

+ v · ∇v +
1

ρ
∇p = 0

∂p

∂t
+ v · ∇p+ ρc2∇ · v = 0

(1.5)

and describes the evolution of the so-called primitive variables, namely density, velocity and pressure. This
formulation is fully relevant in the low-Mach number regime, devoid of discontinuities. The compact form
of the primitive formulation in the 1D case can be written as:

∂W
∂t

+A(W)
∂W
∂x

= 0

with:

W =

 ρ
u
p

 , A(W) =

 u ρ 0
0 u 1/ρ
0 ρc2 u


The above primitive system is closed by defining the sound speed c:

c2 =
∂p

∂ρ

)
s

=

[
p

ρ2
− ∂e

∂ρ

)
p

]
∂e

∂p

)
ρ

(1.6)

The eigenvalues of the matrix A(W) correspond to the propagation velocities of the density, velocity and
pressure waves:

λ1 = u− c, λ2 = u, λ3 = u+ c

Since these eigenvalues are real and distinct values, the 1D Euler system is said to be strictly hyperbolic
[Toro, 2009].
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1.2. DIMENSIONLESS SYSTEM AND ASYMPTOTIC ANALYSIS

1.1.3 Equation of state

The equation of state (EOS) closing the governing equations will be the stiffened gas EOS (SG-EOS) [Ivings
et al., 1998] well suited to describe liquid flows:

p(ρ, e) = (γ − 1)ρe− γP∞ (1.7)

In (1.7), the first term represents the thermal agitation and the second term γP∞ corresponds to the
attractive effects of molecules leading to matter cohesion in liquid and solid states [Le Métayer and Saurel,
2016]. The correction of pressure P∞ can be considered as the resistance of a medium to the compression
(or the stiffness of a medium) while γ is an empirical constant characterizing its compressibility. For liquid
water, these constants take the typical values γ = 4.4 and P∞ = 6.0× 108.
Concerning a perfect gas such as air, the attractive effect disappears since the molecules are far from each
other and can be supposed to evolve freely without interaction between them. Consequently, the constant
P∞ is equal to 0 and the SG-EOS (1.7) becomes:

p(ρ, e) = (γ − 1)ρe

For a perfect gas, γ = cp/cv and takes a value in the range 1 < γ < 2 (for air γ = 1.4) with cp and cv the
heat capacities respectively at constant pressure and constant volume.
It can be demonstrated by substituting (1.7) into (1.6) that the sound speed in a medium governed by
the SG-EOS is given by:

c2 =
γ(p+ P∞)

ρ
> 0 (1.8)

1.2 Dimensionless system and asymptotic analysis

1.2.1 Dimensionless system

In the particular case of the Euler system, the dimensionless form is beneficial when investigating the
behavior of the system in the low-Mach number regime as will be discussed in section 1.2.2.
The primitive Euler equations in the multidimensional case are made non-dimensional by setting:

ρ̂ =
ρ

ρref
, v̂ =

v
vref

, p̂ =
p

ρrefc
2
ref

, ĉ =
c

cref
, t̂ =

t

lref/vref
, x̂ =

x
lref

where the hat variables are dimensionless and normalized by reference (ref) states. The dimensionless
Euler equations for the primitive formulation can be written as:

∂ρ̂

∂t̂
+ v · ∇ρ+ ρ̂∇ · v̂ = 0

∂v̂
∂t̂

+ v̂ · ∇v̂ +
1

M2

1

ρ̂
∇p̂ = 0

∂p̂

∂t̂
+ v̂ · ∇p̂+ ρ̂ĉ2∇ · v̂ = 0

(1.9)

The dimensionless system (1.9) introduces the Mach number (M) defined as the ratio between the fluid
reference velocity and the reference sound speed:

M =
vref
cref

(1.10)

System (1.9) is closed by defining the dimensionless sound speed ĉ:

ĉ2 =
γ(p̂+ P̂∞)

ρ̂
(1.11)

13



1.2. DIMENSIONLESS SYSTEM AND ASYMPTOTIC ANALYSIS

We notice that the choice of the reference time tref in the above dimensionless system is based on the
velocity of the (slow) fluid scale. This means that acoustic waves of small amplitude are neglected in the
system. The choice of a reference time tref based on the acoustic speed cref yields another system with a
focus on the acoustic scale (see [Rieper, 2008], section 2.3.2).

1.2.2 Asymptotic analysis in the low-Mach number regime

Many authors have used asymptotic analysis to study the behavior of the Euler equations as the Mach
number tends to zero. For the primitive Euler equations, the primitive/physical variables can be developed
in the power of the Mach number as:

p̂(x̂, t̂,M) = p̂(0)(x̂, t̂) +Mp̂(1)(x̂, t̂) +M2p̂(2)(x̂, t̂) + o(M2)

v̂(x̂, t̂,M) = v̂(0)(x̂, t̂) +M v̂(1)(x̂, t̂) +M2v̂(2)(x̂, t̂) + o(M2)

ρ̂(x̂, t̂,M) = ρ̂(0)(x̂, t̂) +Mρ̂(1)(x̂, t̂) +M2ρ̂(2)(x̂, t̂) + o(M2)

ĉ(x̂, t̂,M) = ĉ(0)(x̂, t̂) +Mĉ(1)(x̂, t̂) +M2ĉ(2)(x̂, t̂) + o(M2)

(1.12)

The leading order of the sound speed can be demonstrated to be linked to the leading order pressure and
density terms. Indeed, by injecting (1.12) into (1.11) and neglecting O(M2) terms, we obtain:

ĉ2 =
γ[p̂(0) +Mp̂(1) + P∞]

ρ̂(0) +Mρ̂(1)
=
γ[p̂(0) +Mp̂(1) + P∞]

ρ̂(0)
· 1

1 +M
ρ̂(1)

ρ̂(0)

=
γ[p̂(0) +Mp̂(1) + P∞]

ρ̂(0)

[
1−M ρ̂(1)

ρ̂(0)

]
At the leading order O(M0), the above relation yields:

[ĉ(0)]2 =
γ(p̂(0) + P∞)

ρ̂(0)
(1.13)

In order to understand the asymptotic behavior of the continuous solutions, we suppose that the system
(1.9) admits solutions of the form (1.12). By substituting (1.12) into the dimensionless system (1.9), we
obtain (see for instance [Beccantini et al., 2008], [Roller et al., 2005], [Rieper, 2008] for fully detailed
calculations):

(1.9)2,O(M−2) : ∇p̂(0) = 0

(1.9)2,O(M−1) : ∇p̂(1) = 0

(1.9)2,O(M0) :
∂v̂(0)

∂t̂
+ v̂(0) · ∇v̂(0) +

1

ρ̂(0)
∇p̂(2) = 0

(1.9)3,O(M0) :
∂p̂(0)

∂t̂
+ v̂(0) · ∇p̂(0) + ρ̂(0)[ĉ(0)]2∇ · v̂(0) = 0

(1.14)

where (1.9)2 denotes the velocity evolution equation in system (1.9) while (1.9)3 denotes the pressure
evolution equation in the same system. The first and second equations of (1.14) are derived from the
expansion of the momentum equation (1.9)2 at the order O(M−2) and O(M−1). From these equations,
we can state that the leading and the first order pressure terms are independent of space:

p̂(0) = p̂(0)(t̂)

p̂(1) = p̂(1)(t̂)

From (1.14)3, we can state that it is the second order pressure term that ensures the balance of forces
in low-Mach flows. The respective roles of each pressure term have been discussed in [Klein, 1995,Roller
et al., 2005]:
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1.2. DIMENSIONLESS SYSTEM AND ASYMPTOTIC ANALYSIS

• The leading order term p̂(0) is called the thermodynamic or background pressure.

• The first order term p̂(1) plays the role of the acoustic pressure and satisfies the linear acoustic
equations in the (fast) acoustic scale but is spatially constant in the (slow) fluid scale. In fact,
due to the choice of tref which assumes that the low-Mach flow is free of acoustic waves, this term
becomes a function of time. A choice of tref based on the acoustic speed cref yields the linear
acoustic equations (see for instance [Rieper, 2008], section 2.3.2).

• The second order term p̂(2) act as the balance-of-forces agent and can be regarded as the incom-
pressible pressure or dynamic pressure.

As the leading order term for pressure is dependent on time only, p̂(0) = p̂(0)(t̂), the equation (1.14)4

becomes:

∇ · v̂(0) = − 1

ρ̂(0)[ĉ(0)]2
dp̂(0)

dt̂
= f(t̂) (1.15)

The relation (1.15) is also called the compatibility condition. We emphasize that the divergence of the
leading order velocity is a function of time only since ρ̂(0)[ĉ(0)]2 = γ[p̂(0)(t̂) + P∞]. However, the leading
order terms ρ̂(0) and ĉ(0) are still functions of time and space as defined in (1.12). Despite this fact, we
recognize that the density changes very little in the low-Mach number regime and therefore we can assume
that it is constant up to the first order: ρ̂(0) = const. It follows that the leading order sound speed is only
time-dependent: ĉ(0) = ĉ(0)(t̂). The asymptotic expansion (1.12) reduces to:

p̂(x̂, t̂,M) = P̂ (t̂) +M2p̂(2)(x̂, t̂) + o(M2)

v̂(x̂, t̂,M) = v̂(0)(x̂, t̂) +M v̂(1)(x̂, t̂) +M2v̂(2)(x̂, t̂) + o(M2)

ρ̂(x̂, t̂,M) = ρ̂(0) +Mρ̂(1)(x̂, t̂) +M2ρ̂(2)(x̂, t̂) + o(M2)

ĉ(x̂, t̂,M) = ĉ(0)(t̂) +Mĉ(1)(x̂, t̂) +M2ĉ(2)(x̂, t̂) + o(M2)

(1.16)

with:
P̂ (t̂) = p̂(0)(t̂) +Mp̂(1)(t̂) (1.17)

From (1.16), we also conclude that the pressure fluctuation scales like the square of the Mach number.
The pressure field in the original system (1.5) can be decomposed into the so-called homogeneous thermo-
dynamic pressure P (t) and the dynamic fluctuation p′(x, t):

p(x, t) = P (t) + p′(x, t)︸ ︷︷ ︸
O(M2)

, p′(x, t) << P (t) (1.18)

In the following, we define the so-called asymptotic system, derived by substituting the pressure decompo-
sition (1.18) into the primitive Euler equations (1.5). For a multidimensional case, this asymptotic system
writes:

∂ρ

∂t
+ v · ∇ρ + ρ∇ · v = 0

∂v
∂t

+ v · ∇v +
1

ρ
∇p′ = 0

dP

dt
+ ρc2∇ · v = 0, P = P (t)

(1.19)

Note the contribution of the dynamic fluctuation p′(x, t) can be neglected in the pressure evolution equation
while it must be retained in the velocity equation evolution where it acts as the balance-of-forces agent.
The divergence of velocity, is time-dependent only as ρc2 = γ[P (t) + P∞].

Further simplifications:
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1.3. STANDARD EXACT AND APPROXIMATE RIEMANN SOLVERS

By integrating the compatibility condition (1.15) over a volume V with boundaries S and using the
divergence theorem, we obtain the identity:

1

ρ̂(0)[ĉ(0)]2
dp̂(0)

dt̂
= − 1

V

∫
S
v̂(0) · ndS (1.20)

Depending on the physical problem under study, the relationship (1.20) can be further simplified.

• For a physical problem in an open domain, the volume V of the (potentially unbounded) domain
can be made arbitrarily large so that the right-hand-side of (1.20) vanishes. The leading pressure
becomes a constant, resulting in the divergence free constraint for incompressible flow. It also
explains why p̂(0) is also called the background pressure.

dp̂(0)

dt̂
= 0⇒ ∇ · v̂(0) = 0

• For a physical problem in a closed domain (with no-slip/periodic boundary conditions), (1.20)
states that it is the boundary S of the domain which drives the leading order pressure term p̂(0).

1.3 Standard exact and approximate Riemann solvers

In this section, we are interested in solving the Euler equations using the finite volume method. Let us
therefore consider the integral form of the Euler system obtained by integrating system (1.3) over a finite
control volume with fixed boundaries Ci = [xi−1/2, xi+1/2] and over time [tn, tn+1]:∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂U
∂t
dtdx+

∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂f
∂x
dtdx = 0

which can be turned into:
Un+1
i = Un

i −
∆t

∆x
(̃fi+1/2 − f̃i−1/2) (1.21)

where:

• Un
i is the average of the vector of conservative variables U at time tn over cell Ci of length ∆x =

xi+1/2 − xi−1/2.

Un
i =

1

∆x

∫ xi+1/2

xi−1/2

U(x, tn)dx

• f̃i±1/2 is the average of the flux vector during time ∆t = tn+1 − tn at the intercells.

f̃i±1/2 =
1

∆t

∫ tn+1

tn
fi±1/2dt =

1

∆t

∫ tn+1

tn
f(U(xi±1/2, t))dt

So far, no numerical scheme has been introduced yet and the formulation (1.21) is nothing else but a
reformulation of the integral form of the conservation laws. Formulation (1.21) will be used as starting
point to construct a numerical method.
It is obvious that Un+1

i can be computed if we are able to compute the fluxes f̃i±1/2 which requires
knowing the conservative variables U(xi±1/2, t) at the intercells. This task is not trivial since we do not
know the exact solutions at the intercells. The known quantities in the finite volume framework are the
cell-averaged values U.
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Consequently, it is necessary to derive so-called numerical fluxes Fi±1/2 which approximate the average
physical ones f̃i±1/2 and are functions of the cell-averaged values:

Fi−1/2 = Fi−1/2(Un
i ,U

n
i−1) ≈ f̃i−1/2

The formulation (1.21) now becomes a numerical scheme:

Un+1
i = Un

i −
∆t

∆x
(Fi+1/2 − Fi−1/2) (1.22)

The computation of Un+1
i requires knowing the numerical fluxes Fi±1/2. Well known expressions for the

numerical fluxes will be now discussed in sections 1.3.1, 1.3.2.

1.3.1 Godunov scheme

The Godunov scheme [Godunov, 1959] applied to the Euler equations is made of three steps:

• The solution Un
i defined at the cell center is supposed to be piecewise constant with value Un

i within
each cell. This piecewise constant data leads to discontinuities at the cell interfaces xi±1/2. This is
often called as the reconstruction step.

U−i−1/2 = Un
i−1 and U+

i−1/2 = Un
i

• Since there are two distinct states at the intercells, the solution at the intercells is obtained by solving
(analytically) the Riemann problem (RP) with Un

i−1, U
n
i as the left and right states respectively.

The analytical solution for the RP can be found for instance in [Toro, 2009].

• Having computed the solution Ui±1/2 at the intercells, the numerical fluxes can be computed as:
Fi±1/2 = Fi±1/2(Ui±1/2) and the solution at time tn+1 can be updated using (1.22).

i i � 1i� 1 x

�
n

�
n
i�1

�
n
i

�
n
i�1

Figure 1.1: Piecewise constant data at time t = tn

1.3.2 HLLC scheme

The HLLC method belongs to the family of approximate Riemann solvers, thus defined because they
replace the exact solution of the Riemann problem at the intercell performed in the Godunov scheme
by a much cheaper approximate solution of the intercell Riemann problem. The HLLC method [Toro
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1.3. STANDARD EXACT AND APPROXIMATE RIEMANN SOLVERS

et al., 1994], which is based on the HLL method of Harten-Lax-Leer [Harten et al., 1983], proposes an
approximate Riemann solver assuming a wave structure that includes the fastest waves and the contact
wave (wave that is missed in the HLL scheme). The wave structure is plotted in Figure 1.2. In the HLLC
approach, the solution consists of four regions R0, R1, R2 and R3 with piecewise constant states. In R0

we have the initial state (in the sense, state at the known time level n) on the left UL and in R3 we
have the initial right state UR. In the regions R1, R2 between the fastest waves, the intermediate states
U∗L,U

∗
R need to be determined. Note that in the HLL method, the regions R1, R2 are unified with a

unique piecewise constant state denoted as UHLL.

t

x

SRSL

T

xL xR

t

x

SRSL

T

xL xR

UHLLUL UR

S
∗

UL

TSL TSR TSL TSR

UR

U
∗

L
U

∗

R

R0 R3

R1 [R2

R0 R3

R1 R2

TS
∗

Figure 1.2: HLL wave structure (left) and HLLC wave structure (right) Piece-wise constant data UL,UR

at t = tn. Piece-wise constant solutions UL,UR,U∗L,U
∗
R,UHLL, at t = T .

In order to compute these intermediate states, we start from the conservation laws:

∂U
∂t

+
∂f
∂x

= 0

and we integrate over the space-time control volume [xL;xR] × [0;T ], sketched in dashed line in Figure
1.2. ∫ xR

xL

(U(x, T )− U(x, 0))dx+

∫ T

0
(f(U(xR, t))− f(U(xL, t)))dt = 0 (1.23)

In the HLL case, (1.23) results in (see for example [Toro, 2009] for more details):

UHLL(SR − SL) + ULSL −URSR + fR − fL = 0

where:

UHLL =
1

T (SR − SL)

∫ TSR

TSL

U(x, T )dx

fL = f(UL) and fR = f(UR)

The approximate state UHLL is thus given by:

UHLL =
SRUR − SRUR + fL − fR

SR − SL
(1.24)

In the HLLC case, the HLL approximate state can be decomposed into two parts to take into account the
missing contact wave:

UHLL =
1

T (SR − SL)

∫ TS∗

TSL

U(x, T )dx+
1

T (SR − SL)

∫ TSR

TS∗
U(x, T )dx
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or:
UHLL =

S∗ − SL
SR − SL

U∗L + +
SR − S∗

SR − SL
U∗R = β1U∗L + β2U∗R (1.25)

where:

U∗L =
1

T (S∗ − SL)

∫ TS∗

TSL

U(x, T )dx, U∗R =
1

T (SR − S∗)

∫ TSR

TS∗
U(x, T )dx

In the above relations, SR, SL, S∗ are respectively the estimates for the velocities of the fastest waves
propagating to the left and to the right and of the contact wave . The determination of these quantities
will be addressed later in this section. Note the HLL state is known since it depends only on the left and
right states (see (1.24)). The variables U∗L,U

∗
R can be computed from (1.25). Explicitly, (1.25) can be

written in 1D as:

β1


ρ∗L
ρ∗Lu

∗
L

p∗L + γP∞
γ − 1

+
1

2
ρ∗Lu

∗,2
L

+ β2


ρ∗R
ρ∗Ru

∗
R

p∗R + γP∞
γ − 1

+
1

2
ρ∗Ru

∗,2
R

 = UHLL (1.26)

The system (1.26) has three equations but six unknowns (ρ∗L, ρ
∗
R, u

∗
L, u

∗
R, p

∗
L, p
∗
R). Consequently, we need

to impose extra relations so that the system is solvable. Following [Toro, 2009], we impose:

u∗L = u∗R = u∗ = S∗

p∗L = p∗R = p∗

which are the conditions that satisfy the exact solution for the pressure and the velocity in the intermediate
state. The system (1.26) is now solvable for the three unknowns (ρ∗L, ρ

∗
R, p

∗).
The HLLC approximate Riemann solver is defined as follows:

Ũ(x, t) =


UL, if x/t ≤ SL
U∗L, if SL ≤ x/t ≤ S∗

U∗R, if S∗ ≤ x/t ≤ SR
UR, if x/t ≥ SR

with x/t the velocity of the intercell (x/t = 0 in the Eulerian case and x/t 6= 0 in the ALE case, described
in the next section).
The corresponding HLLC numerical flux is expressed as follows:

FHLLCi−1/2 =


FL, if x/t ≤ SL
F∗L, if SL ≤ x/t ≤ S∗

F∗R, if S∗ ≤ x/t ≤ SR
FR, if x/t ≥ SR

The intermediate fluxes can be determined by integrating over an appropriate control volume containing
the waves SL, SR, which yields:

F∗L = FL + SL(U∗L −UL)
F∗R = FR + SR(U∗R −UR)

(1.27)

Knowing the numerical fluxes, one can now update the variables using (1.22).
To compute the wave speeds, the estimates of [Batten et al., 1997] for the fastest waves are used, such as
implemented in EUROPLEXUS :

SL = min(uL − cL; ũ− c̃), SR = min(uR + cR; ũ+ c̃)
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where ũ, c̃ are the Roe average states for the velocity and sound speed (formulae not detailed here but
Roe average is basically a weighted average at the intercell with weights being the squareroot of the left
and right states). Concerning the estimate for the speed of the contact wave S∗, it can be directly deduced
from (1.27) via the intermediate pressure relations:

p∗ = p∗L = p∗R = pL + ρL(SL − uL)(S∗ − uL) = pR + ρR(SR − uR)(S∗ − uR) (1.28)

which results in:
S∗ =

pR − pL + ρLuL(SL − uL)− ρRuR(SR − uR)

ρL(SL − uL)− ρR(SR − uR)

1.3.3 ALE formulation

The scheme (1.22) is a general formulation derived for a fixed mesh. In this work, meshes with moving
boundaries will be also considered since the nuclear safety applications we are interested involve the
deformation of the containment structure enclosing the liquid and the gas bubble expanding within this
liquid (see chapter 6). This is also why the model problems used next to assess numerical schemes will
involve a piston problem in section 2.1 in which the computational domain varies in time. The strategy
applied to deal with moving meshes is the so-called Arbitrary Lagrangian Eulerian (ALE), available in
the Europlexus code. Since the developments performed in this work have been systematically extended
to account for moving meshes, we will briefly describe in this section the key design principles of the ALE
formulation. In the 1D case, by integrating (1.3) over a cell Ci = [xi−1/2(t), xi+1/2(t)] using the Reynolds
transport theorem, we obtain:

d

dt

∫ xi+1/2(t)

xi−1/2(t)
Udx+

∫ xi+1/2(t)

xi−1/2(t)

∂fALE

∂x
dx = 0 (1.29)

where fALE = f− umU is called the ALE flux and um is the velocity of the intercells.

fALE =

 ρ(u− um)
ρu(u− um) + p
ρet(u− um) + pu


The conservative flux is computed using the classical finite volume technique:∫ xi+1/2(t)

xi−1/2(t)

∂fALE

∂x
dx = fALEi+1/2 − fALEi−1/2 (1.30)

The integration of (1.30) over time [tn, tn+1] gives:∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)

∂fALE

∂x
dxdt = ∆t(̃f

ALE
i+1/2 − f̃

ALE
i−1/2)

where f̃ALEi±1/2 is the average of the ALE flux vector at the intercells during time ∆t = tn+1 − tn.

f̃
ALE
i±1/2 =

1

∆t

∫ tn+1

tn
fALEi±1/2dt =

1

∆t

∫ tn+1

tn
fALE(U(xi±1/2(t), t))dt

Concerning the time-derivative term in (1.29), its integration over time [tn, tn+1] yields:∫ tn+1

tn

(
d

dt

∫ xi+1/2(t)

xi−1/2(t)
Udx

)
dt =

∫ xi+1/2(tn+1)

xi−1/2(tn+1)
Udx−

∫ xi+1/2(tn)

xi−1/2(tn)
Udx

= ∆xn+1
i Un+1

i −∆xniU
n
i
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The equation (1.29) then becomes:

Un+1
i =

∆xni
∆xn+1

i

Un+1
i − ∆t

∆xn+1
i

(f̃ALEi+1/2 − f̃
ALE
i−1/2) (1.31)

Similarly to the Eulerian case, (1.31) is not yet a scheme but merely a reformulation of (1.29) and it remains
to specify how the physical flux is approximated. Let FALEi±1/2 be the numerical ALE fluxes approximating
the corresponding physical ones fALEi±1/2; the first order scheme in the ALE case reads:

Un+1
i =

∆xni
∆xn+1

i

Un
i −

∆t

∆xn+1
i

(FALEi+1/2 − F
ALE
i−1/2) (1.32)

In general, the computation of Un+1
i requires:

• FALEi±1/2, the numerical conservative ALE fluxes which can be computed using the exact or the ap-
proximate Riemann solvers as described in the Eulerian case. These fluxes in the ALE case are
evaluated at the moving intercells.

• the new volumes of the cells involved in the cell-averaged procedure of Un+1
i .

In order to obtain the volume of a cell at time tn+1, ones need the so-called geometric conservation law
(GCL) [Ma et al., 2015]:

d

dt

∫
Vi
dVi =

∫
ϕi

vm · ndϕi (1.33)

Equation (1.33) states that the variation in the volume of each cell Vi must be equal to the volume swept
by the cell boundaries of that cell ϕi during the time interval in consideration. By integrating equation
(1.33) over time interval [tn; tn+1], we obtain the so-called discrete geometric conservation law (DGCL):

Vn+1
i − Vni =

∫ tn+1

tn

∫
ϕi

vm · ndϕidt = ∆t

Nface∑
j=1

vm · nljϕlj (1.34)

The discussion concerning the choice of of tl (time at which we compute nlj and ϕ
l
j ) is out of the scope of

this work. We refer for instance to [Daude et al., 2014] for the detailed determination of these quantities.

1.4 Standard schemes behavior in the low-Mach number regime

In section 1.2.2, we have investigated the behavior of the (continuous) Euler system using the asymptotic
analysis. In the present section, we investigate the low-Mach behavior of the standard schemes reviewed
in section 1.3 when applied to the discrete solution of the Euler equations. The analysis at the discrete
level is performed in a way similar to that followed in the continuous case: the numerical solution of
the (discrete or discretized) Euler system is expanded using the asymptotic expansion. The asymptotic
analysis is presented in section 1.4.2 for the Godunov scheme following the rigorous analysis performed
by [Guillard and Murrone, 2004] and in section 1.4.3 for the HLLC scheme. The analysis is performed
using the concept of well-prepared initial condition introduced in section 1.4.1.

1.4.1 Well-prepared initial condition

The concept of well-prepared initial condition (WPIC) has been discussed in a number of references in
the literature devoted to the numerical analysis of schemes in the low-Mach number regime [Schochet,
1994, Guillard and Murrone, 2004, Dellacherie, 2010]. This special class of initial condition is inherited
from the asymptotic analysis in section 1.2.2 in which the pressure fluctuation (if it exists) is initially
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correctly scaled at the square of the Mach number (cf. (1.16)1, (1.17)) and the velocity at the leading
order satisfies the so-called compability condition (cf. (1.15)).
The WPIC is usually expressed for the case of a closed domain with slip or periodic boundary condition
where one satisfies the divergence free constraint for the velocity (see for instance [Dellacherie, 2010]).
The same constraint holds in case of an open domain as discussed in section 1.2.2. In this work, the
WPIC is extended so as to be valid for the case of a closed domain (with non-slip/periodic boundary
condition) where the divergence of the velocity is a function of time (cf. (1.15)). The dimensionless form
of the WPIC is given by:{

p̂(x̂, t̂ = 0) = P̂ (t̂ = 0) +M2p̂(2)(x, t̂ = 0) + o(M2)

v̂(x̂, t̂ = 0) = v̂(0)(x̂, t̂ = 0) +M v̂(1)(x̂, t̂ = 0) +M2v̂(2)(x̂, t̂ = 0) + o(M2)
(1.35)

where {
P̂ (t̂ = 0) = p̂(0)(t̂ = 0) +Mp̂(1)(t̂ = 0) = const of order O(M0)

∇ · v̂(0) = f(t̂)
(1.36)

The equivalent dimensional form is expressed as:
p(x, t = 0) = P0(t = 0) + p′(x, t = 0)︸ ︷︷ ︸

O(M2)

v(x, t = 0) = v0(x, t = 0) + v′(x, t = 0)︸ ︷︷ ︸
O(M)

with

{
P0 = const of order O(M0)

∇ · v0 = f(t)
(1.37)

In the above expressions, no special initial conditions are specified for the density field. In fact, as in the
asymptotic analysis at the continuous level, we assume that the density is constant at the leading order.

1.4.2 Godunov scheme low-Mach behavior

We consider two adjacent cells and denote respectively L,R the left and right cells. In the finite volume
method, all the initial fields are projected on the computational mesh by taking the spatial average to
obtain the piece-wise constant data (for the first order method). As a result, any function that is constant
or time-dependent only is not affected by the cell-averaged procedure. This is the case for the leading and
first-order terms of the pressure field and the leading-order term of the density field for WPIC. Concerning
the leading-order term of the velocity field, since it depends on the physical problem, we keep at this stage
the most general form as possible and make further simplifications later in this section. The WPIC, at
the discrete level, takes the following form:

pL,R = ρrefc
2
ref

[
p̂

(0)
L,R(t̂ = 0) +Mp̂

(1)
L,R(t̂ = 0) +M2p̂

(2)
L,R(x̂, t̂ = 0) + o(M2)

]
ρL,R = ρref

[
ρ̂(0) +Mρ̂

(1)
L,R(x̂, t̂ = 0) +M2ρ̂

(2)
L,R(x̂, t̂ = 0) + o(M2)

]
uL,R = Mcref

[
û

(0)
L,R(x̂, t̂ = 0) +Mû

(1)
L,R(x̂, t̂ = 0) +M2û

(2)
L,R(x̂, t̂ = 0) + o(M2)

] (1.38)

The sound speed, as in the continuous level, is constant in space up to first-order:

cL,R = cref

[
ĉ(0)(t̂ = 0) +Mĉ

(1)
L,R(x̂, t̂ = 0) +M2ĉ

(2)
L,R(x̂, t̂ = 0) + o(M2)

]
(1.39)

We also assume that the solutions of the intermediate state can be expanded in power of the Mach number
as:

p∗ = ρrefc
2
ref

[
p̂(0)(x̂, t̂) +Mp̂(1)(x̂, t̂) +M2p̂(2)(x̂, t̂) + o(M2)

]
ρ∗ = ρref

[
ρ̂(0)(x̂, t̂) +Mρ̂(1)(x̂, t̂) +M2ρ̂(2)(x̂, t̂) + o(M2)

]
u∗ = Mcref

[
û(0)(x̂, t̂) +Mû(1)(x̂, t̂) +M2û(2)(x̂, t̂) + o(M2)

] (1.40)
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By applying the same procedure described in [Guillard and Murrone, 2004], we substitute (1.38) (1.40)
into the exact solution of the RP and neglect the o(M2) terms. The intermediate pressure solution writes:

Right-running shock (compression) wave:

O(M0) : p̂(0)(x̂, t̂) = p̂
(0)
R

O(M) : p̂(1)(x̂, t̂) = p̂
(1)
R + ρ̂(0)ĉ(0)(û(0) − û(0)

R ), p̂(1) > p̂
(1)
R

(1.41)

Right-running rarefaction wave:

O(M0) : p̂(0)(x̂, t̂) = p̂
(0)
R

O(M) : p̂(1)(x̂, t̂) = p̂
(1)
R + ρ̂(0)ĉ(0)(û(0) − û(0)

R ), p̂(1) < p̂
(1)
R

(1.42)

Left-running shock (compression) wave:

O(M0) : p̂(0)(x̂, t̂) = p̂
(0)
L

O(M) : p̂(1)(x̂, t̂) = p̂
(1)
L − ρ̂(0)ĉ(0)(û(0) − û(0)

L ), p̂(1) > p̂
(1)
L

(1.43)

Left-running rarefaction wave:

O(M0) : p̂(0)(x̂, t̂) = p̂
(0)
L

O(M) : p̂(1)(x̂, t̂) = p̂
(1)
L − ρ̂(0)ĉ(0)(û(0) − û(0)

L ), p̂(1) < p̂
(1)
L

(1.44)

From (1.41)-(1.44), we notice that the solutions across the right-running and the left-running waves are
given by similar formulas. This is due to the fact that the shock (compression) and rarefaction waves
become similar acoustic waves in the low-Mach limit. Moreover, the formulas used to determine the first
order pressure term are similar to Joukowski acoustic formula meaning that this term plays the role of
the acoustic wave. The pressure and velocity are linearly connected by curves of constant slope ρ̂(0)ĉ(0).
The intersection of these curves gives the solution of the acoustic couple (p̂(1), û(0)) and is graphically
illustrated in Figure 1.3 via four different situations. In fact, the acoustic waves scaled at O(M) should
not arise in the numerical solution to remain consistent with the asymptotic analysis performed at the
continuous level in section 1.2.2. Consequently, these acoustic waves must be regarded as parasite waves.
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Figure 1.3: Qualitative parasite acoustic couple solution: a) Right shock-Left shock, b) Right shock-Left
rarefaction, c) Right rarefaction-Left shock, d) Right rarefaction-Left rarefaction

From (1.41)1 − (1.44)1 we can also observe that:

p̂(0) = p̂
(0)
R = p̂

(0)
L =

p̂
(0)
L + p̂

(0)
R

2
(1.45)

which means the leading-order pressure solution is a time-dependent function only. Concerning the first-
order pressure solution, by combining (1.41)2 − (1.44)2, it can be expressed as:

p̂(1) =
p̂

(1)
R + p̂

(1)
L

2
− 1

2
ρ̂(0)ĉ(0)(û

(0)
R − û

(0)
L ) (1.46)

Substituting (1.45), (1.46) into (1.40), we obtain:

p∗ = ρrefc
2
ref

[
p̂

(0)
L + p̂

(0)
R

2
+M

(
p̂

(1)
R + p̂

(1)
L

2
− 1

2
ρ̂(0)ĉ(0)(û

(0)
R − û

(0)
L )

)
+O(M2)

]

= ρrefc
2
ref

[
P̂L + P̂R

2
− M

2
ρ̂(0)ĉ(0)(û

(0)
R − û

(0)
L ) +O(M2)

] (1.47)

where the first order pressures p̂(1)
L,R are combined with the leading order pressures p̂(0)

L,R to define:

P̂L,R = p̂
(0)
L,R +Mp̂

(1)
L,R
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Formula (1.47) is now analyzed in the 1D or multiD case and for an open or a closed domain.
For a one-dimensional open domain, the divergence free constraint ∇ · û(0)

R,L = 0 yields a constant

leading velocity û(0)
L = û

(0)
R = const at the discrete level. Formula (1.47) becomes then:

p∗ = ρrefc
2
ref

[
P̂L + P̂R

2
+O(M2)

]

which indicates that we do not suffer from the low-Mach accuracy problem since the pressure fluctuation
given by the Godunov solver correctly scales as the square of the Mach number, similarly to the analysis
at the continuous level in section 1.2.2. The pressure solution can therefore be decomposed as:

p(x, t) = P (t) + p′(x, t)︸ ︷︷ ︸
O(M2)

(1.48)

For a multidimensional open domain, the divergence free constraint ∇ · v̂(0)
R,L = 0 does not allow to

draw further conclusions as in the 1D case. As a result, the fluctuation of acoustic nature scales as the
Mach number and we suffer from a low-Mach accuracy problem at the discrete level. The pressure solution
in this case can be indeed decomposed as:

p(x, t) = P (t) + p′(x, t)︸ ︷︷ ︸
O(M)

(1.49)

For a one-dimensional closed domain, the divergence of velocity is a function of time ∇· û(0)
R,L = f(t̂ =

0). The integration of this relation (in Cartesian coordinates for the sake of simplicty) and the projection
on the centers of two adjacent cells of coordinates xL, xR with ∆x = xR − xL yields the initial piecewise
constant data:

û
(0)
L = f(t̂ = 0)xL + C, û

(0)
R = f(t̂ = 0)xR + C

It follows that:
û

(0)
R − û

(0)
L = f(t̂ = 0)∆x

and the formula (1.47) becomes:

p∗ = ρrefc
2
ref

[
P̂L + P̂R

2
− M

2
ρ̂(0)ĉ(0)f(t̂ = 0)∆x+O(M2)

]

If the mesh under consideration is regular, the space step ∆x is constant for all cells in the Eulerian case
and is a function of time in the ALE case and the above relation states in all cases that the pressure
solution is constant in space up to the second order of the Mach number. Consequently, we do not suffer
from the accuracy problem since the pressure fluctuation is correctly scaled and the pressure solution can
be correctly decomposed as in (1.48).

For a multidimensional closed domain, the divergence of velocity is a function of time ∇ · v̂(0)
R,L =

f(t̂ = 0) and this relationship does not yield further simplification. The pressure fluctuation therefore
remains scaled as the Mach number and we therefore suffer from the low-Mach accuracy problem with the
pressure solution in this case decomposed as in (1.49).

1.4.3 HLLC scheme low-Mach behavior

Without loss of generality, we assume the following estimates for fastest wave speeds:

SL = min(uL − cL, ũ− c̃) = uL − cL, SR = max(uR + cR, ũ+ c̃) = uR + cR (1.50)

25



1.5. LOW-MACH CORRECTION

Similarly to the analysis presented for the Godunov scheme, we adopt the form of the WPIC and the
numerical solutions defined in (1.38) (1.40). The remaining variable in the HLLC scheme which needs to
be defined is the estimate for the speed of the contact wave S∗, which takes the following form:

S∗ = Mcref

[
Ŝ∗,(0)(x̂, t̂) +MŜ∗,(1)(x̂, t̂) +M2Ŝ∗,(2)(x̂, t̂) + o(M2)

]
(1.51)

In the HLLC scheme, the pressure solution in the intermediate state can be deduced from (1.28) and
regarded as the arithmetic average of p∗L and p∗R:

p∗ =
1

2
[pL + pR + ρL(SL − uL)(S∗ − uL) + pR + ρR(SR − uR)(S∗ − uR)] (1.52)

Using (1.50), the expression (1.52) for p∗ becomes:

p∗ =
pL + pR

2
+
ρRcR(S∗ − uR)− ρLcL(S∗ − uL)

2
(1.53)

By substituting (1.38) (1.40) (1.39) and (1.51) into (1.53), we obtain:

O(1) : p̂(0)(x̂, t̂) =
p̂

(0)
L + p̂

(0)
R

2

O(M) : p̂(1)(x̂, t̂) =
p̂

(1)
L + p̂

(1)
R

2
−
ρ̂(0)ĉ(0)(û

(0)
R − û

(0)
L )

2

(1.54)

which results in a pressure solution having the same form as the pressure solution (1.47) for the Godunov
scheme. Consequently, we can state that the HLLC approximate Riemann solver behaves similarly as
the Godunov exact Riemann solver in the low-Mach number limit. As explicited in section 1.4.2, we can
therefore also distinguish four cases: the 1D/multidimensional case of an open or a closed domain. Similar
conclusions can be drawn: in the low-Mach limit, the HLLC scheme will display an accuracy problem
(with a wrongly scaled pressure fluctuation) for multidimensional closed or open domains.

1.5 Low-Mach correction

In this section, we investigate some low-Mach treatments which can be used to fix the accuracy problem
identified in the previous section. The purpose is clear: the wrongly computed pressure fluctuation of order
O(M) should be rescaled to order O(M2), as in the continuous level (see (1.47), (1.49), (1.16), (1.18)).
In section 1.5.1, we present a correction applied to the numercial flux which has been proposed by [Del-
lacherie et al., 2016] for low-Mach perfect gas computation and which will be extended in this work to
low-Mach liquid flows governed by the SG-EOS. For the sake of completeness, another type of correction
introduced in [Rieper, 2008,Rieper and Bader, 2009] will be also briefly presented in section 1.5.2: this
so-called "topology-based" correction relies on a specific grid topology to cure the low-Mach accuracy
problem.

1.5.1 Scheme-based correction

Over the past 30 years, many efforts have been devoted to devise ways to rescale the parasite acoustic
waves at the discrete level to the correct order O(M2). In [Guillard and Viozat, 1999], the proposed Roe-
Turkel method alters only the dissipative terms of the standard Roe scheme using the preconditioning
matrix proposed in [Turkel, 1987]. The method has shown its capacity in fixing the accuracy problem.
Nevertheless, it filters the (physical) acoustic wave at the very beginning for a physical problem where the
(slow) fluid and (fast) acoustic scales of the same order of magnitude coexist [Bruel et al., 2019]. Moreover,
this method requires a very restrictive CFL condition (∆t = O(M2)) which significantly decreases the
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computational efficiency. In this work, we rather consider the method proposed by [Dellacherie et al.,
2016] (which is adapted to deal with liquid flow governed by SG-EOS).
Let (·)∗ indicate the solution of the (exact or approximate) Riemann problem at the intercell. The
numerical flux of a X scheme (X=Godunov or HLLC in our study) can be expressed as:

FXi−1/2 =

 ρ∗(v∗ · n)
ρ∗(v∗ · n)v∗ + p∗n
(ρ∗e∗t + p∗)(v∗ · n)


i−1/2

(1.55)

As discussed in sections 1.4.2 and 1.4.3, the pressure solution in the low-Mach limit can be expressed as
the combination of a centered term scaling as O(M0) and a term of acoustic nature scaling as O(M):

p∗i−1/2 =
pi−1 + pi

2︸ ︷︷ ︸
O(M0)

− 1

2
ρc(ui − ui−1)︸ ︷︷ ︸
O(M)

where ρ and c can be determined by the states of cell i− 1 or cell i in the low-Mach number regime.
The undesirable term containing the acoustic waves in the low-Mach number regime should be corrected.
The method of [Dellacherie et al., 2016] proposes to rescale this term to the correct square of the Mach
number. The corrected numerical flux at the intercell between cells i and i− 1 can be written as:

Fcorrected,Xi−1/2 =

 ρ∗(v · n)∗

ρ∗(v · n)∗v∗ + p∗∗n
(ρ∗e∗t + p∗)(v · n)∗


i−1/2

(1.56)

with:
p∗∗i−1/2 = θi−1/2p

∗
i−1/2 + (1− θi−1/2)

pi−1 + pi
2

θi−1/2 = min
(
Mi−1/2, 1

)
= min

( |vi−1/2|
ci−1/2

, 1

)
X : Godunov or Godunov-like schemes (HLLC, Roe, etc)

The corrected scheme (1.56) replaces in the momentum equation the pressure solution p∗i−1/2 given by
the standard schemes with a corrected pressure p∗∗i−1/2 defined as a weighted combination between the
standard pressure formula and a purely centered approximation. The weight θi−1/2 of the combination
depends on the local Mach number:

p∗∗i−1/2 = θi−1/2p
∗
i−1/2 + (1− θi−1/2)

pi−1 + pi
2

=
pi−1 + pi

2
−
θi−1/2

2
ρc(ui − ui−1)

For a low-Mach flow (or more generally a subsonic flow), the parameter θi−1/2 is of the order of the Mach
number and consequently the acoustic term is correctly rescaled to the order O(M2).
For a supersonic flow, meaning θi−1/2 = 1, the standard schemes remain unmodified:

Fcorrected,Xi−1/2 = FXi−1/2

We can also notice that the acoustic term plays the role of a numerical viscosity: it complements the
purely centered flux with a stabilizing numerical viscosity. The rescaling of the acoustic term reduces the
numerical viscosity.
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1.5.2 Topology-based correction

In [Rieper and Bader, 2009,Rieper, 2008], another fix has been presented by using triangular meshes for
low-Mach computations. In contrast with quadrangular meshes, the numerical multiD solutions obtained
using regular triangular meshes do not contain any spurious pressure fluctuations scaling as the Mach
number. A detailed asymptotic analysis of the Roe scheme for such specific meshes (structured triangular
meshes being obtained from regular Cartesian meshes by dividing along a diagonal each quadrangular
cell into two triangular cells) allows to explain how the occurence of spurious terms is actually avoided
. In [Guillard, 2009], the author provides an extended proof for two dimensional unstructured triangular
meshes as well as three dimensional tetrahedral ones.
We do not attempt in this work to reproduce the asymptotic analysis on 2D triangular meshes or 3D
tetrahedral meshes; rather, we simply include in the numerical testcases developed to assess the low-Mach
behavior of exact or approximate Riemann solvers the use of regular triangular grids in order to confirm
these observations and proofs from the literature. We anticipate regular grids cannot be systematically
used so that the topology-based correction has only a limited practical interest.

Conclusion

The asymptotic analysis performed for the Godunov scheme and the approximate Riemann solver HLLC
scheme in section 1.4 shows that the pressure fluctuation of acoustic nature which is falsely computed at
the order O(M) is responsible for the accuracy problem in the low-Mach regime. Some correction methods
have been proposed in section 1.5 to rescale the wrongly computed term to the correct order O(M2) as
analyzed at the continuous level in section 1.2. The baseline and corrected schemes are applied in chapter
2 to a range of test problems so as to assess the respective performance of the approximate Riemann
solvers with and without low-Mach correction for liquid flows.
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Introduction

In this chapter, we perform some low-Mach test problems to evaluate the accuracy of the standard com-
pressible solvers with and without low-Mach corrections presented in chapter 1.
In section 2.1, we perform the 2D-axisymmetric piston test problem. The purpose of this test case is to
evaluate the accuracy of the standard compressible solvers in capturing (physical) fast acoustic waves in
the low-Mach number regime, meaning that the WPIC is not considered.
In section 2.2, we analyze the so-called Gresho vortex problem where only the slow motion of the fluid scale
(the vortex) is involved. In this test case, the standard compressible solvers with and without low-Mach
correction are evaluated using the WPIC.
Besides the aforementioned scales-separated test problems, we also consider the Gresho vortex acoustic test
case in section 2.3 so as to evaluate the accuracy of both the standard and low-Mach correction schemes
for a problem where the two scales (fast acoustic scale and slow fluid scale) coexist. An elementary 1D
low-Mach shock tube test case is also investigated in section 2.4 to further analyze the performance of the
low-Mach correction schemes in solving wave propagation problems.
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2.1 2D axisymmetric cylindrical piston problem

We investigate in this section the ability of the standard compressible solvers to compute (physical)
acoustic waves. In particular, the 2D axisymmetric single-phase piston problem is considered: it consists
of a piston expanding radially in water initially at rest (see Figure 2.1). When expanding at low-Mach
number (defined as the ratio between the moving piston velocity and the initial speed of sound in water),
the (solid) piston generates an acoustic wave propagating inside the domain. The test problem mimics the
expansion of the vapor bubble inside the liquid within a containment, such as taking place in Borax-type
or HCDA configurations in the context of nuclear safety analysis. More precisely, the focus with the model
piston problem is on reproducing the short-time behavior of these configurations; for longer times, the
waves interact back with the bubble region after reflection on the containment walls while for the piston
model problem they can only be reflected at the piston-liquid interface.

Piston

Rext

bR0

Shock front

Low pressure

High pressure

Figure 2.1: Configuration for the 2D-axisymmetric piston problem.

2.1.1 Reference 1D solution

In the following sections, the 2D-axisymmetric piston problem will be numerically solved on 2D meshes.
However, it is clear the axisymmetry property of the problem yields an exact solution which depends only
on time t and radial position r, being independent from the azimuthal θ coordinate. It is therefore logical
to look for an exact solution of the 1D cylindrical piston problem so as to use it as a reference solution to
which the 2D discrete solutions will be next compared. In [Taylor, 1946], the solution of the 1D spherical
piston problem moving in a calorically perfect gas initially at rest can be found. The governing equations
are turned into a system of ODEs which is numerically solved for an initial radial location R0 = 0 of the
piston and a constant piston velocity Vp. This so-called 1D reference solution is not stricty exact since
obtained using numerical integration of the system of ODEs but the accuracy of this numerical integration
can be easily made very high by a proper refinement of the numerical integration step. In [Beccantini,
2017], these same ideas are extended to the case of 1D planar, cylindrical and spherical piston problems,
with a piston moving through water initially at rest and governed by the SG-EOS for the liquid. For the
simplest 1D planar case, an analytical solution can actually be found by employing the Rankine-Hugoniot
conditions. For the 1D cylindrical (and spherical) cases, the resulting ODE is accurately integrated to
yield a reference 1D solution.
This 1D reference / quasi-exact solution of the 1D cylindrical piston problem is however limited to the
case of an initial zero radial position for the piston. This is clearly a limitation of the reference solution
since the future 2D experiments will be performed for an initial non-zero radial extension of the piston
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(R0 > 0). Therefore, the 1D problem for R0 = 0 is also solved with the exact Riemann solver of second-
order accuracy in both time and space. The ALE approach is also considered to take into account the
variation of mesh size due to the moving piston. This comparison between the 1D reference solution and
the 1D numerical solution obtained using a standard compressible solver should allow on one hand to
validate the compressible solver within an ALE framework and with the SG-EOS to close the physical
description of the flow and will provide on the other hand a reference 1D discrete solution which will be
computable for any value of the initial radial location (R0 > 0 and not only R0 = 0) and will be available
for comparison with 2D discrete solutions.
In the tables below, we specify the initial conditions, the dimension, the parameters and the material
properties retained for this test case. The left boundary condition corresponds to the moving piston
surface while the right boundary condition is a fixed wall.

Initial conditions
ρ (kg/m3) 1000.0
P (Pa) 1× 105

u (m/s) 0.0

Dimension and parameters
Rext (m) 1.0
R0 (m) 0.0
Vp (m/s) 10

Material properties
γ 4.4

P∞ (Pa) 6.0× 108

The problem is a low-Mach one since the sound speed c in the water initially at rest can be computed by
(1.8) and is found equal to 1625 m/s while the piston is pushed at 10 m/s. The initial characteristic Mach
number defined as the ratio between the piston velocity and the water speed of sound is therefore around
6 × 10−3. We emphasize that the Initial Condition for this problem is not well-prepared (see section 1.4
for a closed 1D domain).

Results

We present in Figure 2.2 the pressure and the velocity distributons at the final time tf = 5× 10−4 s,
selected so that no reflection of the wave generated by the piston motion has yet taken place at the rigid
exterior (right) wall. The red and the black curves represent respectively the quasi-exact solution (obtained
from the solution of the ODE describing the flow problem with R0 = 0 and Vp = const) and the solution
given by the exact Riemann solver.
Looking at the pressure distribution, a (weak) shock wave can be identified at the position rs ≈ c · t =
0.8125 m followed by an isentropic compression region between r ∈ [0, rs]. The numerical solution does not
superimpose with the reference solution near the piston surface in the 800 cells mesh used for the present
discrete computation but the difference goes to zero with a finer mesh. The discrete velocity distribution
is in very good agreement with the reference distribution - it can be checked that velocity near the piston
level is 10 m/s as expected.

Conclusion

This first comparison validates the accuracy of the standard exact Riemann solver when applied to the
1D cylindrical piston problem. Consequently, in the following 2D numerical experiments performed with
a non-zero initial radius for the piston, the 2D discrete solutions will be compared with a reference 1D
cylindrical solution obtained by applying the second-order exact Riemann solver with a very fine mesh
on the same flow configuration (same domain, same prescribed velocity for the piston and same initial
conditions and thermodynamic description based on the SG-EOS).
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Figure 2.2: Comparison for 1D numerical (black) and reference (red) solutions for pressure (top) and
velocity (bottom) at tf = 5× 10−4 s given by the exact Riemann solver, limited linear space reconstruction
for primitive variables and 2-stage Runge-Kutta time discretization, CFL = 0.5, 800 cells.
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2.1.2 2D numerical results

In this section, we compute the 2D cylindrical piston problem (with R0 > 0) and compare the numerical
solutions with the 1D (cylindrical) reference numerical solution. Before displaying and discussing these
2D/1D comparisons in section 2.1.2.2, we provide some detailed information about the 2D computational
mesh and the piston velocity in section 2.1.2.1.

2.1.2.1 Preliminaries

Mesh generation

The 2D flow could be computed on a structured grid such as the one displayed on the right side of
Figure 2.3. However such a regular mesh in the azimuthal direction θ is not really representative of the
unstructured meshes generated in practice for nuclear safety problems involving the expansion of a gas
bubble in a non-spherical containment (see chapter 6). Moreover it tends to favor the r direction with
potential numerical error in the azimuthal direction artificially avoided by the uniformity of the grid along
that direction. Consequently, we rather choose to use a computational domain corresponding to one-fourth
of the real geometry. The unstructured mesh of this domain is generated with an equal spacial step along
each boundary of the geometry (see the left side of Figure 2.3) to avoid favoring any direction. Moreover,
the non-regular grid topology is representative of that found in the grid used for practical applications.
Naturally working with a 90◦ domain instead of a full domain is also interesting from a computational
cost viewpoint.

Figure 2.3: Mesh actually used for the 2D computation (left), r-direction favoring mesh not used for 2D
computation (right)

Piston velocity profile

A source of potential numerical error in computing the piston problem comes from the overheating issue
[Fedkiw et al., 1999]. This type of error is related to the undesirable production of numerical entropy
when pushing the piston impulsively at a constant speed. In order to get rid of this type of error (so as
to focus on the potential low-Mach error), we decide to increase the piston velocity gradually from Vp = 0
to Vp = Vp0 over a time interval t ∈ [0; tm] (where tm is the climbing time or "temps de montée") and to
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keep Vp = Vp0 = const at later times and until the prescribed final time is reached:

Vp(t) =


Vp0
tm

, t 0 ≤ t ≤ tm

Vp0, t tm ≤ t ≤ tf
(2.1)

The corresponding distances that the piston and the shock / acoustic wave cover (respectively ∆Rp and
∆Rs) during t ∈ [0; tm] are:

∆Rp =

∫ tm

0
Vp(t)dt =

1

2
Vp0 · tm (2.2)

∆Rs = Cs · tm (2.3)

They are related by the piston Mach number Mp = Vp0/Cs as:

∆Rs ≈
2

Mp
∆Rp

Since we are dealing with flow such that Mp << 1, we focus on ∆Rs to adjust the climbing time tm of
the piston velocity and the final time tf .

Choice of tm and tf

Depending on the choice of tm, we will have different cases ranging from fast acceleration of the piston to
slow acceleration. The climbing time can be compared with the characteristic time of propagation of the
acoustic / shock wave or with the time timp of impact of the wave on the exterior wall located at r = Rext.
If we wish to focus on the propagation of the wave through the liquid domain before any interference of
the containment wall we will select the final time tf such that:

tf ≤ timp = (Rext −R0) · 1

Cs

Using the exterior radius Rext and the acoustic velocity Cs to make all times non-dimensional:

t∗ =
tCs
Rext

the non-dimensional impact time is given by:

t∗imp = 1−
(
R0

Rext

)
For the geometry under study, we will retain Rext = 10×R0 hence t∗imp = 0.9.
The climbing time is computed as a factor η multiplying the characteristic time R0/Cs, that is tm =

η × R0

Cs
. The corresponding non-dimensional climbing time is t∗m = η × R0

Rext
or, for the geometry under

consideration, t∗m = η/10. We will retain as maximum non-dimensional climbing time t∗m = 0.8 < t∗imp
(or η = 8) and divide this time by a factor 10 to define an intermediate case and another factor 10 to
define the minimum non-dimensional climbing time. Consequently, we will consider the 3 following cases,
ranging from a fast acceleration of the piston to a slow acceleration:

1. tm = 0.08 R0/Cs (fast acceleration case)

2. tm = 0.8R0/Cs (intermediate case)

3. tm = 8 R0/Cs (slow acceleration case)

Concerning the final time, we will consider tf such that tm < tf < timp to analyze the short time behavior
of the numerical simulation and tf such that tf >> timp to analyze the long time behavior.
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2.1.2.2 Numerical results

The initial, boundary conditions and material properties are similar to the 1D problem in section 2.1.1.
The initial dimensions of the computational domain and the piston velocity at t > tm are defined as:

Dimension and parameters
Rext (m) 1.0
R0 (m) 0.1
Vp0 (m/s) 10

The sound speed in water is as in 1D case c = 1625 m/s which leads to the maximum piston Mach number
Mp0 = 6.0× 10−3. The dimensional time of impact is timp = 0.554 ms so that we consider the 2 values of
the final time: tf = 0.5 ms and tf = 10 ms to define respectively the short time and long time behavior.
The former value is such that no reflection of the propagating wave on the exterior wall occurs during
the computation while the latter corresponds to approximately 20 reflections. The short climbing time
corresponding to the fast acceleration of the piston (case 1) is tm = 4.9× 10−3 ms while the climbing time
corresponding to the slow acceleration of the piston (case 3) is tm = 0.49 ms. In all the computations, the
ALE approach is employed to take into account the time-dependent computational domain. Increasingly
refined meshes are considered, corresponding to a numberNr of elements in the radial direction successively
equal to Nr = 90, 180, 360, 720. The solutions presented next are those obtained using the second-order
exact Riemann solver (Godunov scheme) with a primitive variable reconstruction including a limitation
procedure. The time integration is performed using a 2-stage Runge-Kutta method. Calculations have
also been performed using approximate Riemann solvers and results similar to those obtained with the
Godunov scheme have been obtained.

Case 1 (fast acceleration) short time behavior (tf = 0.5 ms)

In Figure 2.4 we present the 2D pressure solution and Figure 2.5 displays its projection (black curve)
on two different lines of −45o (LIG45) and −88o (LIG88) with respect to the horizontal line in order to
facilitate the comparison with the reference 1D cylindrical solution (red curve). From Figure 2.4, we can
state that the pressure solution is independent of the azimuthal direction. A shock wave is identified as
expected in case 1 at the position:

rs ≈ R0 + Cs · tf = 0.1 + 1625 · 5.0× 10−4 = 0.9125 m

The intensity of this shock wave decreases rapidly in magnitude when moving towards the exterior wall
due to the multi-dimensional propagation effect.
In Figures 2.6, 2.7, we present the results for the velocity field. A jump in velocity at rs = 0.9125 m is
also identified and there are also small oscillations near the piston surface, with an overshoot of about
1% for the maximum computed velocity. However, these numerical errors reduce with finer meshes and
the solutions are clearly independent of the azimuthal direction. The comparison with the 1D reference
solution demonstrates the accuracy of the 2D numerical solution: apart from the expected truncation
error which yields a slightly diffused shock wave, there is no evidence of a low-Mach issue with the 2D
calculation for this quickly accelerating piston observed in short time.
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Figure 2.4: 2D-axisymmetric piston problem. Case 1 short time. 2D pressure solution given by the
exact Riemann solver, limited linear space reconstruction for primitive variables and 2-stage RK time
discretization. CFL = 0.5, Nr = 360.
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Figure 2.5: 2D-axisymmetric piston problem. Case 1 short time. 2D/1D pressure solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.
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Figure 2.6: 2D-axisymmetric piston problem. Case 1 short time. 2D velocity solution given by the
exact Riemann solver, limited linear space reconstruction for primitive variables and 2-stage RK time
discretization. CFL = 0.5, Nr = 360.
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Figure 2.7: 2D-axisymmetric piston problem. Case 1 short time. 2D/1D velocity solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.

Case 3 (slow acceleration) short time behavior (tf = 0.5 ms)

In the case of a slowly accelerating piston, no pressure jump is observed in Figures 2.8 and 2.9. Since
the period of linear acceleration of the piston ends at tm = 0.49 ms which is close to the final time of
our simulation tf = 0.5 ms, the pressure is found to reach its maximum value near the piston surface.
The pressure solution is independent of the azimuthal direction as shown in Figure 2.8. The comparisons
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between the projected 2D solution along the same radial lines (45 and 88 degrees below the horizontal)
and the reference 1D solution confirm the accuracy of the 2D calculation. Figures 2.10 and 2.11 display
the solutions for the velocity field. Negligible oscillations can be observed in the 2D solution near the
piston surface but those are reduced on finer meshes. Overall, the 2D solution agrees very well with the
1D reference one.

Figure 2.8: 2D-axisymmetric piston problem. Case 3 short time. 2D pressure solution given by the
exact Riemann solver, limited linear space reconstruction for primitive variables and 2-stage RK time
discretization, CFL = 0.5, Nr = 360.
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Figure 2.9: 2D-axisymmetric piston problem. Case 3 short time. 2D/1D pressure solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.
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Figure 2.10: 2D-axisymmetric piston problem. Case 3 short time. 2D velocity solutions given by the
exact Riemann solver, limited linear space reconstruction for primitive variables and 2-stage RK time
discretization. CFL = 0.5, Nr = 320.

Velocity (LIG45)  at time 5.00000E−04

r

V
e

lo
ci

ty

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−2

0

2

4

6

8

10

Numerical 2D

Reference 1D

Velocity (LIG88)  at time 5.00000E−04

r

V
e

lo
ci

ty

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
−2

0

2

4

6

8

10

Numerical 2D

Reference 1D

Figure 2.11: 2D-axisymmetric piston problem. Case 3 short time. 2D/1D velocity solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.

Conclusion for the short time behavior:

• We can state that there is no sign of a low-Mach accuracy problem when computing acoustic wave
in short time using a conventional exact Riemann solver (Godunov scheme).

• Other (approximate) Riemann solvers have also been tested (e.g. HLLC, Roe) and the same conclu-
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sions could de drawn regarding the lock of low-Mach accuracy issue. Note this does not contradict
the theoretical analysis performed in the previous chapter since the testcase does not include well
prepared initial conditions (WPIC).

• Note the same configuration has also been computed for air governed by the perfect gas EOS (with
relevant changes in the characteristic times to account for the change of acoustic speed). The flow
physics was found to remain well predicted by the standard compressible solvers in that case as well.

Case 1 (fast acceleration) long time behavior (tf = 10 ms)

The low-Mach accuracy problem identified in [Guillard and Viozat, 1999,Miczek et al., 2015,Bruel et al.,
2019] correspond usually to stationary test cases. Consequently, we decide to analyze the long time
solutions of the piston problem computed using standard compressible solvers to check whether the acoustic
scale remains correctly computed.
In Figure 2.12, the pressure solutions projected on LIG45 and LIG88 show that they remain independent of
the azimuthal direction. In smooth flow regions (where the maximum grid refinement of the 2D calculation
is sufficient to capture the flow gradients), the 2D solution and the reference 1D solution are almost
superimposed, with however a slight under-estimation of the pressure peak. This error comes from the
numerical diffusion inherent to all the numerical solvers applied to the problem and more significant for the
multiD computations. It is this same usual numerical diffusion (and not the specific low-Mach accuracy
issue) which is also responsible for smoothing the pressure and velocity variations.
Concerning the velocity solution, presented in Figure 2.13, on top of the underestimation of the velocity
peak, one can also notice some errors in the smooth flow region with respect to the reference 1D solution,
on the piston side of the domain. These errors indicate a loss of azimuthal invariance for the 2D numerical
solution which could be a sign of low-Mach accuracy issue in long time but would remain a limited problem
with a numerical solution still physically consistent with the reference one after about 20 reflections
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Figure 2.12: 2D-axisymmetric piston problem. Case 1 long time. 2D/1D pressure solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization, CFL = 0.5, Nr = 360, N1D,ref = 10000.
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Figure 2.13: 2D-axisymmetric piston problem. Case 1 long time. 2D/1D velocity solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.

Case 3 (slow acceleration) long time behavior (tf = 10 ms)

Results for the long time computations for the slowly accelerating piston are presented in Figures 2.14 and
2.15. In general, we observe that the physics remains well predicted for the pressure in the 2D calculations
while the velocity tends to display small errors with respect to the reference 1D solution near the piston
surface.
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Figure 2.14: 2D-axisymmetric piston problem. Case 3 long time. 2D/1D pressure solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.
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Velocity (LIG88)  at time 9.90000E−03
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Figure 2.15: 2D-axisymmetric piston problem. Case 3 long time. 2D/1D velocity solutions on LIG45
(Left) and on LIG88 (Right) given by the exact Riemann solver, limited linear space reconstruction for
primitive variables and 2-stage RK time discretization. CFL = 0.5, Nr = 360, N1D,ref = 10000.

Conclusion for the long time behavior

• The physical phenomena remain globally well predicted for the 2D case computed using the standard
exact Riemann solver, be it for the quickly or slowly accelerating piston. More precisely, in the fast
acceleration case, it can be observed the pressure peak created by the piston motion tends to be
underestimated but this is mostly due to a "natural" numerical diffusion of the upwind scheme
(Godunov exact Riemann solver) used for the simulation and not to a spurious excessive numerical
diffusion in the low-Mach limit. The errors appearing on the velocity profile, for short and long time
calculations, could be due to parasite acoustic waves but they remain limited with respect to the
amplitude of the physical waves.

• The results and comments presented here for the second-order Godunov scheme extend to approxi-
mate Riemann solvers (such as HLLC or Roe) which have also been tested using their implementation
in Europlexus. Computing the propagation of an acoustic wave in a liquid using these standard ap-
proximate Riemann solvers does not introduce a low-Mach accuracy issue (apart maybe from some
oscillations on the velocity distribution with a loss of azimuthal invariance, as pointed out for the
previous calculations using the exact Riemann solver).

• When considering the piston moving through air governed by the perfect gas EOS, it could also be
concluded that the physical phenomena were still well predicted by the standard compressible solver,
without the need to introduce low-Mach corrections.

Conclusion for the 2D-axisymmetric piston problem:

The numerical results obtained in this section demonstrate the ability of the standard compressible solvers
to properly capture the acoustic scale in the low-Mach number regime for both short and long time
calculations of a cylindrical piston moving through a fluid (liquid or gas) initially at rest. Small oscillations
on the velocity field, in the region near the piston surface, have been observed, which could be possibly
due to parasite acoustic waves but their amplitude remains limited with respect to the physical waves.
These findings were confirmed by a systematic grid convergence study (not reported here for the sake
of conciseness) where the accuracy order of the 2D standard (without low-Mach correction) numerical
schemes was computed for decreasing values of the piston characteristic Mach number Mp and found
independent of Mp (which would not have been the case if the low-Mach accuracy issue occur).
The observations made in this section could be seen somehow as in contradiction with the theoretical
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analysis performed in the previous chapter regarding the occurence of low-Mach accuracy issue for multiD
low-Mach flows in closed domains. However, we emphasize that the initial conditions for the computed
piston testcases are not well-prepared. We have indeed made the choice to retain natural initial conditions,
representative of those found in practical applications. It is consequently interesting to observe the impact
of the choice of initial conditions on the occurrence of the low-Mach accuracy issue.
Note that we provide in Appendix C some results for the same test case but slightly modified to account
for WPIC: in that case, the low-Mach accuracy problem is present.
In chapter 3, we will repeat the same problem with WPIC and demonstrate the newly proposed numerical
method introduced in the second part of this work to address the efficiency issue will also fix this accuracy
issue for the piston problem with WPIC.

2.2 Gresho vortex problem

In this section, we investigate the ability of the standard and corrected compressible solvers to compute
the (slow) fluid scale in the low-Mach number regime by solving the Gresho vortex problem. This flow
configuration is a stationary vortex rotating around its center with an azimuthal velocity depending only
on the radial direction. The numerical treament of the compressible Euler equations governing the flow
should be able to preserve the initial vortex over time. As discussed in the previous chapiter, it is expected
the propagation of parasite acoustic waves scaling as ρc∆u will pollute the numerical solution when using
a standard compressible scheme without low-Mah correction.
The test problem was initially introduced in [Gresho and Chan, 1990], hence its denomination, with some
slight modifications introduced in [Miczek et al., 2015], [Bruel et al., 2019] which will be also adopted here.
It is usually computed with the fluid assumed to behave as a perfect gas. In the present work we will
consider this vortex in water described using the SG-EOS. Since the quantity ρc for water is much larger
than for gases, it is expected that the low-Mach accuracy problem for water will be espcially severe.

2.2.1 Problem description

Computational domain and mesh

We perform our computations on a rectangle domain with the following dimensions [x1, x2] × [y1, y2] =
[−1m, 1m]× [0m, 1m]. The origin (0, 0) and the vortex center are superimposed and located at the center
of the domain. As discussed in section 1.5.2, the topology of the mesh may help fix the low-Mach accuracy
problem. We therefore consider meshes with different topologies: quadrangular (QUAD) and triangular
(TRI) meshes. The triangular mesh is formed by dividing a quadrangular cell into 4 triangles (see Figure
2.16). In case of the TRI mesh, we further distinguish two configurations (see Figure 2.17) since we will
observe the numerical solution can be sensitive to the detail of this initial location of the vortex center:

• TRI-CEN-FAC: the center of the initial vortex is on the face of the cell.

• TRI-CEN-VER: the center of the initial vortex is on a vertex of the cell.
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QUAD Mesh TRI Mesh

Figure 2.16: Computational mesh: QUAD (left) , TRI (right)

Figure 2.17: TRI meshes: TRI-CEN-FAC (left), TRI-CEN-VER (right). The center of the initial vortex
is indicated by the red dot.

Initial and boundary condition

The initial velocity profile for the Gresho vortex problem is specified in (2.4). The maximum velocity is
1 m/s located at radius of r = 0.2 m from the vortex center. The fluid is at rest at the vortex center r = 0
and outside the vortex region (r ≥ 0.4) (cf. Figure 2.18).

uθ,0(r) =


5r, 0 ≤ r < 0.2

2− 5r, 0.2 ≤ r < 0.4

0, 0.4 ≤ r
(2.4)

In the absence of gravity, viscosity and discontinuity, the flow is governed by the following two-dimensional
Euler system in cylindrical coordinates:
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(2.5)

If the initial velocity distribution is a steady solution for the flow, the solution at all time remains equal
to this initial state. Since the initial velocity has only a non-zero azimuthal component depending only
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on the radial direction, the momentum equations (2.5)2, (2.5)3 reduce to only one equation describing the
balance between the centrifugal force and the pressure gradient:

(2.5)2 → ρ
u2
θ

r
=
∂p

∂r
(2.6)

By integrating (2.6) supposing that the density field is constant in low-Mach number regime, we obtain
the initial pressure profile specified in (2.7). The initial fields are illustrated in Figure 2.18.

p0(r) = p(r) =


pc + 25

2 ρr
2, 0 ≤ r < 0.2

pc + 25
2 ρr

2 + 4ρ(1− 5r − ln(0.2) + ln(r)), 0.2 ≤ r < 0.4

pc + ρ(4ln(2)− 2), 0.4 ≤ r
(2.7)

where pc is the constant pressure at the center of the vortex (r = 0) and is chosen such that
p− pc
pc

≈

O(M2). We notice that the specified initial conditions (2.4), (2.7) are WPIC since we satisfy the divergence
free constraint ∇ · uθ = 0 and the pressure fluctuation scales like O(M2). The Euler system is closed by
the SG-EOS (1.7) with γ = 4.4 and p∞ = 6.0× 108 for water.
The following table specifies the magnitude of the initial fields:

Water
ρ (kg/m3) 1000

uθ,0,max(r) (m/s) 1

pc (Pa) 3.0× 108

Mmax 5.0× 10−4

We impose periodic boundary conditions at the left and right sides of the computational domain while
the upper and lower sides are fixed walls.

Expected solution

Since the problem is stationary, the ideal numerical solution should not vary in time and should remain
strictly superimposed with the initial state at any time. However, all numerical methods present a numer-
ical diffusion which will modify the initial state. In low-Mach number regime, the numerical diffusion for
standard compressible schemes is likely to become excessive and it is expected the low-Mach correction
described in the previous chapter should fix this issue. It will be also interesting to monitor the evolution
of the flow energy and its preservation by the numerics, keeping in mind that for future application in the
field of nuclear safety the correct estimate of the load applied by the fluid on the containment structure is
directly linked with this proper energy preservation.
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Figure 2.18: Gresho vortex problem. Initial conditions for velocity (top, left) and its projection on the
horizontal line crossing the vortex center (bottom, left), for pressure p− pc (top, right) and its projection
on the horizontal line crossing the vortex center (bottom, right)

2.2.2 Numerical results

In this section, we investigate the behavior of the numerical solutions using the standard compressible
solvers with and without the low-Mach correction, for a final time of simulation tf = 0.125 s which corre-
sponds to 10% only of a complete revolution of the vortex but is sufficient to achieve relevant observations.
The discretization schemes and meshes employed throughout the numerical experiments are clarified in
Figure 2.19.
For the test cases 1)→ 6) in Figure 2.19, the computations are performed using the second order accurate
(with limiter) HLLC scheme and its low-Mach correction version denoted as the HLLCDL scheme (where
DL refers to the fact the Dellacherie low-Mach correction is applied) considering the following meshes:

• QUAD (101x51) mesh with 101 and 51 quadrangular cells in the horizontal and vertical directions
respectively.

• TRI-CEN-FAC(50x25x4) (TRI-CEN-VER(51x25x4)) meshes with 50 (51) and 25 (25) quadrangular
cells in the horizontal and vertical directions respectively. Each quadrangle is then divided into 4
triangles.

For the test cases 7)→ 10) in Figure 2.19, we compute with the first order schemes and TRI meshes.
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Figure 2.19: Gresho vortex problem: Tree classifications

In Table 2.1, we summarize the results for the test cases 1)→ 4). The numerical solutions are presented
and compared with the initial state in Figures 2.20, 2.21.

Scheme Water Gresho vortex test case
QUAD TRI-CEN-FAC

Density Velocity Pressure Density Velocity Pressure
HLLC X × × X X ×

HLLCDL X X X X X X

Table 2.1: Gresho vortex problem: Results for the test cases 1) 2) 3) 4)

×: excessive diffusion solution, ×: oscillation, X: satisfactory solution with the numerical scheme in con-
sideration.
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e) Horizontal line: QUAD mesh without correction f) Horizontal line: QUAD mesh with correction

Figure 2.20: Gresho vortex problem (water, test cases 1, 2, 3, 4): Velocity comparison on QUAD and TRI-
CEN-FAC meshes, Mmax = 5.0× 10−4, tf = 0.125 s (10% of a complete revolution). Second order in
space HLLC and HLLCDL schemes (with limiter) and second order in time with 2-stage RK method,
CFL = 0.45
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b) Horizontal line: QUAD mesh with correction
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e) Horizontal line: TRI-CEN-FAC mesh without correction
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f) Horizontal line: TRI-CEN-FAC mesh with correction

Figure 2.21: Gresho vortex problem (water, test cases 2, 3, 4): Pressure p− pc comparison on QUAD and
TRI-CEN-FAC meshes, Mmax = 5.0× 10−4, tf = 0.125 s (10% of a complete revolution). Second order
in space HLLC and HLLCDL schemes (with limiter) and second order in time with 2-stage RK method,
CFL = 0.45
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The results for the test cases 5) 6) are summarized in Table 2.2 and the pressure solution for test case 6)
on TRI-CEN-VER mesh with low-Mach correction is shown in Figure 2.2.

Scheme Water Gresho vortex test case
TRI-CEN-VER

Density Velocity Pressure
HLLC X X ×

HLLCDL X X ×

Table 2.2: Gresho vortex problem (water): results for the test cases 5) 6)

×: oscillation, X: satisfactory solution with the numerical scheme in consideration.

Figure 2.22: Gresho vortex problem (water, test case 6): Pressure p − pc comparison on TRI-CEN-VER
mesh, Mmax = 5.0× 10−4, tf = 0.125 s (10% of a complete revolution). Second order in space HLLCDL
scheme (with limiter) and second order in time with 2-stage RK method, CFL = 0.45

In Figures 2.20, 2.21 we can observe that:

• On QUAD meshes: the velocity field is not correctly computed by the standard HLLC scheme
(Figure 2.20a,e). The problem is fixed by using the HLLCDL scheme (Figure 2.20b,f). The pressure
solution oscillates strongly when computed with the HLLC scheme; this behavior is significantly
improved (though not entirely fixed) thanks to the low-Mach correction HLLCDL scheme (Figures
2.21a,b). The density field presents negligible oscillations in all cases.

• On TRI-CEN-FAC mesh: the velocity field obtained with the HLLC scheme does not present ex-
cessive dissipation (Figure 2.20c) as expected from Rieper et al. theoretical analysis. However, the
pressure field computed by the HLLC scheme presents oscillations (Figures 2.21c,e). The combi-
nation between the TRI-CEN-FAC mesh with the HLLCDL scheme gives non-oscillating pressure
solution. The density field presents negligible oscillations in all cases.

The oscillating behaviour of the pressure is, to our knowledge, not reported for this test case in the
literature: it is systematically through the visualization of the velocity or the Mach number field that the
low-Mach accuracy problem is highlighted. Furthermore, the oscillatng behaviour of the pressure field is
also sensitive to the detail of the initial solution projection onto a triangular grid. Though the TRI-CEN-
FAC mesh when combined with the HLLCDL scheme gives satisfactory solutions, it is not the case for
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the TRI-CEN-VER mesh. The observations on the TRI-CEN-VER mesh have been reported in Table 2.2
and can be summarized as follows:

• For the density field: it presents negligible oscillations.

• For the velocity field: the HLLC and HLLCDL schemes on TRI-CEN-VER mesh do not yield
excessive numerical diffusion, similarly to the TRI-CEN-FAC case.

• For the pressure field: the HLLC scheme produces oscillating pressure on the TRI-CEN-VER mesh,
similarly to the case of TRI-CEN-FAC mesh. However, and this was an unexpected observation, the
problem is not fixed when this mesh is combined with the HLLCDL scheme (Figure 2.22).

The oscillating behaviour of the pressure when computing on the TRI-CEN-VER as well as the TRI-
CEN-FAC mesh is not yet well-understood. However, tit should also be underlined that he pressure
field presented in Figures 2.22, 2.21c,e corresponds to the pressure difference p − pc (of order 1.0× 103),
which remains negligible when compared to the pressure pc = 3.0× 108 (the the dominant contribution
to the total pressure p). It is concluded that the total pressure p is actually not much affected by these
oscillations.
When further analyzing the pressure oscillations on TRI meshes, we also considered first order schemes.
The results obtained for these test cases 7) 8) 9) 10) indicate that the first order (both standard and
low-Mach correction) schemes give satisfactory results for all fields including the pressure (Figure 2.23).
However, such first order schemes display a significant level of numerical diffusion and are therefore not
really appropriate from an accuracy viewpoint for the targeted industrial applications.

a) TRI-CEN-VER without correction b) TRI-CEN-VER with correction

Figure 2.23: Gresho vortex problem (water, test cases 9, 10): Pressure p − pc comparison on TRI-CEN-
VER mesh, Mmax = 5.0× 10−4, tf = 0.125 s (10% of a complete revolution). First order method for all
variables, HLLC scheme (left), HLLCDL scheme (right), CFL = 0.45

51



2.2. GRESHO VORTEX PROBLEM

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

E
k
in
/E

k
in

,0

t(s)

Time evolution of kinetic energy

Standard (QUAD)
Correction (QUAD)

Standard (TRI-CEN-FAC)

Figure 2.24: Gresho vortex problem (water): Evolution of kinetic energy

As another illustration of the low-Mach accuracy issue,we present in Figure 2.24 the ratio of the computed
kinetic energy to the initial kinetic energy in function of time. As we can see, the standard scheme on
QUAD mesh cannot preserve the kinetic energy in time while good results are observed using low-Mach
correction scheme on QUAD mesh or the standard scheme on TRI-CEN-FAC mesh (or TRI meshes). The
preservation of this quantity is particularly important when computing the low-Mach flow in a containment
since it represents the loads of the (slow) fluid scale applied on a structure. It is clear that the deformation
of a structure could be dramatically underestimated using QUAD meshes without low-Mach corrections
(Figure 2.24, blue curve).

2.2.2.1 Computations at Mmax = 0.1

The low-Mach accuracy problem has been mostly reported as an issue of excessive diffusion but the pres-
sure oscillations observed in the previous section have not been connected in the literature with a specific
low-Mach issue. With the purpose of assessing whether such oscillating pressure behaviour is related or
not to a low-Mach accuracy problem, we perform a numerical experiment for the Gresho vortex problem
at a larger reference Mach number, Mmax = 0.1. Since we are no longer in the low-Mach number limit,
the numerical error if it exists should not be as significant as in the low-Mach case previously presented.
The meshes used for simulation are the same as in the previous section. The initial conditions in this test
case are modified but always satisfy the relation (2.6). The magnitude of the initial fields are specified in
Table 2.3.

Water
ρ (kg/m3) 1000

uθ,0,max(r) (m/s) 200

pc (Pa) 3.0× 108

Mmax 0.1

Table 2.3: Gresho vortex problem. Magnitude of the initial fields for computations with Mmax = 0.1

The final time of simulation is tf = 6.0× 10−4 s corresponding again to 10% of a complete revolution of
the vortex. The numerical results are presented in Figures 2.25, 2.26 and can be summarized as follows:
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• For the density field: negligible oscillations are observed.

• For the velocity field: the standard HLLC scheme yields a satisfactory solution for both the QUAD
and TRI-CEN-FAC meshes. However, the velocity on a QUAD mesh (Figure 2.25a,c) seems to be a
little more diffused than on TRI mesh (Figure 2.25b,d). It means that the QUAD mesh suffers from
the accuracy problem but not as severe as in the low-Mach limit case with Mmax = 5.0× 10−4.

• For the pressure field: the QUAD and TRI-CEN-FAC meshes give a satisfactory result (Figure
2.26). This means that the wrong pressure field computed at Mmax = 5× 10−4 with standard
HLLC scheme (c.f. Figures 2.21c,e) is related to the low-Mach accuracy issue.
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c) Horizontal line: QUAD mesh without correction
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d) Horizontal line: TRI-CEN-FAC mesh without correction

Figure 2.25: Gresho vortex problem (water): Velocity comparison on QUAD (a,c) and TRI-CEN-FAC
(b,d) meshes, Mmax = 0.1, tf = 6.0× 10−4 s (10% of a complete revolution). Second order in space HLLC
scheme (with limiter) and second order in time with 2-stage RK method, CFL = 0.45
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c) Horizontal line: QUAD mesh without correction
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d) Horizontal line: TRI-CEN-FAC mesh without correction

Figure 2.26: Gresho vortex problem (water): Pressure p − pc comparison on QUAD(a,c) and TRI-CEN-
FAC(b,d) meshes, Mmax = 0.1, tf = 6.0× 10−4 s (10% of a complete revolution). Second order in space
HLLC scheme (with limiter) and second order in time with 2-stage RK method, CFL = 0.45

Conclusion for the Gresho vortex problem:

The computations of the Gresho vortex problem for water described using SG-EOS and using the second
order accurate HLLC approximate Riemann solver show that:

• The low-Mach correction using TRI meshes allows to fix the velocity solution but not the pressure
one (cf. Table 2.1).

• The TRI meshes when combined with the low-Mach correction scheme also give a satisfactory solution
for the velocity but the pressure solution is very sensitive to the initial location of the vortex center
within the meshes (cf. Tables 2.1, 2.2).

• The optimal results are obtained by using the QUAD and TRI-CEN-FAC meshes with HLLCDL
scheme (cf. Table 2.1). Note that employing the QUAD mesh with low-Mach correction scheme is
however recommended since the solution remains independent of the initial location of the vortex
center in the grid.

Table 2.4 summarizes the pressure solution p − pc. We emphasize that though presenting oscillating
behavior, the contribution to the total pressure is negligible.
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Scheme Stiffened gas Gresho vortex test case
QUAD TRI-CEN-FAC TRI-CEN-VER

2nd HLLC × × ×
2nd HLLCDL X X ×

1st HLLC × X X
1st HLLCDL X X X

Table 2.4: Gresho vortex problem (water): summary of the pressure solution.

×: oscillation, X: satisfactory solution with the numerical scheme in consideration.
We also simulate this problem using a perfect gas and the same numerical schemes with and without low-
Mach correction (e.g HLLC, HLLCDL): the solutions are qualitatively similar to what has been observed
for the water case with SG-EOS.

2.3 Gresho vortex acoustic problem

In this section, we combine the Gresho vortex defined in section 2.2.1 with an acoustic wave to form a
two-scale problem. The accurate capture of both scales and their interaction in the low-Mach regime is
subjected to a careful analysis.

2.3.1 Preliminaries

Dimension and mesh

The dimension of the computational domain is increased with respect to the one in the Gresho vortex
problem: [x1;x2] × [y1; y2] = [−2m; 1m] × [0m; 1m]. The initial distance between the acoustic wave and
the vortex is about 1 m so as to avoid the possible effect of the numerical diffusion of the acoustic wave
on the vortex at the beginning of the calculation. As before, we use both QUAD and TRI meshes for our
computations.

Initial and boundary conditions

The initial conditions are decomposed into two parts: one part for the vortex and the other for the acoustic
wave. 

ρ0(x) = ρGR0 + ρAC0 (x)

v0(x) = vGR0 (x) + vAC0 (x)

p0(x) = pGR0 (x) + pAC0 (x)

The initial conditions for the Gresho vortex (GR) part are the same as in section 2.2. The initial density
for the acoustic wave (AC) is specified in (2.8) and is of order of the Mach number.

ρAC0 =

{
ρGR0 Mcos[5π(x+ 0.3)], − 1.8 < x < −1.6

0, elsewhere
(2.8)

The velocity of the acoustic wave specified in (2.9) is derived from the Riemann invariants relation since
the physical phenomena can be regarded as isentropic in the low-Mach number regime:

vAC0 (x, y) =

 uAC0 (x, y) =
2

γ − 1
(c0(ρGR0 + ρAC0 )− c0(ρGR0 ))

vAC0 (x, y) = 0
(2.9)

where c0(ρGR0 ) and c0(ρGR0 +ρAC0 ) are the sound speeds outside and inside the acoustic region respectively.
The acoustic wave can also be considered as a small perturbation. The total pressure inside the acoustic
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region can be developed as follows:

p = p(ρGR0 + ρAC0 ) ≈ p(ρGR0 ) +

(
∂p

∂ρ

)
ρGR
0

ρAC0

= pGR0 + pAC0

(2.10)

Therefore the acoustic pressure takes the form (2.11):

pAC0 =

(
∂p

∂ρ

)
ρGR
0

ρAC0 = c2
0ρ
AC
0 (2.11)

where c0 is the sound speed outside the acoustic region and in case of water it takes the value:

c0 ≈

√
γSG(pc + p∞)

ρGR0

≈ 1990 m/s

Table 2.5 summarizes the magnitude of initial fields. The boundary conditions are periodic for the left
and right sides and are fixed walls for the upper and lower sides.

Stiffened gas
ρGR0 (kg/m3) 1000

ρACmax (kg/m3) 0.5

uθ0,max(r) (m/s) 1

uACmax(x) (m/s) 1

pc (Pa) 3.0× 108

pACmax (Pa) 1.98× 106

Mmax 5.0× 10−4

Table 2.5: Magnitude of the IC for Gresho vortex acoustic test case

Expected solution

In the low-Mach number limit, the compressible and the incompressible solutions are decoupled [Miczek
et al., 2015], [Dellacherie, 2010]. As a result, we expect the right-propagating acoustic wave to pass through
the vortex without having any interaction with it, to leave the domain on the right and reenter on the left
through the periodic boundary condition. When the acoustic wave returns to its initial position, the full
initial condition is recovered.

2.3.2 Numerical results

We employ both the standard and low-Mach correction schemes. The final time of the simulation is
tf = 1.5× 10−3 s, corresponding to 0.12% of a complete revolution of the vortex. At this instant, the
acoustic wave has passed through the vortex and returned to its initial position.
The computations are performed on:

• QUAD (150x50) mesh with 150 and 50 quadrangular cells in the horizontal and vertical directions
respectively.

• TRI(75x25x4) mesh with 75 and 25 quadrangular cells in the horizontal and vertical directions
respectively. Each quadrangle is then divided into 4 triangles.

In Figure 2.27a, we observe that the magnitude of the acoustic velocity is half of its initial value and the
vortex velocity is preserved by about 85.6% of the theoretical value. The acoustic wave is much more
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diffused than the vortex as having a much smaller characteristic time. The observed numerical diffusion
is not related to the low-Mach problem since the piston problem states that the standard compressible
solvers are able to correctly capture acoustic waves.
In Figure 2.27c, it is observed that the vortex velocity is preserved by about 98.5% of its initial value thanks
to the use of the TRI mesh. The solution for the acoustic wave however remains (almost) unchanged since
as stated the numerical error is not related to the low-Mach problem and therefore the TRI mesh has no
effect.
In Figures 2.27b, d, we present the velocity field on QUAD and TRI meshes using both the standard and
low-Mach correction schemes. We observe an oscillating vortex solution on the QUAD mesh while the
solution on TRI mesh is however satisfactory.
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Figure 2.27: Gresho vortex acoustic problem (water): Velocity field comparison on QUAD and TRI meshes,
Mmax = 5.0× 10−4, tf = 1.5× 10−3 s (0.12% of a complete revolution). Second order in space HLLC and
HLLCDL schemes (with limiter) and second order in time with 2-stage RK method, CFL = 0.45

So as to investigate the oscillating behavior of the vortex on the QUAD mesh with low-Mach correction
scheme, we stop the computation at tf ≈ 5.0× 10−4 s. In this way, the acoustic wave propagates and
stops in front of the vortex and no interaction between them occurs. It is shown in Figure 2.29 that:

• On QUAD mesh: the HLLCDL gives a non-physical solution behind the acoustic wave (c.f. Figure
2.29 (left)) resulting in interactions between the acoustic wave and the vortex.
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• On TRI mesh: the non-physical region (almost) vanishes (cf. Figure 2.29 (right)). Consequently,
there is no interaction between the two scales when the acoustic wave crosses the vortex. However,
we still recognize small perturbations at the initial position of the acoustic wave.

The observed oscillations can be explained. As noticed in section 1.5.1 the low-Mach correction schemes
when rescaling the pressure fluctuation of order ρc∆u tend also to reduce the numerical viscosity of the
scheme. The low-Mach correction schemes are therefore less stable in capturing acoustic waves.
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Figure 2.28: Gresho vortex acoustic problem (water): Initial (left) and theoretical (right) velocity solutions
projected on a horizontal projection line
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Figure 2.29: Gresho vortex acoustic problem (water): Velocity field comparison on horizontal projection
line, on QUAD (left) and TRI (right) meshes, Mmax = 5.0× 10−4, tf = 1.5× 10−3 s (0.12% of a complete
revolution). Second order in space HLLCDL (with limiter) and second order in time with 2-stage RK
method, CFL = 0.45

Conclusion for the Gresho vortex acoustic problem:

The numerical experiments in this section show that:
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• The standard compressible schemes have no problem in capturing the (fast) acoustic wave but, as
already mentioned, display difficulties in computing (slow) fluid scale.

• The low-Mach correction schemes yield inaccurate solutions for the acoustic wave on QUAD meshes
while the use of TRI meshes allows to obtain satisfactory results.

2.4 1D low-Mach shock tube problem

Observing that the low-mach correction method introduces problems with wave propagation, we decide to
return to the elementary shock tube test for stiffened gas. This test case involves a left rarefaction wave
and a right shock wave, the strengths of which are functions of a reference Mach number. Denoting (from
left to right) the states on each side of the left-running and right-running waves as:

UL,U
∗
L,U

∗
R,UR,

we impose that U∗L = U∗R. Moreover, we use the acoustic formula to determine the left state as function
of the right state and the reference Mach number Mref . We choose p∗R and ρ∗R such that:

p∗L = p∗R ≈ pR + ρRMrefc
2
R

ρ∗L = ρ∗R ≈ ρR +
p∗R − pR
c2
R

= ρR(1 +Mref)

c∗R = c∗L ≈

√
p∗R − pR
ρ∗R − ρR

=

√
ρRMrefc

2
R

ρRMref
≈ cR

pL ≈ p∗L + ρ∗LMrefc
∗2
L ≈ pR + 2ρRMrefc

2
R

ρL ≈ ρ∗L(1 +Mref) = ρR(1 + 2Mref +M2
ref) ≈ ρR(1 + 2Mref)

We consider water described using the SG-EOS with material properties taken from [Ivings et al., 1998].

Material properties
Left Right

γ 7.15 7.15
p∞ (Pa) 3.0× 108 3.0× 108

The computations are realized for Mref = 10−1, Mref = 10−2 and Mref = 10−3. For instance, for Mref =
10−1 we obtain the following values.

Initial conditions
Left Right

ρ (kg/m3) 1200.0 1000.
p (Pa) 14.292 43× 108 1× 105

u (m/s) 0.0 0.0

We insert the left state in the High Pressure region and the right state in Low Pressure region:

HP LP
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Figure 2.30: Computed density distribution for the 1D low-Mach shock tube problem. Mref = 1× 10−1.
400x1 elements. Quadrangular mesh. HLLCDL. Limited second order reconstruction in space, second
order in time. Top t = 1× 10−4. Bottom t = 4× 10−4.
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Figure 2.31: Computed density distribution for the 1D low-Mach shock tube problem. Mref = 1× 10−1.
4x(400x1) elements. Triangular mesh. HLLCDL. Limited second order reconstruction in space, second
order in time. Top t = 1× 10−4. Bottom t = 4× 10−4.
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Figure 2.32: Computed density distribution for the 1D low-Mach shock tube problem. Mref = 1× 10−3.
4x(400x1) elements. Quadrangular mesh (top). Triangular mesh (bottom). HLLCDL. Limited second
order reconstruction in space, second order in time. t = 4× 10−4.
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On a quadrangular mesh with low-Mach correction, oscillations appear near the shock and (less signifi-
cantly) in the rarefaction region (on the density and the speed only, the pressure is not affected). Their
maximum amplitude does not decrease when reducing the mesh size or the CFL (or when increasing the
final time). The case with Mref = 10−1 is represented in Figure 2.30 for HLLCDL on the same mesh.
In Figure 2.32 is the solution for the case withMref = 10−3. We observe that oscillations on the rarefaction
and on the shock waves tends to be equal to each other in that case. This is expected since rarefaction
and shock waves become both acoustic waves in the low-Mach limit.
In Figure 2.31 we compute the same problem using the triangular mesh. Each quadrangle has been split
into four triangles. As one can see, oscillation amplitudes are much less important than in quadrangular
case. It seems that transverse numerical diffusion (due to the “triangular split”) contributes to damp the
numerical oscillations appearing on acoustic waves.

Remarks:

• One can observe that in Figures 2.30 and 2.31 ρ∗L 6= ρ∗R. We point out that their difference decreases
as Mref does and becomes almost invisible for the value 1× 10−3. This is due to the use of acoustic
formula to compute the shock and the rarefaction (formula that tends to be correct for very low
Mach numbers).

• In several articles devoted to low-Mach number computations, see for instance [Dellacherie et al.,
2016] or [Li and Gu, 2013], the Sod shock tube is considered and computed using the low-Mach
correction schemes. Only very little oscillations are visible in that case when using a compressible
scheme with low-Mach correction. This shows the interest of the present shock tube problem which
allows to better discriminate the numerical behavior in the low-Mach number regime.

Conclusion for the 1D low-Mach shock tube problem:

The results for this test case show that the low-Mach correction schemes on QUAD cannot give correct
solutions for wave-propagating problems. However, the use of TRI mesh helps to fix the issue.

Conclusion

A range of test problems has been numerically investigated in this chapter using standard approximate
Riemann solvers and corrected versions of these schemes for the low-Mach region. The observed results
can be summarized as follows:

• The piston test problem in section 2.1 show that the acoustic scale c is well-computed by the standard
schemes.

• The Gresho vortex problem in section 2.2 shows that the optimal solution for computing (slow) fluid
scale can be obtained with the low-Mach correction schemes on TRI meshes.

• The Gresho vortex acoustic test in section 2.3 shows that the low-Mach correction schemes on QUAD
mesh are unable to give correct solutions for the acoustic scale and the use of TRI mesh can give a
better solution.

• The 1D low-Mach shock tube test confirms the wrong solutions for the wave propagation problems
using low-Mach correction schemes on QUAD mesh and the use of TRI mesh is useful in obtaining
a good solution.

These various observations made on low-Mach single-phase (liquid) flows lead us to conclude that the opti-
mal accuracy for capturing both fast and slow scales is obtained by using the low-Mach correction schemes
on TRI meshes. This is however far from being a satisfactory conclusion from a practical viewpoint for at
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least two reasons. Firstly, even though inviscid flow calculations could be performed using systematically
2D triangular grids or 3D tetrahedral grids, it is not desirable to depend so strongly on mesh topology. It
is clearly preferable to be able to also make use of quadrangular or hexahedral cells. Secondly, and this is
probably the strongest argument, we have been exclusively focused up to now on the low-Mach accuracy
issue and have disregarded the efficiency issue raised by low-Mach calculations and also described in the
previous chapter. While the low-Mach correction methods considered in this part may fix the low-Mach
accuracy problem, their lack of efficiency remains an issue and motivates the quest for an efficient way
to compute low-Mach flows (while keeping the flow accuracy). When devising such a novel method, we
set a constraint which is to be able to apply or adapt the existing numerical solvers in Europlexus to the
numerical treatment associated with a novel numerical strategy for low-Mach two-phase flows. This leads
us to develop a novel artificial compressibility method which is the main topic of the second part of this
thesis.
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Development of a novel artificial
compressibility method for low-Mach

two-phase flows
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3
Artificial compressibility (AC) method: application to the 1D

single-phase piston problem
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Introduction

The single-phase test problems solved in chapter 2 show that the efficiency problem in the low-Mach number
regime remains when using an exact or approximate Riemann solver including a low-Mach correction to fix
the accuracy issue. As a result, the purpose of this chapter is to look for a method allowing to accelerate
low-Mach computations without degrading the accuracy of solutions for single-phase flow problems, in a
first stage.
In this chapter, we pay attention in particular to the strategy of combining the artificial compressibility
(AC) method with the asymptotic system (cf. section 1.2). The AC method is the guideline for the
efficiency enhancement since it is suited for the EUROPLEXUS environment which is an explicit code for
hyperbolic systems. A quick review of some classical AC-type approaches for single-phase flow is presented
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in section 3.1. A classical AC-asymptotic strategy is then evaluated through a simple 1D closed piston
problem in section 3.2 so as to demonstrate the advantages and drawbacks of such an approach. The
drawbacks are fixed by a new method proposed in sections 3.3, 3.4. Some verification tests for the new
method are performed in sections 3.5 through the piston problems.

3.1 Some classical AC-type models for single-phase flow problems

The original AC method of [Chorin, 1967] was developed to find a stationary solution for the incompressible
Navier-Stokes equations in an open domain. The divergence free constraint is modified by adding an
artificial term (which becomes zero in the stationary state) and the whole new system becomes hyperbolic
if the physical viscosity is neglected. This method is also called the single time-stepping approach.
From an incompressible viewpoint, one can state that the incompressible system is extended to a weakly
compressible regime and the new system contains an artificial acoustic wave with negligible amplitude
propagating with its own acoustic speed:

1

c2
AC

∂p′

∂t
+ ∇ · v = 0

∂v
∂t

+ v · ∇v = −1

ρ
∇p′ + ν∆v

(3.1)

where the constants ρ, ν are respectively the density and the kinematic viscosity of the flow. The system
(3.1) can also be compared with the equations of motion of a compressible fluid in a small physical Mach
number. One can state that the (fast) physical acoustic wave is replaced by the (slow and negligible
amplitude) artificial acoustic wave. When computing a flow governed by the above system using an
explicit solver, the stability time step is greatly enhanced as:

∆tAC =
CFL ·∆x

cAC
>>

CFL ·∆x
c

= ∆t (3.2)

Many developments for the original AC approach have been observed. For example, a dual time-stepping
AC approach to study transient problems (see for instance [Drikakis and Rider, 2005]). In this approach,
for each time step t = t1 → t2, we iterate our system for the dual time τ until the convergence is found
on the divergence free equation:

1

c2
AC

∂p′

∂τ
+ ∇ · v = 0

∂v
∂τ

+
∂v
∂t

+ v · ∇v = −1

ρ
∇p′ + ν∆v

(3.3)

This strategy allows to extend in a rigorous way the AC approach to unsteady flow problems. Note that
in [Clausen, 2013], the single time-stepping approach is used to solve the unsteady incompressible system.
The errors caused by the artificial term are allowed meaning ∇ · v 6= 0. It is shown that the solutions
obtained are nonetheless satisfactory in the low-Mach number limit.
In a closed domain, instead of having a divergence free constraint, one has an isentropic compression/-
expansion due to mobile boundaries. The ideas of the AC method can be extended for the asymptotic
system (1.19) as:

∂ρ

∂t
+ ∇ · (ρv) = 0

∂(ρv)

∂t
+ ∇ · (ρv⊗ v) = −∇p′

1

c2
AC

∂p′

∂t
+ ∇ · v = − 1

ρc2

dP

dt

(3.4)
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With the purpose of clarifying the physical meaning of system (3.4), we consider a simple 1D single-phase
piston problem (see Figure 3.1). The piston is pushed into the fluid initially at rest from left to right at a
(slow) constant speed Vp. An acoustic wave propagates inside the cylinder and is reflected by rigid walls.
On the right of Figure 3.1, we present the qualitative pressure solutions given by different approaches at
the wall-end extremity indicated on the left of Figure 3.1:

• The black curve represents the fully compressible solution. The first impact of the acoustic wave
with the wall is identified by a jump in pressure at tcomp = L0/c, where L0 and c are the initial length
of the cylinder and the physical acoustic speed respectively. The first jump can be approximated in
the low-Mach number regime by the Joukowski formula as [Joukowski, 1900]: ∆p = 2ρinitcinitVp.

• The red curve represents the isentropic compression due to the moving piston obtained by solving
analytically the asymptotic system (1.19) in one dimension. As discussed, the asymptotic method
filters the waves and replaces the compression by these waves with a global compression due to the
boundaries. The pressure solution is therefore homogeneous: P = P (t).

• The blue curve represents the solution for the artificial acoustic wave only. The resolved system is
of AC type without the physical viscosity. The first impact is identified by a jump in pressure at a
much longer time compared to the fully compressible case since the artificial sound speed is chosen
to be much smaller than the physical one: tAC = L0/cA >> tcomp. The pressure jump is very small
compared to the fully compressible solution and can be approximated in the low-Mach number case
as: ∆p′ = 2ρinitcACVp.

From these qualitative solutions, we can state that:

• The asymptotic solution P is not correct at the beginning of the piston motion since acoustic waves
are filtered in this model. However, in long time computations, such a solution represents correctly
the loads on a structure since waves become (numerically and physically) diffused and the fully
compressible solution tends to the asymptotic one. The diffusive behavior is much more important
in the multidimensional case as observed through the 2D cylindrical piston problem in section 2.1.

• The AC approach originally developed for an open domain when applied for a closed domain (with
unsteady evolution) yields a wrong pressure solution since the compression due to the artificial
acoustic wave p′ is negligible with respect to the fully compressible one. An AC system which
contains this wave only could lead to a significant underestimation of loads on a structure.

Vp
P(L,t)     

Fully compressible: csound = c
Asymptotic: csound → +∞
AC : csound = cAC << c

P

t

Asymptotic

Compressible

AC for p�

�p� = �c�CVp

�p = �ccompVp

tcomp = L�=ccomp t�C = L�=c�C

(Isentropic compression)

Figure 3.1: Configuration for the 1D planar piston problem (left) and qualitative pressure solution at the
wall-end extremity (right).
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Consequently, the asymptotic system when combined with the AC approach (3.4) could guarantee a
satisfactory estimate of the loads applied on a structure. Moreover, the computational cost is reduced
since the stability time step is determined by the artificial acoustic speed cAC .

pAC,total = P + p′ ≈ P

3.2 A classical AC-asymptotic model for the 1D planar piston problem

In this section, we solve analytically the aforementioned 1D planar piston problem (Figure 3.1) by con-
sidering the system (3.5). Such system is of AC type and is combined with the isentropic compression
equation from the asymptotic model. In the literature, the AC part (that is the first three equations of
system (3.5)) is often referred as the pseudocompressibility approach (see for instance [Nourgaliev et al.,
2004]). This approach is of interest since it is similar, to some extent, to the system (3.4) but it is easier
to solve. We denote the system (3.5) as the AC-asymptotic model:

∂ρ

∂t
+
∂(ρu)

∂x
= 0

∂(ρu)

∂t
+
∂(ρu2 + p′)

∂x
= 0

p′ = c2
AC(ρ− ρ0)

(P + p∞)Lγ = const

(3.5)

The initial condition for the density ρ0 as well as for the pressure and velocity are specified in Table 3.2.
The dimension of the problem, the artificial sound speed and the material properties are specified in Tables
3.1 and 3.3. The computational domain is bounded by fixed walls except for the moving piston.

Material properties
γ 4.4

P∞ (Pa) 6.0× 108

Table 3.1: 1D planar piston problem: Material properties

Initial conditions
ρ (kg/m3) 1000.0
P (Pa) 1× 105

u (m/s) 0.0

Table 3.2: 1D planar piston problem: Initial conditions

Dimension and parameters
L0 (m) 1.0
Vp (m/s) 1.0 (Mp ≈ 6.0× 10−4)
cAC (m/s) 325 (≈ c/5)

Table 3.3: 1D planar piston problem: Dimension and parameters

In Figures 3.2, 3.3, 3.4, we compare the fully compressible solution and the asymptotic solution with the
one obtained by solving system (3.5). In contrast to the Figure 3.1, we note that the water is compressed
by the piston moving from right to left with speed Vp.
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3.2. A CLASSICAL AC-ASYMPTOTIC MODEL FOR THE 1D PLANAR PISTON PROBLEM

Figure 3.2: 1D planar piston problem. Comparison for the density field for the whole domain at t =
3.4× 10−4 s (left) and at the wall-end extremity (right).

Figure 3.3: 1D planar piston problem. Comparison for the pressure field for the whole domain at t =
3.4× 10−4 s (left) and at the wall-end extremity (right).
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3.2. A CLASSICAL AC-ASYMPTOTIC MODEL FOR THE 1D PLANAR PISTON PROBLEM

Figure 3.4: 1D planar piston problem. Comparison for the velocity field for the whole domain at t =
3.4× 10−4 s.

We perform the comparisons at t = 3.4× 10−4s corresponding to the instant where no wave reflections
occur when solving the fully compressible as well as the AC-asymptotic models. The ratio between
the distance covered by waves in each model corresponds to the ratio of sound speed c/cAC = 5 (or
Mp,AC/Mp = 5) with Mp the piston Mach number.
In Figure 3.2, a (very small) density jump of 0.6 kg/m3 for the fully compressible solution can be identified
since we are in the low-Mach number regime and moreover water changes very little its volume when being
compressed. The asymptotic density increases isentropically, as the pressure, to conserve mass. The density
jump in the AC-asymptotic model is much higher compared to the fully compressible one. The ratio of
density between the fully compressible and AC models can be demonstrated to be equal to the ratio of
the sound speed (or Mach number):

∆ρAC
∆ρ

=
c

cAC
=
Mp,AC

Mp
> 1 (3.6)

This relation can be explained thanks the mass conservation equation in the acoustic wave frame using the
Rankine-Hugoniot condition. Let 1, 2 being the states before and behind the wave respectively; Cs,AC , Cs
being the propagating speed of waves in the AC-asymptotic and the fully compressible models respectively.
We then have:

ρ2,AC = ρ1,AC
Cs,AC

Cs,AC − Vp
→ ∆ρAC = ρ1,AC

Vp
Cs,AC − Vp

≈ ρ1,ACMp,AC

ρ2 = ρ1
Cs

Cs − Vp
→ ∆ρ = ρ1

Vp
Cs − Vp

≈ ρ1Mp

As ρ1 = ρAC,1, relation (3.6) can be recovered. We note that a larger value of the Mach ratio Mp,AC/Mp

leads to a larger value of the density jump ratio.

In Figure 3.3, the dynamic pressure jump ∆p′ is small compared to the fully compressible solution. This
jump in dynamic pressure can be determined by Joukowski formula and is found to decrease as the ratio
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M/MAC increases:

∆p′ ≈ ρ1,ACcACVp = ρ1,ACc
2
ACMp,AC = ρ1,ACc

2Mp
Mp

Mp,AC

In Figure 3.4, the velocity profile in the asymptotic model is linear as ∇·u = − 1

ρc2

dP

dt
= f(t), connecting

−Vp and 0 corresponding to the boundary conditions. In the fully compressible and AC-asymptotic models,
waves propagating with different speeds induce behind them the low-Mach motion of water of velocity
−Vp.

Concluding remarks

The AC-asymptotic system (3.5) has the following advantages:

• The computational cost is reduced and is dependent on the the ratio of the sound speed cAC/c (or
MAC/M). The parameter cAC is chosen to be much smaller than the physical sound speed c.

• A smaller value of cAC/c leads to a smaller jump of the dynamic pressure ∆p′. Since we are interested
in the asymptotic solution, this guarantees that the total pressure solution is approximately equal
to the asymptotic one. For a closed domain like the above piston problem, a small value of cAC/c is
important since the negligible amplitude of the dynamic pressure at the beginning of the calculation
could become significant in long time computations after several reflections.

However, the approach has a main drawback in producing an incorrect solution for the density. A small
value of cAC/c makes the AC density solution far from the fully compressible solution as well as the
asymptotic one as explained in (3.6).

3.3 New AC approach for Low-Mach flows (AC-LM): physical model

In section 3.2, we have observed the main drawback of the AC-asymptotic system (3.5) in solving closed
domain problems: the excessive jump of density due to the mass conservation. As a result, a new method is
proposed in this section and denoted as the AC-LM since it relies on the artificial compressibility approach
in solving low-Mach flows.
The physical model of the AC-LM method can be derived starting from the Euler system of conservation
equations, in particular in its primitive form which can be written as:

∂ρ

∂t
+ v · ∇ρ + ρ∇ · v = 0

∂v
∂t

+ v · ∇v +
1

ρ
∇p = 0

∂p

∂t
+ v · ∇p + ρc2∇ · v = 0

(3.7)

By adding and subtracting the same quantity ρc2
AC∇ · v in the pressure evolution equation (3.7)3, we

obtain:
∂ρ

∂t
+ v · ∇ρ + ρ∇ · v = 0

∂v
∂t

+ v · ∇v +
1

ρ
∇p = 0

∂p

∂t
+ v · ∇p + ρc2

AC∇ · v = −(ρc2 − ρc2
AC)∇ · v

(3.8)

In (3.8), the parameter cAC is called the artificial sound speed. Since our purpose is to extend the standard
compressible solvers in the low-Mach number regime such as implemented and available in Europlexus,
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3.3. NEW AC APPROACH FOR LOW-MACH FLOWS (AC-LM): PHYSICAL MODEL

we add the conservation of total energy equation into the system (3.8) in order to ensure that the existing
structure of the computational code is least modified when implementing the newly proposed strategy.
The final system of equations takes the form (3.9):

∂ρ

∂t
+ v · ∇ρ = 0 −ρ∇ · v

∂v
∂t

+ v · ∇v +
1

ρ
∇p = 0

∂p

∂t
+ v · ∇p = −ρc2

AC∇ · v −(ρc2 − ρc2
AC)∇ · v

∂(ρet)

∂t
+ v · ∇(ρet + p) = 0︸︷︷︸

Part I

−(ρet + p)∇ · v︸ ︷︷ ︸
Part II

(3.9)

and it can be divided into two parts:

• Part I, analyzed in section 3.3.1, corresponds to the convective mechanism with fast acoustic waves
filtered through the use of the artificial sound speed. Part I gives the wrong solutions for the artificial
wave but is efficient since the computational cost is significantly reduced.

• Part II, detailed in section 3.3.2, serves to correct the density and pressure field by considering the
isentropic transformations through the speed divergence term ∇ · v.

3.3.1 Part I: convective mechanism

In part I, we solve the following system:
∂ρ

∂t
+ v · ∇ρ = 0

∂v
∂t

+ v · ∇ρ +
1

ρ
∇p = 0

∂p

∂t
+ v · ∇p + ρc2

AC∇ · v = 0

∂(ρet)

∂t
+ v · ∇(ρet + p) = 0

(3.10)

System (3.10) has the following characteristics:

• It does not conserve the mass and the total energy. The mass conservation equation is replaced by
the transport equation for the density (3.10)1 to avoid the undesirable jump in the density solution
observed in the 1D planar piston problem.

• The convective mechanism of the fast acoustic wave at speed c is replaced by the propagation of the
slower artificial acoustic wave at speed cAC . This parameter is normally chosen to be much smaller
than the physical sound speed: cAC << c (typically cAC ≈ c/10, see [Madsen and Schäffer, 2006]).

System (3.10) can be written in a more conservative form as:

∂ρ

∂t
+ ∇ · (ρv) = ρ∇ · v

∂(ρv)

∂t
+ ∇ · (ρv⊗ v + pI) = ρv∇ · v

∂p

∂t
+ ∇ · (pv) = (p− ρc2

AC)∇ · v

∂(ρet)

∂t
+ ∇ · ((ρet + p)v) = (ρet + p)∇ · v

(3.11)

73



3.3. NEW AC APPROACH FOR LOW-MACH FLOWS (AC-LM): PHYSICAL MODEL

In compact form, system (3.11) writes:

∂a
∂t

+∇ · f = b∇ · v (3.12)

where:

a =


ρ
ρv
p
ρet

 , f =


ρv

ρv⊗ v + pI
pv

(ρet + p)v

 , b =


ρ
ρv

p− ρc2
AC

ρet + p


We must clarify at this stage that the system (3.11) or (3.12) is actually advanced without using the
evolution equation for the total energy. Expressing the system with the total energy equation included in
the set of conservation laws is done to minimize the modification of the existing computational code when
implementing the new strategy. Compared to the original Euler equations, system (3.11) displays one
extra equation for the pressure and source terms in the right-hand-side of (3.11) or (3.12).The updated
value of the total energy is computed from the updated values of velocity and internal energy, with the
internal energy computed from the pressure and the density using the EOS, after solving part II as will
be described in section 3.4.2.

Hyperbolicity, eigenvalues, eigenvectors

System (3.10) in 1D can be rewritten in compact form as:

∂W
∂t

+A(W)
∂W
∂x

= 0 (3.13)

with

W =


ρ
u
p
ρet

 , A(W) =


u 0 0 0
0 u 1/ρ 0
0 ρc2

AC u 0
0 0 u u


The above system is hyperbolic since the matrix A has 4 real eigenvalues:

λ1 = u− cAC , λ2 = λ3 = u, λ4 = u+ cAC

and the corresponding right eigenvectors are linearly independent:

K(1) =


0
1

−ρcAC
ρu

 , K(2) =


1
0
0
1

 , K(3) =


1
0
0
−1

 , K(4) =


0
1

ρcAC
ρu


Moreover, theK(2),K(3)-characteristic fields are linearly degenerate and theK(1),K(3)-characteristic fields
are genuinely non-linear. Indeed:

∇λ1 ·K(1) = (0, 1, 0, 0) ·


0
1

−ρcAC
ρu

 6= 0, ∇λ3 ·K(4) = (0, 1, 0, 0) ·


0
1

ρcAC
ρu

 6= 0

∇λ2 ·K(2) = (0, 1, 0, 0) ·


1
0
0
1

 = 0, ∇λ2 ·K(3) = (0, 1, 0, 0) ·


1
0
0
−1

 = 0

From the eigenvectors, we state that:
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• The density is constant across λ1, λ4 waves. The jumps in the velocity and the pressure across these
waves are non-trivial:

ρ = const

• The density and the total energy jump across λ2, λ3 waves. The velocity and the pressure are
constant across these waves:

u = const, p = const

3.3.2 Part II: isentropic transformation

In part II, we take into account the filtering of the fast acoustic waves of the system (3.14):

∂ρ

∂t
= −ρ∇ · v

∂v
∂t

= 0

∂p

∂t
= −(ρc2 − ρc2

AC)∇ · v

∂ρet

∂t
= −(ρet + p)∇ · v

(3.14)

by imposing that the divergence of the velocity ∇ · v is a function of time only. This comes from the
asymptotic system discussed in section 1.2 for a closed domain in which the compability condition reads:

∇ · v = − 1

ρc2

dP

dt
= f(t) (3.15)

The calculation of ∇ ·v is the key step in solving (3.14) since the other variables in the RHS of (3.14) are
in general known from the output of part I.

3.4 New AC approach for Low-Mach flows (AC-LM): numerical treat-
ment

In this section, we discretise the physical model previously described. As discussed, the method consists
of two steps. The first step involves discretising the hyperbolic part (part I). Let L∆t

h be the hyperbolic
operator, we find the solution after a time step ∆t by:

An+1,∗
i = L∆t

h An
i

The method takes into account the moving mesh using the ALE approach and will be discussed thoroughly
in section 3.4.1.
The second step corrects the solution of part I by considering the isentropic transformation. Let Lis be
the isentropic operator, we find the solution at the new instant by:

An+1
i = LisAn+1,∗

i

3.4.1 Part I: Discretization

For the sake of simplicity, we consider the 1D case. By integrating system (3.12) over a finite control
volume with moving boundaries Ci(t) = [xi−1/2(t), xi+1/2(t)] and over time [tn, tn+1], we obtain:∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂a
∂t
dtdx+

∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂f
∂x
dtdx =

∫ tn+1

tn

∫ xi+1/2

xi−1/2

b
∂u

∂x
dxdt (3.16)
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The integration for the type of equation in the L.H.S of (3.16) has been performed in section 1.3.3
considering the ALE approach. The integration for source term in the R.H.S of (3.16) needs approximation:∫ tn+1

tn

∫ xi+1/2

xi−1/2

b
∂u

∂x
dxdt ≈ bni

∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂u

∂x
dxdt = bni (ui+1/2 − ui−1/2)∆t

We then obtain the first order scheme:

An+1,∗
i = An

i

∆xni
∆xn+1

i

− ∆t

∆xn+1
i

(FALEi+1/2 − FALEi−1/2) +
∆t

∆xn+1
i

bni (ui+1/2 − ui−1/2) (3.17)

where:

• An
i ,A

n+1,∗
i are the cell averages of a at time tn, tn+1.

An
i =

1

∆xn

∫ xn
i+1/2

xn
i−1/2

a(x, tn)dx, An+1
i =

1

∆xn+1

∫ xn+1
i+1/2

xn+1
i−1/2

a(x, tn+1)dx

• FALEi±1/2 is the numerical ALE flux vectors approximating the average of the physical ALE fluxes.

FALEi±1/2 ≈ f̃
ALE
i±1/2 =

1

∆t

∫ tn+1

tn

(
fi±1/2 − ui±1/2um,i±1/2

)
dt

• ui±1/2 is the velocity at the cell interfaces.

• ∆xn+1
i is the new volume of the cell that can be determined by the DGCL (see section 1.3.3).

It is obvious that solving the RP at the intercell is the key step in finding the solution. In solving the
RP, we use the acoustic solver. For each RP with AL and AR as the left and right states of an intercell
respectively, we determine the intermediate states which provide p∗ and u∗ such that:

p∗ = pR + ρRcAC(u∗ − uR)
p∗ = pL − ρLcAC(u∗ − uL)

(3.18)

The system (3.18) can be solved and gives:

u∗ =
(pL + ρLcACuL)− (pR − ρRcACuR)

ρLcAC + ρRcAC

p∗ =
uL − uR

1

ρLcAC
+

1

ρRcAC

+

1

ρLcAC
pL +

1

ρRcAC
pR

1

ρLcAC
+

1

ρRcAC

(3.19)

The numerical fluxes FALE can now be computed and their values depend on the relative position of the
intercell within the wave systems quantified in (3.20). The full acoustic solutions in terms of the intercell
speed (λm = x/t = um) are given in Table 3.4.

λL = min(uL − cAC , u∗L − cAC)
λ∗L = max(uL − cAC , u∗L − cAC)
λ∗ = u∗

λ∗R = min(uR + cAC , u
∗
R + cAC)

λR = max(uR + cAC , u
∗
R + cAC)

(3.20)
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Wave speed x/t < λL λ∗L < x/t < λ∗ λ∗ < x/t < λ∗R λR < x/t

Density ρL ρL ρR ρR
Sound speed cAC cAC cAC cAC
Velocity uL u∗ u∗ uR
Pressure pL p∗ p∗ pR

Table 3.4: Acoustic solution for the single-phase Riemann Problem (RP)

The solutions described in Table 3.4 are not complete since the states between λL, λ
∗
L and λ∗R, λR are

unknown (see also Figure 5.1 with cAC,L = cAC,R = cAC). We suppose that solutions are linear in these
regions and also satisfy the acoustic formula: ∆p = ρcAC∆u.
The method is extended to second order accuracy in space and time with the Barth-Jespersen reconstruc-
tion on primitive variables and the two-stage Runge-Kutta method.
In appendix D.1, we provide a verification for the numerical method of part I considering the transport
equation for the density.

3.4.2 Part II: Discretization

We recall that in part II, we need to solve the system:

∂ρ

∂t
= −ρ∇ · v

∂v
∂t

= 0

∂p

∂t
= −(ρc2 − ρc2

AC)∇ · v

∂(ρet)

∂t
= −(ρet + p)∇ · v

(3.21)

where ∇·v is, as already mentioned, a homogeneous function. By integrating (3.21)1 over a whole domain
V, we obtain:

d

dt

∫
V
ρdV = −

(∫
V
ρdV

)
(∇ · v)

Using the first-order forward Euler method, we get:

mn+1 −mn+1,∗

∆t
= −mn+1,∗ (∇ · v)

where mn+1,∗ is the total mass after part I and mn+1 is a known quantity, derived from mass conservation.
Indeed, in the case of closed domain, the total mass at every instant is equal to the initial mass:

mn+1 = m0

The divergence of the velocity can therefore be determined as:

(∇ · v) = −m
n+1 −m∗

m∗∆t
(3.22)

The density, the pressure and the total energy could be integrally updated by system (3.21) using the
first-order method. However, the original EOS is not respected with these solutions. To overcome this
issue, the density and the pressure are firstly computed by system (3.21):

ρn+1
i = ρn+1,∗

i −∆tρn+1,∗
i ∇ · v

pn+1
i = pn+1,∗

i −∆tρn+1,∗
i (c2 − c2

AC)∇ · v
(3.23)
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The computation of the internal energy is performed using the SG-EOS (1.7) and the total energy follows:

en+1
i =

pn+1
i + γp∞

(γ − 1)ρn+1
i

(ρet)n+1
i = ρn+1

i en+1
i +

1

2
ρn+1
i (vni )2

(3.24)

3.5 Numerical results

3.5.1 1D planar piston problem with acoustic waves

In this section, we assess the properties of the new method by computing the 1D planar piston problem
without WPIC. The dimension, parameters, initial conditions and material properties are similar to those
previously used (see section 3.2, Tables 3.1, 3.2, 3.3). The new AC method is applied with second order
accuracy in space using linear reconstruction for primitive variables, second order accuracy in time using
a 2-stage RK method, CFL = 0.5. In the following analysis, we present the comparison between the
fully compressible (analytical/exact) solution, the asymptotic solution and the solution given by the new
AC-LM method.
In Figure 3.5 (left), we present the pressure solution at t = 4.0× 10−4, prior to any wave impact on fixed
walls. Concerning the exact fully compressible solution, we observe that there is a wave propagating from
right to left at speed which is approximately equal to the sound speed in water (≈ 1625 m/s). The wave
at time t = 4.0× 10−4 s:

• is located at position x ≈ 1.0− 1625× 4.0× 10−4 = 0.35 m

• corresponds to a pressure jump satisfying the Joukowski acoustic formula ∆p ≈ 1000× 1625× 1 =
16.25 bars

Concerning the asymptotic pressure solution, it is as expected homogeneous and evolves isentropically:

p = (p0 + P∞)

(
L0

L0 − Vp × t

)γ
− P∞

= (1× 105 + 6× 108)

(
1

1− 1× 4× 10−4

)4.4

− 6× 108

= 11.537 bars

Concerning the pressure solution given by the AC-LM method, we observe that:

• The artificial acoustic wave is 5 times slower than the physical wave as we have the sound speed
ratio cAC/c = 1/5 (or MAC/M = 5). The wave is located at the position:

x ≈ 1.0− 325 · 4.0× 10−4 = 0.87 m

• The pressure in the region which is not yet perturbed by the artificial acoustic wave takes a value
close to the asymptotic pressure. The jump in the pressure satisfies the Joukowski formula:

∆p ≈ 1000 · 325 · 1 = 3.25 bars

We emphasize that lowering the artificial sound speed improves the pressure approximation that can be
obtained for the asymptotic distribution as the pressure jump will be much smaller. However, due to the
dimension of the problem, we present the case where the artificial acoustic wave is only 5 times slower than
the physical wave. The case where the artificial acoustic wave is much slower than the physical wave (for
example 10 times or more) would require an increase of the piston length and simulation time to observe
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wave reflections. Moreover, the compression of water over a much longer time is not physically realistic
due to the fluid stiffness and would lead to a very high pressure inside the cylinder.
In Figure 3.5 (right), we present the density solution. Concerning the fully compressible solution, we
obtain as expected a density wave propagating from right to left and since we are in the low-Mach number
regime, the density jump can be approximated as:

∆ρ =
∆p

c2
=

16.25× 105

16252
= 0.615 kg/m3

Concerning the solution with the new method (AC-LM in the Figures), the density is constant in space
and evolves isentropically in time as expected.
In Figure 3.6, we present the velocity solution at t = 4× 10−4 s (left) and t = 1× 10−2 s (right). In
short time at t = 4× 10−4 s where there is no reflections of waves, the velocity is as expected equal to
the piston velocity in the perturbed region. The velocity solution given by the asymptotic model is linear
as discussed. In long time at t = 1× 10−2 s, we can observe that the velocity is slightly lower than the
expected value of −1 m/s. This small error is however not well-understood as we solve the momentum
equation in part I and do not modify the velocity in the second part of the scheme. The mesh refinement
does not help increase the accuracy.
In Figures 3.7 and 3.8, we compare the pressure and density solution at the wall-end extremity. In
general, the solutions given by the new method are very close to the asymptotic one. The solutions given
by different meshes of 200, 400 cells are very close to each other indicating satisfactory grid convergence.

Figure 3.5: 1D planar piston problem. Comparison between the fully compressible solution (black), the
asymptotic solution (red) and the new AC (AC-LM, 200 cells, green) solution. Pressure (left) and density
(right) fields at t = 4.0× 10−4 s.
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Figure 3.6: 1D planar piston problem. Comparison between the fully compressible solution (black),
the asymptotic solution (red) and the new AC (AC-LM, 200 cells, green) solution. Velocity field at
t = 4.0× 10−4 s (left) and t = 1.0× 10−3 s (right).
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Figure 3.7: 1D planar piston problem. Comparison between the fully compressible solution (black), the
asymptotic solution (red) and the new AC (AC-LM, green) solution. Pressure at the wall-end extremity.
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Figure 3.8: 1D planar piston problem. Comparison between the fully compressible solution (black), the
asymptotic solution (red) and the new AC (AC-LM, green) solution. Density at the wall-end extremity.

3.5.2 1D axisymmetric cylindrical piston problem with well-prepared initial condi-
tion

We perform in this section the 1D axisymmetric cylindrical piston problem with WPIC considering perfect
gas as material computed on a 1D domain with the dimension R0 = 0.1 m, Rext = 1.1 m. The piston in
our case is pushed at a constant speed 1 m/s at the beginning followed by a deceleration from 1 m/s to
−1 m/s and is finally pulled at a constant speed −1 m/s:

Vp =


1, 0 ≤ t ≤ 0.4 s

−10t+ 5, 0.4 s ≤ t ≤ 0.6 s

−1, 0.6 s ≤ t ≤ 1 s

3.5.2.1 Reference solution

The solution of the asymptotic system (1.19) is regarded as the reference solution in the low-Mach number
regime. By considering the WPIC, the divergence of the velocity field for a closed domain is as discussed
a function of time only:

∇ · v =
1

r

∂(rur)

∂r
= f(t)

The velocity solution at each instant can be obtained by integrating the above relation with the two
boundary conditions: ur(R0(t)) = Vp(t) and ur(Rext) = 0. It then yields:

ur =
VpR0

R2
ext −R2

0

(
R2
ext

r
− r
)

(3.25)

The dynamic pressure of the asymptotic system can be deduced by substituting the velocity field into the
momentum equation followed by a spatial integration:

ρ
∂ur
∂t

+ ρur
∂ur
∂r

= −∂p
′

∂r
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In the following, we decompose the pressure field p′ into two parts: one part p′acc is dependent on the

acceleration of the piston
dVp
dt

and the other part p′vel is dependent on this piston velocity Vp.

p′acc = ρ
R0

R2
ext −R2

0

(
dVp
dt

)[
R2

0

2

((
r

R0

)2

− 1

)
−R2

extln

(
r

R0

)]

p′vel = −ρV 2
p

R2
ext

(R2
ext −R2

0)2

[
R2
ext

2

((
R0

r

)2

− 1

)
+ (R2

0 +R2
ext)ln

(
r

R0

)

− R2
0

2

((
r

R0

)2

− 1

)]

3.5.2.2 Numerical results

We compare the solutions given by the new AC-LM and the standard fully compressible HLLC methods
with the reference one. The numerical methods are second order accurate in space using linear recon-
struction (without limiter) for primitive variables and second order accuracte in time with the 2-stage RK
method. The CFL number is such that CFL = 0.5 and cAC = 10 m/s for the AC-LM method). Two
different types of initial conditions are applied for the numerical computations: case 1 corresponds to an
initial constant pressure field while case 2 corresponds to the presence of a dynamic pressure in the initial
pressure field. The initial conditions for these two cases are specified in Tables 3.5 and 3.6 and the heat
capacity ratio for the perfect gas is set as γ = 1.4.

Initial conditions
ρ (kg/m3) 1.0
p (Pa) 1× 105

u (m/s) ur

Table 3.5: 1D axisymmetric cylindrical piston problem with WPIC. Case 1: Initial conditions with constant
pressure.

Initial conditions
ρ (kg/m3) 1.0
p (Pa) 1× 105 +p′

u (m/s) ur

Table 3.6: 1D axisymmetric cylindrical piston problem with WPIC. Case 2: Initial conditions with dynamic
pressure.

Different levels of mesh refinement are considered: coarse, medium and fine meshes contain respectively
40, 80 and 160 cells.

Comparison for case 1

In Figure 3.9, we compare the solutions for the pressure fluctuation. The comparisons are performed at
t = 5.0× 10−2 s with constant piston velocity and therefore the pressure component associated to the
piston acceleration (curve "acceleration" remaining equal to zero) does not have any contribution and the
total pressure fluctuation for the reference solution, sum of the "acceleration" component p′acc and the
"velocity" component p′vel is consequently equal to p′vel, as seen in Figure 3.9 (left). From this figure, we
observe that the numerical fully compressible solution computed using HLLC (curve "angle=0") oscillates
near the reference solution. The error between the HLLC solution and the exact solution can be considered
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as negligible from a practical viewpoint since the pressure fluctuation is very small, of order 1 Pa compared
to the homogeneous pressure of order 1.0× 105 Pa. The use of the AC-LM solver does not help improve
the accuracy in this situation as shown in Figure 3.9 (right) where the exact solution is plotted vs the
AC-LM solution (curve "angle=0").
In Figure 3.10, we compare the solutions for the velocity at the same instant. We can observe that the
solution given by the fully compressible HLLC solver is correct (superimposed with the exact solution)
while small errors are recognized when employing the AC-LM solver. This error can be explained by the
fact that our physical problem is slightly modified to a higher Mach number regime when reducing the
artificial sound speed. The piston Mach number at this instant is Mp,AC = 1/10 = 0.1.
Figure 3.11 displays a velocity comparison at t = 0.5 s where the flow is in its deceleration phase with
Vp = 0. The exact velocity field ur is consequently equal to zero (see (3.25)) which is correctly predicted
by the HLLC scheme used in the fully compressible solver but is not perfectly satisfied by the AC-LM
solution.

Comparison for case 2

We compute next the solutions for the case with small pressure fluctuations present in the initial flowfield.
Note that the solutions given by the HLLC solver are qualitatively not very different from the one given in
the case 1. This means that the (negligible) pressure fluctuation oscillates about the reference one while
the velocity is always correct.
In the following, we focus our comparisons with the exact solution on the AC-LM solver at different in-
stants: t = 5.0× 10−2 s corresponding the constant phase of the piston velocity and t = 5.0× 10−1 s
corresponding to the deceleration phase. As observed in Figure 3.12 (left), the AC-LM solver has a con-
siderable effect in reducing the oscillations yielding a much better accuracy compared to case 1. However,
the pressure solutions during and after the deceleration phase oscillate as observed in Figure 3.12 (right).
At t = 5.0× 10−1 s, we do not have the contribution of the pressure component p′vel as Vp = 0.
In Figure 3.13, we compare the velocity solutions at the same instants. We observe that the solution
during the zero acceleration phase from the beginning is improved while oscillations are identified during
the deceleration phase. The velocity field at 0.5 s is not equal to zero as desired.
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Figure 3.9: 1D axisymmetric cylindrical piston problem with WPIC. Case 1: Pressure solutions t =
5.0× 10−2 s. HLLC solver on fine QUAD mesh (left), AC-LM solver on fine QUAD mesh (right).
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Figure 3.10: 1D axisymmetric cylindrical piston problem with WPIC. Case 1: Velocity solutions t =
5.0× 10−2 s. HLLC solver on fine QUAD mesh (left), AC-LM solver on fine QUAD mesh (right).
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Figure 3.11: 1D axisymmetric cylindrical piston problem with WPIC. Case 1: Velocity solutions at t =
0.5 s. HLLC solver on fine QUAD mesh (left), AC-LM solver on fine QUAD mesh (right).
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Figure 3.12: 1D axisymmetric cylindrical piston problem with WPIC. Case 2: Pressure solutions at
t = 5.0× 10−2 s (left) and t = 5.0× 10−1 s (right). AC-LM solver on fine QUAD mesh.
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Figure 3.13: 1D axisymmetric cylindrical piston problem with WPIC. Case 2: Velocity solutions at t =
5.0× 10−2 s (left) and t = 5.0× 10−1 s (right). AC-LM solver on fine QUAD mesh.

Concluding remarks:

• The HLLC solver always gives good correct solutions for the velocity in all cases.

• The HLLC solver gives oscillating solutions for the pressure in all cases. These errors are negligible
if compared with the thermodynamic pressure of order 1.0× 105 Pa.

• The AC-LM does not give a better pressure solution in case 1 (constant initial pressure field). It
does give a better pressure solution in case 2 (with presence of initial pressure fluctuation) only for
the first constant phase of the piston velocity. The same conclusions are drawn for the velocity field.

• Mesh refinement does not improve the accuracy of the AC-LM solutions during and after the decel-
eration phase of the piston.
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• Despite presenting small errors in some situations, the AC-LM still gives satisfactory results.

3.5.3 2D axisymmetric cylindrical piston problem with well-prepared initial condi-
tion

We perform in this section two-dimensional computations for the piston problem presented in the previous
section. The initial conditions are well-prepared as already specified in Tables 3.5 and 3.6 and they are
projected on two-dimensional unstructured meshes. The first type of mesh contains mainly quadrangular
cells (see Figure 2.3) and the second one has only triangular cells. The numerical methods are similar to
the ones presented in section 3.5.2.
Despite having two-dimensional meshes, we however expect the numerical solution demonstrating the
one-dimensional behavior as the problem in consideration is axisymmetric.

3.5.3.1 Numerical results

Different mesh refinement levels are considered:

• Coarse and medium QUAD meshes with mainly quadrangular cells (see Figure 3.14 (left)). Each
radial direction has 40, 80 cells and iso-spatial step size on each side of the geometry so as not to
favor any computational directions.

• Coarse and medium TRI meshes with only triangular cells (see Figure 3.14 (right)). Each radial
direction has 40, 80 cells with iso-spatial step size on each side of the geometry with the same
purpose.

Figure 3.14: 2D axisymmetric cylindrical piston problem with WPIC. Example of coarse meshes: mainly
quadrangular cells mesh (left), triangular mesh (right).

Comparison for case 1

In Figure 3.15, we compare the computed velocity field on different meshes using the HLLC (fully com-
pressible solution) and AC-LM solvers at t = 0.35 s. It is clearly observed that the low-Mach accuracy
problem is present for the computations using the HLLC solver on QUAD meshes. By reducing the phys-
ical sound speed and replacing the compression due to physical waves by an isentropic transformation, we
recover the satisfactory one-dimensional behavior.
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The TRI mesh, when computation is performed with the AC-LM method, also yields a good result. Figure
3.17 displays the AC-LM solutions computed on TRI meshes along three selected lines from the 2D mesh,
respectively at angles of −22.5, −45 and −67.5 degrees with respect to the horizontal line. As in the 1D
case, small errors are observed during the zero acceleration phase (Figure 3.17, left) and an oscillating
behavior is identified during and after the deceleration phase (Figure 3.17, right).
In Figure 3.16, we compare the projected pressure solution at the same instant t = 3.5× 10−1 s. Similarly
to the 1D computations, the pressure solution on QUAD mesh with the HLLC solver oscillates about the
reference one. The use of AC-LM solver does not help improve the accuracy on both QUAD and TRI
meshes as observed in the 1D case.

Comparison for case 2

In Figures 3.18 - 3.20, we compare the solutions with pressure fluctuations present in the initial flowfield.
In Figure 3.18, the computed pressures with the AC-LM solver on QUAD mesh are shown at two instants
corresponding to the zero acceleration phase t = 3.5× 10−1 s and the deceleration phase t = 5.0× 10−1 s.
Similarly to the 1D case, the pressure solution has a better accuracy compared to case 1 at the begin-
ning of the evolution but presents an oscillating behavior about the reference one when the piston begins
decelerating. The computed results on the TRI mesh shown in Figure 3.20 (left) have qualitatively the
same behavior. Once again, we emphasize that the errors in the pressure fluctuation can be considered as
negligible when compared to the thermodynamic pressure of order 1.0× 105 Pa.
Figure 3.19 display the velocities computed with the AC-LM method on QUAD mesh at the same two in-
stants. The velocity is correctly computed at t = 3.5× 10−1 s but presents small errors at t = 5.0× 10−1 s,
similarly to the 1D situation. The computed results on TRI mesh shown in Figure 3.20 (right) display a
similar behavior.
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Figure 3.15: 2D axisymmetric cylindrical piston problem with WPIC. Case 1: Velocity solutions at t =
0.35 s, CFL = 0.5. HLLC solver on coarse QUAD mesh (top, left), HLLC solver on medium QUAD
mesh (top, right), AC-LM solver on coarse QUAD mesh (bottom, left), AC-LM solver on coarse TRI mesh
(bottom, right).

88



3.5. NUMERICAL RESULTS

P at time 3.50000E−01

r

P

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1

0

1

2

3

4

5

Exacte

Vitesse

Acceleration

Angle =−1.12500E+01

Angle =−4.50000E+01

Angle =−7.87500E+01

P at time 3.50000E−01

r

P

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2

Exacte

Vitesse

Acceleration

Angle =−2.25000E+01

Angle =−4.50000E+01

Angle =−6.75000E+01

Figure 3.16: 2D axisymmetric cylindrical piston problem with WPIC. Case 1: Projected pressure solutions.
HLLC solver on coarse QUAD mesh (left), AC-LM solver on coarse TRI mesh (right).
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Figure 3.17: 2D axisymmetric cylindrical piston problem with WPIC. Case 1: Projected velocity solutions.
AC-LM solver on coarse TRI mesh at t = 1.0× 10−2 s (left), AC-LM solver on coarse TRI mesh at
t = 5.0× 10−1 s (right).
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Figure 3.18: 2D axisymmetric cylindrical piston problem with WPIC. Case 2: Projected pressure solutions
at t = 3.5× 10−1 s (left) and t = 5.0× 10−1 s (right). AC-LM solver on coarse QUAD mesh.
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Figure 3.19: 2D axisymmetric cylindrical piston problem with WPIC. Case 2: Projected velocity solutions
at t = 3.5× 10−1 s (left) and t = 5.0× 10−1 s (right). AC-LM solver on coarse QUAD mesh.
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Figure 3.20: 2D axisymmetric cylindrical piston problem with WPIC. Case 2: Projected pressure solutions
at t = 3.5× 10−1 s (left) and velocity solutions at t = 5.0× 10−1 s (right). AC-LM solver on coarse TRI
mesh.

Concluding remarks:

• The HLLC solver exhibits the low-Mach accuracy problem on QUAD meshes as expected.

• The AC-LM solver with QUAD mesh does not yield a better pressure solution in case 1 (constant
initial pressure field). It does however provide a better pressure solution in case 2 (with presence
of initial pressure fluctuation) only for the first constant phase of the piston velocity. The same
conclusions are drawn for the velocity field.

• The AC-LM solver with TRI mesh does not reduce the errors observed during and after the decel-
eration phase of the piston.

• Mesh refinement does not improve the accuracy of the AC-LM solutions during and after the decel-
eration phase and of the piston.

• Despite presenting small errors in some situations, the AC-LM still gives satisfactory results.

3.5.4 Computational cost

Table 3.7 compares the computational cost between the HLLC method with the AC-LM for the 1D
axisymmetric cylindrical piston problem discussed in section 3.5.2. It can be seen from the table the great
advantage of the new method from an efficiency viewpoint with a reduction of (almost) 25 times the CPU
time consumption for a computation on our fine mesh. This efficiency enhancement is related to the choice
of the stability time step which depends on the artificial sound speed cAC for the new method in stead of
the physical sound speed c for the standard compressible solvers.
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HLLC AC-LM
TCPU (s) TCPU (s)

Coarse 23.4 1.4

Medium 91.6 4

Fine 347.5 13.5

Table 3.7: 1D axisymmetric cylindrical piston problem with WPIC. Computational cost: HLLC vs AC-LM
solvers for case 1.

Conclusion

In this chapter, we have presented in section 3.1 some classical AC methods to enhance the numerical
efficiency of low-Mach flow computations and observed their drawbacks via the 1D planar piston problem
in section 3.2. As a result, a new method for computing low-Mach single-phase flows has been introduced
in sections 3.3 and 3.4 to circumvent the difficulties by combining the AC and the asymptotic approaches.
This new method has shown its great benefits in:

• Accelerating the computations of the 1D planar piston problem with presence of acoustic waves (or
with IC which is not well-prepared) in section 3.5.1. It gives not only a good density solution (which
is wrongly computed using the classical AC methods) but also yields the expected solution for the
pressure field.

• Accelerating the computations of the 1D/2D cylindrical piston problems using the well-prepared
initial condition defined in sections 3.5.2 and 3.5.3. The accuracy, which is lost in using standard
compressible solvers, is kept thanks to the double effect of the new scheme: the amplitude of the
wrongly computed pressure fluctuation analyzed in chapter 1 is greatly reduced via the efficiency
enhancement mechanism in part I and the expected isentropic transformation is recovered in part
II.

However, the new method presented in this chapter is limited to the single-phase case. In the following
chapters, we will extend the current method to two-phase low-Mach problems.
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DEM: Discrete Equation Method - application to the 1D bubble
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Introduction

In chapter 3, we have shown that the asymptotic model is a good approximation for single-phase flow
computations in the low-Mach number regime. A new method has also been proposed by combining this
model with the AC approach in order to reduce the computational cost.
Since our final purpose is to compute efficiently two-phase problems involving bubble expansion phenom-
ena (e.g the MARA problem), we would like to extend the aforementioned strategy to the computation of
low-Mach two-phase flow problems. However, it is important to check first, before making further devel-
opments, whether the asymptotic model remains a good approximation for two-phase flow computations
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in the low-Mach number regime.
Consequently, we investigate in section 4.3 the behavior of a so-called bubble model via a simple 1D
(two-phase) bubble expansion problem. The bubble model is in fact the asymptotic model with further
approximations for water as an incompressible material (section 4.3.2). The solutions given by this model
are compared with the ones given by the two-phase fully compressible seven-equation DEM model (Dis-
crete Equation Method) [Abgrall and Saurel, 2003]. The DEM approach, available in the Europlexus code,
is indeed our reference method for compressible two-phase flows. We hope to improve the efficiency of
low-Mach two-phase flows by using a two-phase version of the AC-LM model, while preserving the accu-
racy. A quick review of the DEM method as well as its physical model is presented for both the Eulerian
and the ALE case in sections 4.1, 4.2.

4.1 Physical model for two-phase flow problems

4.1.1 Conservation equations

The two-fluid model in the original DEM method considers each phase separately and thus an inviscid
two-phase flow is governed by two sets of Euler equations as presented in section 1.1.1. In EUROPLEXUS,
the DEM method has been augmented by adding extra transport equations for the mass fraction Yk of
species k. In conservative form, the system can be written as:

∂ρk
∂t

+ ∇ · (ρkvk) = 0

∂(ρkvk)
∂t

+ ∇ · (ρkvk ⊗ vk + pkI) = 0

∂(ρke
t
k)

∂t
+ ∇ · ((ρketk + pk)vk) = 0

∂(ρkYk)

∂t
+ ∇ · (ρkYkvk) = 0

(4.1)

with the index k denoting the phase indicator. For a system involving two phases (typically liquid and gas
for the applications of interest in this work), k = 1 would denote for instance the liquid properties while
k = 2 would denote the gas properties.
System (4.1) can be recast in the following compact form:

∂(αkUk)
∂t

+∇ · fk = 0 (4.2)

with:

Uk =


ρk
ρvk
ρke

t
k

ρkYk

 , fk =


ρkvk

ρkvk ⊗ vk + pkI
(ρke

t
k + pk)vk
ρkYkvk


The above system is closed by the so-called equation of state (EOS). As indicated in section 1.1.3, the
SG-EOS is considered in this work since it is valid for both liquid and gas phases. The SG-EOS for each
phase reads:

pk(ρk, ek) = (γk − 1)ρkek − γkP∞,k (4.3)

with parameters γk and P∞,k different for each phase.
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4.1.2 Phase characteristic function Xk and volume fraction αk

The DEM method requires defining the phase characteristic function and the corresponding volume frac-
tion. The so-called characteristic function is defined as [Drew and Passman, 1999]:

Xk

(
x, t,

∑
k

)
=

{
1, if x lies in phase

∑
k at t

0, otherwise
(4.4)

The function Xk satisfies the topological equation describing the evolution of the phase interface:

∂Xk

∂t
+ σ · ∇Xk = 0 (4.5)

In (4.5), σ represents the velocity of the interface between two phases. If we look at a point that is not
on the interface, by definition Xk = 0 or Xk = 1 and the L.H.S of (4.5) vanishes. If we look for a point
on the interface of two phases, it moves with the interface velocity σ.
[Drew and Passman, 1999] considers the average procedure < · > applied to the topological equation (4.5)
which gives (see [Tang, 2012] and references therein):

∂αk
∂t

+ < σ · ∇Xk >= 0

Following [Perrier, 2007], the term < σ · ∇Xk > can be expressed as the sum of the average term vI · ∇αk
and a fluctuation term which will be neglected in this work:

< σ · ∇Xk >≈ vI · ∇αk (4.6)

Finally, the topological equation (4.5) thus becomes the averaged topological equation (4.7):

∂αk
∂t

+ vI · ∇αk = 0 (4.7)

4.1.3 Balance equations of two-fluid model for interfaces

The balance equations for each phase can be derived by coupling the system (4.2) with the averaged
topological equation (4.5) and yields (see e.g [Tang, 2012] and references therein for more details):

∂(αkUk)
∂t

+∇ · (αkfk) = fLagk,I · ∇αk (4.8)

where the term fLagk,I = fk,I−vIUk is called the Lagrangian flux and should only be defined on the interface
since it is the only location where the gradient of the volume fraction does not vanish (see [Abgrall and
Saurel, 2003]):

fLagk,I =


ρk,I(vk,I − vI)

ρkvk,I(vk,I − vI) + pk,I
ρke

t
k,I(vk,I − vI) + pk,Ivk,I
ρk,IYk,I(vk,I − vI)

 (4.9)

In case of impermeable interfaces (without chemical reaction or phase change), we obtain vk,I = vI , pk,I =
pI . The Lagrangian flux (4.9) becomes (see also [Tang, 2012]):

fLagk,I =


0
pII
pIvI

0

 (4.10)
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where pI and vI are the average interface pressure and velocity respectively.
The system (4.8) together with the averaged topological equation (4.7) form the physical model where
each phase has its own pressure and velocity.
In conclusion, the two-fluid model to be solved for impermeable interfaces reads:

∂αk
∂t

+ vI · ∇αk = 0

∂(αkρk)

∂t
+ ∇ · (αkρkvk) = 0

∂(αkρkvk)
∂t

+ ∇ · (αk(ρkvk ⊗ vk + pkI)) = pI∇αk

∂(αkρke
t
k)

∂t
+ ∇ · (αk(ρketk + pk)vk) = pIvI · ∇αk

∂(αkρkYk)

∂t
+ ∇ · (αkρkYkvk) = 0

pk(ρk, ek) = (γk − 1)ρkek − γkP∞,k

(4.11)

This model needs to be closed and therefore requires, in addition to the SG-EOS (4.3) for each phase, to
determine pI and vI in function of the other variables of the model. The determination of these quantities
in the non-reacting case can be done by considering the Riemann problem involving two different phases.
It is well known that the solution of the Riemann problem for the Euler system consists of three waves:
shock or rarefaction waves of speed u± c depending on the initial conditions separated by a contact wave.
The corresponding contact surface is the interface between two fluids. Thus, the interfacial pressure and
velocity are naturally defined as the intermediate solution p∗2P and u∗2P given by solving the two-phase
RP (c.f. section 4.2.2). In this way, one can profit from the numerical data and avoid the difficult task of
modeling for the interfacial pressure and velocity [Abgrall and Saurel, 2003,Saurel and Abgrall, 1999].

4.2 Overview of the DEM method

4.2.1 Partition of intercell boundaries

As will be seen further in this section, the DEM method is based on solving many Riemann Problems (RP)
at the intercell boundaries involving the same or different phases. As a result, it is necessary to define the
so-called partition of intercell boundaries to indicate the RP in consideration. Since the presence of each
phase inside a control volume is described by its volume fraction, the concept of the partition of intercell
boundaries is based on this quantity and is expressed graphically using Figure 4.1.
In general, we distinguish three partitions at the intercell:

• S(11)
i−1/2: the partition involves the phase Σ1 to the left and the phase Σ1 to the right of the intercell:

S
(11)
i−1/2 = min(α1,i−1, α1,i) = 1−max(α2,i−1, α2,i)

• S(22)
i−1/2: the partition involves the phase Σ2 to the left and the phase Σ2 to the right of the intercell:

S
(22)
i−1/2 = 1−max(α1,i−1, α1,i) = min(α2,i−1, α2,i)

• S(12)
i−1/2 (or S(21)

i−1/2): the partition involves the phase Σ1 (or phase Σ2) to the left and the phase Σ2

(or phase Σ1) to the right of the intercell:

S
(12)
i−1/2 = max(0, α1,i−1 − α1,i) = max(0, α2,i − α2,i−1)
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S
(21)
i−1/2 = max(0, α1,i − α1,i−1) = max(0, α2,i−1 − α2,i)

In the particular case considered in Figure 4.1, we obtain:

S
(11)
i−1/2 = α1,i

S
(22)
i−1/2 = 1− α1,i−1

S
(12)
i−1/2 = α1,i−1 − α1,i

S
(21)
i−1/2 = 0

The sum of the partitions is equal to unity:

S
(11)
i−1/2 + S

(22)
i−1/2 + S

(12)
i−1/2 + S

(21)
i−1/2 = 1

α1;i

α2;i

α1;i−1

α2;i−1 S
(22)
i−1=2

S
(12)
i−1=2

S
(11)
i−1=2

i− 1 ii− 1=2

Figure 4.1: Partition of the intercell boundaries.

4.2.2 Local Riemann problem for two-fluid system

At each intercell, the DEM method considers three local RPs corresponding to three intercell partitions
presented in section 4.2.1. For the particular case in Figure 4.2, the three RPs in consideration at the
intercell i− 1/2 with Un

k,i−1,U
n
k,i as the cell average of conservative variables are:

• RP11(Un
1,i−1, U

n
1,i): the local RP corresponds to the intercell partition S(11)

i−1/2 involving the phase
Σ1 to the left and the phase Σ1 to the right of the intercell.

• RP22(Un
2,i−1, U

n
2,i): the local RP corresponds to the intercell partition S(22)

i−1/2 involving the phase
Σ2 to the left and the phase Σ2 to the right of the intercell.

• RP12(Un
1,i−1, U

n
2,i): the local RP corresponds to the intercell partition S(12)

i−1/2 involving the phase
Σ1 to the left and the phase Σ1 to the right of the intercell.

• RP21 is not taken into account since the corresponding intercell partition S(21)
i−1/2 = 0.
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α1;i

α2;i

α1;i−1

α2;i−1 S
(22)
i−1=2

S
(12)
i−1=2

S
(11)
i−1=2

i− 1 ii− 1=2

RP22

RP12

RP11

Figure 4.2: The local RPs corresponding to the partitions at the intercell.

4.2.3 Eulerian case: general formulation

In this section, we briefly derive the general formulation of the numerical scheme. For the sake of simplicity,
let us recast system (4.8) into the following one-dimensional form:

∂(αkUk)
∂t

+
∂(αkfk)
∂x

= fLagk

∂αk
∂x

(4.12)

According to [Drew and Passman, 1999], the non-conservative term fLagk

∂αk
∂x

can be rewritten as:

fLagk

∂αk
∂x

=
∂(αkf

Lag
k )

∂x
− αk

∂fLagk

∂x

The system (4.12) can therefore be rewritten in the form:

∂(αkUk)
∂t

+
∂(αkfk)
∂x

=
∂(αkf

Lag
k )

∂x
− αk

∂fLagk

∂x
(4.13)

By integrating (4.13) over cell Ci = [xi−1/2, xi+1/2] and time [tn, tn+1], we obtain:∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂(αkUk)
∂t

dxdt+

∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂(αkfk)
∂x

dxdt

=

∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂(αkf
Lag
k )

∂x
dxdt−

∫ tn+1

tn

∫ xi+1/2

xi−1/2

αk
∂fLagk

∂x
dxdt

(4.14)

The conservative terms in (4.14) can be discretized using the standard finite volume method:∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂(αkfk)
∂x

dxdt = (αk,i+1/2Fk,i+1/2 − αk,i−1/2Fk,i−1/2)∆t

∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂(αkf
Lag
k )

∂x
dxdt = (αk,i+1/2F

Lag
k,i+1/2 − αk,i−1/2F

Lag
k,i−1/2)∆t
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and the non-conservative term can be discretized as follows:∫ tn+1

tn

∫ xi+1/2

xi−1/2

αk
∂fLagk

∂x
dxdt = αnk,i(F

Lag
k,i+1/2 − FLagk,i−1/2)∆t

where F is the numerical flux approximating the physical one.
Concerning the time-derivative term, we can simply employ the first order forward Euler method:∫ tn+1

tn

∫ xi+1/2

xi−1/2

∂(αkUk)
∂t

dxdt = ∆x
[
(αU)n+1

k,i − (αU)nk,i)
]

We thus obtain the first order DEM scheme (4.15) for the two-fluid model:

(αU)n+1
k,i − (αU)nk,i

∆t
+

(αF)k,i+1/2 − (αF)k,i−1/2

∆x

=
FLagk,i+1/2(αk,i+1/2 − αnk,i)− FLagk,i−1/2(αk,i−1/2 − αnk,i)

∆x

(4.15)

From (4.15), we observe that the computation of Un+1
k,i requires:

• αn+1
k,i : volume fraction at time t = tn+1.

• αk,i±1/2: volume fraction at the intercell associated to the Lagrangian fluxes.

• (αF)k,i+1/2, (αF)k,i−1/2: numerical conservative fluxes at the intercells.

• FLagk,i+1/2, F
Lag
k,i−1/2: numerical Lagrangian fluxes.

In section 4.2.4, we will present the method to compute αn+1
k,i . Concerning the numerical fluxes F at

the intercell, they can be computed considering a RP problem solved with the exact or any alternative
approximate Riemann solvers. In section 4.2.5, we provide more details on the contribution of different
numerical fluxes corresponding to different RPs.

4.2.4 Eulerian case: volume fraction

The update of the volume fraction in each cell can be done by discretizing the averaged topological equation
(4.7). In 1D, it can be written as:

∂αk
∂t

+ uI
∂αk
∂x

= 0

which can be recast in the form:
∂αk
∂t

+
∂(αkuI)

∂x
= αk

∂uI
∂x

(4.16)

We notice that (4.16) can be obtained by letting Uk = 1 and fk = 0 in (4.13) which then yields fLagk =
−uI . Consequently, the discretization of the averaged topological equation is included in (4.15) by letting
Un+1
k,i = Un

k,i = 1, Fk,i±1/2 = 0 and FLagk,i±1/2 = −uI,i±1/2.
We thus obtain the first order scheme for computing the volume fraction deduced from (4.15):

αn+1
k,i = αnk,i +

∆t

∆x

[
uI,i−1/2(αk,i−1/2 − αnk,i)− uI,i+1/2(αk,i+1/2 − αnk,i)

]
(4.17)

In (4.17), the volume fractions αk,i±1/2 are the volume fractions associated to the Lagrangian fluxes
determined by the upwind strategy:

αk,i−1/2 =

{
αnk,i−1, if uI,i−1/2 > 0

αnk,i, if uI,i−1/2 < 0
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In Figure 4.5, we present a verification for the computation of the volume fraction supposing αn1,i−1 > αn1,i
and the phase Σ1 of the cell i− 1 enters the cell i. If we neglect the contribution at the intercell i+ 1/2,
the volume fraction of phase αn+1

1,i can be computed using (4.17) as:

αn+1
1,i = αn1,i +

(αn1,i−1 − αn1,i)uI,i−1/2∆t

∆x

Each term of the above formula is expressed graphically using Figure 4.5 for the Eulerian case of fixed cell
boundary um,i−1/2 = 0. The graphical interpretation says that the variation of the volume fraction of cell
i is due to the added part SADEB when phase Σ1 enters cell i from cell i− 1.

αn+1
1,i = αn1,i +

SADEB
∆x

4.2.5 Eulerian case: quantitative contribution of different Riemann problems

In this section, we evaluate the numerical fluxes in (4.15). The conservative fluxes (αF)k,i+1/2, (αF)k,i−1/2,
as observed in Figure 4.2, are the sum of different fluxes involving different local RPs between the same/d-
ifferent phases.

(αF)k,i−1/2 = (αF)k,i−1/2,1P + (αF)k,i−1/2,2P

In the above relation, (αF)k,i−1/2,1P denotes the single-phase flux involving the RPs between the same
phases (RP11 and RP22). On the other hand, (αF)k,i−1/2,2P implies the two-phase flux involving the
RP between different phases (RP12 or RP21). The conservative fluxes in the DEM method can be thus
determined by (4.18) using the concept of the partition of intercell boundaries introduced in section 4.2.1
(see also [Tang, 2012]):

(αF)k,i−1/2 =

{
S

(kk)
i−1/2F

(kk)
k,i−1/2 + S

(kk′)
i−1/2F

(kk′)
k,i−1/2, if uI,i−1/2 > 0

S
(kk)
i−1/2F

(kk)
k,i−1/2 + S

(k′k)
i−1/2F

(k′k)
k,i−1/2, if uI,i−1/2 < 0

(4.18)

With the restriction the exact Riemann solver and the approximate Riemann solvers taking into account
the contact wave (e.g. the HLLC solver), the Lagrangian fluxes, which concern only the two-phase RP,
can be computed as:

FLagk,i−1/2 = FLagi−1/2 =


0

pI,i−1/2

pI,i−1/2uI,i−1/2

0


From (4.18), we notice that the numerical fluxes strongly depend on the moving direction of the phase
interface. For the purpose of constructing a solution for the numerical fluxes, it is sufficient to consider
the four possibilities described in Figure 4.3:

• IN Σ1: Phase Σ1 goes in the cell i. This case only occurs when αn1,` > αn1,i1 with ` is an adjacent
cell of cell i.

• OUT Σ1: Phase Σ1 goes out the cell i. This case only occurs when αn1,` < αn1,i1 with ` is an adjacent
cell of cell i.

• IN Σ2: Phase Σ2 goes in the cell i. This case only occurs when αn1,` < αn1,i1 with ` is an adjacent
cell of cell i.

• OUT Σ2: Phase Σ2 goes out the cell i. This case only occurs when αn1,` > αn1,i with ` is an adjacent
cell of cell i.
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i− 1 i i

i i

IN Σ1 OUT Σ1

IN Σ2 OUT Σ2

α
n
1;i

α
n
1;i−1

α
n
1;i

α
n
1;i

α
n
1;i

Σ1

Σ2

i− 1

α
n
1;i−1

Σ1

Σ2

i− 1 i− 1

Σ1

Σ2

Σ1

Σ2

α
n
1;i−1

α
n
1;i−1

F
(22)
2;i−1=2

F
(12)
1;i−1=2

F
(11)
1;i−1=2

F
(22)
2;i−1=2

F
(21)
1;i−1=2

F
(11)
1;i−1=2

F
(22)
2;i−1=2

F
(21)
2;i−1=2

F
(11)
1;i−1=2

F
(22)
2;i−1=2

F
(12)
2;i−1=2

F
(11)
1;i−1=2

F
Lag
i−1=2 F

Lag
i−1=2

F
Lag
i−1=2 F

Lag
i−1=2

Figure 4.3: Four possibilities illustrated in the intercell frame of velocity um (um = 0: the Eulerian case,
um 6= 0: the ALE case).

Any situation is the combination of these four possibilities. In Figure 4.4, we illustrate a particular case
with αn1,i−1 > αn1,i > αn1,i+1. The direction of motion of the phase interfaces generates four subcases:

• IN Σ1, OUT Σ1: phase Σ1 from the cell i− 1 goes in the cell i via the intercell i− 1/2; phase Σ1

from the cell i goes out the cell i via the intercell i+ 1/2.

• IN Σ1, IN Σ2: phase Σ1 from the cell i − 1 goes in the cell i via the intercell i − 1/2; phase Σ2

from the cell i+ 1 goes in the cell i via the intercell i+ 1/2.

• OUT Σ2, IN Σ2: phase Σ2 from the cell i goes out the cell i via the intercell i−1/2; phase Σ2 from
cell i+ 1 goes in cell i via the intercell i+ 1/2.

• OUT Σ2, OUT Σ1: phase Σ2 from the cell i goes out the cell i via the intercell i − 1/2; phase Σ1

from the cell i goes out the cell i via the intercell i+ 1/2.

In the following sections 4.2.5.1 - 4.2.5.5, we detail the computation of the numerical fluxes for the four
possibilities illustrated in Figure 4.3.
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Figure 4.4: Four possibilities. A particular case with αn1,i−1 > αn1,i > αn1,i+1

4.2.5.1 Two-phase Riemann problem: IN Σ1

The case IN Σ1 illustrated in Figure 4.3 is characterized by the RP12.
Contribution of the conservative flux:

(αF)1,i−1/2,2P = (αn1,i−1 − αn1,i)F
(12)
1,i−1/2(Un

1,i−1,U
n
2,i)

(αF)2,i−1/2,2P = 0
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Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn1,i−1 − αn1,i)F

Lag
i−1/2 = −(αn2,i−1 − αn2,i)F

Lag
i−1/2

4.2.5.2 Two-phase Riemann problem: OUT Σ1

The case OUT Σ1 illustrated in Figure 4.3 is characterized by the RP21.
Contribution of the conservative flux:

(αF)1,i−1/2,2P = (αn1,i − αn1,i−1)F(21)
1,i−1/2(Un

2,i−1,U
n
1,i)

(αF)2,i−1/2,2P = 0

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn2,i − αn2,i)F

Lag
i−1/2 = 0

4.2.5.3 Two-phase Riemann problem: IN Σ2

The case IN Σ1 illustrated in Figure 4.3 is characterized by the RP21.
Contribution of the conservative flux:

(αF)1,i−1/2,2P = 0

(αF)2,i−1/2,2P = (αn1,i − αn1,i−1)F(21)
2,i−1/2(Un

2,i−1,U
n
1,i)

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn2,i−1 − αn2,i)F

Lag
i−1/2 = −(αn1,i−1 − αn1,i)F

Lag
i−1/2

4.2.5.4 Two-phase Riemann problem: OUT Σ2

The case OUT Σ2 illustrated in Figure 4.3 is characterized by the RP12.
Contribution of the conservative flux:

(αF)1,i−1/2,2P = 0

(αF)2,i−1/2,2P = (αn1,i−1 − αn1,i)F
(12)
2,i−1/2(Un

1,i−1,U
n
2,i)

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn1,i − αn1,i)F

Lag
i−1/2 = 0

4.2.5.5 Single-phase Riemann problem

The single-phase RP involves only the conservative flux taking the left and right states of the same phases
as the initial conditions. For the particular configuration in Figure 4.3, the conservative numerical fluxes
are computed with by:

(αF)1,i−1/2,1P,IN Σ1
= (αF)1,i−1/2,1P,OUT Σ2

= αn1,iF
(11)
1,i−1/2(Un

1,i−1,U
n
1,i)

(αF)1,i−1/2,1P,OUT Σ1
= (αF)1,i−1/2,1P,IN Σ2

= αn1,i−1F
(11)
1,i−1/2(Un

1,i−1,U
n
1,i)

(αF)2,i−1/2,1P,IN Σ1
= (αF)2,i−1/2,1P,OUT Σ2

= αn2,i−1F
(22)
2,i−1/2(Un

2,i−1,U
n
2,i)

(αF)2,i−1/2,1P,OUT Σ1
= (αF)2,i−1/2,1P,IN Σ2

= αn2,iF
(22)
2,i−1/2(Un

2,i−1,U
n
2,i)
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4.2.6 ALE case: general formulation

The numerical scheme derived in formula (4.15) is no longer valid when considering a cell with moving
boundaries using the Reynolds transport theorem. For the sake of completeness, we describe the extension
of the previous formulation to the ALE framework. By integrating (4.8) over cell Ci = [xi−1/2(t), xi+1/2(t)],
we obtain:

d

dt

∫ xi+1/2(t)

xi−1/2(t)
αkUkdx+

∫ xi+1/2(t)

xi−1/2(t)

∂(αkfALEk )

∂x
dx =

∫ xi+1/2(t)

xi−1/2(t)
fLagk

∂αk
∂x

dx (4.19)

where fALEk = fk − umUk is called the ALE flux and um is the velocity of the intercell.

fALEk =


ρk(uk − um)

ρkuk(uk − um) + pk
ρke

t
k(uk − um) + pkuk
ρkYk(uk − um)


The conservative flux is computed using the classical finite volume technique:∫ xi+1/2(t)

xi−1/2(t)

∂(αkfALEk )

∂x
dx = αk,i+1/2fALEk,i+1/2 − αk,i−1/2fALEk,i−1/2 (4.20)

The integration of (4.20) over time [tn, tn+1] gives:∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)

∂(αkfALEk )

∂x
dxdt = ∆t(αk,i+1/2FALEk,i+1/2 − αk,i−1/2FALEk,i−1/2)

where FALEk,i±1/2 denote the numerical ALE fluxes approximating the corresponding physical ones fALEk,i±1/2

during an interval of time ∆t:

FALEk,i±1/2 ≈
1

∆t

∫ tn+1

tn
fALEk,i±1/2dt

Concerning the Lagrangian term, as in the case of fixed mesh, it can be rewritten as:

fLagk

∂αk
∂x

=
∂(αkf

Lag
k )

∂x
− αk

∂fLagk

∂x

The integration of the conservative term associated to the Lagrangian flux gives:∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)

∂(αkf
Lag
k )

∂x
dxdt = ∆t(αk,i+1/2F

Lag
k,i+1/2 − αk,i−1/2F

Lag
k,i−1/2)

The integration of the non-conservative term associated to the Lagrangian flux is approximated:∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)
αk
∂fLagk

∂x
dxdt = ∆tαnk,i(F

Lag
k,i+1/2 − FLagk,i−1/2)

In the above formulas, the volume fraction αk,i±1/2 associated to the Lagrangian fluxes are evaluated using
the upwind strategy.

αk,i−1/2 =

{
αnk,i−1, if uI,i−1/2 − um,i−1/2 > 0

αnk,i, if uI,i−1/2 − um,i−1/2 < 0
(4.21)

The numerical Lagrangian fluxes FLagk,i±1/2 approximate the corresponding physical ones fLagk,i±1/2 during an
interval of time ∆t:

FLagk,i±1/2 ≈
1

∆t

∫ tn+1

tn
fLagk,i±1/2dt
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Concerning the time-derivative term in (4.19), its integration over time [tn, tn+1] yields:∫ tn+1

tn

(
d

dt

∫ xi+1/2(t)

xi−1/2(t)
αkUkdx

)
dt =

∫ xi+1/2(tn+1)

xi−1/2(tn+1)
αkUkdx−

∫ xi+1/2(tn)

xi−1/2(tn)
αkUkdx

= ∆xn+1
i (αU)n+1

k,i −∆xni (αU)nk,i

We thus obtain the first order DEM scheme for the ALE case:

(αU)n+1
k,i =

∆xni
∆xn+1

i

(αU)nk,i −
∆t

∆xn+1
i

[
(αFALE)k,i+1/2 − (αFALE)k,i−1/2

]
+

∆t

∆xn+1
i

[
FLagk,i+1/2(αk,i+1/2 − αnk,i)− FLagk,i−1/2(αk,i−1/2 − αnk,i)

] (4.22)

In general, the computation of Un+1
k,i requires:

• ∆xn+1
i , αn+1

k,i : volume and volume fraction at time t = tn+1.

• αk,i±1/2: volume fraction at the intercell associated to the Lagrangian fluxes.

• (αFALE)k,i+1/2, (αFALE)k,i−1/2: numerical conservative ALE fluxes.

• FLagk,i+1/2, F
Lag
k,i−1/2: numerical Lagrangian fluxes.

We can clearly observe from (4.22) that the ALE case introduces the variation of cell volumes which
gives a supplementary contribution to the cell volume fraction comparing to the case of fixed mesh. The
variation of a cell volume can be taken into account by using the DGCL as discussed in section 1.3.3
and the variation of the volume fraction will be addressed in section 4.2.7. The volume fractions at the
intercell associated to the Lagrangian fluxes are determined by the upwind strategy (4.21). The numerical
conservative ALE fluxes can be computed in a way similar to the fixed mesh case using the concept of
partition of cell boundaries.

4.2.7 ALE case: volume fraction

The update of the volume fraction can be done by discretizing the averaged topological equation (4.7). In
1D, it can be written as:

∂αk
∂t

+ uI
∂αk
∂x

= 0

which can be recast as follows:
∂αk
∂t

+
∂(αkuI)

∂x
= αk

∂uI
∂x

By integrating the above equation over cell Ci = [xi−1/2(t), xi+1/2(t)], we obtain the semi-discrete form:

d

dt

∫ xi+1/2(t)

xi−1/2(t)
αkdx+

∫ xi+1/2(t)

xi−1/2(t)

∂(αk(uI − um))

∂x
dx =

∫ xi+1/2(t)

xi−1/2(t)
αk
∂uI
∂x

dx (4.23)

Similarly to the Eulerian case, we notice that (4.23) can be obtained by letting Uk = 1 and fk = 0 in
(4.19) which then yields fLagk = −uI and fALEk = −um. Consequently, the discretization of the averaged
topological equation in the ALE case is included in (4.22) by letting Un+1

k,i = Un
k,i = 1, Fk,i±1/2 = 0,
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FLagk,i±1/2 = −uI,i±1/2 and FALEk,i±1/2 = −um,i±1/2. The numerical scheme for computing the volume fraction
deduced from (4.22) is:

αn+1
k,i =

∆xni
∆xn+1

i

αnk,i +
∆t

∆xn+1
i

[uI,i−1/2(αk,i−1/2 − αnk,i)− αk,i−1/2um,i−1/2]

− ∆t

∆xn+1
i

[uI,i+1/2(αk,i+1/2 − αnk,i)− αk,i+1/2um,i+1/2]

(4.24)

Figure 4.5 displays a verification for the computation of the volume fraction supposing αn1,i−1 > αn1,i and
also assuming, for the sake of simplicity, the variation of the volume fraction inside the cell i is only due
to the intercell i − 1/2. We also suppose the phase Σ1 of the cell i − 1 enters the cell i and the intercell
moves with velocity 0 < um,i−1/2 < u∗. The quantity αn+1

1,i can be computed using (4.24):

αn+1
1,i =

1

∆xn+1
i

[
∆xni α

n
1,i + (αn1,i−1 − αn1,i)uI,i−1/2∆t− αn1,i−1um,i−1/2∆t

]
Each term of the above formula is expressed graphically using Figure 4.5. The graphical interpretation
says that the variation of the volume fraction of cell i is due to the added part SADEB (when phase Σ1

enters cell i from cell i− 1) and the subtracted part SAA′C′C by the moving intercell of velocity um,i−1/2.

αn+1
1,i =

1

∆xn+1
i

(SBFGC + SADEB − SAA′C′C)

A

B

C

D

E F

G

A'
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um;i−1=2∆t
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α
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α
n
1;i
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Σ2

Figure 4.5: Graphical presentation for the computation of the volume fraction. In ALE case: um,i−1/2 > 0.
In the Eulerian case: um,i−1/2 = 0.

4.3 1D bubble expansion problem

4.3.1 Presentation of the problem

In this section, we consider the so-called 1D bubble expansion problem, the configuration of which is
presented in Figure 4.6. The purpose of this test problem is to evaluate a specific analytical model under
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low-Mach hypothesis (bubble model) when computing this two-phase problem. The bubble solutions will
be presented in section 4.3.2 and evaluated in section 4.3.3 by comparison with the fully compressible
two-phase DEM solver of EUROPLEXUS [Europlexus, 2020]. The DEM method includes by default an
instantaneous relaxation procedure for the pressure and velocity (see [Saurel and Abgrall, 1999], [Tang,
2012]-Appendix C, see also Appendix E).

High pressure

gas bubble, 1 Water, 2
Low pressure

gas, 3

Figure 4.6: Bubble expansion problem. Configuration

The system under consideration is isolated and consists of a high-pressure gas bubble (region 1, denoted
by B), a low-pressure column of water (region 2, denoted by W) and a low-pressure gas (region 3, denoted
by A). The gas bubble due to its high initial pressure expands and pushes the liquid water rightward,
which increases the pressure of the low-pressure gas region. The low-pressure gas is thus compressed and
then behaves like the gas bubble at the beginning of the scenario when it is at its maximum level of
compression. The initial lengths of the regions 1, 2, 3 are 3m, 6m, 3m consecutively. Note these 3 regions
of the 1D problem are representative of an application such as the MARA problem, with a high pressure
gas bubble expanding in the liquid filling a vessel but with a sky of gas on top of the vessel (see chapter
6).
When computing this problem, we consider two different sets of initial conditions corresponding to different
levels of initial energy inside the high-pressure bubble region. The distinct regions are filled with gases
and liquid governed by the SG-EOS. The initial conditions and the material properties are specified in the
following tables:

Region 1 Region 2 Region 3
ρ (kg/m3) 26.827 1000.0 1.0
P (Pa) 1× 107 1× 105 1× 105

u (m/s) 0.0 0.0 0.0

Table 4.1: Initial conditions for the strong bubble expansion problem (100 bars in high-pressure bubble)

Region 1 Region 2 Region 3
ρ (kg/m3) 5.1795 1000.0 1.0
P (Pa) 1× 106 1× 105 1× 105

u (m/s) 0.0 0.0 0.0

Table 4.2: Initial conditions for the weak bubble expansion problem (10 bars in high-pressure bubble)

Material properties
Region 1 Region 2 Region 3

γ 1.4 4.4 1.4
P∞ (Pa) 0.0 6.0× 108 0.0

Comments

• The value of the initial density of the bubble region is obtained by supposing that it is made of
perfect gas which is isentropically compressed:
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From 1 to 100 bars:

ρB,0 =

(
PB,0
PA,0

)1/γB

ρA,0 =

(
1× 107Pa

1× 105Pa

)1/1.4

1.0 kg/m3 ≈ 26.827 kg/m3

From 1 to 10 bars:

ρB,0 =

(
PB,0
PA,0

)1/γB

ρA,0 =

(
1× 106Pa

1× 105Pa

)1/1.4

1.0 kg/m3 ≈ 5.1795 kg/m3

• The speed of sound in the water column is

cW =

(
γW

pW + P∞
ρW

)0.5

≈
(

4.4× 6.0× 108

1000.0

)0.5

≈ 1625 m/s

• In order to avoid the formation of negative pressure in the liquid water, we suppose that there is
initially a small volume fraction of residual gas which is at mechanical equilibrium with the liquid.
This volume fraction is set to αres,gas = 10−5.

4.3.2 Bubble model

In this section we investigate an analytical model for the bubble expansion problem. We firstly emphasize
that it is possible to compute analytically the fully compressible solution in short time; conversely, when
considering long time (several reflections of shocks and rarefaction waves on the domain boundaries),
finding a reference solution becomes quite difficult, despite the geometric simplicity of the problem with
respect to problems considered in industrial cases. However, in the low-Mach number regime, the shock and
rarefaction waves can be considered as (weak) acoustic waves and therefore we can avoid their computations
and just evaluate the kinetic energy of the water and the average pressure in different gas regions. These
quantities are particularly important since they are representative of the loads applied on a structure. The
fully compressible system can be simplified relying on the following considerations:

• Since we are in the low-Mach number limit, all the phenomena can be considered as isentropic and
all the waves can be filtered.

• The liquid water can be considered as incompressible since the volume of liquid changes very little,
especially in low-Mach number flows.

In this way, the governing equations describing the problem become:
For gas regions:

∂ρ

∂t
+ u

∂ρ

∂x
+ ρ

∂u

∂x
= 0

ρ
∂u

∂t
+ ρu

∂u

∂x
+
∂p′

∂x
= 0

dP

dt
+ ρc2∂u

∂x
= 0, P = P (t)

(4.25)

This is the asymptotic system as already discussed for a compressible material (see section 1.2.2). The
dynamic and thermodynamic pressures are denoted as p′ and P respectively.
For water region:

∂u

∂x
= 0

ρ
∂u

∂t
+
∂p

∂x
= 0

(4.26)
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As we can see, the bubble model is nothing but the asymptotic model with incompressible assumption for
the water column.
The solution of systems (4.25), (4.26) is computed as follows:

For gases:
PBl

γ
B = PB,0l

γ
B,0

PAl
γ
A = PA,0l

γ
A,0

ρBlB = ρB,0lB,0

ρAlA = ρA,0lA,0

uB =
uB,W
lB

x, 0 ≤ x ≤ lB

uA =
uA,W
lA

(l − x), lA ≤ x ≤ l

(4.27)

The dynamic pressure is very small compared to the thermodynamic pressure and is therefore negligible
in the solutions: p′ << P .

For water:
pW =

PB − PA
lB − lA

(x− lB) + PB, lA ≤ x ≤ lB

uW = uW (t) = uA,W = uB,W

(4.28)

where:

• lB,0, lA,0 are the initial lengths of regions 1 and 3. l is the total length of the three regions.

• lB, lA are the current lengths of regions 1 and 3 and are functions of time only.

• PB,0, PA,0, ρB,0, ρA,0 are the initial pressures and densities of regions 1 and 3.

• PB, PA, ρB, ρA are the pressures and densities of regions 1, 3 and are functions of time only.

• uB,W , uA,W are the velocity at the interfaces between regions 1-2 and 2-3.

• uB, uA are the velocity in regions 1 and 3. They are functions depending on time and linear in
space.

• pW is the pressure in region 2. It is a function depending on time and linear in space.

• uW is the velocity in region 2 and is a function time only.

We now investigate the problem from the energetic point of view by introducing the concepts of equilibrium
pressure and exergy, which will be useful to analyze the quality of the computed numerical solutions (in
section 4.3.3) with respect to the bubble model solutions detailed in this section.
We consider first the continuous bubble model (without considering the numerical treatment). For an
isolated system, the total energy is conserved and is the sum of the internal and kinetic energies. By
neglecting the contribution of the kinetic energy of gases and under the hypothesis that the internal
energy of the liquid does not vary, the total energy of our system writes:

Etot =
1

γ − 1

∫
lB

pdl +
1

γ − 1

∫
lA

pdl +
1

2

∫
lW

ρWu
2
wdl︸ ︷︷ ︸

KW

(4.29)

or
Etot =

PBlB
γ − 1

+
PAlA
γ − 1

+KW
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In other words, the total energy can be regarded as the sum of the amounts of energy that can be and
cannot be integrally converted into the kinetic energy.
For a thermodynamic process, the exergy can be defined as “the amount of work obtainable when some
matter is brought to a state of thermodynamic equilibrium with the common components of the natural
surroundings by means of reversible processes” [Szargut et al., 1988]. In the case considered here, we
can define the exergy Eexe as the amount of energy which can be integrally converted into kinetic energy
under the hypothesis of isentropic processes. The amount of energy that cannot be integrally converted
into kinetic energy is defined as the anergy Ean of the system:

Etot = Ean + Eexe

Concerning the equilibrium pressure, it corresponds to the state at which the pressure levels of the two
gas regions are equal (PA = PB = Pe). At this state, the acceleration of the liquid column is zero and its
kinetic energy is maximum meaning that no more energy can be converted into kinetic energy (with the
anergy the amount of energy that cannot be converted anymore into kinetic energy):

Etot =
PelB,e
γ − 1

+
PelA,e
γ − 1

+KW,max = Ean +KW,max

where:
Ean =

PelB,e
γ − 1

+
PelA,e
γ − 1

=
PelA+B,e

γ − 1
=
PelA+B

γ − 1
=

PelB
γ − 1

+
PelA
γ − 1

and lA,e, lB,e are the lengths of low-pressure gas and bubble regions at the equilibrium state.
The exergy is finally the difference between the total energy and the anergy:

Eexe = Etot − Ean =
1

γ − 1
(PA − Pe)lA +

1

γ − 1
(PB − Pe)lB +KW

In computing the exergy of the system, one needs to determine the equilibrium pressure Pe. The solutions
for Pe, as PA and PB, satisfy:

Pel
γ
B,e = PBl

γ
B = PB,0l

γ
B,0

Pel
γ
A,e = PAl

γ
A = PA,0l

γ
A,0

lA,e + lB,e = lA+B,e = lA+B = lA+B,0

which gives:

lA,e =
lA+B

1 +

(
PB
PA

)1/γ lB
lA

=
lA+B,0

1 +

(
PB,0
PA,0

)1/γ lB,0
lA,0

Pe = PA


1 +

(
PB
PA

)1/γ lB
lA

lA+B

lA


γ

= PA,0


1 +

(
PB,0
PA,0

)1/γ lB,0
lA,0

lA+B,0

lA,0


γ

(4.30)

From these solutions, we can state that exergy, anergy and equilibrium pressure for the bubble model take
constant values over time.

We now consider the case of a numerical solution for the bubble model. In general, all numerical approaches
produce numerical entropy which, as the physical entropy, degrades the quality of the solution: part of
the initial energy is not transformed into kinetic energy for the liquid phase but is numerically converted
into heat. The equilibrium pressure, anergy and exergy are not constant in time for this reason. However,
the total energy is always conserved and equation (4.29) is still valid since the kinetic energy of gases and
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the variation of water internal energy are negligible in the low-Mach regime.
In order to compute the equilibrium pressure and exergy of a numerical solution, the steps described in
the (continuous) bubble case are followed. The non-homogeneous pressure in (4.29) can be averaged as:

PB =
1

lB

∫
lB

p(x, t)dl (4.31)

PA =
1

lA

∫
lA

p(x, t)dl (4.32)

Moreover, we use the time-dependent arguments instead of initial values to compute for example the
equilibrium pressure (see (4.30)) so that its temporal evolution can be observed. We also notice that
(4.30) is an approximation in the discrete situation since in general lA+B,e 6= lA+B due to the negligible
variation in the computed volume of the incompressible material.
Figures 4.7 and 4.8 display the bubble model solutions for the case of 100 bars and 10 bars in high-pressure
gas bubble. We describe the main physical phenomena of the 100 bars case (the 10 bars case is qualitatively
similar):

• From 0-63 ms: the gas bubble (region 1) is in expansion and the low-pressure gas (region 3) is in
compression (PB > PA). The water column accelerates.

• At around 63 ms: The pressures in gas regions are equal and the equilibrium state of the system is
established: PB = PA = Pe. The water column reaches its maximum speed.

• From 63 - 67 ms: Region 1 continues to expand and region 3 continues to be compressed due to
inertia. However, the water column decelerates since the pressure gradient is inverted PB > PA.

• At around 67 ms: The water column stops moving and begins to change its direction. Region 3
(region 1) reaches its limit of compression (expansion). Region 3 begins to expand and push the
water column leftward to compress the gas bubble.

In the next section, we will compare these bubble model solutions with the fully compressible solutions
given by the DEM solver in order to assess the relevance of the low-Mach bubble model. If this comparison
is conclusive, we will then proceed to develop a numerical treatment for this low-Mach model (which will be
the two-phase DEM extension of the AC-LM treatment introduced in the previous chapter for single-phase
low-Mach flows).
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4.3. 1D BUBBLE EXPANSION PROBLEM

Figure 4.7: Strong bubble expansion problem (100 bars). “Bubble model” solution. On the top, (“equilib-
rium”, low-pressure gas and bubble regions) pressures as function of time. On the bottom, energies per
unit surface (1D problem): the exergy, the total energy, the kinetic energy of the liquid water, the internal
energy of the low-pressure gas and the bubble regions. SI units.
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Figure 4.8: Weak bubble expansion problem (10 bars). “Bubble model” solution. On the top, (“equilib-
rium”, low-pressure gas and bubble regions) pressures as function of time. On the bottom, energies per
unit surface (1D problem): the exergy, the total energy, the kinetic energy of the liquid water, the internal
energy of the low-pressure gas and the bubble regions. SI units.
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4.3.3 Numerical results

In this section, we compare the fully compressible solutions (given by DEM solver) with the bubble model
solutions. The DEM method is characterized by the following features:

• second order accuracy in space using the limited linear reconstruction on primitive variables.

• second order accuracy in time using 2-stage RK method

• instantaneous relaxation procedure of [Saurel and Abgrall, 1999, Tang, 2012] for the pressure and
velocity.

• anti-diffusive UDCS approach for the volume fraction [Tang et al., 2014a,Tang et al., 2014b,Tang,
2012].

• CFL = 0.5.

Different levels of mesh refinement are considered:

• the coarsest (uniforme) mesh is composed of 48 elements in region 1 (one fourth of the initial total
domain, which means 192 cells for the whole domain).

• the medium mesh is composed of 96 cells in the initial region 1 (384 cells in total).

• the finest mesh is composed of 192 cells in the initial region 1 (768 cells all over the domain).

4.3.3.1 Strong bubble expansion problem (100 bars)

The numerical solution presented in this section corresponds to the case of 100 bars in the high-pressure
gas bubble (see Table 4.1).
In Figure 4.9, we present the initial stage (t = 4ms) of the problem. For the compressible model, we can
clearly see waves propagating inside the liquid region. In particular, at the beginning of the evolution, the
interface between the high-pressure gas bubble (region 1) and liquid water (region 2) defines a RP and
the solution consists of:

• A (weak) right-propagating shock wave with the pressure which is very close to the initial pressure
of the bubble.

• A left-propagating rarefaction with the purpose of decreasing the pressure in the bubble.

• A right-propagating contact wave.

The speed of the liquid column in the region perturbed by the shock wave can be approximated by the
Joukowski formula:

u ≈
PB,0 − PW,0
ρW,0cW,0

=
99× 105

1000× 1625
≈ 6.1 m/s

This shock wave when arriving at the interface between water and the low-pressure gas region generates:
a (weak) right-propagating shock wave (to increase the pressure in the low-pressure gas region), a left-
propagating rarefaction and a right-propagating contact wave. We can clearly see that the compressible
solution is far from the bubble model solution (low-Mach red curve in Figure 4.9) in this initial stage.
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Figure 4.9: Strong bubble expansion problem (100 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 4 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

At later times, the waves of the whole domain are reflected on the wall boundaries, interact with each
other and then form a complex system despite the geometric simplicity of the problem.
Figure 4.10 displays the instant (t = 43ms) where the fully compressible solutions have a qualitatively
low-Mach behavior. We notice that the medium and coarse meshes solutions are close to the bubble
model one while significant oscillations are observed on the solutions with the fine mesh. Such behavior is
expected since waves with high frequency are better computed on the fine mesh. The coarse mesh, which
is known to yield more diffused solutions, artificially filters waves and therefore is closer to the bubble
model solutions compared to other more refined meshes.
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Figure 4.10: Strong bubble expansion problem (100 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 43 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

Figure 4.11 displays the instant where the water column in the bubble model just inverts its motion and
region 3 begins to expand. The water column in the compressible solutions has not yet changed its direction
and region 3 is close to its maximum limit of compression. This time-shift between the compressible and
bubble model solutions is linked to the difference in sound speed of the models. While the water column in
the bubble model accelerates, decelerates and inverts its motion in a uniform and immediate way because
the sound speed tends to infinity, the water column in the compressible model accelerates, decelerates and
inverts its motion in a progressive way due to the finite-speed acoustic wave.
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Figure 4.11: Strong bubble expansion problem (100 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 68 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

As previously mentioned, since we are in the low-Mach number regime, the (weak) shock and rarefaction
waves can be considered as acoustic waves. Consequently, the average pressure in gas regions and the
kinetic energy of water represent the main loads applied on a structure. In Figure 4.12, we present the
average pressures in the bubble, in the low-pressure gas regions and the “equilibrium” pressure Pe. In
Figure 4.13, we compare the exergy of the system and the kinetic energy of liquid water (which is almost
equal to the total kinetic energy of the whole system). As one can see, before the water column inverts its
motion, the average pressures in regions 1 and 3 computed from the compressible model (formulas (4.31),
(4.32)) are close to the bubble model solutions. However, the maximum average pressure of the region
3 given by the bubble model is much higher than the pressure given by the DEM model. The solutions
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are clearly shifted in time and, as already explained, this is related to the sound speed of the different
models. Because of the finite speed of propagation for the acoustic waves in the compressible calculation,
the minimum bubble pressure (region 1) or absorber peak pressure (region 3) is reached slightly later
(hence the large pressure difference previously observed in Figure 4.11). Another consequence is the much
larger peak of pressure observed in the absorber (region 3) for the low-Mach solution with respect to the
compressible solution. The finite value of the sound speed is indeed responsible for the weaker momentum
variation of the liquid column in the compressible solutions.
It is clear that some of the low-Mach assumptions are violated around the moment when the water changes
its direction. The analysis of the "equilibrium” pressure Pe and the exergy justifies this point.
In the bottom of Figure 4.12, we can see that after the inversion time, the DEM-computed equilibrium
pressure in the fine mesh shows less error compared to other meshes (with the bubble model solution taken
as reference). This is expected since it is directly related to the anergy of the system, which increases with
the production of (numerical and physical) entropy (the finest mesh giving the least numerical entropy
production).
In the same manner the exergy of the system and the kinetic energy of the water are presented in Figure
4.13. The solutions before the liquid column inverts its motion is satisfactory but differences between
them are observed after this instant. In general, they increase with the mesh refinement since less initial
energy is (numerically) converted into heat. The time-shift phenomenon is also observed.
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Figure 4.12: Strong bubble expansion problem (100 bars). Comparison between DEM and bubble (low-
Mach) model. Average pressures in the regions 1, 3 and the “equilibrium” pressure Pe. Limited linear
space reconstruction for primitive variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.
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Figure 4.13: Strong bubble expansion problem (100 bars). Comparison between DEM and bubble (low-
Mach) model. The exergy Eexe (J/m2) and the kinetic energy of water (J/m2). Limited linear space
reconstruction for primitive variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

4.3.3.2 Weak bubble expansion problem (10 bars)

We repeat the computations with the new initial conditions specified in Table 4.2. The mesh resolution is
the same as in the 100 bars case. The compressible results at different successive times are presented in
Figures 4.14 - 4.18 along with the bubble model solution (low-Mach).
Figure 4.14 displays the initial stage (t = 5ms) of the problem. The solution structure is similar to
the case of 100 bars. The bubble-water interface generates: a (weak) right-propagating shock wave, a
left-propagating rarefaction and a right-propagating contact wave. The speed of the liquid column in
the region perturbed by the shock wave the contact wave can be easily approximated by the Joukowski
formula:

u ≈
pB,0 − pW,0
ρW,0cW,0

=
9× 105

1000× 1625
≈ 0.55 m/s
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Figure 4.14: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 5 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

Figure 4.15 displays the early stage of the low-Mach behavior of the compressible solutions (t = 150ms).
As we can see, these DEM-computed compressible solutions show a rather good agreement with the bubble
model reference solution. The mesh refinement effect on the compressible solution is still visible on the
pressure distribution but quite limited for the velocity distribution.
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Figure 4.15: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 150 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

Figures 4.16, 4.17 display the instants before and after the water column in the bubble model reverts its
motion. The time-shift phenomenon can only be identified by the velocity in the bubble region. While
the velocity of the bubble is (already) negative in the bubble model (due to the boundary condition at the
bubble-water interface), that velocity in the compressible model is still positive since the flow is decelerated
by finite-speed waves. The column water in the compressible model changes its direction at (almost) the
same time as in the bubble model.
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Figure 4.16: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 240 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.
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Figure 4.17: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 241 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

In Figure 4.18, we present the solution after (t = 270ms) the inversion time of the water column: the
bubble is in the compression phase and region 3 is in expansion. The low-Mach behavior of the compress-
ible solutions is clearly recovered.
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Figure 4.18: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. Pressure and velocity fields at 270 ms. Limited linear space reconstruction for primitive
variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

In Figure 4.19, we compare the average pressure of gases and the equilibrium pressure. The average
pressures of gases before and after the water column changes its direction are very close to each other and
the time-shift phenomenon is negligible. The error in the computed equilibrium pressure with respect to
the bubble reference solution decreases as expected with the mesh refinement.
In Figure 4.20, we compare the kinetic energy of water and the exergy of the system. The computed
exergies are very close to each other and follow the same tendency as in the 100 bars case. The kinetic
energies do not present much difference and the time-shift phenomenon is negligible.
It can be stated from this test case that the compressible solutions are very close to the bubble model
solution at the low-Mach number limit (except for some very specific time instants, at the beginning of the
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flow evolution or when the water inverts its direction). The bubble model estimates correctly the average
pressure in gas regions, the kinetic energy of water and the time-shift phenomenon is negligible. This is
expected since the characteristic time associated with the physical phenomena for this weak bubble case is
much larger than the previous strong bubble case. Moreover, a lower initial energy level inside the bubble
results in less high-frequency and high-amplitude waves compared to the strong case (which is justified
in Figure 4.15 where the solution on the fine mesh does not show important oscillations and is very close
to the bubble model one). The water column in the bubble model accelerates, decelerates and inverts its
motion in a much more progressive way and at much lower speed and therefore in a certain way similar
to the compressible model where the progressive motion of water is induced by finite-speed waves.
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Figure 4.19: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. Average pressures in the regions 1, 3 and the “equilibrium” pressure Pe. Limited linear
space reconstruction for primitive variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.
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Figure 4.20: Weak bubble expansion problem (10 bars). Comparison between DEM and bubble (low-
Mach) model. The exergy Eexe (J/m2) and the kinetic energy of water (J/m2). Limited linear space
reconstruction for primitive variables and 2-stage Runge-Kutta time discretization, CFL = 0.5.

Conclusion

In this chapter, we have first briefly reviewed the DEM method for computing compressible two-fluid
problems in both the Eulerian case and the ALE case. We have derived next a so-called bubble model
for a simplified 1D low-Mach bubble expansion which corresponds to a particular case of the asymptotic
model. The idea is to assess the relevance of this two-phase low-Mach asymptotic model with respect
to fully compressible numerical solutions. Performing the analysis for a simplified 1D bubble expansion
problem allowed to derive an exact analytical solution of the low-Mach asymptotic model. The numerical
experiments performed in this chapter with the DEM compressible solutions compared with the low-Mach
analytical solution show that the bubble model derived is indeed a good approximation of the DEM
method in computing two-phase problems in the low-Mach number regime. More precisely, it was shown
the agreement between both approaches is very good for a weak bubble expansion problem and remains
satisfactory even for a strong bubble expansion problem. Consequently, the asymptotic model can be
used as a starting point for the extension of the AC-LM method to the efficient computation of low-Mach
two-phase flows. The development of a low-Mach extension of the DEM method built on a two-step
AC approach will be presented in chapter 5 with the purpose of reducing the computational cost while
preserving accuracy for the physical features of interest.
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Introduction

In this chapter, we present an original method to efficiently compute low-Mach two-phase flow problems
without degrading the accuracy level of the physical prediction. This new method combines the DEM
principles for computing two-phase flow problems and the Artificial Compressibility (AC) approach intro-
duced in sections 3.3 and 3.4 to deal with low-Mach single-phase flows. The novel method developed and
applied in this chapter could have been denoted DEM-AC-LM to make this combination as explicit as
possible but we opted for the shorter denomination DEM-LM.
The organization of the chapter is as follows. In section 5.1, we present the physical model at the basis of
the DEM-LM method, which is a generalization of the simplified bubble model introduced in the previous
chapter. In section 5.2, we present the discretization of this physical model and in section 5.3, we show
the performance of the DEM-LM approach for numerically computing the low-Mach bubble expansion
problem.
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5.1. PHYSICAL MODEL

5.1 Physical model

The two-fluid model in development considers each phase separately and thus the inviscid flow is governed
by two sets of Euler equations. In the low-Mach number regime, we can write the system of Euler equations
in primitive form for phase k as:

∂ρk
∂t

+ vk · ∇ρk + ρk∇ · vk = 0

∂vk
∂t

+ vk · ∇vk +
1

ρk
∇pk = 0

∂pk
∂t

+ vk · ∇pk + ρkc
2
k∇ · vk = 0

∂(ρke
t
k)

∂t
+ vk · ∇(ρke

t
k + pk) + (ρke

t
k + pk)∇ · vk = 0

∂(ρkYk)

∂t
+ vk · ∇(ρkYk) + (ρkYk)∇ · vk = 0

(5.1)

We notice that the total energy conservation equation and the transport equations for the mass fractions
are maintained in (5.1) so that the structure of the EUROPLEXUS computational code is least modified
when adapted to the DEM-LM method. Adding and subtracting the same quantity ρkc2

AC,k∇ · vk in the
pressure evolution equation (5.1)3, we obtain:

∂ρk
∂t

+ vk · ∇ρk = 0 −ρk∇ · vk

∂vk
∂t

+ vk · ∇vk +
1

ρk
∇pk = 0

∂pk
∂t

+ vk · ∇pk = −ρkc2
AC,k∇ · vk −(ρkc

2
k − ρkc2

AC,k)∇ · vk

∂(ρke
t
k)

∂t
+ vk · ∇(ρke

t
k + pk) = 0 −(ρke

t
k + pk)∇ · vk

∂(ρkYk)

∂t
+ vk · ∇(ρkYk) = 0︸︷︷︸

Part I

−(ρkYk)∇ · vk︸ ︷︷ ︸
Part II

(5.2)

The parameter cAC,k in (5.2) corresponds to the artificial sound speed which is now defined for each phase.
Moreover, we can observe that system (5.2) is divided into two parts (in a way similar to the one adopted
for the single-phase AC-LM method). Part I, which will be studied in section 5.1.1, corresponds to the
convective mechanism with fast acoustic waves filtered through the use of the artificial sound speed. Part
II, which will be studied in section 5.1.2, considers the isentropic transformation through the velocity
divergence term ∇ · vk.
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5.1.1 Part I: convective mechanism

Part I of system (5.2) describes the convective mechanism of the slow artificial pressure waves of small
amplitudes:

∂ρk
∂t

+ vk · ∇ρk = 0

∂vk
∂t

+ vk · ∇vk +
1

ρk
∇pk = 0

∂pk
∂t

+ vk · ∇pk = −ρkc2
AC,k∇ · vk

∂(ρke
t
k)

∂t
+ vk · ∇(ρke

t
k + pk) = 0

∂(ρkYk)

∂t
+ vk · ∇(ρkYk) = 0

(5.3)

Some key characteristics of system (5.3) can be underlined:

• The system does not conserve the mass and the total energy. The density (as well the mass fraction)
is transported by velocity vk. In this way, we avoid the undesirable density jump when reducing the
sound speed (see section 3.2).

• The convective mechanism of the fast acoustic wave at speed c is replaced by the propagation of the
slower artificial acoustic wave at speed cAC . This parameter is normally chosen to be much smaller
than the physical sound speed: cAC << c (normally chosen cAC ≈ c/10, see [Madsen and Schäffer,
2006]).

In a more conservative form, system (5.3) can be recast as:

∂ρk
∂t

+ ∇ · (ρkvk) = ρk∇ · vk

∂(ρkvk)
∂t

+ ∇ · (ρkvk ⊗ vk + pkI) = (ρkvk)∇ · vk

∂pk
∂t

+ ∇ · (pkvk) = (pk − ρkc2
AC,k)∇ · vk

∂(ρke
t
k)

∂t
+ ∇ · ((ρketk + pk)vk) = (ρke

t
k + pk)∇ · vk

∂(ρkYk)

∂t
+ ∇ · (ρkYkvk) = (ρkYk)∇ · vk

(5.4)

and in compact form, system (5.4) is expressed as:

∂ak
∂t

+∇ · fk = bk∇ · vk (5.5)

with

ak =


ρk
ρkvk
pk
ρke

t
k

ρkYk

 , fk =


ρkvk

ρkvk ⊗ vk + pkI
pkvk

(ρke
t
k + pk)vk
ρkYkvk

 , bk =


ρk
ρkvk

pk − ρkc2
AC,k

ρke
t
k + pk
ρkYk


Following the DEM method described in section 4.1 (see also [Abgrall and Saurel, 2003, Tang, 2012]),
system (5.5) is coupled with the averaged topological equation (4.7):

∂αk
∂t

+ vI · ∇αk = 0
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Multiplying the volume fraction αk to both sides of (5.5), we obtain:

αk
∂ak
∂t

+ αk∇ · fk = αkbk∇ · vk

which can then be rewritten in the form:

∂(αa)k
∂t

+∇ · (αf)k = fLagk · ∇αk + (αb)k∇ · vk (5.6)

Similarly to the DEM method, the term fLagk = fk,I − ak,IvI is called the Lagrangian flux and needs only
to be defined on the interface between phases:

fLagk =


ρk,I(vk,I − vI)

ρkvk,I(vk,I − vI) + pk,I
pk,I(vk,I − vI)

ρke
t
k,I(vk,I − vI) + pk,Ivk,I
ρk,IYk,I(vk,I − vI)

 (5.7)

In case of impermeable interfaces, the Lagrangian flux (5.7) reduces to (see (4.10), see also [Tang, 2012]):

fLagk =


0
pII
0

pIvI
0

 (5.8)

It is clearly observed that system (5.6) displays one extra equation compared to the physical two-fluid
model described in the DEM method (4.8). This extra equation corresponds to the evolution of the
pressure field. Moreover, we have the contribution of the source term αkbk∇·vk in the R.H.S of (5.6). As
a result, the computation of this term is the main ingredient in part I of the DEM-LM method. System
(5.6) is closed by the SG-EOS (4.3) and by the determination of the interface variables pI and vI obtained
by solving the two-phase RP at the intercell boundaries.
In conclusion, part I of the two-fluid model involving impermeable interfaces in the low-Mach number
regime can be written as:

∂αk
∂t

+ vI · ∇αk = 0

∂(αkρk)

∂t
+ ∇ · (αkρkvk) = (αkρk)∇ · vk

∂(αkρkvk)
∂t

+ ∇ · (αk(ρkvk ⊗ vk + pkI)) = (αkρkvk)∇ · vk + pI∇αk

∂(αkpk)

∂t
+ ∇ · (αkpkvk) =

(
αk(pk − ρkc2

AC,k)
)
∇ · vk

∂(αkρke
t
k)

∂t
+ ∇ ·

(
αk(ρke

t
k + pk)vk

)
=

(
αk(ρke

t
k + pk)

)
∇ · vk

+pIvI∇αk
∂(αkρkYk)

∂t
+ ∇ · (αkρkYkvk) = (αkρkYk)∇ · vk

(5.9)

Note that system (5.9) can be solved without actually computing the evolution equation for the total
energy (since the pressure equation is available). Indeed, we prefer not to solve this equation but rather
compute the total energy from the internal energy and velocity and obtain the internal energy from the
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pressure and the density using the EOS after solving part II of the physical model. This point will be
addressed in section 5.2.4. We emphasize again that the presence of the total energy equation in system
5.9 is retained to reflect the actual minimal modifications brought to the EUROPLEXUS computational
code when implementing the DEM-LM approach. When compared to the original DEM model (available
for the fully compressible model), system (5.9) introduces, as already emphasized, one extra equation for
the pressure and source terms in the R.H.S of (5.9).

5.1.2 Part II: isentropic transformation

In part II, we take into account the filtering of the fast acoustic waves of system (5.10):

∂ρk
∂t

= −ρk∇ · vk

∂vk
∂t

= 0

∂pk
∂t

= −(ρkc
2
k − ρkc2

AC,k)∇ · vk

∂(ρke
t
k)

∂t
= −(ρke

t
k + pk)∇ · vk

∂(ρkYk)

∂t
= −ρkYk∇ · vk

(5.10)

by imposing that the divergence of the velocity ∇ · vk is a function of time only. This comes from the
asymptotic system discussed in section 1.2 for a closed domain in which the compability condition for each
phase reads:

∇ · vk = − 1

ρkc
2
k

dPk
dt

= f(t) (5.11)

It can be seen from (5.10) that the determination of ∇ · vk is the key step in finding the solution at the
new instant since the other variables in the R.H.S of (5.10) are in general known from the output of part
I.

5.2 DEM-LM: Discrete Equation Method in the Low-Mach number
regime

In this section, the physical model previously described is discretized using a two-step method, each step
corresponding to each part of the model. The first step involves discretising the hyperbolic part (part I).
Let L∆t

h be the hyperbolic operator, we find the solution after a time step ∆t by:

An+1,∗
k,i = L∆t

h An
k,i

The second step corrects the solutions of part I by considering the isentropic transformation. Let Lis be
the isentropic operator, we find the solution at the new instant by:

An+1
k,i = LisAn+1,∗

k,i

5.2.1 Part I: General formulation

For the sake of simplicity, let us now recast (5.6) in one-dimensional form:

∂(αkak)
∂t

+
∂(αkfk)
∂x

= fLagk

∂αk
∂x

+ αkbk
∂uk
∂x

(5.12)
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As in DEM, the Lagrangian flux can be written in the form:

fLagk

∂αk
∂x

=
∂(αkf

Lag
k )

∂x
− αk

∂fLagk

∂x

System (5.12) thus becomes:

∂(αkak)
∂t

+
∂(αkfk)
∂x

=
∂(αkf

Lag
k )

∂x
− αk

∂fLagk

∂x
+ αkbk

∂uk
∂x

(5.13)

Let us directly derive the general ALE formulation. By integrating (5.13) over a cell Ci = [xi−1/2(t), xi+1/2(t)]
and using the Reynolds transport theorem, we obtain the semi-discrete form:

d

dt

∫ xi+1/2(t)

xi−1/2(t)
αkakdx+

∫ xi+1/2(t)

xi−1/2(t)

∂(αkfALEk )

∂x
dx =

∫ xi+1/2(t)

xi−1/2(t)
fLagk

∂αk
∂x

dx

+

∫ xi+1/2(t)

xi−1/2(t)
αkbk

∂uk
∂x

(5.14)

where the ALE flux is defined by fALEk = fk − umak and um is the velocity of the intercell.

fALEk =


ρk(uk − um)

ρkuk(uk − um) + pk
pk(uk − um)

ρke
t
k(uk − um) + pkuk
ρkYk(uk − um)


The non-conservative term fLagk

∂αk
∂x

can be decomposed similarly as in DEM:

fLagk

∂αk
∂x

=
∂(αkf

Lag
k )

∂x
− αk

∂fLagk

∂x

By integrating the terms containing the ALE and Lagrangian fluxes in the system (5.14) over the time
interval [tn, tn+1], we obtain:∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)

∂(αkfALEk )

∂x
dxdt = ∆t(αk,i+1/2FALEk,i+1/2 − αk,i−1/2FALEk,i−1/2)

∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)

∂(αkf
Lag
k )

∂x
dxdt = ∆t(αk,i+1/2F

Lag
k,i+1/2 − αk,i−1/2F

Lag
k,i−1/2)

∫ tn+1

tn

∫ xi+1/2(t)

xi−1/2(t)
αk
∂fLagk

∂x
dxdt = ∆tαnk,i(F

Lag
k,i+1/2 − FLagk,i−1/2)

Concerning the time-derivative term in (5.14), we get by integrating over time [tn, tn+1]:∫ tn+1

tn

(
d

dt

∫ xi+1/2(t)

xi−1/2(t)
αkakdx

)
dt =

∫ xi+1/2(tn+1)

xi−1/2(tn+1)
αkakdx−

∫ xi+1/2(tn)

xi−1/2(tn)
αkakdx

= ∆xn+1
i (αA)n+1

k,i −∆xni (αA)nk,i
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The integration of the source term associated to the divergence of velocity αkbk
∂uk
∂x

depends on the moving
direction of the phase interface. Let Bk,i be its discrete form, we thus obtain the first order general ALE
formulation for the DEM-LM:

(αA)n+1
k,i =

∆xni
∆xn+1

i

(αA)nk,i −
∆t

∆xn+1
i

[
(αFALE)k,i+1/2 − (αFALE)k,i−1/2

]
+

∆t

∆xn+1
i

[
FLagk,i+1/2(αk,i+1/2 − αnk,i)− FLagk,i−1/2(αk,i−1/2 − αnk,i)

]
+

∆t

∆xn+1
i

Bk,i

(5.15)

By setting the mesh velocity um = 0, one can obtain the Eulerian formulation. In such case, the ALE
fluxes reduce to the Eulerian fluxes and there is no difference between the size of a cell at two consecutive
time steps (∆xni = ∆xn+1

i ). By further setting the source term Bk,i = 0, one can recover the general
formulation for the DEM method (except for an extra equation for the pressure).
In general, the computation of An+1

k,i requires:

• ∆xn+1
i , αn+1

k,i : volume and volume fraction at time t = tn+1.

• αk,i±1/2: volume fraction at the intercell associated to the Lagrangian fluxes.

• (αFALE)k,i+1/2, (αFALE)k,i−1/2: numerical conservative ALE fluxes.

• FLagk,i+1/2, F
Lag
k,i−1/2: numerical Lagrangian fluxes.

• The source term Bk,i depends on the moving direction of the phase interface and the intercell speed.

The variation of a cell volume can be taken into account by using the DGCL as discussed in section
1.3.3 and the variation of the volume fraction has been addressed in section 4.2.7. The volume fractions
at the intercell associated to the Lagrangian fluxes are determined by the upwind strategy (4.21). The
determination of the numerical fluxes and source term will be discussed in section 5.2.2.

5.2.2 Part I: Numerical fluxes and source term

Similarly to the DEM method, the conservative fluxes (αFALE)k,i+1/2, (αFALE)k,i−1/2 are the sum of
several fluxes involving different local RPs between same and different phases.

(αFALE)k,i−1/2 = (αFALE)k,i−1/2,1P + (αFALE)k,i−1/2,2P

which can be rewritten in terms of the partition of cell boundaries as:

(αFALE)k,i−1/2 =

{
S

(kk)
i−1/2F

(kk)
k,i−1/2 + S

(kk′)
i−1/2F

(kk′)
k,i−1/2, if uI,i−1/2 − um,i−1/2 > 0

S
(kk)
i−1/2F

(kk)
k,i−1/2 + S

(k′k)
i−1/2F

(k′k)
k,i−1/2, if uI,i−1/2 − um,i−1/2 < 0

With the restriction the Riemann solvers taking into account the contact wave, the Lagrangian fluxes,
which concern only the two-phase RP, can be computed as:

FLagk,i−1/2 = FLagi−1/2 =


0

pI,i−1/2

0
pI,i−1/2uI,i−1/2

0


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The numerical fluxes can be computed by solving the RP. For each RP involving the same or two dif-
ferent phases with AL and AR as respectively the left and right states of an intercell, we determine the
intermediate states p∗ and u∗ are such that:

p∗ = pR + ρRcAC,R(u∗ − uR)
p∗ = pL − ρLcAC,L(u∗ − uL)

(5.16)

System (5.16) can be solved to obtain:

u∗ =
(pL + ρLcAC,LuL)− (pR − ρRcAC,RuR)

ρLcAC,L + ρRcAC,R

p∗ =
uL − uR

1

ρLcAC,L
+

1

ρRcAC,R

+

1

ρLcAC,L
pL +

1

ρRcAC,R
pR

1

ρLcAC,L
+

1

ρRcAC,R

(5.17)

The numerical fluxes can now be computed and their values depend on the relative position of the intercell
within the wave systems quantified in (5.18). The full acoustic solutions in terms of the intercell speed
(λm = x/t = um) are given in Table 5.1.

λL = min(uL − cAC,L, u∗ − cAC,L)
λ∗L = max(uL − cAC,L, u∗ − cAC,L)
λ∗ = u∗

λ∗R = min(uR + cAC,R, u
∗ + cAC,R)

λR = max(uR + cAC,R, u
∗ + cAC,R)

(5.18)

Wave speed λm < λL λ∗L < λm < λ∗ λ∗ < λm < λ∗R λR < λm
Density ρL ρL ρR ρR

Sound speed cAC,L cAC,L cAC,R cAC,R
Velocity uL u∗ u∗ uR
Pressure pL p∗ p∗ pR

Mass fraction YL YL YR YR

Table 5.1: Acoustic solution for the two-phase Riemann problem
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x

t

λ∗
= u∗

λ∗

R

λR

λ∗

L

λL

ρL; pL; uL; cAC;L

ρL; p
∗; u∗; cAC;L

ρR; p
∗; u∗; cAC;R

ρR; pR; uR; cAC;R

∆p = ρLcAC;L∆u
∆p = ρRcAC;R∆u

λm = x=t = um

Figure 5.1: Acoustic solutions supposing the wave structure: λL < λ∗L < λm < λ∗ < λ∗R < λR ( λm = 0 in
the Eulerian case). The solutions at the intercell are ρL, p∗, u∗, cAC,L

.

As observed in Figure 5.1, the solutions described in Table 5.1 are not complete since the state between
λL, λ

∗
L and λ∗R, λR remain unknown. We suppose that solutions are linear in these regions and that the

acoustic formula is satisfied: ∆p = ρcAC∆u.
Concerning the termBk,i, its computation can be decomposed similarly into several contributions involving
the single-phase and two-phase problems:

Bk,i = Bk,i,1P + Bk,i,2P

In the following sections 5.2.2.1-5.2.2.5, we quantify the contribution of several fluxes and the source term
Bk,i for the four main possibilities described in Figure 5.2 using the partition of cell boundaries. For the
sake of simplicity, we consider only the contribution from the intercell i − 1/2 for phase Σ1. A similar
procedure can be applied for phase Σ2. The following notations for the velocities are adopted in our
description:

um : intercell velocity. um = 0 in the Eulerian case.

u∗2P : Two-phase RP velocity on the contact discontinuity.

u0
2P : Two-phase RP velocity on x/t = um.

u∗1P : Single-phase RP velocity on the contact discontinuity.

u0
1P : Single-phase RP velocity on x/t = um.
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i− 1

α
n
1;i−1
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Σ2
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Σ1

Σ2

Σ1

Σ2

α
n
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α
n
1;i−1

F
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F
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1;i−1=2

F
(11);ALE
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F
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F
(11);ALE
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i−1=2

F
Lag
i−1=2 F

Lag
i−1=2

Figure 5.2: Four possibilities illustrated in the intercell frame of velocity um (um = 0: the Eulerian case,
um 6= 0: the ALE case).

5.2.2.1 Two-phase Riemann problem: IN Σ1

The case IN Σ1 illustrated in Figure 5.2 is characterized by the RP12.
Contribution of the conservative flux:

(αFALE)1,i−1/2,2P = (αn1,i−1 − αn1,i)F
(12),ALE
1,i−1/2 (An

1,i−1,A
n
2,i)

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn1,i−1 − αn1,i)F

Lag
i−1/2 = −(αn2,i−1 − αn2,i)F

Lag
i−1/2

Contribution of the source term:

B1,i,2P = (αn1,i−1 − αn1,i)bn1,i−1(u∗i−1/2,2P − u
0
i−1/2,2P )

5.2.2.2 Two-phase Riemann problem: OUT Σ1

The case OUT Σ1 illustrated in Figure 5.2 is characterized by the RP21.
Contribution of the conservative flux:

(αFALE)1,i−1/2,2P = (αn1,i − αn1,i−1)F(21),ALE
1,i−1/2 (An

2,i−1,A
n
1,i)

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn2,i − αn2,i)F

Lag
i−1/2 = 0

Contribution of the source term:

B1,i,2P = (αn1,i − αn1,i−1)bn1,i(−u0
i−1/2,2P )
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5.2.2.3 Two-phase Riemann problem: IN Σ2

The case IN Σ1 illustrated in Figure 4.3 is characterized by the RP21.
Contribution of the conservative flux:

(αFALE)1,i−1/2,2P = 0

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn2,i−1 − αn2,i)F

Lag
i−1/2 = −(αn1,i−1 − αn1,i)F

Lag
i−1/2

Contribution of the source term:

B1,i,2P = (αn1,i − αn1,i−1)bn1,i(−u∗i−1/2,2P )

5.2.2.4 Two-phase Riemann problem: OUT Σ2

The case OUT Σ2 illustrated in Figure 4.3 is characterized by the RP12.
Contribution of the conservative flux:

(αFALE)1,i−1/2,2P = 0

Contribution of the Lagrangian flux:

(αk,i−1/2 − αk,i)F
Lag
i−1/2 = (αn1,i − αn1,i)F

Lag
i−1/2 = 0

Contribution of the source term:
B1,i,2P = 0

5.2.2.5 Single-phase Riemann problem

The single-phase RP involves only the conservative flux taking the left and right states of the same phases
as initial conditions. For the particular configuration displayed in Figure 5.2, the conservative numerical
fluxes are computed by:

(αFALE)1,i−1/2,1P,IN Σ1
= (αFALE)1,i−1/2,1P,OUT Σ2

= αn1,iF
(11),ALE
1,i−1/2 (An

1,i−1,U
n
1,i)

(αFALE)1,i−1/2,1P,OUT Σ1
= (αFALE)1,i−1/2,1P,IN Σ2

= αn1,i−1F
(11),ALE
1,i−1/2 (An

1,i−1,A
n
1,i)

(αFALE)2,i−1/2,1P,IN Σ1
= (αFALE)2,i−1/2,1P,OUT Σ2

= αn2,i−1F
(22),ALE
2,i−1/2 (An

2,i−1,A
n
2,i)

(αFALE)2,i−1/2,1P,OUT Σ1
= (αFALE)2,i−1/2,1P,IN Σ2

= αn2,iF
(22),ALE
2,i−1/2 (An

2,i−1,A
n
2,i)

Contribution of the source term:

B1,i,1P,IN Σ1 = B1,i,1P,OUT Σ1 = B1,i,1P,IN Σ2 = B1,i,1P,OUT Σ2 = αn1,i(−u0
i−1/2,1P )

In appendix D.2, we perform a verification for the numerical method of part I considering the transport
equation for the quantity αρ.

5.2.3 Part I: Investigation on the artificial sound speed

The DEM-LM in this work considers each phase with its own artificial sound speed. The choice of the
artificial sound speeds is of particular importance as it will affect the efficiency, the accuracy and the
stability of our numerical scheme.
Without loss of generality, we consider two adjacent cells with the left one occupied by gas and the right
one occupied by liquid. The initial values are qualitatively illustrated in Figure 5.3 in the (p, u) diagram.
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In the low-Mach regime, the (physical) intermediate state (u∗, p∗) is determined by intersecting the line
of slope ρLcL passing through point (uL, pL) and the line of slope −ρGcG passing through point (uG, pG).
The slope is also called the acoustic impedance taking very high values for both phases but the acoustic
impedance of liquid is much higher than that of gas. For instance at 1 atm, the acoustic impedance of
water is of order 1.625× 106, approximately 4300 times much higher than that of air. As a result, the line
passing through (uG, pG) can be regarded as almost perpendicular to the very steep line passing through
(uL, pL). The intermediate velocity u∗ (or the velocity of the contact wave) is therefore very close to that
of the liquid uL. The liquid is therefore under a very weak compression due to small divergence of velocity
in the compressible models.

−ρGcG

ρLcL

−ρGcAC;G

ρLcAC;L

p

u

(uG; pG)

(uL; pL)

u
∗

u
∗

AC

Figure 5.3: Investigation on the artificial sound speed.

When reducing the sound speed in the DEM-LM method, we obtain less steep lines whose intersection
gives the intermediate velocity u∗AC . As observed, the velocity of the intermediate state is no longer close
to the velocity of liquid and the divergence of the velocity is consequently much more important than
in the physical case. This could lead to a numerical stability problem since the liquid is under a higher
level compression than expected. The numerical stability (and the accuracy) of the DEM-LM approach is
therefore strongly dependent on the choice of the artificial sound speed. For these reasons, these parameters
should be set in such a way that the value of u∗AC though much higher than the physical value u∗ remains
very small compared to the artificial sound speeds, meaning MAC << 1.
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5.2.4 Part II: Discretization

We recall that in part II, we need to solve the system:

∂ρk
∂t

= −ρk∇ · vk

∂vk
∂t

= 0

∂pk
∂t

= −(ρc2
k − ρc2

k,AC)∇ · vk

∂(ρke
t
k)

∂t
= −(ρke

t
k + pk)∇ · vk

∂(ρkYk)

∂t
= −ρkYk∇ · vk

(5.19)

where∇·vk is, as previously discussed, an imposed homogeneous function. Moreover, the equations (5.19)1
and (5.19)5 can be combined and yield

∂Yk

∂t
= 0 which implies that the mass fraction Yk, similarly to the

velocity vk, does not vary in time.
In our physical problem, each phase can contain several species. For instance, the gaseous phase in the
bubble expansion problem contains two species: the gas in the bubble (region 1) and the gas in the low-
pressure region (region 3). Since ∇ · vk is a homogeneous function, we suppose that it is also true for the
divergence of velocity for each species ∇·vk,e. The mass fraction equation for each species e deduced from
(5.19)5 reads:

∂(ρkYk,e)

∂t
= −ρkYk,e∇ · vk,e (5.20)

By integrating (5.20) over the whole volume containing phase Vk, we obtain:

d

dt

∫
Vk
ρkYk,edVk = −

(∫
Vk
ρkYk,edVk

)
(∇ · vk,e)

Using the first-order forward Euler method, we get:

mn+1
k,e −m

n+1,∗
k,e

∆t
= −mn+1,∗

k,e (∇ · vk,e)

wheremn+1,∗
k,e is the total mass after part I andmn+1

k,e is a known quantity obtained from mass conservation.
Indeed, in the case of closed domain, the total mass at every instant is equal to the initial mass:

mn+1
k,e = m0

k,e

The divergence of the velocity for each phase k can be determined as:

∇ · vk =
∑
e

Yk,e∇ · vk,e (5.21)

As discussed in Chapter 3, the density, the pressure and the total energy computed directly from system
(5.19) do not satisfy the original SG-EOS (1.7). The computation of these quantities will be therefore
performed similarly as in the single-phase situation. We compute first the density and the pressure from
system (5.19):

ρn+1
k,i = ρn+1,∗

k,i −∆tρ∗k,i∇ · vk

pn+1
k,i = pn+1,∗

k,i −∆tρn+1,∗
k,i (c2

k − c2
k,AC)∇ · vk

(5.22)
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The internal energy is computed next using the SG-EOS (1.7) and the total energy is computed from the
internal enery, density and velocity:

en+1
i,k =

pn+1
i,k + γkp∞,k

(γk − 1)ρn+1
i,k

(ρet)n+1
i,k = ρn+1

i,k en+1
i,k +

1

2
ρn+1
i,k (vni,k)

2

(5.23)

5.3 Low-Mach 1D bubble expansion problem

5.3.1 Presentation of the problem

The problem solved in this section to assess the DEM-LM method applied to low-Mach number problems
is similar to the one previously discussed in section 4.3. The main difference with the previous 1D bubble
expansion test problem (representative of the HCDA configuration studied in the next final chapter) lies
in the initial conditions. They are modified to obtain a low-Mach test case (see Table 5.2). Moreover, we
also investigate the influence of the so-called efficiency parameter (eff) which corresponds to the choice of
artificial sound speeds the in liquid and gas phases (see Table 5.3). The artificial sound speed in each phase
is computed by dividing by the factor eff the initial physical sound speed associated to each phase. With
the initial conditions defined in Table 5.2, the initial (physical) soundspeed in the liquid region is equal to
1625m/s so that using for instance eff = 3.25 the artificial soundspeed in the liquid region is set equal to
500m/s. The artificial soundspeed in the gas region is similarly defined. Note this scaling parameter for
the artificial soundspeeds is called eff because it determines directly the computational speed-up which is
expected from the DEM-LM approach with respect to the fully compressible DEM approach, thanks to
the choice of the time-step. The material properties for the test problem remain those defined in section
4.3.

Region 1 Region 2 Region 3
ρ (kg/m3) 1.64067 1000.0 1.0
P (Pa) 2× 105 1× 105 1× 105

u (m/s) 0.0 0.0 0.0

Table 5.2: Low Mach bubble expansion problem. Initial conditions.

Artificial sound speed
cAC,water (m/s) cAC,gas (m/s)

eff = 3.25 500 100

eff = 4 406 93

eff = 4.5 361.09 83.15

eff = 5 325 75

eff = 16.25 100 20

Table 5.3: Low Mach bubble expansion problem. Artificial sound speed.

Comments

• The value of the initial density of the bubble region is obtained by supposing that it is made of
perfect gas which is isentropically compressed:
From 1 to 2 bars:

ρB,0 =

(
PB,0
PA,0

)1/γB

ρA,0 =

(
2× 105Pa

1× 105Pa

)1/1.4

1.0 kg/m3 ≈ 1.64067 kg/m3
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• In each region, we suppose that there are initially two phases (gas and liquid) but with a small initial
volume fraction for the so-called residual phase which is at mechanical equilibrium with the other
- in regions 1 and 3, the residual phase is the liquid while it is the gas in region 2. These residual
volume fractions are set equal to αres = 10−6.

5.3.2 Numerical results

In this section, we compare the DEM-LM numerical solutions with the DEM fully compressible numerical
solutions and the bubble model analytical solution (referred as "Low Mach" in the following plots). In
section 5.3.2.1, we first investigate the DEM-LM without the instantaneous relaxation procedure briefly
described in appendix E and which applies to both pressure and velocity. In section 5.3.2.2 we investigate
the DEM-LM using this instantaneous relaxation for velocity only. The DEM and DEM-LM methods
share the following characteristic features:

• Second order accuracy in space using the limited linear reconstruction on primitive variables

• Second order accuracy in time using 2-stage RK method

• Instantaneous relaxation procedure of [Saurel and Abgrall, 1999,Tang, 2012] for pressure and velocity
for DEM. When applying DEM-LM this relaxation procedure is either not applied or applied for
velocity only.

• Anti-diffusive UDCS approach for the volume fraction [Tang et al., 2014a,Tang et al., 2014b,Tang,
2012].

• CFL = 0.5.

We emphasize that the SG-EOS (1.7) allows the pressure of liquid to obtain a negative value as long as the
sound speed is positive, meaning p > −p∞. This situation occurs for instance with the presence of strong
rarefaction waves in the flow. Consequently, the application of the relaxation procedure for both velocity
and pressure is necessary when it is possible (case of the DEM solver). However, the application of the full
procedure (for both velocity and pressure) to the DEM-LM solver and for the test case in investigation
makes our computation explode and the problem is till the present not well understood.
The use of the relaxation procedure is not obligatory in our situation since the low-Mach test case under
investigation, by our numerical experiments, creates only negative pressure in the residual phase. As a
result, the global numerical solutions with or without the relaxation process should not be much different
from each other.
In the following test cases, different levels of mesh refinement are considered:

• The coarsest mesh considered is composed of 100 elements in region 1 (one fourth of the initial total
domain, which means 400 cells for the whole domain).

• The medium mesh is composed of 200 cells in region 1 (800 cells in total).

• The finest mesh is composed of 400 cells in region 1 (1600 cells all over the domain).

5.3.2.1 Case without instantaneous relaxation for velocity and pressure (DEM-LM)

Similarly to the test cases presented in section 4.3, the numerical solutions given by the DEM-LM present
artificial acoustic waves with small amplitudes. These artificial acoustic waves propagate inside the do-
main and are reflected when impacting on rigid walls. The interaction of reflected waves form a complex
flow pattern. The numerical solutions of the DEM-LM model are not expected to match the bubble model
solution since the acoustic waves are filtered in the bubble model. The following comparison will not be
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limited to the space distributions of velocity and pressure in the computational domain but will also fo-
cus on the prediction of global variables of practical interest: average pressures, kinetic energy of water, etc.

In Figure 5.4, we display the comparisons between DEM-LM, DEM and the bubble model at 100 ms
with a choice eff = 3.25 to define the artificial soundspeeds used in DEM-LM. As observed, all the numer-
ical results begin to exhibit their asymptotic (or low Mach) behavior. The pressure levels in gas regions
are very close to each other while the pressure in water presents oscillations due to a much more important
acoustic impedance. The velocity distributions have nearly the same order of magnitude. It can be also
observed that the DEM-LM solutions display more (spurious) oscillations compared to the DEM solutions
which is expected since the DEM-LM model has less numerical viscosity and a larger time step with respect
to the DEM model, a consequence of reducing the sound speed. This results in less numerical diffusion to
help damping the oscillations.

Figure 5.4: Low Mach bubble expansion problem. Comparison between DEM, DEM-LM (no relaxation,
eff = 3.25) and bubble (low Mach) models. Pressure and velocity fields at 100 ms.
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In Figure 5.5, we display the comparison at 200 ms which shows a much clearer low-Mach behavior for
the DEM and DEM-LM numerical solutions. The DEM-LM model still produces significant oscillations
for the pressure in the water region. The magnitude of the pressure oscillations is higher with the mesh
refinement since the finer mesh is able to capture higher frequency waves.

Figure 5.5: Low Mach bubble expansion problem. Comparison between DEM, DEM-LM (no relaxation,
eff = 3.25) and bubble (low Mach) models. Pressure and velocity fields at 200 ms.

In Figure 5.6, we display the comparisons at 800 ms corresponding to the instant where the gas bubble
is in the phase of compression, meaning the water column is displacing to the right. As observed, the
numerical solutions are in a good agreement with the reference one.
As previously discussed, we are particulary interested in the average pressures in gas regions and the
kinetic energy of water since they are representative of the main loads applying on a structure. In Figure
5.7, we compare the numerical predictions for these quantities with the reference analytical values. As
seen, the numerical solutions and the reference values are almost superimposed.

145



5.3. LOW-MACH 1D BUBBLE EXPANSION PROBLEM

Figure 5.6: Low Mach bubble expansion problem. Comparison between DEM, DEM-LM (no relaxation,
eff = 3.25) and bubble (low Mach) models. Pressure and velocity fields at 800 ms.
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Figure 5.7: Low Mach bubble expansion problem. Comparison between DEM, DEM-LM (no relaxation,
eff = 3.25) and bubble (low Mach) models. Average pressures in the regions 1, 3 and the kinetic energy.
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In Figure 5.8, we present the temporal evolution of the internal energies of gases, the kinetic energy of
water computed with the DEM-LM method; the total energy is the sum of these quantities. We note that
the internal energy of water and the kinetic energy of gases are negligible. Although the total energy is
not strictly conserved in the DEM-LM model, we still obtain in practice a rather good conservation of this
quantity.

Figure 5.8: Low Mach bubble expansion problem. The DEM-LM solutions (no relaxation, eff = 3.25) for
the internal energy of regions 1 and 3, the kinetic energy of water and the total energy.

Limit of efficiency enhancement for the DEM-LM no relaxation case.

The above discussion shows that the DEM-LM method gives satisfactory solutions while the computational
cost is reduced by almost 3.25 times, as expected from the choice of the time-step. Note that details on
the actual computational cost will be provided in Section 5.3.3. Supplementary numerical experiments
were performed with increased values of the parameter eff (to achieve a larger speed-up with DEM-LM). It
was found that beyond a value of eff = 4 the DEM-LM simulation provides numerical solutions displaying
a loss of accuracy. In Figure 5.9, we compare the solutions given by DEM and DEM-LM models with
different level of efficiency: eff = 4, 4.5, 5. The computations are performed on a mesh of 400 cells. It
can be observed the DEM-LM method with eff = 4 gives satisfactory solutions when compared with the
DEM ones. In contrast, we cannot keep the accuracy for the DEM-LM solutions with the efficiency factors
eff = 4.5, 5. Wrongly computed average pressures and kinetic energy as well as a phase shift in the kinetic
energy are clearly identified, especially with the case eff = 5. It is shown in Figure 5.10 that the computed
DEM-LM entropy displays an important variation which violates the underlying assumption of the DEM-
LM approach. A further investigation and explanation will be given in the following section. We conclude
at this stage that the efficiency of the DEM-LM approach applied without instantaneous relaxation remains
limited to a factor of approximately 4 (CPU gain with respect to DEM, with comparable accuracy).
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Figure 5.9: Low Mach bubble expansion problem. Limit of efficiency. Comparison between DEM, DEM-
LM (no relaxation). From the top to the bottom, average pressure in the region 3 and kinetic energy of
water.
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Figure 5.10: Low Mach bubble expansion problem. Limit of efficiency for the no relaxation case. The
computed entropy with DEM-LM for region 1 (s = PBl

γB
b , eff = 5).

5.3.2.2 Case with instantaneous relaxation only for velocity for (DEM-LM)

The DEM-LM method without the instantaneous relaxation procedure for velocity and pressure can only
accelerate the computations by nearly 4 times. The reasons for this limit may reside in the residual phase.
In fact, we have observed that the velocity for the residual gas in the liquid is very high. For example, in
the case eff = 5 (cAC,water = 325, cAC,gas = 75 m/s), the maximum gas velocity in the water column can
reach up to umax,gas = 470 m/s. We emphasize that though the gas velocity in the liquid is very high, the
total velocity u =

∑
k αkuk changes very little since the gas occupies only a tiny volume in the liquid.

In order to circumvent this situation, an instantaneous relaxation procedure is applied for the velocity only.
The average pressures of gas regions and the kinetic energy of water are given by the DEM-LM with a level
of efficiency of 16.25 in Figure 5.11. It is observed that the DEM, DEM-LM and reference (low-Mach)
solutions are very close to each other which demonstrate the use of an instantaneous relaxation procedure
for velocity fixes the accuracy issue previously observed for eff beyond 4 and does so for an efficiency factor
which can be as large as 16.25.
In Figure 5.12, we display the internal energy of gases, the kinetic energy of water and the total energy.
As before, the total energy is (almost) constant in practice despite not ensuring a strict conservation from
a theoretical viewpoint.
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Figure 5.11: Low Mach bubble expansion problem. Comparison between DEM, DEM-LM (with relaxation
for the velocity only, eff = 16.25) and bubble (low Mach) models. Average pressures in the regions 1, 3
and the kinetic energy.
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Figure 5.12: Low Mach bubble expansion problem. The DEM-LM solutions (with relaxation for the
velocity only, eff = 16.25) for the internal energy of regions 1 and 3, the kinetic energy of water and the
total energy.

5.3.3 Computational cost

All the test cases in section 5.3.2 have been performed with sequential computations on an Intel(R)
Core(TM) i3-3110M CPU @ 2.40GHz. The CPU time consumption TCPU(s) and the corresponding
number of time steps n needed to reach the same final physical time are presented in Table 5.4.
It is obvious that the computational cost is greatly reduced by DEM-LM with respect to DEM, while the
accuracy remains guaranteed when employing the DEM-LM method with instantaneous velocity relax-
ation. Instead of spending 17641.41(s) (or nearly 5 hours) for a DEM computation on a 1D fine mesh
with 1600 cells, the same computation can be performed using the DEM-LM method with relaxation for
the velocity only and produce similar solutions while taking only 1459.81s (or nearly 24 minutes). For
multi-dimensional problems, the computational efficiency is expected to be further enhanced.

DEM DEM-LM, eff = 3.25 DEM-LM, eff = 16.25

TCPU (s) n TCPU (s) n TCPU (s) n
400 1182.45 163500 343.77 51000 80.57 10500

800 4267.80 326229 1420.71 101220 322.74 21000

1600 17641.41 651732 5774.62 201723 1459.81 41805

Table 5.4: Low Mach bubble expansion problem. Computational cost: DEM vs DEM-LM
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Conclusion

The new numerical method developed in chapter 3 to efficiently and accurately compute low-Mach single-
phase flows has been successfully extended in this chapter for two-phase flows in the general framework of
the DEM approach. The two-phase low-Mach physical model as well as the corresponding new DEM-LM
numerical scheme have been presented in section 5.1 and section 5.2. DEM-LM consists of two parts: part I
describes the convective mechanism for artificial acoustic waves of negligible amplitude while an isentropic
correction is applied in part II. The solutions given by the DEM-LM method have been compared in section
5.3 with the DEM fully compressible solutions as well as the analytical solution of the bubble model. For
this 1D low-Mach bubble expansion problem (representative of the HCDA problem which will be tackled
in the following final chapter), the DEM-LM method displayed its great advantage in significantly reducing
computational cost while keeping a good accuracy.
Note however, a main drawback of DEM-LM was also identified regarding its range of validity. Indeed,
since a (linear) acoustic solver is used, the physical problem in consideration must be (almost) linear. The
Mach number in the computed flowfield must remain very low to overcome the robustness problem of
the new solver. For example, in the 1D low-Mach bubble expansion problem, the new DEM-LM method
suffers from a robustness problem when setting the initial pressure of the bubble above 5 bars. Future
numerical developments (precise suggestions will be provided in the general conclusion) should allow to
fix these issues so as to extent the range of applicability of the DEM-LM method to flow problems with
increasing non-linearities.
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Introduction

This final chapter evaluates the numerical methods developed in the previous chapters when applied to
the computation of the industrial multi-dimensional MARA problem mentioned in the introduction of the
manuscript and which motivates the present work, along with other nuclear safety problems involving the
low-Mach expansion of gas bubbles. For this purpose, we first perform in section 6.1 acomparison between
the solutions given by the DEM fully compressible model and the experimental results available for the
MARA problem with a very high initial level of energy released from the gas bubble. The simulation
involves the deformation of the structure, which is taken into account by the fluid-structure coupling pro-
cedure available in the EUROPLEXUS code.
The DEM method is able to produce correct solutions but found to be computationally expensive. Con-
sequently, we perform next in section 6.2 a low-Mach MARA problem in which we compare the solutions
given by the DEM and the DEM-LM methods. As will be shown, the DEM-LM method demonstrates a
great advantage in computational cost compared to DEM while maintaining a good accuracy. Note that
the comparison between DEM and DEM-LM cannot yet be performed for the original MARA problem
because of a lack of robustness for DEM-LM when dealing with strong compressions.
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6.1 The MARA problem

6.1.1 Presentation of the problem

The aim of the MARA test rig is to assess the performance of fluid-structure coupling strategies devel-
oped in various codes (SIRIUS, CASTEM-PLEXUS, EUROPLEXUS) (see [Robbe et al., 2003a] [Robbe
et al., 2003b]) used to study and control the dimension of the containment of the reactor following the
so-called hypothetical core disruptive accident (HCDA). The MARA program involved 10 tests of increas-
ing complexity with additional internal deformable structures gradually accounted for: from MARA 1
and 2 considering a plain vessel with a rigid roof [Acket et al., 1981] to MARA 10 including the core
support structures and the above core structures [Louvet et al., 1987] (see Figure 6.1). As presented
in the introductory chapter, the physical phenomena of the HCDA can be interpreted as the expansion
of a high-pressure bubble of vaporized materials in liquid after the interaction between the combustible
at a very high temperature with the liquid as coolant. The flow thus involves (first stage) shock waves
propagating in the liquid phase which generate the motion of the liquid itself, the impact of which (second
stage) can damage the containment and the mechanical devices therein. As a result, the main focus of
this test is on studying the overall behavior of the containment (loading, displacements and deformation
of the vessel and the slab1).
The MARA set of experiments was carried out by CEA in the 1980s on a 1/30-scale model of the Super-
phenix reactor (which corresponds approximately to a vessel diameter of 700 mm and a total height of 551
mm) in order to provide reference measurements (pressure at transducers, structure deformation) to be
used for validation of the codes applied to the HCDA fluid-structure interaction problem. Thanks to the
axisymmetric property, we consider in our computation a geometry with reduced dimension as illustrated
in Figure 6.2. In the experiments, water replaces the liquid sodium cooling the reactor core (yellow region
in Figure 6.2) and the cover gas below the reactor roof of 43 mm height (blue region in Figure 6.2) is air
instead of argon; the explosion is triggered by an explosive charge (red region in Figure 6.2) placed on
the axis of symmetry and 330 mm below the slab. In the computations, the red region is actually a high
pressure gas bubble.

Figure 6.1: Left : schematic view of the MARA 1/2 configuration taken from [Fiche et al., 1985]. The
charge creating the gas bubble is located at the center of the liquid domain; the layer of air below the
vessel cover is also visible. Right : schematic view of the MARA 10 configuration taken from [Robbe and
Casadei, 2004] displaying the added structures included in the fluid-structure interaction.
1 Vessel and slab are "cuve" and "dalle" in french, respectively
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Figure 6.2: MARA problem. Mesh and initial configuration.

6.1.2 Material: fluid and structure

6.1.2.1 Fluid

We compute the MARA problem using the DEM method with the same initial conditions of fluid specified
in the MARA test rig. The initial conditions and the material properties of the SG-EOS are specified for
different regions in Tables 6.1, 6.2:

Region 1 (bubble) Region 2 (water) Region 3 (air)
ρ (kg/m3) 1350 998.3 1.206
P (Pa) 6.25× 108 1× 105 1× 105

u (m/s) 0.0 0.0 0.0

Table 6.1: Initial conditions for the MARA test case

Material properties
Region 1 (bubble) Region 2 (water) Region 3 (air)

γ 1.24 3.99669 1.4
P∞ (Pa) 0.0 6.0× 108 0.0

Table 6.2: Material properties for the MARA test case

Comments:

• The speed of sound in the water is

cW =

(
γW

pW + P∞
ρW

)0.5

≈
(

3.99669× 6.0× 108

1000.0

)0.5

≈ 1550 m/s

• In order to avoid the numerical difficulty in the two-phase DEM model, we suppose that there is
initially a small volume fraction of residual phase which is at mechanical equilibrium with the other

156



6.1. THE MARA PROBLEM

phase. These volume fractions are specified in Table 6.3. As seen, the mixture density does not vary
much with respect to the initial density.

Volume fractions
Region 1 (bubble) Region 2 (water) Region 3 (air)

αliquid 1.0× 10−3 0.999 1.0× 10−6

αgas 0.999 1.0× 10−3 0.999999
ρmixture (kg/m3) 1349.6483 997.3 1.207

Table 6.3: Volume fraction for the MARA test case

6.1.2.2 Structure

The structure properties for our computations are taken from [Galon, 2002]. The fluid in the MARA test
rig is bounded by the vessel made of 316L stainless steel. It consists of a cylindrical shell connected to
the bottom by welding technique. It is then closed by a very thick slab/roof which can be assumed to be
perfectly rigid (see Figure 6.1, left).
When modeling the vessel for computations, we have encountered a particular difficulty: the bottom of the
vessel is manufactured by a cold metal spinning process which leads to a significant initial work hardening
and to significant variations in the initial thickness which must be taken into account in the computations.

Static behavior and material properties:

With the effort of best representing the behavior of the structure, the vessel is divided into four zones (A,
B, C, D) of different thicknesses to which we associate four laws of behavior corresponding to different
initial states of hardening.
The thicknesses e associated to the four zones are thus defined as:

• Zone A: 0 ≤ |Z| ≤ 40cm, e = 1.275mm.

• Zone B: 40 ≤ |Z| ≤ 47cm, e = 0.96mm.

• Zone C: 47 ≤ |Z| ≤ 51cm, e = 1.119mm.

• Zone D: 51 ≤ |Z| ≤ 55cm, e = 1.245mm.

The material’s behavior is elastoplastic under von Mises criterion. The characteristics for 316 L stainless
steel are:

• Young’s modulus: E = 192 GPa.

• Poisson’s ratio: ν = 0.3.

• Density: ρ = 7800 kg/m3.

The "static" curves corresponding to the four zones are given in Tables 6.4 - 6.7.

Zone A:

Stress (MPa) Strain (in percent)
220 0.1146
249 0.2
315 1
425 5
863 41

Table 6.4: MARA problem. Static curve for zone A [Galon, 2002].
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Zone B:

Stress (MPa) Strain (in percent)
730 0.38
750 0.5
800 19

Table 6.5: MARA problem. Static curve for zone B [Galon, 2002].

Zone C:

Stress (MPa) Strain (in percent)
580 0.3
630 5
695 19

Table 6.6: MARA problem. Static curve for zone C [Galon, 2002].

Zone D:

Stress (MPa) Strain (in percent)
450 0.234
500 5
590 19

Table 6.7: MARA problem. Static curve for zone D [Galon, 2002].

Dynamic behavior:

From uni-axial tensile tests carried out on 316 L steel for different strain rates, the strain hardening is
taken into account by introducing the following law:

σ(ε̇, ε) = σ(ε̇ = 0, ε)

[
1 +

(
ε̇

k

)n]
(6.1)

where:

• σ(ε̇, ε) is the dynamic stress.

• σ(ε̇ = 0, ε) is the static stress.

• k, n are the parameters of the constitutive law.

The experimental curves established for different strain rates made it possible to determine the k and n
coefficients for 316L steel by means of least squares adjustments and in our case give the following values:

k = e

a+ bε

1 + cε (6.2)

with a = 6.388, b = 86.215, c = 6.457 and
n = 0.233.
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6.1.3 Fluid-structure interaction

The fluid-structure interaction plays an important role in the MARA experiment and should therefore
be taken into account in the numerical simulation. The MARA simulation in this thesis computes the
fluid evolution using a cell-centered finite volume technique combined with the ALE formulation while the
structure is modeled with a finite element method using the Lagrangian description. The fluid variables
are discretized at the centers of the control volumes, so that when transferring information from the fluid
to the structure, the pressure of the fluid must be projected onto the nodes of the structure grid at the
fluid-structure interface. Note that the influence of the structure motion on the fluid is also taken into
account in the EUROPLEXUS calculation. The detailed governing equations at the base of the transient
explicit formulation applied for the fluid-structure interaction are presented in [Casadei and Halleux, 2009]
(see for instance section 2 and references therein for more detail) but not detailed here as our focus will
be on the fluid solution method.
A practical implementation of the ALE description requires that an automatic mesh displacement algo-
rithm be supplied. The method of [Giuliani, 1982] serves for this purpose and provides the ALE approach
in EUROPLEXUS with an automatic and continuous rezoning algorithm, calculating the velocities of the
nodes based on the fluid velocities. The algorithm preserves, as much as possible, the regularity of the
computational mesh when computing fluid-structure interaction problems. For this purpose, it relies on a
numerical remeshing coefficient γm which is user-specified in the range 0 ≤ γm ≤ 1 and requires an expert
tuning in order to ensure the robustness of the computations, as could be observed in our own numerical
experiments.

6.1.4 Boundary conditions and sensors

The boundary conditions applied for the present MARA simulations are displayed in Figure 6.2. In
particular, we allow the nodes on the axis of symmetry to move freely in the Z direction (except for the
common point with the slab) but we block the movement in the R direction as well as the rotation around
this axis. For the slab, we block the movement in the Z direction since the the slab is considered as
perfectly rigid in the MARA2 test rig. The nodes on the vessel are the Lagrangian ones allowing the
structure to deform. We also block three degrees of freedom for the common point of the vessel and the
slab.
In the MARA problem, the deformation of the structure is assessed by measuring the displacement at
ten points denoted from PO to PBOT and which are reported in Figure 6.2. The initial coordinates of
these points, before structure deformation takes place, are given in Table 6.8. Moreover, the pressure
under the slab is also measured via the sensors highlighted in yellow cells. The radial distances between
these sensors and the origin of coordinates (placed at the top-left corner of the domain) are approximately
R = 0, 30, 140, 210, 280, 325 mm.
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R (mm) Z (mm)
PO 350 -78.71
PA 350 -99.95
PB 350 -200.87
PC 350 -301.78
PD 350 -397.38
PE 305.22 -482.51
PF 217.02 -516.49
PG 113.17 -541.77
PH 20.06 -550.71

PBOT 0.0 -551.0

Table 6.8: MARA problem. Coordinates of points for measuring the displacement on the vessel for the
coarse mesh.

6.1.5 Numerical results

In order to numerically study HCDA problems, a dedicated model has been developed in EUROPLEXUS.
This so-called ADCR model (where ADCR stands for "Accident de Dimension du Confinement pour des
Réacteurs") is described in the Appendix B. In the first stage of the present analysis, we wish to compare
the results obtained using the (fully compressible) DEM approach, such as described in the previous
chapters, with the numerical results provided by ADCR and the available measurements from the MARA
experiments, taken from [Galon, 2002]. We emphasize the ADCR and DEM calculations make use of the
same numerical strategy to account for the fluid-structure interaction phenomena and differ only by the
solution process applied to the fluid simulation. The DEM method used in the following computations
is second-order accurate in space using a limited linear reconstruction on primitive variables and in time
using a 2-stage RK method. It also makes use of the instantaneous relaxation procedure of [Saurel and
Abgrall, 1999,Tang, 2012] for the pressure and velocity and of the anti-diffusive UDCS approach for the
volume fraction [Tang et al., 2014a,Tang et al., 2014b,Tang, 2012]. Regarding the CFL number, most of
the ADCR simulations were performed with CFL = 0.1 to ensure a stable evolution for both the fluid
and the structure in the MARA simulations. Depending on the mesh used (see below), the DEM method
could be run with a CFL number up to CFL = 0.5 but CFL = 0.1 will be also used (for instance to
allow for a comparison between ADCR and DEM with the same time-accuracy). Note that, as already
mentioned, the remeshing coefficient γm has also a significant influence on the robustness of the numerical
simulations. It must be carefully adjusted to avoid the generation of strongly deformed elements or cells
when the mesh rezoning procedure is applied.
Different levels of mesh refinement are considered:

• The coarse mesh is composed of 6522 elements with the smallest spatial size of an element of order
∆ = 4.74mm.

• The medium mesh is composed of 25956 elements with the smallest spatial size of an element of
order ∆ = 2.32mm.

Figure 6.3 displays the computed solutions with the DEM method on the coarse mesh. The high pres-
sure gas bubble of 6.25 kbars when expanding from its initial radius of 2 cm generates a shock wave
inside the confinement building. The density, velocity and pressure field are presented in Figure 6.3 at
t = 10× 10−5 s corresponding to a shock wave propagating radially without yet any impact with the ves-
sel. The pressure peak at this instant decreases rapidly from the initial state due to the multi-dimensional
effect and reaches about 440 bars. The maximum velocity of the flow at this instant can locally reach
180 m/s. From our numerical results, this maximum value can locally reach up to 380 m/s meaning the
flow under investigation is not in the low-Mach regime. The density inside the bubble at t = 10× 10−5 s
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is of order 120 kg/m3 which is much lower than its initial state of 1350 kg/m3 due to the expansion of
the bubble. Since water is (almost) incompressible, its density in the region perturbed by the shock wave
changes very little. Later on the shock will impact the structure and cause structural deformation: the
displacement field of the vessel at t = 10 ms is displayed in Figure 6.3 (bottom right plot). It is clearly
observed that the structure is significantly deformed, forming a bulge under the slab but also with a strong
deformation of the containment bottom. The maximum displacement at t = 10 ms is in fact found at the
lowest point on the axis of symmetry (bottom point) and is approximately equal to 45 mm.

Figure 6.3: MARA problem. Density (top left), velocity (top right) and pressure (bottom left) fields
at t = 10× 10−5 s computed using the DEM method (CFL = 0.5) on the coarse mesh. Computed
displacement at t = 10 ms (bottom right).

Figures 6.4 and 6.5 display the pressure evolution at the sensor R = 30 mm, that is the second sensor
away from the symmetry axis under the slab (see Figure 6.2). The numerical solutions are computed with
differently refined meshes, different remeshing coefficient γm and CFL numbers. It is clearly observed
in Figure 6.4 (bottom plot) that the peak of pressure obtained in the experiment is much higher than
in the calculations (of the order of 250 bars against 130 bars for DEM medium mesh). This may be
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due in particular to the fact the initial high pressure bubble defined in the simulation does not allow to
faithfully account for the actual charge explosion performed in the experiment. Note that this difference
in the pressure peak between the numerical and experimental results is not a significant issue, as the
impulse associated with this peak of order 0.2 ms from 1.9 ms to 2.1 ms remains actually low with re-
spect to the global force transmitted by the fluid to the slab (see also [Galon, 2002] for the comparison of
the impulse given by the experiments and the finite element methods applied for both fluid and structure).
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Figure 6.4: MARA problem. Evolution of the pressure under the slab at Z = 0, R = 30 mm. Top: verifi-
cation and validation for the DEM results (influence of mesh resolution, γm, CFL). Bottom: comparison
between DEM and EXP.

The study of the influence of numerical parameters (mesh resolution, remeshing coefficient γm and CFL)
(see Figure 6.4 (top plot)) indicates the prediction of the pressure peak is quite sensitive to the grid
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resolution. The DEM results in the medium grid depend only weakly on the CFL number (or physical
time-step). Note the remeshing parameter γm needs to be adjusted to the grid resolution in order to en-
sure the stability of the simulation. The comparison between DEM results and experiments in Figure 6.4
(bottom plot) shows the dynamics of the fluid-structure problem is correctly captured by the simulation
(at least for the pressure sensor under consideration, other measurements will be exploited next). Finally,
Figure 6.5 displays a comparison between the best DEM results and the ADCR results (the experimental
results are not reported on purpose as they would prevent a clear comparison between the two numerical
evolutions). Local differences can be observed between both predictions but they will not be commented
in detail in this work as the main purpose of this ADCR / DEM comparison in the context of this thesis
is to establish that the DEM numerical strategy can be applied to the MARA problem and provides a
numerical solution which is consistent with the reference numerical strategy applied up to now for this
problem, namely ADCR. It should be emphasized the present DEM results represent the first application
of this numerical strategy to the very challenging MARA problem.
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Figure 6.5: MARA problem. Evolution of the pressure under the slab at Z = 0, R = 30 mm. Comparison
between DEM and ADCR.

Figure 6.6 and 6.7 display the pressure evolution at the sensor located under the slab at 140 mm from the
axis of symmetry, that is the third sensor away from the symmetry axis under the slab (see Figure 6.2).
Note that in fact two measurements have been performed at the same altitude and the same radial distance
from the vessel axis but for two different azimuthal positions in order to assess the actual axisymmetry
of the configuration. It can first be observed on the bottom plot of Figure 6.6 that both sensors provide
time-evolution for the pressure at Z = 0, R = 140mm which are not identical. A second observation is the
pressure peaks observed experimentally and numerically computed are closer at this location: between 205
and 190 bars for the experiment against approximately 170 bars for the DEM calculation in the medium
mesh. On the top plot of Figure 6.6, the grid sensitivity of the numerical simulation is evidenced: the
coarse grid yields an underestimated pressure peak but correctly accounts for the remainder of the pressure
time-evolution.
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Figure 6.6: MARA problem. Evolution of the pressure under the slab at Z = 0, R = 140 mm. Top: veri-
fication and validation for the DEM results (influence of mesh resolution, γm, CFL). Bottom: comparison
between DEM and EXP.

Figure 6.7 displays the comparison between the best DEM results and the ADCR results, with again the
experimental results not reported to clarify the comparison between these computed evolutions. Apart
from the pressure peak, the evolutions provided by both methods are very close (and compare rather well
with experiment). The ADCR model gives a higher pressure peak, of order 240 bars at this sensor, that
is even overpredicted with respect to experiment. Note again that, as already mentioned, the predicted
global force is actually not significantly affected by this difference.
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Figure 6.7: MARA problem. Evolution of the pressure under the slab at Z = 0, R = 140 mm. Comparison
between DEM and ADCR.

Besides the pressure under the slab, the displacement of the vessel is another important information
to assess the performance of the fluid-structure coupling strategies developed in EUROPLEXUS. The
comparison between the experiments and different models are presented in Figures 6.8, 6.9 for radial dis-
placements and in Figure 6.10, 6.11 for vertical displacements.

In Figure 6.8, we present the time evolution of the radial displacement at point O and A computed with
the DEM method using various numerical choices (verification and validation study): coarse or medium
grid with associated mesh deformation parameter and choice of CFL number. Points O and A are located
in the bulge region (see Figure 6.2 left for a reminder of their location also detailed in Table 6.8 and see
Figure 6.3 bottom right for the displacement field). The bulge begins to form in the experiment and in the
DEM computations at time instants very close to each other: approximately 3 ms in the experiment and
2.8 ms in the DEM numerical results. The evolution of the radial displacement is more rapid in the com-
putations. It should be emphasized at this point the experimental evolution displayed in Figure 6.8 does
not specifically correspond to a measurement at point O or at point A. Rather, it is the maximum radial
displacement reported in the experiment at each physical time [Galon, 2002]. In practice, this maximum
radial displacement takes place between point O and point A. When looking at the DEM results for point
O (top plot of Figure 6.8) and for point A (bottom plot of Figure 6.8), we can conclude the computed
maximum radial displacement is close to point A, that is around 100 mm under the slab with respect to
the non-deforming state.
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Figure 6.8: MARA problem. Time-evolution of the radial displacement at point O (top) and A (bottom).
DEM verification and validation study.

In Figure 6.9, we compare the numerical results obtained at the two points PO and PA around the critical
position (that is the position corresponding to the maximum radial displacement) using DEM and ADCR
with the experimental evolution of the maximum radial displacement. At t = 10ms, the maximum radial
displacement is about ∆R ≈ 28mm in the experiment corresponding to 8% of the initial radius. This
is very close to the numerical results ∆R/R0 = 7.1% with DEM method on medium mesh at point PA.
The radial displacement predicted by ADCR and DEM at point A are very close to one another. This is
also true for the prediction at point O, with ADCR predicting a slightly larger displacement (even a bit
closer to the experiment, but with the same dynamics for the bulge formation as the one predicted using
DEM). Here again, the key conclusion of this comparison is the ability of the DEM strategy to provide
results which are fully consistent with the ADCR model, considered as a reference strategy for such HCDA
calculations.
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Figure 6.9: MARA problem. Time-evolution of the radial displacement at points O and A. Comparison
betwen ADCR, DEM and experiment.

Figure 6.10 displays the time evolution of the vertical displacement at point PBOT which is the lowest
position on the axis of symmetry. The bottom of the vessel reaches the maximum elongation at t = 3.1 ms
in the experiment and at t = 2.8 ms in the computations (with DEM method on the medium mesh) which
corresponds respectively to 10.5% and 10.2% of the initial height. Note that the sensitivity of this result
to the grid refinement is less noticeable than for other quantities of interest.
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Figure 6.10: MARA problem. Time-evolution of the vertical displacement at the bottom point PBOT.
DEM verification and validation study.

Figure 6.11 displays the comparison between the DEM and ADCR numerical results on one hand and
the experimental measurement on the other hand. It can be observed the DEM strategy appears slightly
better than the ADCR approach for predicting the final vertical displacement at this bottom point. Both
numerical methods predict however an evolution of this vertical displacement with a similar faster dy-
namics with respect to the experiment. Here again, it can be concluded that DEM offers an interesting
alternative to ADCR for computing HCDA problems.
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Figure 6.11: MARA problem. Time-evolution of the vertical displacement at the bottom point PBOT.
Comparison between ADCR, DEM and experiment.
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6.1.6 Computational cost

The previous comparison of numerical results with experiments has made clear that the DEM approach
and the ADCR model can provide good / reliable results when computing the MARA problem. It is
however important to also assess these numerical strategies from an efficiency viewpoint. First, it should
be emphasized that DEM is more expensive than ADCR because of the numerous RP to be solved at the
cell interfaces for various phase configurations. From the DEM and ADCR calculations performed in the
same (medium) mesh with the same CFL number (CFL = 0.1) it is possible to estimate the extra-cost
induced by DEM with respect to ADCR is around 40%.
Going back to the low-Mach context of the present work, it should be noticed that both ADCR and DEM
are not efficient when computing low-Mach problems since their stability time step remains constrained
by the sound speed of liquid. As already mentioned, the initial pressure level for the bubble considered
in the actual MARA experiment is such that this MARA problem is not a low-Mach problem: with
an initial pressure in the bubble of approximately 6 kbars, the fluid velocity can locally reach 400m/s.
Therefore, the overall computational cost will not be really impacted by the low-Mach efficiency limitation
of these fully compressible ADCR and DEM approaches. The original MARA problem had nonetheless
to be solved in order to gain confidence in the possibility to accurately solve this HCDA problem using
DEM - and this has been indeed established thanks to the available MARA experimental measurements.
Going back now to the core problem of this work, namely the efficient (and accurate) computation of
bubble expansion problems, we propose to define an adapted low-Mach MARA problem which will allow
a comparison between the fully compressible DEM approach and the newly proposed DEM-LM strategy.

6.2 Low-Mach MARA problem

6.2.1 Problem description

In this section, we consider a problem of HCDA or MARA type but we choose to decrease the initial
pressure of the bubble in order to remain in a low-Mach number regime. The drawback of this choice
of "weak" compression is that the slower flow dynamics would require to perform computations over an
extended period of physical time to evidence significant variation of the flowfields (more particularly the
impact on the vessel wall boundaries). To fix this issue, we also increase the initial radius of the bubble
(R0 = 17 cm, see Figure 6.12).
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Figure 6.12: Configuration for the low-Mach MARA problem (2 bars)

The initial position of the bubble center and the overall dimension of the problem stay unchanged with
respect to the previous MARA testcase. The computations are performed using DEM-LM and DEM
methods, with solutions provided by each method compared on both accuracy and efficiency properties.
The initial conditions and parameters of this test case are given in Tables 6.9, 6.10.

Region 1 (bubble) Region 2 (water) Region 3 (air)
ρ (kg/m3) 2.1092 998.3 1.206
P (Pa) 2× 105 1× 105 1× 105

u (m/s) 0.0 0.0 0.0

Table 6.9: MARA bas-Mach. Initial conditions.

Artificial sound speed
cAC,water (m/s) cAC,gas (m/s)

eff = 2.86 542 120

Table 6.10: MARA bas-Mach. Artificial sound speed.

Comments:

• The value of the initial density of the bubble region is obtained by supposing that it is made of
perfect gas which is isentropically compressed:
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From 1 to 2 bars:

ρB,0 =

(
PB,0
PA,0

)1/γB

ρA,0 =

(
2× 105Pa

1× 105Pa

)1/1.24

1.206 kg/m3 ≈ 2.1092 kg/m3

• The material properties are similar to those used in the MARA test case (see Table 6.2).

• The (physical) initial sound speeds in water and gases in the domain are approximately 1550 m/s and
342.9 m/s. With an efficiency factor set equal to eff = 2.86, the artificial sound speeds used in the
liquid and gas for the DEM-LM simulations are those reported in Table 6.10. We will comment later
in this section the choice and influence of this important parameter eff for the DEM-LM simulations.

• In each region, we suppose that there are two phases (gas and liquid) and there is initially a small
volume fraction of residual phase which is at mechanical equilibrium with the other. These residual
volume fractions are set equal to αres = 10−6 for all DEM and DEM-LM calculations.

We also wish to emphasize that we do not consider the fluid-structure interaction in this low-Mach MARA
test case. This choice is motivated by two reasons:

• The actual displacement of the vessel is negligible with such a low level of energy released for the
low-Mach situation under consideration.

• The stability time steps for the structure solver and the fluid solver are not yet separated in the
current version of EUROPLEXUS when computing a fluid-structure interaction problem. The sta-
bility time step used for the computations is constrained in practice by the structural time-step.
Consequently, the analysis of the efficiency gain expected from the DEM-LM fluid solver could be
perturbed or even biased by taking into account the structure solver.

The calculation are performed using the coarse and medium grids previously used for the MARA problem.

6.2.2 Numerical results

In this section, we compare the solutions given by the DEM-LM and DEM on both the accuracy and the
efficiency criteria when computing the low-Mach MARA problem. Note the DEM method is applied with
the instantaneous relaxation procedure of [Saurel and Abgrall, 1999, Tang, 2012] for both pressure and
velocity while the DEM-LM relaxes only the velocity (these choices being "optimal" for each method).
DEM and DEM-LM methods share the following numerical choices:

• Second order accuracy in space using the limited linear reconstruction on primitive variables.

• Second order accuracy in time using 2-stage RK method.

• Anti-diffusive UDCS approach for the volume fraction [Tang et al., 2014a,Tang et al., 2014b,Tang,
2012].

• CFL = 0.5.

With respect to the MARA calculations of the previous section, we notice that it is not necessary to re-
duce the CFL number as we do not have fluid structure interaction in this case. The choice of a Courant
number CFL = 0.5 ensures a stable second-order accurate calculation for both DEM and DEM-LM.
In Figure 6.13, we compare the pressure at different positions under the slab (see section 6.1.4). The DEM
and DEM-LM method gives similar solutions, corresponding to an (almost) isentropic compression/expan-
sion behavior of the air layer due to the upward/downward motion of the liquid. A closer analysis shows
the radial evolution of the pressure time-evolution is not exactly the same between DEM and DEM-LM
(see in particular the second pressure peak). A further grid refinement, not performed in the present

171



6.2. LOW-MACH MARA PROBLEM

work, would be needed to draw a complete conclusion on this comparison in long time. What can be con-
cluded at this stage is that the DEM-LM strategy is consistent with the DEM fully compressible approach.

Figure 6.13: MARA bas-Mach. Time-evolution of the pressure under the slab. DEM (top) vs DEM-LM
(bottom). Medium grid.

In Figure 6.14, we compare the average pressure in the bubble and the air layer computed with DEM and
DEM-LM methods on the coarse and medium meshes. It is clearly observed that the average pressures
computed using DEM and DEM-LM with the same mesh resolution are very close to each other. The
effect of grid refinement (from coarse to medium) is the same for both methods with almost superimposed
time-evolutions for the average pressure in region 1 on the medium grid and very close time-evolutions in
region 3. The bubble pressure decreases from 2 bars to 1.31 bars when expanding and then increases to
1.95 bars when being in the contraction phase. Similarly, the air layer (region 3) is compressed from 1 bar
to 2.6 bars by the water hammer. We can conclude from this comparison that the DEM-LM solutions are
fully consistent with those given by DEM and we will detail in the next section the extent of computational
gain offered by DEM-LM with respect to DEM.
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Figure 6.14: MARA bas-Mach. Comparison of the average pressures for the DEM and DEM-LM methods.
From top to bottom: the average pressure in region 1 (bubble) and the region 3 respectively.

As a final accuracy indicator, Figure 6.15 displays the time-evolution of energy contributions for the DEM-
LM calculation on the medium grid: the internal energy of gas regions, the kinetic energy of water. The
total energy of the system is the sum of the previous energies neglecting the kinetic energy of gases and
the internal energy of water. We observe that, in practice, the computed total energy is (almost) constant
in time despite the fact that the DEM-LM model does not strictly ensure the conservation of this quantity
from a theoretical viewpoint.
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Figure 6.15: MARA bas-Mach. Medium grid DEM-LM solution. Time evolution of the internal energy
of regions 1 and 3 (red and green curves), the kinetic energy of water (blue curve) and the total energy
(black curve, sum of all contributions).

6.2.3 Computational cost

All the test cases in section 6.2 have been performed with sequential computations on a processor Intel(R)
Xero(R) CPU E5-2630 v2 @ 2.60GHz. The CPU time consumption TCPU(s) and the corresponding
number of time steps n to reach the final physical time of the simulation are summarized in Table 6.11.

DEM DEM-LM Speed-up
TCPU (s) n TCPU (s) n DEM vs DEM-LM

Coarse 4208.96 41081 1471.22 14394 2.86
Medium 43656.53 104164 12594.7 28788 3.46

Table 6.11: MARA bas-Mach. Computational cost: DEM vs DEM-LM. CFL = 0.5

The DEM and DEM-LM solutions have been shown to be consistent in the previous section (both on the
coarse and medium grids). This means the efficiency analysis of DEM/DEM-LM is performed for the
same level of accuracy. For a computation on the coarse mesh with a final physical time tf = 50 ms, the
DEM method takes 41081 time steps while it is only 14394 for the DEM-LM method. The ratio of the
maximum allowable time steps between DEM and DEM-LM 41081/14394 = 2.854 corresponds as expected
to the ratio between the physical and artificial sound speeds (or the efficiency coefficient eff). The overall
computational time between DEM and DEM-LM is reduced by a similar ratio 4208.96/1471.22 = 2.861
because the cost per point per iteration for both approaches is almost the same - the choice of a larger
timestep for DEM-LM translates therefore entirely into a gain of computational time.
When refining the mesh from the coarse one to the medium one, the number of time steps is increased by
a factor two in the DEM-LM model and the corresponding CPU time is increased by a factor close to 8,
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which is logical since the factor 2 on the time-step combines with a factor 22 (cells are halved in each R
and Z direction when going from coarse to medium) on the space loops. It can be noticed that for the
DEM method the computational cost increases by a factor above 10 when going from the coarse to the
medium grid. This extra cost was identified as being related to the relaxation process applied at each
iteration on the pressure and velocity. Overall, it can be concluded results such as those reported in Figure
6.14 for the time-evolution of the averaged pressure can be obtained using DEM-LM for a computational
time divided by a factor close to 3.5 with respect to the original DEM fully compressible approach.

Conclusion

In this final chapter, the DEM and DEM-LM methods introduced in the previous chapters and applied
up to now to model problems (1D bubble expansions) have been applied to an industrial application:
the multidimensional (2D axisymmetric) MARA experiment corresponding to an HCDA configuration of
interest for nuclear safety analysis.
In a first step, the DEM approach has been applied to the MARA problem for initial conditions rep-
resentative of the available physical experiments. It was thus possible to demonstrate the accuracy of
the DEM approach, coupled with an existing fluid-structure interaction treatment in the EUROPLEXUS
code, by comparing the computed results both with measurements and with another set of numerical re-
sults obtained using a well-established model for HCDA problems, namely the ADCR model implemented
in EUROPLEXUS. It was thus clearly established that DEM provides results which are consistent both
with ADCR and experiment. Once performed this validation of the DEM implementation for HCDA, it
remained to deal with the core issue of the present work low-Mach bubble expansion. The original MARA
experiment, useful for validation purpose, is not well-adapted to the assessment of the novel DEM-LM
strategy developed in the thesis as it is not a low-Mach configuration.
The MARA problem was therefore adapted (through the choice of pressure level and size of the initial
bubble) to become a so-called low-Mach MARA problem making the comparison between DEM and DEM-
LM relevant. The significant gain of efficiency offered by DEM-LM with respect to the original DEM was
demonstrated on this testcase and it was also proved this gain was ensured for an equivalent level of
accuracy.
The remaining limitation for the DEM-LM approach, already pointed out in the previous chapter, is the
lack of robustness of the solver applied to the solution of the first stage (hyperbolic system) of the DEM-
LM strategy which needs to be improved in order to allow the application of DEM-LM to HCDA problems
involving higher pressure levels in the initial bubble.
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Conclusions

An attractive numerical method capable of solving simultaneously the accuracy and the efficiency problems
encountered with standard compressible flow solvers in the low-Mach number regime has been developed
and implemented in the fast dynamic fluid-structure interaction code EUROPLEXUS, developed by CEA
and Joint Research Center (JRC). With attention given to non-reactive and immiscible two-phase flows,
the proposed method has relied on the DEM seven-equation model within a cell-centered finite volume
framework.

The full development of the new method for the two-phase flow situation was preceded by a series of
both analytical and numerical analysis for single-phase flows. It was firstly investigated in this work how
the quality of the numerical solutions computed with the co-located finite volume upwind methods of
Godunov-type degrades in the low-Mach number regime. This investigation was purely analytical and
relied on the asymptotic analysis at both the continuous level (Euler equations for inviscid flows) and the
discrete level, meaning the numerical schemes. It turns out that it is the wrongly scaled computed pressure
fluctuation which is responsible for the accuracy problem faced by these conventional compressible solvers
currently implemented in EUROPLEXUS.

A series of numerical experiments has been conducted using both well-prepared and not-well-prepared
initial conditions. It was found by the numerical experiments that physical problems using not-well-
prepared condition did not suffer from the accuracy issue. On the other hand, problems with the well-
prepared initial conditions were falsely computed by the standard compressible solvers. The adaptation
to the liquid case of some existing low-Mach numerical fixes [Dellacherie et al., 2016, Rieper, 2008] has
shown their ability to correctly compute low-Mach flows. However, these methods solve only partially the
low-Mach problems since the efficiency issue remains.

As stated, our purpose is to solve low-Mach flows accurately but also in an efficient way. With this
motivation, we have developed a new numerical method which was first presented for the single-phase
flow. It was tested on several piston problems and produced a promising efficiency with satisfactory
accuracy.

The success of the new method for single-phase flows has motivated its extension to the two-phase situation.
It is denoted as DEM-LM and can be regarded as the extension of the well-established DEM method in
the low-Mach number regime. A one-dimensional bubble expansion and the MARA problems (bubble
expansion in a vessel) have been computed in order to demonstrate the performance the new numerical
scheme.

Summary of the method development
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The DEM-LM solver is a two-step numerical scheme based on the artificial compressibility approach. The
first step involves solving a hyperbolic non-reactive immiscible two-phase system for the artificial acoustic
waves. The numerical efficiency is enhanced in this step by replacing the physical sound speed by an
artificial sound speed. In the second step, the wrongly computed variables in the first step are corrected,
supposing an isentropic transformation. Some key features of the DEM-LM method are:

• The method (implemented in EUROPLEXUS) is second order accurate in both space and time
(thanks to a usual reconstruction technique on primitive variable and a standard 2-step Runge-
Kutta time-integration) and is able to compute multi-dimensional problems.

• The anti-diffusive UDCS strategy [Tang, 2012, Tang et al., 2014a, Tang et al., 2014b] aiming at
sharply capturing a fluid/fluid interface and also available in EUROPLEXUS can be combined with
the current DEM-LM method.

• Problems with moving boundaries are taken into account by considering the ALE approach.

• The method is readily applied for fluid structure interaction problems.

• The DEM-LM method reduces to single-phase situation by considering two fluids of the same phase.

It was numerically shown that an efficiency factor of 16 could be obtained on the one-dimensional bubble
expansion representative of an HCDA nuclear safety problem, while the time consumption is reduced by
more than 3 times in the two-dimensional MARA-like configuration without fluid-structure interaction.
This efficiency improvement was achieved with DEM-LM while preserving the accuracy of the computed
solutions. However, the approach still suffers from a robustness issue since a (linear) acoustic solver was
employed in solving the hyperbolic system associated with the first stage of the method. This prevents
from computing problems with higher non-linearity (higher pressure levels in the initial bubble for in-
stance).

Perpsectives

The limitation related to the robustness issue could be solved by employing other numerical fluxes capable
of treating compressible flows with potentially large Mach numbers. Possible fluxes to apply would be the
extension of Osher Riemann solver introduced in [Dumbser and Toro, 2011b,Dumbser and Toro, 2011a]
or the HLLEM numerical flux [Dumbser and Balsara, 2016], suited to non-conservative hyperbolic and
two-phase systems.

At the present time, the performance of the DEM-LM method has only been assessed for problems without
fluid structure interaction. It is not a limitation of the method but rather the fact the current algorithm
implemented in EUROPLEXUS prevents us from investigating properly the efficiency of our solver with
fluid structure interaction taken into account. Indeed, the stability time steps of the fluid solver and the
structural solver are currently not separated so that the stability time step applying to the fluid solver is
actually constrained by the structure. Future tasks involve separating fluid-structure time steps to pro-
duce the expected efficiency of the current DEM-LM method when computing problems with deformable
structure.

We finally conclude by emphasizing the long-term objective of numerical developments to come in EU-
ROPLEXUS following the present thesis: building a numerical method capable of computing reactive
low-Mach two-phase flows, to study in particular potential accidental situations occurring in a nuclear
reactor containment and involving hydrogen-air combustion. The RDEM (Reactive Discrete Equation
Method) [Le Métayer et al., 2005], an extension of the DEM for reactive flows, appears as an attractive
starting point on which to extend the ideas of DEM-LM introduced and applied in our work.
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A
Conservative and primitive formulation

For the sake of simplicity, we demonstrate here the 1D transformation in the Cartesian coordinate system.
The Euler system in conservative form is written as:

∂ρ

∂t
+
∂(ρu)

∂x
= 0

∂(ρu)

∂t
+
∂(ρu2 + p)

∂x
= 0

∂(ρet)

∂t
+
∂((ρet + p)u)

∂x
= 0

In primitive form, the mass conservation equation is written as:

∂ρ

∂t
+ u

∂ρ

∂x
+ ρ

∂ρ

∂x
= 0 (A.1)

The momentum conservation equation can also be written as:

u

(
∂ρ

∂t
+
∂(ρu)

∂x

)
+ ρ

(
∂u

∂t
+ u

∂u

∂x

)
+
∂p

∂x
= 0

In which the first term disappears leading to the momentum equation in the primitive form as:

∂u

∂t
+ u

∂u

∂x
+

1

ρ

∂p

∂x
= 0 (A.2)

The total energy conservation equation can be written as:

et
(
∂ρ

∂t
+
∂(ρu)

∂x

)
+ ρ

(
∂et

∂t
+ u

∂et

∂x

)
+ p

∂u

∂x
+ u

∂p

∂x
= 0

The first term disappears thanks to the mass conservation equation. By replacing the total energy by the

sum of the internal and the kinetic energy et = e+
1

2
u2, the above equation gives:

ρ

(
∂e

∂t
+ u

∂e

∂x

)
+ ρu

(
∂u

∂t
+ u

∂u

∂x

)
+ p

∂u

∂x
+ u

∂p

∂x
= 0

The term
∂u

∂t
+ u

∂u

∂x
can be replaced by −1

ρ

∂p

∂x
thanks to the primitive form of the momentum equation

which then gives the evolution equation for the internal energy:

∂e

∂t
+ u

∂e

∂x
+
p

ρ

∂u

∂x
= 0
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We now try to transform this equation into the evolution equation for the pressure. The internal energy
is in fact the function of the pressure and the density. Indeed, the equation of state gives e = e(p, ρ) and
therefore we have:

de =
∂e

∂p

)
ρ

dp+
∂e

∂ρ

)
p

dρ

Which then yields:

∂e

∂t
=
∂e

∂p

)
ρ

∂p

∂t
+
∂e

∂ρ

)
p

∂ρ

∂t
and

∂e

∂x
=
∂e

∂p

)
ρ

∂p

∂x
+
∂e

∂ρ

)
p

∂ρ

∂x

Replacing theses relations into the evolution equation for the internal energy yields:

∂e

∂p

)
ρ

(
∂p

∂t
+ u

∂p

∂x

)
+
∂e

∂ρ

)
p

(
∂ρ

∂t
+ u

∂ρ

∂x

)
+
p

ρ

∂u

∂x
= 0

The term
∂ρ

∂t
+ u

∂ρ

∂x
can be replaced by −ρ∂u

∂x
by the mass conservation equation and this equation can

now be rewritten as the evolution equation for the pressure:

∂p

∂t
+ u

∂p

∂x
+ ρ

[
p

ρ2
− ∂e

∂ρ

)
p

]
∂e

∂p

)
ρ

∂u

∂x
= 0

We define the sound speed as:

c2 =

[
p

ρ2
− ∂e

∂ρ

)
p

]
∂e

∂p

)
ρ

(A.3)

And the pressure equation becomes:

∂p

∂t
+ u

∂p

∂x
+ ρc2∂u

∂x
= 0 (A.4)

The equations (A.1), (A.2), (A.4) form the Euler system in the primitive form.
In the following, we demonstrate that the definition of sound speed in (A.3) is equivalent to the classical
definition of sound speed in fluid dynamics:

c2 =
∂p

∂ρ

)
s

Where s is the entropy.
Indeed, from the first law of thermodynamics we have:

de = δQ+ dW ⇒ de = Tds− pdV = Tds+
p

ρ2
dρ

Under the isentropic hypothesis, this relation becomes:

de =
p

ρ2
dρ
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Since de =
∂e

∂p

)
ρ

dp+
∂e

∂ρ

)
p

dρ, we obtain:

de =
∂e

∂p

)
ρ

dp+
∂e

∂ρ

)
p

dρ =
p

ρ2
dρ

Which means:

dp

dρ
=
∂p

∂ρ

)
s

=

[
p

ρ2
− ∂e

∂ρ

)
p

]
∂e

∂p

)
ρ

= c2
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B
The ADCR model of EUROPLEXUS

The ADCR model has been specifically developed to deal with HCDA. Details can be found in the Users
Manual [Europlexus, 2020]. This section is a summary of [Beccantini, 2019, Appendix A].

This model involves three regions:

1. Gas bubble.

2. Liquid sodium.

3. Argon.

I.e. there are two phases (liquid and gas) and three species (sodium, gas bubble and argon).

On one hand, it is supposed that the two gaseous species cannot occupy the same control volume. On the
other hand, when a gaseous species and the liquid occupy the same control volume, it is supposed that
they present the same pressure p and the same velocity v (one pressure and one velocity two phase
model).

The governing equations are the Euler equations (conservation of the masses and of the momentum for
non-viscous phenomena):

∂ρYi
∂t

+∇ · (ρYiv) = 0, i = 1, 2

∂ρ

∂t
+∇ · (ρv) = 0

∂ρv
∂t

+∇ · (ρv⊗ v) +∇p = 0.

where ρ is the total mass, Yi is the mass fraction of each species (the ratio between the mass of the species
and the total control volume), v and p the speed and the pressure.

The conservation equation for the energy is not considered. For each species it is

de = −pd
(

1

ρ

)
+ Tds. (B.1)

where e is the internal energy per unit mass, T the temperature, s the entropy, cvthe constant volume
specific heat, γ the heat specific ratio.
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B.0.1 Gaseous phase

As far as the argon and the bubble are concerned, we suppose that they behave as a perfect gas, with

de = cvdT =
R

γ − 1
dT

p = ρRT

which, combined together, gives
e− e0 =

p

(γ − 1)ρ

(“0” standing for the reference state), or

de =
1

γ − 1

(
1

ρ
dp+ pd

(
1

ρ

))
=

p

(γ − 1)ρ

(
1

p
dp− 1

ρ
dρ
)
. (B.2)

If we combine equations (B.1) and (B.2), we obtain

de =
1

γ − 1

(
1

ρ
dp+ pd

(
1

ρ

))
= −pd

(
1

ρ

)
+ Tds,

i.e.
Tds =

1

γ − 1

(
1

ρ
dp+ γpd

(
1

ρ

))
. (B.3)

Concerning the argon, we suppose that it behaves isentropically1. From equation (B.3) we obtain

1

p
dp =

γ

ρ
dρ

or
p

p0
=

(
ρ

ρ0

)γ
.

which also gives
T

T0
=

(
ρ

ρ0

)γ−1

.

i.e. during an isentropic compression the temperature increases; vice-versa, during an isentropic expansion
it decreases.

As far as the gas bubble is concerned, we suppose that the transformation is not isentropic. From a
physical point of view, it is surrounded by hot corium, which continuously injects heat inside the bubble.
For the sake of simplicity, we suppose that the process is polytropic, namely

p

p0
=

(
ρ

ρ0

)n
.

or
T

T0
=

(
ρ

ρ0

)n−1

.

Then, for physical reason, the temperature should be greater than temperature during an isentropic
expansion. As one can see from the previous equation during an expansion the temperature behaves as
follows.
1 We remind that, if the flow does not involve strong shocks, the conservation of the entropy implies the conservation of

the total energy and vice-versa [Courant and Friedrichs, 1948]
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• n = γ: the temperature decreases as in the isentropic case;

• γ < n < 1: the temperature decreases less that in the isentropic case;

• n = 1: the temperature is constant;

• n < 1: the temperature increases as the density decreases.

In the same manner, during a compression we should have n > γ. However, since the bubble mainly
expands, for the sake of simplicity we always take n < γ. From equation (B.3) one obtains

dq =
p

(γ − 1)ρ

(
1

p
dp− γ

ρ
dρ
)

=
p0

(γ − 1)ρ0

(
ρ

ρ0

)n
(n− γ)

1

ρ
dρ =

(n− γ)p0

(γ − 1)ρ0

(
ρ

ρ0

)n−1

d
(
ρ

ρ0

)
.

which confirms that, when n < γ, dq is positive when dρ is negative (during a bubble expansion).

Remark. Before concluding we emphasize that, from equation (B.1)) that for an isentropic transformation

de = p0

(
ρ

ρ0

)γ dρ
ρ2

=

(
p0

ρ0

)(
ρ

ρ0

)γ−2 dρ
ρ0

and for a polytropic transformation,

de− dq =

(
p0

ρ0

)(
ρ

ρ0

)n−2 dρ
ρ0

Namely for n > 1 we would obtain the same results as we considered an isentropic transformation for a
perfect gas with specific ratio equal to n:

de′ =
(
p0

ρ0

)(
ρ

ρ0

)n−2 dρ
ρ0

(B.4)

Note that even in the case n = 1 we have a negative variation of e′ during a polytropic expansion: (∆T = 0
but c′v = R/(n− 1) =∞).

B.0.2 Liquid phase

We suppose that the liquid phase goes through isentropic transformations only. Moreover, we linearize
the EOS in the form

p = p (ρ, s)

and we obtain
p ≈ p0 +

(
∂p

∂ρ

)
s

(ρ− ρ0) = p0 + c2
s (ρ− ρ0) .

Then the internal energy variation is given by

de =
p

ρ2
dρ+ Tds︸︷︷︸

0

i.e.
e− e0 =

p0

ρ0

(
1− ρ0

ρ

)
+ c2

s

(
ln

(
ρ

ρ0

)
−
(

1− ρ0

ρ

))
We define

x = 1− ρ0

ρ
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i.e.
ρ

ρ0
=

1

(1− x)

If x ≈ 0,

ln (1 + x) = x− 1

2
x2 + 0

(
(x3
)

ln

(
1

1− x

)
= − ln (1− x) = x+

1

2
x2 + 0

(
(x3
)

i.e.

e− e0 ≈
p0

ρ0

(
1− ρ0

ρ

)
+

1

2
c2
s

(
1− ρ0

ρ

)2

B.0.3 Liquid-gas mixing

If a control volume is occupied by both liquid (L) and gas (G), the volume fraction modifies such that the
liquid and the gas present the same value for the pressure. We call α the gas volume fraction. According
to EOS for liquid

pL = pL,0 + c2
s,L,0 (ρL − ρL,0) = pL,0 + c2

s,L,0

(
ρYL

1− α
− ρL,0

)
(B.5)

Note that, for the definition above, (ρYL) is the total mass of liquid per unit volume in the total control
volume (occupied by both liquid and gas); (ρYL)/(1− α) is the physical density of the liquid (which only
occupies the fraction of the control volume (1− α)).
According to the EOS for the gas

pG = pG,0

(
ρG
ρG,0

)n
= pG,0

(
ρYG
ρG,0

)n 1

αn
(B.6)

We suppose that the pressure equilibrium is an infinitely fast phenomenon. If follows that at a generic
time t in each control volume the RHS of equations (B.5) and (B.6) are function of α only, which presents
the value such that

pL(α) = pG(α). (B.7)

We emphasize that pL(α) is a monotone function which varies from a finite value (α = 0, positive or
negative), to a positive infinite value (α = 1). pG(α) is monotone function varying from a positive finite
value (α = 1) to a positive infinite value (α = 0). It follows that there exists one and only one positive
solution for equation (B.6).

During this infinitely fast phenomenon we have energy exchanges between liquid and gas; moreover, for
the gas bubble, we have heat exchange when n is different from γ.

As far as the mixture energy is concerned, it is equal to the sum of the energies of the gas and the liquid
phases:

ρe = ρLeL + ρGeG =
ρYL

1− α
eL +

ρYG
α

eG

or
e =

YL
1− α

eL +
YG
α
eG.
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As far as the sound speed is concerned, we observe that in an isentropic transformation in which mass
fractions are constant, from (B.5) and (B.6) we have

dpL = c2
s,L,0

(
YL

1− α
dρ+

ρYL
(1− α)2

dα
)

and
dpG = c2

s,G

(
YG
α

dρ− ρYG
(α)2

dα
)
.

Since dpL = dpG = dp, by eliminating dα from the previous formulae we find that(
(1− α)2

YLρc2
s,L,0

+
(α)2

YGρc2
s,L,0

)
dp =

1

ρ
(α+ (1− α)) dρ

i.e. the expected Wallis formula
1

ρc2
s

=

(
(1− α)

ρLc2
s,L,0

+
α

ρGc2
s,G

)
.
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C
The 2D axisymmetric cylindrical piston problem with WPIC on

triangular (TRI) mesh

For reasons of completeness, we present below the numerical results of the 2D axisymmetric cylindrical
piston problem with WPIC using the HLLC solver on TRI mesh. The test case is a complement for the
results presented in sections 2.1 and 3.5.3. The dimension and the initial conditions have already been
discussed in section 3.5.3.

Comparison for case 1:

In Figure C.1, the computed velocity fields are shown on the QUAD and TRI meshes. It is clearly observed
that the TRI mesh gives the expected one-dimensional behavior and help fix the wrong solution given on
QUAD mesh. The corresponding projections for the TRI mesh results on the different lines and at different
times are also presented in Figure C.3. These two instants correspond to different phases of the piston
velocity: t = 3.5× 10−1 s with Vp = 1 m/s (in the zero acceleration phase) and t = 5.0× 10−1 s with
Vp = 0 (in the deceleration phase). From these comparisons, we state that the HLLC solver on TRI mesh is
able to produce a correct solution for the velocity in the low-Mach number regime: all numerical solutions
projected on different angles −22.5, −45, −67.5 and the reference velocity field are superimposed every
instants. Note that at t = 5.0× 10−1 s, the velocity field given by (3.25) is equal to zero everywhere in
the flow.
Concerning the projected pressure solutions presented in Figure C.2 at the same two instants, oscillations
about the reference one are seen. However, as discussed in section 3.5.3, the pressure fluctuations are
negligible from a practical viewpoint since it is very small when compared to the thermodynamic pressure
of order 1.0× 105 Pa.

Comparison for case 2:

In case 2, we add as discussed in section 3.5.2.2 the dynamic pressure in the initial pressure field. As
observed in Figures C.4, this does not help improve the accuracy in computing the dynamic pressure.
The velocity is always correctly computed as shown in Figure C.5. We emphasize in all cases that mesh
refinement does not help the convergence towards the reference solution.
Despite giving goods solutions, the efficiency problem remains which requires developing novel methods
with the aim at reducing the CPU time consumption.
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Figure C.1: 2D axisymmetric cylindrical piston problem with WPIC. Case 1: Velocity solutions at t =
0.35 s, CFL = 0.5. HLLC solver on coarse QUAD mesh (left), HLLC solver on coarse TRI mesh (right).
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Figure C.2: 2D axisymmetric cylindrical piston problem with WPIC. Case 1: Projected pressures at
t = 3.5× 10−1 s (left) and t = 5.0× 10−1 s (right). HLLC solver on coarse TRI mesh.
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Figure C.3: 2D axisymmetric cylindrical piston problem with WPIC. Case 1: Projected velocities at
t = 3.5× 10−1 s (left) and t = 5.0× 10−1 s (right). HLLC solver on coarse TRI mesh.
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t = 3.5× 10−1 s (left) and t = 5.0× 10−1 s (right). HLLC solver on coarse TRI mesh.
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D
Some analytical verification for the developed numerical methods

D.1 Verification of the AC-LM method for single-phase flow

In this section, we consider a simple example in order to verify the numerical schemes proposed in the
previous section. In particular, we investigate the density solution given by the 1D transport equation
with the initial condition supposed to be piecewise constant qualitatively illustrated in Figure D.1 (top).

∂ρ

∂t
+ u

∂ρ

∂x
= 0

ρ(x, tn) =

{
ρni , x ∈ Ci
ρni+1, x ∈ Ci+1

We neglect the contribution to the solution from the cell i− 1 . Moreover, we suppose that the density is
transported to the left with a speed faster than the displacement speed of the intercell |um,i+1/2| < |u∗|.
By supposing the solution structure in Figure D.1 (bottom), the exact density solution ρn+1

i is graphically
illustrated in Figure D.2 and can be expressed as:

ρn+1
i =

SA′BDEHF ′

∆xn+1
i

=
SA′BDC′ + SC′EHF ′

∆xn+1
i

=
(ρni+1 − ρni )

[
−u∗ − (−um,i+1/2)

]
∆t

∆xn+1
i

+
ρni
[
∆xn − (−um,i+1/2)∆t

]
∆xn+1

i

(D.1)

We now investigate the numerical scheme (3.17). With the solution structure in Figure D.1 (bottom):

• The velocity along the intercell x/t = um,i+1/2 is determined by:

ui+1/2 = u∗

• The numerical flux along the intercell x/t = um,i+1/2 is computed as:

FALEi+1/2 = ρni+1u
∗ − ρni+1um,i+1/2 = (u∗ − um,i+1/2)ρni+1

The density solution can therefore be computed by the scheme (3.17) as:

ρn+1
i = ρni

∆xni
∆xn+1

i

−
(u∗ − um,i+1/2)∆t

∆xn+1
i

ρni+1 +
u∗∆t

∆xn+1
i

ρni

=
SCEHF

∆xn+1
i

− −SA
′BGF ′

∆xn+1
i

− SCDGF

∆xn+1
i

=
SA′BDEHF ′

∆xn+1

(D.2)
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D.1. VERIFICATION OF THE AC-LM METHOD FOR SINGLE-PHASE FLOW

which is exactly equal to the formula (D.1).

x

t

u+ cACu− cAC u um;i+1=2
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ρ
n
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ρ
n
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Figure D.1: Verification for the density solution: Initial density (top); Supposing solution structure for
the Riemann problem (bottom).
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Figure D.2: Verification for the density solution: Density solution at t = tn+1 before taking the cell average
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D.2. VERIFICATION OF THE DEM-LM METHOD FOR TWO-PHASE FLOW

D.2 Verification of the DEM-LM method for two-phase flow

We investigate in this section a simple example in order to verify the DEM-LM taking into account the
moving cell boundaries by the ALE approach. In particular, we analyze the quantity αρ for the phase Σ1

shaded in Figure D.3 governed by the one-dimensional transport equation (5.9)2:

∂(αρ)

∂t
+ u

∂(αρ)

∂x
= 0 (D.3)

Moreover, we assume the IN Σ1 case meaning the phase Σ1 enters the cell i from its neighboring cell i+ 1
with a speed supposed to be faster than the speed of the intercell. The quantity αρ takes initially the
values αni ρ

n
i and αni+1ρ

n
i+1 in the cells i and i+ 1 respectively with αni ρ

n
i < αni+1ρ

n
i+1.

AB A'

i+ 1i

E

∆x = −um∆t

∆x
n
i
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FF'GH

∆x
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i

(αρ)ni

(αρ)ni+1

D

Figure D.3: IN Σ1 ALE case

At the beginning, the quantity αρ in cell i can be expressed graphically as:

(∆xαρ)ni = ∆xni (αρ)ni = SCEHF

If we neglect the contribution from the intercell i− 1/2, the quantity αρ at later time will be transported
with a velocity u∗ supposed to be negative. By considering the moving intercell with the velocity um < 0,
the quantity αρ can be exactly calculated at tn+1 = tn + ∆t as:

(∆xαρ)n+1
i = SA′BDEHF ′ = SCEHF + SABDC − SAA′F ′F

= ∆xni (αρ)ni + (αni+1ρ
n
i+1 − αni ρni )(−u∗)∆t︸ ︷︷ ︸

added part to fixed mesh

−αni+1ρ
n
i+1(−um)∆t︸ ︷︷ ︸

removed part ALE

(D.4)

The variation of the quantity ∆xαρ during ∆t is:

(∆xαρ)n+1
i − (∆xαρ)ni = SABDC − SAA′F ′F

= (αni+1ρ
n
i+1 − αni ρni )(−u∗)∆t︸ ︷︷ ︸

added part to fixed mesh

−αni+1ρ
n
i+1(−um)∆t︸ ︷︷ ︸

removed part ALE

(D.5)
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D.2. VERIFICATION OF THE DEM-LM METHOD FOR TWO-PHASE FLOW

We now investigate the DEM-LM scheme in the ALE case (5.15) considering the transport equation (D.3)
written in a more conservative form for the DEM-LM scheme as:

∂(αρ)

∂t
+
∂(αρu)

∂x
= αρ

∂u

∂x

We notice that there is no contribution of the Lagrangian fluxes and the two main contributions are of the
conservative fluxes and the source term associated to the divergence of velocity. Moreover, in the case of
a simple transport equation, the velocity are the same on the intercells and on the contact waves, namely:

u∗i+1/2,2P = u0
i+1/2,2P = u∗i+1/2,1P = u0

i+1/2,1P = u∗

The conservative fluxes can be computed in terms of the contributions of the 1P and 2P RPs:

(αFALE)1,i+1/2,2P,IN Σ1
= (αni+1 − αni )ρni+1(u0

i+1/2,2P − um)

= (αni+1 − αni )ρni+1(u∗ − um)

(αFALE)1,i+1/2,1P,IN Σ1
= αni ρ

n
i+1(u0

i+1/2,1P − um) = αni ρ
n
i+1(u∗ − um)

And the total contribution of the conservative fluxes is the sum of two above formulas:

(αFALE)1,i+1/2,IN Σ1
= αni+1ρ

n
i+1(u∗ − um)

Similarly, the source terms can be computed in terms of the contributions of the 1P and 2P RPs:

B1,i,2P = (αni+1 − αni )ρni+1(u∗i+1/2,2P − u
0
i+1/2,2P ) = 0

B1,i,1P = αni ρ
n
i (u0

i+1/2,1P ) = αni ρ
n
i u
∗

And the total contribution of the source terms is the sum of two above formulas:

B1,i = αni ρ
n
i u
∗

Finally, the variation of the quantity ∆xαρ during ∆t computed by (5.15) is:

(∆xαρ)n+1
i − (∆xαρ)ni = (αni+1ρ

n
i+1 − αni ρni )(−u∗)∆t− αni+1ρ

n
i+1(−um)∆t (D.6)

Which is exactly equal to (D.5) calculated analytically.
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E
Instantaneous relaxation procedure

For the sake of completeness, we briefly summarize basic principles of the relaxation procedure applied to
our two-phase solvers (namely DEM and DEM-LM). We refer to [Tang, 2012], appendix C for detailed
steps of the relaxation process.
The instantaneous relaxation procedure introduced in [Saurel and Abgrall, 1999] represents, in addition to
the two-fluid system, an internal phase interaction inside each cell element, with the purpose of "relaxing"
the system till both phases contain the same pressure and velocity. Another utility of the relaxation
procedures consists in taking account of the two-phase physical mixtures [Saurel and Abgrall, 1999,Abgrall
and Saurel, 2003,Guillard and Murrone, 2006].
The relaxation procedure already described in [Tang, 2012] is composed of two steps performed firstly for
the velocity and next for the pressure. The process does not involve any Newton type iterative method
and is applied:

• After each iteration of the DEM solver.

• After the resolution of part I (hyperbolic part) for the DEM-LM solver.

The instantaneous velocity relaxation procedure (see Figure E.1) assume that the fluids are incompressible
and act as rigid bodies. Using the mass conservation principle, it follows that the densities of two phases
before and after this process stay unchanged:

ρ0
1 = ρ0′

1 , ρ
0
2 = ρ0′

2

The equilibrium velocity can be next determined by applying the momentum conservation equation (see
[Tang, 2012], equations C.6, C.7). The new values for pressure of each phase can be updated using SG-
EOS computed from the density and the new values of the internal energy calculated by considering the
conservation of total energy.
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Figure E.1: Instantaneous relaxation procedure for the velocity.
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The instantaneous pressure relaxation procedure considers a closed system supposing an adiabatic process
of thermodynamics. The physical problem is similar to an isolated tank initially separated, by a moving
boundary, into two chambers of compressible materials of different pressure, same density and velocity. The
chamber with higher pressure will apply a force to move the boundary till the system finds its equilibrium
state. It is obvious that the new equilibrium pressure together with the new values of density and volume
(or volume fraction) of each phase must be determined by considering the basics conservation laws and
thermodynamics principles (see [Tang, 2012], Appendix C.2) to obtain the final state.
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Figure E.2: Instantaneous relaxation procedure for the pressure.
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