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Résumé

Dans le réservoir d’un satellite, le carburant cryogénique peut se transformer en vapeur & cause
de la présence d’un gradient de température a la paroi, induit par le rayonnement solaire ou la
diffusion thermique résiduelle des moteurs du lanceur. La quantité de vapeur transformée peut
fortement augmenter la pression & l'intérieur du réservoir. En raison d’une connaissance incom-
pléte des ces phénoménes, aujourd’hui, les opérations faites pour régulariser la pression interne
entrainent une perte de carburant. Il est donc trés important d’étudier le changement de phase
liquide /vapeur et les processus physiques mis en jeu au niveau de U'interface. C’est dans ce contexte
que se situe cette theése, dont 'objectif est d’obtenir une meilleure compréhension des phénoménes
susmentionnés au moyen de la Simulation Numérique Directe (DNS). Le travail est divisé en trois
parties : l’interaction entre un liquide & température de saturation et un écoulement externe de
vapeur sous-refroidie ou surchauffée, en régime laminaire et turbulent, et 'interaction entre des
mouvements de convection naturelle et le changement de phase liquide/vapeur.

Tout d’abord, le régime laminaire est étudié. Dans ce cadre, une étude paramétrique est menée
dont I'objectif est de trouver des lois de comportements pour le transfert thermique et le coefficient
de frottement a l'interface entre un liquide statique & température de saturation et un écoulement
de couche limite de vapeur. Nous étudions & la fois la vaporisation et la condensation.

La seconde partie de cette thése est dédiée & la simulation numérique d’un écoulement de
couche limite turbulente d’une vapeur surchauffée en interaction avec un champ de vitesse induit
par de la vaporisation. Pour cela, un injecteur de turbulence est implémenté dans le code et validé
pour la configuration de I’évolution spatiale d’une couche limite turbulente sur une plaque plane
avec transfert thermique. Ensuite, une étude sur l'influence du champ de vitesse induit par la
vaporisation sur le nombre de Nusselt, le coefficient de frottement, le nombre de Stanton et les
différentes quantités turbulentes est réalisée.

Enfin, nous menons une étude numérique préliminaire sur une configuration décrivant I’écoulement
convectif dans un réservoir cryogénique. Un nouveau solveur est implémenté dans le code utilisé
afin de prendre en compte les variations de la densité. Des résultats préliminaires sont obtenus sur

l'influence du nombre de Grashof sur le flux thermique a l'interface liquide/vapeur.

Mots-clés : vaporisation, condensation, nombre de Nusselt, couche limite turbulente, convection

naturelle
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Abstract

In a launcher tank, the cryogenic fuel can suffer a liquid/vapor phase change due to a thermal
gradient induced by solar radiation or by engines residual thermal diffusion. The quantity of vapor
released by the phase change process can highly increase the internal pressure. Due to a poor
knowledge of these phenomena, at present, the operations led to regulate the internal pressure
induce fuel loss. It is therefore of great importance to investigate the liquid/vapor phase and the
physical processes taking place at the interface. This is the context of the present thesis, that
takes place in an effort to extract better understanding of the above underlined phenomena by
means of Direct Numerical Simulation (DNS). The work is split into three studies : the interaction
between a liquid pool at saturation and an external flow of subcooled or superheated vapor, both in
laminar and turbulent regime flows, and the interaction between natural convection mouvements
and liquid /vapor phase change.

Firstly, the laminar regime flow is investigated. In this framework, a parametric study is con-
ducted with the objective of finding behaviour laws for the heat transfer and the friction coefficient
at the interface between a static liquid pool at saturation temperature and a laminar boundary
layer flow of vapor. Both vaporization and condensation are studied.

The second project was on the numerical simulation of a turbulent boundary layer flow of
superheated vapor interacting with the velocity field induced by vaporization. To this extent,
a turbulent fluctuations injector is implemented and validated for the spatial development of a
boundary layer flow over a flat plate with heat transfer. A study on the influence of the velocity
field induced by vaporization on the Nusselt number, the friction coefficient, the Stanton number
and the turbulent quantities is conducted.

Finally, we lead a preliminary numerical study on a configuration describing the interaction
between natural convection flow and liquid /vapor phase change in a cryogenic tank. A new solver
is implemented in the in house code to account for the density variations in the liquid. Preliminary
results are obtained on the influence of the Grashof number on the thermal flux at the liquid /vapor

interface.

Keywords : vaporization, condensation, Nusselt number, turbulent boundary layer, natural
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Introduction

Industrial context

The interaction between liquid /vapor phase change and an external flow plays an important role in
various fields, such as in combustion applications, weather forecasting, heat exchangers or climate
modeling. The study of such a phenomena represents, first of all, a theoretical and a scientific
challenge. In addition, having a better understanding of the heat and mass transfers in such a
configuration could allow a performance enhancement of numerous industrial devices.

In particular, the space sector is also concerned by this field in the case of a space launcher,
and this, at different steps of the mission: launching phase, ballistic flight, orbit insertion, etc.

When launching a space rocket, a part of the embedded liquid propellant (ergol) is stored in
cryogenic tanks for later employement, during space manoeuvres. However, the tanks are heated
through solar radiation or engines thermal dissipation. Thus, the temperature of the tank wall is
highly increased. The thermal gradient between the tank wall and the contained ergol generates
liquid/vapor phase change. The presence of vapor increases the internal pressure of the tank,
which, in the context of the tank pressurization, leads to fuel loss. Hence, a better understanding
of the liquid/vapor phase change and its interaction with the induced flows in a cryogenic tank
could allow an optimisation of the embarked liquid propellant.

It is in this industrial context that the present thesis is placed. The tool used to tackle this
subject is direct numerical simulation (DNS). The DNS of the entire cryogenic tank, together
with all the involved physical phenomena, is, of course, out of reach, for computational costs
and complexity reasons. Industrial codes are already employed for the simulation of a cryogenic
tank. However, the lack of a good resolution of the interface between liquid and vapor phases
prevents an accurate computation of the mass and heat transfers induced by the phase change.
The intended concept would be to determine, by means of DNS, behaviour laws for the thermal and
mass transfers at the liquid/vapor interface, laws that will further be used to model the interface
in the industrial codes.

The main objective of this thesis has therefore been to simulate configurations describing the
interaction between the liquid/vapor phase change and the internal cryogenic tank flows, with the

focus on the interface thermal transfer.

Numerical approach

The choice of the computational configuration was not straightforward. Depending on the various
phases of the flight mission, the involved physical phenomena differ. These changes are driven,
inter alia, by the presence or the absence of gravitational accelerations. These two configurations

are described in what follows, begining with the microgravity regime.
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supem;‘i_?essurization

solar radiation
- —

subcooled liquid

Figure 1: Schematics of the cryogenic tank subjected to microgravity, during the presurrization
of the subcooled liquid by a superheated vapor. The tank wall is heated through solar radiation.
The red rectangle represents the zone where the DNS will be used to characterize the vapor flow

and the phase change at the liquid/vapor interface.

In space, the ergol is drained from the cryogenic tank for different manoeuvres, such as the
orbit insertion or change of position. In order to maintain a certain internal pressure, the subcooled
liquid is pressurized by a superheated vapor or a non-condensable gas. Considering the absence
of the gravitational field, this procedure also allows to pack the liquid propellant. A schematic
of this configuration is showed in figure 1. The approach employed for the simulation of such a
configuration in microgravity has been to consider only a narrow zone at the liquid /vapor interface
where the vapor flow can be modeled by a boundary layer flow, schematized by a red rectangle in
figure 1. The liquid phase is considered to be static and at saturation temperature while a thermal
gradient is imposed in the vapor phase. Both laminar and turbulent regimes are investigated.
The influence of the liquid/vapor phase change on the interface thermal flux evolution and on the

development of the laminar or turbulent boundary layer are studied.

On the other hand, during the launching phase, the tank is subjected to high gravitational
accelerations, while heated through engines thermal diffusion. Residual gravitational accelerations
can also be generated in space, when the engines are reignited for the orbit insertion of the satellite.
Figure 2 illustrates a schematic of the tank under these conditions. The gravitational field induces
a thermal stratification in the liquid, while phase change occurs at the liquid/vapor interface.
Convective motions are generated in the liquid phase, that will interact with the liquid/vapor
phase change. Note that, for this industrial application, the regime is turbulent, with values
of the Grashof number of order ~ 10'°. The DNS of turbulent natural convection is complex
and have a high computational cost. For these reasons, the numerical approach is to consider
a 2D laminar configuration of a two phase flow containing a subcooled liquid and a vapor flow
initially at saturation temperature. The solar radiation heat flux is modeled by imposing a wall
conduction heat flux. Laminar natural convection flow, defined by a Grashof number of ~ 106,
is induced in the liquid. Even if, in terms of flow regime, the studied configuration is different
from the industrial configuration, this can be seen as a first step before pursuing with more precise
studies. Additionally, the preliminary results obtained with the 2D configuration will allow a better
understanding of the physical phenomena involved when natural convection mouvements interact
with liquid/vapor phase change.



INTRODUCTION 3

superheated vapor

Q
-

\

solar radiation

! \‘ engines thermal diffusion

[~

\
convective motions

subcooled liquid

Figure 2: Schematics of the cryogenic tank subjected to gravitational accelerations, containing a
subcooled liquid pressurized by a superheated vapor. The tank wall is heated through solar radi-
ation or/and engines thermal diffusion. The red rectangle represents the numerical configuration

studied in the present thesis.

Before describing the outline of the thesis, it is important to stress that, often, the studied con-
figurations, both by numerical or experimental approaches, differ from the very complex industrial
problems. However, this does not diminish, in any way, their scientific and theoretical importance.
Moreover, the interlock of decoupled physical phenomena or of simplistic configurations, allows in

the end the comprenhension of more complex industrial processus.

Outline of the Thesis

The work carried out during the course of this thesis is presented as follows.

Chapter 1 is dedicated to the description of the in house code, DIVA, used for the direct nu-
merical simulation of the above described configurations. The numerical methods implemented to
solve the physical model translating the behaviour of two-phase flows with phase change are pre-
sented: the Level-Set method for the interface capture, the projection method for the Navier-Stokes
equations, and the Ghost Fluid Thermal Solver for Boiling used to solve the energy conservation
equation.

In chapter 2, we present a numerical study to characterize the interaction between a superheated
or subcooled external laminar vapor flow shearing a static and plane liquid pool at saturation
temperature. Our purpose was to find, for this configuration, correlations on the Nusselt number
accounting for the modification of the local thermal gradient on the interface due to the vaporization
or condensation induced flow. As the local structure of the flow is also modified in the vicinity of
the liquid-vapor interface, our study includes an analysis on the interfacial viscous friction when
phase change occurs.

In practical applications, most flows which occur are turbulent. Therefore, the subsequent topic
of our work concerns the interaction between a turbulent boundary layer flow and the velocity
field induced by liquid/vapor phase change. To this extent, the spatial evolution of a turbulent
boundary layer flow on a flat plate has first to be simulated. This work is described in chapter
3. After a thorough overview of the existing numerical methods for the generation of turbulent

fluctuations, the chosen method is described and validated. Next, the results obtained are presented



4 INTRODUCTION

and discussed. A particular attention is also paid to the computational constraints related to the
simulation of turbulent boundary layer flows.

In chapter 4, we investigate the interaction between a spatially developing turbulent bound-
ary layer flow and a normal velocity field induced by liquid/vapor phase change. This is first
conducted qualitatively, by analysing the normal velocity field, the vorticity magnitude field and
the isosurfaces of the Q criterion. Next, a study on the influence of the phase change onto the
turbulent quantities is presented. Several Jakob numbers are studied and a preliminary physical
analysis is proposed for the obtained profiles. Additionally, we take interest on the impact of the
phase change onto the Nusselt number evolution. This is given in the continuity of the work on
the laminar regime where correlations on the Nusselt number are proposed.

In chapter 5, the focus is on the liquid phase where natural convection motions develop and
interact with the liquid/vapor phase change. A 2D computational configuration is considered,
where the density variations in the liquid phase are treated using the low-Mach approximation
while the vapor phase is incompressible. The vapor is initially at saturation temperature and the
liquid is subcooled. Wall conduction is considered for the boundary conditions on the vertical walls.
A natural convection flow is induced in the liquid and its interaction with the liquid/vapor phase
change is investigated. Different values of the Grashof number are studied and a discussion on its
influence on the thermal flux is given. The study is in progress and opens to many perspectives.

Finally, the work ends with conclusions together with recommendations for future work.
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Numerical methods

Contents
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field . . . . . e 19
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1.3.6 Extrapolation techniques for a scalar field . . . . . ... ... ... ... 21
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The numerical study of the interaction between an external flow and the liquid/vapor
phase change has been conducted using the in house code, DIVA. The code DIVA, that

states for Interfacial Dynamics for Atomization and Vaporization, allows for direct nu-

merical simulation of two-phase flows with phase change. In this chapter, this numerical

tool is described.



6 1. NUMERICAL METHODS

1.1 Introduction

In this chapter we try to provide a comprehensive overview of two-phase flows numerical simula-
tion. To this extent, the first section tackles the three major aspects of two-phase flows simulation,
i.e. the interface localization, the formalism to solve the corresponding physical equations and the
treatment of the interface discontinuities. In the second part of this chapter, the code DIVA is
described. First, the methods for interface localization are described, then the physical equations
translating the behaviour of two-phase flows with phase change are presented. Finally, the numer-
ical methods implemented to solve this physical model are expounded: the Level-Set method for
the interface capture, the projection method for the Navier-Stokes equations, and the Ghost Fluid

Thermal Solver for Boiling used to solve the energy conservation equation.

1.2 General background on two-phase flows numerical simu-

lation

Two-phase flows simulations entail the use of a numerical model allowing above all to locate the
interface between the two phases. Additionally, algorithms for solving the physical equations as
well as treating the discontinuities across the interface are needed. A general background on these

aspects is given in what follows.

1.2.1 Interface localization

The notion of interface is inherent in the context of two-phase flows. A large amount of literature
relevant to interfaces exists. For example, in the classical work of Germain [25], the interface
separating two immiscible fluids is defined as a geometric surface at which a discontinuity in
properties occurs. Jump conditions through the interface are derived from the classical balance
laws for mass, momentum and energy.

To numerically simulate two-phase flows, each phase distribution as well as the interface position
have to be known at all times. Two approaches describing the time evolution of an interface can
be distinguished: the Lagrangian or Interface-Tracking methods and the Eulerian or Interface-
Capturing methods.

The Lagrangian approach implies the use of markers or particles without mass whereas in the
Eulerian approach a scalar field defining the presence of a fluid or of the interface is used. Both the
markers and the scalar field are convected by the local velocity field throughout the entire domain.

In what follows, a survey of the existing methods is given.

1.2.1.1 Lagrangian methods

Numerous Lagrangian methods exist. One of the first is the Mark and Cell method (MAC) proposed
by Harlow and Welch [30] where lagrangian markers are placed only in the region of one of the
phases. The major drawback of this method is the large number of markers needed to correctly
model the fluids distribution (figure 1.1a). To adress this, Daly [17] proposes a slighthly different
method where markers are dispersed only on the interface. Nevertheless, to obtain an accurate
position of the interface, the distance between two consecutive points has to remain small enough
and regular. This leads us to the Front Tracking methods, introduced by Glimm et al. [14, 28].
The markers are regularly distributed along the interface, forming segments in 2D and triangles

in 3D (figure 1.1b). The most common version of this method was proposed by Unverdi and
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Tryggvason [105]. This type of approach is not the most appropriate to the simulation of the
interaction between several interfaces, in the case of rupture or coalescence.

Interfaé Interface

/ Markers
Markets i

fluid 1 fluid 1

(a) MAC (b) Front Tracking

Figure 1.1: Illustration of Lagrangian methods.

The Boundary Fitted methods, another Lagrangian approach, involves that the mesh grid is
adapted to the interface shape. This allows modeling the interface jump conditions as classical
boundary conditions. Since the mesh grid is aligned with the interface, the accuracy is greatly
improved. Nevertheless, the main drawback is that the mesh grid is evolving with the interface
and has to be reconstructed at each time step. The computation time is therefore greatly increased.
This type of approach has particularly be used for bubble rising simulations [18, 89].

1.2.1.2 Eulerian methods

The Eulerian methods are based on the definition of a particular scalar field within the global fixed
mesh grid. This scalar field is advected by the local velocity at each time iteration. It allows in this
way to compute the localization of the two fluids as well as the interface position. The Eulerian
methods can be divided into two major categories: the Volume of Fluid (VOF) and the Level-Set
methods.

0 0
0 0
0 0.05 5 0 0.05
0 0 0 0 0 0
0 0 0.2 0 0 0.
fluid;1 ! fluid; 1
(a) VOF (b) VOF SLIC (¢) VOF SPLIC

Figure 1.2: Different VOF methods: initial form and C values (a), interface reconstruction with
the SLIC (b) and SPLIC (c) algorithms.

The VOF method, proposed by Hirt and Nichols [33], uses a scalar function C' characterizing
the volume fraction of one of the two fluids present in the cell grid (figure 1.2a). Thus, if the fluid
occupies the entire cell, C' = 1 whereas if the cell is filled only with the second fluid, C' = 0. It
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follows naturally that the cell crossed by the interface contains the two fluids and 0 < C' < 1. The
scalar field C is advected by the local velocity field u,

oC
E‘FH'VC:O. (1.1)

The scalar field C' is constant in each fluid region and varies greatly across the interface. Con-
sequently, a very accurate discretization is needed for the computation of the convective term from
equation (1.1). The advantage of the VOF method is its mass conservation in time. Nonetheless,
the computation of the geometric properties, such as the interface curvature and the normal vec-
tor, is not straightforward. This is caused by the fact that the precise location of the interface is
unknown. Indeed, a reconstruction algorithm is necessary at each time step in order to reconstitute
the interface using the discrete values of the function C'. Noh and Woodward [68] introduced the
first reconstruction algorithm, the SLIC (Simple Line Interface Calculation) where the interface is
formed by line segments aligned with the mesh principal directions (figure 1.2b). An improvement
of the SLIC method is proposed by Youngs [110] where the interface is now approximated by a
line segment non-aligned with the mesh (figure 1.2¢). This method, named PLIC (Piecewise Line
Interface Calculation) uses the values of the field C at the grid neighbouring points to calculate the
line segment orientation in the corresponding cell. Since the introduction of the VOF methods, nu-
merous modifications have been done in order to improve the accuracy of the temporal evolution of
the interface, as well as the calculation of its geometric properties (see [7, 9, 29, 51, 78, 80, 85, 91]).

The second category of Eulerian approaches is represented by the Level-Set method, introduced
by Osher and Sethian [69]. A scalar field ¢ corresponding to the signed distance to the interface is
defined in the entire computational domain . The latter is decomposed into two regions Q* and

Q~, representatives of the two respective fluids,
Q* = {x e Q| 6(x) > 0}, (1:2)
Q" ={xe Q| o(x) <0}, (1.3)
whereas the interface is characterised by the level 0 of the ¢ function
I'={xe Q] ¢(x) =0}. (1.4)

It is therefore possible to define, by extension, a level lines ensemble I'j in the computational

domain €, located at a distance |dy| from the interface (figure 1.3),

T = {x e Qf ¢(x) = [dil}. (1.5)

Figure 1.3: Level set function corresponding to a circular interface.

As a result, the computation of the physical properties of each fluid, such as the density p and

the dynamic viscosity p, is direct.
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The temporal evolution of the interface is done by the use of the following advection equation,

0o _

This type of equation is known to develop discontinuous solutions even if the initial field is contin-
uous. Hence, a robust scheme has to be employed to deal with possible singularities.

Compared to others Interface-Capturing methods, the Level-Set method allows a simple and
accurate computation of the interface geometric properties. The normal vector to the interface is

calculated with
Vo

n=——, (1.7)
Vel
and the interface curvature can be deduced with
Vo >
/<;-V~n—V-( . 1.8
Vol (18)

On the other hand, this method has two major drawbacks. Firstly, the existence of high
shearing or streching zones in the velocity field can considerably spread or tighten the level lines,
degrading therefore the geometric properties of the Level Set function. Indeed, the advection
equation (1.6) is solved for all the level lignes I'y, whereas the displacement speed is known only
for the interface, since their definition is purely mathematical. Sussman et al. [99] proposed to
solve a redistancing equation which forces ¢ to be a signed distance to the interface for every time
step, without changing the zero level curve location. To this extent, the following equation

o0~ sign(9) (1 V) (19)

is iterated for a few fictitious time steps 7. The interface position is conserved by imposing the
initial condition d (x,t,7 = 0) = ¢(x,t).

Secondly, the numerical dissipation of the advection equation (1.6) discretization can cause
mass losses. Additionally, during the redistancing step (1.9), the interface position can be slightly
changed and induces a gain or loss in mass. Nevertheless, the interface perturbation remains low
if the mesh grid is refined enough. As for the numerical dissipation of the advection equation, this
can be adressed, inter alia, by the use of a more accurate discretization scheme.

1.2.2 Modeling two-phase flows

In this section, we present the physical equations and the numerical approach used in the con-
figuration of two-phase flows. All thermodynamic properties are considered to be constant. The
specific case of variable density will be discussed later.

1.2.2.1 Physical equations

An incompressible one-phase fluid flow, in a domain 2, is described by the Navier-Stokes equations,

V-u=0, (1.10)

p (?: +(u-V) u> — —Vp+ V- (Qu]:)) + g, (1.11)

with ¢ the time, p and g the fluid density and dynamic viscosity, respectively, u = (u,v,w) the
velocity field, p the pressure field, g the gravitational acceleration and D the strain tensor defined
by

Vu+ VTu

- (1.12)

wl]
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The thermal field is described by a simplified energy conservation equation, formulated using

the enthalpy primitive variable

pC, @f +(u-V) T) =V (kVT), (1.13)
where T is the thermal field, C, is the specific heat at constant pressure and % is the thermal
conductivity.

We now consider that the domain € contains two regions Q% and Q~, each corresponding to
a different phase. As a result, the two fluids physical properties are employed respective to each
fluid as: (p*, p*, k%, CF) and (p~, u=, k™, C,).

The liquid and the vapor phases are separated by an interface I', across which phase change
can occur (i.e. the liquid vaporizes into vapor or the vapor condenses into the liquid). Across
the interface, the continuity of the mass flux, the momentum and enthalpy balances have to be
satisfied.

The interface mass flux, m is obtained by applying the mass conservation (1.10) across the
interface,

m=p (Vi=Vr) -n=p,(V,—Vr)- n, (1.14)

where the interface velocity is denoted by Vr and n is the local unit vector pointing towards the
liquid phase. The subscripts [ and v are used to refer to the liquid and vapor phases, respectively.

The jump on the velocity field across the interface can therefore be written as:

[VIp =m [;]F n, (1.15)

where the operator [-] accounts for the jump across the interface and it is defined by: [f], = fuo—fi.
The momentum balance at the interface is imposed by integrating the momentum equation

(1.11) across the interface and by including the effects of the surface tension,

oVy,
|:p_2/$an -l-p(V-n—Vp -n)2] = OR, (116)
T

which, by using equation (1.15), is rewritten as

[ply = ok +2 [M%ZLL —m? [;]F , (1.17)

. . . . ) . . .
where o is the surface tension, x is the interface curvature and % is the normal derivative of the

normal velocity component. The first term of the right hand side of this equation is the capillary
pressure from the Laplace-Young law, the second term accounts for the discontinuity of the normal
viscous stress, and the last term is usually referred as the recoil pressure.

According to the second law of thermodynamics and assuming that the local equilibrium
hypothesis is still valid, the interface temperature is imposed to be the saturation temperature
T, = T, = Tsqr. Integrating equation (1.13) across the interface yields

[ph (Vi — V1) n]p = [-kVT - n]p., (1.18)

where h defines the enthalpy. It is assumed that h depends only on the temperature. By using

equation (1.15), the jump condition for the energy conservation writes
mL, = [-kVT -n], (1.19)

with L, = [h]} the latent heat of phase change.
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The physical model that has to be solved in two-phase flow simulations is represented by the
Navier-Stokes equations (1.10)-(1.11), the energy conservation equation (1.13), along with the
interface jump conditions (1.15), (1.17), (1.19). Thus, in comparison with single phase flows, the
resolution of two-phase flows presents two issues: the treatment of the discontinuities across the
interface and modeling of the jump conditions. The two points in question will be further discussed.

There are two types of formulations for the Navier-Stokes equations, when incompressible two-
phase flows are concerned: the Whole-Domain formulation [11, 91] and the Jump-Condition for-
mulation. As their names suggest it, the Whole-Domain formulation implies the resolution of the
physical equations in all the domain whereas in the Jump-Condition formulation, the physical
equations are solved in each phase and jump conditions are imposed at the interface.

Concerning the treatment of the discontinuities across the interface, two approaches can be

distinguished:

- the Continuum Surface Force formalism, where the discontinuities are smoothed over 2-3
grid cells with the aid of the Heaviside distribution Hr; the inconvenient of this approach is

the development of parasitic currents leading to numerical instabilities.

- the Sharp Interface methods, where the discontinuities are treated as jump conditions, pre-

venting the interface thickening and reducing parasitic currents magnitude.

1.2.2.2 Projection method for solving Navier-Stokes equations

The temporal discretization of the Navier-Stokes equations (1.10)-(1.11), with velocity and pressure

fields unknown at the time step t" !, yields

V-u"tt =0, (1.20)

n+l _ n =
p (uAtu + (u"-V) u") =-Vp"tl 4+ V. (ZMD") + pg. (1.21)

The obtained equations are numerically solved by the use of the projection method introduced
by Chorin [15] for single phase flows. The latter is based on the Hodge decomposition of any
vector field into the sum of an irrotational (curl-free) vector field and a solenoidal (divergence-free)
vector field. This method allows to decouple the resolution of the Navier-Stokes equations into the
velocity field u resolution and the pressure field p resolution.

For two-phase flows, the use of this approach is not straightforward. Some modifications have
to be done depending upon the chosen formulation. The method is further described for a Jump-
Condition formalism, since it is implemented in the code DIVA.

The first step, also called the prediction step, is based on the calculation of an intermediate

velocity u* as

V- <2u]:)")
w=u"-At|(u"-V)u"-———~ —g|. (1.22)
P
Replacing this expression into equation (1.21) yields
n+1
u* =u"t 4 AtvL, (1.23)
p

and in this way we obtain the decomposition of the velocity field u* into a free divergence com-

n+1

ponent u according to eq. (1.20) and a component deriving from the scalar potential p. By
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enforcing the free divergence on this decomposition, the Poisson equation on the pressure is ob-

n+1 ¥k
V. (Vpp ) _ VA;‘ . (1.24)

with at the interface the jump condition on the pressure (1.17). It will be demonstrated in section

tained

1.2.3 that adding a source term in the right hand side of the Poisson equation is equivalent with

imposing a jump condition,

n+1 ok
V. (vp ) AL VY (“msr). (1.25)
P At p

can be directly deduced from the Hodge decomposition, as

Finally, the velocity field u™*?

A
u"tt = u* — 7t (Vp"*' — ornér). (1.26)

where 0 is the Dirac delta function, non-zero only at the interface.

1.2.3 Ghost Fluid method

The Ghost Fluid method allows to adress the jump conditions at the interface for a system of
partial differential equations discretized on a cartesian grid. This approach have been introduced
by Fedkiw et al. [23] to compute non-viscous fluid flows with discontinuities at the interface. Later,
it has been extended by Kang et al. to incompressible viscous two-phase flows with surface tension
and gravity [43].

This approach is based on the accurate subgrid localization of the region where the discontinuity
occurs thanks to the interface capture. The differential schemes are modified in order to avoid the
presence of discontinuities related to the jump across the interface. For a better understanding of
this procedure, figure 1.4 shows a 1D exemple. In each fluid region (purple for < zr or blue for
x > xr) the real values of the function f are known. They are extended by continuity at a certain
number of grid points in the region across the interface by using the known value of the jump. This
so called ghost values are used in the derivation schemes to ensure the continuity while preserving

the f jump value at the interface.

Figure 1.4: Schematics of the jump variable for Ghost Fluid method: real values (@) and ghost
values (0).

The spatial discretization of the 1D Poisson equation, proposed in [61],

o (. 0f\
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using a centered scheme of second order, is expressed as
5, firi—fi 5, Ji— fix
i+1/2 Az i—1/2 Az
Ax
where Ry states for right hand side of the Poisson equation.

= Rpslis (1.28)

Further, the three possible configurations, the jump on the function [f]; = a(zr) (fig. 1.4),

the jump on the flux [5%] = b(zr) and the jump on the diffusion coefficient [B]. # 0 are
r

described. The three conditions can be combined and the extension to 2D or 3D configurations is

straightforward.

1.2.3.1 Variable jump

We first consider the variable jump [f], = a(zr) at the interface I' situated between the grid
points z; and z;41, as in figure 1.4. The spatial discretization of equation (1.27), with respect to
each fluid region, yields
i _ _ _
5i+1/2% - 5%1/2%
Az
We recall that the symbols + and — state for the fluid region for which the value is considered:

= Rusli. (1.29)

QF or Q~. The discretization of the first derivative contains a jump on the function f since the

cell [x;,x;+1] is crossed by the interface. To avoid this, the function f£1 is replaced by its ghost

value fgl_ defined as

fr = = e = £y —alar). (1.30)
The discretization of the Poisson equation, without mixing terms from both fluid regions,
becomes o
3, 1/2fi+71 —Ji ) 1/2f; —Jisa
1+ 1—
Az Az
o Rl (1.31)
and, by the use of the ghost value definition (1.30),
(fit1—aler) = fi _ fi —fia
Biv1y2 Ar Bi—12 A R |39
Az = hs|ia ( . )
or . B B B
Bisrjp i —J; — B 1/27fi —Jin1 (zr)
3 A 1— A a\xr
L AL L = Rpsli + ﬁi+1/2m- (1.33)

The original discretization of the Poisson equation is obtained with an additional source term
allowing to account for the jump condition between x; and x;41.
In the same way, the discretization at the grid point ;. accounting for the jump condition,

writes
+ e+ + -
Bivas i+2 — Jit1 — Birie i1~ fi (or)
4 A g A a(xrr
L AL L — — Rusliv1 — ﬂz’+1/27A$2 : (1.34)

1.2.3.2 Flux jump

We now consider the configuration where a jump on the flux has to be imposed, defined as [ﬁ %] =
r

b(zr). The spatial discretization of the Poisson equation (1.27), at a grid point x; gives:

. J— . + s — S -
(ﬁi+1/2 fl+1Ax fl) - (6’i1/2 ft Aiz 1)
A = Rhs‘h
X

(1.35)
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with the symbols + and — corresponding to the regions where the flux is computed. The derivative
between the grid points x;_1/, and ;1 /o is not continous as a result of the jump at the interface.

The ghost values of the flux are defined, by continuity, on the grid points across the interface

- p— . G,_ . J— . + . — . +
O e I (T v B L I (R ) e
r

By using the latter equation, the Poisson equation writes

<ﬁi+1/2fz+;m fz) - <ﬁi—1/2fl Aiz—l)
-R
Azx

hs |1 + Az

(1.37)

1.2.3.3 Diffusion coefficient jump

The third possible configuration presumes a discontinuity on the diffusion coefficient. Considering
the 1D example from figure 1.4, the discretization of the Poisson equation (1.27) includes the
values f3;_1/2 and B 1/2. As it can be observed in fig. 1.5, the value ;1 = 7, as both the grid
points x; and x; 1 are located in 27. To calculate ;. 1/2, we use the continuity of the flux at the
interface, that writes

fi+1_fi o fF_fi :6+fi+1_f1‘

Pivrp= =P (1-60)Azx 0Az (1.38)

where fr represents the value of f at the interface.

Q- Bz U ar
\ GA.%I |
Ti_o Ti1 T /‘ Tit1 Tiyo
Bit1/2

Figure 1.5: Interface-grid intersection and jump on the diffusion coefficient for Ghost Fluid method.

As a result, from the latter equation, the value of fr is expressed as

_ B fif+ B fir1 (1—0)

, 1.39
Jr B0+ B+ (1—0) (1.39)
where 6 = m, ¢ being the Level-Set function known at each grid point.
i i+1
By replacing this expression in (1.38), the value of the diffusion coefficient yields
BB
. = . 1.40
/31+1/2 570+ﬂ+ (1_0) ( )

The jump on the diffusion coeflicient does not imply the addition of a source term in the right

hand side of the equation. Nevertheless, the coefficients of the linear system matrix are modified.

1.3 Numerical model for two-phase flows - DIVA code

In this section, the numerical solver implemented in the code DIVA is detailed. It allows the
computation of incompressible two-phase flows with a jump condition on the normal velocity at

the interface. Nguyen et al. [67] were the first to use it to capture flame discontinuities. Kang
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et al. [43] and Sussman et al. [100] extended it for the simulation of incompressible two phase
flows without phase change. The approach Ghost Fluid allowing to account for the velocity jump
at the interface, when phase change occurs, was employed in several papers. Gibou et al. [26]
and Tanguy et al. [102] applied it for boiling simulation. For an accurate simulation of drops
evaporation, Tanguy et al. [101] propose an improvement of the method in order to properly
impose the free divergence condition at the interface for the liquid velocity field.

The interface separating the two-phases is located using the Level-Set method, that allows
splitting the computational domain € into two regions corresponding to each phase: Q% for the
liquid phase and Q~ for the vapor phase (see details on the Level-Set method in section 1.2.1.2).
A global scalar field is defined for each physical property, such as

pt ifxeQt
o) = { 0 HXENT (1.41)
p- ifxe

The same goes for the dynamic viscosity p, the specific heat €}, and the thermal conductivity k.
Their discontinuity across the interface is treated using a Sharp-Interface approach.

The physical model is represented by the mass (1.10), momentum (1.11) and energy (1.13)
conservation equations along with the corresponding interface jump conditions (1.15), (1.17) and
(1.19). Its resolution is done in the framework of Jump-Condition formulation, with the Ghost-
Fluid Method for the jump conditions treatment.

In what follows, the various steps of the solver algorithm, as well as the corresponding spatial
discretizations, are given. For the sake of simplification, the 2D configuration is considered, but
the extension to 3D is straightforward.

In the context of this thesis, we use a cartesian mesh grid of MAC (Marker and Cell) type,
represented in figure 1.6. The formalism of this kind of mesh grid is that the different variables
are not computed on the same grid. The scalar fields (pressure, Level-Set function, ...) are defined
at the center of the cell grid while the velocity components are staggered at the cell face centers.

The spatial discretization follows from a finite-volume approach.

*

v, v
Yit+1/2 2
K, u, u*
,y] ®7p ) .>7z
Yj—1/2
Ti-1/2 Z; Tiv1/2

Figure 1.6: Variables definition on the mesh grid.

The different convective terms are discretized with a WENO-Z scheme [10]. The resolution of
the linear systems obtained for the pressure and the thermal fields is carried out with the Black
Box MultiGrid method (BBMG) [22, 63|. The details on the implementation of this solver in the
DIVA code can be found in [56].

1.3.1 Level-Set discretization

The level-set function ¢(i,7) is defined at the cell center. At each temporal iteration, the interface

is convected using (1.6) while considering the velocity field u™ from the previous time step ¢". The
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resolution is explicit in time, writing
"t = ¢" — At (u"- V) ¢", (1.42)

with At the time step.

Once the level-set function is computed at the time ¢"*!, the redistancing algorithm is applied
to adjust the distance between consecutive levels. An explicit scheme is used on the fictitious time
7 and the absolute value of the distance function d is obtained with the WENO-Z scheme,

{ dmtt =d™ — Arsign (¢"T) (1—|[Vd™|)) (1.43)

dm=0 _ ¢n+1 )

where A7 is the fictitious time step. A few temporal iterations are performed to obtain the
algorithm convergence. Thereafter, the distance function replaces the level-set field ¢”*!. The

fluids physical properties are updated using the novel value of the level-set function, as
PPN @) = p + He(¢") (0 —p7)., (1.44)

pr (¢ = p 4+ Hp(¢m) (ut — ), (1.45)

with the Heaviside distribution expressed as

1 if "l >0
n+1
Hp(¢>+)_{ 0 ot <0 (1.46)

Next, the resolution of the Navier-Stokes equations, performed using the projection method, is
detailed. The following sections are organized as follows: first the general algorithm is given for

two-phase flows, and next, the extensions required to deal with phase change are presented.

1.3.2 Computation of the intermediate velocity

The first step in the projection method is the computation of the intermediate velocity field u*.

In the code DIVA, the viscous term has an implicit treatment,
p"Tut — AtV - (2u"+1]=3*) =p" T (0" — At (0" - V)u" —g)). (1.47)
First, the terms of the right-hand side of equation (1.47) are computed,
Rps = p" ™ (u" — At ((u" - V)u" — g)). (1.48)

Next, the resolution of (1.47) leads to a large linear system where the two velocity components
are coupled. This velocity field does not need an interface jump condition, however, the diffusion
coefficient in the viscous term corresponding to the dynamic viscosity p, is discountinuous across
the interface. The formalism described in section 1.2.3.3 is therefore used.

The discretization of the viscous term is further detailed [52]. By applying the divergence

n+1

operator and by omitting the exponents symbols (.) and (.)*, we obtain

i 2@ +i aj+@
ox \ Moz oy a oy oOx

v (2Mf)) - . (1.49)

i al+al +£ 2@
ox H oy Ox oy Mé‘y
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The projection in the e, direction gives

B 0 ou 0 ou Ov
V- (2ﬂD> "€y ‘i+1/2,j = or (2M8x> ’i+1/2,j + @ (M (8y + 81:)) |z‘+1/2,j ) (1.50)

with, by using a second order finite difference scheme,

Uit3/2,5 — Yit1/2,5 Uit1/2,5 — Wi=1/2,5

Db s — 2
0 ou Hit1,j Azx Hirj Az
e (2M6x> li+1/2, = Az ) (1.51)
‘ ‘ Ui41/2,j+1 — Wit+1/2,5 o ‘ Uit1/2,5 — Wit1/2,5—1
0 ou Hit1/2,5+1/2 Ay Hit1/2,5—1/2 Ay
9y Ma*y }i+1/2,j = Ay » (1.52)
_ _ Vit1,4+1/2 — Vij+1/2 ' Vit1,j—1/2 — Vi j—1/2
0 ov | Hit1/2,541/2 Az Hit1/2,5—1/2 A (1.53)
oy 'ué’x i+1/2,5 =~ Ay . .
In the same way, the projection in the e, direction yields
= 0 ou  ov 0 ov
~2D)~ civrs = — (V) s + 2 (2658 |ivae s 1.54
v ( H ey| J+1/2 oz <M (63/ + (9:8)) ij+1 + . ( N&y) | J+1/2 ( )
with
4 . Uit1/2,j+1 — i1/, ' Ui—1/2,j+1 — Wi—1/2,5
0 ou Hit1/2,54+1/2 Ay Hi—1/2,541/2 Ay
67:10 <Ma) }i,j+1/2 A s
(1.55)
A ‘ Vit1,j+1/2 — Ui,j+1/2) o ‘ Vi j+1/2 = Vi—1,541/2
i M(lv ’ 4 Hit1/2,5+1/2 Az Hi—1/2,5+1/2 Ar
59: a ,j+1/2 — AI ,
(1.56)
Vi j+3/2 = Vi, j+1/2 Vi j+1/2 — Vi 5—-1/2
P P 200 j+1 J+3/ Ay Jv12 24,5 hat Ay el
— (205 ) ijer2 = (1.57)
0y oy Ay

In order to compute rightfully the viscous term at the intermediate time step, one must solve
a coupled linear system of two matrices with 9 diagonals per velocity components as
a1i+171“?+3/27j + ali,juil/z,j + b1i+1/2’j+1/2“f+1/27j+1 + b1i+1/2,j71/2“?+1/2,j71 + O‘i+1/27j“;k+1/2,j

* * * * _ . ) )
+cliviyzjviye (”i+1,j+1/2 - ”i,j+1/2> +cliviy2,i-1/2 (Ui+1,j71/2 - Uz‘,jq/z) = Rps - €; |2+1/27J )

(1.58)

and

* * * % *
Bij+1/2V; jr1/2 T 02054107 5150 + 620507 5 1/0 + 24412, 54105 1 jr1/2 + 02i41/2,5+10;—1 j41/2

* * * * — . .
+C2i01/2,5+1/2 (uz‘+1/2,j+1 - ui+1/2,j> + 212 j4+1/2 (ui—l/Q,j-H - ui—l/Z,j) = Rps - €y |w+1/2 .

(1.59)
The matrix coeflicients are deduced from equations (1.47), (1.50) and (1.54) as
24k, Hoks 1 H,l
1g1=— ZAt, bl = ——%At gy = ——2—At 1.
aly, Ag2 o kel Ay2 0 cliy AzAy~h (1.60)
Pkl 24k,1 [kl
251 = ——S AL, b2 = — = At 2l = — —— At 1.61
a2, Azt k.l N 21 Aziyth (1.61)



18 1. NUMERICAL METHODS

Qiy1/2,) = P?:f/zj —alip1;—ali; —0lit1 5112 — bliviy2j-1/2, (1.62)
,Bz‘,j+1/2 = P?jjl/g —b2; j41 — 025 — a2i+1/2,j+1/2 - a2i—1/2,j+1/2~ (1.63)

Lepilliez et al. [57] showed that, since the linear system is diagonally dominant, it can be
solved efficiently with a few Gauss—Seidel iterations (< 20 iterations for typical multiphase flow
configurations). For a 3D system, a third coupled matrix has to be accounted for, resulting in a

15-diagonal matrix per velocity components.

Additional aspects when phase change occurs

When phase change occurs, the jump condition (1.15) on the mass conservation equation has to
be considered. Therefore, the velocity fields correponding to the vapor and the liquid are extended

as it follows

. u* ifop>0 (1.64)
u; = .
! u*—m[%]rn ifp<0 '
. 1 .
ut = u*_m[;]rn if¢p>0 . (1.65)
u* ifp<0

1.3.3 Pressure field resolution

The second step of the projection method implies the resolution of the Poisson equation on the
pressure (1.24). Additionally, the jump condition (1.17) has to be imposed. The formalisms
described in Section 1.2.3.1 and 1.2.3.3 are therefore used. The spatial discretization of the pressure

equation (1.26) is done by using the Ghost Fluid approach,

Dit+1,5 — DPij Dij — Di—1,5
ﬁi+1/2,j Az —51'71/2@ Az

1.
Az (1.66)
Bijs1/2 (pi,j+1A; pi,j) — Bii_1po <pi,j —AQZ”1>
+ Ay = Rpslij + i (1.67)
with 8 = 1/p"*! the diffusion coefficient,
“Z‘+1/2,j - u;kf1/2,j UEZH/Q - ”;k,jq/z
Ax * Ay
sliyj = , L
Riel - (168)

the right hand side of the Poisson equation and 7; ; represents the source terms accounting for the
pressure jump condition.

As explained in section 1.2.3.3, when the cell grid is crossed by the interface, the diffusion
coefficient § is calculated using a harmonic mean. There are two general configurations. If the
interface crosses the segment [x;, z;+1], the diffusion coefficient is computed with

- g+
o fﬁf(l e if ¢;; <0 and ¢j4q1,; >0
Bivi/2,j = ) (1.69)

G if ¢y >0 and gy <0
BTOE +B=(1—08) " T
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where 0 |
0¥ = — 1.70
|pij| + |Piv1j] ( )
If the interface crosses the segment [z;_1,z;], the diffusion coefficient reads
BB+ .
6_9W T B+ (1 — HW) if d)i,j < 0 and Qsifl,j >0
Bi-1/2,5 = , (1.71)
BBt .
ﬂ"'QW T B_ (1 — GW) if ¢i,j > (0 and ¢i71,j <0
where 0 |
oW — 1Y bal 1.79
|¢m| + |¢i71,j| ( )

The discretization in the e, is similar. The term 7, ; corresponds to the sum of the jump
conditions for each segment neighbouring the grid point (i, j) crossed by the interface. The latter

are marked with the exponents E, W, N, S corresponding to the segments east, west, north, south,
s
Mij = nfj + nf[; + nle + 1 (1.73)
Each one of this terms are calculated using the formalism described in section 1.2.3.1,

51'71/2,;‘@?/ N 7+/Bi,j+1/2af“v S 7+/8i,j71/2a1€ 1.74
A2 M35 —Tyza Mi5 ——TyQ> (1.74)

E
. a
'ﬂE _ iﬂerl/Q,g r

W _
i Agz 0 g T

with £ corresponding to the opposite sign as ¢; ; and, by definition as the pressure jump ar = ok,

CLIE = o—m,jﬂE + ORi41,5 (1 - QE) 5 CLI—V\V = am,jGW + ORi—1,5 (1 - QW) 5 (175)
afav = Jlﬂ,joN + 0K j+1 (1 — 9N) , a1§ = Jniﬁs + oK j—1 (1 — 05) . (1.76)

Additional aspects when phase change occurs

When phase change occurs, the pressure field is calculated in each phase domain, by considering

the corresponding intermediate velocity field,

V-uf
— if ¢ >0
vpn,+1 At 1
L ifg <0
At

while imposing the following jump condition
o1
[plp = ok — 1 ol (1.78)

We emphasize that the discontinuity on the normal viscous stress u% is accounted for in the
intermediate velocity computation and that the recoil pressure r? [%] has little influence in the
r

present study.

1.3.4 Extension methodology to impose the free divergence onto the
velocity field

Finally, the physical velocity field yields

At
o pn+1

(Vp"*! — ornér). (1.79)
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In this last correcting step, the approximation of the Dirac dr distribution based on Liu et al.
[61] and detailed in Lalanne et al. [52], is used.

In order to correctly compute the next temporal iteration, it is necessary to extend the velocity
field. This will allow to relocate the Level-Set function and to calculate the convective terms at
the interface.

For the extension of the velocity field in the liquid region, Tanguy et al. [101] propose solving

the Poisson equation using a ghost pressure field pg,

Vprtt V- uf
v - g = L. 1.80
< Pn+1 At ( )
The extrapolated velocity field is then obtained by
ut! if®>0
uptt = vyl . (1.81)
utt — pnil if ® <0

The extension of the velocity fields in the vapor region is equivalent to equation 1.65,

u"“—m[l] n if®>0
Plr

unt! if®<0

n+l _
u,

(1.82)

So far, the Navier-Stokes equations have been solved ensuing with the computation of the
pressure and the velocity fields. Next, the energy conservation equation (1.13) is treated using the
so called Ghost Fluid Thermal Solver for Boiling.

1.3.5 Ghost Fluid Thermal Solver for Boiling

In the previous sections, the pressure and the velocity fields have been solved by imposing a given
mass flow rate . In what follows, the numerical approach proposed by Gibou et al. [26] allowing
to simulate boiling flows is presented. The configuration supposes pure liquids evaporating in their
own vapor. There is therefore one and the same chemical specie in the liquid and vapor phase.
The authors propose to solve separately the temperature fields corresponding to the liquid and
vapor phases by assuming that the interface temperature is uniform and constant. The fields are
then solved with the saturation temperature T,; imposed at the interface as a Dirichlet condition,
using the formalism proposed by Gibou et al. [27].

First, we compute the temperature field in the liquid phase, by solving the following linear

system

piCp T — AtV - (VT = pCy, (T — Atu} - VIY), if ¢ >0,
Tlr = Tsar- (1.83)

next, we calculate the temperature field in the vapor phase by solving a similar linear system

poCp, TI T — AtV - (k, VT = puCp, (T} — Atu]) - VT, if ¢ <0,
Tlr = Taar- (1.84)

Imposing an immersed Dirichlet boundary condition on an interface, described on a Cartesian

grid, can be done by using the numerical method proposed by Gibou et al. in [27]. This efficient
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method is second order accurate in space and leads to a simple symmetric definite positive linear
system that can be solved with the Black Box MultiGrid solver. Once the temperature field has
been computed, the local mass flow rate can be easily deduced from the difference between the
thermal fluxes,
i [kVT~n]F. (1.85)
L,

The above equation contains the thermal gradient on both sides of the interface. The spatial
discretization of a gradient needs a continuous field in the vicinity of the point where it is evaluated.
For this, the ghost fields TlG and T are introduced. They represent, respectively, the extension of
the real temperature field in the liquid extended in the gas and the extension of the real temperature
field in the gas extended in the liquid domain. To tackle this, the method proposed by Aslam [3],
described in the following section, has been implemented in the code DIVA and validated by

Rueda-Villegas in [88].

1.3.6 Extrapolation techniques for a scalar field

In order to compute the fields onto the ghost grids, an extrapolation technique is necessary. Aslam
proposes in [3] an extrapolation method which requires the resolution of a partial differential
equation inspired from the work of Fedkiw et al. [23].

This method allows obtaining extrapolations of order as high as necessary. With the constant
extrapolation, a continuous field is obtained in the ghost domain, distributed normal to the inter-
face. The linear extrapolation ensures in addition the continuity of the gradient field in the normal
direction. If one increases the order of the extrapolation, the continuity of the corresponding order
derivative is provided. In the code DIVA, the constant, the linear and the quadratic extrapolations

are implemented. In what follows we will only describe the first two.

1.3.6.1 Constant extrapolation

Let us assume the variable &€ = T“, where T'¢ represents the gas temperature defined in the domain
Q™. The constant extrapolation of this variable in the liquid domain Q7 is realized by solving the

following partial differential equation

0
% + H(¢p)n-VE =0, (1.86)
where 7 is a fictitious time, and H(¢) the Heaviside function.

The temporal discretization of the above equation writes

m m og™ o™
For the spatial derivatives we use an Upwind scheme,
um —
. Ll L if (), > 0
o€ Az ’
= =< . m , (1.88)
oz lij ufty ; —ufy
————  ¢lsewhere
Al‘i
and
Uil — Uy
— = if ii >0
aé-m ij_l 1 (ny) sJ >
ou i = u™ o — M . (1.89)
L —Litl G glsewhere
Ay;
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1.3.6.2 Linear extrapolation

The linear extrapolation allows to preserve the continuity of the variable £ and of its gradient V¢
in the normal n direction. First, the derivative 0, = n - V¢ is computed, in the region where the

variable £ is defined, here 2~. The first step is to solve the following partial differential equation

2(0n&)
oT

+ H(¢)n - V(0€) =0, (1.90)

allowing to extrapolate the variable derivative in the domain where it is not defined. The algorithm
for a constant extrapolation, described in the previous section, is here used for the variable 0,&.
Once 0,,¢ is computed, we need to extrapolate the variable £ by solving a second partial differential

equation,

X L HG)m Ve~ 28) =0, (191)

The temporal discretization of this equation is done in a similar way as for the constant ex-
trapolation. Note that here, a source term is added in the right hand of the obtained equation,
oEm oEm
mtl _¢em _ArH =g+ —=—ny, — ™). 1.92
et = ¢ = arti(o) (e + G, - o (192)
More details on this extrapolation method can be found in the theses of Rueda-Villegas [8§]
and of Alis [1].

1.3.7 Temporal discretization

The temporal derivatives in the Navier-Stokes equations, in the energy equation as well as in the
Level-Set equation of convection are discretized with a second order Runge-Kutta scheme. To
ensure the computation stability, the time step is calculated by taking into account the constraints
of the convection, surface tension and viscosity effects [91, 99, 43].

The convective time step is defined by

1

Ateony = , 1.93
max(|ul|) N max(|v|) N max(|w|) (1.93)
Ax Ay Az
and the surface tension time step is expressed as
1 T
Atsurf tens = 1 Mmin(AmAyAz)?’p. (1.94)
- o
If the viscous term is treated explicitly, the corresponding time step writes
s a4 g
N min(p*/pu*, p~/p7) _ (1.95)

2 2 2
min(Ao:2) * min(Ay2) * min(AzQ)

Throughout this thesis, the viscous term is computed with an implicit treatment, therefore the
latter constraint on the computation time step is not considered. Finally, the global time step has

to respect the following condition in order to ensure the simulation stability:

1 - 1 n 1
At Atconv Atsu'rfitens '

(1.96)
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1.4 Conclusion

The objective of this chapter was, on one side, to provide a general background on two-phase flows
numerical simulation and on the other side, to give a detailed description of the numerical solver
implemented in the code DIVA.

The Navier-Stokes equations are solved using the projection method, with a Jump-Condition
formalism. The thermal field is computed by solving a simplified conservation energy equation.
As the liquid-gas interface is not boundary fitted with computational grid, the suitable jump
conditions can be imposed across the interface following the general guidelines of the Ghost Fluid
Method to maintain the conservation of mass, momentum and energy. That is made possible by
using the subgrid location of the interface with a static Level Set function whose zero level curve
represents the interface. Spatial derivatives are computed with fifth order WENO-Z schemes. A
Black-Box MultiGrid solver is used to solve the pressure Poisson equation and we perform an
implicit temporal discretization of the viscous terms. The system of unsteady equations is solved
until reaching a steady state by using a second order TVD Runge-Kutta scheme for the temporal
integration.

In the next chapter, this numerical solver is used to carry out numerical simulations with
the aim of characterizing the interaction between a laminar boundary layer of a superheated or
subcooled vapor flow and a static liquid pool at saturation temperature.
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Chapter 2

Laminar boundary layer
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In the industrial context detailed in the Introduction, thermal laws are needed to pre-

dict the physical phenomena involved in the liquid/vapor phase change in a launcher

cryogenic tank. To this end, the configuration of a laminar boundary layer of a super-

heated or subcooled vapor flow shearing a static liquid pool at saturation temperature

is first considered. The results obtained for this study have been recently published in

International Journal of Thermal Sciences [T7].

25
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2.1 Introduction

There is currently little information on how an external flow will modify evaporation or conden-
sation of a liquid pool with a plane surface in spite of its significant interest in various fields, such
as processes in thermal engineering, in combustion applications, weather forecasting or climate
modeling. Most applications cited above involve turbulent flows and gas mixture. Nevertheless,
the simpler configuration where a laminar superheated or subcooled vapor flow is shearing a sat-
urated liquid interface has still never been solved whether theoretical, numerical or experimental
approaches are considered. This would be a significant step forward before considering more com-
plex configurations. The theory of an expanding laminar boundary layer of a fluid above a solid
plate, known as the Blasius theory [8], has been generalized to account for heat transfer between the
fluid and an isothermal plate by Pohlhausen in [75]. Both theories are based on a boundary layer
hypothesis assuming that the velocity component in the streamwise direction is much higher than
the one in the normal direction to the plate. However, when one considers an expanding boundary
layer of a superheated or subcooled vapor flow over a saturated liquid, the latter assumption is no
longer valid due to the phase change vapor flow that will respectively blow or aspirate the boundary
layer, depending on whether vaporization or condensation occurs. The mathematical complexity
of this problem being strongly increased, the resulting flow will exhibit a fully two-dimensional ro-
tational structure for which a classical theoretical analysis can hardly be practiced. Consequently,
using fully resolved numerical simulation is a promising alternative for tackling such a problem in
order to improve our knowledge in the field of heat transfer in liquid-vapor flow with phase change.

Phase change heat transfer, treated using the so-called conception of the two-phase boundary
layer, has been a subject of study in several papers. For example, Koh et al. made an analysis of a
saturated vapor in a forced-convection flow over a flat plate in [47] and a vertical plate in [48]. The
configuration with film boiling was studied for a forced-convection flow by Cess and Sparrow in [12]
and for a free-convection flow by Kaneyasu and Takehiro in [42]. Regarding the interaction between
liquid-vapor phase change and two-phase flows, since the seminal works of Renksizbulut and Yuen
[82, 83], where correlations on Nusselt number and drag coefficient of evaporating droplets have
been designed, a few studies have been dedicated to fully characterize other configurations.

Scriven [94] has proposed 1D theory of bubble growth involving an induced phase change flow
motion (radial and irrotational flow). In the context of bubble growth, Ruckenstein and Davis [87]
have developed a theoretical study where the external flow is approximated by a potential flow.
Nevertheless, rotational effects can have influence both on the viscous friction and the heat flux as
it is the case in the present study.

In this chapter, we present a numerical study to characterize the interaction between a su-
perheated or subcooled external laminar vapor flow shearing a static and plane liquid pool at
saturation temperature. The Blasius-Pohlhausen theory of an expanding laminar boundary layer
over an isothermal plate can be considered as a reference solution. Our purpose is to find, for
this configuration, correlations on the Nusselt number accounting for the modification of the local
thermal gradient on the interface due to the vaporization or condensation induced flow. As the
local structure of the flow is also modified in the vicinity of the liquid-vapor interface, our study

includes an analysis on the interfacial viscous friction when phase change occurs.

2.2 Computational configuration of numerical simulations

We consider here the canonical configuration of an expanding Blasius-Pohlhausen boundary layer

interacting with a saturated and static liquid pool. Our aim is to investigate the influence of
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the external flow on the local heat flux, for an improved knowledge on the interaction between
liquid /vapor phase change and fluid mechanics. Even though each different industrial system would
require a specific quantitative study, there is a strong interest in understanding local mechanisms
in academic configurations. A possible experimental set-up representative of our computations is

illustrated in figure 2.1.

Y TOOv Uoo TOO? UOO
511, (CL’) 7*> U'L/ap
(5T(£L‘) :j
I—‘liq vap
O T T
Tsat Tsat
Uiy =0

Figure 2.1: Schematics of the expanding Blasius-Pohlhausen boundary layer interacting with a

saturated and static liquid pool.

The actual computational domain implemented in our simulations is the liquid/vapor domain
(for = zr). The interface has a plane shape, which corresponds to the asymptotic case of a high
Weber number (high surface tension value). The vapor stream is flowing in the upper part of the

domain over a static saturated liquid pool located in the lower part of the computational domain.

2.2.1 Initialization and boundary conditions

An inflow boundary condition is used on the left of the domain for the injection of the superheated
or subcooled vapor flow. Given that the purpose of this work is to study the influence of the
liquid /vapor phase change on an expanding Blasius-Pohlhausen boundary layer, a boundary layer
thickness §,, has to be imposed at the inlet of the domain. This boundary layer thickness depends
on the length of the solid plate, defined as xy on the schematics in figure 2.1. It should be
emphasized that the results of the present study will directly depend on the inlet boundary layer
thickness ., . Such a dependence on the boundary layer thickness is classical in Fluid Mechanics
and has been observed for various type of flows as reported in [64, 65] in the framework of primary
atomization, for instance.

Velocity and temperature inflow profiles are computed by solving respectively the Prandtl [79]
and the Pohlhausen [75] boundary layer equations:

" ]_ ’
fo(n)+5fm)f (n) =0, (2.1)
and P
" T ’
0" () + S (0¥ (n) =0, (22)
U T Tsat . . . .
where f = i and 0 = AT are the normalized stream function and the non-dimensional

(e 0]
temperature, respectively; AT = Ty, — Tsqy is the thermal gradient. The boundary conditions are:
n=0:f=0,f =0; naoozflzlforequation(Q.l) andn=0:0=0; n—o>o:60=1for

equations (2.2). We recall that n ~ % is the dimensionless variable, § ~ , /5—:6 is the boundary
[ee]
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layer thickness, Pr = 'UTCP is the Prandtl number. Equations (2.1) and (2.2) are solved using the

Runge-Kutta fourth-order scheme combined with a recursive algorithm.
Free-boundary conditions are used on top and on the right of the computational domain, in

order to avoid containment effects and to maintain isobaric conditions.

- = -
373 422 470 519 567

Figure 2.2: Streamlines and temperature profile [K] of a liquid pool evaporating in an superheated
gas flow for Pr = 0.98, Re,, = 211, p;/p, = 1623, Jayp = 7.38; left - classic Blasius boundary
layer, right - the boundary layer blown by the vaporization.

As the aim of this work is to characterize a steady solution of the interaction between an
external flow and a static liquid pool, it is considered that the interface position is fixed in time in
order to maintain a constant liquid height in the computational domain. This assumption is fitting
with the schematics of a possible experimental set-up proposed in figure 2.1, if one considers an
additional device that allows maintaining a constant liquid level in the liquid pool. Unlike boiling,
stationary hypothesis is a classical approximation [98] when considering the evaporation of a liquid
(as droplet evaporation for instance) interacting with a superheated vapor since the velocity of the
vapor flow is much higher than the interface speed regression.

Moreover, it has been verified that for viscosity ratios LalllRgys [2,56] the liquid motion due
vap
to the shear stress of the vapor flow on the interface can be neglected in our configurations.

Consequently, only the velocity jump condition due to phase change will interact with the external
flow. However, such a configuration is consistent with the static liquid hypothesis only if one
assumes a sufficiently high density ratio, since the ratio between the interface velocity and the
vapor velocity on the interface is close to the density ratio.

The velocity and thermal field are initialized, in the whole domain, with the Blasius-Pohlhausen

dynamic and thermal boundary layer profiles, respectively.

2.2.2 Computational domain and mesh grid

To avoid the thermal singularity on the phase change mass flow rate at the inlet plane, we assume
that the vapor flow has traveled a distance xj, over an isothermal solid plate before contacting the
liquid pool (figures 2.2 and 2.3). Consequently, the boundary layer thickness of the vapor inlet flow
depends on this distance zj that can be accounted for in our dimensionless analysis by defining

Upx
an inlet Reynolds number Re;, , such as Re;, = Pzl

The dimensions of the computational domain are (l,1l,) with I, = 6.76,,, d;, = min(dy, o7)
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Figure 2.3: Streamlines and temperature profile [K] of a subcooled gas flow condensating in the
liquid pool. for Pr = 0.98, Re,, = 211, p;/p, = 1623, Jacona = 0.74; left - classic Blasius boundary
layer, right - the boundary layer "aspirated" by the condensation.

Zr

where §,, = 4.92 and 07 = §,Pr—1/3 are the dynamic and the thermal boundary layers,

€xy,
respectively.

2.2.2.1 Convergence study

A convergence study with different mesh grids is carried out for both configurations, for a couple
of liquid/vapor defined by the following dimensionless numbers: Pr = 1.022, Re,, = 85.726,
Z—l = 17.746, and two different values for the Jakob number: Ja,qp = 3.69 and Ja,qp = 8.87 for

the vaporization and Jacong = 0.37 and Jacong = 1.15 for the condensation. The dimensionless
v v T _Tsa
numbers are defined as it follows: Re, = p Uoox, Pr = H Cp”, Jayap = M and

Cy (Tews —T. e ke .
M. The subscrit ‘v’ is for vapor and ‘I’ is for liquid, p is the viscosity, Cj,

J Qcond =
is the specific heat, k is the thermal conductivity, Ty, — Tsqt is the thermal gradient, Uy, and T,
are the velocity and the temperature in the uniform zone outside the boundary layer.

The local dimensionless coefficient of heat transfer, known also as the local Nusselt number, is
defined as
hx T
Nu, = - = h7 (2.3)
where h is the convective heat transfer coefficient, ¢; is the local heat flux at the liquid/vapor
interface and Ty is the liquid/vapor interface temperature, equal to the saturation temperature
Tsat-

At first glance, the evolution of the Nusselt number seems to be converged with the grid
256 x 256, for both vaporization (figure 2.4) and condensation (figure 2.5). Nevertheless, the
velocity jump at x = x, from a single-phase boundary layer flow to a phase change boundary layer
flow has to be captured and well resolved. As one of the objectives of this numerical study is to
define correlations on the Nusselt number, high accuracy is required. Consequently, the mesh grid
1024 x 1024 is chosen to run the present numerical study. At the inlet, this mesh grid allows to
have ~ 150 points in the boundary layer.
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Figure 2.4: Convergence study for the evolution of the Nusselt number for the vaporization con-

figuration, for the dimensionless numbers: Re,, = 85.726, Pr = 1.022, 5—1 = 17.746.
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Figure 2.5: Convergence study for the evolution of the Nusselt number for the condensation con-
figuration, for the dimensionless numbers: Re,, = 85.726, Pr = 1.022, S—i = 17.746.

2.2.2.2 Containment study

Our interest is to compute the spatial development of the thermal and dynamical boundary layers
over the saturated liquid pool. Therefore, a containment study is conducted to determine the
influence of the computational domain dimensions. In figure 2.6, the containment effects in the
y-direction on the Nusselt number evolution are plotted. For the vaporization configuration, the
dimension in the normal direction has to be I, = 2, (figure 2.6a), while, in the condensation
configuration, I, = [, is sufficient to ensure that the numerical solutions do not depend on the
computational domain size(figure 2.6b). That can be explained considering that the vaporization
has a "blowing" effect on the boundary layer and so a larger domain in the y-direction is needed

to assure that the development of the boundary layer is not affected by the upper boundary



2.2. Computational configuration of numerical simulations 31

; T —— =1
3.5¢ I [ =2
L 8 y X
3 : _____ T T 1y 41x ,/"—
5 6 -
2.5
5 0 5
Z Z i
2 -
i a4k ~
- W
1.5F y
1F 0.002  0.00202 21 0.002 0.0022
L L 1 L I I 1 I I I 1 L L 1 L L L 1 I I I 1
0.002 0.004 0.006 0.008 0.002 0.004 0.006 0.008
X [m] x [m]
(a) Vaporization, Ja = 3.69 (b) Condensation, Ja = 0.37

Figure 2.6: Confinement study in the y-direction for the evolution of the Nusselt number, for the
dimensionless numbers: Re,, = 85.726, Pr = 1.022, Z—i = 17.746.
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Figure 2.7: Confinement study in the z-direction for the evolution of the Nusselt number, for the
dimensionless numbers: Re,, = 85.726, Pr = 1.022, 5—1 = 17.746.

condition. Unlike vaporization, condensation aspirates the boundary layer, so containement effects
have smaller influence on its spatial development.

Following, a containment effects study in the streamwise direction is realized. In figures 2.7a
and 2.7b we have plotted the evolution of the Nusselt number for two computational domains:
ly =1y and [, = 21,,. In order to have a difference of less than 2% between the two corresponding

curves, only 50% of the streamwise length is retained for the parametric study.

2.2.2.3 Upstream containment effects

Even though the present parametric study has been conducted using the computation configuration

presented in the previous section, some additional verifications are conducted to ensure that the
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Figure 2.8: The influence of the inflow boundary condition on the evolution of the Nusselt number,
for the dimensionless numbers: Re,, = 85.726, Pr = 1.022, % = 17.746. The solid line represents
the evolution of the Nusselt number when the upstream spatial evolution of the Prandtl-Pohlhausen
boundary layer is simulated whereas the dashed line represents the Nusselt evolution when the

Prandtl-Pohlhausen boundary layer profile is directly imposed at x = z,.

upstream containment effects do not have a significant influence on the Nusselt number evolution
(figure 2.8).

A conditioning section is added, where the boundary layer is spatially developing from a certain
point x = xr, to + = xr. The phase change is plugged at z; and we want to investigate the
differences between imposing a Blasius profile at the inlet plane (dashed lines in figure 2.8) and
simulating its development upstream (solid lines in figure 2.8). Even if the computational domain
starts before the point x = z,, the evolution of the Nusselt number is not affected at all in the far

field and only weakly affected in the inlet vicinity.

To conclude, the computational domain used in our parametric study is defined by [, = 2,
for the vaporization and [, = [, for the condensation configuration, where I, = 6.70,,. The
corresponding mesh grids used are 1024 x 2048 and 1024 x 1024, respective to vaporization or
condensation. Additionally, after the containment study in z-direction, only the [zr,zp + l;/2]

Nusselt evolution will be considered for the parametric study.

2.3 Results

2.3.1 Spatial evolution of the Nusselt number

The spatial evolution of the Nusselt number along the longitudinal coordinate x is showed in figure
2.9a for vaporization, and in figure 2.9b for condensation, for a couple of liquid/vapor defined by
the following dimensionless numbers: Pr = 1.022, Re,, = 85.726, p;/p, = 17.746, and different
values of Jakob number. One can see that the Nusselt number is lower for vaporization and higher
for condensation than the Nusselt number obtained from the Blasius theory. Indeed, as observed

in figure 2.2, when vaporization occurs, the thermal boundary layer being thickened due to the
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Figure 2.9: Spatial evolution of the Nusselt number for the dimensionless numbers: Re,, = 85.726,
Pr =1.022, p;/p, = 17.746 and different values of the Jakob number.

expansion flow of vapor, the heat transfer coeflicient decreases. The same trend was observed by
Yan and Soong in [109], where the convective heat and mass transfers along an inclined heated plate
with film evaporation was studied. On the other hand, the condensation involves an aspirating
flow towards the liquid/vapor interface, as it can be visualized in figure 2.3. As this flow decreases
the thermal boundary layer thickness, the heat transfer coefficient is increased.

For the vaporization, the minimum value observed on the Nusselt number can be related to the
rapid decrease of the heat flux in the vicinity of the inlet flow, figure 2.10a. This can be explained
by the connecting zone between the Blasius-Pohlhausen expanding boundary layer (for z < xy)
and the established flow in interaction with the phase change (for z >> z,).

On the other hand, given that the "aspirating" effect of the condensation increases the local
heat flux, it is only natural to observe that the the latter has a maximum value, as it can be
seen in figure 2.10b. The heat flux increases at first due to the boundary layer thinning by the
condensation flow and it is followed by a decrease due to the spatial evolution of the boundary
layer.

Figure 2.9 also illustrates the influence of the Jakob number on the spatial evolution of the
Nusselt number. The increase of the Jakob number implies an increase of the vapor/liquid phase
change and therefore the Nusselt number decreases or increases if vaporization or condensation
is respectively concerned, as expected. Figures 2.9a and 2.9b are now compared in regard to the
influence of the Jakob number on the Nusselt number evolution. If the Jakob number is doubled
and then tripled, in the case of the boundary layer "blown" by the liquid pool vaporization, a
decrease of the intervals between the succesives curves is observed, while if the boundary layer
is "aspirated" by the condensation, the intervals between the succesives curves increase. These
unanticipated results will be further explained, but first, the correlations on the Nusselt number

will be presented.

2.3.2 Correlations on the Nusselt number

A parametric study was conducted to determine how the Nusselt number is varying with the

dimensionless numbers characterizing our configuration. These dimensionless numbers can be
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deduced from the physical equations as it follows:

the Reynolds number Re, from the momentum balance (1.11),

- the Prandtl number Pr from the energy conservation equation (1.13),

the Jakob number Ja from the balance of energy at the interface (1.19),

- the density ratio L) from the jump condition on the mass conservation (1.15).
v

To ensure that when one dimensionless number is varied the other three are constants, the
physical variables varied in this parametric study are the velocity Uy for the Reynolds number,
the thermal conductivity of the vapor k for the Prandtl number, the latent heat L for the Jakob
number and the liquid density p; for the density ratio.

The range of values for our parametric study was: Re,, = (15;1250), Pr = (0.6;8), Ja =
(0.00037;8.87) and p;/p, = (10;5000), with approximately fifty simulations for each configuration.

By fitting the numerical Nusselt number evolution obtained in all of our simulations, we have
found general correlations that depend on the dimensionless numbers characterizing this configu-
ration. In what follows, the resulting correlations are presented separately for the vaporization and
for the condensation. For the sake of simplicity, the approach to find these correlations is described
in Appendix A. Both correlations are designed by adding correction terms to the Nusselt number
from the Blasius theory which is defined as NuZ! = 0.332Pr0-333 Re0-5.

2.3.2.1 Vaporization

The correlation for the Nusselt number with vaporization has the following expression

L

Nul® = NuB! — (a <x—1>n+ﬁ>H($_$L>v (2.4)
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where H(x — x1,) is the Heaviside function who has a non-zero value only for z > z, o, 8 and n

have the following expressions
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Figure 2.11: Spatial evolution of the Nusselt number for different configurations extracted from

Table 2.1 for the case involving vaporization.

2.3.2.2 Condensation

In the configuration involving condensation, the correlation on the Nusselt number writes as
T m
Nu;ond - Nu,fl + (ry (xL — 1) + n)H(J} — JZL), (25)

where 7, n and m have the following expressions

0.1018Ja| ——1
v = 0.0854 Re; 3% pr?-35 (e (pv ) - 1>,

!
. - 0.02085.Ja 2
m = 0.519Re, 0% Pr~%0%2¢ Pv |

1.25
1 = 0.00042Re0:426 py0-53 <Ja (”l - 1)) .
Po
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2.3.3 Validation of the proposed correlations

For the sake of validation of the proposed correlations, we present in Table 2.1, for various configura-
tions, the average relative error € and the maximum relative error €,,,,, between the computed Nus-

selt number and the correlations. The relative error is defined as: € = (Nu™* — Nu2*™) /Nul“™.

The average relative error between the Nusselt number from DNS and the correlation is less
than 2% for condensation and less than 5% for vaporization. The higher error in the vaporization
configuration is due to the transition zone near the inlet plane z = x;, (figure 2.9a). A good fit of
this region was not straightforward. If one would search only the evolution of the Nusselt number
far enough from the inlet plane, the correlation would be less complex and more accurate. We add
also that most of the values chosen to be displayed in Table 2.1 are situated at the limits of the
interval range of values studied here.

| C.4 5F- C.5 ,/'
8l " I ‘n’
-~ ar *,
o R/
61 »~* 3 f"
:N "i sx )
Z. ’ Z.
at ok
2t 1L
0 1 1 1 O 1 1 1 1
0 0.002 0.004 0.006 0 0.003 0.006 0.009 0.012
x [m] x [m]
12f C.1 ’__f" C.3
L ' L
10 i ", 8 o ‘.1
> -
sk 4 R 4
I s 6 '.'
2 o g 4
4 b’
4 -
i oL Blasius
2K == == = pumerical
== 1 === correlation
n 1 n 1 n n 1 n 1 n 1
% 0.002 0.004 % 0.002 0.004 0.006
x [m] x [m]

Figure 2.12: Spatial evolution of the Nusselt number for different configurations extracted from

Table 2.1 for the case involving condensation.

Comparisons between the proposed correlations and numerical results are also plotted in figure
2.11 for the vaporization and in figure 2.12 for the condensation for different configurations from
Table 2.1.

2.3.4 Asymptotic cases

The correlations on the Nusselt number can be simplified when considering asymptotic cases, as it

will be shown in the following paragraphs.
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Table 2.1: The average relative error and the maximum relative error for the Nusselt number for

different couples of dimensionless numbers.

Condensation € [%] | €max [%]
Pr =8, Re,, = 85.726
C.1 1.028 | 1.171
Ja =037, pp—l —17.6
Pr = 0.98, Re,, = 1250
C.2 058 | 0.75
Ja = 0.179, g—l ~ 1623
Pr =1.022, Re,, = 85.726
C.3 0.65 | 1.34
Ja =07, Z—l —17.6
Pr = 0.98, Re,, = 105.51
C.4 028 | 0.32
Ja =0.179, 2L — 5000
Puv
Pr =0.98, Re, =30
C5 1.38 1.6
Ja = 0.179, P = 1623
Pr =6, Rey, = 105.51
C.6 1.69 1.8
Ja =0.179, 2L — 1623
Do
Pr =098, Re,, = 105.51
cr| " Cor 057 | 0.703
Ja = 0.29, g—l — 1623
Vaporization €[%] | €max [%]
Pr =S8, Re,, = 85.726
V.1 1.56 7
Ja =369, L — 176
Pr = 0.98, Re,, = 1250
V.2 1.09 | 145
Ja = 0.179, Z—l — 1623
Pr = 1.022, Re,, = 85.726
V.3 9.13 9.4
Ja = 8.87, Z—l — 176
Pr = 0.98, Re,, = 105.51
V.4 2.4 2.8
Ja = 0.179, 2L = 3500
Pr=1.022, Re,, = 30
V.5 48 6
Ja = 3.69, g—l — 176
Pr =1.022, Re,, = 85.726
V.6 1.8 2.69
Ja=369, 2 —5
Py
Pr =0.98, Re;, =105.51
V.7 217 | 2.64

Ja = 0.3598, 2L — 1623
p?)
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2.3.4.1 Asymptotic cases for the vaporization Nusselt number correlation

If Ja — 0, the approximation of the terms depending on the Jakob number yields simpler expres-

sions for the parameters « and 8 from equation (2.4),

a(Ja — 0) = 0.0073Ja (Zl - 1) Re0:495 pp0-333,

and
B(Ja — 0) = 0.0005.]a (pl — 1) ReQ4TT pr0-237,

2
This asymptotic case brings out a linear evolution of the Nusselt number, both with the Jakob
number and the density ratio, for low vaporization rate.

When Ja = 0, the correction terms equal to 0 as the jump condition on the velocity field is
zero. Hence, the boundary layers are not modified and the expression of the Nusselt number fits
simply with the one obtained with the Blasius theory.

Considering the asymptotic cases Ja — oo or p;/p, — 0, it can be shown that in the vapor-

ization case, the expression of the Nusselt number tends towards a saturation value:
Nul™ (Ja — ) — Nub' — (0.294Re) 1% Pro-333 4 0.119Re), 777 Pr02374) |

It can be explained by remarking that an increase of the vapor superheat tends to increase the
local heat flux on the interface, and thus, the jump on the normal velocity. As this jump condition
tends to thicken the thermal boundary layer and thus to decrease the local heat flux, the saturation

effect results from an equilibrium state between these two antagonistic effects.

2.3.4.2 Asymptotic cases for the condensation Nusselt number correlation

The expression of the Nusselt number in the condensation case is now presented for a low Jakob
number.

If Ja — 0, equation (2.5) becomes

Nu(;()nd ~ NUIBZ + ~ (Z' — 1) H(-’L‘ - xL)u

T
with
v(Ja — 0) = 0.0087.Ja (Zi - 1) Re0:483 pp0-356
and
m(Ja — 0) = 0.519Re, 0% pr=0-042,
considering

n(Ja — 0) = 0.
As for the vaporization, when Ja = 0, the Nusselt number simply fits with the Blasius theory.

Moreover, if Ja — o or p;/p, — o0, an opposite trend to the one observed for vaporization is
reported. In the case of condensation, the oncoming subcooled flow being aspirated towards the
interface, the thickness of the thermal boundary layer is reduced. This leads to an increase of the
local heat transfer as it can be visualised in figure 2.9b. It is found that in the case of condensation,
no saturation effect on the Nusselt number is observed neither in the numerical simulations, nor in
the expression of the proposed correlation equation (2.5). This can be understood by remarking
that, compared to vaporization, in the case of condensation, the jump condition on the normal
velocity is of opposite direction, favoring the local heat transfer.

These trends have also been observed when figure2.9a and figure2.9b were compared regarding

to the influence of the Jakob number on the evolution of the Nusselt number.
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2.3.5 Normal velocity and thermal flux interdependency

In what follows, we search to explain the Nusselt number evolution by means of an analysis
on the normal velocity evolution when phase change occurs considering only the vaporization

configuration.
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Figure 2.13: Evolution of the normal velocity v and the thermal flux ® for the vaporization study
case for Pr = 1.022, Re,, = 85.726, p;/p, = 17.746, Ja,qp = 3.69: dashed line - Blasius theory,

solid line - vaporization configuration.

Figure 2.13 illustrates the evolution of the normal velocity v (xf ,y) and the thermal flux

oT
o (xf,y) = kva— (:Ef,y) with the y-axis for a fixed value of x = zf. The interface between
Y

the liquid and the vapor phase is situated at y; = —5 mm. The normal velocity in the liquid phase
can be neglected compared to the vapor phase. At the liquid/vapor interface there is an important
variation of the normal velocity value between the Blasius theory and the vaporization configu-
ration. Following, the change in the evolution of the normal velocity with y when vaporization

occurs is related directly to the mass flow rate.

The thermal flux is non-zero only close to the liquid/vapor interface, as expected. Unlike
the classical Blasius theory, where the thermal flux is induced only by conduction, in the phase
change configuration there is a significant influence of the thermal convection in the transverse
direction.Thereby, it can be understood that the discontinuity on the Nusselt number is induced

by the jump condition on the normal velocity field.

2.3.6 Integrated heat flux

The integrated heat flux exchanged at the liquid/vapor interface can be calculated from the cor-
relations on the Nusselt number (2.4) and (2.5).



40 2. LAMINAR BOUNDARY LAYER

2.3.6.1 Vaporization

Given the expression (2.4) of the Nusselt number when vaporization happens, the heat flux per

unit of width, integrated between x;, and z is defined as

T T Ny vap
VP (1, 1) = J ¢'P(z)dz = k (Top — Tsar) J Nu"(®) g
T TrL €

T Bl z [ —1 " x
= k(T — Taat) j Nudex—af (“)dx—ﬁj %dw . (2.6)
T L

xrr x

The different components of equation (2.6) are calculated as it follows

TN Bl
f Mdm= 2 (NuP!(2) — NuPl(zp)), (2.7)
Ty €T
z <:v — 1> ($> o) (fn, —n;1—mn, m—L>
Xy, Xy, x
dr = - 2.8
f . x - mese(mn), (2.8)
zr
where csc(mn) = 1/sin(n) is the cosecant function and oF) (—n,—n;1 —n; ) is the Gauss

hypergeometric function, defined as

o Fy (a,b;c;2) =

I'(c) & (Ta+k)T(b+k) "
T(a)T(b) ];O ( T(ctk) K > ’

with I'(a) = (a — 1)! the gamma function, and

f Liw (%), (2.9)

Xy, xL

Substituting the expressions of equations (2.7), (2.8), (2.9) in equation (2.6) leads to

fz OYP(x,xp)dr =k (T — Tsat) {2 [NU'BZ(-Z') - NuBl(xL)] -

Tr
z\" T

() o Fy (—n, -n;1—n, —L)
Xy, X

n

T

— rese(mn) | — Bln () } (2.10)

L

If we also consider the region x € (0,z1) where the boundary layer is evolving without in-
teracting with the vaporization, the following expression for the heat flux per unit of width is

obtained

O(z,21) = J” B (x)dx + J ¢ (x)dx = k (Too — Tsar) {2NuBl (z)—

0 xr

<x> 2F1 (_nv —-n; 1- n, xi)
Xy, x

n

—mese(mn) [+ Bln (x) H(x — xL)} (2.11)
zr

The expression (2.11) of the integrated heat flux is plotted in Fig 2.14. The black curve
represents the integrated flux exchanged if the boundary layer evolved without interacting with
the liquid vaporization. The dotted lines depict the xz-evolution of the thermal flux exchanged at
the liquid/vapor interface from xj, to L, for different values of the Jakob number. As expected,

the vaporization reduces the exchanged heat flux.
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Figure 2.14: Vaporization configuration - The z-evolution of the integrated exchanged thermal flux
at the interface for Pr = 1.022, Re,, = 85.726, p;/p, = 17.746 and different values of the Jakob

number.

2.3.6.2 Condensation

For the configuration with condensation, the approach to calculate the exchanged heat flux is
the same as for the vaporization. Considering the expression (2.5) of the Nusselt number, the

exchanged heat flux per unit of width is expressed as

O(z,xp) = JIL (bBl(x)dx + fI d)w”d(z)d:c =k (T — Tsar) {ZNuBl(z)+
0 xr

4y (ai) 2F1 (*m’ —-m;1l—m, %) _ resc(rm) | +4n (;) H(x — xL)}, (2.12)

m L

The evolution of the integrated heat flux is plotted in figure 2.15. The black curve represents the
integrated flux exchanged if the boundary layer evolved without interacting with the condensation.
The dotted lines depict the z-evolution of the exchanged heat flux at the liquid/vapor interface
from zp to L, for different values of the Jakob number. The exchanged heat flux is increased by

the condensation.

2.3.7 Viscous friction

We now examine the influence of the liquid/vapor phase change on the viscous friction. Given the

2D expression of the viscous stress tensor,

ou ou v
_ Y Maytw
T = du . aw , v , (2.13)
K oy Ox 'u(?y
at the interface of normal vector e,, the stress vector T = 7 - e, has the following normal and

0 0 0
shear components: T - e, = ,ua—v and T-e, =p (au + 60) Their spatial evolution is plotted in
Y Y x
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Figure 2.15: Condensation configuration - The z-evolution of the integrated exchanged thermal
flux at the interface for Pr = 1.022, Re,, = 85.726, p;/p, = 17.746 and different values of the

Jakob number.

figure 2.16 for the configuration with vaporization at a high Jakob number, Ja,q, = 8.8. Excluding
the zone x = x, the normal component of the stress vector is negligible against the tangential
component by a factor of 100. The same result is found for the classical Blasius boundary layer
theory, see for example [92], where only the shear component is accounted for in the viscous friction
analysis. In figure 2.16, the evolution of the shear component of the stress vector with and without
vaporization (Blasius theory) has the same trend, except for the zone close to x = x. The

difference in this zone comes from the singularity on the gradient computation.
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Figure 2.16: Spatial evolution of the normal and the shear components of the stress vector T for
the dimensionless numbers Pr = 1.022, Re,, = 85.726, p;/p, = 17.746 and Ja,,p = 8.8 .

We now consider the friction coefficient, expressed as the ratio between the interfacial friction

and the dynamic pressure:
Cf . TI

2 pUZ’

where 77 is the shear component of the stress vector at the interface. We recall that for the Blasius

(2.14)
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ou v
theory, considering F” >> W the friction coefficient reads
Y x

Cp _ddy _ 0.332 (2.15)

2 dx VRey’

as a result of
ou P(Joo " U "
= — = ~o === . , 2.16
=Ry quoq/Wf(n) um\/RTf (n) (2.16)

and for y = yy, f”(n =0) = 0.332.

In figure 2.17 is plotted the evolution of the friction coefficient for the three configurations, i.e.
Blasius theory, vaporization and condensation. One can see that, surprisingly, the phase change
does not influence the viscous friction at the liquid/vapor interface, despite the modification of the

velocity field in the vicinity of the interface.
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Figure 2.17: Evolution of the friction coefficient for: Pr = 1.022, Re,, = 85.726, p;/p, = 17.746,

Jayap = 3.69 and Jaconqg = 0.369.
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Figure 2.18: Evolution of the velocity gradients dv/dx and ou/dy for: Pr = 1.022, Re,, = 85.726,
pi/pv = 17.746, Jayep = 3.69.
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As it can be seen in figure 2.18, the derivative dv/dx influence on the viscous coefficient is
less important than the derivative du/dy. Therefore, in order to justify the relevance of the result
obtained above, we will further take a look at the normal velocity at the liquid/vapor interface.
For the sake of simplicity we will take only the example of the vaporization.

In figure 2.19, the evolution of the tangential velocity with the y-axis is plotted for z = % It
is noteworthy that the evolution of the tangential velocity profile in the vaporization configuration
is almost identical to the Blasius boundary layer velocity profile, despite the vapor blowing in the
normal direction due to phase change. The liquid motion due to the shear stress of the vapor flow
on the interface is negligible (see the zoom at the bottom left of the figure). Moreover, there is
little modification of the tangential velocity profile at the liquid/vapor interface (for y = —0.005
m) (see the zoom situated in the middle right of the graphics). This explains why only marginal
modifications of the interfacial friction coefficient are observed.
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Figure 2.19: Evolution of the tangential velocity u for the vaporization study case for Pr = 1.022,
Re,, = 85.726, pi/p, = 17.746, Jayep = 3.69: black line - Blasius theory, red dashed line -
vaporization configuration. Zoom on the liquid region (the bottom left) and on the zone close to
the interface (middle right).

2.4 Conclusion

Based on numerical simulations, we obtain correlations on the influence of an external flow on the
vaporization or condensation of a static liquid pool. It is shown that the local flow, induced by the
phase change, decreases or increases, respectively, the local heat flux, depending upon vaporization
or condensation is considered.

For the vaporization configuration it was found that the Nusselt number, and therefore the
heat transfer, decreases exponentially with the Jakob number until reaching a saturation value.
The opposite trend is observed for the condensation, for which the Nusselt number increases as an
exponential function of the Jakob number.

The obtained Nusselt number correlations have allowed to determine the expressions of the
integrated heat flux over the liquid/vapor interface.

Another noteworthy result is about the viscous friction on the interface, or the tangential
component of the viscous tensor, which is weakly affected by the phase change in the case of a
plane interface. Additionally, given the evolution of the normal velocity v with y, the influence of
the phase change on the normal component of the viscous tensor is still very weak in comparison
to the tangential one, as it is the case for the classical Blasius boundary layer. Moreover, even if

the profiles are not superimposed, it can be qualitatively observed that the derivative g—Z is in the
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same order of magnitude with or without phase change. This is why we can conclude that the
liquid vapor phase change has little influence on the components of the viscous stress vector.

The obtained correlations are difficult to be used for the cryogenic tank applications, considering
the existing turbulent regime flow. Nevertheless, besides its academic interest, the physical analysis
acquired for the laminar regime will be of use when studying the interaction between a turbulent
boundary layer flow and liquid/vapor phase change. To this extent the following chapter treats of
the numerical simulation of the spatial development of a turbulent boundary layer flow with heat

transfer.
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Chapter 3

Turbulent boundary layer modeling
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In the present chapter, the numerical simulation of the spatial development of a bound-
ary layer flow on a flat plate, with heat transfer, is presented. After a thorough overview
of the existing numerical methods for the generation of turbulent fluctuations, the cho-
sen method is described and validated. Next, the results obtained are presented and
discussed. A particular attention is also paid to the computational constraints related

to the used numerical solver.
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In the previous chapter we have described our work on the influence of liquid/vapor phase
change onto the evolution of a laminar boundary layer flow of vapor. In practical applications,
most flows which occur are turbulent. Therefore, the subsequent topic of our work will be the
interaction between a turbulent boundary layer flow and the velocity field induced by liquid /vapor
phase change. To this extent, the spatial evolution of a turbulent boundary layer flow on a flat
plate has first to be simulated. Later on, the influence of the blowing velocity induced by the phase
change onto the turbulent boundary layer evolution will be investigated.

Before discussing the results obtained in the numerical simulation of the spatial development
of a boundary layer on a flat plate with heat transfer, we first give a brief description of some
important aspects of the physics of wall turbulence. Next, we present an exhaustive overview
of the literature on the different existing approaches for the generation of turbulent inflow for
spatially-developing boundary layer simulations. The chosen method to be implemented in the
code DIVA is then thoroughly described. The description of the extension of the corresponding
method in order to impose the thermal boundary layer inflow is afterward presented. Validations
of the implemented method are done and shown, as well as some verifications and discussions on
the statistics obtained for the imposed inflow data. Finally, the numerical simulation of the spatial
development of a boundary layer on a flat plate with heat transfer, for a momentum thickness
Reynolds number Rey = 1100 is described.

3.1 Introduction to the physics of wall turbulence

The first section is devoted to the description of some important aspects of the physics of wall
turbulence. Only those aspects which are most relevant to the numerical simulation and modeling
techniques used in this thesis are considered. A detailed introduction to turbulence theory can be
found in the textbooks of Schlichting [92], Hinze [32], Tennekes and Lumley [103] or Pope [76].

As seen in chapter 2, a laminar boundary layer can be reduced to a stationnary two-dimensional
flow, for which Blasius [8] proposed an analytical solution in excellent agreement with experimental
results [92]. When the flow moves more rapidly or occurs on a bigger scale, the motion becomes
unstable and varies more and more significantly and irregularly in space and time. This flow regime
is called turbulent, and irregular fluctuations are superimposed on the main stream (figure 3.1).

Reynolds [84] first defined a non-dimensional number to help predict the transition between
the two flow regimes, the Reynolds number Re,. For the configuration involving a channel flow, he
determined that the transition between the two regimes occurs when Re, reaches a critical value
(Re, ~ 2000). Below this value, small perturbations that occur in the flow are damped by the
viscous stresses and the flow does not change with time. Beyond this limit, small perturbations that
occur in the flow amplify exponentially to yield spatially organized large scale coherent structures
(Schlichting [92]). These structures are often referred to as eddies or vortices, since they are
associated with the rotating motions of the fluid flow. At large Reynolds numbers, the energy is
transported from the main flow into the large eddies. However, energy is dissipated preponderantly
by small eddies. For a wall flow, this process occurs in a narrow band inside the boundary layer,
in the neighbourhood of the wall (Schlichting [92]).

So far, the turbulent flow has been inaccessible to mathematical treatment due to its complexity.
The description of these phenomena can nevertheless be led using the classical tools of turbulence
analysis, as for example the decomposition of the flow into a mean motion and into a fluctuation,
correlative or spectral analyses, etc. A detailed presentation of these methods can be found in the
textbook of Chassaing [13].
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Figure 3.1: Schematics of the different regimes of a wall flow.

3.1.1 Characteristic quantities of wall turbulent flow

In order to describe a turbulent boundary layer flow, certain quantities are generally used and
are defined in what follows. The mean and fluctuating parts of a variable ¢ will be hereinafter
denoted by ® and (bl = ¢ — ®, respectively, except for the temperature where the mean is T and
the fluctuation is #’. The average of the fluctuations will be denoted whether by < - > or by (7)
The boundary layer thickness dgg is defined as the coordinate at which the velocity value is

equal to 0.99U. Its calculation is not conventional, therefore two other thicknesses have been in

use,
@ U
5* = J (1 — > dy,  the displacement thickness, and, (3.1)
0 0
U U .
0= — | 1——)dy, the momentum thickness. (3.2)
0o Ux U

The displacement thickness 6* is a measure of the fraction of the original free stream slowed

down by the wall (Bejan [5]) due to the fluid viscosity

o0 o0
Uy = L Uspdy — .[0 Udy. (3.3)

The momentum thickness 6 is based on a similar argument: it is a measure of the longitudinal

momentum missing at any z relative to the original (x = 0) amount, (Bejan [5]),

o] o] o0
0U2 = f U2 dy — f Udy — Uwf (Up —U) dy. (3.4)
0 0 0

The ratio H = 0*/0 is called the shape factor and it characterizes the shape of the velocity

profile in the boundary layer.
Different Reynolds numbers can be created using these quantities:

) Uop6* Uop0
Res = ~2%20 Regx = —2—— | Rey = —2~. (3.5)
14 14 14

The local boundary layer flow is characterized by its friction coefficient, that can be written

using the wall shear stress 7o(z)

Cyla) = L. (36)
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Figure 3.2: Example of the evolution of the friction coefficient C; and the Stanton number St with
Reg. The graph is extracted from Li et al. [58]. solid line - C; obtained in [58]; line with circle -
St obtained in [58]; dashed lines - turbulent correlations from Kays and Crawford [44].

Finally, the local Stanton number is a dimensionless number reporting heat-transfer coefficient

in turbulent flow,
h(z)

Sty = )
pCpUcx

(3.7)

where h(z) = qy/(To — Ti) is the heat-transfer coefficient that can be calculated using the wall
heat flux ¢, ().

The evolution of the friction coefficient C'y and the Stanton number St with the momentum
thickness Reynolds number Rey is shown in figure 3.2. Both quantities decrease with Reg and they

are related through a functional relation [44], that writes, for high Reynolds number,

25t

A 3.8
c; T (3.8)

3.1.2 Turbulent boundary layer equations

For the configuration of a turbulent boundary layer, the Navier-Stokes equations reduce to z-
momentum and energy equations. By applying the decomposition of the fields into a mean field

and the corresponding fluctuations we obtain

oU oU  1dP 10 [ oU i

Ve PV T o Thay (uay Py >)’ &
oT oT 1 0 or 101

Ué’x +Vé’y _7p0p76y (kay —pCp <0'0 >>. (3.10)

Note that, for a flat plate at zero incidence, the pressure gradient along the wall, dP/dz, is zero.

In the momentum equation (3.9) the molecular diffusion shear stress poU/dy is augmented by
the time-averaged eddy shear stress (—p < /v’ >). This so called apparent shear stress 7, is
therefore composed by the viscous shear 7, = pdU/dy and the turbulent shear 7, = —p < u/v" >
(figure 3.3)

oU oU
Tapp = 1o —p<u >=p(V+6M)@7 (3.11)
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Figure 3.3: Example of shear stress distribution for Rey = 1430. (@) - total shear stress; (®) -
Reynolds shear stress; (0) - viscous stress. The graph is extracted from DeGraaff and Eaton [20].

where €j; is the momentum eddy diffusivity.

In the same way, in energy equation (3.10), the apparent heat flux is defined as

” aT aT
k@ —pCp < V' >= pC, (oz+eH)a—y, (3.12)

= Qapp =

where « is the thermal diffusivity and eg is the thermal eddy diffusivity.

The ratio between the momentum eddy diffusivity and the thermal eddy diffusivity defines the
turbulent Prandtl number Pr; = epr/em. Its evolution in the boundary layer is shown in figure
3.4. The turbulent Prandtl number tends to remain constant along the wall-normal direction. In
the vicinity of the wall region a maximum value is obtained at the wall.

An analysis of the apparent shear stress shows that there are different zones in the boundary
layer, as illustrated in figure 3.3. The inner region is defined by a negligible inertial effect, equation
(3.9) resuming to

oU
(v +em) W (3.13)

with 7y the value of 74, at y = 0, where the Reynolds stress —p < u/v’ > vanishes (Bejan [5]). The

1/2 are those of velocity, and it is therefore known in the turbulence literature

To 1/2
w = () 3.14
(%) @14

dimensions of (79/p)

as the friction velocity

and it is used for the nondimensionalization of the flow problem. In the same way, a friction

temperature O, can be defined

”

0]

,=—Jo 3.15
o (3.15)

The outer zone is a region where the 7,,, = constant assumption fails. It is also called the wake
region and it is ruled by a balance between inertia and 7qpy.

The boundary layer is not dominated by a single physical mechanism, therefore, the nondimen-
sionalization of the flow problem is done by using two different length scales: the inner scale or the

wall coordinates y* = yu,/v and the external scale = y/dgg.
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Figure 3.4: Example of the evolution of the turbulent Prandtl number Pr;. The graph is extracted
from Kong et al. [49];

3.1.3 Reynolds stress tensor and the turbulent kinetic energy balance

equation

We have seen in equation (3.9) that the turbulence manifests itself by a highly correlated fluctuating
mouvement. Its study can be made through the Reynolds stress tensor R;; =< wju; >. The
component < u'v’ > appears in equation (3.9) and its influence has already been described in

section 3.1.2.

2 2 12

The summation of the other three Reynolds stresses, (< u* >, < v* >, < w'* >) gives the
turbulent kinetic energy 2k’. The maximum of turbulent kinetic energy is contained in the buffer
layer. The principal contribution is given by the streamwise component < uw? > (figure 3.5),
showing the high anisotropic character of the flow close to the wall. The transverse stress < w'? >
is the second contribution to k:/, followed by the normal stress < v'2 >.

DeGraaff and Eaton [20] show that the streamwise normal stress profiles < u? > presents a

2 >7 is a strong

peak very near the wall. Their study demonstrates that the magnitude of < u
function of Reynolds number throughout the entire inner region, except the viscous sublayer (figure
3.6). The near-wall peak occurs at y* = 14 and grows in magnitude with increasing Reynolds
number. In the same work, it is shown that the energy from the mean flow is first transferred

2 >+, and then redistributed by pressure and turbulent transport to the other Reynolds

to < u
stresses.

The balance equation of the turbulent kinetic energy, obtained using the Navier-Stokes equa-
tions, yields

’

ok’ ok , ,_ 0U 0<v'k > o< (p/p) > 2k
=-U—-V—+(- —_— | = — + — .1
0 3 3 ( <uv > ﬁy) ( 2 2 v o € (3.16)

The first two terms represent the advection. The production term (— < u'v' > 0U/dy) writes
as a coupling between the turbulent stress and the mean velocity gradient. For a boundary layer,
this term is predominantly positive and it translates that the turbulence takes the energy from
the mean flow and converts it in velocity fluctuations. This production center is situated close
to y* ~ 12. Tt can be observed in figure 3.7 that the generated energy is not entirely dissipated,
a part is converted into turbulent (0 <v'k’ > /dy) and viscous v (0%k/0y?) diffusion. In the
viscous sublayer, the energy balance is reflected by the equality between the turbulent diffusion
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Figure 3.5: Example of Reynolds stresses profiles for Rey = 1430. The graph is extracted from
Ferrante and Elghobash [24].

T ‘\Il\lll I LU I lV|[||| LN

e

u'?

Figure 3.6: Example of u'2 profiles for different values of Reynolds number Reg. The graph is
extracted from DeGraaff and Eaton [20].



3.1. Introduction to the physics of wall turbulence 55

0.6 T i I I|IIII| U LI LR U U ||||I|L
0.4

0.2

|III|IlI|III
Ill[lillll

o

Illllllil‘

0.2 Dissipation ]
Production 4
Dift.” T
Diff.' ]
0.4 Diff. ]
— ——— Advection .
-DS-IIIIIII 1 L IIIIIII L L IIIIII] Il L IlIIlIr
10 o' 10° 10

+

Figure 3.7: Example of the evolution of the different terms from the turbulent kinetic energy
balance equation (3.16). All the terms are nondimenionalized by u%/v. The graph is extracted
from Pamies [72], who used the data from the DNS of Spalart [95].

and dissipation € terms. Finally, for y* > 30, the main equilibrium, production equals dissipation,

shows that the energy provided by the mean motion is dissipated locally.

3.1.4 Mean velocity profile

The mean velocity distribution can be deduced from the definitions given previously. Close to
the wall, the length scales of the vortices are very small and their energy is entirely dissipated.
Additionally, considering the no-slip condition u(0) = 0, at the wall, the turbulent eddy shear is
negligible and equation (3.13) writes

(3.17)

and a linear profile is obtained for the mean velocity U™ = y™. This equation is valid only on a
thin zone called the viscous sublayer, which expands from the wall 4™ = 0 to y* ~ 7. Further
in the boundary layer, the viscous effects become negligible and we obtain that all the turbulence
production is dissipated. A dimensional analysis done using the turbulent kinetic energy balance
(3.16) leads to

ud
<uv' > —— =€~ T, (3.18)
0y Ky
which allows obtaining
ou  lu,
Z -k (3.19)
dy Ky
Or, by using the inner length scale definition, the nondimensionalization of the above equation
writes U
U 1
Tt = 3.20
VT T h (3.20)
We obtain from equation (3.20) the logarithmic law for the mean velocity
In(y*
g CAD G} (3.21)
K

where £ ~ 0.4 is the von Karman constant and C' ~ 5 is an integration constant. Its domain of
validity expands from y* = 50 to y* = 200 [20]. The connection between the linear and logarithmic

laws takes place in the buffer region.
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Figure 3.8: Example of mean velocity profiles for different values of the Reynolds number. The
graph is extracted from Bejan [5].

This laws allows an universal description of the inner zone of the boundary layer. They are
often used in experimental works to determine the friction coefficient.

Starting some distance from the wall, the external region can be poorly described by the
logarithmic law (3.20). By making an analogy with the wake flows [16], a correction term is added,

In(y*™) 21T . Y
+_ 2
Ur = e T osin TR (3.22)

where II is a constant.

In figure 3.8, example of the mean velocity U* (y™) measurements is shown for different values
of the Reynolds number Rey. The experimental results are in very good agreement with the
logarithmic law, illustrating the universality of the latter. However, as the momentum boundary
layer thickness increases, the viscous sublayer occupies a smaller fraction of the boundary layer.
DeGraaff and Eaton’s study [20] gives a very thorough analysis on non-equilibrium boundary-layer
scaling with the Reynolds number.

For the heat transfer part of the turbulent boundary layer problem, we focus on the equation
(3.10) and make the assumption that, sufficiently close to the wall, the left side of (3.10) becomes
negligible. With an approach analogous to the procedure used for the mean velocity profile, we
obtain the mean temperature profile (Bejan [5])

Pry*t if y* <ylsr
T = P + 3.23
PrygSL—i——rt In -7 if y* >yZ,SL ( )
k ygSL

According to Kays and Crawford [44], good agreement with temperature measurements is achieved
if Pry ~0.9, k~0.41 and y/q; ~ 13.2.
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3.2 Review of the numerical simulation methods for turbu-

lent flows

In what follows we will first remind the three numerical approaches one can use to simulate a
turbulent flow: RANS, LES and DNS. We only give a brief description of these, more details can
be found in Jarrin [37].

The most widely used and less costly approach for turbulent flow simulation is to simulate only
the averaged quantities. The decomposition of the flow motion into a mean and a fluctuating com-
ponent conducts to the Reynolds-Averaged Navier—Stokes (RANS) equations (equations (3.9) and
(3.10) for a boundary layer flow). The Reynolds stresses are expressed using classical turbulence
models allowing to close the flow problem.

Direct numerical simulation (DNS) of turbulent flow is the simulation of the Navier-Stokes
equations without modeling assumption. All the scales of the flow are resolved by the numerical
grid used. The difficulty of the DNS resides in the wide range of scales that needs to be simulated.
The size of the smallest structures in the near wall layer is proportional to the viscous length scale
v/ur. The constraint on the grid is therefore given by the smallest scale, imposing the use of a
non-uniform grid in the direction normal to the wall.

For turbulent flows at high Reynolds numbers, large-eddy simulation (LES) can be used to
simulate all the flow scales larger than the mesh size while using subgrids models to describe the
physics of the smaller scales. This allows for simulations less costly than the ones conducted with
the DNS. Nevertheless, for wall flows at high Reynolds numbers, the cost of computing the inner
layer exceeds by several order of magnitudes the cost of simulating the outer layer. In this case,
the cost of a LES is driven by the inner layer resolution requirement, making the computational
cost of LES similar to DNS (Jarrin [37]). Hybrid RANS-LES methods exist, aiming to overcome
the empirical default of the RANS models while making LES less computationally demanding.

Another issue of great importance is the specification of realistic boundary conditions, and,
especially, inlet boundary conditions. The prescribed inflow data at the inlet should be consistent
with the turbulence model chosen for the simulation. Except for the RANS, where only mean
profiles are needed, for LES and DNS simulations the specification of inflow data at the inlet plane
requires as specific care: in order to simulate turbulence, turbulence has to be prescribed at the
inlet plane. In the context of my thesis, a thorough overview of the literature on this subject has

been conducted and it is depicted in what follows.

3.2.1 Generation of inflow boundary conditions for a turbulent flow

The numerical simulation of a spatially developing turbulent flow is not straightforward. The
simplest way is to simulate the developement of the boundary layer from the laminar to the
turbulent regime. For example, Wu and Moin [107] propose a DNS of a nominally zero-pressure-
gradient flat-plate boundary layer with heat transfer, starting from the Blasius theory solution
at Regp = 80 continuously to a turbulent state of Rey = 1950. The computational domain size is
12750604, 225060y and 562.560 in the streamwise, wall-normal , and spanwise directions, respectively,
where 6 is the inlet boundary layer momentum thickness. The number of grid points along these
three directions is 8192 x 500 x 256, respectively. The same strategy is used by Zhao et al. in
[111]. The laminar Blasius profile is specified at the inflow boundary, and the laminar inlet is
located downstream of the leading edge of the flat plate where Rey = 80. At the inlet station,
periodically migrating isotropic turbulent blocks that were obtained from a precursor DNS of

homogeneous decay turbulence were introduced to trigger the laminar boundary layer to transition.
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Figure 3.9: Sketch of the Spalart’s approach to simulate a spatially developing boundary layer using
periodic boundary conditions. The graph is extracted from Spalart [95]. (solid lines) - streamlines;
(dashed lines) - coordinate lines.

The computational domain in each direction (L, x L, x L) is 63756y x 15000y x 3750y and the
corresponding numbers of grid points N, Ny, and N, are 4096, 512, and 128. As noted, this kind
of approach demands a high computational cost. Additionally, even if some strategies are used
to trigger the transition to turbulence, the physical time needed for the simulation to converge is
very long. To avoid these drawbacks, an inflow boundary condition can be imposed at the inlet;
the corresponding inflow has to be as close as possible to a turbulent flow.

All the existing inflow generation methods are based on the decomposition of the flow fields
into a mean component and a fluctuating component. Thus, the flow problem resumes to the
generation of turbulent fluctuations of zero mean. Depending upon the used approach, in principle,
it is possible to match the first and second moments of the fluctuations. However, imposing the
spectra or the appropriate phase information between the modes is found to be more difficult and
in some cases very costly. Nevertheless, without this structural information, inflow conditions are
not accurate and the flow is far from beeing realistic. It must therefore undergo an adjustment
distance, as the turbulent eddies are generated and evolve until the correct phase information
is established. This adjustment distance is one of the criteria for judging an inflow generation
method. Ultimately, the most efficient methods are those that allow giving as much structural
information as possible for a reasonable computationally cost.

A recent review proposed by Wu [106] summarizes the research activities on inflow turbulence
generation methods for computations of spatially developing turbulent flows, such as the synthetic
Fourier method [53], recycling/rescaling method [62], synthetic eddy method [38], and digital fil-
tering method [108], among others. Keating et al. [45] carried out comparisons of inflow conditions
for simulations of turbulent, wall-bounded flows. Inter alia, they give a plain survey of the exist-
ing methods for generating inflow conditions for the simulation of spatially evolving wall-bounded
flows. According to their paper, the latter can be divided into three major categories: the recycling

methods, the use of a precursor calculation and the synthetic turbulence methods.

3.2.1.1 The recycling methods

The difficulty to impose realistic turbulent inflow at the inlet plane made that early simulations
were often dedicated to temporally developing flows (homogeneous isotropic decay, shear layers,
mixing layers and plane channels) where one could use periodic boundary conditions in the flow
direction. This approach was then extended to simulations of spatially developing turbulent flows.
Spalart [95], for instance, performed DNS of flat-plate boundary layers using periodic boundary
conditions. In order to account for the thickening of the boundary layer he added source terms

to the Navier-Stokes equations. In this way, the equations are transformed into a self-similar
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Figure 3.10: Schematics of the recycling method.

coordinate frame, in which the flow is periodic. A schematic of this approach is shown in figure
3.9. Spalart’s method allows producing an equilibrium spatially evolving boundary layer and a
direct control of the skin friction and momentum thickness is possible. The phrase ’equilibrium
layer’ was used by Townsend [104] to mean a region of a boundary layer where the local rates
of energy production and dissipation are equal. DeGraaff and Eaton [20] gave a more applicable
definition: an equilibrium boundary layer is a wall-bounded flow where the shear stress distribution
is in equilibrium with the shear stress at the wall.

Returning to the recycling technique of Spalart, despite its robustness, it is complicated to
understand and to program. Additionally, it requires a special purpose flow solver as well as
external inputs for the streamwise gradients of mean flow variables.

Lund et al. [62] were the first to propose a more flexible version of the Spalart’s approach.
The modification is achieved by choosing to transform only the boundary conditions in the flow
direction, as opposed to the entire solution domain. The method consists of taking a plane of data
from a location several boundary-layer thicknesses dg9 downstream of the inflow, and rescaling the
inner and the outer layers of the velocity profiles separately, to account for the different similarity
laws that are observed in these two regions. The rescaled velocity profiles are then reintroduced at
the inlet (see figure 3.10). The exponents inner and outer are used to designate the inner and the
outer zone. The quantities extracted from the recycling station will be denoted by the subscript
recy and the ones imposed to the inlet plane will be marked with the subscript inlt. The technique
proposed by Lund et al. assumes the specification at the inlet plane of a velocity field decomposed

into a mean and a fluctuating part
i (Tintes Y, 2, 1) = Us(Tinie, y) + i (Tinie, Y, 2, 1). (3.24)
The flow is decomposed according to the inner and the outer zone of the boundary layer,
wi = ()™ 4 (@) ™) (=W @) + ()™ + (@)™ )W), (325)
where the weighting function W(n) is defined as
W) = - (1 + tanh (a(”_b)> /tanh(a)) , (3.26)
2 (I-20)n+b

The parameters « = 4 and b = 0.2 ensure that the function is zero at 0, equals to 0.5 for n = b
and equals to 1 when = 1. The choice for b = 0.2 corresponds to the limit of validity of the

logarithmic law.
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The mean flow is rescaled according to the law of the wall in the inner region

Uiinne'r(y-f-) _ uf(x)fl (y+) , (327)

and the defect law in the outer region

Ut (n) = Up — ur(2) f2 (n). (3.28)

The functions fi(y™) and f2(n) are supposed to be universal, which allows obtaining

T = Y Ureey (Yie), (3.29)
and
T = YUreey (Minit) + (1 = 7)Uss, (3.30)
where
v = 3:77”: (3.31)

The mean velocity at the recycle station U.ccy (y;;blt) is expressed as a function of y* and evaluated
at the inner coordinate of the mesh at the inlet. The same goes for the outer region. The scaling

for the vertical velocity writes

inner

init = Vrecy (y;lt)a (3.32)
and

V;(r)ﬁtter = V;"ecy (ninlt)~ (3.33)

The velocity fluctuations are decomposed using a similar reasoning, obtaining

(wh) o™ = YU ey (Uiorgs 2:t) (3.34)

and
(i) ome " = Yl ey (Mintes 2 1) (3:35)
This set of equations allows the reconstruction of the velocity field at the inlet plane of the do-
main, using the velocity field from the recycling station. However, this technique requires knowing
dg99 and u, for both stations, inlet and recycling. These two parameters are needed to compute
Y yjecy, Ninit and Mpeey. Additionally, Lund et al. [62] propose to estimate the ratio of the
friction velocities v using the momentum thicknesses,

")/ _ UT,iTth _ (91"602})1/(2(”_1))’ (3.36)

Ur recy ginlt

with n = 5. This expression is obtained using the standard power-law approximations for the
friction coefficient and the momentum boundary layer thickness (Schlichting [92]).

As often claimed in the turbulence literature (Pamies et al. [72], Spalart et al. [97], Ferrante and
Elghobashi [24]), the initial condition for simulations using this technique is of great importance.
If, for instance, the flow is initialized with random noise, without the adequate frequency content,
the fluctuations can be rapidly dissipated which will lead to the laminarization of the flow. Spalart
et al. [97] propose to first position the recycling station far away from the inlet plane. This allows
the turbulence to establish. Once the statistical quantities are converged, the recycling plane can
be located closer to the inlet plane in order to reduce the numerical costs. Liu and Pletcher [60]
propose a modification to the Lund’s method in order to overcome this drawback. The recycling
plane is dynamically positioned according to the downstream instantaneous field, using

X(t) = X(0) + min (X — X(0), aUyp max (0, (t — tp))) , (3.37)
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where X is the position of the recycling plane, X, is its final desired position, aUy, is the plane
convection velocity, and ty is the time at which the turbulent flow generated at the inlet plane
arrives to the coordinate X (0). This procedure allows having the recycling station in the region
where the turbulent structures are well developed.

At the moment, the recycling/rescaling methods represent the most reliable and robust solution
for the turbulent inflow generation problem. They allow a good control of the friction coefficient
and the boundary layer thickness. However, their use demands that the flow is at equilibrium in
order to apply the universality of the wall laws. This condition often translates by the use of an
auxiliary simulation, whose utility is only to generate the inlet conditions. Ferrante and Elghobashi
[24] used an auxiliary simulation, denoted as Code-A in their work, in which the method of Lund et
al. [62] is implemented. The rescaling process is repeated until a satisfactory solution is obtained.
At each time step, the velocity components on a vertical plane in the middle of the domain of Code-
A are stored and are used later as inflow boundary conditions for the main simulation, denoted
as Code-B. Although the recycling/rescaling method [62] is a powerful technique, Ferrante and
Elghobashi were not able to obtain satisfactory development of the turbulent velocity correlations
in Code-A for the DNS of a spatially developing boundary layer over a flat plate (in [62], the
method was tested using LES). They corrected this by initializing the flow in the rescaling region
using the method of Le et al. [53], which prescribes the Reynolds-stress tensor and the energy
spectra. Their technique is essential for sustaining the production rate of turbulent kinetic energy
near the wall throughout the domain. Additionaly, the recycling station is taken much closer to
the inflow so that the computational cost of generating the inflow data is reduced. The recycling
station is positioned at dg9 downstream of the inlet compared to 8Jgg in the original method. Their
results for a Reynolds number Rey = 1430 are in good agreement with the experimental data of
DeGraaff and Eaton [20].

A second drawback of this type of methods is the introduced spurious periodicity, as remarked
by Keating et al. [45], among others. The presence of this periodicity can be problematic if the
corresponding frequency is close to the one of a physical phenomenon that we want to study (see
Pamies [71]).

3.2.1.2 The use of a precursor calculation

The use of a precursor calculation, prior stored in a database, allows the specification of turbulent
data providing a reasonable degree of realism. The idea is to rescale a time-dependent set of data
in order to reproduce a velocity profile and turbulent fluctuations (see the work of Schliiter et al.
[93]). Usually, the data can be obtained using a RANS simulation.

This method is particularly attractive when the flow we want to simulate does not contain
an equilibrium zone where a recycling/rescaling procedure could be applied. From this point of
view, this technique can be adaptabted to any flow, independently of the Reynolds number value.
However, the acces to important storage capacities as well as the costly reading operations during

the simulation make this approach unappealing.

3.2.1.3 Synthetic turbulence methods

The last group of inflow generation methods is represented by the synthetic turbulence techniques.
They are based on the assumption that a turbulent flow can be approximated by reproducing a
set of low order statistics, such as the mean velocity, the turbulent kinetic energy, the Reynolds
stresses. However, higher order statistics such as the terms in the turbulent kinetic energy balance

equation (the rate of dissipation, the turbulent transport or the pressure-strain term) are not
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usually reproduced. Therefore, the synthetic turbulence represents only a crude approximation of
real turbulence. Additionaly, the synthetic turbulence might have a structure sensibly different
from the one of the real flow. If the structure of the turbulent eddies and their dynamics is
not accurately reproduced, then it is expected that the synthetic turbulence undergoes a transition
process before it redevelops towards a more physical state. The distance for the transition process is
called adaptation or adjustement distance and determines the performance of the method because
it fixes the streamwise length of the computational box devoted to the generation of realistic
turbulence.

The synthetic turbulence generation methods are numerous, in what follows we will discuss
only a few of them. For more details, the recent review of Wu [106] is recommended.

Lund et al. [62] propose a random fluctuation method designed to match a prescribed mean
flow and Reynolds stress tensor. Their idea is similar to the one proposed by Le et al. [53]. Three
sequences of random numbers @; are generated. They are conditioned so that each distribution has
zero mean, unit variance, and zero covariance with the other two distributions. The corresponding

fluctuations are computed using the Reynolds stress tensor via
up = Y aiiy, (3.38)
J

where the amplitude tensor a;; has the expression

Ry 0 0
Roy
ay=| u, V22— a3 0 : (3.39)
R VR3s —asia
i 32 21431 \/m
a1 a22

where R;; =< ujuj >.

In [62] it is shown that inflow conditions for a spatially developing boundary layer generated
using this technique lead to a laminarization of the flow up to a point where transition takes place
and realistic turbulence starts to develop. However, in their study, the boundary layer thickness
never grew at the correct rate (the domain length was 48399, and the friction coefficient never
reached a fully developed value).

To go further, Klein et al. [46] introduced a new approach for the generation of artificial velocity
data, based on digital filtering of random data. The objective was to remedy the lack of large-scale
dominance in the inflow data generated by the random data described above. In one dimension,

the velocity signal is defined by a convolution or a digital linear non-recursive filter

N
u'(j) = Y bar(j+mn), (3.40)
N

n=—

where b,, are the filter coefficients, N is connected to the support of the filter and r(j + n) is the
random number generated at point (j +n) with < r; >= 0 and < r;r; >= 1. It follows easily that

the two-point correlations between points j and (j + m) depend on the filter choice and read

N

< (G+m)>= > bubpm. (3.41)
n=—N+m

Jarrin et al. [38, 37] proposed a method, whose originality lies in the use of coherent structures,

with a random position in space and in time. The signal is then coupled to a prescribed second
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Figure 3.11: (a) Schematics of the partitioning of the inlet plane into P zones, proposed by Pamies
[71]. (b) Schematics of the distribution of different turbulent structures in a boundary layer in

fonction of the distance to the wall, extracted from Robinson [86].

order moments using the technique of Lund et al. [62], described above. The velocity fluctuations

are expressed by

3 NEg
i) = 3 a5 3 el (k=) (3.42)
j=1 k=1

where N is the number of coherent structures, €;;, are the random independent variables equal to
1 or —1 and f; is a normalized function accounting for the velocity distribution of the turbulent
eddy. x(t) is the position of the center of the structure k, convected through the flow using
Taylor hypothesis. The authors used this approach for a spatially decaying homogeneous isotropic
turbulence and a fully developed turbulent channel. Rawat et al. [81] used this method in an
auxiliary simulation of a spatially developing turbulent boundary layer meant to obtain inflow
data. Next, the stored planes were used as inflow data for the main simulation of a turbulent
boundary layer with bubbles.

Jarrin’s method was later modified by Pamies [71, 72] for the use on a LES of a spatially
developing turbulent boundary layer on a plate. They propose that the stochastic signal be modified
so that it can be split into several modes (see figure 3.11, with different time, length and velocity
scales and also with different vorticity contents. In particular, the random signal @; needed for the

Cholesky decomposition (3.38) is computed as a sum over the P zones of the inlet plane,

P
@ =), Ujp, (3.43)
p=1

where 0, corresponds to a normalized random sequence that has a compact support on the pth
zone. To each structure, time scale l;, as well as wall-normal [ and transverse [} length scales are

assigned. The velocity signal is therefore obtained by

ﬂ,(tyz):i 1 NZ(p)ekA. (t_tk_l;’)q,, (y_yk>\p, (Z_zk) (3.44)
I\ I p:l\/W Jp l; Jp l}?,)/ Jp &

p) k=1 p

The modified method is also able to generate randomly located turbulent structures, of customiz-
able sizes, celerity and geometrical shape. The boundary layer is populated with several types of
coherent structures: elongated streamwise vortices in the near-wall region and hairpinlike vortices

in the logarithmic layer. Pamies et al. [71] extracted information from the work of Jeong et al. [39)



64 3. TURBULENT BOUNDARY LAYER MODELING

that they used for the prescription of the geometrical shape of the structures at the inlet plane.
They found that their technique allows obtaining more realistically the distribution of scales in the
wall-normal direction. Also, they show that the specification of realistic modes for the buffer and

the logarithmic layers helps to reduce the spatial transient undergone by the synthetic inflow data.

Lund et al. [62]  Ferrante & Elghobashi [24]  Pamies et al. [71]

Rey 1400 — 1640 800 — 1500 3535
Grid points 100 x 45 x 64 256 x 96 x 256 -
Domain dimensions (10 x 3 X 7/2)8;n11 (10 x 3.6 X 5)dinit ~ (7.5 x4 x 2)8;n1
L} = 6400 - -
Lf =~ - -
L+ =960 - -
Grid resolution Azt ~ 64 Azt ~ 14 Azt ~ 44
Azt ~ 15 Azt ~7 Azt ~ 14
Ay:;w-n ~ 1.2 Ay;m ~ (.58 Ay;m ~1
- Ay:“-n ~ 34 -
Time step At 2v/u? 0.15v /u? 0.000966;,1/Uss
Time of turbulence statistics 14000;14/Uss 26000;5,1t/Uso 30000;1t/Uss

Table 3.1: Description of numerical cases overviewed above for a turbulent boundary layer.

All in all, the synthetic turbulence generation methods allows imposing a distribution of time
and space scales with a good degree of realism. In addition, this kind of techniques can be imple-
mented directly as an inflow condition, at a certain distance upstream the region of study, without
the need for a careful flow initialization. This distance translates the capacity of the approach
to produce a turbulence containing realistic statistical and temporal informations. Unfortunately,
as stated by Keating et al. [45], even the most complex procedures for synthetized turbulence
can involve large adaptation distances, superior to the ones demanded by the recycling/rescaling
techniques. Nevertheless, these methods do not induce spurious periodicity, making them more
appealing. In table 3.1 the reader can find a description of some of the numerical cases overviewed

above. Especially, the domain dimensions as well as the grid resolution are given.

3.2.2 Selection criteria

The choice of the method used for the generation of inflow data can be made taking into account

the following parameters:

e the adaptation distance which drives directly the computational domain streamwise length.
It depends, on one hand, on the capacity of the technique to generate a turbulence fairly

realistic and on the other hand, on the level of realism the user expects.

e the integrability of the inflow condition represented by the need of a careful flow initialization,

the compatibility of the method with the physical frequencies in study etc.

e the degree of empiricism which indicates the quantity of informations the user has to provide.
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e the computational cost.
e the complexity of the implementation.

An assessment of the methods described in the previous section is given in table 3.2, in ac-
cordance to the selection criteria presented above. The symbol '+’ signifies that the method is
particularly performing for the concerned criterion. On the contrary, the symbol '—’ translates

that the criterion represents a drawback for the corresponding method.

Recycling/rescaling methods

Spalart [95] Lund et al. [62] Liu and Pletcher [60]

Adaptation distance + (12d99) + (8d99) +
Integrability - - =+
Degree of empiricism + + -
CPU cost - + _
Complexity - - -

Synthetic methods

Lund et al. [62] Klein et al. [46] Jarrin et al. [38] Pamies et al. [72]

Adaptation distance - (20d99) - - (24d99) + (7.5899)
Integrability + + + +
Degree of empiricism + + - -
CPU cost + - - _
Complexity + + + +
Hybrid methods
Keating et al. [45] Ferrante and Elghobashi [24]

Adaptation distance - (20d99) + (8.25099)

Integrability + -

Degree of empiricism + +

CPU cost - -

Complexity + ,

Table 3.2: Comparison between the overviewed methods for generating turbulent inflow data
(Pamies [72]).

As already stated, the synthetic methods demand a fairly long adaptation distance. For the
method of Pamies [71], the information is misleading, note that the outlet of the domain is located

at the end of an additional box placed after the main box. In this box, mesh cells are stretched in the
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streamwise direction so that turbulent fluctuations are progressively damped. On the other hand,
this type of method is straightforward to implement, does not need a careful flow initialization
and does not create nonphysical frequencies. However, the prescription of turbulent information
is needed and can be a constraint.

The recycling methods demand a lower CPU cost and the adjustment distance is more reason-
able. Nevertheless, their integrability and their complexity represent major drawbacks in compar-
ison with the synthetic turbulence techniques.

Last but not least, the configuration under study (boundary layer blown by a vertical velocity
induced by the liquid/vapor phase change) will not be at equilibrium. Therefore, the use of a
recycling /rescaling approach will be possible only if an auxiliary simulation is considered for the
generation of the turbulent inflow data.

After thoroughly analyzing all of these arguments we decided to use the synthetic eddy method
of Jarrin [38] to generate the inflow condition for the simulation of the spatially developing bound-
ary layer on a flat plate. Additionally, Rawat et al. [81] showed an excellent adjustment of this

method for a turbulent boundary layer simulation.

3.2.3 Generation of inflow boundary conditions for a turbulent bound-
ary layer with heat transfer

In what follows, we will give a survey of the existing techniques for the simulation of turbulent
boundary layer flows with heat transfer. The thermal field can be treated as a passive scalar
field. The concept of passive scalars and thermal fields is equivalent only under the following
assumptions [2]: the temperature difference in the thermal boundary layer is assumed small, the
buoyancy effects and temperature dependence of material properties are negligible.

As seen for the dynamic turbulent boundary layer, performing simulations requires time-varying
realistic thermal turbulent data at the inlet of the computational domain. The first DNS study
of turbulent boundary layers was performed by Bell and Ferziger [6]. They use the fringe concept
of Spalart and Watmuff [96] to convert the nonperiodic inflow/outflow boundary conditions to
periodic ones. In their study, they use isothermal wall condition for an extent of momentum
thickness Reynolds number from 300 to 700 and values of the Prandtl number equal to 0.1, 0.71,
and 2.

The recycling/rescaling method of Lund et al. [62] was extended to thermal inflow by Kong et
al. [49]. As in the original method [62], the authors use a single scale along the entire boundary
layer for the rescaling processes of the thermal field: the friction temperature ©.. They show that
the behavior of the wall-normal heat-flux is similar to that of the Reynolds shear stress indicating
close correlation between the streamwise velocity and temperature.

Hattori et al. [31] employ the inflow generation method ([62], [49]) to investigate the effects
of buoyancy on the near-wall region of stable and unstable turbulent thermal boundary layers.
Their computational domain was composed of two parts: the driver part and the main part. In
the driver part, a zero-pressure-gradient flow with an isothermal wall and without buoyancy effect
is generated and used as the inflow boundary condition for the main simulation. In the main
part, stable boundary layer and unstable boundary layer are simulated. They concluded that the
structure of near-wall turbulence was significantly altered by thermal stratifications caused by the
weak buoyant force.

Araya and Castillo [2] propose a modification to the recycling/rescaling method [62, 49] for an
adverse-pressure gradient turbulent boundary layer with heat transfer. Their modification consists

in using scaling laws obtained by performing a similarity analysis over the governing equations
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in the inner and outer regions of the boundary layer. This allows the assimilation of streamwise
pressure gradients. Additionally, the auxiliary domain that generates inflow turbulent information
in [62] is eliminated and the principal domain produces its own inflow conditions at every time

step by rescaling the solution downstream.

Kong et al. [49] Araya and Castillo [2] Li et al. [58]
Rey 300 — 430 1940 — 2300 1100 — 1940
Grid points 352 x 64 x 128 400 x 150 x 125 4096 x 512 x 128
Domain dimensions (22 x 3.4 x 4.5)0;m1 (11 x 3.3 X 1.75)0;1¢ (464 x 109 x 27)0;1¢
L+ = 3203 L+ = 8800 :
L;‘ = 608 L;‘ = 2640 -
L = 666 Lt =1375 ;
Grid resolution Azt ~9.1 Azt ~ 22 Az ~ 5.36
Azt ~5.2 Azt ~ 11 Azt ~9.98
Ayt ~0.19 Ayt ~0.5 Ayt ~0.62
Ayt. ~25 Ayt ~12 Ayt ~26.1
Time step At 0.38v /u? 0.44v /u? 0.0570;11/Uso
Time of turbulence statistics 17000;51t/Uos 14600,/ Uso 342001t /Uso

Table 3.3: Description of numerical cases overviewed above for a turbulent boundary layer with

heat transfer.

Li et al. [58] run an auxiliary computation to obtain the inlet flow; instantaneous fluid velocity
and temperature fields were extracted at the location Rey = 1100. The precursor data was then
used to perform DNS of turbulent thermal boundary layer for a momentum thickness Reynolds
number = 1100—1940 with Pr = 0.71. They have observed a strong correlation between streamwise

velocity and temperature fluctuations near the wall.

Simulation of turbulent boundary layer with heat transfer has been done either with methods
based on the recycling/rescaling method [62, 49] or in a domain were the transition from laminar
to turbulence is triggered in some way [107, 59, 111]. In table 3.3 the corresponding parameters
(when avalaible) of some of the overviewed works are shown. Attention is drawn to the values of
the mesh resolution in the wall-normal direction; the minimum value of the Ay* is around 0.5, or

smaller, in order to solve the viscous sublayer.

Given the order in which the present work was conducted, some preliminary simulations have
been conducted only for the dynamic boundary layer. To this extent, as mentioned in the previous
section, the synthetic eddy method of Jarrin [38] has been used and therefore implemented in the
code DIVA. The implementation of a new method of inflow generation would have been undue.
For this reason, an extension of the synthetic eddy method for the thermal boundary layer has
been proposed during this thesis. The mentioned method as well as the proposed extension are
further described in detail.
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Figure 3.12: Box of edies around the inlet plane. The figure is extracted from Jarrin [37].

3.3 Synthetic Eddy Method (SEM)

3.3.1 Basic equations of the SEM

The synthetic eddy method (SEM) allows to generate a velocity signal with prescribed first- and
second-order moments in a three-dimensional virtual box. This operation, already proposed in
[62], uses the Cholesky decomposition a;;(y) of a prescribed Reynolds stress tensor R;;(y) to
assign second-order moments to a normalized stochastic signal @;(x,vy, z,t) superimposed to a
mean velocity w;(y),

ui(z,y,z,t) = Ui (y) + Zaijdj (x,y,2,t), (3.45)

J

with: @;(z,y,z,t) - a centered random sequence with unit variance (var(a;(z,y, z,t)) =< @3 >= 1)
and zero covariance (covar(ii;(z,y, 2,t)) = /< 43 > = 0).

The inlet plane = 0 is defined by a finite set of points S = {x1,x2,...,xs;x = (0,4, 2)} on
which the synthetic velocity fluctuations will be generated with the SEM. We assume that the
mean velocity U;, the Reynolds stresses R;; and a characteristic length scale of the flow o are
avalaible for the set of points considered.

The first step is to create a box B which contains the synthetic eddies. The dimensions of the

box are chosen in such a way that all the points in S are surrounded by eddies,

B = {‘TzE = (anyEsz) eR?: xfmin < sz < xiE,maw ) (346)
where zf, ;,, = min (zf — o(xg)) and 2f, ,, = max (2] + o(xg)). Figure 3.12 shows the inlet

plane surrounded by the virtual box of eddies B, of volume Vg.
The velocity signal generated by the IV eddies is expressed by

_ 1Y
U(y, z) = N Z €k fo(x) (X - xkE) ) (3.47)
k=1

where xkE are the locations of the NV eddies, ¢; ; are independent variables taken from any distri-

bution with zero mean and unit variance. We choose ¢; , € {—1, 1} with equal probability to take



3.3. Synthetic Eddy Method (SEM) 69

one value or the other. The velocity distribution of the eddy located at x,’f is represented by the
function f,. It is assumed that the differences in the distributions between the eddies depend only
on the length scale o,
o= Vot () (1) (22, (3.45)
o o o

The shape function f is common to all eddies. The latter has the compact support [—o, o] and
has the normalization sz f?(x)dx = 1. The multiplying factor Vo=3 assures the normalization
condition.

The position of the eddies x£ before the first time step are independent from each other and
taken from a uniform distribution.

Finally, the different steps in the generation of a velocity signal with the SEM are as it follows:

1. Estimate all the necessary input data (U;, R;; and o) on the set of points S.
2. Define the virtual box B where the eddies will be generated using (3.46).

3. Generate for each eddy k two random vectors XE and ¢; ;, for its location and its intensity,

respectively.

4. Compute the velocity signal on the set of points S by the use of (3.48). In all simula-
tions carried out in this thesis a tent function has been used for the shape of the velocity

flx) = { Vi laD). ol <1 (3.49)

0, otherwise

distribution,

5. Compute, at each time step, the velocity field using (3.45).

6. Convect the eddies though B with the characteristic velocity U, = {4 U(x)dx,
xE(t + dt) = xE(t) + U,dt, (3.50)
with dt - the time step.

7. Generate new locations and intensities for eddies which were convected outside B. Advance

to next time step and go back to step 4.

3.3.2 Preliminary validation of the SEM
3.3.2.1 Simulation of instantaneous signals

After implementing the SEM following the steps described in the previous section, a preliminary
validation was conducted by first simulating instantaneous signals of synthetic isotropic turbulence.
This validation configuration is extracted from the thesis of Jarrin [37].

Isotropic synthetic fluctuations are generated on a two-dimensional plane with the SEM. The
dimensions of the (Oyz) plane are 27 x 27w. A mean velocity in the streamwise direction U = 10
m/s and fluctuating velocities u; = 1 m/s are imposed. The length scale defining the radius of
each eddy is constant and has the value 0 = 0.5 m. The number of eddies generated in the virtual
box is N = 1000. The mesh grid employed for the two-dimensional domain is 128 x 128.

Figure 3.13 shows the temporal evolution of w, v and w recorded at point (y,z) = (m,7)
and instantaneous contours of u, v and w on the two-dimensional plane. The obtained signal is

stationary in time and homogeneous and isotropic in space, as expected.
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Figure 3.13: Simulation of instantaneous signals for a THI. Time evolution and velocity field of u,
v, and w from top to bottom.

Figure 3.14 shows the time convergence of the time averaged mean velocity, the Reynolds
stresses, the skewness and the flatness of the SEM simulated signal at a point (y,z) = (m, 7).
The velocity derivatives skewness S and kurtosis or flatness F' represent the normalized velocity-

derivative moments of order 3 and 4, respectively:

_ (Qui/dwy))

97 U Pufoz, P (3:51)
and .
Fij = ((Qui/0x;)") ' (3.52)
{(Oui/0x;)*)?

The skewness allows to have a measure of the symmetry of the velocity distribution while the
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flatness defines the "spreading" of the distribution field. For example, for a Gauss distribution,
the flatness equals to 3 while the skewness is zero.

The obtained statistics converge towards the imposed values,
<u>=Uy, <upuj>= uZ,, 50, (3.53)

where §;; is the Dirac distribution and urms = 4 /< u;u; > is the rms velocity. Jarrin demonstrates

in [37] that for the present configuration, the target values of the skewness and flatness are
Su; =0, F,, =4.1. (3.54)

The skewness and the flatness demand further averaging to be fully converged.

r 2
10* <u>
[ 1.5
8:— <u'u'>
i A1
A 6l o
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Figure 3.14: Time evolution of the time averaged velocity < u; > (top left), the Reynolds stresses
< u;u; > (top right), skewness (bottom left) and flatness (bottom right) at a point (y, z) = (7, )
for the simulated SEM signal.

The time-averaged two-point correlations in the y-direction of the three velocity components are
illustrated in figure 3.15. The expression of the two-point correlations of the velocity fluctuations
writes

Rij(x,r) =< u (x, t)u;-(x +r,t) >, (3.55)
where r = (r1,7r2,73) is a vector defining the relative positions between the two-points at which
the velocity correlations are computed. In [37], Jarrin demonstrates that given the formulation of
the SEM, and for x = 0, the following expression can be found for R;;(0,r,0),

3 -
Rij(r) = Ri; [ [[f * ] (;) : (3.56)

=1
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where 'x’ denotes the convolution product. The obtained evolutions for the three time-averaged
two-point correlations are therefore coherent; a maximum value of 1 for r = 0 and a decreasing

evolution towards zero, attained at ~ r = 1.

0.8}

0.6

R,,(0,r,0)

0.4}

0.2}
R, (0,r,0)

Figure 3.15: Two point correlations in the y direction for the velocity components of the simulated
SEM signal.

3.3.2.2 Homogeneous isotropic turbulence

A second validation study for the implemented SEM was conducted for the simulation of spa-
tially decaying homogeneous isotropic turbulence (HIT). This configuration allows to verify that
the coherent structures generated using the SEM evolve towards a turbulent flow. Most works
involve temporal decaying HIT ([46], [1]), where the computational domain is filled with turbulent
fluctuations and their evolution in time is recorded. The spatially decaying HIT assumes a rough
initialization of the field. The turbulence is imposed as an inflow boundary condition at the inlet
plane. Synthetic turbulent fluctuations are superimposed on the mean velocity, non-zero only in
the streamwise direction. The spatially evolution of the coherent structures is studied.

The computational domain has the dimensions I, x I, x I, with I, =1, =1, = 1 m. Periodic
boundary conditions are imposed in the normal y and spanwise z directions. At the inlet plane,
we prescribe turbulent fluctuations obtained with the SEM superimposed to the streamwise mean
velocity U = 0.2 m/s. At x = I, an outflow boundary condition is imposed for the velocity field.
For the pressure, the boundary conditions in the streamwise directions are: a Neumann condition
0p/dz = 0 at © = 0 and a Dirichlet condition p = 0 at z = I,. The velocity field is initialized by
superimposing on the mean field of random fluctuations of maximum value 0.1U.

The turbulent Reynolds number Re; imqy = Urmso/v one can simulate depends on the used mesh
grid, as will be further explained. The minimum value for the Kolmogorov scale [; corresponds
to the grid dimension Az = I,/(n, — 1). On the other hand, the first Kolmogorov hypothesis
states that for a HIT the dissipative structures are entirely described by the kinematic viscosity v
and the dissipation rate e. This leads to the following relation between the length scale o and the

Kolmogorov scale Iy,

3 3

e = drms _ Uk (3.57)
g lk

where wuj is the Kolmogorov characteristic velocity. Furthermore, the Reynolds number based on
the Kolmogorov scales has to be 1, which leads to

up = 2. (3.58)
Iy



3.3. Synthetic Eddy Method (SEM) 73

0.001
0.0008
(\'j_|
w
<> 0.0006
E
¢ 0.0004
[ T =50 s
0.0002 — — - T =100 s
I =—«=—-= T =200 s

L TR T
0 0.2 0.4 0.6 0.8 1

07”‘|H|

x [m]

Figure 3.16: Spatial evolution of the turbulent kinetic energy in the x direction for a spatially
decaying HIT at a turbulent Reynolds number Re; = 43.7.

Injecting this expression in the dissipation rate relation we obtain

7 _ R, (3.59)

Ik
For this study, the value for the length scale is o = [,;/15. The argument for this choice is that it
allows to generate enough vortices in order to have converged statistics (see Alis [1]).

The Kolmogorov and the length scales being fixed, the equation (3.59) gives the maximum
turbulent Reynolds number not to be exceeded for a certain mesh grid. The rms velocity t,.,s can
then be computed.

In the present study we have used the mesh grid 256 x 256 x 256. This implies a turbulent
Reynolds number of Re; = 43.7 with the characteristic length scales ¢ = 0.067 m and [, =
3.91-107° m and a rms velocity s = 0.0262 m/s.

All the necessary parameters have now been defined. For the study of the spatially decaying
HIT at Re; = 43.7 we have investigated three criteria: the spatially decrease of the turbulent kinetic
energy, the skewness and the flatness coefficients of the turbulent fluctuations. The statistics are
computed using a space (in the y and z directions) average and a time average. For each quantity,
a time convergence study has been conducted.

Figure 3.16 shows the evolution of the turbulent kinetic energy k' for different times of simu-
lation. The time convergence is acquired for T" = 200 s. At the inlet plane, the turbulent kinetic
energy converge towards the imposed value k' = %ugms = 0.00102 m?/s2. The kink on all &’
profiles from z = 0 to x = 0.1 is most certainly a numerical artifact.

For a HIT, the skewness and the flatness are calculated as the one-third of the trace of the

corresponding tensors defined in the previous section (equations (3.51) and (3.52)),

1 1
§=3Tr(S), F=Tr(F). (3.60)

In the textbook of Pope [76] it is shown that S and F' are not constant, but increase with
Reynolds number. Measurements of the flatness increase from F' ~ 4 in low-Reynolds-number
grid turbulence to F' ~ 40 at the highest Reynolds numbers measured. For a Reynolds number

Re; < 50, the flatness is in the interval 3 < F' < 4. For this range of flatness values, the skewness
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Figure 3.17: Spatial evolution of the skewness and the flatness for a spatially decaying THI at a
turbulent Reynolds number Re; = 43.7.

is —0.5 < S < —0.4. The spatial evolutions of these quantities are plotted in figure 3.17. It can be
observed that the flatness demands further averaging to be fully converged.

The skewness and the flatness reach values that are at the limit of their corresponding range
interval. Better results could certainly be obtained if the length in the streamwise direction was
increased. Indeed, in comparison to the temporal decaying HIT, the spatial decrease demands a
greater length in the streamwise direction. In the left of figure 3.18, the vorticity field obtained with
the configuration presented above is plotted. The picture from the right of figure 3.18 corresponds
to a length two times higher in the streamwise direction and using a coarser mesh grid 256 x
128 x 128. For this second case, the decrease of the turbulence is unequivocal. Nevertheless, the
computational cost to simulate this configuration for the correct mesh grid 512 x 256 x 256 are fairly
important. Additionally, the results obtained for the computation domain 1 x 1 x 1 are in very
good agreement with the reference values. It has therefore been shown that the SEM allows the
simulation of a spatially decaying HIT. We will further describe its configuration for a turbulent

boundary layer flow.

Figure 3.18: Vorticity magnitude field for a spatially decaying HIT at a turbulent Reynolds number
of Re; = 43.7 for two computational configurations: left - a box 1 x 1 x 1 and 256 x 256 x 256;
right - a box 2 x 1 x 1 and 256 x 128 x 128.
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3.3.3 Configuration of the SEM for a turbulent boundary layer flow

The SEM was originally used in [38] for the simulation of a spatially decaying homogeneous isotropic
turbulence and of a fully developed turbulent channel flow. In this section the configuration of the
SEM for the simulation of a spatially developing turbulent boundary layer flow on a flat plate is
presented.

The use of the SEM demands first of all the knowledge of the input data u;, R;; and o.
Furthermore, the friction velocity u, and the boundary layer thickness dgg9 are also necessary
for the processes of dimensionalization of the inflow data and the nondimensionalization of the
obtained results.

Jimenez et al. [40] propose a full database for three momentum thickness Reynolds numbers:
Rey = 1100, 1551, and 1968. In the context of my thesis, only the database for Rey = 1100 was
used for computational cost reasons.

In addition to the dimensionless averaged statistics, Jimenez et al. also give the values for the
friction velocity w, = 0.0462 m/s, the boundary layer thickness dg9 = 2.7568 m, the displacement

thickness 0* = 0.45 m, the momentum thickness § = 0.3143 m and the Reynolds number computed

0
for the friction velocity Re, = Ur99 _ 445. The information that can be extracted from this data
v
are
. . . . —4 2 ’LL7—599
- the kinematic viscosity, v = 2.85911 - 10~* m?/s from v = Te
er
. vRey
- the free-stream velocity, Uy, = 1 m/s from Uy, = T
2\ 12
- from u, = (0 , if p = 0.426 kg/m3 then one can deduce the wall friction shear 75 =
P
u2 = 2.13444 - 1073 kg/m/s>.
The length scales ¢ = (04,0,,0,) define the size of the generated eddies. As outlined in

section 3.2.1.3, the specification of length scales close to the ones found in real turbulent flows
is of great importance (Pamies et al. [71]). In this work, we considered isotropic length scales,
oy = 0y = 0, = o(y), that varies with the wall-normal direction y based on Prandtl’s mixing-
length hypothesis (Bejan [5]), i.e. o(y) = Ky, where £ is the von Karman constant. However, due
to the grid stretching in the wall-normal direction, close to the wall, the eddy becomes too small to
be discretized in spanwise and streamwise directions. Therefore, the size of the eddies is calculated
using

o(y) = max (ky, A) (3.61)

where A = max (Az, Ay, Az). The generated eddies are convected throughout the box B using
the mean of the averaged velocity at the inlet plane U. = ({4 u(y)dydz)/(lyl.).

3.3.4 Extension of the SEM for a thermal boundary layer

We describe here the proposed extension of this method for a thermal boundary layer inflow
generation. The approach for generating a temperature signal O follows exactly the same steps

detailed in section 3.3.1. The temperature imposed at the inlet plane writes

T(y,z,t) = T(y) + Orms (y)é(yv z,t), (3.62)

where 0,.,s = V< 62 > is the rms temperature.
The mean temperature T and the rms temperature 6,.,,s have to be specified at the inlet plane.

To avoid an increase of the computational cost due to a change in the computational domain
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dimensions (Pr < 1) or a more refined grid (Pr > 1), during all the simulations for this study, the
Prandtl number was taken to be Pr = 1. This means that the thermal and dynamic boundary
layers have the same thickness.

The survey of the literature on turbulent boundary layer flow with heat transfer presented in
section 3.2.3 showed that the existing works were in general for momentum thickness Reynolds
numbers of less than Reyp = 1100. Additionally, no database with all the necessary information
was found.

Much attention has been paid on the similarity between the temperature and streamwise veloc-
ity. Perry and Hoffman [74] carried out experiments of a turbulent boundary layer developing on
a heated uniform-temperature plate. They showed that the characteristics of momentum and heat
fluxes are very similar to each other. Iritani et al. [36] showed that the feature of the temperature
field near the wall is very similar to that of the velocity in the viscous wall region.

For these reasons, we decided to use the same database proposed by Jimenez et al. [40], making
the assumption on the equivalence between the streamwise velocity and the temperature field. For
this reason, the temperature equation (1.13) is transformed using a reduced temperature field
defined by o

7 — L
T = T (3.63)
where T € [0,1].
The dimensionalization of the input data obtained from [40] is done using

- @%7 (3.64)
and o
AR (3.65)
In the context of this thesis, Pr ~ 1 and ey = ey (= Pry = 1), which leads to (Bejan [5])
T
0 = 5 (3.66)

given that T — Ty = 1.
For simplification reasons, hereinafter, the reduced temperature will be noted without the tilde,
T=T.

3.4 Inlet plane statistics obtained using the SEM

The implemented SEM was validated for the simulation of instantaneous signals of synthetic
isotropic turbulence as well as for a spatially decaying HIT in section 3.3.2. After configuring
the SEM for a turbulent boundary layer, we have first made some verifications on the inlet inflow
data calculated using this approach. The objective is to make sure that the mean and rms fields
of the SEM inflow is equal to the prescribed Jimenez data [40]. Different parameters can influence
the performance of the SEM at the inlet plane: the number of eddies N, the length scale o, the
mesh resolution in the wall-normal direction and the physical time over which the statistics are

averaged. All these will be discussed in what follows.

3.4.1 Computational configuration

For this preliminary study, we have considered a box of dimensions (3.6 x 3.6 x 3.6)d;,1, where

d;ni¢ is the boundary layer thickness at the inlet plane equal to 2.7568 m. Different mesh grids as
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well as different values for the number of eddies IV are used in order to study their corresponding
influence, as further explained. These configurations are described in table 3.5.

Periodic boundary conditions are imposed in the spanwise y-direction for the velocity com-
ponents and the temperature. The no-slip boundary condition for the velocity components and
Neumann condition for the pressure, as well as a Dirichlet condition for the reduced temperature,

are imposed at the wall boundary,

» _

T=0 at y=0. .
3 0, 0 at y=0 (3.67)

u=v=w=0,
Neumann conditions for the velocity components, the pressure and the reduced temperature field
were imposed at the free-stream boundary,

ou ow op or

—— =0, v=0, =
v 2y

-— =0 at =1,. 3.68
ay ay ’ a Yy Yy ( )

At the outflow plane = = [, the following conditions were prescribed for the velocity components

%4—%—&-%:0, Z—;-ﬁ-%:O, and %+%:O' (3.69)
A zero value for the pressure p = 0 and a Neumann condition for the temperature 07 /0x = 0 are
also imposed at the outflow =z = [,.

At the inflow plane, the described SEM is used to impose the velocity and temperature profiles.
A zero-gradient dp/0x = 0 is prescribed at x = 0.

The velocity and the temperature fields are initialized with the mean profile obtained from
Jimenez et al. [40]. Random fluctuations are superimposed, with a maximum amplitude of 10%
of the mean profile.

Note that the post-processing is done at the inlet plane x = 0. The statistics are averaged
in time and in the z direction. For each configuration, former time convergence studies have
been conducted in order to determine the time of simulation at which the averaged statistics are

converged (see Appendix B.1).

3.4.2 Computational constraints

Before discussing the results obtained at the inlet plane, we consider of great importance to detail
the different computational constraints encountered during this work.

The in-house code DIVA has been described in section 1.3. The resolution of the pressure
equation as well as the temperature field is done using a Black Box MultiGrid method. This
solver performance has greatly been demonstrated for configurations where uniform grids and
computational domains of equal dimensions [® are used [22, 63]. Nevertheless, during my thesis,
it has been found that the solver performances are deteriorated for simulations using non uniform
grids and/or high aspect ratio for the domain or the grid dimensions. This represents a limitation
of the current solver to investigate thoroughly the DNS of turbulent boundary layer.

We will further show these limitations by investigating the BBMG solver performances on
configurations with different aspect ratio, for the simulation of a turbulent boundary layer flow on
a flat plate.

Let it be & = max(l;/ly,15/1,1,/1.) the maximum aspect ratio for the computational domain
dimensions and ¢, = max(Ax/Ay, Az/Az, Ay/Az) the maximum aspect ratio for the mesh grid.
In table 3.4 the number of iterations needed to solve the pressure equation is given, for different

configurations. The configuration & = 4 or £ = 8 is representative of a computational box 4 or 8
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times longer in the streamwise direction. The value £, = 1 corresponds to an uniform mesh grid
while &, ~ 8 or £, ~ 17 represents a non-uniform mesh grid in the y direction.

It can be observed that, when the aspect ratio, & or {,, is increased, the number of iterations
in the BBMG solver is also considerably increased. The use of a computational domain 8 times
longer than a [, = [, = [, domain, implies a time cost multiplied by 8 for a non-uniform grid.
Additionally, if one wants to refine the mesh in the y direction in order to capture the smaller
eddies as well as go further in the viscous sublayer, the limit value for the aspect ratio is around 8.
For higher values, the number of iterations increases drastically. Additionally, a reduction of the
time step is needed to ensure the stability of our simulation.

These computational constraints due to the used solver will impact our work and results, by

limiting the resolution of the boundary layer.

gl =1 & =4 fl =38
fg:1 55“’8 £g~17 fg:1 59“’8 fgzl §9~8
BBMG nb. of iterations 10 45 204 (At/Q) 45 65 310 370

Table 3.4: Computational constraints due to the BBMG solver used for the resolution of the
Poisson equation for the pressure. The number of iterations needed for the resolution of the
Poisson equation for the pressure for different configurations. The configuration (§ = 1, , = 1) is
representative of the box (3.6 x 3.6 x 3.6)d;,;; and the uniform mesh grid 128 x 128 x 128.

3.4.3 Mesh grid and number of eddies influence onto the inlet statistics

The structural information of the boundary layer is varying in the wall-normal direction. In tables
3.1 and 3.3, it has been shown that the minimum size of grid close to the wall should be around
Ayt = 0.5 for a DNS. Nevertheless, given the computational constraints explained in section
3.4.2, we only went to Ay . = 1.55.

Table 3.5 exposes the different configurations used for the discussion on the mesh grid and
number of eddies influence onto the inlet plane obtained statistics. The key parameters in this
discussion are the time cost per 8 s simulation t.,s; and the convergence time of the turbulent
statistics Tg,.

Some trends emerge from table 3.5. Increasing the mesh refinement induces an increase of the
time cost while lowering the convergence time. Eddies multiplication in the virtual box does not
entail the same increase in the time of simulation for each mesh grid. For a coarse mesh (C.1), an
increase of 10 times in the number of eddies induce an increase of 6 times in the time cost, while
for a more refined mesh (C.2), the ratio is only of 2. The time of convergence is highly influenced
by the number of eddies and the mesh grid. Indeed, if the virtual box is poorly populated, then
the averaged statistics need a much longer time to attain convergence. Last but not least, when
increasing the number of eddies N, for a refined mesh grid (C.2), a reduction of the time step is
needed in order to ensure the stability.

First, we have conducted a study allowing to determine the number of eddies N needed to
obtained the expected statistics at the inlet plane. The obtained evolutions are plotted in figure
3.19. For the coarse grid 64 x 64 x 64, the value of N = 4000 is sufficient. When the mesh grid
is refined to 128 x 128 x 128, besides enabling a deeper resolution into the viscous sublayer, we

observe that some of the statistics are under- or overevaluated.
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Mesh Nb. eddies (N) teost [P Tew 8]

(for 8 s job)

C.1.1 4000 ~ 0.09 ~ 960
64 x 64 x 64
C.1.2 8000 ~0.1 ~ 480
Azt = Azt ~ 25
Ay:r_nn =31
C.1.3 16000 ~ 0.15 ~ 240
AYtaz ~ 40
O':’Lin ~25
C.14 40000 ~ 0.55 ~ 240
C.2.1 4000 ~3 ~ 480

128 x 128 x 128

C.2.2 8000 ~5 ~ 240
Azt = Azt ~ 126 (At/2)
Ayt =1.55
C.2.3 e 16000 ~5.2 ~ 120
(At/2)
ot ~12.6
C.2.4 40000 ~ 6 ~ 120
(At/2)
C.3.1 128 x 64 x 128 4000 ~ 0.8 ~ 480

Azt = Azt ~ 126

Ayl =31

C.3.2 Ayt~ 40 40000 ~14 ~ 120

or. ~126

min

Table 3.5: Configurations used for the discussion on the mesh grid and the number of eddies

influence onto the inlet statistics. I is the smaller length scale captured with the corresponding

s,min

configuration. t.s; [h] is the time cost for a simulation of 8 s. Ty, [s] is the time of convergence

for the turbulent statistics. Each simulation has been conducted using 8 processus.

The number of eddies has to be increased 10 times in order to obtain the prescribed statistics,

except for the rms velocity in the spanwise direction, w Indeed, the mesh refinement used

rms*

here does not suffice to obtain the prescribed w; .. Nonetheless, an improvement can be observed

rms*

when the mesh is refined, as it can be observed in figure 3.20.
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(a) 64 x 64 x 64 (b) 128 x 128 x 128

(c) 128 x 64 x 128

Figure 3.19: Inlet plane statistics evolution with the wall coordinate, for different values of number
of eddies N. Each curve is plotted after the corresponding T,. (black line) - Jimenez data [40];
(a) - N =4000 ; (¢) - N =8000; (m) - N = 16000; (») - N = 40000;
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Figure 3.20: Inlet plane statistics evolution with the wall coordinate, for different mesh grids. Each
curve is plotted after the corresponding T,. (black line) - Jimenez data [40]; (m) - 64 x 64 x 64,
N = 4000; () - 128 x 128 x 128, N = 40000; (») - 128 x 64 x 128, N = 40000.

It is interesting that the mesh refinement in the three directions 128 x 128 x 128 or in the =
and z directions 128 x 64 x 128, have the same influence. Indeed, the number of eddies has to be
increased for both cases and, as it can be remarked from figure 3.20, the obtained curves overlap.
As seen from the definition of the length scale o, equation (3.61), the smallest length scale captured
does not depend on the Ay,,;n, when a non-uniform mesh is used. So, when the length scale is
smaller due to smaller dimensions of the mesh in the x and z directions, the compact support of
the velocity distribution f,, equation (3.48), is diminished. Thus, more eddies are needed for the
convergence of the ensemble mean (3.47). This also follows from the illustration of the velocity
field u in figure 3.21. The velocity field plotted in 3.21c is much more closer to a boundary layer
flow snapshot than 3.21b, where fewer eddies spots can be observed.

Considering the maximum ratio of the mesh dimensions at the wall, the inner zone is populated
with eddies of larger length scales, regardless of the Ay, (see values of o in table 3.5). This
implies a structural information of the turbulence fairly different from the real one.

During my thesis, an attemp to adress this point was conducted by implementing the method
of Pamies et al. [72]. Their approach to impose dimensions and velocity distributions allows to
dispose of the definition of the length scale (3.61). Nevertheless, as it can be observed in Appendix
B.2, we were not able to obtained satisfactory results for our DNS (their work was on a LES of

spatially developing boundary layer).

3.4.3.1 Closing remarks

The analysis on the inlet plane statistics presented in the previous section was first of all a validation
of the SEM for a boundary layer inflow data. Second, the purpose of this study was to allow
choosing the most suitable computational configuration for the forthcoming work on the spatial
evolution of a boundary layer. The analysis showed a strong link between the mesh grid, the
consequent length scale and the number of eddies.

Considering the informations on the domain dimensions (tables 3.1 and 3.3) and on the adap-
tation distance (table 3.2), the ideal computational domain should mesure (28.8 x 3.6 x 3.6)d;¢-
The corresponding mesh grid should write 2048 x 128 x 256, with N = 40000 at least. This ideal

configuration is considerably out of reach, considering the computing constraints explained in sec-
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Figure 3.21: Streamwise velocity field u [m/s] at the inlet plane for different configurations.

tion 3.4.2. Additionally, the time step should undoubtedly be diminished to ensure the stability of
the numerical solver.

Therefore, for the forthcoming study on the spatial development of a turbulent boundary layer
on a flat plate, the following configuration has been used: a computational domain of dimensions
(14.4 x 3.6 x 3.6)d;n1t, @ mesh grid 512 x 128 x 128 and a number of eddies of N = 4000. The
imposed statistics are satisfactory and the computational cost in term of physical time needed
for the simulations as well as the number of hours used on a supercomputer is reasonably. The

specifics will be detailed in the next section.

3.5 Numerical simulation of a turbulent boundary layer flow
with heat transfer at Rey = 1100

In the following section we will describe the work on the numerical simulation of a turbulent layer
flow over a flat plate with heat transfer, for a momentum thickness number of Reg. First, the
computational configuration is described. Only small differences exist in comparison with the
computational configuration described in the previous section 3.4. Next, the results obtained are

presented and discussed.

3.5.1 Computational configuration

As already stated, for the present study we use a computational domain of dimensions (14.4 x
3.6 X 3.6)0;nt and a mesh grid 512 x 128 x 128. The number of eddies is fixed at N = 4000.
The boundary conditions employed for this study are a slight different from the one described

in section 3.4. At the free-stream boundary y = l,,, outflow boundary conditions are imposed,

Z—Z+Z—;+g—1§=0, Z—Z+Z—Z=O, and %+%=0. (3.70)
and a Dirichlet condition for the pressure p = 0. The Neumann boundary condition on the
temperature field has been conserved. The choice of an outflow boundary condition instead of a
Neumann condition is related to the fact that later on the boundary layer will be blown by the
liquid/vapor phase change. This would have not been coherent with a symmetrical condition on

the velocity.
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Figure 3.22: The influence of the outflow boundary condition on the computed statistics at the
post-processing plane x,,. Each curve is plotted after the corresponding T,. (m) - 256 x 64 x 64;
(dashed line) - 384 x 64 x 64. For both configurations, the the post-processing plane is positioned

at the same distance relative to the inlet plane.

The other boundary conditions, as well as the initialization have been done as described in
section 3.4. Note that verifications have been made to show that the specified changes did not
influence the inlet plane statistics (see Appendix B.3).

The post-processing for the evolution of the turbulent quantities with the wall coordinate y* is
done on a normal to the streamwise plane, located at z,, = x(i = 5N, /6), where N, is the number
of grids in the x direction. Considering the spatial development of the boundary layer and the
constraint of the adaptation distance for the SEM, the choice of this position was done in order to
be as far as possible from the inlet plane. On the other hand, too close to the outflow boundary
can also have repercussions on the results. A verification has been made in order to ensure that
the outflow boundary condition at x = [, does not influence the wall coordinate evolution of the
obtained statistics. A coarse mesh has been employed, 256 x 64 x 64, given the computational costs
when & >> 1 (see table 3.4). For both configurations, the post-processing plane is positioned at
the same distance relative to the inlet plane. The obtained evolutions are shown in figure 3.22
and demonstrates that the post processing plane located at z, is not influenced by the outflow
boundary conditions.

For the fixed z,,, the average is done in time and in the z direction. Note that the average in
time has been done after a certain time of simulation in order to remove all spurious influence of
the initialization of the velocity and the temperature fields.

The simulations have been conducted using the supercomputer from Idris, ADA. Note that a
simulation of 15286;,:/Uy = 480 s, done using 512 x 128 x 128, lasted 25 days.

3.5.2 Results

We will further present the results obtained for the numerical simulation of the spatial development
of a boundary layer flow on a flat plate with heat transfer, for a momentum thickness Regy = 1100.
Figure 3.23 shows a capture of the vorticity magnitude field for the developed boundary layer.
Qualitatively, the synthetic vortices generated at the inlet plane evolve towards a boundary layer
flow.

In figure 3.24 the reduced temperature field and the streamwise velocity field are represented.
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Figure 3.23: Vorticity magnitude field for a spatially developing boundary layer over a flat plate.
The caption is taken after a simulation of 15286;,;;/Us = 480 s.

Some differences can be found between the two captions, but primarly the hypothesis used on the

equivalence between the temperature and the streamwise velocity can be considered reasonable.

3.5.2.1 Evolution of the mean and rms quantities with the wall coordinate

In this section we will present the results obtained for the mean and the rms quantities (for velocity
and temperature).

The mesh grids employed in this study are 256 x 64 x 64 and 512 x 128 x 128. As seen
previously, the time of convergence of the turbulent statistics is not the same when using different
mesh grid resolutions. The evolution of the mean and rms quantities is plotted, for the mesh grid
256 x 64 x 64, in figure 3.25, and for the mesh grid 512 x 128 x 128, in figure 3.26. The time
needed for the averages to achieve convergence is 1., = 1528U4/0;n;y = 480 s for 256 x 64 x 64
and Tp,, = 764U /0inie = 240 s for 512 x 128 x 128.

The influence of the mesh grid has already been studied in consideration to the inlet plane
statistics. It has been shown that, for the inlet plane, refining the mesh grid to go further into
the viscous sublayer demanded a larger number of eddies in order to achieve convergence to the
prescribed statistics. Aside from the poor resolution of the viscous sublayer, the coarse mesh
was sufficient to obtain the prescribed statistics. These tendencies are not expected for the post-
processing plane. Indeed, as already stated in the literature (section 3.2.3), the inlet synthetic
turbulence will first encounter a decline and then, after a certain adaptation distance, it will start
to redevelop into real turbulence. This trend can be observed in figure 3.27, where we plotted
the isosurfaces 0.25 of the @ criterion. @ represents the local balance between shear strain rate
and vorticity magnitude, defining vortices as areas where the vorticity magnitude is greater than
the magnitude of rate-of-strain. The inlet imposed vortices, lacking energy spectra, are rapidly
dissipated, to finally redevelop into real turbulence.

For the chosen computational configuration, the influence of the mesh grid onto the evolution of
the mean and rms quantities, as well as a comparaison with the Jimenez [40] prescribed statistics
and the actual statistics calculated for the imposed inlet inflow are plotted in figure 3.28. The first
observation is that the mesh refinement greatly improve the obtained results. This can be seen for

all the turbulent quantities. However, some differences can be observed in the logarithmic layer
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Figure 3.24: Reduced temperature and streamwise velocity fields for a spatially developing bound-
ary layer over a flat plate. The caption is taken after 15280;,;/Us = 480 s.

for the rms quantities. The mean fields are not entirely recovered in the buffer layer.

These illustrations show that mesh refinement is still needed to obtain the correct statistics.
Indeed, smaller scales would be captured and the energy cascade from the large to small eddies
would be better reproduced. This observation agree with what we have seen in the literature (see
tables 3.1 and 3.3) where a more refined mesh grid is often used.

The evolution obtained for the rms temperature is slightly different from the streamwise rms
velocity. This was also visible when the temperature and the velocity fields have been represented
in a z-y plane (figure 3.24). These differences can be related inter alia, to the use of the scattered
mesh, where the temperature and the velocity are not computed on the same grid. Or else, the
use of different boundary conditions could also induce some discrepancies between the resolutions
of the two fields.

3.5.2.2 Evolution of the heat fluxes quantities with the wall coordinate

To analyze the characteristics of the correlations between the velocity and the temperature fluctu-
ations, the turbulent heat fluxes are defined by:

4 < w6 >
<u'f > b (3.71)
/0/
< >t=""" 7 (3.72)

ur0r-

Their evolutions in wall units are illustrated in figure 3.29, for the two mesh grids used in this
study. Additionally, the heat fluxes calculated for the inlet inflow is also plotted. It can be observed
that the mesh grid influence is even more important than for the rms velocity and temperature.
The profiles obtained with the more refined mesh 512 x 128 x 128 are close to the ones calculated
at the inlet plane.

Figure 3.30 shows the streamwise and wall-normal turbulent heat fluxes here obtained for a

momentum thickness Reynolds number Reg = 1100, together with the numerical results of Wu and
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Figure 3.25: Turbulent statistics evolution with the wall coordinate, for the mesh grid 256 x 64 x

64. Different values of times of simulation for the average processus (after eliminating 240 s of
simulation) are considered: (m) - Tr, = 120 s; () - T, = 240 55 () - Tpp = 480 s.
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Figure 3.26: Turbulent statistics evolution with the wall coordinate, for the mesh grid 512 x 128 x
128. Different values of times of simulation for the average processus (after eliminating 480 s of
simulation) are considered: (m) - Tb, = 60 s; (@) - Te, = 120 55 () - Trp = 240 s.
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Figure 3.27: Isosurfaces of the @ criterion of value @@ = 0.25 for a spatially developing boundary
layer over a flat plate. The caption is taken after T' = 15280;,:/Uy = 480 s.

Moin [107] at Rep = 1840 and Rey = 300, for a Prandtl number of Pr = 1. Despite the different
values of the Reynolds number, strong similarities are observed between the obtained profiles and
the ones from [107|. The wall-normal heat flux < v'6’ >7 is in good agreement with the data from
[107] in the near-wall region. Good agreement is also observed in the profile of the streamwise heat
flux < w6’ >* except in the vicinity of the peak location. This difference can be related to the
lack of mesh convergence.

In the outer region, the profiles are slighty different from the reference data. This difference
can be explained by the difference in Reynolds number. Indeed, in this region, the curves obtained
for a Reg = 1100 are situated between the Reg = 300 and Rey = 1840 Wu and Moin x profiles.

Kong et al. [49] have also shown that the wall-normal heat fluxes for different Reynolds numbers
coincide up to y* = 50. In the outer region, the wall-normal flux becomes larger with increasing
Reynolds number. The profile of the streamwise heat flux also shows a similar behavior as the
wall-normal heat flux as the Reynolds number increases.

Figure 3.31 illustrates the evolution of the turbulent Prandtl number with the wall coordinate.
Pr; tends to remain constant along the wall-normal direction except in the very near-wall region
where a maximum value is obtained at the wall, with Pr; = 1.09. Similar wall values have also
been reported in other previous studies, [49, 59, 2], in which Pr; approaches a value of 1.1 at the
wall. In the y™ < 40 region, the turbulent Prandtl number is in very good agreement with the

reference data. For higher values of the wall coordinate, some slight differences can be observed.

3.5.2.3 Streamwise evolution of the turbulent quantities

Figure 3.32 shows the variations of the mean skin-friction coefficient C'; and the Stanton number
St with the momentum thickness Reynolds number Reg. The definitions of these parameters are
given in section 3.1.1, equations (3.6) and (3.7). The turbulent correlations for the skin-friction
coefficient, Cy = 0.024R69_1/4, and for the Stanton number, St = 0.0125P1"’2/5Re(;1/4, proposed
by Kays and Crawford [44], are also included for comparison. In addition, the evolutions obtained
in the DNS of Wu and Moin [107] and Li et al. [58] are also plotted.
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Figure 3.28: The influence of the mesh grid onto the wall coordinate evolution of the turbulent
statistics. Each curve is plotted after the corresponding 7T.,. (black line) - Jimenez data [40];
(dashed line) - the statistics of the imposed inlet inflow; (») - 256 x 64 x 64; (m) - 512 x 128 x 128.
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Figure 3.29: Turbulent heat fluxes in the streamwise < «'¢’ >* and wall-normal < v'¢’ >+
directions. Each curve is plotted after the corresponding T.,. (black line) - the statistics of the

imposed inlet inflow; () - 256 x 64 x 64; (m) - 512 x 128 x 128.
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Figure 3.30: Turbulent heat fluxes in the streamwise < %0’ >* and wall-normal < v'#’ >+
directions. Comparison with the data extracted from Wu and Moin [107] for a Pr = 1; (solid lines)
- Rey = 1840 and (dashed lines) - Reg = 300. (m) - present results obtained with 512 x 128 x 128.
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Figure 3.31: Turbulent Prandtl number Pr; in wall units. Comparison with the data extracted
from the literature; (solid line) - DNS of Li et al. [59] for Reg = 800, (dashed lines) - DNS of Araya
and Castillo 2] for Reg = 400; (dashed dot lines) - DNS of Araya and Castillo [2]| for Rey = 2290;
(dashed dot dot lines) - DNS of Kong et al. [49] for Rey = 376; (m) - present results obtained with
512 x 128 x 128, for Rey = 1100.
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Figure 3.32: Streamwise variation of the skin friction coefficient C'y and the Stanton number St with
Reg. (solid lines) - Li et al. [58]; (dashed lines) - turbulent correlations from Kays and Crawdord
[44];(m) - Wu and Moin [107]; (A) - present Cy; () - present St, obtained with 512 x 128 x 128.

The results obtained in the present study are overvalued, for the C'y, and underestimated, for
the St. The friction coefficient decreases close to the inlet plane, for Rey < 1150, followed by an
increase with the Reynolds number, whereas its evolution should be the opposite. The Stanton
number evolution is on the right path. One can assume that if the length in the streamwise
dimension [, was higher, the St curve would reach the reference curves, and maybe attain the
correct slope.

These behaviour patterns are often found in the numerical simulation of turbulent boundary
layer flow on a flat plate. For example, in the random fluctuation method proposed by Lund et
al. [62], the friction coefficient exhibits a sharp drop between the inlet plane at Rey = 1500 until
Reg = 1850, the maximum error being 70%, followed by an increase once the flow develops realistic
turbulent structure. The same trend is observed by Keating et al. in [45], where precursor time
series are used for the inlet inflow. The coeflicient of friction decreases immediately downstream
of the inflow plane, but then recovers after 6 — 10d;,,;;, as can be seen in figure 3.33. Pamies et al.
[72] obtain also a similar behavior, when using the modified SEM of Jarrin et al. [38]. In their
case, the friction coefficient increases drastically downstream the inlet plane but recover quickly,
after 3 — 66;,,¢-

This information implies that, in order to obtain better profiles for the friction coefficient and
Stanton number, we should increase the length dimension in the streamwise direction. This would
allow the development of the generated turbulence towards a more realistic one. Given the already
stated computational constraints, in the present study, the increase of the streamwise direction
was not possible.

In the next chapter we will present our work on the interaction between the phase change
induced velocity and the boundary layer flow. To this extent, a second simulation will be used.
This will allow, firstly, to consider an extension of the spatial development of the boundary layer

and to investigate the influence of the dimension I, onto the evolutions of the turbulent quantities.

3.6 Conclusions

This chapter was devoted to the numerical simulation of the spatial development of a turbulent

boundary layer flow on a flat plate, with heat transfer. A thorough overview of the literature on
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Figure 3.33: Streamwise variation of the skin friction coefficient C'r. The graph has been extracted
from Keating et al. [45]. (solid line) - precursor simulation; (dashed line) - synthetic turbulence us-
ing standard scales; (dashed dot line) - "suboptimal" synthetic turbulence; (dotted line) - synthetic

turbulence using corrected scales ("optimal").

the existing numerical methods to generate inflow data for turbulent flows simulation allowed us
to choose the SEM for the present study.

The implemented method was validated for the simulation of instantaneous turbulent signals as
well as for the spatially decaying HIT. Additionally, the influence of the mesh grid, the length scale
value, the number of eddies and a time convergence study were conducted. It allowed, on one hand,
to validate our implementation, and on the other hand, to choose the computational configuration
to use for this work. It was shown that for the inlet plane inflow, the obtained statistics outside
the viscous sublayer were correct for a coarse mesh of dimensions Azr = Az ~ 25, Ay’ = 3.1,
Ayt .. ~ 40. For a more refined mesh grid, the number of eddies had to be increased in order to
obtain the correct evolutions. This was explained using the definition of the length scale o, which
depends on the spanwise and streamwise mesh dimensions in the close-to-the-wall region.

Finally, the numerical simulation of a turbulent boundary layer flow with heat transfer at a
momentum thickness Reynolds number Rey = 1100 was described. It was shown via snapshots
of the streamwise velocity and temperature fields that the hypothesis of the equivalence between
the two can be considered reasonable. The evolutions of the turbulent statistics, mean and rms
velocities and temperature profiles, with the wall coordinate were plotted. It is shown that the mesh
refinement greatly improve their corresponding evolutions. The same is found for the turbulent
heat fluxes, in the streamwise and the wall-normal directions. A comparaison with data extracted
from the literature shows a good agreement of the obtained evolutions. The same goes for the
turbulent Prandtl number, which reaches a maximum value of 1.09 close to the wall, while similar
values have also been reported in other previous studies, in which Pr; approaches a value of 1.1 at
the wall.

The streamwise evolutions of the friction coeflicient and the Stanton number, allowing for the
characterization of the local boundary layer flow, showed significant differences in comparison with
the existing empirical (Kays and Crawford [44]) and numerical or experimental evolutions. In the
vicinity of the inlet plane, it has already been reported that, when using a synthetic method, these
parameters have incorrect evolutions. Often, their evolution regain the correct path, but only after
some distance in the streamwise direction. This matter will be tackled with in the next chapter.

The next chapter is dedicated to the numerical simulation of the interaction between a spatially

evolving boundary layer flow with heat transfer and the normal velocity induced by liquid /vapor
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In what follows, we investigate the interaction between a spatially developing turbulent
boundary layer flow and a normal velocity field induced by liquid/vapor phase change.
This has been conducted first qualitatively, by analysing the normal velocity field, the
vorticity magnitude field and the isosurfaces of the @ criterion. Next, a study on the
influence of the phase change onto the turbulent quantities is presented. Several Jakob
numbers are studied and a preliminar physical analysis is proposed for the obtained
profiles. Additionally, we take interest on the impact of the phase change onto the
Nusselt number evolution. This is given in the continuity of the work on the laminar

regime where correlations on the Nusselt number were proposed.
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4.1 Introduction

In practical applications, most flows which occur are turbulent. To this extent, the previous chapter
was dedicated to the spatial development of a turbulent boundary layer flow. The next step, taken
in this chapter, is to investigate the interaction between liquid/vapor phase change and a spatially
developing turbulent boundary layer flow. More precisely, we focus on the influence of a normal
velocity field induced by liquid/vapor phase change onto the evolution of turbulent quantities:
mean and rms fields, turbulent heat fluxes, friction coefficient, Stanton number. Additionally, an
analysis on the Nusselt number evolutions with and without phase change, for different values of
the Jakob number is proposed.

The present chapter is structured as it follows. First, we describe the computational configu-
ration used for this study, where two simulations are used: an auxiliary and a main simulations.
The main simulation is used to study the blowing effects of the phase change onto the turbulent
boundary layer. The auxiliary simulation serves to generate input data for the main simulation.

We first use this numerical configuration for the case without phase change, for which the main
simulation serves as a spatial extension of the computational domain in the x direction. This allows
studying whether and how the length in the streamwise direction influences the development of
the turbulent boundary layer flow.

Next, we address the configuration involving liquid/vapor phase change. The approach for
this study has been of varying the Jakob number and analyzing its influence onto the spatial
development of the turbulent boundary layer flow. First, a qualitative analysis of the obtained
results is proposed. The normal velocity field, the vorticity magnitude and the isosurfaces of the
@ criterion are plotted for the configurations with and without phase change. Comparisons and
physical interpretations are given for the observed influences of the phase change onto these fields.

Last but not least, we propose a quantitative study on the influence of the Jakob number
onto the turbulent quantities, namely onto the mean and the rms fields, the turbulent heat fluxes
in the streamwise and normal directions, the friction coefficient and onto the Stanton number.
Additionally, a preliminary analysis on the influence of the Jakob number onto the Nusselt number
is also given, in the continuity of the work on the laminar boundary layer presented in chapter 2.

Finally, the chapter ends with conclusions and perspectives on this work.

4.2 Computational configuration

For the study of the influence of liquid/vapor phase change onto an external turbulent flow, the
corresponding turbulent flow had first to be simulated. To this extent, in the previous chapter,
the focus was on the implementation of a turbulent inflow generator. The next step is to consider
a configuration allowing to investigate the influence of liquid/vapor phase change onto the spatial
development of the turbulent boundary layer. The most straightforward approach would be to
expand the computational domain. This configuration would strongly resemble to the laminar
boundary layer configuration illustrated in figure 2.1 in chapter 2. However, for the turbulent flow,
in comparison with the laminar boundary layer, an upstream additional length would have to be
added in order to simulate the spatial development of the turbulent boundary layer flow. This
approach is not conceivable given the computational constraints involved by the simulation of a
3D turbulent flow.

In order to alleviate the involved computational costs, two aspects had to be tackled with.
First, the addition of the upstream length was avoided by splitting the simulation into two parts,

an auxiliary and a main simulation. The configuration and the results of the auxiliary simulation,
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hereinafter denoted as Code-1, were the subject of the previous chapter. The inflow is generated
using the SEM and the post processing is done at xp,. After a certain computation time, allowing
to achieve the average convergence, the simulation advances while storing, at each time step, the
velocity components and the temperature on a vertical plane located at x,,. These planes are
later used as inflow boundary condition for the second simulation, hereinafter denoted as Code-2
(figure 4.1). The coupling between Code-1 and Code-2 involves writing/reading operations in the
MPIIO environment. Therefore, during my thesis, development of MPIIO communicators in the
zy post-processing and inlet planes was realized.

The second simulation uses the same computational configuration as Code-1, except for the
inflow boundary condition where we impose the planes generated using Code-1. This allows to
have a continuity in the spatial development of the turbulent boundary layer flow. The simulation
of the spatial development of the turbulent boundary layer flow on a flat plate is conducted until
the obtained averaged statistics attain temporal convergence (about 480 s), and then the phase
change is plugged in. No difference exists between Code-1 and Code-2, regarding the initialization,
mesh grid or domain dimensions. For more details on these aspects refer to section 3.5.1 of the
previous chapter.

The second aspect is related to the simulation of the liquid/vapor phase change. In order to
avoid the computational costs induced by the simulation of the static liquid pool at saturation,
the phase change is imposed as a boundary condition. Once the turbulent boundary layer is well
developed, the liquid/vapor phase change is activated, as illustrated in the lower part of figure 4.1.
The same Code-2 is used to this end, with the only difference concerning the boundary condition
imposed at y = 0. The specifics on how the liquid/vapor phase change is treated are given in the

upcoming section.

4.2.1 Treatment of the liquid/vapor phase change

In chapter 2 we have described our study on the influence of liquid/vapor phase change onto an
external laminar boundary layer flow of vapor. The 2D computational configuration, shown in
figure 2.1, contains a liquid pool at saturation overflown by a boundary layer flow overheated
or subcooled. The Navier-Stokes equations, as well as the energy equation, are solved in both
domains, by the use of the Ghost Fluid Thermal Solver for Boiling, described in section 1.3.5 of
chapter 1.

The present 3D configuration has already a high computational cost. Avoiding the simulation
of the liquid pool and the use of the Ghost Fluid Thermal Solver for Boiling is therefore mandatory.
For the laminar 2D configuration, it was shown that the liquid velocity field induced by the shearing
of the external vapor flow is negligible. This observation allows to consider simulating only the
vapor flow and imposing the liquid/vapor phase change as a boundary condition on the velocity
field.

As already explained in chapter 1, through the liquid/vapor interface, the continuity of the
mass flux has to be satisfied. This induces a jump on the velocity field across the interface, written

as

[V =i [1]F n, (4.1)

p
where, we recall, that m is the mass flow rate, proportional to the interface thermal flux,
1 oT
m= — [k:] . (4.2)
L, | oyl

We take the assumption of a plane interface, with n = e,, between the vapor and the static liquid
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Figure 4.1: Schematic drawing of the computational domains of the auxiliary simulation (Code-1)

and the main simulation (Code-2).

pool at saturation. The velocity field in the liquid is therefore zero u; = 0 and the liquid is at

saturation temperature T;(z,y, 2) = Tsq:. Consequently, equations 4.1 and 4.2 write

(1 1 | or
[v]p = (pu - Pl) ,  with 7= I, (kvay‘y=0> : (4.3)

The liquid /vapor phase change is therefore imposed as an inflow boundary condition at y = 0,
with w = 0 and v = m (1/p, — 1/p;). The mass flow rate m is obtained at each time step, using
the vapor temperature gradient at y = 0. We recall that, for methodology reasons, we simulate
the reduced temperature field T = (T —T) / (To — Ti). This implies that the mass flow rate,

<%—m»@af >.
y=0

L, "y
4.2.2 Validation of the proposed treatment of liquid /vapor phase change

computed using the reduced temperature, writes m =

on the 2D laminar configuration

Before presenting the results obtained for the turbulent boundary layer flow, we first validate the
proposed treatment of liquid/vapor phase change on the 2D laminar configuration, whose results
are described in chapter 2.

We consider the same 2D computational domain described in figure 2.1, chapter 2, with the
difference that the liquid domain is not simulated. The liquid/vapor phase change is imposed
through the boundary condition at y = 0, as described in the previous section. Therefore, the
dimensions of the computational domain are (I;,[,) with I, = 0.007 and [, = 0.014. The used

mesh grid is 512 x 1024. For the sake of simplicity, we consider here only the case of vaporization,
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Figure 4.2: Evolution of the Nusselt number for the laminar flow, for the dimensionless numbers:
Re,, = 85.726, Pr = 1.022, % = 17.746 and Ja = 3.69. The influence of the liquid/vapor phase
change treatment; (black line) - Blasius theory; (p) - simulation of both phases; (<) - liquid/vapor

phase change imposed as a boundary condition at y = 0.

described by the dimensionless numbers Pr = 1.022, Re,, = 85.726, S—i = 17.746, and Jayqp =
3.69.

In figure 4.2 the evolution of the Nusselt number is plotted, for the two configurations, with the
simulation of the liquid/vapor phase change and when the liquid/vapor phase change is imposed
as a boundary condition at y = 0. Very little difference can be observed. We show therefore that

the two approaches can be considered equivalent.

4.3 Influence of the spatial extension in the streamwise di-
rection onto the development of the turbulent boundary

layer flow

In this section, the scope is to see whether and how an extension in the streamwise direction
improves the turbulent quantities obtained in our simulation. The simulations described in the
previous chapter showed that the inlet synthetic turbulence will first encounter a decline and then,
after a certain adaptation distance, it will start to redevelop into real turbulence. This has been
illustrated, inter alia, by plotting the isosurfaces 0.25 of the @ criterion (figure 3.27). When using
Code-2, the turbulent fluctuations imposed at the inlet plane are closer to real turbulence and no
adaptation distance is needed. This is shown in figure 4.3 where the isosurfaces of the @) criterion
of value Q = 0.25 are plotted. In comparison with figure 3.27, it can be observed here a larger
population of vortices and a continuity in the spatial development of the boundary layer.

Figure 4.4 shows a comparison between the rms velocities profiles obtained at the post process-
ing plane in Code-1 and the ones obtained at the post processing plane in Code-2. For the coarse
mesh grid 256 x 64 x 64, the influence of the extension in the streamwise direction, via the use of
Code-2, is significant, while, for the more refined grid, slight differences can be observed only in the
outer zone. When using the coarse mesh grid, the generated synthetic turbulence contains mostly
large scales in the logarithmic layer. The development into more realistic turbulence with a correct

variation in the normal-wall direction of the length scales demands therefore a larger distance in
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Figure 4.3: Isosurfaces of the @ criterion of value @ = 0.25 for a spatially developing boundary
layer over a flat plate, obtained using Code-2. The caption is taken after T' = 15286;,,;:/Uy = 240
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Figure 4.4: Evolution of the rms velocity with the wall coordinate, using Code-1 and Code-2. The
influence of the extension in the streamwise direction. Each curve is plotted after the corresponding
T.,. (black line) - Jimenez data [40]; (dashed line) - the statistics obtained in Code-1; (symbols) -
the statistics obtained in Code-2.
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Figure 4.5: Evolution of the rms temperature and the turbulent heat fluxes with the wall co-
ordinate, using Code-1 and Code-2. The influence of the extension in the streamwise direction.
Each curve is plotted after the corresponding T,,. (black line) - Jimenez data [40]; (dashed line)
- the statistics obtained in Code-1; (symbols) - the statistics obtained in Code-2; (blue color) -
256 x 64 x 64; (red color) - 512 x 128 x 128

the streamwise direction. Meanwhile, for the more refined grid, the observed differences can be
explained by the increase in the Reynolds number. Indeed, as already discussed, it has been largely
shown that, even in wall units, there is an influence of the Reynolds number onto the evolution of
the turbulent quantities (see for example Degraaff et al. [20]).

Note that the same tendencies are observed for the rms temperature and the turbulent heat
fluxes profiles, in figure 4.5.

The influence of the extension in the streamwise direction, via the use of Code-2, on the
friction coefficient and Stanton number evolutions is shown in figure 4.6. The curves obtained with
Code-2 overlap with the profiles obtained with Code-1, showing the continuity in the turbulence
development. This supports the hypothesis of equivalence between an extension of the length in
the streamwise direction and the use of a second simulation. Additionally, the friction coefficient
stops increasing and starts decreasing at almost the same slope as the reference profile from Li et
al. [58]. The same behaviour is encountered for the Stanton number. A more refined grid would
allow, inter alia, to have a better resolution of the viscous sublayer and therefore to obtain more

realistic profiles for the friction coefficient and the Stanton number.

4.4 Results

In this section we will present our preliminary results on the influence of the liquid/vapor phase
change onto the spatial evolution of the turbulent boundary layer flow. We will first show some
tendencies when increasing the Jakob number Ja and extract a physical understanding of the
effects of a blowing velocity field onto the spatial development of the turbulent boundary layer
flow. Next, a more quantitive analysis is proposed by focusing on the different turbulent quantities
characterizing the turbulent boundary layer flow.

As previously, the post processing parameters studied here are the mean and rms velocity
and temperature fields, the turbulent heat fluxes in the streamwise and normal directions, the

friction coefficient and the Stanton number. Additionally, we take interest in the evolution of the
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Figure 4.6: Streamwise variation of the skin friction coefficient C'y and the Stanton number St
with Reg, using Code-1 and Code-2. The influence of the extension in the streamwise direction.
(solid lines) - Li et al. [58]; (#) - Code-1, (») - Code-2.
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Figure 4.7: Snapshots of the normal to the wall velocity v [m/s] in a Oyz plane situated at x = I, /2.
Influence of the liquid/vapor phase change induced velocity on the normal to the wall velocity.
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(a) Without phase change (Ja = 0). (b) With phase change (Ja = 14).

Figure 4.8: Snapshots of the vorticity magnitude field in a Oyz plane situated at « = [,,/2. Influence

of the liquid/vapor phase change induced velocity on the vorticity magnitude.

Nusselt number in the streamwise direction. Some comparisons will be done in regard to the results
obtained for the 2D laminar configuration studied in chapter 2.

Note that the time average is done after eliminating 120 s of simulation. The time convergence
study is shown in Appendix C.1. The mesh grids used are 256 x 64 x 64 and 512 x 128 x 128.
Only the results obtained with the more refined mesh resolution are shown in what follows. The
influence of the mesh grid is shown in Appendix C.2.

At present, only four Jakob numbers have been investigated, Ja = [0.088; 0.88; 8.8; 14], while
keeping constant the other three dimensionless numbers, the Prandtl number Pr = 1.022, the
Reynolds number Rey = 1100 and the density ratio p;/p, = 17.746. We recall the expression of

the Jakob number, Ja = C”LﬁT, where AT = T,, — T, = 100°.

4.4.1 Qualitative study

Before discussing the influence of the Jakob number onto the evolution of the turbulent quantities,
we first show the blowing effects onto the normal velocity component, the vorticity magnitude and
the @ criterion.

In figure 4.7 is plotted the normal velocity component v in a Oyz plane located at x = [,,/2 for
two configurations: without phase change (Ja = 0) and with phase change (Ja = 14). Differences
can be observed between the two illustrated fields. The length scales of the spots are highly
diminished when the boundary layer is blown by the velocity induced by liquid/vapor phase change.
This is prominent in the region close to the wall, where numerous small spots can be observed.
Additionally, when comparing the two pictures, the free stream normal velocity value is higher when
liquid /vapor phase change occurs. On the other hand, no conclusion can be made on whether the
phase change increases the boundary layer thickness.

The vorticity magnitude field is shown in figure 4.8 for the same two configurations. The

spots with higher vorticity magnitude value are more abundant when liquid /vapor phase change is
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(b) With phase change (Ja = 14).

Figure 4.9: Isosurfaces of the @ criterion of value @ = 0.5. Influence of the liquid/vapor phase

change induced velocity on the spatial development of the turbulent boundary layer flow.

involved. This implies that the vertical velocity aids the energy transfer from large eddies to small
eddies. Furthermore, it would seem that the quantity of small eddies is highly increased.

A verification of the latter statements is done by using the @ criterion. In figure 4.9 the
isosurfaces of value (Q = 0.5 are plotted. Note that we have chosen here a higher value of () than
in the previous cases. Figure 4.9b shows an important increase in the population of vortices when
the boundary layer is blown by the liquid/vapor phase change. This increase begins at a certain
length from the inlet plane and this behaviour would certainly be noticeable when showing the
streamwise evolution of the friction coefficient and the Stanton number.

Qualitatively, we have observed until now, that the vertical velocity imposed at the y = 0
boundary modifies the structure of the turbulent boundary layer. It would seem that a fragmenta-
tion of large eddies into small eddies is enhanced. The liquid/vapor phase change brings through
the imposed normal velocity energy that is then used for the creation of eddies of high vorticity.

Further on we will focus on the influence of the Jakob number onto the evolution of the turbulent
quantities and try to explain the tendencies observed in this section. Even if we were not strictly

able to demonstrate the spatial convergence of our simulations, we will nevertheless consider that
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Figure 4.10: Influence of the Jakob number onto the evolution of the rms velocity fields. The

dimensionless numbers are Rey = 1100, Pr = 1.022, p;/p, = 17.746 and different values of the

Jakob number: (dashed line) - Ja = 0; (m) - Ja = 0.088; (¢) - Ja = 0.88; (») - Ja = 8.8; («) -
Ja = 14.

we are not far from its achievement, as the graphs from Appendix C.2 indicate it.

4.4.2 Quantitative study

Figure 4.10 shows the evolution of the rms velocities with the wall coordinate for different values of
the Jakob number. Its influence onto the rms temperature and the turbulent heat fluxes is plotted
in figure 4.11. The mean fields are also concerned and their evolutions for different rates of phase
change are illustrated in figure 4.12.

Increasing the Jakob number leads to an increase of the rms fields and of the turbulent heat
fluxes. The turbulent kinetic energy %’ is therefore increased. This is coherent with the previous
qualitative observations on the increase of the small eddies population. Indeed, small eddies possess
higher turbulent kinetic energy than large eddies.

The region on which the phase change impacts the profiles of these quantities expands with the

Jakob number. The buffer and the logarithmic zones are the most impacted. For the quantities

containing the normal velocity component, vt . < wv >* and < v >*, the influence can be

observed for all y*.
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Figure 4.11: Influence of the Jakob number onto the evolution of the rms temperature and the
heat fluxes. The dimensionless numbers are Rey = 1100, Pr = 1.022, p;/p, = 17.746 and different
values of the Jakob number: (dashed line) - Ja = 0; (m) - Ja = 0.088; (¢) - Ja = 0.88; (») -
Ja = 8.8; («) - Ja = 14.
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Figure 4.12: Influence of the Jakob number onto the evolution of the mean velocity and mean
temperature. The dimensionless numbers are Rey = 1100, Pr = 1.022, p;/p, = 17.746 and
different values of the Jakob number: (dashed line) - Ja = 0; (m) - Ja = 0.088; (¢) - Ja = 0.88;
(») - Ja=8.8; («) - Ja = 14.

The turbulent heat flux in the streamwise direction, < uf > is enhanced by the liquid /vapor
phase change, its evolution with the wall coordinate beeing highly influenced by the liquid/vapor
phase change(figure 4.11). The peak of the heat flux in the normal direction < vf > is shifted to
the right when increasing the Jakob number. This can be explained by the fact that the maximum
of the turbulent heat flux in the normal direction is displaced further from the wall when increasing
the vertical velocity induced by the phase change.

Figure 4.12 illustrates the mean profiles of velocity and temperature for different values of the
Jakob number. The phase change induced velocity decreases the mean fields gradient close to
the wall while increasing it in the logarithmic zone. Outside the boundary layer, y/dgg > 1, the
velocity profile presents the same kind of growth as for the laminar regime velocity profile, plotted
in figure 2.19. As until now, the nondimensionalization of the turbulent quantities is achieved
using the reference friction velocity u, = 0.0462, from Jimenez et al. [40]. As for flows at different
Reynolds number, it would be interesting to see if the curves overlap in the inner region, when
using the corresponding computed friction velocity. However, the employed mesh grid allows to
have only 3 points in the viscous sublayer, the friction velocity computed at y = 0 is therefore not
yet converged. Its use will undoubtedly introduce errors.

The analysis of the influence of the phase chnage onto the evolutions of the mean velocity and

the crossed rms velocity < u/v” > can also be done by plotting the total shear stress 7 and its two
. oU ..
components, the Reynolds shear stress —p < u/v’ > and the viscous shear stress B This is

done for the case without phase change and for a Jakob number Ja = 0.88 in figure 4.139 It can be
seen that the viscous shear stress is influenced by the phase change only in the viscous sublayer,
for y* < 5. The Reynolds shear stress follows the same evolution in the close to the wall zone
(yt < 10), regarless of the Jakob number. In the logarithmic zone, its profile is increased when
phase change occurs.

In figure 4.14 we have plotted the evolution of the friction coefficient and the Stanton number
with the z-axis. As expected, an increase in the Jakob number generates a decrease of these
parameters. Indeed, the blowing velocity imposed at the y = 0 boundary will decrease the mean

velocity and temperature variation in the normal wall direction.
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Figure 4.13: Shear stress distribution with the wall coordinate. The dimensionless numbers are
Reg = 1100, Pr = 1.022, p;/p, = 17.746 and two values of the Jakob number: (black colour) -
Ja = 0; (green colour) - Ja = 0.88; (circle) - total shear stress; (square) - Reynolds shear stress;
(triangle) - viscous shear stress.

For the laminar configuration, very little influence of the phase change onto the evolution of
the friction coefficient has been observed. Given that for a turbulent regime, close to the wall there
is a viscous sublayer where the flow is considered laminar, we could expect to obtain the same
tendency on the evolution of the friction coefficient. However, the behaviour of the mean velocity
when phase change occurs is not the same as for the laminar. We recall that for the laminar
boundary layer configuration, the evolution of the tangential velocity profilewas almost identical
to the Blasius boundary layer velocity profile, despite the vapor blowing in the normal direction
due to phase change.

An additional observation in regard to the friction coeffient and the Stanton number evolutions
can be made. Close to the inlet plane, the profiles present a very steep slope, whose length increases
with the Jakob number. We can link this behaviour with what we have observed when plotting
the isosurfaces of the @) criterion. Indeed, an increase of the small eddies population could be
observed only at a certain distance from the inlet plane. This could perhaps explain the presence
of the steep slope on the obtained profiles. After this region, both the friction coefficient and the
Stanton number follow a power low evolution, close to the ones proposed by Kays ans Crawford
[44], Cf ~ Ree_l/4 and St ~ P7‘72/5R60_1/4. Very little influence of the Jakob number can be
observed on the slope of these power law curves. Further studies could be conducted in order to

establish an evolution law with the Jakob number for these parameters.

4.4.3 Nusselt number

We now take interest into the Nusselt number evolution when phase change occurs. We recall
its expression that writes Nu = hz/k, where the heat transfer coefficient is expressed using the

reduced temperature field,
_ kT _ T
AT oy oy’

For the laminar regime, the Blasius theory allows to calculate the analytical solutions for

h (4.4)
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Figure 4.14: Influence of the Jakob number onto the evolution of the friction coefficient and Stanton
number. The dimensionless numbers are Reg = 1100, Pr = 1.022, p;/p, = 17.746 and different
values of the Jakob number: (dashed line) - Ja = 0; (m) - Ja = 0.088; (¢) - Ja = 0.88; (») -
Ja = 8.8; («) - Ja = 14.
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Figure 4.15: Spatial evolution of the Nusselt number for the dimensionless numbers: Rey = 1100,
Pr =1.022, p;/p, = 17.746 and different values of the Jakob number: (dash dot dot line) - Ja = 0;
(m) - Ja = 0.088; (¢) - Ja = 0.88; (») - Ja = 8.8; («) - Ja = 14. Note that X = x + z, with
z € [0,l;] and §,, = 2.7568 m.



4. INTERACTION BETWEEN LIQUID/VAPOR PHASE CHANGE AND A SPATIALLY
110 DEVELOPING TURBULENT BOUNDARY LAYER FLOW

the boundary layer problem. Here, in the absence of such a theory, we take as reference the
Nusselt number profile computed when no phase change occurs. Note that only a mean value
of the Nusselt number, computed over a length L, can be found in the literature, where Nu; =
0.036(Rer,)%8(Pr)°-S.

In the continuity of the work conducted for the laminar boundary layer, one would want to plot
the Nusselt number evolution from the position x,, where dgg(z = x1,) = d;nie. To this extent, this

specific position has to be calculated. For this we use Prandtl’s 1/7th power law (see Bejan [5])

~1/5
%99 _ 37 (U‘”w) . (4.5)
T

v

where dgg = 2.7568 m is given by Jimenez and we add to the obtained distance the length of the
Code-1 domain, [, = 14.4d99, allowing to obtain xz; = 82.02 m.

The evolution of the Nusselt number is plotted in figure 4.15, for different values of the Jakob
number. We see that increasing the phase change has the same impact on the Nusselt number
for the turbulent boundary layer as for the laminar regime. The Nusselt number decreases when
increasing the Jakob number. In the same way, a transition zone is observed near the inlet plane,
with the presence of a minimum followed by a positive slope of the Nusselt curve evolution. This
result is very promising in our intent to find a similarity between the turbulent and the laminar
regime. However, further study is needed in order to conduct a parametric study by simulating
several intermediate Jakob numbers. It is possible that the values 8 and 14 are too high. We recall
that for the laminar regime, the highest value was 8 and it was at the limit of the validity range
of the proposed correlation. The change in the slope observed on the Nusselt number profiles in
figure 4.15, for the high Jakob numbers, could therefore be linked to a too important phase change
rate.

4.5 Conclusions and perspectives

In this chapter we have presented our results obtained for the study on the interaction between a
turbulent boundary layer flow of vapor and a normal velocity field induced by liquid/vapor phase
change.

The illustrations of the normal velocity and of the vorticity magnitude fields in a vertical plane
Oyz showed an increase of vortices in the inner zone of the boundary layer, possesing a high
vorticity. When plotting the isosurfaces of Q = 0.5, an increase in the population of small eddies
was observed. These tendencies have been explained by considering that the energy cascade from
large to small eddies is higly enhanced by the blowing velocity induced by liquid/vapor phase
change.

A quantitative study has been conducted in order to determine the influence of liquid/vapor
phase change onto the evolution of the turbulent quantities. The rms fields showed a considerable
increase with the Jakob number. This is coherent with the observation on the increase of small
eddies number, considering that the energy goes from large to small turbulent scales. The turbulent
heat fluxes are also impacted by the phase change. The turbulent heat flux in the streamwise
direction is highly increased when increasing the Jakob number. The peak of the heat flux in the
normal direction is shifted towards higher values of the wall coordinate y* when increasing the
Jakob number. This can be explain by the blowing effect of the liquid /vapor phase change.

The mean profiles of the temperature and the velocity are also modified when phase change
occurs. The velocity gradient is decreased in the viscous sublayer and increased in the logarithmic

zone when increasing the Jakob number. It would be interesting, when obtaining the spatial
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convergence for our simulations, to use the computed friction velocity for the nondimensionalization
of the mean profiles in order to see whether the profiles overlap in the inner region. The evolutions
of the shear stressed show some interesting trends. The viscous shear stress is influenced by the
phase change only in the viscous sublayer, for y* < 5. The Reynolds shear stress follows the
same evolution in the close to the wall zone (y™ < 10), regarless of the Jakob number while in the
logarithmic zone, its profile is increased when phase change occurs.

The friction coefficient and the Stanton number show little influence of the Jakob number onto
the slope of their profiles. Nevertheless, the corresponding curves are shifted towards smaller values
when increasing the phase change.

The evolution of the Nusselt number shows similar tendencies that the one obtained for the
laminar regime: first a region where the Nusselt number decreases towards a minimum followed
by a curve of positive slope.

The present work is in progress and opens to many perspectives. Simulations for intermediate
values for the Jakob number are ongoing. This will allow to get a better understanding from the
observed trends. For example, for all the turbulent quantities, a certain saturation effect could be
predicted, especially for vy, Wrms, Cy and St, where a constriction between the curves of Ja = 8
and Ja = 14 can be observed. Additionally, studying several values of the Jakob number would
allow to determine a behaviour law and compare it with the correlation obtained for the laminar
regime.

It would be valuable to investigate the terms from the turbulent kinetic energy balance. A
study on the influence of phase change onto the terms of production, diffusion and dissipation is
planned for the near future. This will allow to go further in the comprehension of the obtained
tendencies, comprehend what turbulent processus is most influenced by the liquid/vapor phase
change. Additionally, investigations on the energy spectra could allow to determine to what scales
the energy from the phase change is distributed.

Finally, simulations with a more refined mesh grid, 1024 x 256 x 256, would surely allow to
obtain better profiles for the friction coefficient and the Stanton number. This would enable a
parametric study for different Jakob numbers with the objective to determine behaviour laws for

the heat flux and the friction coefficient.



4. INTERACTION BETWEEN LIQUID/VAPOR PHASE CHANGE AND A SPATIALLY
112 DEVELOPING TURBULENT BOUNDARY LAYER FLOW




Chapter 5
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In the previous chapter, the focus was on the microgravity regime, in which the liquid
propellant is pressurized by a superheated vapor. In this chapter, the objective is to
characterize the configuration where the cryogenic tank is subjected to gravitational ac-
celerations. In this framework, natural convection motions develop in the liquid while
the walls of the tank are heated through solar radiation or residual thermal diffusion.
This leads to an interaction between the convective mouvements and the phase change
taking place at the liquid/vapor interface. For this study, a 2D computational configu-
ration has been considered, where the density variations in the liquid phase are treated
using the low-Mach approzimation while the vapor phase is incompressible. The influ-
ence of the Grashof number, characterizing the natural convection, onto the evolution
of the interface thermal fluzx is investigated.

113
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5.1 Introduction

In this chapter we present the work conducted on the natural convection motion driven by the

thermal stratification in a cryogenic tank.

The industrial context of this study is related to a cryogenic tank of a satellite, where the
subcooled liquid phase is pressurized by a superheated gas. During the launching phase or the
orbit insertion, convective mouvements develop in the ergol. The origine of these motions is
twofold. First, the subcooled liquid is heated in the vicinity of the tank wall. This can be due to
the thermal diffusion of the engines, or as a result of the solar radiation, depending on whether
the launching phase or the orbit insertion is considered. Second, the cryogenic tank is subjected
to a hypergravity acceleration, during the launching phase, or to a residual gravity acceleration,
during the orbit insertion, which leads to a thermal stratification in the ergol. The coupling of
these two phenomena produces the convective motions which will interact with the liquid/vapor

phase change.

The physical and the thermodynamical properties of the cryogenic fluids, the tank wall heat
flux and the tank dimensions make that the flow regime in the tank is turbulent (Gr ~ 10'°). The
direct numerical simulation of such a configuration is out of reach, in terms of computation cost.
Indeed, the simulation of turbulence has proved to be very complex and costly. Additionally, the
characteristic time of natural convection flow is very long while the tank dimensions are of order

of meters which would demand a very large number of points for the mesh resolution.

Our approach was to consider a 2D computational configuration, where natural convection
mouvements interact with liquid/vapor phase change, while being in a laminar regime (Gr ~
10%). Even if the configuration studied in the present work is fairly different from the industrial
configuration, it allows to have a better understanding of the involved physical phenomena. This
first step can also open to many perspectives and generate ideas on how to treat more complex

configurations.

The objective of this study is therefore to simulate the interaction between the natural convec-
tion motions and the liquid/vapor phase change. To this extent, a variable density solver had to
be implemented into the code DIVA.

In what follows we will give a short review of the literature on the numerical simulation of
natural convection. The chosen numerical approach for the implementation of a variable density
solver is then described. The validation of the implemented solver is done on a natural convection

configuration in a closed domain.

The second part of this chapter is dedicated to the core of this study, the numerical simulation
in a 2D configuration of a two phase flow, where the vapor is incompressible while the density
variations in the liquid are accounted for using the low Mach number approximation. The vapor
is initially at saturation temperature and the liquid is subcooled. Wall conduction is considered
for the boundary conditions on the vertical walls. A natural convection flow is induced in the
liquid and its interaction with the liquid /vapor phase is investigated. Three values for the Grashof
number are studied and a discussion on its influence on the thermal flux is given. The chapter ends
with the conclusions and the perspectives. Note that the present study is in progress and that the

obtained results are preliminary.
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5.2 Short overview on the numerical simulation of natural

convection

Batchelor [4] was one of the firsts to study two-dimensional convective motion generated by buoy-
ancy forces on the fluid. Its configuration was represented by a long rectangle, of which the two
long sides are held at different temperatures. Since then, many authors have investigated free

convection in many different geometries.

For the numerical simulation of variable pressure for confined flows, where the variations of
the pressure is non negligible, a fully compressible treatment of all fluid phases has often been
considered, as for example in the work of Saurel and Abgrall [90]. Two major drawbacks exist
when applying this approach to a natural convection configuration, where the velocity in the gas
is very small. First, the variation of the dynamic pressure is of order pV2. This can be an issue
for the numerical representation of the pressure given that the mean pressure is of order 10°
Pa. Additionally, it involves a poor conditioning of the Jacobian matrix. The second and major
drawback is the severe limitation of the time step induced by the large value of the sound velocity
in the liquid, much larger than the convection velocity. Considering that for a natural convection
configuration, the equations are integrated on the order of a viscous or diffusion time scale, this

renders impossible to attain the asymptotic flow regime.

All-Mach or Mach-uniform methods are aimed to remedy this second drawback. These tech-
niques are categorized into: density based methods and pressure based methods. The second ones
are derived from the projection methods. The implicit treatment of the pressure allows avoiding
the limitation of the time step and can be used both for incompressible and compressible flows.
This was demonstrated by Kadioglu et al. [41], who proposed a new second order primitive pre-
conditioner technique for solving all speed multi-phase flow problems. Their technique allows to
compute both compressible and incompressible flows with Mach-uniform accuracy and efficiency.
Kwatra et al. [50] propose a method for the simulation of inviscid compressible flow with shocks,
contacts and rarefactions. Their method allows to alleviate the severe CFL condition imposed by
the sound speed. It is based on the pressure equation and leads to a standard Helmholtz equation
similar to a diffusion equation. In the limit as the sound speed goes to infinity one obtains the
Poisson equation for incompresible flows. This makes the methods suitable for two-way coupling
between compressible and incompressible flows.

Ida [35] proposes an improved numerical solver for the unified solution of flows involving an
interface between either compressible or incompressible fluids. In their method, each of convection
and acoustic parts of the Euler equations are treated individually by a splitting manner. In their
work, Ida [35] and Kwatra et al. [50] show that for unsteady calculations where one wants to
capture the acoustic waves, the time step still has a value of order of the acoustic time step for
accuracy reasons.

Huber et al. presents in [34] a numerical simulation of the interaction of an ultrasound wave
with a bubble. Their interest is to develop a fully compressible solver in the two phases and to

account for surface tension effects.

For configuration involving small velocity values and liquid /vapor phase change, low Mach num-
ber approach seems more adapted considering that the acoustic part is removed beforehand from
the equations. The use of this technique was already proposed by Dellacherie [21] in the context of
multicomponent gaseous flows. The proposed model allows the simulation of non-stationary defor-
mations on an interface separating two immiscible fluids induced by large temperature differences

at low Mach number. The model system is obtained through an asymptotic expansion applied to
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the two-phase compressible Navier-Stokes system which filters out the acoustic waves. In [54], Le
Quéré et al. develop a Chebyshev collocation algorithm to integrate the time-dependent Navier-
Stokes equations for natural convection flow with large temperature differences. The working fluid
is assumed to be a perfect gas and its thermophysical properties vary with temperature according
to Sutherland laws.

In low-Mach number approaches, the pressure is split into a mean pressure evolving in time
and an additional component responsible for the continuity equation. This procedure removes the
local coupling between pressure and density. The simulation of acoustic waves is therefore avoided
and the corresponding stability criteria is lessen. Paillére et al. [70] and Le Quéré et al. [55] show
that the low-Mach number techniques are much more efficient than fully compressible models when
treating natural convection flows in closed cavities. In their papers, they give benchmarks for low

Mach number solvers for natural convection flows with large temperature differences.

Daru et al. [19] propose a model dedicated for the simulation of low speed non isothermal
two-phase flows in closed vessels. In their model, both liquid and gaseous phases are described by
the Navier-Stokes equations and the energy equation. The liquid is treated as fully incompressible
while the gas follows a low-Mach number approximation. Their proposed numerical model is
validated on air bubbles embedded in a closed cavity filled with liquid water.

For more details, a detailed summary of numerical and experimental studies related to laminar
natural convection in enclosures can be found in the work of Pandey et al. [73]. Miroshnichenko
and Sheremet [66] present a review of the research on turbulent natural convection in rectangular
cavities using numerical and experimental techniques. In the present work only laminar regime is

considered.

5.3 Numerical method for the simulation of low Mach num-

ber liquid /vapor flows

The numerical simulation of natural convection demands a specific solver where the variation of
the density is taken into account. During my thesis, I have implemented in the code DIVA a low
Mach number solver for the liquid phase, based on the numerical approach proposed by Daru et
al. [19].

The configuration described in [19] consists in a multiphase flow involving a strictly incompress-
ible liquid phase and a compressible gaseous phase, the latter being considered under the low-Mach
number assumption. In what follows, we will first describe the different steps of implementation of
the variable density numerical solver for a gas phase and second, the corresponding modifications

when the method is used for a liquid phase.

5.3.1 Gas phase treated using the low-Mach number approximation

The system of equations governing a configuration involving two-phase flows, containing an in-

compressible liquid and a compressible gas phase treated with a low-Mach number approximation,



5.3. Numerical method for the simulation of low Mach number liquid/vapor flows 117

writes
ot =5 '
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p(S +u-Vu) = —Vp+V 7+ g, (5.2)
oo (5w 9T) =V (691 - PV (53)
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where p(x,t) ~ p(x,t) — P(t), P(t) is the thermodynamic pressure and r is the ideal gas constant.
The viscous tensor 7 is equal to AV - ul + 2uD with Lamé coeflicients A and p, D the strain rate
tensor and I the identity tensor.

Using the ideal gas law (5.4), the continuity equation (5.1) can also be expressed as

1Dp 1DT 1DP
w=_-Z2P_ -2 2 (5.5)
pDt T Dt P Dt

The thermodynamic pressure is calculated using an integral relation derived from (5.5),

1 dP 1 1 DT
pﬁ=m<hmm“ﬁawmg’ >0

where Q, is the volume of the gas domain and 09, is its bounding surface. Equation (5.6) allows

for the calculation of the source term

P(t) = P(to)exp (f (;‘Zj) dt’) : (5.7)

where t( is some reference time.
Note that in the original method of Daru et al. [19], the temperature field was determined

using the enthalpy formulation

DT
Dt

_ V. (kVT) — % <a”) Dp. (5.8)

PCy or ), Dt

Finally, the different steps of the numerical procedure are
(1) initialization of the velocity, the temperature and the density field (via equation (5.4)),
u"; T p™. (5.9)
(2) solve the Navier-Stokes equations using the projection method,

u"tl (5.10)

(3) solve the temperature equation (5.3),
VAR (5.11)

(4) calculate the temporal derivative of the thermodynamic pressure with equation (5.6),

1dP\"™ 1 1 /Tt —1m 1
— = V" . 12
(p dt ) Q, (JQQ Tn+1 ( At + (u-VT) ) dx (5.12)
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(5) determine the thermodynamic pressure P using equation (5.7).

tn+1
1dP /
n+1 __
P = P(tg)exp (L ( 7 ) dt> . (5.13)

(6) compute the density p with the relation (5.4),

" Pn+1

(7) calculate the continuity equation (5.5),

(V-u)"*t =

= o (5.15)

1 (T T _ 1dp\"*

Note that steps (4-7) are done only for the phase treated under the low-Mach number approxima-

tion, in this case the gas phase.

5.3.2 Liquid phase treated using the low-Mach number approximation

For the simulation of variable density in the liquid phase, some modifications are made to the
above described method. First of all, the equation of state for a perfect gas can no longer be used.

The density is written using
p(x,1) = po (1= B(T = Ty)), (5.16)

with py the density at temperature of reference Ty and 3 the thermal dilatation coefficient.

The continuity equation is then expressed with

1Dp DT

The algorithm for the liquid phase maintains steps (1-3), followed by

(4) compute the density p with the relation (5.16),

P =po (1= B (T —Ty)). (5.18)

(5) calculate the continuity equation (5.17),

Tn+1 _Tn

R

+ (u- VT)"“) ) (5.19)
Note that, for the liquid phase, we no longer have acces to the thermodynamic pressure P.
Nevertheless, its variations are negligible for an open computational configuration, and one can

use the value of an external thermodynamic pressure in equation (5.3).

5.4 Validation test case

The implemented variable density solver is now validated on a 2D configuration. The test case,
taken from [55], consists in a differentially heated square cavity problem illustrated in figure 5.1.

On all walls, the no-slip condition is imposed for the velocity. On the horizontal walls, Neumann
conditions, 0T /0y = 0, are applied for the temperature. The wall at = 0 is heated, T'(z = 0,y) =
T, while the wall at © = [, is cooled, T(x = l,,y) = T.. The imposed initial conditions are:
T(z,y) =Ty, p(x,y) = po, u(x,y) = v(z,y) =0 and P(t = 0) = F.
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Figure 5.1: Differentially heated square cavity problem.

The dimensions of the computational domain are [0, L] x [0, L] and their determination is
further given. The configuration is defined by a Rayleigh number of 106. For a perfect gas, the

Rayleigh number is defined as

(T, —T,) L3

2
900
Ra = Pr , 5.20
Tou% ( )

where g is the gravitational acceleration, L is the height of the cavity, Tj is a reference temperature
equal to (T}, + T¢) /2, po the reference density corresponding to Tp, and pg is the dynamic viscosity
at Tj.

We introduce a non-dimensional parameter € = (Ty, — T..) / (T}, + T.) characterizing the com-
pressibility effects. For small enough ¢, incompressible flow models with the Boussinesq approx-
imation are valid, meanwhile for high values of ¢ the Boussinesq assumptions break down and
one needs to resort to a compressible flow model, or since the Mach numbers remain small, to a
low-Mach number approximation model.

The problem is completely defined by the Rayleigh number, the value of € and the following

parameters:

P,

Py =101325 Pa; Ty =600K; r=287J/kg/K; po= %;
0

Pr=0.71; ~=14; g¢g=981m/s* e=0.6.

The heat transfer to the walls is characterized by the local Nusselt number,

Nu(y) = ﬁ (g)w (5.21)

In figure 5.2 are illustrated the temperature field and the streamlines obtained in the heated
square cavity. As expected, each side wall is coated with a conduction layer. The heated layer
tends to rise along the heated wall while the cooled layer falls along the cooled wall. A steady state
characterized by en energy balance between conduction and convection is reached by the thermal
layers (Bejan [5]).

Different mesh grids were used for the convergence study. Additionally, verifications were
carried out to evaluate whether the energy formulation or the enthalpy formulation gives the same

results. All the results are shown in Tables 5.1 and 5.2. The convergence is achieved with the mesh
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Figure 5.2: Temperature field and streamlines in the heated square cavity configuration.

Table 5.1: Results obtained with the internal energy formulation (equation 5.3).

Nuy, Nu, P/P, m/mg

128 x 128 8.87755 8.811519 0.82640 0.9682

256 x 256 8.83592 8.844706 0.848147 0.99129

512 x 512 8.851341 8.853514 0.853832 0.99729

1024 x 1024 8.856285 8.856827 0.85547 0.99904
Reference Solution [55] | 8.859777 | 8.859777 | 0.8563380

grid 512x 512 and, as expected, the formulation for the temperature equation does not influence the
results. In addition to the Nusselt number and the variation of the thermodynamic pressure, the
conservation of mass is also computed. For both formulations, the simulations converge towards

0.1% of mass loss, which is negligible.

5.5 Present work

In this section we present the work conducted on the numerical simulation of a 2D configuration de-
scribing the interaction between natural convection mouvements in the liquid and the liquid /vapor
phase change.

In what follows we first describe the computational configuration. For the present study, in
addition to variable density, wall conduction was also implemented into the code DIVA. The latter is
validated for a classic test case of pure conduction. Finally, our preliminary results are presented;
the influence of the natural convection, through the Grashof number, onto the thermal flux is
shown and discussed. Conclusions and perspectives on the present study are given at the end of

the chapter.
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Table 5.2: Results obtained with the enthalpy formulation (equation (5.8).

Nuy, Nu, P/Py m/mg
128 x 128 8.77279 8.823986 0.82712 0.96743
256 x 256 8.83685 8.84917 0.8486 0.991244
512 x 512 8.852247 8.855293 0.85407 0.997318
Reference Solution [55] | 8.859777 | 8.859777 | 0.8563380

5.5.1 Computational configuration

In the present study, as a first approach, the cryogenic tank has been represented by a 2D con-
figuration, illustrated in figure 5.3. The liquid is located in the lower part of the domain and the
vapor is found above the liquid. The two sub-domains are separated by a plane interface I', the
contact angle being imposed at 90°. The dimensions of the computational domain are I, x [, the
interface being situated at 21,/3, with [, = 0.05 m and [, = [,.

The velocity is initialized with a static field, both for the liquid and vapor phases, w; = u,, = 0.
The liquid temperature is initialized with a thermal gradient, with Tj(z, yr) = Tsa: and Tj(z,0) =
Tsat — AT. The temperature in the vapor phase is initially uniform and equal to the saturation
temperature, T, = Tsq¢. The configuration is under gravitational acceleration g = —ge,,.

The no-slip condition is imposed for the horizontal wall y = 0 and for the two vertical walls
x =0and x =1[,. A free outflow is applied at the y = [, boundary, using the relations presented
in section 3.4.1 of chapter 3. For the pressure, Neumann conditions are imposed for the walls,
(0p/02) g 4=y, = 0 and (dp/dy),_, = 0, and a Dirichlet condition for the outflow condition,
p(z,y=1,) =0.

For the temperature, a Dirichlet condition is imposed at y = 0, equal to T'(z,y = 1)) = Tsat —
y=ly — 0.
In the x direction, the vertical walls are heated through conduction, where the imposed temperature

AT. At the top of the computational domain, an adiabatic condition is applied, (07'/dy)

at x, = 0is Tyy(xw = 0,y) = Tsqr + AT/2. More on the wall conduction is found in the next
section.

Considering the symmetry of the proposed computational configuration, we choose to simulate
only the half of the domain by applying a symmetrical boundary condition at « = l,/2. This will
alleviate the computational cost of our simulations.

At present, only two uniform mesh grids N, x N, were employed, 64 x 128 and 128 x 256.

The liquid is treated under the low-Mach number approximation while the vapor phase is

incompressible.

5.5.2 Wall conduction

For the 2D computational configuration described above, we have considered that the vertical walls
are heated through wall conduction. The wall dimensions are [l; wau X ly], With Iy wen = lo/4 =
62.5-10~% m.

The Dirichlet condition imposed on the temperature at x = 0 is calculated solving the wall
conduction, described by the equation

aﬂual l
ot

,DSC S =V (kSVTwall) . (522)

with Tyqy the temperature field in the wall domain, kg the wall conductivity, pg the wall density
and C) g the heat capacity of the wall.
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Figure 5.3: Schematics of the computational configuration.

The temperature field in the wall is initialized with the profile
Twa”(x,t = 0) = Az yau + B, (5.23)
with

T(x=0,y) — Twan(xew = 0,y)

la:,wall

A=

and B = Tyanu(zw = 0,y), (5.24)

where Tyqu € [0, Ly wait]-

Dirichlet boundary conditions are imposed in the x direction, Tiyqu (0w = 0,y) = Tar + AT/2
and Twai(Tw = lpwai,y) = T(x = 0,y). Zero flux Neumann boundary conditions are applied at
y=0and y =1,

The wall conduction equation is solved using a Gauss-Seidel algorithm. The mesh grid employed
depends upon the resolution of the fluid domain. The number of grids in the y direction is the
same as for the fluid while in the x direction we use N, /4 points.

The wall conduction solver is validated on a pure conduction test case. Three layers are
considered, the solid wall, the liquid and the vapor, as can be seen in figure 5.4a. An analytical
solution is avalaible for this configuration, which give access to the temperature profile and therefore
to the temperature at the interface between each layer: T, = 382.995 K and T;/, = 381.468 K.

In figure 5.4a we have plotted the initial temperature field, constant in the liquid and the vapor
phases and equal to T' = 373 K. In the solid, we impose a linear evolution. Dirichlet boundary
conditions are imposed in the y direction: Tyqu (2, yw = 0) = 383 K and T'(z,y = [,) = 363 K.

Figure 5.4b illustrates the established temperature field, obtained after a certain time of sim-
ulation. The values of temperature obtained at the solid-liquid and liquid-vapor interfaces are in

very good agreement with the theory.

5.5.3 Preliminary results

In what follows we present some preliminary results obtained for the described configuration. Even
though the present study is under development and not finalized, this initial analysis is an opening
to a more thorough study and allows for a first physical understanding of the involved phenomena.

Additionally, this step allows to determine the different perspectives for this study.
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Figure 5.4: Validation of the wall conduction solver for a pure conduction test case. Temperature
field.

5.5.3.1 Dimensionless numbers
The present problem is characterized by several dimensionless numbers:
e Prandtl number,

1Cp 3.93, for the liquid phase
0.98, for the vapor phase

e Jakob number,

Ja = I, =

CpAT 0.1481, for the liquid phase
0.035, for the vapor phase

e density ratio,

r =Pl _ 1623

Po

e effusivity ratio,

K = PYs
(pCpk) 3.85-10°, for the vapor phase

where (pCpk) 4 are respectively, the density, the heat capacity and the thermal conductivity

(pCpk)g { 4.7518 for the liquid phase

of the solid wall. The effusivity ratio characterizes the thermal contact between the fluid and
the solid wall.

e Grashof number,

Gr — gBATL3 { [4.71; 9.93; 18.8] - 10°, for the liquid phase
=T =

v 1168, for the vapor phase
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where g is the gravitational acceleration, ( is the coefficient of thermal expansion, AT is the

thermal gradient described previously and L is the vertical length.

The Grashof number Gr is described as the ratio between the buoyancy and the viscous force
and is analogous to the Reynolds number Re, where the velocity scale is related to buoyancy

effects.

Several observations can be made concerning this configuration. First, in comparison with the
2D configuration of a laminar boundary layer, described in chapter 2, here, the jump velocity is in
the liquid phase and not in the vapor phase. Second, both the liquid and the vapor are in contact
with the heated wall. Therefore, two Grashof numbers could be calculated, one for the liquid and
one for the vapor phase. However, for the present study, the vapor is considered incompressible.
Treating the vapor with a low-Mach number approximation can be one of the perspectives for
this study. For the liquid phase, we have considered three values for the Grashof number, showed
above. Note that for a laminar regime of the flow, the Grashof number has to be in the range
10% < Gr < 106.

The product between the Grashof number and the Prandtl number gives the Rayleigh number,
Ra = Pr - Gr. The latter is often used in relation to natural convection problems, characterizing
the thermal flux.

5.5.3.2 Convergence study

In this work, we first investigate the influence of the natural convection onto the thermal flux
induced at the liquid/vapor interface. Note that only the thermal flux calculated in the liquid
phase is considered here.

The natural convection motions, governed by the Grashof number value, influence the thermal

flux evolution at the liquid/vapor interface. This thermal flux, computed with

D, = kl@ . (5.25)
is, inter alia, induced by the liquid/vapor phase change, governed by the Jakob number value.

As already said, three values for the Grashof number are studied, Gr = [4.71; 9.93; 18.8] - 10°,
by varying the coefficient of thermal expansion 3. For each simulation, a convergence study is
required. The simulation of the natural convection being fairly long, T ~ 1600 s to obtain an
established regime, only two mesh grids were here used: 64 x 128 and 128 x 256. The simulations
done with the more refined mesh 256 x 512 are ongoing. Note that for the simulation of 128 x 256,
the computation lasted 14 days while for the simulation of 256 x 512, we expect a duration of 60
days (using 32 processors).

Figure 5.5 illustrates the spatial evolution of the liquid thermal flux ®; at the liquid/vapor
interface, for the two used mesh grids. We observe that the mesh convergence is influenced by the
Grashof number value. Indeed, increasing the latter induces an increase in the velocity, which, in
turn, decreases the thermal boundary layer thickness. Therefore, a better resolution of the zone
close to the interface is needed in order to capture the induced high thermal gradient. On the
other hand, the lack of convergence can be observed only for < 0.01 m, for Gr = 9.93 - 10° and
Gr = 1.88 - 109, and close to the wall,  ~ 0, for Gr = 4.71 - 10°.

Even if, at present, our computations are not entirely converged, we will nevertheless try to go

further in the understanding of the evolution of the thermal flux at the liquid/vapor interface.
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Figure 5.5: Spatial evolution of the liquid thermal flux at the liquid/vapor interface. Mesh con-

vergence. (4) - 64 x 128 ; (m) - 128 x 256.
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Figure 5.6: Influence of the Grashof number Gr onto the evolution of the liquid thermal flux at the
liquid /vapor interface. Mesh grid employed 128 x 256. (A) - Gr = 4.71-10° ; (m) - Gr = 9.93 - 10%;
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laws ax + b. Each dash dot lines color is calculated for the corresponding Grashof number.

5.5.3.3 Grashof influence onto the evolution of the thermal flux

We have plotted in figure 5.6 the spatial evolution of the liquid thermal flux at the interface, for
three values of Grashof number. Note that the y axis is in logarithmic scale. Increasing the Grashof
number increases the interface thermal flux. Additionally, figure 5.7 shows the temperature field
and the streamtraces for the three configurations. Three principal zones can be distinguished.

Zone I is represented by the region in the vicinity of the solid wall, where the thermal flux
is considerably high. The proximity to the triple line renders this region difficult to converge.
Unfortunately, we will have to wait for a more refined simulation, such as the 256 x 512, in order
to make an analysis on this zone.

A second region, denoted as zone II, is delimited by 0.0065 < z < 0.018 m and represents
the region where the convection mouvements shear the liquid/vapor interface. In this region, the
spatial evolutions of the thermal flux can be fitted with power laws az™, where a and n could
depend on the dimensionless numbers governing the problem.

Finally, the third zone, denoted as zone III, is located in the region where the convective
mouvements stop shearing the interface and have already moved away from the interface. In this
region, the interfacial flux can be fitted with a linear law, ax + b. This fit demonstrates the lack of
interaction between the natural convection and the interface.

Further investigations can be made on this matter. The dependence of the coefficients a and b
with the dimensionless numbers, for each zone, could be determined by conducting a parametric
study. More on this will be discussed in the perspectives of the present work.

The streamtraces plotted in figure 5.7 show also a dependence on the value of the Grashof
number. For a low Grashof number, we have a discrepancy between the scale of the two circulations.
When increasing its value, the situation tends to inverse, the small circulation increases its scale

while the large circulation tends to decrease its scale. Another observation one can made is on
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Figure 5.7: Captions of the simulations for different values of the Grashof number. Temperature
field and streamtraces. The entire computational domain is illustrated, the solid wall at the left,
the liquid phase at the lower part of the domain and the vapor phase at the upper part of the
domain. Note that only half of the 2D configuration has been simulated.
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the thermal boundary layer located at y = 0, above the cooled wall. The increase on the Grashof
number decreases its thickness. A more detailed analysis on these matters could also be considered

among the perspectives of the present work.

5.6 Conclusions and perspectives

In this chapter we have described our preliminary work on the interaction between natural con-
vection and liquid/vapor phase change. For computational cost reasons, we have considered the
laminar regime (Gr ~ 10%) while the industrial configuration is characterized by a turbulent regime
(Gr ~ 1019). Nevertheless, this first approach employed to study this type of configuration is not
without value.

The work was first on the implementation and validation of a variable density solver in the
liquid phase. The wall conduction solver was also validated for a pure conduction test case.

Next, we have configurated our simulation in order to begin the study on the interaction
between natural convection and liquid/vapor phase change in a 2D domain. Several values of the
Grashof number were simulated and a preliminary spatial convergence study was carried out for
each one of them. It was shown that for some of this simulations, a more refined mesh grid was
needed. However, the obtained results allowed a first discussion on the influence of the natural
convection onto the interface thermal flux, which increases when Gr increases. Additionally, we
have proposed a decomposition of the interface region into three zones: the close to the solid wall
zone, the sheared interface zone and the no-interaction-with-the-natural-convection zone. For the
last two zones, a power law and a linear evolution were proposed, respectively, for the spatial
evolution of the thermal flux at the liquid/vapor interface.

The present work is ongoing and opens to many perspectives. Simulations allowing for a
complete convergence study are in progress. We plan next to conduct a parametric study to
investigate the influence of the dimensionless numbers onto the thermal flux, particularly the
Grashof number Gr and the effusivity ratio K. In addition, we would want to investigate how the
mass flow rate at the liquid /vapor interface behaves for these configuration. A dimensional analysis
of the evolution of the observed circulations in fonction of the dimensionless numbers could also
be relevant.

In the distant future, a 2D axisymmetric configuration could be considered. This would allow
a deeper investigation of the region close to the contact line. Additionally, for both 2D and 2D
axisymmetric configurations, the contact angle could be variated and its influence studied. For
the cryogenic tank application, when the liquid hydrogen is emplyed as cyrogenic propellant, its
pressurization is done using a non-condensable gas. Therefore, studying the configuration involving
a multi species gas could be one of the perspectives. This will increase the complexity of the study
by adding the Marangoni convection at the liquid/gas interface.

And finally, a reflexion on how to simulate a turbulent natural flow convection is mandatory.
An approach could consist of injecting turbulent fluctuations close to the wall, at x = 0, and see
how they evolve when advected via the natural convection flow.



Conclusions and future directions

Conclusions

This thesis has described the numerical study conducted on the interaction between liquid/vapor
phase change and an external flow.

This research was motivated by the need of a better understanding of the physical phenomena
generated in a cryogenic tank, during the various phases of the flight mission of a satellite. More
precisely, the objective was to find behaviour laws for the heat transfer at the liquid /vapor interface,
laws that can further be used in industrial codes to model the interface.

The numerical study presented in this thesis was conducted using the in house code DIVA,
stating for Interfacial Dynamics for Atomization and Vaporization. The solver implemented in
the code DIVA was first described, together with all the corresponding numerical methods for the
simulation of two phase flows with phase change.

The chapters that follow were dedicated to the work realized during the present thesis. Two
configurations were studied, in microgravity and under gravitational acceleration.

First, the focus was on the interaction between liquid/vapor phase change and an external
boundary layer flow. This configuration characterizes the microgravity regime, when the satellite
is in orbit and the subcooled liquid contained in the cryogenic tank is pressurized by a superheated
vapor. Even if, for most of the industrial applications, the flows are turbulent, we have considered
of scientific and theoretical importance to tackle first the laminar regime. Therefore, the computa-
tional configuration implemented was a 2D laminar boundary layer flow of vapor shearing a static
and plane liquid. Both condensation and vaporization were studied, by considering, respectively,
a subcooled or a superheated vapor, while the liquid phase is at saturation temperature. A para-
metric study was conducted by varying the dimensionless numbers characterizing this problem,
the Reynolds number, the Prandtl number, the density ratio and the Jakob number. Correlations
were obtained on the Nusselt number when phase change occurs. It was showed that the local flow,
induced by the phase change, decreases or increases, respectively, the local heat flux, depending
upon vaporization or condensation is considered. For the vaporization configuration it was found
that the Nusselt number, and therefore the heat transfer, decreases exponentially with the Jakob
number until reaching a saturation value. The opposite trend was observed for the condensation,
for which the Nusselt number increases as an exponential function of the Jakob number. Based
on the obtained correlations for the Nusselt number, we were able to determine expressions for
the integrated heat flux at the liquid/vapor interface. Another noteworthy result was about the
viscous friction on the interface, or the tangential component of the viscous tensor, which was
found to be weakly affected by the phase change in the case of a plane interface.

The obtained correlations are difficult to be used for a cryogenic tank application, considering
the existing turbulent regime flow. It was only natural to further study the interaction between a

spatial developing turbulent boundary layer flow and liquid/vapor phase change. In comparison
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with the laminar regime, no exact theory exists for the resolution of the turbulent boundary layer
flow. For this reason, our work was first dedicated to the numerical simulation of the spatial
development of a turbulent boundary layer flow on a flat plate, with heat transfer. A thorough
overview of the literature on the existing numerical methods to generate inflow data for turbulent
flows simulation allowed us to choose the SEM for the present study. The implemented method
was first validated for the simulation of instantaneous turbulent signals as well as for a spatially
decaying HIT.

The numerical simulation of a turbulent boundary layer flow with heat transfer at a momentum
thickness Reynolds number Reg = 1100 was next described. For the thermal turbulent boundary
layer simulation, an extension of the initial method of Jarrin et al. [38] was proposed. The
assumption of the equivalence between the thermal and the dynamic boundary layer has therefore
been taken, for a Prandtl number Pr = 1. Studies on the influence of the mesh grid, the length scale
value, the number of eddies and a time convergence study on the generated turbulent fluctuations
at the inlet plane were conducted. It allowed, on one hand, to validate our implementation, and
on the other hand, to choose the computational configuration used for this work. Additionally, a
study on the performance of the employed pressure solver was conducted and a detailed description
of the involved computational constraints was given.

Finally, the results obtained were presented. We have shown via snapshots of the streamwise
velocity and temperature fields that the hypothesis of the equivalence between the two can be
considered reasonable. The evolutions of the turbulent statistics, mean and rms velocities and
temperature profiles, with the wall coordinate were illustrated. The mesh refinement greatly
improve their corresponding evolutions. The same was found for the turbulent heat fluxes, in
the streamwise and the wall-normal directions. A comparaison with data extracted from the
literature showed a good agreement of the latter evolutions. The same was found for the turbulent
Prandtl number, which reaches a maximum value of 1.09 close to the wall, while similar values
were also reported in other previous studies, in which Pr; approaches a value of 1.1 at the wall.
The streamwise evolutions of the friction coefficient and the Stanton number, allowing for the
characterization of the local boundary layer flow, showed significant differences in comparison with
the existing empirical (Kays and Crawford [44]) and numerical or experimental evolutions. In the
vicinity of the inlet plane, it has already been reported that, when using a synthetic method, these
parameters have incorrect evolutions. Often, their evolutions regain the correct path, but only
after some distance in the streamwise direction.

Further on, the focus has been on the simulation of the interaction between the spatially
developing turbulent boundary layer flow and liquid /vapor phase change. The procedure employed
was to use two simulations. The auxiliary simulation allows the development of the boundary layer
from a synthetic turbulence imposed at the inlet plane. After a certain time of simulation allowing
to achieve the average convergence, the auxiliary simulation advances while storing, at each time
step, the velocity components and the temperature on a vertical plane. These planes are later
used as inflow boundary condition for the second simulation, where the phase change is plugged
in. The liquid/vapor phase change was imposed as a boundary condition, for computational costs
reason. The results obtained were analyzed qualitatively and quantitatively. The illustrations of
the normal velocity and of the vorticity magnitude fields in a vertical plane Oyz showed an increase
of vortices in the inner zone of the boundary layer, possesing a high vorticity. When plotting the
isosurfaces of () = 0.5, an increase in the population of small eddies was observed. These tendencies
were explained by considering that the energy cascade from large to small eddies is higly enhanced
by the blowing velocity induced by liquid/vapor phase change. A quantitative study allowed to

investigate the influence of liquid /vapor phase change onto the evolution of the turbulent quantities.
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The rms fields showed a considerable increase with the Jakob number. This is coherent with the
observation on the increase of small eddies number, considering that the maximum of turbulent
energy is contained by small turbulent scales. The heat fluxes were also impacted by the phase
change. The turbulent heat flux in the streamwise direction was highly increased when increasing
the Jakob number. The peak of the heat flux in the normal direction was shifted towards higher
values of the wall coordinate y™ when increasing the Jakob number. This was explained by the
blowing effect of the liquid/vapor phase change. The mean profiles of the temperature and the
velocity were also modified when phase change occurs. The velocity gradient was decreased in
the viscous sublayer and increased in the logarithmic zone when increasing the Jakob number.
The evolutions of the shear stressed showed some interesting trends. The viscous shear stress was
influenced by the phase change only in the viscous sublayer, for ™ < 5. The Reynolds shear stress
followed the same evolution in the close to the wall zone (y* < 10), regarless of the Jakob number
while in the logarithmic zone, its profile was increased when phase change occurs. The friction
coefficient and the Stanton number have shown little influence of the Jakob number onto the slope
of their profiles. Nevertheless, the corresponding curves were shifted towards smaller values when
increasing the phase change. The evolution of the Nusselt number showed similar tendencies that
the one obtained for the laminar regime. The curves presented a first region where the Nusselt
number decreases towards a minimum and followed by a curve of positive slope.

The second configuration involved natural convection. As explained in the ??7, during the
launching phase or for the space manoeuvres, the satellite is in a gravitational acceleration field.
This induces convective motions in the liquid that will influence onto the liquid/vapor phase
change. The last part of this thesis was dedicated to the interaction between natural convection
and liquid/vapor phase change. More precisely, an investigation on how the Grashof number,
governing the natural convection, will influence the spatial evolution of the liquid thermal flux at
the liquid/vapor interface. To this extent, a variable density solver using the low-Mach number
approximation was implemented into the code DIVA. Its validation was conducted on the simu-
lation of a heated square cavity. Additionally, a wall conduction solver was used to impose the
boundary conditions on the vertical walls of the tank. This solver was validated on a pure con-
duction test case for which the temperature profile can be determined analytically. Preliminary
results were shown. We have first investigated the mesh convergence and as was showed, for some
of the Grashof number values, the convergence was not achieved. More refined simulations are in
progress. However, the obtained results allowed a first discussion on the influence of the natural
convection onto the interface thermal flux, which increased when Gr increased. Additionally, we
have proposed a decomposition of the interface region into three zones: the close to the solid wall
zone, the sheared interface zone and the no-interaction-with-the-natural-convection zone. For the
last two zones, a power law and a linear evolution were proposed, respectively, for the spatial
evolution of the thermal flux at the liquid/vapor interface.

Both turbulent and natural convection configurations open to many perspectives that will be
further detailed.

Future Directions

The following research could be considered as direct extensions of the present work. We will first
consider the turbulent configuration.
Simulations for intermediate values for the Jakob number are ongoing. This will allow to get

a better understanding from the observed trends. For example, for all the turbulent quantities,
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a certain saturation effect could be predicted, especially for vyms, Wrms, Cy and St, where a
constriction between the curves of Ja = 8 and Ja = 14 can be observed. Additionally, studying
several values of the Jakob number would allow to determine a behaviour law and compare it with
the correlation obtained for the laminar regime.

It would be valuable to investigate the terms from the turbulent kinetic energy balance. A
study on the influence of phase change onto the terms of production, diffusion and dissipation is
planned for the near future. This will allow to go further in the comprehension of the obtained
tendencies, comprehend what turbulent processus is most influenced by the liquid/vapor phase
change. Additionally, investigations on the energy spectra could allow to determine to what scales
the energy from the phase change is distributed.

Finally, simulations with a more refined mesh grid, 1024 x 256 x 256, would surely allow to
obtain better profiles for the friction coefficient and the Stanton number. This would enable a
parametric study for different Jakob numbers with the objective to determine behaviour laws for
the heat flux and the friction coefficient.

The work on the natural convection is at its early stages and many perspective can be foreseen.
For the near future, a complete convergence study is intended, the corresponding simulations
are ongoing. We plan next to conduct a parametric study to investigate the influence of the
dimensionless numbers onto the thermal flux, particularly the Grashof number Gr and the effusivity
ratio K. In addition, we would want to investigate how the mass flow rate at the liquid/vapor
interface behaves for these configuration. A dimensional analysis of the evolution of the observed
circulations in fonction of the dimensionless numbers could also be relevant.

In the distant future, a 2D axisymmetric configuration could be considered. This would allow
a deeper investigation of the region close to the contact line. Additionally, for both 2D and
2D axisymmetric configurations, the contact angle could be variated and its influence studied.
For the cryogenic tank application, when the liquid hydrogen is used as cryogenic propellant, its
pressurization is done using a non-condensable gas. Therefore, studying the configuration involving
a multi species gas could be one of the perspectives. This will increase the complexity of the study
by adding the Marangoni convection at the liquid/gas interface. Finally, a reflexion on how to
simulate a turbulent natural flow convection is mandatory. An approach could consist of injecting
turbulent fluctuations close to the wall, at z = 0, and see how they evolve when advected via the
natural convection flow.

Last but not least, a discussion with the industry sector in order to determine how the obtained

behaviour laws could be employed in their industrial codes seems important.



Appendix A

Parametric study fo the laminar

boundary layer

The purpose of the present work was to investigate the influence of liquid/vapor phase change on

the Blasius theory results, particularly on the Nusselt number evolution. At first, the correction

N'U,fl — Nu;ap = F <RGI,P7A, J(I, pl7xL) ) (Al)
1%

v

has been plotted. As it can be seen in Fig. A.1, for x = z, the correction NuZ! — Nu2® # 0 and

oF P P
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x [ml]

Figure A.1: The correction on the Nusselt number from the Blasius theory with the z-axis -
Vaporization configuration - dimensionless numbers: Pr = 1.022, Re,, = 85.726, Ja = 3.69 and
Z—i = 17.746.

it increases with x as a power function. Therefore, the Nusselt number with vaporization can be

written as

Nul® = NuB! — (a (x—l)n+5> H(x —x1), (A.2)

Ty

where the Heaviside function H(z — x1) enables locating the phase change only for z > x.
The next step in our inquiry was to determine the evolution of the parameters «, 5 and n with
the dimensionless numbers characterizing the configuration of interest: Reynolds number Re,, ,
Prandtl number Pr, Jakob number Ja and the density ratio %‘ It is noteworthy that, given the
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dimensionless form of the Eq. A.2, the choice of an inlet Reynolds number Re,, instead of a

general Reynolds number Re, is straighforward.
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(a) Evolution with the Reynolds number and keeping (b) Evolution with the Prandtl number and keeping
fixed the dimensionless numbers: Pr = 1.022, Ja = fixed the dimensionless numbers: Re,, = 85.7226,
3.69 and £L =17.746. // a(Pr, Ja, £L) = 0.02866. ~ Ja = 3.69 and £t = 17.746. // b(Ja, £-) = 0.0748.
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(d) Evolution with the density ratio and keeping fixed

(c) Evolution with the Jakob number and keep-
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Re,, = 85.7226 and 2L = 17.746. // d(£-) =
Po Pu 85.7226 and Ja = 3.69.
0.07108.

Figure A.2: Evolution of the jump S(Re,,, Pr, Ja, Z—‘) for x = x, - Vaporization configuration.

The adressed approach to determine the parameters o, 8 and n is developed as it follows. First,
the jump B for = z, has been examined. Its evolution with the Reynolds number Re,, (Fig.
A.2a), the Prandtl number (Fig. A.2b), the Jakob number (Fig. A.2¢) and finally with the density
ratio (Fig. A.2d) have been plotted.

By means of a Matlab library, CFTool, one was able to obtain its evolution with the dimen-
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sionless numbers,

B = 0.119Rel 4777 pr0-23T4 (1 — exp ( 0.0043Ja ( — 1>>>
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numerical
[ = ax/x-1)"+p
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Figure A.3: Spatial evolution of the correction on the Nusselt number from the Blasius theory
obtained from the numerical simulation and the function fitting its evolution: « = 2.062 and

n = 0.3561; 8 known for the corresponding couple of dimensionless numbers.

In the interest of finding the expressions of the parameters a and n from Eq. A.2, the relation
NuB! — Nu¥® has been plotted with the = axis for each value of dimensionless number. For
exemple, in Fig. A.3 the evolution of NuZ! — Nu? is plotted for Re,, = 85.7226, Pr = 1.022,
Ja = 3.689, and p L = 17.746. Conducting a full set of simulations sweeping a large range of values

for the d1mens1onless numbers enabled us to determine the expressions of parameters a and n,

o = 0.294Rel)495 pr0-333 (1 —exp < 0.0248.Ja < — 1))) ,
Pu

—0.12
n = 0.9351Re, 11 pr=007 7q =01 (’”) .
Pv

Their evolution with each dimensionless number is plotted in Fig. A.4 and Fig.A.5.

and
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Re,, = 85.7226 and % =17.746. // d(%) = 0.4185. 85.7226 and Ja = 3.69.

Figure A.4: Evolution of the coefficient o(Re,;, , Pr, Ja, %) for x > x, - Vaporization configuration.
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Figure A.5: Evolution of the parameter n(Re,, , Pr, Ja, ,Z—l) for x > x - Vaporization configura-

tion.



Appendix B

Inlet plane statistics obtained using
the SEM

B.1 Time convergence

We present here the study of temporal convergence for the turbulent statistics, for each configura-
tion presented in table 3.5, section 3.4. Figure B.1 shows the evolution of the inlet plane statistics
with the wall coordinate y* for a mesh grid 64 x 64 x 64 and different values of the number of
eddies in the virtual box, an this for different times of simulation. The same is done for the mesh
grid 128 x 128 x 128 (figure B.2) and 128 x 64 x 128 (figure B.3).

For all mesh grids, depending upon the number of eddies employed in the virtual box, the time

of convergence is not the same.

B.2 Modified SEM

Figure B.4 shows the evolution of the inlet plane statistics with the wall coordinate, obtained
using the modified SEM, proposed by Pamies et al. [72]. The computational domain is (3.6 x 3.6 x
3.6x)d;ni+ and the mesh grid is 256 x 256 x 256. As can be observed, we were not able to obtain

the corect profiles in the inner zone of the boundary layer.

B.3 Comparaison on the obtained inlet statistics when dif-

ferent boundary conditions are used

In figure B.5 we have plotted the evolution of the inlet plane statistics with the wall coordinate
y+ for two configurations: the one used for the study on the inlet plane statistics, presented in
table 3.5 as (C.1.1) and the one used for the numerical simulation of a spatially evolving boundary
layer flow presented in section 3.5. It can be observed that the modification on the free-stream
boundary conditions (from Neumann condition to an outflow condition) and the modification on
the pressure condition at the outflow plane ( from a Dirichlet condition to a Neumann condition)
does not influence the evolution of the statistics at the inlet plane.
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(c) N = 16000 (d) N = 40000

Figure B.1: Time convergence for the turbulent statistics at the inlet plane x = 0, for a mesh grid
64 x 64 x 64 (configuration (C.1) from table 3.5, section 3.4). (black line) - Jimenez data [40]; (a)
-Tep =120 535 (@) - Tey = 240 s; (m) - Tpp, = 480 53 (») - Tepy = 960 s.
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(c) N = 16000 (d) N = 40000

Figure B.2: Time convergence for the turbulent statistics at the inlet plane z = 0, for a mesh grid
128 x 128 x 128 (configuration (C.2) from table 3.5, section 3.4). (black line) - Jimenez data [40];
(€) - Tep =60 s; (A) - Tep =120 s; (@) - Tey = 240 55 (m) - Tp,y = 480 s;

(a) N = 4000 (b) N = 40000

Figure B.3: Time convergence for the turbulent statistics at the inlet plane z = 0, for a mesh grid
128 x 64 x 128 (configuration (C.3) from table 3.5, section 3.4). (black line) - Jimenez data [40];
(A) - Ty =120 35 (@) - Ty = 240 s; (m) - Top, = 480 ;5
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Figure B.4: Inlet plane statistics evolution with the wall coordinate obtained using the modified
SEM, proposed by Pamies et al. [72]. (black line) - Jimenez data [40]; (a) - the obtained profiles.
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Figure B.5: Inlet plane statistics evolution with the wall coordinate. Comparaison between the
computational configuration (C.1.1) from table3.5 and the present configuration, in regard to the
changes in the employed boundary conditions. Each curve is plotted after the corresponding T,.
(black line) - Jimenez data [40]; (a) - (C.1.1); (») - present configuration.



Appendix C

Turbulent boundary layer interaction

with liquid /vapor phase change

C.1 Time convergence

In figure C.1 are plotted the evolutions of the rms quantities for different time of simulation.
Note that we have excluded T' = 120 s of simulation before begining the time convergence. Two
configurations are shown here, for Ja = 0.08 and Ja = 14, with the mesh grid 512 x 128 x 128.

It can be seen that we obtain convergence after T' = 120 s.
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Figure C.1: Time convergence for the turbulent statistics, for a mesh grid 512 x 128 x 128. (m) -
Tep = 30 5 (®) - Ty = 60 85 () - Tey = 120 85

C.2 Mesh grid influence

We show here the influence of the mesh grid onto the obtained turbulent quantities. Two mesh
grids are employed, 256 x 64 x 64 and 512 x 128 x 128. Only the two extreme values of the Jakob
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number are here shown, Ja = 0.08 and Ja = 14.
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Figure C.2: Influence of the mesh grid onto the evolution of the rms quantities. (») - 256 x 64 x 64;
(m) 512 x 128 x 128; (dashed line) - without phase change with the mesh 512 x 128 x 128.
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Figure C.3: Influence of the mesh grid onto the evolution of the rms temperature. (p) - 256 x 64 x 64;
(m) 512 x 128 x 128; (dashed line) - without phase change with the mesh 512 x 128 x 128.
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Figure C.4: Influence of the mesh grid onto the evolution of the heat fluxes. (») - 256 x 64 x 64;
(m) 512 x 128 x 128; (dashed line) - without phase change with the mesh 512 x 128 x 128.
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ARTICLE INFO ABSTRACT

Based on a numerical approach, we propose in this study to characterize the interaction between a laminar
boundary layer of a superheated or subcooled vapor flow and a static liquid pool at saturation temperature. For
the purpose of this study, we define a canonical configuration that will help to improve our physical under-
standing of the interaction between a laminar flow and vaporization or condensation. By performing a full set of
simulations sweeping the parameters space, correlations are proposed for the first time on the Nusselt number
depending on the dimensionless numbers (the Reynolds number, the Prandtl number, the Jakob number and the
density ratio) that characterize both vaporization and condensation. As attended, the Nusselt number decreases
or increases in the configurations involving vaporization or condensation respectively. For high Jakob number,
opposite trends are observed depending whether if vaporization or condensation is considered. Indeed a sa-
turation of the heat flux happens in the first case, whereas a self-amplification of the heat flux occurs in the
second one. Since the Nusselt number expressions are known, analytical expressions for the integrated heat flux
exchanged at the liquid/vapor interface can be determined. Our study also takes interest to the behaviour of the
viscous friction of the vapor flow on the liquid pool, which is weakly affected by the phase change, despite the
important variation of the local flow structure due to evaporation or condensation. The physical mechanisms
inducing all these phenomena are here discussed and clarified.
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1. Introduction

There is currently little information on how an external flow will
modify evaporation or condensation of a liquid plane surface in spite of
its significant interest in various fields, such as processes in thermal
engineering, in combustion applications, weather forecasting or climate
modeling. Most applications cited above involve turbulent flows and
gas mixture. Nevertheless, the simpler configuration where a laminar
superheated or subcooled vapor flow is shearing a saturated liquid in-
terface has still never been solved whether theoretical, numerical or
experimental approaches are considered. This would be a significant
step forward before considering more complex configurations. The
theory of an expanding laminar boundary layer of a fluid above a solid
plate, known as the Blasius theory [1], has been generalized to account
for heat transfer between the fluid and an isothermal plate by Pohl-
hausen in Ref. [21]. Both theories are based on a boundary layer hy-
pothesis assuming that the velocity component in the streamwise di-
rection is much higher than the one in the normal direction to the plate.
However, when one considers an expanding boundary layer of a
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superheated or subcooled vapor flow over a saturated liquid, the latter
assumption is no longer valid due to the phase change vapor flow that
will respectively blow or aspirate the boundary layer, depending on
whether vaporization or condensation occurs. The mathematical com-
plexity of this problem being strongly increased, the resulting flow will
exhibit a fully two-dimensional rotational structure for which a classical
theoretical analysis can hardly be practiced. Consequently, using fully
resolved numerical simulation is a promising alternative for tackling
such a problem in order to improve our knowledge in the field of heat
transfer in liquid-vapor flow with phase change. Phase change heat
transfer, treated using the so-called conception of the two-phase
boundary layer, has been a subject of study in several papers. For ex-
ample, Koh et al. made an analysis of a saturated vapor in a forced-
convection flow over a flat plate in Ref. [12] and a vertical plate in Ref.
[13]. The configuration with film boiling was studied for a forced-
convection flow by Cess and Sparrow in Ref. [4] and for a free-con-
vection flow by Kaneyasu and Takehiro in Ref. [11]. Turkyilmazoglu in
Ref. [32] studies the traditional Stefan problems concerning solidifi-
cation or liquidisation phenomena of a phase changing bar. Regarding
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the interaction between liquid-vapor phase change and two-phase
flows, since the seminal works of Renksizbulut and Yuen [23,24],
where correlations on Nusselt number and drag coefficient of evapor-
ating droplets have been designed, a few studies have been dedicated to
fully characterize other configurations.

Scriven [27] has proposed 1D theory of bubble growth involving an
induced phase change flow motion (radial and irrotational flow). In the
context of bubble growth, Ruckenstein and Davis [25] have developed a
theoretical study where the external flow is approximated by a poten-
tial flow. Nevertheless, rotational effects can have influence both on the
viscous friction and the heat flux as it is the case in the present study.

In this paper, we present a numerical study to characterize the in-
teraction between a superheated or subcooled external laminar vapor
flow shearing a static and plane liquid pool at saturation temperature.
The Blasius-Pohlhausen theory of an expanding laminar boundary layer
over an isothermal plate can be considered as a reference solution. Our
purpose was to find, for this configuration, a correlation on the Nusselt
number accounting for the modification of the local thermal gradient
on the interface due to the vaporization or condensation induced flow.
As the local structure of the flow is also modified in the vicinity of the
liquid-vapor interface, our study includes an analysis on the interfacial
viscous friction when phase change occurs.

To the best of our knowledge, the study on the interaction between
an external vapor flow and the liquid/vapor phase change of a liquid
pool has never been conducted before in the proposed configuration. In
addition to its academic interest, this study could also be relevant in
more industrial configurations, as for example in space applications. In
launchers fuel tanks, the pressure regularization is done by injecting
vapor jets above a liquid plane. It is of utmost importance to predict the
vaporization or condensation mass flow rate in such a configuration. A
solution is to solve the flow only on a small region close to the liquid/
vapor interface and obtain local laws on the heat flux that could be used
as a closure model in larger scale approaches.

2. Numerical methods for the direct numerical simulation
2.1. Mathematical formulation

The model used to compute the process of heat transfer with phase
change is identical to one described in Refs. [10,31], where the liquid
and the vapor phases are supposed incompressible and mono-
component. It is assumed that the fluid densities and the thermo-
physical properties in each phase are spatially uniform. Therefore, the
mathematical formulation of the two-phase incompressible flow is:

V-V =0, (€D)]

DV
—— = —Vp + V-(2uD) + pg.
Py p+ V-(2uD) + pg @
where V is the velocity field, p is the pression field, p is the density, u is
the dynamic viscosity, D is the deformation tensor and g is the gravity
acceleration.
The thermal field is computed by solving a simplified conservation

energy equation, formulated using the enthalpy primitive variable:

DT
pCp(E) = V.(kVT), 3)
where T is the thermal field, C, is the specific heat at constant pressure
and k is the thermal conductivity.

The governing equations are formulated in a “Jump Condition
Form”, meaning that the field equations are written in each phase se-
parately and additional jump conditions have to be imposed at the in-
terface to maintain the conservation of mass (Eq. (4)), momentum (Eq.
(5)) and energy (Eq. (6)). The movement of expansion or suction in the
vapor, depending on whether vaporization or condensation occurs, is
directly related to the phase change mass flow rate,
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V] = m[l} n.
ol @

Because of the interface motion, momentum in the direction of the
unit normal vector n is convected at the relative velocity of the fluid
with respect to the interface. Including the effects of the pressure and
surface tension forces, the momentum balance normal to the interface
writes

[plr = ox + 2[;4%]]‘ - mz[l]r.

on P )

Finally, the balance of energy at the interface translates that the
thermal flux exchanged at the interface depends on the energy released
or absorbed in the process of phase change,

[-kVT-n]; = mL, (6)

with o the surface tension,  the local interface curvature, n the normal
vector at the interface pointing towards the liquid phase, L the latent
heat of vaporization, i the phase change rate and °» the normal de-
rivative of the normal velocity component. The operator [-]- accounts
for the jump across the interface I' and it is defined by: [fTr = f,,, — fig-

The formalism to deduce the jump equations (4)-(6) is described in
Appendix A (see Refs. [7,8,19]).

As in this paper we consider a plane interface, simulations results do
not depend on surface tension due to zero interface curvature.
Moreover, according to the second law of thermodynamics and as-
suming that the local equilibrium hypothesis is still valid, the interface
temperature is imposed at the saturation temperature. This assumption
is thermodynamically consistent with a pure liquid/vapor system, see
for instance the following reference [3].

2.2. Numerical methods

In this section, the methods used in our numerical study are pre-
sented. The dimensional Navier Stokes equations (1)—(6) are solved for
a steady incompressible two-phase flow in a two-dimensional domain.

Thermal field is computed by solving the simplified conservation
energy Eq. (3). As the liquid-gas interface is not boundary fitted with
computational grid, the suitable jump conditions can be imposed across
the interface following the general guidelines of the Ghost Fluid Method
[6] to maintain the conservation of mass [19,30] and energy [7,8,31].
That is made possible by using the subgrid location of the interface with
a static Level Set function whose zero level curve represents the inter-
face [20]. Spatial derivatives are computed with fifth order WENO-Z
schemes [2]. A Black-Box MultiGrid solver [5] is used to solve the
pressure Poisson equation and we perform an implicit temporal dis-
cretization of the viscous terms as presented in Refs. [15,16]. The
system of unsteady equations is solved until reaching a steady state by
using a second order TVD Runge-Kutta scheme for the temporal in-
tegration.

As the interface temperature is constant and continuous across the
interface, the following algorithm, named GFTSB (Ghost Fluid Thermal
Solver for Boiling) in Refs. [31,34], has been designed in Ref. [7] to
solve the heat transfer around the interface when phase change occurs.
The scheme used for solving the energy equation is given by

Tn+1 — 7"

+WLVT? = V- (VT
At

@)
First, solve the temperature field in the liquid domain with a pre-
scribed Dirichlet boundary condition at the interface
0,Cp T — AtV-( VT = p,Cp (T — Atu-VT), if¢ > 0
Tlr = Tar (€©))

with ¢ the Level Set function. Next, solve the temperature field in the
vapor domain with the same prescribed Dirichlet boundary condition at



E.-R. Popescu, et al.

the interface

0,Cp, T — AtV-(k, VI = p,C, (T} — Atu}-VT}), if ¢ <0

Tlp = Tt C)

Once the temperature field has been computed, the local mass flow
rate can be easily deduced from

Lyap (10)

Given that the temperature field in the liquid is uniform and equal
to the saturation temperature, the thermal flux in the liquid phase is
zero. The local mass flow rate depends therefore only on the thermal
flux in the vapor phase. This formalism allows switching naturally from
vaporization to condensation depending only on the sign of the thermal
gradient. Indeed, if the vapor is superheated r is positive and this leads
to a blowing effect in the vapor phase. On the other hand, if the vapor is
subcooled, r1 becomes negative which generates an aspirating flow
towards the interface.

Our in house code, DIVA, has been extensively validated with the-
oretical solutions [9,31,34] and with experimental data whether Nu-
cleate Boiling [10,33] or Leidenfrost Droplet [26] is considered. Suc-
cessful comparisons between numerical simulations and experimental
data in Ref. [29] for droplets collisions or in Ref. [14] for oscillations of
rising bubbles or droplets have also been reported.

3. Computational configuration of numerical simulations
3.1. Initialization and boundary conditions

We consider here the canonical configuration of an expanding
Blasius-Pohlhausen boundary layer interacting with a saturated and
static liquid pool. Our aim is to investigate the influence of the external
flow on the local heat flux, for an improved knowledge on the inter-
action between liquid/vapor phase change and fluid mechanics. Even
though each different industrial system would require a specific quan-
titative study, there is a strong interest in understanding local me-
chanisms in academic configurations. A possible experimental set-up
representative of our computations is illustrated in Fig. 1.

The actual computational domain implemented in our simulations is
the liquid/vapor domain (for x > x;). The interface has a plane shape,
which corresponds to the asymptotic case of a high Weber number
(high surface tension value). The vapor stream is flowing in the upper
part of the domain over a static saturated liquid pool located in the
lower part of the computational domain. An inflow boundary condition
is used on the left of the domain for the injection of the superheated or
subcooled vapor flow. Given that the purpose of this work is to study
the influence of the liquid/vapor phase change on an expanding
Blasius-Pohlhausen boundary layer, a boundary layer thickness &,, has
to be imposed at the inlet of the domain. This boundary layer thickness
depends on the length of the solid plate, defined as x; on the schematics
in Fig. 1. It should be emphasized that the results of the present study
will directly depend on the inlet boundary layer thickness ;. Such a

Tiig/vap

p
Tsat
Uiig=0

Fig. 1. Schematics of the expanding Blasius-Pohlhausen boundary layer inter-
acting with a saturated and static liquid pool.
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dependence on the boundary layer thickness is classical in Fluid Me-
chanics and has been observed for various type of flows as reported in
Refs. [17,18] in the framework of primary atomization, for instance.

Velocity and temperature inflow profiles are computed by solving
respectively the Prandtl [22] and the Pohlhausen [21] boundary layer
equations:

1" 1 4
S+ Ef(n)f (m =0, (11)

and

, Pr
M+ —fmMem=0
)+ —f )& () a2)
where f = UL and 6 = % are the normalized stream function and the
non-dimensional temperature, respectively; AT is the thermal gradient.
The boundary conditions are:  =0: f=0,f =0; 17— oo:f =1 for
Eq. (1) and n=0: 6 =0; 17 — o0: 6 =1 for Eq. (12). We recall that

i ~§ is the dimensionless variable, § ~ \T is the boundary layer

U
thickness, Pr = “TCP is the Prandtl number.

Free-boundary condition is used on top and on the right of the
computational domain, in order to avoid containment effects and to
maintain isobaric conditions.

As the aim of this work is to characterize a steady solution of the
interaction between an external flow and a static liquid pool, it is
considered that the interface position is fixed in time in order to
maintain a constant liquid height in the computational domain. This
assumption is fitting with the schematics of a possible experimental set-
up proposed in Fig. 1, if one considers an additional device that allows
maintaining a constant liquid level in the liquid pool. Unlike boiling,
stationary hypothesis is a classical approximation [28] when con-
sidering the evaporation of a liquid (as droplet evaporation for in-
stance) interacting with a superheated vapor since the velocity of the
vapor flow is much higher than the interface speed regression.

Moreover, it has been verified that for viscosity ratios %Z) € [2,56]

the liquid motion due to the shear stress of the vapor flow on the in-
terface can be neglected in our configurations. Consequently, only the
velocity jump condition due to phase change will interact with the
external flow. However, such a configuration is consistent with the
static liquid hypothesis only if one assumes a sufficiently high density
ratio, since the ratio between the interface velocity and the vapor ve-
locity on the interface is close to the density ratio.

The velocity and thermal field are initialized, in the whole domain,
with the Blasius-Pohlhausen dynamic and thermal boundary layer
profiles, respectively.

3.2. Computational domain and mesh grid

To avoid the thermal singularity on the phase change mass flow rate
at the inlet plane, we assume that the vapor flow has traveled a distance
x;, over an isothermal solid plate before contacting the liquid pool
(Fig. 2 and Fig. 3). Consequently, the boundary layer thickness of the
vapor inlet flow depends on this distance x;, that can be accounted for in
our dimensionless analysis by defining an inlet Reynolds number Re,,,

UsoXL,
such as Re,, = 2>

(I, Iy) with [, = 6.75,,, &y, = min(6,, 67) where §, = 4.92

. The dimensions of the computational domain are

XL

‘ and
JRexy,

or = 5uPr’§ are the dynamic and the thermal boundary layers, re-
spectively. Our interest is to compute the spatial development of the
thermal and dynamical boundary layers over the saturated liquid pool.
A study on containment effects allowed showing that, for the vapor-
ization configuration, the dimension in the normal direction has to be
I, = 2I,, while, in the condensation configuration, I, = I, is sufficient to
ensure that the numerical solutions do not depend on the computa-
tional domain size. That can be explained considering that the vapor-
ization has a “blowing” effect on the boundary layer and so a larger
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373 422 470 519 567

Fig. 2. Streamlines and temperature profile [K] of a liquid pool evaporating in

an superheated gas flow for Pr = 0.98, Rey, = 211, % = 1623, Ja,qp = 7.38; left -
v

classic Blasius boundary layer, right - the boundary layer blown by the va-

porization.

- B |
335 342 350 357 364

Fig. 3. Streamlines and temperature profile [K] of a subcooled gas flow con-
densating in the liquid pool. for Pr = 0.98, Re,; = 211, g = 1623, Jacong = 0.74;
v

left - classic Blasius boundary layer, right - the boundary layer “aspirated” by
the condensation.

————— 128x128
— — — 256x256
L 512x512
— — — 1024x1024
1 1 L 1 L 1
0.002 0.004 0.006 0.008
x [m]
(a) Ja = 3.69
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domain in the y-direction is needed to assure that the development of
the boundary layer is not affected by the upper boundary condition.
Unlike vaporization, condensation aspirates the boundary layer, so
containement effects have smaller influence on its spatial development.

Even though the present parametric study has been conducted using
the computation configuration presented in Section 3.1., some addi-
tional verifications have been done to ensure that the upstream con-
tainment effects do not have a significant influence on the Nusselt
number evolution (Fig. B.16 in B).

A convergence study with different mesh grids has been carried out
for both configurations, for a couple of liquid/vapor defined by the
following dimensionless numbers: Pr=1.022, Re, = 85.726,
? = 17.746, and two different values for the Jakob number: Ja,,, = 3.69

v
and Ja,,, = 8.87 for the vaporization and Ja,nq = 0.37 and Jaceng = 1.15
for the condensation. The dimensionless numbers are defined as it

UsoX Cp,(Teo — Tsat) Cp, (Tsar — Teo)
follows: Re, = 2= oo %. The

subscript Vv’ is forvvapor and ‘T is for liquid, u is the viscosity, C, is the
specific heat, k is the thermal conductivity, T, — T, is the thermal
gradient and U, is the velocity in the uniform zone outside the
boundary layer.

The local dimensionless coefficient of heat transfer, known also as
the local Nusselt number, is defined as

3 Javap = and Jacong =

hx ¢, x

Ni = — =
S Tk - T

>

(13)

where h is the convective heat transfer coefficient, ¢, is the local heat
flux at the liquid/vapor interface and 7; is the liquid/vapor interface
temperature, equal to the saturation temperature Ty,;.

At first glance, the evolution of the Nusselt number seems to be
converged with the grid 256 X 256, for the vaporization (Fig. 4) and
with the grid 128 x 128 for the condensation configuration (Fig. 5).
Nevertheless, the velocity jump at x = x; from a single-phase boundary
layer flow to a phase change boundary layer flow has to be captured
and well resolved. As one of the objectives of this numerical study is to
define correlations on the Nusselt number, high accuracy is required.
Consequently, the mesh grid 2048 x 1024 - for the vaporization, and
1024 x 1024 - for the condensation have been chosen to run the present
numerical study. At the inlet, this mesh grid allows to have ~ 150 points
in the boundary layer.

Since all the simulations are 2D and reach a steady state, the overall
computational cost of one simulation remains moderate even if a very
refined grid is considered. This has permitted to perform a full para-
metric study by varying the four dimensionless numbers characterizing

128x128
— — — 256%256
————— 512x512
— — — 1024x1024
— — 2048x2048

0.0021

0.5
0.002 0.004 0.006 0.008
x [m]

(b) Ja = 8.87

Fig. 4. Convergence study for the evolution of the Nusselt number for the vaporization configuration, for the dimensionless numbers: Re,, = 85.726, Pr = 1.022,

B~ 17.746.
Py
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0.002 0.004 0.006
x [ml]
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Fig. 5. Convergence study for the evolution of the Nusselt number for the condensation configuration, for the dimensionless numbers: Re,, = 85.726, Pr = 1.022,

B~ 17.746.
Py

our configuration in a wide range of values. Moreover, solving mass and
momentum conservation equations in the liquid field enabled us to
assess that neglecting the liquid motion was a correct assumption, for
high viscosity ratio.

4. Results and discussion
4.1. Parametric study

A parametric study has been conducted to determine how the
Nusselt number is varying with the dimensionless numbers character-
izing our configuration. These dimensionless numbers can be extracted
from the physical model as: the Reynolds number Re, from the mo-
mentum balance Eq. (2), the Prandtl number Pr from the energy con-
servation equation Eq. (3), the Jakob number Ja from the balance of
energy at the interface Eq. (6) and the density ratio % from the jump

condition on the mass conservation Eq. (4).

The physical variables varied in this parametric study are the ve-
locity U, for the Reynolds number, the thermal conductivity of the
vapor k for the Prandtl number, the latent heat L for the Jakob number
and the liquid density o, for the density ratio.

The range of values for our parametric study was: Re,, = (15; 1250),
Pr = (0.6; 8), Ja = (0.00037; 8.87) and % = (10; 5000), with approxi-
mately fifty simulations in both conﬁgurzltions.

r = 0.037
= 1.7
8 = 3.7
= 7.27
r = 11.5

Blasius Theory

0.004
x [m]

Fig. 6. Spatial evolution of the Nusselt number for different Jakob number for
the vaporization configuration; Pr = 1.022, Re,, = 85.726, % = 17.746.
v

0.006 0.008

0.002 0.004 0.006
x [m]

Fig. 7. Spatial evolution of the Nusselt number for different Jakob number for
the condensation configuration; Pr = 1.022, Re,, = 85.726, ? = 17.746.
v

4.2. The spatial evolution of the Nusselt number

The spatial evolution of the Nusselt number along the longitudinal
coordinate x is showed in Fig. 6 for vaporization, and in Fig. 7 for
condensation, with a couple of liquid/vapor defined by the following
dimensionless numbers: Pr = 1.022, Re,, = 85.726, % = 17.746, and
different values of Jakob number. One can see that the Nusselt number
is lower for vaporization and higher for condensation than the Nusselt
number obtained from the Blasius theory. Indeed, as observed in Fig. 2,
when vaporization occurs, the thermal boundary layer being thickened
due to the expansion flow of vapor, the heat transfer coefficient de-
creases. The same trend has been observed by Yan and Soong in Ref.
[35], where the convective heat and mass transfer along an inclined
heated plate with film evaporation have been studied. On the other
hand, the condensation involves an aspirating flow towards the liquid/
vapor interface, as it can be visualized in Fig. 3. As this flow decreases
the thermal boundary layer thickness, the heat transfer coefficient is
increased.

For the vaporization, the minimum value observed on the Nusselt
number can be related to the rapid decrease of the heat flux in the
vicinity of the inlet flow (see Fig. 8). This can be explained by the
connecting zone between the Blasius-Pohlhausen expanding boundary
layer (for x < x;) and the established flow in interaction with the phase
change (for x > > xz).

The influence of the Jakob number on the spatial evolution of the
Nusselt number can also be visualized in Figs. 6 and 7. The increase of
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4000 -
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P P
0.003 0.004

x [m]

Fig. 8. Vaporization Configuration - Evolution of the local heat flux ¢, with the
x-axis for the dimensionless numbers: Pr = 1.022, Re,;, = 85.726, % = 17.746 and
v

different values of Jakob number.

the Jakob number implies an increase of the vapor/liquid phase change
and therefore the Nusselt number decreases or increases if vaporization
or condensation is respectively concerned, as expected. Figs. 6 and 7 are
now compared in regard to the influence of the Jakob number on the
Nusselt number evolution. If the Jakob number is doubled and then
tripled, in the case of the boundary layer “blown” by the liquid pool
vaporization, a decrease of the intervals between the succesives curves
is observed, while if the boundary layer is “aspirated” by the con-
densation, the intervals between the succesives curves increase. These
unanticipated results will be further explained, but first, the correla-
tions on the Nusselt number will be presented.

4.3. Correlations on the Nusselt number

By fitting the numerical Nusselt number evolution obtained in all of
our simulations, we have found, general correlations that depend on the
dimensionless numbers characterizing this configuration. In what fol-
lows, the resulting correlations are presented separately for the va-
porization and for the condensation. For the sake of simplicity, the
approach to find these correlations is described in the Appendix C. Both
correlations have been designed by adding correction terms to the
Nusselt number from the Blasius theory which is defined as
NuB! = 0.332Pr033Re03,

4.3.1. Vaporization
The correlation for the Nusselt number with vaporization has the
following expression

n
Nu}® = NuJ! — (oc(i — 1) + [5’)H(x — Xr),
X,

L 14

where H (x — x;) is the Heaviside function who has a non-zero value
only for x > x;, a, f and n have the following expressions

a= 0'294R€SL‘495P;’0‘333(1 _ e*0.0248(Ja(%,1)) )’

—0.12
n= 0.935Rex‘L°‘11Pr‘°'°7fa‘°’1& ,

Py
Pl
g= 0.119Re£L'477Pr°'237(1 _ eooosa(g; ‘1)),
4.3.2. Condensation

In the configuration involving condensation, the correlation on the
Nusselt number writes as
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Table 1
The average relative error and the maximum relative error for the Nusselt
number for different couples of dimensionless numbers.

Condensation &[%] Emax[%]
c1 Pr=38, Rey, = 85.726 1.028 1.171
Ja=037,2 =176
Py
c.2 Pr= 098, Rey, = 1250 0.58 0.75
Ja=0179, 2 = 1623
Py
c.3 Pr=1.022, Rey, = 85.726 0.65 1.34
Ja=07,2 =176
Py
c.4 Pr = 0.98, Rey, = 105.51 0.28 0.32

Ja = 0.179, 2 = 5000
Py
C5 Pr= 098, Rey, = 30 1.38 1.6
Ja=0179, 2L = 1623
Py
C.6 Pr=6, Rey, = 105.51 1.69 1.8
Ja=0179, 2 = 1623
Py
c7 Pr = 0.98, Rey, = 105.51 0.57 0.703
Ja =029, =1623
Py

Vaporization e[%) Emax|[%]
V.1 Pr =8, Rey, = 85.726 1.56 7
Ja=369, 2 =176
Py
V.2 Pr = 098, Rey, = 1250 1.09 1.45
Ja=0179, & = 1623
Py
V.3 Pr = 1.022, Rey; = 85.726 2.13 9.4
Ja=1887,2 =176
Py
V.4 Pr =098, Rey; = 105.51 2.4 2.8
Ja = 0179, & = 3500
Py
V.5 Pr=1.022, Rex; = 30 4.8 6
Ja =369, % =176
Py
V.6 Pr=1.022, Ry = 85.726 1.8 2.69
Ja=369, 2 =5
Py
v.7 Pr = 098, Rey; = 105.51 2.17 2.64
Ja = 03598, 2L = 1623
Py
X m
Nufrd = Nupt + y(— - 1) + 7 |H@E = x),
XL, (15)

where vy, 7 and m have the following expressions
2l
¥ = 0.0854Re(*3 po3% (e°*1°18’“(/7u‘1) - 1),

Pl

0.02985Ja ;-
Py,

m = 0.519Re; % Pr-004%¢

1.25
7 = 0.00042Re 42 Pross (Ja(p’ - 1)] .

Py

4.3.3. Validation of the proposed correlations

For the sake of validation of the proposed correlations, we present
for various configurations in Table 1, the average relative error £ and
the maximum relative error ¢,,, between the computed Nusselt
number and the correlations, with the relative error defined as:

correl num
Nuy' — Nuy
Ny

tween the Nusselt number from DNS and the correlation is less than 2%
for condensation and less than 5% for vaporization. Comparisons be-
tween the proposed correlations and numerical results are also plotted
in Fig. 9 for the vaporization and in Fig. 10 for the condensation for
different configurations from Table 1.

€= 100%. One can see that the average relative error be-
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Fig. 9. Spatial evolution of the Nusselt number for different configurations extracted from Table 1 for the case involving vaporization.

4.4. Asymptotic cases

The correlations on the Nusselt number can be simplified when
considering asymptotic cases, as it will be shown in the following

paragraphs.

| C.4

" C.

1 1 1
0.002 0.004 0.006

x [m]

1 1
0.002 0.004

x [m]

4.4.1. Asymptotic cases for the vaporization Nusselt number correlation
If Ja — 0, the approximation of the terms depending on the Jakob
number yields simpler expressions for the parameters a and § from Eq.

(14):
51 C.b “',v"
>
4r o"
!"‘
> 3r I,
=] >
Z
2 -
1 -
0 L 1 L 1 L 1 L 1 L
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Fig. 10. Spatial evolution of the Nusselt number for different configurations extracted from Table 1 for the case involving condensation.
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a(Ja = 0) = 0.0073Ja(ﬂ - 1)Re,?f95pr°-333
v

and

BlJa — 0) = 0.000S]a(& - 1)Re,?i477pr04237.
v

This asymptotic case brings out a linear evolution of the Nusselt
number, both with the Jakob number and the density ratio, for low
vaporization rate.

When Ja = 0, the correction terms equal to 0 as the jump condition
on the velocity field is zero. Hence, the boundary layers are not mod-
ified and the expression of the Nusselt number fits simply with the one
obtained with the Blasius theory.

Considering the asymptotic cases Ja - oo or
shown that in the vaporization case, the expressi(v)n of the Nusselt
number tends towards a saturation value:

A

— o0, it can be

Nul(Ja — o) —» Nuf! — (0.294Re2**>Pr0333 + 0.119Re 477 pro2374),

It can be explained by remarking that an increase of the vapor su-
perheat tends to increase the local heat flux on the interface, and thus,
the jump on the normal velocity. As this jump condition tends to
thicken the thermal boundary layer and thus to decrease the local heat
flux, the saturation effect results from an equilibrium state between
these two antagonistic effects.

4.4.2. Asymptotic cases for the condensation Nusselt number correlation
The expression of the Nusselt number in the condensation case is
now presented for a low Jakob number.
If Ja — 0, Eq. (15) becomes:

m
x
Nufd ~ Nyl + y(— - 1) H(x — xp),
XL
with
y(Ua - 0) = 0.0087](1(ﬂ - I)Re,ﬁ’[f“‘SPr‘l356
v

and

m(Ja — 0) = 0.519Re; 3 pr=0042,

considering
n(Ja - 0) = 0.

As for the vaporization, when Ja = 0, the Nusselt number simply fits
with the Blasius theory.

Moreover, if Ja — o or £

— o0, an opposite trend to the one ob-
served for vaporization is relv)orted. In the case of condensation, the
oncoming subcooled flow being aspirated towards the interface, the
thickness of the thermal boundary layer is reduced. This leads to an
increase of the local heat transfer as it can be visualized in Fig. 7. It is
found that in the case of condensation, no saturation effect on the
Nusselt number is observed neither in the numerical simulations, nor in
the expression of the proposed correlation 15. This can be understood
by remarking that, compared to vaporization, in the case of con-
densation, the jump condition on the normal velocity is of opposite
direction, favoring the local heat transfer. These trends have also been
observed when Figs. 6 and 7 were compared regarding to the influence
of the Jakob number on the evolution of the Nusselt number.

4.5. The integrated heat flux

From the correlations on the Nusselt number one can calculate the
expression of the integrated heat flux exchanged at the liquid/vapor
interface.
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4.5.1. Vaporization

Given the expression (eq. (14)) of the Nusselt number when va-
porization happens, the heat flux per unit of width, integrated between
x; and x is defined as

P (x,x) = [ FPx)dx = k(T — Ta) f) 2P

l,ln
=k(Ty — Toat) fx%'(")dx—afx"@dx—ﬁfxldx

XL X L X XL x

(16)

The different components of eq. (16) are calculated as it follows

fx %I(X)dx = 2(NuBl(x) — NuB(x;)),

XL a7
X n x \* . _ X
L (5 - 1) dx = (JTL) zFl(_n’ i ") — mesc(7n)
XL, X n ’ (18)
where  csc(nn) = ! is the cosecant function and

sin (7n)
2Fl(—n, —n; 1 —n;
as

’;—L) is the Gauss hypergeometric function, defined

T'(c)

2Fi(a, b;c;z2) = T @I ()

i (F(a + Ik + k)z_k)
= I'(c+ k) k!
with T'(a) = (a — 1)! the gamma function.

If one considers also the region x € (0, x;) where the boundary layer
is evolving without interacting with the vaporization, one will find the
following expression for the heat flux per unit of width

D(x, ) = fi PP )dx + f $P(x)dx = k(T — Tmt){2NuBl(x)—

n
X —n,—m1—n L
(XL) 2F1( n,—n;1 n,x)
fo q [ A
n

— mese(zn) | + ﬁln(xiL) H(x —xg)

19

The expression (eq. (19)) of the integrated heat flux is plotted in
Fig. 11. The black curve represents the integrated flux exchanged if the
boundary layer evolved without interacting with the liquid vaporiza-
tion. The dotted lines depict the x-evolution of the thermal flux ex-
changed at the liquid/vapor interface from x; to L, for different values
of the Jakob number. As expected, the vaporization reduces the ex-
changed heat flux.

25

20

d(x,x,) [W/m]

Fig. 11. The x-evolution of the integrated exchanged thermal flux at the in-
terface for Pr = 1.022, Re,; = 85.726, % = 17.746 and different values of the
v

Jakob number - vaporization configuration.
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Fig. 12. The x-evolution of the integrated exchanged thermal flux at the in-

terface for Pr = 1.022, Re,; = 85.726, g = 17.746 and different values of the
v

Jakob number - condensation configuration.

4.5.2. Condensation

For the configuration with condensation, the approach to calculate
the exchanged heat flux is the same as for the vaporization. Considering
the expression (eq. (15)) of the Nusslet number, the exchanged heat flux
per unit of width is expressed as

D(x, ) = [ P )dx + f7 ¢ (x)dx = k(Lo — Tsat){ZN”Bl )+

)" X1
2N L FE (—m—me1 —m, 2L
(XL) 2 1( m,—m;1—m, x)

m

+1|y — mesc(mm) | + r)ln(xib) H(x —xp)
(20)

The evolution of the integrated heat flux is plotted in Fig. 12. The
black curve represents the integrated flux exchanged if the boundary
layer evolved without interacting with the condensation. The dotted
lines depict the x-evolution of the exchanged heat flux at the liquid/
vapor interface from x; to L, for different values of the Jakob number.
The exchanged heat flux is increased by the condensation.

4.6. The influence of the phase change on the viscous friction

We now examine the influence of the liquid/vapor phase change on
the viscous friction. Given the expression of the viscous tensor:

du v
“(5 + a)

3
2#5

el
2/4%
ou &
K ay ox

we know that at the interface of normal vector e, the stress vector

alll

+

T = 7-e, has the following normal and shear components: T-e, = ,ug—;
and T-e, = ,u(%” + %)
7

_ .- . G .
The friction coefficient can be determined by: 7f =7 with the

PUZ
expression of the interfacial friction: 77 = T-e,l,,. We recall that for the

0.332 . . .
TR Plotted in Fig. 13 is

Bl
Blasius theory the friction coefficient is % =
the evolution of the friction coefficient for the three configurations, i.e.
Blasius theory, vaporization and condensation. One can see that, sur-
prisingly, the phase change does not influence the viscous friction at the
liquid/vapor interface, despite the modification of the velocity field in

the vicinity of the interface.
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Fig. 13. Evolution of the friction coefficient for: Pr = 1.022, Re, = 85.726,
g = 17.746, Ja,q = 3.69 and Jacons = 0.369.
v
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Fig. 14. Evolution of the tangential velocity u for the vaporization study case

for Pr =1.022, Re, = 85.726, g = 17.746, Ja,q, = 3.69: black line - Blasius
v

theory, red dashed line - vaporization configuration. Zoom on the liquid region
(the bottom left) and on the zone close to the interface (middle right).

In order to justify the relevance of this result we will further take a
look at the tangential and the normal velocities at the liquid/vapor
interface. For the sake of simplicity we will take only the example of the
vaporization. In Fig. 14, the evolution of the tangential velocity with
the Y-axis is plotted for x = %‘ It is noteworthy that the evolution of the
tangential velocity profile in the vaporization configuration is almost
identical to the Blasius boundary layer velocity profile, despite the
vapor blowing in the normal direction due to phase change. The liquid
motion due to the shear stress of the vapor flow on the interface is
negligible (see the zoom at the bottom left of the figure). Moreover,
there is little modification of the tangential velocity profile at the li-
quid/vapor interface (for y = —0.005 m) (see the zoom situated in the
middle right of the graphics). As simulations showed that we can still
make the assuption Z—; > Z—;, this explains why only marginal mod-
ifications of the interfacial friction coefficient are observed.

Plotted in Fig. 15 is the evolution of the normal velocity v and the
thermal flux @ = k‘,Z—T with the Y-axis for a fixed value of x. An im-
portant difference can be observed between the normal velocity from
the Blasius theory and the normal velocity when the vaporization
phenomenon occurs. Unlike the classical Blasius theory, where the
thermal flux is induced only by conduction, in the phase change con-
figuration there is a significant influence of the thermal convection in
the transverse direction. Thereby, it can be understood that the dis-
continuity on the Nusselt number is induced by the jump condition on
the normal velocity field.
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@ [W/ m:] by the phase change, decreases or increases, respectively, the local heat

0 1500 flux, depending upon vaporization or condensation is considered. For
Blasius the vaporization configuration it was found that the Nusselt number,
! and therefore the heat transfer, decreases exponentially with the Jakob
number until reaching a saturation value. The opposite trend is ob-

served for the condensation, for which the Nusselt number increases as

an exponential function of the Jakob number. Another noteworthy re-

sult is about the viscous friction on the interface, or the tangential

component of the viscous tensor, which is weakly affected by the phase

change in the case of a plane interface. Additionally, given the evolu-

tion of the normal velocity v with y, the influence of the phase change

on the normal component of the viscous tensor is still very weak in

comparison to the tangential one, as it is the case for the classical

T Blasius boundary layer. Moreover, even if the profiles are not super-
-0.005 - - o PR o = imposed, it can be qualitatively observed that the derivative % is in the

CDvap

0.005

y Im)]

(Blasius i same order of magnitude with or without phase change. This is why we
+ 2 can conclude that the liquid vapor phase change has little influence on

H 1
0 Vfap 0.001 the components of the viscous stress vector
v [m/s] P ‘

Fig. 15. Evolution of the normal velocity v and the thermal flux ® for the va-
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Appendix A. Jump conditions

The liquid and the vapor phases are separated by an interface across which the phase change occurs (i.e. the liquid vaporizes into vapor or the
vapor condenses into the liquid). The subscripts [ and v are used to refer to the liquid and vapor phases, respectively. The interface velocity is denoted
by Vi and n is the local unit vector pointing towards the liquid phase. The interface mass flux, 1 is obtained by using the mass conservation across
the interface:

= p,(Vi = Vo)m = p,(, = Vp)n. A1)

The jump on the velocity field across the interface can therefore be written as:

V] = [l] n.
ol (A.2)

According to the second law of thermodynamics and assuming that the local equilibrium hypothesis is still valid, the interface temperature is
imposed at the saturation temperature: T; = T, = Ty, at the interface. Integrating Eq. (3) across the interface along with Eq. (A.1) gives the following
jump condition for the energy conservation

[oh(V; = VP)n]p = [-kVT-n]p, (A.3)

where the operator [-]r accounts for the jump across the interface I and it is defined by: [f]r = f, — f; and h defines the enthalpy. It is assumed that h
depends only on the temperature. By using Eq. (A.1), the jump condition for the energy conservation rewrites

mL = [-kVT-n]r, (A.4)

with L = [h] the latent heat of phase change. Finally, integrating Eq. (2) across the interface and including the effects of surface tension leads to:

[p - #% +p(Vn - Vr‘n)z] = ox,
r

on (A.5)

which, by using Eq. (A.2), is rewritten as
[P]F=UK+2[#%] _mz[l] ,
on |- el (A.6)

Appendix B. The influence of a conditioning section within the simulation domain

We have included here a graph demonstrating the validity of the inflow boundary condition. A conditioning section has been added, where the
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boundary layer is spatially developing from a certain point x = x;, to x = x;. The phase change is plugged at x;, and we want to investigate the
differences between imposing a Blasius profile at the inlet plane and simulating its development upstream. Even if the computation domain starts
before the point x = x;, the evolution of the Nusselt number is not affected at all in the far field and only weakly affected in the inlet vicinity, as
demonstrated on the figure below.

Blasius

1280x1024

14 1024x1024

12

10

Nu

X
o]
L B By B B e e

o b e
0 0.001 0.002 0.003 0.004
x [m]

Figure B.16. Spatial evolution of the Nusselt number. Condensation configuration for: Pr = 1.022, Re,;, = 85.726, Ja = 1.15 and ? = 17.746.
v
Appendix C. Parametrical study

The purpose of the present work was to investigate the influence of liquid/vapor phase change on the Blasius theory results, particularly on the
Nusselt number evolution. At first, the correction

Nufl — Nuy® = F(Rex, Pr, Ja, &, xL),
0

v

(Cn

has been plotted.

of L L
0.002 0.003 0.004
x [m]

Fig. C.16. The correction on the Nusselt number from the Blasius theory with the x-axis - Vaporization configuration - dimensionless numbers: Pr = 1.022,
Rey, = 85.726, Ja = 3.69 and % = 17.746.
v

As it can be seen in Fig. C.17, for x = x;, the correction Nu — Nu!® # 0 and it increases with x as a power function. Therefore, the Nusselt
number with vaporization can be written as

XL (C.2)

n
Nu}® = NuB! — (Ot (i — 1) + ﬁ)H(x — X1),

where the Heaviside function H (x — x;) enables locating the phase change only for x > x;.
The next step in our inquiry was to determine the evolution of the parameters a, f and n with the dimensionless numbers characterizing the
configuration of interest: Reynolds number Re,,, Prandtl number Pr, Jakob number Ja and the density ratio 2. It is noteworthy that, given the

P
dimensionless form of Eq. (C.2), the choice of an inlet Reynolds number Re,, instead of a general Reynolds number Re, is straightforward.
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and keeping fixed the dimensionless num- keeping fixed the dimensionless numbers:
bers: Pr = 1.022, Ja = 3.69 and % = Re,, = 85.7226, Ja = 3.69 and % =
17.746. // a(Pr, Ja, ;’—i) = 0.02866. 17.746. // b(Ja, %) = 0.0748.

0.4777

0.119 Re

0.4777

0.119Re)

0.2374

Pr=""(1-exp(-0.0043 Ja (p/p 1))

Pr®**"*(1-exp(-d Ja))

0.6

0.5

0.4

0.3F

0.2

0.1F

T I TR [T SN TN RS S—T_— | | [T N [N TN [ S [ N S _—
0 00 20 30 a0 50 60

pl/pv

(c) Evolution with the Jakob number and (d) Evolution with the density ratio and
keeping fixed the dimensionless numbers: keeping fixed the dimensionless numbers:
Pr = 1.022, Re,, = 85.7226 and 2L = Pr = 1.022, Re,, = 85.7226 and Ja =
17.746. // d(£t) = 0.07108. 3.69.

Figure C.18. Evolution of the jump ﬁ(RexL, Pr, Ja, g) for x = x;, - Vaporization configuration.
v

The addressed approach to determine the parameters @,  and n is developed as it follows. First, the jump f for x = x; has been examined. Its
evolution with the Reynolds number Re,, (Fig. C.18a), the Prandtl number (Fig. C.18b), the Jakob number (Fig. C.18c) and finally with the density

ratio (Fig. C.18d) have been plotted.
By means of a Matlab library, CFTool, one was able to obtain its evolution with the dimensionless numbers,

B= 0.119Re£L'4777Pr°-2374[1 - exp[—0.0043Ja (ﬂ - 1)])
Py
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numerical
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Figure C.19. Spatial evolution of the correction on the Nusselt number from the Blasius theory obtained from the numerical simulation and the function fitting its

evolution: a = 2.062 and n = 0.3561; 8 known for the corresponding couple of dimensionless numbers.

In the interest of finding the expressions of the parameters a and n from Eq. (C.2), the relation Nu' — Nu'® has been plotted with the x axis for
each value of dimensionless number. For example, in Fig. C.19 the evolution of Nuf' — Nu}® is plotted for Re,, = 85.7226, Pr = 1.022, Ja = 3.689,
and % = 17.746. Conducting a full set of simulations sweeping a large range of values for the dimensionless numbers enabled us to determine the
exprevssions of parameters « and n,

o= 0.294R9§L‘495Pr°~333(1 - exp[—0.0248]a(& - 1)]],

Py

and

—0.12
n= 0.935lRe;LO'“Pr‘O-OUa‘OJ(&) .
Py

Their evolution with each dimensionless number is plotted in Fig. C.20 and Fig.C.21.
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Figure C.20. Evolution of the coefficient oc(Rex,, Pr, Ja, ;i‘) for x > x; - Vaporization configuration.
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