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Chapter 1

Introduction : the boiling phenomenon

In this chapter we give a physical description of the boiling phenomenon.

Outline

1.1 Introduction . . . . . . . . ... e 5
1.2 Physics of two-phase flows . . . . . . . .. oL 10
1.3 Physics of boiling . . . . . . . .. 11

1.1 Introduction

1.1.1 Generalities
1.1.1.1 Introduction to boiling

Phase change is the transition of fluid particles from one phase to another. In a fluid, boiling
is the phase change from the liquid phase to the vapor phase due to temperature increase. Figure
1.1 shows an example of boiling in everyday life. Boiling is a physical phenomenon which plays
an important role in various industrial processes. It occurs especially in steam cycles of thermal
power stations, nuclear power plants, two-phase loops used in cooling of electronic components and
spray cooling processes. It is also used in the condenser heat exchangers of every refrigerating
machine or heat pump. The study of boiling proves to be a major stake not only from a theoretical
and academic point of view but also from a technical and industrial point of view, where any
improvement of boiling heat transfer would have a major impact given the number of applications.

1.1.1.2 Two-phase flows

The boiling phenomenon implies flows composed of a liquid phase and a vapor phase. In such
flows, the separation between the two phases is referred to as interface. Gravitational, inertial and
surface tension forces all play a role in the physics of two-phase flows. For large bubbles, the inertial

5



6 CHAPTER 1. INTRODUCTION : THE BOILING PHENOMENON

Fig. 1.1 — Nucleate boiling in a heated tureen. Credit: Roman Sigaev/Fotolia.

forces due to the surrounding flow velocity are dominant. For small bubbles, the surface tension
forces, resulting from the intermolecular forces at the interface, are dominant. Inertial forces tend
to deform the bubbles, while surface tension forces tend to maintain their spherical shape, as the
spatial configuration minimizing their internal energy.

1.1.1.3 Phase change in two-phase flows

Under certain circumstances, part of the liquid phase adjacent to the interface is transformed
into vapor. This transition from the liquid phase to the vapor phase can be due to a temperature
or pressure change in the fluid. Cavitation is the phase change from the liquid phase to the vapor
phase due to a decrease of the liquid pressure below a limit called saturation pressure of the liquid.
Below the saturation pressure, the molecular bonds in the liquid phase are broken, leading to the
appearance of a vapor phase. Boiling is the phase change from the liquid phase to the vapor
phase due to an increase of the liquid temperature above a limit called boiling temperature of the
liquid. Similarly to cavitation, above the boiling temperature, molecular bonds in the liquid phase
are broken. As a result, the liquid phase in the concerned neighborhood turns into vapor. As
shown on the qualitative phase diagram of water in Fig. 1.2, boiling corresponds to an increase
of temperature during which the pressure remains constant (isobaric phenomenon). Conversely,
cavitation corresponds to a decrease of pressure at constant temperature.

When liquid molecules become vapor, their intermolecular bonding is broken. To do so, energy
must be given to the system. This corresponds to the latent heat of vaporization. Therefore, if a
thermal flux reaches a vaporizing interface, only a part of it will be able to cross the interface, since
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Cavitation
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T

Fig. 1.2 — Pressure-temperature (P-T) phase diagram for water adapted from the book of Franc
and Michel [23]. The triple point T;. is the point at which the three phases coexist, the critical point
C separates the liquid and vapor domains.

a part is converted into latent heat.

1.1.1.4 Nucleate boiling

This work is the first step of a project aiming at the numerical simulation of two-phase flows
with phase change in the nucleate boiling regime. Nucleate boiling occurs when a liquid phase is
in contact with a solid phase at a temperature superior to the boiling temperature of the liquid.
In this case, a thermal flux is directed from the solid to the fluid, and the liquid close to the
solid is transformed into vapor : nucleated bubbles develop along the solid surface. These bubbles
are initially attached to the surface. Due to the heat flux from the solid to the liquid phase, the
nucleated bubbles grow on the solid surface. Above a critical size, the bubbles detach from the
solid surface under buoyancy effects. Nucleate boiling is an efficient heat transfer mode in the sense
that it is generally associated to high rates of heat transfer from the heated surface to the fluid for
relatively low temperature differences between the solid and liquid phases. Nevertheless, attention
has to be paid to the intensity of the heat flux at the solid-liquid interface in order to avoid to
damage the solid part, as explained below.

1.1.1.5 The boiling crisis

One major drawback of nucleate boiling appears when the heat flux at the solid surface reaches
a limit called Critical Heat Flux (CHF). Above the CHF, bubbles attached to the surface merge and
tend to form a vapor film covering the solid surface. Suddenly, the solid is totally separated from
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the liquid phase. Due to the weak thermal conductivity of the vapor, as compared to the thermal
conductivity of the liquid, the heat transfer coefficient, accounting for heat transfer from the solid
phase to the fluid, decreases drastically. As a consequence, the temperature at the solid surface
increases dramatically. This increase of the surface temperature can seriously damage and even
destroy the solid part if the melting temperature of the solid material is reached. This phenomenon
is called boiling crisis. In industrial applications, e.g. in nuclear power plants, the boiling crisis can
have destructive consequences.

1.1.1.6 Objective of this thesis

The objective of this thesis is the development of a numerical simulation code for boiling flows.
As a first step, the contact with a solid surface is neglected. Therefore, we focus only on the fluid,
constituted by liquid and vapor.

1.1.1.7 Numerical developments

The numerical developments have been implemented in the YALES2 code, a community-based
code developed by a network of several French labs within the Scientific Interest Group (GIS)
“SUCCESS”!. YALES?2 is a numerical code whose general purpose is the resolution of fluid mechanics
problems. It is designed for three-dimensional unstructured grids in order to simulate single-phase
and two-phase flows on complex geometries. At the beginning of this thesis, numerical simulations
of two-phase flows could be performed with YALES2 but phase change was not implemented. I then
dedicated myself to the development and validation of a numerical method suitable for simulations
of boiling in two and three dimensions.

Numerical simulations consist in solving on a computer the differential equations describing the
evolution of the flow. These equations are solved on a discretized space called grid. Two families
of grids can be used : cartesian grids and non-cartesian, or unstructured, grids. Cartesian grids
have the advantage of being aligned with the orthogonal directions of the reference frame, thus
making various computations easier, as will be largely detailed in this thesis. The drawback of
cartesian grids is their limitation to basic computational domains, only delimited by horizontal and
vertical lines. Conversely, unstructured grids have the ability to describe more complex geometries.
The drawback of unstructured grids is the desordered layout of the points where the equations are
solved, thus making accuracy more difficult to be reached in numerical schemes. Our methodology
has been designed for unstructured grids, with distributed memory parallelism in order to take
advantage of computational power. I focused on the development of all the tools needed to simulate
phase change on unstructured grids. Taking into account the triple contact (liquid, vapor, solid) is
left to future works.

Our configuration of interest is a vapor bubble surrounded by a liquid phase, as shown in Fig. 1.3.
Both the vapor and liquid phases are of the same chemical composition. We focus on the growth of
the bubble due to the liquid phase heated above the saturation temperature. The nucleation of the
vapor bubble inside the liquid phase is not addressed in this thesis. In addition to the complexity of
the physical phenomena encountered at the interface when phase change is not considered (action of
surface tension and parameter discontinuity, density and viscosity, as well as pressure discontinuity
between the two phases), boiling contributes to the pressure discontinuity and also implies a velocity
discontinuity at the interface between the liquid and vapor phases. Classical numerical methods

Ihttps://success.coria-cfd.fr
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Fig. 1.3 — The boiling phenomenon : growth of a vapor bubble surrounded by a liquid phase. The
dashed blue circle represents the location of the liquid-vapor interface at a previous time. The plain
blue circle represents the current interface location. The red arrows give the expansion direction of
the interface.

for the simulation of two-phase flows are not designed to take into account a discontinuous velocity
field whose discontinuity is moreover coupled to the temperature field. Substantial efforts are then
required to extend existing algorithms in order to simulate boiling flows, especially on unstructured
grids.

In this thesis, we present these developments along with some promising results concerning
numerical simulations of boiling flows on unstructured grids.

This work has been conducted at LEGI Laboratory (Laboratoire des Ecoulements Géophysiques
et Industriels), Grenoble, France, in the MoST? team, and has been funded by the Tec21 LabEx?
of Université Grenoble Alpes.

1.1.2 Thesis overview

This thesis is composed of six chapters and a conclusion.

Chapter 1 introduces the physics of boiling and the particular regime of nucleate boiling as the
motivation of this work.

Chapter 2 presents the state-of-the-art numerical methods used in two-phase flow simulations,
with a strong emphasis on the numerical methods commonly used to model the motion of the
liquid-vapor interface.

Chapter 3 introduces the YALES2 code suitable for two-phase flow simulations on three-dimensional
unstructured grids in which I developed a numerical method to take boiling into account.

2Modeling and Simulation of Turbulence
3The laboratoire d’excellence for mechanical and process engineering is a group of seven research laboratories
located in Grenoble, France (https://www.tec21.fr).
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Chapter 4 details the numerical method developed for simulations of two-phase flows with boiling
in one dimension, where phase change is driven by thermal fluxes at the liquid-vapor interface.

Chapter 5 extends the numerical method to multidimensional structured and unstructured grids,
where the amount of liquid turning into vapor per surface and time units is imposed. This chapter
exposes the difficulties met due to the complex shape of the interface with respect to the one-
dimensional case, then introduces and validates the different solutions implemented.

Chapter 6 extends the previous methodology by computing the amount of liquid turning into
vapor per surface and time units from the thermal fluxes at the interface (as in Chapter 4 for the
one-dimensional case) on two- and three-dimensional unstructured grids.

Finally, a conclusion on the presented work is given and highlights on the perspectives of this
work towards numerical simulations of two-phase flows with phase change by nucleate boiling on
three-dimensional unstructured grids are mentioned.

1.2 Physics of two-phase flows

In this section, the equations for the fluid motion are given.

1.2.1 Incompressible two-phase flows

Equations describing fluid dynamics are based on the conservation of mass, momentum and
energy. The total mass of a fluid is conserved throughout time. Mass conservation reads

dp
LV (o) (1)
where t is the time, p is the density and u the velocity of the fluid. Momentum, or quantity of
motion, of the fluid is also conserved. Momentum conservation corresponds to the conservation of
the quantity pu. The equation describing momentum conservation is the Navier-Stokes equation,
given by

9 (pu)

ot

where P is the fluid pressure, p is the fluid dynamic viscosity and g is the gravitational acceleration.

If p is assumed to be constant and uniform (incompressible flow), Egs. (1.1) and (1.2) can be
simplified. Mass conservation then reads

+V-(pu®u)=-VP+V-(u(Vu+ VuT)) + pg, (1.2)

V-u=0. (1.3)
Similarly, the Navier-Stokes equation reads
g 1 1
£+(u~V)u:—;VP+;V-(u(Vu+VuT))+g. (1.4)

1.2.2 Energy conservation

Energy conservation can be formulated by means of different primitive variables as the internal
energy or the enthalpy. The internal energy is favored to describe thermodynamics phenomena
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in closed systems, and temperature (or enthalpy) is more commonly used for description of quasi-
isobaric phenomena (usually open systems) [85]. In this thesis we focus on simulations of boiling
on open systems, we then express energy conservation with the temperature variable, i.e.

oT 1
VT = —V- T 1.
En +u-V pcpv (A\VT), (1.5)

where T' is the temperature, c, is the heat capacity at constant pressure and A is the thermal
conductivity of the fluid. If X is uniform, then the coefficient o = A/ (pcp,) in the rhs of Eq. (1.5)
is the thermal diffusivity of the fluid.

1.2.3 Rankine-Hugoniot jump conditions at the liquid-vapor interface
without phase change

In a two-phase flow without phase change, the velocity is continuous across the interface [57],
i.e. one has

[u]F = Oa (16)
where [-];. is the jump operator defined for a scalar or vector field A as
[A]l" = Aliq - Avap, (]_7)

where Ajq is the value of A in the liquid side and Ay, is the value of A in the vapor side, both
immediately close to the interface. Furthermore, the pressure is in general discontinuous at the
interface between the two phases. For a liquid at rest, if it possesses a surface tension, the pressure
discontinuity at the interface is given by the Laplace pressure as

[Plp = ok, (1.8)

where ¢ is the surface tension of the fluid, x is the interface curvature. Moreover, if the flow velocity
is non-zero at the interface, the discontinuity of dynamic viscosity at the interface also contributes
to [P]p. The pressure discontinuity at the interface, due to the combined effects of surface tension
and shear stress, is then given by the Rankine-Hugoniot jump condition [19, 57]

[Pl =0k +2[upnT - Vu-nT, (1.9)

where n is the interface normal vector and u the flow velocity at the interface.

1.3 Physics of boiling

Boiling is the phase change characterized by the transition of the fluid particles from the liquid
phase to the vapor phase entailed by thermal fluxes at the interface. It exists then a mass transfer
between the two phases, characterized by a mass transfer rate m. Navier-Stokes equations are then
coupled to the heat equation by means of the mass transfer rate computed from the thermal fluxes
at the interface. Due to this mass transfer rate, and to the fact that vapor and liquid densities
are different, we will show in this section that boiling induces a volume expansion at the interface,
which in turn leads to a non-zero divergence velocity field at the interface. We then show that this
non-zero divergence velocity field, together with the mass transfer rate, create additional terms for
the discontinuities of pressure and velocity at the interface. Moreover, we stress here that the mass
transfer rate also contributes to the interface motion.
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re

y p ©
A A
pqu p"q =
p(t)
/ .
X, (t+dt) X, (1) Y
pvap pvap ’ : \
I (t+df)
(a) Advection of diffuse interface without phase (b) Advection of diffuse interface with phase
change. The fluid particle centered at point xp change : the interface motion is faster than the
is at rest with respect to the interface frame. fluid particle motion due to the source term in

Eq. (1.17). As a result, the fluid particle exits
the interface region. The hatched area represents
the contribution of phase change to the interface
motion.

Fig. 1.4 — The density p describes the interface I' at a fine scale at times ¢ and ¢ + dt (a) without
phase change, and (b) with phase change.

1.3.1 Phase change in a non-confined area leads to volume expansion

When a fluid particle located in the liquid phase is transformed into vapor, its physical properties
become the ones of the vapor phase. As a result, boiling acts on the flow by means of the abrupt
transition imposed to the physical properties of the fluid particles that cross the interface. A ratio
of three orders of magnitude is typically observed between densities of the liquid and vapor phases
of a given chemical compound (e.g. water). Consequently, boiling divides the density of liquid-
turned-vapor fluid particles by a factor roughly equal to 103. The mass dm of a fluid particle is
given by

dm = pdV, (1.10)

where p is the density and 6V the volume of the fluid particle. Mass conservation implies that dm
is constant, hence a decrease of p implies an increase of §V.

1.3.2 Influence on velocity divergence of volume expansion at the interface

In order to examine the physical changes at the interface induced by boiling, it is useful to
describe the interface at a scale where its width is non zero. This interface smoothing can be
represented by means of the smoothing of a per-phase uniform physical property (density, dynamic
viscosity, etc). The following derivation uses the density function. Figure 1.4 represents the density
function with a smooth transition between the two phases at times ¢ and ¢ + d¢, 1.4(a) without
phase change, and 1.4(b) with phase change. The density transition describing the interface (i.e.
the area where ||Vp|| # 0) used in Fig. 1.4 depends on the model used to represent the molecular
dynamics between the two phases. In both cases, the interface is advected from right to left, so
the liquid and vapor velocities are not null. In Fig. 1.4(a), the fluid particle located in the diffuse
interface and centered at point xp is advected at the same velocity as the surrounding interface (in
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absence of phase change). Mass conservation applied to the center xp of the fluid particle at time
t still reads

D txp) = P (txp) + 7 (pltxpult, xp)) =0, (1.11)
ie. 5
V- (p(t, xp)u(t,xp)) = —a—i(t,xfz). (1.12)
Since
V- (plt,xp)ult, xp)) = plt, xp)V - ult,xp) + ult, xp) - Vo(t, xp), (1.13)
one has
B 1 dp
V-u(t,xp) = T olxp) <at(t, xp) +u(t,xp) - Vp(t,xP)> , (1.14)

where the terms between parentheses are the lhs of the density advection equation given at point
xp and at time ¢.
Without phase change, this density advection equation reads

)
8—5@,)@) +u(t,xp) - Vp(t,xp) =0, (1.15)
leading, by Eq. (1.14), to

V-u(t,xp) =0. (1.16)

In the presence of phase change, the fluid particle, in addition to being advected by the surround-
ing interface velocity at point xp, exits the interface region, implying that the interface moves faster
than the fluid particle. This increase in the interface velocity in case of phase change is accounted
for by a source term M in Eq. (1.15) which then reads

%(t,){p) +u(t,xp) Vp(t,xp) = —M(t,xP), (1.17)

resulting, by Eq. (1.14), in

M(t,Xp)

V-u(t,Xp) = p(t’Xp) .

(1.18)

The source term M is a volumetric mass transfer rate expressed in kgm=2s71, so the rhs of Eq.
(1.18), expressed in s~1, is the rate of change of the velocity u at point xp and at time t. The effect
of M is illustrated in Fig. 1.4(b). Integrating the rhs of Eq. (1.17) in the direction along which the
interface has been smoothed, one has

m(t) = /M(Lx) de, (1.19)

where 1 is the mass transfer rate at the interface accounting for the boiling phenomenon (see
Section 1.3.3). An integration by parts along the same direction of the rhs of Eq. (1.18) then gives

/V~u(t,x)d€:m(t)< LI > (1.20)

pliq pvap
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which, as stated in [85], in the case of an infinitely thin interface, reads

1
(V-u)|p=m [] or, (1.21)
Plr
where the temporal dependence is omitted and or is the Dirac delta function defined by dr(x) =0
everywhere except when x belongs to the interface, and

or(x)dx =1, (1.22)
RTL

where n is the spatial dimension of the problem.

1.3.3 Mass transfer rate

The mass transfer rate m introduced in the previous section is equal to the number of liquid
mass units crossing the interface per surface and time units, thus it is expressed in kgm=2s7".
When there is no phase change, energy conservation implies that the heat flux at the interface
is entirely transmitted from one phase to the other. Mathematically, this means that the normal

component of the heat flux is continuous at the interface, i.e.
(=XMiq Viglp + Avap VIvap|p) - 1r =0, (1.23)

where VTiiq|p and VT,p| are the restrictions to the interface I' of the liquid and vapor temperature
gradients, and nr is the interface normal vector. Equation (1.23) can be shortened to

[-AVT -n], =0. (1.24)
When phase change occurs, the heat flux at the interface is divided in two parts :

e a portion of the heat flux, equal to [-AVT - n], is absorbed by the interface neighborhood in
order to provide the latent heat L, required to break liquid molecular bonds and transform
some quantity 7 of liquid into vapor per interface surface and time units,

e the remaining part of the heat flux is transmitted from one phase to the other.

The energy conservation equation (1.24) is then rewritten
[~AVT - 0. = mL,, (1.25)

accounting for the latent heat of vaporization as an energy well at the interface. Consequently, the
quantity of liquid transformed into vapor per surface and time units, namely the mass transfer rate
mh, is given by the amount of thermal energy brought to the interface by the flow dynamics (heat
equation), per surface and time units, and absorbed by the interface, i.e. [-AVT - n] expressed in
W m~2, divided by the amount of energy needed to transform one mass unit of liquid into vapor,
i.e. the latent heat of vaporization L, of the fluid expressed in Jkg~!. The mass transfer rate 1 is

thus defined as 1
m = I [—=AVT -n].. (1.26)

The discontinuity of the heat flux component normal to the interface is then equivalent to the
occurrence of boiling.
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1.3.4 Rankine-Hugoniot jump conditions at a liquid-vapor interface with
phase change

Following the notations of Nguyen et al. [54] and Gibou et al. [26], we denote the interface
normal velocity by W = Dn, where n is the interface normal vector. Mass conservation across the
interface reads (see also [88])

m = Pliq (uliq ‘n—D) = Pvap (uvap ‘n — D) . (1.27)
As a result, the magnitude of the interface normal velocity D is given by
m m

= Uypp -0 — , (1.28)
Pliq P Pvap

D:uliq-n—

leading to the discontinuity of the normal velocity at the interface, given by

1
[u-n], =m {} . (1.29)
Plr
Moreover, in order to specify that the tangential components of the velocity are continuous across
the interface, it more convenient to rewrite Eq. (1.29) as [54, 26, 85]

1
[u], = [] n, (1.30)
Plr
which is the equivalent of Eq. (1.6) in the case of phase change.
Similarly, integrating Eq. (1.4) across the interface and including surface tension effects leads
to the pressure discontinuity across the interface given by [85]

B Oup 9 {1}
Pl = 2\ p—1| — — 1.31
Pl o2 [u] 2] (1.31)
where the first term of the rhs accounts for surface tension effects, the second term accounts for
viscous effects (only if the flow is in motion), and the third term accounts for the ejection of the
liquid from the interface due to the density difference between the liquid and vapor phases. Equation
(1.31) is the equivalent of Eq. (1.9) in the case of phase change.

Equations (1.30) and (1.31) imply that the mass transfer rate is of primary importance in the
physics of boiling flows since it directly acts on the velocity and pressure of the flow at the interface.

1.3.5 Velocity and temperature of the liquid-vapor interface

The velocity of the interface in absence of phase change is equal to the velocities of the fluids
surrounding it. With phase change, these two velocities differ due to Eq. (1.30). The total velocity
of the interface ur 1ot is then given, using Eq. (1.28), by

m
ur tot = UWliq — np (1.32)
liq
and .
m
ur tot = UWyap — —— 1T, (133)
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where the subscript r emphasizes that the normal vector is considered at the interface. Equations
(1.32) and (1.33) denote that the transport of the interface can be formulated in both phases.

The temperature can usually be assumed continuous at the interface [85] (considerations on
the variation of the saturation temperature due to the pressure jump condition and the interface
thermal resistance due to molecular effects can be used to question this assumption [42]). In this
thesis, the interface temperature is always assumed equal to the saturation temperature, and the
saturation temperature is always assumed uniform (mono-component vapor phase and liquid phase)
and constant (isobaric approximation), i.e.

Tt = Tyat, (1.34)

where Tt is the interface temperature and Ti,; is the saturation temperature of the fluid.
This concludes the physical description of a two-phase boiling fluid without mention of a contact
with a heated surface.

1.3.6 Nucleate boiling

We now pass to the discussion of the physical properties of two-phase flows in contact with a
solid surface. This part is given for reference, despite the fact that triple contact is not a subject
of this thesis.

When a liquid phase is in contact with a solid phase at a temperature above the fluid boiling
point, the liquid close to the solid is vaporized and vapor bubbles form on the solid surface. This
phenomenon is called nucleate boiling. High rates of heat transfer from the solid to the fluid can be
reached, thus making nucleate boiling a widely used heat transfer mode in industrial applications.
Appendix A introduces the physics of nucleate boiling.



Chapter 2

State-of-the-art numerical methods for
incompressible two-phase flow simulations

A review of some classical numerical methods for incompressible two-phase flow simulations is
presented in this chapter. Extensions to phase change are briefly discussed and will be detailed in
the next chapters. Finally, a literature review on numerical methods for simulations of two-phase
flows with phase change is provided.
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2.1 Generalities

2.1.1 Molecular dynamics versus continuum mechanics

Numerical simulations in fluid dynamics consist in the study of the evolution of some important
fluid physical properties. Conservation principles are used to derive partial differential equations
in order to model the temporal and spatial evolution of these properties. Typically, the physical
properties of interest are the velocity, pressure, density and dynamic viscosity of the fluid. If heat

17



CHAPTER 2. STATE-OF-THE-ART NUMERICAL METHODS FOR INCOMPRESSIBLE
18 TWO-PHASE FLOW SIMULATIONS

transfer is considered, the thermal conductivity and capacity at constant pressure or volume, and
finally the temperature are also included in the simulation. Some of these properties are generally
assumed to exhibit negligible variations in space and time. Such a property is thus modeled using a
single uniform and constant value known beforehand. Dynamic viscosity and thermal conductivity
are two examples of physical properties which can reasonably be assumed to be uniform and constant
in many cases. For liquids, density can somehow be also considered uniform and constant, as
detailed in Section 2.1.2. Conversely, velocity, pressure and temperature are not known a priori
and need be computed. The observed fluid behavior, and thus the modeling of its evolution,
depends on the observation scale. At microscopic scale, matter is a discrete set of molecules and
is thus discontinuous. At macroscopic scale, the entire space is filled with matter, which is then
continuous. The scale-dependent duality between discrete and continuous representation of matter
leads to different numerical methods.

When a fluid is described at microscopic scale, space itself can be discretized by means of a
lattice, implying that particles can only hop from site to site on the lattice. The particle dynamics
is driven by propagation and collision steps in such a way that the particles always stay on the
lattice, and mass, momentum and energy are conserved. These fluid models are called Lattice-
Gas Cellular Automata (LGCA) and the associated equations of propagation and collision, Lattice
Boltzmann Models (LBM) [12]. Numerical simulations of phase change using LGCA and LBM have
been reported in [6, 7, 30], and a methodology for three-phase contact line modeling on curved
boundaries is presented in [21]. The foundations of the theory of LGCA and LBM are widely
detailed in [69, 96, 82]. The interest for LBM grew in 1986 when Frisch et. al. [24] showed that
the molecular dynamics within a fluid, even drastically simplified, still led to a realistic description
of fluid mechanics. The ability of LBM to model realistic fluid dynamics has been shown in [20]
where von Karman streets behind a flat obstacle have been observed, in accordance to the results
obtained with the Navier-Stokes equations when the fluid is described as a continuum.

At macroscopic scale, since space is a continuum filled with matter, temporal and spatial evo-
lutions of physical properties (velocity, pressure, temperature) are easily modeled with differential
operators. The evolution of velocity and pressure is modeled by the Navier-Stokes equations, while
the evolution of temperature is modeled using the heat equation. In this thesis, we focus on a
macroscopic description of the fluid, hence we solve the Navier-Stokes and heat equations as given
in Chapter 1.

2.1.2 Compressible versus incompressible flows

In a fluid, variations of pressure induce variations of density. Due to these variations, the fluid is
compressible. The two main consequences of compressibility are the propagation of pressure waves,
which are challenging to treat numerically [66], and the non-zero divergence of the velocity field.
In order to close the system of Navier-Stokes equations, an equation of state is needed to compute
the density from the pressure. However, these density variations are usually neglected when the
Mach number (ratio of the flow speed and sound speed in the flow) is smaller than 0.3. Taking
flow compressibility into account is only relevant when very high speeds are met (aircraft, rocket
engines, atmospheric entries, cavitation in water turbines, etc).

For Mach numbers lower than 0.3, the flow is said incompressible (it is still compressible but its
compressibility is neglected). As a result, pressure (sound) travels at infinite speed, i.e. pressure
waves immediately vanish. We then emphasize here that purely incompressible flows are only flow
models and do not exist in reality. Nevertheless, incompressible flows are sufficiently accurate
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models to be widely used in the literature : approximating pressure waves at very high velocity
(compared to the fluid velocity) with pressure waves at infinite velocity does not alter the evolution
of the flow. One advantage of incompressible flows is that no equation of state is needed to compute
the density since it is a constant value known beforehand. In this thesis, only incompressible flows
are considered.

2.1.3 Multiphase flows

Numerical simulations of multiphase flows have to account for the different physical properties
of each phase. In multiphase flows without phase change, the velocity is continuous at the interface
(Eq. (1.6), whereas the pressure is discontinuous at the interface due to the surface tension and
the discontinuity of the dynamical viscosity at the interface (Eq. (1.9)). Moreover, numerical
methods also have to take into account the discontinuity of density, and, if the heat equation is
solved, the discontinuities of thermal conductivity and heat capacity at constant pressure of the
two phases. If phase change is considered, the velocity is discontinuous at the interface (Eq. (1.30))
and the pressure discontinuity at the interface is increased by phase change due to the different
phase densities. Consequently, numerical simulations of two-phase flows require numerical methods
to follow the interface position in order to treat these discontinuities.

2.2 Interface modeling : the Sharp Interface model versus the
Continuum Surface Force model

At macroscopic scale, the interface separating the two non-miscible phases is infinitely thin.
Consequently, the physical properties, e.g. density and viscosity, are uniform in each phase and
admit a mathematical discontinuity at the interface. This assumption is referenced in the literature
as the Sharp Interface (SI) model. In this model, the interface is a discrete set of points in one
dimension, a set of lines in two dimensions and of surfaces in three dimensions. The main difficulty
arising with the SI model is the localization of the interface, and more, the computation of quantities
defined only at the interface.

In order to alleviate this difficulty, Brackbill et al. [10] proposed the Continuum Surface Force
(CSF) model which represents the interface as a smoothed transition region of controlled width to
ease the computation of surface tension forces, as shown in Fig. 2.1. Instead of applying a pressure
jump at the interface (Eq. (1.9)), the CSF model computes a force density distributed in a small
region around the interface. Integrating this force density over the small region in the interface
normal direction leads to the surface tension force at the interface. The derivatives involved in the
calculations are easily computed using smoothly-varying values defined in the smoothed interface.
Anderson et al. [2] proposed a review of diffuse-interface models and their application to a wide
variety of interfacial phenomena (see also references therein).

2.3 Lagrangian Front Tracking Methods

Two families of numerical methods are used in the literature to account for the two-phase
interface movement : lagrangian and eulerian methods. In the context of two-phase flows, lagrangian
methods are referred to as Front Tracking Methods, while eulerian methods are referred to as Front
Capturing Methods. This section introduces the basics of Front Tracking Methods. The next
section addresses Front Capturing Methods.
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Fig. 2.1 — Sketch of a diffuse interface using the CSF model (excerpt from [10]). A smoothly-varying
color function ¢ is defined in the whole computational domain. This function is equal to ¢; in one
phase and c¢p in the other phase. The transition region (unshaded) has width h. The interface
normal vector 7 is computed at grid nodes located in the transition region by # = Vé/||[Vel.
Surface tension force density, Fg,, is calculated at cell centers from the divergence of . The values
P, and P, are local pressure values of fluids 1 and 2, respectively. Point x; is lying on the initial
interface.

The lagrangian approach of Front Tracking Methods consists in following the interface by means
of a distribution of massless particles. These particles are advected by the local fluid velocity field
by the advection equation

dx
== _ 2.1
a " (2.1)

where x is the particle location and u the fluid velocity. Harlow and Welch [32] developed the
first front tracking method in 1965, the Marker-and-Cell (MAC) method, limited to free surface
flows. The phase is seeded with lagrangian markers, as shown in Fig. 2.2(a). Using this method,
the geometrical characterization of the interface is quite challenging since markers are not directly
located at the interface.

Tryggvason et al. [89, 41, 87] adapted the MAC method by distributing markers only at the
interface, as shown in Fig. 2.2(b). After advection by Eq. (2.1), the markers are reconnected to
reconstruct the interface. This method is referred to as the Front Tracking Method. Two major
difficulties arise : one needs to interpolate surface tension forces, known at the markers, to the
eulerian grid, and the fluid velocity field, known on the eulerian grid, to the markers to solve Eq.
(2.1) ; moreover, marker reconnection can prove highly challenging on complex geometries.
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(a) Reproduced from [57]. (b) Reproduced from [87].

Fig. 2.2 — Front Tracking Methods : (a) in the MAC method of Harlow and Welch [32], markers
are distributed in all the phase of interest and the interface is defined as the border of the area
filled with markers ; (b) Tryggvason et al. [89, 41, 87] adapted the MAC method with markers
distributed only at the interface, leading to the Front Tracking Method.

2.4 Eulerian Front Capturing Methods

Front Capturing Methods model the interface movement with the transport of a marker function,
that identifies one phase w.r.t. the other, by the fluid velocity field using the advection equation
oG

o tu VG =0, (2.2)

where G is the marker function and u, the fluid velocity.

2.4.1 Volume Of Fluid Method

Hirt and Nichols [35] developed the first eulerian method to capture the interface, namely the
Volume Of Fluid (VOF) method. The marker function is the liquid volume fraction «, which is
substituted to G in Eq. (2.2). The physical quantities of interest are then expressed in terms of «
through linear interpolations, i.e.

p=apr+(1—a)ps, (2.3)
p=ap + (1—a)pus, (2.4)

where p is the density, u, the dynamic viscosity, and the indices 1 and 2 denote the two phases.
Figure 2.3(a) shows the values of « on a two-dimensional cartesian grid. The liquid volume fraction
does not give any information about the shape of the interface. The only information available is
0 < a < 1 in grid cells crossed by the interface. In order to reconstruct the interface, Hirt and
Nichols [35] proposed the Simple Line Interface Calculation (SLIC) method, in which the interface
is reconstructed with per-cell horizontal lines, as shown in Fig. 2.3(b). Youngs [98] improved the
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(a) (b) ()

Fig. 2.3 — The dark area represents the liquid phase, the white area represents the vapor phase.
The real interface is shown in (a), its SLIC reconstruction, in (b), and its PLIC reconstruction, in

(c).

method and proposed the Piecewise Linear Interpolation Construction (PLIC) method, in which
the interface orientation is determined by the neighboring values of «, as shown in Fig. 2.3(c). Mass
conservation is an intrinsic feature of the VOF method. The major drawback of this method is the
difficulty to compute an accurate interface curvature after reconstruction with either the SLIC or
PLIC method.

2.4.2 Level Set Methods

Since the interface is a subset of null measure of the set of real numbers, the interface can be
seen as a given iso-level of a real function defined in the computational domain.

2.4.2.1 The Signed Distance Function to the interface

Osher and Sethian [60] proposed to use the Signed Distance Function (SDF) ¢ to the interface
I" defined for any node x in the computational domain 2 by

t,x) = mi —xr. 2.5
6(tx) = min x| (25)

The interface is identified as the 0 iso-level of the level set function. The signed distance function
is advected by solving the standard advection equation

¢
at+u-V<;S—O, (2.6)
where u is the fluid velocity.

After advection, the error due to the numerical scheme used to solve Eq. (2.6) and the non-
uniformity of u are responsible for the deviation of ¢ from the signed distance function to the
new interface position. The function ¢ is then reinitialized as a signed distance function to the
interface. The literature on reinitialization methods of level set functions is divided into two families
of methods : the Hamilton-Jacobi (HJ) equation and the Fast Marching Method (FMM). The
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Hamilton-Jacobi partial differential equation (PDE) is given by

0 156" (Ivall -1 =0, (27)
-

where 7 is a pseudo-time, S is a smoothed sign function typically given by Sussman et al. [83],
and ¢° is the previously advected level set that need be reinitialized. Equation (2.7) is solved in
pseudo-time until convergence, i.e. until |V¢|| = 1, which is part of the definition of the signed
distance function. In order to avoid perturbations in the interface normal vector and curvature (see
below), the term V¢ in Eq. (2.7) is computed using a high-order scheme such as the Fifth-Order
WENO schemes developed by Shu [78] or Jiang and Peng [40]. High-order schemes require higher
computational cost, are difficult to implement on unstructured grids and may reduce performance
in a parallel code.

Another method for the reinitialization of the signed distance function after advection by Eq.
(5.28) is to consider the signed distance function to the interface as the solution of an Eikonal
equation. As detailed in Appendix A of [46], in the theory of wave propagation, the wave equation

2
O30 = V2 (1), (2.
where f : [0, 00[xR"™ — R is a given function describing a wave and ¢ > 0 is the wave speed, can
be rewritten, in the geometric optics approximation, as the Eikonal equation

IV 6l = (), (2.9

where the iso-surfaces {¢ (t,x) = constant} are the wave fronts, ¢y being the velocity in vacuum
and c the phase velocity of the wave in the given medium. If the medium is the vacuum, the wave
is travelling at speed ¢ = ¢y, and one has the Eikonal equation

IVo| = 1. (2.10)

Note that if boundary condition ¢ = 0 is imposed at the interface, then ¢ in Eq. (2.10) is the
signed distance function to the interface. Eikonal equation (2.10) can be seen as the stationary
version of the Hamilton-Jacobi equation (2.7) and can be solved by the Fast Marching Method
[76, 44]. The solution of equation (2.10) is based on the propagation of the signed distance function
values from the interface along the interface normal direction. The advantage of the Fast Marching
Method compared to the resolution of the Hamilton-Jacobi equation (2.7) is that the FMM does
not require high-order schemes to compute V¢. The drawback of the FMM is the need to sort node
lists efficiently to ensure fast access to specific ¢ values.
The interface normal vector is then computed as

ne Y&
IVl

Since ¢ is the signed distance function to the interface, one could expect n to be defined as n = V¢.
However, while mathematically true, this definition could introduce oscillations in n. It is indeed
numerically very difficult to get a normalized gradient of ¢, as one would expect from a distance
function. On one hand, numerical errors in the advection and reinitialization of ¢ are inevitable ;

(2.11)
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on the other hand, the numerical scheme used to compute the gradient operator also introduces
numerical errors. As a result, it is very unlikely that V¢ is normalized. The interface curvature
must be computed to take into account surface tension forces in the pressure jump at the interface
given by Eq. (1.31). Mathematically, the interface curvature k is defined as the divergence of the
interface normal vector n, i.e.

k=-V-n (2.12)
Vo )
=-V. ( , 2.13
0z 219
which, if ||[Vé|| = 1, simplifies to
k= —V3¢, (2.14)

where V? is the laplacian operator. Numerically, this computation requires particular attention.
Computing the gradient of ¢ on one node demands access to the ¢ values on the closest neighbors
of this node. Then computing the divergence of this gradient demands access to ¢ values on the
neighbors of the neighbors of the initial node. This has the side effect of filtering high frequencies
of ¢, leading to a potential smoothing of the curvature.

2.4.2.2 The Conservative Level Set function

In order to improve mass conservation in each phase, Olsson and Kreiss [58] and Olsson et al.
[59] proposed the Conservative Level Set (CLS) method in which the level set function 4 is a shifted
smeared-out Heaviside function defined for x € € by

1
e ()

where ¢ is the signed distance function to the interface and e is a parameter of the cell size order
controlling the thickness of the profile. Equation (2.15) is usually rewritten

b (t,x) = % (1 + tanh (iit()f)))) . (2.16)

Y (t,x) = (2.15)

The interface is identified as the 0.5 iso-level of ), and v is uniform in each phase (¢ = 0 or 1) = 1)
starting from a small distance from the interface. The CLS function is advected by the standard
conservative advection equation

oy

S TV (w) =0, (2.17)

where u is the fluid velocity. The divergence in the lhs of Eq. (2.17) can be rewritten
V- (Yu) =u-V¢+ 9V - u, (2.18)
and, for an incompressible flow (V - u = 0), simplifies to
V.- (ypu) =u- V. (2.19)
For incompressible flows, Eq. (2.17) is then equivalent to the non-conservative advection equation

oy

o Vi =0. (2.20)
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One advantage of the CLS is the use of the conservative advection equation (2.17) which implies
that the quantity 1 is conserved during the simulation, improving the localization of the interface
{t = 0.5}. Another advantage of the CLS is the ability to compute at time ¢ the mass m_ of the
phase in which ¥ > 0.5 by

ma ()= [ ppute.x) s (2.21)

and the mass m_ of the phase in which ¢ < 0.5 by

m(6) = | pl) (1= p(t,) ds (2:22)

where € is the computational domain. Consequently, the total mass m present at time ¢ in 2 is
given by
m(t) = m4(t) + m—(t). (2.23)

The major drawback of level set functions is their need of a reinitialization step after advection.
Indeed, the advection equation (2.17) tends to deform the hyperbolic tangent profile of ¢. This
deformation can lead to severe deviations of the expected interface shape, and even make the
simulation crash if not corrected during the time integration. In order to correct this deformation,
a reinitialization step is performed after advection to reinitialize, or reshape, the hyperbolic tangent
profile of ¥. This step has no physical meaning and is only a numerical requirement. Special care
must be taken in this step which is subject to two constraints :

1. The hyperbolic tangent profile must be recovered.

2. The interface position must not be changed during reinitialization since the advection equation
(2.17) has already been solved.

Olsson et al. [58, 59] proposed the reinitialization equation for the CLS function given by

%f (1, %)+ V- (@ (1,x) 1 = (1, x))n(t,x)) = V- (e(x) (Vi (,x) - n(t,x))n(£,x)), (2.24)
where the first term of the lhs is the pseudo-temporal variation, the second term is a compression
term in the normal direction to reshape the hyperbolic tangent profile, and the rhs is a diffusion
term to enforce the characteristic thickness e of the profile. Equation (2.24) is solved in pseudo-
time 7, highlighting the fact that the reinitialization step is purely a numerical constraint. This
reinitialization slightly changes the position of the interface on a sub-grid scale. In Eq. (2.24), the
interface normal vector n is given by

Vi (t, x)
IV (&%)

As stated in [19], even with an accurate reinitialization algorithm, ¢ can locally deviate from an
exact hyperbolic tangent function, introducing spurious currents in the normal vector. For this
reason, in the Accurate Conservative Level Set (ACLS) method [19], the authors first recompute
the new signed distance function to the interface ¢ by the Fast Marching Method, and then compute
the normal vector from ¢ by n = Ve¢/||Ve].

n(t,x) = (2.25)
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(a) Compression in the lhs. (b) Diffusion in the rhs.
Fig. 2.4 — The compression and diffusion effects in the reinitialization equation of the Conservative

Level Set function proposed by Olsson et al. [58, 59].

In order to illustrate the compression and diffusion effects of respectively the lhs and rhs of Eq.
(2.24), we consider the one-dimensional version of Eq. (2.24) given by

oy 0 0 o
5 Ty WA-¥) = o <e (m)) (2.26)
On a uniform grid, the ¢ parameter can be dropped out of the gradient, leading to
o 0 _ 0%

Figure (2.4) illustrates the compression effect of the lhs and the diffusion effect of the rhs of Eq.
(2.27). Nevertheless, the necessity to set ¢ in Eqs. (2.16) and (2.24) to a small value to improve
volume conservation produces sharp gradients in ¥ and thus potential oscillations in n by Eq.
(2.25).

In order to avoid this problem, and with the aim of increasing accuracy, Chiodi and Desjardins
[13] proposed a new reinitialization method for the Conservative Level Set function on cartesian
grids. In this method, Eq. (2.24) is rewritten

Oy =V- 1 7,X)-n(t,x)|—1)n(t,x
E (T’ X) =V 4COSh2 <¢map (7_’ X)> (lV(bmap ( ’ ) (t7 )‘ 1) (tv ) ) (2'28)
2¢e (x)

where the inverse of the Conservative Level Set function ¢map is given by
¥ (1,%)
Pmap (T,%) = €(x) log (1 o ex) (2.29)
and the interface normal vector n is computed as

_ V¢rpum (1, %)
n(t,x) = TVornt G (2.30)

¢rmum being the signed distance function to the interface computed by the Fast Marching Method.
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2.4.2.3 Equivalence of the Conservative Level Set and Accurate Conservation Level
Set reinitialization equations

We now demonstrate that Eq. (2.28) is equivalent to Eq. (2.24). To this purpose, we first give
two useful identities : for all s € R, one has

1
tanh?(s) =1 — ———, 2.31
anh(s) cosh?(s) (2:31)
and d )
— tanh(s) = ———. 2.32
as () cosh?(s) (2.52)

Then one has

) (1,x) (1= 1) (1,x)) = % (1 + tanh (“;Z;?)) : % (1 — tanh (a;?(;;))) (2.33)

Y(7,x) 1—1(7,%)
= i (1 — tanh? ("52(;(:)))) : (2.34)
which by Eq. (2.31) leads to
1
Y (1,x) (1= (r,x)) = - (2.35)
4 cosh? (¢ (r X))
2¢e (x)
The compression term in the lhs of Eq. (2.24) is then given by
1
V(@ (rx) (1 =9 (r,x))n(t,x) = V- n(t,x) | . (2.36)
2 (b (T’ X) >
4 cosh (
2¢ (x)
Moreover, Eq. (2.32) implies
B 1 o (1,%)
v 2 cosh? <¢ (7, X)) v ( 2¢ (x) ) (2:57)
2¢e (x)
B 1 2¢ (x) V¢ (1,%x) — 2¢ (1,x) Ve (x)
- 2 cosh? (¢ (7, X)) 4€? (x) , (2:38)
2¢e (x)

where Ve (x) = 0 on uniform grids (and may reasonably be considered negligible on weakly stretched
grids), leading to
1
Vi (1,%x) = )) Vo (1,x). (2.39)

4e (x) cosh? ((ZET(’;;
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The diffusion term in the rhs of Eq. (2.24) is then given by

1

(53

Ve (e(®) (VY (1,%) -n(t,x))n (t,x)) = V- Vo (7,x) - n(t,x) o n(t x)

(2.40)

Using Egs. (2.36) and (2.40), Eq. (2.24) can be rewritten as Eq. (2.28) where the compression
term is written in the rhs, ¢map is substituted to ¢ and the absolute value of V., -1 is taken into
account for the case where ¢pnv is defined to be positive in the phase where ¢ < 0.5. Finally, we
show that ¢map defined by Eq. (2.29) is equal to ¢. At any pseudo-time 7 during reinitialization,
an approximation of the signed distance function to the interface ¢ (7,x) can be recovered from the
(partially) reinitialized conservative level set function ¢ (7,x) by

¢ (1,%x) = 2¢ (x) atanh (2¢ (1,x) — 1). (2.41)
Since for s €] — 1; 1], one has
1 1+s
tanh =—1 2.42
ot (5) = 510 (1. (242)
taking s = 24 (7,x) — 1 and substituting Eq. (2.42) into Eq. (2.41) establishes the equality of ¢

and @map-

The signed distance function is (theoretically only) easier to advect and reinitialize than the
Conservative Level Set function, but does not present any conservation property. Conversely, the
Conservative Level Set exhibits interesting conservation properties but is challenging to advect and
reinitialize accurately.

2.4.2.4 Level Set Methods with phase change

In the presence of phase change, the mass transfer rate 1 contributes to the interface movement
(see Section 1.3.5). As such, 1 appears in the advection equation of the level set function. The
detailed derivation of the exact advection equation for both the signed distance function and the
conservative level set function will be found in Chapter 5.

2.5 Numerical treatment of the discontinuities at the interface and
computation of the mass transfer rate with the Ghost Fluid Method

In the context of the Sharp Interface model, Fedkiw et al. [22] proposed the Ghost Fluid
Method (GFM) to treat the discontinuities at the interface. Each physical field is divided in one
field per phase. Each field of each phase is artificially extended (or extrapolated) beyond the
interface. The accuracy of the extrapolation depends on the method used (see below) and is
independent from the GFM. The superposition at one node of the fields of the two phases enables the
computation of a discontinuity, or jump, at this node. Nevertheless, this jump, in the formulation of
continuum mechanics, is defined only at the interface, and thus has be to interpreted with particular
attention. The extended values are called ghost values. These ghost values permit the computation
of derivatives across the interface since the discontinuity is artificially removed for the field of a
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Fig. 2.5 — Illustration of the Ghost Fluid Method in one dimension where the interface I' separating
subdomains Q1 and Q™ is located between nodes i and i + 1. The physical field u is extrapolated
across the interface from node ¢ to node i + 1, where the ghost value is noted u;:_l, artificially
removing the discontinuity ar of u at the interface.

given phase. Gibou et al. [27, 26] used the GFM with linear extrapolation of the temperature fields
to compute the mass transfer rate 7 at the interface. Tanguy et al. [85] extended the accuracy of
the method by using high-order extensions performed with the extrapolation technique proposed
by Aslam [4] and detailed in Appendix G.

2.6 The Projection Method

Incompressible Navier-Stokes equations (1.4) are classically solved by means of the projection
method based on fractional time steps developed by Chorin [14] and improved by Kim and Moin
[43]. The velocity is solved at overall iteration times (n, n + 1, etc) whereas the pressure and
the density are solved at half iteration times (n + %, n + %, etc). Projection methods are based
on Helmholtz decomposition which states that a two- or three-dimensional vector field u can be
expressed as the sum of a solenoidal (divergence-free) component uy and an irrotational (curl-free)
component ug,

u=uy + Uug. (2.43)

The irrotational component ug derives from a scalar potential A, i.e. one has ug = VA. The
divergence operator applied to Eq. (2.43) leads to the Poisson equation

V-u=V- ugp = VA (2.44)

In the projection method, a velocity predictor u* is first computed from Eq. (1.4) from which the
pressure gradient at time n — % is dropped, i.e.

n

% =—(u"-V)u" + pnl_; V- (u (Vu" + (Vu")T)> fe (2.45)
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The velocity predictor u* is a priori not divergence-free. Second, the velocity predictor is corrected
using the pressure gradient at time n + %,

un+1 _ u* 1 ol
AT vpita, (2.46)

Equation (2.46) has two unknowns, u" and P""2 (p"*2 only depends on the phase). Since u™t!

is divergence-free, taking the divergence of Eq. (2.46), one obtains the Poisson equation for the
updated pressure P2,

v- ( ! 1VP”+%> _lyow, (2.47)
p”+§ At

where P"2 is the only unknown. Numerical discretization of the Poisson equation (2.47) leads to
a linear system in which the pressure jump at the interface, that will appear as a source term in the
rhs, is imposed using the Ghost Fluid Method (see Section 2.5). Once the updated pressure pnts
is known, Eq. (2.46) is used to correct u* in order to compute the updated velocity u™*!. In this
correction, since the pressure gradient is also computed close to the interface, the pressure jump at
the interface is again imposed in the discretization of VP2 in Eq. (2.46).

When phase change is considered, one has to account for the velocity jump at the interface (Eq.
(1.30)) in the Poisson equation (2.47). As will be detailed in Chapter 4, a two-velocity formulation
coupled to the Ghost Fluid Method can be used to impose the velocity jump in the Poisson equation
[85].

2.7 Literature review on numerical methods for simulations of
two-phase flows with phase change

Abundant literature exists on numerical methods for simulations of two-phase flows with phase
change. We mention here some milestones as well as state-of-the-art numerical methods for such
simulations.

2.7.1 Early works

Direct Numerical Simulations (DNS) of boiling flows were pioneered by Welch [94] in 1995.
The author developed a two-dimensional, moving-mesh finite-volume method for a single, weakly
deformable bubble. A simple interface model based on surface tension and surface energy is used.
The mass transfer rate at the interface is computed using moving grid triangles. The computations
are performed on interface-dependent triangular grids. The results showed basic capabilities to
track interfaces with phase change. Son and Dhir [80] used the Continuum Surface Force model
(see Section 2.2) to compute the mass transfer rate and the velocity discontinuity at the interface
in the context of nucleate boiling to investigate bubble release pattern depending on the heat flux.
The interface is captured by a level set method. Juric and Tryggvason [42] presented a numerical
method to simulate liquid-vapor phase change in which the interface is tracked by a Front Tracking
method (see Section 2.3). Interfacial source terms for surface tension, mass transfer and latent heat
are added as indicator functions of the interface. The authors used finite differences on cartesian
grids to simulate film boiling and bubble departure. Based on the work of Welch [94], Welch and
Wilson [95] presented in 2000 two-dimensional numerical simulations of incompressible two-phase
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flows with phase change, using a VOF-based interface tracking method in conjunction with a mass
transfer model and a model for surface tension. The authors derived a one-dimensional analytical
test problem featuring a thin thermal layer propagating with the moving phase interface. The
authors emphasized that this test problem isolates the ability of a method to accurately calculate the
thermal layers responsible for driving the mass transfer in boiling flows. A simulation of horizontal
film boiling is also provided.

2.7.2 Coupling between Level Set and Ghost Fluid Method

As stated in Chapter 1, boiling is driven by the mass transfer rate at the interface computed
from the discontinuity of the thermal fluxes on both sides of the interface (Eq. (1.26)). Numerical
methods able to accurately take discontinuities at the interface into account are then of high interest
for phase change simulations. In 1999, Fedkiw et al. [22] proposed the Ghost Fluid Method (GFM)
to provide a sharp treatment of the discontinuities at the interface. In the GFM, a physical field
defined on one phase is continuously extended across the interface to the other phase in order to
populate “ghost cells”. This technique, applied to both liquid and vapor fields constituting the same
physical field, each having a physical meaning only in their respective phase, allows knowledge of
one physical value and one extrapolated, or “ghost”, value at the same grid node. Consequently,
the discontinuity of the physical field at this node is simply given by the substraction of one value
from the other one (see also Section 2.5). Since then, the GFM has become a major ingredient in
phase change simulations, as detailed below.

In 2007, Tanguy et al. [84] used a level set function to capture the interface coupled to the ghost
fluid method to simulate vaporizing flows (liquid-to-vapor phase change with multi-component
species) in two-dimensional cartesian grids. The method is validated against various test cases of
vaporizing droplets yielding good agreement with analytical results. Also in 2007, Gibou et al.
[26] used the same coupling for two-dimensional film boiling simulation, again with good accuracy.
These two references demonstrate the efficiency of the level set/ghost fluid method coupling, and
thus mark a milestone in two-phase flow simulations with phase change.

In 2014, Tanguy et al. [85] proposed a comparison of different numerical methods suited to
simulations of two-phase flows with phase change. The liquid-vapor interface is captured using
the level set method. The accuracies of the ghost fluid method (sharp interface) and the delta
function method (smooth interface) are compared to compute the normal velocity jump condition.
The authors showed that smoothing the velocity jump condition at the interface could lead to a
misleading mass prediction, whereas the ghost fluid method performed well that test. Moreover,
the authors demonstrated that high order extrapolation methods on the thermal field allowed
performing accurate and robust simulations for a thermally controlled bubble growth. Simulations
of the growth of static and rising bubbles are presented. The computations are performed on
two-dimensional structured cartesian grids.

In order to put into perspective the developments realized in the present thesis, we emphasize
that this thesis started in 2015. The references given below have been published since then.

In 2017, Huber et al. [36] applied the method of Tanguy et al. [85] to present a DNS of
nucleate boiling on 2D axisymmetric cartesian grids. A single site with a large microscopic contact
angle and a high density ratio between the two phases is considered. The authors have studied the
influence on the numerical solution of the thermal conduction in the solid heater and concluded
that this parameter had no influence when thick and highly conductive materials were considered.
The authors also came to the conclusion that the implementation of a micro-region model (see
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Fig. A.4) in the neighborhood of the contact line and its coupling with the overall solver was not
required to perform well-resolved and accurate numerical simulations in the case of high density
ratio, high microscopic contact angle (up to 30°) and moderate Jakob number (ratio of sensible
heat to latent heat absorbed, or released, during phase change). Moreover, the authors proposed
a new correlation on the bubble detachment radius depending on the Jakob number. Lee et al.
[48] proposed to use a smooth distribution of sharp velocity jumps and mass flux within a narrow
region surrounding the interface, an improved mass flux projection from the implicit interface onto
the uniform cartesian grid and a post-advection velocity correction step to ensure accurate velocity
divergence in interfacial cells. A sharp treatment is used to take the discontinuities of pressure and
temperature gradients into account. The methodology is validated with results of axisymmetric
film boiling. Lee and Son [47] addressed the growth and collapse of a compressible vapor bubble,
in which the interface tracking method is extended to include the effects of bubble compressibility
and liquid-vapor phase change. To this purpose, the ghost fluid method is used to compute the
discontinuities at the interface. Yap et al. [97] proposed numerical simulations of three-phase flows
with phase change (two fluids among which only one admits phase change). The authors then used
two level set functions to capture the two interfaces involved in the problem, i.e. the interface
between two fluids and the interface between two phases of the same fluid. The surface tension is
treated using the continuum surface force model. The model is validated against different three-
phase flow with phase change problems involving a liquid with a rising condensing vapor bubble and
a falling immiscible liquid droplet, and solidification in stratified two-fluid flow with a growing solid
layer. In 2018, Anumolu and Trujillo [3] used second-order one-sided differences to discretize the
temperature laplacian, i.e. the numerical stencil completely resides within each respective phase, to
solve the heat equation in phase change simulations. Perez-Raya and Kandlikar [63] used a single
cell around the interface to compute the interfacial temperature gradient, and a linear interpolation
normal to the interface to compute the temperature of the cell containing the interface. Shao et al.
[77] proposed a DNS of multi-component flows with phase change in the context of combustion. The
advection of the level set function is discretized by a semi-lagrangian scheme in which phase change
is modelled by a source term. In the context of nucleate pool boiling, Urbano et al. [91] applied the
method of Tanguy et al. [85] to investigate the physical mechanisms associated with the evolution
of a micro-layer beneath a bubble and the transition between contact line and micro-layer regimes.
The authors concluded that neglecting the micro-layer would lead to erroneous results because it
has a strong influence on the overall bubble growth. Perez and Kandlikar [64] proposed numerical
simulations of nucleate boiling with a sharp interface around which interpolation functions estimate
the temperature at points located in a direction normal to the interface. A linear temperature
profile at the interface interpolates the temperature of the interface-cells. In 2019, Urbano et al.
[90] applied the method of Tanguy et al. [85] in zero gravity conditions, in the context of space
applications. The authors have established and verified numerically an analytical model for the
equilibrium radius reached by a bubble nucleated in subcooled conditions. To this purpose, DNS of
nucleate boiling are proposed in which the heat conduction in the solid wall is taken into account.
Also in 2019, Rajkotwala et al. [67] provided a comparison of smooth and sharp interface methods
for numerical simulations of two-phase flows with phase change. The authors used a hybrid front
tracking method without connectivity, which can easily handle complex topological changes. The
expansion due to phase change is incorporated as a non-zero divergence condition at the interface.
The energy equation is treated with two different approaches: smooth interface approach and
sharp interface approach. In both methods, the saturation temperature is imposed at the interface.
The numerical results underline certain advantages of the sharp interface approach over the smooth
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interface approach such as better accuracy and convergence rate, reduced fluctuations in the velocity
field and a physically bounded temperature field near the interface. Both approaches are validated
against the analytical test case of a three-dimensional vapor bubble growing in a superheated liquid,
on cartesian grids. The initial bubble radius is 0.15m and the computational domain is a cube of
size 1m. The results showed that the bubble radius converges with grid refinement in L? norm,
but no information is provided towards convergence of the bubble radius in L°° norm.

2.7.3 Coupling between VOF and Ghost Fluid Method

In 2018, Zhang and Ni [99] developed a new phase change model for the simulation of incom-
pressible multiphase magnetohydrodynamics (study of the magnetic properties and behavior of
electrically conducting fluids) based on the VOF method. In order to decrease the pressure oscilla-
tions when large density ratios are present between the liquid phase and the vapor phase, a smooth
distribution of sharp mass transfer rate in the narrow band around the interface is adopted, and
a ghost fluid approach is used to impose the saturation temperature at the liquid-vapor interface
when solving the energy equation.

In 2019, Palmore and Desjardins [61] presented numerical simulations of vaporizing two-phase
flows with large density ratios using an unsplit VOF method to transport the interface. The
mass transfer rate is computed from the thermal fluxes at the interface. A novel, divergence-free
extrapolation technique, similar to that of Tanguy et al. [85], is used to create a velocity field
that is suitable for interface transport. Sharp treatments are used for the vapor mass fractions and
temperature fields. The Poisson equation for the pressure is treated using the ghost fluid method.
The overall method is validated in one dimension and tested in two dimensions against the test
case of vaporization of a curved interface. In two dimensions, the authors obtained convergence of
the liquid temperature with grid refinement in the L' sense but not in the L> sense. The authors
then emphasize the difficulty to reach L™ convergence and how L' convergence, while commonly
reported in the literature, can be misleading for numerical analysis of flows with sharp features or
discontinuities.

2.7.4 Coupling between Level Set, VOF and Ghost Fluid Method

In 2005, Tomar et al. [86] used a coupled level set and volume-of-fluid (a.k.a. CLSVOF) method
for modeling incompressible two-phase flows with surface tension. A simulation of film boiling and
bubble formation in refrigerant R134a is provided. The authors studied the effect of saturation
pressure on the frequency of bubble formation.

In 2018, Singh and Premachandran [79] proposed the first extension of the CLSVOF method
to two-dimensional unstructured grids for simulations of two-phase flows including phase change.
The methodology is validated with results on saturated film boiling on a horizontal flat plate (in
excellent agreement in comparison with results available in the literature using structured grids),
and natural convection film boiling over a horizontal cylinder (also in good agreement with semi-
empirical correlations). The boiling simulations presented do not exhibit analytical solutions.

2.7.5 Comments

From this review, one can see that numerical methods for simulations of two-phase flows in-
cluding phase change constitute a quite active research field. At the time of writing this thesis,
in 2019, numerical treatment of phase change in two-phase flows is still a highly challenging task,
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as confirmed by the difficulty to reach L® convergence of interface-related quantities (distance,
velocity, temperature, etc) with grid refinement.

Accuracy of such numerical methods is even more challenging to reach on unstructured grids,
for which the literature is much more thinner.

Moreover, the physical mechanisms involved in nucleate boiling still need to be clarified. To this
purpose, numerical simulations can be performed without taking phase change into account. In this
context, we mention the work of Guion et al. [29] where the VOF method is used to reproduce the
hydrodynamics of hemispherical bubble growth at the wall, in order to resolve the formation of the
liquid microlayer beneath the vapor bubble.



Chapter 3

Numerical simulation of two-phase flows
without phase change

This chapter presents the starting point of our work. First, a detailed presentation of the YALES2
library s given. Second, we focus on its ability to simulate two-phase flows without phase change
and detail all the implemented ingredients to achieve such simulations.

Outline
3.1 Presentation of YALES2 . . . . . . . . . 35
3.2 The Spray solver . . . . . . . .. 46
3.3 Interface modeling and localization : the Sharp Interface model versus the Narrow
Band Approach . . . . . . .. 46
3.4 Accurate Conservative Level Set method . . . . . . . . .. ... ... ... ... ... 47
3.5 The Projection Method . . . . . . . . . . . ... 50
3.6 Resolution of the Poisson equation . . . . . . ... ... ... ... .. ........ 50

3.1 Presentation of YALES2

YALES?2 is a library of numerical solvers developed for realistic turbulent two-phase flow sim-
ulations with low Mach numbers. YALES2 is the acronym of Yet Another LES Solver where LES
stands for Large-Eddy Simulations, as explained below. The code is developed and maintained since
2007 by V. Moureau and his research team “Numerical simulation and modeling of turbulent com-
bustion” at CORIA laboratory (CNRS) near Rouen, France. Several research laboratories including
LEGI actively contribute to its development. YALES2 originally aims at solving two-phase com-
bustion from primary atomization to pollutant prediction on massive complex meshes. It has also
been largely used in hydraulics problems like accurate computing of the flow in hydraulic or wind
turbines. It is able to handle efficiently unstructured meshes with several billions of elements, thus
enabling the Direct Numerical Simulation (DNS) of laboratory and semi-industrial configurations.

35
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In DNS, all turbulence scales are resolved, hence such simulations are accurate but quite time-
and memory-consuming. YALES?2 is also able to perform LES, in which only the largest turbulent
scales are explicitely resolved the effect of smallest ones are modeled. This allows to predict the most
important unsteadiness of the flow (conversely to statistical approaches) with reduced computational
cost in comparison with DNS [71]. Turbulence is not considered in this thesis, and then only DNS
will be performed.

The Mach number is defined as the ratio of the local fluid velocity by the sound speed in the
same fluid. When the Mach number is very small, compressibility of the fluid can be neglected,
and Navier-Stokes equations can be solved under incompressible assumption. Low-Mach number
flows are encountered for instance in combustion chambers [53]. In boiling simulations, the Mach
number is negligible, thus the low-Mach number approach is relevant.

More general information on YALES2 can also be found in Moureau et al. [8].

3.1.1 The Finite Volume Method

In YALES2, the equations of fluid dynamics are solved on grid nodes. In order to ease the
resolution of equations, physical quantities are stored on grid nodes. As a result, the derivatives
of physical quantities are computed using only physical values stored on grid nodes. YALES2 uses
the Finite Volume Method (FVM) for the computation of the differential operators. The principle
of the FVM is the partitioning of the computational domain into small volumes over which all
differential operators are reconstructed by integration of the fluxes across the volume faces.

3.1.1.1 Mathematical background
The FVM provides discretizations of differential operators based on the following theorems.

Theorem 1 (Divergence theorem, Gauss’s theorem, Ostrogradsky’s theorem). Let V C R3 be a
volume delimited by the closed surface S C R®, and let F : V — R? be a continuously differentiable
vector function on V. One has

///‘)V.F(v)d%#g];(g).n(g) a2, 3.1)

where the point v € V represents successively all points in the volume V, d*v C V is the three-
dimensional volume element around point v, o € S represents successively all points on the surface
S, d*c C S is the two-dimensional surface element around point o, and n (o) is the outward-
pointing normal vector to S at point o. In two dimensions, i.e. V,S C R2, F € C! (V;RQ), Eq. 3.1

simplifies to
//V V.-F(v)d®v = }éF (o) -n(0) d'o. (3.2)

Proof. The proof can be found in the book of Spiegel et al. [81]. O

Theorem 2 (Gradient theorem, fundamental theorem for line integrals). Let V C R? be a volume
delimited by the closed surface S C R3, and let F : V — R3 be a continuously differentiable scalar

function on V. One has
///v VF (v) dPv = ﬁé F(o)n (o) d, (3.3)
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P,

Fig. 3.1 — Example of a two-dimensional control volume used in the Finite Volume Method. The
control volume associated to node p; is defined by the neighbor grid element barycenters and edge
midpoints.

where the point v € V represents successively all points in the volume V, d*v C V is the three-
dimensional volume element around point v, o € S represents successively all points on the surface
S, d%c C S is the two-dimensional surface element around point o, and n (o) is the outward-
pointing normal vector to S at point o. In two dimensions, i.e. V,S C R?, F € C! (V;RQ), Eq. 3.3
simplifies to

//v VF (v) d*v = 515 F(o)n(o) d'o. (3.4)

S

Proof. The proof can also be found in the book of Spiegel et al. [81]. O

3.1.1.2 Construction of control volumes

In order to apply Eqgs. (3.1)-(3.4) in numerical simulations, one needs to define the volume V.
Since simulations are performed on discrete sets of points (nodes), the volume V will be restricted to
a polygon in two dimensions or a polyhedron in three dimensions. In the terminology of the FVM,
this restricted volume is called a control volume. In one dimension, control volumes are simply
delimited by the midpoints of the grid elements.

Control volumes in two dimensions

Figure 3.1 shows an example of such a two-dimensional control volume used in YALES2. The
control volume V; associated to node p; is built using the following procedure :

1. Identification of the grid elements F; to which node p; is a summit.
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2. Computation of the barycenters b; of elements E;.

3. Among the edges of elements E;, identification of the edges (p1, p;) linking node p; to another
node p;.

4. Computation of the midpoints p; ; of edges (p1, p;)-

5. For all elements E; and all edges (p1, p;) of E;, computation of the area A, ; ; of triangle T ; ;
formed by nodes pi, p1,; and b, denoted here respectively by points A(xa,ya), B(zg,yB)
and C(z¢,yc) for clarity, as

Avis = 5 l(wn = 2a) uo — o) — (us — ) (v — w5)]. (33)

6. Computation of the control volume V; associated to node p; as the sum of all areas A ; ;,

ie.
V) = Z Z At g (3.6)
i€l jeJl
where I' = {i},... i}, }, with N; € N* the number of grid elements having p; as summit,

and J} = {jil,l,jilg} is the set of the two indices jil,l and ji{2 such that grid edges (pl, pj;l)

and (p1 P, ) exist.

Applied to node p; in Fig. 3.1, the above method yields

[1 :{17273’4’5}’
1 1 1 1 1 (37)
Ji = {273}7J2 :{375}7J3 :{576}7J4 :{677}7J5 :{277}'

Since for all i € I', the set J! is composed of two elements, each grid element E; contributes with
two triangles 77 ; ; to the volume V;. To summarize, in two dimensions, control volumes are built
by joining the grid element barycenters to the grid edge midpoints.

Control volumes in three dimensions

In three dimensions, control volumes are delimited by the grid element barycenters and the
grid element face barycenters. In order to simplify the visualization, the construction of three-
dimensional control volumes is illustrated on a cartesian grid. The same methodology is applied on
unstructured tetrahedral grids.

Figure 3.2 shows a hexahedral grid element FE delimited by nodes pi,...,ps, as well as the
contribution &; of E to the control volume associated to node p;. In the present case, the subvol-
ume & is also a hexahedron. Currently, the computation of £ can not be performed as a single
operation in YALES2. Indeed, one has to compute independently the volumes of the six tetrahedra
constituting & and then compute &; as their sum. Figure 3.3 shows the six tetrahedra constituting
&1. Depending on the grid, other grid elements can contribute to the control volume of node p;.
Figure 3.4 shows the whole control volume of node p; as the disjoint union of all contributions of
grid elements to which p; is a summit.
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Fig. 3.2 — Contribution & of the hexahedral element E delimited by nodes p1, ..., psg to the control
volume associated to node p1.

3.1.1.3 Discretizations of differential operators on control volumes

We now give the FVM discretizations of the divergence, gradient and laplacian operators used in
YALES2. Equations (3.1)-(3.4) are written in continuous form. Under this form, the integrands of
both lhs and rhs of each equation are locally defined. For instance, in Eq. (3.2), V-F (v) depends on
veV,and F (o) -n (o) depends on o € S. These equations need be discretized on control volumes
defined in Section 3.1.1.2. Discretizations are only given in two dimensions but their extensions to
three dimensions are straightforward.

Refering to the control volume V; shown in Fig. 3.1 and Eq. (3.2) of Thm. 1, the divergence
discretization of flux F used in YALES2 is based on the following assumptions :

1. The divergence of flux F (integrand of the lhs) is uniform in the whole control volume V.

2. The flux F at the control volume boundary dV; is uniform on each piecewise-linear part of
oVy.

The second assumption needs clarification. One has

vi=J | {oeR:0e{(bi—pi)n+pi;}.me0:1]}, (3.8)

i€l jeJ}

where the sets I! and J! are defined by Eq. (3.7) and n € [0, 1] is a real parameter used to describe
the segment between b; and p; ;. Along each of the segments {(b; — p1 ;) 7+ p1,;} where n € [0,1],
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(a) Tetrahedron n°1. (b) Tetrahedron n°2.

(c) Tetrahedron n°3. (d) Tetrahedron n°4.

(e) Tetrahedron n°5. (f) Tetrahedron n°6.

Fig. 3.3 — The six tetrahedra constituting the volume &£ shown in Fig. 3.2.

the flux F is then assumed to be uniform. Otherwise stated, dV; is the union of all blue segments
of Fig. 3.1, linking grid element barycenters b; to grid edge midpoints p1 j, and F is assumed to
be uniform on each of these segments.
Under these assumptions, a first version of the discretization of Eq. (3.2) on control volume V;
is given by
(V-F)y, V1= > F(o)-(Ibi = prlnii (), (3.9)

i€l jeJ}

where 0 = (b; — p1,;) 7 + p1,; for some 1 € [0,1]. To speed up computations, some terms of Eq.
(3.9) are grouped and pre-computed. Figure 3.5 shows a zoomed portion of V;. As previously
stated, the flux F is uniform on segment Ss.15 = {(bs — p1,5) 7 + P1,5} and on segment Sa.1 5 =
{(bs —p1,5)n+ P15}, where n € [0,1]. Moreover, n is also uniform on these two segments. Let
F;.1,; be the value of F on S;.1 j, £;;1,; be the length of ;.1 ;, n;;1,; be the normal vector to ;.1 ;
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Fig. 3.4 — Total control volume of node p;. Each contribution is built according to the method
illustrated in Figs. 3.2 and 3.3. The contribution shown in Fig. 3.2 is represented in green.

and 7 be a fixed real number between 0 and 1. Equation (3.9) is rewritten

(V-F)y, Vi=Y > Fury (Lo ) (3.10)

iel! jeJ?

The vector L;;1 jn;1 5 is equal to the orthogonal vector to b; — p1; pointing to the outside of V;.
In Fig. 3.5, one has

=/ 7
L3i15n315 =R (*§> (b3 — p1s), (3.11)
and
=/7
Loisnos =R (5) (b2 —p1s), (3.12)

where the rotation matrix R of angle a € [0, 27[ is given by

R(a)= ( (3.13)

cosa —sina
sinae  cos«

The sum A 5 of £3.1 503,15 and L2.1 50,1 5 is computed and stored at edge (p1, ps). More generally,
for all neighbor nodes p; of p1, we define A ; as

Avj = Linig g + Liy iy, (3.14)
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P1

Fig. 3.5 — Definition and storage of vector A, 5 at edge (p1, ps) as the sum of the oriented surfaces
[bs — P15l n1 53 and [[ba — p1 5/ ny 5:2.

where ¢; and 4, are the indices of the two grid elements to which p; and p; are two summits.
Moreover, we make the assumption that F on S3.; 5 is equal to F on Sa.1 5. This common value is
given by

F|53;1,5 = F|52;1,5 = % (F (pl) +F (p5)) . (315)

These approximations are used on all grid edges (p1, p;). Finally, Eq. (3.10) is rewritten
11
(VP = 5 25 (F (P +F(p))) - Avy, (3.16)
j=1

where M; is the number of nodes directly linked to node p; (M; = 7 on Fig. 3.1). Equation (3.16)
is the second-order discretization of the divergence operator in two dimensions used in YALES?2.
Similarly, the discretized version of Eq. (3.4) reads

1 A1
(VE)y, = 35 25 (F (P1) + F (p)) Au . (317)

Equation (3.17) is the second-order discretization of the gradient operator in two dimensions used
in YALES2. Fourth-order versions of Eqgs. (3.16) and (3.17) are also available.
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The FVM makes the flux balance of the physical quantity considered on control volumes, exh-
biting inherent conservation properties : a fluid particle leaving a given control volume enters one of
its neighbor control volumes, the physical quantities related to this fluid particle are then conserved
across control volume boundaries. Numerical simulations in fluid dynamics are based on mass and
momentum conservation (Navier-Stokes equations) and energy conservation (heat equation). The
FVM is then very well-suited for such simulations.

3.1.2 Temporal integration schemes

Several temporal integration schemes are available in YALES2. The fourth-order Runge-Kutta

scheme (RK4) uses the following successive iterative computation to determine the updated variable
field ¢t .

gl=¢— iAtC (€, (3.18)
g =g - aic (), (3.19)
e =¢— %Atc (&%), (3.20)
&t =¢r - AC (%), (3.21)

where C is the discretized spatial operator. This scheme is explicit in the sense that it only uses the
known solution at time ¢™. In this thesis, otherwise stated, we use the RK4 scheme for temporal
integration.

YALES?2 also implements the Crank-Nicolson (CN) scheme given as

el —gn 4 At %C (e7+Y) + %C M. (3.22)

This scheme is semi-implicit in the sense that the field £ is advanced using both the known solution
at time t" and also the unknown solution itself at time ¢"*!. This scheme will be extended to a full
implicit resolution of the heat equation in Section 6.2.1.

We also mention the TRK4 scheme developed in YALES2 by Kraushaar [45] and based on RK4.
Informations on the TRK4 scheme and other temporal schemes available in YALES2 can also be
found in the thesis of Sarkar [74].

3.1.3 A massively parallel code : High-Performance Computing

Numerical simulations in three-dimensional complex geometries, e.g. combustion chambers or
rocket nozzles, imply large grids. Simulations on such grids are time- and memory-consuming.
In order to save wall-clock time and to overcome memory limitations, YALES2 heavily relies on
parallelism. A High-Performance Computing (HPC) approach has been adopted.

From the beginning of YALES2’s development, particular attention has been paid to the paral-
lelism of the code. The classical parallelism method consists in splitting the computational domain
on subdomains between computer cores. This method is called the Simple Domain Decomposition
(SDD) method and is illustrated in Fig. 3.6. In the SDD, each core has knowledge of only one
subdomain and MPI communications are performed between subdomain boundaries to share in-
formations when needed (typically to compute derivatives). This technique speeds up simulations
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proc #2

Boundary between
subdomains

proc #3

proc #1

Fig. 3.6 — MPI parallelism using the Simple Domain Decomposition method. Each core has knowl-
edge of only one subdomain.
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(a) Each core has knowledge of only one subdo- (b) Communication scheme used in the DDD. In
main. Each subdomain is divided into element one subdomain (on one CPU), element groups
groups to fill the core-specific L1, L2 or L3 caches (or cell groups) communicate by means of data
(see Section 3.1.3.1). structures called internal communicators. Two

subdomains (on two different CPUs) communi-
cate by means of data structures called external
communicators via MPI (Message Passing Inter-
face).

Fig. 3.7 — Illustration of the Double Domain Decomposition (DDD) used in YALES2 [52].

depending on the scalability of the chosen solver. To further improve the computation speed, a
second level of domain decomposition has been adopted in YALES2. Each subdomain defined in
the SDD is indeed divided in element groups of customizable number of elements. This method
is called the Double Domain Decomposition (DDD) method and is illustrated in Fig. 3.7. The
purpose of the DDD is the optimization of data transfer time at the hardware level.

3.1.3.1 The Double Domain Decomposition and the three levels of processor caches

Computer memory can be classified according to a hierarchy defined by data access time. Three
main memory types can be distinguished in this hierarchy, from the fastest provided data access
time to the slowest one :
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Fig. 3.8 — The three levels of L1, L2 and L3 caches on a quad-core processor.

1. Processor caches

a) L1
b) L2
c) L3

2. Random Access Memory (RAM)
3. Hard disks

When a processor, or CPU, has to perform an operation on given data, it has first to access data.
To this purpose, data stored on the Hard disk has to be copied on all memory units listed above
until one of the L1, L2 or L3 caches. The two well-known memory types of this list are Hard disks
and RAM. A Hard Disk has an important amount of memory but provides the processor with slow
data access. To speed up access time, data are copied (mounted) to the RAM, where the amount of
memory is much smaller but the data access much faster. To further speed operations, processors
have their own caches. A processor has typically three caches named L1, L2 and L3. The L1 cache
has the smallest amount of memory but provides the processor with a very fast data access. The
L2 cache has more memory than the L1 cache but gives slower data access, and the L3 cache has
more memory than the L2 cache but also gives slower data access. Figure 3.8 shows the hierarchy
of memory units listed above.

In YALES?2, data access time is slowered by means of the Double Domain Decomposition. Using
this method, operations are performed on a per-element-group basis, where the size of element
groups is user-defined. The data associated to each element group are expected to fit in the L1 (or
L2) cache memory, thus a single cache filling is theoretically expected when data need to be copied.
The element group size is typically set between 1000 and 2000, based on empirical tests.
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3.2 The Spray solver

In this section we focus on the Spray solver developed for liquid jet atomization simulations
but generally valid for two-phase flows. This solver is the base of our Boiling solver detailed in the
following chapters. A good understanding of the Spray solver is then needed to understand our
developments.

Atomization simulations require a Navier-Stokes solver and a robust and accurate method to
simulate the two-phase interface movement. In the Spray solver, the interface is represented by
means of the Conservative Level Set method introduced in Section 2.4.2.2. Once the CLS function
has been advected and reinitialized, the incompressible Navier-Stokes equations are solved. The
Spray solver uses the projection method detailed in Section 2.6 to solve Navier-Stokes equations with
a time decoupling between velocity and pressure. The velocity is continuous across the interface.
The only discontinuity at the interface that explicitely intervenes in the projection method is the
pressure discontinuity due to surface tension.

One temporal iteration of the Spray solver is completed when both the CLS and Navier-Stokes
equations are solved. The algorithm of the Spray solver is summarized in Alg. (1), and more details
about the ACLS method and the projection method are given in the following sections.

Algorithm 1: One iteration of the Spray solver

1 Prescription of initial and boundary conditions for CLS and velocity or pressure;
2 while t < t,,4, do

3 Compute SDF function from CLS function, interface normal and curvature;
Advect CLS function;

Reinitialize CLS function;

Solve incompressible Navier-Stokes equations with the projection method;

[< I BN

3.3 Interface modeling and localization : the Sharp Interface model
versus the Narrow Band Approach

The Continuum Surface Force model presented in Section 2.2 only approximates surface tension
forces at the interface. Since simulations of phase change heavily rely on the ability of the numerical
method to accurately locate the interface, we made the choice to compute surface tension forces
directly at the interface, i.e. to use the SI model. The boiling phenomenon is defined by the tran-
sition of fluid particles, due to heat fluxes, from the liquid phase to the vapor phase. Theoretically,
the transition of one fluid particle lasts a certain amount of time since, at microscopic scale, the
liquid-vapor interface is diffuse and has a non-zero thickness, similar to the macroscopic diffuse
interface depicted in Fig. 2.1. Nevertheless, since we want to simulate boiling at macroscopic scale
using the SI model, phase change is characterized in our simulations by the abrupt passage of one
fluid particle from one phase to the other, i.e. phase change happens instantaneously (at infinite
speed).

In two-phase flow simulations, the interface location is a crucial information. Independently of
the numerical method used to track or capture the interface, it is also useful for various numerical
operations to identify the grid nodes close to the interface. In YALES2, the nodes around the
interface are flagged with a signed integer number indicating their degree of remoteness from the
interface. This method is called the Narrow Band Approach [1]. These signed integer numbers
are called band levels. Sign apart, nodes of band level 1 are the closest nodes to the interface,
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Liquid phase

Vapor phase

@ Band 1
@ Band2
@ Band 3

with minus sign
in the vapor phase

Fig. 3.9 — Narrow band defined around the two-phase interface (in blue) with 3 band levels in each
phase : from 1 to 3 in the liquid phase and from —1 to —3 in the vapor phase. In YALES2, the
default number of band levels is usually set to 8.

nodes of band level 2 are the direct neighbors of nodes of band level 1, and so on until a chosen
maximum band level. In YALES2, the maximum band level is user-defined and typically set to 8.
By convention, nodes located in the liquid phase are flagged with positive integer numbers, and
nodes located in the vapor phase are flagged with negative integer numbers. Figure 3.9 shows an
example of a narrow band definition in two dimensions. In the following parts, the expression “band
levels” refers to the band levels defined in Fig. 3.9.

3.4 Accurate Conservative Level Set method

YALES?2 uses the Accurate Conservative Level Set method from Desjardins et al. [19] introduced
in Section 2.4.2.2. In YALES2, the Fast Marching Method is not implemented for the computation of
the signed distance function because this method strongly relies on a cartesian mesh. Unstructured
versions of the FMM exist [11], but are difficult to implement!, even in a sequential algorithm.
Instead, YALES2 uses its own distance computation method.

3.4.1 Computation of the Signed Distance Function

In [19], once the CLS is advected and reinitialized, the authors compute the Signed Distance
Function with the Fast Marching Method. Instead, YALES2 uses a robust method suitable to
unstructured grids. The Spray solver computes the Signed Distance Function the following way :
once the CLS is advected and reinitialized, the exact position of the interface is computed on each
grid edge by inversion of the CLS function on the closest nodes to the interface. From 1, one can

1See following chapters.
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Fig. 3.10 — Computation on node x; (band level 1) of the signed distance function ¢ to the interface
I by Eq. (3.25) where the relative distance 6y, x, is given by Eq. (3.24). The exact value of ¢ (x1)
is given by the length of the green segment.

recover the relative position of the interface 6 € [0; 1] on one grid edge by inversion of the hyperbolic
tangent function. Let (x1,x2) be the grid edge between nodes x; and xo. For i = 1,2, YALES2
computes the signed distance values at x; as

o(t,x;) = 2¢(x;) atanh <2 max (min(¢(t,x;),1 - 6),6) — 1>, (3.23)

where the min and max functions are used to avoid under- and overshoots on the argument of the
atanh function, and § is a non-dimensional constant fixed to 107 1%, The interface relative distance
6 is given by

o(t,x1)
¢(ta Xl) - ¢(ta X2) ’
where 6§ = 0 when the interface is on node x; and § = 1 when on node x5. From the knowledge of
0, the value of the signed distance function on node x; is computed as

¢t x1) = min {b, x, [[x1 — x|, 0, x5 1 — x|}, (3.25)

exl,x2 (t) =

(3.24)

as depicted in Fig. 3.10, meaning that the distance of node x; is computed with an error O(1)
coming from the simplification of the orthogonal distance (in green) with the distance of node x;
to the closest intersection of the interface with an edge containing node x;.

Once a signed distance value is computed on all the closest nodes to the interface (band level 1)
by Eq. (3.25), signed distance values are computed for the nodes immediately close to them (band
level 2). Figure 3.11 shows an example of signed distance computation for a node x4 of band level
2. For this node, the signed distance value is computed using Chasles’s identity, i.e.

o(t,xa) = |A + B, (3.26)

where A is a vector from x4 to a node of band level 1 and B is a vector from the same node to the
interface, such that A + B has the smallest norm among all candidates for A and B.

As seen in Fig. 3.10, this computation method is a bold approximation of the real signed
distance value at node x;, equal to the length of the segment linking node x; to its projection onto
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Liquid phase

T
Vapor phase

Fig. 3.11 — Computation on a node of band level 2 of the signed distance function ¢ to the interface
T by Eq. (3.26) where the vector summation is done on the grid edges shown in red. The resulting
¢ value is equal to the norm of vector A 4+ B. The exact value is given by the length of the green
segment.

the piecewise-linear interface I', shown in green. Indeed, as will be largely detailed in the following
chapters, the lack of precision in the computation of the signed distance function must absolutely be
eliminated when dealing with phase change, and more generally, with any numerical method which
heavily relies on the interface normal vector. The motivation behind this rough approximation is
the robustness and simplicity of the method. It must be said that the error, non-negligible on band
level £1, becomes increasingly small on outer band levels.

3.4.2 Computation of the interface normal vector

As typically done in the level set formalism, the Spray solver computes the interface normal
vector n as
Vo

n=-—,
IVl

where ¢ is given by Eq. (3.25). The interface normal vector is used in two different steps of the
numerical method of the Spray solver : in the computation of the interface curvature (see Section
3.4.3) and in the reinitialization of the CLS function (see Section 2.4.2.2, Eq. (2.24)).

(3.27)

3.4.3 Computation of the interface curvature
The Spray solver uses Eq. (3.6) from Goldman [28], based on Frenet equations and compatible
with Eq. (2.13), to compute the interface curvature. This equation is

Vo' H(9) -V~ |[Vo|* Tr (H (9))
IV’

; (3.28)
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where H(¢) is the hessian matrix of ¢ given by

(bww (bwy (bwz
H(¢) = ¢ya¢ d’yy d’yz s (3.29)
Gza ¢zy Gz

and Tr is the trace operator given by

Tr (H (¢)) = Pre + ¢yy + @z (3.30)

Until the 2"¢ Extreme CFD Workshop in January 2019, CERFACS, Toulouse, France, Eq. (3.28)
was solved using compact schemes (i.e. schemes involving only the closest neghbors of a node) for
the discretization of the gradient and hesssian operators. During the workshop, it has been found
more accurate on some simulations to use a non-compact scheme to compute the hessian operator
in Eq. (3.28). This is now the preferred method to compute the interface curvature in YALES2.

3.5 The Projection Method

The Spray solver uses the projection method detailed in Section 2.6 in which the pressure jump
is given by Eq. (1.8). The discretization of the Poisson equation with the application of the
discontinuities at the interface in the case of phase change with the Boiling solver will be detailed
in Chapter 4 and Appendix B.

3.6 Resolution of the Poisson equation

Poisson equation (2.47) where P"2 is the unknown is written as a linear system of the form
AP"t: =B, (3.31)

where Aisa N x N matrix, NV being the total number of grid nodes, only composed of geometrical
1 1
grid properties (and information on the per-phase uniform density p"*2), P"*2 is the vector

1
of unknown pressures Pin+2 and B is the vector of predictor velocity divergences ﬁv -uj, for
t=1,...,N, and terms related to the pressure jump at the interface (Eq. (1.8)). The linear system

(3.31) is solved using a linear solver. Linear solvers use different iterative methods depending
on the properties of A. Since YALES?2 is designed to handle grids with billions of elements, the
system (3.31) is never solved by direct inversion of the whole matrix A which would be unfeasible.
Moreover, MPI parallelism implies that A and B are never entirely known on one given computer
core. One core has only knowledge of coefficients of A and B concerning nodes located in their
assigned subdomain, and MPI communications are performed between core boundaries at each
iteration of the linear solver to share information when needed. These communications can occupy
up to 80% of the overall computation time [50]. The resolution optimization of Poisson equation
(2.47) is of major importance in parallel incompressible flow simulations.

Abundant literature can be found on linear solvers. When matrix A is symmetric positive
definite, the Conjugate Gradient (CG) method can de used [34]. The CG method is iterative and
can be time-consuming. A good initialization of the method, called preconditioning, significatively
lowers the number of iterations. This method is called the Preconditionned Conjugate Gradient
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(PCG) [92]. To further speed up computations, a deflation operation can be performed. A first set
of iterations is performed where the unknown P"*2 is assumed to be uniform on predefined grid
regions. The resulting field is used as initialization in the PCG solver. The method is called the
Deflated PCG (DPCG) [55], [5]. In YALES2, these three solvers are available. In our simulations,
Eq. (3.31) is solved using the DPCG solver. The grid regions used in the DPCG solver are the
element groups defined by the DDD method detailed in Section 3.1.3 and illustrated in Fig. 3.7(a).
Details about the DPCG solver implementation in YALES?2 can be found in [49, 50]. Linear systems
involving non-symmetric matrices are solved with the BiConjugate Gradient (BiCG) method using
the BiCGStab and BiCGStab2 methods [92].

As stated in Section 2.6, once the updated pressure is known, Eq. (2.46) is used to correct the
velocity predictor in order to compute the updated velocity.






Chapter 4

Numerical simulation of two-phase flows
with phase change in one dimension

A first version of our numerical method is presented in this chapter and evaluated against a one-
dimensional stationary test case. Only mandatory ingredients of the method for one-dimensional
simulations are presented and used in this chapter.

Phase change naturally arises in real flows, either because of pressure variations, or because
of temperature variations. In YALES2, we developed the Boiling solver to enhance the numerical
method presented in Chapter 3 in order to simulate phase change due to heat transfer.
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4.1 Introduction

Boiling is a complex physical phenomenon (see Chapter 1 for a description of the physics of
boiling). As detailed in Chapter 3, two-phase flows imply the existence of an interface separating
the two phases. In two dimensions, the interface is a curve ; in three dimensions, it is a surface, and
in one dimension, it is a point. Phase change occurs precisely at the interface. We recall here that
the interface whose position changes w.r.t. time, is not necessarily lying on grid nodes. Indeed,
the interface is in general located between grid nodes and is thus defined through a set of points at
subgrid level. The interface position is then captured using the Conservative Level Set function
given by Eq. (2.16). Since the interface normal vector and curvature are needed in the numerical
method, a complex machinery is used to compute them from the knowledge of 1. As will be detailed

53
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in Chapter 5, the methods available in the version of YALES2 of 2015 introduce large deviations in
the interface location. This chapter introduces the numerical method used to simulate two-phase
flows with phase change. Since our goal is to focus on the numerical ingredients used to take phase
change into account in Navier-Stokes equations, the problem of deviations in the interface location
is avoided by restricting the presentation and validation of the method to the one-dimensional case.
The strategy will be extended to 2D and 3D in Chapters 5 and 6.

The contribution of this thesis is the development of the Boiling solver in the YALES2 library.
The Boiling solver has been validated against test cases in one, two and three dimensions, on
structured and unstructured grids, in sequential and parallel algorithms. This chapter introduces
the main ingredients of the Boiling solver with the restriction to the one-dimensional case. Chapters
5 and 6 detail and validate the numerical method implemented in the Boiling solver in 2D and 3D,
with a fixed mass transfer rate (Ch. 5) and a computed mass transfer rate (Ch. 6). The notion of
mass transfer rate is explained in this chapter.

We used the Spray solver detailed in Chapter 3 as a base to develop the Boiling solver. The
choice of the Spray solver comes from the fact that is was the most advanced two-phase flow solver
in YALES2 when we started this work. As a consequence, the Boiling solver implements the same
families of methodologies (Level Set function to capture the interface movement and Projection
Method to solve Navier-Stokes equations with Ghost Fluid Method to handle discontinuities at the
interface). The Boiling solver extends these methodologies and implements new ones to take phase
change into account. These improvements are presented in the following sections in which space is
one-dimensional.

4.2 Governing equations

4.2.1 Mass conservation

In one dimension, Eq. (1.3) reads

8ui -
5 =0, (4.1)

where the subscript 7 denotes the phase. The velocity u; is thus only dependent on time, i.e.

Note that different unconnected regions of the same phase ¢ can present different values of u; (see
Section 4.4).

4.2.2 Incompressible Navier-Stokes equation with phase change

Equation (1.21) states that the volume expansion at the interface due to boiling leads to a non
zero velocity divergence at the interface, i.e. the incompressible hypothesis, valid for both the vapor
and liquid phases, does not hold at the interface. Considering a vaporizing spherical bubble, since
volume expansion occurs at all points on the interface, the surrounding liquid is pushed away from
the interface. In YALES2 we use the infinitely thin interface model together with an incompressible
formalism for Navier-Stokes equations in both phases. Since the infinitely thin interface is a subgrid
set of null measure, it would be quite challenging to use a single velocity field and enforce Eq. (1.21).
On the contrary, we use the Ghost Fluid Method to enforce the velocity discontinuity uiiq — Uvap
at the interface, i.e. to mimic Eq. (1.21), by means of two different velocity fields [84, 85].
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Fig. 4.1 — Velocity and pressure profiles for one phase in one dimension as given by the solution of
the incompressible Navier-Stokes equation (4.4).

This methodology is relevant as long as the computational domain does not prevent the liquid
to be pushed away from the interface by boiling. In this thesis, we consider boiling in an open
system, so the liquid pushed by the vapor volume increase at the interface due to boiling can exit
the domain. In a confined area, liquid-to-vapor phase change would lead, due to mass conservation,
to the compression of the fluid everywhere in the domain.

The one-dimensional incompressible Navier-Stokes equation is given in each phase i by

61&1‘ aui 1 9P 32ui

i - 21 )
ot tu ox Pi 8x+ >

(4.3)

where u; is the velocity, p; the density and v; the kinematic viscosity of the given phase, P is the
pressure field (the gravitational forces are neglected). Equation (4.3) simplifies by Eq. (4.1) to

=——— 4.4
ot pi O’ (44)

simply relating the fluid acceleration to its pressure gradient at the same point. Equations (4.2)
and (4.4) establish that OP/0x is only dependent on time. Figure 4.1 shows a sketch of a velocity
profile for one phase and a compatible pressure profile.

4.2.2.1 Velocity and pressure jumps at the interface

As a consequence of vapor volume expansion and difference in density between the liquid and
vapor phases, the velocity is discontinuous across the interface. This discontinuity is given by Eq.

(1.30) recalled here,

where u = + ||ul| e, and nr = +e,.
Since in one dimension, the interface is reduced to a disjoint set of points, the interface curvature
is not defined, and the pressure jump given by Eq. (1.31) simplifies to

[Py = —m? HF. (4.6)

The velocity and pressure jumps are computed from the mass transfer rate and imposed at the
interface location when solving Eq. (4.4).



CHAPTER 4. NUMERICAL SIMULATION OF TWO-PHASE FLOWS WITH PHASE
o6 CHANGE IN ONE DIMENSION

4.2.3 Advection and reinitialization equations of the Accurate Conservative
Level Set function with phase change

The Accurate Conservative Level Set Method from Sections 2.4.2.2 and 3.4 is used to capture
the interface. In each phase, the advection equation of the Conservative Level Set function v is
given by o

ot T oz (Yu;) =0, (4.7)
where 4 stands for the j;q or vap subscript, depending on the phase containing the node where the
equation is solved, which simplifies by Eq. (4.1) to

o oY
BN + u; o 0. (4.8)

Without phase change, the interface is only advected by the fluid velocity. The density difference
between phases implies that the liquid-turned-vapor fluid particles occupy a larger space. As a
result, boiling contributes to the interface movement, even for an otherwise quiescent fluid. The
total interface velocity in presence of phase change is given by Egs. (1.32) and (1.33). We adopt the
following convention : the interface motion is computed w.r.t. the velocity of the enclosed phase,
i.e. a vapor bubble surrounded by liquid has an interface computed w.r.t. the vapor velocity, a
liquid droplet surrounded by vapor has an interface computed w.r.t. the liquid velocity. Since we
focus this work on boiling, we are then more interested in vapor bubbles surrounding by liquid. As
a result, Uyvap — 71/ pyap 1S substituted to u; in Eq. (4.8) which is rewritten

o oy 9y

— 4+ 'U/vapa7 - Puap axv

ot

where the phase change contribution is considered as a source term. The philosophy underlying the
choice of this equation form is to consider phase change as an external ingredient in the dynamics
of a two-phase flow. If there is no phase change, the rhs of Eq. (4.9) vanishes and this equation
defaults to Eq. (4.8). Conversely, in the case of bubbles at rest in a hotter liquid, the advection
term in the lhs of Eq. (4.9) vanishes, and the interface motion is only driven by the phase change
contribution in the rhs of the same equation. These two observations are also valid in the case of
droplets at rest where the liquid velocity and density are substituted in Eq. (4.9). Equation (4.9) is
the advection equation of the Accurate Conservative Level Set function solved in the Boiling solver
for one-dimensional simulations.
Advection deforms the CLS function, then it is reinitialized using Eq. (2.27).

(4.9)

4.2.4 Temperature equation with immersed Dirichlet boundary condition at
the interface

In boiling, the mass transfer rate depends on the heat exchanges across the interface. We recall
that the mass transfer rate is defined as the difference between the heat fluxes across the interface
divided by the latent heat, as given by Eq. (1.26). The heat equation has thus to be solved in
the Boiling solver. We assume that the interface temperature Tt is equal to the fluid saturation
temperature T,t. The classical explicit advection-diffusion equation at the interface given by

or, 0T 1 0 ( o
ot "0 picpi 0x ' Ox
Tr = T (4.11)

(4.10)
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is solved on both phases, where u; is the fluid velocity, p; the density, c,; the heat capacity at
constant pressure, \; the thermal conductivity of the phase denoted by the subscript ;. The difficulty
is that condition (4.11) is not applied on given nodes, rather on an interface whose position is in
general not coincident with grid nodes. We use the terminology immersed to state that the interface
is a subgrid point set, and Eq. (4.11) is said to be an immersed boundary condition [65].

4.2.5 Mass transfer rate equation

Once the liquid and vapor temperature fields have been advanced in time with immersed Dirich-
let boundary condition (4.11), one can compute the mass transfer rate. In one dimension, the
definition (1.26) of the mass transfer rate rh becomes

1 0Ty
s _)\i Yllig
" LU( 9

Tva

em> -nr, (4.12)
r r

where L, is the latent heat of the fluid and nr is the interface normal vector, that is trivially
computed as +e, in one dimension.

4.3 Solving the governing equations

We now describe the methodologies used to solve the governing equations presented above in the
Boiling solver for the one-dimensional case. These numerical methods will be extended to higher
dimensions in Chapters 5 and 6.

4.3.1 Solving the incompressible Navier-Stokes equation with phase change:
two-velocity formulation in the projection method

The Boiling solver solves the one-dimensional Navier-Stokes equation (4.4) using the projection
method presented in Section 2.6 with some adaptations. The main difference between the projection
method used in the Spray solver and the one used in the Boiling solver is the non-zero velocity
jump at the interface (Eq. (4.5)) computed in the Boiling solver. The velocity jump cannot be
handled as easily as adding a new term in the method used in the Spray solver. Indeed, as for
all discontinuities accounted in this methodology, the velocity jump is defined precisely at the
subgrid interface location, as denoted by the p subscript. As a result, when one has to apply
differential operators to the velocity field on nodes close to the interface, one has also to apply
the corresponding velocity jump in the operator discretization. This requirement leads to the
famous problem of differentiating across an interface with discontinuities. It is well-known that
classical differential operators act on continuous functions, thus are not designed to differentiate
across discontinuities. In terms of two-phase flow dynamics, classical differential operators are not
designed to differentiate across the two-phase interface. In order to overcome this difficulty, the
Boiling solver uses the Ghost Fluid Method detailed in Chapter 2 : both velocity fields uiiq and tyap
are defined in the whole domain. Physical values of the liquid (vapor) velocity are contained in the
liquid (vapor) part of wiiq (tvap), and the vapor (liquid) part of wiq (uvap) can be used to store any
working values, with potentially no physical meaning. Figure 4.2 illustrates the definitions of the
velocity fields used. These working values are called ghost values and, in the present case, are used
to compute the velocity jump at the interface. In the projection method, prior to the computation
of the velocity predictor u*, a constant extrapolation of the liquid velocity is performed in the
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(a) Liquid velocity field. (b) Vapor velocity field.

Fig. 4.2 — Liquid (a) and vapor (b) velocity fields defined in the whole computational domain. For
each field, the green part represents the physical field and the blue part is used to store working
values for use with the Ghost Fluid Method, as shown in Fig. 4.3.

Uliq
Uvap A

Liquid . Vapor . Liquid

r r

Fig. 4.3 — Constant extrapolations (in red) of the liquid velocity ujq in the vapor phase, and of the
vapor velocity uy,p in the liquid phase.

direction of the interface normal vector, from the liquid nodes to the vapor nodes, until the vapor
boundary of the narrow band. A similar extrapolation is performed on the vapor velocity tyap, from
the vapor nodes to the liquid nodes. Figure 4.3 represents the two velocity fields and their constant
extrapolations in the opposite phases. We emphasize that these extrapolations are here particularly
easy to perform since in one dimension, both liquid and vapor velocities are uniform due to Eq.
(4.1). The extrapolation consists then simply in copying a uniform value on the nodes located on
the opposite side of the interface. As will be shown in Chapters 5 and 6, this is not the case in
multidimensions. Thanks to the use of two distinct velocity fields and their constant extrapolations
across the interface, each velocity field can now be differentiated across the interface. The velocity
predictors uf;, and ug,, are independently computed by Eq. (2.45), which, in one dimension, simply
states that

Uiy = Uliq (4.13)
and
Ugap = Ulap (4.14)

since thr rhs of Eq. (2.45) is zero. As opposed to the two velocity fields, our method does not
require the definition of two pressure fields. Indeed, only one pressure field is defined in the whole
domain and only one Poisson equation (2.47) is solved to compute the new pressure Pn+3 in the
whole domain. The velocity and pressure jumps are imposed in the matrix coefficients and in
the rhs of the linear system yielded by the Poisson equation in order to compute the divergences
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of the predictor velocities uj;, and uy,,. Due to Eqs. (4.13) and (4.14) and the incompressible
hypothesis, these divergences are null in one dimension. On each grid node crossed by the interface,
two different velocity jumps are computed : the velocity predictor jump [u*]. and the updated
velocity jump [u"“]r. On one grid edge (x1,x2) crossed by the interface, the velocity predictor
jump is computed by

[U ]1" = 5 (uliq,l + uliq,Q) - 5 (uvap,l + uvap,Q) (415)
and the updated velocity jump is computed as
1, ., n 1
[“nH]F =3 (m1+1 + m2+1) {} nr, (4.16)
Plr
where nr = +e,. The pressure jump is computed as
cn+l | sntly 2
] —- (W> H . (4.17)
r 2 Plr

The jumps [u*], [u"“]r and [P”Jr%} - are imposed in the discretization of the Poisson equation

(2.47) as detailed in Appendix B. Once the updated pressure Pntz is known, we use Eq. (2.46)
to correct the velocity predictors uj;, and ugy,, in order to obtain the updated velocities uﬁ;l and
u(f;;l. Using Eq. (2.46) requires the computation of VP2, Close to the interface, valid pressure
values are neeeded by the other phase to compute the gradient, as in the case of the velocity for
the velocity predictors computations. The computation of such valid pressure values is detailed
in Appendix B. The following enumeration summarizes the steps of the specific one-dimensional

variant of the projection method implemented in the Boiling solver.

1. Computation of velocity predictors Using constant extrapolations on uf, and uy,, across

the interface to compute ghost values for nodes close to the interface, computation of uf;, and
Ugap DY
vap

u; = uy (4.18)

K2 2

where i denotes the phase (liquid or vapor).

2. Solving the Poisson equation with discontinuities at the interface Building of the ma-
trix coefficients of the linear system corresponding to the Poisson equation

0 1 0 .1
% ( T %‘P +2> =0 (419)
pi”

(3

imposing the velocity and pressure jumps according to Appendix B.

3. Computation of the updated pressure gradient Computation of oPnts /Ox with the Ghost
Fluid Method : extrapolation of pressure local ghost values across the interface, based on phys-
ical pressure values and velocity and pressure jumps at the interface, according to Appendix
B.

4. Correction of the velocity predictors Correction of uj,, and uy,, to obtain the updated

o ol n+1
velocities g, and ugl,- by

Wt = g — = prts (4.20)



CHAPTER 4. NUMERICAL SIMULATION OF TWO-PHASE FLOWS WITH PHASE
60 CHANGE IN ONE DIMENSION

5. Constant extrapolation of the updated velocities across the interface Constant extrap-

olation of uﬁ(;rl from the liquid to the vapor phase, and of uﬁ;’; from the vapor to the liquid
phase, to compute updated velocity ghost values, eliminating the velocity jump on each up-

dated velocity field, enabling differentiation across the interface for the next solver iteration.

4.3.2 Solving the Accurate Conservative Level Set equations

In one dimension, the interface normal vector need not be computed from the signed distance
function by Eq. (3.27). As a result, one does not need to compute the signed distance function,
and the considerations on the potential under- and overshoots of the Accurate Conservative Level
Set function due to advection and reinitialization discussed on Section 3.4.1 simply vanish. The
one-dimensional case is more permissive concerning small interval overshoots of the CLS function
outside the interval [0; 1].

4.3.3 Solving the temperature equation with immersed Dirichlet boundary
condition at the interface

Enforcing immersed Dirichlet boundary condition (4.11) is challenging. Indeed, because the
liquid-vapor interface is not lying on grid nodes but can be located anywhere between them, the
immersed boundary condition has to be imposed at a subgrid level corresponding to the exact
interface location. Due to the fact that condition (4.11) is of Dirichlet type, the subdomains €y and
Q5 corresponding to the liquid and vapor phases can be considered separated from the temperature
equation point of view. As a result, the temperature equation can be solved independently on
both subdomains, provided that condition (4.11) is enforced at the interface from both phases.
Considering the computational domain depicted in Fig. 4.4, we use the Ghost Fluid Method
detailed in chapter 2 to fulfill two purposes : first, that condition (4.11) is satisfied from both phase
perspectives ; second, that one temperature field is advanced by Eq. (4.10) without the influence
of the other temperature field. The method consists in imposing condition (4.11) in the advection
term of Eq. (4.10). We recall here the definition of the gradient operator in the finite volume
framework as detailed in chapter 2 or chapter 3. In one dimension, the gradient operator 9 - /9x
applied to a scalar field T is evaluated at node i by

or o Ti+1 - T’i*l

We need to modify the rhs of Eq. (4.21) to satisfy condition (4.11). We detail the procedure for
the liquid temperature field. The counterpart with the vapor phase is straightforward.

In Fig. 4.4, the liquid phase is on the left of the interface, and the interface is between nodes
7 in the liquid and 7 + 1 in the vapor. Due to the independence of the two subdomains ; and
Qy with respect to the temperature equation (thanks to the Dirichlet condition imposed on T'), the
value of T;11 must not be used in Eq. (4.21) when solved for the liquid phase. The Ghost Fluid
Method is a well-suited method to handle discontinuities in a two-phase flow. It enables the use of
two temperature fields, one for each phase. The liquid and vapor temperature fields are denoted
Tiq and T,y respectively. Both Tjiq and Ty, are defined in the whole domain. The vapor part of
Tiiq is used to store liquid ghost values. The liquid part of Ty, is used to store vapor ghost values.
Again, this is the principle of the Ghost Fluid Method (see chapter 2 for more details). The liquid
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Fig. 4.4 — Representation of a 1D computational domain with liquid on the left of the interface I,
vapor on the right, and linear extrapolation according to Eq. (4.24) of the liquid temperature field
ensuring Tt := Ty,¢ by the use of the Ghost Fluid Method.

temperature value at node ¢ + 1 is then a ghost value, and Eq. (4.21) becomes

oT TG, — T4
B, o a2

where the superscript ¢ denotes a ghost value. The value Tﬁ_l has no physical meaning from the
liquid phase point of view since it is not in the liquid phase, but permits to enforce condition (4.11)
for the liquid phase. To this purpose, several options exist as stated in [27] : constant extrapolation,

Ti(J;rl = Tyat, (423)
linear extrapolation between node ¢ and the interface,

Tqat - n

TSy =T+ =, (4.24)
linear extrapolation between node 7 — 1 and the interface
Toat — Ti—1
TG, =T + 22— =1 4.25
i+1 1+ 1+ 0 ) ( )
quadratic extrapolation between nodes i — 1, 4 and the interface,
2T ar + (202 —2) T + (1 — 02) T;_
TS, = ( ) ( ) L (4.26)
’ 6% +6

cubic extrapolation between nodes i — 2, i — 1, 7 and the interface, etc...where @ is the relative
distance detailed in chapter 3. We choose the option that is the most compatible with a multi-
dimensional simulation, it being understood that our goal is to extend the methodology to two-
and three-dimensional simulations in the next chapters. As it will be explained in chapter 5, the
most suitable option is then the linear extrapolation (4.24) between node i and the interface. It
is then important to enforce condition (4.11) at the interface and not on the closest nodes to the
interface since, in the latter case, the computation of the temperature ghost value Tfj_l by linear
extrapolation (4.24) would lead to T)§, = T}, and to a null temperature gradient between nodes i
and ¢ + 1, which in turn would affect the mass transfer rate 7 (see Sections 4.2.5 and 4.3.4). By
definition of @, the linear extrapolation (4.24) enforces condition (4.11) along the grid edge [i;¢ + 1].
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Fig. 4.4 shows the application of Eq. (4.24) to a 1D computational domain. By symmetry, the

vapor ghost value at node i is given by

Tsat — Tit1
1-0

Substituting Eq. (4.24) in Eq. (4.22) gives a new expression for the gradient operator of T at node

i,

TC =Ty + (4.27)

oT _ Tsat + (9 — 1) T — eTi—l

ox|, 20Ax Ca-
Finally, we use Eq. (4.28) to replace the expression of the gradient of T for the nodes close to the
interface in Eq. (4.10), leading to the advection-diffusion equation for the liquid temperature with
immersed Dirichlet boundary condition (4.11). An obvious problem occurs when the interface is
very close to node i. In this case, 6 tends to 0 and Eq. (4.24) can no longer be used to compute a
ghost value on node i + 1. A threshold has to be used on the value of 6 to avoid division by 0 [27].
In the Boiling solver, if § is smaller than 1073, then T; is set to Tya and Eq. (4.10) need not be
solved on this node.

(4.28)

4.3.4 Computing the mass transfer rate

Accounting for the amount of liquid mass which crosses the interface per surface and time units,
as detailed in Section 1.3.1, the mass transfer rate mn has then a physical significance only at the
points lying on the interface. Consequently, the temperature gradients in Eq. (4.12) have to be
computed at the interface.

As an introduction to our numerical method in one dimension, the temperature gradients at the
interface are approximated by their values at the closest nodes to the interface,

1 Ty
e — [ =\ iq
m L, ( lia "5z

T yap
ox

€; - n; + >\vap

e, - ni+1> , (4.29)
i i+1
involving the assumption that the variations of the liquid and vapor temperature gradients between
node ¢ and the interface, and node 7 + 1 and the interface, respectively, are negligible, which is
considered acceptable on a well-resolved flow. Using Eq. (4.29) to compute m still requires a liquid
ghost value on node i 4 1 to compute 07iiq/9x|; (and a vapor ghost value on node i to compute
0T vap /02| Again, linear extrapolations (4.24) and (4.27) are used to compute these ghost
values.

Once the temperature gradients are computed, one can compute the mass transfer rate “at the
interface” with Eq. (4.29). This value of i is defined at the interface by the approximation (4.29),
whereas the Conservative Level Set advection equation (4.9) is solved on grid nodes. A transport
step of 7 from the interface to the nodes is then needed. As a first approximation in one dimension,
1 is computed on the closest vapor node to the interface and the obtained value is then copied on
all the nodes of the narrow band defined around the interface (a finer computation will be used in
two and three dimensions).

1)

4.4 Numerical results

In order to assess the validity of the numerical method detailed in this chapter, the result of a
one-dimensional simulation is now presented. Let 2 = [—L; L] be the computational domain where
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Pliq Pvap Vg Vvap >\liq
1000kgm™ 1kgm™3 1x1073Pas™! 1.78x10°Pas™! 0.73Wm 'K™!

)‘vap Cp,liq Cp,vap L,U Tsat
251 x 107 2Wm ' K~!  4038Jkg 'K~' 2079Jkg 'K~! 2.23x10°Jkg~! 373K

Table 4.1 — Physical parameters used in one dimension [85].

L =4x10"3m. Let N = 100 be the number of subdivisions of {2 such that Q = Ufigl [ 2i41]
where {z;:i€{0,...,N}} is the computational node set associated to € and all subdivisions
[#;; 2;41] are of equal length Ax. Consider a vapor bubble of radius Ry = 1 x 1073 m centered at
the origin of €2, surrounded by a liquid phase. The physical parameters of interest are listed in
Table 4.1. Both phases are initially at rest, i.e. the vapor and liquid velocity fields are initialized
to zero. The vapor temperature field T,y is initialized to Ty.e = 373 K in both phases. The liquid
temperature field Tj;q is initialized to Ts,¢ in the vapor phase. In the liquid phase, Tj;q is initialized
at time tg with the linear profile given by

Too(tg) — T.
ttor = { P
iq 1) -
Tyat, otherwise,

— if |z| >
(|x‘ R0)7 1 |l‘| — RO7 (4.30)

where Too (to) = Thiq(to, x0) = Tiiq(to, ) is used to control the slope of the profile and is set to
Too(to) = 573K. Due to the diffusion of the liquid temperature to the outside of the domain,
permitted by the use of outlet boundary conditions on both left and right boundaries, T, decreases
during the simulation. The time step At is set to 1 x 107°s. We emphasize here that the purpose
of this test-case is only to demonstrate the ability of our numerical method to compute, in one
dimension, the interface movement by means of the liquid and vapor thermal fluxes at the interface.
Thus we did not derive an analytical solution for 7j;, at time ¢ > ¢y, and the analytical liquid
temperature profile is known only at initialization by Eq. (4.30). Comparisons with analytical
solutions will be provided in Chapters 5 and 6 in 2D and 3D. Figure 4.5 shows the interface motion
between time ¢ty = Os and arbitrary time ¢; = 7.8 x 1072s at which the initial bubble radius has
been multiplied by a factor roughly equal to three.  Figure 4.5(a) shows the evolution of the
Accurate Conservative Level Set function by means of Eq. (4.9) in which the interface motion is
only driven by the mass transfer rate 7 since the vapor velocity, while also recomputed at each
iteration, remains null. On the z-axis, the initial position of the interface is denoted by zr o, and
the position of the interface at time ¢; is denoted by zr 1, both corresponding to the value ¢ (zr)
on the y-axis. Figures 4.5(b) and 4.5(d) show the liquid and vapor temperature profiles at times
to and t1, respectively. Figure 4.5(f) shows the values of the mass transfer rate computed, by Eq.
(4.29), from the thermal fluxes at the interface given by Aiiq, Avap and temperature profiles of Figs.
4.5(b) and 4.5(d). The values of the mass transfer rate are then copied on neighbor nodes as stated
in Section 4.3.4. Figures 4.5(c) and 4.5(e) show the liquid and vapor velocity profiles at times tg
and tq, respectively. The interface motion is only due to phase change since the vapor and liquid
phases are globally at rest. Indeed, the vapor velocity, while recomputed at every iteration, remains
null. The liquid velocity at the interface is thus equal to the velocity jump at the interface given by
Eq. (4.5), and is uniform in the two liquid portions of the domain, in accordance with Eq. (4.1).
Figure 4.5(g) shows the pressure profile at times tg and ¢;. The pressure is uniform in the vapor
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phase, and the pressure gradient in the liquid phase is given by Eq. (4.8). Since the mass transfer
rate increases with time (see again Fig. 4.5(f)), the liquid velocity also increases with time, by
Eq. (4.5), as can be seen in Figs. 4.5(c) and 4.5(e). Equation (4.4) then states that the pressure
gradient decreases in the liquid phase, from the interface to the outer of the domain, as can be
observed in Fig. 4.5(g). Note that the small values of i shown in Fig. 4.5(f) lead, by Eq. (4.6), to
a small pressure jump at the interface in Fig. 4.5(g) (in which the pressure field seems continuous
at the interface). Due to the scale chosen for the y-axis, this small pressure jump is not visible in
Fig. 4.5(g). These results show the ability of the Boiling solver to simulate the interface motion
due to phase change in one dimension.

4.5 Conclusion

In this chapter, the numerical method implemented in the Boiling solver has been presented for
one-dimensional simulations. We review here the main steps of the algorithm. The Navier-Stokes
equation

81@' 1 9P
=——— 4.31
ot pi Oz’ (431)
on the phase ¢ with jump conditions at the interface
1
[u]p =m {] nr, (4.32)
Plr
where u = + ||u|| e, and nr = te,, and
.o |1
[Plp =—m*|—| , (4.33)
Plr
is solved with the two-step projection method
2 < i‘l EPTH-% = 07
Ox prt Oox (4.34)
un+1 =y — EQP”AF%
i 7 i or
The Accurate Conservative Level Set i) given by
11 o(t,2)
t,x) = = + = tanh 4.35
Pltx) =5+ 5 tam (26(:1:)) (435)

is advected by
oY oY o O
ot + Uvap o - Puap ax7 (436)

and reinitialized after advection by

oy 0 9%

EJF%(w(l—w)) =eog (4.37)
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The heat equation with immersed Dirichlet boundary condition

oT; oT; 1 9 oT;
= — = 4.38
ot tu ox PiCp,i Ox ( or ) ( )
Tr = Tyat (4.39)
is solved where a ghost temperature value is computed at node x;41 by
Tsat - E
T =T+ = — (4.40)

when the interface is located between nodes z; and z;11, in order to compute the corresponding
temperature gradient at node z;. The mass transfer rate is computed as

1 Ti; Tya
"= — <)\hq ITliq OTvap

ox

€; - n; + >\vap

L, ox

(ST ni+1> y (441)
i i+1
where n; is the interface normal vector shifted at node x;.
The implementation has been illustrated in one dimension. The next two chapters extend this
methodology to two and three dimensions, where several numerical challenges arise mostly from
the fact that the normal vector is not aligned with grid nodes.
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Fig. 4.5 — Results of the one-dimensional simulation shown at initialization (¢ = 0s) and at time
t; = 7.8 x 10725 where the initial bubble radius has been multiplied by a factor roughly equal
to three : (a) the Accurate Conservative Level Set function ¢, (b) and (d) the vapor and liquid
temperature fields, (c¢) and (e) the vapor and liquid velocity fields, (f) the mass transfer rate, (g) the
pressure field. On the z-axis, the initial interface location is represented by xr, and the interface
location at time t; is represented by zr ;.






Chapter 5

Numerical simulation of two-phase flows
with phase change in two and three
dimensions with a fixed mass transfer rate

In this chapter, we focus on the simplified situation of fixed (constant and uniform) mass transfer
rate across the two-phase interface, meaning that the mass transfer rate is decoupled from the
temperature field. The accuracy of the method is first tested against a two-dimensional case. The
interface normal vector and curvature have now to be computed with high precision to avoid too
large deformations of the interface, potentially leading to numerical instabilities. The extension to
three dimensions is provided at the end of the chapter. Boiling simulations using a mass transfer
rate coupled to the temperature field will be addressed in the next chapter.
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5.1 Introduction

Multidimensional simulations of two-phase flows are much more challenging than monodimen-
sional ones. Many of the simplifications used in one dimension would lead to complete aberrations
in two or three dimensions, when not mathematically ill-defined. The main difference between one-
and two- (three-)dimensional boiling simulations is that, in the first case, the interface is a disjoint
point set, whereas in the second case, it is a curve (surface). This difference has one main conse-
quence : the interface normal vector can not be fixed to +e, anymore and has to be computed. It
is indeed a crucial ingredient involved in many steps of our method. The interface normal vector
is present in the Accurate Conservative Level Set time advancement and reinitialization equations
and in the velocity and pressure jumps at the interface. In this chapter, we show that the interface
normal vector is also used in other steps of the method when multidimensional simulations are
considered. The interface curvature is well-defined and must be computed to take into account
surface tension forces at the interface.

Section 5.2 recalls the governing equations and the numerical method used for two-phase flow
simulations with phase change in multidimensions. Section 5.3 presents some preliminary results
obtained with this methodology. Section 5.4 explains the lack of accuracy of the previous method.
Sections 5.5 to 5.10 detail the implementation of enhanced Level Set method variants developed
along this thesis to allow for multidimensional simulations on structured and unstructured grids.
Section 5.11 shows the improved accuracy in the interface transport provided by the different
methods on structured and unstructured grids. Finally, Section 5.12 concludes this chapter.

5.2 Governing equations

We recall the governing equations for two-phase flow simulations with phase change in two and
three dimensions.

5.2.1 Incompressible Navier-Stokes equations with phase change

In this section, we recall the steps of the projection method presented in Section 2.6 with the
contribution of phase change detailed in Section 4.3.1, extended to the multidimensional case.
Incompressible Navier-Stokes equations with phase change are given in each phase by
86111 +(w; - V)u; = Lyp + 1y (i (Vu; + Vu])) (5.1)
t pi Pi
where u is the velocity, P the pressure, p the density and p the dynamic viscosity of the phase
denoted by the ; subscript. The incompressibility hypothesis reads

In the projection method, the velocity predictors are given by

u =u? + At (- (u} - V)ul + %%v : (ui (Vu? + (VuﬁT))) : (5.3)

i

The updated velocities are given by the Helmholtz decomposition applied to u,

VPt (5.4)
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The divergence of Eq. (5.4) and the incompressibility hypothesis (5.2) applied to u}'*! lead to the
Poisson equation for P"Jr%,

1 1 1

V. VP2 | = —V.ul. (5.5)

n+t3 At

Pi
The pressure discontinuity at the interface is given by
Lo |1

[Plp =0k —m” |—| , (5.6)

Plr

where 1 is the mass transfer rate expressed in kgm'~?s~!, with d the spatial dimension, and the

dynamic viscosity contribution is neglected. The velocity discontinuity at the interface is given by

], = m e (5.7)

Poisson equation (5.5) is solved using the methodology detailed in Appendix B in which the pressure
and velocity discontinuity Eqgs. (5.6) and (5.7) are imposed at the exact interface location. The
linear system formed from Eq. (5.5) and jump conditions (5.6) and (5.7) is solved using the Deflated

Pre-Conjugate Gradient (DPCG) solver [49, 50]. Once Pn+3 is known, the velocity predictors u;
are corrected using Eq. (5.4) to obtain the updated velocities u?“.

5.2.2 Constant extrapolation of the velocities across the interface in the
interface normal direction

In Section 4.3.1, constant extrapolations of the velocities across the interface have been intro-
duced to be used in the projection method in one dimension. In multidimensions, such extrapola-
tions of the velocities are still required to apply the projection method described in Section 5.2.1
in order to compute derivatives of the velocities close to the interface in Egs. (5.3) and (5.5). The
major difference with the one-dimensional case is the unknown direction of the interface normal
vector np. Indeed, in one dimension, nr is always equal to +e,, whereas in multidimensions, np
can point to any direction and so has to be computed. It is then straightforward to infer that
the accuracy with which nr will be computed will strongly influence the overall accuracy of the
simulation. Once nr is known, the liquid velocity uy;q is extrapolated across the interface by solving
the equation

auliq

or

only on the vapor nodes of the narrow band around the interface. The same extrapolation is
computed for uyap on the liquid nodes of the narrow band. More details on Eq. (5.8) will be found
in Aslam [4] and in Appendix G.

+ VUHQ -Nnp = 0 (58)

5.2.3 Accurate Conservative Level Set method

The advection equation of the Accurate Conservative Level Set function described in Section
3.4 and extended to phase change in the previous chapter is given in multidimensions by
o

E + V- (¢ (uvap + uFXF)) = Ov (59)



72 CHAPTER 5. SIMULATION OF BOILING WITH A FIXED MASS TRANSFER RATE

where ur = — (11/pyap) 1r is the contribution of phase change to the interface velocity, and xr is
the indicator function of the interface defined as

1, ify(t,x)=0.5,
xr (t,x) = vl ) ) (5.10)
0, otherwise.

The divergence in the lhs of Eq. (5.9) can not be computed due to the two following incompatibil-
ities :

Finite Volume node-centered discretization The node-centered convention used in YALES2
for the discretization of the differential operators in the finite volume framework implies the
creation of a domain partition where each part called control volume is attached to a node.
By definition of a partition, there is then no space left on 2 to define a control volume that
would be attached to a subgrid point of Q (the creation of a partition is mandatory in the
finite volume method, no control volume overlapping is allowed). The interface T' is a good
example of such a subgrid point set : one can not compute the divergence of a field defined
only at the interface in the finite volume framework.

Dimension mismatch A second condition for the usability of the divergence operator (and other
differential operators) in the finite volume framework is that the definition set of the vectors
of which the divergence is computed must be of the same dimension as the whole domain Q.
Unfortunately, this property is not satisfied by the interface I', and one has

dimT = dim Q — 1. (5.11)

Using the identity
V- (Yurxr) = xrur - V¢ + ¢V - (xrur), (5.12)
=xrur - V¢ + ¢ (xrV -ur +ur - Vxr), (5.13)

and neglecting the derivatives of quantities defined only at the interface, the interface advection due
to phase change is solved under non-conservative form, i.e. V - (¢puryr) is modified to xrur - Vi
in Eq. (5.9) which is rewritten

% +V- (’(/Juvap) = —ur - VYxr, (5.14)
where phase change is considered as a source term in the advection of the ACLS function. The
rhs of Eq. (5.14) still contains a velocity term only defined at the interface, whereas the equation
is solved at grid nodes. One needs to make grid nodes aware of ur in a coherent manner. A first
observation can be done : only grid nodes relatively close to the interface need to infer the value
of ur. Attention must be paid to the different node levels that need to be provided a value of ur.
In order to avoid numerical difficulties, all grid nodes located in the area where Vi is non zero
are provided a value of ur. For ease of implementation, this area is extended to the narrow band
defined is Section 2.4.2. The contribution of phase change to the interface motion is given by the
second term of the rhs of Eq. (1.33), i.e.

ur = — nr. (515)

Pvap
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In this chapter, the mass transfer rate is imposed to a constant and uniform value on the whole
interface. As a result, no special operation is required to populate the narrow band nodes with the
value of the mass transfer rate. In this particular case, the imposed 7 value is simply assigned to
the concerned nodes. As a result, the Navier-Stokes equations and the heat equation are decoupled.
Equation (5.14) is written under conservative form with source term, i.e.

temporal variation of 1 + divergence of the flux 1uy., = source term, (5.16)
but the actual form of an advection equation with source term for 1 is given by
temporal variation of ¢ + advection of 1 by the velocity uya, = source term. (5.17)

Since we use the incompressible form of the Navier-Stokes equations, the vapor velocity is theo-
retically divergence-free. Nevertheless, the constant extrapolation of U, across the interface does
not guarantee that the ghost values of uyap in the liquid phase are divergence-free. Moreover, the
divergence of uy,p can suffer from numerical errors caused by the numerical schemes used to advect
1) even on nodes far from the interface, due to the limited precision of the differential operators on
unstructured grids. In order to minimize these problems, the possibly non-zero divergence of uy,p
is substracted from the lhs of Eq. (5.14), leading to

o

E + {v : (wuvap) - ¢V : uvap} = —ur- V1/)XF (518)
Using Eq. (5.12) transposed to ¢ and uya.p, one establishes the mathematical equality of the term
between braces in the lhs of Eq. (5.18) to uyap- V1. Consequently, Eq. (5.18) is the actual advection
equation of 1 written under form (5.17). In order to benefit from the conservative form, Eq. (5.18)
is rewritten

o

a0 + V- (YUap) = —ur - VixT + 9V - Uyap, (5.19)

where ¥V - Uy, is considered positively in the rhs. Equation (5.19) written under conservative
form enforces conservation of the quantity v by integration of the flux 9 uy,p, over control volumes
to compute its divergence (see Section 3.1.1), whereas it enforces the incompressibility hypothesis
(V - uyp = 0) by removing the divergence of uy,p, which is non zero in the ghost liquid part of
Uyap. The conflict between the indicator function of the interface in Eq. (5.19) and the fact that
this equation is solved on grid nodes has to be resolved. In the case where the mass transfer rate
is imposed, the function y is simply removed from the equation, resulting by Eq. (5.15) in the
approximation

nr- Vol =np - Vo, (5.20)

for all nodes p in the narrow band around the interface. Outside the narrow band, 7 is set to zero.
The advection equation of the Accurate Conservative Level Set function is then given by
o m

E + V- ("/JUVap) = Puap

nr - Vi) + 9V - Uyap, (5.21)

where the first term of the rhs vanishes outside the narrow band.
After advection of ¢ by Eq. (5.21), the CLS function is reinitialized to the hyperbolic tangent
of the new signed distance function by Eq. (2.24) where the interface normal vector from the

previous iteration is used. After reinitialization, the updated interface normal vector and curvature
are computed by Egs. (3.27) and (3.28).
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5.3 First numerical results

We evaluate the numerical method presented in this chapter on the case of a 2D static growing
bubble with a fixed mass transfer rate from [85]. The computational domain is a square of side

length L = 8 x 1072 m. The initial bubble radius is Ry = 1 x 1072 m and the imposed mass transfer

rate is 7 = 1 x 1071 kgm~2s~!. The simulations are performed until final time t; = 1 x 10725
needed for the bubble radius to double the initial radius. The other physical parameters of interest
~ls~1 and

are piq = 1 X 1O3rkgm’3, pvap = lkgm™3, 0 = 7x 1072 Nm™!, pjq = 1 x 1073 kgm
vap = 1.78 x 1075 kgm =1 s~ 1.
5.3.1 Interface displacement due to level set reinitialization numerical errors

Prior to the actual simulation, Eq. (2.24) is solved at initialization in order to highlight the
resulting displacement of the liquid-vapor interface, as shown in Fig. 5.1. The implementation of

Fig. 5.1 — Interface displacement due to the reinitialization of the level set function performed

at initialization by Eq. (2.24) on two unstructured grids : (a) Az = 4 x 10~%*m and (b) Az =
1 x 10~*m. The initial interface is shown in blue and the interface after reinitialization of the level
set function is shown in red. The interface is initially circular, the observed discontinuities at grid

edges are due to the interpolation performed by the visualization software in each grid triangle.

the level set reinitialization method then needs to be improved in order to preserve the interface

location resulting from the advection of the level set function by Eq. (5.21).

5.3.2 First attempt to validate the numerical method

Figure 5.2 shows the result on two different unstructured grids. One can see the lack of accuracy
in the interface localization. Indeed, since the mass transfer rate is constant and uniform, the bubble
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Fig. 5.2 — Static circular bubble growing by means of a fixed (uniform and constant) mass transfer
rate. The bubble shape is expected to be a circle at any time of the simulation. Subfigs. (a) and
(b) show the simulation on a grid of cell size Az = 4 x 10~*m and Subfigs. (c) and (d), on a grid
of cell size Az =1 x 10~*m. The initial interface is shown in blue in (a) and (b) and in white in
(c) and (d). Shortly before the failure of the simulation, the computed interface is shown in black
while the corresponding theoretical interface is shown in green.

should remain circular while expanding. In both cases, the simulation failed soon after the physical
times of the snapshots. On the coarsest grid (Subfigs. 5.2(a) and 5.2(b)), the bubble radius increased
weakly before the failure of the simulation (initial interface in blue and last theoretical interface
before failure in green in Subfig. 5.2(a)). On the finest grid (Subfigs. 5.2(c) and 5.2(d)), the
bubble radius further increased before failure. While the computed interface shown on the finest
grid is globally closer to the corresponding theoretical interface than the computed interface on the
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Fig. 5.3 — Computation of the signed distance function to the interface by the Simple Marker
Method in which the distance of a node to the interface is approximated as the distance to the
closest intersection of the edge and the piecewise-linear interface. Once all closest nodes to the
interface (level 1 in the narrow band) have an updated signed distance value (a), updated values
are computed for their closest neighbors (level 2 in the narrow band) (b), and so on until the
boundary of the narrow band is reached.

coarsest grid, one has to notice that grid refinement also increases small interface distortions, as can
be seen comparing the two computed interfaces shown in black. As a result, the interface curvature
given by Eq. (2.12) is highly polluted by these distortions of the signed distance function.

As will be detailed in Section 5.4, these distortions are due to a slight inaccuracy in the signed
distance function computation. One has to notice that the interface distortions will in general be
higher in the case where the mass transfer rate is computed (see Chapter 6), due to inevitable
numerical errors in its computation. This test case is even more challenging in three dimensions
where the interface is expected to remain spherical during boiling. The next part of this chapter is
devoted to the improvement of the signed distance function computation using different numerical
methods.

5.4 Inaccuracy of the Simple Marker Method in the computation of
the Signed Distance Function to the interface

At the beginning of this thesis, YALES2 used the method presented in Section 3.4.1 to compute
the signed distance function to the interface. In order to briefly recall the principle of this method,
Figs. 3.10 and 3.11 are reproduced in Fig. 5.3. The signed distance function is approximated
on nodes of band level +1 by their distance to the closest intersection of a grid edge and the
piecewise-linear interface, as shown in red in Subfig. 5.3(a), in which the actual distance is given
by the length of the green segment. Subfigure 5.3(b) extends this method using Chasles’s identity
(3.26) to nodes of band level 4+2. Similar operations are performed on nodes of band levels greater
than 2. This method is robust and gives a signed distance value at every node, being on one,
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two or three dimensions, on structured or unstructured grids, and on sequential or parallel domain
decomposition. In this manuscript, we refer to this method as the Simple Marker Method (SMM).
The drawback of this method is its important lack of accuracy. On Fig. 5.3.(a), one can clearly
notice the error made on the signed distance values of the closest nodes to the interface. The error
depends on the angle between the element edges crossed by the interface and the piecewise-linear
interface inside the element. If edge (x1,x2) is orthogonal to the interface, then the error on the
signed distance value on node x; is null. In the general case, edge (x1,X2) is not orthogonal to
the interface, and the error is not negligeable. Figure 5.3.(b) shows the same problem for signed
distance values on nodes of band level +2. One can not advect the Conservative Level Set function
with Eq. (5.21) and reinitialize it with Eq. (2.24) if the interface normal vector np is computed as
the gradient of the signed distance function ¢ reinitialized by the Simple Marker Method.

5.4.1 Collaboration with the CORIA team

Some improvements of the method have been tested in collaboration with Vincent Moureau
from the CORIA team responsible for the main development and coordination of YALES2. For
instance, the signed distance values on the closest nodes can be corrected by the projection of the
nodes onto the interface (see the green segment on Fig. 5.3.(a)).

YALES?2 is mainly used to solve the incompressible Navier-Stokes equations on 3D unstructured
grids. Single-phase flow simulations are now mature in the CFD community, and a strong interest
in two-phase flow simulations has been shown for the last few years to take into account more
complex physical phenomena. Among YALES2 users, these phenomena have mainly been liquid jet
atomization and combustion. Since two-phase flows imply the presence of an interface separating the
two phases, the problem of the signed distance function reinitialization appears, meaning that other
research teams using YALES?2 also faced this problem on unstructured grids with MPI parallelism.
As a consequence, V. Moureau’s team also investigated the problem. In collaboration with him and
his team, we improved the SMM by computing the signed distance value of a node of band level
+1 as the distance between this node and its projection onto the closest segment representing the
piecewise-linear interface. We only mention here that, while as expected, this correction improved
the accuracy of ¢ values on the closest nodes to the interface, it was still insufficient to accurately
reinitialize ¢ on farther nodes to the interface in order to compute the interface normal vector by
Eq. (3.27). Further improvements were needed and are developed in the following sections.

5.5 The Multiple Marker Method

V. Moureau developed the Multiple Marker Method (MMM) in which the notion of marker is
extended to the whole segment representing the piecewise-linear interface inside a given grid element
(or the whole polygon representing the piecewise-planar interface inside a given grid element in three
dimensions). Let (x1,x2) be a grid edge crossed by the interface I'. In the MMM, if n € {1,...,3}
is the spatial dimension, a marker M;(x;1) associated to node x; is the (n + 1)-dimensional vector
given by

Mi(xl) = (‘IFU"'?anvHxl_XFH)Ta (522)
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where xp = (zr,,...,2r,)" is the coordinate vector of the intersection point between edge (x1,x2)
and the interface I', and i € I,, with

(1}, ifn=1,
IL=21{1,....3}, ifn=2, (5.23)
{1,...,6}, ifn=3,

i.e. one defines one marker in one dimension, three markers in two dimensions and six markers in
three dimensions. These values have been adopted based on empirical tests. The signed distance
value ¢ on node x; is then given by

¢ (x1) = min {(M; (1)1 }» (5.24)

where (M; (x1)),,,, is the last component of vector M; (x1). Otherwise stated, Eqs. (5.22) and
(5.23) show that marker lists are composed of one marker in one dimension, three markers in two
dimensions and six markers in three dimensions.

In the MMM, the reinitialization of ¢ on the closest nodes to the interface is similar to that
of the SMM. The difference concerns the reinitialization of ¢ on the farther nodes. Indeed, in the
MMM, a list of markers is built for each node. Each list is ordered in ascending order (in absolute
value) of the values of its (n + 1)-th element components, i.e. for any node x, the first marker
M;(x) in the marker list asssociated to x is the closest marker to x. Since markers are located at
the interface, ¢(x) is updated as the (n + 1)-th component of marker M (x).

Consequently, such marker lists are useless for the closest nodes to the interface since only one
marker is needed to update ¢. The advantage of marker lists appears when ¢ is reinitialized on
farther nodes to the interface. When ¢ has been reinitialized on all closest nodes to the interface,
then ¢ is reinitialized on nodes of band level £2, and so on until the narrow band boundary (nodes of
band level £8 by default in YALES2). For clarity, only positive values of band levels are considered
in the following part. In order to reinitialize ¢ on nodes of band level 2, nodes of band level 1 share
their marker list to their neighbor nodes of band level 2. A node x of band level 2 can be connected
to an important number K of nodes xj, of band level 1. Node x builds its marker list among markers
of nodes xj, by ordering all these markers in ascending order of the value of their (n+ 1)-th element
components. The number of markers retained by node x is equal to the cardinality of the set I,
given by Eq. (5.23). The signed distance value on node x is then given by

o (x) = 1£llclélK 11611[?{(]\41 (ack))n_H}. (5.25)
Unfortunately, the accuracy of the signed distance function reinitialization has not been clearly
enhanced using the MMM.

5.5.1 Improvement of the Multiple Marker Method

After discussions with V. Moureau, we tried to improve the method by computing the projection
of the closest nodes to the interface onto the per-element segment representing the piecewise-linear
interface, as shown in Fig. 5.3(a). For a node x of band level +£1 and a segment I'j, representing
the piecewise-linear restriction of the interface I' to a grid element Ej; to which x is a summit, the
orthogonal projection x; of x on I'j, is computed. The point x; is retained only if it is located
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in element Ej. If x, € E}, then the first marker of the marker list of x; becomes M;(x) =
T .
(Thyy-- s Zh,, ||[x —%p]]) ", and ¢ is updated on x by

6 (x) = % [x — x| (5.26)

Equation (5.26) gives the exact ¢ value on x provided that there exists a grid element Ej, to which
x is a summit and which contains the orthogonal projection x5 of x on I'y. The reinitialization
method of ¢ on farther nodes to the interface is unchanged but such nodes benefit from these new
markers by means of marker list propagation. As for the SMM, this projection step improved the
accuracy of ¢ on the closest nodes to the interface, but imprecisions on the farther nodes were
still significant. The interface normal vector and curvature then computed from ¢ were still highly
polluted by oscillations on ¢.

5.6 Strategy adopted to improve the reinitialization accuracy of the
signed distance function to the interface

While V. Moureau’s team kept on working on marker-based methods (see Section 5.9.3 for
the most recent developments), we focused on classical reinitialization methods. A large study of
the classical and state-of-the-art reinitialization methods for level set functions has been realized,
and the classical methods have been implemented and validated. YALES2 uses the CLS since
conservation is a needed feature in larger scale two-phase flow simulations, e.g. atomization, where
a drop of liquid may be discretized by only a few grid nodes. Nevertheless, it has been shown
in Section 5.3 that the overall implementation of the method lacks accuracy in the case of the
simulations addressed in this thesis. We then decided to adopt the SDF as level set function.
I implemented the corresponding classical reinitialization methods on cartesian grids, with the
perspective of understanding their key points and reimplementing it on unstructured grids. I then
followed the same methodology for the CLS function. On structured grids, Section 5.7 details
the implementation of the signed distance function reinitialization, and Section 5.8 details the
implementation of the conservative level set function reinitialization. On unstructured grids, Section
5.9 details the implementation of the signed distance function reinitialization, and Section 5.10
details the implementation of the conservative level set function reinitialization.

This study has been presented at the Dispersed Two-Phase Flows 2018 Conference in Toulouse,
France, and can be found in Sahut et al. [73].

In the following sections, ¢ denotes the signed distance function and 1, the conservative level
set function. In all the implemented methods, the interface normal vector n and curvature k are
computed as

Lo Ve VT H($) Ve~ |[Ve|* Tr(H(g))
IVl IVl

where the equation to compute & is Eq. (3.6) from Goldman [28], emphasizing again that high
precision is needed in the reinitialization of ¢ to avoid perturbations in n and k.

: (5.27)

5.7 The Signed Distance Level Set function on uniform cartesian grids

The two classical reinitialization methods for the signed distance function, namely the Hamilton-
Jacobi equation and the Fast Marching Method, have been implemented for cartesian grids.
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Tit3,5
(a) Cartesian grid : the neighbor nodes of node (b) Unstructured grid : the notion of neighbor
X;,; in the directions +e, and +e, are uniquely nodes of node x, in the directions +e, and +e,
defined. For instance, the three neighbor nodes is ill-defined.

of node x;,; in the direction —e, are the nodes
Xij—1, Xij—2 and X; ;3.

Fig. 5.4 — Large orthogonal stencils are uniquely defined on cartesian grids (a) for a node x; ;
using the neighbor nodes located on the red + sign whose origin is at node x; ;, but undefined on
unstructured grids (b) since neighbor nodes are not necessarily located on the + sign.

5.7.1 Reinitialization of the Signed Distance Function by the
Hamilton-Jacobi equation

In the case of phase change, the signed distance function is advected by solving the standard
advection equation with source term
J¢ m

sl vap - Vb = , 5.28

where Uy, is the vapor velocity, pyap is the vapor density and the source term is due to phase
change. After advection, the function ¢ is reinitialized as a signed distance function to the interface
by solving Eq. (2.7). We now describe the procedure used to solve Eq. (2.7). We use a high-order
scheme to compute V¢ meaning that large orthogonal stencils are needed for every grid node. This
requirement conflicts with the strategy of YALES2 to compute differential operators using only
the direct neighbor nodes. Such operators are called compact operators. Indeed, on unstructured
grids, neighbor nodes are not located on an orthogonal cross stencil centered on one node. As a
consequence, neighbors in the z- and y-directions of a given node are not well-defined, as shown
in Fig. 5.4. YALES?2 focuses on complex, realistic geometries, so is more devoted to unstructured
grids. This implies huge differences in the core of the code structure between YALES2 and classical
structured codes. The latter ones usually adopt a simple method to store the grid : an array of
dimension of the problem considered is declared and grid nodes are accessed by means of ¢, j and k
indices. The main advantage of this method is the ability from one node x; ; . to access its neighbors
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Fig. 5.5 — Addition of a ghost domain (in green) to the initial domain (in black) in order to build
neighbor lists composed of three neighbors on top, right, bottom and left of all nodes located on
and close to the initial domain boundaries.

with simple operations on the indices. For instance, the right neighbor in the z-direction of node
Xi jk is accessed via X; j11,k. In order to mimic this behavior in two dimensions, we first build a
large neighbor list for each node composed of three neighbors on top, right, bottom and left of the
node by looping over grid edges. Let (x,,x,) be one grid edge. If (x, — x,) - €; = 0, then (x,,x,)
is a vertical grid edge. If (xp)y < (xq)y, then x, is the neighbor of x, in the y-direction of level +1.
If (xp), > (xq),,, then x4 is the neighbor of x; in the y-direction of level —1. For the nodes close
to the domain boundaries, we add a ghost domain to the initial domain in order to build neighbor
lists for these nodes. Figure 5.5 illustrates the addition of a ghost domain. The method is iterated
until all nodes have a list of three neighbors in the four cardinal directions (in two dimensions). An
example of such a neighbor list is shown in Fig. 5.4(a). These neighbor lists are built only once
before entering the temporal loop of the Boiling solver.

The first step of the pseudo-temporal loop is the extrapolation of ghost values on the ghost
domain from the values in the physical domain. Refering to Fig. 5.5, the ghost value ¢ of ¢ on
node x; ;1 is given by

G = Gy + Hj (15,0 h, (5.29)

where h is the cell size, £ = /2h is the diagonal of one grid cell, and H, » is the shifted smoothed
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Heaviside function defined for z,y € R by

and Hj, is the smoothed Heaviside function defined as

0, if x < —vy,
1 z 1 . x .

Ha(a,9) =4 5 (1 + 3+ ~sin (wh>) ,if 2| < Jyl, (5.31)
1, ifx >y.

One can deduce from Eqs. (5.29), (5.30) and (5.31) that if the interface does not cross elements
Ei_1/2,j11/2 and Ei 13 j11/2, then the ¢ ghost value on node x; ;1 is simply given by

¢Sy =iyt h, (5.32)

depending whether x; ; is located on the liquid or vapor phase (we recall that ¢ > 0 in the liquid
and ¢ < 0 in the vapor).

The second step is the computation of the Godunov flux G (¢; ;) = ||V¢; ;|| — 1 for all nodes
x;,; of the initial domain using the Fifth-Order WENO scheme from [78] detailed in Appendix C.

The last step is the actual pseudo-temporal advancement of ¢ given by

Pt =9t — ATS (¢7) G (¢};) - (5.33)

Equation (5.33) is given for clarity reasons with an explicit Euler temporal integration scheme. The
9 superscript in Eq. (2.7) is then replaced by the ™ superscript. Nevertheless, Eq. (5.33) is solved
in the Boiling solver with a third-order Runge-Kutta scheme.

5.7.2 Reinitialization of the Signed Distance Function by the Fast Marching
Method

In order to limit the computational cost needed to perform the Fast Marching Method, we solve
it only in the narrow band around the interface, large enough to be able to compute the interface
normal vector and curvature by Egs. (5.27). The implementation of the Fast Marching Method in
the Boiling solver is detailed in Appendix D.

5.8 Reinitialization of the Conservative Level Set function on uniform
cartesian grids

In the Boiling solver, ¢ is advected using Eq. (5.21). Instead of computing V¢ in the rhs of
Eq. (5.21) by the classical finite volume gradient operator detailed in Section 3.1.1, we reuse the
idea of [13] to express Vi by Eq. (2.39), replacing ¢ by ¢rmm, leading to

1

4e (x) cosh® (W)

Vi (t,x) =

V¢FMM (t, X) s (534)
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where V¢ppm is computed by the finite volume gradient operator of Section 3.1.1. Normalizing
Vorum (t,x) by Eq. (2.30) to avoid numerical errors, one has

Vi (t,x) = ! n(t,x). (5.35)

5.9 The Signed Distance Level Set function on unstructured grids

In order to tackle complex geometries, the previous algorithms are now extended to unstructured
grids.

5.9.1 Reinitialization of the Signed Distance Function by the
Hamilton-Jacobi equation on unstructured grids

Section 5.7.1 details the reinitialization of the signed distance function using Hamilton-Jacobi
equation (2.7) on cartesian grids. The fifth-order WENO scheme used heavily relies on a cartesian
grid to define large stencils for each node. These large stencils are composed of one, two or three
neighbors in the z- and y-directions. While particularly efficient on structured cartesian grids, carte-
sian WENO schemes use large stencils that are undefined on unstructured grids. Moreover, using
large stencils is against the global strategy adopted in YALES2 to reconstruct differential operators
using compact schemes, i.e. with only the direct neighbor nodes. Unstructured high-order schemes
with a compact reconstruction of the differential operators exist [62] but are highly challenging to
implement in a parallel algorithm. Since classical cartesian high-order WENO schemes are unusable
on unstructured grids, another solution has been found.

In [17], the authors developed a numerical method to solve Hamilton-Jacobi Eq. (2.7) on
unstructured grids in two and three dimensions. An implementation is provided by means of the
MshDist open source library!. This method has two restrictions : 1), the grid must be composed only
of simplices (triangles in two dimensions, tetrahedra in three dimensions), and 2), while it can be
used with shared memory (OpenMP), the library can not be used with distributed memory (MPT).
While using simplicial grids is quite acceptable, the limitation to shared memory must be overcome.
YALES?2 solvers are designed to launch several processes with distributed memory. If limited to
shared memory, solvers can only launch one process (with memory possibly shared by several
cores), and the computational time needed for large 3D simulations becomes cumbersome, not to
speak about severe memory limitations. First, thanks to fruitful discussions with C. Dapogny?,
the MshDist library has been coupled to the Boiling solver in order to evaluate the accuracy of the
reinitialized ¢ values in a sequential boiling simulation. Second, since the resulting ¢ function was
highly accurate, the algorithm has been implemented directly in YALES2 where a solution for MPI
parallelism has been derived. Appendix E details the implementation of this algorithm in YALES2
with MPI parallelism.

IThe source code is freely available at https://github.com/ISCDtoolbox/Mshdist.
2Jean Kuntzmann Lab., Université Grenoble Alpes, France
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5.9.2 Reinitialization of the Signed Distance Function by the Fast Marching
Method

Section 5.7.2 details the use of the Fast Marching Method (FMM) to reinitialize ¢ on cartesian
grids. An extension of the FMM to unstructured grids has recently been implemented in the MshDist
library discussed in Section 5.9.1. Currently, the library proposes two methods to reinitialize ¢ :
the Hamilton-Jacobi (HJ) equation (Section 5.9.1) and the FMM. The FMM proposed in MshDist
has the same limitations as the HJ equation : simplices are required and, above all, the method can
not be used with distributed memory (MPI). Tests have been performed using the FMM sequential
implementation of MshDist (see Section 5.11 for numerical results).

5.9.3 Reinitialization of the Signed Distance Function by the Geometric
Marker Method

Developed by the CORIA team, the Geometric Marker Method (GMM) is based on the Multiple
Marker Method (MMM) presented in Section 5.5. Instead of computing the signed distance function
to points, as in the MMM, in this new approach, one computes the signed distance function to the
piecewise-linear interface in each grid element. As for the MMM, a complex mechanism is used to
propagate marker lists such that farther nodes x to the interface can select the marker minimizing
¢(x) among marker lists of closer nodes to the interface. This method has been implemented in
two and three dimensions, and is detailed in Appendix F.

5.10 The Conservative Level Set function on unstructured grids

The reinitialization method for the Conservative Level Set [13] presented in Section 5.8 has
been extended to unstructured grids. The function v is still reinitialized by Eq. (2.28), but the
interface normal vector n is now computed from the signed distance function ¢ reinitialized using a
method suitable to unstructured grids. In Eq. (2.30), ¢rmm, denoting the function ¢ reinitialized
by the cartesian Fast Marching Method detailed in Section 5.7.2, is replaced by ¢myj,, drmm, OF
¢camM, denoting the signed distance function ¢ reinitialized, using the previously advected ¢ values
on the closest nodes to the interface as boundary conditions, respectively by the Hamilton-Jacobi
equation (Section 5.9.1), the Fast Marching Method (Section 5.9.2) and the Geometric Marker
Method (Section 5.9.3), where the subscript , denotes the unstructured versions of the methods
(the GMM in only defined for unstructured grids since it requires simplices).

5.11 Improved numerical results

The different level set reinitialization methods presented in the previous sections are validated
against the case of a 2D static growing bubble of initial radius Ry = 1 x 1073 m with a fixed
mass transfer rate presented in Section 5.3. The methods tested are summarized in Table 5.1.
The seven cases have been computed on four different grid cell sizes : 4 x 107%m, 2 x 10~ m,
1x107*m, 5 x 107°m, where the grid cell size is approximated on unstructured grids by the
meshing software algorithm. In order to evaluate the accuracy of our different methods, we first
plot the relative error on the bubble radius £r at final time. The theoretical bubble radius at final
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Grid topology Structured Unstructured
Level set type SDF CLS SDF CLS
Chiodi &
e e Chiodi & FMM Desjardins
Reﬁéﬁﬁtlon HJ | FMM | Desjardins | from | GMM frgfl {1/7] [13] +
[13] [17] FMM from
[17]
Cases 1 2 3 4 5 6 7

Table 5.1 — The seven tested combinations : SDF stands for Signed Distance Function, CLS for
Conservative Level Set, HJ for Hamilton-Jacobi, FMM for Fast Marching Method and // for parallel.

time is R™® = 2 x 1073 m. One has

¢r L ax |R (xr) — R™|, (5.36)

R™ (x;,x5)€A

where A is the set of grid edges crossed by the interface, the max function defines the L°°-norm of
the error, xr is the interface location interpolated on edge (x1,x2) € A by

XF = (]‘ - exl,x2) X1 + 9X17X2X27 (537)
with 0x, x, the relative distance defined in Eq. (3.24), and R (xr) is given by
R(xr) = [xr|, (5.38)

since the bubble is centered on the origin of the (e;,e,) frame. We then plot the L*-norm of
the error on the z-component of the interface normal vector £ at final time. The error £y is not
normalized since normal vectors at the top and bottom of the bubble have an z-component equal

to 0. One has
ey = max [(n(xr)), — (0" (), (5-39)

where the interface normal vector n (xr) is computed as

n (XF) = (1 - 9X17X2) n (Xl) + 9X17X2n (X2) ) (540)

th (

and the theoretical interface normal vector n** (xr) is given by

XT

n (xp) = —. (5.41)
Ixr|
Finally we plot the relative error on the interface curvature &, at final time, given by
1 th
I |/{ (xr) — K ’ , (5.42)

= —0 max
|’€th‘ (x1,x2)€EA
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where the interface curvature k (xr) is given by

K (x1) K (X2)

K(xr) = 5.43
X0 = ) 5 0t2) o () (>43)
and the theoretical interface curvature ™ is given by
1
K= - —— = -5 x 10°m~ . (5.44)

Rth T

Figure 5.6 shows the interface location at final time on the finest cartesian grid considered for
Cases 1, 2 and 3 ; and Fig. 5.7 shows the relative errors at final time on the bubble radius, the
x-component of the interface normal vector and the interface curvature for these cases. Figure 5.8
shows the interface location at final time on the finest unstructured grid considered for Cases 4, 5,
6 and 7 ; and Fig. 5.9 shows the relative errors at final time on the bubble radius, the z-component
of the interface normal vector and the interface curvature for these cases. Figure 5.10 summarizes
the relative errors on the final bubble radius, z-component of interface normal vector and interface
curvature for all cases. For the final bubble radius, the seven methods have a convergence rate close
to one with respect to the grid cell size (see Fig. 5.10(a)). For the finest grid, all relative errors
on the bubble radius are below 1% (the error of Case 7 being equal to 1.06%). The errors on the
normal vector and the curvature are shown in respectively Figs. 5.10(b) and 5.10(c). The results
show that the error on the normal vector decreases at order 1 for all methods. Whereas Fig. 5.10(a)
shows that Case 7, the Conservative Level Set function on unstructured grids, presents the highest
relative error for the final bubble radius on the finest unstructured grid (1.06%), Fig. 5.11 shows
that the final interface location is quite satisfactory even for this case on the four unstructured
grids. Case 7 is the analogous of the case presented in Section 5.3 and illustrated in Fig. 5.2. One
can see the improvement of our implementation in the accuracy of the interface shape comparing
to the initial method implemented in YALES2. Further work is needed to improve the convergence
of both normal vector and curvature for Case 7.

This test case has also been performed on three-dimensional unstructured grids with the GMM,
as the method giving the best results for the final bubble radius on two-dimensional unstructured
grids. Figure 5.12 shows the interface at final time in three dimensions and Fig. 5.13 shows the
corresponding errors on the bubble radius, z-component of the interface normal vector and interface
curvature.

The Boiling solver is then able to simulate phase change with high accuracy by means of an
imposed mass transfer rate on two- and three-dimensional unstructured grids. Indeed, the proposed
implementations of the Level Set method, the Signed Distance Function and the Conservative Level
Set function, have demonstrated their ability to accurately model the interface motion and capture
the interface location when the mass transfer rate is uniform and constant. In two dimensions, Fig.
5.7 shows a convergence rate of 1 for the final bubble radius and interface normal vector and a
convergence rate of 0.5 for the final interface curvature on cartesian grids. Similarly, Fig. 5.9 shows
a convergence rate of 1 for the final bubble radius and interface normal vector and a convergence
rate between 0 and 0.5 for the final interface curvature (except for Case 7) on unstructured grids.
In three dimensions, as shown in Fig. 5.13, the L*-norm of the error on the bubble radius at
final time decreases at order one with grid refinement. Further work is needed to improve the
convergence of the interface normal vector and curvature at final time. Nevertheless, we emphasize
that the convergence of the final interface normal vector and curvature are challenging to obtain if
the convergence rate of the bubble radius (Level Set function) is not sufficiently high.
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5.12 Conclusion

In this chapter, the numerical methodology implemented in the Boiling solver has been presented
in multidimensions. The lack of accuracy in the computation of the signed distance function to
the interface and its impact on the interface shape have been exposed. Several numerical methods
for the advection and reinitialization of the Level Set function have been presented to solve this
issue. These methods have been validated and compared on the case of a static growing bubble
with a fixed mass transfer rate. All implemented methods present for the final bubble radius a
convergence rate of one with grid refinement. Four of the seven methods presented are designed
for unstructured grids (Cases 4, 5, 6 and 7). Figure 5.14 shows the improvement in the simulation
of a two-dimensional bubble growth with a fixed mass transfer rate w.r.t. the initial simulation
performed using the basic implementation of the ACLS function. The Boiling solver is then able
to simulate phase change with a fixed mass transfer rate. The bubble radius converges at order
one with grid refinement on structured and unstructured two-dimensional grids and unstructured
three-dimensional grids. The ability to accurately compute the interface location on unstructured
grids opens the path to numerical simulations of liquid-vapor phase change on complex geometries.

In the next chapter, the numerical method of the Boiling solver is enhanced by the computation
of the mass transfer rate, and boiling simulations on unstructured grids are presented.
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(b)

()

Fig. 5.6 — Interface location at final time on the finest structured grid considered (Az = 5 x 107° m)
for (a) Case 1, (b) Case 2 and (c) Case 3. The initial interface is represented in blue (in white on
(c)), the computed interface at final time, in black. Our FMM implementation reinitializes ¢ only
in the narrow band around the interface to save computational time. The liquid and vapor velocity
fields are represented on (c).
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Fig. 5.7 — Errors at final time of (a) bubble radius, (b) z-component of interface normal vector and
(c) interface curvature for Cases 1, 2 and 3.
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() (d)

Fig. 5.8 — Interface location at final time on the finest unstructured grid considered (Az =
5x 1075m) for (a) Case 4, (b) Case 5, (c) Case 6 and (d) Case 7. The initial interface is rep-
resented in blue on (a) and (d) and in white on (b) and (c), the computed interface at final time,
in black. The liquid and vapor velocity fields are represented on (b).
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Fig. 5.9 — Errors at final time of (a) bubble radius, (b) z-component of interface normal vector and
(c) interface curvature for Cases 4, 5, 6 and 7.
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Fig. 5.10 — Errors at final time of (a) bubble radius, (b) x-component of interface normal vector
and (c) interface curvature for all Cases of Tab. 5.1. The letters S and U stand respectively for
Structured and Unstructured.
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Fig. 5.11 — The results for the Case 7 on four different unstructured grids are plotted at final time
with a characteristic cell size of (a) 4 x 10~*m, (b) 2 x 107%m, (¢) 1 x 10~*m and (d) 5 x 107° m.
The initial interface is plotted in blue, the computed interface in black, and the theoretical interface

in red. For clarity, only the coarsest grid is represented in (a).

velocity fields are plotted in (b).

The computed liquid and vapor
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(8) (h)

Fig. 5.12 — Three-dimensional extension of Case 5 to four tetrahedral unstructured grids : (a)-(b)
Az =4x10"%m, (¢)-(d) Az =2 x 10~*m, (e)-(f) Az =1 x 10~*m and (g)-(h) Az =5 x 10~° m.
The initial interface is shown in blue, the theoretical and computed interfaces are shown at final
time in green and yellow, respectively. We emphasize here the excellent agreement between the
theoretical and numerical results.
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Fig. 5.13 — Error on (a) the bubble radius, (b) the z-component of the interface normal vector and
(c) the interface curvature relative to the three-dimensional simulations shown in Fig. 5.12.
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() (d)

Fig. 5.14 — Comparison of the two-dimensional bubble shape growing with a fixed mass transfer
rate : (a), (c) with the basic ACLS implementation of YALES2 on respectively A = 4 x 10~ m and
A =1 x10"*m (large imprecisions on the interface location led to the failure of the simulation in
both cases), reproduced from Figs. 5.2(a) and 5.2(c), and (b), (d) with our implementation denoted
as Case 7 in Table 5.1, on grids of same characteristic cell sizes, reproduced from Figs. 5.11(a) and
5.11(c), where the final bubble radius is twice the initial one. The initial interface is colored in blue,
the theoretical interface at current time is colored in red and the corresponding computed interface
is colored in black.






Chapter 6

Numerical simulation of two-phase flows
with phase change in two and three
dimensions with a computed mass
transfer rate

In this chapter, the resolution of the heat equation and the computation of the mass transfer rate
as a function of the temperature gradients across the interface are detailed, and the whole method
is validated against the test case of a static bubble, growing under the effect of the surrounding
superheated liquid.

Outline
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6.1 Introduction

In Chapter 5, the mass transfer rate i was imposed to a uniform and constant value. As a
result, the flow dynamics was decoupled from the temperature field (the heat equation was not even
solved). The Boiling solver has been validated against the case of a two- and three-dimensional static
bubble, expanding due to a fixed mass tranfer rate. This chapter deals with the computation of the
mass transfer rate as a function of the temperature gradients across the interface and demonstrates

99
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the accuracy of the overall method against the case of a two- and three-dimensional static bubble
surrounded by a superheated liquid responsible for phase change.

Section 6.2 presents the methodology used to solve the heat equation with immersed Dirichlet
boundary condition in multidimensions. Section 6.3 details the computation of the mass transfer
rate in multidimensions. Section 6.4 presents the application of a numerical method detailed in
Section 6.2 to the computation of the interface curvature. Section 6.5 introduces the test case and
gives the demonstration of its analytical solutions in two and three dimensions. Section 6.6 presents
the numerical results and shows the accuracy of the overall numerical method implemented in the
Boiling solver to simulate boiling flows on two- and three-dimensional unstructured grids. Finally,
Section 6.7 concludes this chapter with a summary of the methodology used for boiling simulations
in multidimenssions.

6.2 Solving the heat equation with immersed Dirichlet boundary
condition in multidimensions

Under the assumption that boiling occurs at saturation temperature, the condition
Tt = Tt (6.1)

needs to be enforced in order to maintain the interface at saturation temperature. Since this
condition is applied at the interface, which can be seen as a boundary immersed in the computational
domain, i.e. the interface does not coincide with the grid nodes, this condition is said immersed
Dirichlet boundary condition. Section 4.3.3 details a method to satisfy Eq. (6.1) in one dimension.
In this method, Eq. (6.1) is satisfied by extrapolating ghost values across the interface using two
values along the grid edge crossed by the interface : the physical (computed) temperature on
one node and the (imposed) interface temperature. This scheme leads to a linearly extrapolated
temperature value across the interface, ensuring that Eq. (6.1) is satisfied. The heat equation (4.10)
is then solved explicitly : the temperature gradient and laplacian at time n are used to advance the
temperature from time n to time n + 1. While very simple to implement in one dimension (though
attention must be paid to the threshold value used, see Section 4.3.3), this explicit method has
proven inaccurate in multidimensions.

6.2.1 Temporal S-scheme
The heat equation (1.5) is solved using the temporal -scheme [26, 85]

%Tf*l — BV - (\VTI) = %Tf +(1=B)YV - (\VT!) — picpiu; - VT, (6.2)
where 0 < 8 < 1 is the implicitation factor for the diffusion term V - (A;VT}*) and the subscript ¢
denotes the phase. The advection term p;c, ;u; - V1" is included in the rhs as a source term. If 3
is set to 0, Eq. (6.2) defaults to the explicit scheme used in Section 4.3.3 to solve Eq. (4.10). If g8
is set to 0.5, Eq. (6.2) is the Crank-Nicolson scheme with source term. If 3 is set to 1, the diffusion
term is fully implicit, and Eq. (6.2) is the semi-implicit temporal discretization scheme used in [85],
where the term semi-implicit refers to the fact that the advection term is still computed explicitly.
In order to compute close to the interface all derivatives involved in the temporal S-scheme (6.2),
one needs :
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INEE Q

RS

Interface at time n Interface at time n+1

Fig. 6.1 — The node with a question mark is swept over by the interface I' separating the subdomains
Q™ and QT between times n and n + 1. A temperature value needs to be extrapolated at time n
from Q7 in order to advance the temperature in Q= with Eq. (6.2). Reproduced from [26].

1. one per-edge ghost temperature value to compute the diffusion term at time n+1 (if 5 > 0),
2. one per-edge ghost temperature value to compute the diffusion term at time n (if 8 < 1),

3. one per-edge ghost temperature value to compute the advection term at time n.
Besides, as stated in [26], due to the interface motion, Eq. (6.2) requires that

4. nodes that are swept over by the interface need to be provided with valid physical temperature
values, as illustrated in Fig. 6.1.

The computation of ghost values is always a source of imprecisions since it is based on extrapolations.
In the present case, extrapolations have to be computed across the interface along the direction of
the interface normal vector, thus increasing the error magnitude on ghost values due to potential
imprecisions on the interface normal vector computation (see Ch. 5). If § is set to 1, requirement 2
disappears. The iterative methods implemented in linear solvers used to solve Eq. (6.2) still converge
when computing ghost temperature values for the diffusion term, thus satisfying requirement 1 (see
Section 6.2.2). The methods used to satisfy requirements 1, 3 and 4 are discussed below.

6.2.2 Discretization of the implicit diffusion term with Dirichlet boundary
condition at the interface

Refering to Fig. 6.2(a), the diffusion term at time n + 1 of Eq. (6.2) is given at node p by Eq.
(3.16), i.e

5
1
V- (AVT) p—vz pa; VTpq, * Apa;s (6.3)
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(a) Control volume without liquid-vapor inter- (b) Control volume crossed by the liquid-vapor
face. interface : in order to compute the implicit diffu-
sion term of Eq. (6.2) on node p, a temperature
ghost value is computed on node q1 by Eq. (6.8).

Fig. 6.2 — The presence of the liquid-vapor interface is taken into account in the implicit diffusion
term of the lhs of Eq. (6.2). Without interface inside the control volume (a), the implicit diffusion
term of Eq. (6.2) is computed by the usual finite volume procedure. When the interface crosses the
control volume (b), temperature ghost values are computed by means of Eq. (6.8).

where Ap q; = (Ap + Aq;) /2 and the gradient VT, = along the edge (p,q;) is computed by

qu_Tp q; — P

VT|. . =
P q; —pll [laj — pl
T, —T
=2 P (q;-p). (6.4)
la; —pll

Equations (6.3) and (6.4) form a compact scheme in the sense that, while the laplacian of T at node
p involves second-order derivatives of T', only the values on the closest neighbor nodes q; (and on
p) are needed.

Note that for a one-dimensional uniform grid of cell size Ax where the indices i — 1, 4 and i + 1
represent nodes qi, p and qa respectively, one has ||q; — p|| = Az, (q; — p) /|la; — p|| = £e, and
Ap g, = €. As aresult, Eq. (6.4) simplifies to

T - Ti—le
Xi—1,Xi Ax z

VT (6.5)

and
Ty —T;

XiXi41 A:C x>

vT

(6.6)
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and Eq. (6.3) writes
1= 2T + Ty

Ax? ’
(assuming uniformity of the thermal conductivity A\). Equations (6.6) and (6.7) are respectively the
first- and second-order accurate finite difference spatial discretization schemes used for the gradient
and laplacian operators in one dimension.

When the interface crosses the control volume, as illustrated in Fig. 6.2(b), temperature ghost
values need be computed to avoid using potentially irrelevant temperature values from the other
phase, and to ensure saturation temperature at the interface. For instance, in Fig. 6.2(b), when
computing the implicit temperature diffusion term of Eq. (6.2) on node p, one needs to compute a
temperature ghost value Tqu on node q; since this node is not located in the same phase than node
p- In multidimensions, Eq. (4.24) applied to edge (p, q1) writes

Tsat - Tp

V. OwvT)|, = A %= (6.7)

TS =T, 6.8
qi1 P + 0p7q1 ’ ( )
and, by Eq. (6.4), the temperature gradient VT, , ~along grid edge (p,q1) is given by
TS - T,
vT| S VO (a1 — p)
P lar - p?
Tos — T
= —= P (a1 —p). (6.9)
Op,a: [la1 — P

The implicit temperature diffusion term is then computed at node p by Egs. (6.3), (6.4) and (6.9),
yielding

5
1 1
V- ()\VT)|p = VAp7q1 vT|p,q1 “Apaq + V. Z Ap, qa p q; Ap,qj
P P9
1 Tsat B Tp — T
=3 ‘pa —2(%—1)) p.q P,q; ( —P) Apg,
Vo U Op.q, llar - pl| ' V Z ’ H q; - p|’ ’

(6.10)

In one dimension, considering nodes x;_1, x; and x;1, and assuming that the interface is located
between nodes x; and x;11, Eq. (6.8) becomes

Tsat - T‘z
Th =T+ —, (6.11)
X, Xi4+1
and Eq. (6.9) simplifies to
Tsar — Ti

vT

(6.12)

x = €.
X, Xit+1 gx,;,xi_,_le

Finally, assuming again uniformity of the thermal conductivity A in each phase, Eq. (6.10) is

rewritten
1 Tsa - Tz T’L - Tif
V- (AVT)|, = ()\ ! Y 1)

Az Ox; xi1 AT Az
axi,xi_H Ti*l - (1 + gxi.,xi_H) Tz Tsat
=A 0x¢,x;’+1Al‘2 * A9x7‘,,xq‘,+1Am2 . (613)
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6.2.3 Discretization of the explicit advection term
6.2.3.1 Interface temperature

The advection term —pcpu - VI'™ is solved explicitly, as noted by the n superscript. As a
previously advected field, we do not reimpose the saturation temperature at the interface on 7™
when computing VT in the advection term, avoiding the abrupt perturbation of the field associated
with such linear extrapolation in explicit formalism. Indeed, while using Eq. (6.8) within an implicit
formalism (e.g. computation of ghost values in the implicit temperature diffusion of Eq. (6.2)) does
not degrade the field, non negligeable perturbations of the temperature fields have been observed
when using Eq. (6.8) within an explicit resolution of Eq. (6.2). Moreover, while one could think
that reimposing the saturation temperature at the interface could improve accuracy of the method
(since boiling is assumed to occur at saturation temperature), it may theoretically be not as crucial
since the temperature has already been advected, with the saturation temperature imposed at the
interface in the previous computation of the implicit diffusion term (see Section 6.2.2). The interface
temperature at time n is then expected to be very close to the saturation temperature.

6.2.3.2 Temperature ghost values close to the interface

When computed on the closest nodes to the interface, the temperature gradient of the explicit
advection term also requires valid temperature values on the other side of the interface. This re-
quirement is typically fulfilled by populating ghost nodes close to the interface by ghost values.
These ghost values are generally computed by means of extrapolations from the physical values
defined in one phase to the other side of the interface. In [85], the authors used the high-order
extrapolation method from [4] on two-dimensional axisymmetric cartesian grids. This method has
been implemented in the Boiling solver up to order two for arbitrary two- and three-dimensional
grids. Nevertheless, the accuracy of the extrapolated temperature values was not sufficient to com-
pute an accurate temperature gradient close to the interface. The method is detailed in Appendix
G, where some numerical results are shown.

During this thesis, another methodology to reconstruct differential operators at high order on
unstructured simplicial grids has been developed within a collaboration between LEGI and CORIA
teams. This new method also enables high-order interpolations and extrapolations, and is presented
in the next section.

6.2.4 Differential operator reconstructions and extrapolations : the
High-Order Framework

6.2.4.1 Numerical error inherent to the Finite Volume Method

In [9], the authors proposed a new framework to reconstruct differential operators up to a chosen
accuracy order within the node-centered finite-volume method on unstructured simplicial grids, in
two and three dimensions. This method has been implemented in the Boiling solver and is detailed
below.

Let Q be the computational domain, let S be one non-moving unstructured simplicial partition
of  and let X' be the set of nodes delimiting S. Let Z : & — R be a scalar field. For each node
X7 € X, let Q7 C Q be the control volume associated to node x;, and Z; the value of Z on node
xs. Let assume that the field Z is advected during the simulation by some velocity u according to



6.2. HEAT EQUATION WITH IMMERSED BOUNDARY CONDITION IN 2D AND 3D 105

the conservative advection equation

8—Z+V~ (Zu) =0. (6.14)

ot
In the rest of this section, let x; be one given node of X. At any given time of the simulation,
the updated value of Z obtained by solving Eq. (6.14) and stored at node x; is not equal to the
theoretical new value Z; = Z (x7). This difference does not entirely originate from the numerical
error inherent to the advection scheme used to solve Eq. (6.14). Indeed, as will be shown in this
section, it is mainly due to the foundations of the finite volume method itself. In order to minimize
this difference, the following methodology is applied.

By construction of the finite volume method, the value of Z stored at node x; is the average
value of Z over ;. As a result, this value will be noted 791 where the averaging operator =%
applied to Z is given by
Qy 1

7 ==
Vr

/ 7 (w) dw, (6.15)
Qr
where V7 is the volume of the set Q7. Integrating Eq. (6.14) over £; and using Egs. (6.15) and

(3.2) yields
—Q;
0z 1
T g 2000 m (o) =0 .

Equation (6.16) is the equation which is actually solved in the finite volume method. The value

. . Q5 .
Z " is expected to be close to Z; = Z (xy). Particularly, Z ' is a second-order accurate approx-
imation of Z; on regular grids and a first-order accurate approximation of Z; on unstructured
grids. Nevertheless, when high precision is needed on Z (especially to compute its derivatives),

. . . . . —Q . .
this approximation is not sufficient and more work is needed to recover Z; from Z . This step is
called deconvolution. In [9], the authors propose a third-order polynomial reconstruction of Z; from

0 . . . .
Z ', together with a second-order polynomial reconstruction of VZ; and a first-order polynomial
reconstruction of VVZ;.

6.2.4.2 Computation of control volume first- and second-order moments

Let x € Q7, not necessarily a node of &', the Taylor expansion of Z at order 2 in point x w.r.t.
node x; is given by

1
Z(x)=Z+VZr A (x)+ 5 (VVZ;): (Ar(x) ® Af(x)) + O (A?), (6.17)
where A; = x — Xy, A is the characteristic length of grid cells, - denotes the simple dot product, :,

the double dot product and ®, the tensor product. Applying the averaging operator of Eq. (6.15)
to Eq. (6.17) yields

7Y 7, 4vz A 4 % (vz): (Area™) +o(a?), (6.18)

where
Ayl =— (x(w) —x5) dw = 0O (A) (6.19)
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Jo

Q

00

0(0,0)

Fig. 6.3 — The control volume €2 associated to node x; represented by point [ is the disjoint union
of simplices Sy, ...,S19. The symbol e denotes the grid nodes I and Jy, ..., Js, +, the grid element
barycenters I, Iy, Ig, Is, I10, o, the grid edge midpoints I3, I5, I7, Iy, and =, the point O (frame
origin) which does not necessarily represent a grid node.

and

AoA = v% /Q (x(w) —%7) @ (x(w) — x) dw = O (A?) (6.20)

. —0
are respectively the first- and second-order moments of ;. One can remark that A; = = xq ; —XI,

where xq, is the mass center of ;. As a result, EQI is null iif node x; is the mass center of
Qr, i.e. when Q; is a regular or uniformly stretched control volume. Moreover, the eigenvalues of
Ar® AIQI are the moments of inertia of 7, implying that A; ® AIQI is never null. Adapting
formulas given in [68] for a tetrahedron, the authors have been able to derive the first- and second-
order moments of any simplex w.r.t. any point in the computational domain. The computation
of the first- and second-order moments is now illustrated on the two-dimensional control volume
depicted in Fig. 6.3. The following methodology is equivalently applicable to three-dimensional
grids.
The first-order moment Mgi of simplex S; w.r.t. the frame origin O is given by

d+1

1
MO = ——— 21
1,2 d"'l;X (6 )

where d is the simplex dimension and the points x; are the simplex vertices. The second-order
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moment Mgi of simplex S; w.r.t. point O is given by

d+1d+1 d+1
MO:— ; Loxi| 6.22
207 (d+1) (d+2) ;;X ®XJ+ZX ®Xi (6.22)

In the case of the two-dimensional simplices S; shown in Figure 6.3, one has d = 2 in Eqs. (6.21)
and (6.22). Moments can also be computed w.r.t. any point of © from moments computed w.r.t.
point O using translation formulas. We are interested in the first- and second-order moments of
the control volume ; computed w.r.t. node x; represented by point I on Fig. 6.3. The first-order
moment M{Z of simplex S; w.r.t. point [ is given by

M ; = M7, —xy, (6.23)
and the second-order moment Mé)i of simplex S; w.r.t. point I is given by
Mg,i :Mgi—X[®Mlo’i—M?ﬂ»®X]+X[®X[. (624)

Finally, using the linearity of the integral, the moments of the whole control volume §2; are given
by summation of the moments of all simplices constituting ;. In the case depicted in Fig.6.3, Q)

is composed of ten simplices. The first-order moment EQI of Q; w.r.t. point I is then given by
Z M, (6.25)

and the second-order moment A; ® AIQI of ; w.r.t. point I, by

10
AA =Y M, (6.26)

Using the moments of control volumes, the data deconvolution step can now be detailed.

6.2.4.3 Data deconvolution from control volumes

Let N7 be the direct neighbor node set of node x;. Let N; C N be the set of integers ¢ such
that node x;, € N7. At node x;, the classical integrated gradient operator G; and hessian operator
‘Hy applied to the field Z lead to

1 Zr+ 2,
G1(2) = v Z TAI,J(, (6.27)
gEN]
and
1 Z A4 1
Hi(Z) = — > | o 5 (01, ®815, +81., ®ny,), (6.28)
\%; et HXJ _XIH

where Z is the vector containing all values of Z computed on nodes of X', being pointwise or
averaged values, and ny j, = (x J, = XI) / ||x J, = x1||. Since Gy is typically second-order accurate
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on cartesian grids and first-order accurate on unstructured grids, and since H is typically divergent
on unstructured grids, these two operators can not be used to achieve third-order reconstruction of
Z1 on unstructured grids by solving Eq. (6.18).

Applying nodal gradient and hessian operators to the averaged quantity of Eq. (6.18) leads to

Gr (79) —(VZ1) -G (EQ) + % (VVZi): G (mﬂ) +0(A?) (6.29)

and
H (Z7) = vz w1 (A7) + % (VZ): 1 (ArE A7) +0(a). (6.30)

Equations (6.18), (6.29) and (6.30) yield the linear system

L;=CYH; +E, (6.31)
where
Vi
0 Zr O (A3%)
L;=|9r (Z ) , Hi=|[ VZ; and E=[0(A?) (6.32)
", (79) VVZ; 0(A)

are respectively the vectors of Low-order approximations, High-order approximations and Errors,
and the third-order convolution matriz C’?S is given by

Q[ QI T

1 A; A A
cr=1a(") a(a”) ia(aea’) | (6.33)
1 (17) mr (A7) - (ar9a,")

Notice that, in order for the definitions of Ly, H; and C* in Eqs. (6.32) and (6.33) to be con-
sistent, the third-order tensors Hy (EQ) and %g T (A IQA IQ) as well as the fourth-order tensor

%7—[1 (AI ® AIQ> are transformed to second-order tensors of dimensions 4 x 2, 2 x 4 and 4 X 4,
respectively (9 x 3, 3 x 9 and 9 x 9, respectively, in three dimensions). Similarly, the second-order
tensors Hj (79), VNV Zr, Hy (TQ) and %AI ® AIQI are transformed to first-order tensors of di-

mensions 4 x 1,4 x 1,4 x 1 and 1 x 4, respectively (9x1,9x1, 9x 1 and 1 x 9, respectively, in three
dimensions). Furthermore, considering the (consistent) differential operators G; and Hy defined in

Egs. (6.27) and (6.28), one has G (TQ) =0 and H; (TQ) = 0. In two dimensions, C'"* is then a

7 x 7 matrix, while in three dimensions, it is a 13 x 13 matrix!.

If the convolution matrix was equal to the identity matrix, then the nodal and integrated vari-
ables would be equal up to the orders given by £ and no deconvolution would be neeeded : operators
Gr and H; could directly be used to perform a polynomial reconstruction of Z;. Unfortunately,

. ~ A 0. .
n practice, the symmetry of Hy and A7 ® A~ is actually used to reduce the tensor orders and thus the size
o
of C73.
I
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the convolution matrix is always different from the identity matrix, since, as previously stated,
~ A~ S . . . .
A;® A7 7 is never null. Inverting linear system of Eq. (6.31) yields

—Q;

Zp Y A
G2 (2)) = (cf) | o (z%) |. (6.34)
HY'(Z) ", (ZQ>

where Z?s is a third-order accurate approximation of Zy, G?Q(Z ) is a second-order accurate ap-
proximation of VZ; and H?l (Z) is a first-order accurate approximation of VV Z;, respectively.

This method enables a third-order accurate approximation of Z; even on highly distorted grids
and only requires the computation of two compact operators and the inversion of a relatively small
matrix at each grid node, avoiding the necessity to build large stencils. As such, this method is very
well suited for parallelism. Nevertheless, attention has to be paid prior to the solving of Eq. (6.34)
to the invertibility of matrix C’?S. This matrix is invertible iif node x; has a sufficient number of
direct neighbor nodes (see [9] for details). In case of an insufficient number of direct neighbors to
perform a third-order reconstruction, a lower-order reconstruction can be applied, or the third-order
reconstruction performed on some direct neighbor node can be used to reconstruct Z at order three
on the initial node.

Finally, the deconvoluted operators in the lhs of Eq. (6.34) provide a third-order Taylor expan-
sion of Z on node x around node x;, given by

20 (x) = 29+ GE(7) - Ar () + JH(Z): (Ar (9@ Ar (). (6.35)

One has to notice that this methodology is still valid if x € Q; where J # I, enabling high-order
extrapolations from one node to an arbitrary point in the computational domain. This methodology
has been extended to the reconstruction of vector fields, in two and three dimensions.

6.2.5 Extrapolations using the High-Order Framework applied to the
computation of the explicit temperature advection term close to the
interface

The High-Order Framework can also be used to perform high-order extrapolations. In the
case of the explicit temperature advection term computation of Eq. (6.2), we use the High-Order
Framework to perform Taylor expansions in order to compute a relevant temperature gradient on
nodes of band level +1. Refering to Fig. 6.2(b), nodes of band level +2 contribute to the liquid
temperature gradient on node p by means of the second-order Taylor expansion given by

Gq? (Tiiq) (p) = Gg* (Thiq) + Hg! (Thiq) - (P — ) (6.36)

where j € {3,4}. The final value of G§2 (Thiq) is then computed as the average of all Taylor
expansions. In the case depicted in Fig. 6.2(b), one has

G (Tig) = 3 (G (Th) (b) + G (Tiy) (b)) (6.37)

Similarly, the vapor temperature gradient is computed on nodes of band level —1 by means of Taylor
expansions from nodes of band level —2. This method avoids differentiating across the interface,
thus does not require the computation of ghost values.
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6.2.6 Computation of the temporal temperature variation when the
interface crosses the node

When a node is swept over by the interface between times n and n + 1, the computation of the
temporal fluctuation (T™+! — T™) /At requires the knowledge of 7™, as shown in Fig. 6.1. Due to
the immersed Dirichlet boundary condition at the interface, it is convenient to consider that the
liquid and vapor subdomains are unrelated when solving the heat equation. Then, when a node
has been swept over by the interface, e.g. when a node has left the liquid phase to enter the vapor
phase, no relevant vapor temperature value was known at time n since the node was in the liquid
phase. As a result, one can not compute the temporal fluctuation of the vapor temperature field
on this node. One solution to this problem is to perform extrapolation of vapor temperature values
from nodes of band level —1 to nodes of band level +1. Such extrapolations can be performed using
the High-Order Framework by means of Eq. (6.35) where Z stands for Ty,p, I represents a node of
band level —1 and x is a node a band level +1.

6.2.7 Summary of the numerical method used to solve the heat equation
with immersed Dirichlet boundary condition at the interface

In this section, we summarize the different steps used to solve the heat equation in the Boiling
solver. We refer to Fig. 6.2 where node p is far from the interface in Subfig. 6.2(a) and close to the
interface in Subfig. 6.2(b). Equation (6.2) is solved at node p with full implicit diffusion (8 = 1),
ie.

PP)Cp(P) 1, n PP)Cp(P) fn, n
PRIG®) s () — v (Ap) VT () = LPLEP) ) )y (p)u(p) - VI (). (6:39)
For clarity in the notations, the implicit diffusion term will be noted V - ()\VT)|3+1 and the tem-

perature gradient in the explicit advection term will be noted VT |g The control volume associated
to node p is denoted (.

6.2.7.1 Implicit diffusion term

If the interface does not cross the control volume (2, as in Subfig. 6.2(a), the diffusion term is
computed as

n+1 _ Tn+1

5

n 1 n

V- ()‘VT = 7 Z +i ||q _ pﬂg (qj - p) ! Ap7Clj7 (639)
i=1 J

where Al = (Ag“ + )\gj‘l) /2 is known (since the interface has already been advected).

If the interface crosses €, as in Subfig. 6.2(b), the diffusion term is computed as

1 ynt1
P,d1
Vo

7 (1= P) Aty YN~ (@)~ P Apa,
P = la; — pll

n41 5 n+1 _ gn+l

VAV = Bt A ! fa) —1v
? Op.ar llan —
(6.40)
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6.2.7.2 Explicit advection term

If the interface does not cross €1, the explicit temperature gradient of the advection term is
computed with the classical second-order finite volume gradient given by

5 Tn T
T = v Z P qJAp% (6.41)

If the interface crosses §2p, the explicit temperature gradient of the advection term is computed
at p by means of Taylor expansions performed using the High-Order Framework from the direct
neighbor nodes of p located in the same phase. In the case depicted in Subfig. 6.2(b), one has

VT, = Gg? (T")
1 n 2 n
=5 (GE (") (p) + Gg; (") (), (6.42)
where the rhs of Eq. (6.42) is given by Eqs. (6.36) and (6.37).

6.2.7.3 Complete linear system
Equation (6.38) leads to the following linear system

AT =B", (6.43)

where A is a matrix defined below, T"*! is the vector of unknown temperature values and B" is
the vector of known temperature values.

Let N € N* be the total node number of the grid and let p € {1,..., N} be the indice of node
p.

If the interface does not cross the control volume (Subfig. 6.2(a)), then using Eqs. (6.39) and
(6.41), Eq. (6.38) can be rewritten at node p as

5 5

pep 1 q — P ntl L 9 —P n+1
+ 5 Z >\P7(U 2" APij 1 BEYE Z )‘p,qg p,q]T j
At Vo= 7V |la; - pll oY T ey - H Y (6.44)
_ P n
Alt) Ty — pepup - VT

Let J C {1,..., N} be the indices of the direct neighbor nodes q; of node p. The p-th line jpy. of

matrix A is given by

Zpa‘ = (Ap,h .. 7Ap,N) ) (645)
where, for 1 < k < N, one has
PCp 9;—P i
E+V7pzj6J)\P7Q7 || H pq;’ lfkipa
Ap,k =4 _ 1 M ifkelJ (6.46)
V P,dk qu — p” P,dk > 1 )

0, otherwise.
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The p-th component B} of vector B" is given by the rhs of Eq. (6.44).
If the interface crosses an edge (p,q;) (Subfig. 6.2(b)), then using Egs. (6.40) and (6.42), Eq.
(6.38) can be rewritten at node p as

5

pep 1 q1—p 1 q9; —P ntl
~ T 37 2 'Ap,ql"‘iz P,q; 2 'Ap’q- T
AtV Op.a: llar — Pl Vo o 7 lla; —pl )T
5
1 6.47
+1 .
—]72/\: W] || Ap.q, T3, (6.47)
P i - p
C 1 —
e pepup - VT[T + VAP’QI u Ap g Tisat
P

2
AP Op,a1 ||QI - p||

Let J* C J be the indices of the direct neighbor nodes q; of node p which are located in the same
phase than p. The p-th line A, . of matrix A is given by Eq. (6.45) where, for 1 < k < N, one has

pep 1 q: —Pp 1 q; — P .
+ 35 pq1—2 'Ap,ql + 72"6J* /\p,q'iz 'Ap-,q' it k=p,
Atl Vo Op,a: [la1 — Pl Vo T "lla; - pl ’
Apk = =S X~ P A if ke J,
Vo lax — pl|
0, otherwise.
(6.48)

The p-th component B} of vector B" is given by the rhs of Eq. (6.47).

In both cases, the linear system of Eq. (6.43) is solved using the BiConjugate Gradient solver
[92]. While the relative distance 6y, o, appears in both the lhs and rhs of Eq. (6.47) in denominators,
our simulations did not require the use of a threshold on the value of 0, , , as opposed to the explicit
resolution of the heat equation used in one dimension (see Section 4.3.3).

6.3 Computation of the mass transfer rate

Once the heat equation has been solved in both phases, Tiiq and Ty, are known at time n 4 1
in their respective phases. The mass transfer rate i can then be computed at time n + 1. Since
the mass transfer rate has physical meaning only at the interface, special care is taken for its
computation. Again, we use the High-Order Framework presented in Section 6.2.4. We recall that
the mass tranfer rate 7 is given by

[—)\VT . Ilph—\

L,
_ *)‘hq VTqu‘F + )‘vap VTvap‘r
= I

Ty = (6.49)

‘nr, (6.50)

where L, is the (constant) latent heat of the fluid. In order to compute VTiq|p and VTiap|;
precisely at the interface, we use the High-Order Framework to perform high-order extrapolations.
First, we compute VTiiq|,_, on the liquid nodes of band level +2 and VTyap|,__, on the vapor

nodes of band level —2 using the second-order accurate nodal deconvoluted gradient operator G?Z

of Eq. (6.34). Then, VTiiq|,_, is extrapolated by Taylor expansion on the liquid nodes of band level
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+1 using Egs. (6.36) and (6.37), yielding VTiq|,_,. A similar Taylor expansion of VTyap|,__, on
the vapor nodes of band level —1 yields VT, p—_- After this step, each grid edge (P, q) such that
node p is in the liquid phase and node q is in the vapor phase has knowledge of a value of VTliq|p
on p and VT, Vap|q on q. Along every such edge (p, q), another Taylor expansion is performed for
VThq|p from node p to the interface, yielding VTliq|p’F. Similarly, VTvap|q is extrapolated to
the interface location, yielding VTvap\q’F. The interface normal vector is computed at the same
interface location by np g.;r = (1 — 8p q) Np + 0p qng. The mass transfer rate 7i is then computed
precisely at the interface location along edge (p,q) by

*Aliq VTqu|p,1‘ + )‘vap vTvap|q,r
L,

Mp,ql = *Dp g (6.51)

Finally, since values of 7 are needed on nodes to solve the level set advection equation and Navier-
Stokes equations, the value of m stored on node p is computed as the simple average of the values
Mp,.qr computed on edges containing node p.

6.4 Improvement of the interface curvature computation using the
High-Order Framework

The deconvoluted operators presented in Section 6.2.4 have been applied in the Boiling solver
to the computation of the interface curvature by Eq. (3.28). Let (x7,x;) be a grid edge crossed
by the interface I'. First, the second-order deconvoluted gradient operator G?Q (¢) and first-order
deconvoluted hessian operator H?l (¢) are computed on nodes x; and x;, where ¢ is the signed
distance function to the interface. Then, since the interface curvature x has mathematical meaning
only at the interface, these operators are extrapolated by Taylor expansion along the edge (x7,x)
to the exact interface location xr. These Taylor expansions are given by

G2 (¢) = GP2(9) + Ar (xr) - H () + O (A2) 652
G22(9) = G2(¢) + Ay (xr) - HS (9) + O (A?)
and
HYY (9) = HY (9) + O (A
{H?,f,<¢> —HS (¢) +0(A (6:53)
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Equation (3.28) is then rewritten

oo~ Volr - H@lp - Volr = || Voo Tr (4 (6)Ir) (6.54)

G
(G850)+ 625(0) - (1930 + 52,(0)) -3 (6R360) + 63(0)
~ |4 (a8 + 62y (¢>)H T (3 (HE1(0) + HEY (9)))
3

N

_ (6.55)
HCHOREFON
(G240 +625(0)) - (H2y(0) + H?}.}w)) (€230 + 624 ()
~ @0+ a0 1 (B2 (0) + B (6)
= - : (6.56)
|62 (0) + G (0)|
where
Vol = 5 (GR3(6) + GE(9)) (657
and
H()lp = 5 (HRy(0) + HO(6)) (6.59)

One can notice that the sums of Eqs. (6.57) and (6.58) can also be weighted by the relative distance
0x, x, in order to improve accuracy. In [9], the interface curvature computed using Eq. (6.56) is
shown to be second-order accurate on cartesian grids and first-order accurate on unstructured grids.
Convergence of interface curvature on unstructured grids is a very important achievement since the
curvature, as a sum of second-order derivatives of the potentially polluted signed distance function
to the interface (due to reinitialization), often degrades the accuracy of two-phase flow simulations
19, 13, 51].

Figure 6.4 shows the improvement in the interface curvature computation provided by the High-
Order Framework (Eq. (6.56)) w.r.t. the classical finite-volume operators (Egs. (3.16) and (3.17)).

Equation (6.56) is the preferred method to compute the interface curvature in the Boiling solver.

6.5 Radially symmetric growth of a 3D bubble: a test case

In this section, the test case used to validate the numerical method implemented in the Boiling
solver to simulate boiling flows is presented. This test case consists in a vapor bubble surrounded
by a superheated liquid. The vapor temperature field is initialized in the vapor phase at satura-
tion temperature, and the liquid temperature field is initialized in the liquid phase by means of
a spherically symmetric profile whose complex analytical formulation has been derived in Scriven
[75] and is detailed in Appendix H. The liquid temperature gradient is non-zero in the liquid side
of the interface, leading to a non-zero mass transfer rate at the interface. Due to the initially
stationary bubble and to the symmetry of the problem, the liquid-vapor interface motion is then
only due to phase change. The gravitational forces being neglected, the interface is expected to
remain spherical for the whole temporal evolution. The duration of the simulation is equal to the



6.6. NUMERICAL RESULTS 115

L T T T T T i
| e=—e x computed w/ classical FV operators b
r ¥ computed w/ the High-Order Framework b
| | — Slope | |
1x10™ E E

\I/M
wp Ll i
Ix107 =
1107 F E
E ! ! ! ! L

1.25x107 2.5x10°  5x10°  1x10"  2x10”  4x10
Cell size (m)

Fig. 6.4 — Relative error of the interface curvature computation on six different two-dimensional
simplicial grids using the classical finite-volume operators (Eqs. (3.16) and (3.17)) and the High-
Order Framework (Eq. (6.56)). The computation is performed on the analytical expression of the
signed distance function ¢ to the interface (no previous reinitialization).

theoretical duration needed for the bubble radius to double. Appendix H also presents a derivation
of the initial liquid temperature profile analytical formulation in two dimensions.

6.6 Numerical results

In this section, we present our numerical results in two and three dimensions for the test case
introduced in Section 6.5.

6.6.1 Numerical results in 2D
6.6.1.1 On equilateral triangles

In order to avoid the influence of anisotropic control volumes, we first present the results obtained
on two-dimensional grids built only with equilateral triangles, leading to regular hexagonal control
volumes. The computational domain is a thombus of side length L = 8 x 1072 m, as shown in Fig.
6.5. The grids used are listed in Table 6.1. The initial bubble radius is Ry = 1 x 1072 m and the
simulation is performed until the theoretical bubble radius is twice the initial radius. The physical
properties of interest are listed in Table 6.2 where the heat capacity at constant pressure of the
liquid has been divided by two orders of magnitude w.r.t. the value used in [85] (see discussion in
Section 6.6.2). Figure 6.6 shows the computed interface at final time and the final temperature,
velocity and pressure fields for the finest grid. One can notice the high accuracy on the bubble
shape at final time : the bubble is perfectly circular and its radius is in excellent agreement with
the theoretical one. Due to the symmetry of the problem, the liquid velocity profile is expected to
be colinear to the interface normal vector. However, due to the proximity of the domain boundaries
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Characteristic grid cell size Number of cells N (-)

A (m)
9.375 x 107° 14 450
4.688 x 10~° 57 800
2.344 x 107° 231200

Table 6.1 — Two-dimensional grids composed of equilateral triangles.

Pliq Pvap g Hliq
958kgm™> 0.59kgm™> 59x1072Nm~' 282x10*kgm 's~!

Hvap >\liq )\vap Cp liq
1.23x 107 %kgm™ts™t 06Wm K™ 0.026Wm'K™! 4216Jkg ' K!

Cp,vap Lv Tsat
2034Jkg 'K~ 2257 x 10 Jkg~! 373K

Table 6.2 — Physical properties used in two dimensions. Only ¢, 14 differs (by two orders of magni-
tude) from the value used in Tanguy et al. [85].

to the interface, one can observe anisotropy of the liquid velocity profile, as shown in Fig. 6.6(c).
This does not alter the accuracy of the computed interface. Figure 6.7 shows the relative error on
the final bubble radius. The relative error on the final bubble radius decreases with grid refinement.
A deeper analysis is presented in Fig. 6.8 which shows the error on the z-component of the interface
normal vector and the relative error of the interface curvature. The error on the interface normal
vector decreases with grid refinement, whereas the error on the interface curvature does not decrease
with grid refinement. We emphasize that the errors presented here are given in L°°-norm. Hence
one single inaccurate curvature value can lead to a high relative error.

6.6.1.2 On fully unstructured triangles

We now validate our numerical method using unstructured triangles. We have found that large
deformations of the interface were observed when the surface tension was considered on arbitrary
unstructured triangles of equivalent sizes to the equilateral triangles used in the previous section.
These large deformations of the interface are assumed to be due to the lack of accuracy of the inter-
face curvature computation on arbitrary triangles (despite the use of the High-Order Framework),
since the product ok is present in the pressure jump at the interface (Eq. (1.31)). As will be shown
in Section 6.6.2, this is not the case in three dimensions.

In order to avoid these instabilities, as opposed to the simulations performed on equilateral
triangles, the surface tension has been taken equal to zero on unstructured triangles. The grids
used are listed in Table 6.3. Figure 6.9 shows the coarsest grid. Figure 6.10 shows the computed
interface at final time and the final temperature, velocity and pressure fields for the finest grid. One
can observe the high accuracy of the final interface shape and the radial symmetry of the liquid
temperature and velocity profiles. Figure 6.11 shows the relative error on the final bubble radius for
the three grids. The relative error on the bubble radius at final time is smaller than 5% on the three
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Characteristic grid cell size Number of cells N (-)

A (m)
1.875 x 10~ 8806
9.375 x 107° 14450
4.688 x 10~° 57800

Table 6.3 — Two-dimensional grids composed of arbitrary triangles.

grids. The convergence of the bubble radius is less clear than on equilateral triangles (see Fig. 6.7).
This is due to the absence of surface tension forces (which would maintain the bubble circular)
and to the anisotropy of control volumes (which favors numerical errors on the computation of
differential operators). A deeper analysis is presented in Fig. 6.12 which shows the error on the
z-component of the interface normal vector and the relative error on the interface curvature. The
errors on the interface normal vector and curvature are clearly divergent with grid refinement (Figs.
6.12(a) and 6.12(b)). Again, we emphasize that the errors presented here are given in L°°-norm.
Hence one single inaccurate value can lead to a high relative error.

These results on equilateral and unstructured triangles have been presented in the 4 World
Congress on Momentum, Heat and Mass Transfer on April 10-12, 2019, in Rome, Italy and can be
found in Sahut et al. [72].

6.6.2 Numerical results in 3D

This test case has been simulated by Tanguy et al. [85] on two-dimensional axisymmetric
cartesian grids and by Rajkotwala et al. [67] on three-dimensional cartesian grids. Our goal is to
reproduce similar results in order to validate our numerical method on three-dimensional unstruc-
tured grids. The liquid temperature field is initialized using the procedure described in Section
H.1.4. The computational domain is a cube of side length L = 1.2 x 10~?m. The initial bubble
radius is Ry = 1 x 1073 m and the simulation is performed until the bubble radius is twice the
initial one. Equation (H.44) implies that the initial time ¢;,; is not equal to zero but is given by

Rj
tini = s .
4K 32 (6.59)
and that the final time tg, is given by
tan = 4tin;. (6.60)

In Tanguy et al. [85], the simulations are performed for Jakob numbers ranging from 3 to 10,
on three two-dimensional axi-symmetric cartesian grids. The authors have simulated the test case
using different variants of the numerical method. We chose to compare our method to the variant
giving the smallest final relative errors on the bubble radius for the highest tested Jakob numbers,
since increasing the Jakob number decreases the width of the thermal boundary layer at the in-
terface, thus making the mass transfer rate more challenging to compute on a given grid [85]. We
performed our simulations with Jakob numbers of 3, 5, 7 and 9. Table 6.4 reproduces the errors
given for these Jakob numbers in Table 6 of [85]. We performed our simulations on the three three-
dimensional unstructured tetrahedral grids listed in Table 6.5. In order to speed up computations,
the characteristic cell sizes of these grids are multiplied by a factor 1.6 w.r.t. the characteristic cell



118 CHAPTER 6. BOILING WITH A COMPUTED MASS TRANSFER RATE

A (m) Ja=3 Ja=b Ja=7 Ja=9

9375 x 1075  9.3% 21% 30.5% 36.6%
4688 x107° 14% 2.8% 7.9% 14.4%
2344 x 1075 1.0% 1.0% 0.5% 1.0%

Table 6.4 — Relative errors on the bubble radius at final time for different Jakob numbers on three
two-dimensional axi-symmetric cartesian grids extracted from Table 6 of Tanguy et al. [85]. The
cell sizes in the first column have been computed from the number of cells and the size of the domain
given by the authors.

A (m) Number of cells N (-)

1.5 x 1074 554 800
7.5 % 107° 1933621
3.75 x 1075 9186699

Table 6.5 — Unstructured tetrahedral grids used in three dimensions. The cell sizes correspond to
the ones listed in Table 6.4 multiplied by 1.6. The refined area around the interface is shown in
Fig. 6.13.

A (m) Ja=3 Ja=b Ja=7 Ja=9

1.5x107*  6.8% 20% 34%  47%
75x107°  0.8% 1.7% 7.9% 16%
3.75x107% 1.7% 0.6% 1.0% 1.9%

Table 6.6 — Relative errors on the bubble radius at final time for different unstructured grids and
Jakob numbers in three dimensions.

sizes used in [85] and listed in Table 6.4. Moreover, the liquid heat capacity at constant pressure is
divided by two orders of magnitude with respect to the value used in [85] (see Table 6.2). Indeed,
Eq. (H.66) shows that if ¢p, jiq decreases, then T, increases (all other parameters being unchanged).
As a result, the liquid temperature field, given at time t by Eq. (H.72), has a steeper initial slope
close to the interface. Consequently, the mass transfer rate 7 and so the interface velocity due to
phase change (rhs of Eq. (5.28)) are then increased, leading to faster simulations.

Table 6.6 shows the relative errors of the L>°-norm of the bubble radius at final time on the three
grids and for the four Jakob numbers considered. The relative error on the bubble radius at final
time decreases with grid refinement for all Jakob numbers (except for Ja = 3 on the finest grid).
Moreover, the relative error on the bubble radius at final time decreases when the Jakob number is
decreased on all grids considered (except for Ja = 3 on the finest grid). One can observe an error
increase for the smallest Jakob number (Ja = 3) on the finest grid. This behavior can be related
to the results of Tanguy et al. [85] listed in Table 6.4 in which the error on the bubble radius
reaches a minimum value on the finest grid and does not clearly converge with grid refinement
below this minimum value. As stated above and in [85], increasing the Jakob number reduces, by
Eq. (H.72), the width of the thermal boundary layer at the interface. Consequently, the mass
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transfer rate and the interface velocity due to phase change are computed with less accuracy since
a reduced number of grids nodes are located in the thermal boundary layer at every iteration.
Then, the bubble radius, measured at final time from the signed distance function advected by the
interface velocity due to phase change, is also less accurate. The convergence of the bubble radius
with grid refinement and decrease of Jakob number has been obtained by Tanguy et al. [85] on
two-dimensional axisymmetric cartesian grids, as summarized in Table 6.4. In the present work,
this convergence is extended to three-dimensional unstructured grids with comparable results : in
our simulations, the bubble radius at final time is generally slightly more accurate for low Jakob
numbers (3 and 5) and slightly less accurate for high Jakob numbers (7 and 9). Since our grid
cells are larger than the ones used in [85] by a factor 1.6, and since our grids are three-dimensional,
which implies that the sizes of the tetrahedra mentioned in Table 6.5 are only approximated by the
meshing software, further comparison would not be relevant. Table 6.6 is the main result of this
thesis.

For a Jakob number of 5, Eq. (H.73) gives § = 5.304, Egs. (6.59) and (6.60) give tin; =
5.98 x 10745 and tg, = 2.39 x 1073 s, and Eq. (H.66) gives T, = 538 K. Figure 6.13 shows a two-
dimensional slice of the coarsest grid used to validate this test case. Figure 6.14 shows the relative
error on the final bubble radius for the three grids used. The final bubble radius converges with grid
refinement. On the finest grid, the relative error of the L°-norm of the final bubble radius is equal
to 0.6%, as reported in Table 6.6. A deeper analysis is presented in Fig. 6.15 which shows the error
on the z-component of the interface normal vector and the relative error on the interface curvature
at final time. Neither the final interface normal vector nor the final interface curvature converge
with grid refinement. We hypothesize that the convergence rate of the bubble radius is not sufficient
in order for the normal vector and curvature, respectively first- and second-order derivatives of the
signed distance function, to converge at final time with grid refinement. Nevertheless, one has to
notice that the overall high accuracy of the method is well established thanks to the convergence of
the bubble radius. Indeed, since this convergence is observed at final time, despite non-converging,
the interface normal vector and curvature recomputed and used at each iteration of the simulation
have permitted to obtain an accurate final bubble radius. Figure 6.16 shows the initial interface
and the final computed and theoretical interfaces for the three grids. Again, one can see that on
the finest grid, the interface at final time is very close to the theoretical one (Subfig. 6.16(e)).
Figure 6.17 shows the liquid temperature at final time on the finest grid. As expected, the liquid
temperature is very close to T, in all the liquid phase, except in a region close to the interface, the
thermal boundary layer, where a steep gradient responsible for the interface movement is observed.
In this area, the liquid temperature decreases from T, = 538 K in the liquid phase to Ty, = 373K
at the interface, showing that the immersed Dirichlet boundary condition Tt = Ty, is satisfied.
Figure 6.18 shows the liquid velocity field at final time on the finest grid. Also as expected, the
liquid is ejected from the interface and the liquid velocity field is thus aligned with the interface
normal vector. The velocity jump at the interface due to phase change is responsible for the liquid
motion which can exit the domain thanks to the outlet boundary conditions used on all six faces
of the cubic domain.

Thanks to the important improvements on the computation of the signed distance function made
in this thesis, the Boiling solver is now able to maintain the spherical shape of the bubble throughout
the simulation. Since this test case is very severe relatively to the accuracy of the interface capturing
or tracking method used, especially on unstructured grids, we believe that the present results have a
strong interest for further simulations of two-phase flows with phase change on unstructured grids.
These simulations have been performed using the Geometric Marker Method (see Section 5.9.3)
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to reinitialize the signed distance function to the interface at each iteration. Similar results are
obtained when the signed distance function is reinitialized using the parallel implementation of the
Hamilton-Jacobi equation (see Section 5.9.1).

6.7 Conclusion

In this chapter, the numerical method implemented in the Boiling solver for simulations of
two-phase flows with phase change in multidimensions has been extended to take into account the
computation of the mass transfer rate at the interface from the thermal fluxes on both sides of
the interface. To this purpose, the heat equation is solved in both phases and two temperature
fields are used to take into account the discontinuity of the heat flux at the interface. An immersed
Dirichlet boundary condition is imposed at the interface in order to ensure that boiling always occurs
at saturation temperature. The mass transfer rate is computed using a high-order framework to
extrapolate the liquid temperature gradient from the liquid phase to the interface, and the vapor
temperature gradient from the vapor phase to the interface, in order to compute the mass transfer
rate precisely at the interface. The overall implementation has been validated against the test case
of a bubble at rest growing in a superheated liquid, in two and three dimensions. The simulations
have been performed until the physical time needed for the bubble radius to double. Excellent
agreement with the theoretical bubble radius has been obtained at final time on two- and three-
dimensional unstructured grids. Moreover, the bubble radius converges with grid refinement in all
cases. In three dimensions, the relative L>-norm of the error on the bubble radius is below 3% on
the finest grid considered. These results demonstrate the ability of the Boiling solver to accurately
simulate two-phase flows with phase change where the mass transfer rate is computed from the
thermal fluxes at the interface, thus taking a step towards realistic boiling simulations in industrial
context.
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Fig. 6.5 — Coarsest two-dimensional grid (A = 9.375 x 107°m) composed only of equilateral
triangles used is our simulations. The small circle represents the initial interface of radius
Ry = 1 x 1073 m, whereas the bigger circle represents the final theoretical interface (the radius
is twice the initial one).
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Fig. 6.6 — Numerical results for the two-dimensional test case on the finest grid (equilateral trian-
gles). On (a), the initial interface is shown in blue, the final computed interface, in black, and the
final theoretical interface in red. The final liquid and vapor temperature fields are shown on (b),
the final velocity fields are shown on (c) and the final pressure field is shown on (d).
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Fig. 6.7 — Relative error on the final bubble radius for the two-dimensional simulations on equilateral
triangles presented in Section 6.6.1.1.
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Fig. 6.8 — Error on (a) the final z-component of the interface normal vector and relative error on (b)
the final interface curvature for the two-dimensional simulations on equilateral triangles presented
in Section 6.6.1.1.
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Fig. 6.9 — Coarsest unstructured grid (A = 1.875 x 10~*m) used to perform the test case in two
dimensions presented in Section 6.6.1.2. The grid is refined in the area in which the interface will
evolve. The small circle represents the initial interface location of radius Ry = 1 x 10~ m, the
bigger circle represents the final theoretical interface location (the radius is twice the initial one).
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Fig. 6.10 — Numerical results for the two-dimensional test case on the finest grid (unstructured
triangles). On (a), the initial interface is shown in blue, the final computed interface, in black, and
the final theoretical interface in red. The final liquid and vapor temperature fields are shown on
(b), the final velocity fields are shown on (c¢) and the final pressure field is shown on (d).
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Fig. 6.11 — Relative error on the final bubble radius for the two-dimensional simulations on arbitrary

triangles presented in Section 6.6.1.2.

210"

€, (m)

1x10™

4.69x10° 9.38x10”
Cell size (m)

(a)

1.88x10™

1x10°

= Ix10!
By

0

Ix10° [~

4.69x10°

9.38x10°” 1.88x10™

Cell size (m)

(b)

Fig. 6.12 — Error on (a) the final 2-component of the interface normal vector and relative error on
(b) the final interface curvature for the two-dimensional simulations on arbitrary triangles presented

in Section 6.6.1.2.
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Fig. 6.13 — Refined three-dimensional cubic grid used in our simulations. The small circle repre-
sents the initial interface location of radius Ry = 1 x 1073 m, the bigger circle represents the final
theoretical interface location (the radius is twice the initial one). The grid is refined only in an area
englobing the narrow band around the interface in order to speed up computations. This grid has a
characteristic cell size around the interface of A = 1.5 x 10~* m and counts 554 800 grid cells. This
is the coarsest grid used in our tests. Outlet boundary conditions are applied on all six faces of the
domain in order to permit the evacuation of the liquid.
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Fig. 6.14 — Relative error on the final bubble radius for the three-dimensional simulations on un-
structured grids presented in Section 6.6.2 with a Jakob number of 5.
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Fig. 6.15 — Error on (a) the final a-component of the interface normal vector and relative error
on (b) the final interface curvature for the three-dimensional simulations on unstructured grids
presented in Section 6.6.2 with a Jakob number of 5.
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(e) ()

Fig. 6.16 — The left column shows the initial interface in blue, the final computed interface in yellow
and the final theoretical interface in green for the three unstructured grids. The right column shows
the whole final computed interface. The simulations are shown in sorted lines by ascending order
of grid refinement (coarsest grid on the first line, finest grid on the last line). Local errors in the
interface position, as shown in red on (f), directly affect the value of the relative L>-error on the
bubble radius.
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Fig. 6.17 — Liquid temperature field at final time on the finest unstructured grid, corresponding to
Subfig. 6.16(f).
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Fig. 6.18 — Liquid velocity field at final time on the finest unstructured grid, corresponding to
Subfig. 6.16(f), where the vector field shows the direction of the velocity.
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7.1 Conclusion

In this thesis, a numerical method for simulations of two-phase flows with phase change due to
heat transfer (boiling) has been developed within the YALES2 code and validated in one, two and
three dimensions.

Chapter 1 introduces the physics of boiling, emphasizing the coupling between the Navier-Stokes
equations and the heat equation by means of the velocity and pressure discontinuities at the interface
computed as functions of the mass transfer rate. Chapter 2 presents the state-of-the-art numerical
methods dedicated to two-phase flow simulations. In Chapter 3, a detailed presentation of the
YALES2 code is given, focusing on the Spray solver for two-phase flow simulations without phase
change. The numerical developments realized in this thesis to take phase change into account, i.e.
the Boiling solver implemented in YALES2, have been presented in Chapters 4, 5 and 6.

Chapter 4 introduces the overall numerical strategy implemented in the Boiling solver for simu-
lations in one dimension. The restriction to one dimension permits to focus on the coupling between
the velocity and temperature fields without striving with difficulties involved with a curved inter-
face, namely the computation of the interface normal vector and curvature, needed to compute the
velocity and pressure discontinuities at the interface. Performing extrapolations across the inter-
face in one dimension is trivial since the interface normal vector is aligned with the unique spatial
dimension. The ability of the Boiling solver to simulate the interface motion due to phase change
has been demonstrated in this chapter.

Chapter 5 extends the numerical method to two and three dimensions, starting from the simpli-
fied test case of a uniform and constant mass transfer rate not coupled with the temperature field.
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The computation of the interface normal vector and curvature from the signed distance function
to the interface (the Level Set function) has been largely studied and improved. It has been shown
that inaccuracy on the computation of these quantities leads to large numerical instabilities. The
state-of-the-art numerical methods to reinitialize the signed distance function to the interface, the
Hamilton-Jacobi equation and the Fast Marching Method, have then been implemented and vali-
dated on cartesian and unstructured grids against the test case of a two-dimensional bubble growing
with an imposed mass transfer rate inside a liquid at rest. Similarly, a state-of-the-art reinitializa-
tion methodology for the conservative level set (that has a hyperbolic tangent profile, designed to
improve mass conservation) has been implemented and validated on the same test case. The use
of the signed distance function or of the conservative level set function both led to a first-order
accurate final bubble radius with grid refinement, where the errors are computed at the physical
time needed to double the initial bubble radius. For all methodologies presented, the relative error
on the final bubble radius is below 1% on the finest grid considered. The simulation has been
extended to three dimensions, and the final bubble radius also converges at order one with grid
refinement. In three dimensions, the relative error on the final bubble radius is equal to 1.6% on
the finest grid. These errors have been computed as the L°°-norm of the local error normalized
by the corresponding theoretical radius. One should stress that the L°°-norm is the most severe
computation method of errors, taking into account the highest local error without any averaging.

Chapter 6 further extends the numerical method of the Boiling solver by introducing the coupling
of the mass transfer rate at the interface with the thermal fluxes across the interface. The heat
equation is then solved in both liquid and vapor phases, and an immersed Dirichlet boundary
condition is used to impose the fluid saturation temperature to the interface at a subgrid level.
In order to accurately compute the mass transfer rate from the thermal fluxes at the interface,
which represents the thermal coupling of boiling simulations, a new framework has been used to
perform high-order extrapolations of temperature gradients precisely at the interface. The overall
methodology has been validated against the test case of a three-dimensional bubble growing in a
superheated liquid at rest for different Jakob numbers, the heat flux in the liquid side of the interface
being responsible for the bubble expansion. Again, the simulation has been performed until the
doubling of the bubble radius. Convergence in relative L*°-norm of the final bubble radius with
grid refinement is obtained. Also, the errors decrease with the Jakob number, in accordance with
previous results found in the literature for the same test case on two-dimensional axisymmetric
cartesian grids. The Boiling solver has thus successfully extended the ability of performing L°°-
convergent simulations on two- and three-dimensional unstructured grids.

To the best of my knowledge, this thesis has provided the first numerical simulations of bubble
growth in three dimensions with a bubble radius converging with grid refinement in the L°°-norm
sense. The L convergence of the radius implies that the position of the bubble surface converges
to the exact solution at every surface point. It is then considered as an important ingredient for
predictive numerical simulations.

7.2 Perspectives

The results obtained in this thesis open the path to accurate numerical simulations of two-phase
flows with phase change on three-dimensional unstructured grids. However, one should note that
not all the terms present in the differential equations show an L convergence in our simulations.
Indeed, the normal vector, present in Eqgs. (1.26), (1.30), (1.31) and (2.12) in the definitions of
the mass transfer rate, the velocity and pressure discontinuities at the interface and the interface
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curvature, respectively, does not show a decrease of the error with grid refinement (Fig. 6.15(a)).
Worse, the interface curvature diverges with grid refinement (Fig. 6.15(b)). On a highly refined
grid, this could lead to the failure of the simulation since an arbitrary elevated curvature value
would be used in the computation of the pressure discontinuity at the interface. Convergence in
L*>-norm of the interface curvature is probably necessary in order to maintain the accuracy of the
simulation for an arbitrary grid refinement.

The natural extension of this work is the simulation of nucleate boiling, a mode of heat transfer
widely used in industrial applications, occurring when a liquid is in contact with a solid whose
temperature is above the liquid boiling point, leading to the formation of vapor bubbles on the
solid surface. Numerical simulations of nucleate boiling require a methodology to take the motion
of the contact line (where the solid, liquid and vapor phases meet) into account, as well as the contact
angle existing between the solid surface and the liquid-vapor interface. The numerical simulation
of nucleate boiling on unstructured grids is currently under development at LEGI in the MoST
team, as an extension of the Boiling solver. The inclusion of the contact line and contact angle in
the Boiling solver is expected to enable predictive three-dimensional direct numerical simulations
of nucleate boiling at the bubble scale in the coming years.
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A.1 Contact line dynamics without phase change

When a liquid-vapor interface at rest is in contact with a solid substrate, the differences of
physico-chemical properties between the three phases in presence (solid, liquid, vapor) entail inter-
actions which manifest through an energetic equilibrium. The region where the three phases are in
contact is called contact line. The aforementioned energetic equilibrium forces the interface to form
an angle with the substrate. This angle is generally evaluated in the liquid phase and called contact
angle. The contact line and the contact angle have been the subject of multiple studies from the
XIX*™ century to nowadays. Numerous authors have done experiments and have thus contributed
to the understanding of the physics implied in the dynamics of contact line. Thereafter, analytical
models have been developed and numerical studies have been carried out. Nevertheless, the knowl-
edge on the subject is not sufficient yet, and still today, research is ongoing on the different spatial
scales of such systems.

A.1.1 Static contact line

When a droplet or bubble lies on a solid surface, the shape of the interface, in the neighborhood of
the contact line, is controlled by interactions between the different phases, and forms a contact angle
0, as shown in Fig. A.1. In the static case without phase change, there exists theoretical models
enabling the computation of the contact angle, with respect to the surfacic energies generated by
the discontinuity of density across the interface. One famous theoretical model is the Young-Dupré

137



138 APPENDIX A. INTRODUCTION TO NUCLEATE BOILING

Liquid

Vapor —j»

Solid

Fig. A.1 — Surfacic energies at contact angle 6 formed by a liquid droplet lying on a solid surface,
~s1, between solid and liquid phases, vsyv between solid and vapor phases and ¢ between liquid and
vapor phases.

relation, given by
o cos(f) = ysv — YsL, (A1)

where vgyv, Vs, and o represent the surfacic energies respectively of the interface between the solid
and vapor, solid and liquid, and liquid and vapor phases, as indicated in Fig A.1. The fluid is said
perfectly wetting when the contact angle is equal to zero. In this case, the Young-Dupré relation
then becomes 0 = sy — vsr. Equation (A.1) comes from the balance of forces by unit length
acting on the contact line when the three phases are in thermodynamical equilibrium determined
by the physico-chemical properties of the three phases.

These properties determine the shape (the contact angle) of a droplet lying on a surface. The
tendency of the droplet to spread along the surface is called wetting. Depending on the contact
angle, two types of wetting can be observed : total wetting (the liquid phase recovers the whole solid
phase, i.e. the vapor phase is not in contact with the solid phase, so there is no contact line) and
partial wetting (0 < 6 < 7). These types of wetting are characterized by the spreading parameter
S measuring the difference between the surfacic energy of the dry and wet substrate, and defined
as

S = Edry substrate — Ewet substrate (AZ)
=vsv — (ysL + o). (A.3)
The value of S gives the type of wetting :

e If S < 0, the regime is called partial wetting. The liquid does not spread and forms a spherical
cap lying on the substrate with a contact angle at equilibrium 6.

e If S > 0, the regime is called total wetting. The liquid entirely spreads over the solid in a film
of nanoscopic width to lower the interfacial energy ~gv.

Figure A.2 illustrates the two types of wetting according to the spreading parameter S.

A.1.2 Dynamics of contact line

The analysis and modeling of contact angle dynamics has been highly challenging for scientists.
Although wetting dynamics plays a role in numerous processes, the understanding of the different
physical phenomena implied during the spreading of a liquid droplet over a solid surface is still far
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Fig. A.2 — Types of wetting defined by the spreading parameter S.
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Fig. A.3 — Navier condition : the width L of the fictitious film is equivalent to the slipping length
of the contact line.

from being complete. Many reasons can explain this lack of understanding. First, the physical phe-
nomena controlling the contact line dynamics intervene at several scales, from microscopic lengths
(where molecular mechanics is dominant) to macroscopic lengths (where continuum mechanics is
dominant). Nevertheless, observations realized experimentally on velocity or contact angle, do not
tackle length scales below a decade of micrometers. In addition to the difficulties encountered to
precisely examine phenomena around the contact line, classical boundary conditions applied to
Navier-Stokes equations in the presence of a solid surface lead to the appearance of a singularity of
viscous constraints.

At macroscopic scales, the behavior of a fluid close to the solid surface is usually described by
a no-slip condition. While this condition is often satisfactory in the case of continuous monophasic
flows, in other situations, e.g. for rarefied gases, it reveals inadapted. Similarly, in the case of contact
lines, the no-slip condition is in contradiction with the hypothesis of contact line displacement.
Indeed, a singularity on the viscous constraint due to the no-slip condition has been exposed by
Huh and Scriven [37], demonstrating that a gradient of viscous constraints close to a liquid meniscus
diverges close to the contact line [70]. In the case of partially wetting droplets, the Navier condition,
based on the assumption of the existence of a fictitious liquid film of given width on which the droplet
slips, as shown in Fig. A.3, can be used to alleviate the adherence condition of the contact line to
the solid surface. Other techniques have been developed for perfectly wetting fluids (see again [70]
and the book of de Gennes et al. [18] for more details).

The contact line motion is usually described using its velocity and the contact angle between
the liquid-vapor and solid-vapor interfaces. The theoretical approaches developed to describe the
hydrodynamics in the neighborhood of the contact line are multi-scale models. The region close to
the contact line is thus described at three different scales illustrated in Fig. A.4, the macroscopic,
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Fig. A.4 — The contact line is described at three different scales : the macroscopic, mesoscopic and
microscopic scales. For each scale, a contact angle can be defined [70].

mesoscopic and microscopic scales. One can notice an important element for the study of contact
line motion : the macroscopic contact angle differs from the microscopic contact angle.

At macroscopic scale, the flow motion is described by the Navier-Stokes equations, and the
apparent contact angle can be more easily evaluated considering the shape of the whole bubble.

At mesoscopic scale, the liquid-vapor interface in the immediate neighborhood of the contact
line is of null curvature. An apparent contact angle can then be defined. Surface tension and
viscosity effects compete to reshape the liquid-vapor interface.

At microscopic scale, molecular interactions (e.g. Van der Waals forces) are dominant. The
contact angle € in Eq. (A.1) and the slipping length mentioned above are defined at this scale.

A.1.3 Wettability of hydrophilic and hydrophobic surfaces

If a liquid drop is small enough to neglect the flattening action of gravity, its sticking on a solid
surface is referred to as the surface wettability. An important parameter used to characterize the
surface wettability is the contact angle # made by the liquid on the solid. The solid surface is said
wetted if 0 < 7/2 (see Fig. A.5(a)) and is said unwetted if § > 7/2 (cf. Fig. A.5(b)). In the case
of water, the wetted surface is called hydrophilic and the unwetted surface is called hydrophobic.

Realistic surfaces are alternatively composed of hydrophilic and hydrophobic regions. In the
context of nucleate boiling, hydrophobic regions favor the nucleation of bubbles in cavities since
the liquid is repelled by the solid, enabling the vapor phase to develop in the cavities of the solid,
but tend to slow down the bubble departure. Conversely, hydrophilic regions favor the departure
of bubbles from the nucleation sites by gravity effect since the liquid is attracted by the solid in
the region close to the contact line, but slow down the nucleation of bubbles in the cavities of the
solid since the liquid easily fills the cavities due to the attraction of the solid phase. In order to
optimize the cooling of the solid material, i.e. the heat transfert from the solid to the liquid and
vapor phases, it can be useful to find a compromise between the pros and cons in the repartition of
hydrophilic and hydrophobic surface regions.
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Fig. A.5 — Surface wettability : (a) wetted or hydrophilic surface (6 < 7/2), (b) unwetted or
hydrophobic surface (6 > 7/2).

A.2 Contact line dynamics with phase change : nucleate boiling

In this section, we introduce the contribution of boiling to the contact line dynamics. Consider a
liquid phase on top of a solid phase. If the solid temperature is higher than the liquid temperature,
a thermal flux is directed from the solid to the liquid phase. Due to this heat flux, if the liquid
temperature reaches the liquid saturation temperature, then molecules gain sufficient kinetic energy
to escape the attraction of their neighbors. As a result, the liquid in the concerned area turns into
vapor. This physical phenomenon usually occurs at the contact area between the liquid and solid
phases, and is called nucleate boiling.

The nucleation of vapor bubbles demands the creation of surface, that is accompanied by a
certain energy proportional to surface tension. Nucleation begins therefore in sites that offer the
lowest surface per bubble volume, and then the lowest energy barrier, that is in cavities of the
solid. Due to the heat flux originating from the solid, a small vapor bubble forms in a cavity.
This step is called nucleation and the cavity is called nucleation site. Once nucleation is initiated,
the bubble spontaneously grows and then detaches from the solid surface. The complete process
of liquid heating, nucleation, bubble growth and release, collectively refers to as the boiling cycle.
Three main features of this process that affect the rate of heat transfer are the bubble departure
diameter Dy, the bubble emission frequency f and the number of active nucleation sites N,s. The
bubble emission frequency f at a nucleation site is defined as

fo—— (A4)

)
Tgt + Twt

where the growth time 74 is the duration of the bubble growth and the waiting time 7 is the
duration between the departure of the former bubble and the appearance of the current bubble, as
illustrated in Fig. A.6. Over the past eighty years, the bubble departure diameter during nucleate
boiling has been the subject of numerous investigations [25]. In experimental studies, it is typically
determined from high-speed videos of boiling process. Based on experimental data, a number of
correlations were suggested to estimate the bubble departure diameter. Many correlations reflect
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Fig. A.6 — The four steps of the boiling bycle [31].

the role of the capillary length L., defined as

L= (G (45)

where g is the gravity. Indeed, the capillary length accounts for a simple balance of surface tension
force and buoyancy. We only mention here the correlation of Fritz [25] since it takes into account
the effect of the surface wettability :

Dy = 0.0208 x 0 x L, (A.6)

where 6 is given in degrees. Several studies [15, 100, 33, 38] show that the frequency of bubble
emission is inversely proportional to the departure diameter. Based on an analogy between the
bubble release process and natural convection, Zuber [100] suggested the following relation,

f % Dg =059 <"9 (p“;; pvap)) : (A7)
liq

The density of active nucleation sites was first estimated by Wang and Dhir [93]. The authors
performed experiments using copper heaters with different degrees of oxidation, which resulted in
different contact angles. The correlation proposed is given by

Nas - Nms (1 — COs 0) (Tw - Tsat)6 ) (AS)

where N, is the number of micro-cavities on the heated surface of interest and T, is the temper-
ature of the solid wall. These classical correlations (Eqgs. (A.6), (A.7) and (A.8)) have been widely
used as predictive tools. However, they are based on a limited quantity of experimental data and
their accuracy has not been extensively verified. Thus, they should be treated as being approximate
only.

A.2.1 Pool boiling regimes, critical heat flux and the boiling crisis

The study of boiling is usually divided in two categories : flow boiling and pool boiling. Flow
boiling addresses boiling occurring in flows with an overall liquid bulk velocity, whereas pool boiling
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Fig. A.7 — Pool boiling curve of Nukiyama [56] representing the imposed heat flux ¢ at the wall
with respect to the wall superheat T, — Tyat [31].

addresses boiling in liquids at rest. In this thesis, we focus on pool boiling since the bulk velocity in
flow boiling also influences bubble growth. The different regimes of pool boiling are defined below.
A parameter of interest in the study of nucleate pool boiling is the local heat transfer coefficient h
given in Wm~—2K~! by
q

h T T (A.9)
where ¢ is the imposed heat flux at the wall and T, — Tya4 is the wall superheat. The regimes of pool
boiling heat transfer are easily understood by referring to the pool boiling curve which is a plot of
q versus T, — Ty for the circumstances of interest. Nukiyama [56] is well known for his pool boiling
curve based on results from experiment of boiling water at atmospheric pressure. The regimes of
pool boiling encountered for a horizontal flat surface are indicated schematically in Fig. A.7. The
discussion in this section is limited to pool boiling of wetting liquids. The boiling curve can be
conveniently analysed in four different regimes, namely, the natural convection NC, the nucleate
boiling NB, the transition boiling TB and the film boiling FB.

Natural convection regime (NC) Due to the temperature gradients, fluid motions are created,
removing heat from the heated surface to the free liquid surface. The driving force of natural
convection is the buoyancy force, a result of gradients of fluid density.
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Nucleate boiling regime (NB) If the superheat (difference between the solid surface temper-
ature and the fluid saturation temperature) is large enough, nucleation is initiated at some
cavities on the surface. This stage is called the “onset of nucleate boiling” (ONB). At low
wall superheat levels, nucleate boiling is characterized by formation of isolated bubbles. With
increasing surface superheat, more and more nucleation sites become active, and the bubble
frequency at each site generally increases.

Transition boiling regime (TB) Eventually the active sites are spaced so closely that bubbles
from adjacent sites merge together. Bubble coalescence can occur in vertical or horizontal
directions. If the superheat still increases, a vapor film is formed along the surface resulting
from the replacement of liquid by vapor adjacent to the heated surface. Poor thermal conduc-
tivity of vapor phase suddenly decreases the efficiency of heat transfer. The heat flux at this
condition is called the critical heat flux (CHF), which describes the thermal limit of boiling
phenomenon. Indeed, the CHF is the maximum heat flux that can be transferred by boiling
process. A higher heat flux (compared to the CHF) can lead to the burnout of the heated
surface. Once the CHF is reached, a large fraction of the surface is covered by a vapor film,
boiling becomes unstable and transition boiling occurs. The transition from nucleate boiling
to film boiling is known as the boiling crisis. Beyond the CHF point, Fig. A.7 shows that
the heat flux q decreases when the wall superheat increases, Eq. (A.9) thus states that the
heat transfer coefficient decreases once the CHF is reached. As a result, the transition to film
boiling is usually inevitable.

Film boiling regime (FB) A further increase in the heat flux causes an insulating film of vapor
to fully cover the surface. The heat transfer coefficient decreases significantly, and the sur-
face temperature can then exceed the fusion temperature of the solid material, causing its
deterioration.

For nucleate boiling, Cooper [16] developed the following correlation to determine the heat transfer
coefficient :
h= 55p*0,1270.210g10 R, (_ 10g10 p*)—O.So q0'67M_0'5, (AlO)

where p* = P/P,, is the reduced pressure with P, the critical pressure, R, is the roughness given
in micrometers as defined in German standard DIN 4762/1, q is the heat flux given in Wm~2 and
M is the molecular weight of the fluid given in gmol~!. In general, the correlation of Cooper gives
a good tendency of the heat transfer coefficient versus the heat flux. However, it should not be used
to determine the surface roughness which is an adjustable parameter of this correlation.

In order to avoid the boiling crisis, the physico-chemical properties of the solid surface are also
taken into account.
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Abstract

This appendix contains the necessary developments to the expression of the discretized
pressure laplacian as well as the pressure gradient of each phase used to compute ghost pres-
sures, as they appear in the code of the Boiling solver. The balance equation for the pressure
laplacian is also given in 1D.
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We consider the part of a domain €2 represented in Figure B.1.

B.1 Generalities

For all scalar ¢ defined on €2, we define the liquid gradient operator in p at order 2, denoted Vé,
by

N,

1 & oL+l

1l i

vpd)p = 7 Z %A—p,q“ (Bl)
Pi=1

where N, is the number of direct neighboring nodes of node p. Similarly, we define the liquid

gradient operator on the pair [p, ¢;] at order 1, denoted Vé’qi, by

o d)l
l l qi p
) = AXy ., AXp g =X, — Xp- (B.2)
P,qi T P,qq 2 P,qi» P,9qi q P
”AXPML:

i
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We express (bfh_ with a first-order Taylor expansion,
¢ = ¢+ Ax,g, - Vieh. (B.3)
From Egs. (B.2) and (B.3) multiplied by Ax, 4,, we have, at order 1 in p,

! ol 2 ol ! L
0 AXp.g, = O AXp ¢ + [|AXp 0, 17 V) 0, Ppgs } g AXpg -V, P Ax (B.4)
l l 1l P,qi 'Pqi 2 P,qi» .
q,:AXp,qi = (ZS[)AXPKH + (Axpm ’ vp¢p) AXypq, | Axp,q;

the gradient of ¢ computed on the pair [p, ¢;] is then equal to the projection on the pair [p, ¢;] of
the gradient of ¢ computed on all pairs. The scalar product of Eq. (B.4) and Ax,, 4, gives

Ul 1l
Vg Ppgi - AXpq; = V0, - AXyp g, (B.5)
Equation (B.3) then becomes
qbfh = ¢§7 + Axpvql' ’ V;i77q1'¢lpaq1" (B'6)
The same approach on the vapor side leads to
Zi = ¢g + Axi"’ql' ’ vg,qz‘ g,ql" (B7)
The difference (B.6) - (B.7) reads
[Qs]q,i = [d)]p + AXP,‘H ' [v¢]p7qi . (BS)
By unicity of the Taylor expansion in p of [¢] —at orderl, we have

Vel q = V4, - (B.9)

Similarly, by unicity of the Taylor expansion in ¢; of [¢], at order 1, we have

[V(b]li)%‘ = [V(ﬂql . (BIO)

We also have
[qﬂqi = [¢lp + (1 - 0)Axpq, - [V, (B.11)

where 6 := 6, ,. is the relative distance to the pair [p, ¢;] of the interface I' to node 1 of the pair
[p, ¢i] (e.g. p in Figure B.1 as the vectors A, ,, are all directed from p to nodes ¢;), leading to, by
Egs. (B.8) and (B.11),

[¢]qi = [(b]p + AXpq, - [V(ﬁ]p,qi =[dlr + (1 — 0)Axpq, - [V (B.12)
Similarly, we have
[d)]p = [Qs]qi — AXpg, [Vﬁb]pm = [¢]F —0Ax,q, - [V(bh“ (B.13)
Moreover,
[¢lr = [¢], + 0A%pq, - [V, (B.14)

so, by identification in Eq. (B.12) using Eq. (B.9), we have

Vo], = [Vl (B.15)
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To summarize, we have, at order 1 in ¢, for all scalar ¢ defined on Q, and for all ¢ € {1,...

where IV, is the number of neighboring nodes of p,
V4], = [Vel,,, = Vol = [Vol,, -
We set ¢ := P, the fluid pressure. By definition of the operator [-]., we have
[VP].:=VP - VP!
and

1 1 1
{VP} = —VP. - —VPg,
P r Pl Pg

where p; and pg are the densities of the liquid and vapor phases. We can then rewrite Eq.

using Eq. (B.18), which gives
lom 1 g pL 9
VPl =p | —VPr— —VPl |+ |——-1|VP
Pl Pg Pg

1
— [vp] e pg
4 r Pg

and
1 1 g Py !
Pl Pg Pl
1
= py {VP} - @VP;
P T pi

B.2 Without phase change

We make the assumption

ﬁp] _o.
P r

147

, Np}

(B.16)

(B.17)

(B.18)

(B.17)

(B.19)

(B.20)

(B.21)

Remark : to our knowledge, there does not exist any rigorous demonstration of Eq. (B.21).

Without phase change, Eq. (B.19) becomes

wrp = oo,
Py
and Eq. (B.20) becomes
2

VP, = —LVPL.
12

We can then rewrite Eq. (B.12) as

— P+ (-0 ax,, vrL.

[P] qi ol

(B.22)

(B.23)

(B.24)
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Similarly, Eq. (B.13) becomes
[P], = [Pl — H[Z]FAXZMH VP, (B.25)
g
At order 1 in P, we have
Pl _Pl
l ! qi P
. = AX, .
P.qit P.gi 1A, 32 Xp,q;
p9 — p! Pl
qi p2 Axp7qi + %Aqui
HAXp,qL HAXZLqi l
P9 — P A . VP
= HAXWM + %AXP-‘LL +(1— 9)%LQF Xp,q; Dy Eq. (B.24),
[AXp,q [ Axp,q| ’ Pro[|Axp ||
(B.26)
and
P9 _ P9
qi P
gaQ'iPIqu'i = |Ax ”2 Xp,qi
P,4qi
P9 — P! P
= %71)2 Xp,q; T LPQAXPV(I@
[AXp,q, |l | Axpq,
PY — P! P A P?
=_% P p2 AXy g, + 7[ Ir 5 AXp 4, — Gﬁixp’ql VQF Ax,, by Eq. (B.25).
| AXp,q |AX,q, Py [[AXy
(B.27)
We define VP by
l
VPF = Vp,ql i (B.28)
and VP by
VP = Vo 4 P i (B.29)

Then, the projection of VP% on the pair [p, ¢;] is equal to VPIQ, idem for VPZ. By Eq. (B.28), Eq.

(B.26) then becomes

g _ pl

t [Pl [p]
\Y =4 P Ax 7Ax +(1-6 Plr \
p,qq p qi ||AXp$qi 2 piQ’L ||Axp 0 P4 ( ) ol D,qq P qi”
Similarly, by Eq. (B.29), Eq. (B.27) becomes
L - D [P] o7
g ‘ g = qi P AX n I Fvg
P,q9i~ P,qi ||Axp7qi 2 P:qi ||AXp7qi 2 P:qi P¢h

Equations (B.30) and (B.31) are implicit equations. The difference (B.30) -

[VP]P,qi

[r]
=(1-90) vaé,%

[ ]Fvg

P,qi p7q1

.+ 0

(B.30)

(B.31)

(B.31) gives

(B.32)
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which gives, factorizing by the gradients,

1f(1f9)@ VP = 100 ve po
( )Tt = (140)

Pl g p.ait pai (B.33)

Moreover, the 1hs and the rhs of Eq. (B.33), by respectively Egs. (B.30) and (B.31), are equal to

Py — P! P
(1 - (1 - 0) MF) Vi P = qlipzAxpyqi + erAXp,qi = (1 + 0[';]1“> vgaQinaQi'

pi P | A%,q, [ Ax,q, 9
(B.34)
We search pr such that
1 Pé,—Pjﬁ 1 P(}",—PZZ,
— FAXp g = ——— 5 Ax, g, + £ (pr, ), (B.35)
P AXp,q, | Pr(|Axp gl
and
1 P — P 1 Py - PZZ)
— S AXp g, = — —————5 A%, 4, + £, (o1, ['l1), B.36
Py [ AXpq, 2 D,q or | A%y 2 pai + £ (ors []p) ( )

where pr = pr (6, p1, pg) is an intermediate density between p; and pg, and f;, f; two functions of
pr and of jumps at the interface. Substracting Eq. (B.36) to Eq. (B.35), we obtain

1 1 1 1 1
VoaLoa = 5 Viaha = 5 VA~ VI = [VP} =fi (pr. [Ir) = £ (pr [Ir) - (B37)
g Pl Pg p r

Pl

Without phase change, Eq. (B.21) imposes that this quantity is zero. The benefit of this formalism
appears with phase change. We then determine explicitely the expressions of f; and f,.

B.3 With phase change

B.3.1 Pressure laplacian: V- %VP

We adopt the same methodology. The projection method [14] reads

a ! = w28 g prtd (B.38)
pts ’
ie.
1 " ut — un+1
pte VP =g (B-39)

This equality is verified in the whole domain. At the interface, the 1hs and the rhs of Eq. (B.39)
exhibit some jumps due to the density jump between the liquid and the vapor. These two jumps
are necessarily equal, i.e.

1 1 u* —unt!
P =[S S hn G n ) by Ea 3D ()
r
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In the following part, we will determine the expressions of f; and f;. Replacing [VP]. in Eq. (B.12)
by its expression in Eq. (B.20), we have

[Pl,, = [Plr + (1 = 0)Axpq, - [VP]p

qi
1 B.41
=[Plp+ (1 -0)Ax,,, - (pg {vp} + MFVP%) . (B-41)
p T P
Similarly, replacing [VP] in Eq. (B.13) by its expression in Eq. (B.19), we have

[Pl, = [Plp = 0A%pq, - [VP]p

1 B.42
= [Plp —0Axp,, - (pl {VP} + MFVPIQ) . ( )
P r Pg
The 1hs of Eq. (B.35) then reads
1 P.— P! 1 P9 — P! 1 [P,
*%71)2 Xp,qi = *%71)2 Xp.qi *7%2 Xp,qi (B.43)
P AXp, g | Pl AXp g, |l Pl AXp g |
1 qui — le) 1 [P]F
= 28Xp,q T 5 8Xp,q;
Pl AXp g, |l P AXp g
1 B.44
(1-0)Ax,q, - ( pg |-VP| + %fo ( )
1 ' p r Pl
— 5 Axy g,
pL A%, g4,

Replacing VPL by its expression in Eq. (B.28) (VP is then equal to its projection on the pair
[pv %])1 we have

1 Pl —P 1 P9 —P! 1 [P
(1 —(1-9) MF) 7(1@71)2 Xp,qi = *%Axp,qi - il 382 Xp,q;
pr ) pu||Axy |l Pl Axp g || | Axp, g |
1
AvaQi : |:VP]
Pg p r
+(1-6)—= Ax,, (B.45
(1-9) PRV pai  (B.45)
We define pr such that
[p]r or
1-(1-0)—— :=—, B.46
( ) Pl Pl ( )
ie.
pr = pr— (L=0)[plp = 0pi + (1 —0) py. (B.47)

Important : pr is then not a smoothing of p; and p, ; indeed, if the interface is very close to node
p, then 0 ~ 0 and pr = p, ; similarly, if 6 ~ 1, pr = p;.
Equation (B.45) reads

pr 1 Pli—PZl, 1 P,;Z—Pé 1 [P]r
TN 3 Xpq = — A 3 AXpg, T — A 5 8Xp,q;
PLPLIAXp g, P AXp,q, P AXp,q |
1
Axp g, - [VP]
Pg P r
t(1—0)e Ax,, (B.48)

2
P [Axp,q |
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which gives, multiplying at left and right by p;/pr,

1 P —p! 1 P9 — P!
_ 4qi IJ2 Xp,qi — qi p2 Xp,qi
pl ||AXP,Qi|| pF ||AXP7QiH
1
Ax,, - |-VP
1 P P,qi |: :|
f%AXM +(1-0L P__IrAx,,., (B.A49)
Pr || Axp,q, pr |AXy,q,
£ (pr.lr)
or equivalently
! l 1
iPé"i—Pp N _l P, — P, Ax _i [Pl x
2 P.qi T 2 D4 2 Pyqi
pr || Axp g, |l P Axp g | pr | Axp g, |l

—(1-0l

Taking the scalar product of Eq. (B.50) by +A,, ;,, we obtain

1 PI - P 1 PL - P! 1 [P
— = pz AXp g Apg = — - p2 AXpg - Apg — — Pl 5 AXp g Ap g,
Pr[|Axp g, Pl Axp g Pr || Axp g,
1
Axy, g {VP]
Pg P r

—(1-0)e Ax,, - A,,. (B51
( ) pF ||AXp,qi||2 P,4i P,q ( )

From Eq. (B.39), we have

1 L) uz,l _ u;LJrl,l B vV - u;,l
v <pl vap> -V ( N = — (B.52)

then the first term of the rhs of Eq. (B.51) reads (computation of divergences before division by
Vp)

L _ pl *,1 *,1
l Pfhﬂ PP _ }up + ufli

Za TP A A, = A, (B.53)
A 2 P:qi Psqi A Psqi>
P || xlhflri” 2 t

which leads to rewrite Eq. (B.51), replacing [%VP} by its expression in Eq. (B.40),
r
1 P -p 1wyl + ugt 1 [P]
R s R U (i S N SR (26 Y N U
pr ||AXp7qi 2 P,qi P,qi 2 At vt pl" HAXp’qi 2 D,qi D,qi
P L G I
Psqi
—(1-9) Bo ~f Axpg - Apg, (B.54)

2
prT [Axp,q |
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We make the following assumption:

[U*]F - [un+1]r

Ax, . - #1 _ [ygn
T ||Axp’q1.A2t Axp,qi ’ Ap,qi = W : Ap,qw (B~55)
which is true if:
1. Axp,,, and A, . are colinear (i.e. regular grid) ;
2. % is directed toward Ax, g, .
Equation (B.54) then becomes
;MAXR% “Apg = ;u;,l;_tu;;l “Apg — /;A[Q;FAXP,% “Apg,
—(1-0) Ziw Ay, (B56)

which is the contribution of the pair [p, q;] to the computation of the laplacian of P in
p before division by V, : in red, 1hs of the pair [p, ¢;]; in blue, contribution of the pair [p, ¢;] to the
rhs of node p, as they appear in the code.

Similarly, the 1hs of Eq. (B.36) reads

1 P9 —PY 1 P9 — P! 1 P
7%71)2AXP7‘H = *%szxqi +— | }p 5 AXp g, (B.57)
Py || A%} 4, Py ||AXp g, Py || Axp, g,
!
= iipng _ Pp Xp qi ii[P]F Xp qi
Py ||AXp g, ? T g | A%y,q, 2 .
1 B.58
! —0Ax, 4, - <pl [VP] + MFVP#) ( )
+— P ; & AXP»Qi'
Pg HAXPJM
Then, by Eq. (B.29), we have
l
(HQ[PH) R iy AN S ki IS S L
P,qi P,qi P4
Pa ) Py llAxp, | Py [|AX, 4,17 Py [|AXp 4,1

Axy g [;VP}

_pP

LAx, ... (B.59)
A 2 P.ai
Pg | Xp,qi |
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Multiplying at left and right by p,/pr, we obtain

1 Py —P¢ 1%—@
T A 2 72 X;D,qu‘,

38Xpq = —
' pr ”AXP#L',

Pg HAXZML‘,
1
Axp . - [VP}
1 [Py I VAR It
— 3 AXp g, —0— 2 Xp,qs  (B.60)
Pr || Axpq pro [[Axp gl
fg(PFa[']r)
or equivalently
1 Py -P 1 rg -5 1 [Pl
e 2/2%Xpqu = 38Xpg — 5 2 Xp,q;
pr || Axp g, |l Py ||AXp 4, | pr || Axp g, |l
1
Ax, [VP}
) Pl p r
- 2 Xp,q,- (B.61)
pr |AXp,q,
Taking the scalar product of Eq. (B.61) by —A,, ,,, we obtain
1 PJ—P 1 PJ —PY 1 [P
- *%7172 Xp,g; - Apg = _*%7])2 Xp,gi * Apgi *#Fz Xp,gi - Apgi
pr || Axp g, |l Py [|Axp 4, |l pr || Axpq, |l
1
AXPML: : |:VP:|
_gﬁ P 3 FAXWM Ay (B.62)
pr | AXp,q;

By Eq. (B.52) and Eq. (B.53) applied to vapor, and replacing HVP]F by its expression in Eq.

(B.40), Eq. (B.62) becomes

1 Py —P] 1uyd 4 upd 1 [P

k7 Ay =t e A = D Ay AL
P.qi " IApas B AL pa T P P.ai  pa

- 2
T HAXPaqz‘”
]y — [un+1]r

Axpvq'i T AL
—oL At Axpq - Apg. (B.63)
pr |Axp,q,
The hypothesis (B.55) gives
1 Py — Pl Lupd +ups 1 [P
U A, = A = VT Ax A
P,qi 2 At Pyqi or HAXPJH 2 Psqi P:qi

|2 Axpe(h

Prol|Axp g,
(B.64)

[u*} _ un+1
YN L el e RN

pr At
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which is the contribution of the pair [p,q;] to the computation of the laplacian of P in
g; before division by V,, : in red, 1hs of the pair [p,¢;] ; in blue, contribution of the pair [p, ¢;] to
the rhs of node g;, as they appear in the code.

Note. By Egs. (B.40) and (B.55), the difference (B.49) - (B.60) gives

1 P —p! 1 P9 — P9 1
—%7}’2 Xp.qi — —%Axp,qi = {VP} . (B.65)
Pl Ay g, Py [|AXp g, P r

B.3.2 Pressure gradient for the computation of a ghost pressure
1 1
Once we have computed P;,l,’n+2 , we have to compute VéP,l,’n+2 in order to correct the velocity.

n+3,G

To this purpose, we extrapolate a ghost liquid pressure Pl; in ¢; using a liquid pressure

gradient given by Egs. (B.51), (B.40) and (B.55),

Pl—Pl 1 Pg_Pl 1 [P]
|Axp g, 22 %pa Bpa T O (pr 1A, ., 28 %pas " A T 1A%, 3B Xp,q; " Ap,q;
u* _ un+1
+(1-96) ﬁiw : Ap,qi) . (B.66)
and

[ !

Ln+l,G  lntd P, — P,

Py, =P + |Ax s AXp g Ap g, | Axp,q;
P,4qi

l l

Iin+3 Pq' —ip
=P 4+ ——=A AL
[ V-

(B.67)

Similarly, by Egs. (B.62), (B.40) and (B.55), we have

P - 1 P9 —p! 1 P
N zA i = - % PAx A 4+ —— T Ax A
|AX,.,, 2 D,qi p,qi — Pg <pr ||AXP,(I7;||2 D.gi P ||AXp7qu2 X P,di
u* _ un+1
QZHFAE]F : Ap,qf,) , (B.68)
and

1 1 P9 — P9
gn+5,G _ gnts qi p
Py = Pg, - |Ax 3AXp g, - Ap g | [[AXp g,
P,qi

(B.69)

9 _ P9

1
=Py T TP Ax, A
w T Ay [T e

We recover the rhs of Egs. (B.66) and (B.68) in the code.
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B.3.3 Balance equation for the pressure laplacian in 1D

We write the finite volume discretization of V - (%VP) in p without considering the inter-
face. We have

1 1 1 Pl 1= Pl 1 Pl Pl 1
V- (VP) = | -2 P Ax Xppt1 - Appr1+ — 7PAXP1P*1 (—App-1)
P p o Vr <pz HAXP7P+1”2 Pl AXpp— 1||
L1 (PP R-r
= Xpp+1 - Appi1 — Axpp-1-App-1 (B.70)
VP pL <|Axp,p+1|| ||Ax;rma—1||2

The Poisson equation to be solved in s for the pressure is

AtV - (1VP>
p

Integrating V - (%Vp) over the whole domain, we have, by Eq. (B.70),

1 i 1
/ V. <VP> V=S Vv <VP>
Q p p

=V.-u',, se{2,...,N—1}. (B.71)

S

k=2 k
N-1 Y m
1 (P P P — P
= — AR pz AXppi1 - Appr1 — pipleXp»pfl “App-1], n=lorg
2 P Ayl [AXp -1l
1 PL-p} 1 P%— Py
:_7272AX A12+*¢AXNN 1 AN N-1
Pu | A%y ol Py | Axy N1 |
1 P — Py e |
— 5 AXp i1 Appt1 — 5 AXp p1 - Ap i
S ) - ST
1 PL—-p} 1 Py —PY_, 1
=———"7AX12 A12+*7AXNN1 Ann-_1+ |-VP| A, 11
pul|AX o] Py || Axy 1| p ro o
(B.72)
Moreover, we have
11 L usl +ult
At V-u | K]T (217 Ap,p+1 + % : (_Ap,pfl) (B'73)

11 (wl+u, wol utt
_AV< 2 = A — — 2 = A | (B.74)
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then
V-l—)dV = Ve V| —
Lo (&) -Env(5),
k=2
= Ni:l 7 (“Zm + v “Ap g1 — 711271’1 it “Ay kl)
= At 2 ’ 2 ’
Lup' + ! 1uy’, +uy’
- Ajot N TN A
2 At 1273 At N-LN
* *,0 * *,(
1 upJ T A up’g + up-gl A
5 AL CApptl T T Ay At
1ut 4 ut! 1Lutd . +utd 1[u*], + [u*]
=5 A A §]VZtN'AM*N+§ pAtpH'&W“
1 uf’l + u;’l 1 u;}g,l + u;‘\}g [u*]
- _= A ZON-1L TN AL =r,
5 A 1,2 + 5 AL N-1,N + At p,p+1
(B.75)
supposing that
u| + [u*
[U*]F “Appr1 = M “Appta- (B.76)
The difference (B.72) - (B.75) gives
1 Py — Py, 1 Pi— P 1
=N Nl Axyn-1 AnN-1— ——2—AX12 A1+ |[-VP| A,
P || Axy v | ol Ax | polr T
1up! 4 uy! Luy?, +uy’ [u*]p
e B e NP 5 W e A W | Y B.77
2 Al L2 0 T AY N-1N = Ta Apprs (BTT)

which gives, replacing [u*]. by [u*]p — [u"*!] + [u"™!] and moving the pressures to the left,

1 Pl_ P! 1 PY—pY
- 12 12 X1,2'A1,2—*N7N12AXN,N—1'AN,N_1
Pu| A%y ol Py [|AXN, N1
1 u*{’l + u;’l 1uy? | +uy? [um ]
e B R e £ s S N L NG - %
9 At 1,2 9 At N—-1,N At p,p+1 ( )

which is the balance equation for the laplacian of P in 1D with liquid to the left and
vapor to the right of the interface. This equation has then to be verified at every time step.
It is the integral over the whole domain of the Poisson equation, which is itself the divergence of
the Navier-Stokes equation. This equation then accounts for the conservation of momentum in the

whole domain. o o
— mn+1 1 " nn+1 — [_AVT‘n];Jrl 1 "
Plr Plp

Note : We have [u"!] e n"t!. When we compute the

pressure, we have already advanced the temperatures and the levelset function, i.e. we already have
Tl"g+1 and ¢" !, we can then use it to compute " *!, and use this last term to compute [u"“]r.
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Fig. B.1 - Control volume V), associated to node p. The neighboring nodes of p are numbered coun-
terclockwise. The barycenter of each element and the middle of each pair of nodes are respectively
represented by the symbols 4+ and o. The control volume associated to node p is represented in
simple black dashes. To each pair of nodes are associated two facets of the control volume, each
linking the barycenter of a neighboring element to the middle of the pair. The sum of the fluxes of
a physical field at the two facets is equal to the flux of the same physical field at the “face” linking
the two barycenters of the neighboring elements to the pair, represented in dense red dashes. If
this face is denoted S; and if n; is its outward normal vector to the control volume of p, then the
vector A, 4, represented in red is equal to S;n;. For more clarity, S; and n; are not represented.
The interface I' is represented in blue.






Appendix C

The Fifth-Order Weighted Essentially
Non-Oscillatory Scheme for cartesian
grids

We present the WENOS5 scheme from [78] used in the Hamilton-Jacobi reinitialization equation
of the Signed Distance Function on cartesian grids. For clarity reasons, the temporal dependance
of ¢ is omitted since reinitialization takes place at fixed physical time. Moreover, only the two-
dimensional case is presented, but the extension to three dimensions is straightforward. We suppose
a homogeneous cartesian grid of cell size h.

On each grid node x; ; and ghost node %; ;, we compute first-order upwind gradients in both =
and y directions by

99| dijt1— iy

or|, = = (C.1)
and

09| dic1j— iy

dyl,, = T (C.2)

where ghost values are used when needed. For simplicity in the notations, theses gradients are
denoted V,¢; ; and V,¢; ;.
For each node, we define
Ug), = Vi0j-34, uf), =Vi¢j 2, US), = Vzdj 14, ué“l = Va2, HS’), = V@it
(C.3)
and

1 2 3 4 5
ulh = Vb uld = Vadjis ul = Vedie, ulh =Vediri ul = Vad; o
(C.4)

The gradients in the y direction are manipulated via

uq(ll)_ = Vydj_3., UE,Q)_ =VyP; 2, U§3)_ = Vydj_14, UE,4)_ = Vydji, ufj’)_ = Vydjt1,,
(C.5)
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160
and

1) _ (2 _
Uy = Vydjtoi, Uyt = Vyditi,

We define
o _ 13
Sz,= = 12
@ _ 13
o= = 12
13 :
53(031 =5 (ui‘”ﬁ — 2u§04
and

13
S0 = B (0 0

(2 _
Sy =

The analogous for the y direction gives

o _ 13/ @
Syr - E (u%—

2
(ul =20 +ul )+

2
(uf,)_ - 2u§)_ + ugﬁ)_) +

12
3 3/ @3
5 - 1 (5, -t

2
— 2 +ul )+

3 4 5
Ug(,zr = Vydj,i, Ug(,zr = Vydj-1,i, uél = Vyoj_2,.

2
2
(12 i)

) 2
(3u§0‘3) — 4u(4)7 + ufjl)

T Z,

e N N

i ufj),)Q +

N
<
k=
i
|
B
<
S
SiC)
_|_
w
<
5a
i
N—
(V]

—
N
—
—
N
N———
&)

+
I
£
8
G

(v

2
(3u§jl — 4u§fl_ + uﬁﬂ_)

[ N N

2
e (uél)_ - 4u;2)_ + 3u1(/3)_>

1
4
13 2 ] 2
5152), =5 (u?(f), — 2u§3), + u?(f),) + 1 (u?(f), — ul(f),)
@ _ 13/ @ @ eV L L (a® @ . 6>
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For the y direction, we define

A0 _ 1 4@ _ 6 a® 3 (C.13)
Y= O\ Yy, — @\2’ Yo ®\2
10 (e+ 852 10 (e+ 557 10 (e+ 85
and
(1 _ 1 2 _ 6 (3) _ 3
App=—— 3 A= AT 55 (C.14)
10 (e +54%) 10 (e+ 82 10 (e+ 8 )
We define the smoothness indicators with the S superscript for the z-direction,
AS = ! and AST, = L (C.15)
G M R A
and for the y-direction
ASL = ! and A5 = ! (C.16)
Ym0 (1) (2) (3) vt T (1) (2) 3) - ’
Ay,— + Ay7— + Ay,— Ay,+ + Ay,-i- + Ay,+
Next we define the weights for the z-direction
Wil =AW AT WP = AP AST ) = AP AT (C.17)
and (1) (1) 2 2 3 3
wey = Ag 4y AT wa(czr = A;LAJS:JF, ww,zr = ALLAJS:JF, (C.18)
and for the y-direction
(1) _ 4(Q) ys1 (2) _ 4(2) ys1 (3) _ 4(3) 4sI
wyL =A LA, wy L =ATTA L w, L =A A (C.19)
and 1) ¢ ) (2 3) (3)
1 1 S 2 2 S 3 3 S
Wyt = Ay’+AyVI+, Wy G = ‘zély,JrAyT+7 Wy 4 = Ay7+Ay¥+. (C.20)

We compute the candidates S, _, Sz +, Sy,— and Sy + to the components of V¢. We have for
the z-direction,

1 7 11 1 5 1
S =l (Gl ol G ) el (il 1l )

6“7
and
_ o _7T@ 1@ 2 (L1l @ 5@ 1@
Se+ =wy, 4 (3u T gl + 5 Ut +w, t —glat + éuwl + §u$)+
1 5 1
+ wi,sl (3%3)+ + éuﬁr - 6um57)+> , (C.22)



APPENDIX C. THE FIFTH-ORDER WEIGHTED ESSENTIALLY NON-OSCILLATORY
162 SCHEME FOR CARTESIAN GRIDS

and for the y-direction,

(1) Lo 7o e (2) L@ 5 ® 4@
Sy,_ (3 y—76 y,— +6 Y, — er, 76 Y, — +6 y7+3 Y,—

1 5
+wl?) ( @+ Sl Gu;"j)_>, (C.23)

v— \ 3%~ T g%~
and
1 7 11 1
Sy =) (3 = otk + ol ) +elth (<5 + Sullh + ulth )
@ (Lo 5@ 1o
+w,h (3uy L+ glvt ~ gl +> (C.24)
We define
- Surtl = 0| - Sycel = 10|
=S 0y Set| = 15| d S,=8(¢") L8l C.25
((b ) SIH_ _ Sz,— an Yy (¢ ) Sy,-i— _ Sy,— ( )
Finally, the components ¢, and ¢, of V¢ are given by
S if {S(QSO)S; 4+ >0and S (¢°) 5;90 >0} o
: or{S(¢)S + <0and S (¢°) Sy~ >0and S, >0}
br = g o {S(¢°) Szy <0 and S (¢°) S, < 0} (C.26)
S or {S (¢°) Sz + <0and S (¢0) ~>0and S, <0}
0 otherwise
and
Sy, if {5 (¢°) %y + = 0and S (¢°) Soy’ >0} _
’ or éS (¢°) Sy,+ <0and S (¢°) Sy, >0 and S, > 0}
Sy=19 g ¢ 19(8%) Sy+ <0and S (¢°) S, - <0} o . (C.27)
v or {S(¢°) Sy+ <0and S (¢°)S,_ >0andS, <0}
0 otherwise

The Godunov flux G of the signed distance function ¢ at node x; ; is given by

G (dij) = /P2 +¢2 — 1. (C.28)



Appendix D

The Fast Marching Method for cartesian
grids
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D.1 Introduction

We present our implementation of the Fast Marching Method in two-dimensional cartesian grids
from [44]. The extension to three dimensions is straightforward. The Fast Marching Method (FMM)
is based on the propagation of the signed distance function from the interface in the interface normal
direction. To this purpose, the FMM solves the Eikonal equation

Vel =1, (D.1)

by solving quadratic equations on nodes where ¢ is needed to reconstruct V¢. The starting point
of the algorithm is the set of the closest nodes to the interface (band level 1) which have ¢
values considered as exact values. From these exact values, updated values can be computed
on the neighbor nodes by solving quadratic equations. Among the newly computed values, only
the smallest® value is considered as exact, and the method iterates until all nodes have an exact
signed distance value. The computation is limited to the narrow band around the interface to save
computational time. After advection of the interface (using a Level Set method in the case of the
Boiling solver), the interface must not be moved anymore during the same temporal iteration. In
order to conserve the position of the interface during reinitialization of the signed distance function
by the Fast Marching Method, the ¢ values of the nodes of band level +1 are considered as exact

Lor biggest, in the vapor phase
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/

Vol >1

=1

; Vs

(a)

Fig. D.1 — The problem of reinitialization of the signed distance function ¢ on the closest nodes
to the interface in multidimensions. In one dimension (a), it is simple to reinitialize ¢ also on the
closest nodes x; and x;4; without moving the interface. On two dimensions (b), reinitializing the
signed distance function on the closest nodes to the interface without moving the interface is much
more complex : if one reinitializes ¢ (x,), ¢ (xq,) and ¢ (xg,), the interface represented with blue
crosses on each grid edge will most likely be moved on (xp, %, ) and (x,,X,,) edges.

and are then not updated. As a result, this method does not guarantee ||[Vé|| =1 on these nodes.
This drawback is not specific to the FMM and highlights the compromise of all reinitialization
methods of level set functions that has to be made : while we want to ensure ||[V¢| =1 on
the whole domain? including the closest nodes to the interface, we do not want to
move the interface. Figure D.1(a) illustrates the problem.

In our implementation of the Fast Marching Method, we made the choice not to reinitialize the
signed distance function on the closest nodes to the interface.

D.2 Implementation in the Boiling solver

The FMM relies on node lists named Alive, Close and Far. The Alive nodes have ¢ values
considered as exact, the Close nodes are the nodes which have at least one Alive node as neighbor.
The Far nodes are the nodes which do not belong to the Alive or Close node lists. Figure D.2
illustrates this domain partition. The signed distance function is reinitialized in both phases in the
same pseudo-temporal loop. This feature is available due to the independence of the two phases

2at least on a narrow band around the interface
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Fig. D.2 — Hlustration of the domain partition used in the Fast Marching Method.

with respect to the Fast Marching Method : the previously advected ¢ values on nodes of band
level +1 are Dirichlet boundary conditions for ¢ in the liquid phase, and the previously advected
¢ values on nodes of band level —1 are Dirichlet boundary conditions for ¢ in the vapor phase. In
the following equations, the “+” sign becomes “4” in the liquid phase and “—” in the vapor phase.
Moreover, the term neighbor is understood as one of the four “direct” (top, bottom, left and right)
neighbors in two dimensions.

Step 1 : Initialization The first step is the initialization of the Alive, Close and Far node lists.
The Alive node list is initialized as the set of all nodes of band level £1. The Close node list
is initialized as the set of all nodes of band level +2. The Far node list is initialized as the set
of all nodes of the narrow band which do not belong to the Alive and Close node lists.

Step 2 : Gradient reconstruction by solving quadratic equations For all Close nodes, we
solve quadratic equations depending on the number of Alive neighbors. Let x be a grid node
where the indices ¢ and j are omitted for clarity. We use the following method to solve the
relevant quadratic equations in order to compute intermediate ¢* values.

e If x has one Alive neighbor x;, the equation solved is

o (x) = ¢" T (x1) £ h. (D.2)
e If x has two Alive neighbors x; and xa, the equation solved is
1
0" = 5 (07 () 4 07 () 20— (6741 ()~ 04 (). (D)

e If x has three Alive neighbors x;, x2 and x3, and

— if x, X1 and x4 are aligned, the equation solved is

50 = " () £ = L ) — o ) (D)

— if x, x; and x3 are aligned, the equation solved is

¢* (x) = ¢" (x2) £ \/h2 - i (@1 (1) = " (x3))%; (D.5)
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— if x, x5 and x3 are aligned, the equation solved is

1
e B L )
e If x has four Alive neighbors x1, X2, X3 and x4, the equation solved is

min 5y {qﬁ"“ (xp)} +h if x is in the liquid phase

5" () = { el .
max {q5”+1 (xp)} — h if x is in the vapor phase
pE{l,..-,4}

(D.7)

Step 3 : Definition of the Trial nodes and node list update Among all Close nodes, we de-
fine the liquid and vapor Trial nodes Xtyial liq and XTvialvap @s the nodes which have respec-
tively the smallest and biggest ¢* values, i.e. XTyial1iq is defined such that

¢ (XTvial liq) = Iilel? {¢" (x) : ¢ (x) > 0}, (D.8)
and Xyialvap is defined such that

¢* (XTrial,vap) = I;[cleaé( {¢* (X) : ¢* (X) < 0}7 (DQ)
where C denotes the Close node list. The Trial nodes XTyialliq @0d XTyialvap are transferred
to the Alive node list. As a consequence, the reinitialized signed distance values on Xmyial liq
and Xyial,vap are given by
" (XTvialliq) = ¢ (XTrialliq) » (D.10)
and
¢n+1 (XTrial,vap) = d)* (XTrial,vap) . (Dll)

Moreover, the neighbors of Xryialliq and Xrvialvap located in the Far node list, if any, are
transferred to the Close node list.

Step 4 : Exit criterium The number of Close nodes is recomputed, and the method stops if
there is no more Close nodes. Otherwise, the loop goes back to Step 2.
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MPI parallelism of the Hamilton-Jacobi
equation for the reinitialization of the
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simplicial unstructured grids in two and
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E.1 The causality principle on distributed memory

Computing the signed distance function to an interface using distributed memory is highly
challenging. Numerical methods designed to build such signed distance functions have to respect
the causality principle : information originates from the interface and propagates away from it,
implying that the signed distance value to the interface can be computed on one node
only if some signed distance values on closer nodes to the interface have already been
computed. The immediate consequence of the causality principle is the major difficulty arising
with the parallelism of signed distance function computation algorithms on multiple cores. Indeed,
as opposed to classical parallel operations such as computing the gradient of a scalar field known

167
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Fig. E.1 — The causality principle in the reinitialization of the signed distance function to the
interface with distributed memory. The domain is decomposed on three processes Pi, P> and P3
where only P; and P» contain a portion of the interface I' = I'(0). The fictitious interface I'(T)
propagates from T in its normal direction at speed 1. The width of the area II(nA7) delimited by
f(O) and f(TLAT) is the distance on which ¢ has been reinitialized after n pseudo-temporal iterations
of Eq. (E.1). As opposed to true parallelism where a given operation is performed simultaneously
on all nodes with the same accuracy, the propagation of r imposes an order in the computational
times needed to reinitialize ¢. The ¢ value on node qo € TI(3A7) will then be reinitialized faster
than the ¢ value on node q; € II(4A7).

in the whole domain, parallel operations needed to reinitialize the signed distance function to an
interface are performed on information that comes from other processes. Figure E.1 shows a portion
of a domain partition composed of three processes P, P> and P, suitable for MPI parallelism.

The interface is located on processes Py and P». The resolution of Hamilton-Jacobi Eq. (2.7) is
based on the following idea. Let I' be the interface after advection of the signed distance function,
and I'(0) a fictitious copy of I". Solving Eq. (2.7) is equivalent to propagating I'(0) in the normal
direction of T' at speed 1. Let II(7) be the area delimited by T' and I'(r) where 7 € [0, for
some constant ¢ > 0 and f(T) is the interface I' propagated along its normal direction at speed 1
during the time interval [0,7]. Then, at any given instant 7 during reinitialization, where 7 = 0
is the beginning of reinitialization, II(7) is the area where the signed distance function ¢ has been
reinitialized. Outside II(7), ¢ is not reinitialized yet. The area II(7) is fully characterized by the
interface location I' and the value of time 7, and is thus not related to the domain partition used
for MPI parallelism. As a consequence, algorithms have to be designed to update ¢ values on nodes
according to their distance to the interface and not on a per-process basis. For instance, on Fig.
E.1, process P, does contain a portion of the interface but process P3 does not. One could argue
that, in this case, it would be easier to reinitialize ¢ on all nodes of process P;, and then use ¢ values
on common nodes between processes P; and P (along with ¢ values on common nodes between
processes P, and P3) as boundary conditions to reinitialize ¢ on process Ps;. This method would
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violate the causality principle because ¢ on node q; in P; would be reinitialized before ¢ on node
qo in Ps, whereas q; € I1(4A7) and g2 € IT(3A7). The causality principle imposes to reinitialize

o (qz2) before ¢ (q1).

E.2 Algorithm

We use the algorithm proposed by Dapogny and Frey [17] to solve Hamilton-Jacobi Eq. (2.7) on
arbitrary unstructured grids, in two and three dimensions. The method restricts to grids composed
only of simplices!. This algorithm is reproduced in Alg. 2 with adapted notations where K :=
{K €T : KNT # ()} is the set of simplices K € T intersecting the interface I, T is the simplicial
grid, and ¢nax is a characteristic length of the domain typically set to the length of the largest
domain bounding box diagonal. Figure E.2 shows a scheme of the notations used in Alg. 2.

Algorithm 2: Reinitialization of the signed distance function by Hamilton-Jacobi Eq. (2.7)
on arbitrary simplicial unstructured grids [17].

1 Initialize the signed distance function ¢° with:

& (x) exact signed distance function to I'; if x belongs to a simplex of IC,
X)) =
Pmax; otherwise.

2 for n =1 to convergence do
3 | ¢"(x)=¢" ! (x) for each node = of T
4 for each simplex T of T do
5 for each node x of T' which does not belong to a simplex in K do
6 if x € Qjiq then
7
V(")
" (x) =min [ ¢" (x),0" ' [ x — =T AT + AT, (E.1)
IV (6"l
8 else
9
v (")
" (x) = max | ¢" (x),¢" ' [ x+ =L AT | | — AT E.2)
> ¥ ()] (

10 return ¢"

This algorithm is implemented in the open source? MshDist library [17]. The library has been
coupled to the Boiling solver, and provided very accurate results in two and three dimensions, as will
be shown in Section 5.11. While the library can be used on multiple cores to speed up computations
by means of shared memory (OpenMP), it cannot be used with multiple processes and distributed
memory (MPI). Indeed, the MshDist library requires that one core has knowledge of all ¢ values

1Simplices are the non-flat elements with the smallest number of edges for a given spatial dimension. If k € N is
the dimension, a k-simplex is defined as the convex hull of its k + 1 vertices : a 2-simplex is a triangle, a 3-simplex
is a tetrahedron.

2The source code of the MshDist library is freely available at https://github.com/ISCDtoolbox/Mshdist.
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Fig. E.2 — Notations of Alg. 2 : 7T is the simplicial grid,  C 7T is the simplicial subset of T
intersecting the interface I', 17 € 7T is a simplex, nodes x, and x, are summits of 77, and ;4 is
the region occupied by the liquid phase. As opposed to node x,, node x, belongs to simplices of .

on the whole computational domain. Since our goal is to tackle complex geometries, the Boiling
solver is designed to run on multiple processes using distributed memory and MPI parallelism.
Simulations performed with the Boiling solver coupled to the MshDist library are limited to one
single process. To alleviate this problem, parallelism using MPI and distributed memory of Alg. 2
has been implemented. We present the problems that arose with the parallelism of this algorithm
and the solutions found.

E.3 Pre-computation of grid-related informations

Prior to the actual parallelism of Alg. 2 using MPI, grid connectivity-related informations are
pre-computed to ease and speed up the search of neighbor nodes or elements during reinitialization.
For each node x, the two following lists are pre-computed :

Neighbor element list £; (x) The list £;(x) of elements to which x is a summit. In Fig. E.2,
the neighbor element list £ (x,,) of node x,, is given by

L1 (xp) = {T1, 12,15, T4, T5 } . (E.3)

Neighbor element edge list £; (x) The list £5 (x) of element edges for all elements in £; (x).
In Fig. E.2, the neighbor element edge list L2 (x,) of node x,, is given by

Lo (xp) = {(Xp>xq1) s (XpsXgs) s (Xg1Xgs) s (Xps Xgs) » (X5 Xgs)
(Xp,xqz;) ) (quv Xq4) ) (Xp7 qu) ) (Xqu qu) ) (qu7 qu)}- (E.4)
These two lists are local to one element group (see Chapter 3 for details on the double domain

decomposition used in YALES?2).
The final time of reinitialization 7. is given by

Tmax = \/ x]ng + y]23Ba (E5)
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where zpp and ypp are the dimensions of the whole domain bounding box. Equation (E.5) expresses
time Tax With respect to distances xpp and ygg. Indeed, thanks to the propagation speed of r
equal to 1, the analogy between times and distances is valid and common in the research field of
viscosity solutions to Hamilton-Jacobi equations.

As will be explained in Section E.5.2.3, the smallest height of all grid simplices is also pre-
computed.

E.4 Initialization

Line 1 of Alg. 2 initializes the signed distance function to be reinitialized, denoted ¢°. Here, ¢
has already been advected, so the interface location I' = {z € Q : ¢(x) = 0} is known and has to
be maintained during reinitialization of ¢. To this purpose, ¢ values on the closest nodes to the
interface are not reinitialized. As a result, interface locations on grid edges crossed by the interface,
which can be computed by linear interpolations on these edges, are maintained. With the notations
of [17], this step is described in the first case of line 1 : by definition of K, “if x belongs to a simplex
in K7 means “if x is one of the closest nodes to the interface, a node of band level £1”, such as node
x, in Fig. E.2. In this case, the “ezact” ¢° value is assumed to be the previously advected ¢ value,
and one has

¢’ (x) = ¢ (x). (E6)

As a drawback of maintaining the interface location, we recall that if one does not reinitialize ¢ on
the closest nodes to the interface, one does not guarantee ||V¢| = 1 on these nodes, see Appendix
D. If the band level of x is different from +1, as for node x, in Fig E.2, then one has

(bo (X) = i¢max- (E?)

The idea consists in setting ¢max to a value that will never be reached by the reinitialized signed
distance function. In the liquid phase, ¢max is set to a big, positive value ; whereas in the vapor
phase, ¢max is set to a small, negative value. One can set ¢pax to “£00” where oo is understood
as a constant real value typically of the order of 10'®. Nevertheless, with such an initialization,
the algorithm will take longer time to converge. It has been found sufficient to set ¢max to a
characteristic length of the domain such as the length of the largest domain bounding box diagonal.
The analogy between times and distances discussed above then gives

¢max = Tmax- (E8)

Figure E.3 shows the initialization step for a two-dimensional simulation.

E.5 Implementation in two dimensions

In two dimensions, simplices are triangles. In the first iteration, only the processes containing
a portion of the interface, or some closest nodes to the interface, on their subdomain can start
computing new relevant values for the closest neighbors (nodes of band level +2). The other pro-
cesses have no knowledge of the interface and their computed ¢ values will be not be accurate until
information has propagated to their subdomain boundary. Since information needed to reinitial-
ize the signed distance function propagates, sufficiently accurate information is not available for
all processes at the same time. This propagation apparently conflicts with ¢rue parallelism in the
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(a) The interface T is colored in blue. The nodes (b) Interpolated ¢° values on line AB. One can
of band level +1 have exact ¢ values, i.e. values see the discontinuity of ¢° between nodes of band
resulting from the previous advection of ¢, and level +1 and +2. The objective of Alg. 2 is to
are colored in green. These values will not be up- reinitialize ¢ as the theoretical signed distance
dated during reinitialization. The nodes of band function to the interface shown in green.

level < —1 located in the vapor phase are set to

—@Pmax, and are colored in black. The nodes of

band level > 1 located in the liquid phase are set

t0 +@max, and are colored in red. The horizontal

line AB is used to plot interpolated values of ¢°

on Subfig. (b).

o

Fig. E.3 — Initialization of ¢" by line 1 of Alg. 2 for a vapor bubble in two dimensions (¢ > 0
in the liquid and ¢ < 0 in the vapor). Subfig. (a) shows a portion of the domain containing the
interface I' with initialized values of ¢°, and Subfig. (b) shows a plot of ¢° along the red line
linking points A and B. The ¢, constant is set to the largest domain bounding box diagonal, i.e.

d)max = \/m

sense that, even if signed distance function reinitialization algorithms can be designed to run on
multiple cores, all cores cannot compute relevant ¢ values at the same time. Figure E.1 illustrates
the causality principle and its obstacle to true parallelism.

The two main difficulties arising when solving Eq. (E.1) are the computation of V (¢"7!| )
for some simplex T', and the evaluation of ¢"~! on x — A7V (¢"7*| ) / ||V (¢"7!|,) |- These key
points are detailed in Sections E.5.1 and E.5.2. The workaround of the obstacle to true parallelism
due to the causality principle is detailed in Section E.5.2.3.

E.5.1 Computation of the per-triangle gradient

In this section, the computation of V (¢|;) is presented where the temporal exponent =l s
omitted.

In YALES2, physical fields are stored on grid nodes, or vertices, enabling differentiation in the
finite volume method by fluxes integration over vertex-centered control volumes. This convention is
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O =x A .B

Fig. E.4 — Representation in three dimensions of a two-dimensional element and its associated plane.
The triangular grid element T' of summits A (z4,y4,0), B (zp,y5,0) and C (z¢,yc,0) lies in the
plane Ozy (in black), the plane P is the plane containing points A’ (za,ya, da), B (B, ys, #B)
and C' (zc,yc, ¢c) (in blue), and n is the normal vector to plane P (in red). The gradient of ¢
restricted to T', i.e. V (&|y), is computed from n (in green), and represents the tilt direction of
plane P with respect to triangle ABC.

also used for the signed distance function ¢. Then, on a triangle T of summits A(za,ya4), B(zp,yB)
and C(z¢,yc), only ¢ values computed on A, B and C, namely ¢4, ¢p and ¢¢, are known. Let
(0, e;, €y, e;) be a three-dimensional cartesian frame. If triangle T lies in the plane generated by e,
and e, then the notation ¢|, denotes the plane P containing points A’ (xa,ya,¢a), B’ (zB,ys, ¢B)
and C’ (zc, yc, ¢c), as shown in Fig. E.4. The gradient of ¢ on plane P is computed using the
normal vector n = (ng, ny, nz)T of plane P, given by

B —TA To —TA
n=\yg—ya | x|yc—vyal, (E.9)
¢ — da dc — Pa

where x denotes the cross product in R3. Once n is known, one has

v (ol = (2. (E.10)

—ny /N,

One can observe that Eq. (E.10) is valid only if n, # 0. The case n, = 0 never occurs since it would
imply orthogonality between plane P and triangle T', and alignment of nodes A, B and C. The
gradient of ¢ restricted to one triangle is computed for all triangles T" having at least one summit
of band level different from +1, i.e. for all triangles T' € T\K.

E.5.2 Subgrid interpolation of the signed distance function
This section details the evaluation of ¢ at point x — ATV (¢|1) / ||V (¢|7)| for a given node x.
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E.5.2.1 Selecting the per-triangle gradient with the highest norm among neighbor
element list

Once V (¢|;) has been computed for all triangles T € T, one needs to retain for node x the
vector V (d)
purpose, the euclidean norm Np(¢) of V (¢|) is computed for all triangles T € £;(x) by

2 2
Nr(¢) = \/L;ny, (E.11)

where the normal vector n = (ng,ny, nz)T is given by Eq. (E.9). The triangle T™*(x) is identified
by its norm Np-(x)(¢) given by

T*(x)) having the highest norm among all vectors V (¢|) where T' € £(x). To this

NT*(x)((b) = max {NT(¢) :T e El(X)} (E12)

The selection of V (qﬁ\T*(x)) on node x using Eq. (E.12) requires a special type of el_grp-to-el -

grp (internal communicators) and process-to-process (MPI) communications : the selection by one
node of a vector having the highest norm among a set of vectors defined on the neighor elements
of this node. To this purpose, the communication type COMM_MAX_NORM has been implemented in
the communication type list of YALES23. Similar operations are performed on all other nodes.
Hereinafter, the dependence on x of T*(x) is omitted.

E.5.2.2 Shoot in the direction of the steepest gradient

In Alg. 2, the main idea used to reinitialize the signed distance function ¢ to the interface I’
is contained in Eqgs. (E.1) and (E.2), recalled hereafter. If node x is in the liquid phase, then ¢ is
updated on x by

)

n — min n—1 X n—1 x — v (¢7l—1 T*) T T
(b (X) - <¢ ( )7¢ < HV((;Snfl |A )) +A ’ (E13)

and, if x is in the vapor phase, then ¢ is updated on x by

6" (x) = max <¢"1 (), 671 <x A Gy |AT>> ~ar (E.14)

IV (" ze)

where T* is the triangle maximizing HV (d)”*l |T) || defined by Eq. (E.12), and n € N*.
In this section, the iterative method is illustrated for some node x located in the liquid phase,
i.e. using Eq. (E.13). The transposition to the vapor phase is straightforward (Eq. (E.14)). Let P

be the following proposition :
\v4 n—1
((b T*) AT) ) (P)

IV (@)l

3YALES2 uses a wrapper for the MPI library providing homogeneity in the communication commands between
el_grp-to-el_grp and process-to-process communications.

¢ (x) = ¢ (x
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If P is verified, then Eq. (E.13) rewrites

\V4 (¢n71 *)
(x) =" [x - ——— T A7 | + AT, (E.15)
IV (¢~ z )
otherwise,
" (x) = ¢" (%) + AT (E.16)
Let s"~1(x) be the shoot vector of node x at iteration n — 1, given by
v (anfl )
n—1 T*
sTTH(Xx) = =——1 AT, (E.17)
IV (")l
implying
[s" H(x)|| = AT. (E.18)
Equation (E.15) rewrites
P"(x) = ¢" ! (x —s" T (x)) + AT (E.19)
Let X?a:glet € R? be the target point of node x defined as
x?a;glet =x—s"! (x). (E.20)
Equation (E.19) finally rewrites
9" (%) = ¢" 7 (Xarger) + AT. (E.21)
To summarize, Eq. (E.13) is equivalent to
(%) ot (x?a;éct) + AT, if Proposition P is true, (E.22)
X) =
" (x) + AT, otherwise. (E.23)

The key idea of the method is to iteratively build V (¢|;.) such that Proposition P is verified,
i.e. such that s(x) points to the direction of the interface normal vector nr at node x, nr(x).
Equations (E.18) and (E.20) imply that point X?a:glet € C(x,Ar) where C (x, A7) is the circle of
center x and radius Ar. Figure E.5 gives a first resolution example of Eq. (E.13) in sequential
computing.

In the first iterations of Eq. (E.13), V (qﬁ”*l‘T*) potentially points to a random direction, as

in Fig. E.5(a). As a result, x?a;glet is potentially farther to the interface than x. In this case,
Proposition P is false, and ¢™(x) is updated by Eq. (E.23), favoring triangle ABC' to be, in the
next iteration, the triangle 7% maximizing ||V (¢"|;)|| among all triangles T' € £4(x), as in Fig.
E.5(b).

Consequently, the next target points of x are most likely closer to the interface than x (Fig.
E.5(b)), and the direction of V ((b"_l T*) converges to the direction of the interface normal vector
at node x, np(x). In this case, Proposition P is true, and ¢ is updated on x by Eq. (E.22).

After convergence of Eq. (E.13), the direction of V (¢|;.) is equal to the direction of np(x),
and x?a;glet is closer to the interface than x, as shown in Fig. E.5(c). Again, Proposition P is true,
and ¢ is accurately updated on x by Eq. (E.22).
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Equation (E.22) solved only on node x is not sufficient to update ¢ on x. Indeed, except if
x?a;glet is located in a triangle in K, as in Fig. E.5(c), if Eq. (E.22) has not previously been solved
until convergence on the three summits of the triangle containing x?a:glet, as could be the case in
Fig. E.5(b), then Eq. (E.22) solved on x can set ¢"(x) to an inaccurate value. This problem is
avoided by enforcing the causality principle. Theoretically, the pseudo-time 7¢*** (x) needed for
Alg. 2 to reinitialize ¢ on node x is equal to |¢****(x)|, since the fictitious interface r propagates
at speed 1 away from the interface I', along the interface normal vector nr (see Section E.1). The

causality principle is enforced in the design of Alg. 2 by the two following key points :

e The main loop is the pseudo-temporal loop for pseudo-time advancement, and the nested loop
is a loop on grid nodes in which ¢! is updated to ¢™. This loop order implies that when
¢™(x) is computed on node x, shown in Fig. E.5, using ¢"~! on the summits D, F and F
of triangle Tt’;glet containing X?a;glet’ ™1 has already been computed on D, E and F in the

previous pseudo-temporal iteration.

e At pseudo-time 7, ¢™ has been reinitialized on all nodes located in TI(7), where TI(7) is the area
of thickness 7 delimited by T" and T'(7) (see Section E.1). Figure E.6 reproduces Fig. E.5(c)
where different positions of T' are represented. Outside II(7), ¢™ has not been reinitialized
yet.

These two properties ensure that, for one grid node p and one point q € R? located in the same
phase, if q is closer to the interface than p, then Alg. 2 will take less computational time (less
pseudo-temporal iterations) to reinitialize ¢ on the summits of the triangle containing point q than
on node p. As a consequence, at any given pseudo-temporal iteration n (or any given pseudo-time
7), the interpolated reinitialized ¢™ value on q will be more or equally accurate than the reinitialized
¢™ value on p : ¢"(q) will be more accurate than ¢"(p) if q € II(7) and p ¢ II(7), and ¢™(q) will
be equally accurate as ¢™(p) if both p,q € II(7). As a result, the causality principle is enforced by
the update of ¢"(p) by means of ¢"~1(q), i.e. ¢"(p) = ¢" 1(q) + A7. Transposed to Figs. E.5(b)
and E.5(c), the causality principle leads to Eq. (E.22).

E.5.2.3 Modification of the pseudo-time step for MPI parallelism

Since at any given pseudo-time 7, the accuracy of the reinitialized ¢ nodal values depends on
the node distance to the interface (II (1 —2A7) C II (1 — A7) C II(7) C ...), the convergence of
Alg. 2 on a given node x can be accelerated if the target points Xiarget of x are chosen close to
the interface. For instance, in Fig. E.5, the convergence speed of Alg. 2 on node x is increased by
fixing A7 such that Xiarget is expected to be close to x’. Since this remark is valid for each node x,
the overall convergence of Alg. 2 can be accelerated if the pseudo-time step A7 is node-dependent,
ie. if A7 = Ar(x). However, if A7 is node-dependent, for a given node x, A7(x) must be adjusted
with caution. Indeed, if the shoot vectors s(x) cross the interface, Eq. (E.22) can provide inaccurate
values for ¢"(x), as shown in Fig. E.7. In [17], the authors use another strategy :

[...] the time step [A7] must be chosen small enough at the beginning of the process, so
that going back along the characteristic lines does not lead to crossing the interface [I']
and picking irrelevant values. But after a certain amount of iterations, we can obviously
increase this time step. [...]
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As a result, the different areas II"(7) shown in Fig. E.6, where ¢™ has been reinitialized, do not
have the same increment thickness. For small values of 7, II(7) is quite thin, and gets thicker for
larger values of 7, in which case attention is still paid to build the target points in the same phase.
Propagation of I' along characteristics of I' at speed 1 is also used to speed up computations :

[...] we decided to fix the values computed at a node x when these values are smaller
than the current total time of the propagation (with a security margin).

Indeed, if node x belongs to II(7), then the propagating fictitious interface f(T) has already crossed
node x, so the reinitialized signed distance value on node x can be considered accurate and need
not be reinitialized anymore.

In [17], the authors developed the method for use with shared memory only (OpenMP). Since
our goal is to simulate boiling on unstructured grids in multidimensions, we need an algorithm
compatible with distributed memory for execution on multiple cores (MPI). The next part of this
section presents the modification adopted for the pseudo-time step to enable MPI parallelism.

In parallel computing, if the boundary between two processes separates node x from point
x{’a;glet, then a procedure is needed for x on one process to :

e locate the triangle Tt’;r_glet (x) containing x&‘r;et on the other process,

e interpolate ¢" ! on x?a;glet from ¢™~! values in the plane associated to thr_glet (x),

e send the interpolated ¢™ ! (x?a;glet) value to the process containing node x to solve Eq. (E.13).

Such communication scheme is highly complex to implement in an efficient way. To simplify the
problem, we impose that x?afr;et is located in a triangle to which x is a summit, i.e. a triangle
T € L4 (x). This restriction is imposed via the pseudo-time step A7 which is set to

AT = NcrFL X hmin; (E24)

where 7ncpr is the non-dimensional Courant-Friedrichs-Lewy (CFL) number set to 0.99 and Ay, is
the smallest height of all grid triangles. Figure E.8 illustrates this restriction on A7 in a domain

decomposed for MPI parallelism. Equation (E.24) ensures that the distance between x and x;’a;glet

is always smaller than the smallest height of all triangles to which x is a summit, i.e. x?a_réet is

always located in a triangle T[;r_glet (x) € L1 (x). As a result, for a given node x, since £; (x) is

n—1

pre-computed, the identification of T}, ..,(x) is much easier and suitable to MPI parallelism. In

Fig. E.8, since node x is not located on a process boundary, TJ;r_glet(x) is identified among the
elements of £1(x). Conversely, for node y located on the boundary of processes P; and Ps, since
neighbor element lists are local to one process, only process P, containing yfajget will identify the
appropriate triangle in its list £22(y). Process P, will compute the new value ¢"(y) by Eq. (E.13)
and the result will be communicated to Process P;, so that both processes P; and P, have the same
@™ (y) value. The same method is used if node y belongs to more than two processes. In all cases,

one has

£160 = J £ (). (E.25)

where ¢ € N* is the number of processes containing node x.
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E.5.2.4 Linear interpolation of ¢"~! on the target point

Equation (E.13) requires the knowledge of ¢"~! on point x?a:glet. Once the triangle Tg;r_glet

.. n—1 . - . . . . . n—1 n—1
containing X, .., is identified, a linear interpolation is used to evaluate ¢ at X{,ger rom the

n—1 : n—1
@" " values at the summits of T}, .-

In order to identify the triangle TtZr_glet containing xf;;glet, the following test is performed on each
triangle T' € £4(x). Let A, B and C be the three summits of T'. For clarity, we denote X?a;glct by
M. If one has

(AB x AM) - (AB x AC) > 0,
(BC xBM) - (BC x BA) >0, (E.26)

(CA x CM) - (CA x CB) > 0,

then M belongs to triangle T. Figure E.9 shows a case where this test can detect point M in
triangle ABC. It is well-known that, in the case where M is very close to one edge, this test will
not detect the triangle containing M due to numerical errors at the machine precision level. For
instance, if M is inside triangle T" and very close to edge AB, then AB x AM will be almost equal
to 0, and in turn (AB x AM) - (AB x AC) will be equal to € > 0 where ¢ is arbitrarily close to
0. While mathematically well-defined, this equality is very challenging to detect numerically since
€ > 0 can be much smaller than the smallest real number representable on the current machine, i.e.
the machine precision is potentially insufficient to represent e. In such case, while mathematically
true, the numerical test (AB x AM) - (AB x AC) > 0 will randomly return true or false. The
problem cannot be solved using a more precise machine since € is arbitrarily close to 0. The operator
“>”in the test cannot be replaced by “>” since testing the equality of two real numbers is subjected
to the same problem. As a result, point M can be detected in none, one or more than one triangles.
Figure E.10 illustrates the difficulty in locating the target point M of node C' in triangle ABC, in
two different cases : (a), when M is close to an edge linked to C, and (b), when M is close to an
edge not linked to C'. For instance, in the case of Fig. E.10(a), test (E.26) can detect point M :

e only in triangle ABC,

e only in triangle ACD,

e in both triangles ABC and AC'D,
e in none triangle.

If test (E.26) detects M in one single triangle T of summits A, B and C, then one can interpolate
¢ on M using ¢ values on A, B and C, denoted ¢4, ¢p and ¢c. Let P be the plane in R? defined by
the three points A'(z4,ya,¢4), B'(xB,yB, ¢5) and C'(z¢c, yc, ¢c), and np(ng, ny,n.) the normal
vector to plane P given by Eq. (E.9), as shown in Fig. E.4. Since A’, B’,C’ € P, one has

—_— — —
M’Al~np:M/B/‘DP:M,C/~1’113:0, (E27)

where M’ € R3 is the point of coordinates (mM,yM,(/)M)T, and the only unknown is ¢j;. The

interpolated ¢ value on M is given by

bur = ba + (SCA*JTM)ner(yA*yM)ny, (B.28)

nz




E.6. IMPLEMENTATION IN THREE DIMENSIONS 179

where A can be replaced by B or C, and n, is always non zero.

If test (E.26) fails to find M in all triangles in £4(x), then, due to the restriction on A7 defined
by Eq. (E.24), one can conclude at least that M is infinitely close to one grid edge Py Py € Lo(x),
as in Fig. E.10. In this case, the edge P;P; is identified, and ¢ is interpolated on M using ¢p,
and/or ¢p,. In order to identify P; P2, a loop over the elements of £2(x) is used. This list contains
the identifiers of all edges forming triangles to which x is a summit. For instance, in Fig. E.10, the
neighbor element edge list £2(x), where node x is identified as point C, contains the identifiers of
edges AB, BC, AC, CD, AD, BE, CE and DE. Let PP, be the edge of L5(x) to which point
M is the closest. The edge P P; is defined by

[PAM|| + [ PM] . | PM|| + [|QM]||
= min ——— > L.
| PP | PQEL:(x) 1PQl

In Fig. E.10(a), Eq. (E.29) sets P, P; to AC, and in Fig. E.10(b), to AB. The interpolated ¢ value
on M is then given by

(E.29)

o, if [[[PLP2|| — [P M]]| <,
dm =4 Op,, if ||| PP — [|PLM]|] < e, (E.30)
(1-6)¢p, +6dp,, otherwise,

where € is the smallest real number representable on the current machine, typically of the order of

10715 and § = ||[PyM|| / || P, P|| is the relative distance of M to Py on edge Py Ps.
Finally, the signed distance function ¢ is updated on node C' by Eq. (E.1) which rewrites

¢™(x) = min {¢" " (x), ¢}, '} + AT (E.31)
Figure E.11 shows the pseudo-temporal iterations needed to reinitialize the signed distance function

¢ to the interface I' on node x, by means of the different tilt directions of the associated planes.

E.6 Implementation in three dimensions

The method has been extended to three dimensions. Similarly to the two-dimensional case which
involves geometric operations in R? (see Fig. E.4), the three-dimensional case involves geometric
operations in R*. Consequently, operations based on the three-dimensional vector product operator
are adapted in four dimensions. The overall logic of the method remains unchanged.
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\/ -
e (ee)

(a) First iteration of Eq. (E.13) (b) Unsteady state of Eq. (E.13) (c) Steady state of Eq. (E.13)

solved on node x. The shoot solved at node x. The shoot vec- solved on node x. The shoot
vector "1 (x) of node x points tor s" 7! (x) of node x is not yet vector s"71(x) of node x is co-
to a random direction. As a re- colinear to the interface normal linear to the interface normal
sult, Proposition P is false, and vector on X, nr(x), but Proposi- vector on x, nr(x). Proposition
¢"(x) is updated by Eq. (E.23). tion P is true : ¢"(x) is updated P is true. Since x"" 7', xp
by Eq. (E.22) but the obtained and x are aligned, Eq. (E.22)
value is not yet accurate. provides an accurate value for
& (x).

Fig. E.5 — Equation (E.13) is solved on node x. The plane of ¢"~! values associated to the triangle
T* maximizes ||V (¢"7!|,)|| among all planes associated to triangles T € £1(x) (sce Fig. E.4).
The target point x?a;éet of node x is defined by Eq. (E.20), and the distance between node x and
point x?a_rglet is equal to Ar. The point X?a_rglet is not a grid node, so there is no defined ¢"~!
value on xfa_rglet, but ¢! can be linearly interpolated on x:‘a:glet from ¢"~1 values computed at the
summits of triangle 77! (x), leading to ¢™~! (xﬁ;éet). The exact, unknown ¢®**°* value on x can
be expressed as ¢t (x) = ||x — x’||, where x’ is the intersection point between the interface I' and
the line generated by Xiarget — X When Xiarger, has reached steady state. Subfigs. E.5(a) and E.5(b)
show two different iterations of Eq. (E.13), and subfig. E.5(c) shows its steady state.
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Fig. E.6 — Steady state of Eq. (E.13) solved on node x. Reproduction of Fig. E.5(c) where
different positions of the fictitious interface T are represented. In the first iterations, the pseudo-
time step A7 is small enough to ensure that target points yiarget and node y are located in the
same phase, resulting in thin IT areas. After a certain number of iterations, A7 is increased to speed
up convergence by enabling far nodes to the interface, like node x, to shoot at target points Xiarget
closer to the interface.
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Fig. E.7 — In this example, the pseudo-time step A7(x) is node-dependent. The shoot vector s”~(x)

is almost colinear to the interface normal vector nr(x) but crosses the interface. Proposition P is
true but Eq. (E.22) fails to update ¢™(x) accurately.



E.6. IMPLEMENTATION IN THREE DIMENSIONS 183

Tgl—] (X)

arget

Fig. E.8 — Double decomposition of the computational domain on two processes. The hatched area
is the boundary between the processes and the circled areas are the boundaries between element
groups of the same process. The restriction on A7 imposed by Eq. (E.24) implies that target point

x,’:a;glet of node x is contained in one triangle thr_glet (x) € L£1(x). From node x, it is then easier
to access triangle T&r_glet (x) (looping only over elements of £4(x) and not over all grid elements),

interpolate ¢" ! on TtZr_glet (x), and update ¢"(x) by Eq. (E.13).
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B

Fig. E.9 — Point M is easily detected in triangle ABC by test (E.26). The three scalar products
of test (E.26) are evaluated positive without numerical problems since point M is sufficiently far
from the edges of triangle ABC.

D D
E E
A A
B B
(a) Point M is close to edge AC, directly related (b) Point M is close to edge AB, not directly
to node xc. related to node x¢.

Fig. E.10 — In cases (a) and (b), point C represents a computational node x¢. Test (E.26) will
most likely fail to identify triangle ABC' as the triangle containing the target point M of node
x¢, computed using Eq. (E.20). Case (b) shows that £2 (x¢) must also contain edges not directly
related to x¢.
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#12)

Y

P’

Fig. E.11 — For each iteration n, the distance between node x and point x?a:glet is equal to ArT.
After the last iteration N, one has V <¢
PY is equal to np(x), and one has ¢V (x) = (bN_l(xg;gtt) + A7 by Eq. (E.22).

T*(x)) = nr(x), i.e. the tilt direction of the final plane






Appendix F

Reinitialization of the Signed Distance
Function by the Geometric Marker
Method in two and three dimensions with
MPI parallelism

Abstract

This Appendix details a new marker-based reinitialization method for the signed distance
function on unstructured grids. This method is an extension of the Multiple Marker Method
presented in Section 5.5.

Outline
F.1 The Geometric Marker Method in two dimensions . . . . . . . . . . ... ... ... 187
F.2 The Geometric Marker Method in three dimensions . . . . . . . . . . ... ... ... 189

The Geometric Marker Method (GMM), developed by Janodet et al. [39], is based on the
Multiple Marker Method (MMM) presented in Section 5.5. The GMM extends the notion of marker
from point to segment.

F.1 The Geometric Marker Method in two dimensions

Let 7 be a triangle of summits A (za,ya), B(zp,ys) and C(z¢,yc). Points A, B and C
represent grid nodes p4, pp and p¢ respectively, and segments AB, AC and BC represent grid
edges (pa,pB), (Pa;Pc) and (pB, pc) respectively. Assume that the piecewise-linear interface I'
crosses triangle T on segments AB and AC at points I1 (x,,yr, ) and Iz (z1,,yr,) respectively. This
configuration is shown in Fig. F.1. In the GMM, markers are first defined for the closest nodes to
the interface, such as node p4. In order to define a marker for node p4, one first computes the

187
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[

a is inside the triangle. 1s outside the triangle.
()A"' ide th iangl (b)A" ide th iangl

Fig. F.1 — Computation of the orthogonal projection A’ of point A onto the piecewise-linear interface
delimited by I; and I5.

projection A’ of point A onto the piecewise-linear interface I'. Let d7(pa) be the distance of node
pa to the piecewise-linear interface part contained in triangle 7 given by

, if A e T (Fig. F.1(a)),

oy
‘,-) EH}, otherwise (Fig. F.1(b)).

dr(pa) = min{

o (F.1)

9

Triangle 7 enables the definition of one marker My (p4) associated to node pa, given by the
5-dimensional vector

MT (pA) = (‘TfuyfwxlzawadT(pA))T . (F2)

The signed distance function ¢ on node p 4 is then given by

- in  dr F.
¢ (pa) o (him 7:(PA)s (F.3)

where N € N* is the number of triangles crossed by the interface and to which point A is a summit.
In two dimensions, the marker list M (p4) associated to node pa is composed of three markers.
In order to select these three markers, all markers M7, (pa) are sorted in ascending order of their
fifth component. The first three markers of the sorted list compose the list M (pa). As a result,
the fifth component dr; (pa) of the sorted list first marker Mt (p) is equal to the reinitialized ¢
value on p4 given by Eq. (F.3), for some j € {1,...,N}.

Once ¢ has been reinitialized on all the closest nodes to the interface, these nodes propagate
their marker list in the narrow band, as shown in Fig. F.2. In Fig. F.2(a), triangles 7; and 73 each
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(a)

Fig. F.2 — Reinitialization of the signed distance function by the GMM on (a) nodes of band level
1, and (b) nodes of band level 2.

give one marker to node p 4, and triangles 75 and 73 each give one marker to node pg. In this case,
all components of the third markers associated to nodes p4 and pg are set to +o0o. In turn, node
Pr builds its list of three markers among the six propagated markers from nodes p4 and pg, as
shown in Fig. F.2(b). Orthogonal projections F’ of point F are still computed onto lines generated
by linear-piecewise interface segments I 15, IsI3 and I3ly, and only the three markers minimizing
d7(pr) are selected (with a unicity test on marker segments, since for instance triangle 73, by
means of nodes p4 and pg, will provide node pr with two different markers related to segment
(12, I3]).

The propagation of marker lists relies on a complex MPI communication scheme originally
developed for the MMM.

F.2 The Geometric Marker Method in three dimensions

In three dimensions, the same methodology is applied for tetrahedra instead of triangles. Let
T be a tetrahedron of summits A(za,ya,24), B(zs,ys,28), C(zc,yc,2c) and D(zp,yp, 2D),
and T' be the piecewise-planar interface cutting 7. The intersection between I" and T is either a
triangle or a quadrangle. In the latter case, the quadrangle is split into two triangles. As in Fig.
F.1 for the two-dimensional case, the signed distance function is reinitialized on the closest nodes
to the interface by computing their projections onto the piecewise-planar interface, as shown in
Fig. F.3. The reinitialization of ¢ on the farther nodes is then similar to the method used for the
two-dimensional case shown in Fig. F.2(b).
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X

E <
(a) A’ is inside the tetrahedron. (b) A’ is outside the tetrahedron.

Fig. F.3 — Computation of the orthogonal projection A’ of point A onto the piecewise-planar inter-
face.
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High-order extrapolation in the interface
normal direction

Outline
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G.1 Introduction

In order to satify requirements 3 and 4 of Section 6.2.1, we use Aslam’s extrapolation technique
[4]. This extrapolation method is mentioned in [26] and has been used in [85] to extrapolate ghost
temperature values across the interface. The method is based on a PDE resolution and builds a
continuous extension of a discontinuous field. Consider a scalar field f defined on one side of the
interface. One can continuously extend f on the other side of the interface by solving

%in-Vf:O, (G.1)

where 7 is a pseudo-time, n is the interface normal vector and the + sign depends on which phase
f is defined. Equation (G.1) performs a constant (order 0) extrapolation of f across the interface.
The method has been extended to preserve the continuity of normal derivatives up to an arbitrary
order. The chosen order gives the number of supplementary equations to solve. In [85], the authors
have performed extrapolations of the temperature fields up to order 2. The three equations solved
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to extend the vapor temperature field to the liquid phase are then given by

9 (Tvap)

o7 22+ Ho o (b> n-V (Tvap)nn =0, (G2)
8(7;%),1 Y H () (0 Y (T, — (Taap)) = 0, (@3)
8g\jp + HO (b) (Il ) vT1vap - (Tvap)n) = 07 (G4)

where the normal derivative (Tyap),, is computed as
(Tyap)y = VTiap - 1. (G.5)

Similarly, the three equations solved to extend the liquid temperature field to the vapor phase are
given by

% — Hy(b)n -V (Tig),.,, =0, (G.6)
% —Hy (b) (n-V (Thiq), — (Tiq),n) =0, (G.7)
5g7l-iq — Hy (=b) (n- VTiig — (Thig),,) = 0. (G.8)

In Egs. (G.2)-(G.4) and (G.6)-(G.8), Hp,(b) is the shifted Heaviside function defined for node p of
band level b # 0, i.e. node p belongs to the narrow band around the interface, and by € Z by

1 if(bo<0andb2b0) or (b0>0andb§b0) or (bo:Oandb>O),
0 otherwise.

Hy, (b) = { (G.9)

We now give more detail about the method. We focus on the extension of the vapor temperature
field to the liquid phase. The counterpart is of course equivalent. Solving only Eq. (G.4) where the
source term (Tyap),, is set to 0 performs a constant (order 0) extrapolation, solving Eqs. (G.3) and
(G.4) where the source term (Tyap),, is set to 0 performs a linear (order 1) extrapolation, solving
Egs. (G.2), (G.3) and (G.4) performs a quadratic (order 2) extrapolation.

G.2 Constant extrapolation

As stated above, a constant extrapolation can be performed solving the equation

% + HO (b) n- VTVap =0. (GlO)

or
In order to solve Eq. (G.10), one needs to compute VIy.,. The temperature gradient cannot be
computed using the centered scheme given in Eq. (3.17) : in order to extrapolate values originating
from one given direction, one needs to use an upwind scheme where the upwinding is performed
w.r.t. the said direction. Refering to Fig. 6.2(b) where node q; is the only node located in
the vapor phase, Eq. (3.17) would state that the contribution of grid edge (p,qs) to VTvap|p is
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i (Tvap(P) + Tvap(as)) Ap qs- Instead, since node p is closer to the vapor phase than node qs,
the upwinding used states that the contribution of grid edge (p,qs) to VTvap|p is

1

v Lvap(P)Ap.as; (G.11)
P

and the contribution of grid edge (p,qs) to VT\,ap|C13 is

1
- VTvap(p)Ap,qs- (G.12)
P

The upwinding given by Egs. (G.11) and (G.12) is performed on all grid edges having at least one
node in the liquid part of the narrow band around the interface. The term H(b) vanishes in the
vapor phase to avoid polluting the vapor part of the vapor temperature field.

G.3 Higher-order extrapolation

Linear extrapolation is achieved in three steps. One first computes the first normal derivative
of the vapor temperature for the nodes located in the vapor phase, i.e.

(Tvap)n =n- VTvapa (Gl?))

where n is the interface normal vector. Equation (G.13) is applied in all the vapor part of the
narrow band around the interface except on the nodes of band level —1, where one or more vapor
temperature values would be needed in the liquid part. The first normal derivative of the vapor
temperature is then extended into the liquid part by the equation

9 (Tvap)y

o +H_1(b)n-V (Tyap), =0, (G.14)

where the gradient of the first normal derivative is computed using the upwind scheme detailed in
Section G.2. The function H_;(b) is equal to 1 in the liquid part and also on the nodes of band
level —1 in order to extrapolate the first normal derivative which could not be directly computed
on these nodes. Once all nodes of the narrow band have a physical or extrapolated value of first
normal derivative, the vapor temperature itself is extrapolated into the liquid part of the narrow

band by the equation

aT‘va
7" + Ho (b) (n- VTap — (Tvap),) =0, (G.15)

where the first normal derivative is used as a source term and the temperature gradient is again
computed using the upwind scheme detailed in Section G.2. Solving Eq. (G.15) until the pseudo-
temporal fluctuation term vanishes ensures that the newly extrapolated field Ty, and the previously
extrapolated field (Tyap),, respect Eq. (G.13) on all nodes for which Ho(b) = 1.

Quadratic extrapolation is based on the same principle : one first computes the first normal
derivative by Eq. (G.13) and the second derivative by

(Tvap)nn =n-V [(Tvap)n]
=n-V(n-VTI,,) (G.16)
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on nodes of band level strictly smaller than two, and then solves Eqs. (G.2)-(G.4).

One can remark that it is useless to perform an extrapolation of a field f at an order superior
to the order of the polynomial function describing f. For instance, a second-order extrapolation of
the signed distance function to the interface, other than for testing purposes, is useless since the
second normal derivative of ¢ is zero.

G.4 Numerical results

In order to assess the accuracy of the method, we use the following two-dimensional configu-
ration. The unstructured computational domain is a square of side length L = 6 x 10~3 m, with
a characteristic cell size A = 2.5 x 107°m. The point O(0,0) is at the center of the domain. A
circular bubble is centered at point O, and the bubble radius is Ry = 1 x 1073 m. Around 85 nodes
are present along the bubble diameter. The liquid temperature profile is defined for all nodes p of
coordinate vector (z, y)T in the liquid part of the narrow band by

Tliq (R) =Tt +a (R — 2Ry + Ro) (R — Ro) R (Gl?)

where R = /22 4+ 92, Tuar = 373K, a = 1 x 10" Km~2 and R; = 0.95 x Ry. The extrapolation
of the liquid temperature is computed in the vapor part of the narrow band at orders 0, 1 and 2.

From Eq. (G.17), the theoretical extrapolated value at order 0, Tﬁlo’th, is given by
GO,
T‘liq = Tliq (R = RO) = Tgat- (GlS)
Moreover, one has
VTiig(R) = a (2R — Ry — 2R1 + Ry) VR (G.19)
=2a(R— Ri)n, (G.20)

(the gradient of the bubble radius being equal to the interface normal vector), which, for R = Ry,
yields

VT]iq (Ro) = 2a (Ro — Rl) n. (G.Ql)
As a result, the theoretical extrapolated values at order 1, Tﬁ:’th, are given by
1
T " (R) = Tiat + (R — Ro)n - VTiiq (Ro) (G.22)
= Tsat + 2a (R - RO) (RO - Rl) ) (GQS)

where one can notice that R—Ry = ¢ (p). Since Eq. (G.17) defines Tjiq as a second-order polynomial
2
TG th

liq - are simply given by

function of R, the theoretical extrapolated values at order 2,

T (R) = Tisq(R). (G.24)

Figure G.1 shows the computed and theoretical extrapolated liquid temperature values for the
three extrapolation orders 0, 1 and 2. In the subfigures of the right column, one can see that the
extrapolated liquid temperature values, shown in red, do not fit well the theoretical extrapolated
values in all tested configurations. For instance, while on the right part of Fig. G.1(d), the first-
order extrapolated values are quite accurate, on the left part of Fig. G.1(f), the second-order
extrapolated values do not match the theoretical ones. The method has been tested with different
grid cell sizes and no accuracy improvement has been observed.
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Fig. G.1 — Extrapolation across the interface of the liquid temperature field along the interface
normal vector direction using the method proposed in [4]. Subfigs. (a) and (b) show the constant
extrapolation (order 0), Subfigs. (c) and (d) show the linear extrapolation (order 1) and Subfigs.
(e) and (f) show the quadratic extrapolation (order 2) of the liquid temperature field in the vapor
part of the narrow band around the interface. In the left column, the white circle is the liquid-vapor
interface, and the white horizontal line is used to extract liquid temperature values and plot it in
the corresponding subfigure of the right column.



Appendix H

Three-dimensional bubble growth: a test
case

Abstract

In this appendix, we use the notations adopted in Scriven [75]. The derivations are given in
spherical coordinates where the spherical symmetry of the liquid temperature field 7" is used to
cancel components of the differential operators relative to the two angular spatial coordinates.
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H.1 In three dimensions

For simplicity, the liquid temperature will be denoted T' where the j;, subscript is omitted.
Following the notations of [75], 6 will denote the temporal coordinate, r the radial spatial coordinate,
and R the bubble radius at time 6. The reference frame origin is assumed to be located at the bubble
center.

H.1.1 Some definitions

We first introduce some dimensionless numbers for use in the next sections. Consider

Pvap
e=1——— H.1
pliq ( )

1
= ~Pva R ) H.2
3l (12
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, — Splia © Cp,vap7 (H.3)
Cp,lig
Too — 4sat
= & H.A4
r= ozt (11.4)
va) Z
= Pvpm (H.5)
pliqcp,liqToo

where L is the mass-averaged latent heat (expressed in Jkg~!), and

w=1—c¢ (H.6)
pvap

= —. H.7

Pliq ( )

H.1.2 Derivation of the heat equation written in Scriven’s formalism

The heat equation written in spherical coordinates is given by

oT or 20T oT
— =K|—+-—F | —u-—e,, H.8
26 <8r2+r8r) v e (H.8)
where K is the liquid thermal diffusivity and u is a velocity vector to be determined. A first
hypothesis on u can be assumed : since, as the bulk velocity is zero, u is only due to phase change,
u is also spherically symmetric, i.e. u = ue,. Then, Eq. (H.8) is rewritten

oT oT 20T oT
— =K|=—+—-—— | —u—. H.
06 ((’97’2 t3 87") “or (H.9)
The divergence of u is given by
10 (rQu)
u=— . H.1
V- r2  Or (H.10)
As a consequence, the incompressible hypothesis (V - u = 0) implies
c)
u(r,0) = R (H.11)
where C(0) is a constant w.r.t. 7. Then, for r = R(#), one has
C(6)
= —7 H.12
u(R(6),0) 20 (H.12)

Moreover, since the vapor velocity is zero everywhere, the liquid velocity at the interface is equal
to the velocity jump, i.e.

u(R(0),0) = [ul (0) (H.13)
= 1n(0) H - (H.14)
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Equations (H.12) and (H.14) lead to

C(0) = m(0) m ) R%(0) (H.15)
= ZMeRZ(e). (H.16)

The first term in the rhs of Eq. (H.16), —(6)/pvap, is the interface velocity due to phase change.

This term can also be seen as the temporal variation of the bubble radius, R(0), i.e.

) (0
(o) = — ™0 (H.17)
Pvap
leading to )
C(0) = eR*(O)R(H). (H.18)
The norm of the velocity is then given by
oo T
u(r, 0) = HHORO) (QRM), (H.19)
and Eq. (H.9) is rewritten
or OT 20T\ eR?ROT
—=K|—=+-—F | ——F5 H.2
00 <5'r2 t 5‘r> r2 or’ (H.20)

where the dependence of R to 6 is omitted, which is the heat equation as expressed in [75].

H.1.3 Derivation of the temperature analytical expression

We now establish the solution of Eq. (H.20). The boundary conditions are the temperature
value at the interface, T'(R, 8), and the temperature value infinitely far from the interface, T'(co, 6).
We define

T(R,0) = Tyas, (H.21)
and
T(0,0) = Teo, (H.22)

where T, is to be determined. The initial condition is given by
T(r,0) =T, (H.23)

where Tp is a uniform value. As stated in [75], since heat generation is not considered in Eq. (H.20),
one has
Ty = Twe, (H.24)

hence
T(r,0) = Too.- (H.25)

Let ¢ be the reduced temperature defined by

T(r,0) — Teo

tr,0) = ="

(H.26)
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Equivalently, one has
T(r,0) = Toot(r,0) + T (H.27)

The reduced boundary conditions are given by

s 6) — TR0) = T

S (H.28)

and

=0, (H.29)

and the reduced initial condition, by

=0. (H.30)

Equation (H.20) applied to the rhs of Eq. (H.27) reads

ot ot 2, ot eR?R_ Ot
TOO%O", 9) =K <T0087“2(T’ 0) + ;TOOE(T, 0)) — 7“2 TOOE(T, 0) (H?)l)
Simplifying Eq. (H.31) by Tg.t leads to
. 2 27
t(r,0) = K <trr(r,9) + =t (r, 9)) - ﬁtr(r, 9), (H.32)
r r

where the temporal derivatives are noted with a dot and spatial derivatives are noted with an
indice representing the direction of differentiation. Equation (H.32) is the heat equation written in
spherical coordinates for the reduced temperature ¢.

Under the assumptions listed in Section G of [75] and using Egs. (H.21) and (H.25), the energy
balance written for the open system represented by the bubble reads

. . oT
pvapR {L + Cp,vap [Tsat - Too]} = PliqCp,liq [Tsat - Too] (1 - 6) R+E (37') ) (H33)
r=R
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where kK = piiqCp,1iqK is the liquid thermal conductivity. Isolating the thermal conduction flux at
the interface in Eq. (H.33) leads to

aT R
k (87‘) =R ({ + Cp,vap [Tsat - TOO]} Pvap — PliqCp,liq [Tsat — Too] (1-— 6)) (H.34)
r=R
=R (Zﬂvap + (PvapCp,vap — PligCp,liq (1 — €)) [Tsar — TooD (H.35)
= R (szap + (pvapcp,vap - pliqcp,liqw) [Tsat - Too]) (H36)
=R (gpliqcp,liqToo + (pvapcp,vap - Cp,liqpvap) [Tsat - Too]) <H37)
= R gpliqcp,liqToo + Pvap (cp,vap - Cp,liq) [Tsat - Too] (H38)
=—WVPliqCp,liq =—TooT
=R (€p1igCp,tiqToo + WVTPligCp ligLoo) - (H.39)

Using Eq. (H.27), the analogous of Eq. (H.39) for the reduced temperature is given by

ot 1
(8) =k IR (fpliqcp,hq + oJI/Tpliqprhq) , (H40)
") r=R

which, simplifying by piiqcp,iiq can also be written
t(R,0) = K'R (& +wur). (H.41)

Our goal is the derivation of a self-similar solution of Eq. (H.20). Let s be the reduced spatial

variable defined by

)
s— H.42
NI, (H42)

where v K0 is the thermal diffusion length of the liquid. Let 8 be the dimensionless positive real
number defined as

r=R(0) = s =0, (H.43)
yielding the expression of the bubble radius at time 6,
R(0) = 28V K0, (H.44)

and its temporal derivative,

_ VK

R(0 H.45
() 7 (H.45)
The spatial differentiation operator 9/0r can then be expressed by
9 _0s9
or — Or 0s
1 9
= (H.46)

KOs
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and the temporal differentiation operator 9/96, by

0 _09s9
00 39 ds
2
s
_ #2
T 4VEK®3/20s
Let £ be the reduced temperature taking s as argument, i.e.
t(s) = t(r,0).

(H.47)

(H.48)

Then, the operators in the lhs of Eqs. (H.46) and (H.47) apply to ¢, and the operators in the rhs

of the same equations apply to ¢. Equations (H.46) and (H.48) lead to
1

tr(r,0) = —==t(s),
N A
and 1
tw(r‘, 0) = mtgg(s)
Similarly, Egs. (H.47) and (H.48) lead to
. T —
t(’l"7 9) = —mts(s)

Equation (H.32) is then rewritten
_ M%Wis(s) =K (Zulwtss(s) + 2771 2\/1?0
which, isolating tss(s), is equivalent to
tos(s) = 2t(s) (—s — s +s7%B%).
Dividing Eq. (H.53) by ¢s(s) and integrating both lhs and rhs yields
Ts(s) = As™?exp (—52 — 28_1636),
where A is the constant of integration to be determined. Integrating Eq. (H.54) yields

t(s) = / Az ?exp (—2* — 227 ' %) du
0

1
2VK6 *

L)) R (0

Using Eq. (H.29), one has ¢(c0) = 0. Consequently, Eq. (H.55) can be rewritten
+o0 —+oo .
/ Az 2 exp ( z? — 21’71636) dx — / Az "2 exp (fx2 — 21’71ﬂ3€) dx
+o0 ’
t(oo A/ exp 296_1536) dx

:—A/ x~ exp( x? — 22~ 1ﬁ3) T.

i(s)

(H.49)

(H.50)

(H.51)

(H.52)

(H.53)

(H.54)

(H.55)

(HL.56)
(H.57)

(H.58)
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In order to find the value of A, Eq. (H.46) is used to rewrite Eq. (H.41) as

1 - .
to(s=p)=K 'R (& +wvr), H.59
St =0) (¢ +avr) (1.59)
which, substituting ¢,(s) in the lhs by its expression in the rhs of Eq. (H.54), gives
1 .
As 2exp (—s* — 25 18%) = K 'R (€ + wrr). H.60
Vi< p( B%) (€ ) (H.60)

Isolating A in Eq. (H.60) yields
A =283 (& +wvr)exp (62 + 2662), (H.61)

which, substituting in Eq. (H.58), leads to

+oo
I(s) = — (€ +wvT) 2B% exp (ﬁQ + 2652) / z Zexp (—x2 - 26633:_1) dz, (H.62)

which is the formulation of the analytical solution of Eq. (H.20) as expressed in [75]. The last step
is the determination of the value of 3. We recall that t(R, ) = t(3). Using Eq. (H.28), one has

#B) = . (H.63)

Moreover, for s = 8, Eq. (H.62) yields the self-similar solution of Eq. (H.20) given by
_ +oo
{(B) = — (€ +wvr) 28% exp (B2 + 2¢5°) / % exp (—2® — 2¢8°27") da. (H.64)
B

Equations (H.63) and (H.64) lead to the implicit equation for 8 given by

-
E+wrr

=2B%exp (ﬂQ + 26/32) /+°° x~2exp (—x2 — 2653x_1) dx. (H.65)
B

Equations (H.62) and (H.65) are written with the notations from [75]. In [85], these equations are
expressed by means of the Jakob number Ja given by

_ PliqCp,liq (Too - Tsat)

Ja H.66
pvava ( )
One can obtain en equivalent formula for Ja using the notations of [75], i.e.
T
Ja = H.67
¢ £+ wur ( )
PliqCp,liq (Too - Tsat) (H68)

- Pvap (z + (CP,liq - Cp,vap) (Too - Tsat)) .
Equations (H.66) and (H.68) lead to

L, = L+ (Cp,liq - Cp,vap) (Too — Tsat) - (H.69)
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Using the expression of the Jakob number given in Eq. (H.67), Eq. (H.62) can be divided by —,
yielding
_1* _ﬁ 2 2 oo -2 2 3 -1
t(s) = 7o CXP (ﬁ + 2¢f3 ) x exp( x° — 267z )dx. (H.70)
T a s
Finally, let T be the temperature taking the reduced variable s as argument, i.e. T(s) = T(r,0),
yielding

o T(s)=T
i(s) = - b1 (H.71)
Two
Using Egs. (H.4) and (H.71), Eq. (H.70) is rewritten
T — T 2433 +00 )
j’;‘?ﬁ = % exp (,82 —+ 2652) /S I'72 exp (7‘,1:2 _ 26/63.’1371) dl_7 (H72)

which is the formulation of the analytical solution of Eq. (H.20) as expressed in [85]. In [85], Eq.
(H.67) is used to rewrite the implicit equation for 5, Eq. (H.65), as

+o0o
Ja = 2833 exp (52 + 2eﬂ2) / 72 exp (—x2 — 266395_1) dx. (H.73)
B

Equations (H.72) and (H.73) are the formulations used in our simulations to compute the theoretical
liquid temperature at nodes of radius r and at time 6.

H.1.4 Computation of the theoretical temperature profile

The liquid temperature field Tiiq is initialized in the liquid phase with the analytical expression
given in Eq. (H.72). In order to compute this analytical expression, one first needs to specify piiq,
Cp liqs Pvap, Ly and Tgae. Then, by specifying the Jakob number Ja, the temperature at infinity 7
is computed using Eq. (H.66) as

T = Toy + L0l g0 (H.74)
PliqCp,liq
Using Eq. (H.1), one then computes the value of the growth rate 5 by solving the implicit equation
(H.73) where § is the only unknown. In our simulations, we used the bisection method to solve Eq.
(H.73). An initial interval [3§,3{] of 8 values is chosen. The rhs of Eq. (H.73) is computed for
both 3§ and 39, leading to Ja) and Ja{. If the order relation

Ja) < Ja < Jaf (H.75)

holds, then, for [3?/2 = (B +BY) /2, if Ja(l)/2 < Ja, then we set 8§ = ?/2 and B = B3y, other-
wise, we set B3 = B and B = ?/2. The method is iterated N times until |Ja)" — Ja| < a or

Jal¥ — Ja| < a where o is the accepted tolerance. The retained value for j is either 8 or B,

depending on which one among Jal’ and Jal¥ is the closest to Ja. Since the ths of Eq. (H.73)
involves a term of the form exp (ﬁz)7 the initial upper limit 3 must be chosen small enough in
order to avoid numerical errors due to the limited size of the numbers storable on a given machine.
We set 3] to 1071, 89 to 15 and a to 1078. Once 3 is known, Eq. (H.72) can be solved. Both
Eqgs. (H.72) and (H.73) involve the improper integral of a fast decreasing function. This integral is
computed using the midpoint rule within which the integration is performed until = = 20.
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H.2 In two dimensions

In order to speed up computations, we derived an analogous expression of the solution given in
Eq. (H.72) in two dimensions. To the best of our knowledge, such two-dimensional derivation does
not exist in the literature.

Under the notations used in the previous section, the heat equation written for the reduced
temperature t in polar coordinates reads

t(r,0) = K (t;r(r,0) + 17 't,.(r,0)) — ——t,(r,0), (H.76)
r
with boundary conditions
t(R,0) = —71 (H.77)
and
t(00,0) =0, (H.78)
and initial condition
t(r,0) = 0. (H.79)

Equations (H.46) and (H.47) are still valid in two dimensions. Thus, Eq. (H.32) is rewritten

T — 1 - 1 - 1 -
—— F(8) =K | ——ts5(s)+ 7! ts(s ) —r~'RR ts(s)e, H.80
WiV <4K9 ) IR NG (H1:50)
which, isolating tss(s), is equivalent to
7 7 L1 —1p2
tss(s) = 2t5(s) | —s — 55 + s p% ). (H.81)
Dividing Eq. (H.81) by ¢s(s) and integrating both lhs and rhs yields
ts(s) = As texp (—s* + 2B%n3s), (H.82)
Integrating Eq. (H.82) gives
t(s) = A/ ™ exp (—2® + 26%Inx) dz. (H.83)
0

Similarly to Egs. (H.56)-(H.58), where we used ¢(c0) = 0, Eq. (H.83) can be rewritten

+o0
i(s) = —A/ z " exp (—2® +2B%Inz) dz
6+OO )
= —A/ 2?Pexp (—2?) da. (H.84)

Let p € R and x € R;. The primitive of z exp (fo) is given by

1

1
/xp exp (—xQ) = —iF (p;,xz) +C, (H.85)
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where C' is a constant and I" is the incomplete gamma function defined by
+o00
I'(a,s) = / 2 Lexp (—x) da. (H.86)

In order to facilitate the calculations, we restrain the derivation to the class of solutions for which
p=2B%—1=1in Eq. (H.84), i.e.

B%e = 1. (H.87)
Equation (H.85) written for p = 1 yields
.2
/xexp (—22) = _w rC. (H.88)
Consequently, Eq. (H.84) is rewritten
_ A ,
t(s) = —3 exp (—5%). (H.89)

The value of A is derived from Eq. (H.77), stating that #(8) = —7. As a result, Eq. (H.89) is
rewritten

A
Ao (-a2) (H.90)
yielding
A =27 exp (,6’2) (H.91)
Finally, Eq. (H.89) reads
t(s) = —Texp (B2 — s?). (H.92)

Using Egs. (H.4) and (H.71), Eq. (H.92) is rewritten

T(s) — Tw

T T exp (52 - 52), (H.93)

where, as opposed to the three-dimensional case, no implicit equation similar to Eq. (H.73) has to
be solved to find /3, which is indeed directly given by Eq. (H.87). Moreover, in Eq. (H.93), T, is
given by Eq. (H.66) for a fixed Jakob number.
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Résumé

Cette these a pour objectif la simulation numérique du phénoméne d'ébullition sur
maillages non structurés. L'ébullition est le changement de phase des particules
fluides de la phase liquide vers la phase vapeur sous l'action des flux thermiques a
l'interface séparant les deux phases. Il s'agit donc d'un phénoméne rencontré au sein
d'écoulements diphasiques et piloté par le taux de transfert de masse a l'interface. Ce
taux de transfert de masse est calculé a partir des flux thermiques de part et d'autre
de linterface. Cela implique donc la nécessité d'adopter une méthode de suivi
d'interface trés précise pour localiser l'interface a tout instant de la simulation. Les
équations de Navier-Stokes sont alors couplées a I'équation de la chaleur par
l'intermédiaire du taux de transfert de masse a l'interface. De telles simulations ont été
menées par Tanguy et al. (J. Comput. Phys., 2014) sur des maillages cartésiens
axisymétriqgues en deux dimensions. Dans cette thése, nous étendons cette
méthodologie a des maillages non structurés en trois dimensions (maillages
composés de tétraédres non réguliers utiles pour décrire des géométries complexes).
Pour ce faire, nous avons développé un solveur spécifique dans le code YALES2
(code diphasique basé sur la méthode des volumes finis pour des maillages 3D non
structurés). Le suivi de l'interface est assuré par la méthode Level Set. Le changement
de phase engendre des discontinuités de vitesse et de pression a linterface qui
dépendent notamment du taux de transfert de masse. Ces discontinuités sont prises
en compte par la méthode Ghost Fluid a l'aide de deux champs de vitesse et deux
champs de température. Cette méthodologie étant déja bien établie pour des
maillages structurés cartésiens, I'apport de cette these réside dans la possibilité de
simuler le changement de phase par ébullition sur des maillages non structurés en
trois dimensions. Les spécificités des maillages non structurés ont nécessité de
nombreux développements pour la réinitialisation de la fonction Level Set apres
advection, ainsi que l'utilisation d'opérateurs d'ordres élevés pour le calcul du taux de
transfert de masse a linterface. L'ensemble des développements proposés est
finalement validé sur maillages non structurés a l'aide du cas-test analytique d'une
bulle 3D en expansion dans un liquide surchauffé au repos.

Mots-clés : écoulements diphasiques, ébullition, calcul haute performance, maillages
non structurés

Abstract

The objective of this thesis is the numerical simulation of the boiling phenomenon on
unstructured grids. Boiling is the phase change of fluid particles from the liquid phase
to the vapor phase under the action of thermal fluxes at the interface separating the
two phases. Boiling is thus encountered in two-phase flows and driven by the mass
transfer rate at the interface. This mass transfer rate is computed from the thermal
fluxes on both sides of the interface. Consequently, a highly accurate numerical
method is needed to locate the interface throughout the simulation. The Navier-Stokes
equations are then coupled to the heat equation by means of the mass transfer rate at
the interface. Such simulations have been performed by Tanguy et al. (J. Comput.
Phys., 2014) on two-dimensional axisymmetric cartesian grids. In this thesis, we
extend this methodology to three-dimensional unstructured grids (composed of
irregular tetrahedra, useful to describe complex geometries). We then developed a
specific solver in the YALES2 code (finite-volume-based code for simulations of two-
phase flows on 3D unstructured grids). The interface motion is captured by the Level
Set method. Phase change implies velocity and pressure discontinuities at the
interface which especially depend on the mass transfer rate. These discontinuities are
taken into account by the Ghost Fluid Method, with two velocity fields and two
temperature fields. This methodology being already well established for structured
cartesian grids, the contribution of this thesis relies on the ability to simulate phase
change by boiling on three-dimensional unstructured grids. The particularities of
unstructured grids have demanded numerous developments for the reinitialization of
the Level Set function after advection, as well as the use of high-order operators for
the computation of the mass transfer rate at the interface. The proposed developments
are finally validated on unstructured grids against the analytical test-case of a 3D
bubble expanding inside a superheated quiescent liquid.

Keywords : two-phase flows, boiling, high-performance computing, unstructured grids
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