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Chapter 1. Introduction

Résumé en Francais

Ce chapitre présente le contexte général de la these. Le développement
de la trempe s’integre dans un long processus d’amélioration des connais-
sances et techniques des humains en matiere de travail des métaux. Ces
progres sont d’ailleurs intimement liés aux développements économiques des
sociétés préhistoriques. La trempe, permettant d’aboutir a des composés
métalliques de meilleure qualité et aux propriétés mécaniques intéressantes,
a principalement servi a la confection d’armes plus robustes, avant d’étre plus
récemment employée pour tous types de pieces subissant des contraintes im-
portantes. C’est le cas par exemple de certains composants de machines
tournantes comme les turbines ou les moteurs.

Une trempe peut étre réalisée dans un gaz ou un liquide. Dans les deux
cas, une premiere approche pour étudier le comportement thermique de la
piece trempée consiste a considérer un coefficient d’échange thermique qui
modélise le comportement du fluide aux bords de la piece. Cette approche
permet une premiere estimation du refroidissement de la piece. Cependant
elle souffre de biais importants notamment dans le cas d’une trempe liquide,
ou I’ébullition du fluide met en jeu des phénomenes transitoires multi-échelles
complexes non représentés par le coefficient d’échange.

L’ébullition est décrite via la courbe d’ébullition par quatre modes
(classés par température croissante) : la nucléation partielle et la nucléation
complete sont tres efficaces pour dégager de I'énergie, et existent jusqu’a
une température critique associée a un flux critique tres intense (OdG
10°Wm=2). A plus haute température, le dégagement plus important de
vapeur rend le transfert thermique moins intense (mode d’ébullition tran-
sitoire). Au-dela de la température de Leidenfrost, un film de vapeur per-
manent recouvre la piece (mode de caléfaction). Cette description simplifiée
donne un apergu général de ’ébullition, mais différents parametres viennent
complexifier les phénomenes et changer les températures et flux en jeu: la
nature du fluide, la température du fluide, I'état de surface du solide, la
géométrie de la surface, 'agitation forcée dans le fluide, etc.

Face a cette complexité, la simulation numérique a émergé comme une
alternative pour décrire les phénomenes en jeu. Différentes approches ex-
istent dans la littérature concernant le traitement numérique des équations
physiques, les manieres de représenter les interfaces et de gérer les transitions
des quantités physiques a travers ces interfaces. L’approche de cette these est
alors détaillée pour présenter les choix de modélisation, leurs performances
et leur applicabilité.




Chapter 1. Introduction

1.1 The quenching process

1.1.1 Origins of quenching

Crafting metallic items have been linked to the history of humankind for millennial
as tools are central in the development of human civilisations. Metal casting and
work have been related to technological breakthroughs to a point that development
of bronze and iron metallurgy gave their names to ages of civilisation developments.

The development of copperworks and tinworks during the Neolithic is usually
dated to around -3000 BC [1], though debated findings may link its appearance
to periods as far back as the -5000 BC [2]. The period of major spreading of
bronze depends on the location around the globe. It played a major role in the
development of humanity as the master of bronze crafting gave the advantage of
better weapons and tools, but also shaped society structures, trade and the spread
of art and cultures. Trade related to bronze items like the pin shown in Figure 1.1
allowed developments of rich communities that had copper and tin available on their
ground, or that were advanced in blacksmith techniques. For example, in Europe
the spread of bronze lead to the creation of a tangle network of trade routes, as well
as the emergence and collapse of elites from 2500 to 1600 BC [1]. Tron melting might

Figure 1.1: Bronze pin for clothes from  Figure 1.2: Double quenched katana with
around 1000 BC (from Inrap [1]). “Hamon Notare” finition (from Géry PAR-
ENT).

have been first developed by proto—Hittites in 2200-2000 BC in Turkey, near the
plateau of Anatolia and then spread among the Hittite elites in 1400-1200 BC in
the Middle East [3]. The appearance of iron signed the end of bronze dominance in
many civilisations near 1000 BC and signed another important change of social and
trade structures. This change of paradigm is however not universal. For example,
Chinese populations never really replaced bronze until the emergence of imperial
dynasties. Iron was available in larger quantities in FEuropean soils, leading to the
collapse of current trade routes. Crafting became a full time occupation, and the
first European state structures emerged [1]. Weapons began to replace imported
items such as jewellery as a symbol of power.

With iron crafting came quenching. This is the process of plunging a hot metallic
part into a cooling fluid to obtain beneficial changes of microstructure. Blacksmiths
discovered the improvement of material structures by the mixing of iron and carbon



Chapter 1. Introduction

that resulted in steel. Its material properties could be improved by heat treatment
processes that were first dedicated to weapons like swords [4]. The first known men-
tion of quenching is given by Homer (-800 BC), but it may have been developed
carlier [4]. Though theoretical knowledge of microstructure have only been devel-
oped in the middle of the nineteenth century, blacksmiths already had notions of
toughness and hardness, and soon began to developed empirically quenching tech-
niques to improve material qualities [4]. Different quenching fluids were mentioned,
like water but also urine, blood or vinegar. For some applications clay was used
to quench separately different part of weapons, as it is the case for the crafting
of Japanese blades (see Figure 1.2). From these ancient days until the end of the
Middle Age period, few mentions of quenching processes are available. The art of
quenching requires rich knowledge and practice, hence intellectual property might
be the main reason why the literature is not exhaustive at this time.

1.1.2 Benefits of quenching

The organisation of atoms of carbon and iron inside steel as well as their proportions
lead to different material qualities. The stable states of carbon iron mixture can be
represented thanks to phase diagrams (see Figure 1.3). At high temperature (around
800-1000 °C depending on the carbon concentration), the iron crystal form () gives
space for inclusions of carbon atoms. It is thus easy for carbon atoms to diffuse
inside steel and being integrated in the crystalline network. This is called austenite.
At low temperature, the configuration of iron crystal (a) gives little space to carbon
atoms, leading to a hard diffusion of carbon. This phase is ferrite. Moreover, the
carbon precipitates with iron to become cementite (FezC) [5]. The mixture of ferrite
and cementite is called perlite.

As diffusion of carbon atoms is not possible at ambient temperature, inclusion
of carbon must be done at high temperature. However, if the metal is slowly cooled,
carbon atoms have time to migrate and precipitate into cementite. The mechanical
properties of perlite are not very interesting as it contains defaults and grains making
the metal fragile and not so hard. To prevent the precipitation of carbon, the
solution is to move out of the thermodynamic state by a rapid cooling as shown in
Figure 1.4. Doing so, carbon atoms do not have the time to diffuse, and are still
properly dispersed inside iron, resulting in a new configuration: martensite. This
configuration reveals very interesting properties as it is twice to four time as hard
as perlite [6]. The rapid cooling is possible thanks to quenching.

1.1.3 Modern industrial practices

Nowadays, quenching has evolved with technological improvements. Manufacturers
are increasingly keen to control their manufacturing processes, in order to improve
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Figure 1.3: Iron Carbon phase diagram. At
high temperature and low carbon concentra-
tion, the austenite phase is stable. How-
ever, if this phase is cooled down slowly, it
turns into perlite. The desired martensite
phase is not on this graph as it is not a ther-
modynamical optimum (from MARKEL-
LOS).

(a) Industrial quench of a hollow cylinder.
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Figure 1.4: An example of Continuous
Cooling Transformation diagram. If the
cooling time is slow, the state line goes
through the Perlite state. If the cooling time
is fast, it passes only trough Austenite and
Martensite states, which is stable at low
temperature though not the thermodynam-
ical optimum (from [6]).

(b) Industrial quench of a metallic spring.

Figure 1.5: FEzxamples of industrial quenches.

performance, quality and reduce production costs. A large panel of metallic parts
are quenched from engine turbine blades to nuclear reactor vessels (see Figure 1.5).
Industrial furnaces ensure high initial temperatures (around 1000°C) with good
precision. Gas coolants are mostly air or nitrogen, and liquid coolants are mostly
water or organic oils. A good control of quenching is essential to correctly control
the phase changes that take place within the alloy, and thus the microstructure.
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Cooling rate

Time

Figure 1.6: Typical temperature and cooling rate evolution during a quench. The cooling
rate is moderate during the calefaction mode. Then a sudden increase is observed due to
the nucleate boiling mode that drasticaly reduces the temperature. Finaly, the part cools
down with a slow rate in natural convection.

Different parameters are controlled by the manufacturers, such as the quenching
time, the chemical and thermal qualities of the coolant, or the number and arrange-
ment of parts quenched together. The main factor to ensure the quality of the
microstructure is the cooling rate of the part. Other secondary factors, such as the
deformation or residual stresses experienced by the part are also monitored. The
cooling rate is strongly conditioned by the behavior of the fluid that surrounds it
and extracts heat from it. In this study we are interested in liquid coolants that can
evaporate on contact with the hot part. These boiling phenomena have a critical
influence on the heat transfer. Figure 1.6 shows a classical cooling curve for a liquid
quenching. The cooling rate is not constant and usually presents a peak at a certain
surface temperature.

The orders of magnitude of the temperatures involved imply boiling phenomena
during the majority of the process. The last part of the quench is only driven by
convection. This is mainly true for water whose saturation temperature is low in
regard to organic oils’ ones. Understanding boiling is therefore crucial to properly
control the quenching process.

1.1.4 Heat Transfer Coeflicient
1.1.4.1 Definition of the HTC

In order to monitor the cooling rate of every industrial part, two solutions exist.
A priori approximations thanks to models, and a posteriori estimations thanks to
experiments.
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Although this process is ancient, many questions still remain open and the a
priori estimation is a delicate task. Even today, when a new part is produced, a lot
of experimental tests are carried out in order to adjust the quenching parameters
to cool the part properly. However, these tests are long, expensive and not always
scalable. This is the case whatever the coolant nature, but it is especially true when
the coolant can vaporise. Convection and boiling phenomena being relatively chaotic
and complex to understand, heat transfers between a solid and a fluid are always

difficult to estimate. It is therefore customary to use a Heat Transfer Coefficient
(HTC) model:

Qv = hHTCATw (11)

where AT, = T,, — Ty is the overheating. T, is the saturation temperature of
the coolant at a given pressure. Depending on the modeling choices, AT, can be
replaced in (1.1) with AT, + AT, = T,, — Ty, where T, is the liquid temperature
far away from the part and AT, is the subcooling. Doing so, hgrc integrates the
effects of the fluid temperature.

hurc is a coefficient averaged over a given surface, whose characteristic size is
large compared to the scale of convection or boiling phenomena. This consideration
allows to strongly reduce the complexity of the modeling. Depending on the degree
of simplification, the HT'C is or is not temperature dependent.

Although this formulation by an equivalent HTC is not recent in the case of
quenching, manufacturers still use this model to characterise the cooling of parts
(see for example, [7] in the context of heat treatments of Zirconium and Hafnium
alloys). For a given part and a given quenching configuration, the knowledge of the
HTC allows to trace the temperature evolution of the part, and thus to know its
micro-structural characteristics.

The major problem with such model is that the HTC expression is not known
a priori. It varies depending on the quenching conditions, the geometry of the
part, the nature of the fluid, etc. In the literature, some tests performed on similar
reference samples allow estimations of HTC values. These tests can give first order
approximations, but the samples in the literature often have simple geometries far
from the complex ones of industrial parts. Moreover the quenching conditions are
not flexible. Thus industrials often have to carry out tests and deduce from them
the HTC with an inverse method. This second solution is more accurate but quite
expensive as it requires some iterations. Furthermore it remains case dependent and
only relevant for one set of quenching parameters.

1.1.4.2 HTC estimation

A quenching test consists of temperature measurements at different points of the
quenched sample. The estimation of the heat exchange and temperature profile
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at any point of the part is therefore an inverse problem. On the one hand, the
experiments leads to temperature data points plotted against the time 7™;(¢). On
the other hand, a conduction model allows to compute the temperature evolution
T'(Z,t) of sensors located at position Z; for a given HTC that can be time and space
dependent. The inverse problem consists in finding the best HTC function to fit
the experimental results: T™;(t) ~ T'(¥;,t). For example, Archambault et al. [§]
explained the procedure in the case of the quench of a long metallic cylinder. The
conduction model in cylindrical coordinates (r,,z) for an infinitely long cylinder
reads :

or 10 oT .
s— = —— | Ths— b 1.2
PsCrs 5 rar(r sar)+Q(T ) (1.2)
with p the density, c» the specific heat capacity, k& the thermal conductivity and the
subscript S that stands for the solid properties. ((r,t) is a volume heat source that
can exist in the case of phase transformations inside the metallic part. If R is the
radius of the cylinder, then the HTC to be estimated reads :

G kS oT
fisro = AT, AT, (37“)7:3 (1.3)

More details on the mathematical aspect of the method are available in [8].
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Figure 1.7:  FEwvaluation of the temperature field within a quenched cylinder by inverse
method, with a single global heat transfer coefficient (top), or with a separation into eight
distinct thermal boundaries (bottom) (from [9]).
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Ramesh et al. have presented a list of similar existing methods [9]. The vast
majority is based on the estimation of a single global HTC. More recent methods
propose localised HTC by partitioning the surface of the quenched part.

1.1.4.3 Weaknesses and biases

The general observation is that the best performing methods are very efficient for
parts with simple geometries, such as cylinders (see [8, 9, 10, 11]). For example,
Archambault et al. [8] succeeded in obtaining temperature evolution with errors not
exceeding 0.1 %. However, it is specified that deviations are observed as soon as
the geometry becomes more complex or if the sensors are improperly distributed.
Sugianto et al. [11] also explained that the method works better in uniform cooling
when the HTC is constant. Buczek et al. [10] observed that the method is more
effective for oil quenching than for water quenching, which is more “brutal”.

The presence of all the boiling modes at the same time brings great spatial
disparities in heat transfer [12]. The global HTC description is then much less
robust than that by local HTC. Sugianto et al. [11] showed that errors of the
method with local HTC estimations are strongly reduced. Ramesh et al. [9] had
the same conclusions and obtained up to 100 K difference between the two methods.
Notably, even on a symmetric cylinder, they obtained asymmetric cooling results,
which would not be modeled by a global HTC (see Figure 1.7).

Another problem raised by Srinivasan et al. is that this method generally relies
on the solution of an “ill-posed” problem [13]. Depending on the geometry of the
part and the position of the sensors, there is no guarantee that the solution is
unique. In addition, it is usually difficult to get data in this environment, especially
for complex parts. Desalos et al. [14] drew attention to the reproducibility of the
quenching conditions between tests and production, not to mention the presence
of sensors that disturb the part’s thermics and the behavior of the fluid around it.
Finally, this method remains in all cases totally dependent on the thermal evolution
model of the part used, from which other errors may come. For all these reasons,
the comprehension of boiling is of high interest to better assess the value of this
HTC.

1.2 Boiling

1.2.1 Boiling curve

The boiling process on a surface w (or “wall”) can be studied by different approaches.
The most common one is to look at the surface heat flux ¢, relative to a given over-
heating AT,, = T\, — Tyat- This is the temperature difference between the hot surface
and the saturation temperature of the fluid. The Jakob number Ja = ¢,yAT,, /L can

9
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also be considered to scale with AT,,, but this is rarely done in practice in the lit-
erature. L and V subscripts stand for the liquid and the vapour phase respectively.
L is the latent heat of vaporisation at a given pressure, in general the atmospheric
pressure. The study of ¢, versus AT, leads to the boiling curve described by Fig-
ure 1.8. It is also called the Nukiyama curve in reference to the pioneer work of
Nukiyama in 1934. He first described the four different modes of boiling [15] (orders
of magnitude of temperatures and heat fluxes are given for saturated water on a
horizontal heater):

@ Partial nucleate boiling: AT, from 5 to 10K, ¢, from 103 to 10° W m™2
(see Figure 1.9a). The first part of boiling, when small vapour bubbles form
on preferential sites of the wall. They evacuate successively in the form of
strings once the critical size is exceeded. It should be noticed that this mode
does not start at ¢, = 0 K but at the Onset of Nucleate Boiling (ONB) Tong.
A sufficient amount of liquid must be superheated in a thermal layer close
to the wall to exceed the energy barrier preventing the bubbles to form. For
very low overheating, this is a superheated pure convection system (area @
in Figure 1.8).

i
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Figure 1.8: The boiling curve. The liquid is supersaturated @ before the Onset of Nucleate
Boiling. Nucleate boiling starts with partial @ and fully developed @ mode until it reaches
the Critical Heat Fluz (point A). Then the heat flur decreases during transition boiling @

to reach the Minimum Heat Flux (point C). Then calefaction @ starts and the heat fluz
increases slowly until radiation takes the lead at very high temperatures.
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@ Fully developed nucleate boiling: AT, from 10 to 30K, ¢, from 10° to
10 W m~2 (see Figure 1.9b). The heat transfer is important enough for boiling
to develop on most of the surface. The vapour bubbles are mobile, merge and
create unstable mushroom-type vapour bulges or vapour stems. They break
away from the surface in a chaotic manner. This is the main efficient cooling
mode. The point of maximum heat flux is called Critical Heat Flux (CHF)
gcnr linked to the CHF temperature T (point A in the Figure 1.8).

@ Transition boiling: AT, from 30 to 300K, g, from 10° to 10* Wm™2 (see
Figure 1.9¢). The boiling is so significant that in some places the water vapor-
ises before it touches the hot surface. A partial vapour film begins to form. As
the vapour has a lower conductivity, this reduces the heat transfer that results
in a negative slope on the boiling curve (see the portion between points A and
C in Figure 1.8). The point when all the vapour covers the heater surface is
called the Minimum Heat Flux (MHF) guur or sometimes the Leidenfrost heat
flux linked to the Leidenfrost Temperature Tyyr. This is in reference to the
Leidenfrost effect where a small drop of water levitates on a vapour cushion
over a sufficiently warm heater [16].

@ Calefaction or film boiling: AT, above 300 K, q,, slowly rising from 10* W m ™2
with temperature (see Figure 1.9d). Heat fluxes are significant enough to pre-
vent permanent liquid contact with the wall. Thus a continuous vapour film
covers the entire surface. The vaporisation takes place directly at the interface
between the film and the liquid. At its creation, the film thickness is of the
order of the millimeter.

The entire curve is observable providing a proper control of the wall temperature.
This is the case in most of the studies where stationary flow and temperature are
considered. The shape of the curve is the same whether the surface is progressively
heated or cooled. However, transient phenomena can displace the curve when the
temperature variation time is shorter than the relaxation time of the system. Au-
racher et al. [20] experimentally showed that in heating, the observed heat fluxes
are more important than in stationary as shown in Figure 1.8. In cooling, it is the
opposite, the fluxes are lower. A deviation of £25 % is observed for fluorinated
coolant (FC-72) at atmospheric pressure with a 4K/s heating, and this increase
can be up to £300 % with heatings of around 50K/s. Baudin [21] had the same
conclusions and observed that the heating speed profile also had an impact on the
temperature of shifting of boiling modes. A ramped heating tends to increase the
start temperature of the calefaction mode (point C on Figure 1.8).

If the heat flux is controlled instead of the temperature, a hysteresis phenomenon
appears linked to the transient boiling mode. This latter is indeed unstable for such
configurations due to the negative slope of the boiling curve. A slight increase in
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(a) Partial Nucleate Boiling on a ver-  (b) Fully Developed Boiling on a ver-
tical plate (from [17]) tical plate (from [17])

(¢) Transition Boiling on a wire (from  (d) Calefaction under a water drop
[18]) over a heater (from [19])

Figure 1.9: FExperimental view of each boiling mode.

the heat flux leads to a degradation of the cooling. The heater then receives more
heat than it transfers to the fluid, increasing the temperature and degrading even
more the cooling. If the temperature is increased, the system passes rapidly from
the CHF to the film boiling of equivalent heat flux (from A to B on Figure 1.8.
This phenomenon is called the boiling crisis or the burn out and is usually avoided
in industrial processes as it leads to very high temperatures. Conversely during a
cooling, the system quickly passes from the MHF to the partial nucleation point at
equivalent heat flux (from C to D on Figure 1.8).

The quenching process is concerned by these two phenomena as explained by
Murry [22]. This is indeed a transient process with modes going from the film boiling
to the nucleation modes. The temperature variation of the metallic part can be very
sudden, leading to a degraded cooling in comparison to the static boiling curve. And
as the system cools down, the hysteresis leads to a transition from calefaction to
nucleate boiling with an intense cooling rate. This explains the general form of the
cooling curve represented in Figure 1.6, with a sudden decrease in temperature and
a heat flux peak. Before this transition, the cooling rate is small due to the vapour
film that insulates the part from the liquid. After the transition, the cooling rate is
moderate as the overheating is small. The cooling is completed by the nucleation
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mode and finally by pure convection until thermal equilibrium is reached. This is
a simplified view of the reality, as several modes can be present at the same time
during quenching. Most of the time, the vapour created from the bottom rises and
feeds vapour films of the upper parts. Thus film boiling is more stable at the top and
thus the Leidenfrost temperature is lower, delaying the apparition of wetting [12].
For moderate subcooling, this creates a vapour film front separating the nucleate
boiling at the bottom and the calefaction at the top, as shown in Figure 1.10 [23,
9]. The cooling rate peak happens at different times depending on the location of
the observed point, and is correlated with the film front location that moves with
moderate speed. Ramesh et al. [9] found values around 5mms™" for an Inconel
probe quenched in mineral oil. However for very high subcooling or small parts, the
wetting is a violent transition that happens at the same time over the entire part

[24].
(a) (b) (c)

Figure 1.10: Pictures of vapour film fronts from Inconel probe quenched in (a) water, (b)
aqueous polymer solution and (c) mineral oil (from [9]).

1.2.2 Influential factors

Boiling is usually characterised as a function of the overheating, but there are many
other parameters involved such that:

e Subcooling AT, = T, — T: This is the temperature of the liquid away
from the heater. Large subcooling tends to increase the heat flux whatever
the boiling mode. This is not surprising as the liquid is expected to consume a
part of the heat delivered by the heater. Large subcooling then naturally raises
gcur and Teyp as well as quur and Tygr. In the context of quenching, this

13



Chapter 1. Introduction

means that the cooler the pool and the faster the film breaks. For example,
in the experiment of Ebrahim et al. [25] where an Inconel-600 cylinder is
quenched, the overheating at which the vapour film breaks increases from
250 to 450 K between subcooling of 2 to 30 K. This observation is confirmed
by other authors [26, 24] and ITkkene et al. [27] that reported Leidenfrost
temperatures above 800 °C (AT, = 700 K) for very high subcoolings (AT, =
80K). Jouhara et al. [24] observed that the vapour film breakage nature was
different depending on the subcooling. The wetting front was only possible
for moderate subcoolings. For very high subcoolings, an explosive wetting was
observed, meaning that the entire heater was wetted at the same time.

e Fluid characteristics like the density p, the specific heat capacity cp, the
thermal conductivity k, the dynamic viscosity 1 and the vaporisation temper-
ature T, the latter obviously shifts the boiling curve for a given overheating.
Larger viscosities n;, and ny lead to larger viscous stresses that prevent the
liquid to replace the vapour at the surface of the heater. This decreases Tcur
and Tyyr. Larger volume heat capacities (pcs)r, and (pes)y imply that the fluid
stores more energy per unit volume at a given temperature. Therefore it heats
up more slowly, increasing the cooling rate. Higher conductivities £y, and ky
allow the fluid to release heat more quickly away from the part, also increasing
heat transfers. Buczek et al. [10] highlighted these latter conclusions by using
two oils with different characteristics. However a higher k;, might lower Tyigr
as the vapour film is less insulating and can accept higher heat fluxes for lower
overheating.

e Wettability and surface roughness: the roughness facilitates nucleation
by providing more bubble nucleation sites and the wettability increases Tygr
facilitating permanent solid liquid contacts. Ebrahim et al. [25] quenched
cylinders of different natures: stainless steel (SS), zirconium-702 (Zr) and
Inconel-600. SS and Zr samples have similar effusivities, but the Zr sample
wets better with a 20° difference in wetting angle. This leads to a gcpr twice
higher regardless of subcooling. As for Tyigr, it is higher for the Zr sample,
especially at high subcooling. In general, a strong correlation is observed be-
tween the surface condition of the part and the heat transfer. Heat transfer is
more important on the wetted zones. Auracher et al. [20] showed for example
that a deposit on the surface of the hot plate shifts the Nukiyama curve to the
right. Vakarelski et al. [28] pushed further the analysis with superhydropho-
bic and superhydrophilic samples. They showed that for superhydrophobic
surfaces, the calefaction mode was the only boiling regime even for very low
overheatings. For superhydrophilic surfaces, the considered range of tempera-
ture (up to 800°C) did not allow the authors to observe the calefaction mode
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(see Figure 1.11). This suggests that whatever the temperature of the solid,
wetting effects always exist even during calefaction. However, in this latter
regime, solid-liquid contacts are transient.

Figure 1.11: Pictures of 20mm steel spheres quenched in saturated water (a) Superhy-
drophobic sphere at 200°C, (b) Superhydrophobic sphere at 100°C: the vapour film is
so stable that wetting never appeared, (¢) Hydrophilic sphere at 270°C during the boiling
crisis (d) Hydrophilic sphere at 200 °C during nucleate boiling (from [28]).

e Orientation and geometry of the heater: in partial nucleate boiling, ther-
mal exchanges are favored for a face directed downwards, but this not the case
anymore for fully developed nucleation [29]. Howard et al. [30] demonstrated
that the orientation of the heater had a continuous impact on qcyr which
was maximum for upward facing heaters and minimum for downward facing
heaters. The size of a quenched part also influences boiling around it. For
example, surface tension effects are stabilizing the calefaction mode as wetting
entails large curvatures.

e Gravity: its orientation and its magnitude also impact all the parameters of
the boiling curve. A lot of studies working in micro gravity highlighted it [31].

e Forced convection: in the case of boiling inside a tube, this represents the
input flow of liquid. For pool boiling or during quenching, this is related to
the flow created by external agitators. The larger the convection, the larger
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gcnr, Tenr [27]) and Typr [26]. More generally forced convection improves the
heat transfer providing that the convection velocity exceeds a minimum value
around 10cms™" [24]. There are however some counterexamples, as shown
by Ramezanzadeh et al. [32]. They numerically demonstrated configurations
where forced convection can locally stabilise a vapour film. Figure 1.12 depicts
the streamlines of two quenching simulations with two different liquid flows.
The ledge created by the workpiece causes an obstacle that the liquid must
bypass. At higher speeds (50 cms™), the detachment of the velocity lines
traps a pocket of gas whose vorticity is very high. At low speed (10cms™),
liquid vortices remain close to the part but the vapour is not trapped.
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Figure 1.12: Velocity trajectories for two different input velocities. The entrapment of a
vapour pocket is enabled by the high input velocity (from [32]).

e Pressure: higher pressure reduces superheating for the same temperature as
the saturation temperature is higher. It naturally shifts the boiling curve to
the right with increasing pressure. The vapour film is also thinned due to the
compressibility of the vapour, according to [31], meaning higher heat fluxes in
calefaction.

e Solid thermal characteristics like the density ps, the specific heat capac-
ity cps and the thermal conductivity ks: in the case where the overheating
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is not controlled, these characteristics also influence boiling phenomena char-
acteristics at the surface of the heater. A larger (pcy)s characterises a solid
that will tend to impose its temperature on the surface, as it will be more
difficult to cool down. A larger kg indicates that the material conducts well,
and therefore also tends to impose its temperature at the interface. Indeed,
if the temperature at the surface drops, this will be compensated by a quick
heat input from the hot regions of the part. In both cases, the part cool down
more uniformly. The Biot number Bi = L.hyrc/ks allows to characterise this
last tendency in comparison with the characteristics of the fluid. Ebrahim
et al. [25] used the effusivity v/pscesks of the material to characterise these
effects. The effusivity of Inconel-600 being around 50% higher than the other
materials, they observed that after the wetting the relaxation time of cooling
of Inconel-600 was four times shorter than the other materials, whatever the
subcooling. In the other materials, the core remained hotter and slowed down
the cooling of the surface once gcpr is exceeded.

1.2.3 State of the art of available correlations

Boiling entails a lot of different configurations with complex physics and many scales.
An attractive solution is to draw correlations to pass over the complexity of the
phenomena. The modes are too different for a unique simple correlation [33], thus
correlations are usually dedicated to one mode. Only partial and fully developed
nucleate boiling modes are sometimes gathered in one correlation. Integrated models
are then a combination of every local heat transfer weighted by the void fraction,
which is the proportion of vapour covering the solid [34].

1.2.3.1 Nucleate Boiling

This mode is subdivided into partial nucleate boiling and fully developed nucleate
boiling.

At very low superheating, the liquid needs to exceed a certain supersaturation
level for nucleation to start (the ONB). A thermal layer of supersaturated liquid
of few millimetres exists close to the wall. Common correlations at saturation link
Tons, gong and the fluid pressure. Usually, Tong scales as gong to the power .
x varies between 1/4 and 1/2 [35]. The combination of this law with correlations
for nucleate boiling at atmospheric pressure leads to an estimation of Tong of few
Kelvins for water, depending on the considered correlation.

Partial nucleate boiling is the most orderly mode of boiling: bubbles form at
specific nucleation sites and are released once the critical size is exceeded. The sites
are spaced far enough apart and the frequency of bubble creation is low enough to
prevent the bubbles for merging with each other. The main three parameters are

17



Chapter 1. Introduction

the surface density of nucleation sites Nyg, the bubble critical diameter dyg and the
bubble release frequency fxp (see Figure 1.13a). For example, Gaertner et al. [30]
obtained for a copper plate values of surface density ranging from 0 to 175 sites per
cm? according to the temperature difference. Cole [37] measured frequencies ranging
from 1 to H50Hz and starting diameters from 1 to 10 mm. Correlations dedicated
to partial nucleate boiling were developed on these parameters [38, 39, 31]. The
contribution of microlayer models are sometimes considered. It describes the thin
layer of liquid at the bottom of the bubble that is superheated. It is believed to be
the area where heat transfer is the most intense [31, 40].

However, studies to obtain these three parameters are tedious and not applicable
for practical applications. In order to use this correlation, the approximation of some
parameters is necessary. Furthermore, this theory does not fully extend to the fully
developed nucleation, as these parameters make less sense. The surface fraction
occupied by the vapour jets and the thickness of the thermal layer are often better
descriptions.

(a) Partial nucleate boiling. Bubbles of
diameter dyp leave the nucleation sites
of density Nyg at a frequency fnp.

(b) Vapour jets of fully developed boiling.
The CHF is reached when ugy and thus
dgg are so large that the liquid can’t re-

place the vapour at the bottom of the jets.

Figure 1.13: Simplified vision of partial nucleate boiling (a) and fully developed nucleate
boiling (b).

This is the reason why other laws that only scale with macro characteristics of
the flow were proposed [33, 41]. Cooper suggested another approach by reduced
properties. He proposed a scaling law based on data points without any particular
theory, which is a sort of regression model extended to the whole nucleate boiling
mode [42]. In addition to the fluid properties, this model only requires the pressure,
the overheating and the roughness as parameters. It holds for saturated conditions.
He obtained a heat flux scaling with a power 3 with the overheating which is a low
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approximation as other existing correlations propose a value of 4 [31]. This approach
has been completed by Liu et al. [43] and extended for subcooling conditions and also
for the pure convection configuration. Further details are presented in Section 7.2.3.

1.2.3.2 Critical Heat Flux

Liang et al. [44] recently provided a complete review on the available correlation for
the assessment of Topr temperature and goprp. The pioneer works of Zuber and Ku-
tateladze [45, 46] are still one of the best known estimation of the CHF mechanisms.
They suggested that the transition boiling appears when the replacement of liquid
at the wall surface is prevented by Kelvin Helmholtz instabilities (see Figure 1.13b).
These instabilities are expected to appear between the vapour jet that evacuates
vapour from the surface, and the interstitial liquid phase. Jets are also believed
to be allocated following the wavelength predicted by Rayleigh-Taylor instabilities.
For a water vapour mixture, Agr ~ 1 cm which is coherent with experimental data
[17]. This leads to a CHF value that only depends on the fluids properties. A cor-
relation factor has been used to fit experimental data for horizontal pool boiling.
Still for a water vapour mixture, gcgr ~ 2x10° Wm™2. Combined with correla-
tions of nucleate boiling, we can also estimate Tepp ~ 125°C. Figure 1.14a shows a
visualisation of an experimental quench of a sphere at CHF by Linehard [17].

Liang et al. [44] then detailed some modifications of this correlation to account
for subcooling, pressure as well as the orientation, contact angle and surface rough-
ness of the heater. Details of this correlation with modifications are presented in
Section 7.2.3. Other models based on other theories have been proposed: an inter-
mittent behavior of coalescent vapour bubbles and consumption of the microlayer
beneath the bubbles [47], the consideration of an irreversible growth of a dry spot
area due to the proximity of bubbles [48], or the competition between the momentum
of the vapour and the inertia of the liquid that tries to replace it [49].

1.2.3.3 Transition boiling

The unstable transition boiling can be seen as a localised alternation between nu-
cleation and calefaction. Areas where liquid is wetting experience local nucleate
boiling. Areas where vapour covers the surface (also called dry zones) experience
local film boiling. Thus this mode is usually studied in term of surface void fraction
[34].

Another approach is to consider that the heat flux is a weighting between gcyr
and gqypur. Weights values are then functions of the temperature that is compared
with Tegr and Typr. Berenson observed a linear dependency of In g versus In(7" —
Tenr) [18], whereas experimental curves of quenched probes of Ebrahim et al. [25]
are closer to a linear dependency between ¢ and T' — Tcyp themselves.
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Berenson’s works [18] were extended by Ramilson et al. [50] to have a more
accurate solution close to Tyr. Writing In ¢gg as the prediction of Berenson in pure
film boiling, then (¢ — ¢g)/AT, scales as T — Tygr to the power 1/2. This static
view can be corrected to account for hysteresis effects [51].

1.2.3.4 Minimum Heat Flux

The assessment of the MHF is a very important topic for quenching. This is the
tipping point of the cooling as it is a transition between the moderate heat transfer
of calefaction and the sudden increase of cooling rate of the transition and nucleate
boiling modes.

Berenson showed that for low overheating horizontal film boiling, the bubble
spacing and growth rate was still determined by Rayleigh Taylor instabilities as
shown in Figure 1.15a [18]. It enabled him to get an estimation of the hydrodynamics
of the film and to recover the heat flux. He considered with such profile the limit
vapour flow rate to maintain the vapour film and obtained an estimation of ¢yyr.
This gives around 3x10* W m~2 for water at atmospheric pressure. Combined with
his estimation of the heat flux lead him to an estimation of Typp. This gives
272°C for water at atmospheric pressure. Figure 1.14b shows a visualisation of an
experimental film boiling around a wire at MHF by Linehard [17].

This correlation has been upgraded to account for subcooling with a linear de-
pendency [52, 53], and with surface roughness effects [25]. These two parameters
happen to have a large influence on the value of Typr [28], though the surface

(b) Vapour film around a wire just before
sphere wetting at Minimum Heat Flux

Figure 1.14: Experimental views of the CHF and MHF (from [17]).
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roughness is always delicate to assess in industrial applications. The shift of Typr
observed for water is on average between 6 and 10 K per kelvin of additional sub-
cooling, depending on the material [25, 54, 55, 56].

(a) Horizontal film boiling. Vapour bubbles
are spaced from each other by the most un-
stable wavelength of the Rayleigh—Taylor
instability theory. The liquid vaporise from
the thin parts of the film to feed the bub-
bles.

(b) Vertical film boiling. The wavelengths
of the vapour film are the most unstable
ones of the Kelvin—Helmholtz instability
theory. A major portion of the wvapour
comes from the bottom of the heater that

feeds the film.

Figure 1.15: Schematic descriptions of film boiling in horizontal and vertical configuration.

1.2.3.5 Calefaction

The vapour film is never stable and interface waves exist whatever the orientation
of the heater. A pure conduction model in the vapour film is usually considered
as a first estimation of the film boiling heat transfer. Authors showed that this
estimation underestimates the heat flux by a factor 25% for vertical film boiling
[57]. This demonstrates that convection inside the film is also at play, but has a
moderate impact in comparison with conduction. The vapour film thickness is then
a good parameter to evaluate as it is directly linked with conductive fluxes.

For horizontal film boiling, Berenson’s theory based on Rayleigh Taylor insta-
bilities lead to heat flux that scales as of the overheating to the power 3/4 [18].
Klimenko [58] considered similar arguments except that the Rayleigh Taylor insta-
bility theory was considered with a finite vapour film thickness. This results in a
heat flux that scales as the overheating to the power 2/3.

For vertical film boiling, boundary layer theories with pure conduction inside
the vapour film have been developed for saturated conditions [12], with subcooling
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[59, 60, 61, 57, 54, 24] and with forced convection [62, 63]. They predict a film
thickness that scales as the height to the power 1/4, leading to a heat flux that
scales as the height to the power —1/4. These models are interesting for a first
approach. However, their reliability is limited. Moreover, the mean film thickness is
not a convenient parameter as it is not necessarily an increasing function of the heat
flux [21]. Kelvin—Helmholtz instabilities are generally present at the liquid vapour
interface as shown in Figure 1.15b. These waves create very small film thickness
that improve drastically the heat transfers. Meduri et al. suggested a correlation to
account for those instabilities based on Berenson’s one for horizontal configuration,
scaling in a power 3/4 of the overheating [62]. Subcooling and forced convection are
also taken into account as multiplicative factors.
Overall tendencies of the boiling curve are summarised in Figure 1.16.
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Figure 1.16: Tendancies of the boiling curve from correlations of the literature. The CHF
(point A) can be assessed by Zuber’s theory, and the MHF (point C) can be assessed by
Berenson’s theory.

1.3 Numerical simulation

All the correlations are restricted to specific conditions, from the geometry of the
heater to the range of physical parameters. Moreover they do not take into account
external influences like the supply of vapour from below during quenching. It has
for example a huge impact on the CHF value that vary with a factor 2 for two
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different locations during the same quench [55]. Ramesh et al. [9] also underlined
the important coupling that occurs between the dynamics of the cooling fluid and the
thermal dynamics of the part. Both influence heat exchange and a loss of accuracy
occurs when one is determined without considering the other. Furthermore the
chaotic nature of boiling limits a full analytic description of most of the boiling
modes.

The lack of flexibility of the aforementioned correlations lead researchers to in-
vestigate Computational Fluid Dynamics (CFD) methods. CFD allows to reproduce
and evaluate local phenomena that are difficult to estimate during tests. This gives
another tool to better understand the overlying physics of each mode. It allows to
free itself from all the experimental constraints and the inaccuracies of measure-
ments linked to the inverse method. Once numerical models are validated they can
even be used as a powerful experimental laboratory. They bring new insights, new
possibilities, and offer prospects for coupling with emerging numerical optimisation
methods.

1.3.1 Phase change simulations

Phase change problems require to simulate the mass, momentum and energy conser-
vation. It also requires to handle multiphase flows with discontinuous quantities and
conservation equations at the interfaces. Simulations rely on a discretisation space
called mesh grid or mesh. Values are computed on a finite numbers of points (nodes)
or volumes (cells) split around the simulation space. The equations to be solved are
then discretised and linearised consistently with the mesh thanks to the discretisa-
tion scheme: Finite Difference Method (FDM), Finite Volume Method (FVM) or
Finite Element Method (FEM).

e FDM: All the quantities are directly computed on the nodes and computed to
respect the discretised formulation.

e FVM: Quantities are integrated on cells. Fluxes between cells are computed
to respect integral equalities.

e FEM: Test functions are used to transform the volume integrals. Interpola-
tion functions of chosen complexity are considered to discretise the quantities
over the cells. Weights are computed to respect integral equalities for every
arbitrary test function.

A schematic view of these differences is presented in Figure 1.17.

To tackle phase change problems the three conservation equations can be handled
by Lagrangian or Eulerian approaches. The first one is the consideration of fluid
particles that move with the mesh grid. The second one considers field quantities
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(a) Finite Difference Method. (b) Finite Volume Method. (c) Finite Element Method.
Quantities are computed on Quantities are integrated in Interpolation functions are

nodes. volumes and fluzes are com- used to discretise the quanti-
puted between those wol- ties over the cells (here order
umes. 2 polynomials).

Figure 1.17: Schematic descriptions of the different numerical frameworks.

and the mesh is fixed during the resolution of the equation. Then multiphase flows
require the identification of each phase. This can be handled with Volume of Fluid
(VOF) methods by using a density function for each phase, or with Level Set (LS)
methods by creating a distance function to the interface separating each phase.
Every approach have advantages and issues discussed in the literature.

Pioneer works were done to simulate two-phase flows with phase change in 2D:
Lee [64] developed a semi-implicit two-fluid phase change model with a sharp inter-
face. A projection technique with iterative scheme was used to compute the velocity
jump, and the mass transfer was computed thanks to a proportional law. This en-
abled him to simulate a steam-water jet impingement. Using the VOF method, this
work was extended by Rattner et al. [65] for film condensation. The mass trans-
fer rate previously chosen arbitrarily was assessed through enthalpy considerations.
This model was embedded for a finite volume approach within the Open-FOAM
library. Son et al. combined this second-order projection method with a Level Set
method [66] to solve saturated 2D horizontal film boiling. Juric et al. [67] also
simulated this problem with a single field formulation and a front tracking method
implemented with finite differences. Welch et al. [68] did the same but with a Vol-
ume of Fluid based interface tracking method. Once again the projection method
was used, and the reconstructed interface lead to the computation of temperature
gradients from both sides. It enabled him to simulate 2D film boiling as shown in
Figure 1.18. Kang et al. [70], Gibou et al. [71] and Tanguy et al. [72] implemented
a Ghost Fluids Method to ease the introduction of interfacial terms within an Eu-
lerian finite difference method. A similar approach was done by Esmaeeli et al. [73]
who eliminated the iterative procedure with a predictor-corrector algorithm. Using
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L0

Figure 1.18: 2D Film boiling simulation  Figure 1.19: Simulation of a 3D bubble nu-
with VOF method and an interface recon-  cleation with LS method. (from [69]).
struction. (from [68]).

the interface tracking and projection methods with a sharp interface approach, Sato
et al. [69] implemented a staggered finite-volume vaporisation solver and computed
proper bubble nucleation and growth (see Figure 1.19).

More original methods were developed, like the coupled Level Set and Volume
of Fluid method [74], aiming a better precision of the interface definition and of
the mass change rate computation. The Arbitrary Lagrangian and Eulerian method
was applied to simulate the vaporisation of a droplet [75]. At a larger scale, an
extended vision of the VOF method, the four field, two-fluid model, was able to
predict different set of data with boiling flows inside a pipe [76].

1.3.2 Quenching simulations

The behavior of the coolant is of secondary importance in quenching. The main
interest lays in the thermal simulation inside the solid. However, we saw in previ-
ous sections that the latter was conditioned by the proper understanding of boiling
phenomena. As the quenched part size can be a limiting factor of numerical sim-
ulations, a compromise has to be found. It is not feasible to simulate every single
bubble of vapour in a 1 minute quench of a car cylinder head. Thus the simulation
of hydrodynamics has to integrate models to conciliate an admissible computational
cost and an acceptable precision on the heat transfer. Moreover, a choice has to
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be made on the way to integrate the solid inside the computational domain. The
fluid and solid domain can be completely separated, and two computations are done
separately as in Figure 1.20a. Or the solid can be immersed inside the fluid domain
and one computation is done for both parts as in Figure 1.20b. Both approaches
are compared in Table 1.1.

(a) Separated meshes with interface communication. (b) Immersed solid.

Figure 1.20: FExample of separated and immersed domains.

Bristiel et al. [77] detailed how PSA researchers apply these numerical methods
to concrete cases of hardening industrial parts [77]. They carry out simulations
in two steps: first, they simulate the global behavior of the fluid and the part by
simplifying the geometry of the part. They then derive the resulting heat exchange
coefficients between the part and the fluid. Then they use them to redo a simulation
on the part alone, this time with a much finer mesh and a more accurate geometry.
They can thus optimise their processes, but also study the influence of chemical
treatments on the mechanical strength of the parts. This allows them to reduce the
number of experimental tests.

They rely on the work of Srinivasan et al. [13, 78] who developed a Finite
Volume solver with an Eulerian approach. The phases are separated using VOF,
and the solid domain is separated from the fluid one. The liquid vapour interface is
not properly tracked and averaged quantities are considered regarding the vapour
volume fraction. Phase change is computed by a proportional law regarding the local
overheating of the fluid. Heat fluxes between the solid and the fluid are computed
thanks to correlations fed with local quantities predicted by the solver. This enables
to compute entire 3D quenches of complex part with reasonable meshes [55] (see
Figure 1.21). Bo et al. [79] proposed the same approach and with additional models
on the distribution of the vapour phase as a bubble mist.

Also using finite volume methods with VOF on an Eulerian framework, Ramezan-
zadeh et al. [32] integrated a convective term to sharpen the interface between
vapour and liquid. The interface was tracked this way. A comparison with the av-
eraged values approach is presented in Table 1.1. Computing the true heat transfer
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Figure 1.21: Simulation of the quench of
a bar. The interface is not tracked but av-
eraged quantities are considered. Correla-
tions are used to estimate heat fluzes. (from

[13]).
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Figure 1.22: Simulation of the quench of a
little brick. The interface is tracked using
the LS method (from [80]).

at the solid fluid interface, they simulated in 2D the experiment presented in [55].
Once again the solid computational domain was separated from the fluid.

A LS approach can be found in the works of Khalloufi et al. [80, 81]. With
an Eulerian framework based on a Finite Element solver, they simulated in 3D
quenching processes for simple geometries in saturated conditions (see Figure 1.22).

Pros

Cons

Separated domains

High control of the mesh
Clean separation

Imposed conform mesh
Interpolation between meshes

Immersed solid

Flexibility on the mesh
Light implementation

Interface numerical
challenges

Interface tracking

High descriptivity

High computational costs

Averaged quantities

Low computational costs

Relies on correlations

Table 1.1:
model.

Comparison of different approaches regarding the mesh and the multiphase
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1.4 Contribution of the thesis

The present work aimed at pushing further numerical tools to simulate phase change
problems and quenching. An innovative multiscale numerical framework was pro-
posed. Its final goal was to provide a tool for industrials to better understand the
physics of boiling and quenching. This works was indeed embedded inside the ANR
industrial chair INFINITY gathering twelve industrial partners. The goal of the
chair was to develop a software to have a first estimation of quenching in liquid
coolants for arbitrary conditions and geometry.

All the numerical developments of this thesis relied on the finite element library
CIMlIib-CFD. This tool have been developed in the Centre de Mise en Forme des
Matériaux (Cemef) laboratory in collaboration with industrial partners. It is a C++
Object Oriented Program that handles parallel computation. It aims at providing
a set of components that can be organised to carry out simulations of material
deformation, fluid dynamics, heat transfers, etc. [82, 83, 84, 85, 86]. The present
works pursued previous works of the CFL team of Cemef and specifically to those
of Mehdi Khalloufi [80].

The key control parameter in quenching is essentially the heat transfer between
the solid and the fluid. For such application the behavior of the fluid is of second
interest. However, we saw in this section the profound coupling between boiling
phenomena and heat transfer. We aimed in this work at simulating the principal
features of the liquid vapour mixture. In numerical simulations we focused our
attention on the physics of the liquid vapour interface. Thus wetting phenomena
were slightly tackled and the main mode that was studied was film boiling. Other
modes were considered with analytical models and correlations.

The work of [80] lead to a first phase change model implemented inside the
CIMlib-CFD library. However, this framework lacked of proper mass and energy
conservation controls at the interface: the consideration of the density variation of
a vaporising fluid particle was not implemented, and the energy bill at the interface
was approximated with a model only valid for saturated conditions. We therefore
proposed to extend this Finite Element numerical framework based on an implicit
representation of the liquid vapour augmented by a remeshing algorithm. The lig-
uid vapour interface was still tracked with the help of a Level Set description. A
method was developed to better take into account interface heat fluxes at the inter-
face. The mass conservation was also guaranteed with a work of a dedicated solver.
This provided a tool to simulate the behavior of multifluid interfaces with phase
change, temperature fluctuations and moderate convective effects. Validations were
conducted through numerical 2D and 3D benchmarks of increasing complexity and
comparisons were made with experiments.

In Chapter 2, the multiphase thermal framework is presented. The energy con-
servation equation is studied. Simplifications are made to only consider relevant
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terms in the context of quenching. The Level Set method is presented along with
the Continuous Surface Force approach to consider multiphase system in a stabilised
way. A method to compute heat flux jumps at the liquid vapour interface dedicated
to the framework is presented and validated in theoretical benchmarks. The cou-
pling of this immersed volume approach and the thermal solver is tested with a first
2D benchmark.

In Chapter 3, the pseudo-compressible mechanical framework is presented. Mass
and momentum conservation equations are studied and simplified in the context of
quenching. A dedicated numerical solver is developed based on the former CIMIib-
CFD incompressible Navier—Stokes solver to account for volume changes across the
interface in the context of phase change. This new tool is tested and validated with a
2D benchmark and coupled with the Level Set method. This mechanical multiphase
environment is studied and validated with 2D benchmarks.

In Chapter 4 the coupling with the mechanical and thermal solvers is presented.
The interactions of this resulting phase change system with the numerical FEM
framework and the remeshing algorithm are discussed. This new formulation is
then tested and validated in 2D and 3D benchmarks.

In Chapter 5 a quenching experiment is presented. Little nickel balls of 1 cm di-
ameter with different initial temperatures were quenched inside hot water that was
pre-heated near saturation temperature. Videos of the experiment enabled to cap-
ture the vapour film behavior and the vapour bubbles dynamics. Hydrodynamical
observations are compared with numerical simulation results.

In Chapter 6 the vertical film boiling case is discussed. A first analytical study
is carried out to better understand the physics at play. Dominant terms and asymp-
totic behaviors are discussed. This understanding is then used to challenge and
enriched the phase change solver in the context of film boiling. 3D real size numer-
ical simulations are carried out and compared with experimental results.

In Chapter 7 a quenching model is presented. The phase change framework is
enriched with a nucleation model to account for wetting phenomena at low temper-
atures. Correlations are studied and integrated in the model adapted to quenching.
The combination of the boiling numerical simulation, the nucleation model and the
interaction with a solid domain leads to a full quenching model. It relies on the
descriptive capacities of the phase change framework. Two real size pool quenches
are reproduced and numerical results are compared with the experiments. A study
of an industrial jet impingement quenching is also carried out in Appendix D.
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Résumé en Francais

Ce chapitre présente le modele thermique permettant la prise en compte
du saut de flux de chaleur a I'interface liquide / vapeur. Tout d’abord, une
analyse des ordres de grandeur des énergies en jeu aboutit a quelques sim-
plifications. Premierement, la température a l'interface peut étre considérée
constante, égale a la température de saturation du fluide a pression donnée.
Deuxiemement, les variations de pression ont des effets non prépondérants
en comparaison des variations d’énergie thermique, de méme que les effets
visqueux. Troisiemement, les effets de rayonnement peuvent étre considérés
comme surfaciques entre le solide et U'interface liquide / vapeur. Ces simpli-
fications menent a une modélisation physique des échanges d’énergies pour
un systeme fluide diphasique avec changement de phase.

Le modele est intégré dans un cadre numérique basé sur la méthode
des Eléments Finis. Afin de représenter l'interface, une méthode Level Set
régularisée est employée. Les forces et autres grandeurs surfaciques sont
considérées volumiquement par I'emploi d’'une fonction Dirac régularisée
basée sur la fonction distance. Cette association d’ingrédients physiques et
numériques mene a un systeme de deux équations de Convection-Diffusion
sur la température et la fonction distance, dont la résolution est stabilisée
par des méthodes numériques type SUPG et SCPG.

Le taux de vaporisation ou de condensation a Iinterface liquide / vapeur
est dicté par le bilan d’énergie a l'interface. Celui-ci fait intervenir le saut
de flux de chaleur de part et d’autre de l'interface, qu’il faut donc cal-
culer. Cette considération associée aux choix de représentation numérique de
I'interface (dotée d’'une épaisseur fictive) nécessite une méthode dédiée qui a
été développée au cours de la these. Cette méthode est testée et validée sur
trois cas test 2D. L’erreur analytique varie a l'ordre 1 avec la taille de maille
et la dérivée seconde de la température normalement a l'interface.

Le modele diphasique complété par ce calcul adapté du taux de vaporisa-
tion est évalué grace au probleme analytique de Stefan. Trois cas de figure
sont étudiés avec notamment la considération d'un liquide non saturé qui
généralise le probleme de Stefan a ces cas dits “sous-refroidis”. Le modele
réussit bien a représenter ce probleme, avec une convergence a l'ordre 1 en
taille de maille cohérente avec 1’estimation analytique.
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2.1 Introduction

Most of the time, the quenching liquid is below its saturation temperature. We
saw in Section 1.2.2 that this difference of temperature called subcooling had a big
impact on the heat transfer [26, 25, 87, 88, 27, 55, 62]. With a higher subcooling,
the temperature of wetting (or Leidenfrost temperature Tyyr) is higher and heat
transfers are globally enhanced. Especially during calefaction, conduction inside
the liquid reduces vaporisation or even leads to condensation that decreases the
vapour film thickness [57]. Moreover when forced convection is applied, more heat
is extracted by warming up the liquid. All these observations justify to properly
take subcooling into account to improve the model accuracy. This is mainly done
with rigorous thermal and mass transfer models. The latter is especially a key point
of phase change simulations.

As we saw in Section 1.2.1, the liquid is usually oversaturated close to the heater,
meaning that the thermodynamical equilibrium is not reached. Moreover, differences
of pressure due to hydrostatic pressure, inertia, or surface tension at the interface
create spacial disparities of the equilibrium.

Considering the difference due to pressure variations, we considered the Clausius—
Clapeyron law [19] that is a first approximation of the saturation pressure variation
Psat With the saturation temperature Ti,;:

apsaLt . L
aTS&t irsat [[1/P]]

where £ is the latent heat of vaporisation, p is the density and [x]] = zy — 2z, repre-
sents the jump of the quantity x between the vapour and the liquid phase. Consid-
ering small variations of pressure around atmospheric conditions (ps,, = 1.013 bar
and Ty, = 100°C for water), the function p — pg,¢ can be approximated as linearly
dependent of T'— Ti,;. The coefficient is then given by Equation (2.1).

In the context of quenching, the parts are usually plunged in open pools of water
or oil. Thus hydrostatic variations inside the pool are restricted to ppgH where g
stands for the gravitational field of earth and H is the depth of the pool. H is usually
of the order of magnitude of 1 m. The associated hydrostatic pressure difference for
water is then around 0.1bar. Considering the coefficient given by Equation (2.1)
(0.03bar K=! for water at atmospheric pressure), the associated variation of the
saturation temperature is around 3 K. Tabulated values for water at 1.1bar give
Tiar = 102°C [89], thus a variation of 2 K, which is close.

Considering pressure variations of the same order of magnitude due to surface
tension effects leads to length scales of 107°m. This is out of the scope of this work.
Considering pressure variations of the same order of magnitude due to inertial effects
leads to velocities of 200ms~! in the vapour are and of 4ms~" in the liquid. This is
at most the upper limit of the scope of this work. This is summed up in Table 2.1.

(2.1)
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Studied offect Hydrostatic Surffctce ' Liquid ' Yapour
pressure tension inertial pressure | inertial pressure
Scaling law | Ap ~ prgLe | Ap ~y9/Le | Ap ~ pru?/2 Ap ~ pyu?/2
Parameter L. L. U U
Magnitude 1m 10" m 4ms~! 200ms~*

Table 2.1: Orders of magnitude of parameters associated to a pressure variation of 0.1 bar
for diverse mechanical effects.

Variations of Ty, in quenching processes are limited to few kelvins. This is very
small compared to the temperature variations encountered during quenching that
can raise up to 1000°C. Consequently, considering a constant saturation temper-
ature in our work is a moderate assumption that is often taken in the literature.
Based on this consideration, we properly wrote energy conservation of the two phase
fluid system.

2.2 Energy conservation

2.2.1 Single phase formulation

We considered the general Eulerian form of the Navier—Stokes equations that de-
scribe the general behavior of a fluid in a gravity field. They stand for the equations
of conservation of mass, momentum and energy and read:

- . = 2.2
P 5 (om) = 0 (2.2
Opii .

§+v-(pﬁ®ﬁ)zv-a+p§ (2.3)
0 P 2 = P o\ -] & -» e e S o, -
Ka(pe%—ﬁu>+V-[<pe+§u>u]—V-(a'u)%—pg-u—v-(q~|—q}5{) (2.4)

where o is the Cauchy stress tensor, e is the specific internal energy, 4 is the fluid
velocity, ¢ is the local conductive heat flux and ¢g is the local bill of radiation heat
flux (emitted and received). The term pu?/2 stands for the specific kinetic energy.
In the present work we only worked with Newtonian fluids. The Cauchy stress tensor
could then be written as the sum of the kinetic pressure tensor and the viscous stress
tensor:

o=—-pl+T1 (2.5)

In this chapter, we focus on the energy conservation equation.
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2.2.1.1 General form

First of all, we removed the specific kinetic energy from the energy conservation.
To do so, we multiplied the momentum equation (2.3) by the velocity. With some
mathematical manipulations, the kinetic energy conservation equation reads:

D [1, , L
pﬁ[gu}—<V~a‘>-u+pg-u (2.6)

D 0
with — = (a—: + (u-V) *) the particle derivative. We subtracted this equation

from the energy conservation equation (2.4). We also decomposed the Cauchy stress
tensor. With some mathematical manipulations, the new form of the energy con-
servation equation reads:

D - -
pD—(Z:—pV-u+T:é—V-(J+q§) (2.7)

- t -
where € = (Vi + V1)/2 is the strain rate tensor. This equation can be seen as a
Lagrangian form of the internal energy conservation. For phase change processes, it
is more common to work with enthalpies h = e + p/p. p is here the thermodynamic
pressure that is confounded with the kinetic pressure using Stokes hypothesis. The
enthalpy conservation equation reads:
Dh  Dp -
— =—+4+7:6—-V-(7+ R 2.8
PDr =D T (7+ qr) (2.8)
As we only considered monophasic systems, no phase change were considered. Thus
we could write the enthalpy as a state function of temperature T" and pressure P:
1— arT

dh = ¢, dT + ———dP (2.9)
P

(), a0

is the specific heat capacity at constant pressure. The second term stands for the
change of enthalpy due to pressure changes:

1 —axT dh
- = <d—P> (2.11)
p 3

1 /dV
with ar = (—) the coefficient of cubic thermal expansion for a given volume
P

where:

v \ar
Vv [90].
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We could then write the energy conservation in terms of temperature variations:

DT D s S o, o
D = (@TT)D—]Z+TZ€—V'(Q+QR> (2.12)

PCr
Finaly, we rewrote the diffusion effects thanks to the Fourier Law ¢ = —kVT with

k the thermal conductivity:

DT
Dt

D = — —
— (D)L 416+ V VT -V - G (2.13)

pe Dt

2.2.1.2 Local Phenomena Analysis

Considering the term due to pressure variations, we assessed its order of magnitude
by comparing pe AT with (arT) AP. We once again considered pressure variations
of at most 0.1bar. The cubic thermal expansion coefficient of water is around
ar ~ 1072 K=t For vapour, a first approximation using a perfect gas model lead
to ar ~ 1/T: (arT) is at most equal to 1. Thus energetically speaking, a pressure
variation of AP is equivalent to a temperature variation of arT AP/(pcy). Taking
values of pey for water and water vapour at 100°C [89], a 0.1 bar pressure variation
leads to values gathered in Table 2.2 which are compared with characteristic values
of temperature for quenching.

Regarding dissipative effects, we estimated their impact by a scaling law: T :
€ ~ nu?/L? where 7 is the dynamic viscosity. To be conservative, we considered
the characteristic length of vapour films L, ~ 1 mm and large velocity u ~ 1ms™!.
The equivalent temperature variation is then nu?/(pc,L?). Taking n for water and
vapour at 100 °C [89], equivalent temperature variations are gathered in Table 2.2.

Water | Vapour
Characteristic values 100K | 1000 K
Related to pressure variation of 0.1bar | 10°K | 10K
Related to dissipative effects 107K | 102K

Table 2.2: Comparison of temperature variations due to variations of pressure with tem-
perature characteristic values in the case of quenching.

We saw that both terms have a negligible impact on energy variations for quench-
ing, and thus can be neglected.

Concerning radiative effects the Stefan-Boltzmann law predicts that it scales
with T, to the power 4. Thus these phenomenon are more dominant in high tem-
peratures. A study of radiation phenomena for water and water vapour gave the
following conclusions:
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e The solid can be modeled as a grey body whose emissivity is very case-
dependent.

e The vapour can be considered as transparent.

e The liquid absorbs all the radiation. The majority of the heat absorbed lies
in a thin layer close to the liquid vapour interface.

Details of the local phenomena analysis on radiation effects are given in Appendix A.
Consequently, the contribution of radiation can be reasonably considered to only
play at the interface, and not inside each phase. It can be removed from the
monophasic energy conservation equation. What remains are then only convective
and diffusion terms:

orT - -
pCo (W + (ﬁ V) T) =V kVT (2.14)

Regarding the variations of the material characteristics, characteristic values for
water (resp. water vapour) at 25°C and 100°C (resp. 100°C and 900°C) of p, ¢»

and k as well as the diffusivity D = k/pc, computed at atmospheric pressure are
gathered in Table 2.3.

P Co k D
(kgm™3) | Jm 2K | (WmTK) | (m?s)
Liquid 25°C 997 4181 0.606 1.45x1077
100°C | 958 4215 0.677 1.68x1077
Vapour 100°C | 0.59 2080 0.024 1.95x107°
900°C | 0.18 2400 0.12 2.7x107*

Table 2.3: Thermal properties of water and water vapour at extreme temperatures [89].

Values in the water are nearly constant and can be considered as such. This
is less true in the vapour as large temperature differences lead to a factor 10 of
the diffusivity. Values shall ideally be taken as functions of the temperature. For
the sake of simplicity, we considered mean values of the vapour phase between T,
and T, in quenching simulations, except for the conductivity. The values of £k for
different temperatures are gathered in Appendix E.

2.2.2 Energy conservation at the interface

The energy conservation being written inside each phase, we considered energy terms
at the interface between the vapour and the liquid phases. We discriminated the
two vapour and liquid phases with the subscripts V' and L. The jump of a quantity
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x was expressed as [z], and T stood for the mean value. For instance, if a7, is the
value of x in the vapour close to the interface, and x; the value of x in the liquid
close to the interface:

[z] = 3 — 2} (2.15)
+ —
7= w (2.16)

We also called 7 the unit normal vector of the interface, directed from the liquid
phase to the vapour phase. Surface tension was considered. However, no wetting
with the solid part was considered in the present work so this phenomenon was out
of the scope of this work.

2.2.2.1 General form

The transition layer between liquid and gaseous states is a few Angstroms thick. It
can be considered as sharp. Thus no volume terms exist at the interface. The energy
conservation can be deduced from the consideration of a fluid particle that would
cross this interface. If this particle moves at a speed u when crossing the interface
moving at ug, the relative velocity of this particle to the interface reads « — u;. We
shall notice that this velocity is not necessarily continuous across the interface. This
consideration allowed us to easily write the conservation of mass at the interface by
balancing the mass fluxes:

I (it — it) - 7] = 0 (2.17)

This quantity that is continuous at the interface is the mass transfer rate m in
kgm=2s!. In the context of phase change, this is the mass of fluid that is being
vaporised or condensed. We represented it by a vector m described in Figure 2.1.
When this vector points towards the vapour phase, this is vaporisation. When
m points towards the liquid phase, this is condensation. As for the monophasic
formulation, we will need the contribution of the kinetic energy. Thus, we wrote the
momentum conservation equation. The terms at play at the interface are:

e the momentum of the fluid particle crossing the interface (p) (¢ — i) - 7@
e the action of stresses from both sides of the interface o - 7
e the action of surface tension at the interface ok

The momentum conservation equation at the interface reads:
[(pt0) (i@ — 1) - 7i] = [o - 7] 4 Yo7 (2.18)
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Figure 2.1:  Schematic representation of the mass transfer rate vector. For vaporisation,
the vector point towards the vapour. For condensation, it points towards the liquid.

Knowing that p (4 — u7)-n = s continuous, the left-hand side can be factorised.
On the other hand, multiplying the momentum jump equation by u gives:
1

§m[[u2]] =[o -] - @+ yor7 - @ (2.19)

Regarding the energy conservation, the terms at play at the interface are:

e the energy flux of the fluid particle crossing the interface (pe + §u2> (4 —u)-

o

e the contributions of conductive and radiative heat fluxes from both sides of
the interface (¢+ qgr) - 7

e the works of surface stresses from both sides of the interface o - @

e the works of surface tension at the interface yyrn - uy

The balance of all these terms at the interface leads to the following energy conser-
vation equation:

[ (pe+2u?) (@ =) - 1] = Lo+ 7) - @] = @+ &) - ) + o - (2:20)

The left hand side can also be factorised by . After replacing the kinetic energy
part by its expression from the momentum jump equation, we got:

mle] =& - [i- i) — [(7+ qr) - i] — yorii - (@ — i) (2:21)
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As the fluid going through the interface undergoes a phase change process, the
energy jump [e] is related to the phase change energy. The thermodynamics says
that the energy jump of phase change written in terms of enthalpy [h] at a fixed
pressure p is known, given by a linearised expression L+ [¢p](T'—Tiat) where L is the
energy jump at that pressure p at the saturation temperature of the fluid T' = T,;.

Thus, by writing e = h— 2—9, this leads to [e] = L+ [c,](T —Tsar) — H]—)ﬂ . We also
p p

decomposed the Cauchy stress tensor: & = —pl + 7 and rewrote the conductive
heat flux with Fourier’s law. After some algebraic considerations (see [19] for more
details), we got the new energy jump equation form:

mh (ﬁ + [eo] (T = Tiar) + (%) (Ir] - ’yoff)) =7 [i- i) + [kVT - ] — [gi - 7]

(2.22)

2.2.2.2 Local Phenomena Analysis

We saw above that dissipative works were negligible in regards to enthalpy varia-
tions. This is even more true in comparison with the enthalpy of vaporisation in
the case of vapour and water, whose value is very large (£ = 2.2564 Jkg™! at at-
mospheric pressure). Similarly, pressure works are quite equivalent to the surface
tension contribution and negligible in comparison with L.

Concerning radiation, the contribution of the solid part is the only important
term to consider in our system. It impacts the interface only from the vapour side,
as water absorbs the majority of the electromagnetic waves: —[gg - 7] = —qg - 7
(see Appendix A). We recall that 7 points towards the vapour phase. As gg points
towards the liquid phase, this term has a positive contribution to the energy jump
as expected.

Moreover, we saw that the estimation of the thermodynamical equilibrium at the
interface was a reasonable approximation. Thus at the interface T' ~ Ti,;. Finally,
the energy jump equation reads:

ml = [kVT - 7] — gt - 7t (2.23)

If we remove the radiation contribution, this equations is also called the “Stefan
condition”.
To summarize:

e Radiation fluxes were considered to be localised at the interface and only from
the vapour side.
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e The influence of pressure variations on thermal energy variations was consid-
ered negligible (on each fluid as well as on the interface).

e Viscous dissipation was considered negligible in regards to thermal energy
variations (on each fluid as well as on the interface).

2.3 Numerical framework for thermal analysis

The energy conservation equations being well posed, we needed to couple the monopha-
sic formulation and the interface condition. Then this mathematical system must
be integrated inside a numerical framework.

Several techniques exist to discriminate the different phases. Body fitted methods
consist in separating the domain in subdomains with dedicated meshes. They are
however not common in the case of gas liquid mixtures as it is rapidly tedious to
keep track of all created subdomains. This is the reason why immersed methods suit
better for phase change problems. Some methods allow to still follow the interface
thanks to mesh deformation [75] or particle markers that enrich the mesh [67, 91,
92, 93]. Overall they allow the resolution of a single set of equations for the whole
computational domain with variable material properties. These methods provide a
rich and precise description of the interface but reveal limits for complex topologies
that can appear in phase change systems. Consequently, implicit representations
are preferred. The Volume Of Fluid method (VOF) [65, 68] consists in advecting
a color function that represents the volume fraction of one phase (see Figure 2.2a).
It allows mass conservation by construction but requires specific methods to deduce
the interface which is not properly depicted. The other common option is the Level
Set (LS) method. The interface is described by a distance function that is convected
to keep track of its motion (see Figure 2.2b). The mass conservation is not so easily
respected, and the method requires a fine enough mesh at the interface as well as
quantitative error estimation. But it offers a better description of complex interfaces
[66, 70, 72, 71, 94, 95, 96]. It is easy to implement in the Finite Element Method,
allows to change rapidly the physical properties for each immersed structure and
allows proper computation of normals and curvatures. These are the reasons why
this latter method was chosen in the present work.

2.3.1 Level Set Method

We call 2 C R” the computational domain where n is the space dimension and I"
an interface between two sub-domains €2; and 5. The Level Set method consists
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Figure 2.2: Comparison between the VOF and the LS methods.

in considering a distance function (Z,¢) — « from the interface I':

a(Z,t) =d(@, 1) ifzfe
a(Z,t) = —d(Z,1) if e Q (2.24)
a(Zt) =0 ifrel

where d stands for the signed Eulerian distance function operator.

The interface is therefore located on the zero values of this function. In the
case of first order interpolation in tetrahedral meshes, the interface is shaped by
a hyperplan simplex mesh (a set of segments in 2D and a set of triangles in 3D).
Then the sign of this function allows to discriminate each phase and to attribute
the associated material properties. In our case, {2; stands for the vapour domain
and )y stands for the liquid domain.

To keep track of the evolution of the interface in time, o must be updated
accordingly. In the case of two passive fluids without phase change, the interface
moves along with fluid particles. Thus a must respect the following convection
equation:

Da O«

Da _do o &\ 2.2
Dt ot Via =0 (2.25)

£y

+(
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However, in the presence of phase change, the interface velocity relative to the
fluid is not null. Thus, the interface velocity u7 has to be taken into account:

o I
a—‘;‘ 4 (@ V)a=0 (2.26)

uy is a function of the fluid velocity and of the phase change mass transfer.
An important feature of this function is that it is easy to recover the normal 77
and the signed curvature k. of the interface thanks to spatial derivatives:

Va
IVal

c_ﬁ-( va ) (2.28)
[Va]

Doing so, 77 points toward the vapour phase. k, is positive when the vapour
phase is locally concave and the liquid phase convex, and inversely as shown in
Figure 2.3.

(2.27)

n=

Figure 2.83: Description of the sign of the curvature. K is positive when the vapour phase
18 locally concave and the liquid phase convex, and negative otherwise.

Another important feature is that if the distance property is respected, then
anywhere in the domain ||Vea| = 1. In practice, the velocity field is usually complex
and the convection of a does not guarantee to maintain the distance property. As
long as the interface I' is properly convected this is not a big issue. However, if «
is too distorted the resolution of the LS convection can be complicated. It can even
lead to non negligible errors in the interface tracking [97].

This is the reason why the LS has to be reinitialised, meaning that the distance
property must be recomputed without changing I'. This reinitialisation is by itself
a source of error on the mass conservation [98] and attention should be paid on the
employed method. The frequency of reinitialisation is also an important parameter
as the less the LS is reinitialised and the fewer error are made.
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The CIMIib-CFD numerical framework gives the possibility to choose between
three different approaches: a geometrical reinitialisation, an auto-reinitialisation and
a reactive-convection reinitialisation. The first option to reinitialise the LS is to do
it geometrically. The idea is simple: to find the cells crossed by I', to reconstruct I'
thanks to the values of o on the nodes close to I', and then to deduce from it the
distance from I' of all the nodes. Some methods have been developed to optimise
this exploration [99, 100]. The second and third options rely on the resolution of
the so-called “Hamilton—Jacobi” equation:

j—i‘ + s(a) (||%|| - 1) —0 (2.29)
where 7 is a virtual time and s is the sign function. The steady state solution of
this equation is the function o we are looking for. This equation is thus solved for
a long enough time to get close to this steady state. The time depends on how
far « is from the analytical distance function. This method has been upgraded to
improve the mass conservation with the addition of a convective reactive term and
its integration inside the LS convection equation explicitly [101] or implicitly [98].
A deep comparison of these approaches was out of the scope of this work and the
geometrical method was chosen for its simplicity of use.

2.3.2 Smoothed interface approach

Working with immersed interfaces, the computation was done on one single domain.
Thus material properties had to be different depending on the sub-domain. The
LS was then used to discriminate the two phases. To do so, a Heaviside function
a — H, related to the interface I' was considered. Its value is 0 on one domain,
and 1 on the other. It was used as a flag to determine all the considered properties:
the density p, the dynamic viscosity n, the specific heat capacity ¢, and the thermal
conductivity k:

(p=Hapv + (1 — Ha)py (2.30)
n= Hanv + (1= Ho)m (2.31)
g (peo)v (oo
= Ho 0 o (1= 1) (2.32)
| H, (1-H)
Ehl i (2.33)

Since p was mixed using an arithmetic law, this means that H, was comparable
to a volume fraction. ¢, was then mixed accordingly, as it is a specific entity. For k,
a geometric mixing law has been shown to improve the continuity of fluxes at the
interface [102, 103].
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However, the question of the interface had to be raised. The classical Heaviside
function is a discontinuous function at the interface. This would create discontin-
uous properties inside the domain. For example, in the case of water and water
vapour, the density would jump from around 1kgm™2 to around 1000 kg m~—2 be-
tween two mesh nodes. This is known to create stability problems. A solution is
then to regularise the transition between the two phases. This was done by consid-
ering a smoothed Heaviside function with an interface thickness ¢ (represented in
Figure 2.4a):

H,=1 if > ¢
1 a 1 . /ma .
H,=-(14—+ —sin (—) if o] <e¢ (2.34)
2 e T 3
H,=0 if « < —¢
AS As
i 2 i 5
1 - ¥
| B | . £ .
| g : | |
1 1 1 1
1 1 1 1
] ] ] ]
leg ol 1 1
: 2 : :
I I I I
i I i I
' I ' I
I I I 2e\
1 1 > L7 S >
Distance to the interface Distance to the interface
(a) Smoothed Heavyside function H,. (b) Smoothed Dirac function d,.

Figure 2.4: Shapes of interfacial functions H, and &, in the context of the smoothed
interface and Continuous Surface Force approach. € is the interface thickness.

2.3.3 Continuous Surface Force method

Immersed methods also need a designed solution to include surface terms such as
surface tension and phase change. Sharp terms are also known to cause numerical
instabilities. Working with smoothed interface, the natural choice was to use the
Continuous Surface Force approach. The idea was to spread surface terms over the
smoothed interface to turn them into volume terms with the help of the LS. Doing
so, a proper monolithic formulation could be solved once to account for both phases
as well as surface terms. This consideration had been shown to bring stability to
multiphase flow solvers with a simple implementation thanks to pioneer works ([91,
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104, 96]), even though it is at a price of some precision loss [105]. The results of
preexisting implementation and improvements of this method was used [106].

Surface terms were turned into volume terms with the help of the smoothed
Dirac function oo — d,, (see Figure 2.4b). It is defined as the derivative of H, with
respect to a.. Thus:

00 =0 if o] > ¢
0o = 2% (1 + cos (%)) if o] <e (2.35)

0, being the derivative of H,, this entails the following relationships:

VH, = (Va)d, (2.36)
0H, o
at (Oé) - E(sa (237)

2.3.4 Phase Change model

The energy jump equation entails a heat flux jump that is not straightforward
to implement. The common consideration of saturated conditions simplifies the
problem. However, in subcooling conditions, the jump has to be properly computed.
Two considerations are popular:

e To allow overheating and subcooling of the interface by computing the lo-
cal mass transfer rate dM through a proportional law, with a coefficient r
empirically chosen:

dM = (T — Tyay) dV (2.38)
where T' is the temperature field and T},; the saturation temperature at atmo-
spheric pressure.

Lee et al. [64] were the first to implement this model, which is still used
today (see for example [32]). An issue of this method is to correctly set the
value of r. One option is the estimation of time constants of vaporisation
and condensation with enthalpy considerations [79], extended with maximum
values of mass transfer rate to avoid numerical instabilities [65]. Srinivasan
et al. [13] linked r to geometrical considerations, even though an empirical
parameter was still used.

e To consider the interface to always remain at the equilibrium thermodynamic
saturation temperature, and to determine the mass transfer rate through a
difference of heat flux:

LdAM = [§-7]dS (2.39)
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where L is the latent heat of vaporisation, ¢ the heat flux, 77 the normal vector
of the interface, dS the infinitesimal surface and [z] represents the jump of
the quantity = across the interface.

A simplification is to only consider the heat flux from the vapour phase [81,
21, 107, 19], working or not in saturated conditions. Using the VOF method,
Welch et al. [68] reconstructed the interface within a cell to determine the
temperature gradients from both sides, while Sun et al. [108] considered a
heat flux balance on the cells located on the interface and on the saturated
cells directly close to the interface. Welch et al. [68] and Sato et al. [69]
computed temperature gradients between interface and cell centers on cells
that intersect the interface thanks to their sharp interface framework.

In the present work, the latter consideration was taken, that was believed to rely
less on arbitrary coefficients. One difficulty of this modeling is however to properly
compute temperature gradients from both sides of the interface. A possible approach
is to capture every quantity straight at the interface while preserving discontinuities
thanks to appropriated methods. In the context of Volume Of Fluid, the framework
presented by Tanguy et al. [105] involving the Ghost Fluid method or by Sato et
al. [69] with a dedicated Sharp Interface approach are examples of solutions.

In our case the combination of the Continuous Surface Force approach and the
heat flux jump computation has to be consistent. To do so, a complete fictitious
interface was considered for the phase change distribution and for the temperature
profile (see Figure 2.5).

A A

transfer
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/
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Mass

Temperature

I 1
i 2e I
I I
2e : :

v b = 1 1 -

Distance to the interface Distance to the interface
(a) Volume mass transfer rate distribu-  (b) Constant interface temperature
tion. model.

Figure 2.5: Interfacial temperature and mass transfer profiles in the context of smoothed
interface and Continuous Surface Force approach.
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Thus the jump was not computed on one straight surface that usually features
the interface, but on the border of this thick interface. To the authors’ knowledge,
such consideration was new and demanded the design of a dedicated method that
is presented hereafter.

The mass transfer term was then integrated in the energy conservation equation
thanks to the Dirac function:

oT R - o —
PCo (E + (u : V) T) =V -kVT — L - Vad, (2.40)

The scalar product of m with Va and not guarantees that the integral of the
Dirac equals 1 over the interface even if Hﬁa” # 1. The radiation contribution is
positive as ¢gg and Va are of opposite direction.

With such modeling of the phase change, the associated interface velocity g
could be deduced. In absence of velocity field, the LS convection equation then
reads:

da  m =
— _ . VYa=0 (2.41)
at  p

A proper demonstration of this term is done in the next chapter. Moreover in
appendix B, a demonstration is undertaken to prove that these formulations are
equivalent to sharp interface formulations for ¢ — 0.

2.3.5 Discretisation Scheme

The coupling between the energy conservation equations and the Level Set frame-
work being set, we embedded this formulation inside a numerical framework. Most
of the studies in the literature of phase change simulation are done with Eulerian
formulations [64, 65, 66, 73, 19, 74, 76]. This is justified by the large deformations
of liquid vapour interfaces that prevents a tracking of interface with nodes. The Ar-
bitrary Lagrangien Eulerian approach can be a solution to overcome this difficulty
[67, 75], but was not considered in this work.

Regarding discretisation schemes, Finite Difference are sometimes considered [70,
72, 71, 73]. However Finite Volume formulations are usually preferred [65, 66, 68,
19, 74] as it guarantee the mass conservation.

The Finite Element Method (FEM) is less common for the simulation of phase
change systems [75]. It offers a better error predictability, a possibility to increase
the order of elements for a better precision and allows mixed formulation. This is
the reason why we worked with this formulation.

The considered equations to be solved can be represented by a single scalar
transient convection-diffusion-reaction equation (CDR). Given a scalar variable ¢,
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the general formulation of the CDR equation over a spacial domain 2 for a time
t € [ti, ty] reads:
a . — — —
a—f+<u-v)go—v-(Dw)+w:f (2.42)
where D is a diffusion coefficient, r a reaction coefficient and f a source term.
When working with FEM, this “strong” formulation needs to be transformed

into a “weak” formulation with the introduction of a test function ¢:

Find ¢ € S} such that Vw € W, :

<aa—f + (ﬁ ﬁ) go,w> + <Dﬁg0, §w> + (ro,w) = (f,w) (2.43)
where S;, and W), are standard finite element spaces. They usually stand for the
discretised space of the physical spacial domain €2 considered. (p, 1)) = fQ @ - dQd
is the standard scalar product in L?*(€2). This products holds for scalars or vectors.
More details on these mathematical aspects can be found in [80] on which this
present work relied.

This type of problem had already been studied with FEM. The resolution of
this equation as such is numerically limited by the action of the convective term
[82, 109, 110]. Thus, stabilisation techniques had been developed, and especially
the Streamline Upwind Petrov Galerkin (SUPG) stabilisation [111, 112] and the
Shock Capturing Petrov Galerkin (SCPG) [113] stabilisation. These are two terms
that are added to the weak formulation as scalars products of the residual of the
equation R(y) and of a function of . The residual R(y) is the difference between
the left-hand side and the right-hand side of the equation. Doing so, these terms
are expected to vanish when the linear solver converge to the discrete solution as
in this case R(¢) — 0. The stabilised weak formulation of the CDR equation then
reads:

( Find ¢ € S), such that Yw € W), :
<aa—f + (17 6) <p,w> + <D§go, §w> + (rp,w)
+ 3 (R@) msore (@ V) w) +>"(R(9)Tsere (i V) w) = {fw)
K K

Vv Vv
\ streamline upwind discontinuity capturing

(2.44)

where K is the element index, @ is an auxiliary vector, function of the gradient
of . Tscpa and Tscpg are stabilisation coefficients usually dependent on numerical
parameters like the mesh size, the Reynolds and Péclet number, etc. The SUPG term
controls the oscillations in the direction of the velocity trajectories for convection
dominated regimes. The SCPG term adds numerical diffusion in the neighborhood
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of sharp gradients. More details on these methods, their benefits and on the way to
compute Tscpa, Tscpg and @ can be found in [82; 80, 109, 110, 111, 112, 113].

2.4 Heat Flux Jump Computation method

Working with a smoothed interface, the quantities that vary inside the interface
lead to non physical values of the temperature gradients. To properly compute the
heat flux jump across the interface, temperature gradients were considered from the
borders of the interface. Doing so, a method had to be designed to capture this
value and propagate it on all the nodes of the interface.

2.4.1 Description of the extension method

The propagation of the heat flux through the interface relies on a common technique
explained by Aslam et al. [114]. The general idea of this technique is to extend on
2 a scalar quantity ¢y that lives on g (generally 2 and Qy form a partition of the
computation space). The extension is done by following streamlines of a normalised
vector field 7 through an interface I' that separates the two domains 2 and €.
In other words, the solution ¢ equals gg on €2y, and on €2, ¢ is set constant on the
streamlines of 77, its value being the value of gy on the intersection of I' with the
streamline. This corresponds to the resolution of the following system:

{ q=qo on {2 (2.45)
i-Vg=0 on® (2.46)

(2.45) is solved immediately, and is used as a Dirichlet condition on I' for the
resolution of (2.46). For frontiers of €2 that are at the vicinity of the calculation
domain, a Neumann condition of null flux is used.

The second equation by itself is not numerically unconditionally stable, so a
diffusion term is added:

i-Vg—V-(AVq) =0 (2.47)

This choice is motivated by its simplicity of implementation. The value of A
should be as small as possible in €2 to limit its impact on the solution, but large
enough to stabilise the solver. If h is the mesh size, a dimensional analysis leads to:

ilg Mg

As 1 is normalised, the condition reads A >~ h. X\ was chosen at most of the same
order of magnitude as h.
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Before implementing this method for the heat flux jump computation, it was
tested on two test cases: the extension of a scalar field that has a cylindrical sym-
metry on a disc, and the extension of a scalar field on a square with a sharp angle.
For both cases, the field 7 is based on the gradient of the Level Set o (the signed
distance function in respect to the interface that is positive inside ). As a result,
7 is normal to the interface.

2.4.2 Benchmarks
2.4.2.1 The disc case

The domain (2 is a disc of radius R = 0.2 centered on the origin of a 1x1 square
domain (see Figure 2.6a). The source field go is defined in the cylindrical coordinates
system (r, ) such as:

qo(r,0) = —2r (2.49)

71 1s defined as:
i(r,0) = —é, (2.50)

Thus 7 has a singularity at the origin.

The case was implemented on an unstructured mesh of triangles of characteristic
size h = 1072 with A = 1073. Results projected on the horizontal axis of the disc
are plotted on Figure 2.6b.

= Source field go
—.=.. Extended ﬁelg q
----- Theoretical gap

—0.5

Field Value

1

\ \ \ \ \
-06 —-04 -0.2 0 0.2 0.4 0.6

Axial Position

(a) Schematic description of the disc test (b) Source and extended field values on
case. the radial azis y = 0.

Figure 2.6: The disc test case: an initial radial scalar field is extended on a disc (the red
zone) following the radial vector field (the black arrows). Results projected on the green
dotted line are shown in (b).
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The extension of gy over 2 is well computed, and the singularity of the vector
field 77 does not cause issues to the solver. Errors can be controlled by refining the

mesh.

6
m_Source field qo
T Extended feld’q
..... Theoretical gap
51 ememameeage
i
i
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<
&)
2 [ .
1 [ .
| | | | |
-06 -04 -02 0 02 04 06
Axial Position
(a) Schematic description of the square (b) Source and extended field values on

the horizontal azxis y = —0.25.

test case.

8

m— _Source field go
—.=.. Extended field ¢
----- Theoretical gap

Field Value
B
T

! ! ! ! !
—-0.6 —-04 -0.2 0 0.2 0.4 0.6
Axial Position

(¢) Source and extended field values
on the vertical azis x = —0.25

Figure 2.7: The square test case: an initial radial scalar field is extended on a square (the
red zone) following a vector field normal to the square interface (the black arrows). Results
projected on the horizontal and vertical green dotted lines are shown in (b) and (c).
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2.4.2.2 The square case

The domain €2 is for this case a square of 0.5x0.5 placed on the lower-left corner
of the resolution space, still being a 1x1 square (see Figure 2.7a). The upper-right
corner of ) is located on the (0,0) point. The source field ¢y is defined as the scalar
product of the vector field (—1 — x)e; + (=5 — by)e, with 7, still defined as the
gradient of the signed distance function of the square (positive inside the square).
In the lower-right corner of the domain, 77 = (—1,0) and ¢ is the plane z = x + 1.
In the upper-left corner, 7 = (0,—1) and qo is the plane z = y + 5. The transition
between the two planes is made smoothly in the upper-right corner, and is made
through a discontinuity on the diagonal of ). ¢q is defined in order to have two
different values on each face of {2: 5 on the upper face, and 1 on the left face.

The case was implemented on an unstructured mesh of triangles of characteristic
size h = 1x1072 with A = 3x1073. Results projected on horizontal and vertical axes
of the square are plotted on Figure 2.7b and Figure 2.7c.

The extension of gy over €2 is well computed. The transition of value near the
singularity of the vector field 7 is properly treated. Errors can be controlled by
refining the mesh.

2.4.3 Heat flux jump
2.4.3.1 Computation of jumps over a smooth interface

Back to the phase change problem, the idea was to apply this method on each side of
the interface to access the values of the balance of heat fluxes on every point of the

interface. The method was applied with the scalar field Yoz . (kﬁT) to determine

Vel

the heat fluxes on the vapour and on the liquid sides.

A first simple approach would be to choose 2 as the domain of the interface,
and {2y the union of the vapour and the liquid domains for both cases (it is useless
to further project the heat flux from one phase on the whole domain of the other
phase).

However, due to diffusion effects, the transition from T, on the interface to
the temperature profile diffuses on a few elements. A “safety margin” was taken to
make sure that the temperature profile is well established. This is the reason why
the heat flux value to project was chosen at a distance equal to h from the isovalue
a = t+e. Moreover, to further reduce the influence of the diffusion term A, the end of
(2 was considered at a distance of 3h away from the isovalue « = +¢. The Figure 2.8
summarises these considerations. Doing so, the heat flux jump is well defined and
constant on the domain {« € [¢;¢]}.
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As an illustration and test purpose, this method was implemented on a simple 2D
test case: a 1x1 square with a vertical interface = = 0 at its center (see Figure 2.9a).

The field to project from the left side of the interface is gor, = 5000y(1 + x), and

the associated domain 7, is located between the axes + = —0.07 and x = 0.05. The
field to project from the right side of the interface is gor = 10000y(1 4 z), and the
associated domain €2y is located between the axes x = —0.05 and = 0.07. 77, and

N g are taken normal to the interface, but of opposite directions.

The case was implemented on an unstructured mesh of triangles of characteristic
size h = 1072 with A = 1073. Results projected on the central vertical axis and on

Temperatur?
Temperatur?

Distance to the interface

— A-‘rﬁ =
[y VT || e
kL VTL]|
>
Distance to the interface Distance to the interface
(a) Sharp interface configuration (b) Smooth interface configuration

Figure 2.8: Modeling of the interface temperature and heat flux profiles with a Continuous
Surface Force approach. In order to well capture the heat flux jump, heat flux values are
extended from a distance € + h of the interface center. The end of the extension domain
1s located at a distance € + 3h of the interface center to reduce diffusion impacts on the
extended value.
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the horizontal axis y—0.25 are plotted on Figure 2.9b and Figure 2.9c. The extension
was well computed, and errors were in the order of magnitude of the mesh precision.
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Figure 2.9: The interface test case — an initial radial scalar field is extended from both
sides of a thick interface (the red zone) following the normal vector field (the black arrows).
Results projected on the horizontal and vertical green dotted line are shown in (2.9b) and

(2.9¢).
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(a) Graphical illustration of the safety mar-  (b) Schematic description of the selection
gin of reference points of the extension method

Figure 2.10: Description of the “safety margin” taken for the extension of the heat flux
that avoids errors due to the continuity of the temperature gradient. Heat flur values are
taken from points away of at least € + h from the interface. As the mesh in not structured,
the effective distance varies from one point to another up to € + 2h.

2.4.3.2 Precision of the method

As the extended heat flux is located one mesh size away h from the boundary of the
interface, an error is made, which is proportional to h (see Figure 2.10a). Noting s
the position of the boundary interface, and taking the distance function «, a linear
approximation on ¢ around s reads:

9q

q(s+h)=q(s)+ %(s)h + o(h) (2.51)

Extending ¢ from the position s + h instead of s thus leads to an error g—q(s)
Furthermore, unstructured mesh had been used. The evaluation of points e+h gway
from the interface used as reference points for the extension method leads at most
to a doubled “safety margin”, as shown on Figure 2.10b.

Considering only conductive heat fluxes ¢ = ¢- Va/||Val = —kdT/da, this
leads to a maximum error on 7

. 1 9T
|Ar| o ZZ/C‘W 2h (2.52)
L)V
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This order 1 precision constrains the method to have fine meshes on the interface
to handle large heat flux gradients. The presented mass transfer modeling was
associated to a thermal equation and a Level Set convection equation. This coupling
was applicable to solve diphasic and “static” (no fluid velocity) thermal systems with
phase change. Thus only divergence free cases were tackled at first, meaning equal
density between phases.

2.4.4 Stabilisation

We considered a purely diffusive system where all the phases had the same density
p. In this configuration, equation (2.40) can be rewritten as follow:

per— =V - (kﬁT) - L (njz : 604) o (2.53)

We recall that in the absence of velocity, the LS convection equation (2.41) reads:

da  m -
— _ _ .Va= 2.54
ot p a=0 (2:54)

In a perfect system there is an equivalence between the condition T = T, at
the interface and the formulation of the source term —L (njb . 604) 0, in addition to

the computation of the mass transfer thanks to the Heat Flux Jump Computation

-

- - \Y
m = |lkVT . HﬁaHm . formulated this way, the system theoretically maintains the
Q@

interface temperature at Ti,;.

The proposed system is theoretically consistent, as the formulation tends toward
the sharp interface formulation for small e. However, the conservation of T, is un-
fortunately not ensured as such. Among other reasons, overshooting effects appear.
Moreover the conductivity jump leads to stronger diffusion effects on the liquid side
that tends to cool down the interface.

To guaranty the efficiency of the method, a penalisation term in the form of
a reactive term Ad, (T — Ti.) was added, A being a sufficiently large parameter.
In the present work, we took a value of 105 W K~ m~2, the order of magnitude of
L x 1 K. This formulation guarantees the conservation of T, on the interface.
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m being computed thanks to the heat flux jump, the final isochoric diphasic
thermal system reads:

(or L
per s + AT = T)da = V- (WT)
L (T?L : %) 5 (2.55)
oo m =
o & 2.
o~ V=0 (2.56)
with: L = |l/<ﬁT L Vo ]‘ (2.57)
\ [Vall

2.5 Isochoric subcooled Stefan problem

The Stefan problem is a classical benchmark of phase change solvers [105, 115,
69, 116]. It is usually solved in saturated conditions in the liquid. This means
that only the vapour characteristics are important and that no convection is at
play. To test our heat flux jump computation method, we decided to modify this
benchmark to include subcooling effects. It adds the influence of liquid side heat
fluxes. Before integrating a dedicated mechanical solver, we considered an isochoric
configuration. This means that no dilatation occurs at the interface and that all
the system is mechanically at rest. However, volume heat capacity pc, were still
considered different between the vapour and the liquid.

2.5.1 Reminders of the problem

The considered Stefan problem is a semi infinite domain (indexed by the coordinate
x € [0, +o0]) filled with liquid at initial temperature T, and touching a wall (z = 0)
at temperature T, > Ty (see Figure 2.11). At ¢ > 0, the wall warms up the liquid
and vaporisation occurs, creating a moving interface positioned by s(t) that goes
away from the wall. The boundary is set to Ti;.

The governing equations of this problem read:

orT 0T

(pCﬁVE = k\/@ for xz € [O, 8(t>[ (258&)
or 0T

(pCp)LE = kL@ for x E]S(t), —|—OO[ (25811))
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Tw\ T:sat — Too
N y
d - Y dM
N *
N
AN - P
N m
N *
N * Ve
N
0 s(t) x

Figure 2.11: Description of the Stefan problem. The wall to the left is at Ty, and the
liquid to the right is at Ty, far from the interface. The heat flux from the wall provides
heat to the interface by conduction. The liquid heats up and vaporises, but conduction in
the liquid slows down the interface progress. As both phases have the same density, the
mass transfer does not create any movement in the fluid.

With the boundary conditions:

T(x,t=0)=T forx >0 (2.59a)
T(x= ) T fort >0 (2.59Db)
T(x =+00,t) =Ty fort >0 (2.59¢)
T(x = ( ) t) = Tuat fort >0 (2.59d)

Moreover, the energy jump condition at the interface remaining at Ti,; reads:

ds oT oT
L =pyL— = —ky— ki, — 2.60
T Vox lw=s(t)~ T O |z=s(t)+ ( )

A common solution is to impose an interface position s that varies as the square

root of the time:
s = 2x\/ Dyt (2.61)

where y is a constant to identify.
Considering the new variable & =

F(&(x,t)). Thus in each phase:

a solution of (2.58a) reads T'(z,t) =

s
2y/Dyt’

orT x ,

o wI D vatF 3] (2.62)
or o1,
92 —4DVtF (&) (2.63)
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F is then solution of:

T 1

— F'=D F’ 2.64
4ty/Dyt VADyt (2.64)
F'+26F" =0 (2.65)
Integrating this equation:
F'=xe ¢ (2.66)
Back from the formulation in temperature:
3
T(x,t) = F(§) :A/ e du+ B = gAerf(g)%—B (2.67)
0

with erf the error function. The same reasoning can be done for the liquid side
equation (2.58b).

The integration constants of both expressions are determined with the boundary
conditions (2.59b), (2.59¢) and (2.59d). The temperature field then reads:

( Tsat — Tw T
T, 4 2t A e (2 f s(t
+ = o) er (Xs(t)) or z € [0, s(t)]
T(Qf,t) = Taat — Too D (268)

T + " \/D7V erfc (X% D—\L/) for z € [s(t), +o0]
I‘ —
\ WDy

where erfc = 1—erf is the complementary error function. We recall that lim erf(z) =
xr—>+00

1 and note that condition (2.59a) is also respected in the limit of small .
The temperature gradient reads:

T 2
1 Tsat - Tw B (X%>

VrDyt erf (x)

for x €]0, s(t)]

1 Tt — T \"s()\ D
— . e SN D for x €]s(t), +oo]

\/7TDLt ( Dv)
erfe | x4/ ——
\ Dy,

X is evaluated thanks to the resolution of the energy equation at the interface (2.60).
Thanks to the expression of the temperature gradient:

Dy
by (T — To) e ki (To — Too)e D
XV Dy + =2 115() S =0 (2.70)
vV T
TUV X 7Dy, erfc (X D—V)
L
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This equation has to be solved numerically. In the present work, a Powell’s conjugate
direction method has been used for this purpose thanks to a Scilab code.

One can notice that the temperature gradient (and its derivative) at the interface
tends toward the infinite as the time is close to zero. This entails an extra complexity
for the computation of the Heat Flux Jump at the beginning of the simulation: it is
interesting as it allows to test the performances of the Heat Flux Jump Computation
feature and the error estimation (2.52).

All physical properties are those of a water and vapour mixture and summarised
in table 2.4. Yet a divergence free test case is considered and the density of water
is taken as the density of vapour (though pc, values are not changing).

P PCp k L

(kgm~—3) (Jm™3K™1) | (Wm™ K1) Jkg™1)
Vapour 1 | L12x10° | 2.48%x107 5
Liquid | 29707 1 4 40x105 | 6.79x10-1 | 220%10

Table 2.4: Physical properties of the considered fluids for the isochoric Stefan problem.

2.5.2 Studied cases
2.5.2.1 Case 1: without subcooling

The first case solved was the classical Stefan problem with the liquid being at sat-
uration temperature. The wall was 10 K above the saturation temperature, and
x = 0.067.

The test case was computed for an unstructured 2D mesh of dimension 1x10™*m
by 5x10~*m with 5 mesh sizes h (in m): 1x107%, 2x107%, 4x1076, 7x1076 and
1x107°. The time step was set to 1x107°s. The interface thickness was set to 6h
with an extension zone of 8h.

The simulation started with an initial interface position of 2x107°m (identified
as the border of the thick interface on the vapour side). The initial temperature
profile was computed according to its analytical solution.

2.5.2.2 Case 2: with a small subcooling

The second case was similar to the first one, except that the water phase was not at
saturation temperature anymore. An initial temperature for the water of Ty, — 1 K
was taken, and y = 0.021. The domain, mesh sizes, time step and other parameters
were the same. The initial position of the interface was also 2x107° m.
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2.5.2.3 Case 3: with a high subcooling

The robustness of the method was assessed in computing a more extreme Stefan
Case for higher temperature: the wall was 900 K above the saturation temperature,
the liquid was 10K below, and y = 0.101. Furthermore, the remeshing methods
(presented in Section 4.2.2) were applied to test the good behavior of the combined
methods with a mesh refined around the interface.

The test case was computed for an unstructured non uniform 2D mesh of di-
mension 2x107*m by 2x1073 m with 5000 nodes with an unstructured mesh whose
mesh size h at the interface varies among 5 values (in m): 5x1077, 1x1075 2x107¢,
3x1076 and 5x107%. The time step was still 1x107®s. The initial position of the
interface was this time 1x10™*m. The interface thickness was set to 6k with an
extension zone of 8h.

2.5.3 Results
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Figure 2.12: Temperature field and mesh of the Case 3 simulation for h = 2x107%m
at time 0.1s. The mesh is refined around the interface where temperature gradients and
physical properties variations are important. Only the left side of the computational domain
is plotted.

An example of temperature field values and mesh for the Case 3 is shown in
Figure 2.12. The resmeshing algorithm is working properly. Results of interface
position and mass transfer rate values versus time are plotted in Figures 2.14a and
2.15a for the Case 1, in Figures 2.14b and 2.15b for the Case 2, and in Figures 2.14c
and 2.15¢ for the Case 3. Results of Case 1 are satisfactory, as errors on the position
and mass transfer rate were small (less than 1 %) whatever the mesh size.

The influence of the mesh size appears for the second case, mostly at the first
time steps of the simulation. This is explained by a higher heat flux gradient on
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Figure 2.13: Relative error of the initial mass transfer rate value versus interface mesh
size. Estimations of this error given by equation (2.52) are plotted in dashed lines.

the liquid size that increases the error on the mass transfer rate described by (2.52).
Otherwise the case remains correctly described by the simulations.

Results for the Case 3 stresses even more this observation, as even smaller mesh
sizes reveal non negligible errors due to the important thermal constraint at play at
the first time steps of the simulation. As soon as the temperature gradient is lower,
errors on the mass transfer rate quickly decrease.

2.5.4 Precision and accuracy order

A first estimation of the HFJC method accuracy given by equation (2.52) could be
confirmed by plotting the errors of the three simulations on a (h, Am) graph. This

is shown on Figure 2.13.
2
The lines represent the error estimation, thanks to the computation of el (s,t =
x

to) given by the analytical solution. The error estimation correctly fits with the
simulations results. This means that these errors are due to a too coarse grid,
and can be controlled and reduced with the mesh size. An optimised approach to
properly solve sub-cooled Stefan problems would be to control the mesh refinement
according with the time.
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Figure 2.14: Analytic and simulated posi- Figure 2.15: Analytic and simulated
tions of the interface for different mesh sizes transfer rates for different mesh sizes h.
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Chapter 2. Multiphase thermal framework

To further study the accuracy of the method, a convergence analysis with the
mesh size h was done. The error is defined as:

1 , .
err = | Z [[s;imu — sgn]] (2.71)
1€[1,N]
where N is the number of sample steps among each iteration step, taken as 20. s,
and s are the position of the simulated and analytic interface at sample step 1.

Results for the three cases are plotted on Figure 2.16a, Figure 2.16b and Fig-
ure 2.16c.

For all cases, the convergence order is around 1 as predicted by (2.52): the
accuracy of the HFJC method is controlled by the value of € that should be small
enough to properly compute heat fluxes. If this condition is validated, and providing
that the mesh is properly refined and validates the Fourier condition far from the
interface, the presented method can be applied to more complex cases.

-10—6 106
51 . e —
= = = Lin, reg. err=0.40hn1.03 . = == Lin. reg. err=0.38h1-06
Computed error¥™ " [ ] Computed error$"'™ )
20 2l 2 | A
~ . N
E o E .
— " I ‘l
2 o, g L
B 1 o 1 o=\ 1 .’ |
L4 ’
’ ’
’ ’
[ Rl
L4 ’
I o ®
4 L g
0 | | | | | 0 | | | | |
0 0.2 0.4 0.6 0.8 1 0 02 04 06 0.8 1 1.2
Mesh size (m) 10-5 Mesh size (m) 10-5
(a) Case 1.19-5 (b) Case 2
=== L err=0. 0.80
LlnCcr)?ngﬁ)uted %fr%’;gjm ()
4 ""
- . |
I"
B R
~— L d
- "
2 %
& 2 |- ," * N
.
‘¢
4
'.
4
0
0 2 4 6
Mesh si
esh size (m) 10-6
(c) Case 3

Figure 2.16: Space—time convergence analysis for the isochoric Stefan Benchmark.
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2.6 Conclusions

e The energy equation was reduced to a convection diffusion reaction equa-
tion on the temperature with a source term to account for the latent heat
of vaporisation.

e A reaction term was added to reinforce the saturation temperature at
the interface.

o A Level Set Method was used to localise the liquid vapour interface.
e The numerical interface was smoothed by a thickness .

e A Heat Flux Jump Computation method designed for smooth inter-
faces was developed and tested on 3 benchmarks. We observed that its
accuracy is proportional to the mesh size and to the derivative of the
temperature gradient normal to the interface.

e The resulting isochoric phase change model was validated in three con-
figurations of subcooled Stefan problems.
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Résumé en Francais

Ce chapitre présente le modele mécanique permettant la prise en compte
du saut de vitesse a I'interface lié a la différence de densité entre les phases
liquide et vapeur. Une analyse des ordres de grandeur des efforts en jeu
nous permet de nous contenter d’une formulation incompressible dans chaque
phase. Le cadre numérique existant basé sur une approche Virtual Multi-
Scale est ainsi employé. A I'interface, les effets liés au changement de phase
impliquent une discontinuité de vitesse découlant de la conservation de la
masse, mais ont des effets modestes sur le saut de quantité de mouvement.

Ces conclusions couplées a la modélisation de 'interface présentée dans le
chapitre précédent menent a la mise en place d'une modélisation mécanique
proche de celle d'un systeme diphasique sans changement de phase. La seule
différence repose sur I’'ajout de deux termes: un terme source dans ’équation
de conservation de la masse qui représente le changement de densité du fluide
qui change de phse, et un terme additionnel dans la vitesse de convection de
la fonction Level Set. L’ajout du terme source nécessite la modification du
solveur Navier—Stokes existant. Ce nouveau solveur est validé sur un cas 2D
analytique avec une convergence a l'ordre 2 sur la taille de maille.

Le systeme complet est ensuite validé sur deux cas test 2D analytiques
avec des taux de transfert de masse a l'interface constants. Tout d’abord,
une interface plane est considérée avec différents rapports de masse volumique
entre la phase liquide et la phase gazeuse (entre 2 et 2000). Le modele est
alors validé avec une convergence a l’ordre 2 en taille de maille quel que soit le
rapport de masse volumique en considérant une taille d’interface constante.
Cependant, la considération d’une taille d’interface fixée sur la taille de maille
met en lumiere une erreur systématique liée a la discrétisation de la fonction
Dirac a linterface. Celle-ci influence directement la précision du modele.
Une valeur de six éléments semble le minimum pour avoir une représentation
correcte de I'interface et une erreur faible.

Le second cas test considéré est la croissance d’une bulle. Cette fois-ci
le rapport de masse volumique est fixé a celui d'un mélange eau / vapeur
d’eau (2000). Ce cas test met en lumiere un biais du modele qui apparait
pour des épaisseurs d’interface trop importantes devant le rayon de courbure.
Il peut étre corrigé par 'ajout d’un terme du second ordre dans la vitesse
de convection de la fonction Level Set. Ce faisant, un ordre de convergence
proche de 2 en taille de maille est retrouvé.
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3.1 Introduction

Boiling involve many hydrodynamical aspects that bring a lot of thermal convection.
The velocity field has to be solved to account for theses phenomena. Attention has
also to be paid at the interface, as phase change involves velocity jumps. As the
vapour phase is usually much lighter than the liquid phase (ratio around 2000 for the
liquid phase), vaporisation entails an important dilatation at the interface. This is
numerically challenging, and requires a specific attention adapted to the framework.
Usually, specific interfacial laws are added to the linear system to account for the
velocity jump, and a projection technique is used. For example, several works solved
this procedure with an iterative scheme to compute the velocity until it respects the
mass conservation [64, 66, 68, 70, 67]. The interface was treated as a sharp frontier
[64, 66, 68] or a smoothed one for Juric et al. [67]. Kang et al. [70] also implemented
a Ghost Fluids Method to ease the introduction of interfacial terms such as the
surface tension. This work was improved to eliminate the iteration procedure with
a predictor-corrector algorithm [73] or combined with the Ghost Fluids Methods
[72, 69, 71].

In the present work, the CSF approach provides an opportunity to regularise the
mass transfer to reduce numerical instabilities. This approach does not suit meth-
ods with sharp interfaces, as the velocity field has a great impact on temperature
gradients: the velocity at the interface would not properly represent the velocity
from both sides, and it would involve non negligible errors on the heat flux jump
computation. As thick interfaces were considered, what matters is the velocity at
the borders of the interface. This is allowed by a regularised velocity jump. To
the author’s knowledge, the resolution of phase change problems with regularised
velocity jumps in the context of FEM was something new that required a dedicated
work.

3.2 Pseudo-compressible Navier-Stokes solver

3.2.1 Single phase formulation

The first question to arise is the consideration of density and viscosity variations
inside the fluid. Considering the Mach number:

Ma = — 3.1
- (31)
as a is the speed of sound, its values are low. Considering a velocity of 1 ms~! which
is an upper bound of velocities encountered during boiling, orders of magnitude of
Ma are around 102 in the vapour and 1072 in the liquid. Pressure waves can clearly
be neglected.
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Regarding the variations of the material properties, characteristic values for wa-
ter (resp. water vapour) at 25°C and 100°C (resp. 100°C and 900 °C) of p and n
as well as the kinematic viscosity v = n/p computed at atmospheric pressure are
gathered in Table 3.1.

p n v

(kgm~3) (Pas) (m?s~1)

Liquid 25°C 997 | 8.9x107* | 8.92x10°7

100°C | 958 | 2.8x107* | 2.92x1077

100°C | 0.59 | 1.2x107° | 2.03x10~°
Vapour

900°C | 0.18 | 4.5x107° | 0.25%107°

Table 3.1: Mechanical properties of water and water vapour at extreme temperatures [89].

Variations of density in the water are not significant, but temperature inhomo-
geneities can still have an influence on the flow (what is usually called natural con-
vection). To assess its influence, we computed the Grashof number, which assesses
the impact of density variations due to temperature gradients:

_ garLp* AT

Gr =

(3.2)

In the liquid a characteristic length L. of 1m leads to a Gr of around 10'* which
is important. Clearly natural convective terms are at play in the liquid side, even
for a smaller quenching pool with a lower L.. Thus a Boussinesq model — valid for
small density ratios — was employed to assess this phenomena in Section 6.3.2.1.

For water vapour, variations of densities are higher. However orders of magnitude
of density and chara