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Abstract

For the sake of getting an engineering degree in applied mathematics and scientific com-
puting in Sup’Galilée College, Paris Nord University, I conducted a graduation internship
entitled: Environment of Simulation for Boiling Flows in Differentially Heated Parallel
Channels. In Cea-Saclay, from 1st April 2015 to 30th September 2015.

I already conducted a graduation project (from December 2014 to February 2015)

of research and literature review (bibliography) on the prototyping of industrial code
FLICA 4 in 1D, in order to improve the robustness. One of the conclusions of this
work is that a specific treatment is crucial to the stiff source terms for specific thermal
hydraulics cores of nuclear reactors (well balanced schemes).
The current graduation internship aims at confirming these conclusions in case of 2D, 3D
particularly in the configurations presenting a recirculation on the parallel channels. We
also hope to compare the well balanced schemes proposed by the graduation internship
with those precise Low Mach number schemes.

In this internship, I started by debugging, correcting and validating the developed
model in the PFE, which enabled me to gain in competence in Petsc library and the Eclipse
IDE. The second component of the internship was to develop the COREFLOWS application
to handle any geometry (1D , 2D and 3D) , and impose boundaries conditions. For this,
I had to to take in the hand several open sources libraries, mesh handling, scientific
computing and visualization ( Salomé, CDMATH , PETSc ) and software development
tools . And finally, after a milestone study and implementation, I could validate the correct
operation of COREFLOWS and compare the proposed numerical methods (well balanced
schemes and Low-Mach schemes).

The present report is composed of five main sections, the first one describes the intern-
ship’s context and the host structure(CEA). The second includes mathematical modeling
of multiphase flows concepts, which is briefly reviewed with a focus on balance equations.
The third section contains some numerical methods and schemes that we have studied.
The fourth describes the COREFLOWS application with a detailed description of all the
software engineering tools WHICH have been used. The fifth section presents the findings
of the internship project. To conclude, some conclusions and future work recommendations

are suggested.

Key Word : Two-phase flow - Fluid Mechanics - Drift model - Numerical Simulation
- Roe Schemes - Well-Balanced schemes - Low-Mach scheme - Staggered Mesh - Open

Source software - Object-oriented programming
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Nomenclature

We denote by the index:

e k =1 the physical quantities related to the liquid phase,

e k = v the physical quantities related to the vapor phase.

The physical quantities related to the thermodynamic

Symbol Signification Unity (SI)
Pk density kg.m=3

Qay, void fraction 1

ek internal energy Jkg!

hi, = e, + P/py, specific enthalpy J kgt

Hy, = hy + |ux]?/2  specific total enthalpy Jkg™!

Ok viscosity tensor kg.m=t.s2
P sat specific enthalpy at saturation J kg1

The physical quantities related to the mixture

Symbol Signification Unity (SI)
P =2 Pk density kg.m=3
U= M velocity vector m.st

U, =i, — relative velocity m.s~!

C, = o‘”pp v vapor mass concentration 1

e= % internal energy J kg™t
E=C,E,+(1-C,)E; total energy J kgt

h = M specific enthalpy J kg1

P pressure Pa
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CHAPTER 1

General introduction

1.1 Internship Context

1.1.1 CEA

The CEA is the French Alternative Energies and Atomic Energy Commission (Commis-
sariat a I’énergie atomique et aux énergies alternatives), which is the French scientific re-
search institution specialized in four wide fields: Low-carbon energies, Defense and Global
energy, Information technologies and Health technologies.

It is composed of five main divisions:
o Nuclear Energy Division (NED)
« Military Applications Division ( MAD)
 Technological Research Division ( TRD)
« Life Sciences Division ( LSD)
« Material Sciences Division ( MSD)

It was created in October 18", 1945 by General De Gaulle, naming the high com-
missioner in atomic energy Frédéric Joliot-Curie as a president. Today, it includes more
than 15.000 employees in different centers situated allover France. (Figure illustrates
the location of CEA’s centers throughout France). Divided into two types of centers, one
is for the Military Applications’ studies center whereas the other one is for the Civilian’
Studies center, CEA- Saclay where I had my internship is a part of this latter. In addition

to this there is a center which includes the biggest number of staff.

CEA has various partnerships with research organizations, local collectivities and uni-
versities. In this regard, it is an integral part in national alliances coordinating the French
research in the field of energy (ANCRE), Life and Health sciences (AVIESAN), Numerical
sciences and technologies (ALLISTENE) and environment sciences (AllEnvi).

As a leader in applied research, CEA hosts (center of Bruyeres le Chatel) one of the

most powerful supercomputers in Europe. With its 11,520 processors, 92160 cores of its
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Chapter 1 — General introduction

calculations and its gigantic memory of 360 terabytes, the CURIE supercomputer can
reach speeds of 2 Petaflopf] CURIE is part of this network GENCI?]
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Figure 1.1: The ten CEA centers in France

CEA also hosts the INSTN whose mission is teaching and professional internship in

the nuclear field, as well as many organizations or companies:

1.1.2 Saclay Center

CEA-Saclay Center is one of the most important research centers and development in
Europe. It is situated in the Essonne department (ile de France). The center is 220 ha
wide, located in the Saclay plateau in the scientific and technological pole of Paris-Saclay.
It consists of a main area which hosts CEA’s headquarters and an extension “I’Orme
de Merisiers”.
It was inaugurated in 1952 in order to activate the first nuclear research reactor, successor
of Zoe battery : EL2E|.
It contains approximately 400 buildings, nearly 8000 people who run daily there within

it, 5400 CEA and others coming from different institutions and companies.

CEA also hosts the INSTNE| whose mission is teaching and professional internship in

the nuclear field, as well as many organizations or companies:

1. 1 Petaflop = 10'° flops (i.e FLoating point Operation Per Second )
2. GENCI : Grand Equipement National de Calcul Intensif

3. Heavy water reactor n°2

4. Institut national des sciences et techniques nucléaires



1.1. Internship Context

Agency for Radioactive Waste Management(Andra).
International Institute of Nuclear Energy(I2EN).

Iba, Producer of Radiolabel Molecules for Radiotherapy.
Radiation Protection and Nuclear Safety (IRSN).
Areva. TA (Formerly Technicatome).

Euriso-Top, Solvet Containing Deuterium and Banded products Producer.

Figure 1.2: Cea-Saclay center, view of the sky

CEA-Saclay operates in different domains from which we can list: Nuclear energy,Life

sciences, Material sciences, Climate and Environment, Technological Research and Educa-

tion. In addition to these there are other research activities in Hydrogen and Bio-energies.

Furthermore, other works can be cited such as: researches on radioactive waste manage-

ment and the demolition of old nuclear research reactors.

In addition to the field of energy studies, other research areas are studied in CEA-

Saclay:

Technological research: embedded computing systems, interactive systems (man-

machine relationships), sensors and signal processing.

Health researches: the effect of radiation on cells and molecules, protein engineering,

medical imaging research and radioimmunoassay.

Environmental studies: climate modeling, and the Global warming effects.



Chapter 1 — General introduction

1.1.3 Modeling Laboratory on a Components Scale

The internship has been conducted in LMEC laboratory (Laboratoire de Modelisation a
I’Echelle Composante) which is part of "service of Thermal-hydraulics and Fluid Mechan-
ics "( STMF) which includes nearly 130 employees. STMF is part of the “Systems and
Structures Modeling Department” which includes 300 employees which is part of “ Del-
egated Management to Saclay Nuclear Activities” within the “Nuclear Energy Division”
(DEN), which includes 5000 employees.

DEN : Direction de I'Energie Nucléaire

DANS : Direction déléguée aux Activités
Nucléaires de Saclay

DM25S : Département de Modélisation des
Systémes et Structures

Chef de Déparement : Christian CAVATA

SEMT : Senvice d'Etude Mécanigues et STMF : Semnvice de Thermohydrauligue et SERMA : Service d'Etude des Béacteurs et
Thermigques de Mécanigque des Fluides de Mathematiques Appliquées
Chef de service : Xavier AVERTY Chef de service | Danielle GALLO-LEPAGE Chef de service : Patrick ELAMC -TRAMCHAMNT

LATF : Laboratoire des Applications en
Thérmohydrauligue et mécaniques des Fluides

LGLS: Lab"rams”i?,n‘fﬁaﬁ;?'e Logicie| et de Chef du laborataire : Patricia SALVATORE

Chet du laboratoire : Ayemric CANTOM

LMEC : Lahoratoire de Modeélisation et simulation
a I'Echelle Composant

LMES : Laboratoire de Modélisation et Chef du laborataire : Eciwige RICHEBOQIS
simulation a I'Echelle Systeme

Chef du laboratoire | Kim-Claire LE THAMNH

LMSF : Laboratoire de Modélisation et simulation
en Mécanigues des fluides

Chef du laboratoire : Anne BURBEAU-AUGQULA

Figure 1.3: CEA’s organizational chart

The twenty members of the laboratory organized into teams work on several aspects:
Modeling, development, simulation and maintenance of industrial codes.

Competencies are situated essentially in the following fields:

o Physical modeling of two-phase flows,
o Numerical analysis,

o Design support for the safety analysis of reactors,
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1.2. Problem Statement

» Software engineering.

1.2 Problem Statement

Among CEA activities, technologies related to the production of nuclear energies are a

crucial part of CEA’ original mission.

Working principle of a pressurized water reactor PWR France has 19 nuclear

bM

stations, in which, energy is produced by “Pressurized Water Reactors ” and the term
“ pressurized water” is coming from the fact that water which carries the heat in the
primary circuit ( see figure [1.4)) is under a very strong pressure: 155 bars which means

155 times the atmospheric pressure

Therefore, their principle operation is as follows:
1. A nuclear reaction occurs in the reactor’s core and has a very significant heat,

2. The heat generated is transferred to water of primary circuit (figure . This water
is about 300°C.

3. Water of primary circuit in turn transfers its heat to the one of the secondary circuit
(figure [1.4]) and makes it boil, in other words, transforms it to steam.

4. This steam turns the turbine generator group which produces electricity,

5. The steam is cooled by the water cooling system or the tertian circuit: it is condensed

i.e it becomes a liquid.

The risk of nuclear power plants usually comes from the used fuel, uranium.

Uranium is not classified among the most toxic elements of its radioactivity perspective,
but in the reaction of nuclear fission it undergoes in the core, it transforms into different
substances which are very radioactive.
Moreover, this reaction must be carefully controlled under penalty of race, which could
lead to a catastrophic meltdown. Thus,it is important to study the behavior of a reactor’s
rated velocity( performance improvement ) or accidental system (safety study) to simulate
the flows of fluid within the reactor .

The STMF develops models and numerical methods dedicated to the study of flows
in the primary and secondary circuits, the enclosure of nuclear reactors, as well as exper-
imentation associated.

These flows generally comprise several phases, and it is important to understand and

simulate their dynamics accurately.
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Batiment réacteur Salle des machines -~ Aéroréfrigérant
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Figure 1.4: Working principle of a pressurized water reactor PWR
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Figure 1.5: Diagram of a PWR900 vessel

As part of research in physics reactor, LMEC suggest models and numerical two-phase
thermal-hydraulics codes (for models and numerical schemes) to simulate the static and
dynamic behavior of nuclear core systems requiring a good knowledge of two-phase ﬂovvsﬁ

The FLICA 4 code developed by LMEC is dedicated to the calculation of multiphase

6. see the definition of a two-phase flow in the introductory chapter |§|
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1.2. Problem Statement

flows (Liquid and steam water) to permanent or transient state in core of WRP. This is
a three-dimensional thermal-hydraulic code using the method of finite volume.

The two-phase flow comprising a liquid phase and a steam phase is modeled by four
conservation equations, with a set of closure laws.

In FLICA 4 computing code, the model with four equations is solved by VFRoe
[2] numerical method on a collocated mesh with a patch to improve precision low Mach
number. This correction allows better capture of the almost incompressible dynamics but
but introduces numerical instabilities flows. introduces numerical instability flows These
instabilities make certain calculations difficult to carry out, in the case of flows boiling in
differentially heated parallel channel.

On this configuration, we will test two new numerical approaches. The first scheme is
the use of an upwinding in the source terms in order to obtain a well balanced scheme.
The second scheme is inspired by schemes on collocated mesh and precise for low Mach

number.






CHAPTER 2

The mathematical model

A two-phase flow occurs in a system containing two different phases. For example, it is
possible to study a flow with water as a vapor flow and as a liquid.

A two-phase flow is defined as a mixture of two phases where the topology, the com-
position and the exchange phenomenon are parameters which can permanently fluctuate.
Because of their wide variety, they can be found among the industrial applications such
as nuclear reactors, turboprops, - - -

Since it is quite difficult to find a valid mathematical model which rules a two-phase
system, this type of problem can be complex. These mathematical models are based both
on universal laws (principle of mass conservation, law of conservation of momentum) as
well as behavior laws which are essentially used to close the system of equations.

Even if it is always possible to write local equations, the direct solving seems to be almost
unaffordable because of the small scales of the problem. Moreover, the modeling of the
flows encountered in the industry need a particular approach (homogenization type)[1].

There are many two-phase flow applications, especially in the industry through nuclear
engineering, petroleum engineering, chemical engineering and automobile and aerospace
propulsion but also in biology and in chemistry through lubrication or distillation.

There are two main groups of two-phase flow modeling methods: the Lagrangian meth-
ods and the Fulerian methods. Within the Eulerian methods chosen at the STMF, the
two-phase flow modeling is based on a homogenization process[I] [3]. These techniques
consist in considering both phases as two distinct continuous media sharing the available
volume and then solving the equations ruling each phase’s state variables. In their most
generic formulation, they result in open systems, characterized by two distinct velocities
and pressures. Thus, if we consider only one space-dimension, these models are formed
of at least six equations: two mass balance equations, two momentum equations, two

energetic equations to which two closure relations may be added.

2.1 Eulerian single-phase balance equations

In the next part we will fix k = v, [ the respective indexes of each phase. Every two-phase
medium can be assimilated to a set of pure one-phase areas in which the local equations
of fluid mechanics are applicable. These areas are separated by infinitely thin interfaces

and supposed without mass.



Chapter 2 — The mathematical model

Setting the mass balance py, the momentum piu; and total energy balance piFy =
2
Prer + pk% with ey (7)) as the specific intern energies which depend on the temperatures
T..

We obtain for each phase the classical system of the Navier-Stokes equations

G+ div(pew) — 0
apé“tu’“ +  div(ppug ® uy) + Vpp+div(—7x) =  pif} (2.1)
apgtEk + div(ppEr +pr)ug + div(q, — Teeug) = prfloug

Where 7, is the tensor constraints on viscosity,f; the set of external volumetric forces

which apply to the phase k and g, is the heat flow.

2.2 Averaged balance equations

To describe the evolutions of the variables in both fluids, we denote by Q4 (t) the space
domain taken by the phase k in the flow domain at time ¢, and we define X, as each

phase’s characteristic function by:

1 if  xew(t)

, 2.2
0 else (22)

Xk(flf,t) = {

Thus, we have >, Xi(z,t) = 1. We denote by W the velocity of the interface. The

equation ruling the evolution of X} is :

0

Where ny, is the unit normal vector at the interface conducted from the fluid £ to the

fluid and ¢ is the Dirac delta function concentrated on the interface.

On the other hand, we also have
VXk = —nk(S (2.4)
Which allows us to write 2.3 as

;Xk +W VX, =0 (2.5)

We may also remind that the function X checks the following identities as distribu-

tions:

l.ifk=gthenk=lelse k=g

10



2.2. Averaged balance equations

V(Xif) = XiVf+ VX, = Xk Vf — frgd
div(Xku) = XkdiVll + UVXk = Xkdivu — unké
div(Xy7) = Xpdivr + 7V X} = Xpdivr — mngd

Where f is a scalar function, u a vector, 7 a second-order tensor. The equations
and give a complete and highly detailed description of the flow. However, they cannot
initialize a numerical method when the space steps are much more important than the
size of the liquid and gaseous inclusions. To deal with these cases, we must consider the
use of homogenized models.

In order to set the six-equation two-phase model or the four-equation drift model of
FLICA 4 [I5], we use the methods described in [4] or [5] for the calculation of the
average, as we mentioned in this chapter’s introduction.

The homogenization process is given in [7], to which averaged interface conditions[7] must
be added and also assuming that the tensor constraints on viscosity, the heat flow and
the set of external volumetric forces equal their average value.

Thus, we obtain the following system of equations

0
a(@kﬂk) +div(agprug) = Iy

0 _
a(akpkuk) + div(apppu @ ug) + V(agpr) + div(—ax7s)
=M, + prriVay + Ff + appif, (2.6)

0 _
a(akpkEk) + div(agpr Ex + agpr)ug + div(ag(q, — T, - ug))

=H - pkfég);k + F - wr + Qur + apprfy - wy
with :
o T':,M; H;} are terms of mass interfacial transfer,
e i is the term of heat interfacial transfer,

. Fﬁ is the term of interfacial friction force,

o prr and uy; are respectively the pressure and the velocity of the phase k at the

interface.

The system reflects the general form of the two-fluid model obtained by the process

of average. However, we can only count in this system six equations for seven unknowns

11



Chapter 2 — The mathematical model

Pk, Wk, Ey et ag. This system is open and we have to find closure relations.
In the case of classical six-equation two-fluid models, this problem is solved thanks to the
relation between the pressures p, and p; the common pressure assumption is widespread|[4].

Indeed, supposing the equality of the phasic pressures is physically legitimate:

Pr=Pv =DPvi =Pir =9p
And also constitutive laws under the form e, = e, (7}) for the phasic intern energies. And

therefore the conventional two-fluid model of six equations written as:

0
a(@kpk) + div(agprug) = Iy

0 _
a(akpkuk) -+ div(ozkpkuk X uk) + Osz(p) + diV(—Oéka)

0 _
&(O%,OkEk) + div(ogpr B + app)ug + div(ag(qy, — 75 - ug))

O

=H, —p7,

+FL - wy + Qur + apprfy -y

2.3 Obtaining the equations of the drift model

By making simplistic assumptions on the velocity and the temperature of the existing
phases, it is possible to move from a six-equation model to a four-equation model. The
two-phase flow, which contains a liquid phase and a vapor phase, is modeled by four bal-
ance equations:

o Conservation of total mass of the mixture

« Vapor mass balance

o Momentum of mixture balance

o Energy of mixture balance

This model, called four-equation drift, is based on very simplistic assumptions.

o First, the velocity gap between the phases is a priori ruled by a correlation u, =
W, — W = fr(Cy, W, pin)-
This assumption limits the use of the model to the small velocity deviations between
both phases and most of the correlations suppose that there are flows which have

almost the same velocity.

« Secondly, the vapor is supposed to reach the saturation level: T, = T3,

This assumption avoids particularly the simulation of overheated vapor.

12



2.3. Obtaining the equations of the drift model

2.3.1 The drift model of FLICA 4

FLICA 4 is a 3D two-phase thermal-hydraulics software which is developed at the STMF
service of the CEA. It is dedicated to the calculations of two-phase flows (liquid water and
steam) within the core of the nuclear reactors for unsteady and steady flows. It considers
the presence of solid hindrances within the flow, through a porous perspective.

The mathematical model of FLICA 4 is a four-equation model which is established
from the six-equation model (cf. , by including the porosity, by removing two partial
differential equations and by replacing them by two algebraic equations which give the
velocity gap between the phases and the thermodynamic imbalance.

A Drift model is used to take into account the shift between the two phases (vapor
and liquid) and therefore, gives the velocity gap u, = u, — w; = f,.(¢y, W, P )-

Both phases are compressible and supposed to be at the same pressure.
The thermodynamic imbalance between the phases is obtained by supposing that one of

them (vapor in our case) reaches the saturation level.

The conservation of mass of the mixture

It is obtained by adding the liquid and vapor mass balance equations({2.7). The linearity

of the operators in these two equations allows us to write to following equation:

%QS(,OZOQ + pvav) + div¢(plalul + pvavuv) =0
The [ index represents the liquid phase and the v index the vapor phase.
The vapor mass balance equation

%((bpvav) + divo(p,apu, + K. grade,) = oI,

I', : vapor mass created by unit of time

K, is an optional turbulent diffusion coefficient

The momentum balance equation

The momentum balance equation for the mixture of the two phases is also obtained by

adding the liquid and vapor momentum balance equations in (2.7)) and is written:

Fo(puany, + praw) + dive (X, proe © ug + appl + oy lly) = dpg + ¢7

I : is the identity matrix with the same dimension as u

II} : is the tensor constraints on viscosity of the phase k

13



Chapter 2 — The mathematical model

The energy balance equation

The energy balance equation is written :

(S ke prOuEr) + diveo(Sp—y s provme By — cllyug — i)
= Qktot + ¢ (Zk:v,z Pkakuk) g

Qurtor 18 the source term of total volumetric power received by the phase k.

g : is the thermal flow generated by the thermal conduction of the phase k

Thus the four-equation FLICA 4 model is written under the form:

Fo(par+ poay)  + dive(ponay + pyoriy) = 0
S (Ppoery) + divo(pyautt, + Keygrade) = I,
2o(puasuy + praw)  +  dive(Sp—, prar; @ Uy + agpl + g lly) = ¢pg + ¢T
(P kg prrEr) 4 AivO(Tpeyy prorur By — arlloug — qi)

= Qiot + ¢ (Zk:v,l Pwkukz> g

Source terms of the FLICA 4 model

Total mass equation
The first component is null because there isn’t any material created but only a transfor-

mation from liquid to vapor.

Vapor mass equation
I, is the phase change rate: quantity of liquid vaporized by unit of time, which is the sum
of the vaporization on contact with the heating walls I',,, and the mass exchange at the
interface between the phases I',.

The phase change term I', is non-zero if the enthalpy h,, of the fluid lies between the
enthalpy of the liquid and the enthalpy of the vapor. However, FLICA 4 also models the
undersaturated boiling where the bubbles appear only on contact with the heated walls

whereas the average temperature in the canal stays lower than the boiling temperature

Momentum equation

The source term 7 represents the sum of the mixture frictions on the walls 7, and on the
singular hindrances 74 (the solid hindrances present in the reactor).

The parietal friction term is linearized under the form —Kp,,u,, with K defined as a con-
stant normally depending on the hydraulic diameter and the Reynolds number. Therefore,
we will not consider in this case the heating wall coefficient and the two-phase multiplier

either

14



2.3. Obtaining the equations of the drift model

Energy equation
The source of energy provided to the fluid is described by the @, term, which is the

volumetric power received by the fluid which comes into contact with the heating walls.

2.3.2 The Drift model in CoreFlows

In order to replicate the numerical complexities of FLICA 4, we are going to develop
a replica of the code based on a simplified version of the model, which will allow us to

study new numerical approaches.

We shall consider simplified source terms of phase shift, parietal friction and heating.
Rather than supposing that the steam reaches its saturation level, we may suppose
the thermal equilibrium: 7, = Tj.
We have seen that this assumption is simpler and more general than the vapor saturation

assumption. As of now, we will not take into account the relative velocity wu,..

Therefore, we are working on a four-non-linear partial differential equation system

which conservative form is the following:

oU+V-FU)=S5, (2.9)
with the following terms for the vector of conservative variables U :

Ay Py + arpp
Ay Py

Oy Py Uy + appag

U =
avvav + alplEl

And the matrix of flow F(U) = Fyy(U) + Fy(U)

Qupua, + arptuy
&U Utu'l)
Fa(U) =" : , (2.10)
Py @ Uy + oy @ Wy + pllg

Oévvavtuv + C(lleltul

0
0
F(U)=" - - : (2.11)
oyl VU, + V1

Qy Jly Uy ﬁuv + agpu - ﬁul + ozU/\UﬁT + oq/\lﬁT

15



Chapter 2 — The mathematical model

With, for each phase:
The viscosity pg, k=1, v
The conductivity \g, k=1, v
The total energy: Ey = e; + %|uk|2, k=1v
The total enthalpy: Hy, = hy, + 5|wl®, k =1, v
Where ey, is the intern energy, and hy = e + ﬁ the enthalpy associated to the phase k

State laws and constitutive parameters

For each phase, the state low is approached by a linear stiffened gas law

pr = (7 — 1)prer — VePok
And a linear intern energy law
Ck (T) = €k(345K) + Cuk (T - 345K)

Which are applicable in the vicinity of the saturation point py = 155bars, Tg* = 345.

The values of density, constant-volume intern energy and heat capacity, viscosity and

conductivity for each phase around the point (p, ty) are derived from the NIST base [20].

Source terms

We shall consider a simplified source term under the form

0
Ly(co, T)
PG — K pm| [t [um,
C + PG+ U — K [0

with

Pm = Qupp + QypPy

QP+ 0y Py Uy
appr+ow Py

h — apprhi+awpyhy

m appr+owpy

u,, =

The first component is null because there isn’t any material created but only a transfor-
mation from liquid to vapor.
I', is the phase change rate: quantity of liquid vaporized by unit of time.

pmG — K pm||um||u,, represents the volumetric forces applied to the fluid. § represents the
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2.3. Obtaining the equations of the drift model

gravity and — K py,||u,||u, the friction on the solid hindrances in the reactor. ® repre-
sents the thermal power transferred to the liquid by unit of time.

The phase change term I', is non-zero if the enthalpy h,, of the fluid lies between the
enthalpy of the liquid and the enthalpy of the vapor, both taken at the saturation point

(p0,t0) (po, To)-

In this case, all the heat received by the thermal flow is used to the phase change:

(2.12)

r o 2 sihf<h<hlete, <1
’ sinon

If the thermal power is null, I', = 0 and there is no phase change.
Therefore, we are not modeling a spontaneous boiling/condensation of the fluid, and the

phased are never supposed to reach the saturation level.

The parietal friction term is linearized under the form — K p,,||u,,||u,, with K defined
as a constant normally depending on the hydraulic diameter and the Reynolds number.
Therefore, we will not consider in this case the heating wall coefficient and the two-phase

multiplier either
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CHAPTER 3

Numerical method

We are going to apply a finite volume method in order to solve the balance equations
ruling the two-phase flow.

The exact solution of the problem is approached by a grid constant function. Its values
are solutions of a discrete problem obtained by integrating local equations on each mesh
element in the domain of definition. The conservation equations of the thermohydraulic
model are written under the following form:

AU + div- F(U) = S(U) (3.1)

where
- U is the vector of conservative variables

- F(U) is the flow vector in the three directions. It can be separated into two parts:
FU) = Fyv(U) + Fy(U)
such that
o Fyy(U) represents the convective flows,
o Fy(U) represents the contribution of the viscous flows,

o S(U) is the vector of the source terms .

We may outline the specific notations of the mesh:
The footprint of a control cell on a horizontal plane is a quadrangle or a random triangle.

The control volumes are numbered by the index ¢, as well as the constant variables.

We use the following rules for the indexes:

7 is the index of a cell of C}

j is the index of the neighbor of C;
« 47 is the interface between neighbor cells C; and C;
() is the set of indexes j whose neighbors of C; are neighbors of C;
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Chapter 3 — Numerical method

o V(i) is the set of indexes j such that the cell C; has a common edge with the cell
&

We denote Vol(C7) as the volume of the control cell C; et 0C; its border. We also
denote S;; the area of the interface 9C; N 9C}.

The finite volume formulation consists in associating a constant value U; for the vector
of conservative variables to each control cell C;, and then integrating the conservation
equations on this cell. We denote 02 the border of the domain Q and n = (n,, n,,n.)
the outgoing normal unit vector of OS2

The semidiscrete finite volume formulation of 3.1l is :

/Ci S(U) d: Vol(C;)0,U; + /aci FU) .ndaﬂ (3.2)

We can see in the appendix the time discretization (explicit and implicit schemes) and

the processing of the boundary conditions.

3.1 Finite volume formulation of FLICA 4

Within FLICA 4, the 3D meshes considered are obtained by a translation following the
axial direction (z direction) of a 2D mesh (structured or not), in a horizontal plane (zy

plane).

3.1.1 Convective flows

We are looking at the calculation of the convective flows shown in the equation [3.2]

The area of the cell C; is formed of polygonal faces:

FNv(U>'ndO': Z FNv(U)'ndO'+ FNv(U)'ndO' (33)

aC; jGI(i) GCU aC;NON

In the first term, the sum is extended to all the neighbors C; which have a common
interface 0C;; = 0C; N 0C; with the cell C;. The second term represents the integration
at the boundaries. The intern flows, which are the reflect of an interface strictly lower to

the domain €2, are approached by :

5 FN\/(U> -ndo = Sijﬁ(Ui,Uj,nij) (34)
Cij

where :

F is the numeric flow that we will express further.

8. représente un élément de volume
9. représente un élément de surface
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3.1. Finite volume formulation of FLICA 4

The limited flows reflect an interface on the boundary of the domain €2, and are calculated
thanks to the same numeric flow function, and after introducing a fake adjacent cell to
the face Cj; outside the domain ([7.2)).

VFRoe Scheme

FLICA 4 currently uses a VFRoe scheme with a pressure correction to make it more
accurate. These equations are discretized thanks to the finite volume method.

The domain is divided into cells (also called mesh elements) which can have any form (non-
structured mesh and/or non-conform mesh). The following releases of FLICA 4 use the
alternative called VFRoe [2], which consists in calculating the state at the interface (U*)

and then taking the physical flow of this state :
F(UZ, Uj,ni]’) = F(U*)
With

U + U,
2

U, —U,

U (Us, Uj,nyj) = 5

— signe(A4;)) (3.5)
pressure correction In the alternative VFRoe of the scheme (equation , the pres-
sure correction consists in calculating the primitive state V* associated to U* (see [6]), then

replacing the pressure of V* by 2 Z+p PirPi and finally calculating a new conservative stage Z+p =5

Unfortunately, although the scheme’s accuracy is upgraded using this method, these

pressure corrections downgrades the stability of the original Roe scheme (oscillations of
the solution) (see figure

3.1.2 Viscous flows

We are now going to work on the calculation of the second order terms associated to the
modeling of the viscous constraints of the two-phase fluid studied. The viscous contribu-
tion of the total flow F'(U) is a function of the conservative variables U and the gradient

VU of these variables. We can write again the viscous flows which occur in the equation
under the following form :

/8 (Fy(U)n, + Gy (U)m, + Hy (U)n.)ndo = /8  Fv(U,VU.n) do (3.6)

where ﬁV(U , VU, n) represents the viscous flow in the direction normal to the surface 0C;.
This last expression can be divided into two terms involving the internal interfaces and

on the boundary:

/aCFV(UVUnda— Z/ Fy(U,VU,n)do + Z/ Fy(U,VU,n)do  (3.7)

JEI(3) keEK (i
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Figure 3.1: Comparison of numerical schemes: stationary pressure Uegpiree = 1m/s

To calculate the viscous flows at an interface dCj;, it is necessary to evaluate the
gradient of conservative variables at this interface. Actually, we can notice that the viscous
flow is a linear function of the velocity gradient and each phase’s enthalpy. In a structured
mesh, the estimation of these quantities’ gradient at an interface is classical with a finite
difference central scheme.

In the case of a non structured mesh, the estimation of the gradient at the interface
is not as classical.

To approach properly the partial derivatives (normal and tangential) of U on an inter-

face depending on the values at the barycenter of the mesh, we will introduce the following
points (see Figure [3.2)):

« N; and N, two points belonging to the interface Cj;

» Ng and Np two points belonging to the interface C;; passing through the midpoint
M

Then, we define the normal and tangential derivatives of U by :

U]\]Q—UN1 and UND_UNG
[[IN1Na| [[NpNgl|

These definitions are first-order consistent approximations of the exact derivatives at the
midpoint M if Uy,, Un,, Un,, Un,, are second-order approximations of the vector of con-

servative variables respectively at points Ny, Ny, Ng and Np.
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3.1. Finite volume formulation of FLICA 4

The geometric definition of these points as well as the detailed calculations of the
gradient at an interface are all given in the document [16]
This approach leads to an estimation of the viscous flow combining the control cell C;

and all the neighbors which have at least one common vertex.

Ny

Figure 3.2: Calculation of the gradients for the viscous flows
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Chapter 3 — Numerical method

3.1.3 Discretization of the source terms

The source terms are calculated using a central scheme. Since the conservative variables

are constant in the control cell C;, we obtain the following discretization for the second

member of the equation :

/Ci S(U), dv ~ vol(Cy)S(Uy).

3.2 Finite volume formulation of CoreFlows

As a result of the final year project we realized in February 2015, we have developed
a model which compares the Roe schemes and the VFRoe schemes with and without
pressure correction on calculations of 1D and 2D boiling channels. In conclusion of this
work, we discovered that it is essential shift the center of the Roe schemes in order to
apprehend the solution efficiently. Theoretical guidelines inspired this processing of the
source terms in the case of stiff or discontinuous source terms. We are going to extend
this work by comparing the balanced Roe scheme with specific schemes with low Mach
number in the COREFLOWS environment on CDMATH and Salomé.

3.2.1 Convective flows

The convective flows are under the form

F(U;,Ujny;) =

where D;; is the shift matrix of the scheme

Upwind scheme
The numerical flow of the Roe scheme ([21]) is based on the of a one-dimensional linearized
Riemann’s problem in the direction normal to an interface between two control cells

With:

Ut sixz, <0

)

1, represents the direction of the normal n,such that U(z,,0) = { o
J

six, >0 ’
« A(U;,U;) A(Ui,Uj) linearized jacobian matrix, called Roe matrix (see appendix[7.3)

The numerical flow obtained thanks to the exact resolution of this Riemann’s problem,
which is also the flow that the first releases of FLICA 4 use is given by the following
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3.2. Finite volume formulation of COREFLOWS

expression

~ F(U;) + F(U;) U, — U,
F(U%Uj,ﬂﬁ) = 9 J TJ

The detail of the calculation of the Roe matrix and the shift are given in the appendix
[C.3l

The first term of and is the central part which is responsible for the consis-
tency of the numerical flow F with the physical flow F : F(U,U,n) = F(U)n because the

other terms get cancelled when U; = Uj; .

(3.9)

Ilij — Az’j

The last terms of (3.9/and [3.5)) ensure the stability of the numerical scheme and some
other numerical properties such as the maximum principle or the positivity of certain

physical quantities such as concentration, density or pressure.

Low Mach scheme

Although the Roe schemes are stables, they may have accuracy problems with low Mach
number [I7]. When the Mach number of a compressible flow is low and if there is no source
term, the flow becomes nearly incompressible and the Godunov methods, which use a shift
based on the acoustic wave propagation, become less accurate. To solve this problem of
accuracy, the designers of FLICA 4 have then introduced "pressure corrections in order
to increase the accuracy.

The adjusted flow associated to the original formulation of the Roe scheme (equation

is written:

0
. F(U;) + F(Uy) Ui—=U;  a(pmiQmi — Pmjm;) -0y | 0
F(Us, Uj,ny) = 5 o — Ayl 5 o 5 e ;
Ilij
0
(3.10)

where a is the velocity of sound on the interface between U; and U; The detail of the

calculation of the pressure correction is given in the appendix [7.3.5]

Staggered scheme

The new scheme is designed to be accurate with low Mach number in the spirit of the
donor cell schemes ([I8]). The method is necessarily implicit with a flow under the form:
F(U;) + F(Uis1)

U, —U;
Fi+% = 5 + DMAC%-

(3.11)

where Djs4c is built like the jacobian of F' on the face except that the coefficients linked

to the pressure are multiplied by —1. This idea represents the fact that for MAC schemes,
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Chapter 3 — Numerical method

the scalar unknowns (density, pressure and energy) are discretized on mesh which is dif-

ferent from the one holding the velocity vector.

More specifically, the jacobian of the four-equation model under the assumption u, =

w; is in 1D
“0 0 tnij 0
—Up,C Up, cln;; 0
Jac(U) = L !
(X -+ 5/‘%’11| )nij — uu £n7;j u® n;y + un]ld — KD ®u R
(X + iku® — H)u,  Eu, H'n;; — ku,'u (k + 1)@,

with y, & and k the partial derivatives of the pressure defined by the relation
dp = xdp + &d(pc) + kd(pe).

and the matrix D¢ related is:

0 0 n,, 0
) —UpC Up, cn;; 0
Dyrac(U) = signe(u,) L
_(X + 5/€|U| )nij — u,u —fnij u n;; + 'LLn]Id + KIj X u —KIg;
(—x — %mﬂ — Hyu, —&u, H'n;; + rku,'a (—k + D)a,

3.2.2 Viscous flow Fy

Since our main goal is the improvement of the discretization of the convective flows and
other source terms of FLICA 4, the viscous flows of COREFLOWS are discretized by a
simple two-point approach which is less accurate than the FLICA 4 one.

The gradient of U on the face between the cells C; and C; of the figure is simply

equal to:
Ui —U;
GGl

where G; and G are the respective barycentres of the cells C; and Cj.

3.2.3 Processing of the source terms

The semi-discrete finite volume scheme of the equation (3.1) is written under the form:

LA
dt C)]

Jev(i)
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3.2. Finite volume formulation of COREFLOWS

The central processing consists in taking

The upwinding (shift) processing consists in taking

1

Si = — < Z SijSij

~ perimeter(i) et

With
S(U;) — S(U;)

U]) + signe(Am) 9
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CHAPTER 4

Application : CoreFlows

4.1 Presentation of CoreFlows

COREFLOWS is an open source C++/Python library intended to solve PDE systems
arising from the thermalhydraulics of two phase flows in power plant boilers. It is a
simple environment meant for students and researchers to test new numerical methods on
general geometries with unstructured meshes. It proposes a few basic models and finite
volume numerical methods.

Some of the main objectives are the study of
e Numerical schemes for compressible flows at low Mach numbers

o Well balanced schemes for stiff source terms (heat source, phase change, pressure

losses)
e Flow inversion and counter-current two phase flows
« Schemes that preserve the phasic volume fraction a € [0, 1]
o Convergence of finite volume methods
e New preconditioners for implicit methods for two phase flows

o The coupling of fluid models or multiphysics coupling (eg thermal hydraulics and

neutronics or thermal hydraulics and solid thermics)

COREFLOWS relies on the toolbox [9] of the project CDMATH [§] for the handling of
meshes and fields, and on the library Petsc [31] (version 3.4.5) for the handling of large

sparse matrices.
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Chapter 4 — Application : COREFLOWS

4.2 The physical models

The physical models proposed in COREFLOWS, are presented in order of mathematical

complexity:

4.2.1 Scalar models
The transport equation

Oh+a-Vh=04 \s(T, —T) (4.1)
where

e h the main unknown is the fluid enthalpy field

u is the constant transport velocity,

® is the heat source term if explicitely known,

T, is the solid temperature field,

o T=1TH+ H;ipHO is the fluid temperature field

Asy is the fluid-solid heat transfer coefficient,

¢, is the fluid specific heat.

The class TransportEquation implements a scalar advection equation for the enthalpy
of a fluid. The fluid can be either steam or liquid water around 1 bar or 155 bars.
In Examples’s section (4.7.2)), we find Python’s script to solve 77.

The diffusion equation

The diffusion equation solved in COREFLOWS is :

O+ N\ (Ty —1T)

PCp

T =dAT +

(4.2)

where

e T the main unknown is the solid temperature field

A is the solid thermal conductivity,

p is the solid density assumed constant,

¢p is the solid specific heat,
e d= ﬁ is the solid diffusivity
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4.8. The Navier-Stokes equations

o & is the heat source term if explicitely known
o T} is the fluid temperature field provided by the user

The class DiffusionEquation implementing a scalar diffusion equation for the temperature

in a solid. The default values for p, ¢y, A are those of Uranium oxyde around 900K

4.3 The Navier-Stokes equations

The model consists of the following three balance laws for the mass, the momentum and

the energy:
) - _
&%+ Vg = 0
T 4 V(qel+ply) — vAi = pj— Kplldli (4.3)
WE 4 V. [pE+p)I]  — MT = ®+p7-a— Kpl|a|’
where

p is the density,

i the velocity,
- ¢ = pu the momentum,

- p the pressure,

pe the internal energy,
- pE = pe + % the total energy,

T the absolute temperature,

® a heat source term,
- v the viscosity and

A the thermal conductivity.

We close the system by the ideal gas law p = (7 — 1)pe for steam water and a
stiffened gas law p = (y—1)pe—~py for liquid water. For the sake of simplicity, we consider
constant viscosity and conductivity, and neglect the contribution of viscous forces in the
energy equation.

The parameters A, v, g, K and ® can be set by the user.
As for Transport equation, we find a script’s Python example to solve in

section.
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Chapter 4 — Application : COREFLOWS

4.4 'Two phase flow models

We present the homogeneised two phase flow models implemented in COREFLOWS. This

models are obtained by averaging the balance equations for each separated phase or for

the mixture, using space, time or ensemble averaged quantities (see [I] and [3]). The drift

model is used in the thermal hydraulics software Flica 4 (see [I5]), whilst the two-fluid
models are used in Cathare [I8], Neptune CFD [19], Cobra-TF [12], Relap5 [11].

The Drift model

The drift model is a system of four nonlinear equations taking the following conservative

form:

O(agpy + cupr)
(agpy)
(
(

o))

t

at agpgﬁg + alplﬁl)

O(agpgEy + cuplEy) +V -

+V- (O‘gpgtﬁg + aypiy) =0

+V - (aygpg'ily) =Tg(hm, ®)

+V- (O‘gpgﬁg ® Uy + aypytl; @ U +pla) = pm§ — Kgo‘gngﬁgHﬁg — Kiaupy| [y
(

v pg Hy iy + cqp H i) =+ pg - U — Kgagp,l|iy|[> — Kiaup |t

where the total energy and total enthalpy are defined by

1, 1 .
Ek:€k+§’uk’2 ; Hk:hk"_i’uk’z: k=w,l,

where e, is the internal energy, and hy = e, + pﬂk the enthalpy associated to phase k and

Pm = Qgpg+ aip

z, = O‘gpgﬁg + ity
QgPg + Qupy

h,, = agpghg + Oélplhl.
Qgpg + Q1

We need a drift correlation for the relative velocity:

— —

Uy = Uy — U = ﬁ:(cg,ﬁm,pm).

The phase change is modeled using the formula

Iy

if hi* <h <hiand 0 <a, <1

&
C
0

otherwise
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4.4. Two phase flow models

The isothermal two-fluid model

The model consists in the phasic mass and momentum balance equations. The main
unknowns are «, P, 4, 4. The model uses stiffened gas laws p,(p,) and pi(p;) for a
contant temperature. The subscript k& stands for [ the liquid phase and ¢ the gas phase.
The common averaged pressure of the two phases is denoted by p. In our model, pressure

equilibrium between the two phases is postulated, and the resulting system to solve is:

ag;g + V . (j’g — O7
s Vg ~0.
P . - -
T V(@@ ) +a,Vp
(4.5)
+ ApVa, — vAd = mgg — Kymyg||t||t,
S+ Ve@eL) tavp
+ ApVOél — I/ZA?II = mlﬁ— KlmlHﬁlHﬁl,
where ay + oy = 1, my = agpr and ¢ = agprtiy. Here, vy, is the viscosity of phase £,

and Ap denotes the default pressure p — pp between the bulk average pressure and the

interfacial average pressure.

The five equation two-fluid model

The model consists in the phasic mass and momentum balance equations and one mixture
total energy balance equation. The main unknowns are o, P, u,,tu; and T' =T, = T;. The
model uses stiffened gas laws p,(p,, T') and pi(p;, T).

omy
ot

V-q_'g :Fg(hqu))v

omy

ot Vq—z :Fl(hl7q))7

.
N
G+ V(@ ® ) +a,Vp
+
+

ApVa, — Vg(Angg) = myg — Kgmy||i,||t,

L V(G ® L)+ aVp

+ ApVal — Vl(AT%) = mlf]’— KlmlHﬁlHﬁh

OrpmErm + V- (agpgH'tly + aipr H') = @ + pg - & — Kgmy||d|]° — Kyl
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Chapter 4 — Application : COREFLOWS

where

Pm = CQgPg + a0
B = QgpgEy + cupiFy '
QgPg + Qqpy

The phase change is modeled using the formula

if hi* <h <hiand 0 <, <1
r —

2
L
g
0

otherwise

4.5 The numerical methods

COREFLOWS gives a variety of finite volume methods (see [25] for an introduction). The
method can be explicit or implicit, upwind or centered as in [24]. The basic method for
non scalar fluid model is the Roe scheme [21] with entropic correction [23] and/or source
upwinding [22].

The finite volume discretization allows an easy handling of general geometries and
meshes generated by Salomé[26].
Explicit schemes are used in general for fast dynamics solved with small time steps while
implicit schemes allow the use of large time steps to quickly reach the stationary regime.
The implicit schemes result in nonlinear systems that are solved using a Newton type
method.
The upwind scheme is the basic scheme but options are available to use a centered scheme

(second order in space) or entropic corrections.

The four numerical methods available in COREFLOWS to discretize the drift model

are :
e Upwind scheme,
o Centered scheme,
e Low-Mach scheme,
o Staggered scheme.

more details on these methods and schemes are given in sub-section [3.2]
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4.6. IT development

4.6 IT development

CoREFLOWS was developed in the object-oriented programming language: C++4-, using
standard libraries and multi-platform stl.

COREFLOWS relies on the toolbox [9] of the project CDMATH [§] for the handling of
meshes and fields, and on the library Petsc [31] (version 3.4.5) for the handling of large

sparse matrices.

4.6.1 Software architecture

CoREFLOWS is composed of 6 concrete classes dealing with specific models. They are

listed in chronological order
» SinglePhase implementing the compressible Navier-Stokes equations (section
o DriftModel implementing the 4 equation drift model (section
o IsothermalTwoFluid implementing the isentropic two-fluid model (section |4.4))

» FiveEqsTwoFluid implementing the equal temperature two fluid model (section

)

o TransportEquation implementing a scalar advection equation for the fluid en-
thalpy (section [4.2.1))

o DiffusionEquation implementing a scalar heat equation for the Uranium rods
temperature (section [4.2.1)

On top of these classes there are two abstract classes that mutualize functions that

are common to several models.

e ProblemFluid which contains the methods that are common to the non scalar models
: SinglePhase DriftModel IsothermalTwoFluid and FiveEqsTwoFluid

¢ ProblemCoreFlows which contains the methods that are common to the scalar and

non scalar models: ProblemFluid, TransportEquation and DiffusionEquation

Here follows [4.1] an inheritance diagram of COREFLOWS
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Chapter 4 — Application : COREFLOWS

ProblemcCoreFlows

ProblemTransport ProblemFluid ProblemDiffusion

SinglePhase DriftModel IsothermalTwoFluid

Figure 4.1: Inheritance diagram of CoreFlows

The program can build simple geometries and meshes using the library CDMATH [§]
or read complex geometries and meshes written with the MED file system (see [26]). The
output files containing the fields resulting from the calculation can be either of VTK ([28])
or MED type. One can use Paraview [27] or Salome [26] to visualise the results.

Vector and matrices structures come from the Petsc [31] library. The matrices are stored
in a block sparse format (type baij in Petsc conventions). The default linear solver is
GMRES and the default preconditioner is ILU, both provided by Petsc.

4.6.2 Software engineering
CMake

CoREFLOWS uses the CMake production engine.
CMake is cross-platform free and open-source software for managing the build process
of software using a compiler-independent method. It is designed to support directory
hierarchies and applications that depend on multiple libraries. It is used in conjunction
with native build environments such as make. It has minimal dependencies, requiring only
a C+-+ compiler on its own build system

CMake can handle in-place and out-of-place builds, enabling several builds from the
same source tree, and cross-compilation. The ability to build a directory tree outside the
source tree is a key feature, ensuring that if a build directory is removed, the source files
remain unaffected

COREFLOWS uses also "gcov'", which is a source code coverage analysis and statement-
by-statement profiling tool. It generates exact counts of the number of times each state-
ment in a program is executed and annotates source code to add instrumentation. The

gcov utility gives information on how often a program executes segments of code.
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4.6. IT development

Graphical user interface 'GUT’ : Qt-Designer

Qt Designer is Qt’s tool for designing and building graphical user interfaces (GUIs) from
Qt [36] components. We can compose and customize our widgets or dialogs in a what-
you-see-is-what-you-get (WYSIWY(G) manner, and test them using different styles and
resolutions. Widgets and forms created with Qt Designer integrated seamlessly with pro-
grammed code, using Qt’s signals and slots mechanism, that lets us easily assign behavior
to graphical elements. All properties set in Qt Designer can be changed dynamically within
the code.
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4.6. IT development

API Python : SWIG

SWIGE is an open source software tool used to connect computer programs or libraries
written in C or C++ with scripting languages such as Python.
There are two main reasons to embed a scripting engine in an existing C/C++ pro-

gram:

e The program can then be customized far faster, via a scripting language instead of
C/C++.

o Even if the final product is not to contain the scripting engine, it may nevertheless

be very useful for writing test scripts.

SWIG’s generating mechanism is shown in figure [4.3|

FmMm-—0O-—aor

o _\ / e
Fichier Swig /_ Fichiers d'en-tétes
[ \EWIG

-

T
5
1

- Langage et oplions

4

Module utilisable
dans le langage
Cibde:

Figure 4.3: SWIG’s generating mechanism

The result is a Python module, usable by a person knowing COREFLOWS methods.
Python’s API is favored by the flexibility of its language, its interactivity and its readable
prototyping. The COREFLOWS’s documentation remains valid in Python.

The SWIG has brought the power of Python to the performance of C 4++.

11. Simplified Wrapper and Interface Generator
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Chapter 4 — Application : COREFLOWS

tassadit@Tassadit:~/Logiciels/CoreFlows_corr

Fichier Edition Affichage Rechercher Terminal Aide

[tassadit@Tassadit ~]$%$ cd Logiciels/CoreFlows_corr/

[tassadit@Tassadit CoreFlows_corr]$ source CoreFlows.sh
[tassadit@Tassadit CoreFlows_corr]$ python

Python 2.7.10 (default, May 27 2015, 18:11:38)

[GCC 5.1.1 20150422 (Red Hat 5.1.1-1)] on linux2

Type "help", "copyright", "credits" or "license" for more information.
>>> import CoreFlows as cf

= cf.DriftModel(cf.around155bars600K, spaceDim)
Stiffened gas EOS P=(gamma - 1) * rho e(T) - _gamma*_p0O with parameters p0=3.51584e+06 gamma= 1.0775
Calibrated around pressure= 1.55e+07 density= 102 Temperature= 618 internal energy= 2.44e+06 sound spee
d= 433
Reference temperature 618 internal energy 2.44e+06 specific heat 3633
Stiffened gas EOS P=(gamma - 1) * rho e(T) - _gamma*_p0O with parameters p0=1.26102e+08 gamma= 1.17178
Calibrated around pressure= 1.55e+07 density= 594 Temperature= 618 internal energy= 1.6e+06 sound speed
= 621
Reference temperature 618 internal energy 1.6e+06 specific heat 3100
=>>>

Figure 4.4: Example of COREFLOWS’s use on Python

4.6.3 Documentation : Doxygen

Doxygen is a documentation generator, a tool for writing software reference documenta-
tion. The documentation is written within code, and is thus relatively easy to keep up
to date. Doxygen can cross reference documentation and code, so that the reader of a
document can easily refer to the actual code.

Doxygen supports multiple programming languages, in particular C++, C, C#, Python,

Doxygen allows one to extract the following information contained in the source code :
+ Prototype and documentation of classes and their hierarchy;
+ Different types of graphs: Class diagrams, - - -
+ Documentation of data structures;
+ List of included files;
+ Prototype and documentation of functions, whether local, private or public, etc. ;
+ List of modules ;
+ An index of all identifiers;

+ Source files annotated (for example with line numbers) and Navigable (eg with
HTML, with which the identifiers refer to the associated documentation).
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4.6. IT development

CoreFlows 10

A library providing basic two phase flow models and finite volume numerical methods for
students and researchers in computational multiphase fluid dynamics

m Related Pages | Classes | Files | Q: Search

CoreFlows User Guide

Presentation of CoreFlows

CoreFlows is an open source C++Python library intended at solving PDE systems arising from the
thermalhydraulics of two phase flows in power plant boilers. It is a simple environment meant at students
and researchers to test new numerical methods on general geometries with unstructured meshes. It is
developped at CEA Saclay by Michael Ndjinga and his students since 2014 and proposes a few basic
models and finite volume numerical methods. Some of the main objectives are the study of

» MNumerical schemes for compressible flows at low Mach numbers

« Well balanced schemes for stiff source terms (heat source, phase change, pressure losses)

» Flow inversion and counter-current two phase flows

+ Schemes that preserve the phasic volume fraction a € [0, 1]

» Convergence of finite volume methods

» MNew preconditioners for implicit methods for two phase flows

« The coupling of fluid models or multiphysics coupling (eg thermal hydraulics and neutronics or

thermal hydraulics and solid thermics)

CoreFlows relies on the Toolbox [21] of the project COMATH [20] for the handling of meshes and fields,
and on the library Petse [19] 3.4 5 for the handling of large sparse matrices.

Contents

This document is the user guide of the CoreFlows library. It is organized as follows :

« The Physical Models
o The linear scalar problems
1. The transport equation
2. The diffusion equation
o The Navier-Stokes model
o The two-phase flow models
1. The Drift model
2. The isothermal two-fluid model
3. The five equation two-fluid model
« Software structure
« The numerical methods
« Summary of available functionalities
« CoreFlows example scripts

Installation and use
In arder to install CoreFlows you will need the packages CMAKE [25] , HDF5 [23] and possibly

« SWIG [22] if you want to use python scripts
« DOXYGEN [24] if you want to generate this htm| documentation.

Instructions for installation and use of CoreFlows can be found here Installation and use of CoreFlows.

References

A specific page dedicated to references is available here.

Generated on Tue Sep 1 2015 11:56:14 for CoreFlows by @]@u@}m 180.1
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7/2 IND SSMOTJAHOD) :LF oISy

IN

(ur) Jurz

B_ _ 1odw| O

ysey

* 1e31I3Wnp ; 1e31sAUd 7 ysaa 7 321042 3P0

[uonesnensiagad] - 3abpiqeL

43



Chapter 4 — Application : COREFLOWS

7/€ IND SSMOTJAHOD) 8§ oISy

8588; (8d) aanssaig _mi 86802_ (2q) aanssaig

00'0] 2] o00|[Z] oo0] e mwes 2] 00| [Z] 00'0] [Z] 00| (s swooren

oo.n_om_ (3) sanjeradma], _Wi co,oom_ (3) sanjeaadma],

MEB_ adf], _ < _EEH_ adfy,
Hoed moyogqg

00°00000T _ (Bd) saussaxg _m_ 00°'00000T _ (8d) aInssaxg

000 2] oo0o|[Z] oo0] e mwoms (2] ooo| [ o00] 2] ooo| s fwweran

oo,ooooo.ﬁ_ (Bd) aanssaxg

ood:m_ oo,o:mi oo,o_ (s/m) oopap

oo.oom_ (3]) 2amgetadway,

mem | sdk,
STy
oonoooooﬂ_ (Bd) aInssarq

oo.o__m_ oo.o:& oo.o_ (s/m) Ayoopap

i

oo.n_om_ (3) sanjeaadma], _W_ oo.oom_ (3) sanjeaadma], Do.oom_ (3) sanjeaadma],
TeM | saky |2 1eTmO | sk, mem | adAy,
U0 dog, ol
uonIpuo? Arepunog
2 Moog Teqr muﬂ-.-E_ amssaid ajemsy
£l 00°0 | uoRILY £31s010g
° pmbr1] oeed 2 oo'o [Z] oo'o] [2] 000 (z8/ar) Agraeg)
Si9jowmeaed pmryg .
8 000 GywWM) Arnonpuop
_mi oodom_ (3]) amjeaadwsa g, Ti n_o.o_ (8, BJ) Aq180081
2| o0 [Z] oo [Z] 00| (s frioopep E] 00'q| (wpyuyp ) soanog Jeer
£l 00'00000T|  (2d) eansserg

UOT)IPUOD [enTu]

suonydo Teo1sAyg

aseyd 921buig

[uonesnensiagid) - 39bpimgeL

7 AIREINLIN 7 1eashyg 7 Ysa|al 7 231043 18P0

44



7/¥ IND SSMOTJTEO)) :6'F oIS1g

uol3eInwis yaune

4.7. Examples of COREFLOWS’s use

cozm._sE_Mm?o_n_wk_ou..»E_ awep a4

anl _ Jauonpuodalg

21ginbg : o nr____sn_j_ awayos

s34 Ew_ Jaajos Jeaur]

s wrnduw | poyIaly
_mi oo.ooa_ JBqWnu 749
_mi ooooooaooo.o_ uoisI3.1g
_m oo.ﬁ_ 2w} wnwixepy
_mi H_ houanbaly aneg
g oot| sda1s awn Jo 1squiny

siajaweled uonenwis

suondp 1escBwWNN

[uonesnensiagad] - 32bpipnqel

_ NIRRT _ 1eashygd _ ysaly ; 321042 12PN

45



Chapter 4 — Application : COREFLOWS

4.7.2 Scripts Python

Although CorREFLOWS’s GUI is very simple to use, we cannot make too complex calcu-

lations, therefore the use of Python scripts may be interesting in that case.

Example 1 : Transport Equation
import CoreFlows as cf
def TransportEquation_1DHeatedChannel():

spaceDim = 1;

# Prepare for the mesh

xinf = 0 ;
xsup=4.2;
nx=2;

# set the limit field for each boundary
inletEnthalpy=1.3e6;

# Set the transport velocity
transportVelocity=[5];
myProblem = cf.TransportEquation(cf.Liquid,cf.around155bars600K,
transportVelocity) ;
nVar = myProblem.getNumberOfVariables();

# Prepare for the initial condition
VV_Constant = [1.3e6]; #initial enthalpy
#Set rod temperature and heat exchamge coefficient
rodTemp=623;#Rod clad temperature
heatTransfertCoeff=1000;#fluid/solid heat exchange coefficient
myProblem. setRodTemperature (rodTemp) ;
myProblem. setHeatTransfertCoeff (heatTransfertCoeff) ;

#Initial field creation
print ("Building initial data " );
myProblem.setInitialFieldConstant (spaceDim,VV_Constant,xinf,xsup,nx,"inlet",
"neumann") ;

# Set the boundary conditions
myProblem.setInletBoundaryCondition("inlet", inletEnthalpy);
myProblem. setNeumannBoundaryCondition("neumann"

# Set the numerical method
myProblem. setNumericalMethod(cf.upwind, cf.Explicit);

# name file save
fileName = "1DHeatedChannel";
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4.7. Examples of COREFLOWS’s use

# parameters calculation
MaxNbOfTimeStep = 3 ;
freqSave = 5;
cfl = 0.95;
maxTime = 5;
precision = le-6;
myProblem.setCFL(cfl);
myProblem.setPrecision(precision);
myProblem. setMaxNb0fTimeStep (MaxNb0fTimeStep) ;
myProblem. setTimeMax (maxTime) ;
myProblem. setFreqSave (freqSave) ;
myProblem.setFileName (fileName) ;
myProblem.setDISPLAY( True,True, True, True);
# evolution
myProblem.initialize();
print ("Running python "+ fileName ) ;
ok = myProblem.run();
if (ok):
print( "Simulation python " + fileName + " is successful !" );
pass
else:
print( "Simulation python " + fileName + " failed ! " );
pass
print( "----——----—- End of calculation !!! —-——--—--——- ")
myProblem. terminate() ;

return ok
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Example 2 : Navier—Stokes equations - single phase -

import CoreFlows as cf
def SinglePhase_3DHeatDrivenCavity():
spaceDim = 3;

#Preprocessing: mesh data
xinf=0;
xsup=1;
yinf=0;
ysup=1;
zinf=0;
zsup=1;
nx=10;
ny=10;
nz=10;

# set the limit field for each boundary
coldWallVelocityX=0;
coldWallVelocityY=0;
coldWallVelocityZ=0;
coldWallTemperature=563;
hotWallVelocityX=0;
hotWallVelocityY=0;
hotWallVelocityZ=0;
hotWallTemperature=613;

# physical constants
gravite = [0] * spaceDim
gravite[2]=-10;
gravite[1]=0;
gravite[0]=0;
viscosite=[8.85e-5];

conductivite=[1000] ;#Wall heat transfert due to nucleate boiling.

myProblem = cf.SinglePhase(cf.Liquid,cf.around155bars600K, spaceDim) ;
nVar = myProblem.getNumberOfVariables();
#Initial field creation
print ("Building initial data " );
# Prepare for the initial condition

VV_Constant = [0] * nVar
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4.7. Examples of COREFLOWS’s use

# constant vector

VV_Constant [0]
VV_Constant [1]
VV_Constant [2]
VV_Constant [3]
VV_Constant [4]

155e5;

o
o O O

573;

#Initial field creation

myProblem.setInitialFieldConstant (spaceDim,VV_Constant,xinf,xsup,nx,"hotWall",

"hotWall",yinf,ysup,ny,"hotWall","hotWall",zinf,zsup,nz, "hotWall", "coldWall");

# Set the boundary conditions

myProblem. setWallBoundaryCondition("coldWall", coldWallTemperature, coldWallVelocit

coldWallVelocityY, coldWallVelocityZ);

myProblem. setWallBoundaryCondition("hotWall", hotWallTemperature, hotWallVelocityX,
hotWallVelocityY, hotWallVelocityZ);

# set

myProblem.

myProblem
myProblem

# set
myProblem
myProblem

myProblem.

myProblem

physical parameters
setViscosity(viscosite);
.setConductivity(conductivite);
.setGravity(gravite);

the numerical method
.setNumericalMethod(cf.upwind, cf.Implicit);
.setLinearSolver (cf.GMRES,cf.ILU,True);
setEntropicCorrection(False);

.setWellBalancedCorrection(False) ;

# name file save

fileName = "3DHeatDrivenCavity";

# simulation parameters
MaxNbOfTimeStep = 3 ;

fregSave = 1;

cfl = 10;
maxTime =

precision

myProblem.
myProblem.
myProblem.
myProblem.
myProblem.
myProblem.
myProblem.
myProblem.

50;

= le-6;

setCFL(cfl);
setPrecision(precision);
setMaxNb0fTimeStep (MaxNbOfTimeStep) ;
setTimeMax (maxTime) ;

setFreqSave (freqSave) ;
setFileName(fileName) ;
setNewtonSolver (precision,20);

saveConservativeField(True) ;
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if (spaceDim>1):
myProblem.saveVelocity();
pass
# evolution
myProblem.initialize();
print ("Running python "+ fileName ) ;
ok = myProblem.run();
if (ok):
print( "Simulation python " + fileName + " is successful !" );
pass
else:
print( "Simulation python " + fileName + " failed ! " );
pass
print( "--—————————- End of calculation !!! -—————————- ")
myProblem. terminate() ;

return ok
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CHAPTER 5

Numerical Results

In the current section we are first going to validate the three numerical methods: Low-
Mach, Upwind and Staggered, on the classical configuration of the cavity driven by its lid
(in sub-section [5.1)).

And then study a specific configuration called the thermal hydraulics of the dynamics of
a flow controlled by a thermal conduction (sub-section [5.2).

Finally, we are going to study a specific configuration for nuclear reactors, that is to say

the flow between two different channels, which is the main objective of this internship

(sub-section .

5.1 The Driven Cavity

The first investigation was to demonstrate the upwind scheme’s limitations when the flow
is at low-Mach number and Froude, and the dynamic almost incompressible.
We consider a 2D [0, 1]x[0, 1] domain, where all the domain’s edges are (fixed) walls, ex-

cept the top one, which has a velocity in the & direction U, = 1m/s.

We apply a 273°C' temperature, a pressure of 155bars and a viscosity of 0.025. We

consider the following meshes:
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Chapter 5 — Numerical Results

: structed mesh

Figure 5.1: Driven Cavity
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Figure 5.2: Driven Cavity : unstructed mesh

Indeed, the results of the upwind scheme are not very accurate (see 5.3 & [5.4)
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5.1. The Driven Cavity

Velocity X

~0.06

0.04

£0.02

-0.000794 ~

Figure 5.3: Driven Cavity : Upwind scheme - structed mesh

Velocity X
0.703 -
0.6

0.4

0.2
-0

Figure 5.4: Driven Cavity : Upwind scheme - unstructed mesh

The LowMach scheme is more precise but causes robustness problems
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Figure 5.5: Driven Cavity : LowMach-explicite scheme - structed mesh

4211e2

Figure 5.6: Driven Cavity : LowMach-implicite scheme - structed mesh

The staggered scheme gives accurate results without any parasitic oscillations (5.7| &

5.3).
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5.2. Flow led by the conduction

Velocity X

0.4

0.2

Velocity X

0.4

Figure 5.8: Driven Cavity : Staggered scheme - unstructed mesh

5.2 Flow led by the conduction

The second investigation is related to the Riemann problem which is a mixture of two

water slides of different temperature, for instance from two channels differently heated

with
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The second investigation is related to the Riemann problem which is a mixture of two
water slides of different temperature, for instance from two channels differently heated
with T} = 563K and Ty = 623K, in [0, 20cm]x[0,40cm]. We impose an input velocity in
the ¥ direction equals to U, = 1m/s, and output pressure of 155bar.

We consider viscosity of 1.5Pa.s, and a conductivity of 5000W/m/s
Figure [5.9| represents the initial configuration of the calculation with a mesh of 40280

elements.

Primitive Temperature(°C)
_6,230e+02

—570

[
wd

6H30e+02

Figure 5.9: Riemann problem: 77 = 563K et 15 = 623K a t = 0s
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5.2. Flow led by the conduction

Primitive Termper:

Figure 5.10: Riemann problem: LowMach scheme

As in the previous case, we notice that the low-mach scheme presents strong oscilla-
tions. The upwind and staggered schemes give similar results.

We notice that in this pure thermal calculation without any term source, the staggered
scheme (figure [5.11)), is less diffusive than the upwind scheme (figure |5.12)).
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Prirnitive Tem

Figure 5.11: Riemann problem: Staggered scheme

Figure 5.12: Riemann problem: Upwind scheme
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5.8. Recirculation between parallel channels

5.3 Recirculation between parallel channels

The last case is the hardest, we are going to model the core of PWR900 in 2D in a
rectangular domain Q = [0, R] x [0, L] which is heated using a flax of 103W/m?, in
Q= [0, %] x [£, 2L] with the following values:

L = 4m

R = 2m.

We impose an input velocity in the § direction U, = 0.75m/s, and an output pressure of
155bar.
We consider a gravity § = (0, —10)

The figure [5.13] represents the initial configuration of the calculation of the mesh of
800 elements (20X40).

heatPo

0
O
2
8

Figure 5.13: Initial configuration of channel
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5.3.1 Single phase case

Figure 5.14: Single phase - Velocity U,, LowMach Scheme

Figure 5.15: Single phase - Velocity U,, LowMach-well-balanced Scheme
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5.8. Recirculation between parallel channels

Figure 5.17: Single phase - Velocity U,, Staggered-well-balanced Scheme
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H‘ﬂ;

0,28

Figure 5.18: Single phase - Velocity U,, Upwind Scheme

)
]
co
P
=]

Figure 5.19: Single phase - Velocity U,, Upwind-well-balanced Scheme

Single phase case : inclined

In this case, we take the same parameters as in the section [5.3] except the gravity. In this
case, g=(7,-7). The image represents the initial configuration of the channel.
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5.8. Recirculation between parallel channels

heatPowerField
—1.000e+08

|
(=]
[=]
=]
=]
(0]
by
(=]
(=]

Figure 5.21: Single phase - inclined channel - Single phase - Velocity U,, Upwind-well-
balanced Scheme

The LowMach and staggered case blow up because of the presence of a wall. Only the

upwind scheme goes until the end of the calculation.
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5.3.2 Two-phase case
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Figure 5.22: Two-phase - Velocity U,, Low Mach Scheme

e

Figure 5.23: Two-phase - Velocity U,, Upwind-well-balanced Scheme
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5.8. Recirculation between parallel channels

Figure 5.24: Two-phase - Temperature, velocity’s streamlines U, — Upwind-well-balanced
Scheme

Primitive C

0o3s

Figure 5.25: Two-phase - Concentration, velocity’s streamlines U, — Upwind-well-balanced
Scheme

Two phase cases : inclined
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We take the same configuration as in the section [5.3.1

Velocity Y

12

-1.646e+01

Figure 5.26: Two-phase - Inclined channel : Velocity U,, Upwind-well-balanced Scheme

Primitive Concentration
_1.336e-02

0,012

0,009

0,006

= 0,003

Figure 5.27: Two-phase - Inclined channel : Concentration, velocity’s streamlines U, —
Upwind-well-balanced Scheme
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5.8. Recirculation between parallel channels

The upwind well-balanced schemes were way more robust and the capture of the
recirculation was not a problem unlike the low Mach number scheme which diverge around
the wall.

These results show that the accuracy at low Mach number does not ensure a better

behavior of the numerical methods
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Conclusion

Scientifically:

The recirculation problem of the boiling flows in the parallel channels causes numerical
and physical instabilities which make some calculations difficult to accomplish. This led
us to test two new numerical approaches on this configuration.

The first scheme is the use of an upwinding in the source terms in order to obtain a
well balanced scheme.

Whereas, the second is inspired by schemes on staggered mesh and is precise in low-Mach
number.

After validating our development on an academic case test (Driven cavity), as we

expected, we achieved better results with precise low-Mach number scheme( staggered).

 In a calculation on a pure thermal conduction (no source term), we have found that

the staggered scheme is less diffusive than the upwind scheme.

o Whereas, for the calculations with a term of high thermal power, the results ob-
tained by the upwind and well balanced scheme were much more robust and the
recirculation capturing posed no difficulty, contrary to the low-Mach scheme which

diverge around the bulkhead.

From all these results, we concluded that the precision in low March number doesn’t
guarantee a better behavior of numerical methods in the simulation of nuclear reactor’s

cores.

Futur work

o It would be interesting to implement these numerical schemes in the industrial code
FLICA 4, to assess their robustness with more complex correlation and tabulated

state laws.

o As a following up for this work would be an introduction of porosity and point losses
to study the robustness of the proposed schemes. Analysis of the flows distribution
problem between parallel channels would allow a validation of the physics of our

numerical results.

o Analysis of the flows distribution problem between parallel channels would allow a

validation of the physics of our numerical results.
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On the personal level

Having received a mathematical formation, this internship alowwed me to strengthen
my knowledge in physics including mechanical fluids. It also allowed me to discover and
use various libraries, open source, mesh handling, scientific computing and visualization.
Furthermore, it was an opportunity to share and collaborate with lab engineers LGLS,
which was very beneficial for me in particular.
I had also to overcome the obstacles due to safety standards, particularly, high at CEA
Saclay.
Finally, I assume that the results of this training are highly positive because in addition to
reaching the main objectives, I have got experienced and I have enlarged my professional

environment by meeting scientists, researchers and engineers.
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CHAPTER 7

Appendix

7.1 Time-discretization

7.1.1 Explicit scheme

We denote U™ as the conservative variables at time n + 1, in the control cell C;. The
time explicit scheme is first-order in space and we can write the following discretization
from the equation ([3.2))

urtt = ur — l Z S (U7, Ur,n5) + AtS(U}") (7.1)
vol(
€u(i)
The equation ([7.1)) explicitly gives the conservative variables at time n + 1, depending on
these variables at time n. However, the use of this explicit formula needs small time steps

which are limited by a CFL condition:

Az 1
A< =2 A< =
A K

where Ay is the highest eigenvalue of the matrixes V Fn,;.
If the velocities are equal, Ay = ||umF_UI || + a,,, where a,, is the sound velocity of the

two-phase mixture defined by:

1
a2, = k(H,, — §u2) + X+ cné (7.2)

with x, & and k defined in [6].

7.1.2 Implicit scheme

The use of implicit schemes enables to avoid stability conditions due to time steps and
leads to more efficient numerical methods. The implicit scheme derived from (3.2)) can be

written under the following form:

U =0t - Z Sy F(UL, UF nij) + AtS(U) (7:3)

vol i

_ apiut oy puly
10. up = aypr+oy po

71



Chapter 7 — Appendix

The equation (7.3)) is valid for all the control cells C;, which define a non-linear system of
equations that needs an iterative method and would be too heavy in terms of computing

time.

Then, we have to solve a non-linear equation f(U) = 0,
where U = (Uy,...,Uy) and f = (f1,..., fn) where f;(U) is given by

u-ur 1 - >
S B B Z s F(U;, Uj,1i55) — S(Us).

fi)
At i jev(i)

The equation f(U) = 0 is solved in a classic way using Newton’s iterations
VIUS) U = Ur) = —fU").

Each Newton’s iteration needs a calculation of the gradient of f and the resolution of
a linear system.
The exact calculation of the gradient of f is impossible because differentiating the func-
tion D;;(U) is very difficult. However, it is not necessary to calculate exactly the gradient

to find the convergence of the Newton scheme. If the sequence U* converges, then the
limit U verifies f(U>) = 0.

Within Flica 4, in order to calculate an approximation of the gradient of the convection

operator, we use the following relation

Z SijF(Ui, Ujaﬁij) = — Z Sl]Az_](UZ’ U])(UvZ — Uj), (74)

jev(i) jev(i)
Where A;; = %(AROE(UZ-, U;) — |Aroe (Ui, Uj)|), where Agoe(U;, U;) is the Roe matrix of
the flow I" between the states U; and Uj.

The equation (7.4)) is written thanks to the definition of the Roe matrix(7.8]), (3.9)

U — U,
2 )

F(U;, Uy, i) = F(Up)ity; — A (U, Uy)
Since the Roe matrix is unknown in the Flica4 model, we use the approximation
A~ AT
with A7}~ = §(AR,. (U, Uj) — |A, (Ui, Uj)|)

where A% . (U;, U;) is the Roe matrix of the flow F™ (équation between the states U;
and Uj.
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7.2. Boundary conditions

The final iterative scheme is written under the form:

Uik+1 Uk; 1

At . Z) SZ] Uk Uk)((Uzk+1 - Uzk) - (U]]‘H_l - Ujk))
]El/ 7
~VS(UNUF -~ UF) = Vi l > sy F(UF, U i) + S(UF). (7.5)
7 7 [ At ZJ ) v/ :

Yi jen(s)

In the case of a face located at the border, we must know Uy(UF) and approach
Uy (UFY) — Uy (UF) from the equation ((7.5).
The simplest process consists in dealing with the boundary conditions by using the

linearization
Uy (U = Uy(U}) = VUL(UF)(UF = U, (7.6)

which needs the calculation ofU,(UF) and VU,(UF) for each boundary condition (appendix

73).

7.2 Boundary conditions

There are two types of boundary conditions in fluid mechanics: those which are linked
with solid walls (normal zero flow) and those which are linked with the borders of the
domain fixed by the user.

The process of boundary conditions in a finite volume scheme is tricky because the vari-

ables are defined in the volumes and not at the interfaces of the mesh.

To force the physical boundary conditions at the border of the domain, we add a fake
mesh element (Uy, V;) at the other side of the interface. This element is used only for
computation: it allows the process of the limit interfaces as well as the interior interfaces
(U,V). Once the state in the fake element is determined, all that remains is to calculate

the numerical flow as if it was an interior interface.

The problem now consists in assigner to the fake mesh element a state such that the
numerical flow calculated at the interface satisfies the required boundary conditions. From
a mathematical point of view, the number of boundary conditions that we can impose

must be the same number of inbound characteristics in the domain.

For the equations of FLICA 4, we consider four types of boundary conditions:

¢ Neumann :
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e Wall :
Cy Cy Pm Pm
mCU mC'U
Wy L b , Uy P — P
u —u PmUm —PmUm
T T PmEm PmEm

e Input : concentration c,, = 1 — ¢, velocity u., temperature are all imposed T,

CU CU@ p p@
v, : p N p Uy PCy N PeCoe

u U, pu Pele

T T, pE pelie

with
po(p, Te) pi(p, Tt
Pv(]% Te)cle + Pl (p7 Te)c'ue
1 1
Ee - Cve(ev(Te) + §|uve|2> + Cle(el(Te> + §|ule|2)

Uye = U+ Cleur(cvea Ue, pe)

Uye = Ue — C’UEu’I‘<C’U€7 Ue, pe)'

o Output: pressure p, imposed

Cy Cy p p S
S CU S CU
v p N p A P N P
u u pu psi
T T pE ps

with

pu (s, T)pi(ps, T)
po(ps, T)cr + pi(ps, T)cy

Ps

7.3 Roe linearization

7.3.1 Definition of the Roe matrix

The Roe linearization is a technique introduced by P.Roe [2I] to linearize accurately the

systems of conservation laws under the form:
U+ 0, f(U) =0, (7.7)

74



7.3. Roe linearization

We denote A(U) = Vi f(U) as the Jacobian matrix of the flow, which is diagonalizable
in R in a complete base of real eigenvectors.
We can write ((7.7)) under a non-conservative form

AU + AU),U =0

Note. We may notice that this form is correct for the regular solutions The Roe

linearization is based on the following definition

Definition 7.3.1.1 A matriz A(U, V') which verfies

1. A(U,V) is diagonalizable in R in a complete base of real eigenvectors,
2. For each (U, V') we have f(U) — f(V) =AU, V)(U -V),
3. For each U we have A(U,U) = A(U),

Is a Roe matriz associated to the system 7.7

To calculate the flow between two neighbors i and j, the original idea of Roe in [21]
was to linearize the problem (2.9) locally between the two states U; and U;. Roe is then

looking for a linear interpolation of the flow F' under the form
F(U) = F(U;) + Aroe(U;, Uj) (U; = Uj).
To obtain it, it is necessary to build a “Roe” matrix Ap,.(U;, U;) which verifies
F(U;) = F(Uj) = Apoe (Ui, Uj)(U; — Uj). (7.8)

Although such a matrix always exists, it is not always easy to build it. That is the case
for the model where we need an approximated Roe matrix. For the calculation of
the Roe matrix of the four-equation model, one must solve the equation associated
to the flow F'. Since this calculation is difficult, the designers of Flicad have overlooked
the contribution of the gap velocity . in the flow F'. This choice is adapted to the flows

where the relative velocity u, is negligible with respect to the average velocity sii,,.

7.3.2 The Roe matrix in Flica4

The flow F' (equation [2.10)) can be divided into two contributions, the first one related to

the average flow and the second one related to the relative movement:
F=F,+F T
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with
T
mcvtﬁm
Fa@)="] (7.9)
pmHmtﬁm
0
i Co C1L T,
F.(U) =" prcutitr , (7.10)
PmCoCilly & Uy
me'UCl(H’U - Hl)tﬁ'r
and
Oy Py QP
C = ———— = ———
Oy Py + QP Oy Py + QP
Pm = QuPy + aup;
i avpvﬁv + Clelﬁl
" O Py + Oy
v vHv H,
Hm = il +qul l:Em—f—ﬁ
avpv + alpl pm

The software Flicad overlooks the contribution associated to the relative component
F,. of the convective flow F' and uses the Roe matrix A%, (U;, U;) associated to the average

component F,,. By definition, this Roe matrix must:

o Be diagonalizable

o Verifies

Fm(Uz’) - Fm(Uj) = Agae(Uia Uj)(Ui - Uj)

o Verifies A%, (U,U) = VF,,(U), which is, in a one-dimensional space:

0 0 1 0

m — Uy, Cy U, Co 0
AR06<U7 U) = 1 2

x+Ge—Duy, & 2—Kup K

(x + %Kzufn — Huy, Euy H—ruZ (54 Dugy,

With x, ¢ and k defined by the relations mentioned in [6].

In the general case, when we have two states U; # U;, the Roe matrix A%, (U;,U;) is
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7.3. Roe linearization

written under the form

0 0 1 0
T i ¢ 0
m (U, U;) = - 7.11
Foe U Us) Y+GR-Da> € 2-Ra & (711
(X +isa2 - Hya fa H- & (R+1)a

with

" V/Pmilimi + /P lm
i /P
i VPmiHmi + \/PmjHmj
NN
5= V/PmiCui + \/ijcvj'
VPmi + /P

The exact calculation of ¥, & and & is much more complex. We are going to define the

following parameters

ﬁm = VPmiPmj
j:, _ vV psz‘z + \/pij‘j
v Pmi + \/ pmj

1 - -

b= pH —5pi* = p(ée,(T) + (1 = &e(T))
ﬁ _ ﬁ — Poov _
(%} - 1>€U<T)
o= ﬂ
(/yv - l)el(T)
Gy = L, a=1-d
Pv

And we will first use the following approximations derived from the equations ([6])

5 = 04~ = 0 ~ ~ 0 &0
Gy Pv Cyy +0 P1 €} ayC A
~7_€ T ’:U T

. Z (DG + aay)

X ~ Ay dl

P—Poov D—Pool

~ ~ ~ ~ b1 —p T 2 G
- (Gwpucy + dupic]) e — (eo(T) — er(T)) (")

5 ~ fjvpl =
Ay l
DP—Poov + D—Pool
&ch dlcf
PN e a)
~ o7 ay '

P—Poov P—Pool
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7.3.3 Spectrum of the Roe matrix

In a one-dimensional space, the Roe matrix A%, . (U;,U;) (equation [7.11) has four eigen-

values

M=id—a M=t MN=i, M=u+a,

where a is the sound velocity of the two-phase mixture, given by

-1 .
(H_imy+x+@.

=

a? =

The four eigenvectors associated on the left and on the right are

1 X+ 2R0% + aa
- é Pl 3
r = 5 = o= )
! i—a YToa | —(Ra+a)
H —aa R
1 X + $R6% — au
. ¢ Pl 3
Ty = 9 = ~ -~ ~ ~ 9
! u+a t 2 —(Ru — a)
H + ua R
0 —
, 1 2 1
o = 0 5 l2: 0 5
g 0
1 X + R0 — a®
- ¢ = 1 3
" i b= w R
1~2 _ =F = =
Ju* — ¢ — X K

7.3.4 Calculation of the “upwinding”

For the Roe scheme (]21]), the upwind matrix D;; (equation should be equal to
| ARroe(Us, Uj)|, the absolute value of the Roe matrix associated to the normal flow I, =

Fp +F,

T

. However, since this one is tough to calculate, the designers of Flicad have

rather chosen
Dij = ’A}?oe(Ui? Uj)’ = Z ’)‘k‘zk ® 7’?’{7 (712)
k
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7.3. Roe linearization

where A% . (U;, U;) is the Roe matrix of mixture (equation [7.11)) associated to the flow of

mixture F7? whose spectrum (A, I, 7) is given at section [7.3.3]

The choice of this approximation of the Roe matrix is adapted to flows which have
quite the same velocity where the relative velocity , is negligible with respect to the
average velocity,. The calculation of the "upwinding" is done within Flica4, using the
equation and therefore the spectral decomposition of A% . (U;,U;) (appendix
. It is then limited in case the two phases have equal velocities. In our model, we use
the technique of polynomial interpolation which does not need the calculation of the
eigenvectors of A%, (U;, U,), but only its eigenvalues. We hope that this choice will allow
us to use the exact Roe matrix D;; = |Agee(U;,U;)| later for the calculation of the
"upwinding" and then to deal with the non negligible velocity gaps better, especially

those from countercurrent flows.

7.3.5 Pressure correction

We are going to adopt a multidimensional approach because the pressure corrections can
bring a significant improvement of the accuracy of the scheme. Once the approached Roe
matrix is calculated, the original Roe flow through a face with a normal 7;; can be written

~ FU;)+ F(U;j)

F(U;, Uj,1i5) = 5 A= AR (U U, i) | P52, (7.13)

and denoting 4, = i 7;; the normal velocity to the face ij

0 0 tij 0
m . —UpC (. i 0
|AR06(Ui7Uj7nij)| = ~ 1~1512\ = ~ 5 it - ~ ~ = > ~ =
(X + 3A&[U*)7y — tnti Ry U@ gy + Uplly — Rty @ Ry
(X + 3R> — H)u, H'ii;; — Riy,'d (R + 1)y,

However, the Roe scheme, even if it is stable, may create accuracy problem when it
comes to low Mach number. Indeed, the pressure at the interface for the flow ([7.13)) is

equal to

1 —
2

N T
p=—5"p

ISUIS
ST
IS

Pj = 5 (Pmilimi = Prmgiing) - Tisg + O||pmitimi — Pt [").

When the Mach number % is nearly zero, the contribution of the "upwinding" %( Prni Ui —
Prmijlimg) - Tiij stays relevant because || < @ and the numerical diffusion is too high. The

designers of Flicad have then introduced “pressure corrections” to increase the accuracy.
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The updated flow may be written

0
n F(U; FU;) U, —U; a mi_)mi_ m'_‘m' '_)z" 0
F(U“Ujﬂﬁij): ( )—; (j)nw D;; 5 ]+a(p Y 2pju J) Mij ) :
Nij
0

which is the same thing than adding a new contribution Df; to the "upwinding" D;;
with

0 0 0 0

, |00 0 0

D=3 00 ;@7 0
i i

0 0 0 0

If we want the scheme to stay stable with this pressure correction, we should just
accept a CFL below 0.5 instead of 1.

7.4 Handling of the steady states

To show the importance of the upwinding of the stiff source terms, we will consider the

following system of 1D stead balance laws
0. F(U)=S(U,x), (7.14)

where S is a vector whose all the components are positive, which is especially the case
of the drift model of CoreFlows. The solution U is then such that all the components
of F(U) are increasing. This generally leads to the monotony of U and the absence of
vibrations in the solution. This property of monotony of the components of U is not always
preserved at the discrete level and parasitic vibrations may appear, especially when S has
discontinuity points. Let’s consider the following classic upwind scheme:

F.

i+ Fg ~ Fy— Fiy
i+l = 5 Ee—

5 + signe(A) 5 (7.15)

=

where A is an approximation of the jacobian diagonalizable matrix A, whose calculation
is not always exact. In this case,A is the Roe matrix associated to the normal flow F,
appearing in the equation (3.1]) such that

Fy=F"+F!

where
F™ is the flow of mixture [(appendix
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7.4. Handling of the steady states

F is the flow related to the relative movement

However, since A is hard to calculate, the designers of Flica4 have chosen:

A = anoe
This choice is adapted to flows where the relative velocity u, is negligible with respect

to the average velocity u,,

7.4.1 Characterization of the steady state

The steady state associated to the system is defined by the following equation :
O, F (U (x,t)) = S(U, ). (7.16)

For the steady problem to have a unique solution, we suppose that the matrix
A is invertible and especially signe(A) * signe(A) = I,.

If the source term S is positive, i.e all it components are positive, the equation ([7.16))
involves that all the components of F(U)*'*" are increasing, and then should not oscillate.
If a component of S is equal to zero, then the associate component of F'(U) should be
constant.

We want to approach the solutions of numerically and still keep the monotony of
the flows at the discrete level. For that purpose, the discretized steady state must satisfy

the following equation

Fipy - F,
where S, 41 corresponds to S(U,x,t) and ensures the conservation of the steady states if

The steady state of (3.12)) is characterized by:

Py =l g 7.18
T_ iy ( . )

From 1} 1’ and |D we can deduct the relation between S; and S; 1.
By replacing ([7.15)) in ([7.18]), we obtain :

Iy — signe(A) Fiyy — F; n Is+ signe(A) F; — F;_4
2 Ax 2 Ax

And from (7.17))

(7.19)
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Yet, we have signe(A) * signe(A) = I; and by multiplying (7.19)) by Ly—signe(4)

2

, We

obtain:

I; — signe(A) Iy — signe(A)
L Sy = . S;. (7.20)
w and by replacing i by i + 1, we obtain

By multiplying (7.19) by

I;+ signe(A) I; + signe(A)
2 Sy = 2

Sisi. (7.21)

D=

From ([7.20)) and ([7.21]), we can deduct:

I+ signe(A) I; — signe(A)
= 9 Sit1+ 5

S, S;. (7.22)

=

7.4.2 Upwind scheme with a centered source term

The classic upwind scheme with the centered source term is written

dU; Fir —Fi

The steady state verifies

Applying the same method than previously [7.4.1] we obtain

Figo—F S(U) + S(Uita) . + S(Uir1) — S(Us)
e 5 + signe(A) i :

(7.23)

(7.23) is a consistent discretization of the equation at the steady state but does not
keep the properties of monotony of the solution when one or several components of S are
negative or have a fixed sign. If S is almost constant, we are not far from a monotone
solution. However, for stiff source terms, the scheme can strongly breach the monotony

because we cannot control the sign of % + signe(A)w.

7.4.3 Fully upwind scheme with an upwind source term

The discrete system (|7.24) comes naturally from the analysis of the Riemann problem

with a source term for a hyperbolic system

du; Fi 1 —F
)+

gy P (s, -

N | —
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7.4. Handling of the steady states

where )
Spy = SOy g gne(A) S-S
Sivt = SUEW1) 4 g gne(A)SWu=SWin)

In this case, the source term and the scheme are both upwind.

We obtain a discretization of the source term which is not trivial. That implies the up-
winding at the interface of the neighbors. The first term of the equality may be
different from S(U;) if the source term is stiff. The discrete steady solution of solves

Ftat — petat

i+5 1—5

Applying the same method than in the section [7.4.1} we rewrite ([7.25]) by using (|7.15))
as follows :

I; — signe(A) Fiy — F; n I;+ signe(A) F, — F; 4
2 Az 2 Az

I; — signe(A) S(U;) + S(Uix1)  1q+ signe(A) S(U;—1) + S(U;)
2 2 + 2 2 '

I;—signe(A)
2

By multiplying (7.26)) by , we obtain

I; — signe(A) F,1 — F; I —signe(A) S(U;) + S(Uiy1)

= . 2
2 Az 2 2 (7.26)
By multiplying (|7.26)) by w, and replacing ¢ by 7 4+ 1, we obtain
I; + signe(A) Fiyy — F; 1+ signe(A) S(U;) + S(Uiyy)
= . (7.27)
2 Az 2 2
From ((7.26) and ([7.27) we can deduct
Foi—F : ,
i+1 T S<Ul) + S(Uerl) (728)

N 2 ’

m is a uniform discretization of the steady equation ([7.16|) which verifies the same
properties of monotony. We can then conclude that the upwinding of the source term

involves the non-oscillation of the steady state.
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