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Il Abstract

A unified numerical framework is presented for the modelling of multiphasic viscoelastic
and elastic flows. The rheologies considered range from incompressible Newtonian or
Oldroyd-B viscoelastic fluids to Neo-Hookean elastic solids. The model is formulated
in Eulerian coordinates. The unknowns are the volume fraction of each phase (liquid,
viscoelastic or solid), the velocity, pressure and the stress in each phase.

A time splitting strategy is applied in order to decouple the advection operators and the
diffusion operators. The numerical approximation in space consists of a two-grid method.
The advection equations are solved with a method of characteristics on a structured grid
of small cells and the diffusion step uses an unstructured coarser finite element mesh.
An implicit time scheme is suggested for the time discretisation of the diffusion step.
Estimates for the time and space discretisation of a simplified model are presented, which
proves unconditional stability.

Several numerical experiments are presented, first for the simulation of one phase flows
with free surfaces. The implicit time scheme is shown to be more efficient than the
explicit one. Then, the model for the deformation of an elastic material is validated for
several test cases. Finally, Signorini boundary conditions are implemented and presented
for the simulation of the bouncing of an elastic ball.

The multiphase model is validated through different test cases. Collisions between
Neo-Hookean elastic solids are explored. Simulations of multiple viscoelastic flows are
presented: an immersed viscoelastic droplet and a Newtonian fluid in a constricted cavity.
The fall of an immersed Neo-Hookean elastic solid into an incompressible Newtonian or
viscoelastic fluid is also presented.

Finally, the one phase model is extended to compressible flows. The method of charac-
teristics is updated in order to solve the advection equations, when the velocity is not
divergence-free. A numerical scheme is proposed and a numerical experiment is presented.

Keywords: computational fluid dynamics, continuum mechanics, Eulerian framework,

free-surface flows, multiphase flows, time-splitting, two-grids, method of characteristics,
finite elements, fluid-structure interactions, weakly compressible flows.
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B Résumé

Un modele numérique unifié est présenté afin de modéliser 1’écoulement multiphasique de
fluides viscoélastiques et de solides élastiques avec une surface libre. Les différents types de
rhéologies comprennent les fluides incompressibles Newtoniens, les fluides viscoélastiques
avec un modele de type Oldroyd-B incompressible et les solides élastiques avec un modele
de type Neo-Hookéen incompressible. Une formulation Eulerienne est utilisée pour la
modélisation du probleme, ou les inconnues sont les fractions de volumes de chaque
phase (liquide ou solide), ainsi que la vitesse, la pression et le tenseur de contraintes pour
chaque phase.

Les termes de transport et de diffusion sont découplés a ’aide d’une méthode a pas
fractionnaires (splitting). L’approximation numérique du systéme d’équations utilise deux
maillages. Une méthode des caractéristiques est utilisée pour résoudre les équations de
transport sur une grille structurée de petites cellules, tandis que les termes de diffusion
sont résolus sur un maillage éléments finis non-structuré plus grossier. Un schéma impli-
cite en temps est proposé pour la discrétisation en temps de 'opérateur de diffusion. Des
résultats de stabilité pour la discrétisation en temps puis en espace sont présentés pour
un modele simplifié.

Le modele est validé par différents cas-tests, dans un premier temps en considérant une
unique phase. Nous montrons que notre schéma implicite est plus précis que le schéma
explicite. Ensuite, le modele de déformation élastique est validé pour différents cas-tests.
Finalement, les conditions de bord de Signorini sont implémentées afin de reproduire le
rebond d’une balle élastique.

Le modele multiphase est validé a travers différents cas-tests. La simulation de la collision
de deux spheres solides est abordée. L’interaction entre plusieurs fluides viscoélatiques est
étudiée pour une simulation d’écoulement d’une goutte de fluide viscoélastique immergée
dans un fluide newtonien. La simulation de déformation d’un solide Neo-Hookean immergé
dans un fluide incompressible Newtonien ou viscoélastique est aussi présentée.

Finalement, le modele numérique unifié est étendu aux écoulement faiblement compres-
sibles. La méthode des caractéristiques est adaptée afin de résoudre les équations de
transport, lorsque la divergence de la vitesse ne vaut plus zéro. Une expérience numérique
est présentée.



Résumé

Mots-clés : mécanique des fluides, mécanique des milieux continus, coordonnées Eule-
riennes, surfaces libres, écoulements multiphase, pas de temps fractionnaire, méthode a
deux grilles, méthodes des caractéristiques, éléments finis, interaction fluide-structure,
écoulement faiblement compressible.
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B Introduction

The goal of this thesis is to present a unified model for the simulation of the inter-
actions between fluids and structures with free surfaces. A multiphase formulation is
proposed to model three different types of interactions: fluid-fluid, fluid-structure or
structure-structure. The rheology of the fluids considered are Newtonian and viscoelastic
liquids. Their interaction with multiple elastic solids is formulated in Eulerian coordinates.

This introduction contains four parts. A state-of-the-art of viscoelastic fluids is first
discussed. A quick introduction to continuum mechanics is then presented, emphasizing
the difference between Lagrangian and Eulerian formulations. Multiphase and free
surfaces flows problem are then discussed. Finally, an overview of the present thesis is
described.

Fluid mechanics: viscoelastic fluids

Rheology pertains to the study of material flows and deformations under mechanical
forces. This concerns gas, liquids or solids. However, complex fluids [OP02] exhibit
a different behaviour than the three phases of matter [BAH87, Lar99, CGR16]. As
mentioned in [Lar99], "Specification of a viscosity or an elastic modulus does not even
begin to describe the mechanical properties of such a substance." Examples of such
materials range from different foods like mayonnaise, chocolate but also ice cream, blood
or even computer screens, containing liquid crystals.

Newtonian fluids exhibit a linear relation between the stress and the gradient of the flow
velocity. A fluid is called non-Newtonian when this relation is nonlinear. These relations
can involve high or very low temperature as in glassy liquids or electrorheological fluids,
which can become very viscous under electrical currents. This relation between stress and
strain in the flow implies a change in the viscosity of the fluid. For example, the viscosity
of shear-thinning and thickening fluids respectively decreases or increases under large
velocity gradients. The class of viscoelastic fluids exhibit a non-Newtonian behaviour
in the sense that their relaxation time - the time for the stress to return to zero under
constant-strain condition - is strictly positive. For instance, polymeric fluids, made of
polymer chains, are exhibiting elastic properties.
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The mathematical modelling of viscoelastic flows at the macroscopic level uses Navier-
Stokes equation coupled with a constitutive equation for the extra-stress tensor [LL89,
OPO02]. This last equation models the elastic behaviour of the material. The Navier-
Stokes equations are based on the principles of the mass and momentum equations, which
read

op B
E—I-V-(pu)—o,

p(%—i—(u'V)-u) -V-T=F,
ot

where p denotes the density of the fluid, w the velocity of the fluid, T is the tensor of
internal body forces and F, the external forces. A fluid is said to be incompressible if
its density is constant in time and space. In this case, the velocity of the flow satisfies
V -u = 0 [TELBO06]. However, this is a mathematical simplification, since all fluids
exhibit compressible behaviour at a certain scale. In this case, the relation between the
density and the pressure in the fluid is defined by an equation of state. Compressible
flows are discussed in chapter 5.

In the case of an incompressible Newtonian fluid, the stress contains the pressure of the
fluid p and is linear with respect to the strain tensor e(u) = (Vu + VauT):

T = —pI + 2n4e(u),

where 7, is called the solvent viscosity. For viscoelastic fluids, the following definition of
the stress tensor T' is considered

T = —pI + 2nse(u) + o,

where o is an extra-stress tensor due to the viscoelastic effect. At the microscopic level,
considering polymeric fluids, mathematical models arising from kinetic theories can be
considered [BCP06, LOP11]. In the dumbbells model, polymer chains are modelled as
beads linked by an elastic string. They are not interacting with each other. At the
macroscopic level, this kinetic theory coincides with the so-called Oldroyd-B constitutive

equation
do

ot
where 7n,, A > 0 respectively denotes the polymer viscosity and the relaxation time
of the viscoelastic fluid [CGR16]. More realistic is the so-called Finitely Extensible
Nonlinear Elastic (FENE) microscopic model, in which dumbells have finite extensions

o+ A\ ( + (u-V)o — Vuo — aVuT> = 2mpe(u),
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[Lar99, OP02]. At the macroscopic level, the Oldroyd-B model can be generalised:

flo)o+ A (g: + (u-V)o — Vuo — UVuT) = 2np€(u),
where f can be a function of ¢ and yields more complex models, such as the Giesekus or
Phan-Thien-Tanner (PTT) models [BAH87, Lar99, BCP11], which allow shear-thinning
behaviour.

In viscoelastic flows, the nonlinear terms Vuo + oVu! in the Oldroyd-B equation gives
rise to unstabilities in various cases. The most famous one is of contraction 4 : 1, where
a viscoelastic fluid flows into a contracted domain [TCM05, HFK05, KKK*05]. The
non-dimensional Weissenberg number We = AV/L, where V is a characteristic velocity
and L a characteristic length, plays a major role, as instabilities arise when this number
is high. Different methods have been proposed to deal with this problem [BCP11], but
this is not addressed in this thesis. A complete review of the instability problem arising
from the Oldroyd-B model can be found in [STK*22].

When 1, = 0, even in the absence of the non linear terms Vuo + oVul, stability
issues may be encountered depending on the finite element spaces used for velocity and
extra-stress [FGP97, BPS01]. A remedy is to use the Elastic Viscous Split Stress (EVSS),
which adds an extra-component D = e(u) [FGP00, BPS01, PR01, BPL06].

Continuum mechanics

The analysis of a structure has a major role in engineering. Balance principles are the
state of the art from principles of physics, as they allow the mathematical formulation of
continuum mechanics problems [BL19, BC09, Hol02]. In these balance principles, the
relation between the stress and the relative deformation of the material, called strain, is
derived from Newton’s second law of motion and already gives important tools for the
modelling. As examples of different problems, a beam buckles if the applied force reaches
a certain threshold, see Figure 1. For material testing like tensile test, where the material
is loaded until failure, a nonlinear relation between these two quantities can be observed
as a viscoplastic behaviour arises at a strain threshold. Indeed, past a certain strain,
the tensile specimen will not recover its original form as predicted by Hooke’s law and
thus nonlinearity appears. Finally, necking (shrinking of the material under tension) and
failure behaviours are dependent of the material, which could be either ductile (undergo
large strain rates before failing) or brittle (fails quickly at viscoplastic point).

The motion of any given object can be described in Lagrangian and Eulerian coordinates
[Hol02]. Consider 2y being the initial configuration of a given material and X € €,
the Lagrangian formulation of displacement is D(X,t) = (X ,t) — X for « being the
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{

Figure 1 — Buckling of a beam. Left: sketch of beam buckling. Right: Numerical
experiment.

deformation of X at time ¢t. Here a particle in position X € )y is monitored through
time and space. The Cauchy’s first equation of motion in Lagrangian formulation is
described by:

QU—V-é:b, where QD:U,
ot ot

where D is the deformation, U is the velocity, C is the Cauchy stress tensor and b is a
vector of external forces. Different models of constitutive laws allow to determine the
material response [Hol02, Ogd97]. The hyperelastic materials are derived from a so-called
Helmholtz free-energy function ¥ of the deformation gradient tensor F' [RBJ97]. Indeed,
the stress C' is then given as a function of the deformation gradient tensor F', defined as

- ox

F(Xat) = 87X(X’t)’
so that -
oF

One of the most basic constitutive equation shows a linear relation between stress and
strain, similarly as in Hooke’s law, and is called Neo-Hookean model:

C = —pl+u(FF' -1T),

where p is the Lamé parameter of the material. For small deformations, the compressible
version of the Neo-Hookean model reduces to the linear elasticity equation C = 2ue(D) +
AV-D)I, where ) is called the first Lamé parameter. A widely applied constitutive model
for compressible materials is the Saint-Venant Kirchhoff model [Hol02, DR06, Ric13| and
reads

C = J 'FO\r(E)I + 2uE)FT,

where .J = det(F') and the tensor E = %(FTF — I) is called the Green-Lagrange strain

4
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tensor. This model is often used for the simulation of metal deformation [Hol02].

In the Eulerian formulation, the corresponding Eulerian fields are defined as

u(x(X,t),t) =U(X,t)
C(z(X,1),t) = C(X, 1)
d(z(X,1),t) = D(X,1),
F(x(X,t),t) = F(X,1),

so that the Cauchy’s first equation of motion reads for the Eulerian formulation:

0

—u+(u-Vu—-—V-C=hb.

T (V)

Similarly as in fluid dynamics, for incompressible deformation, the velocity w satisfies
V -u = 0. The constitutive equations previously introduced for the Lagrangian coordi-
nates can be equally formulated in Eulerian coordinates [DR06, Pic16]. This is further
described in chapter 1.

The Eulerian formulation of continuum mechanics has interests for large deformations of
the structure and when changes of topology of the structure are expected [DD05, Ricl3,
TBMG20]. The use of a finite element (FE) method allows to solve the mathematical
problem in complex geometries and high-order FE methods allows to obtain accurate
results [DDO05]. It has been widely applied to classical engineering numerical simulations,
such as buckling [TK17, TOG16] and deforming beam [NLCH21]. The use of isogeometric
analysis has also gain in popularity for its ability to reproduce exactly complex geometries
in computational mechanics [TBMG20]. In order to use Lagrangian coordinates for large
deformations, an alternative method has been found by [GM77] to apply fully Lagrangian
formulation using the Smooth Particle Hydrodynamics (SPH) for astrophysics simulation.
It has recently gained popularity for fluid flows or computational mechanics [ZL18, IGP22],
but the enforcement of boundary conditions is difficult and has a large computational
cost.

Multiphase and free-surface flows

The interaction of multiple bodies is ubiquitous in nature, whether they correspond to
fluids and/or solids. The interactions between fluids and structures are of great interest
in different applications. A classical example is the blood flow through veins or the air
flowing into elastic media [DDFQ06, DGNO04]. On a larger level we can mention the lifting
effect of air pressure on planes wings or the water effect on immersed part of a sailing
boat, and the wind flow along the sail [PQO05]. Concerning the interactions between
fluids, the behaviour of bubbles in liquids can greatly modify its flow and effects like
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capillarity and are also important to take into account. A difference of densities between
immiscible fluids induces gravity currents and implies for instance the Kelvin-Helmholtz
effect [TCM11]. It happens in a wide range of events in nature, such as meteorology,
wave in oceans, or avalanches. Free-surface flows involve an interface between the fluid
and its surrounding medium, which can be modelled as void and thus implies no force
on the interface. It proves useful when the impact of surrounding air is small enough to
be neglected, as in dam-break simulations [Mar00, ABD08, CBM11]

The numerical simulation of free surface flows allows to model fluid flow and elastic
deformation with reduced computational time. Thus it is nowadays used in a large range of
domains but especially in fluid flows and structure deformations. The numerical simulation
of free surfaces flows is difficult because tracking the interface comes with issues, such as
numerical diffusion, mass conservation or topology changes. Lagrangian coordinates of
the interface or the so-called front-tracking method can be used [TBE'01]. The use of
SPH method has also increased in popularity for free surface flows [FPRA09, XOJL12].
Hybrid method between Lagrangian and Eulerian coordinates like the marker and cell
method allows to obtain advantages of both approaches [MTF*08]. Using Eulerian
coordinates, two methods are mainly used to model free-surface flows. The Volume of
Fluid (VOF) method has been introduced in [HN81]. Here, the fluid is described by a
volume fraction of liquid ¢, which is the characteristic function of the fluid, and is thus
discontinuous across the interface. The function is transported by the fluid and hence
solves the following equation in the sense of distributions:
(Zf +u-Ve=0.

Since the characteristic function is tracked in the whole fluid domain, the VOF method
induces a conservation of the mass of the fluid. However, the lack of regularity of ¢ is
the main drawback of the method and hence the level set method was introduced by
[Set96]. The interface corresponds to the zero level set of a smooth level-set function.
Mass conservation is the main challenge of the method. The VOF approach is used
here because of its ability to limit fluid mass loss and thus is of particular interest for
mould filling, glacier flow or jet buckling experiments [Mar00, MPR03, BPL06, Joul0],
as illustrated in Figure 2. In these articles, the SLIC algorithm [NW76] together with a
two grid approach were used to lower the numerical diffusion of the method. Alternative
interface reconstruction methods have been proposed in literature in order to have more
accuracy, see for instance [SZ99, PZ99].

The VOF and level set methods can also be applied to interactions between multiple
fluids. The VOF method remains popular with its ability to conserve mass and with
the relative ease to avoid numerical diffusion [JBCP14, IZN18]. The level set method
can also be applied for multiphase formulations as in [VAPSVWO05, MBY22] or coupled
with VOF method [SLSOO08]. Multiple Newtonian and viscoelastic phases flows allow
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Figure 2 — Jet-buckling experiment. A Newtonian (left) and a viscoelastic (right) fluid
are injected in a cavity and buckle when touching the bottom of the cavity. The elastic
effect due to extra-stress term yields a bouncing of the viscoelastic fluid.

the modelling of complex natural relations which are of particular interest in industries
but also to medical applications and the use of the VOF method conserving the total
mass of the fluids is the main argument [FOA ™16, LHPCP19]. Numerical models for the
simulation of the interactions between Newtonian fluids are nowadays widely known and
used in multiple applications. Incorporating viscoelastic fluids is less frequent, but has
already been seen in literature [SLSO08, FOAT16, XAX19, LHPCP19, VG20].

Fluid-structure interactions

Fluid-structure interactions (FSI) have also been widely studied [STD*96, CGNO05,
NGAT19, OR21] using different numerical methods. The Arbitrary Lagrangian Eulerian
method (ALE) is used for its ability to enlighten the advantages of both Lagrangian and
Eulerian framework [DDFQ06] [HLZ81, AO10]. The mesh is moved as particles with the
fluid velocity in Lagrangian coordinates, while it is fixed in Eulerian coordinates. In
ALE method, the mesh is moving arbitrarily with a different speed than the flow velocity.
Using this method, the interface between the fluid and the structure follows the mesh
velocity, which enhances the precision at the interface [DGN04].

The immersed boundary method allows to model large deformations of thin structure
as flags or filaments [RHC15, LHS15, MWY120], which is a major drawback of fully
Fulerian formulation for multiphase model. The simulation of more than two phases is of
greater complexity and hence is rarely seen in literature. Some examples can be found in
[ANKMO07, JBCP14]. The interaction between viscoelastic fluids and elastic solids (VFSI)
also has been studied [MWY*20, He21]. The Eulerian formulation of the problem is less
frequent but is efficiently simulating large deformations of the structures [DR06, Ric13].
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Interactions between structures

Simulation for the contact between elastic bodies in order to capture, e.g., friction,
lubrication, fretting fatigue and wear is of high importance and is referred to tribology.
An overview can be found in [HPMRO04, VYS™18] and, for example, FE simulations of
tight elastic knots [BJST21, JGB'21]. The traditional way to deal with FE simulations
in tribology is to use Lagrangian coordinates and the elastic structure theory. Micro-
scopically, big disparities at the surface between the bodies appear in friction problems.
The discretisation of these disparities using Eulerian finite element methods can lead to
large errors and require a huge accuracy. Thus this family of numerical methods is of
proper usage when applied to large deformations and under the hypothesis of relatively
flat surfaces.

Overview of the thesis

In this thesis, we further analyse the unified model suggested in [Pic16], where we can
consider incompressible Newtonian and viscoelastic flows, or the deformation of incom-
pressible Neo-Hookean material. The numerical scheme developed in [MPR03, BPLO6]
is advocated. It consists in a time-splitting algorithm for the time discretisation and a
two-grid approach for the space discretisation. A novel time discretisation is proposed,
taking advantage of the unified model. The model is validated for different test-cases.

The model of [JBCP14] for the simulation of multiple immiscible incompressible Newto-
nian phases is then extended in order to model phases which can be either an incom-
pressible Newtonian or viscoelastic fluids, or an incompressible Neo-Hookean elastic solid.
The model is then applied to different numerical experiments. The thesis is structured in
the following manner.

In chapter 1, the unified mathematical model of [Pic16] is presented and the numerical
framework is explained. The numerical scheme is based on a splitting strategy for the
system of equations [Glo03] and a two-grid approach, as in [MPRO03, Bon06]. An original
time discretisation is suggested in order to increase the accuracy and obtain the uncondi-
tional stability of the scheme. A stability analysis is performed on a simplified model in
order to compare the original EVSS scheme used in [BPL06] with the proposed alternative.

In chapter 2, both time discretisations described earlier are compared for viscoelastic
flows and in different engineering validation test cases. The validation of the elastic
model for incompressible Neo-Hookean material is presented through different test cases.
The use and implementation of the Signorini boundary conditions is detailed.

In chapter 3, a multiple phase model for multiple viscoelastic fluids flows and elastic solid
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deformations with free surfaces is presented. The approach presented in [JBCP14] is
adapted to the unified model, where multiple different phases interact with each other. A
VOF method with several volume fraction of liquids is adopted, with adapted numerical
algorithms to reduce numerical diffusion.

In chapter 4, various numerical simulations obtained using our multiphase model are
presented. Convergence of our numerical scheme is presented for different type of inter-
actions, being either fluid-fluid, fluid-structure or structure-structure interactions.

Finally in chapter 5, the unified model is extended in order to model weakly compress-
ible free surfaces flows for viscoelastic fluids and including compressible Neo-Hookean
materials.






Numerical modelling of incom-

pressible viscoelastic free-surface
flows: from Newtonian fluids to
elastic solids

In [BPLO06], a model for the simulation of incompressible viscoelastic free surface flows has
been presented. In [Picl6], the model is extended to include the flow of an incompressible
Neo-Hookean elastic solid in Eulerian coordinates. In this chapter, this unified model is
presented and its numerical approximation is studied. The order one splitting algorithm
and the space discretisation using the two-grid approach studied in [BPLO6] is applied.
An original implicit time discretisation of the diffusion operator is presented as well as
the numerical analysis of a simplified problem.

1.1 The mathematical model

Let A be a cavity of R? in which a fluid is contained and let T > 0 be the final time
of the simulation. Let ¢ : A x [0,7] — {0,1} be the volume fraction of fluid, i.e. ¢
equals 1 in the fluid and 0 in what is modelled as the surrounding vacuum. Thus the
function ¢(-,t) denotes the characteristic function of the liquid region, which is defined
by Q(t) = {x € A;p(x,t) = 1} for 0 <t < T. Finally let Qr be the space-time domain
containing the fluid

Or = {(x,t) e A x (0,T); x € Qt)}.

The function ¢ is transported with the fluid velocity w and is solution of the following
equation in the weak sense [Mar00]:

aaf—ku-Vgo:O, in A x [0,7]. (1.1a)

In the fluid region, the velocity field w : Q7 — R3, the pressure field p : Q7 — R and
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the extra-stress tensor field o : Qp — R3%3 satisfy:

p(gl;+(u-V)u> — 21V -€(u) +Vp—V -0 = pg, in Or, (1.1b)
V-u=0, in Or, (1.1c)
ao + A (gz + (u-V)oe — Vuo — aVuT> = 2np€(u), in Or. (1.1d)

Here p is the density, g is the gravity, n, > 0 is the solvent viscosity, 1, > 0 and A are
respectively the polymer viscosity and the relaxation time, and e(u) = %(Vu + VauTl).
The additional parameter o € {0,1} allows the system of equations (1.1) to model
different problems:

1. Setting & = 1 and A = 0, the system of equations reduces to a system of Navier-
Stokes equations for incompressible Newtonian flow with viscosity 7s + np.

2. Setting « = 1 and A > 0, the equation (1.1d) is the standard Oldroyd-B equation
modelling the extra-stress of a viscoelastic fluid.

3. When v = 0, A > 0 and ns; = 0, the equation (1.1d) allows to model an elastic
incompressible solid in Eulerian coordinates.

In order to justify point 3., let us introduce the Cauchy stress tensor of an elastic solid.
Consider Qy = (0) being the initial configuration of a given material and X € €. First,
the Lagrangian formulation of displacement is

2(X, 1) — X — /Otu(:c(X,s),s) ds (1.2)

where x is the deformation of X at time ¢ and u(x,t) the velocity at position & and
time ¢. From equations (1.1a) and (1.2), the characteristic function ¢ satisfies

(p(w(X,t),t) - (p(X,O), (1'3)

for X € Q. The deformation gradient tensor in Lagrangian coordinates F' : Qg x [0, T] —
R3*3 is defined for all X € Qg by

~ &L'Z
J

(X,t), i,j=1,2,3.

By deriving in space and time the displacement equation (1.2), it yields

OF

S (X1 = Vu(z(X, 1), ) F(X,t). (1.4)

We now define F : Qp — R3*3 to be the deformation gradient tensor in Eulerian

12
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coordinates as F(z(X,t),t) = F(X,t), so that (1.4) becomes

881: +u-VF =VuF. (1.5a)

Now let o be the Neo-Hookean elastic stress tensor, as defined in [DRO6]:

o= n—;(FFT — 1), (1.5b)
where I is the identity tensor. The modified Oldroyd-B equation (1.1d) for « =0, A > 0
then arises from (1.5a) and (1.5b). Indeed, taking the convected derivative (% +u- V)
of (1.5b) we find

- T
‘Zt+<u.v>a=”;<(§+(u-V>F)FT+F(a§t+<u-V>FT>>

so that using (1.5a), we obtain

oo 2

ot (w-V)o — Vuo —oVu' = ﬂe(u). (1.6)
Hence, when the parameter a = 0, the tensor ¢ models the Cauchy stress tensor of an
incompressible Neo-Hookean elastic solid. Notice that the ratio 7,/ denotes here the

Lamé parameter for an incompressible solid.

The initial and boundary conditions added to (1.1) are the following. At initial time,
both the velocity up = u(-,0) and extra-stress 9 = o(+,0) are prescribed in €. For
0 <t <T, the free surface at time ¢ is defined as 9Q(t)\OA. It is assumed that no force
apply at the free surface: (—pI + 2nse(u)) +o)n = 0, where n is the unit outer normal
of 9Q(t)\OA. On OA either zero tangent force (free slip), zero normal force or no slip
boundary conditions can be prescribed. The free slip condition writes on JA:

((=pI + 2nse(u) +o)n) -t =0,

u-n =0,

where t denotes any vector tangent to OA. Signorini boundary conditions can also be
applied on OA, see section 2.3.1. Finally in the case of inflow boundary conditions the
velocity and extra stress must be prescribed at the inflow boundary: v = u;, and 6 = oy,
on I'in = {x € 0A; (u - n)(x,t) < 0}. A sketch of the main features of the mathematical
model is shown in Figure 1.1.

13
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o(x,t) =0

- free-surface 9€2(¢)\0A

Figure 1.1 — Sketch of the mathematical model at time t. The characteristic function
¢ determines the position 2(¢) of the material. The free-surface corresponds to the set
where the function ¢ exhibits a discontinuity. The smooth variables u, p and o take
values in the material domain €Q(t).

1.2 An a priori estimate

Consider the momentum equation (1.1b). Since w is not defined on the whole domain A,
we define in a formal way the product of (1.1b) with pu, integrated on A, as:

opu- | =+ (u-V)u | de = up - Ou (u-V)u) de.
from: (G ) do = [ upe (5w m)

From Reynold’s transport Theorem A.0.1 in Appendix A, since the normal component
of the velocity of the interface equals that of the fluid [Mar00], we find:

d 9 d/ 9 / ou /
— ul“ de = — ul® de = 2 -u dx + ul“(u-n)dS
5 Jeonl de =5 [ ol 0290 pluf(u - n)

= 2pa—u cu dex +/ V- (plufu) dx (1.7)
Q) Ot Q(t)

:/Q(t) (qu <(?91;+(u Viu >+p|u2(v-u)) da

Similarly:
—/ ©(2nsV -€(u) = Vp+V-0) udr= —/ (2nsV -€(u) = Vp+V.0) udx
A Q)

= / (2ns€(u) —pI +0) : €(u) de
Qt)

- / u- (2nse(u) —pI +o)n dS  (1.8)
00(t)

B / 2nsle(w)]” = p(V-u) +0 :e(u) do
Q(t)

= 2nsle(u)> + 0 : e(u)) ¢ de,
A
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since u = 0 on OA and free-surfaces interface condition (2nse(u) +o)n —pn = 0 on
0Q(t)\OA. Finally from (1.1c), we obtain with formal computations:

d
—/ gpg|u|2 dx —|—/ (277516(11,)|2 +o: e(u)) pdx = / vpg - u dex. (1.9)
dt Jao " 2 A A

Consider now the equation (1.1d). Using the same formal computation we find

/agp]a|2 dw—i—/ Ap (—i—(u V)o ) :adw—/Aangoe(u) co de — AS(u,0,9)

:/Q alo|? da:+/ ( + (u V)a) :ad:c—/ﬂ(t)Qﬁpf(u) ro dx — AS(u,0,¢)

with S(u,o,¢) = / %) (Vua +a‘VuT) : 0 de. Hence, using the same computations
than for (1.7) and using (1.1c), it yields:

dt/<,0|a|2 dm—/Q«pa <+( V)o> dz.

And we obtain:

@ d/ A / A
—ylo|*de+ — | —plo|® dx — e(u) 0 de=—=95(u,o,p). 1.10
[ gelol awt g [ el da— [ et S g)  (110)

Summing (1.7) and (1.10), it yields:

plu —|o <pd:v—|—/ —|o|” + 4nsle(u p dx

= [ 2ppg-u dx + iS(u,a‘, ©) (1.11)

A Tlp
The nonlinear terms expressed by S(u,o, ) do not allow the energy of the system to
be conserved [BPLO06]. The term S(u,0,¢) disappear when applied to co-rotational
Oldroyd-B model [LMO00]. Finally, results on energy estimates for the Oldroyd-B model
can be found in [LO03].

1.3 An order one splitting scheme for the time discretisa-
tion

The splitting scheme considered in [Glo03, MPR03, BPLO6] is used. Let At be the time
step, N be the number of time steps, At = T'/N and t" = nAt,n =0,1,...,N. Let n > 1
and assume that at time t"~!, the approximated volume fraction ¢~ : A — R is known.
The approximated material domain is then defined by Q"' = {x € A; " (x) = 1}.
Let w1 : Q"1 5 R3 and o”7 ! : Q*1 — R3*3 respectively be the approximations of
the velocity w(#" 1) and extra-stress tensor ("~ !). During the prediction step, the set
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of advection equations from t"~! to t" is solved:

ov

S+ (- Vv =0, (1.12a)
or

o T V=0, (1.12Db)
o B

S T V) =0, (1.12c)

with initial conditions
v(tn—l) — un—l’ T(tn_l) _ O'n_l, lﬁ(t”_l) _ QOn_l.

Dirichlet boundary conditions for the system of equations (1.12) are only prescribed if

inflow boundary conditions apply on I'j,. The system of equations (1.12) can be solved

exactly using the method of characteristics. Indeed, for x : Q"1 x [t"~1 ¢"] — A, we
0

have —x(X,t) = v(x(X,t),t) (similar as in (1.2)) and from (1.12a), v is constant along

the characteristic line:

%'v(az(X,t),t) = %v(m(X,t),t) + <8atm(X,t) : V) v(x(X,t),t) =0.
This yields v(z(X,t),t) = v(X,t" 1) = u" 1(X,t" 1), "1 <t <" But from
equation (1.2), we find
t
(X, t)=X + v(x(X,s),s) ds = X + (t — t" Hu" (X, "),

tn—1

n

D=

Thus v(X +(t—t"" a1 (X, t" 1), t) = " (X, t"1). Let us denote by u""3 o'~

)y P
the solutions at time ¢" of (1.12). We thus have for all X € Q"1
"2 (X + Atu" (X)) = u"H(X), (1.13a)
"2 (X + Aty H(X)) = 6" (X)), (1.13b)
O"(X + Atu" (X)) = " H(X). (1.13¢)

The computational domain is then updated, Q" = {x € A;¢"(x) = 1} and the correction
step consists in finding v : Q" x ("L t"] = R3, ¢ : Q" x "1, t"] — R and T :
Qn x [t 1] — R3*3 which satisfy

pg—? — 21V -€(v) +Vqg—V -1 = pg, (1.14a)
Vv =0, (1.14b)

or T
at + A a5 Vor — Vo' | = 2n,e(v), (1.14c)
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with initial conditions v(t" 1) = u""? and Tt = 0"~%. On the interface 00", the
boundary conditions are similar to those discussed at the end of section 1.1 (no-slip,
zero normal force, zero tangential force). The approximation of velocity, pressure and
extra-stress at time ¢" are then updated by u" = v(t"), p" = ¢(t") and 6™ = 7(t"). A
sketch of both steps of the splitting algorithm is shown in Figure 1.2.

Prediction Correction
step step

Figure 1.2 — Sketch of the main steps of splitting algorithm. In the prediction step, the
fluid domain is updated with (1.13c) for the characteristic function ¢". The velocity and
extra-stress tensor are first transported with (1.13a) and (1.13b), then updated to u™
and " during the correction step, by solving (1.14).

1.4 Space discretisation: two-grid approach and algorithms

The systems (1.12) and (1.14) are of very different nature, hyperbolic and parabolic
respectively. A two-grid approach is used to solve them with different methods. The
method of characteristics used to solve (1.12) is implemented on a structured grid of
small cubic cells of size h, whereas (1.14) is solved on a tetrahedral unstructured mesh
using finite elements of larger size H, see Figure 1.3.

The choice h small and H large is motivated as follows. First, a high accuracy is needed
to track the interface, since ¢ is discontinuous (1 in the liquid, 0 in the vaccum). A grid
of small size h allows to reduce the numerical diffusion on ¢ and have enough precision
on the free-surface. Finally, the method of characteristics is easily implemented on a
structured grid, without having to solve a linear system. Since the velocity and stress are
smooth inside the material domain, the use of finite elements with a coarser grid of size
H allows to save computational time. Moreover, cavities with complex topologies can
be considered and the boundary conditions can be easily enforced. In [MPR03, BPL06],
numerical experiments have shown that the ratio between H and h should be between 3
and 5.
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N/N/N

~
Y
= ’/'
~

Prediction step Correction step

Figure 1.3 — Two-grid approach. The two grids are the same for all time steps. Left:
fine structured grid of small cells to solve the prediction step (1.12). Right: coarse
unstructured finite element mesh to solve the correction step (1.14).

1.4.1 Prediction step: structured grid

Consider a grid of cubic cells Cj;, with center x; ;. Let 4,0%;1 € [0,1] be the approximated
value of the characteristic function ¢ € {0, 1} at time t"~! in each cell Cjj, for all indices
1,4, k. Also, we define u?];l and 0?].;1 to be the approximation of respectively the velocity
u and the extra-stress tensor a. The prediction step consists now in implementing (1.13)

on the grid. For (1.13c), the value ap?j;l of the cells is shifted by the distance Atu%;l

and its content is redistributed between the intersected cells. The Figure 1.4 illustrates

: : : n—1, n—1 n—1_n—1
an example in two space dimensions. The values of ] ik Wik and ; ik O are also

advected according to (1.13a) and (1.13b).

n—1 __
bon=1 | gn &// % = 1
1] 1]

16 _| }
: n—1
At

|
|
Z i
et | sel

Figure 1.4 — Advection of characteristic function. The value in cp%_l is redistributed with
respect to the intersecting cells.

In order to reduce the numerical diffusion at the interface, a SLIC (Simple Linear Interface
Calculator) procedure is applied. Introduced by [NW76], the algorithm is applied before
the advection of the characteristic function goz.;l. For each cell where 0 < ¢ < 1,
its initial volume h3 is reduced in a smaller parallelepiped of volume (p%%lhzs, which
dimensions depend on the value of ¢"~! in the surrounding neighbour cells [MPRO3].
It is then pushed on the boundary of the cell which is common to another fully filled
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cell, see an example in Figure 1.6 and 1.5. Thus the volume does not spread during the
advection and numerical diffusion is lowered [MPRO3], see Figure 1.6 for a 2D illustration.

- al_
b

Figure 1.5 — In this example, the cell in the middle has a value 0 < @%71 < 1. We have

0< @?J:f’j, gp?jﬁl <1 and @?:114’ ga?dlll = 0. In this case, the interface in the cell Cj; is
n—1

defined as a rectangle a x b, with % — Pl and ab = h2<p?j_1, see [MPRO3] for details.

n—1
Pij+1

A ol =05 Pt =1

[ A W4
L]

Figure 1.6 — Left: Illustration of numerical diffusion during the prediction step. Right: A
sketch of SLIC algorithm to reduce numerical diffusion. Rather than advecting a cell
half filled, half of the cell is completely filled, then the half cell is advected.

It may occur that ik > 1 although the flow is divergence-free. Furthermore, the predic-
tion step can send liquid cells outside the cavity A and hence those must be redistributed
into the cavity. The decompression algorithm proposed in [MPRO03, BPLO06] is applied.
The procedure is the following: for all cells such that @i, > 1 or which are advected out
of the domain, the leftovers are stored in a buffer. This buffer is used to fill the cells
which are not completely filled after advection and the SLIC procedure (0 < P < 1).
If the buffer is not empty, the remaining value is stored until the next time step.

The CFL number at time t" is defined as
max [ug| - At
CFL=2"% (1.15)
h
The method of characteristics has the important property to remain stable, even for a

CFL number larger than 1. However, if the time step is too large, the splitting error
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increases. In practice, the CFL number is taken between 1 and 10.

In Figure 1.7, a sketch of the implementation of inflow boundary condition is displayed.
In order to let the material flow into the cavity, cells are created in a volume (a surface in
the 2D sketch of Figure 1.7) outside the cavity A of depth Atwu;, and of width and length
corresponding to the inflow surface. The values of the velocity u;;; and the extra-stress
0i;i in these inflow cells corresponds to the inflow values u;, and o, respectively. They
are then transported using the method of characteristics during the prediction step, as
described previously.

AZL/uin A

v

+
i
—_
I
—_
3
L
I
o

Pij Pij

v

L/

Figure 1.7 — Implementation of inflow boundary conditions. A zone of fully filled cells
of length Atw;, is created on the other side of the inflow surface. The cells are then
transported using the method of characteristics during the prediction step.

1.4.2 Interpolation between cells and FE mesh

Let H > 0 and 7y be a mesh of the cavity A, with tetrahedron having maximum diameter
1 1

H. In order to compute the correction step, go%k, u?j;i,o;;? are then interpolated from
the grid to the FE mesh. The interpolation algorithm is based on inverse distance
weighted method introduced in [Fra82] and has already been used in, i.e., [LPST18]. In
the latter, the distance is taken to be the squared distance, thus giving less weight to the
most distant cells. Thus the VOF value at node P of the mesh is computed as

Pijk
3 J
<y ot [Pl
(P) = — (1.16)
> X 2
[[P—iu]

KeTy x;,€K

PeK

We can now define the set of active elements and the computational domain as:
Y ={K € Ty : there is a vertex of K such that ¢’ (P) > 0.5}. (1.17)
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The predicted velocity is then interpolated as

1

E E 50?]%"1‘;‘19

nol KeTn @ijk€K [P=wiu|”
uy *(P) = o (1.18)
Sy st TP-vunll

KeTy wq',jkeK
PeK
A similar formula as (1.18) is applied to interpolate the extra-stress.

Remark 1.4.1. In [Mar00], the characteristic function, the velocity and extra-stress
tensor are interpolated using an approximate L? projection as follows:

> X er(@ig)er

KeTy mijkeK
PeK

i (P) = (1.19)
i > 2 op(®ik)
KeTy a’ijkeK
PeK
where ¢p is the finite element basis function corresponding to vertex P and
n n—%
> ¢P($ijk)90ijkuijk
n—l 1267;1(*-1 mijkEK
uy 2(P) - (1.20)

> X op(mir)ei

KeTy x;,€K
PeK

and similarly as (1.20) for the extra-stress. A numerical experiment in Appendix B shows
that both interpolation methods have the same convergence rate but the inverse distance
weighted method is more precise. Thus this method has been preferred over the classical
L? projection (1.20). O

After the correction step (see section 1.4.3 hereafter), interpolation of the velocity and
extra-stress from the FE mesh to the grid is performed. Here, the inverse distance
weighted method yields:

wl, (P)
e Troe?
€K

Ujjk = w% — (1.21)
Pk ||P—wi||”
mi]-keK

and similarly as (1.21) for the extra-stress. The interpolation formula (1.21) is only
applied to the active cells, that is those such that go%k > 0.

1.4.3 Correction step: finite elements

In order to save computational time, equations (1.14a) and (1.14b) are decoupled from
equation (1.14c¢). A possible order one scheme corresponding to (1.14) which enables
the decoupling between the velocity-pressure variables and the extra-stress consists in
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finding u™ : Q" — R3 and p™ : Q" — R such that

=

u” —u""2 1 .
e V. 2nsV -e(u") + Vp" —V.-¢""2 = pg, in Q" (1.22a)

V-u =0, in Q" (1.22b)
and then o” : Q" — R3*3 guch that

1
n n 3

aa”~|—)\<o -

—Ar Vue" "2 — a”_é(Vu”)T> =2npe(u™), in Q" (1.22c)

This scheme is unfortunately unstable when 1y = 0. The EVSS scheme was introduced
for the stationary case in the context of Oldroyd-B system of equations (a = 1)[RAB90].
It has been widely studied [FGP00, BPS01, BPL06] and consists in adding

D" % = ¢(u"2) (1.23)

to equation (1.22a) for stability purposes. It then leads to finding u" : Q™ — R3 and
p" : Q" — R such that

[N

no_

At

u

p —2(ns +p)V - €(u”) + Vp" — V- (a”‘% - 2npD”—%) =pg,  (1.24a)

Vou"=0, (1.24Db)

then finding o™ : Q" — R3*3 to solving (1.22c).

The tensor D"~ 3 requires to store 6 additional variables during computations. Further-
more, we can expect a conditional stability of the numerical scheme when the extra-stress
tensor is taken explicitely in (1.24a). An alternative scheme is presented here. We start
from the semi-implicit scheme

=

pu_TQZQ — 2V -e(u™) + Vp" =V 0" = pg, in 0", (1.25a)
Vout =0, in 0", (1.25b)
n_ n—=
ac™ + A (‘TA?Q VT ie" T a"—é(Vu”—%)T> = 2e(u™), in Q" (1.25¢)

A major drawback of (1.25) is that the equations for u™, p" and 6™ are now coupled.
Fortunately, we can explicit 6" from (1.25¢) and substitute it in (1.25a) to decouple
the computation of u™, p™ from that of ”. Thus, we first find u” : Q" — R3 and

22



1.4. Space discretisation: two-grid approach and algorithms

p" Q" — R such that

1

wrouwty %At) )+ Vp = — 2y g
P A 2<"S+A+am Vel H V= A o
A
" /\iofAtV (VU 20" 0" R (VU 2) ) +pg,  in Q" (1.25)

and then " : Q" — R3*3 satisfying (1.22c) instead of (1.25¢), since the velocity has
been updated.

Consider now the finite element discretization of the systems of equations (1.24) and
(1.25) for a discretisation 7. The active domain Q% is defined in (1.17). For the sake
of simplicity, the FE spaces are described when no-slip boundary conditions apply on
OA N O} and when 002" # OA, so that the pressure is not defined up to a constant.
The piecewise linear finite element spaces read:

Vi = {v € (C°Q}))* vik € (P1(K))®, VK € Ty, K C Qs vjonnay, =0}, (1.26a)
QY =1{qeC%(0%);qx € P1(K),VK € T, K C Q4 }, (1.26b)

Th = {1 € (COQ)>% 71k € (P1(K)>3 VK € T, K € Q). (1.26¢)

We consider uzfé € Vi and 07;17% € Ty computed by using the method of characteristics
after the prediction step, see 1.4.2. For the explicit EVSS time discretisation scheme
(1.24), we first compute the EVSS stabilization tensor by projection of the strain tensor
onto T%:

_1
Find D}, * € T} such that

1 1
Dy 27y de = / e(uy )Ty de, Y7y e Th. (1.27a)

O O

Then we recover the velocity u%; and the pressure p% by solving the following system of
equations:
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Find u% € Vi, p% € Q% such that
1

n o _ TL—2
/ p% ‘vy de +/ 2(ns + np)e(uly) : €(vy) dx — / phV vy de
Q Q”[’L{ n

e O
nel o1
— [ (29,D" —6"TF)  e(up) dw—i—/ pg- vy dz,  YugeVE  (1.27h)
O QO
/ (V-upy)qny dz (1.27¢)
O
ol

+ Z aK/ (Vp’ﬁ—V-oH"’—pg>-Vqum:0, Vg € Q.

KeTyy K

Kcay

The local stabilization coefficients ay, are defined by

K3 .
if Reg < 3,
. 12(ns + mp)
AR = 2
K2
&1 otherwise,

4Ref (775 + 7727)

where the local Reynolds number Reg is defined by

1 _1
Rep — p| K |3 maxgex [up 2(z)]
2(ns + np)

This stabilization parameter has been studied in the context of stationary Stokes problems
with GLS stabilization, see, e.g., [FH93|. Alternative stabilisation methods could be used

for evolutionary problems [T'S03]. Then the extra-stress tensor % € T} is computed by
solving:

A n—l
n . d = - 2 . d
/Q?z TH T TH T o A+ aAZH - TH AT
AAL n n—4i n—1 n
¥ Joy Nr i (Ve " el (Vul)) s de (1270
2n, At " .
" O ﬁe(“fﬂ rpdz, Vg €Ty

Consider now the semi-implicit scheme (1.25). The decoupling strategy applied in (1.25d)
is now applied here to obtain an explicit formulation with respect to the extra-stress
tensor. So the implicit fully discrete formulation of the problem (1.25d) is the following:
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1.4. Space discretisation: two-grid approach and algorithms

Find v’ € Vi}, p € Q% such that

nol
uf —uy ° / ( npAt ) ny .
—_ d 2 (ns+ —— : d
/Q p Y vy dx + o n +)\+aAt e(uly) s €(vy) do

B
A n—1
— VAR dm:/ ~vg dx — —— 05 2 :€e(vy) do 1.28a
f, ¥ v dw= [ pgonda— [Tl elom) (1.282)
— LN(Vunféanié —i—anf%(Vuni%)T) c€(vy) de Vog € Vi
an \ + aAt H H H H : H ) H H>
/ (V- uf)qn dz (1.28b)
Qy
+ > a /(V"—/\V i ) Vqg dez =0 Yau € Q%
P K " PH )+ oAt H rg qH =Y, q0 H-
KCQ%

The stabilisation terms in the equation (1.28b) do not fully correspond to the diffusion
terms in (1.25d), introducing a lack of consistency. However, numerical results show
empirically that these additional terms do not improve stability of the results, and
were thus removed. In the next step, we solve the weak formulation of the Oldroyd-B
equation (1.27d) to recover the extra-stress tensor % € Tj. The coefficient ak in
(1.28b) becomes:

2
KT — if Rere <3
12 (ns + 1p ,\+aAt>
A = [(2
&1 otherwise,

ARex (ns + mp o)

where the local Reynolds number Rey is defined by

1 _1
o KD maxae uly ¥ ()
€K = At
2 (775 + )\+aAt)

Indeed, this definition for the coefficients ax is motivated by the modification of the
viscosity in (1.25d) and (1.28a), by the modified viscosity ns + npﬁ. Numerical
experiments have shown that the system is better stabilized using this definition.

The linear systems corresponding to (1.27b), (1.27¢) or (1.28a), (1.28b) are solved using a
Generalised minimal residual (GMRES) algorithm with an incomplete LU preconditioner.
The mass matrix is approximated using mass lumping, thus the linear systems (1.27a)
and (1.27d) are diagonal.
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1.5 Analysis of a simplified model for the time discretisa-
tion

Stability and convergence of the time discretisation schemes for a simplified system of

equations are now studied. The domain is considered entirely filled with liquid (¢ =1

in A and thus A = Q(t) = Q, for 0 < ¢ <T'). The system (1.1) is considered, where all

convective and nonlinear terms are removed:

ou

pE—ZnsV'e(u)—FVp—V-a:O, in  x [0,T], (1.29a)
Vou=0, in  x [0, 77, (1.29D)

a0 + )\aa(tf = 2np€e(u), in  x [0,T], (1.29¢)

u =0, on 09 x [0, 7. (1.294d)

Formal calculations are now used to prove a priori estimates for this model. Multiplying
(1.29a)-(1.29c¢) respectively by u, p, o and integrating over space yields

d A 2 2 o 2 —
dt/ <p| 24 2np\a|> d:z:+/Q (4n5|e(u) +17p|a|> dz = 0. (1.30)

When 75 = 0, the €(u) term vanishes in the above equality; thus we need another estimate.
Let us take the time derivative of (1.29a):

9?u

8u> Op Oo
Pae

= _V.— =0
5 ) TV V-

—20sV - ( ot ot

Then adding A times the above equation to « times (1.29a) and eliminating o using
(1.29¢) yields

ou
ot

0*u ou op
2 5 . =0. (1.31
92 + pa— 5 : +aVp —2(ans +n,)V -€(u) = 0. (1.31)

PA S 3

— AV - e( ) +AvZE

0
Multiplying by 8—1; and integrating on 2 yields
1d ou
e A=
2 dt/Q (p ’ ot
+ / o ‘E)'u ’
0 T

2

+2(04775+77p)!6(U)\2> de

2
) de = 0.

+ 2ns |€
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1.5. Analysis of a simplified model for the time discretisation

Integrating from ¢t = 0 to t = T yields

ou
| (px SHT)

2
+ 2(ams + np)\e(u)(T)lz) dx
T ou
o (2”0‘ a

:/Q(p)\‘aa,l:(()) :

Hence we are able to bound the €(u) term even when o = 1y = 0. Such a stability

2
+ 4ngA

(%)

+ 2(ams + np)lf(U)(O)l2> da.

2
) dx dt (1.32)

estimate is usually dedicated to wave equations, where the control is made on the time
derivative of w. This is not surprising, since the simplified unified model (1.29) is hy-
perbolic when a = 1y, = 0 and describes wave propagation, whereas it is parabolic when
either a or ns are not 0. Note that (1.31) corresponds to a modified fluid dynamics
equation, first derived in [CR81, CM72| for @ = 1 and with the additional convective
terms. Some convergence results were proven in [RS12a, RS12b].

Let At be the time step, N be the number of time steps such that At = T/N and
t" =nAt, n =0,1,...,N. The two different numerical schemes (1.24) and (1.25) for
the time discretisations are considered here for the reduced system (1.29), and stability
estimates analogous to (1.32) are obtained for each of them. The EVSS scheme consists
in finding 4™ and p” in ) such that

n n—1

u" —u

P =20, + 1)V () + V' = V- (0" =2, D7), (133)

V- -u" =0, (1.33Db)
then o™ and D™ such that

o’ —o

n—1
aoc™ + A <At> = 2npe(u”), (1.33c)
D" =¢e(u™) (1.33d)

Given u’ € H}(Q)? and 0 € L3(Q)3%3, for n = 1,..., N, let u", p" and " to be the
unique weak solution of (1.33) and further assume that u™ € HZ ()3, p" € L3(Q) and
o" € L*(Q)3*3. The following Proposition shows the conditional stability of the EVSS
scheme (1.33), which corresponds to the discrete counterpart of (1.30) and (1.32).

Proposition 1.5.1. Consider the EVSS scheme (1.33). For n,,n, > 0, if At <\, we
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have

A
/ <p|uN\2 + \0N|2> de (1.34)
Q 477;0
< [ (plP + 10" ) dz+ A [ (3npleu) + 200 ) da
Q 2np Q 4np

Furthermore, if & = 1, we have for all At >0

wN — uN-1
<At )

2 2
uNl

/Q(M L
sl (5)
[ (")

If a =0 and At < A(ns + 2n,)/np, we have

/Q<f’A - +np|e<uN>|2+np\e<uN1>\2) da (1.36)

At
wl — w0\ |?
< A d
_/Q (p 6( At ) v
Proof. The weak formulation of the system of equations (1.33) yields for n =1,..., N:
Find u" € H}(Q)3, p" € L3(Q) and ™ € L*(02)3*3 such that:

+ 2, A\At €

+2(ns + np)lf(uN)IQ) de

+ 215

) dx (1.35)

—u’
At

+2n,A\At e

+2(ns + np>\6(u1)\2) de.

N N-1]?2

2
+ ple(u!)[* + nple(u’)* + (20, + ns) AAE

1 0

At

n _ ,,n—1
| ot v dz 20 ) [ ew) sev) da (1.37a)
Q At Q

—/ PV - v) da + / (0" ' — 20, D" ) re(v) dz = 0, Vo € HL Q)
Q Q

/Q(v Mg dz =0, VgelI2(Q), (1.37b)

o" _o.nl

/ s de +/ )\7 7 de (1.37c)
Q At

—/ 2np€(u”) : T dx =0, VY1 e L*(Q)**3
Q

/ D": 7 dx— / e(u"):Tde =0, VrecL*Q)>3 (1.37d)
Q Q
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By choosing v = u™ + 4" ! in (1.37a) and 7 = 6" + 0" ! in (1.37c), we obtain:

/Qﬁ(lunp — [u™ %) dx + 2(n, —i—np)/Q (ye(un)‘Z + e(um) :e(unq)) A

/p”V (u" +u"Y) de + / "t (e(u™) +e(u ) dz
Q Q

o 2 -1 2 —12 -1
—(le™|* + 0" : 0™ d:n—l—/ o —|o" dac:/eu” (o™ +0") da,
f, 5 tle" Yt [ oo o) dw = [ ) )

where the EVSS tensor D" ! is eliminated using (1.33d). The pressure terms are
eliminated using (1.37b) for ¢ = p™; and summing both equations yields

A At
/ plu* + ——|o"|? dcc—l—ai/ (!U”]2+cf” :a”_l) dx
Q 2771) 27]p Q

i At/Q (2(778 +p)le(u™)? + 2nse(u”) : e(u ) dz + 0" e(u"_l)) de

A
n—12 n—1|2 n—1y|2 n n
= plu + —|o de + At 2 u +0" €e(u dex.
/52( ‘ ‘ 27] ‘ ‘ ) /&2( 77p|5( )’ 6( ))

p

Using Young’s inequality, we obtain

[ 2w 2 2me() ey da = (e 2m)le(w) = feu )P de

and
« (0%
o [Jo om0 ez S [ o o2 da
2771) Q 4T]p Q

This yields
/ p"u"‘Q—}— L‘O‘”P d:l:+At/ i|an’2+ (7’5"_2771))‘6(””)‘2—0'” :e(un) de
Q 2T]p Q 477p
n—112 . A _ne1p2
< N plu" P+ o™ | da
Q an
+ At/ <4a|a-n—1|2 + (s + 2mp) ()2 — ™! :e(un—1)> de < <

A
| (ol 10" ) da At [ (o 4+ 20, (@) 0 s () ] da
Q 2np o \4n

P

From

At/;la' : E(U ) dx < H HU H%Q(Q)3X3 + Atnp HC(U )H%Z(Q)&@ )
p
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we find for n = N:

2\ — At o

N2 N2 N2 Ny |2

u + —— o dw—i—At/ —\o + (ns + e(u da
/ (P‘ ‘ i, ‘ ‘ ) <477p| ’ (77 77p)| ( )‘ )

A a+1
< u’? + —|o? da:—i—At/ —— 62 + (ns + 3 |e(u®))? | de.
_/Q(p\ P glo) Gy 100 (Bl

which, for At < A, yields (1.34).

For the second result, the goal is to get rid of the extra-stress tensor 6™ by using (1.33c).
Taking A times the difference between two steps of (1.37a) plus a times (1.37a) gives:

n+l1 _ . ,n
/ ,0)\ - " tut v dx +/ 2(ns + np) Ne (uu) L e(v) dz
Q At
n+1 n
_ p —Pp n+1 .
/Q<)\At +ap )(V v) do
_— =2
—|—/QA< Az W A; ) d:z:—i—/pa -v dex

+ /Q 2(ns + mp)ae(u™t) s e(v) dz + /Qa(o" —2n,D") : €(v) dz = 0.

Using 7 = €(v) in (1.37c) and (1.37d) to eliminate respectively 6™, 6"~ ! and D", D",
we find:

n+1 _ 2u™ n—1 n+l _ ., n
/ p)\u utu v de +/ 2(ns + Mp) Ae <utu> c€(v) de
Q Q

At? A

pn 1 _pn
—/ ()\ + ap”“) (V-v) de (1.38)
Q At

u” —u"
— [ 2X ) d d
/Q npe< AL > m+/pa -V dT

+ /Q 2(ns + mp)ae(u™) : e(v) da + /Q 2,(1 — a)e(u™) : e(v) da = 0.

If o = 1, setting v = u" ! —u™ in (1.38) and using a(a—b) = 2a?—3b>+1(a—b)?%, we find:
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2 p)\ un—H _2un+un—1 2

2 At
+ (15 +1p) le(w™ )P + (s + 1) e —u™)?

un+1 —um 2 un-l—l —2um + un—l 2

+ 2, A\At € (At) + 2n,A\At |e Az
unJrl o 2 un+1 —um 2
+At/ﬂpT + 25 |€ AL dx
2
P)\ u” — un—l "

- (2 ] O e

u” — un—l 2

n+1

The pressure terms cancel out by use of the equation (1.37b) for ¢ = {p
from n =1 ton =N — 1, we obtain (1.35).

,p"}. Summing

If a = 0, setting v = w1 — 4"~ in (1.38), we obtain:
n+l _ . n
/ PA (Y U
Q 2 At
un+1 —um unJrl o ,u/nfl
2nsA\Ate | ——— | e ————— | d
+ 215\ e< Al ) e< A7 T

_/p/\ 2 . un_un—l
Ja 2 At

+ 2np ANAL
Since a? — b? < 2a(a + b) we have
2 un-l—l —aum un+1 _ un—l
< 2e 1€
< () e ()

2
+ 2npAAL

2
+ 2n€(u™) : e(u™ Tt —u" )

un—i—l —un”

At

u — un—l
At

2

un—i—l —aum u — un—l
‘T A ‘\T A

2¢(u™) : e(u" ™ —u" ) = 2e(u”) s e(u"T — u) + e(u”) s e(u” — u" )

2 2
= Je(w™ ]~ le(u)? ~ [e(w ! —ur)

and

e~ le@ [ + [e(ur —ur )|
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un+1 —um
‘AT A

+ple(u ) + nmple(u™) P — At?n,

<[

+ np|e(u")]2 + 7]p|e(u”’1)|2 — Athp

It yields

I
Q 2

2
+ (2mp + ns) AAL

n 2

u"tl —
At

2
dx

un+1 —un
‘\T At

. u” — ,u,nfl
At

] u” — un—l
At

Summing from n =1 to n = N — 1 and assuming At < \(2ns + ns)/np yields (1.36). W

112
u® — u” 1

2 DA
AL + (21 + ns) NAL

Let us now consider the implicit scheme (1.25) for the linearized system (1.29):
Find u™, p" and 6™ in {2 such that

u” — un—l
N 21V -e(u”) + Vp" —V.o" =0, (1.39a)
V-u" =0, (1.39b)
" o" — o.n—l N
ao” + A (At) = 2npe(u”). (1.39¢)

Similarly as for the EVSS scheme (1.33), given u® € H}(2)? and o € L?(Q)%*3, for
n=1,...,N, let u”,p" and ¢" to be the unique weak solution of (1.39) and further
assume that u” € H}(Q)3, p" € L(Q) and o™ € L?(£2)3*3. In this case, the following
Proposition proves the unconditional stability of the scheme. Unlike the Proposition

(1.5.1) for the EVSS scheme, it corresponds to the exact discrete counterpart of (1.30)
and (1.32):

Proposition 1.5.2. Consider the implicit scheme (1.39). For all At > 0,75 > 0,7, >
0, = {0,1}, we have:

i\ N
N2 N2
plu + —|o d:z:—i—g At/

n=1 Q

A
é/ <p!uol2+ldol2> da.
Q 2nyp

(4775]e(u")2 4 s‘ya"\?> dz (1.40)
P
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and

N N-1]?

At

+ 2(nsa + np)]e(uN)]2> dzx (1.41)

w' — ud?
/(”A| At

Proof. The weak formulation of the system of equations (1.39) yields forn =1,..., N:

h(

+2(na +77p)|6(u1)|2> da.

u — ,unfl
/ p—— -vdx —1—/ 2nse(u”) : €(v) dx (1.42a)
Q At Q

—/ p"(V-v) de+ / o"e(v) de =0, Yvec H}(Q)?,
Q Q

/ (V-u")gdx =0, VYqecL3(Q), (1.42Db)
Q

o —o"™ 1
/ c7 de +/ )\7 c7 de (1.42¢)
Q

/ 2npe(u™) : T dx =0, V1€ L*(Q)**.

By substituting the test functions in the system of equations (1.42) respectively by
v=u", ¢ =p" and T = 0", we obtain using the formula 2(a — b)a = a? — b*> + (a — b)%:

/ L .(’un|2_ ‘un—1|2+’un i 1|2) d$+2773/ |6 |2 d$_/pn(vun) dx
o 2At Q
+/ o"e(u") de =0, (1.43a)
Q
/ (V-u")p" de =0, (1.43b)
Q
[alo? dz+ [ (o~ g 4 lo" — ") da
Q q 2At
—/ 2npe(u”) : 6" de = 0. (1.43c)
Q
Substituting (1.43b), (1.43c) into (1.43a), it yields:

‘un’2 _ ‘un71’2 A ’0‘"‘2 _ ‘o.n71|2 / 5 a 5
— 0 d 4dngle(uw™ —le™* d
e A A [ e o da

2
+At/ (p ) dx = 0.
Q

The first result is obtained by summing for n =1 to V.

—112 n _ n—1

o

At

A
2np

u” —u"
At

o
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For the second result, we proceed as in the previous Proposition. Let us take the scalar
product of (1.39a) with a test function v € H}(Q)3, integrate over 2 and take the
difference between two consecutive time steps. We obtain

/ un—l—l — ount + un—l
Q p At

- /Q (pnﬂ —pn> (V-v) de + /Q(a"Jrl —o"):€e(v) de =0. (1.44)

‘v dz —|—/ 2n)s€ (u"Jrl — u”) e(v) de
0

Then we take A\/At times the above equation, add it to « times the weak formulation of
(1.39a):

,unJrl —oumM + unfl un+1 —um
/Qp)\ A -v de + /Q 2ns e —Ar -€(v) dz

n+1 n n+1
. p — D n+1 . / u —u 1.4
/Q (AAt +aVp ) (V-v) de + P AL vde (1.45)

0.n+1 —o"
—|—/ 2nsae(u™1) : e(v) de —|—/ ac" T AT———— | 1 €(v) dxz = 0.
Q Q At

The pressure terms are cancelled out by equation (1.42b). Using v = 4™ — u” in
(1.45) and T = €(u™"! — u™) in (1.42c), we can also eliminate the extra-stress terms, and
applying the formulas (a — b)a = a* — $b* + £ (a — b)?, it yields:

2

2
,0>\ un-i—l —aum ,0>\ un-i—l —2um + un—l nd1r (2
L] +5 N + (e + 1) e
+ (nsa + mp) le(u" ) — e(u)[? da
2 2
un—i—l —aum n+l _ u™
At 2\ e———| d
+ /onz AL + 2nsA € AL x
2
2 lu? — unfl
< [ B R +mat ) do,
Summing from n =1 to n = N — 1 we obtain the result. |

Remark 1.5.1. The results obtained from Propositions 1.5.1 and 1.5.2 do not give
stability estimates only related to data, but estimates also involving the first iterate

of the solution at time t'. To obtain those estimates, using more formal computation,

n __ ,u,nfl

we start from the strong momentum equation (1.39a) that we multiply by A

integrate on Q and use (1.39¢):
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n n—1 2

u " —u

At

|»

_ W)/ N
dz 2<n8+)\+aAt (v e(w) LA
" un_un—l
+ QVp (At) dx

() o () o

Using the no-slip boundary conditions and the incompressibility condition, we obtain for

X

n=1
2
ul —ud

At

dm+<2£;+)\fn§&f)/ge<ul):e(ul—uo) dx

- () Lo (5 ) e

Using the formula 2(a — b)a = a® — b* + (a — b)? and the Cauchy-Schwarz and Young

inequalites, we obtain for n =1

/B
Q2

ul—uo

At

dm—i—/ ( )\+aAt) e(u))|? da

Ms p 0y[2
< .
/ (At+)\+aAt> e(w)l” de (1.46)

2
1 02
+/Q<)\+aAt> —|V-0”|° de.

This stability estimate blow off when At goes to 0, except in the case of ns = 0. Thus we

can formulate the final estimate, which depends on the parameter ns: when ngs > 0, the
estimate (1.40) gives control on the L? norm of the velocity, the extra-stress tensor and
the gradient of the velocity.

In the case of s = 0, then we obtain using the estimates (1.41) and (1.46):

(1.41)
/(p)\ Y +277p\6(uN)\2> de < /(p)\
) Q
1,02
< / (p()\+aAt) u
Q

At
[ (e 9 o) a
<, Ey 2O+ ol o x.

1 ,.0]2

At

N, N—1|?

U u
At

+ 2np]e(u1)|2) dz

+ 277p|6(u1)l2> d

35



Chapter 1. Numerical modelling of incompressible viscoelastic free-surface
flows: from Newtonian fluids to elastic solids

We can obtain a similar result for the EVSS scheme, which is a conditionally stable
scheme in time. Take the scalar product of (1.33a) with (u"™ — u™~1)/At, integrate over
 and use homogeneous Dirichlet boundary conditions. From Proposition 1.5.1 and using
analogous computations as for the implicit scheme, we have for At < X and « € {0, 1}:

A

2
’LLN _ ,uN—l

At

+ 2(an, + np)\e(uN)\2> da

g/ (2A”S+”p+1) ()|’ dac—i—/ 5]v-(ao—e(u0)) da.
Q At Qp

‘ 2
(]

The two following Propositions prove some convergence results for the implicit time
discretisation solution of (1.39). First, the convergence for the time approximation of u
and o is proved.

Proposition 1.5.3. Assume that the weak solution of the problem (1.29)

w e L2((0,T); HY(9)®) 1 H2((0,T); L2(Q)°), p € L((0,T); L3(©))

and o € H?((0,T); L?(2)3%3). Let n > 0, At > 0, t" = nAt and u"™, p", 06" be the unique
weak solution of the implicit time scheme (1.39). Then, 3C' > 0 independent of the time
step At such that:

Ny _ . .N|? A Ny N|?
pHu(t )~ u ’L2(Q)3+%Ha(t )-o ‘LQ(Q)3X3 (1.47)
N
n ny |2 a N N|? 2
+ Atngl (4775 He(u(t ) —-u )HL2(Q)3><3 + % HO’(t ) —0 ‘ LQ(Q)3><3> < CA.

Proof in Appendix C.1

In the case of s = 0, a convergence result for % and €(u) is proven for the implicit

scheme (1.39).

Proposition 1.5.4. Assume that the weak solution of the problem (1.29)

w e L2((0,T); HY(Q)®) 1 H(0,T); L2(Q)°), p € L((0,T); L3(%))

and o € H?((0,7T); H(div)(Q)3*3). Let n > 0, t* = nAt and u”,p", 0" be the unique
weak solution of the implicit time scheme (1.39). Then, 3C' > 0 independent of the time
step At such that:
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2
(u(t™) —u¥ ) W — WV Ny _ Ny |
pA - +2(nsa+mp) [|e(u(t™) —u™)
At At 2@ P H ‘LQ(Q)?)XB
N n n—1 n n—112
(u(t") —u("7)) u"—wu
+ALY <pa — (1.48)
2 At AU | oy
- n n— 2
e (w(t™) — u(t™ 1)) u'—u !
° At At s
L (Q)SX?’
A — ul 2 9
< pA “()At“’ + 2(na -+ p) [Jeu(t) - ul)HL2 +CAL + holt.,
L2

where h.o.t. denote higher order terms. Proof in Appendiz C.2

The results proved in both Propositions (1.5.3) and (1.5.4) are the convergence counterpart
of the results (1.40) and (1.41) of Proposition (1.5.2). The equation (1.48) however relies
on the error on the first step, which can be eliminated using an analogous computation
as in Remark 1.5.1.

Remark 1.5.2. Numerical experiments show that the EVSS scheme is less accurate
when a = 0, 7y = 0 and the 7, /X is very large (recall that 7,/\ is the Lamé coefficient
for an incompressible material). To understand this, consider the simplified model (1.29)
and the set of parameters for the incompressible Neo-Hookean elastic solid (ns = 0,A > 0
and o = 0). It yields by applying this set of parameter to (1.31):

0*u op 2n,

—_ —_— . p— . 1-4
P + Vg — 3V e(u) = 0 (1.49)

This equation corresponds to a wave equation for the wave displacement u. Consider the
EVSS scheme (1.33) in the case n; = o = 0:

n+l _ 2u” n—1 n+1 _ 2u” n—1
pu U +u — ALY - (€ u U +u
At? At?

n+l . n )
W(H) Mgy — o,

At A

and compare to the implicit scheme (1.45) in the case 75 = a = 0 it yields:

p V-e(u") =0. (1.50)

un—l—l — ount + un—l Ly pn—l-l _ pn B 2ﬂ
At? At A

Therefore, the EVSS scheme carries an extra term corresponding to the time discretisation
of =21, AtV -€ (%%‘), thus we can anticipate that the implicit scheme should be more

accurate than the EVSS scheme when 7, is large. This will be confirmed by numerical
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experiments. O

1.6 Analysis of the free-surface flow model for the time
discretisation

In this section, we compute the discrete counterpart of the a priori estimate (1.11). Let
N € R*, At =T/N and t" = nAt. Let n > 0 and consider the implicit time discretisation
scheme (1.25) of the diffusive system of equation (1.14) the correction step. Let ¢" at
time t" and Q" = {x € A;¢"(x) = 1}. The initial and boundary conditions are similar
as described at the end of sections 1.1 and 1.3. The velocity u"3 and extra-stress
0" were previously computed together with ¢™ in the prediction step (1.12). For
t"=1 <t <t the free surface is defined as 9Q"\OA. It is assumed that no force apply
at the free surface: (—p"I + 2nse(w)) 4+ 6™)n = 0, where n is the unit outer normal of
O™\ OA. On JA, no slip boundary conditions (u = 0) are prescribed. Similarly as in
section 1.2, since w4 is not defined on the whole domain A, we define in a formal way
the product of (1.1b) with ¢u, then integrate on A, as:

u" — unﬁ% u — u”fé
/Apgo At Q(t)p At

Hence, taking the scalar product of (1.25a) with "4, (1.25b) with ¢"p", (1.25¢) with
©"e™ and integrating over the whole domain A yields

1
n_ "3

—/ o"u" - (V- (2nse(u”) —p"I — ")) da +/ pcp"ui ~u" de
A A At
= / pp"g - u" dx, (1.51a)
A

/ (V- uM)p" dw = 0 (1.51b)
A

- n|.n|2 /\Sﬂn n n—1i n— /
— d — 1o dx — d
/AQTlpSD lo"| CC—i—/A2npAt (a’ o 2) 3 de oe(u”) o™ da

(1.51c)

The variables u™, p™ and o™ are not defined on the whole domain A and thus the same
formal convention as previously has been applied for the integration. From free-surfaces
boundary conditions and u = 0 on 9A we find

/gp w (V- (2nee(u”) — p"T —o™)) daw = — / u (V- 2nee(u”) — T — o™)) da

_/ (2n.le(u™) > —p"V - u" +0" : e(u")) de.

38
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Using the formula 2a(a — b) = a® — b* + (a — b)? and divergence theorem, we obtain
/ " (2n8|e(u”)]2 —p"V.-u"+o": e(u”)) dx
A
2
—i—/ P " <|u”|2 —unz)? 4 ‘u" —ue ) de = / peg - u" de,
A 2A¢ A

/ " (V-u")p" de = 0.
A

and

o n|.n|2 )\@n
—"le™|* dx +/

<|0_n|2 _ |0_n—%|2 + ’an _ o_n—%
2np

A
—/ o"e(u") 0" da = 75(111"_%,0”_%’4/3”)-
A 2np

It finally yields
n|2 A n|2 n ny|2 O n2 n
plu| + s —[o"7 ) " dx + At [ | dnsle(u”)[T + —[0"|7 ) ¢" dx
A 277p A Tlp
A -3
o —0 2
ae Aloroe i) Ly
+ A (,0 2np At > L
A
-/ <pu”—%|2 + |a“—%2> o da
A 21y

A
+ At (/ 2p"g - u dz + = S(u""2,0" 7, w")) :
A

1
u” —u" "2

At

n n

Tp

Following chapter 3.4 in [Pir88], we find with the change of variables (1.13):

A
[ (a2 4 Soon iR ) da
A 2y
A
:/ <p’un—1‘2+‘on—1’2> (pn—l
A 2np

From incompressibility condition, we have

det (I + AtVu”_l)l’ dz.

-1
det (I - Atvur~t) " =1/ (1 AUV - u"™!) + AZ|Vu"~1 2 - O(AF))
=1/ (1+A2Vu""1 2 - O(aF))
=14+ C" AL + O(AF).
Here, the value C™ ! is dependent on the gradient of the velocity, hence not constant

Additional analysis is needed to obtain a priori estimate for this problem and will not be

addressed here. The interested reader can refer, for instance, to [Rav85, Sul88] for the
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Newtonian case without free-surface.

1.7 Analysis of a simplified model for the fully discretized
scheme

We address now the full discretisation of the system (1.29). Consider a domain entirely
filled with a liquid or solid (¢ =1 in A and thus A = Q(¢) = Q, for 0 <t <T). The FE
discretisation of the implicit scheme (1.39) is:

Find u% € V, py € Qu

n n—1
ufy —u YA\ n
/QpHAitH cvg de —1—/92 (775 + M) e(uy) : e(vy) de (1.52a)
n A e
—/QpHV.vadm+/QmaH1:e(vH) dex =0, Yvg € Vg,
/(V ~ul)qy dx + Z aK/ VoY - Vg de = 0, Yag € Qu, (1.52b)
Q KeTh K
and then find 6% € Ty such that
/a” T d:c—/ #a”_l :Th do (1.52¢)
o HITHEET ot ane H O Th ‘
2n, At n
0 me(l&}[) TH dw, VTH S 1-']-[7

where Vi, Qm and Ty are the spaces of piecewise linear finite elements (1.26) for the

full domain, when Q7% = € = A. Here, the stabilisation coefficient a g is defined similarly
1

as in section 1.4.3 for the implicit scheme (1.28). The terms —ﬁv : 02_2 — pg are
removed to simplify the computations.

The equation (1.52a) is not equivalent to the finite element formulation of the implicit
scheme (1.25), which would yield

n _ ,,n—1
/ pM ~vg de +/ 2nse(uy) : €(vy) doe — / py(V-vyg) de (1.53)
Q At Q Q

+ / oy €(vy) de =0, Vvg € Vy,
Q
Since vy € Vy, €(vy) ¢ Ty; rather we have e(vy) € Wy = {w € L*(Qy)> 3wk €
Py(K),VK € Tg}. Thus, the equation (1.53) cannot be retrieved from (1.52a). We are

going to prove that the implicit formulation (1.52) does not impact the stability of the
numerical scheme.

To do so, we introduce the continuous L?-projection operator onto Ty. Let mp :
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(L?(£2))3*3 — Ty be the projection operator onto Ty, defined for all w € (L?(2))3*3 by
m(w) € Ty and:

/ mg(w) 17y de = / w:Tg de, Vg e Ty. (1.54)
Q Q

We have the following result:

Proposition 1.7.1. Consider the numerical scheme (1.52). For all At > 0,75 > 0,7,
0 and a = {0, 1}, we have:

A N o
(i + o ) dw Ay [ (andetuipl + Doy ) de (155)
Q 2np =179 Tp
< [ (plubiP+ 5lohP ) de.
Q 277p

and

/Q<p>\ u + 2nsale(ul) 2 + 2y (e(uld)] ) dz+ Y aK/ o|Vpl|? da

KeTy
an 2
+ AP /Q o feul) - mule(ud)| deo

1 0 |2
§/<pA
Q

2
+K§ aK/ o|Vpl|? dw+At2/ )\—i—aAt‘ e(ujr) — mal(e (UH))‘ de.

N N-1
H Uy
At

At

+2nsale(uy)|® + 277p\7TH(6(U}{))\2> dz (1.56)

Proof. Let Ty = wy(e(vy)) in (1.52¢) and from (1.54) it yields
n A o 2np At
/QoH : e(vg) dw = /Q o selvn) da +/ )  Tale(vn) da.
Plugging this expression back into (1.52a) yields

n—1

/Qp% Vp d$+/2778 uH) (UH) dm_‘/pHv Uh dw+/UH vH)d
At _
3 ange(wi) : (e(vn) = m(e(vn))) dz = 0.

(1.57)
From the L2-projection operator 7y definition (1.54), we have
2n, At N . .
R eu) : (elufy) — mr(e(uly) da = 0. (1.58)
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A
Notice that multiplying (1.52c) by )\—i—Totzt yields
o —o !
/ ac’l T dx +/ ML _—H oy de = / 2npe(uyy) : TH de. (1.59)
Q Q At 9}

Let vy = uf in (1.57), gy = p'y in (1.52b) and 75 = o' in (1.59). Using (1.58) and
the identity a(a — b) = 3(a? — b + (a — b)?), we find

A
/QP(|unH|2 +Julfy —ufy )+ %(\U”H\Q +lofy — oy '?) da
p

+ At / <4nsle(u§%;)|2 - 7‘;‘\0?1\2) da
p

A 2 Az/ _ 9
+ tK;r aK/WpH\ o+ A [ e(uly) — man(e(ufy) P de

_/ plu' \o 1? da.

Summing from n = 1 to N yields
N2 AN al i V2o YLig2
(ol 5o ) e arY [ {ansfetuin)? + o ? ) de

Q = Ja Mp
) i—112 A
+ At Z/ —

Wy — ’“H

21p

4 . ,

FAY Y ax [ Vol dm+AtQZ/ (g ewin) = mae(uip) ) de
=1 KeTy + aAt

-/ <p ulyf?+ rm?) dz,

which yields (1.55).

i—1
UH on

2
5 ) de (1.60)

For the second result, we proceed as in Proposition 1.5.2. Let us take the difference
between two consecutive time steps of the modified momentum equation (1.57), and
divide the result by At to obtain

n+1 -9 n—1 n+l . n
/Q (uH Autg Uy ) cvg de +/ 21)5€ <uHAtuH> c€(vy) do

n+1 ol n
_ P —Ph Oy —Om\ .
/Q ( Az ) (V-vy) de +/ ( Az ) c€(vy) do

ut —
2npAt e< N H) : (e(vy) — m(e(vy))) dz = 0.

a X+ aAt
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Then we take A times the above equation and add it to « times (1.57):

un+1 —um un+1 — um unfl
/p(aH H 4 \—H 1ty -vg do
Q

At At?
wtt — u?
+/ 205 (ae(u?fl) + e (HH>> c€(vy) do (1.61)
Q At
. n+1 n n+1 n
n p - p n o — 0 )
- /Q <osz+1 + AHAtH> (V-vy) de +/Q (aoH“ + )\HAtH) c€(vy) do

* a A+ aAt (ae (UH ) + e At )] (e(vy) — mu(e(vy))) dz = 0.

Take the difference between two time steps in (1.52b) gives

/ V(@i - ul)gg dz+ Y aK/ VU — ) Vg dz =0, (1.62)
Q KeTy K

n+1_ n
Let vy = u™ —ul in (1.61) and qg = aplytt + A PH in (1.62). Tt yields

At
/ PA dw—i—At/ pa
Q 2 Q
ut = uh
—i—/ 205 (ae(u?fl) + Xe (HAtH>> ce(uly —ul) dee
Q

n+l _  n
+ ) aK/ Vg —ph) -V [ aplyt + AP g
KeTy K At

2
dx

n+1 n 2
Uy —ug
At

PA
+2

n+1 n
At

n+1 n n—1|2
Uy — 2ul +ug
At

21 At n unJrl —uy n n n n
" o3+ abi (“ (1) + (HAtH (el = wh) — ma(e(uyy” — uh)) da

n+1 n n n—1|2
1 Og —0p). +1 . PA (U —uy
+/Q<O“’?f+ “m) el —ufy) de = [ 58S

dz.
At r

it —w¥)) in (1.59) and using (1.54) we obtain

n+1 J?IJrl — U?I . nt+l . n
acy™ + AiAt ce(u ulfy) de
Q

H
(1.59) n n n
2 [ eyt s (rrnleCuy — uip) da

Now we take T = 7 (€(

20 [ o) (e — uf)) da-
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Using the equality (aa + B(a —b))(a —b) = §(a® = b*) + (B+ %) (a — b)?, we find

[

2
uy T —uly Wittt — 2wl 4wt
At At

+2nsa(e(ug P + le(ug) — e(up)®) dz

+/ﬂ2np(|7rH(6( wi )P+ | (e(up™) — e(ufy))?) dz

wit ! — g\ [
At — d
+ / po € ( AL > ‘ T

2A
+ Z aK/ a| V12 + (At —1—04) IV - i) ? de
KeTy

+ pA

2
+4nsA

n+1 n
Uy —Up

At

200 At
—I—A / 7717 1;[—&-1) —7TH(6( n+1)|2 dx

A+ At
ban [ O (oo 0 ) leCuly™ = ) malelut! - i) da
pA |uty — 2
= [ 2 ]+ 2nale(u)? + 2l (el de
2am, At n n
+ 3 an [ GV et A [ SR eu) - male(ui) da.

KeTy

Summing from n =1 to n = N — 1 we obtain (1.56). [

A similar result can be obtained for the following EVSS numerical scheme for the
linearized system (1.29), using the stabilisation coefficient aj defined similarly as in
section 1.4.3 for the EVSS scheme (1.27):

/ DY liry de = / e(uly ) Ty de, Vg € Tg,  (1.63a)
Q n

uf — u’}{l
/ N dz +/ 2(ns + np)e(uly) : €(vy) do (1.63b)
Q t Q
- /Qp}w ~vg de = /9(2771)D%_1 — o7 Y e(vy) du, Yog € Vg,
(v i de+ 3 ax [ V- Vau de =0, Vau € Qu,  (1.63)
@ KeT
/o” T dw—/ #0‘”_1'7‘ dx (1.63d)
QH.H _Q/\-FOzAtH'H '

2n, At n
/\—i—paAt e(uy) Ty de, Vg € Ty.
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Proposition 1.7.2. Consider the numerical scheme (1.63). For all At < A\, n, > 0,
np > 0: and a = {0, 1}, we have:

A
[ (oludiP+ olo?) do < [ (olus+ 510t do (L.64)
4np Q 2np

+1
vaf ((ns+3np)|6(U%)|2+a|0%|2> dw ot Y0 G [ (Vi e
f 47]1) KeTy

Furthermore, for oo = 1, we have for At > 0, with n, > 0, 1, > 0:

u%_ugf Ny |2
/Q<P>‘ —Ar | T (st mp)le(un)] ) dz
N N-1 2
+ Z OéK/ IVpy|? daz+/277p 7TH< (“HNUH>> dx (1.65)
KeTu
uj _'U'(I)-I ’ 142 «a 112
< [0\ ot m)leui) ) dzt Y ax [ 1904 da
@ KeTy K
wl — ul 2
+/Q277p)\ TH <e (w))‘ da

and for @ = 0 and At < X we have:
L5
Q 2
+At ns+77p
[0
=)y 2

+ ¢ [ (1,+ 202

N-1
“H Uy

At

+ / plmia(e(wh)? + frae(uly ™)) da

() o )

dw+/ (|7 (e(upy))? + 7 (e(uyy))[?) dee (1.66)
6(“%{‘“9{) (pH pH) ’
At

Proof in Appendiz C.3

Similarly to the stability estimates proofs for the analytical solution, the implicit scheme
is proved to be unconditionally stable, whereas it is not the case for the EVSS scheme.
However, even if the first stability estimates shows no control on o% for s = 0, the

Oék)\

KeThy

UH UH
At

ak)\

d.

KeTy

velocity and its gradient are controlled and thus o, as well.

The projection operator gy shows similarity to the ZZ error estimator introduced in
[Z795] in the 1D case. Indeed, the projection 7y is equivalent to the projector of
the gradient Vu, € Wy onto the space of piecewise linear finite element function
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Ty. It is proved in [ZZ98] that, for a Laplace problem with enough regularity, this
quantity converges to the norm of the gradient of the error. However in our case, no
proofs of convergence could be obtained for the quantity |e(u},) — mr(e(uly))||, but
it can be bounded. Indeed, we have ||e(u};) — WH(C(UTIL{))HLQ(Q)[;X:; < \|e(u7ﬁ)HL2(Q)3X3
and HWH(e(u’}{))HLQ(Q)?,Xg < ||e(u?1)\|L2(Q)3X3. Finally, the proposition 1.7.1 shows that
He(u?I)HLQ(Q)M < oo for ng > 0 and HT[-H(G(UTIL{))HLQ(Q);gxg < oo for ng = 0.

Consider the quantity at time t", n=1,..., N
n n |2 A a2 - i V2 X2
E" = plug|” + 5 o)) de+ At dnsle(uy))” + —loy|” ) dz, (1.67)
Q 7717 i=1 Q 7710

with its initial value for n =0

A
E° = /Q <p|u0H2—|- 27702[|2> de. (1.68)
P

The inequality (1.55) in the proposition 1.7.1 shows that (1.67) is bounded by (1.68).
Note that, forn =1,..., N:

n—112 n—1

A oy —ay o — o ! ot —o
%q % | 4 :/ o0 " OH 4. 7Jn OH ~OH 4.
/anp At e N a2, 0T AL
o o.n 1
< lle(uf)l p2(qysxs HAitH
L2(Q)3%3
« o — ot
+ o 0l yons | o .
Tp t L2(Q)3%3

Hence, we find that

n—1
O‘H O

n « n
At < ||6(U’H)||L2(Q)3><3 + % ||0H||L2(Q)3x3 .

L2(Q)3%3

Thus, the remaining terms in (1.60) without the stabilisation term Y- e i [i [Vl |* da

yields:
2
) dz

N
rary [ (Afgm"(“%) - wH(e(u"H))?) dz = O(AY).

i—1
oy — 0y

At

. 2
7 i—1
Uy — Yy

At

A
2np
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This means that, if we further assume that

> aK/ \Vply|? de = O(H?), i=1,...,N, (1.69)
KeTy K

the equation (1.60) in the proof of the proposition shows that the energy E™ (1.67)
converges in order one in time and space to the initial energy E° (1.68). Unfortunately,
no evidence shows that (1.69) is true. If the gradient of the pressure can be bounded,
this convergence result can be confirmed numerically, as presented in the next chapter.
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Numerical experiments of incom-
pressible viscoelastic free surface
Hows

In this chapter, numerical results obtained using the model described in chapter 1 are
presented. First we present the advantages of the newly introduced implicit scheme over
the EVSS scheme in a context of viscoelastic or elastic free surfaces flows. Finally the
model for elastic flows with free surfaces is validated for several test cases. This allows
to show the advantages of our model, mainly for large deformations and topology changes.

More precisely, we present a simulation in a full domain (¢ = 1) with an explicit solution
to show the advantages of implicit scheme, then a Poiseuille flow simulation is presented
in the next section. Three different problems have then been chosen for validation: a
traction or tensile testing, an Euler-Bernoulli beam oscillations and a buckling experiment.
Finally, the bouncing of an elastic material and a machining experiment is presented,
the latter demonstrating large deformations of steel-simulated material and tearing piece.
The numerical scheme is implemented in C++ and run on a system equipped with a
3.60GH z Intel Core i7-7820X processor and 128 GB RAM.

2.1 Validation of numerical scheme on exact solutions

In these two first numerical experiments, we focus on the comparison between the EVSS
and the implicit schemes for both the simplified model (1.29) and the complete model

(1.1).

2.1.1 Exact solution in a square domain for simplified model

In this problem, we address the simplified model (1.29). The cavity is fully filled (¢ = 1),
and the nonlinear terms Vuo + oVul as well as the convective terms are removed.
Consider a rectangular domain in two dimensions A = [0, 1] m? containing a viscoelastic
fluid (a = 1) or an elastic solid («w = 0) with an initial velocity up and an initial
extra-stress tensor og. The set of parameters for this simulation is A = 1 s, p = 1 kg/m3,
ns =0 Pas, g, =10 Pa s and T' = 0.112 s. We perform the simulations with « € {0,1}
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respectively for elastic and viscoelastic simulations. Using such a set of parameters,
initial and Dirichlet boundary conditions are chosen so that the exact solution in the
viscoelastic case (a = 1) is

o= (i) () on (3) )
p(x,t) =0,

[ —407 cos(mx) cos(my) 0 9 . [wt
ol@t) = ( 0 407 cos(mz) cos(wy)) e sin (2) /e

where ¢ = (x,y) and w = V8072 — 1. Similarly, the exact solution in the elastic case
(= 0) is:

(@, 1) = <— sin(mz) COS(ﬂy)) cos(v20rt),

cos(mz) sin(my)

p(x,t) =0,

[ —/20m cos(mz) cos(my) 0 )
o®,t) = ( 0 V207 cos(mx) cos(wy)) sin(v20mt)

Denoting by H the maximum diameter of the FE mesh, the coarse discretisation cor-
responds to H = 0.1 m, At = 0.0005 s, the middle discretisation to H = 0.05 m,
At = 0.00025 s, the fine discretisation to H = 0.025 m, At = 0.000125 s and even the
finer one with H = 0.0125 m, At = 0.0000625 s. Since the prediction step is not included
in this experiment, the parameter h corresponding to the size of the grid cells is not
involved. Dirichlet boundary conditions apply on dA for u and the pressure p is set to 0
on the boundary. The simulation results obtained with the EVSS scheme (1.63) and the
implicit scheme (1.52) are displayed in Figure 2.1, where we compare exact and computed
solutions along the diagonal y = = at final time T'. In Figure 2.2, convergence graphs are
plotted by computing the L?-error of the velocity u and extra-stress components o,
and o, for both numerical methods and physical cases (viscoelastic fluid and elastic
solid). An order one convergence can be observed for both schemes, although the implicit
scheme is more precise.

Let us show numerically the results of the a priori estimates in chapter 1, i.e. the
convergence of the discrete energy system (1.67)

n n A n . % o,
B = [ (ol + 5oyl ) det 3o At [ (dnde(uin) P+ Lo ) de (2)
Q 277;0 i=1 Q 7710
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Figure 2.1 — Exact solution in a square domain. Simulation of a viscoelastic flow and an
elastic solid deformation in a square domain. The coefficient oy, i of the stress tensor is
shown along the diagonal of the domain for various mesh sizes at final time 7" = 0.112.
Top: explicit EVSS scheme, Bottom: implicit scheme. Left: the viscoelastic experiment
(a = 1), Right: the elastic experiment (a = 0).

to the initial system energy (1.68)

E° :/ pluls|? + A|0'%,|2 dx. (2.2)
Q 2y
In Proposition 1.7.1, an order one convergence is proved in space and time of the discrete
system energy (1.67). In Figure 2.3, the evolution of the discrete system energy E" is
presented for 0 < ¢ < 7T, where T'= 0.17 s. The coarser parameters here are H = 0.1 m,
At = 0.01 s. Convergence graph shows order one convergence of the error |E" — E0| for
both viscoelastic (o = 1) and elastic (o« = 0) cases. In the last case, since ns = 0, the
remaining terms are the kinetic p [|[uf| 12 (q)s and elastic ﬁ 101l 12()3xa energy. Hence,
although the implicit scheme does not preserve the total kinetic and elastic energy, we

have convergence to the initial energy.
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2.1.2 Poiseuille flow for the free surface problem

The Poiseuille flow is a typical experiment for viscoelastic fluids [SJK*22]. Here the
goal is to compare both schemes (1.22) and (1.25) using the complete model, with a free
surface, the nonlinear terms Vuo + oVu! and transport terms. The same numerical
experiment has been used in [BPL06] for validation of the model using the EVSS scheme,
with values from [TMC*02].

A rectangular domain A = [0, L;] mx[0, Le] mx[0, L3] m is considered, with L; = 4,
Ly =1 and L3 = 0.2. Starting from an empty domain, an inflow on the left boundary
({x = 0}) of a viscoelastic fluid fills the domain with the following values for the velocity
field and the extra-stress tensor:

Ug Oxx Ozxy 0
u(x7 y7 Z7 t) = 0 o-(m7 y7 27 t) == O‘J}y 0 0 )
0 0 0 O
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with
uz(y) = 6y(La —y), 0za(y) = T20A(2y — L2)?,  0ay(y) = —6m,(2y — Lo).

No-slip boundary condition (u = 0) are imposed at the top and bottom boundaries of
A, free-slip (u - n = 0) at front and back, and an outflow with an imposed velocity is
enforced on the right end. The set of parameters for this simulation is p = 1 kg/m?,
ns = 0.5 Pas, n, =0.5Pas, A =0.5sand T =9 s. The viscoelastic flow is laminar,
hence the velocity and extra-stress imposed at the inflow are recovered in the whole
domain. The domain is eventually filled with fluid, as seen in Figure 2.4.

Figure 2.4 — Poiseuille flow. Evolution of the free surface in a numerical simulation of
Poiseuille flow in an initially empty cavity at times ¢t = 0.8,1.6,2.4,3.2 s.

The CFL constant (1.15) in this numerical experiment can be quite large. Hence, we
choose it to be equal to 6. Interpolation errors between the FE mesh are then lowered.
Unconditional stability was proved for the implicit scheme when nonlinear terms are not
considered. The value of A is equal to 1. It corresponds to a Weissenberg number of
Wi = ALy/U = 1, where U is the average velocity, as studied in [BPL06]. Convergence
of the implicit scheme towards a steady state solution could not be obtained for a higher
Weissenberg number.

Convergence with respect to At, h and H is studied starting with a full domain to speed
up the computations. The coarse setting corresponds to H = 0.1 m, h = 0.025 m and
At = 0.1 s. Finer meshes are then obtained by dividing the discretisation parameters
At,h and H by two. In Figure 2.5 the order one convergence is recovered. Similarly as
in the previous numerical experiment, the error of the implicit scheme is smaller than
the one of the EVSS scheme. The profile of velocity and extra-stress components xx and
xy on the line (z, z) = (2,0.1) are shown in Figure 2.6. Boundary layers can be observed
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2.2. Numerical simulation of more realistic test cases

for the extra-stress as already reported in [BPLO6].
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In these numerical experiments, the order one convergence of the numerical scheme
presented in chapter 1 has been verified for both viscoelastic flows (a = 1) and elastic
deformations (a = 0). Furthermore, the newly introduced implicit time discretisation
(1.28) proved to be more accurate than the EVSS scheme (1.27). The latter only proved
to be more stable in the case of a high Weissenberg number.

2.2 Numerical simulation of more realistic test cases

In the next simulations, the model for solid elastic deformations (o = 0 and ns = 0) is
studied on more realistic test cases. The implicit scheme (1.28) is applied in this section
due to its improved accuracy.
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Figure 2.6 — Poiseuille flow. Convergence profile along the line (z,z) = (2,0.1) for EVSS
scheme (left) and implicit scheme (right). Top: Extra-stress component o,,. Middle:
Extra-stress component ¢,,. Bottom: Velocity u,.

2.2.1 Tensile test

Traction tests are used to determine the physical properties of a material (Young Mod-
ulus, elongation, failure point, ...) [JCEL07, JEL08, CC04, POV*12]. In a so-called
tensile test, a specimen is subject to a longitudinal load and elongated until failure. The

specimen is usually composed of two shoulders and a gage section, see Figure 2.7. A

phenomenon called necking takes place, where the center cross section of the tensile
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2.2. Numerical simulation of more realistic test cases

specimen shrinks before failing. We want to model a traction experiment and obtain the
stress-strain curve of a given material. This curve yields the stress on the material with
respect to the relative elongation imposed on the tensile specimen.

The data for the tensile specimens and stress-strain curves are extracted from [CCO04].
It corresponds to a SAE 1045 steel material. We consider the two different shapes of
tensile specimen in [CC04], as illustrated in Figure 2.7 (top row). The first specimen is
cylindrical and the gage section has length 68 mm. The second specimen is rectangular
(sheet sample) and has length 60 mm. More details on the dimensions of the tensile
specimens are listed in [CC04]. The corresponding set of parameters are p = 7800 kg/m?,
ns =0Pas,n,=37- 10" Pa s, A = 0.5 s and o = 0, corresponding to a Young modulus
of £ = 222000 MPa. Hence, the goal is to show the accuracy and the convergence of
our model using a stress strain curve. However, the Neo-Hookean model for incom-
pressible material is only allows to describe the stress-strain curve of a given material
for small strains. Thus, only the elastic property of the material can be approximated,
not the plastic ones. The latter describes the state where the deformations are not
revertible anymore, which is opposed to the elastic deformations. At this point, larger
deformations are obtained for a smaller loading force, which flatten the stress-strain curve.

Figure 2.7 — Tensile test. Up: Tensile specimen example (sources:
https://www.tecquipment.com/ and https://www.3dcontentcentral.com/). Bot-
tom: Elastic domain g on cells grid. Left: cylindrical section. Right: sheet
sample.

The cavity A is a cylinder of radius 0.008 m and length 0.1 m for the cylindrical specimen.
For the sheet sample, we use A = [—0.013,0.013] mx[—0.005, 0.005] mx[—0.066, 0.066] m.
The initial elastic domain g = {x € A;¢(x,0) = 1} is displayed in Figure 2.7 (bottom
row). As in [BPL06], the axial force applied on the shoulders (both ends) of the specimen
is simulated using an imposed velocity. Shoulders are moved vertically along the Oz axis in
opposite directions in order to stretch the specimen, at constant speed wimp = (0,0, £0.5)
mm/s. It is applied by imposing velocity at the nodes of the FE mesh inside the domain
corresponding to shoulders locations. The convergence study consists in using three
different mesh sizes and time steps. In the coarse settings, the time step is At = 0.4 s
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with final time T = 2 s, the cell grid size is h = 0.5 mm and the average finite element
diameter is H = 2 mm, aiming at a CFL number (1.15) on the cells grid of 0.5. The
RAM memory and CPU time to compute the simulations are summarised in the following
table:

Cylindrical section Sheet sample
h [mm] ‘ memory [GB] ‘ CPU time [h] A [mm] ‘ memory [GB] ‘ CPU time [h]
0.5 0.525 2.11-1072 0.5 0.364 8.32-107°
0.25 3.259 3.03-107! 0.25 2.23 8.25-1072
0.125 24.36 9.15 0.125 16.76 1.56

The memory usage and CPU running time are multiplied respectively by 8 and 16 when
h, H and At are divided by 2, which are the expected proportions for 3D numerical
simulations. Two gauge marks at the end of the tensile bodies monitor the strain during
elongation. Here the total stress @ = —plI + o is taken into account for the computations
of the stress-strain curve, from the definition of an incompressible Neo-Hookean model
[DRO6, Hol02]. The results are shown in Figure 2.8. As predicted, incompressible Neo-
Hookean model do not allow to follow the experimental stress-strain curve. Hence the
necking observed at t = 0.2 s does not occur in the simulations. However, the elastic
behaviour of the specimen is close to the experimental one. Since the parameter 7, is
very big, the EVSS scheme applied to traction experiment hardly converges, see remark
1.5.2 in section 1.5. However the implicit scheme does not deal with large elongation and
fails for t > 2 s.

Stress-strain curve for Implicit scheme Stress-strain curve for Implicit scheme

400 / 400
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Figure 2.8 — Tensile test. Stress-strain curve for experimental data and convergence
of implicit scheme. The horizontal axis eps[%] corresponds to the relative elongation
(L — Lo)/L, where Ly is the initial length of the gage section. Left: cylindrical specimen.
Right: sheet sample. Zoom on elastic deformation.

The stress component o, and pressure p are monitored in the center of the specimen
and in Figure 2.9 the quantity 6., = —p 4+ 0, is displayed at a given time ¢t = 0.4 s
along the line (z,y) = (0,0), which correspond to axial symmetry line of the cylinder.
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2.2. Numerical simulation of more realistic test cases

The profile for the sheet sample is taken along the line (z,y) = (0,0) on the longest
symmetry axis. During the elastic stretch of the tensile experiment, we expect the stress
to be equally spread along the two gauge marks of the tensile specimen. Oscillations can
be observed for coarser meshes, when the complex behaviour of tensile test cannot be
approximated with enough precision. The use of a finer mesh and the implicit scheme
allow a better approximation.

2000 Profile convergence for Implicit scheme 2000 Profile convergence for Implicit scheme
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Figure 2.9 — Tensile test. Axial profile of stress tensor component o ,,. Left: cylindrical
specimen. Right: sheet sample.

To compute the viscoplastic phenomenon, the incompressible Neo-Hookean model must
be modified in order to take into account the nonlinear behaviour of the Cauchy stress
tensor. Alternative models as St-Venant Kirchhoff model could be applied, but the
compressible effect must be tackled, which is the topic of chapter 5. Nonlinear relations
could be applied to stress-strain relation [Leb02, CC04, JEL08|. The modified Oldroyd-B
equation (1.1d) for nonlinear strain yields

2np  €(u)

9 T
—0+ (u-V)o —Vuo —oVu = _
(V) A1+ Alel?

= (2.3)

Using this formulation, the elastic property of the Neo-Hookean model is conserved for
small strains, but allow to obtain smaller values of the extra-stress when the deformations
become larger. An additional nonlinear relation is introduced by taking the norm of
the extra-stress tensor to the power B, thus this term is taken explicitly in the time
discretisation. In Figure 2.10, the stress-strain curves for A = 10~7 and two different
value of B in equation 2.3 are displayed. Visual convergence to the exact stress-strain
curve is observed for B = 1.4.

In order to test large deformations for the tensile test, a rubber material is used instead
of steel. In [POVT12] a stretch ratio L/Lg of 2.5 is considered, while the deformation of
steel does not exceed 1.1, showing the difference between ductile and brittle material
as explained in the introduction. The tensile specimen used in [POV*12] is replicated
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Figure 2.10 — Tensile test. Stress-strain curve for alternative constitutive equation for
A =10"". Left: B =1.35. Right: B = 1.4.

here and the results are shown in Figure 2.11. The used parameters are p = 940 kg/m3,
ns =0Pas,n,=2- 10° Pas, A = 0.5 s and a = 0, corresponding to a Young modulus of
E = 1.2 MPa. One simulation has been run with At = 0.8 s with final time 7" = 12 s, the
cell grid size is h = 0.6mm and FE mesh diameter is H = 4 mm. The velocity imposed
is not linear anymore in order to obtain a constant strain rate in time [POV*12] so
Uimp = (0,0, £aLoe™) m/s, with a = 0.01 and L¢ being the initial length of the tensile
specimen. The nonlinear terms of the simulation lead to unstability of the numerical
scheme and thus are removed to compute the simulation. It allows the tensile to obtain
an elongation ratio of near 1.3, see Figure 2.11.
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Figure 2.11 — Tensile test. Rubber material traction profile. Top: the characteristic
function . Bottom: the extra-stress component o,,. From left to right: ¢ =0,4,8,12 s.
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2.2.2 Euler-Bernoulli beam

The goal is now to achieve beam deformations and validate results using the Euler-
Bernoulli beam theory [BC09, JM13, BL19, TBMG20]. A beam is defined as a structure
with a length that is proportionally much larger than the size of its cross section. The
assumption of the Euler-Bernoulli beam theory is that, when bending moment is applied,
the cross-sectional area is infinitely rigid, thus not deformable. Furthermore the cross-
sectional area remains normal to the deformed axis of the beam, as shown in Figure 2.12.

Figure 2.12 — Euler-Bernoulli beam assumption. Small displacement are allowed and the
cross-section area is not deformed. The cross-section remains normal to the deformed
axis of the beam.

From these assumptions, we compute a set of equations for the beam for a set of boundary
conditions. The complete stationary sets of equations can be found in [Pas08|. Let w(z,t)
be the deformation in the Oy axis of a given point x in the Oz axis on the beam at time
t, see Figure 2.12. The equation reads

?w  EI0*w

where f denotes external forces. Here F is the Young modulus of the beam material, I
is the section area momentum, p is the density and A is the section area. In the case of
a cantilever beam, the left-hand side is fixed and the right-hand side is free. Thus, the
initial and boundary conditions are:

ow d?w Pw
W(O,t) _07 %(Ovt) _O) W(Iﬂt) _07 @(Lvt) _O) (2 5)
5 .
w(z,0) =0, ai:(x,()) = vo(2).

Using the change of variable w(z,t) = X (x)T(t) and f = 0 we obtain the following set
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of equations:

T"(t) + W*T(t) = 0, (2.6)
XW(z) - p1X(z) =0, (2.7)

where % = pE—‘L}wQ and w represents the different frequencies of the beam deformations.
We obtain

T(t) = asin(wt) + bcos(wt), (2.8)
X (x) = Cysin(Bx) + Cy cos(Bx) + Cssinh(Sz) + C4 cosh(fz), (2.9)

where the constants are determined from boundary conditions. More precisely the
following system is obtained:

0 1 0 1 C1
B 0 B 0 Co
—B?sin(BL) —B?cos(BL) B%sinh(BL) B%cosh(BL) | | Cs
—B3cos(BL)  B3sin(BL) B3 cosh(BL) B3sinh(BL)) \Cy

o O O O

A non-trivial solution is obtained when the kernel dimension is non-zero. We recover the
oscillations frequencies of the beam for n > 0:

6n:(2n_1)ﬂ-, Wy = ﬂﬂgz E[(
pA

(2n — 1)71')2
2L pA ’

2L

From (2.5) we recover the following solution:

+0oo
w(z,t) = Z e sin(wnt)dn (), (2.10)
n=1
where
¢n(x) = (cosh(Bx) — cos(Bnz)) — op(sinh(Byz) — sin(Brx)),
with

_ sinh(f,L) — sin(f, L)
~ cos(BpL) + cosh(B, L)

The parameters ¢, are the Fourier coefficients for the function vy in the orthonormal
basis {¢,}. In our experiment we chose vg = C¢1, C € R. This allows the beam to
oscillate only in its principal frequency and to recover a simple formula for the final
solution, thanks to Fourier theory. The solution hence becomes:

w(z,t) = (C/wr) sin(wit)dy (),

and is illustrated in Figure 2.13. It is called a cantilever beam and we use no-slip
boundary conditions on the left part of the cavity. No force is applied but an initial
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velocity vg(z) = 0.06 - ¢1(x) gives the impulsion for the deformation of the elastic solid.

Velocity magnitude Velocity magnitude
0.00 0.02 0.04 0.06 0.08 0.1 0.12 0.00 0.02 0.04 0.06 0.08 0.1 0.12

— ‘ D e — ; L —

. R

Extra Stress Component xx Extra Stress Component xx
-6.8e+03  -4000 -2000 0 2000 4000 6.3e+03 -6.8e+03  -4000 -2000 0 2000 4000 6.3e+03
_——— D mle— _— ‘ C ose—
- -
— —— v -

Figure 2.13 — Euler-Bernoulli cantilever beam dynamic. Left: Time ¢t = 0.1 s. Right:
Time t = 0.3 s. Top: Velocity magnitude ||u||. Bottom: Extra-stress coefficient ;.

Simulations were done for two different sizes of cross-section length » = 0.06 m and
r=0.12 m in a cavity A = [0, 1.6] mx[0,0.6] m. The simulations are computed in pseudo
2D instead of 2D, in the sense that the variables are constant along the third dimension.
The cavity becomes A = [0,1.6] mx[0,0.6] mx[0,0.1] m, the initial velocity in the Oz
component is zero and free-slip boundary conditions are applied on the domain boundary
OA. This difference in computation is made easier by the cfsFlow software and only
slightly impact the computational time without impacting the simulation precision. Only
the implicit scheme has been applied for these simulations. Three meshes and times steps
have been used to prove convergence to the exact solution. In the coarse settings, the
time step is At = 0.075 s with final time T = 1.5 s, the cell grid size is h = 6.25 mm
and the average finite element diameter is H = 20 mm. The finer settings are obtained
by dividing the discretisation parameters by two. The RAM memory and CPU time to

compute the simulations are summarised in the following table:

r =0.06 m r=0.12m
h [mm)] ‘ memory [GB] ‘ CPU time [h] A [mm] ‘ memory [GB] ‘ CPU time [h]
6.25 0.29 0.013 6.25 0.46 0.025
3.125 1.23 0.119 3.125 2.37 0.254
1.562 8.1 1.37 1.562 16.42 3.86

In Figure 2.14, convergence can be observed with respect to the exact solution computed
with the Euler-Bernoulli beam theory. A discrepancy between the numerical results
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and the Euler-Bernoulli beam model can be observed for the larger value of r, since the
Euler-Bernoulli beam theory can no longer be applied. However, the visual convergence
is still observed. When the beam velocity reaches its maximum deformation and the
velocity is close to zero, the CFL number (1.15) becomes small and interpolation errors
are observed. Thus the time step cannot be taken arbitrarily small.
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Figure 2.14 — Euler-Bernoulli beam. The numerical approximation is monitored at the
free-end of the beam. Convergence of the monitored point compared with an exact
solution computed with Euler-Bernoulli beam theory. Top: r = 0.06 m. Bottom:
r = 0.12 m. Left: Position w(L,t). Right: Velocity %w(L,t).

2.2.3 Buckling experiment

Our goal is now to reproduce a buckling phenomena, that is the deformation of an axially
compressed bar when the exerted force P reaches a certain threshold. It is determined
by the so-called Euler buckling load, found out by Euler in 1744:

2 EI

P=GDr (2.11)
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2.2. Numerical simulation of more realistic test cases

where F and [ are the Young modulus and section area moment as defined previously,
L is the length of the bar and k is a parameter depending on the number of degrees of
freedom of the end point where the load is applied. For instance, k& = 1 implies that
the extremities are fixed but the angular moment is free (w(0,t) =0, ‘?)—Z’(O, t) free) and
k = 0.5 when both degrees of freedom are fixed (w(0,t) = 0, ?)—?(O,t) = 0). The full
derivation of the Euler buckling load (2.11) can be found in [BL19).

The goal of this experiment is to estimate the Euler buckling load threshold. Two different
radii for the cross section 7 = {2,4} mm are used in order to modify the section moment
I (see equation (2.4)). The length of the gage section of the initial elastic domains is
200 mm aand re illustrated in Figure 2.15. The computational domain A is a cylinder of
radius 30 mm and length 240 mm.

| l

Figure 2.15 — Buckling experiment. Initial (¢t = 0) position and position after buckling.
Left: small radius » = 2 mm at time ¢t = 0.5 s. Right: large radius r = 4 mm at time
t=1s.

As for the traction experiment, the force applied on the shoulders (both ends) of the
specimen is simulated using imposed velocity. Only the implicit scheme was applied
for this experiment as for the Euler-Bernoulli beam experiment. Shoulders are moved
vertically on Oz axis at constant speed uimp = (0,0, —1) mm/s for the top shoulder,
applied by imposing velocity as previously. The convergence study consists in three
different mesh sizes and time steps. In the coarser case, the time step is At = 0.4 s with
final time T = 2 s, the cell grid size is h = 0.8 mm and the minimum element diameter is
H = 2.5 mm, thus the CFL constant (1.15) is equal to 0.5. The RAM memory and CPU
time to compute the simulations are summarised in the following table:
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r =2 mm r =4 mm
h [mm] ‘ memory [GB] ‘ CPU time [h] A [mm] ‘ memory [GB] ‘ CPU time [h]
0.8 0.92 0.007 0.8 0.94 0.008
0.4 7.06 0.056 0.4 7.15 0.08
0.2 55.64 0.7 0.2 56.42 1.2

In order to capture the moment when the bar buckles, the variables values are monitored
at the bar center (0,0,0). In Figure 2.16 the stress and pressure are visualised as in the
tensile test experiment and the quantity 6., = —p + 0, is represented with respect to
time. The buckling moment is observed when the stress 6., suddenly decreases. The
relative error with the theoretical value (2.11) is reported in Figure 2.17. The moment
when the bar buckles is a phenomena happening in an extremely small amount of time.
The time step At of the simulation was taken as small as possible, but the CFL number
must be kept larger than 0.2 to avoid excessive interpolation errors.

400000 400000

300000 300000 P —

200000 200000 —
/
/

100000 — e — 100000

° MT T T ° %

—100000 —100000
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Figure 2.16 — Buckling experiment. Stress with respect to time. Buckling occurs when
the stress suddenly decreases. The theoretical Euler buckling load is displayed as a
horizontal threshold. Left: small radius » = 2 mm. Right: large radius » = 4 mm.

These last numerical experiments are based on engineering test cases and allow to validate
numerically our numerical scheme using the implicit scheme.

2.3 Signorini boundary conditions and machining experi-
ments

In the two last numerical experiments of this chapter, the potential of our model is

exploited. Signorini boundary conditions are imposed instead of free slip boundary

conditions in order to make it leave the boundary. Then, we put the emphasis on the
potential of the numerical model and present a machining experiment.
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Error on the theoretical Euler buckling load for radius 0.002 m

~B- Error on stress
~~ Order one convergence

100

relative absolute error

relative absolute error

1004

1014

Error on the theoretical Euler buckling load for radius 0.004 m

~#- Error on stress

~ = Order one conve

ergence

Figure 2.17 — Buckling experiment. Relative error of the stress on the column at buckling
with the Euler buckling load with order one convergence curve. Left: small radius
r = 2 mm. Right: large radius » = 4 mm.

2.3.1 Bouncing elastic ball

In this experiment, a ball-shaped elastic solid (o« = 0,7s = 0) is dropped in a cavity
with a given initial velocity ug and extra-stress tensor og. It enters in contact with the
bottom of the cavity before bouncing back upwards. For this experiment, we need to
define Signorini boundary conditions [Sig33]. They define a set of boundary conditions
for an elastic solid to collide with a frictionless rigid surface. Let us denote by n the
unit outer normal of A and ¢ are all unitary vector orthogonal to n. The normal
and tangent force are respectively defined as T,, = (—pn + (2ns¢(u) + o)n) - n and
Ti = (—pn + (2nse(u) + o)n) - t. The Signorini boundary conditions read

T.,=0, T, <0, u-n<0, (u-n)T,=0. (2.12)
Details can be found in [KO88, BBRS05], where a variational Lagrangian formulation of
the problem has been investigated. A different approach is taken here in order to take
into account the Eulerian formulation of the problem. The goal is to allow the material

to detach from the boundary in order to bounce upwards.

The algorithm goes as follows: after the prediction step of the splitting algorithm, the
1

functions ¢", u?_l_i,o?{_i have been computed on the structured grid and interpolated
on the FE mesh. We compute a continuous piecewise linear FE approximation T:Z;II of

1

5 on the boundary of the domain. In this purpose, we

T, at intermediate time step n —
_1 _1
compute DZ =1y (e(uz 7)) on the space of piecewise P! finite element, using (1.27a).
_1 _1
Hence we obtain Tjy ! = 27]5DZI 4+ GZ > —p ' and Tg}f = (TE 'n) - n for each
vertex on the boundary of the domain. Then, on each vertex of the mesh

o If Tgifl < 0, then according to (2.12), u%; - n must be set to 0.
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e Else, the normal stress T} ; = (2ns€(ufy) + of)n — pn will be set to 0 in the
correction step, so that the total force is 0.

The elastic ball is placed in a cavity A = [0,0.4]2> m? x [0,0.3] m, with the mass center
situated at (0.2,0.2,0.15) m. The ball has radius » = 0.08 m is initialized with velocity
ug = (0,0, —0.1) m/s, extra-stress o9 = 0. It is only subjected to gravity forces. The
parameters are p = 1100 kg/m?3, A = 10~?s and Np = 102 Pa s. Three sets of discretisation
parameters is used. In the coarse case, the time step is At = 0.024 s with final time
T = 0.4 s, the cell grid size is h = 0.004 m and the FE mesh size is H = 0.02 m. The
elastic material deforms itself when hitting the bottom of the cavity and its elastic energy
is transformed back into upgoing velocity when moving back up. In Figure 2.18, the
evolution of the barycenter of the characteristic function ¢ in time is presented for both
numerical schemes. We can observe that both EVSS and implicit schemes provide us
similar results. In Figure 2.19, screenshots of the elastic material evolution is shown
using the implicit scheme.

0.25 Convergence of barycenter position

= h =2 mm, EVSS
= h =2 mm, Implicit
—— h=1mm, EVSS
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0.20
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Figure 2.18 — Bouncing elastic ball. Convergence of mass center position for the EVSS
and implicit schemes.

In Figure 2.20, the algorithm is illustrated for two different time steps. The nodes where
the normal component of the force is negative are displayed. The velocity has now a
negative normal component and the ball leaves the boundary on the next time step. In
Figure 2.21, the values of the pressure and the normal component of the body surface force
T} ,, have been monitored through time on the boundary at position (0.2,0.2,0). Their
value are zero before the elastic solid is in contact with the bottom surface. Instabilities
arise when the ball touches and leaves the bottom when using the EVSS, which shows
another advantages of the implicit scheme.
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Figure 2.19 — Bouncing elastic ball. Simulation of an incompressible neo-Hookean elastic
ball of radius » = 0.08 m hitting the bottom of a box, only subject to gravitational force.
Signorini boundary conditions are used and the ball bounces against the surface. From
left to right, top to bottom: ¢t = 0,0.048,0.096,0.144,0.192,0.24, 0.288,0.336 s.

69



Chapter 2. Numerical experiments of incompressible viscoelastic free
surface flows
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Figure 2.20 — Bouncing elastic ball. Simulation of an incompressible neo-Hookean elastic
ball of radius » = 0.08 m hitting the bottom of a box, only subject to gravitational force.
Signorini boundary conditions are used. The ball is pushed upwards. Top: Snapshots of
characteristic function (¢ = 1 in the blue region). Middle: normal force at the bottom.
Bottom: nodes where velocity has a negative normal component. Left: ¢ = 0.168 s.
Right: t =0.192 s.
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Figure 2.21 — Bouncing elastic ball. Evolution of the force on boundary at position
(0.2,0.2,0) for three different mesh sizes. Left: EVSS scheme. Right: implicit scheme.

2.3.2 Machining simulation

Finally a steel machining type experiment is presented. The goal is to cut into a piece of
steel to give it a specific shape. In Arrazola et.al [AO10], a finite element simulation of
chip formation process is presented, see Figure 2.22, where the model is discretised using
an Arbitrary-Lagrangian-Eulerian method. We would like to reproduce such machining
simulations using our own model, which allows large deformations and topology.

Figure 2.22 — Left: steel machining. Right: machining simulation figures extracted from
[AO10].

A first test case is investigated, where an elastic solid (o = 0, A > 0,7, = 0) models the
steel work with a free surface using model (1.1). This test case investigates the large
deformation of the elastic solid when it is split in half. The visual convergence and
the stability of the numerical scheme on this simplified test case is shown. A pseudo-
2D simulation is applied here as described in section 2.2.2. The steel is injected in a
rectangular domain A = [0,0.05] m x[0,0.04] m x[0,0.001] m with a notch modelling the
rigid tool. The inflow boundary corresponds to the surface {0.015 < x < 0.035;y = 0.04}.
In this numerical experiment, the set of parameters is p = 7500 kg/m3, A = 1073 s
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ns =0 Pas, n =2- 10° Pa s and a = 0. The use of large value of the ratio Np/ A
allows to obtain the Young modulus of steel. The coarser discretisation configuration is
H =1mm, h =0.25 mm and At = 0.5 ms. Finer meshes are then obtained by dividing
discretisation parameters by two. The steel is injected at the top of the domain at speed
u = (0,—1,0) m/s. Free-slip boundary conditions are applied for the pseudo-D direction
and in the notch boundaries, and an outflow let the material flow out of the domain
when it reaches the bottom. Results are shown in Figure 2.23 for the finer mesh. The
material flows in the cavity and is cut by the notch in the center corner of the domain,
creating a singularity of the solution. The Figure 2.24 shows the visual convergence of
the approximated characteristic function .

VOF steel
00 01 02 03 04 05 06 07 08 09 10
! h I | I ! | |

VOF steel VOF steel
0.0 01 02 03 04 05 06 07 08 09 10 0.0 0.1 02 03 04 05 06 07 08 09 10
| | | | ! I I 1 \ | | | | | f | I | |

Figure 2.23 — Machining simulation. Simplified 2D test case for implicit scheme. Extra-
stress component oy,. From left to right: ¢ = 0.01, 0.025, 0.035 s.
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Figure 2.24 — Machining simulation. Simplified 2D test case for implicit scheme. Extra-
stress component oy, at time ¢t = 0.05 s. From left to right: H =1,0.5 and 0.25 mm.

Our implicit time discretisation scheme (1.25) has been used rather than the EVSS
scheme (1.24). Using a large value of the parameter 7, in the hyperbolic case a = 0
yields utterly large errors in simulations using the EVSS scheme, as mentioned in Remark
1.5.2 in section 1.5. In Figure 2.25, two simulations using the EVSS and implicit schemes
are presented. The same parameters as previously have been used except for the two
different values of the parameters 1, = {2-10°,2-107} and A = {1073,1071}. Their ratio
remains 7, /A = 2 - 107 Pa. The difference on the approximated characteristic function ¢
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and extra-stress tensor o is too large between both simulations, which motivates the use

of the implicit scheme for machining simulation.

Exira-stress component yy Extra-stress component yy
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Figure 2.25 — Machining simulation. Simplified test case. Illustration of the issue raised
by the ratio 1,/ at t = 0.03 s. Left: elastic simulation for 7, = 2107 Pas, A= 10"!s.
Right: elastic simulation for 7, = 2-10° Pa's, A = 1073 s. Top: EVSS scheme. Bottom:
implicit scheme.

Finally, a more sophisticated simulation is presented. The tool is still modelled by a
notch in the 3D domain but is shaped to form a realistic case. The set of parameters is
p = 7500 kg/m?, A = 1072 s and Np=2"- 10° Pa s. As previously mentioned, the use of
the EVSS scheme is avoided here, in order to ensure a realistic numerical result. The
results are presented in Figure 2.26. A chip is formed and allows to cut our material.
Although no change of topology is performed, large deformation of the piece of steel is
obtained.
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Figure 2.26 — Machining simulation. Extra-stress tensor coefficient ¢,, on small grid.
Top: t =0.2 s. Bottom: ¢t = 0.3 s.
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ple incompressible viscoelastic
free-surface flows

The goal is to extend the model in [JBCP14], corresponding to multiple incompressible
and immiscible Newtonian flows to the viscoelastic and elastic case. This allows to

consider fluid-fluid, fluid-structure and structure-structure interactions.

In this chapter, the model is presented first. The numerical approximation is then
described, the implicit scheme of chapter 1 being applied to the multiphase formulation.
Stability estimates of the time stepping schemes are then presented.

3.1 The mathematical model

The goal is to model the interaction of L > 1 phases, which rheologies range from
incompressible Newtonian or Oldroyd-B fluids to incompressible Neo-Hookean elastic
solids. The materials are considered isothermal, incompressible and immiscible. Consider
a bounded cavity A C R3 and let ¢, : A x [0,T] — {0,1} be the characteristic functions
for each material £ = 1,..., L. The domain containing material ¢ is then defined as equal
to 1 in material £ and 0 outside. They define the subdomains

Q(t) = {x € A; (e, t) = 1},

for ¢ =1,...,L, ¥Vt € [0,T]. Since the materials are considered immiscible, the subdo-
mains ((t), £ = 1,..., L do not intersect V¢ € [0, T]. Hence, defining ¢ : Ax[0,T] — [0, 1]
L
as p = Z ¢, the complete material domain is defined as
(=1
L
) = {z € A p(z,t) = 1} = [J Qu(t).
(=1

The space-time domain containing the material is defined as in chapter 1 as O =
{(z,t) e Ax (0,T);2 € Qt),0 <t <T}.
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L
Consider the notations of chapter 1. Let 29 = (0) = U 2(0) be the initial configuration
/=1

and @ : Qy x [0,7] — A be the Lagrangian descriptior_l of the displacement of the fluids.
The displacement of a particle X € g after deformation at time t is defined via the
velocity of the deformation u using equation (1.2), see Figure 3.1.

¥1 (:Ii,t)

(pQ(X,O -7
Q2(0) --

Figure 3.1 — Sketch of multiple materials deformation.

The material particles X € ,(0) are transported to the position x(X,t), with the
material velocity u, the characteristics functions ¢ satisfy in the sense of distributions:

%‘i@(u-vm:o, ¢=1,...,L, inAx]0,T] (3.1)

Thus, the characteristic functions satisfy for £ =1,..., L and for all X € ,(0):
pe(x(X, 1), 1) = (X, 0). (3.2)

By summing the equation (3.2) over ¢ = 1,..., L, we obtain that the characteristic
function ¢ satisfies the transport equation in the weak sense:

0y :
Hence, it also satisfies p(x(X,t),t) = ¢(X,0). In the computational domain, the velocity
field w : Qpr — R3, the pressure field p : Or — R, the symmetric extra-stress tensor field
o : Op — R33 satisfy:
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p <881; + (u- V)u) — V- (2ns€(u)) +Vp—V -0 = pg, in Qp, (3.4a)

V-ou=0, in Qp,  (3.4b)

ao + A ((ZZ + (u-V)o —Vuo — aVuT> = 2np€(u), in Or, (3.4c)

where the parameters p, s, 7p, A, o are piecewise constant in space, with a discontinuity
at the interfaces. For instance, p, denotes the constant density of phase ¢, £ =1,..., L,
and the density p is then defined with respect to the characteristic functions as

L
p=">_ pepr. (3.5)
/=1

The definition is analogous for the remaining parameters 7,7, A, . The material number
¢ determines:

1. an incompressible Newtonian fluid if oy = 1, Ay = 0,
2. an incompressible Oldroyd-B viscoelastic fluid if apy = 1, A\p > 0,

3. or an incompressible Neo-Hookean elastic solid if ay = 0, ;¢ = 0 and A, > 0.

At initial time ¢ = 0, the material ¢ region is defined as Q9 = {x € A; pi(x,0) = 1},

L

for £ =1,...,L and the computational domain ¢ = U Q0. The initial velocity field
/=1

uo = u(-,0) and extra-stress tensor og = o(+,0) are prescribed in Q. On JA either zero

tangent force (free slip) (u-n =0, on -t =0), zero normal force (u-t =0, on-n = 0),
no slip (u = 0) or Signorini boundary conditions (2.12) can be prescribed. Finally, as in
section 1.1, in case of inflow boundary conditions the velocity and extra stress must be pre-
scribed at the inflow boundary: w = u;, and 6 = 04, on 'y, = {x € 9A; (u-n)(x,t) < 0}.

For 0 <t < T, the free surface at time ¢ is defined as 9Q(¢)\0A. The boundary conditions
prescribed on the free surface corresponds to the no external forces condition, that is
(—pI + 2n5(p)e(uw)) + o) - n = 0, where n is the unit outer normal of the free surface.
Since the parameters p, 7, 1y, A, @ are piecewise constant in space, the equation (3.4a)
has to be understood in the weak sense and the conditions on the interface I'; j(t) between
two subdomains €2;(t) and Q;(¢), for 0 <t < T, are:

[u] = 0, (3.6)
[(2ns€(u) +0)n — pn] = 0,

where the brackets [-] denotes the jump of the variables across the interface I'; j(t). The
jump of the force at the interface is derived from the momentum equation (3.4a), while
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the velocity continuity is needed to write the weak formulation of (3.4), see for instance
[QV99]. Similar conditions are obtained for the coupling of viscid and inviscid Stokes
equations [QLV91] or in fluid-structure interactions (ns1 = 0,752 > 0) [DR06, Ric13].

Should surface tension forces apply on the interface I';;, then additional forces terms
must be added in (3.4a) and the interface condition becomes [Kat86, TELBO6]:
[(2nse(u) + o)n — pn| = F. The vector Fy denotes forces acting at the interface. Surface
tension forces are not considered here. For further informations, the reader can refer to
[Dav83, AMW98, Cab06].

Remark 3.1.1. The equations (3.5) and (3.2) gives the total mass conservation since
for every particle X € Qq:

L

L
p(X,0) =" pppe(X,0) =D pepr((X, 1),1)) = p(z(X,1),1).
/=1 /=1

O

3.2 Time discretisation: an order one splitting scheme for
multiphase problem

Similarly as in the case L = 1, an order one splitting algorithm is applied to solve
the system of equations (3.4). Hence, the advection and diffusion terms are splitted
and solved separately. Let At be the time step, N be the number of time steps,
At = T/N and t" = nAt, n = 0,1,...,N. Let n > 1 and assume that at time "1,
the approximated volume fractiony 90?*1 : A — R are known, ¢/ = 1,..., L. The
approximated computational domain is defined by Q" ! = {z € A;p" " !(z) = 1}. Let
w1t Q" 5 R3 and o™ Q"1 — R3X3 be the approximation of the velocity
u(t"~1) and extra-stress tensor o (t" 1) respectively. During the prediction step, the set
of advection equations from "' to t" in A is solved:

Find v, : A x (" 1,t"] — {0,1}, £ =1,...,L, v : A x [t"1,#"] - R® and 7 : A x
[t~ 7] — R3*3 such that:

ov

e +(v-V)v=0, (3.8a)

or

5 T V)Ir=o, (3.8b)
%—F(’U-V)d)zzo, (=1,...,L, (3.8¢)

with initial conditions

o(t" Y =u" Tt =0", (") =), =1,... L
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Dirichlet boundary conditions for the system of equations (3.8) are only prescribed
if inflow boundary conditions are applied on I'y,. Analogously as for L = 1, the
system of equations (3.8) is solved exactly using the method of characteristics. Let us
denote by u"fé,anfé, ¢y the solutions at time t" of the system (1.12). The method of
characteristics yields for X € Q1

w3 (X + Atu" (X)) = u" (X)), (3.9a)
0" 3 (X + Atu" (X)) = 0" (X)), (3.9b)
OF(X + Atu" (X)) = wg_l(X), ¢=1,...,L. (3.9¢)
The variables ¢, £ = 1,..., L, solutions of the transport equations (3.8c) at time ¢",
determine the updated subdomains Q) = {x € A;¢j(x) = 1}. Moreover the total
L
characteristic function ¢" = Z ¢y is updated and the computational domain is defined
(=1
L
by Q" ={z € A;p"(x) =1} = U 2. The parameters are updated at time ¢ = ¢" as
(=1
L
(=1

for f = p,ns,Mp, A, . Then, the correction step consists in solving the remaining system
of diffusive equations:

Find v : Q" x (" 1,t"] - R3, ¢ : Q" x (" 1,t"] — R and 7 : Q" x [t"~1, "] — R3*3
satisfying

0
PG = V- (2nle(v)) + Vg V-7 = g, (3.11a)
Vv =0, (3.11b)
n n or T n
a"T 4+ A i Vot — Vo' | = 2n€e(v), (3.11c)

with the initial conditions v(t"~1) = u""2 and Tt 1) = 0""% and the associated
boundary conditions discussed previsouly in section 3.1. The parameters p™, g, A", n, a"
are approximations based on the characteristic functions ¢j. The approximation of
velocity, pressure and extra-stress at time ¢" are then updated by u" = v(t"), p™ = q(t")
and o™ = 7(t"). A sketch of the main steps of the splitting algorithm is illustrated in

Figure 3.2.
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n

go?_l p”_1 ¥1 ©1
n n

an 1 1
1 Prediction Correction
step step
—_— —_—
©y

n n

1 Y2 Y2
2 Qp Qy

n

—

Figure 3.2 — Sketch of the main steps of splitting algorithm. In the prediction step,
each fluid domain € is updated by solving (3.9c) for the characteristic function ¢},
¢=1,...,L. The velocity and extra-stress tensor are first transported by solving (3.9a)
and (3.9b), then updated to u™ and 6™ during the correction step, by solving (3.11).

3.3 Space discretisation: Two-grid approach

3.3.1 Prediction step: multiphase algorithms on a structured grid

The space discretization relies on the same two-grid approach of chapter 1. The method
of characteristics is used to solve the advection equations (3.8) and the formulas are given
by (3.9). A cell Cj;), with cell barycenter x;j;, is defined to be active when 3¢ € {1,..., L}
such that SOZijk > (. Its content is transported with the vector Atu?j;l. This implies
an ordering £ = 1,..., L of the phase to be transported, but this does not have a major
influence on the numerical results. A multiphase version of the SLIC and decompression
algorithms are used in order to respectively reduce numerical diffusion and deal with
overfilling. The multiphase version of SLIC is analogous to the algorithm presented in

chapter 1. The amount of material ¢ in the cell Cjj;;, at time tn1

is denoted @?Zj}g and
is pushed towards the edge with fully filled neighbour cell. Whenever there are m > 1
different phases in an interface cell, they are respectively pushed towards the fully filled

neighbour cells, see Figure 3.3.

The multiphase version of the decompression algorithm deals with overfilled cells where
L

Piik = Z‘P?,ijk > 1. The excess of material in each phase is subtracted from over-

filled celil_sl and redistributed to the partially filled neighbour cells. Algorithm 1 used
in this thesis has been presented in [JBCP14]. When a cell is overfilled, the leftovers
are stored in a buffer in order to be redistributed. The excess of each phase is com-
puted in order to keep the ratio of all phases in the cell. Then, a loop is applied on the
cells partially filled. They are filled once again by respecting the ratio between the phases.

In some specific cases it is of interest to consider each phase separately, see Algorithm
2. Here, the first loop of the decompression algorithm is applied first on the phases in
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Figure 3.3 — Multiphase SLIC algorithm. The red cells have w?;jl values equal to 1 and

the blue cells have w’g,;jl values equal to 1. The cells at the interface are partially filled
by each phase. Consider one having 40% of phase 1 and 60% of phase 2. It is first
compressed toward filled cells, then the characteristic functions are transported.

the redistribution process [SA]. It is of particular interest when a phase is immersed in
another one. It asks for a specific treatment in order to ensure the VOF from either the
immersed or the immersing phase to be redistributed in priority. An empirical analysis
of the performance of these decompression algorithms is tackled in section 4.3.

Algorithm 1 Decompression algorithm for multiple phases [JBCP14]

for £=1,...,L and all cells such that ¢’ > 1 (in decreasing order) do

ecijk < (Pik — Dliin/ ik > Compute excess ratio w.r.t. each phase.
QDZijk — SOZijk — €gijk, > Update the VOF for each phase in the cell.
By < By + eqijk, > Store the VOF' excess for each phase.

for all cells such that 0 < ¢y, <1 (in decreasing order) do
for each phase / =1,...,L do
if By > 0 then

Teijk < (1 — @) 00 i/ Pisk > Compute the relative VOF void.
‘P?,z‘jk — (p?,ijk; + Tk > Update the VOF for each phase.
By < Be — 7¢ijks > Update the buffer.

if 3¢ € {1,..., L} such that B, > 0 then
Distribute the remaining excess to closest neighbour partially filled cells. If not
possible, store for the next iteration.

3.3.2 Interpolation algorithms

Let H > 0 and Ty be a triangulation of the cavity A of maximum diameter H > 0. In
order to compute the correction step, the characteristic function cp%zl is interpolated
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Algorithm 2 Decompression algorithm for multiple phases with phases priority

for £ =1,..., L and all cells such that e > 1 (in decreasing order) do
evijr < (Piik — D)elije/ ik
ik < Prijk — €lijks > The first step of buffer filling is kept unchanged.
By <= By + eqiji,
for each phase /=1,...,L do > The loop on phases is here done first.
for all cells such that 0 < ¢y, <1 (in decreasing order) do
if By > 0 then

reijk < (1 — w%k)tpzijk/go?jk > Compute the relative VOF void.
Clijk < Plijk T Tijh > Update the VOF for each phase.
By < Be — 710k, > Update the buffer.

if 3¢ € {1,..., L} such that By > 0 then
Distribute the remaining excess to closest neighbour partially filled cells. If not
possible, store for the next iteration.

from the cell grid to the FE mesh 7 via an L? projection. The interpolation operator
uses the same equation (1.16) as for the case L = 1. The active FE region is then defined
as

= {K € Ty : 3P € {P¥}} | vertices of K such that ¢ (P) > 0.5}. (3.12)

1 _1
The intermediate velocity u?ij and extra-stress tensor a?jkg are similarly interpolated
on the FE mesh using the interpolation equations (1.18), see Remark 1.4.1, section 1.4.2.

The set of parameters " = p", n¢, ny, A", ™ are then interpolated on the FE mesh, where
their value f}; is piecewise constant. They depend on the values of the characteristic
functions ‘P?,z‘jk’ ¢ =1,...,L, on each cell Cjj;,. Thus two different approaches are
available for the interpolation, as illustrated in Figure 3.4.

1. One possibility is to do the interpolation of each characteristic functions Lpzijk,
£=1,...,L on the FE mesh. Then we compute their values for all K € Ty using
an L2-interpolation:

L
4 ZféWH

il =7 Z = : (3.13)
= Z@ZH(PZ )

(=1

where P/ are the four nodes of the element K.

2. The second way to compute these parameters are to calculate first their values on
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each cell grid by using the formula

L
> fedliin
V=
g‘k = 17, (3.14)

Z @Zijk

=1

~

for f = p,ns,Mp, A, @ and then interpolate the results onto the FE mesh, using the
same interpolation formula as previously applied to the characteristic function.
They are then interpolated from the nodes to the elements by an L2-projection
formula.

Numerical experiments have shown that no fundamental difference in the numerical results
can be observed. Thus, the second approach is applied in our numerical computations
since it has the advantages of not looping on the cells for each phase.

Parameters
" approximation (3.14)

Peijk > Pijk
Interpolation Interpolation
on K (1.19) on K (1.19)
Pl > Ph

’ Parameters a

approximation (3.13)

Figure 3.4 — Interpolation algorithm from cells grid to FE mesh. Both strategies are
considered. First the parameters are evaluated on the cells and then interpolated on
the FE mesh. The second choice is to interpolate the characteristic functions on the FE
mesh and approximate the parameters in a second step.

3.3.3 Correction step: finite elements

Consider now the FE discretization of the system of equations (3.11). Consider the
triangulation 7y and the active domain Q% defined in (3.12). From the continuity
conditions at the interface (3.6),(3.7), no specific treatment on the FE space have to
be taken into account. Then, the considered piecewise linear FE spaces are the same
as considered for L = 1 and as defined in (1.26). Both time discretisations of the

correction step presented in chapter 1 are adapted for the time discretization of the
_1
system (3.11). For the EVSS scheme, the stabilization tensor DZI * € T} is computed
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using the equation (1.27a) and the problem reads:
Find u% € Vi, p% € Q% such that

1

ul — uy 2
/ o —H 4y da +/ 25y +npp)e(uyr) : €(vy) de — / pH(V - vy) do
Q At QY ’ ’ Qp

i T
1 1
= (2ng’HDZI 2 oy %) e(vy) de +/ PHg - vh dx, Yvg € Vi, (3.15a)
QO 0
/ (V-uly)qn do
Qf
_1
+ Z aK/K (Vp?l - V-UZ 2 — p}@g) -Vqug de =0, Vqg € QY%, (3.15b)

and in the next step we solve the weak formulation of the Oldroyd-B equation to recover
the extra-stress tensor o € T} such that:

A% n—1%
ol Ty dx = — TH 52y de
/Q% H-TH on N+ o' At H H
AL _1 _1
H n n n\T
— — (Vu'yo,; 2 +o0, 2(Vu Ty do 3.15
Qz)\%—i—a%At( HO +H( ) ) iTH ( c)
2n, At

— 2 e(u): de, VrygeTy.
on, )\"H—i-aTIEIAte(uH) TH X TH H

The local stabilization coefficients oy, are defined by
K3
_1
1200 1 + 75 ) pIK|s maxper [uy (@)
Reg =

|K\% therwi 7 2y +ny )
otnerwise,
ARex (g g + My p)

if Reg < 3,
oK =

The implicit numerical scheme for time discretization (1.28) is adapted here for multiphase

flows. The finite element approximations of the velocity u'; and of the pressure p%; are
computed by solving:
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Find v’ € Vi}, p € Q% such that

1
u” —’U,n_§ nnHAt
n “H H . d 9 n b, dx
f, R ot [ (m,H+ N A7 ) k) o)

’Vl

1
Mg dz (3.1
Y +aHAt o i elon) dz (3.16a)

[ Ph(V o) de= [ g vn da -
Qf Qf

AL AL nel p_1 1 n_l
e (Vs 2ol o (Vg )T s elvy) de Yo € Vi,
g ‘H H
/n (V- uly)qn da (3.16b)
+ >« /(Vp )\n — Ay 0”7% p"g) Vg dx =0, Yqu € Q%
KCQ”

Similarly as for the EVSS scheme, we solve the weak formulation of the Oldroyd-B
equation (3.15¢) to recover the extra-stress tensor % € Ty. Similarly, the coefficients
ag are defined as:

2
K3
K] X if Reg <3 1
e 12(775H + aniAn Tan At) Rex — p|K\3 MaXgc K ‘uH 2 ()|
B ) - At
|K\ else, 2(775,1{ + 0y A;;Jragm)

n n At
ARex (1S + My i xptar ar)

3.4 Stability and convergence study of linear system

In this section, the stability analysis done in chapter 1 is carried for L > 1. The analysis
is applied for completely filled cavity (¢(x,t) = 1, for all € A and for all ¢ € [0,T7).
The additional issue is to deal with the interfaces between €; and €25, 7,5 =1,..., L and
the advection terms are removed. The goal is to find a priori estimate for a simplified
analytical model. Then, we recover a similar result in the discrete case.

3.4.1 Analysis of a simplified multiphase model

Stability estimates for a simplification of the model (3.4) are now studied. The nonlinear
terms in the Oldroyd-B equation (3.4c) and the external forces are removed, and a
completely filled cavity is considered (p = 1 and A = Q(t) = Q, for 0 < t < T).
Furthermore, we assume the characteristic functions to be constant in time: y(x,t) =
oi(x,0), ¢ € Q, t € [0,T] and ¢ = 1,...,L. The weak formulation of the simplified
problem reads in Q x [0, T:
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/ pa—u cv dx + / (2ns€(u) +0) : €(v) do (3.17a)
o Ot Q
—/ p(V-v)dx =0, Vv € H (Q)?,

Q

/ (V-u)q de =0, Vg € L3(Q), (3.17b)

JQ
/ ao T dx +/ )\8—0 c7 de — / 2np€(u) : T de = 0, V1 € L*(Q)**. (3.17¢)

Q Q ot Q

The parameters f = p,ns, 7y, A\, & are piecewise constant and defined as in (3.5): f =

L
Z fepe. Finally, homogeneous Dirichlet boundary conditions apply: w = 0 on 0f).
(=1

Using v = u in (3.17a), ¢ = p in (3.17b) and T = ﬁa in (3.17¢) (npe >0,0=1,...,L),
we find, for 0 <t < T

3 ([ S az) + [ 20etw)? +o s etw) de— [ p(v-u) =0,
/QP(V'U):Ov

4 />\|a|2 dx +/ i|0]2 d:c—/o:e(u) dx =0,
dt \ Ja 4n, Q 2np Q

since the characteristic functions are constant in time, so % f=0,for f=p,ns,np,\ .
Finally, we obtain

d 2 A 2 2 @ 2
- plu|” + —|o d$—|—/436’u + —|o dx = 0. 3.18

The equation (3.18) is analogous to the a priori estimate (1.32) proved for the case L = 1.
As previously, an alternative stability result must be obtained when 7, , = 0 for any
¢=1,...,L, in order to bound the velocity gradient €(u). However, since the parameters
are now piecewise constant, only the case ay =0, £ =1,..., L is treated. When ay =0,
¢=1,...,L, the strong form of the system (3.17) reads

0
,08—1; — V- (2ns€(u) +0) + Vp =0, (3.19a)
V.-u=0, (3.19b)
do  2n,
Since ay = 0, we then must have A\y > 0, / =1,..., L. Otherwise only a trivial solution

would be obtained for the velocity (0 = 27nye(u)). By taking the time derivative of
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(3.19a), we can substitute (3.19c) into the result and it yields

0’u ou 2n, JOp
Pae ~ V- (2”86(&) el >) Vo =0

since %{ =0, for f = p,ns, Mp, A, a. Taking the scalar product Wlth 7 and integrate over

Q) yields
4 ([ [0 ()
at \ Jo” ot at

3.4.2 Analysis of a simplified model for the discretisation in time

2
dx = 0. (3.20)

2
+ﬂ|e( )|2 d:z:) +/Q27]5

Now, let us consider the implicit discretisation in time for the simplified system (3.17).
Since the characteristic functions ¢} are constant in time, we still consider piecewise
constant parameters p, ns,7p, A, . The weak formulation of the problem reads:
Forn=1,...,N, find 4", p" and " in () such that

_ 1
/ p—— vdx+ / (2nse(u") +0") : €(v) de (3.21a)
Q At Q
—/ p"(V-u")de =0, Yo H(Q)?,
Q

/ (V-uMgdz =0, VgelI2(Q), (3.21b)

/ i T d:l:+/ ( o 1) c7 dx (3.21c)

—/ 2npe(u™) : T dx =0, V1€ L*(Q)**.
Q
The weak formulation (3.21) implies the interface conditions [(2nse(u”)+o" —p"I)n| =0

and [u"] =0, forn =1,...,N. By using v = «" in (3.21a) and 7 = ¢" in (3.21¢), we
find

/ Sum? + §|u” —u" 1 da + At/ 2msle(u™)]? + 0" : €(u™) da — At/ p"(V-u") de
) Q
_ / w12 da,

o
—|a "2 da + At/ —|o")? dx
Q 4np 4y Q 21p

:/ A jpn1p dx—i—At/a”:e(u”) da.
Q 4np Q

2jon2 +
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This yields by summing the two previous equations and removing the pressure terms
using (3.21b):

A A
/ p’un’2 + 7’0_n‘2 dx _|_/ p’un o un—1|2 + 7|0_n o 0_n—1|2 dx
Q 21y Q 21p

+ At/ <4nse(u“) + a|a"]2> da
Q n

P

A
:/ p|un—1|2+7|0_n—1|2 de
Q 21p

This is the multiphase counterpart of the result (1.40). Now we want to compute an
estimate which gives an upper bound of €(u") in the case oy = 0, £ = 1,...,L. The
strong form of (3.21) yields for n =0,...,N — 1:

unJrl —um

P A V- (2nse(u™) + 6™ + Vpitt =0, (3.22a)
V-u"t =0, (3.22h)

n+1l _ -n 9
% - %e(u”“). (3.22¢)

Take the difference between two consecutive steps of (3.22a) and substitute (3.22c) into
the result yields:

un+1 —oum + un—l

-V- (27)s€(un+1 _ un) —|—0‘n+1 _a_n) + v(pn—H _pn) —0.

P At
n+l _ . ,n
Take the scalar product of the result with A7 and integrate over ). Since the
interface conditions are true for n = 0,1,..., N, we have [(2nse(u"! — u") + o1 —

" — (p"t —p")I)n] =0 and [u"™! —u"] =0, for n =0,..., N — 1. Thus, the diffusion

terms read

_ 1
At

1 L
=% Z/Q (W™ = ") (V- (20, 6! = ") 0" —0") + V(" = p") da
(=177

/(unJrl _ un) X (V . (27’]36(’u,n+1 _ un) +0.n+1 _Gn) + v(pn+1 _pn)) dx
Q

1 L
~ At Z/Q (2773,ef(un+1 —u") o —g" — (p"T —p")I) : (e(uT! —w") dx
=175k

1 L
= / (unJrl _ un) . (2775,Zf(un+1 _ un) +0.n+1 o+ (anrl —p”)I)n ds
(=179

1
= E/ Mmsle(u™ — w4 (6" —6") : e(u" — u”) da,
Q
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where the pressure terms and surface integrals cancel out respectively using equation
(3.21b) and the interface conditions previously highlighted. By taking the tensor product
of (3.21c) with e(u"*! — u™) and integrate over €2, we find

1

2
AL / (6" — ") i e(u"T! —u") da = ﬂe(u”“) ce(u — ") de
Q

Q A

It yields by summing the results:

/B
Q2

n+1 n

un+1 — out -+ un—l 2
At

u —u

At

0
d r
.’E—I-QQ

dx+/ 77—p]e(u”“)]2 dz
QA

2 n+l1 _ . ,n 2
+/ ﬁ]e(uwrl —u")|? dz + At/ 205 |€ S dx
Q A Q At
pA |u™ —unt ? Mp 9
= —|——| d —~le(u” .
2= :13+/Q)\|e(u )2 da
Summing from n =0 to n = N — 1, it yields the discrete counterpart of (3.20):
N N-1]2 N-1 n+1 n\ |2
u —u 2n u —u
L Ll de+ Aty [ an e
/Qp A7 :r;—i—/Q 3 le(u™)|* de + tnzz% . s |€ A7 da
1 02
U —u 2n
< —— d =r B2 de.
< [ o]t det [ Zlletu) da

It also correspond to the multiple phases counterpart of the a priori estimate (1.41) in
the case o = 0. Numerical experiments are presented in the next chapter.
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Numerical experiments of mul-
tiple incompressible viscoelastic
free-surface flows

In this chapter, validation of the multiphase model is presented. First, the collision be-
tween elastic structures is studied. Two sets of parameters are used, and the convergence
of both time discretisation schemes is analysed. Both elastic material split after collision,
thus changes of topology are observed and explained.

A simulation of multiple incompressible Newtonian and viscoelastic flows is provided.
A viscoelastic droplet is immersed in a Newtonian fluid and flows in a constricted tube.
Convergence of the numerical scheme is shown and compared to the numerical results of
a referenced article [ZIM17].

Fluid-structure interaction is investigated. First, an elastic material falls in a Newtonian
fluid due to gravity. It deforms but never touches the boundary of the cavity, extending
a result in [Hil07]. The performances of the different decompression algorithms are
compared. A shock absorber experiment is then proposed, where three different phases
are involved. An elastic material, immersed in a viscoelastic fluid is enveloped in a
mechanical hull. The influence of the relaxation time parameter is studied.

4.1 Collision between two elastic materials

We address the interaction between structures by considering two incompressible Neo-
Hookean phases. Two ball-shaped solids collide into each other, inducing large deforma-
tions. The two subdomains then split, inducing a change of topology of the computational
domain. We present a 3D simulation, where the variables are constant in the Oz axis. The
cavity A = [—0.43,0.35] mx[—0.14,0.14] mx[0,0.02] m is considered. The two different
materials are defined by their initial subdomains Q1 ¢ = {(z,y) € A; (x + 0.135)? + 2 <
0.01} and Q2 = {(7,y) € A; (x—0.135)2 +y? < 0.01}, thus ¢ (,0) = 1 for ¢ € Q1 ¢ and
zero elsewhere, and yo(x,0) =1 for € Qs and zero elsewhere. The surrounding air is
modelled as vacuum and the free surfaces are determined by the characteristic function
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© = 1 + p2. The phases are initialised with the same velocity uyp = (£10,0) m/s in
opposite directions. In Figure 4.1, the position and velocity of both phases are displayed
at initial time ¢ = 0 and time ¢ = 4.3 ms slightly after the collision. Free-slip boundary
conditions are applied on the domain boundary OA.

Velocity component x
00 & 6 4 2 0 2 4 6 8 100 00 8 6
e : ;

Figure 4.1 — Colliding elastic balls. The component along the axis Ox (horizontal) of
the velocity u, is displayed. Top: initial time ¢ = 0 ms. Bottom: deformed materials
at t = 4.3 ms. Left: P1 set of parameters for phase 2. Right: P2 set of parameters for
phase 2.

The material corresponding to ¢ has the following set of parameters: p; = 1000 kg/m?,
nsa = 0 Pas, mp1 = 2-10* Pas, Ay = 0.01 s and a; = 0. It corresponds to an
incompressible Neo-Hookean solid with an analogous density and Young modulus as
rubber. Two sets of parameters have been chosen for the second material in order to run
different simulations:

P1: In the first setting, the two phases correspond to the same material (f; = fo, for f =
Py Mss Mps A, ) and we expect to observe symmetry in our numerical computations.

P2: In the second setting, the material is more dense (ps = 2000 kg/m?) and more rigid
(np,2 = 10° Pa s), where the other parameters remain identical (ns1 = 752, A1 = A2
and a1 = ag). The second phase being more dense, it has more momentum than
the first phase.

Both EVSS (3.15) and implicit (3.16) schemes are applied to run the simulations. In the
coarse settings, the time step is At = 0.538 ms with final time T" = 21.5 ms, the cell grid

92



4.1. Collision between two elastic materials

size is h = 4.375 mm and the average finite element diameter is H = 15 mm. In Figures
4.2 and 4.3, the velocity component u, of the barycenter of each phase is monitored
through time. In Figure 4.2, the set of parameters P1 is used, where the parameters are
the same for each phase. We can observe that the symmetry of the curves is obtained for
both schemes, by multiplying the value of the curve by —1. The elastic effects makes
the phases bounces off each other and the velocity becomes negative smoothly. The
symmetry is broken in Figure 4.3, when the second set of parameters is used. The less
dense material is pulled backward with a velocity norm close to its original one, while
the more dense loses movement energy. We can notice that the material gets a positive
velocity at t = 9 ms for the implicit scheme, while it is almost stopped for the EVSS
scheme.
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Figure 4.2 — Colliding elastic balls. Horizontal velocity u, of the barycenter of each
phase for 0 <t < 9 ms for the first set of parameters P1. Top: EVSS scheme (3.15).
Bottom: implicit scheme (3.16). Left: First phase. Right: Second phase.

The exact solution for this problem is not known. Nevertheless, convergence is observed
for the implicit scheme (3.16) for both sets of parameters P1 and P2. Here, the EVSS
scheme (3.15) is less accurate. As mentioned in Remark 1.5.2 for L = 1, the EVSS
scheme is less accurate if 7, is larger than one. Furthermore, let us consider the kinetic
and elastic energy (1.67) defined in section 1.7. Since oy =150 = 0, £ = 1,2, it yields
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Convergence of lighter material velocity Convergence of heavier material velocity
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Figure 4.3 — Colliding elastic balls. Horizontal velocity u, of the barycenter of each
phase for 0 <t <9 ms for the second set of parameters P2. Top: EVSS scheme (3.15).
Bottom: implicit scheme (3.16). Left: First phase. Right: Second phase.

A
E™ :/ u” 2 + =

in Figure 4.4. Even though the convergence of this quantity is not guaranteed, we can

]a”HP) dx, n=0,1,...,N. The evolution of E" is displayed

observe that the energy of the EVSS scheme decreases strongly when the balls collide,
while it remains smooth using the implicit scheme.

Finally, the different set of parameters in a simulation affect the condition number of
the linear system, solved using the GMRES algorithm with an ILU preconditioner. In
Figure 4.5, the number of iterations of the GMRES solver is displayed for the simulation
for both sets of parameters P1 and P2 in the case h = 1 mm for both schemes. It shows
that the linear system computed with the EVSS scheme requires more iterations than
the one for the implicit scheme. As expected, we notice that the use of two phases with
different parameters (P2) than only one set of parameters for both phases (P1) implies a
worse conditioning of the linear system. The RAM memory and CPU time to compute
the simulations for the implicit scheme are summarised in the following table:
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Figure 4.4 — Colliding elastic balls. Kinetic and elastic energy evolution. Top: EVSS
scheme (3.15). Bottom: implicit scheme (3.16). Left: P1 set of parameters. Right: P2

set of parameters.

Set of parameters P1

Set of parameters P2

h [mm] | memory [GB] | CPU time [h] A [mm] | memory [GB] | CPU time [h]
4.375 0.14 0.015 4.375 0.141 0.015
2.2 0.676 0.189 2.2 0.67 0.192
1.1 4.041 3.32 1.1 4.254 3.36
0.55 31.5 66.48 0.55 32.84 67.89

The velocity w and extra-stress tensor o are monitored on the horizontal axis along the
line Oz (y = 0,z = 0.01) at time ¢t = 4.3 ms, when the shock has happened and the
phases are deforming. In Figure 4.6, the profile of velocity is displayed for both set of

parameters for the implicit scheme (3.16). The convergence is observed for both sets

of parameters P1 and P2 as well. The symmetry is indeed obtained for the first set of

parameters P1. In Figure 4.7, the component xx of extra-stress JZ’M is displayed along
the Oz axis. The momentum is higher in the second set of parameters P2, as well as the
consequent force around the interface.

In order to validate the multiphase model (3.4), with respect to the unified model for

L =1 (1.1), a numerical experiment using the numerical framework presented in chapter
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Figure 4.5 — Colliding elastic balls. Comparison of GMRES iterations between schemes
EVSS scheme (3.15) implicit scheme (3.16). Left: P1 set of parameters. Right: P2 set of
parameters.
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Figure 4.6 — Colliding elastic balls. Velocity u, along the axis Ox at time ¢t = 4.3 ms
for the implicit scheme (3.16). Left: first set of parameters for ¢5. Right: second set of
parameters for @a.

1 is run using the same parameters for each phase, that is the set of parameters P1,
using the implicit scheme (1.28) for the model using one phase, and the implicit scheme
(3.16) for the multiphase model. In Figure 4.8, the profile of velocity is displayed for
both numerical models for two different time steps. The profile of the velocity remains
identical for both numerical framework until the materials split. In the second figure,
the material just splitted and the velocity is large. Small differences can be spotted in
this case. This can be explained by the difference in the numerical algorithms applied to
take into account the multiple phases.

In Figure 4.9 the profile of the velocity on cells are displayed at time ¢t = 17.2 ms for
the set of parameters P1. The momentum of both materials allows the phases to split,
changing the topology of the domain €(¢). The continuity condition of the velocity on
the interface (3.6) should not allow this change of topology. It is a numerical artefact,
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Figure 4.7 — Colliding elastic balls. Component xx of extra-stress o, along the axis
Oz (y =0,z = 0.01) at time ¢ = 4.3 ms for the implicit scheme (3.16). Left: first set of

parameters for 9. Right: second set of parameters for (o.
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Figure 4.8 — Colliding elastic balls. Velocity u, along the axis Ox for the implicit
scheme (3.16) using the unified model (1.1) and the multiphase model (3.4) for the set
of parameters P1. Left: £ = 7 ms . Right: ¢t = 14 ms.

due to the method of characteristics and the SLIC and decompression algorithms. If the
gradient of the velocity is large enough at the interface, the VOF on cells is transported
because the velocity is not zero. We can notice this splitting on the monitored velocity
when a gap is obtained between both phases. Thus, topology change is obtained for
h < 8 mm with the implicit scheme and for h < 2 mm for the EVSS scheme.

This change of topology was not obtained for the second set of parameters P2 for
both numerical schemes, and the phases remained glued to each other due to the
continuity of the velocity. In Figure 4.10, 3D simulations are computed for both
sets of parameters P1 and P2, using the implicit scheme (3.16). The cavity A =
[—0.43,0.35] mx[—0.14,0.14] mx[—0.14,0.14] m is now considered. The two different
materials are now spheres and defined by their initial subdomains Q9 = {(z,y) €
A; (24 0.135)2 + ¢ + 22 < 0.01} and Q2 = {(2,y) € A; (z — 0.135)%2 + 32 + 22 < 0.01}.
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Figure 4.9 — Colliding elastic balls. Change of topology appear when velocity is equal to
0 on graph. Top: Velocity u, along the axis Ox at time ¢t = 17.2 ms. Bottom: Velocity
uy on cells. Left: EVSS scheme (3.15). Right: implicit scheme (3.16).

Small defects on the surface of the first material (¢; = 1) can be observed. They are
due to SLIC and decompression algorithms, designed for a fluid numerical scheme. In
this case, the materials are splitted for both sets of parameters P1 and P2. Since this
phenomenon is a numerical artefact, the momentum of the balls decreases. Indeed, the
continuity of the velocity at the interface implies that the heavy material holds back the
light one.

Nevertheless, a change of topology is expected as a physical reality: two rubber balls
colliding with each other then repel each other. The mathematical framework that we use
unfortunately does not allow us to reproduce this result. Our thoughts on future work
on the problem are the following. In chapter 2, Signorini boundary conditions (2.12) are
imposed on the boundary of the cavity in order to let the ball bouncing upwards, where
the normal force Tf;}} =(Tp'n) - n= ((QUSDZ_% + az_%)n — p%'n) - n is computed
on the domain boundary. A similar condition as the Signorini boundary conditions
could thus be imposed at the interface. If TT’:;II > 0, the materials tend to split. In
this particular case, the continuity condition must be artificially broken. The algorithm
would rely on removing cells in active regions, in order to break the contact between
the materials. It would result in a discontinuity in the velocity which would allow to
separate the materials, although yielding a loss of mass. This is future work.
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Figure 4.10 — Colliding elastic balls. Velocity u, for the two phases, specified by the
characteristic functions ¢; (left) and @9 (right). From top to bottom: ¢ = 0,6, 8,12, 16 ms.
Left: first set of parameters for gs. Right: second set of parameters for ¢s.
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4.2 Interactions between Newtonian and Oldroyd-B fluids

In this section, we consider the flow of multiple Oldroyd-B viscoelastic fluids. To validate
our model, the numerical experiments in [ZIM17] are reproduced. In this article, a
viscoelastic droplet is immersed in a Newtonian fluid, flowing in a constricted tube, see
Figure 4.11. Several necks are presented in [ZIM17], the sharp-edged neck in the tube has
been chosen here, since our numerical scheme can capture the singularity (see machining
experiment, in section 2.3.2).

__________________________________________________

Figure 4.11 — Constricted tube. Sketch of the numerical experiment. A viscoelastic
droplet is immersed in a Newtonian flow, with inflow on the left and outflow on the right.
Half of the pipe is presented, but numerical simulations are computed on a quarter of
the pipe. It preserves the symmetry of the experiment and earns computational time.

The cavity is a cylinder of length L = 12 m and of radius R = 1 m. The neck has
length 2R = 2 m and height 0.6 R = 0.6 m. The axial symmetry of the simulation allow
to only simulate one quarter of the cylinder, see Figure 4.12. Thus, the cavity A is a
subdomain of the rectangular domain [—6,6] mx [0, 1]> m2. An inflow is set on the surface
{x = —6}, with a parabolic profile for the velocity ui, = V(1 — (y? + 22),0,0), where V
is a Reynolds dependent parameter. An outflow is set on the opposite side boundary,
where we impose zero-force on the boundary. Free-slip boundary conditions are set on
the surface {y = 0} and {z = 0} on the symmetry axes and no-slip boundary condition
are set on the remaining curved boundaries. A Newtonian fluid, characterised by the
function 1, flows in the domain and carries the viscoelastic droplet away, characterised
by the function 2. The non-dimensional parameters used in [ZIM17] are
5p1VR )\2V _

Re=_——"—""—"_ =10, Wi="-=1,
2(ps,1 + fip,1) R

respectively defining the Reynolds and Weissenberg numbers and

Hs,2 —05, 6= Ps2 + Hp2 _ 2, o= P2 _ 1,

B Ws2 + tp2 sl + Upa Pl

being the solvent viscosity, viscosity and density ratios. This yields the following set
of parameters: for a radius R = 1 m, a velocity V = 1 m/s, the Newtonian fluid has
the parameters p; = 1 kg/m?, ps1 = 0 Pas, u,1 = 0.25Pas, Ay =0sand a; = 1.
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The Oldroyd-B viscoelastic fluid has the parameters ps = 1 kg/m3, us2 = 0.25 Pa s,
pp2 =0.25 Pas, Ao =1sand as = 1.

VOF droplet
0.0 0.1 02 03 04 05 Ob 07 08 09 10

| b —

Velocm,r mcgnlfude
45 50

H T ﬁ

Figure 4.12 — Constricted tube. Velocity in the FE mesh and characteristic function 9
for the viscoelastic droplet. Top: t = 0. Bottom: ¢ = 0.5 s.

A first numerical simulation is computed in order to test the convergence of the velocity
and pressure. Four mesh sizes are used, where the coarser settings are the following: the
average FE mesh diameter is H = 0.2 m, and more precision is imposed at the neck with
H = 0.1 m. The grid cell diameter is h = 0.05 m and the time step is At = 0.008 s. The
initial viscoelastic droplet is Q90 = {x = (z,y,2) € A;|lx — (—2.8,0,0)|| < 0.7}. The
simulation is stopped when a laminar flow is obtained, thus at a final time 7' = 0.5 s. In
Figure 4.13, the profile of the velocity component u, and the pressure p along the axis
Oz is displayed at final time 7. Convergence of the results are obtained, with a lower
precision on the pressure.

For the next numerical experiment, the initial viscoelastic droplet is Q99 = {z =
(z,y,2) € Aj || — (—=2,0,0)]| < 0.7}. The initial velocity ug and the initial extra-stress
tensor o are the solutions of the previous numerical results in Figure 4.12. In Figure
4.14 (top), the solution for A~ = 0.012 m is displayed. The VOF function is similar to the
results in [ZIM17] up to t = 0.7 s. The results become different after that time. In our
simulations, the droplet is slowed down at the neck. Furthermore, the velocity of the
flow is larger at the center of the cylinder and especially at the neck where the pressure
quickly decreases. Thus, the droplet is sped up at its center (at the symmetry axes)
and starts to hollow out in the middle when it passes through the neck. It eventually
develops a tail at the end of the simulation.
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Figure 4.13 — Constricted tube. Simulation of two phases flows without free surface.
Profile monitoring along the axis Ox at time t = 0.3 s. Left: Velocity component u,.
Right: Pressure p.

In order to tackle this problem, a simulation with an increased viscosity (fs2 = fip2 = 2)
is performed in Figure 4.14 (bottom). The hole at the extremity here does not form but
it grows a tail anyway. Furthermore, the simulation is slowed down even more. The
constitutive equation for the extra-stress tensor in [ZIM17] uses a FENE-CR model, but
has a sufficiently low effect on the viscoelastic droplet in order for us to compare our
results. Indeed, this model implies finite extensibility of the dumbells, for maximum
elongation Lg. But this parameter is here taken to be very high, implying a behaviour
close to an Oldroyd-B fluid.

Finally, the addition of surface tension in the model of [ZIM17] has a real impact on the
droplet. Indeed, it is controlled by the capillary number Cy = (us1 + fp,1)V/0o, where o
denotes the surface tension coefficient. In their simulation, this number is taken very
low and implies a strong effect of the surface tension. It is further motivated by the
tail growing at the end of the droplet, which would be prevented by a strong force at
the interface. Finally, a study on the effect of the capillary number has been carried on
in [ZIM17], which shows that the droplet is hollowing out when the capillary number
increases (no surface tension is obtained when the limit goes to infinity). In order to
take into account the surface tension in our model, the algorithm would rely on a similar
approach as in [CHMP21], where the mesh is adapted to fit on the free surfaces and
on the multiphase interface, corresponding to the nodes where 0 < ¢y g, omup < 1,
¢ # m for at least two phases ¢,m = {1,..., N}. A convolution smoothing V@, of the
characteristic function ¢y is applied in order to compute n = V@y/ |[V@¢| and the mean
curvature k = V - (V@y/ [V@e||) [Cab06]. This is future work.
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Figure 4.14 — Constricted tube. Velocity in the FE mesh and extra-stress component o,
for the viscoelastic droplet on cells. Top: 752 = 7,2 = 0.25. Bottom: 1,2 = 1,2 = 2.

From left to right: ¢ =0,0.75,1.25,1.625,2.125,3.5 s.

103



Chapter 4. Numerical experiments of multiple incompressible viscoelastic
free-surface flows

4.3 Lack of collision of a deformable elastic disk immersed
in a Newtonian fluid

Consider a cavity A € R?, filled with a Newtonian fluid and containing an immersed
rigid body, with the shape of a disk. Gravity forces then drive the material towards the
bottom of the cavity. In [Hil07], it is proved that the body never touches the bottom of
the cavity. This lack of collision between the material and the boundary was reproduced
numerically in [DPW21], where a space-time adaptive algorithm catches the pressure
peak observed when the material reaches the boundary of the domain. For a deformable
elastic material, bouncing upwards was observed in [GSST22], for an Eulerian formulation
of the Fluid-Structure Interaction model. The goal of this experiment is to benchmark
our numerical solver with the result in [GSST22]. Furthermore, the influence of the
rigidity of the elastic disk is studied.

Similarly as in section 4.1, pseudo 2D simulations are considered. Consider the domain
A =[-0.6,0.6] mx[0,0.9] mx]0,0.02] m and an incompressible Neo-Hookean elastic disk.
The immersed incompressible Newtonian fluid domain is characterised by the function
¢1. The parameters are p; = 1 kg/m?, 1 = 0.2 Pa's, 9,1 = 0 Pas, Ay =0 s and
a1 = 1. The incompressible Neo-Hookean material phase is initialised in the subdomain
Qo0 = {(z,y,2) € Ajz? + (y — 0.3)2 < 1072}, with the parameters py = 1001 kg /
m?, Ns2 = 0 Pas, A2 = 0.01 s and ap = 0. Two different values are used for the
parameter 1,2 € {50,500} Pa s. This yields a shear modulus parameter of the elastic
material of {5,50} kPa. No external forces are considered and the initial velocity is
up = (0,—0.5,0) m/s in ©; ¢ and (0,0,0) m/s in Q3. The solution is smoothed by the
correction step at the first iteration. Three mesh sizes are considered for the convergence
study. In the coarse settings, the maximum diameter of the FE mesh is H = 28 mm and
is reduced to H = 5 mm near the boundary in order to better capture the pressure at
the bottom of the domain. The grid cells diameter is h = 5 mm and the time step is
At = 0.0045 s. The results are displayed in Figure 4.15 for both values of 7,2, when the
pressure at the bottom of the cavity is maximum and at the end of the simulation. We
can observe larger deformations of the elastic disk for the softer material.

In Figure 4.16, the evolution of the position of the bottom of the disk in time is shown
for the soft material (7,2 = 50 Pa s) and the more rigid one (7,2 = 500 Pa s). In both
cases, we can observe convergence of the curves and the elastic disk does not touch the
bottom of the cavity. The snapshots on the FE mesh and on the cells grid in Figure 4.17
are captured at ¢ = 0.3 s for 1,2 = 50 Pa s and at ¢t = 0.23 s for 77,2 = 500 Pa s, where
the peak of pressure is observed. Several mesh nodes in the fluid between the disk and
the boundary shows that the disk does not touch the boundary.
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Figure 4.15 — Lack of collision. Pressure at the bottom on FE and VOF disk on cells.
Top: pressure peak time. Left: 1,2 = 50 Pa s at ¢ = 0.3 s. Right: 1,2 = 500 Pa s at
t = 0.23 s. Bottom: Depression when bouncing back. Left: 1,2 = 50 Pa s at t = 0.5 s.
Right: 7,2 =500 Pa s at t = 0.4 s.
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Figure 4.16 — Lack of collision. Evolution of the bottom of the disk. Left: 7,2 = 50 Pa s.
Right: 7,2 = 500 Pa s.

105



Chapter 4. Numerical experiments of multiple incompressible viscoelastic
free-surface flows
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Figure 4.17 — Lack of collision. FE mesh and grid convergence for VOF of the disk, at
the time corresponding to the maximum pressure peak and h = 0.004,0.002,0.001 m.
Left: 0,2 =50 Pa s at t = 0.3 s. Right: 7,2 = 500 Pa s at ¢ = 0.25 s.

In Figure 4.18, we can see that the pressure peak at the bottom of the cavity is slightly
higher that the maximum amount obtained in [GSST22] for 1,2 = 500 Pa s. It is better
caught for a sufficiently small mesh size and time step. The peak pressure is smaller for
the more soft material, since the bottom is more deformed and flattened, which increases
the surface of contact and decreases the maximum pressure. Furthermore, we can observe
that the elastic material bounce upwards and a depression appears between the bottom
of the disk and the boundary of the cavity.
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Figure 4.18 — Lack of collision. Evolution of the pressure p at position (0,0.002). Left:
np,2 = 50 Pa s. Right: 1,2 = 500 Pa s.

In Figure 4.19, the velocity field in the computational domain is displayed at time ¢t = 0.2 s
and t = 0.3 s for 752 = 500 Pa s. The velocity is constant in the disk as long as the
pressure peak does not form. The boundary layer induced by the fluid incompressibility
can be seen. Then, the disk bounces upwards due to elastic effects. Thus, the velocity
vortex in the fluid, induced by the disk movement, is inverted.

Finally, the GMRES iterations needed to solve the linear system are displayed in Figure
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Figure 4.19 — Lack of collision. Simulation of two phases flows without free surface for
np,2 = 500 Pa s. Velocity field w. Left: ¢ = 0.2 s. Right: ¢t = 0.3 s.

4.20. The number of iterations doubles each time the time and space discretisation is
divided by two. They also are slightly higher for a bigger value of 7, 2. Together with the
numerical experiment in section 4.1, it confirms that a higher discrepancy between the
parameters increases the number of iterations of the algorithm. Although, this difference
is kept relatively small. The RAM memory and CPU time to compute the simulations
for the implicit scheme are summarised in the following table:

Ns,2 = 50 Pa s ns,2 = 500 Pa s
h [mm] | memory [GB] | CPU time [h] A [mm] | memory [GB] | CPU time [h]
5 0.517 0.235 5 0.506 0.236
2.5 2.009 2.09 2.5 2.041 2.16
1.25 8.415 31.44 1.25 8.157 29.52
0.625 38.03 472.24 0.625 40.72 459.12

The results we provided are harder to obtain for a larger value of 7, 2, thus a more rigid
material, and when gravity forces are considered. The pressure peak becomes larger and
asks for higher order precision to obtain the result, as reached with a space-time adaptive
algorithm like in [DPW21]. Thus, we consider the settings of the numerical experiment in
[DPW21] for a deformable elastic solid, whose rigidity is slightly larger than the previous
experiment. Consider the domain A = [—0.05,0.05] mx[0, 0.08] mx[0,0.005] m and an
incompressible Neo-Hookean elastic disk. The immersed incompressible Newtonian fluid
domain is characterised by the function ¢;. The parameters are p; = 1000 kg/m3,
ns1 =1 Pas, np1 =0Pas, \y =0sand a; = 1. The incompressible Neo-Hookean
material phase is initialised in the subdomain Q2 ¢ = {(z,y) € A; 2%+ (y—0.035)% < 10~4}
, with the parameters pp = 10000 kg / m3, 152 =0 Pa's, n,2 = 1500 Pa s, Ao = 0.01 s
and ag = 0. The velocity is initialised to ug = (0, —0.1) m/s in €; o and (0,0) m/s in
220. In the coarse settings, the maximum diameter of the FE mesh is H = 2.8 mm and
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Figure 4.20 — Lack of collision. Comparison of GMRES iterations between both set of
parameters. Left: 7,2 = 50 Pa s. Right: 7,2 = 500 Pa s.

is reduced to H = 0.4 mm near the boundary in order to better capture the pressure at
the bottom. The grid cells diameter is h = 0.4 mm and the time step is At = 0.0015 s.
The position of the bottom of the disk is displayed on Figure 4.21. From the curves
convergence, it shows that the disk stops at approximately 0.2 mm of the boundary. In
Figure 4.22, we can see that the pressure peak observed between the disk and the bottom
of the cavity is larger for a more rigid disk. In our results, a discrepancy for the velocity
and pressure, is observed between the discretisation parameters. The larger between the
parameter values in each phase, the larger the discrepancy and the larger the loss of
accuracy of the numerical scheme.

Convergence of position Convergence of position

0.030 0.0025
— h=0.004m — h=0.004m
h=0.002m h =0.002m

—— h=0.001m —— h=0.001m

0.025 - -
\ 0.0020

\

o
=)
N
=3

0.0015 +

0.0010 4 e

o
o
=
o

z axis position [m]
o
°
2
G
z axis position [m]

0.0005 ¥P\

0.005 |

0.000 T T T T T T 0.0000 T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.09 0.10 0.11 0.12 0.13 0.14
Time [s] Time [s]

Figure 4.21 — Lack of collision. Left: Evolution of the bottom of the disk. Right: zoom
from ¢t = 0.09 s to 0.14 s.

In Figure 4.23, the efficiency of the decompression Algorithms 1 and 2 are compared. In
the bottom pictures, the amount of fluid which could not be distributed, and hence kept
in stock, is displayed with respect to time. This amount is significantly larger for the
Algorithm 1. Thus, we notice an optimised efficiency of the decompression algorithm for
multiphase simulations when we first loop on the phases instead of the cells, as applied
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Figure 4.22 — Lack of collision. Left: Velocity of the bottom point of the disk. Right:
Evolution of the pressure p at position (0,0.002).

in Algorithm 2. However, this difference is smaller when the phases are not immersed
into one another. This occurs in particular when the set of parameters is very different
between the phases and the velocity gradient is large at the interface.
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Figure 4.23 — Lack of collision. Comparison between both decompression algorithms.
Top: VOF characteristic function ¢ at time ¢t = 0.1 s. Bottom: Evolution of remaining
VOF in the buffer. In orange (fluid), VOF of phase 1, in blue (disc), VOF of phase 2
and in green (vof), total VOF ¢. Left: Algorithm 1. Right: Algorithm 2.
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4.4 Shock absorber

For this next numerical experiment, consider a fragile mechanism immersed in an Oldroyd-
B viscoelastic fluid, protected by a hull, see Figure 4.24. The goal is to investigate the
shock absorption of the viscoelastic fluid, in order to protect the inner mechanism.

Figure 4.24 — Shock absorber. Characterisation of the different phases. In blue: hull as
an elastic solid, characterised by the function ¢ with a free-surface. In orange: shock
absorber viscoelastic fluid, characterised by the function 3. In red: mechanism as an
elastic solid, characterised by the function 3.

The simulation has the following settings. Consider a 3D cavity A = [~0.05,0.05]> m? x
[0,0.1] m, where three different phases are considered. First, the mechanical hull is mod-
elled as an incompressible Neo-Hookean solid, being enough soft to allow deformations.
Its initial subdomain is Q10 = {(z,y) € R%9-107* < 2%+ (y — 0.046)? < 1.6 - 1073} and
its set of parameters is p; = 3000 kg/m3, ns1 =0 Pas, n,1 = 10* Pas, \y = 1072 s
and a1 = 0. The shock absorber is an incompressible Oldroyd-B viscoelastic fluid, with
initial subdomain Qg0 = {(z,y) € R%107* < 22 + (y — 0.046)? < 9-107*} and its set
of parameters is ps = 900 kg/m3, Ns2 = 0.4 Pa s, 7,2 = 1.6 Pa s and as = 1. The
role of the parameter )y is studied and takes values in {0,107% 1073}. Finally, the
mechanism is modelled as an incompressible Neo-Hookean solid, with initial subdomain
Q3(0) = {(z,y) € R%; 2% + (y — 0.046)% < 10~*}. The parameters are p3 = 1500 kg/m?,
ns,3 =0 Pas, np3 = 103 Pa s and a3 = 0. These set of parameters do not correspond to
specific materials. For the numerical settings, the average diameter of the FE mesh is
H =1 mm. The grid cells diameter is h = 0.3 mm and the time step is At = 0.0002 s.

In order to observe the influence of the immersing fluid on the mechanism, the pressure
p and the extra-stress tensor o are monitored along the trajectory of the center of the
disk characterised by the function s, that is @een = (0,0,0.046). In Figure 4.26, the
influence of the relaxation time of the viscoelastic fluid is compared. First, the position
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of the mass center .., bounces upwards, due to the elasticity of the mechanical hull.
But it is influenced by the Oldroyd-B fluid, relatively to the relaxation time and the
time lapse of the shock. Now, we can observe that the force applied on the mechanism is
lightly influenced by the relaxation time of the viscoelastic fluid Ao. The elastic effect
indeed yields a higher pressure on the mechanism than a Newtonian fluid. However, for
a lower value of )y, the curves reaches the same peak, but the elastic effects are relaxed
faster and reaches zero a bit faster.
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Figure 4.25 — Shock absorber. Evolution of the position of the center of the mechanism
over time, transported with the materials.
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Figure 4.26 — Shock absorber. Evolution of different components at the center of
the mechanism (characterised by ¢3) over time, transported with the materials. Left:
Evolution of the pressure p. Right: Evolution of the stress component zz.

In Figure 4.27 and 4.28, the norm of the velocity w and the extra-stress component o,
are displayed respectively at two different time ¢. At time ¢t = 0.01 s, the hull collided
against the boundary, but the pressure peak appears at ¢ = 0.0135 s, due to the elastic
momentum. We can already witness a major influence of the relaxation time A on the
results. The viscoelastic effects imply instabilities in the flow within the hull when
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the shock happen. On the right side of Figure 4.27, the snapshots are taken at time
t = 0.024 s, where the pressure has relaxed. In Figure 4.28, we observe that the hull has
absorbed most of the shock, and the viscoelastic fluid has a small impact.
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Figure 4.27 — Shock-absorber. Velocity magnitude ||u||. From top to bottom: \ =
0,107%,1073. Left: t = 0.006 s. Right: t = 0.015 s.
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[l Extension to weakly compressible
free surface flows

The system of equations (1.1) shows limitations in the modelling of physical phenomena.
The incompressible condition, leading to the divergence free condition V - u = 0 allows a
simplified mathematical analysis, but is a strong hypothesis of the fluid nature [LL89].
This also concerns viscoelastic fluids, whose density is also variable in time and space.
Acoustic waves appear in fluids when considering compressible effects, which yield a more
complex model.

The Poisson ratio v in continuum mechanics is a key parameter, since almost all elastic
materials cannot be considered as incompressible. Exceptions exist, like rubber, which
has a Poisson ratio close to ¥ = 0.5 and is considered nearly incompressible. Our elastic
material deformation model is formulated using Eulerian coordinates. The goal is to
obtain large deformations. However, the Neo-Hookean model has the particularity to
only model small strain and the plastic deformation of the material is not involved. Thus
the main advantage of the Eulerian formulation is missed and an extension of the model
must be considered. Multiple constitutive laws can be found in continuum mechanics
[RBJ97], but the two most popular are the Neo-Hookean and the St-Venant-Kirchhoff
models [DR06, LSKG'20]. The latter implies compressible materials, and this issue is
first tackled.

First, a mathematical framework from literature is presented for the modelling of weakly
compressible Newtonian and viscoelastic fluids. Then, we present a new model for the
deformation of compressible elastic materials, extending the incompressible model (1.1).
It is based on a compressible Neo-Hookean model, formulated in Eulerian coordinates.
This formulation allows us to build up a unified model for the simulation of weakly
compressible viscous and elastic flows. The numerical approximation of the model (1.1)
is extended to weakly compressible flows and we present a numerical experiment.
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Chapter 5. Extension to weakly compressible free surface flows

5.1 Model extension: from incompressible flows to weakly
compressible materials

In this section, we will consider the extension of the model (1.1) to compressible Newto-
nian and viscoelastic fluids (v = 1) and use a compressible version of the Neo-Hookean
material to extend the elastic deformations model (o« = 0). The derivation of the
system of equations describes the two different types of phases. For more details, we
refer to [LL89] for a complete mathematical analysis on fluid dynamics. The analo-
gous mathematical background as in chapter 1 is considered: let A be a cavity of R?
in which a fluid is contained and let 7" > 0 be the final time of the simulation. Let
@ :Ax[0,T] = {0,1} be the volume fraction of fluid. It is equal to 1 in the fluid and 0
in the surrounding vacuum. Thus the function ¢ denotes the characteristic function of
the liquid region, which is denoted by Q(t) = {x € A; ¢(x,t) =1} for 0 <¢ < T, and the
space-time domain containing the fluid is denoted by Qp = {(x,t) € Ax(0,T);x € Q(¢t)}.

The characteristic function ¢ is transported with the fluid, for a velocity field w such that
V -u # 0. Hence, similarly as before, it satisfies p(x(X,t),t) = ¢(X,0), for X € Qy,
where the characteristic lines (X, t) solves %x(X, t) = u(x(X,t),t). It is equivalent
to the equation (1.1a) in the sense of distributions.

5.1.1 Model extension for weakly compressible Newtonian fluids

The acoustic waves are fluctuations of pressure, travelling at a velocity called the speed
of sound c. They take place in compressible flows and are initiated by the variations of
the density. The Mach number Ma = u/c, where u determines the maximum velocity
of the fluid, allows to determine the relative velocity of these waves compared to the
fluid velocity. The incompressibility condition is retrieved for a Mach number Ma — 0,
where density can be considered constant. Weakly compressible flows refer to flows with
a small Mach number and having low compressible effects [WKBO04]. This allows to
treat a simplified system of equations, which is presented here based on the work of
[Bru99, BKW06]. Furthermore, we can consider pressure-based Navier-Stokes equations
in order to apply the numerical scheme presented in chapter 1.

Consider a weakly compressible fluid at initial state in g, with density pp and viscosity
Ns,0- We define p,ns : Q7 — R being the density and viscosity in the fluid region. In the
fluid region, the velocity field w : Qp — R3, a pressure field p : Q7 — R and the density
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materials
p: Or — R satisfy:
ou 1
p 2 _
ap T @ VIp+pci(V-u) =0, (5.1b)

p= g(p +B), (5.1

where B is a factor with the same dimension as p and m a dimensonless power-index
[Bru99, BKW06]. They are further developped later on. The momentum equation (5.1a)
denotes the conservation principle

0
p<81:+(u~V)u)—V-T:F, (5.2)
where T denotes the stress tensor and the right-hand side tensor F' is the total external
forces on the system. For a compressible Newtonian flow, the stress tensor becomes
[LL89, TBE'01]

T = 5T + 2ne(u) + <l<: _ 2;3) (V- wl, (5.3)

where p here denotes the pressure. The parameter ks is known as the bulk viscosity,
describing the effects of volume change on velocity diffusion. The Stokes hypothesis
states that ks = 0 [GeH95]. But we can also get rid of the parameters by considering
p = —%tr(T), which is the so-called augmented pressure. From (5.3) it yields

p=p—ksV-u. (5.4)

Thus, the tensor becomes

20,
T = —pI + 2n.e(u) — ;7 (V- u)l. (5.5)

To close the system of equations for a Newtonian weakly compressible fluid with free
surface flows, an equation of state describing the thermodynamic state of the system
must be defined. We consider an isentropic system, defining an adiabatic and reversible
system. In an isentropic system, the Tait equation of state can be applied to link the
pressure with the density [Bru99, BKWO06]:

p+B :(p)m (5.6)
po+ B po) '

where p is the augmented pressure, pg, pg are the values of the augmented pressure and
density at rest, B is a dimensionless factor ratio. By assuming the system to be isentropic,
the speed of sound ¢ (i.e. the velocity at which pressure waves travels) can be determined
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by the relation [Bru99, BKWO06]

m—1
62_8p_p0+Bm<p> :m(p—{—B) (5.7)

A po Po P
and yields the equation (5.1c). The parameters B and m are dependent on the fluid.
Since we consider weakly compressible flows, we assume very small changes of density
and we can assume the speed of sound to be constant in space and time [SY88, YA21].
In this case, and considering an isentropic system, the energy can be assumed to remain
constant, and the equation for the evolution of the energy does not need to be treated
[Bru99, BKW06, MJB"13]. Despite a lack in generality, this assumption allows to
consider a smaller set of equations. Finally, the continuity equation reads:
dp

i V- (pu) = 0. (5.8)

From (5.7), we obtain
op 1 /0p
0= 4w V)4 p(V - w) = (at+(u-V)p> + (V)
and yields (5.1b). This formulation yields an evolution equation for the pressure, enabled

for isentropic weakly compressible flows [Cho68, YA21]. The viscosity in an isentropic
system can be considered as linearly dependent of the density. Hence, ns = 1s0(p/po)-

Remark 5.1.1. The hypotheses of a constant speed of sound and of constant system
energy lacks on physical reality. The presence of friction due to the effect of viscosity
yields a decrease in the system energy. However, we can relax these hypotheses by
considering an alternative equation of state p = p(e, p) in an isothermal system and
consider the equation of energy for an isothermal system [TELBO06]:

p (gj + (u- V)e) - (217S (e(u) - é(v . u)I) — pI) : Vu = 0. (5.9)

O
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5.1.2 Weakly compressible viscoelastic flows

The model for Oldroyd-B weakly compressible viscoelastic flows reads:
Findu: Qr - R3, p: Qr = R, p:9Qr —-Rando:Qr — R3%3 satisfy:

ou

p (8t +(u- V)u> _v. (2775 (e(u) - %(v . u)1>> +Vp (5.10a)

-V (a - ;tr(a)I> = pg,

o+ (w-V)p+ pc2(V-u) =0, (5.10D)
p=5(p+B),  (5.100)

This model was derived in [BKW06, MP19]. Similarly as for the model (1.1), an additional
extra-stress tensor models the elastic behaviour:

p(?j—l—(u-V)u) - V- (T +o0)=pg, (5.11)

where T is described by (5.3) and o is the viscoelastic extra-stress tensor. Using (5.11),
the system of equations is not consistent with the weakly compressible Newtonian flows
model (5.1). Indeed, when no elastic effect is considered, then the relaxation time A is
equal to 0. We would like the system to model a compressible Newtonian fluid with
viscosity ns + 1, for A = 0. To tackle this problem and similarly as in section (5.1.1),
we consider an augmented pressure instead in (5.4), that is p := § — ks(V - u) — 1tr(o)
[BKWO06]. Using this formulation, it yields the momentum equation (5.10a).

The relation between the density and the pressure relies to the state equation (5.6). It
is still applied to obtain weakly compressible viscoelastic flow and yields the equations
(5.10b) and (5.10c). The viscosity terms 7,17, are linearly related to the density and
we have 75 = 150(p/po) and 1, = n,.0(p/po). Finally, as mentioned in the introduction,
different constitutive equations can be applied for the viscoelastic extra-stress tensor.
Here, the Oldroyd-B model is still applied and the constitutive equation (5.10d) has a
supplementary term due to the compressible effects [MP19].

5.1.3 Weakly compressible elastic deformations

Let us recall the notation from (1.1). Consider Q5 = 2(0) being the initial configuration
of a given material and X € €y. The Lagrangian formulation of displacement is

(X, t)— X = /Otu(a:(X,s), s) ds (5.12)
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Chapter 5. Extension to weakly compressible free surface flows

where @ is the deformation of X at time ¢ and u(x,t) the deformation velocity at position

x and time ¢ in Eulerian coordinates. The deformation gradient tensor in Lagrangian
_ 3 O

coordinates F: Qg x [0, 7] — R¥¥ is defined for all X' € Qo by Fiy(X.1) = 5 ; (X,1).

J

We now define F : Qp — R3*3 to be the deformation tensor in Eulerian coordinates as

F(z(X,1),t) = F(X,1).

The general system of equations for structure deformations in Eulerian coordinates read:
Find v : Q7 — R? and p: Qr — R which satisfy:

0
p (61: + (u- V)u) - V-C =pg, (5.13a)

pJ = po. (5.13b)

where C' = C(F') denotes the Cauchy stress tensor and J = det(F'). The system (5.13)
comes together with the deformation equation

oF

OF  (w-V)F = VuP. (5.14)
obtained by taking the time and space derivative of (5.12), similarly as in (1.5a). The equa-
tion (5.13a) denotes the momentum principle in Eulerian coordinates [Hol02, CMPF17].
Furthermore, the principle of mass conservation reads:

/ (X,0) dX:/ p(x, 1) dac:/ p(@(X,1),0) (X, 1) dX (5.15)
Qo Q(t) )
:/Q p(&(X. 1), )] (x(X, 1), 1) dX,

where J(X,t) = det(Vx(x(X,t))) = det(F(X, 1)) = det(F(x(X,t),t)) = J(x(X,1),1).
Since the equation (5.15) is true for any subdomains of 2, it yields the equation (5.13b)
with pp = p(X,0).

The constitutive equation for the Cauchy stress tensor of an incompressible Neo-Hookean
material is C = —pI + u(FFT —I). A simple compressible Neo-Hookean model yields
[Ogd97, Hol02, PG15]

C=uJ YFFT —I)+ \(J - DI (5.16)

where p, A are the second and first Lamé parameters. Using this formulation and similarly
as suggested in [Pic16], we want to obtain an equation for a pressure p and an extra-stress
tensor o instead of the deformation gradient tensor F' in the system of equations (5.13).
Then, we would be able to formulate a unified model for weakly compressible flows,
based on the weakly compressible viscoelastic flows model (5.10) and on a parameter .
In this optic, the Cauchy stress tensor can be expressed using the hydrostatic pressure
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[Hol02, PG15], so we split the Cauchy stress tensor C into C' = o — pI, with

o=uJ YFFT -1, (5.17)
p=-AJ-1). (5.18)

Similarly as in Remark 3.1.1 in section 3.1, an equation for the evolution of J, using
Lemma A.0.1 in Appendix and (1.4), yields

%J(w(X,t),t) = J(x(X,t),t)tr (F1(cc(X,t),t)§tF(a:(X,t),t)>
P J(@(X ), ) (FH @(X 1), 0) Vau(@(X. 1), ) F(z(X. ) 1))

= J(@(X, 1), Otr(Vou(x(X, 1), 1) = J(&(X, 1), 1) (Vs - u(z(X, t),1)).

Thus we have

9 J(@(X,0),0) + (Vau(@(X, 1), 8) - Vo) I (m(X, 1), 1) = %J(m(x,t), ) (5.19)

ot
= J(x(X,t),t) (Vg - u(x(X,t),t)).
From the previous computation, we find for the pressure (5.18):

%(w(X,t),t) _ (?f; +(u- V)p> (@(X, 1)) = A (%Z F(u- V)J) (@(X,1),1)

OL) (Ve w(@(X,6),0)]  (5.20)

Now for the extra-stress tensor o, taking the convective derivative of (5.17) yields in
Eulerian coordinates:

9w Vo =p (88: + (u- w*) (FF" - 1)

ot
+puJ ! (;(FFT ~I)+ (u-V)(FFT - I)) .
We have
dJ 1 . 1 /0J
e Loy
and
8 T T a T (9 T T
a(FF —I+(u-V)(FFT-1)= amer(u-V)}!? FT+F aF + (u-V)F
=VuFF" + FFT'vu'.
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Chapter 5. Extension to weakly compressible free surface flows

It yields

887: +(u-V)o=—(V-u)o+ QMJ_le(u)

+ )7 (Vu(FFT — 1)+ (FFT - 1)VuT).
Finally we obtain the new equation for the stress o:

0 2

87(2 + (u-V)o + (V- -u)o — Vuo —oVul = #e(u). (5.21)
Using the momentum equation (5.13a), the final model for compressible elastic deforma-
tion yields:

Findu: Qr - R3, p: Or = R, p: Qr — R and ¢ : Q7 — R3*3 which satisfy:

P (%1; + (u- V)u) -V (o—pI)=pg, (5.22a)
dp Apo _
N + (u-V)p+ P (V-u)=0, (5.22b)
p=—A (’;? . 1> , (5.22¢)
g: +(u-V)o+ (V-u)o — Vuo — oVul = 2&6(’&). (5.22d)
Po

The pressure equation (5.22b) is equivalent to (5.20). The equation (5.22c) comes from
(5.18) and is analogous to an equation of state, rather close to Tait equation (5.6). From
(5.13b), the Lamé parameters u/J = up/po and AJ = Apg/ps express the modifications
due to compressible effects, where p and A are the value at incompressible position

(J=1).

Remark 5.1.2. Alternative formulations for the Cauchy-stress tensor exist [PG15], for
instance

1
T=J"3 (0 - 3tr(o)I> —pl,

where

_ )\—l—zu 1
o=pJ YFFT -1I), p=— 43 (J—ﬁ).

Similar computations as previously applied yield the following model for compressible
elastic deformation:

p <881; + (u- V)u> -V ((?)i (a - Zitr(a)[)) + Vp = pg, (5.23a)

Pt V)t (i v (’;0)4) (A 50) (7w =0 (5.23b)

This system of equations is more complicated, but take into account the term —%tr(o)I
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in the diffusion term, similarly as in the system (5.10). O

5.1.4 Unified model for compressible viscoelastic flows and elastic solid
deformation

The goal in this section is to reunite the model for compressible Newtonian and viscoelastic
flows, and the model of compressible Neo-Hookean material deformations. In the cavity
A, the characteristic function ¢ : A x [0,T] — {0, 1} satisfy
0
Y (wV)p=0 (5.24a)
ot
in the weak sense. Then, in the fluid domain, the unified model reads: Find w : Qp — R3,
p:9Or =R, p: Or = Rand o : Qp — R3*3 satisfy:

ou

P <8t b (u- V)u) _v. (2173 (e(u) - %(v - u)1>> +Vp (5.24b)

-V (a - gtr(a)1> = pg,

‘ZZZ +(u-V)p+ B(V-u) =0, (5.24c)
p=np(p), (5.24d)
ao + A (gj +(u-V)o+ (V- -u)o —Vuo — aVuT) = 2np€(u), (5.24e)

where the newly introduced parameter 5 takes a different value for each rheology and takes
physical values, whereas the parameter o has a numerical meaning and is adimensional.
Furthermore, it controls the compressible effects, in the sense that the limit 5 — oo gives
back the incompressible system. Initial conditions u(-,0) = ug, p(-,0) = po, p(-,0) = po
and o (-,0) = o are prescribed. The boundary conditions on the cavity A are similar as
described in chapter 1. The condition on the free-surface on 9NQ\OA is:

<2nse(u) — %(V . u)I) n—pn+ (0‘ — gtr(a)I) n =0.

The equation of state (5.24d) is dependent on the material, whether it concerns a fluid
(Tait equation (5.6)) or a solid (hydrostatic pressure (5.18)). The parameters 7,1, are
linearly dependent on the density: ns = 1s0p/po and 1, = 1p0p/po. This yields the three
different cases previously obtained for the different sets of parameters:

1. When o = 1, A = 0, we recover the system of equation of weakly compressible
Newtonian flows. The equation (5.24e) becomes o = 2n,e(u). We recover the
system of equations (5.1), for the viscosity parameter 1, + 7,. In this case, the
additional parameter 3 corresponds to pc?. The equation of state must be the
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Chapter 5. Extension to weakly compressible free surface flows

equation (5.1c).

2. When o = 1 and A > 0, we recover the system of equation (5.10) modelling the flow
of weakly compressible Oldroyd-B viscoelastic fluid. Similarly as for the Newtonian
fluids, we have 3 = pc?.

3. Finally, for « = 0 and ns = 0, we recover the system (5.22) for the deformation of
compressible Neo-Hookean elastic solids. The parameters become 5 = A\py/p and

wp/po = Mp/ X = npop/(Apo)-

The addition of the continuity equation (5.8) adds an extra nonlinearity in equations
(5.24b) and (5.24c) (B is dependent on p). To the best of our knowledge, the well-
posedness of any three systems of equations listed above has not been proved. Indeed, no
maximum principle can be obtained for the density p in the compressible Navier-Stokes
equations (5.1) or compressible solid deformations (5.22). For these reasons, we dismiss
the continuity equations (5.8) and take

p(x,t) =py € Ry, V(x,t) € Q. (5.25)

This simplification has already been applied in [SY88, YA21] for Newtonian compressible
flows. By applying constant parameters instead of new variables, we have better hopes to
find stability estimates for this model in a future work. Apart from the lack of physical
interpretation, the model still shows some advantages. Pressure waves are implied by
the equation (5.24c). It allows to treat acoustic waves in the material. Furthermore, the
divergence of the velocity is not equal to zero any more, and this implies changes of the
total volume. It also implies that the state equation is no longer needed to close our
system of equations and that all parameters p, s, 3, @, A and 7, are now constant.

Finally, when « and 74 are equal to 0, this simplification allows to use the system (5.23)
in Remark 5.1.2 instead of the original system of equations (5.22), which was preferred
for its simplicity. Indeed, the equation (5.24b) now becomes

ou

p(at +(U~V)U> -V <2ns<e(u) - ;(V'U)I>> +Vp-V- (0— ;tr(0)1> = pg

and is now equivalent to (5.23a) for n; = 0 and p = pp. In equation (5.23b), the parameter
[ is now equal to A + %u in the point 3. above, when o and n, are equal to 0 and we
model a compressible Neo-Hookean material.

5.2 Numerical approximation for compressible flows

In this section, we address the numerical approximation of the system of equations (5.24).
Our goal is to apply the same numerical scheme used in the incompressible case (1.1).
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5.2. Numerical approximation for compressible flows

Thus, the splitting algorithm is applied to the system and we recover a prediction and
correction step. The specificities brought by the compressible case are then tackled.

5.2.1 Numerical approximation of the characteristic function for com-
pressible flows

The discretisation of the characteristic function in the VOF method is usually performed
with the finite volume method [dANKMO07, Dum13, MJB*13]. Our goal in this section is
to apply the method of characteristics (1.13) to the compressible flow to the characteristic
function ¢ and the variables w and o in the prediction step..

Let At be the time step, N be the number of time steps, T = NAt and t" = nAt,
n=0,1,...,N. Let us assume that at time t"~!, the approximated volume fraction
0"~ 1 A — R and the approximated velocity field u™~!: Q"~! — R3 are known, where
Q"1 = {x € A; " (x) = 1}. Consider the characteristic lines @ : Q=1 x [t"~1 7] — A,
which satisfy the condition

d

GEX 1) = u(@(X,10).0), (5.26)

for all (X,t) € Q"1 x [t"~1,¢"]. Let h > 0 and consider a grid made of cubic cells C;;, of

—1
ik
on each cell Cjj;. These values are transported along

size h, with barycenter x;;,. Let w%;l and u be the approximated value respectively

of the functions "~ ! and u" !
the vector Atu?j;l.
It can be proved in one dimension that the method of characteristics is equivalent to a
finite difference method [Cab04]. As illustrated in Figure 1.4, the cells can be considered
as particles, with a given value for ¢. This function satisfies a transport equation. Since
the method of characteristics that we use is a particle method, then it actually solves the
conservative form of the transport equation (1.1a):

0

ot
No proof of this result was found for the best of our knowledge. However, it can be
proved that a particle function solve the conservative form of the transport equation
[Rav85]. A study of particle method for the advection equation in conservative form can
be found in [CEPP14]. Furthermore, a numerical experiment at the end of this section
shows an empirical proof of this result.

This issue has no repercussion when the fluid is divergence-free (V - u = 0). Indeed, the
0
equation (5.27) yields 879750 + (u-V)p+ (V- u) =0, which is equivalent to the transport

equation (1.1a) in this case. However, considering compressible fluids forces us to apply
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Chapter 5. Extension to weakly compressible free surface flows

a correction to the previously used method of characteristics. For this reason, we use a
splitting algorithm again to solve our problem. The initial problem reads:
Find ¢ : [t"1,#"] x A — {0,1} such that

dp

— -V)p =0.

5 T Ve
To solve it, we advocate the following splitting algorithm. A first correction equation is
solved. It yields:
Find ¢ : [t"1,#"] x A — {0,1} such that

0
a—f —o(V-u) =0, (5.282)
with initial condition ¢(#"~1) = ¢"~!. The solution is denoted by go”*%. Finally, we
solve the conservative equation:

Find ¢ : [t"71,#"] x A — {0,1} such that

9
ai: +V - (ou) =0, (5.28b)

with initial condition ¢(#"~1) = gp”_%.
At the discrete level, the algorithm to solve (5.28) is the following:

1. The divergence of the velocity V - u;ﬁl is approximated by a piecewise constant
function, on each cell of the grid for active cells only. It is computed on the FE
mesh and interpolated on the cells using either one of the equations in (1.21).

2. The equation (5.28a) is approximated in each non-empty cell Cjjy:
For all active cells Cjji, find @;jp, [t"=1, t"] — R, such that:

Ak L n
dtj (t) — Pijr(t)(V - u’ijkl) =0, (5.29)

with the initial condition @;;;,(t""1) = cp%;l. The equation (5.29) admits an exact
solution for each cell Cjjy:

Pijk(t) = Pt exp((t — (Vo ufiyh)), i <e <,

We denote the new variable to be transported along the characteristics by:

_n
Pijk

N[

= exp((t" —t")(V - uzzl))

3. The SLIC algorithm illustrated in Figure 1.6 must be applied in order to avoid
numerical diffusion. However, this algorithm detects a cell to be full if its value is
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equal to 1. Hence, we cannot directly transport the newly computed value @;;(t").
For this reason, the transport equation (5.28b) is first solved for the characteristic
function go?jzl in each cell using the method of characteristics (1.13c), where the
SLIC algorithm can be applied. Then, we recover in each cell Cj;; the updated
value %, and the cell is considered active if ¢, > 0.

n—1 -1~

1
4. Note that p;;x(t") = ¢ @, 7, which is the solution at time " of the equation

n—1, n—1

(5.29). As described in section 1.4.1, where the weighted velocity ¢’ ", " is

2

transported, the weighted function 90%;1@?].; is transported with the method of

characteristics to solve (5.28b). Then, we recover in each updated active cell Cjjp,
the updated value @7,

5. The characteristic functions o7, are then updated with the transported corrected
functions @k by @ity = 0Pk

6. The decompression algorithm presented in section 1.4.1 is finally applied. Like
in the incompressible case, the overfilled cells and the cells advected out of the
domain are treated.

We present a numerical result for an empirical proof of appropriate convergence. Consider
a domain A = (—6,0) x (—1,1) and a velocity u(X,t) = (—x,0) imposed in X = (z,y) €
A. Thus, it corresponds to a 2D test case, but the flow evolves only in 1D. Now let us

define
1 if|lx+5/<05
SOO(LU?y) =

0 otherwise

to define the initial fluid domain .

The equation of the method of characteristics (5.26) yields

2(X,1) = (x exp(—t))

Y

Thus, the equation p(x(X,t),t) = p(X,0) yields

p((z,9),1) = p((x exp(t), ), 0). (5.30)

If we consider that the method of characteristics solves the equation (5.27), we find in a
formal computation:

So@(X.0),0) = Sol@(X,0),0) + (u- V)p(@(X, 1)1
- —(V ’ u)@(w(X’t)7t)

= (p(df(X,t), t)?
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since V - u = —1. Hence we obtain

((,),t) = @((w exp(t), y), 0)e". (5.31)

For the numerical experiment, the coarse discretisation uses the cell size h = 0.05 m,
a time step At = 0.012 s and final time T = 0.96 s. Figures 5.1 and 5.2 illustrate
snapshots of the results and convergence results respectively. In the left column, the
method of characteristics converges for an order lower than 1 to the solution (5.31),
which is the solution of the conservative form (5.27). Whereas in the right column, the
correction (5.29) implies a convergence of order O(At + h) to the solution (5.30), which
is the solution of the initial non-conservative advection equation (1.1a). The numerical
diffusion implied by the method of characteristics is reduced using the SLIC algorithm.
Since the equation (5.28a) modifes the property ¢ € {0,1}, the decompression algorithm
is still to be applied, and does not alter the convergence of the algorithm. The result at
the bottom left in Figure 5.1 shows that this latter algorithm cannot be applied if the
correction (5.29) is not applied, since the values in each cell of the characteristic function
are not between 0 and 1.

5.2.2 Numerical approximation of the complete model

We address now the numerical approximation of the unified model for compressible flows.
The splitting algorithm presented in chapter 1 is adapted and the convective terms are
solved separately. During the prediction step, the following set of convection equations
from "1 to t" are solved:

ov

o+ Vv =0, (5.32a)
dq B
or
5+ V- (r®wv) =0, (5.32¢)
oY B
o +(v- V) =0, (5.32d)

with initial conditions
,v(tnfl) _ unflj q(tnfl) _ pnflj T(tnfl) _ o_nfl7 w(tnfl) _ go"*l,
respectively. The computational domain is then updated, Q" = {x € A; ¢"(x) = 1}. The

correction step then consists in finding v : Q" x [t~} "] - R3, ¢: Q" x ("1, t"] = R
and T : Q" x [t"71 "] — R3*3 which satisfy
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Figure 5.1 — Profiles of ¢ at time ¢ = 1 for four different mesh sizes and the exact solution.
Left: the correction (5.28a) is not applied. Right: the correction (5.28a) is applied. Top:
no SLIC and decompression algorithm. Middle: SLIC applied without decompression.

Bottom: SLIC and decompression
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Figure 5.2 — Relative error [|¢(tn) — ¢" || 12(q) / [|9(tn) || 2(q) at time ¢ = 1 for four different
mesh sizes. Left: the correction (5.28a) is not applied. Right: the correction (5.28a) is
applied.

p% -V (2173 (e(v) - %(V : v)I)) +Vg-V- (T - iE)tr('r)I) = pg, (5.33a)
% +B(V -v) =0, (5.33b)
at + A (?9: — Vot — TVUT) = 2npe(v), (5.33c)

with initial conditions v(t"~!) = u" 2, q(t" ) = pnfé and T(t" 1)) = 0" % and
boundary conditions discussed previously. The approximation of velocity, pressure and
extra-stress at time ¢" are then updated by u” = v(t"), p" = q(t") and ¢" = 7(t").

The method of characteristics (1.13) is applied to solve the system of equations (5.32).
As previously analysed, the method solves the conservative transport equations:

5 +V-(vewv) =0, (5.34a)
dq B
5tV () =0, (5.34D)
‘Z V- (rav) =0, (5.34c)
%f + V- (yw) =0, (5.34d)

Hence, it allows to solve (5.32c) exactly but a correction has to be made for the remaining
equations (5.32a),(5.32b),(5.32d). Now, let h > 0 and consider a grid made of cubic
cells Cyji of size h, with barycenter x;;,. Let cp%;l and u;ﬁl be the approximated

value respectively of the functions " ! and w"~! on each cell Cijk- The algorithm
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presented earlier for the characteristic function equation (5.32d) is similarly applied
to the equations (5.32a) and (5.32b). Hence, we solve in each non-empty cell Cjjj, the
approximated equations in [t"~1 ¢"]:

do;; _ —

SR () — Dign (1)(V - uli!) = 0, (5.35)
dgi; _ —

B (1) — G (0)(7 - ulih) = 0, (5.35b)
ey 7 "

ﬁtjk (t) - wz]k(t)(v . uijkl) = 07 (5.35C)

with the initial conditions @;;; (") = u?j;l, G (t" 1) = p;ﬁl and @ijk(tnfl) = @Z}l.
These equations are solved exactly in each cell Cjj;, at time ¢":

_n—1

Dy, 0 = k(") = wy @Z)wk 5

Nl=

~n ~
qijk = Gij (tn) pz]k: wz]k )
7n 7 ~1
¢zgk = 1/) ( ) szjk ¢zgk )
where %k =exp((t" —t" 1) (V- uly 1)), similarly as in the previous section 5.2.1.

Now, we use the method of characteristics to transport the non-corrected characteristic
function gon.zl. We obtain the updated characteristic function ¢;%;. Then, the function

1
©i; klz/)Z y kQ is transported by the method of characteristics, which solves the equation
(5.34c) and we obtain the updated values Y74, in each active cell. The characteristic
function @7, at time t" is updated as ¢y = @Y%, This part is similar as explained

in section 5.2.1. Then, as motivated in chapter 1, the method of characteristics is used
1

1
2 and on %]k q”k " to obtain the pressure pl 52

1
n—1~""% : : n—
on Yy Uy 2 to obtain the velocity ;i
1

The extra-stress o, 2 is then recovered on the cells using the method of characteristics.

ijk

Consider now the FE discretization of the system of equations (5.36d). Let H > 0 and Ty
be a triangulation of the cavity A of maximum diameter H. The characteristic function
ap%k is interpolated on the FE mesh and allows to define the computational domain 7%,
similarly as in section 1.4.2. Let V2 C (CO(Q%))3, Q% C CO(Q%) and TH C (CO(Q%))3*3
be the piecewise linear FE spaces considered in section 1.4.3, with the definition (1.26).
The velocity u;;% € Vy;, the pressure p}?% € Q% and the extra-stress Uan% € T} are
obtained from interpolating the functions from the structured grid to FE mesh using
equation (1.18).

The implicit scheme previously applied to the incompressible scheme is adapted here for
the system of equations (5.33) of the correction step. Consider the semi-implicit time
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Chapter 5. Extension to weakly compressible free surface flows

discretisation of the correction step system of equations in Q":

_1
u” —u"2

Al <2ns <e(u") _ é(v . u")1)> (5.36a)
+Vp" -V <a” - ;tr(a”)I> = pg,

1pn—p' 2

5 A +V-u" =0, (5.36b)

1
o —o" 2

At

[NIE

ac” + A ( — Vu" 20" — anfé(Vu”* )T> = 2npe(u”). (5.36¢)
Similarly as in equation (1.25d) we can explicit 6" from (5.36¢) and insert it in (5.36a)
to decouple the computation of (u”, p") and ¢”. Thus, we first find u” : Q" — R? and

p" Q" — R such that

1
woute o W)(n_l.n>> n
p Az v <2<n5+)\+o¢At e(u") 3Vu I|+Vp

A not 1 n—1
AAL n—% n-1 n—1i n—2Ii\T 2 n—% . n—3
MM(V(VU 20" 2 40 2(Vu 2) )"‘gV(VU 2.0 2))+pg

and then o™ : Q" — R3*3 satisfying (5.36c).

Hence, the FE discretisation of the correction step (5.33) reads:
Find u% € Vi, pY € Q% such that

1

ul —u) 2 At
/Q p—HE——H .y da+ . 2 (775 + 77p> e(uly) : €(vy) dz
H

% At A+ aAt
2 npAt ) /
/9713(77 X+ ant (V- up)(V - vp) de szHv vy dz (5.37a)
A n—% 1 n—%
PVAN nl p_1 n—i nol
Jan M((qu fop P toy P (Vuy Q)T) L €(vn)
H
2 n-1 a1 .
3 Vuy * oy (V-vy) | dz, Yoy € Vi,
el
n 1py —py ” B .
(V-ufy)gn do + | =gy dz =0, Van € Q. (5.37h)
Qy, on B At

Then, we solve the weak formulation of the Oldroyd-B equation to recover the extra-stress
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5.3. Numerical simulation for volume changing

tensor o'}, € Ty;, which is actually similar as the equation (1.27d).

The initial velocity u%, pressure p% and extra-stress tensor a'(}q are interpolated onto

VI?{- However, depending on the initial pressure, oscillations can be observed and never
decrease due to the wave nature of the equation. In [YA21], the pressure was initialised
by solving a Poisson equation Vp = pg in order to suppress the oscillations. The pressure
pY; can be computed by relying on the following stationary Stokes problem:

s

H

Py V vy da :/ pg - vy dz —/ 2nse(u?) : €(vy) da
oy Xy

215
+77/ (V-ud) (V- vy) da
3 Ja

L (5.38)
—/ % s e(vy) da
Q
1
+§ tr(e%)(V -vy) de, Yoy € V.
O

5.3 Numerical simulation for volume changing

In this section, we only address the case o = n; = 0, corresponding to the deformation
of a compressible Neo-Hookean material. It corresponds to a tensile test experiment,
similarly as developped in section 2.2.1 for rubber material. Indeed, the main motivation
of taking into account compressible effect is first to extend the model to improve the
result obtained in chapter 2. Validation results for the numerical model for weakly
compressible Newtonian and viscoelastic flows are still to be obtained.

Rubber is nearly incompressible and its Poisson ratio is close to 0.5. Consider the unified
model (5.24) for compressible Neo-Hookean solid, that is for & = 0 and ns = 0. The
parameter 5 now corresponds to the first Lamé parameter \. Consider the settings of the
rubber traction experiments, where the velocity is imposed on the shoulders of the tensile.
The mesh sizes and physical parameters remain the same: H = 4 mm, A = 0.6 mm,
At = 0.8 s, p =940 kg/m?>, 7, = 2 - 10° Pa s. The parameter 3 controls the change of
volume, thus the simulations are computed for values of 4 in {10%, 107,108} Pa s. The
initial pressure pg is here initialised to 0 and the extra-stress tensor g9 = 0. The initial
velocity is smoothed: ug = (0,0,2 - 10~% tanh(80z)).

In Figure 5.3, the pressure p and extra-stress component ., are monitored along the
axis Oz in the axial direction of the tensile specimen, at the time corresponding to 0.1%
relative elongation. Visual convergence is observed. In Figure 5.4, a comparison of the
force o, — p profile for the different values of the parameter 5. As we can expect from
equation (5.24c), the pressure becomes smaller for a larger value of 8. Finally, Figure
5.4 shows the evolution of the total volume [, ¢(«,t) do over time. The conservation
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Chapter 5. Extension to weakly compressible free surface flows

of the total mass is not anymore respected due to the mass equation (5.24c) and the
numerical correction on the prediction step (5.29). A smaller value of 8 induces a larger
compressibility and we obtain a larger change in volume for 3 = 10° Pa s.

Profile stress component zz

Profile Pressure

0.05 0.05
— h=0.25mm —— h=0.25mm
h=0.125 mm h =0.125 mm
— h =0.0625 mm —— h =0.0625 mm
0.04 ///‘_‘_\,\ 004
7 0031 / F 003
< =
m e
¢ 2
= | o ~
w 0.02 5 0.02
N
0.01 / \ 0.01 /
0.00 T T T T T 0.00 T T T T v\
—-0.03 —-0.02 -0.01 0.00 0.01 0.02 0.03 —-0.03 —-0.02 -0.01 0.00 0.01 0.02 0.03
z axis [m] z axis [m]

Figure 5.3 — Compressible model. Profile along the axis
0.1% for 8 = 10 Pa s. Left: Extra-stress component o ..

Profile convergence
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Oz at time ¢t = 8 s and strain
Right: Pressure p.
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Figure 5.4 — Compressible model. Finer discretisation parameters. Left: Component z

of total force o,, —

VOF volume with respect to strain.
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. Conclusion

The numerical framework proposed in [Mar00, BCP06] has been adapted to the unified
model of [Pic16] for the simulation of incompressible Newtonian and viscoelastic fluids
and incompressible Neo-Hookean elastic solid free-surface flows. An alternative time
discretisation of the diffusive part of the system was proposed and study on a simplified
system of equations. The unconditional stability of this implicit scheme and convergence
of the system energy was proved. The performance of the alternative time discretisation
has been tested on numerical experiments and shown to be superior to the EVSS scheme,
previously applied on Oldroyd-B model. The numerical validation of the incompressible
Neo-Hookean elastic model was carried on a set of numerical experiments based on engi-
neering applications. Finally, an algorithm applying the Signorini boundary conditions
on the system of equations was proposed and tested.

Then, we proposed a multiphase formulation of the previous system of equations, allowing
to model the interactions of multiple incompressible Newtonian and viscoelastic fluids
and incompressible Neo-Hookean elastic solids. The model is based on a VOF method
suggested by [JBCP14]. The numerical approximation of the system of equations was
adapted to the alternative rheology of the model by the application of the previously
used time discretisations of the diffusive terms. The performances of this new model were
tested on different numerical experiments, exhibiting its accuracy and flexibility. Indeed,
the number of phases to be simulated is not restricted and the method of characteristics
is a robust tool to handle their movements. Also, the model allows the simulation of
multiple rheologies using the same set of equations for a straightforward formulation,
letting us tackle a large panel of problems.

An extension to weakly compressible flows was proposed in order to improve the mod-
elling of physical problems. A compressible unified model was obtained, as well as a
complementary numerical framework, in order to take into account the compressible
effects. Indeed, an additional splitting algorithm for the transport equations allowed to
tackle the issue brought by the method of characteristics in compressible flows.

Future work is split on different axes:
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e The a priori estimates for the simplified multiphase model are not complete. A

multi-domain formulation of the simplified problem could allow to obtain multiphase
counterpart of the general results obtain in chapter 1 for N = 1.

The interface conditions between the phases in the multiphase formulation can
be relaxed and would allow the modelling of surface tension. This additional
feature would improve the results for the simulation of mutliple fluids flows, for
instance in the numerical experiment in section 4.2. Together with a different
viscoelastic constitutive equation (FENE or Giesekus), these extensions would allow
the validation of our fluid model with respect to the literature review. Furthermore,
the algorithm proposed in section 4.1 can be implemented and tested for the
simulation of analogous Signorini boundary conditions on multiphase interface.

Proper validation of the unified compressible model must be carried on. Compress-
ible extension to multiphase compressible flows is allowed by our formulation and
would bring an additional extension to the multiphase formulation we suggested.

Finally, extension to order two schemes should be investigated. This could be done
using the order two Strang splitting scheme. A Crank-Nicolson time discretisation
of the correction step should also be applied. Then, a higher order interface
reconstruction should be investigated.



Et si tu crois que c’est fini, ...
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Appendix A: Useful results

Lemma A.0.1 (Jacobi’s formula [MN19], Theorem 8.1). Letn >1and A: R — R™™"
be an invertible differential matrix function. Then it holds

%det(A(t)) —tr (adj(A(t))‘Lfét))
— det(A(t))tr (A(t)1(1Ad§t>>

Theorem A.0.1 (Reynold’s transport theorem [Hol02]). Let 7' > 0 and €y C R3. Let
x :[0,T] x Qo — R3 a particle displacement function, defining for all ¢ € (0,7] a domain
Qt) = {x € R%;3X € Qq such that = p(X,t)}. We also define the space-time domain
Or = {(x,t) € R® x [0,T];x € Q(t)} and n(x,t) be the normal of the boundary 9Q(t)
at . Now, let f : Qp — R. Then, the following formula holds:

d B 87f .
d </Q(t) I dw) a /Q(t) ot dot /ag(t)(u n)f ds, (A1)

where %az(X, t) = u(x(X,t),t) denotes the interface velocity.

Lemma A.0.2 (A first discrete Gronwall’s Lemma [Dub20]). Let N > 1 be an integer.
Let an,vn, 0 <n < N and b, ¢y, in, 1 <n < N be non-negative numbers such that

m — Am—1 + by < Ym—1@m—1 + mGm + Cpy, V1 <m < N

Assume that p, < 1 for all 1 <n < N. Then

m m m—1 m M
afn+an§ <a0+26n> +exp<z 'yn> exp (Z 1_” ), Vli<m<N.
n=1 n=1 n=0 n=1

Hn

Lemma A.0.3 (Corollary of Gronwall’s Lemma). Let N > 1 be an integer. Let
G, by, Cn, iy, be non-negative numbers for all 0 < n < N such that

a2 + by < a2_| 4 pnan +cny, V1 <m < N. (A.2)
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Then

Ui N+1
az, + > by < exp(1) <a0+2cn Sl ui>, V1I<m<N.

n=1 n=1

Proof. We have from Young’s inequality:

€ 1
ai_ai_1+bn§ﬁtnan+cn§§Hi+za%+cnv

for any € > 0. Using Lemma A.0.2, we find
D WIEI RS oF
n=1 n=1

For e =2/(N +1) < 2, we find

exp (m%> < exp <N2/(N+1)

l\.')‘,_.
MS
v
[©]
<
S
7N
3
[\
|
N———
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EAppendiX B: Validation of inter-
polation methods between cells
and finite elements

Two interpolation methods were presented in section 1 to interpolate the variables from
the structured grid to unstructured FE mesh. We want to compare the convergence of the
L%-interpolation method (1.20) and the weighted distance method (1.18). Convergence
is checked starting for a domain A = [—0.14,0.14] x [—0.14,0.14] with a characteristic
function @o(x) = {x = (z,y) € A;2? +y? < 0.005} and initial velocity wug(x) =
16 * (1 — 3?). The coarse setting corresponds to H = 0.015 m, h = 0.0045 m and
At = 0.0016 s. Finer meshes are then obtained by dividing the discretisation parameters
by two, keeping the CFL number constant. The velocity is interpolated from one
mesh to the other until 7" = 0.0192 s. The expected convergence is divided by the
number of time steps and for CFL = At/h and R = H/h yields ||ug(t) — tuOHLQ(Q) <
C(h? + H*)(T/At) = (CT(1 + R?)/CFL)h. In Figure B.1, the order 1 convergence
is recovered for both interpolation method. However, the weighted distance method
(Steiner) performs better than the L2-interpolation method (Maronnier) and were thus

used in our computations.

Interpolation method convergence

—=— Maronnier method
—e— Steiner method
- Order 1 convergence

Relative L>-error

1072

0.0003125 0.000625 0.00125 0.0025 0.005
h

Figure B.1 — Convergence of interpolation method. Left: Active cells and FE mesh, the
velocity is displayed on the cells. Right: Convergence graphs for Maronnier’s (1.20) and
Steiner’s (1.18) interpolation methods.
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Appendix C: Additional proofs

C.1 Proof of Proposition 1.5.3

Proof.  Let e, = u(t") —u", e = p(t") —p" and eg = o(t") —0™. From Taylor expansion

we obtain from (1.29) at time ¢™:
ny _ n—1

/p u(t”) “(t ) vda:—l—/?ns w(t™) : €(v) da:—/p(t")(v-'v) dz (C.1)

Q
" o / Pu . _ 1
+/ (t") dw+At/tn1[t (gatQ(S) vde | ds| dt =0, Vv e Hy(Q),

/ qV -u(t™) de =0, Vqc L3(Q),
Q

ny . a(tn) _a(tn_l) . nyy .
/Qaa(t).rdw—i-/gx\ Az .wa—/g2npe(u(t )): T dx

+A/tn /tn 82—”()~Tdm ds| dt =0, V7€ L*(Q)**
At tn—1 t (9] 8t2 5 7 ’

Taking the difference between the previous equations and the weak formulation for the

implicit scheme (1.42) and it yields:
/p vd:1:+/2775 ") . e(v) dx—/egv-vdx (C.2)

+/ " e(v) d +p/t" / aQJ() d ds| dt =0 V’UGHI(Q)
Qea.ev x Ao |, |y o s)-vdx| ds =0, 0(£2),

/Q(v LeM)g de = 0,¥g € L2(Q) (C.3)

_ ,n—1
/ s dx +/ )\L c7 dx 7/ 2npe(ey) : T do (C4)
Q At Q

At 0%c
— —(s): dt = L Q)3
+At /t"—l l/t ( o 2 (s):T dcc) ds] 0, VrelL“Q)

1
Weset v = ey, ¢ = el , T = e} and use the identity (a—b)a = 3 l|all ~3 el +§ la — b))
for a,b € R? (identical identity for a,b € R3*3) to obtain:

143



Appendix C. Appendix C: Additional proofs

2
71 2 )
3+ HGZ — ey 12(0)? + 21, ||6(€Z)HL2(Q)3X3 + /Q ey €(ey) dx

2At ||eu”L2 Q) IAL
_ P & ¢ 0%u "
(6% )\ n 2 )\ n n—1l 2 . ‘ .
<217p + 4At77p> ”ea||L2(Q)3x3 + M Hea — €4 ‘ - /Qe(eu) cep dx

L2(Q)3x3
A 2 A tn tn 920 .
H L2(Q)3x3 2n, At /tn_l [/t ( o ﬁ(s) P €y dm) dS] dt.

B 4Atn,
By using Cauchy-Schwarz inequality we find:

= 5z 147,

n—1
o

p/tn /tn Pu o on gz das| ar< £ /tn /tn Ou ds | dt
At Jin—1 [ ] a 2 (5) =2 S A ||euHL2(Q . ; 12 (5) Ly S
0%
<pledlae [ |5p 0 a
L2 n—1 || Ot? L2(Q)3
1
n " 0% 2 :
< pVAL|leyl 2 (/ oz ) dt) :
tn—l t
LQ(Q)S

We similarly obtain

A " " %0 " A " "
_2npAt /tn_l [l ( o ﬁ(s) L ey dil?) dS] det S %\/ At Hea'||L2(Q)3><3 (/tn—l

Thus it yields

0o
o)

A
<p||6u||L2(Q)3 o leglZ2(0) m) + At <4ns leCem) I Z2(qysxs + — » = a3 Q)3X3>
p

O et <2 I A LA
S\ P u L2(Q3 ' 2, L2()3%3 Pll€ullL2(0)s o llL2()3x3
1 1
tm 82 2 2 )\ mn 82 2 2
pAL / T2 at| + [ 2as / 9 s) dt
tn—1 ot (Q)S 2?717 tn—1 ot L2(Q)3><3

Define for n =0,...,N :

NI

A

2 2

°a, = (PHemLQ(QP ta,- HegHLQ(Q)3X3> :
Tl
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C.2. Proof of Proposition 1.5.4

2 - 2
o b, = At (4773 le(en)72(qysxs + py H€g|’L2(Q)3X3>7

p
tn

® i, = pAt3/
tn—1

9%u

0%
o)

@(3)

1
2 2
A ¢
dt| + At
L2(Q)3 2np tn—t

Applying Lemma A.0.3, it yields for N +1 < A%:

1
2 2
at| |,
L2 (Q)3x3

e ¢, =0.

2

A
e e+ 3 I

N
2 2 a 2
Ly T ; At (477s (eI z2(q)sxs + ™ HegfLQ(Q)Sw)

T || 52 2 N T o2 2
< At? p/ 8—1;(3) dt + —/ 8—Z(s) dt | .
o | Ot L2(9)3 2np Jo || Ot L2(Q)3%3
which concludes the proof. |
C.2 Proof of Proposition 1.5.4
Proof. Let us use the previous notations of section C.1 and, forn =0,..., N — 1:

tn tm 2’U,

(R, v) :/tH Vt ( Q%t?(s)Ju da:) ds] dt, (C.5)
tn " 20-

(Ry,0) = /tnil [/t ( . ((;52(3) T dcc) ds] dt. (C.6)

Taking the difference between two time steps of the equation (C.1) yields

u n+1ly w(t? u n—1
/Qp (") =2 A(i )+ (") v de +/£227756(U(tn+1) —u(t")) : e(v) dz

— [ B = pE)(T - v) do+ [ (@) —a(t)) se(v) de
Q Q

+ R - Ry v) =0, vo e HY(Q).

The difference between two time steps of the implicit scheme yields the equation (1.44).
Taking the difference with the latter equation and multiply by Ait yields

n+1 _ 2¢en n—1 n+l _ _n
/p)\eu Cut Cu -v dzx —i—/ 2nsAe Su ~Cu), €(v) dz
Q At? Q

At

en-l-l — el en-I—l — el
_ D . o o).
/Q)\< A7 )(V v)da:—i—/g))\( A7 c€(v) de
p)‘ Rn-‘rl R" =0 v Hl 0
+ E< U - uv'v> - Y% v E 0( )
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Using the equation (C.3), we can remove the pressure error terms. Add « times the
equation (C.2) to obtain:

n+1 2¢eN n—1 n+1 n n+l _ _n
/ p)\ Ae;; t ‘v dx +/ 2ns e (eAteu> (€(v) dx +/ po <M> ‘v de
Q

Al
en+l —en
+ / sae(etl) : e(v) dz + / aei 4\ [T ) ) . ¢(v) da
Q At
p)\

At2

<Rn+1 Rn > + E<Rn+1 ) —0.

Using 7 = €(v) in
find:

n+1 -9 n—1 n+1 n n+l _ _n
/Qp)\ Aet+e vdw—i—/QnS}\e(eAteu):e(v)dw—i—/{zpa(m)-vdaz
+/ 2(nsa + np)e(ezﬂ) :€(v) de

PA

+ @<Rn+l Ry, v)

(C.4), the error terms for the extra-stress are cancelled out and we

A

pe n n
+E<Ru+1a > At<R0'+1 ( )) =0.

_ . _n+l _ _n .
For v = el e, we find:

p/\ entl —€Z 2
e

Cul —Cul | PA
At?

2

2
entl —2en 4 en-t
At

dx

+ /Q(nsa +ap)|e(en ™7+ (nsa + mp)le(e ™ — ep)|? da
2

+At/ Wl e[ 2d:c
o | sA €| ———
of At 'l Al
2
pA el —en—1 N
=[S e [ (e de
- PR R e
_ P pntl ntl _ ny i n+1 n+l _ n
At <RU 7eu eu> At <Ra' 76(eu eu)>‘

146



C.2. Proof of Proposition 1.5.4

We have

1 1
R

At2

1 Gt B 0*u entl _en

_At</tn l/t 98752(3)- A7 de | ds| dt
" " 2u entl _en

__/tn—l [/t ( o o (s)- Az de | ds| dt

— 1 ou n+1 ou n eZ—H_eu
_At[/gAt(at(t )= )) AL 0"

B / w(t™t) — 2u(t) + w(t" 1) ‘ entl —en dw]
Q

At? At

1 (0%, 00, O%u,, \ extt—el
_Atl/<at2(t )~ 8t2(t)>' AL 0"

n+1 +1 entl _ on
/ 8153 0 Ap dwdt

n

n+1
n+1 €y — €y
t dx dt
/ 6t3() At " ]
n tn+1

_ (At3 N At2> n /
= 2 6 LQ(Q)S tn—1

1
2 3
dt ] .
LZ(Q)B
The following terms are bounded as the following:
n+1 tn+1 2 n+1 n
pu n+1 n+1 n\ __ /t / 0“u Cu — €y
R =— : d ds| dt
At< u 1 Cu —e > po in lt Q atZ (S) At Z S

ds | dt
L2(Q)3
2

ds
L2(Q)3

2

+3 .
il

n+1
€y

Pu
o

— €

At

1

tn+1

n tn+1

— ey

At

0*u

ez+1
W(S)

L2(Q)3

U
2

dt +

[NIES

n+l _ _n
€y €y

At

apAt2 / &
-2

0%u

3
< apAt? W(S)

82

e (t) apAt

2

n+l1 _ _n
€y €y

At

Y

£2(Q)3
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A n—+1 n+1 n e e 82 ez+1 — eﬁ
- R (et ey == [ /t (%2() ey ) de) ds| at

$n+1 ¢+l 82 GZ+1 _ GZ

n+l _ _n gt gt 2
< / / T (v 0)(s) ds| dt
At L2()sxs /" t ot L2(Q)3%3
1
n+l _ _n ¢+l 2 2 2
< pA Cu “u At3/ 82(v o)(s) ds| .
At L2(Q)3x3 tn ot L2()3x3

Finally, we obtain forn =1,...,N — 1:

2

\ eﬁ-&-l_ez + o n H n+1
’ At L2(Q)? s+ ) LQ(Q)Sx3
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Applying Lemma A.0.3, it yields for N +1 < %:
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for C' € R, which concludes the proof.
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Proof. From EVSS definition and L?-projection property we have
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1

Using vy = u +uy ! in in (1.63b) and 75 = 0%, + o7 ' in (1.63d) we find:
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Since the L%-projection implies that for 7 € L?(2)3*3, we have 7r ()| p2(ysxs <
HTHL2(Q)3x3 and
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and we obtain the first result.

Next, by applying A/At the difference between two steps of (1.63b) and adding up «
times (1.63b), we find:
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From
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Also we have
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