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Abstract

The physics of the two-phase flow models involved on fast transient phenomena has a predominant
importance in nuclear studies and in other industrial fields, where fluid-structure interaction occurs.
Focusing only in the aspect concerning the fluid, in this work we give some comparisons between
two-phase flow models for fast transients, in order to understand the main theoretical differences and
the related physical aspects due to the different thermodynamic non-equilibria involved. In the pre-
sented models, an EoS as a function of specific volume (v) and specific internal energy (e) of the fluid
is always needed in order to close the system of the governing flow equations, based on a conservation
law.
According to this specific need, it has been decided to tabulate the physical magnitudes, such as pres-
sure, temperature and speed of sound, in a (v, e) domain and pick them during the simulation, when
they are required. To do that, a proper algorithm has been developed. This one uses a bicubic in-
terpolation of the EoS provided by IAPWS-IF97, creating a tabulation, that is fully coupled with the
proposed models.
A version of the steam-water look-up tables, already available and used for the simplest models, have
been also extended to cover metastable vapor applications. To accomplish this goal, the construction
of the spinodal curve on the vapor side has been performed, in order to find the limit of the admis-
sible mechanical states. Then, the new domain in (v, e) has been constructed, widening the range of
applicability of the new steam-water tables.
The developed look-up table procedure is consequently valid to be coupled with simpler model, as
HEM and HRM, as well as for the forthcoming Six-equation model, not available at that moment. Its
use is compared to the iterative method, so called ”model EAU”, already existing on EUROPLEXUS
code, in order to show a direct and accurate way to calculate the thermodynamic properties.
Finally, the new Steam Water Look-up Tables, already validated, are tested using the Homogeneous
Equilibrium Model (HEM) and the Homogeneous Relaxation Model (HRM) on EUROPLEXUS code
for some industrial application cases.

Keywords: steam-water tables; table look-up method; metastable vapor; spinodal curve; depres-
surisations.

Lo studio dei modelli di deflusso bifase per fenomeni di transitori rapidi ha una notevole impor-
tanza, nel campo nucleare cosı̀ come in ogni ambito industriale dove si osservano fenomeni rilevanti
dal punto di vista dell’interazione fluido-struttura.
Focalizzandosi solamente sull’aspetto del deflusso bifase, e tralasciando gli aspetti di interazione con
la struttura, questo lavoro fornisce importanti aspetti di paragone tra i vari modelli per transitori
rapidi. L’obiettivo è quello di capire le principali differenze teoriche, legate ai modelli e gli aspetti
fisici, corrispondenti ai principali disequilibri termodinamici introdotti.
Tutti i modelli proposti hanno bisogno di essere accoppiati ad una Equazione di Stato in funzione
del volume specifico (v) e dell’energia interna (e) del fluido, in modo tale da chiudere il sistema di
equazioni espresso in forma delle leggi di conservazione di massa, energia e quantità di moto del
sistema.
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Secondo questo specifico bisogno, le grandezze fisiche di interesse, come pressione, temperatura e
velocità del suono, sono state tabulate in un dominio (v, e) e prelevate da esso durante il calcolo.
Per fare ciò è stato elaborato un algoritmo specifico atto a svolgere questa funzione. Quest’ultimo
usa un’interpolazione bicubica delle Equazioni di Stato fornite dalla IAPWS-IF97, creando una tab-
ulazione completamente accoppiata ai modelli proposti.
Le tabelle dell’acqua, già disponibili e usate in accoppiamento con modelli più semplici, sono state
estese in modo tale da essere accoppiate a modelli più complessi, inglobanti stati termodinamici di
vapore metastabile. Per fare ciò è necessaria la costruzione della curva spinodale del vapore, che
corrisponde al limite di stabilità meccanica degli stati termodinamici. Di conseguenza, il nuovo do-
minio in (v, e) risulta essere definito, ampliando il range di applicazioni delle tabelle dell’acqua.
Le nuove tabelle dell’acqua e del vapore sono quindi pronte per essere accoppiate a modelli più
semplici, come HEM e HRM, o più complessi come il Sei-equazioni, non ancora pronto ad essere uti-
lizzato in tale momento. L’uso di tale tabulazione è stato paragonato ad un modello fisicamente equiv-
alente, ma che adotta una procedura iterativa, chiamato ”modello EAU”, già disponibile all’interno
del codice EUROPLEXUS. In questo modo si dimostra l’efficacia di un metodo diretto per il calcolo
delle proprietà termodinamiche, rispetto ad uno equivalente, ma che adotta una procedura iterativa.
In conclusione, le nuove tabelle dell’acqua e del vapore, sono testate su alcuni casi industriali, in ac-
coppiamento con i modelli bifase per transitori rapidi quali ”Homogeneous Equilibrium Model”(HEM)
e ”Homogeneous Relaxation Model”(HRM), sempre all’interno del codice di calcolo EUROPLEXUS.
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Chapter 1

Introduction

This introduction exposes the context of this work, pointing out the importance of this research thesis
on industrial applications related to two-phase flow modeling and fluid-structure interaction, mainly
in nuclear industry.
At the beginning, an outline of the thesis is given in order to introduce the overall topic to the reader.

1.1 Outline of the thesis
This thesis has been structured in seven chapters. In Chapter 1 an introductory part is done in order
to introduce the company where this thesis work took place, as well as the industrial context of the
topic and the related practical industrial cases, showing the main problems to face.

In Chapter 2 the main needs are presented in terms of governing equations, showing the sim-
plifications done in the models for fast transient phenomena. Then, the main differences between
the two-phase flow models are presented in terms of different thermodynamic non-equilibrium intro-
duced. The utility of the coupling with a look-up table method is also shown.

In Chapter 3, the metastable vapor extension performed on the tabulation is explained, starting
from the construction of the spinodal curve, considered as the limit of the mechanical stability states
and the boundary of the metastable vapor conditions.

Since the metastable vapor boundary has been determined, in Chapter 4 the subdivision of the
domain for the new (v, e) tabulation is illustrated, according to the new physical boundaries. The
introduction of the new vapor spinodal curve, in fact, changes the way to subdivide the (v, e) domain
considered in the simulation.

Chapter 5 illustrates some maps of the physical magnitudes tabulated on the (v, e) domain. This
is done in order to analyze the range of applicability of the steam-water look-up tables, but also their
accuracy with respect to the exact solution provided by the EoS.

Then, some numerical simulation tests are perfomed using EUROPLEXUS code, with the mod-
ified tabulation, potentially useful for industrial application. Some results are hence shown and dis-
cussed in Chapter 6.

1
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Finally, some conclusions and perspectives are proposed in Chapter 7.
At the end of the report a short list of videos can be found in attachment.

1.2 Introduction of the company

EDF (Électricité de France) is the main producer and provider of electricity in France and one of the
most important in all over the world, with 584.7 TWh of electricity produced only in 2016. It is also
the company which produces the highest amount of renewable energy in all Europe with 28 GW of
installed power, with an overall 85.7 % carbon-free generation. This amount of power generated by
renewable sources is supposed to be incremented to 50 GW before the 2030.
The installed power is divided as shown in the table 1.1, according to the data reported at 2016.

Energy Source Percentage on the power mix[%] Contribution to EDF
carbon emissions[%]

Coal 5.7 62.7
Gas and co-generation 8.4 35.5
Renewables (Including Hydro) 8.8 -
Nuclear 76.8 -
Other 0.3 1.8
TOT 100 100

Table 1.1: Table of electrical energy produced by EDF [1](Data related to the period April 2016 to
March 2017).

EDF is partner of several companies in 30 different countries in the world, mainly Italy, Belgium
and UK, and it is also the owner of a part of different companies which are involved in the production
and distribution of energy in other countries. In the mix of installed power, the nuclear energy pro-
duction is quite consistent: 58 reactors are installed in 19 power plants in France.
Even if the Nuclear energy production is declining in the last years, in EDF the improvement and the
development devoted to this field does not stop. The spirit of research and the necessity to have a
great amount of electricity, pushed the company to spend the 44% of the overall investment budget
of 2016 for the nuclear power. However, the research in other new technologies devoted to different
energy production fields has been boosted in the last 15-20 years.
Nuclear power is hence one of the most important energy sources and obviously cares of EDF studies.
The reason is due to different aspects such as material properties under irradiation, reliability of the
reactor materials, fluid-structure interaction. Being aware of these aspects, and in our particular case
of the last one, EDF has a wide interest to develop its proper models and codes in order to study the
physics of the phenomena that can affect the operation of its nuclear power plants and turbomachines.
Their performances, in fact, are highly influenced by the thermodynamic state of the water and by the
possible presence of the liquid phase in a vapor mixture.
In order to focus on this branch of study, EDF uses the EUROPLEXUS code, a simulation software
which is dedicated to the fast transient phenomena involving fluid-structure interaction.
In this general context, my thesis has been carried out at EDF R&D Saclay, from February 20th to
August 18th of 2017 in the department ERMES (ElectRotechnique et Mécanique des Structures), ex



CHAPTER 1. INTRODUCTION 3

AMA (Analyses en Mécanique Avancée).
In this department an intense activity of research and development on the structure mechanics is per-
formed, in order to contribute to the improvement of the performances and to the duration of the
components in a nuclear power plant.
Typical study cases performed in order to assess the characteristics described before, are scenarios
concerning the fast phase change of the water inside the reactors, when accidental conditions occur.
These studies are based on numerical simulation, since in most of the cases there are not many exper-
imental data available.

In this particular branch of the nuclear safety, where disequilibrium conditions are taken into ac-
count in the two-phase mixture, a fast and robust tool, which is the steam-water table with look-up
method is described. This tool is definitely proposed in order to guarantee a direct and precise cal-
culation of properties such as pressure, temperature and speed of sound as a function of (v, e), and
used in EUROPLEXUS code. To conclude, this work is part of the R&D project FAST, which has the
goal to improve some development tools for fast dynamic application, to be used for nuclear safety
concerns.

In this specific environment I carried out my internship, which allowed me to go in depth of the
knowledge of these phenomena, and to elaborate this final work of my master thesis.

1.3 Industrial context
Nuclear energy is one of the main non fossil fuel technologies providing a considerable amount of
electricity production in all over the world, due to its characteristic high power density. However, the
few remarkable accidents, occurred in the past of the nuclear energy, influenced a lot the necessity to
increase the care of the related safety systems in nuclear power plants.
Nevertheless, in case of a hypothetical accident, it is of primary importance to forecast the conse-
quences that it can entail to the components of the power plant.
Therefore, a study in depth of the fluid-structure interaction has been carried out in these years, fo-
cusing on numerical analysis in cases where two-phase fast transient flows are involved. All the
phenomena that will be described are studied with EUROPLEXUS[2], a code which uses an algo-
rithm based on a fully fluid-structure coupling.
However, in this thesis only the fluid aspect has been considered in the development performed, with-
out involving the effects on the surrounding mechanical structure.
In nuclear safety, in fact, it is very important to have a wide knowledge of the fluid properties, that
can change according to the specific transient, hence the use of high accuracy CFD software is rec-
ommended.
About the main industrial cases linked to the present context it is duty-bound to mention cases like
Reactivity Injection Accident (RIA), Steam explosion, water-hammer and fast depressurizations. The
four mentioned cases constitute just some examples of the multitude of two-phase flow industrial
cases. Even if these three are among the most studied cases in the development of two-phase flow
models on EUROPLEXUS, in this thesis a particular attention has been devoted just to the cases like
fast depressurization and steam explosion described in Chapter 6.
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1.3.1 RIA and Steam Explosion
The Reactivity Injection Accident (RIA) is associated, in nuclear fields, to a sudden reactivity increase
in the nuclear core. This phenomenon leads, as the ultimate effect, to the fast increase of the temper-
ature linked to the rise of the amount of energy provided by neutrons fission. That energy triggers the
evaporation of the fluid, generating a shock wave that increases the inner pressure. Another nuclear
accident who leads to the same final consequence is the steam explosion. This severe accident is
hypothetically happening during a core melting, in absence of a proper cooling.
If the fuel is not cooled down, it tends to increase its temperature, due to the heat released by fission
products, hence to melt. When the molten fuel, so called corium, interacts with water it induces a
violent evaporation of the water itself, triggering a huge explosive phenomenon.
During the explosion, the liquid water receives a high amount of thermal energy, which contributes
to a fast phase transition. The liquid becomes vapor, increasing abruptly its volume and generating a
pressure rise and a consequent formation of a shock wave, propagating into the vessel and damaging
the surrounding structures.
These consequences described for both the phenomena are of crucial importance for the structure
mechanics of the nuclear components, because it is essential to estimate in a precise way the value of
the maximum pressure peak reached. In fact, the final goal is to work properly on the design of the
materials employed in the construction and on their mechanical strength, which strongly depends on
the maximum mechanical constraint undergone by the component.

Figure 1.1: Picture taken from [3]. Steam explosion representation: the molten fuel (corium) interacts
with water generating a violent steam explosion.
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1.3.2 Water-hammer
The water-hammer is a typical phenomena occurring when a valve is brutally shut. This action gen-
erates a pressure wave going back and forth along the pipe and its amplitude is proportional to the
initial pressure of the liquid at the moment when the valve is shut.
This phenomenon, concerning more whatever kind of pipelines than strictly the nuclear field, is one
of the most studied case in fast transient fluid dynamics for different reasons.
The most important one is due to the increase of pressure that can damage the pipe and propagate
along it towards a wave. The pressure increase is proportional to the difference of velocity, according
to the Joukowsky equation

∆p = ρc∆u. (1.1)

Since the product ρc in the Eq. (1.1) is almost constant for a liquid, the pressure peak is strongly
dependent on the velocity variation due to the valve shut. Moreover, for higher initial velocities,
there is a risk of cavitation. In fact, the generation of local steam bubbles, at the moment when they
collapse, provokes local pressure waves that could damage the mechanical structure.
All these phenomena can be mainly prevented avoiding the rapid shut of the valve, and consequently
the pressure wave generated in correspondence of it. Nevertheless, it is very important to study the
effect of this phenomenon and its direct consequences on the materials, due to the wide number of
concerned industrial applications. For further information on water-hammer physics see [4].

Figure 1.2: Picture taken from [5]. Water-hammer representation: the sudden closure of the valve
generate a shock wave and a related pressure peak that can damage the mechanical structure.

1.3.3 Fast depressurisations
The fast depressurisation of a pipe, is a phenomenon which implies a decrease of the pressure value
inside the pipe or a circuit. It may recall some characteristics of the LOCA accident, of primary
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importance in nuclear field. This accident consists in a rupture of a pipe in the primary circuit, which
starts emptying from the location where the break occurs.
Different effects of LOCA accident can be produced according to the pipe break size generated. Of
course, the wider the break, the stronger and faster the depressurisation will be. The hypothetical
large-break LOCA, for example is a double-ended guillotine or 200% break, so the loss of coolant
occurs from both the complete sections of the pipe where the rupture is generated.
The consequent pressure decrease causes a fast evaporation of the liquid water, while the high pressure
difference between the zones of the vessel can cause serious damages at the components, as shown in
figure 1.3.
In fact, the mechanical wave, generated by the strong pressure difference between the primary circuit
and the external pressure, impacts the internals, damaging the vessel and its internals.
For these reasons, on this specific accident it is focused most of the time spent on the design of the
nuclear safety system, hence, a proper knowledge of the phenomenon has a wide importance for the
next step of the design of a nuclear power plant.

Figure 1.3: Picture taken from [6]. LOCA representation: the loss of coolant due to a sudden breach
close to the nozzle generates a strong depressurisation, that propagates to the components inside the
vessel.





Chapter 2

Homogeneous two-phase flow models and
adequate EoS

The aim of this section is to provide the mathematical and physical fundamentals for the comprehen-
sion of the two-phase flow models presented here and developed on EUROPLEXUS code.
First of all it is necessary to specify that all of these models deal with compressible flows. This is be-
cause in all the applications where the water phase transition occurs, the density varies on 1-2 orders
of magnitude, so the fluid can not be considered as incompressible.
Then, after this consideration, the governing equations for the two-phase flows are illustrated, ex-
plaining the differences between the models in the hierarchy proposed.
Further, the choice of an accurate EoS of the type p = p(v, e) is taken, in order to close the systems
of equations for each model.

2.1 Governing equations
Fast dynamic flow and CFD codes deal with mechanical phenomena occurring in a very short range
of time, often lower than 1s. To face these kinds of problems, the expression of the variables used in
the constitutive equations has to be expressed in a conservative form (see section 2.1.1.1), in order to
take into account the formation of sudden shocks, when present in the flow. Due to the rapid nature
of the transient, the simplifications of adiabatic and inviscid flow can be made according to [7]. In
our application we deal with two-phase flows in 1D horizontal geometries, hence gravity forces can
be neglected. For these listed reasons, the Euler equations can be used to describe the physics of the
problem.

2.1.1 The Euler Equations
The Euler equations is a non-linear, time-dependent hyperbolic system of equations, which governs
the dynamic of compressible flows at high pressures, where body forces, viscous stresses and heat
exchange are neglected. For the definition of hyperbolic the reader is referred to the section 2.2.1.
Considering a fluid in a 3D geometry, it is possible to apply the fundamental laws of conservation of
mass, Newton’s second law and conservation of energy as shown in the following system of equations

8
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∂tρ + ∂x(ρu) + ∂y(ρv) + ∂z(ρw) = 0,

∂t(ρu) + ∂x(ρu2 + p) + ∂y(ρuv) + ∂z(ρuw) = 0,

∂t(ρv) + ∂x(ρuv) + ∂y(ρv2 + p) + ∂z(ρvw) = 0,

∂t(ρw) + ∂x(ρuw) + ∂y(ρvw) + ∂z(ρw2 + p) = 0,

∂t(ρE) + ∂x[(ρE + p)u] + ∂y[(ρE + p)v] + ∂z[(ρE + p)w] = 0,

(2.1)

where (x, y, z) are the spatial 3D coordinates, ρ(x, y, z) is the density of the fluid, p(x, y, z) is the
pressure, while the energy E in the system of Eq. (2.1) is the total specific energy, which includes
the specific energy and the kinetic contribution. The magnitudes u(x, y, z), v(x, y, z), w(x, y, z) are
respectively the x-, y- and z- components of the velocity vector.
The system of Eq. (2.1) can be expressed in a more compact notation as

Ut + F(U)x + G(U)y + H(U)z = 0, (2.2)

where the vectors U, F, G, H are

U =


ρ
ρu
ρv
ρw
ρE

; F =


ρu

ρu2 + p
ρuv
ρuw

ρu(ρE + p)

; G =


ρv
ρuv

ρv2 + p
ρvw

ρv(ρE + p)

; H =


ρw
ρuw
ρvw

ρw2 + p
ρw(ρE + p)

.

Even if the Eq. (2.2) is a system of equations applicable to 3D fluid flows, this work focus only
on 1D fast transient flows, so in this particular branch of applications, the considered compact form
of the Euler equations will be

Ut + F(U)z = 0, (2.3)

where

U =

 ρ
ρu
ρE

; F =

 ρu
ρu2 + p

u(ρE + p)

.

Furthermore, in the following notation it has been decided to consider as z the horizontal axes
where the fluid flows, in order to do not confuse the reader with x, which is the flow quality.

2.1.1.1 Importance of Conservative Formulation

The Euler equations, as mentioned at the beginning of the section 2.1 are expressed in a conservative
form. It literally means that the derivatives in the equations are not expanded. For instance, taking
into account the Eq. (2.3), its derivatives would be expanded as

ρt + uρz + uzρ = 0,

ρtu + utρt + pz + ρzu
2 + uuzρ = 0,

ρtE + Etρ + uz(ρE + p) + u(ρzE + Ezρ + pz) = 0.

(2.4)
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Making some rearrangements on the system of Eq. (2.4), and substituting the first mass conserva-
tion equation in the second momentum conservation one, it reads

ut + pz
ρ

+ uuz = 0. (2.5)

Similarly to the momentum conservation, also the energy conservation equation can be rearranged,
using the mass conservation and the Eq. (2.5). It reads

Et + uz
p

ρ
+ u(Ez + pz

ρ
) = 0. (2.6)

The expanded derivative of the Euler equations, expressed in a non-conservative formulation are
ρt + uρz + uzρ = 0,

ut + pz

ρ
+ uuz = 0,

Et + uz
p
ρ

+ u(Ez + pz

ρ
) = 0.

(2.7)

If we would discretize this formulation, we would obtain a different discrete form with respect to
the conservative formulation (see section 2.2). In [8], it is demonstrated that for a specific conservation
law, the conservative and non-conservative formulations lead to have two different wave solutions
(see section 2.2.1), with a consequent wrong solution given by the non-conservative formulation.
Therefore, the application of a conservative formulation is mandatory in applications like the ones
presented in this work, where we refer to fast transient two-phase flow phenomena.

2.2 Numerical scheme
Systems of conservation law equations expressed in a differential form, such as the one in Eq. 2.3 are
usually solved using a Finite Volume Method scheme. In the applications shown in this work, per-
formed using the EUROPLEXUS code, the 1D geometry is discretized in uniform volumes or cells,
as the ones in figure 2.1. Every cell has a center value in each node, that represents the mean value of
each small volume i, making up the whole domain.

Figure 2.1: Figure describing a Finite Volume Scheme in a 1D domain. The cell i transfers mass,
momentum and energy through its left and right interfaces.
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Let us consider now the Eq. (2.3) in its discretized vector form, that reads

Un+1
i − Un

i
∆t

= −
Fn

i+ 1
2

− Fn
i−1

2

∆x
, (2.8)

hence

Un+1
i = Un

i − ∆t

∆x
(Fn

i+ 1
2

− Fn
i−1

2
). (2.9)

The Central Difference Scheme (CDS) is the most used one for the discretization of the partial
differential equations in a finite volume approach. Nevertheless the Eq. (2.9) is the discretized form
for the Eq. (2.3), expressed according the Upwind Difference Scheme (UDS).
It is important to remember that an UDS is a first order accurate type scheme, while the CDS is a
second order one (see [9]). Moreover, the UDS is not intrinsically stable, but its stability depends on
the Courant-Friedrichs-Lewy (CFL) number

CFL = ∆t
cmax
∆x

≤ 1, (2.10)

where cmax is the maximum speed wave to be determined (see section 2.2.1).

Despite its intrinsic drawbacks, the UDS is used in the discretization of the partial differential
equations on the EUROPLEXUS code, forcing us to adopt very small values of ∆t in order to ensure
the stability of the model.
The main reason of its application is due to the fact that, adopting the UDS we take into account the
direction of the flow during the discretization process, hence also the direction of the wave propaga-
tion. The symmetrical CDS do not take care about it, neglecting all the information linked to the wave
propagation (see [8]).

Since the condition of the vector U is well known at the time tn, the solution of the problem, that
corresponds to the determination of the fluxes at the cell interfaces, is linked to the one of a Riemann
problem.

2.2.1 Riemann problem
The Riemann problem is a Cauchy problem for conservation laws, namely an initial value problem
which solution corresponds to a number of waves equal to the number of equations belonging to the
system. The problem can be mathematically summarized as follows

Ut + F(U)x = 0, −∞ < x < ∞, t > 0,

U(x, 0) =


UL, x < xi− 1

2

UR, x > xi+ 1
2

(2.11)

where the UL and UR are the values of the U vector respectively on the left and on the right of
the interface, for each ith cell, in figure 2.1. Taking into account the Eq. (2.3), we can rewrite it in its
quasi-linear form that reads



CHAPTER 2. HOMOGENEOUS TWO-PHASE FLOW MODELS AND ADEQUATE EOS 12

Ut + A(U)Uz = 0, (2.12)

where A(U) is the Jacobian matrix of the F(U):

A(U) = ∂F
∂U

=


∂f1
∂u1

∂f1
∂u2

∂f1
∂u3

∂f2
∂u1

∂f2
∂u2

∂f2
∂u3

∂f3
∂u1

∂f3
∂u2

∂f3
∂u3

 . (2.13)

Considering the matrix A(U), the system of Eq. (2.3) is said hyperbolic if the matrix A(U) has
real eigenvalues, calculated as

|A(U) − λI| = det(A(U) − λI) = 0, (2.14)

where I is the identity matrix.

Physically speaking, the eigenvalues λ1, λ2, λ3 of the matrix A(U) are the speed of the propaga-
tion waves, that transport the physical information within the fluid.
The determination of the speed of propagation is very important also for the definition of the fluxes at
the interfaces of the ith cell in the Eq. (2.9). To approximate these values, the HLLC-Riemann solver
has been adopted from [10]

FHLLC,n

i+ 1
2

=



Fl if Sl > 0

F∗l = Fl + Sl (U∗l − Ul) if Sl ≤ 0 < S∗

F∗r = Fr + Sr (U∗r − Ur) if S∗ ≤ 0 < Sr

Fr if Sr ≤ 0,

(2.15)

where Sl, S∗ and Sr are respectively the three speeds of the waves, determined by [11] as

Sl = min(ul − cl; ur − cr), Sr = max(ul + cl; ur + cr) (2.16)

and the middle wave propagating speed, according to [8]

S∗ = u∗ = pr − pl + ρlul(Sl − ul) − ρrur(Sr − ur)
ρl(Sl − ul) − ρr(Sr − ur)

. (2.17)

In this way the fluxes across the interfaces Fi+ 1
2

and Fi− 1
2

are computed for each ith cell of the
domain, at each time-step n, hence a solution for the starting vector Eq. (2.3) can be found.

2.3 Models Hierarchy
In many fast transient phenomena the presence of non-equilibrium between the two phases occurs.
In order to understand the behavior of the fluid in these thermodynamic states, different models have
been elaborated to include one or more non-equilibrium phenomena. The presented hierarchy starts
from a simple equilibrium condition model, where pressure, temperature and chemical potential are
the same for the two phases, at the same velocity. Then, further equations are introduced and added
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to the simpler model in order to consider a specific non-equilibrium.
In principle, a wider number of equations leads to a greater degree of freedom in some parameters
constituting the model. On the other hand, having a greater number of equations, it is possible to
better understand the physics behind the phenomena and look at them in depth, taking into account
some peculiarities caused by the disequilibrium between the phases.
Considering a short range of time as the order of ms, an important and common factor between the
different models presented in the hierarchy is that the heat losses and frictions are neglected, as well
as the gravity forces, and body forces effects.
This simplification is done because they could not have an effective influence on the interpretation of
the phenomena, as explained in [7]. Being aware of these considerations, the two-phase flow models
are hence described below, listed according to their degree of complexity. Starting from the condition
of complete thermodynamic equilibrium, a hierarchy of models has been set up according to the
progressive non-equilibrium considered in a second moment.

2.3.1 Homogeneous Equilibrium Model
Although some non-equilibrium between the two phases of water often occurs in a fast transients flow,
it is mandatory to describe the key features that characterize the condition of perfect thermodynamic
equilibrium between the phases. This condition is not only the starting point and a fundamental brick
of the scale of complexity introduced in the hierarchy, but also a quite used model in several industrial
calculations.
The Homogeneous Equilibrium Model (HEM) is simply derived by the Euler equations in 1D ge-
ometry, in the cases where one dimention is preponderant with respect to the other two. It is quite
adaptable to simulate bubbly flows, or all the regimes where the volume flow rate of the liquid phase
is elevated, hence with a low vapor content. For further details on two-phase flows regimes, see [12].
The idea to consider the full equilibrium between the two phases, really appropriate in a stable mix-
ture, is the easiest one to perform for different reasons, listed below.

• A lower number of equations implies a simpler mathematical model to be solved.

• No other degree of freedom is present, hence the model is independent on the specific consid-
ered case. If a thermodynamic non-equilibrium exists between the phases, in fact, it implies the
involvement of an equation more, consequently another degree of freedom to be introduced,
often dependent on the specific physical case.

• Low computational cost and faster procedure due to the direct research of the properties through
the steam-water look-up table method.

Taking into account the simplification done in section 2.1.1, a 1D-Euler system of equations (e.g.
HEM[13]) is set as a partial differential equations system such as:

∂tρ + ∂z(ρu) = 0,

∂t(ρu) + ∂z(ρu2 + p) = 0,

∂t(ρE) + ∂z[(ρE + p)u] = 0,

(2.18)

where E is the specific total energy:
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E = e + u2

2 . (2.19)

The variables of the system (2.18) can be considered in the vectorial form U expressed as follows :

U =

 ρ
ρu
ρE

;

Hence, the system can be consequently rewritten in its compact conservative form as

∂tU + ∂z(F(U)) = 0, (2.20)

where

F =

 ρu
ρu2 + p

u(ρE + p)

.

Nevertheless, the system of Eq. (2.18) is not closed, since there are three equations and four
physical unknowns (p, u, v, e), where v = 1/ρ is the specific volume of the thermodynamic state.
Assuming, in fact the complete equilibrium between the two phases, the specific energy and the
specific volume of each thermodynamic state are determined as

e = xev(p) + (1 − x)el(p),
v = xvv(p) + (1 − x)vl(p),

(2.21)

where ev and vv are respectively the specific internal energy and specific volume for the saturated
vapor at pressure p. While el and vl are the specific internal energy and the specific volume for the
saturated liquid at the same pressure.
The parameter x is known as the flow quality

x = mass flow rate of vapor

total mass flow rate
. (2.22)

It is important to precise that when there is no slip between the two phases, so ul = uv = u in
case of HEM, the flow quality is coincident with the static quality

x = xstat = mass of vapor

total mass
. (2.23)

In this specific case, the thermal equilibrium between the phases occurs, according to the HEM
definition, hence the flow quality is equal to the thermodynamic quality

x = xeq = h − hl
hv − hl

, (2.24)
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where h is the specific enthalpy of the thermodynamic state and hk, with k = l, v, is the specific
enthalpy of the phase.

Therefore, as shown in Eq. (2.21), an additional equation, or better an EoS is needed in order to
close the system, such as

p = p(v, e). (2.25)

The Eq. (2.25), provides a correlation for the pressure as a function of the specific volume and the
internal energy of the fluid, given by the solution of the system of Eq. (2.18). For the determination
of the pressure as a function of (v, e), several definitions such in [14] and [15] have been elaborated
for academical purposes.
However, for more accurate applications in industrial context, other EoS determined by semi-empirical
experiences are used. The main problem due to the use of this type of EoS, which uses a greater num-
ber of coefficients (see [16]), is hence its elevated cost.
If the pressure is directly found by the equation of state, an iterative procedure is required, because
the equation of state provided can not be cast as p(v, e). Having to deal with iterative procedure, as in
the case of use of ”model EAU”, the results will be sometimes influenced by an oscillating behavior
(see section 6.2).
To avoid this issue, a direct tabulation is necessary in order to be coupled with the system of Eq. (2.18),
without any form of iteration. The HEM, which stems from this coupling, appears finally as a simple
model, but also robust and able to deal with whatever two-phase flow case, because not dependent on
other physical degrees of freedom.
Obviously, the tabulation has been done in the proper way to guarantee the efficiency and the accuracy
of the model described.
Finally, if this simple and basic model presents the characteristics to deal with possible industrial
applications, on the other hand, the complete equilibrium between the two phases does not allow the
model to accomplish the perfect interpretation of the physics in many fast transient case.

2.3.2 Homogeneous Relaxation Model
As mentioned in the previous section, during fast transients, metastable states normally appear, hence
there is the necessity to take into account the thermal or chemical non-equilibrium.
For example, in a rapid depressurisation, the pressure decreases very fast in the initial subcooled liq-
uid. The immediate consequence, proved by experimental measurements, is that the liquid phase
stands at temperature higher than its saturation value at the correspondent pressure. Therefore,
metastable liquid is generated.
For further details concerning depressurisation phenomena and related experimental data see [17].

In order to take into account the different temperature between liquid and vapor mixture, the HRM
presents the two phases in thermal disequilibrium condition, shown as follows:

pl = pv = p,

Tl Ó= Tv = Tsat(p),
gl = gv = g,

ul = uv = u.

(2.26)
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The system of Eq. (2.27) is composed by the same three partial differential equations which belong
to the HEM. Furthermore, the thermal equilibrium constraint between the two-phases is relaxed by
the presence of the supplementary first equation, as it is shown in the system that reads:

∂t(αvρv) + ∂z(αvρvu) = Γl→v,

∂tρ + ∂z(ρu) = 0,

∂t(ρu) + ∂z(ρu2 + p) = 0,

∂t(ρE) + ∂z[(ρE + p)u] = 0.

(2.27)

In fact, physically speaking, this equation expresses the variation of the vapor mass fraction. In case
of non-equilibrium conditions, there is a mass transfer from the metastable liquid to the saturated
vapor through the process of vaporization.
The mass transfer is modeled by a source term Γl→v, on the right hand side of the Eq. (2.27). In fact,
Γl→v quantifies the liquid transferred to the vapor phase during the vaporization, as illustrated below
in the Eq. (2.28),

Γl→v = −ρ
x − xeq

Θ , (2.28)

where the flow quality x does not correspond to the thermodynamic quality xeq, reached in equilibrium
conditions between the two phases.
However, as explained in the previous section 2.3.1, the flow quality x can be considered, for this
specific case, equal to the static quality

x = xstat = mass of vapor

total mass
= αvρv

ρ
, (2.29)

where, if we consider the cross section of the pipe,

αv = area of the cross section occupied by vapor

total cross section area
. (2.30)

The characteristic time Θ expressed in Eq. (2.28) is always positive and describes thus the way x
tends to xeq. If Θ → 0+, the HRM would tend to the HEM, hence x would tend to the thermodynamic
quality in equilibrium conditions xeq.
Therefore, the Θ parameter is the degree of freedom introduced by this model. Its value highly influ-
ences the interpretation of the physics and the different results. For this reason, its choice has to be
done in an accurate way and taking into account the specific case to analyze.
However, when it is possible, Θ is obviously related to a validation procedure through the empirical
results. For further details about Θ parameter and for its different formulations see [18].

The HRM is a model that allows to take into account the disequilibrium between liquid and vapor
phases, as expressed in the system (2.26).
Due to this constraint, the thermodynamic state in terms of (v, e) is hence defined as
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e = xev(p) + (1 − x)el(p, Tl),
v = xvv(p) + (1 − x)vl(p, Tl),

(2.31)

If the consideration of the thermal non-equilibrium is an advantage for the HRM, on the other
hand, this model is more computationally expensive. In fact, the method to compute the physical
magnitudes is strictly iterative in case of two-phase flow conditions.
Furthermore, the iterative procedure is the main issue entailed by this model. This aspect is respon-
sible of the increase of the computational time necessary for the research of the properties to pick in
the two-phase domain.
Moreover, due to the iterative procedure, the HRM is presented as less robust compared with HEM.
To sum up, if the research of the pressure for the HRM is a function of (v, e, x) as it is written on the
Eq. (2.32),

pHRM = p (v, e, x), (2.32)

for the simpler but more robust HEM model, the direct procedure to get the pressure is only a function
of (v, e), as remarked in section 2.3.1.
In conclusion, if the HRM is able to consider the physics of the phenomena taking into account the
thermal non-equilibrium between the two-phases, there are essentially three main drawbacks intro-
duced with respect to the HEM:

• greater computational cost, due to the presence of the supplementary equation introduced and
the iterative procedure;

• the model is less robust due to the presence of an iterative procedure;

• Θ is not a general parameter but depends on the specific application case.

2.3.3 Six-equation unique-velocity model
In some cases concerning two-phase fast transient flows, the two phases are considered in a com-
plete thermodynamic non-equilibrium, involving a greater number of equations than the previously
described HEM and HRM.
For example, it is the case of some thermodynamic states of the two-phase mixture in a steam turbine,
where complete disequilibrium occurs. This related complexity of the model allows to deal with the
physical phenomena in a more accurate way, extending the domain of study to other industrial appli-
cations where thermo-chemical and mechanical non-equilibria occur.
To sum up, on the thermodinamic point of view, the complete disequilibrium between the two phases
consists in

pl Ó= pv,

Tl Ó= Tv,

gl Ó= gv,

ul = uv.

(2.33)
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The assumption to have a velocity equilibrium between the two phases is not completely wrong,
since we assume, as in the Eq. (2.34), that instantaneous relaxations are solved, as explained in [19].
Consequently to this condition of disequilibrium, other degrees of freedom have to be introduced in
order to quantify and express the physical constraints on the mathematical point of view.
As a results, a six-equation model with single velocity is able to handle the complete thermodynamic
disequilibrium through the system of equations as follows:



∂tα1 + u∂zα1 = α1
aρ1Θp (p1 − p2) + α1

aρ1
hAint

V
(T1 − T2) − 1

ρ1

1
1 − α1

ipkT−kpiT
kpjT−jpkT

2
G1→2

Aint

V
,

∂t(α1ρ1) + ∂z(α1ρ1u) = −G1→2
Aint

V
,

∂t(α2ρ2) + ∂z(α2ρ2u) = +G1→2
Aint

V
,

∂t(ρu) + ∂z(ρu2 + α1p1 + α2p2) = 0,

∂t(α1ρ1E1) + ∂z[α1(ρ1E1 + p1)u] + Σ = −α1pint

aρ1Θp (p1 − p2) + bT
hAint

V
(T1 − T2) − bgG1→2

Aint

V
,

∂t(α2ρ2E2) + ∂z[α2(ρ2E2 + p2)u] − Σ = +α1pint

aρ1Θp (p1 − p2) − bT
hAint

V
(T1 − T2) + bgG1→2

Aint

V
,

(2.34)
where

bT = α1ρ1

C
pint
aρ2

1

A
Γ1

α1
+ Γ2

α2

B
− 1

α1ρ1

D
, (2.35)

bg = α1ρ1
jpiT − ipjT
kpjT − jpkT

(2.36)

and

a = ρ1Γ1

pint
ρ12 −

A
∂e1

∂ρ1

B
p1

+ ρ2Γ2
α1ρ2

α2ρ1

pint
ρ22 −

A
∂e2

∂ρ2

B
p2

 , (2.37)

with Γ1 and Γ2 the Grüneisen coefficients of the liquid and vapor phases, pint the pressure at the
interface between the two phases, Σ the energy exchange between the phases due to the forces exerted
and Θp the characteristic time for the pressure relaxation.

The coefficients bT and bg allow respectively to keep constant the pressure gap between the phases
during the temperature relaxation process and to keep constant the pressure and temperature gap dur-
ing the chemical relaxation process.
The definition of the coefficients ip, jp, kp, iT , jT , as well as kT can be found in [19], where further
details about the relaxation terms are given.

On the right hand side of the system of equation, the source terms take into account the effect
of the thermodynamic disequilibrium between the two phases. These parameters differ basically in
three types, according to the physical magnitude that contributes to the disequilibrium between the
two phases:

• α1pint

aρ1Θp (p1 −p2) is a mechanical relaxation term, which relaxes the two phases towards a pressure
equilibrium condition. Liquid and vapor, being at two different pressures, generate a work due
to the force applied from the higher pressure phase to the lower one.
This force let the higher pressure phase expand, leading the system to a pressure equilibrium.
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• bT
hAint

V
(T1 − T2) is a thermal relaxation term. Consequently to the temperature difference, a

heat flux is generated between the two phases. The heat transfer, involving just the convection,
occurs until the mixture is relaxed towards the equilibrium temperature.

• bgG1→2
Aint

V
is a thermo-chemical relaxation term, proportional to the difference between the

two Gibbs free energies of the two phases. The phase with the greater g will be the phase that
will transfer the mass during this relaxation step, while the other one will receive it. Obviously,
the mass transfer process will take place until the two energies will converge to an equilibrium
value.

For other informations concerning the relaxation terms see [19] and [20].

Finally, the Six-equation single velocity model has the advantage to consider metastable states of
the liquid and vapor phases, so more suitable than the HRM model to study fast transient industrial
cases. Moreover, it is able to handle a double EoS in a direct form

pv = pv(vv, ev) pl = pl(vl, el), (2.38)

avoiding the iterative procedure typical of the HRM. On the other hand, the drawback to deal with
six equations and the source terms that sometimes depend on the specific industrial case, make this
model more computationally expensive, and not uniformly applicable.
In conclusion, even if they are not really concerned in this report, it was imperative to cite the exis-
tence of other models for two-phase flow.
These ones introduce more or fewer degrees of complexity than the Six-eq. model previously de-
scribed, such as the 5-eq. model or the 7-eq. model, which involves also the velocity non-equilibrium
between the phases. For further details about them consult, respectively, [21] and [22].

2.4 Goals and choice of EoS
What has been presented in section 2.3, by the system of Eq. (2.18) is actually one of the simplest
models dealing with two-phase fast transient flows. Nevertheless, it is quite appropriate for several
industrial applications, as described in [23].
However, there are many physical phenomena that imply the generation of metastable liquid or
metastable vapor. According to the degree of disequilibrium which is necessary to take into account,
a different model is used, as it was described in details in section 2.3.
Notwithstanding, all the models described have in common the strong need of an EoS of the form
p = p(v, e) or similar in order to close the system of equations.

In the past, different forms of EoS have been proposed such as in [14] and [15]. In this section we
make a short description of possible types of EoS to use, remarking the characteristics of each one
and pointing out the advantages and drawbacks.
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2.4.1 Perfect gas EoS
In case of perfect gas the correspondence between p and v, e is straightforward, such as

p = (γ − 1)ρe, (2.39)

where γ is the ration between the specific heats at constant pressure and at constant volume.
The perfect gas EoS, can describe in some cases the thermodynamic conditions of a fluid at low
pressures and high temperatures. Thus, with its very trivial expression, it is suitable for academical
purposes.
Notwithstanding, for the reason that water is not a fluid that presents a linear variation of its properties
along its domain of application, as a perfect gas, hence this simple model is not suitable for industrial
cases.

2.4.2 Van der Waals EoS
Starting from the simplest perfect gas EoS, in the past there were some attempt to describe the real
gas behavior, introducing other degrees of freedom, linked to the microscopic scale aspects.
In order to better describe the behavior of the fluid at higher pressures, the van der Waals EoS has
been elaborated in the form

p = RT

v − b
− a

v2 , (2.40)

where R = 8.314472 J
molK

is the Gas constant; a is a parameter linked to the electrostatic attrac-
tion of the molecules; while b is the molar volume linked to the repulsive molecular forces.

Although the van der Waals EoS is more suitable than the perfect gas one, the range of application
for compressible flows is limited and not applicable in case of two-phase conditions, because of large
density variation.
Moreover, on the physical and mathematical point of view, dealing with Eq. (2.40) implies the effect
to have a possible unphysical states where A

∂p

∂v

B
T

< 0. (2.41)

For this reason, there could be some thermodynamic states overcoming the physical limit of the
spinodal curve, which is not physically accepted in the model proposed in this work.

2.4.3 Stiffened Gas EoS
As previously specified, water is a fluid presenting stiff conditions. It practically means that for small
pressure variation there could be large variation of other physical magnitudes such as the specific
volume. This problem, which is not circumvented by the previous two kinds of EoS, is done by the
Stiffened Gas model in the form presented by [24]:

p = (γ − 1)(e − q)ρ − γP∞, (2.42)
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where γ, P∞ and q are physical parameters to be empirically determined.
Therefore, the model of stiffened gas EoS is a linearization of the fluid behavior around a thermody-
namic reference state. Even if it often leads to physical results, if the fluid condition is quite closed
to the thermodynamic reference state, this EoS could give some large uncertainties for large pressure
variations, or even unphysical results.
This issue could be set dividing the domain in zones with similar thermodynamic conditions, each one
characterized by multiple reference states. However, this solution would lead to high discontinuities
in the determination of the properties from one zone to another, with consequent low accuracy.
Moreover, dealing with the stiffened gas model presents other problems. Firstly, it is a pure lin-
earization of the thermodynamic properties, hence the determination of all the first and second order
derivatives would be problematic, for example to calculate the speed of sound, c (see [18]). Secondly,
taking into account that the term γP∞ stays constant, the pressure could become negative, which is
not accepted for the use of the models proposed in this work and of industrial applications. For further
details about it, see [25].

Taking into account all these aspects, we understand that the stiffened gas is a quite simple and
relatively accurate model for academical purposes. However, it can not ensure a high accuracy, which
is compulsory when we talk about industrial applications. Therefore, a more complex but accurate
type of EoS is needed.

2.4.4 Empirical EoS
The exigence to deal with industrial applications involves the requirement of the highest accuracy
as possible. The attempt to elaborate a model describing the thermodynamic behavior of the fluid,
implies many drawbacks, such as discontinuities when the properties are determined or unphysical
results.
To avoid these issues, described in the previous sections, a lot of experiments has been carried out in
order to acquire data from physical tests and measurements.
Therefore, experimental and sophisticated EoS are needed in order to take into account the depen-
dence of the fluid and to achieve adequate accuracy.

2.4.4.1 Water Properties: IAPWS Formulations

Water is one of the most used fluids in industrial applications, hence diverse studies have been carried
out so far in order to extrapolate useful EoS formulations to be implemented. Dealing with these
kinds of EoS implies a higher computational cost during the numerical simulation, as well as some
cumbersome EoS definition.
In fact, the EoS derived by the empirical experiments are never cast in specific volume and internal
specific energy, so an inversion is required for their use.

In this particular context, for what concerns the industrial applications of water and steam, the
International Association for the Properties of Water and Steam, gave a great contribution in the study
of the thermodynamic conditions of this fluid.
In fact, the empirical data collection, gathered during the years of research, allowed the determination
of newer and more accurate properties with respect to the ones given by NBS/NRC (National Bureau
of Standards of Nuclear Regulatory Commission) in [27].
These ones were published in the 80’s and the thermodynamic properties are cast as a function of the
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Figure 2.2: Picture taken from [26]. Regions of the Domain according to IAPWS in (p−T ) (Region 1:
liquid domain; Region 2: vapor domain; Region 3: supercritical vapor domain; Region 4: saturation
curve; Region 5: vapor at high temperature).

pressure and temperature of the state.

Even though this formulation was widely used in industrial applications, this work was reviewed
by the IAPWS in order to ensure a higher precision, reducing the discontinuities of the properties.
Still nowadays, for industrial applications concerning the water, the properties can be derived by two
main formulations of EoS, both proposed by IAPWS, which are divided as follows:

• IAPWS-IF97[16] providing an EoS in g(p, T ) and f(ρ, T ), with specific definition of physical
magnitudes of interest according to the region of validity as shown in figures 2.2 and 4.1. The
thermodynamic domain is divided in five different regions and the equation of state is provided
as f(ρ, T ) uniquely in region 3 and as g(p, T ) in the other regions. Therefore, the properties
are cast as a function of (p, T ) in all the regions, except for the region 3 ones in (ρ, T ).

• IAPWS-95 Formulation[28] providing a unique EoS in f(ρ, T ), with an independent definition
with respect to the location of the point on the thermodinamic domain.

Due to its unique equation of state, the IAPWS-95 Formulation appears more manageable. Never-
theless, the EoS provided by IAPWS-IF97 have been chosen in order to create the tabulation, for the
reasons listed below:

1. special formulation for metastable vapor, thinking at the inclusion of possible metastable vapor
states;

2. greater applicability in terms of temperature and pressure range1:
1The real range of validity of pressure in at high temperatures has been extended after to 50 MPa.
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273.16 K 6 T 6 1073.15 K p 6 100 MPa;

1073.15 K 6 T 6 2273.15 K p 6 10 MPa;

3. greater adaptability for industrial applications, due to the lower number of terms in the polyno-
mial making up the EoS.

Region of the tabulation EoS Limits of applicability [p and T ]
1 g = g(p, T ) ptrip < p < 16.529 MPa, T < Tsat(p)

16.529 MPa < p < 100 MPa, T < 623.15 K
2 g = g(p, T ) ptrip < p < 16.529 MPa, Tsat(p) < T < 1073.15 K

16.529 MPa < p < 100 MPa, Tb23 < T < 1073.15 K
3 f = f(ρ, T ) 16.529 MPa < p < 100 MPa, 623.15 K < T < Tb23

4 p = psat(T ) ptrip < p < 22.064 MPa

5 g = g(p, T ) ptrip < p < 10 MPa 1073.15 K < T < 2273.15 K

Table 2.1: Properties of water according the the Industrial Formulation provided by the IAPWS. The
Tb23 boundary is computed using a special algorithm privided by IAPWS.

However, even if the IAPWS-IF97 has been used for the determination of the properties in all the
tabulated domain, the IAPWS-95 Formulation has been also adopted during the procedure. In fact the
construction of the vapor spinodal needs an EoS as a function of (ρ, T ), as it will be explained more
in details in the section 3.2.

2.5 Tabulation on (v, e) domain
As it has been mentioned in the previous sections, a fast and accurate method to correlate the pressure
as a function of (v, e) should be found. Since the type of EoS has been chosen, it is more efficient
to create a direct tabulation, constructed on the domain of the independent variables (v, e), and use it
during the research of the point where (v, e) are given by a system of Eq. (2.18), for each time step.
In this way the proper pressure, temperature, and speed of sound will be directly found as a function
of the independent input variables (v, e).
Then, in this way any possible iterative procedure will be avoided, fastening the process of the re-
search of the point. This method, called look-up table interpolation, is described in details in [29]. It
ensures high accuracy and boosts the computational process.
The only trouble to deal with it is that the EoS used in the construction of the steam-water tables, as
said in section 2.4.4.1, are defined in the form of

f = f(ρ, T ), (2.43)

in the case of the use of IAPWS-95 Formulation, where f is the Helmholtz free energy

f = e − Ts. (2.44)
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However, this formulation is very costly in terms of computational time, due to the number of
terms contained in its polynomials. Therefore, for industrial applications a simpler form of the EoS
is given by the IAPWS-IF97 and used in the form

f = f(p, T ) or g = g(p, T ), (2.45)

where g is the Gibbs free energy

g = h − Ts. (2.46)

These formulations are both provided by the IAPWS, respectively in [16] and [28]. Having to
deal with a domain in (v, e), this problem should be circumvented in order to fasten the calculation.
To do that, a residual function F = F(p, T ) such as the one in Eq. (2.47) can be defined. Matching
the couple (v, e) given by the EoS and the one given by the Euler system in Eq. (2.18), it is possible to
nullify the function and find the proper couple (p, T ) with the following Newton-Raphson iteration:

F(p, T ) =
A

e − eEoS(p, T )
v − vEoS(p, T )

B
. (2.47)

In case of a model which does not use a look-up table method, a different iterative procedure is
performed during the calculation in order to find the couple (p, T ). However, this process leads to
some inaccuracies of the results due to possible oscillations (see the section 6.2).
Then, once that the tabulation of the physical magnitudes on the (v, e) domain has been completed,
the iterative procedure previously mentioned is avoided, hence its related oscillating behavior.
Therefore, the look-up table method allows to reach good results in terms of accuracy, reducing the
computational cost during the determination of the properties. For this reason, this method seems to
be suitable for industrial application cases.





Chapter 3

Metastable vapor extension

This chapter introduces one of the main innovative contributions of this work: the consideration of
metastable vapor states and the construction of the vapor spinodal curve. In applications involving
metastable vapor, it is compulsory to know the range of applicability and to bound these thermody-
namic states in the tabulation performed in (v, e), already presented in [30]. Other similar contribution
at this topic can be found in [31].

3.1 Introduction of the constraints
The knowledge of the vapor spinodal, which is the boundary of metastable vapor domain, is necessary
to extend the tabulation in order to include these new thermodynamic states into the tabulation. At
the beginning of this work, the approach was pretty similar to the one used to deduce the spinodal on
the liquid side [18].
Considering the IAPWS-IF97, the properties of the region 3[16], which is slightly extensible to other
regions, are expressed through an EoS of the type f(ρ, T ). Consequently, due to its independent
variables f(ρ, T ), its use has been extrapolated over the boundaries of application. For the definition
of all the thermodynamic states belonging to the spinodal curve, the mechanical stability constraint
has been imposed as follows: A

dp

dv

B
T

= 0. (3.1)

The Eq. (3.1) has been fixed for each isothermal curve, in order to find the trend given applying
the properties of the region 3, provided by the IAPWS-IF97, down to very low temperatures states.
Basically, even if an Eos in (ρ, T ) is more suitable for this precise application, it is not possible to go
too much below the temperature of 623 K imposed by the region 3.
The properties of this region, in fact, can be easily extrapolated to other regions of the domain, as done
for the liquid spinodal construction, but not so far from the temperature that bounds the properties of
the region 3 itself.
In fact, it is of primary importance to keep in mind the range of physical magnitudes involved where
the EoS, specified for each thermodynamic region, are applied. Reminding the example of the liquid
spinodal construction, the extension is performed down to the temperature of 593 K, hence not so far
from the threshold of 623 K suggested by [16] for region 3 properties.
On the other hand, in the case of the construction of the vapor spinodal curve, it implies states with

26
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very low temperature, down to T = 273.16 K, which make the properties of region 3 not applicable.

Figure 3.1: Figure taken by [18]. Attempt to extrapolate properties of the region 3 in metastable vapor
domain. Down to temperatures not so lower than 623.15 K, this extrapolation gives however good
results.

Therefore, the application of this procedure on the construction leads to unphysical results. There-
fore, being aware of the considerations previously done, another way to compute the spinodal has been
adopted, taking into account the IAPWS-95 Formulation.

3.2 The spinodal curve on the vapor side
Due to the problem previously mentioned, the use of the IAPWS-IF97 was recognized as cumber-
some, so the IAPWS-95 Formulation has been adopted in order to construct the spinodal curve. The
advantage of this formulation is to provide an equation of state as a function of density and tempera-
ture of the water, and completely independent on the region of the domain where the thermodynamic
state is [28].
However, for reasons described in section 2.4.4.1, the IAPWS-IF97 has been used for the whole tab-
ulation and for the reconstruction of the same curve. Before explaining how the vapor spinodal curve
has been constructed, it is better do describe three key steps listed below, necessary to fix the limits
of the same curve.

3.2.1 Definition of the thermodynamic limit states of the curve
• The point at lower specific volume is imposed fixing the critical point conditions at p =

22, 064 MPa and T = 647.096 K, which is the maximum in a (p, v) domain. In this point,
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all the physical magnitudes are well known. Therefore, the upper point in figure 3.2 is set up.

• The point at greater specific volume is fixed as the point that satisfies the constraint of the
mechanical stability of the spinodal curve,

1
dp
dv

2
T

= 0, with temperature T = Ttrip = 273.15 K.

• The maximum of the curve, in a (v, e) domain as in figure 4.2 is found through the golden
section method [32]:

– two thermodynamic states closed respectively to the critical and to the triple points are
considered;

– knowing the temperature T of the two states, the density in correspondence of the satura-
tion is calculated, in order to use it as a guess value. Then, a Newton-Raphson iterative
method is used for the residual function

F(ρ) =
A

dp

dv

B
T

(ρ) = 0, (3.2)

in order to find the density of the state belonging to the spinodal. This procedure is applied
for both the states within an iterative process. This one terminates only when the specific
energies of the two points have the same value, having imposed a small tolerance at the
beginning, hence the two states almost overlap .
Therefore, the maximum of the curve in (v, e) domain is found. Knowing the position of
the maximum, all the properties are calculated there and the construction can take place.

3.2.2 Construction of the curve
Since the limits of the curve are fixed, the construction is definitely performed in sequential steps as
follows, for each specific thermodynamic state belonging to it.

• The constraint of the Eq. (3.1) has been coupled with the already known specific internal energy
value, as follows in the residual function of Eq. (3.3)

F(ρ, T ) =
A

e − eEoS(ρ, T )1
dp
dv

2
T

(ρ, T ) = 0

B
. (3.3)

• The IAPWS-95 Formulation has been used in a Newton-Raphson iterative method. The purpose
is to find the values of density and temperature that nullify the first component of the residual
function F(ρ, T ) in Eq. (3.3) and guarantee the constraint of Eq (3.1).

• When the iteration terminates, density and temperature are already known, hence all the proper-
ties of the considered thermodynamic states are calculated through the IAPWS-95 Formulation.
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This procedure, explained for one single thermodynamic state, is separately applied to all the
states belonging to the vapor spinodal curve on the (v, e) domain: on the left side with respect to the
maximum, it goes from the state with p = pcrit until the maximum point of the curve. On the right
side from right limit state at T = Ttrip until the maximum point.
The found spinodal curve has a double importance. Firstly, it represents the limit of the physical
admissible states of the thermodynamics, secondly it is considered as one of the boundaries of the
tabulation that will be performed. It is interesting to note that among the considered states there
are some of them with very low temperatures belonging to the new admissible vapor domain. In fact,
aiming to fix a clear boundary for the new tabulation, some points with temperature lower than 273.16
K have also been considered to complete the construction of the curve.

Figure 3.2: Spinodal curve in the (p, v) domain constructed using IAPWS-95 Formulation. The
construction has been done down to the triple point temperature at 273.16 K.

3.3 Reconstruction using the IAPWS-IF97
Since the spinodal curve has been determined, a region containing the metastable vapor states can be
tabulated in (v, e), as will be explained in details in Chapter 4. During this step, inside this region,
pressure and temperature are found for each state belonging to the new portion of the tabulated do-
main.
Imagining these thermodynamic states delimited by the spinodal curve and the isobaric ptrip curve as
a tabulated grid of thermodynamic ”points” or ”nodes”, as shown in figure 3.3, the properties of each
node are hence calculated using the Newton-Rahpson iterative algorithm in the Eq. (2.47).

In this configuration, for each ”row” of this grid, correspondent to an iso-internal energy line,
the pressure and the temperature are calculated, moving from the ptrip curve (right boundary) to the
vapor spinodal one (left boundary). Within this ”grid construction” or tabulation of the domain, in
each iso-e line, we move leftwards point by point reaching the vapor spinodal boundary.
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Figure 3.3: Representation of the grid of nodes making up the region including metastable vapor
states. The algorithm used during the simulation counts 100 nodes of specific volume v and 200
nodes of specific internal energy e. In this picture the grid has been coarsened (20 × 20) with respect
to the real one (100 × 200) in order to give an idea of its structure. The internal lines in figure are got
through the spline-based interpolation. They join vertically the nodes of this grid, passing through
each five nodes of all the iso-e of the real tabulation.

At that moment, we know already the couple (v, e) of the states belonging to the vapor spinodal curve.
Then, a Newton-Raphson iterative method, such as in the Eq. (2.47) is used to recalculate the pressure
and the temperature of the node, using the IAPWS-IF97. This method is applied for all the rows (iso-e
lines) of the grid, hence a new spinodal curve can be recalculated. Finally, the results obtained have
been compared with the previous ones related to the curve got through the IAPWS-95 Formulation,
in figures 3.4 and 3.5.

During the extrapolation of the spinodal, it is important to keep in mind that the properties of
region 3[16] can not be extrapolated wherever in the domain, but down to a certain temperature, as it
has been already remarked.
Looking at the figure 3.4, the left side of the vapor spinodal has been extrapolated only using the
properties of the region 3. This approach leads us to a wrong calculation of the physical magnitudes,
since the properties of region 3 are done to be applied for temperature greater than 623 K[16]. How-
ever, the curve extrapolated by IAPWS-IF97 starts to get further from the one deduced by IAPWS-95
Formulation only for temperature much lower than the threshold imposed. This is a proof that the
EoS provided by the region 3 are more flexible and adaptable to other regions.
On the other hand, they can not be extrapolated in a wide range of tolerance. Therefore, the use of
the properties of the region 2 must be taken into account for temperature lower than 623 K. Keeping
it in mind, the spinodal is completely extrapolated, as it is illustrated in figure 3.5.
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Figure 3.4: Wrong extrapolation of the boundary. The permanent use of the region 3 properties can
not be extended for temperature lower than 623.15 K.

Figure 3.5: Good extrapolation of the boundary. This results show the right construction taking into
account the proper application of the IAPWS-IF97 properties.
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The results show it clearly overlapping to the original one, obtained using the IAPWS-95 Formu-
lation. Also other magnitudes such as speed of sound and temperature of the vapor spinodal curve
have been recalculated, with results shown respectively in figures 3.6 and 3.7. The two trends do not
overlap as well as the one of the pressure, but they are quite conform.
In this way the tabulation can pursue, using only the IAPWS-IF97, while the IAPWS-95 Formulation
is used just in the moment of the first construction of the spinodal curve in order to define the border
of the domain. It is important to specify that the speed of sound definition on the spinodal curve is the
isentropic one. For further details about its definition consult the Appendix B.

Figure 3.6: Speed of sound profile on the spinodal curve. The result obtained using the IAPWS-IF97
are quite similar to the ones provided by the IAPWS-95 Formulation.

Figure 3.7: Temperature profile on the spinodal curve. The result obtained using the IAPWS-IF97 are
quite similar to the ones provided by the IAPWS-95 Formulation.





Chapter 4

Grid regions and research of the (v, e) point

The inclusion of the vapor metastable states involves an obvious modification of the structure of the
tabulation previously used in EUROPLEXUS code. Thus, new parts are hence added to the previous
one. In this Chapter we give a more detailed illustration about the subdivision of the tabulation and
the research of the point, showing the borders of each zone on the (v, e) domain.

4.1 Aim of the subdivision
The construction of the spinodal curve of the vapor side entails another way to subdivide the new
tabulation in regions. In order to do not confuse the regions identified by IAPWS-IF97, listed us-
ing numbers, each region of the novel tabulation is named by letters. The way this subdivision is
performed in different regions aims to fasten the research of the properties of thermodynamic state,
giving the input couple (v, e).
However, it is important to keep in mind that the new tabulation should preserve the possibility to use
the same steam-water tables for other models previously used such as HEM and HRM (see Chapter
6). The possibility to chose the utilization of one model rather than another one is done directly on
EUROPLEXUS code. Anyway, this new subdivision took as a reference the one represented in figure
4.3, and elaborated in[33].
Therefore, whenever it was possible, the regions were not changed because not affected from the
construction of the spinodal on the vapor side.

4.2 Subdivision of the grid in regions
In order to make clearer the subdivision executed, it is better to refer to the figures 4.1 and 4.2,
illustrating respectively the subdivision of the (v, e) domain provided by[16] and the construction of
the spinodal vapor curve with lower boundary imposed.
The first figure imposes the constraints in terms of range of applicability of the EoS provided by the
IAPWS-IF97. While the second figure, clearly explicits the necessity to create another subdivision
with respect to the previous one elaborated (see figure 4.3).
In fact, this one was able to handle just complete equilibrium states or metastable liquid conditions
(see[33]). Therefore, due to the fact that in this work we take into account applications involving
metastable vapor states, a new subdivision has been performed.

34
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Figure 4.1: Figure taken by [18]. Regions subdivision according to IAPWS-IF97. Metastable vapor
states are not considered here.

Figure 4.2: Spinodal curve of the vapor side in (v, e) domain. The blue horizontal line has been
inserted in order to fix a physical and practical limit in terms of possible applications.
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4.2.1 Low Region - LL
This region includes all the points belonging to the liquid phase. It is a region bounded as described
below:

• on the left side by the border of the isobaric at p = 100MPa;

• on the right side by the spinodal curve, as long as the pressure is positive. Then, an isobaric
p = 0MPa has been imposed in order to consider only possible industrial applications (see
[18]);

• on the bottom it is delimited by the horizontal line at e = etripL
≈ 0 kJ

kg
, while on the top the

boundary is composed by the horizontal line e = ecrit = 2019.03 kJ
kg

.

To compute the points belonging to the LL region, the properties of the region 1 provided by IAPWS-
IF97 have been used up to the temperature of 623 K. Over that temperature, the properties of region
3 have been used. The switch done, during the construction of the region, between the use of the
properties of region 3 and region 1[16] leads to a small decrease of the accuracy on the points closed
to the isothermal curve at T = 623 K, as it will be shown in figure 5.10, in Chapter 5.

4.2.2 Left High Region - LH
The region Left High is one of the region that undergoes the inclusion of the new spinodal curve.
This one influences the way the region is delimited, imposing the maximum of the same curve as one
cardinal point in order to fix a boundary for the LH. The following key points characterize the region
with respect to the same in the previous tabulation performed in [33]:

• top boundary fixed at specific internal energy e correspondent to the maximum of the spinodal
curve, rather than the maximum of the saturation curve;

• right boundary fixed as the left part of the vapor spinodal curve, instead of the left part of the
saturation curve.

The other two boundaries, which are the lower and the left one are respectively given by:

• horizontal line e = ecrit, coincident with the upper boundary of the LL region;

• isobaric curve at p = 100MPa.

Differently from the tables not including metastable vapor states[33], the construction of the LH
region has been done using a switch between the properties of the region 2 and region 3 provided by
IAPWS-IF97. If this switch is not performed, a discontinuity takes place as shown in figure 3.4.

4.2.3 Right Region - R
The Right region, as well as the LH one, undergoes the change applied on the tabulation due to the
inclusion of the vapor spinodal curve. In this way, the lower-left boundary will be composed by the
right part of the new introduced vapor spinodal curve. The upper boundary will be also modified,
since the maximum of the spinodal curve replaces the function performed by the maximum of the
saturation curve in figure 4.3. The other two boundaries are fixed as follows:
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• right boundary imposed at p = ptrip, since there is no practical reason to go down to that limit
in industrial cases, hence in nuclear applications;

• bottom boundary imposed fixing the FG horizontal line, as illustrated in figure 4.4.

The spinodal construction, as shown in Chapter 3, has been done imposing the constraint of the
Eq. (3.1) at points of different temperatures, down to 273.16 K. This construction, has been stopped
at the triple point temperature.
Consequently, a gap between the spinodal and the triple point pressure curves has been left. Since
the region needs a boundary in order to be limited, it has been decided to insert a horizontal line
correspondent to the internal energy of the right extreme of the spinodal (see figure 4.2).

4.2.4 Middle Temperature Region - MT
The MT region, as well as the previously described R and LH, is another region that is affected by the
effects of the spinodal construction. In fact, this region has been properly created to cover the gap of
the tabulation in terms of internal energy between the maximum of the spinodal and the maximum of
the saturation curves. Having already mentioned the upper and the lower boundaries of this region,
the other two boundaries are respectively:

• on the right side the triple point pressure curve p = ptrip;

• on the left side the isobaric curve at p = 100MPa.

4.2.5 High Temperature Region - HT
The last region, so called HT, contains all the points belonging to the supercritical vapor states. It has
to be kept in mind that the tabulation must comply to the thresholds imposed by the IAPWS-IF97 in
terms of pressure. In fact, at high temperatures the pressure limit corresponds to 10 MPa. However,
this limitation imposed by IAPWS has been extended to 50 MPa after few years.
Nevertheless, the limit imposed at 10 MPa is widely enough to cover the range of industrial applica-
tion concerning the supercritical vapor. The HT region, which is the one that completes the tabulated
domain, presents these following boundaries:

• on the right side the triple point pressure curve;

• on the bottom the horizontal line for internal energy equal to the maximum of the saturation
curve has been considered (e = emaxsat);

• the upper boundary is composed by an isothermal curve at T = 2273 K.
In fact, at high temperatures the isothermal lines almost correspond to the iso-internal energy
ones, since ∆e ≈ cv∆T . Consequently, the upper boundary in terms of temperature can be
slightly used as an internal energy boundary.

• Having identified the corner C (see the figure 4.4) as the corner where

p = 100MPa,

T = 1073K,
(4.1)
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and the corner D the point where

p = 10MPa,

T = 1073K,
(4.2)

the left boundary can be finally divided in three parts:

– from the internal energy e = emaxsat (corner B) up to the so called corner C, the isobaric
curve p = 100 MPa;

– between the two corners C and D, the isothermal curve T = 1073 K;

– the isobaric curve p = 10 MPa from the corner D up to the higher limit of the HT region.

The completed new steam-water tables, allowing the identification of the points belonging to the
metastable regions, are finally represented in figure 4.4.

Figure 4.3: Picture showing the old grid of the tabulation on the (v, e) domain, performed in [33].
This tabulation can be used only coupled with HEM or HRM.
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Figure 4.4: Picture showing the new grid of the tabulation on the (v, e) domain. The R region is
completely belonging to the metastable vapor domain. This tabulation can be used coupled with
Six-eq. model as well as HEM and HRM.

4.3 Research of the thermodynamic state
As we specified at the beginning of this Chapter, the aim of the creation of different regions for the
tabulation is to facilitate the research of the thermodynamic state and its related properties through
the algorithm.
Up to this moment what we know about the tabulation is that it is a set of points, where for each node
corresponds a couple thermodynamic variables of the type (v, e). For all of these nodes we calculate
the properties such as pressure, temperature and speed of sound, using the EoS. Now we explain how
to find the properties of a random (v0, e0) couple entering the tabulation, for each mesh of the domain
at each time-step.
This procedure is made up of several check performed, either on the e0 and v0. The first one of
these checks involves the e0 value. At the beginning we verify if the entry value is bounded by the
maximum and minimum values of internal specific energy of the tabulation. If it is not bounded, the
simulation is interrupted and an error occurs, otherwise another check on e0 is performed in order to
establish the region where the thermodynamic state lies.
Fixing the entry value of the internal specific energy e0, a check on the specific volume v0 is per-
formed. In this step it is important to define the limit specific volumes belonging to the boundaries of
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the region. To do that a spline-based method has been used, as the one described in [34].
The physical boundaries are accurately defined, using the coefficients of exact derivatives stocked
during the implementation of the algorithm. In this way, for the entry value of e0 we can calculate
a vmin and a vmax for the limit minimum and maximum of the specific volumes bounding the value
v0. If v0 is not bounded in any region, an error occurs and the simulation is interrupted, otherwise the
true research of the point can be finally done.

Figure 4.5: Figure taken from [18]. Picture illustrating the physical (v, e) domain on the left side and
the squared transformed space on the right one. In the transformed space the abscissa X is bounded
between 1 and 101, while the internal specific e energy lies on the ordinate axes Y.

To explain how the research is performed, it is necessary to precise that the (v, e) domain has been
transposed in a regular, squared one (X, Y ), as well as in figure 4.5. The specific internal energy e
corresponds to the Y axes, while the specific volume v of the original domain has been squared and
divided, for each Y , from the node Xmin = 1 correspondent to the vmin, to the node 101 correspon-
dent to the vmax.

Therefore, having defined a uniform ∆Y and ∆X for the squared domain, getting the two entry
coordinates (v0, e0), we can find the position of the concerned squared ”cell” (j, i) as

j = int
3

X0 − Xmin

∆X

4
, i = int

3
Y0 − Ymin

∆Y

4
. (4.3)

So the exact coordinates (j, i) are well known, as well as the four thermodynamic nodes making
up the cell. Then, the properties such as pressure, temperature and speed of sound can be derived
through the bicubic interpolation, explained in details in [18] and [30].
This method of research of the thermodynamic state, which requires the transposition of the (v, e)
domain in the (X, Y ) one, is however necessary for two reasons:

• it improves the research of the thermodynamic state and its related properties, above all in the
cases of stretched areas of the tabulation, which are very sensitive and where we could easily
get wrong interpolations;

• it guarantees a higher accuracy, permitting the application of the bicubic interpolation and re-
duces the computational cost, avoiding further check operations.





Chapter 5

Steam Water Look-up table Maps

Since the tabulation has been completed, it is interesting to understand the range of applicability of
the physical magnitudes in the elaborated domain. In order to satisfy this intent, this section provides
a quantitative aspect of the analysis that has been theoretically explained in the previous chapters,
showing some details in terms of the accuracy of the tabulation itself.

5.1 Thermodynamic properties
The plots illustrated in the following sections represent respectively pressure, temperature and speed
of sound calculated for each thermodynamic state of the tabulated (v, e) domain. The calculation of
these physical magnitudes is achieved by the inversion of the IAPWS-IF97 at each node, coupling it
with a Newton-Raphson iterative algorithm, as in the case represented in Eq. (2.47).
Since that (p, T ), or (ρ, T ) for the states belonging to the region 3, have been found through the
iterative algorithm, the other physical magnitudes, can be directly calculated using the polynomial
provided by the IAPWS-IF97. According to the region where the states belongs to, a physical mag-
nitude such as the speed of sound is found as follows

c = cEoS(ρ, T ) for region 3

c = cEoS(p, T ) for other regions.

5.1.1 Pressure maps
In the plots in figures 5.1 and 5.2 the pressure range is represented respectively for HEM use and
Six-equation one. In a (v, e) domain, it decreases from the left to the right going from 100 MPa,
maximum allowable value according to IAPWS-IF97[16], to the triple point pressure (6.12 ∗ 10−4

MPa) on the right border of the R region presented in section 4.2.
However, there are points where the pressure reaches the null value. This condition occurs only along
the lower part of the spinodal curve of the liquid side, composed by an isobaric curve p = 0 MPa.

42
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Figure 5.1: Pressure profile of the tabulated domain linked to the use of the HEM in a 2D plot. The
pressure (in MPa) is represented in base 10. In black the saturation curve remarking the border
between the mono-phase and the two-phase domain. Axis of specific volume, v is also in base 10.
Pressure is calculated at saturation condition within the saturation curve.

5.1.2 Temperature map
The temperature field on the tabulated domain varies from 259 K, which corresponds to the point on
the right low corner of the R region (point G in figure 4.4), to 2273 K, which is the top boundary in
HT region of the tabulated domain (iso-internal energy and isothermal curves are almost coincident
at high temperatures ∆e ≈ cv∆T ).

5.1.3 Speed of sound maps
The speed of sound is a physical magnitude which is directly calculated using the IAPWS-IF97,
having already determined the couple (p, T ), or (ρ, T ). The importance of the speed of sound value
during the calculation is not negligible. In fact, its value has a primary importance for the time step
calculation, as it is explained in details in section 6.1.1.1.
In mono-phase states, the speed of sound has a higher value in a denser material, while for steam at
very high temperatures its value increases with respect to a thermodinamic state at lower temperature.
By the way, in a two-phase flow, according to the model used, a different value of speed of sound can
be found. However, taking into account two points closed to the saturation curve, there is a difference
of 1-2 orders of magnitude for the speed of sound value across the curve itself, as it is possible to see
in figure 5.6.
This physical ascertainment leads obviously to a huge change of the time step value calculated.
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Figure 5.2: Pressure profile (Six-eq.) of the tabulated domain in a 2D plot. The pressure (in MPa)
is represented in base 10. In black the saturation curve remarking the border between the stable and
the metastable domain. Axis of specific volume, v is also in base 10. Pressure is calculated through
region 2 or region 3 properties beyond the saturation curve.

5.2 Relative errors
Having built the tabulation, it is interesting to note its accuracy during the utilization. In order to
do it, many couples of thermodynamic states (v, e) have been tested. Using the steam-water look-
up tables, the properties such as pressure, temperature and speed of sound are calculated through an
interpolation with the values of the neighbor cells, already tabulated.
The goal is to consider the physical magnitude of each ”tested node” and compare it with the reference
value given by the inversion of the EoS provided by IAPWS-97IF. To be clear on the procedure to
apply, the original mesh of nodes has been taken into account. Then, this mesh has been refined,
considering a number of rows multiplied by 5, as well as the number of columns.
In practice, if the mesh of one region is made up of N × M nodes, where N is the number of nodes
in one column and M is the number of nodes in one row, the internal ”tested node” number is

Ntested nodes = 5N × 5M. (5.1)

This general procedure has been applied for all the regions of the new grid, and for the two-phase in
case of the equilibrium model. This part of the tabulation has a grid divided in three regions respec-
tively of 200 × 200, 100 × 200 and 100 × 200 nodes.
Finally the table 5.1 summarizes what has been explained theoretically before. It is important to spec-
ify that all the nodes originally making part of the tabulation are not involved on the error calculation.
In fact, these points are obtained by the inversion of the EoS, hence the error with respect to the nodes
of the grid would be zero there.
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Figure 5.3: Pressure profile of the tabulated domain in a 3D plot. The pressure (in MPa) is repre-
sented as the exponent in base 10. Axis of specific volume, v is also in base 10. This figure represents
the rapid pressure change in the liquid region, for small specific volume variation.

Furthermore, the error calculation has been performed for an hypothetical use of both HEM and Six-
equation model for the points lying between the saturation and the spinodal curves.
The reason is due to the fact that in this work an equal attention has been devoted to perfect equilib-
rium model (HEM) applications, and to the complete disequilibrium ones (Six-equation model), for
an employment in the next future.

Grid Region Nodes in the Region Tested Nodes in the Region
LL 200 × 200 1000000
LH 100 × 200 500000
R 100 × 200 500000

MT 100 × 300 750000
HT 200 × 200 1000000

Two Phase − 1995000
Grid TOT-6eq. − 3750000

Grid TOT-HEM − 5745000

Table 5.1: Table of number of internal nodes (thermodynamic states) tested on the domain. Two
different accuracy calculations have been done for HEM and Six-equation models.
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Figure 5.4: Temperature profile (in K) of the tabulated domain in a 2D plot. Axis of specific volume, v
is in base 10. Temperature is calculated through region 2 or region 3 properties beyond the saturation.

Figure 5.5: Speed of sound profile (in m/s) in a 2D plot of the tabulated domain with equilibrium
conditions in the two-phase (HEM case). Axis of specific volume, v is in base 10.
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Figure 5.6: Zoom of speed of sound profile (in m/s) in a 2D plot of the LL region with equilibrium
conditions in the two-phase. It is evident that across the saturation curve the value of the speed of
sound drops down in the two-phase. This difference is more heightened for liquid states at higher
densities. Axis of specific volume, v is in base 10.

Figure 5.7: Speed of sound profile of the tabulated domain in a 2D plot where non equilibrium
conditions occur (Six-eq. model case). Axis of specific volume, v is in base 10.
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5.2.1 Pressure error maps
The physical magnitude chosen for the error calculation is the pressure for two main reasons:

• pressure is the magnitude with the strongest gradient in the (v, e) domain, hence, it undergoes
a possible higher error in its calculation;

• this is also the variable of main interest during a calculation on EUROPLEXUS code. In fact,
it is computed, while the other physical magnitudes such as temperature or speed of sound are
calculated according to the pressure value.

It is important to remark that the pressure calculation in the tested nodes has been done using the
bicubic interpolation (for further details see [18] and [30]). The pressure of the tested node is directly
compared with the pressure resulting from the inverse equation of state, as in the Eq. (5.2)

Error =
-----∆p

p

----- =
-----pint − pEoS

pEoS

-----. (5.2)

The results for the pressure error are provided both for complete thermodinamic equilibrium con-
ditions (HEM case) and also for disequilibrium conditions (Six-eq. model case), in order to guarantee
the validity of the steam-water tables for the two models used.

Looking at the results, the error in pressure calculation differs according to the region considered
but it has whenever quite acceptable values. In fact, even for the worst conditions, where discontinu-
ities in properties calculation occur, it is maintained to low values as shown in figures 5.8 and 5.9. In
these points, the error is included in a range between 10−4 and 10−3.
For the rest of the domain, quite good results are achieved in terms of accuracy, while the two-phase
region, tabulated only using the bilinear interpolation (less accurate method), presents an error in the
range of 10−4 and 10−3.
A peculiarity detail to remark is the magnified view of the LL and LH regions. The first one present
a very low error between 10−6 and 10−8 compared with the reference pressure given by the inversion
of the EoS. Only some points make an exception such as the ones beyond the saturation curve and the
boundary between region 1 and 3 (accuracy around 10−6).
Contrary to the LL, the LH region presents a lower level of accuracy. In fact, if in the stable vapor
domain the results are quite satisfactory, the accuracy drops down for the metastable vapor states,
where some points reaches the level of accuracy of 10−3.
Wishing to achieve a higher performance, these results will be reviewed in order to improve the accu-
racy of this region.
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Figure 5.8: Error profile of the tabulated domain calculated with respect to the value provided by the
EoS in a 2D plot (HEM case). Axis of specific volume, v is in base 10.

Figure 5.9: Error profile of the tabulated domain calculated with respect to the value provided by the
EoS in a 2D plot (6-eq. case). Axis of specific volume, v is in base 10.
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Figure 5.10: Zoom in LL region of the Error profile of the tabulated domain. The bicubic interpolation
guarantees very performing results in a region widely considered for industrial applications. The
highest error is in proximity of the point where the liquid spinodal and p = 0 MPa curves cross
together. Axis of specific volume, v is in base 10.

Figure 5.11: Zoom in LH region of the Error profile of the tabulated domain. The level of accuracy
is lower than 10−4 in some points of the domain. The lower accuracy in these points is due to the
discontinuity in properties calculation between region 2 and region 3. Axis of specific volume, v is in
base 10.





Chapter 6

Numerical Simulation Tests

This Chapter is devoted to a use of the algorithm performed in order to study some industrial case
presented at the beginning of this work. Moreover, different characteristics of the two-phase flow
models already presented in section 2.3 will be shown, applying the models proposed in Chapter 2
for the simulations.
To do that, some significant test cases are analyzed using the EUROPLEXUS code, in order to validate
the use of the novel steam-water look-up table.

6.1 Introduction to EUROPLEXUS code
EUROPLEXUS is a code derived by the merge of two other codes, CASTEM-PLEXUS, belonging to
CEA (Commissariat à l’énergie atomique et aux énergies alternatives), and PLEXIS-3C, a software
developed by CEA and JRC (Joint Research Center of European Commission). It is used to simulate
fast transient phenomena of fluid-structure interaction, in nuclear and other industrial fields. In this
code, several properties of solids and fluids are stocked within multiple libraries and used to simulate
also phenomena of explosions, crashes and severe impacts. For further information, consult [2].

EUROPLEXUS code can be used for different purposes of diverse fields, from civil to military,
or to simulate fluid fast dynamics phenomena for CFD, as done in this work. In this field, we focused
only on two-phase flow models in 1D geometries, without taking care of interaction between fluid
and structure. For this particular purpose, several models are available or under development inside
the code.
Among the available models, only HEM and HRM have been used to simulate some industrial test
cases. Both the models, as illustrated in sections 2.3.1 and 2.3.2, are coupled with a steam water
look-up table algorithm, recently introduced on EUROPLEXUS code. However, the tabulation used
during the simulation, is the one that will be used for the Six-equation single velocity model, soon
available in the same code.
Therefore, the main goal was to prove that this new algorithm, as well as the old one, was adequate
for the use of the coupling with HEM and HRM too.

52
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6.1.1 Numerical method on EUROPLEXUS
The space discretization of the geometry in EUROPLEXUS is performed either in Finite Elements
and Finite Volumes methods. Moreover, other formulations are under development. In this work, the
adopted discretization scheme is a Finite Volume model, as the one illustrated in section 2.2.

The procedure used to solve the numerical scheme is different according to the model. For the
HEM, the Euler equations in 1D geometry are discretized in their compact form as

Un+1
i = Un

i − ∆t

∆x
(Fn

i+ 1
2

− Fn
i− 1

2
). (6.1)

Setting the boundary conditions to the 1D domain and knowing the initial value of the U vector,
the solution is linked to the one of a Riemann problem in order to find the fluxes at the interfaces of
each cell, illustrated in section 2.2.1.

Unlike, the HRM is not a homogeneous model, and its compact vector form reads

∂tU + ∂zF(U) = b. (6.2)

Therefore, its solution is obtained using a fractional step procedure.

6.1.1.1 Fractional step procedure

As illustrated in section 2.3.1, HEM is a set of partial differential equations, hence, it does not need
additional numerical techniques for its solution.
On the other hand, a fractional step technique is used to solve the system of equations for the HRM,
due to the presence of the non conservative term Γl→v, which is a source term for the formation of
vapor from the liquid phase. It means that the numerical resolution of the PDE is split in two steps.
At each time step, first the homogeneous hyperbolic part of the system is solved, without considering
the source terms. This step provides the non-equilibrium hydrodynamic field. Then, in the next
separated step, the source term is activated when metastable liquid is detected (so called relaxation
step).
The first step of the procedure represents the pure convection:

∂tU + ∂zF(U) = 0. (6.3)

The definition of the U vector changes according to the model. In fact, for the HEM the vector
of the conservative variables is UHEM = (ρ, ρu, ρE)T , and the correspondent F(U) is FHEM =
(ρu, ρu2 + p, u(ρE + p))T .
In the case of the HRM, where the fractional step procedure is required, it is UHRM = (αvρv, ρ, ρu, ρE)T
and FHRM = (αvρvu, ρu, ρu2 + p, u(ρE + p))T . The problem, in its discretized form, is presented
by the Eq (6.4),

Ũi = L∆t
hyp Un

i = Un
i − ∆t

∆x
(Fn

i+ 1
2

− Fn
i− 1

2
). (6.4)

In order to compute the approximate solution, an accurate Riemann solver has to be used, as ex-
plained in section 2.2.1. In our applications the HLLC has been chosen because of its good properties
[10]. By using the HLLC-type Riemann solver, the solution of the fluxes through the cell left and
right interfaces is computed over the time interval [tn, tn + ∆t] with given initial condition Un

i .
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The approximate solution of Eq. (6.4), Ũi, will be the initial condition for the second step, i.e., the
relaxation step. By solving the following ODE:

dU
dt

= b, (6.5)

an approximate solution Un+1
i corresponding to the time level tn+1 is finally obtained, discretizing

the Eq. (6.5)

Un+1
i = L∆t

source Ũi = Ũi + ∆t b (6.6)

The source term b in Eq. (6.5) could contain dissipative terms such as wall friction, body forces
or injected energy. In the case of the HRM, the vector b contains just the mass transfer term, Γl→v.

The relaxation step described for the HRM is a valid procedure that could be divided in several
sub steps, according to the number of different source terms composing the vector b, as in the case of
an hypothetical use of the Six-eq. model, described in section 2.3.3. The way to proceed is the same
as described before, but the initial condition of the next relaxation step will be the final solution of the
previous one. This approach is summed up by

Un+1
i = L∆t

source L∆t
hyp Un

i , (6.7)

where the terms Lsource and Lhyp represent the application of the source and hyperbolic operators.

The time step calculation ∆t, in Eq. (6.4), is thus provided by imposing the CFL number and
considering the ∆x fixed by the discretization of the mesh as follows,

∆t = CFL
∆x

cmax
, (6.8)

where cmax is the maximum wave speed propagation throughout the domain at time level n as shown
by the following Eq. (6.9)

cmax = max(u − c, u, u + c), (6.9)

while u is the velocity and c is the speed of sound of the fluid.
Therefore, according to the value of the speed of sound, the value of ∆t can change of 1-2 orders of
magnitude from one time step to another one.

If the initial condition is well known and the boundary conditions have been fixed, the Riemann
problem is solved for all the time steps n and for all the cells of the 1D domain.

6.2 Steam Water Table Validation with model EAU
Before to start dealing with industrial test cases, it is useful to assess the use of the algorithm with
another validated model for 1D calculation, still on EUROPLEXUS, the so called ”model EAU”.
The goal is to demonstrate that the coupling between HEM or HRM with the Steam Water Look-up
Tables can guarantee the same results with another validated model, starting from the same physical
hypothesis of complete thermodynamic equilibrium as
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∂tρ + ∂z(ρu) = 0,

∂t(ρu) + ∂z(ρu2 + p) = 0,

∂t(ρE) + ∂z[(ρE + p)u] = 0,

(6.10)

The only difference between the two approaches consist on a different EoS-type to close the
system of equations: direct for the HEM, whereas the model EAU is strictly iterative.

6.2.1 Model EAU: main features
The model EAU is a two-phase flow model already available on EUROPLEXUS and still used for
several nuclear calculations. It supposes, as well as the HEM model, the perfect equilibrium between
the two phases.
Nevertheless, it does not use a direct look-up table procedure as well the HEM, but it employs an
iterative method to find the pressure, given the input couple (v, e). The two main differences with
respect to HEM are summed up as follows.

• The used EoS do not belong to IAPWS-IF97 but to the NBS/NRC[35], which is a more obsolete
form with respect to the IAPWS-IF97 properties.

• The tabulation is created, but on a (p, T ) domain. As a consequence, the research of the point is
not direct, even for complete equilibrium states, with a consequent iterative procedure to apply.

Model EoS Type Drawbacks

EAU


e = e(p, T )

v = v(p, T )
ITERATIVE Oscillating behavior

Greater computational cost
HEM p = p(v, e) DIRECT -

Table 6.1: Main features of EAU model in comparison with HEM. The Look-up Table avoids the
iteration during the determination of the properties for an entry thermodynamic state in (v0, e0).

The inversion of the EoS provided by NBS/NRC does not always lead to the proper results, ac-
cording to the guess value provided to the iterative procedure. Therefore, some oscillating behavior
can be seen.
An important aspect to make clear is that the iterative procedure applied in EAU model is different
with respect to the one used in HRM. Firstly, the iteration applied in EAU model is performed in a
(p, T ) tabulation, rather than the (v, e) as in the case of the HRM.
Secondly, the iterative procedure in EAU model is dictated by the research of a point that supposes
a perfect equilibrium between the two phases. On the contrary, for HRM the iteration is due to the
relaxed thermal equilibrium between the phases, which are in an initial condition of thermal non-
equilibrium.
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6.2.2 Cavitation test
In a cavitation test, chosen to validate the steam-water look-up table procedure, a 1D horizontal pipe
is considered completely filled with water. Assuming to divide the pipe in two equal parts of 0.5 m
each, we consider as an initial condition a fluid going leftwards on the left part, while on the right one
the fluid goes rightwards.
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Figure 6.1: Pressure profile resulting from the two complete equilibrium models EAU and HEM.
The results obtained by the EAU model present an oscillatory behavior due to the not really efficient
iterative procedure.

This phenomena creates a discontinuity on the velocity field and a consequent Riemann problem
to focus on. The main characteristics of the case are listed below, for what concerns the 1D geometry
and the imposed initial conditions.

• Geometry

– 1D horizontal pipe of 1 m length;

– Wall Boundary Conditions;

– CFL = 0.75;

– Mesh discretized in 400 cells.
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Figure 6.2: Density profile resulting from the two complete equilibrium models, EAU and HEM:
the local depressurisation, corresponding to a decrease of the density, leads to an evaporation on the
center part of the pipe.

The ”wall” boundary condition establishes the physical equivalence between the two states of
left and right with respect to the boundary. Only the velocity vector is specular with respect to
the boundary, i.e.

(þu.þn)l = −(þu.þn)r,
pl = pr,
ρl = ρr,

where þn is the vector normal to the surface.

Further details about boundary conditions for Finite Volumes Method on EUROPLEXUS are
provided in [36].

• Initial conditions of left (L) and right (R) parts of the pipe

– pL = 10 bar , pR = 10 bar;

– TL = 179 ◦C, TR = 179 ◦C, Tsat = 179.88 ◦C;

– uL = -2 m
s

, uR = +2 m
s

.
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The results in figures 6.1 and 6.2 clearly show how the coupling with the tables is robust, compared
with the same model that uses an iterative procedure. The HEM model, presenting almost the same
trend of the results of the EAU model, is validated as an optimal and more performing model for
two-phase flows, hence, as a possible usable tool for industrial applications.

6.3 Test cases and results with HEM and HRM
Since the HEM model has been tested and the look-up table procedure has been verified in section 6.2,
it is now the moment to try to extend the use of this procedure to some industrial cases of interest. The
goal is the one to understand if the look-up table algorithm, implemented on EUROPLEXUS code,
could be employed for several kinds of industrial applications concerning two-phase fast transient
flows.
Then, two main cases are proposed in this section in order to compare the different results obtained
through the application of the HEM and HRM at the same tests.

6.3.1 Super Canon
During the past, Super Canon was a widely studied test case and some references are present in the
literature, such as [37]. Some experimental measures are also available in order to test and validate
different two-phase models with empirical data.
Super Canon is basically the test case which better recalls the acoustic phase of the LOCA accident in
nuclear field. In this specific case, a pipe considered in 1D horizontal geometry, is completely filled
with water at 150 bar and 300 ◦C. Other data of the studied case are listed below:

• Geometry

– 1D horizontal pipe of 4.389 m length;

– CFL = 0.5;

– one Wall Boundary Condition in one side;

– ”Cavity” in correspondence to the breach;

– Mesh discretized in 1000 cells.

The condition of ”Cavity”, fixed at the left boundary is not a real boundary condition, because
not truly imposed at the physical boundary of the domain. In fact, it is a condition forced to
simulate the external environment.
This ruse has been performed imposing the pressure of a huge external volume where the fluid
outflows. This particular state, in fact, is conform with the accidental condition in a reactor
building, where the reactor vessel and the primary circuit are located.

• Initial conditions

– p = 150 bar;

– T = 300 ◦C;

– u = 0 m
s

.
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Figure 6.3: Figure taken by [18]. Super Canon 1D domain: several probes have been placed in order
to study the evolution during the transient of the fluid in some single points.

At t = 0 s, the sudden rupture of the left disk occurs and the fluid starts to move leftwards, getting
out the pipe, that starts to be emptied. A fast depressurisation occurs, starting from the breach of the
pipe on the left side, where the critical conditions are reached. A proof of that is represented by the
fluid velocity that reaches the speed of sound value, as can be seen in figure 6.4.

The Mach number, which is equal to

Mach = u

c
, (6.11)

higher than one, in fact tells us that the fluid increases its velocity locally, close to the breach,
avoiding the propagation of the physical information, traveling at the speed of sound. In fact, the
pressure pulses propagating into the fluid, allows only the propagation in a restricted zone of action
[38].
Consequently, the critical mass flow condition occurs at the breach of the pipe, where the pressure
profile is getting stiffer. Other important peculiarities of the phenomenon can be remarked in the same
figure 6.4. For example, the small vapor pocket that is generated on the right side of the pipe, where
a local depressurisation occurs, and a pressure plateau along the center part of the pipe.
These interesting phenomena are predicted by both the models HEM and HRM, even if the pressure
plateau during the phase transition is flatter in HRM profile.

Looking at different aspects and results provided by the two models, there are three main concepts
to be remarked, listed as follows:

• a wider depressurisation occurs along the whole length of the pipe according to HRM with
respect to the correspondent HEM results;
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Figure 6.4: Snap at t = 10 ms of the Super Canon transient according to HEM and HRM. On the
bottom of the figure a representation of the Mach number along the pipe. The critical velocity is
reached at the breach of the pipe. It is important to specify that the homogeneous definition of speed
of sound has been used also for the HRM.

• the vaporization occurring along the center part of the pipe is homogeneous in HRM, while
according to HEM, it occurs when the left and the right waves match together;

• the speed of sound, in the two-phase domain, has two different definitions depending on the
two-phase model. Furthermore, the HEM model presents two discontinuities in speed of sound
definition, with visible consequences noted in the video A.3, as well as in the figure 6.4.
For further details about speed of sound definitions in HEM and HRM consult [18].

6.3.1.1 Results in (T − v) domain

In figure 6.5 the trend of one single point on the (T − v) domain is shown. Let us imagine to be
located on one probe, placed in this case on the point P1 of the pipe in figure 6.3 and to consider the
time evolution of the fluid in this location.
At the beginning of the transient, at t = 0 s the fluid is purely liquid. Then, at the moment when the
steam pocket is generated, a vaporization occurs, letting the fluid expand and the void fraction

αv = V olumevap

V olumemixture
,
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Figure 6.5: Time evolution in (T − v) domain of the point located at p1 probe, according to the HEM
and Homogeneous Relaxation Models.

Figure 6.6: Zoom on (T − v) of the first milliseconds of the depressurisation: a wider pressure drop
occurs according to the HRM.
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consequently increases. As it can be noted, the trends are quite similar between the predictions of
the two models, even if the results of HEM are quite delayed on time with respect to the HRM ones.
It is important to specify that the Θ used in HRM is the new one proposed in [18]

Θ = 4 · 10−5 α−0.25
v,eq

A
psat − p

pcrit − psat

B−1.8

, (6.12)

which is the most consistent with the empirical results, noticed in figure 6.8. Of course, having to
deal with the same model but with another different Θ, the results will be slightly different, as can be
seen in the video A.1. In fact, the degree of freedom introduced by the HRM has a wide importance
in the evolution of the transient and on the timing to reach the equilibrium conditions.
A greater value of Θ means literally a slowdown on the achievement of the same equilibrium condi-
tions. On the other hand a lower value of Θ, as can be practically observed for the results in figure
6.7, leads to have a HRM with a very closed behavior to HEM.

Figure 6.7: Snap at t = 50 ms of the Super Canon transient according to HEM and HRM. A small
value of Θ leads the HRM to have similar results with respect to the HEM ones.
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6.3.1.2 Results for pressure
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Figure 6.8: Pressure evolution during the transient according to HEM and HRM. The results given by
the two models are compared with the empirical measurements, taken at the same points. Each figure
represents the evolution on a point where a probe is located.

The pressure evolution results are represented in figures 6.8. In these figures, six points have been
considered, each one correspondent to a different positions of the probes. The main goals are

• compare and validate the results of HEM and HRM with the experimental data;
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Figure 6.9: Time evolution of the void fraction in one point, where a probe is located. The results are
then compared with the empirical measurements.

• observe how a HRM tends to a HEM if the Θ parameter tends to 0.

Even if the HEM provides satisfactory results, it is important to remark that the HRM shows
a greater consistency with respect to the empirical ones. In fact, if just the first milliseconds are
considered, the HRM with the Θ proposed in [18], is able to predict a lower depressurisation with
respect to the HEM for points closed to the breach.
The same concept can be observed in more details in the video A.2, where it can be noted that a lower
pressure leads to a higher vaporization, hence, to a higher αv.

6.3.1.3 Results for αv

Differently from the pressure, αv is more difficult to measure. In fact, a neutron beam is used to detect
the volume of steam in the two-phase mixture, with consequent complications and greater uncertain-
ties on the experimental results obtained.

Furthermore, only one probe has been used to carry out the measurement of αv, rather than the
six points considered in case of the pressure measurement.
Even if the experimental data have a sparse trend, the results shown in figure 6.9 confirm the validation
of the two HEM and HRM, and the importance of the choice of the Θ parameter in the determination
of the results.
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6.3.2 Steam explosion
The second case that we present in this section is not a depressurisation as the previous one, but a fast
transient where a rapid and violent injection of energy occurs in few milliseconds. On the nuclear
industry, this case can involve many safety concerns such as the RIA, which is an accident where a
considerable amount of thermal energy is injected to the fluid at liquid state. This amount of energy
generates a shock wave inside the fluid, causing wide damages to the surrounding structures.

 3 m  6 m  3 m 

 
1 

m
 

Injection of 10 MW/kg

A B

Liquid water Liquid water Steam water

Figure 6.10: Figure taken from [18]. Picture illustrating the 1D domain of the steam explosion case.

In order to study this case, a 1D horizontal domain has been considered and divided in three parts,
as illustrated in figure 6.10. The left one (3 m length), where only liquid water closed to the saturation
condition is present, the center part (6 m length), where the conditions of the liquid part are the same
as the left one, previously described. Finally, the right part (3 m length) is filled with pure steam in a
thermodinamic state closed to the saturation.
Other data of the problem are given below:

Geometry

• 1D horizontal pipe of 12 m length;

• CFLHRM = 0.1;

• CFLHEM = 0.6;

• two Wall boundary conditions imposed;

• Mesh discretized in 800 cells.

Initial thermodinamic conditions

Physical magnitude Point A Point B
Pressure[bar] 37.17 37.17

Temperature[K] 515.15 516.15

Saturation temperature[K] 516 516

Velocity[m
s

] 0 0
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Injected power density

• 10 MW
kgH2O

, 0.95 GJ injected during the first 50 ms;

At time t = 0 s, an amount of energy equal to 0.95 GJ is injected only in the left side of the pipe,
during the first 50 ms. After this time, there are no more energy sources in the system. Therefore, the
liquid undergoes a consistent injection of energy, which leads it to the vaporization, as can be seen in
the video A.6, as well as in the figure 6.11.

Figure 6.11: Snap at t = 50 ms of the Steam Explosion transient according to HEM and HRM.
Different kinds of vaporizations are predicted by the two models.

The generated shock wave, propagates rightwards until it reaches the frontier between liquid and
vapor. This frontier is like a barrier moving with the condensation front, and the wave can not propa-
gate across it due to the difference of impedance between the two phases. In fact, having defined the
acoustic impedance as

Z = cρ, (6.13)

if this magnitude undergoes a stiff change inside the media, the wave rebounds at the interface between
the two phases. This one does not reach completely the final part of the back of the pipe, but a vapor
layer persists, as when a piston compresses the fluid with the remaining dead space.
In the same video A.6, other important peculiarities should be remarked, such as
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• a pressure drop after the beginning of the transient due to the starting movement of the fluid;

• a vaporization on the left side of the pipe, predicted in different ways according to HEM and
HRM, with two peaks in HEM and just one in HRM;

• a pressure peak on the right side of the pipe, once the shock wave has completed its propagation
rightwards.

6.3.2.1 Results in (T − v) domain

In this subsection, two points are taken into account in the 1D domain and their physical state is
reported in the (T, v) domain during the duration of the whole transient. Figure 6.12 describes the
evolution of the fluid in point B.
Both the models predict the way the fluid, initially in a state of superheated steam, become liquid after
the condensation front completes its propagation rightwards. So HEM and HRM are roughly able to
describe the same phenomena, with the HRM results in delay with respect to the HEM ones.
Nevertheless, the phase transition from vapor to liquid is computed as instantaneous for both HEM
and HRM. It is important to specify that the results shown in figure 6.12 are limited until the moment
in time when the condensation front reaches the back of the pipe.
Similarly, in figure 6.13 the same results are shown for the point A, on the left side of the pipe. The
fluid, initially at pure liquid conditions, undergoes the energy injection during the first 50 ms. The
consequent movement of the fluid, which increases its velocity, leads to a depressurisation (see video
A.6) and at the same time to the generation of vapor bubbles.
In a second moment (after 51 ms), the energy injected before, contributes to a wider vaporization of
the liquid. When the shock wave comes back (respectively after 95 ms and 110 ms for HEM and
HRM) a partial condensation occurs, leading the fluid to become liquid again according to the HEM
results.

6.3.2.2 Influence of the discretization in HEM

This subsection has been done to test the influence of the mesh refinement on the solution, in order
to get a mesh that could be performing in terms of computational costs, avoiding the numerical diffu-
sivity.
This convergence study has been done especially for HEM, because in case of HRM some problems
occur due to the iterative procedure of the model in the two-phase domain. In fact, the discontinuity
of the derivatives provided by IAPWS-97IF does not ensure a result in some points of the two-phase
domain.
Consequently, even if a refinement of the mesh could lead to an improvement on the accuracy of the
solution, it can not be applied to the calculation for both the models due to the intrinsic problems of
the HRM.
Finally, due to this constraint, the comparison between the results of the two models has been per-
formed using a mesh discretized in 800 cells. Some interesting results are shown in figures 6.14 and
6.15, focusing on void fraction and pressure in point B of the 1D domain (see the figure 6.10).
It is important to remark, in figure 6.14, that for coarser meshes the vaporization does not occur
anymore. On the other hand, considering the pressure trend with finer meshes, lower peaks are gen-
erated. Then, with these conditions, the greater the oscillating behavior the longer the time to reach
the steady-state conditions.
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Figure 6.12: Time evolution in (T − v) domain of the point located in correspondence of the back of
the pipe (point B), according to HEM and HRM.

Figure 6.13: Time evolution in (T − v) domain of the point located in correspondence of the left side
of the pipe (point A), according to HEM and HRM.
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Figure 6.14: Mesh convergence for void fraction value in point B, according to HEM model. For a
coarse mesh chosen, the void fraction is zero after the condensation. After the time t = 150 ms there
is no more vapor presence in the fluid at that point.

6.3.2.3 Results for T, αv, p, ρ, u

In this subsection some results are shown to compare the two models. Differently from Super Canon
in section 6.3.1, it is better to specify that there are not any empirical data to use as a reference for the
computed results.
However, even if there could not be a validation procedure, the results are conform with the conditions
imposed by the physical constraints. Due to some problems linked to the convergence of the iterative
method, the results are compared with a mesh discretized in 800 cells, as mentioned in section 6.3.2.2,
while the CFL number imposed is different for HEM and HRM.
The reason is mainly due to the high injection of energy on the left side of the pipe, which provokes
the rapid transformation of the liquid that from the metastable conditions directly overcomes the spin-
odal curve, falling into a non-physical state.
This consequence is caused by the fact that, using the HRM, there is no other choice to take into
account the effect of the source terms in the second step of the fractional step procedure (see sec-
tion 6.1.1.1). Then, this splitting in two steps can cause a problem like that for not very low ∆t.
Therefore, only for this particular case of steam explosion, the choice adopted is to reduce the CFL
for the HRM, hence, the related ∆t is proportionally reduced. Of course, we know that this constraint
leads to an obvious increase of the computational cost, but this is the only strategy to circumvent the
problem.
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Figure 6.15: Mesh convergence for pressure value in point B, according to HEM model. Different
pressure peak values are observed according to the discretization of the mesh. The calculation at 4000
cells has been stopped before due to its elevated computational time.

Then, the results on the two points are shown in figures 6.17 and 6.19 respectively for points A
and B. As it has been mentioned, the rapid energy injection let the fluid move. Consequently, the
pressure decreases at the beginning of the transient, as can be also noted in the video A.5.
On the other hand, in point B, when the condensation front arrives, it causes the pressure rise, which
is computed in different ways by the two models.
Finally, as well as the Super Canon test, it is important to specify the Θ used for the application. In
this case, the one proposed in Downar-Zapolski et al. [39] has been chosen

Θ = 6.51 · 10−4 α−0.257
v

A
psat − p

psat

B−2.24

. (6.14)

Of course, with different values of Θ, the results will be not the same, as it has been demonstrated in
section 6.3.1 for Super Canon test. Furthermore, the effect of different constant values of Θ can be
seen on the results for HRM, in the video A.4. The lower this parameter, the more the HRM tends
to the HEM, hence the faster is the achievement of the thermodynamic equilibrium between the two
phases.
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Figure 6.16: Steam Explosion phenomenon. Pressure evolution on the point A during the transient
according to HEM and HRM. Mesh discretized in 800 cells.

Figure 6.17: Physical magnitudes evolution during the transient according to HEM and HRM (point
A). Mesh discretization in 800 cells.
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Figure 6.18: Steam Explosion phenomenon. Pressure evolution on the point B during the transient
according to HEM and HRM. Mesh discretized in 800 cells.

Figure 6.19: Physical magnitudes evolution during the transient according to HEM and HRM (point
B). Mesh discretization in 800 cells.





Chapter 7

Conclusions and perspectives

The nuclear industry is one of the main fields which provides many interest for the research of new
techniques and technologies. In this context, the present work has been carried out to better under-
stand the differences between some two-phase models for fast transient flows.
The application of these models has been tested, describing first the main differences between them,
and introducing the advantages and drawbacks of each one. It is important to precise that all of them,
except for the ”EAU model” rely on a Steam Water Look-up Table procedure, an algorithm coupled
with the governing equations.

• The new HEM in EUROPLEXUS is a quite simple and robust model based on direct look-
up table method. On the other hand, the perfect equilibrium conditions do not always ensure
a complete understanding of the complexity of the physics when disequilibrium between the
phases occurs.

• The new HRM in EUROPLEXUS is a model which takes into account the disequilibrium be-
tween the two phases.
This model guarantees the advantage to consider the thermal disequilibrium in a two-phase
flow. On the other hand it is computationally expensive and some troubles often occur due to
the iterative procedure combined with the discontinuities of IAPWS-IF97 derivatives.

• Six-equation model considers the two phases in complete thermodynamic disequilibrium, using
a look-up table procedure without any iteration, for each single phase.
This model, can be also coupled with a direct look-up table method, avoiding the use of an
iterative procedure. Therefore, it is finally introduced as the model that is able to handle in a
more precise way the physics using a faster and direct scheme.

Aiming to use the Six-equation unique-velocity model as soon as possible, the tabulation on (v, e)
has been performed considering new physical borders and dividing the domain in new regions, with
respect to the ones in the old algorithm which did not included metastable states.
The first step was to construct the spinodal curve imposing its physical constraint. After this pro-
cess, fixing all the boundaries of the domain, the tabulation has been reformulated in order to handle
metastable conditions of liquid and vapor. Then, it has been used to test HEM and HRM, as it has
been done in the recent past.
However, the main concern was to adapt it to the future use of the Six-equation model, in order to find
directly pl = pl(vl, el) and pv = pv(vv, ev) through the developed algorithm. The new Steam-Water
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Tables, which guarantee a high accuracy with respect to the EoS, have been used in some test, coupled
with HEM and HRM in EUROPLEXUS code, showing interesting and performing results in cases
involving nuclear safety topics. Therefore, the results have provided an improvement on the study of
some nuclear safety concerns, such as LOCA and RIA.

If some interesting contributions have been presented in this report, on the other hand, other impor-
tant aspects have to be reviewed in order to boost the performance and the accuracy of the steam-water
look-up tables in some regions.
Moreover, for what concerns the application, the steam-water tables can be used to perform other test
cases, not only limiting them strictly to the nuclear field. In fact, they can be used in all the industrial
applications concerning the water.
Furthermore, the improvement of the Six-equation unique-velocity model and its relative source
terms, could provide a more performing, direct, and faster method to be used in two-phase flow
cases during the next future.

This work improved and widened the research on fast transient phenomena, giving a good contri-
bution to EDF R&D in the research devoted to the project FAST. In particular, this specific brench of
study, related to the Steam-Water Look-up Tables, was started by my colleague Michele Di Matteo
(s211191) [30] from Politecnico di Torino, widened through this work, and completed this year.
This thesis, and its work of research behind, contributed to extend the knowledge on the two-phase
flow models. Within this work, the importance of the coupling with a Steam-Water Look-up Table has
been remarked for the calculation of the properties, in particular for to the forthcoming Six-equation
model.
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Appendix A

List of video in attachment

A.1 SUPER CANON HRM vs HEM p alpha DIFFERENT THETA
Video showing the evolution in time of pressure along the whole domain (half screen on the top) and
void fraction (half screen on the bottom). In case of HRM, the different trends are related to different
values of Θ used.

A.2 SUPER CANON HRM vs HEM p alpha ONLY
Video showing the evolution in time of pressure along the whole domain (scale on the left side) and
void fraction (scale on the right side).

A.3 SUPER CANON HRM vs HEM p alpha MACH
Video showing the evolution in time of pressure along the whole domain (scale on the left side) and
void fraction (scale on the right side), according to HEM and HRM. These two magnitudes are both
represented on the half screen on the top. The half screen on the bottom illustrates the evolution in
time of the Mach number along the whole domain. The speed of sound of HRM is the one of the
homogeneous model, which does not take into account the effect of the source terms.

A.4 STEAM EXPLOSION HEM DIFFERENT THETA
Video showing the evolution in time of pressure along the whole domain (half screen on the top) and
void fraction (half screen on the bottom). In case of HRM, the different trends are related to different
values of Θ used.

A.5 STEAM EXPLOSION HEM p alpha T-Tsat vel
Video showing the evolution in time of pressure along the whole domain (scale on the left side) and
void fraction (scale on the right side), according to HEM model. These two magnitudes are both
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represented on the half screen on the top. Moreover, on the bottom one, the difference between the
temperature and the saturation value is presented (scale on the left side), while the velocity evolution
is shown with its scale on the right side.
When the pressure is higher than the critical value, there is no more possibility to have saturation
conditions. Therefore the line of the (T − Tsat) is no more represented.

A.6 STEAM EXPLOSION HEM vs HRM
Video showing the evolution in time of pressure along the whole domain (scale on the left side) and
void fraction (scale on the right side).



Appendix B

Definition of speed of sound on spinodal
curve

This paragraph is a support tool for the speed of sound calculation on the spinodal curve. The speed
of sound has been determined by its mathematical definition, obtaining the same results as the one
given by IAPWS-95 Formulation. This physical magnitude has to be written, using its definition such
as

cs =

öõõôA∂p

∂ρ

B
s

.

Making some manipulation on the first order derivative
1
∂p
∂ρ

2
s
, we can rewrite it as
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B
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= −v2
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in Eq. (B.1), and considering the spinodal as the curve whereA
∂p
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B
T

= 0,

we obtain the speed of sound definition as a function of the following first derivatives
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Then, considering the following Maxwell relationA
∂s

∂v

B
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=
A
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∂T

B
v
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and replacing it in Eq. (B.2), we finally get the following definition of speed of sound

cs =

öõõõôρ−2

A ∂p

∂T

B2

v

A
∂T

∂s

B
v

. (B.3)

Then, wanting to express the first derivative
1
∂T
∂s

2
v

as a function of other well known physical mag-
nitudes, we consider the differential entropy definition
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Manipulating it, we can furthermore considerA
∂s

∂T

B
v

=
A

∂(de
T

)
∂T

B
v

+
A

∂(p dv
T

)
∂T

B
v

, (B.4)

where the first component of Eq. (B.4) can be finally evaluated asA
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while the second one is trivially A
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Taking into account the definition of the specific heat capacity at constant volume

Cv =
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,

the Eq. (B.4) can we rewritten as A
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∂T

B
v

= Cv

T
. (B.5)

Using the Eq. (B.5) in Eq. (B.3), the speed of sound can finally calculated as

cs =

öõõõôρ−2
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Cv
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. (B.6)

The first order derivative in Eq. (B.6)
1
∂p
∂T

2
v
, as well as the Cv, are properties determined using the

IAPWS-95 Formulation. Therefore, for a point belonging to the spinodal at given temperature and
density, the speed of sound can be calculated.
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