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ABSTRACT

In Pressurized Water Reactors (PWR), the heat released by the nuclear fuel is transferred to the water
flowing in the primary circuit, which is pressurized at 150 bar to avoid boiling. However, water can
sometimes reach the Onset of Nucleate Boiling (ONB) under accident conditions that can further lead
to the Boiling Crisis. At this point, an instantaneous transition between nucleate and film boiling occurs,
inducing the formation of a vapor blanket around the fuel rods which acts as a thermal insulation and
causes a rapid rise of their temperature, posing a risk of fuel cladding damage. Prediction of the Critical
Heat Flux (corresponding to Boiling Crisis occurrence) is thus a primal safety stake, currently achieved
using dedicated experimental correlations that do not include detailed description of the boiling physics.

This thesis aims to study the modeling of the boiling physics at a local scale, so-called “CFD” (Compu-
tational Fluid Dynamics), which allows simulating boiling flows using a millimeter spatial discretization.
The in-house code NEPTUNE_ CFD is the reference tool used by EDF R&D to investigate local-scale
multiphase physics.

First, simulations of boiling flows in a vertical tube are achieved using NEPTUNE_ CEFD. Results are
compared to the DEBORA experiment (flow boiling of refrigerant R12 that mimics PWR dimensionless
numbers) in conditions representative of the industrial situation. The results show a global agreement
with the measurements, but display significant discrepancies regarding bubble diameter and wall tem-
perature. The latter is computed through the wall boiling model of NEPTUNE__CFD called “Heat Flux
Partitioning”, which splits the wall heat flux between different heat transfer mechanisms (convection,
phase change, transient conduction, etc.).

The main objective of the thesis then consisted in the development of a new Heat Flux Partitioning
model in order to account for a more extensive description of the boiling phenomena, including notably
the effect of bubble sliding. A fine modeling of bubble dynamics at the wall has been proposed through a
mechanistic approach based on a force balance over the bubble. Forces at stake have been reassessed (drag,
added mass, etc.) and allowed satisfactory prediction of bubble detachment diameter as well as sliding
velocity at low and high pressure. The Heat Flux Partitioning model has been completed by conducting
a precise evaluation of the numerous required closure laws (waiting time, nucleation site density, etc.)
through comparisons with experimental measurements from the literature. The newly assembled model
has finally been validated against wall temperature measurements and implemented in NEPTUNE_ CFD.

The Critical Heat Flux prediction is anchored as a perspective of this framework. Recent experiments
showed that the Boiling Crisis can be described using physical parameters involved in the Heat Flux
Partitioning formulation. A criterion based on the proportion of wall area covered by bubbles has further
been tested using the old NEPTUNE_ CFD formulation and showed a coherent qualitative behavior.

Finally, the focus was put on a configuration consisting of a tube with mixing vanes similar to those
present in PWR cores. Results of NEPTUNE__CFD simulations showed significant discrepancy regarding
core void fraction prediction. Single-phase flow simulations of the same case displayed an overestimation
of the liquid’s rotation, which could explain the too large vapor gathering at the center for the boiling
cases.

keywords : phase change, heat transfer, fluid mechanics, multiphase flows, numerical simulations
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RESUME

Dans un Réacteur & Eau Pressurisée (REP), la chaleur dégagée par le combustible nucléaire est transférée
a l'eau du circuit primaire, pressurisée a 150 bars pour éviter son ébullition. Cependant, en situation
accidentelle, elle peut entrer en régime d’ébullition nucléée pouvant s’intensifier jusqu’a atteindre la
crise d’ébullition. Ce point de transition quasi instantané entre 1’ébullition nucléée et I’ébullition en film
entraine la formation d’une couche de vapeur stable sur les crayons combustible, associée a une forte
augmentation de leur température pariétale créant un risque de rupture de leur gaine. La prédiction du
flux critique (flux de chaleur auquel se produit la crise d’ébullition) représente donc un enjeu de siireté
majeur et est actuellement réalisée a ’aide de corrélations expérimentales spécifiques & une configuration,

n’incluant pas de représentation fine de la physique de 1’ébullition.

Cette these s’intéresse a la modélisation de la physique de I’ébullition & 1’échelle locale dite « CFD
» (Computational Fluid Dynamics), a laquelle il est possible de réaliser des simulations d’écoulements
bouillants avec une discrétisation spatiale de 'ordre du millimétre. Le code maison NEPTUNE__CFD,
proposant une description eulérienne des écoulements multiphasiques a changement de phase, est ’outil
de référence de EDF R&D pour enquéter sur ces problématiques aux échelles locales.

Dans un premier temps, des simulations d’écoulements bouillants convectifs en tube vertical sont réal-
isées avec NEPTUNE_ CFD. Des comparaisons avec expérience DEBORA (écoulement bouillant de
réfrigérant R12 en similitude REP sur plusieurs adimensionnels) ont permis une évaluation du code
dans des conditions similaires au cas industriel. Les résultats obtenus sont globalement en accord avec
Iexpérience, mais présentent des écarts notables sur le diametre des bulles et la température paroi. Cette
derniere est calculée au travers du modele d’ébullition en paroi de NEPTUNE _CFD dit a « Partition du
Flux Pariétal » (Heat Flux Partitioning), ou le flux appliqué est découpé entre plusieurs mécanismes de
transfert de chaleur (convection, évaporation, conduction instationnaire, etc.).

Le coeur des travaux de these a alors consisté en la construction d’un nouveau modele de Partition du Flux,
avec objectif une prise en compte plus fine de la phénoménologie de 1’ébullition en considérant notamment
le glissement des bulles. Une modélisation de la dynamique des bulles en paroi a été développée par une
approche mécaniste décrivant les forces appliquées sur la bulle. Les formulations de certaines forces
(masse ajoutée, trainée, etc.) ont été réévaluées et permettent une prédiction satisfaisante des diameétres
de détachement et des vitesses de glissement a basse et haute pression. Le modeéle de Partition du Flux
a été complété par une évaluation des nombreuses lois de fermetures requises (temps d’attente, densité
de sites de nucléation, etc.) par comparaison avec des mesures expérimentales tirées de la littérature. Le
nouveau modele ainsi développé a ensuite été validé par comparaison avec des mesures de température
de paroi et implémenté dans NEPTUNE_ CFD.

La prédiction du flux critique s’ancre en perspective de ces développements. Des observations expérimen-
tales récentes décrivent la crise d’ébullition a l'aide de parametres physiques inclus dans le modeéle de
Partition du Flux. Un critére basé sur la proportion de surface occupée par les bulles a été testé avec
I’ancien modele de NEPTUNE_CFD et semble proposer un comportement qualitativement cohérent.

Enfin, on s’intéresse a une configuration de type tube avec des ailettes de mélange similaires a celles
présentes en coeur de REP. Les simulations NEPTUNE__CFD montrent des écarts significatifs a I’expérience
sur la prédiction du taux de vide a coeur. Des simulations monophasiques montrent une surestimation
de la rotation du liquide, pouvant expliquer la trop grande accumulation de vapeur dans le cas bouillant.

mots-clés : changement de phase, transfert de chaleur, mécanique des fluides, écoulements multiphasiques,
simulations numériques

xii



PUBLICATIONS

CONFERENCE PROCEEDINGS

Luc FAVRE, Stéphane PUJET, Stéphane MIMOUNI and Catherine COLIN, NEPTUNE__CFD Simulations
of DEBORA-Promoteur experiments : Boiling Freon in a Vertical Pipe with Mixing Vanes, Proceedings of
the 19" International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH 19), Brussels,
Belgium, 2022

Luc FAVRE, Catherine COLIN, Stéphane PUJET and Stéphane MIMOUNI , An Analytical Approach of
Bubble Departure by Sliding in Vertical Flow Boiling, Advances in Thermal Hydraulics 2022 (ATH 2022),
Anaheim, CA, USA, 2022

JOURNAL PAPERS

Luc FAVRE, Catherine COLIN, Stéphane PUJET and Stéphane MIMOUNI, An updated force balance ap-
proach to investigate bubble sliding in vertical flow boiling at low and high pressures, International Journal
of Heat and Mass Transfer, 211, 124227, 2023, 10.1016/j.ijheatmasstransfer.2023.124227

And probably an other paper on Heat Flux Partitioning currently in preparation... ©®

xiii


10.1016/j.ijheatmasstransfer.2023.124227

CONTENTS

1

INTRODUCTION 1
1.1 Nuclear Energy in France . . . . . . . . . . . o 1
1.2 Physical and Technological Background . . . . . . . .. ... .. ... ... ........ 1
1.2.1 Pressurized Water Reactor Operation . . . . . .. ... .. ... ... . ...... 1
1.2.2 Structure and Geometry of PWR Core . . . . . . . . ... .. .. L. 3

1.3 Safety and Thermal Design of PWR . . . . . . . . ... .. . . . 5
1.4 Thermal-Hydraulics of Boiling Two-Phase Flows . . . . . ... ... ... ... ...... 6
1.4.1 Vertical Subcooled Boiling Flow Regimes . . . . . ... ... ... .. .... ... 6
1.4.2 Boiling Crisis and Critical Heat Flux in PWR . . . . . . ... ... ... ... 7
1.4.3 Boiling Curves . . . . . . . . e 8

1.5 Current Industrial Treatment of the Boiling Crisis . . . . . . ... ... ... ... ..., 9
1.6 Towards Local Predictions of the CHF Using Computational Multi-Fluid Dynamics . . . 9
1.7 Contents of This Thesis . . . . . . . . . . 10
MODELING AND SIMULATION OF BOILING FLOWS USING NEPTUNE_ CFD 12
PRESENTATION OF THE NEPTUNE_CFD CODE 13
2.1 Introduction . . . . . . . . . . e e e 13
2.2 Governing Equations for Turbulent Boiling Bubbly Flows . . . . ... ... ... ... .. 13
2.2.1 Mass Conservation . . . . . . . . .. .. 14
2.2.2 Momentum Balance . . . . .. .. . ... e 14
2.2.3 Energy Conservation . . . . . . . . . . . o 14

2.3 Imterfacial Transfers Closure Laws . . . . . . . . .. .. ... . . ... 14
2.3.1 Heat and Mass Transfers . . . . . . . . . . . . . . e 14
2.3.2 Imterfacial Forces . . . . . . . . . . . . .. 16

2.4 Turbulence Modeling . . . . . . . . . . . L 17
2.5 Wall Boiling Model . . . . . . . .. 18
2.6 Wall Function for Dispersed Boiling Flows . . . . . . .. ... ... ... ... ... 19
2.7 Conclusions . . . . . . . 20
FLOW BOILING EXPERIMENTS REPRESENTATIVE OF PWR: THE DEBORA DATABASE 21
3.1 Introduction . . . . . . . . . . e e e 21
3.2 Simulating PWR water using R12 . . . . . . . .. ... o 21
3.2.1 Conservation of the Phase Density Ratio. . . . . ... ... ... ... ... ... 22
3.2.2 Conservation of the Weber Number . . . . . . .. ... ... ... ... ...... 23
3.2.3 Conservation of the Boiling Number . . . . . . .. .. ... ... .. ... ... 23
3.2.4 Conservation of the Inlet Thermodynamic Quality . . . . . ... ... .. .. ... 23
3.2.5 Same Geometry . . . . . ... e 24
3.2.6 Transposition ranges . . . . . . . . ... Lo 24

3.3 Description of the Test Section . . . . . . . . . . .. . 25
3.3.1 Geometrical Description . . . . . . . . . ... 25
3.3.2 Measurement Instrumentation . . ... .. ... oL 25

3.4 Measurements Campaigns and Results . . . . . .. . ... ... .0 oL 28
3.4.1 Cases Nomenclature and Test Series . . . . . . . . . ... ... ... ... ..... 28
3.4.2 Verification of Control Parameters Coherency . . . . . . . . ... ... ... .... 29
3.4.3 Qualitative Analysis of the Experimental Results . . . . . . ... ... ... .... 30

3.5 Further Verification . . . . . . . . . . . L 35
3.5.1 Reconstruction of the Applied Heat Flux . . . . .. ... ... ... ... ..... 35
3.5.2 Verification of Wall Temperature Measurements . . . . . . . .. ... ... ..... 38

3.6 Conclusions . . . . . . . . L 40
NEPTUNE__CFD SIMULATIONS OF DEBORA CASES 41
4.1 Introduction . . . . . . . . . . L 41
4.2 Simulation Setup . . . . . . .. 41
4.3 Mesh Sensitivity Study . . . . . ..o L 42
4.4 (C800 Cases Simulations : Thermal Measurements . . . . . . . . . ... ... ... ..... 43

Xiv



11

CONTENTS

4.4.1 High Subcooling Cases . . . . . . . . . . . 43
4.4.2 Low Subcooling Cases . . . . . . . . .« e 44
4.4.3 Saturated Cases . . . . . . . . ... e 45

4.5 (C3000 Cases Simulations : Topology Measurements . . . . . . . . ... ... ... ..... 46
4.5.1 Subcooled Boiling Cases . . . . . . . . .. .. e 46
4.5.2 Saturated Boiling Cases . . . . . . . . ... e 47

4.6 Simulations Sensitivity Tests . . . . . . . . .. L 48
4.6.1 Sensitivity to Wall Heat Flux Correction . . . . . . . .. ... .. ... ... .... 48
4.6.2 Influence of a Wall Boiling Parameter : the Nucleation Site Density . . . . . . . . . 50

4.7 Conclusion . . . . . . .. e e 51
DEVELOPMENT OF A NEW WALL HEAT FLUX PARTITIONING MODEL 54
INTRODUCTION TO HEAT FLUX PARTITIONING 55
5.1 Imtroduction . . . . . . . . . L 55
5.1.1 Empirical Approaches . . . . . . . . . .. 55
5.1.2 First Heat Flux Partitioning Approaches . . . . . . . . . . ... ... ... ..... 56

5.2 Kurul & Podowski (1990) . . . . . . . . . 57
5.3 Basu, Warrier & Dhir (2005) . . . . . . .o 58
5.3.1 Case 1l :Bubble Sliding, Dg < s. . . . . . . i i it 60
5.3.2 Case 2 : Bubble Coalescence without Sliding, Dg>s . . . . . . .. .. .. ... .. 61

5.4 Gilman (2017) . . . . . L e 61
5.5 Kommajosyula (2020) . . . . . . . .. 63
5.6 Conclusion . . . . . . . e 65
BOILING BUBBLE DYNAMICS 66
6.1 Introduction . . . . . . . . . . . e 67
6.1.1 Experimental Insights . . . . . .. ... o oo 67
6.1.2 Existing Approaches . . . . . . . ... 69

6.2 DBubble Force Balance in Vertical Flow Boiling . . . .. ... ... ... ... ....... 73
6.2.1 Introduction . . . . . . . . . 73
6.2.2 General Considerations . . . . . . . . . ... 74
6.2.3 Buoyancy and Contact Pressure Forces . . . . ... .. .. ... ... .. ..... 75
6.2.4 Capillary Force . . . . . . . . . . 75
6.2.5 Dragand Lift Forces . . . . . . . . . . .. o 76
6.2.6 Inertia Force . . . . . . . . . e 81
6.2.7 Force Balance Summary . . . . . . . . ..o 83
6.2.8 Liquid Velocity . . . . . . . o . o 84

6.3 Bubble Growth . . . . . . . .. 86
6.3.1 Introduction . . . . . . . . . 86
6.3.2 Heat Diffusion in Uniformly Superheated Liquid . . . . .. ... ... ... .... 86
6.3.3 Microlayer Evaporation . . . . . . . . . ... o 87
6.3.4 Bubble Growth in Subcooled Flow Boiling . . . . . . . ... ... ... ....... 88
6.3.5 Analytic Approach of Bubble Growth in a Linear Thermal Boundary Layer . . . . 90
6.3.6 Comparison with DNS Results . . . . ... ... ... ... .. ... ..., 92
6.3.7 Comparison with Experimental Measurements . . . . . . . . .. ... .. ..... 92
6.3.8 Conclusions on Bubble Growth Modeling . . . ... ... ... ... ........ 96

6.4 Departure by Sliding . . . . . . . . . L 96
6.4.1 Non-Dimensional Analysis . . . . . . . . ... ... 96
6.4.2 Application to Experimental Data . . . . . .. ... ... ... ... ... ..., 99
6.4.3 Departure Diameter Prediction . . . . . . . ... ... oo oL 101
6.4.4 Discussion and accounting for parameters uncertainties . . . . . .. .. ... ... 103

6.5 Sliding phase . . . . . . . L e 105
6.5.1 Modeling . . . . . .. 105
6.5.2 Low Pressure Sliding . . . . . . . . . . . L 105
6.5.3 High Pressure Sliding . . . . . . .. . . .. 105
6.5.4 Comparison of Forces in Sliding Stage . . . . . .. . . ... .. ... ... ... 107

6.6 Bubble Lift-Off . . . . . . . . . e 109
6.6.1 Introduction . . . . . . . . . . 109

6.6.2 Experimental Measurements of Lift-Off Diameter . . . . . . . .. ... ... .... 111

XV



CONTENTS
6.6.3 Influence of the Flow Boiling Conditions . . . . . . . . ... ... ... ....... 111
6.6.4 Predicting the Lift-Off with a Force Balance . . . . . . . . .. .. ... ... .... 113
6.6.5 A Simple Non-Dimensional Correlation . . . . .. .. ... ... ... .. ..... 114
6.6.6 Conclusion on the Lift-Off . . . . . . . ... ... . o 115
6.7 Conclusion . . . . . . . . 117
CLOSURE LAWS AND CONSTRUCTION OF A NEW HEAT FLUX PARTITIONING MODEL 118
7.1 Imtroduction . . . . . . . .. L 118
7.2 Single-Phase Heat Transfer Coefficient . . . . . . . . ... ... ... ... ... ... 119
7.3 Nucleation Site Density . . . . . . . .« L e 121
7.3.1 Existing Correlations . . . . . . . . ... 122
7.3.2 Comparison with Experimental Measurements . . . . . . .. ... ... ... ... 124
7.4 Growth time . . . . . . . . . e e e 126
7.5 Waiting Time . . . . . . . . . o e e e 126
7.5.1 Existing Models . . . . . . .. 126
7.5.2 Experimental Measurements . . . . . . . .. ... Lo 128
7.5.3 Evaluation of the Models . . . . . . . . . . ... ... ... ... 130
7.6 Considerations on Bubble Interactions and Nucleation Sites Deactivation . . . . ... .. 131
7.6.1 Nucleation Site Distribution . . . . . . . . .. ... oL o 131
7.6.2 Static Deactivation . . . . . . . . . . . L e e 133
7.6.3 Static Coalescence . . . . . . . . . 134
7.6.4 Sliding Coalescence . . . . . . . . . . . o e 135
7.7 Bubble Sliding Length . . . . . . . . . .. 136
7.8 Single Bubble Quenching Area . . . . . . . ... 139
7.9 Assembling a New Heat Flux Partitioning . . . . . . . . ... ... ... ... .. ..... 140
7.9.1 Liquid Convective Heat Flux . . . . . . . . . ... .. .. ... .. ... ...... 140
7.9.2 Static Coalescence Evaporation Heat Flux . . . . . . . ... ... ... ....... 141
7.9.3 Sliding Coalescence Evaporation Heat Flux . . . . ... ... ... ... ...... 141
7.9.4 Quenching Heat Flux . . . . . . . ... .. . 141
7.9.5 Vapor Convective Heat Flux . . . . . . . . . ... .. .. ... .. .. ....... 142
7.9.6 Liquid Convection Area . . . . . . . . . . .. 142
7.9.7 Model Summary . . . ... oL 142
7.10 Conclusion . . . . . . . . . e e e e e e 145
VALIDATION OF THE HEAT FLUX PARTITIONING MODEL 147
8.1 Detailed Comparison and Assessment of the Heat Flux Partitioning . . . . ... ... .. 147
8.1.1 Active Nucleation Site Density . . . . . . . . . ... ... ... 148
8.1.2 Wait Time, Growth Time, Quenching Time and Nucleation Frequency . . . . . . . 148
8.1.3 Single Bubble Area and Total Bubble Area . . . . . ... ... ... ........ 149
8.1.4 Flux Proportions and Wall Superheat . . . .. ... ... ... ... .. .. .... 151
8.2 Wall Temperature Predictions . . . . . . . . . . . . .. 152
8.2.1 Kossolapov Data . . . . . . .. .. 152
8.2.2 Jens-Lottes Data . . . . . . . . . . . . . 155
8.2.3 Kennel Data . . . . . . . . e 158
8.3 Validation for DEBORA Experiment . . . . . . . . . ... .. ... ... ... ... 159
8.4 Conclusions . . . . . . . . . L 159
PERSPECTIVES TOWARDS CRITICAL HEAT FLUX PREDICTION 161
9.1 Previous Modeling of the Boiling Crisis . . . . . . . .. ... .. ... ... ... 161
9.1.1 Empirical Approaches . . . . . . . . . .. 161
9.1.2 Physical Phenomenology Approaches . . . . . . . . ... ... ... ... .. ... 161
9.2 Recent Approaches and Advances for CHF Prediction . . .. .. ... ... ... ..... 164
9.2.1 Dry Patch Formation . . . ... ... . ... .. 164
9.2.2 Model of Baglietto, Demarly & Kommajosyula [5] : Stability of the Heat Flux
Partitioning . . . . . ... L 165
9.2.3 Model of Zhang, Seong & Bucci [178]: Bubble Interaction and Scale-Free Footprint
distribution . . . . . ... e e e 165
9.3 Simple test of the Zhang Criterion . . . . . . ... . ... L o 166

9.4 Conclusions . . . . . . . . 167

Xvi



CONTENTS

III TOWARDS THE INDUSTRIAL GEOMETRY 169
10 TUBE WITH MIXING VANES : DEBORA-PROMOTEUR AND AGATE-PROMOTEUR EX-
PERIMENTS 170
10.1 Introduction . . . . . . . . . L e 170
10.2 DEBORA-Promoteur . . . . . . . . . . . . . e 170
10.2.1 Test Section and Experimental Campaigns . . . . . . ... ... ... ... .... 170
10.3 AGATE-Promoteur . . . . . . . . . . o e e e 172
10.4 Analysis of the DEBORA-Promoteur Experimental Measurements . . . . . ... ... .. 173
10.4.1 Estimation of the Bubble Diameter . . . . . . . . . . . . . . . ... ... .. .... 175
10.5 Conclusions . . . . . . . .t i e e 177
11 NEPTUNE__CFD SIMULATIONS OF DEBORA-PROMOTEUR AND AGATE-PROMOTEUR
CASES 179
11.1 NEPTUNE CFD simulations of DEBORA-Promoteur cases . . . . . ... ... ..... 179
11.1.1 Simulation Setup . . . . . . . . . 179
11.1.2 Results . . . . . . . 180
11.2 NEPTUNE_CFD simulations of AGATE-Promoteur cases . . . . . . . . . ... ...... 182
11.2.1 Simulation Setup . . . . . . . . oL 182
11.2.2 Results . . . . . . . 184
11.3 Regarding CHF Detection in Mixing Vanes Geometry . . . . . ... ... ... ...... 188
11.4 Conclusions . . . . . . . . o 0 e e e 190
12 GENERAL CONCLUSION AND PERSPECTIVES 191
12.1 Conclusions . . . . . . . . . o e e e 191
12.2 Perspectives . . . . . . . Lo 193

BIBLIOGRAPHY 196

xvii



LIST OF FIGURES

Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10
Figure 1.11
Figure 1.12

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9

Figure 4.10
Figure 4.11

Figure 5.1

Sketch of a Pressurized Water Reactor [44] . . . . . ... ... ... ... ... .. 2
Picture of the Reactor Pressure Vessel of the Finnish European Pressurized Reac-

tor [125], @Areva . . . . . ... 3
Sketch of a full nuclear fuel assembly and rod. [32] . . . ... ... ... ..... 4
Picture of a fuel rod during a control test. [81] . . . . . . .. ... ... ... 4
Picture of a fuel assembly grid. [173] . . . . .. ... ... L. 5
Model of a 5 x 5 grid (scale 5:1) from EDF Lab Chatou. Mixing vanes circled in

red, dimples in green and springs in orange. . . . . . . . ... ... 5
Sketch of the different vertical flow boiling regimes in a vertical tube at low heat

flux from Collier & Thome (1994, [29]). Here, = denotes the local thermodynamic

quality noted weq inthe text. . . . ... oo oo oL 6
Experimental shadowgrams from Bloch et al. [11] of the flow boiling at CHF for

a 27 K subcooled liquid flowing upwards at 0.6 m/s and atmospheric pressure. . . 7
Visualization of a DNB-type boiling crisis on a rod with a mixing grid by Liu et

al. [104]. The fluid is R134a at P = 2184 kPa, G = 2076 kg/m?/s , Tsat — TL in =

22.8°C. The insulating vapor blanket is clearly visible upstream the mixing grid. . 8
Example of Nukiyama / boiling curve for water from [45]. Here ¢ denotes the

wall heat flux. . . . . . . .. . 8
Damaged electrically heated components (used for CHF experimental tests in

PWR conditions) after the boiling crisis (from CEA Omega experiment [44]). . . 9
Sketch of a sub-channel in a rod bundle (dashed lines). The equivalent hydraulic

diameter here is Dy, = 11.78 mm. . . . . . . . .. ... 10
Density ratio of pressurized R12 and water . . . . . . . . ... ... ... .. ... 22
Weber number for R12 and water at G = 2000 kg/m?/s and R =0.1 mm . ... 23
Boiling number for R12 and water at G = 2000 kg/m?/s . . . . .. ... ..... 24
Sketch of the DEBORA test section. Adapted from [53]. . .. ... ... ... .. 26
Example of Phase Indicator Function signal . . . . . ... ... ... ... .... 26
Picture of the bi-optical probe with a zoom over the two optical fibers. Reproduced

from [64]. . . . . 27
30G2P26W16 and 29G2P26W16 results. Vapor velocity for C2900 cases is esti-

mated using Eq. 3.8. . . . . L 31
8G2P26W16 results . . . . . . . oL 32
30G2P14W16 and 29G2P14W16 results . . . . . . . . . . . ... 33
8G2P14W16 results . . . . . . . oL 34
Interpolation profiles for cases Te66 (Table 3.7). . . . . . ... ... ... .. ... 37
Correlations comparison with P14 cases. . . . . . . . . . .. .. ... ... ..., 38
Correlations comparison with P26 cases. . . . . . . . . .. ... ... ... .... 39
View of the computational domain. . . . . . . . ... ... ... ... ....... 42
View of the radial meshes. . . . . . . . .. .. .o 42
Mesh sensitivity study for 30G2P26Te66.6 case . . . . . . . ... ... ... ... 43
Simulation results for cases 8G2P26W16Te31. 5& Ted44.9 . . . . . . . . . . .. .. 44
Simulation results for cases 8G2P26W16Teb55.7 & Te61.5 . . . . . . . . . . .. .. 45
Simulation results for cases 8G2P26W16Te66.6 & Te70.3 . . . . . . . ... .. .. 46
Simulation results for cases 30G2P26W16Te62 & Te64 . . . . . . . . .. .. ... 47
Simulation results for cases 30G2P26W16Te66 & Te70 . . . . . . . . .. .. ... 48
Simulation results for cases 8 G2P26W16Te66.6 & Te70.3 with corrected wall heat

lux . . . 49

Simulation results for cases 30G2P26W16Te66 & Te70 with corrected wall heat flux 50
Simulation results for case 8G2P26W16Te55.7 using different nucleation site den-

sity correlations . . . . . ... oL 52
Sketch of the HFP considered by Kurul & Podowski (by Manon [109]). . . . . . . 57

xviii



Figure 5.2

Figure 5.3
Figure 5.4
Figure 6.1
Figure 6.2
Figure 6.3

Figure 6.4
Figure 6.5

Figure 6.6
Figure 6.7
Figure 6.8
Figure 6.9
Figure 6.10

Figure 6.11
Figure 6.12

Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16
Figure 6.17
Figure 6.18
Figure 6.19
Figure 6.20
Figure 6.21
Figure 6.22
Figure 6.23
Figure 6.24
Figure 6.25
Figure 6.26
Figure 6.27
Figure 6.28
Figure 6.29

Figure 6.30
Figure 6.31

Figure 6.32
Figure 7.1

Figure 7.2

List of Figures

Sketch of the heat transfers zones and bubble behavior considered by Basu et al..

(Adapted from [7]). @ represents the heat transfer. . . . .. ... ... ... ... 59
Heat Flux Partitioning mind-map description by Gilman [58] (Adapted from [59]). 62
Heat Flux Partitioning considered by Kommajosyula [89]. . . . . . ... ... .. 63
Visualization of bubble sliding at various pressures. . . . . . . .. ... ... ... 67
Visualization of bubble sliding thermal impact. . . . . ... ... ... ... ... 68

Sketch of a typical bubble lifetime in vertical flow boiling. Left depicts a typical
side view of the heater with identification of departure, sliding and lift-off. Right
depicts a top view of the heater, exhibiting the area that will undergo transient
heat transfer. . . . . . . . .. 68
Values predicted by the diameter correlations for water. AT, = 10°C, G =

1000 kg/m?/s, 0 = 40° and Dy, = 10 mm. . . . . . . ..o 71
Sketch of the forces applied to the bubble facing an upward flow Us, and sliding

at velocity Up . . . . v o 74
Physical situation considered by Shi et al. [147]. . . . . . . .. ... L. 7
Drag correction from Shi et al. [147]. . . . . . . ... o o 78
C, computed using Shi et al. correlation. . . . . . . .. ... Lo 80
Values of the computed added mass coefficients in Eq. 6.64 and 6.66. . . . . . . . 83
Microlayer appearing beneath the bubble in DNS conducted by and adapted from

Urbano et al. [163]. . . .« . . . o 88
Studied geometry . . . . ... 90
Comparison with DNS results of Urbano et al. [162] (0 = 3mm and 6 = 50°).

Lines : Model predictions - Markers : DNS . . . . . ... ... ... ....... 93

Comparison with experimental measurements of Maity [108].. . . . .. . ... .. 93

G, = 239.6 kg/m?/s, AT, =5.9K, AT, = 03K . .. ... ... ......... 94
Comparison with experimental measurements of Kossolapov [90]. AT, values are
recalculated from analytic growth profiles fitted by the author.. . . . . . . . . .. 95
Regime map regarding departure by sliding. Boundaries plotted for water at 1 bar
and Dg=05mm. (K =2) . . . . ... 97
Regime map plotted for water at different pressures and bubble departure diam-
eters. (K =2) . . . . . . 98
Regime map for R12 as simulating fluid for PWR. D; = 0.05mm is chosen ac-
cording to R12 measurements from Garnier et al. [53] who observed bubbles of
~ 0.1mm diameter after lift-off. The same value is taken for water. (K =2) ... 98
Regime maps for each water data sets from Table 6.3.. . . . . . . ... ... ... 100
Predicted bubble departure diameters. £50% error bars are indicated. . . . . . . 102
Initially assumed, real and reassessed bubble shape for Sugrue cases (picture
adapted from [152]). . . . . .. L 103
Proposed model performance while accounting for contact angle uncertainties . . 104
Bubble sliding velocity predictions on Maity cases . . . . . . . . . . ... .. ... 106
Bubble sliding length predictions on Kossolapov cases - P =20bar . . . . . . .. 107
Bubble sliding length predictions on Kossolapov cases - P =40 bar . . . . . . .. 108
Amplitude of each force during sliding . . . . . . . . . ... ... ... ...... 108
Visualization of bubble lift-off in horizontal boiling conducted by and adapted
from Maity [108]. The detachment the the bubble base from the surface is clear
in the last frame. . . . . . . . ... 109
Visualization of bubble lift-off in vertical boiling. The moment when bubble leaves
the surface appears less clearly than for horizontal boiling. . . . . . ... ... .. 110
Visualization of boiling surfaces in vertical boiling, where single bubble lift-off is
not systematically observed. . . . . . . ... L L Lo 110
Evolution of Dj,/ L. depending on the flow conditions. . . . . . .. ... ... .. 113
Prediction of Eq. 6.115 versus data from Table 6.5. Value of K = 0.24 (same as
in Figure 6.22) was used and only converged points are presented. . . . . . . . . . 115
Comparison of simple direct correlations with data from Table 6.5. . . . . . . .. 116

Predictive capability of wall temperature by single-phase heat transfer correla-
tions. £3K error bars indicated. . . . . . . .. .. Lo Lo 120
Predictive capability of wall temperature by NCFD law and Gnielinski correlation
including corrections. +£3K error bars indicated (dashed lines).

Xix



Figure 7.3

Figure 7.4
Figure 7.5

Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11
Figure 7.12

Figure 7.13

Figure 7.14
Figure 7.15

Figure 7.16
Figure 7.17

Figure 7.18
Figure 8.1

Figure 8.2
Figure 8.3
Figure 8.4
Figure 8.5
Figure 8.6
Figure 8.7
Figure 8.8
Figure 8.9
Figure 8.10
Figure 8.11
Figure 9.1
Figure 9.2
Figure 9.3

Figure 9.4
Figure 9.5

List of Figures

HSV Visualization of bubble density at various pressures adapted from Kossolapov
[90] (left to right: 1.01 bar, 3 bar, 19.8 bar, 75.8 bar). . . . . ... ... ... .. 122
Sketch of the link between bubble contact angle and wettability / cavity flooding 123
Predictions of the chosen models against the experimental data of Table 7.3 with

+50% error bars. The contact angles . . . . . . .. ... ... ... ... .. ... 125
Evolution of the wait time values with the wall Jakob number. . . . . . . . . . .. 129
Evolution of the product t,, X f with the reduced Jakob number. . . . ... ... 130
Predictions using the correlations. +50% dashed lines are represented. . . . . . . 130
Yeoh et al. formulation of ¢,, with Han & Griffith cavity radius. £50% dashed

lines are represented. . . . . . ... Lo e 131

Nucleation site distribution by and adapted from Kossolapov [90]. Red circles rep-
resent the active sites positions with diameter increasing with the site’s nucleation
frequency. . . . ... 132
Examples of experimental nucleation sites distribution in flow boiling. . . . . . . 133
Sketch of the geometrical overlapping leading to static deactivation. Bubbles in
red can not be accommodated on the surface due to their site laying below an

existing bubble. . . . . ... L 134
Static deactivation correction tested with Hibiki & Ishii and Li et al. correlations
for water at 40 bar, f = 200 Hz, t; 4 = 0.1 ms, § = 80° and Ry = 0.0l mm. . .. 135
Sketch of the static coalescence phenomenon. . . . . . .. ... ... ... .... 135
Static coalescence probability with corrected Li et al. for water at 40 bar, f =
200 Hz, tgq=01msand 0 =80° . ... ...................... 136
Comparison of sliding distance estimations with Kossolapov measurements [90].
NSD was estimated using Li et al. correlation (Eq. 7.11). . . . . .. ... ... .. 137
Quenching area shape depending on the relation between Ry, Rj, and [, if the
bubble do not experience multiple coalescence while sliding. . . . .. ... .. .. 139
Sketch of all the considered heat transfers for the new HFP model. . . . . .. .. 140
Comparison of active nucleation site density with and without a correction for Li
et al. formulation. . . . . . ..o 148
Comparison of bubble nucleation frequency, wait time, average growth time and
quenching time. . . . . . . . ..o 149
Comparison of average area visited by a bubble and total wall fraction area im-
pacted by bubbles (footprint or transient conduction). . . . . ... ... ... .. 150
Bubble radiuses, sliding length and distances between sites. . . . . ... ... .. 150
Comparison of the resulting heat flux partitioning along with the boiling curve. . 151

Comparison with measured boiling curves from Kossolapov [90]. ATy, = 10°C and
G = 1000 kg/m?/s. ¢, axis is sometimes set to logarithmic scale if a HFP model

largely overcomes the experiment. . . . . . . . .. ... L oL 153
Wall temperature predictions achieved by the different HFP models on Kossolapov
data. £50% error bars in dashed lines. . . . .. ... ... ... .......... 154
Comparison with measured boiling curve by Jens & Lottes [78]. P = 138 bar,
G = 2600 kg/m?/s, ATy, = 64°C. . . . . . .. 155
Wall temperature predictions achieved by the different HFP models on Jens data.
+50% error bars in dashed lines. . . . . ... ... ... ... ... ... 157
Wall temperature predictions achieved by the different HFP models on Kennel
data. £50% error bars in dashed lines. . . . . ... ... ... ........... 158
Comparison of different HFP and NCFD simulation on the 8G2P26W16Ted9
DEBORA case. . . . . . . . e 159
Sketch of the boiling crisis description by Zuber [183]. [, and Aj are respectively
the Rayleigh-Taylor and Kelvin-Helmholtz instability wavelengths. . . . . . . .. 162

Sketch of the boiling crisis description by Lee & Mudawar. Here, the boiling crisis
is supposed to be triggered when the evaporation rate of the sublayer exceeds the

entering liquid flux (7. e. when velocity Uy — Uy, approaches 0). . . . .. ... .. 163
Sketch of the boiling crisis description by Weisman & Pei. . . . . . . .. ... .. 163
Sketch of the dry patch formation mechanism by and adapted from Ha & No [69]. 164
Nustration of CHF prediction by Baglietto et al. [5]. . . . . . ... .. ... ... 165

XX



Figure 9.6

Figure 9.7

Figure 10.1
Figure 10.2
Figure 10.3
Figure 10.4
Figure 10.5
Figure 10.6
Figure 10.7
Figure 10.8

Figure 10.9
Figure 11.1
Figure 11.2
Figure 11.3
Figure 11.4
Figure 11.5
Figure 11.6

Figure 11.7
Figure 11.8

Figure 11.9
Figure 11.10

Figure 11.11

Figure 11.12

List of Figures

Example of Monte-Carlo simulation of the bubble clustering process, by and
adapted from [178]. G and SG respectively denote the largest and second largest
bubble clusters. . . . . . .. L 166
Value of the CHF triplet for the DEBORA case 30G2P26W16Te70 (Chapter 4).
The heat flux applied corresponds approximately to 90% of the CHF in those

conditions [47] and the wall void fraction approaches 40% (Figure 3.7a). . . . . . 167
Picture of the mixing device. (Adapted from [46]) . . . . . . ... ... ... ... 171
Description of the DEBORA-Promoteur experiment. . . . . ... .. ... .... 171
Covered measurements positions in AGATE-Promoteur experiment. . . . . . . . . 173
Experimental results from the 48G3P26WA series. . . . . .. ... ... ..... 174
Experimental results from the 52G3P26WA series. . . . . . . . ... ... .... 174
Experimental results from the 52G3P26WB series. . . . . .. .. ... ... ... 175

Relative difference of interference frequency for the two probes. . . . .. ... .. 176
Average relative importance of radial velocity to axial velocity in AGATE-Promoteur

experiment. Black dotted lines denotes the position of the MV. . . .. ... . .. 176
Estimation of bubble diameter on C5200 measurements series. . . . . . . . . . .. 177
Meshing of the mixing vanes region. . . . . . . . . . . . . . ... ... ... ... 180

NCEFD results on the DEBORA-Promoteur cases. MV at 23.5 Dy, and 10 Dyrespectively

correspond to C4800 and C5200 cases. . . . . . . . . v v it 181
Sensitivity test on case 48G3P26WATe75 leaving only the drag force in the inter-

facial momentum closure. . . . . . .. ..o 182
Fine meshing of the mixing vanes region for the LES calculation. . . .. ... .. 183
Results for z =0.8 Dy, . . . . . . . . e 184
Visualization of the radial velocity field and ratio between radial and axial velocity

obtained with the LES, z = 1 Dy, downstream the MV. . . . . . .. .. ... ... 185
Results for z =10.4 Dy, . . . . . . . . 185

Visualization of the radial velocity field and ratio between radial and axial velocity
obtained with the LES, z = 10 D}, downstream the MV. . . . . .. .. ... ... 186

Results for z =22.9 Dy, . . . . . . 187
Visualization of the radial velocity field and ratio between radial and axial velocity
obtained with the LES, z = 23 D}, downstream the MV. . . . ... .. ... ... 187
Visualization of the CHF triplet value around the first grid. (Computation results
courtesy of Vladimir Duffal) . . . . .. ... ... L 189

Visualization of the CHF triplet value around the second grid. (Computation
results courtesy of Vladimir Duffal) . . . . ... ... ... ..o 0L 189

XX1



LIST OF TABLES

Table 2.1
Table 3.1
Table 3.2
Table 3.3
Table 3.4

Table 3.5
Table 3.6
Table 3.7

Table 3.8
Table 4.1
Table 4.2
Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 7.1

Table 7.2
Table 7.3
Table 7.4

Table 7.5
Table 7.6
Table 8.1

Constant values for the SSG model in NEPTUNE _CFD . . ... ... ......
Water and R12 saturation properties. . . . . . . . . . . . ... ...
Water R12 scaling, R = 0.0lmm for We . . . ... ... ... ... .......
Uncertainties for DEBORA results [33,64] . . . . . .. ... ... ... ......
Test matrix of the DEBORA cases. (): C800 - 57: C2900 - A: C3000. Campaigns
in the same matrix cell usually cover the same range of outlet quality Zeg,out 9. €
inlet temperature I7 ;. . . . . . . . ...
Recalculated control parameters for the 30G2P14W16 cases. (Tsqr = 58.07°C)
Recalculated control parameters for the 30G2P26W16 cases. (Tsqr = 86.81°C)
Similar conditions cases between the C3000 and C800 campaigns. Outlet quality
calculated with Eq. 3.9.. . . . . . .. .
Heat flux recalculation results . . . . . . . . . . ... ... L.
Mesh parameters . . . . . . . . Lo e
Corrected heat fluxes applied in the simulations . . . . . .. .. ... ... ....
Summary of the presented correlations . . . . . . . .. .. ... ... ... ...
Summary of different force-balance mechanistic approaches. . . . . ... ... ..
Bubble departure diameters data sets in vertical flow boiling . . . . . .. ... ..
Average relative error reached by the models. . . . . .. .. ... ... ..
Bubble lift-off diameters data sets in vertical flow boiling . . . . . . ... ... ..
Experimental data range of wall temperature measurements from the single-phase
part of boiling curves. Ny,s is the number of measurements of each data set.
Average errors achieved by the considered models on each data sets. . . . . . . ..
Nucleation Site Density data in flow boiling . . . . . ... ... ... ... ....
Bubble wait time data in vertical flow boiling. Wall superheat values for Richen-
derfer data are estimated using Frost & Dzakowic correlation (Eq. 6.109).
Summary of the HFP model closure laws . . . . . . . ... ... ... .......
Summary of the HFP model formulation . . . . .. .. ... .. ... ... ....
Experimental data range of wall temperature measurements in the boiling region.

xXxii

28
30
30

36



NOMENCLATURE

Acronyms
ASN
BC
BDD
BDF
CEA
CFD
CHF
CMFD
DNB
DNBR
DNS
EDF
HFP
IRSN
LES
LOCA
LSD
MV
NSD
ONB
Oosv
PWR
RANS
RMS
RPE
RPV
Greek Symbols
!

]

Autorité de Stireté Nucléaire
Boiling Crisis
Bubble Departure Diameter

Bubble Departure Frequency

Commissariat & Energie Atomique et aux Energies Alternatives

Computational Fluid Dynamics
Critical Heat Flux

Computational Multi-Fluid Dynamics
Departure from Nucleate Boiling
Departure from Nucleate Boiling Ratio
Direct Numerical Simulation
Electricité De France

Heat Flux Partitioning

Institut de Radioprotection et de Stireté Nucléaire
Large Eddy Simulation

Loss of Coolant Accident

Liquid Sublayer Dryout

Mixing Vanes

Nucleation Site Density

Onset of Nucleate Boiling

Onset of Significant Void

Pressurized Water Reactor

Reynolds Averaged Navier-Stokes
Root Mean Square

Rayleigh-Plesset Equation

Reactor Pressure Vessel

Volumetric fraction (or void fraction for vapor) [-]
Thickness [m]

Thermal diffusivity [m? /s

Interfacial Mass Transfer [kg/m?/s]

Shear rate [s7!]

xxiii



AN

R

o
Ti j

0, déd

0;

Latin Symbols
ATy, = [T — Tsat|
P

w

T

n

A

S
]

Q - = = U

Nomenclature

Thermal conductivity [W/m/K]

Dynamic viscosity [Pa.s]

Kinematic viscosity [m?/s]

Heat power [W)]

Heat flux [J/m? /s

Density [kg/m?]

Surface tension [J/m?]

Stress tensor components [N/m?]

Contact angle and half-hysteresis [° or rad]

Bubble inclination angle [° or rad]

Temperature difference to saturation (superheat or subcooling) [K]
Probability

Lambert’s W-function

Identity tensor [-]

Normal unit vector [-]

Area [m?] or area fraction [-]

Interfacial area concentration [m™!]

Added Mass coefficient [-]

Drag coefficient [-]

Lift coefficient [-]

Isobaric heat capacity [J/kg/K]

Diameter [m]

Kinetic energy [J]

Force [N]

Frequency [s71]

Mass flux [kg/m?/s]

Gravity acceleration [m?/s]

Enthalpy per unit of mass [J/kg] or heat transfer coefficient [W/m? /K]
Latent heat of vaporization [J/kg]

Bubble growth constant [-]

Length [m)]
Capillary length [m]

Distance between two PWR grids [m]
Bubble sliding length [m]

Bubble density [m~!]

XXiv



Nsit,a
Nsit

Tw

Tw

—
® =
B

a < =l

()

Dimensionless Numbers

buw
B =
°= Ghuy
Ca = PLUL
g
. 2
g — (PL=pV)gR

g

Nomenclature

Active nucleation site density [m™!]
Nucleation site density [m™1]

Pressure [bar]

Interfacial heat transfer [J] or [J/m?]
Interfacial heat flux density [J/m?]

Bubble radius or tube radius [m]

Radial coordinate [m]

Bubble curvature radius [m]

Reynolds stress tensor components [m? /s?]
Bubble foot radius [m]

Bubble wall contact radius [m]

Surface [m?]

Temperature [K]

Time [s]

Velocity [m/s]

Wall friction velocity [m/s]
Relative velocity [m/s]
Volume [m?]

Thermodynamic quality [-]

Axial coordinate [m]

Lagrangian derivative

Time derivatives
Time-averaging
Surface-averaging
Phase-averaging
Tensor product
Tensor

Divergence operator
Gradient operator

Vector

Boiling number [-]
Capillary number -]

Eotvos number [-]

XXV



Nomenclature xxvi

Fr = % Froude number [-]
(b —pv) gR
Ja = prep AT Jakob number [-]
pvhry
Ja* = cp.LAT Reduced Jakob number [-]
hry
Nu = hTL Nusselt number [-]
Pe = Re x Pr Péclet number [-]
Pr= % Prandt]l number [-]
Rep = Ur;il;% Bubble Reynolds number [-]
Rep, = % Liquid bulk Reynolds number [-]
Sr = 2R Non-dimensional shear rate [-]
[Uret
We = C;QUL Weber number [-]
yt = yzZT Non-dimensional wall distance [-]
Subscripts
1b Single bubble
T Wall shear
A Axial
AM Added-Mass
b Bubble
c Forced Convection
calc Calculated
coal Coalescence
D Drag
d Departure or Downstream
e Evaporation
exp Experimental
fc Forced convection
g Growth
h Hydraulic
i Interfacial
n Inlet or Initial
L Liquid or Lift

lo Lift-off



mes
ML

mod

sat
sit
sl
SP

st

TD

tot

Mixture
Measurements
Micro-layer
Model
Quenching
Radial
Saturation
Nucleation site
Sliding

Single phase
Static
Turbulent
Turbulent Dispersion
Total
Upstream
Vapor

Wall or wait

Nomenclature

xxvii



INTRODUCTION

Contents
1.1 Nuclear Energy in France . . . . . . . .. .. . . L L oo 1
1.2 Physical and Technological Background . . . . . . . . ... ... ... .. ....... 1
1.2.1 Pressurized Water Reactor Operation . . . . . . . ... .. .. ... . ..... 1
1.2.2  Structure and Geometry of PWR Core . . . . . . . ... ... ... ... ... 3
1.3 Safety and Thermal Design of PWR . . . . . ... ... ... .. ... 5
1.4 Thermal-Hydraulics of Boiling Two-Phase Flows . . . . . ... ... ... ... .... 6
1.4.1 Vertical Subcooled Boiling Flow Regimes . . . . . . .. ... ... ... .... 6
1.4.2 Boiling Crisis and Critical Heat Flux in PWR . . . . .. ... ... ... ... 7
1.4.3 Boiling Curves . . . . . . . . e 8
1.5 Current Industrial Treatment of the Boiling Crisis . . . . . . .. ... ... .. .... 9
1.6 Towards Local Predictions of the CHF Using Computational Multi-Fluid Dynamics 9
1.7 Contents of This Thesis . . . . . . . . . ... 10

1.1 NUCLEAR ENERGY IN FRANCE

In 2020, France had a total of 136.2 GW of installed electrical power plants with a total production over
the year of 500.1 TWh, 67.1% of which coming from nuclear reactor. Actually, nuclear energy plays a
pivotal role in France’s electrical mix since the 1950’s and is promoted as a mean to reduce the global
carbon dioxide emissions of the country’s energy production. The french government currently plans to
build a total of six new nuclear reactors before 2050.

1.2 PHYSICAL AND TECHNOLOGICAL BACKGROUND
1.2.1  Pressurized Water Reactor Operation

Pressurized Water Reactors are the only type of nuclear power plants operated in France for electricity
production. A simplified sketch of a PWR is presented on Figure 1.1.

1.2.1.1  Primary Loop

The primary loop aims to collect the thermal energy expelled by the fission reactions within the nuclear
fuel rods. The water flowing through the core gathers this energy and transfers it towards the vapor
generator, while ensuring a moderating effect to maintain the nuclear chain reaction in the fuel. The
primary loop is fully closed and operates at a pressure around 155 bar, a temperature of 300°C and mass
flow rates between 3000 and 5000 kg/m? /s (approximately 20 tons per second) at the core inlet.

The reactor vessel is fed with water by numerous pumps, each of them being connected to its own cooling
circuit and steam generator. One of those coolant circuit is connected to the pressurizer to set the pressure
of the whole primary loop. In France, 900 MW reactors comprise three primary pumps while 1300 MW
and 1450 MW reactors have four of them.

The main components of the primary loop are:
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Figure 1.1: Sketch of a Pressurized Water Reactor [44]

e The reactor vessel containing the core where fission reactions take place within the nuclear fuel
rods, gathered in so-called "fuel assemblies". The pressurized water flow between the rods to remove
the heat released at their surface and moderates the neutrons to maintain the chain reaction.

e The primary pumps which role is to ensure the water flow throughout the loop. Each pump
requires an electrical power supply of approximately 7 MW.

e The pressurizer, imposing the pressure and keeps the water in a liquid state. It is actually a
vessel with a liquid-vapor mixture in which pressure can be increased through vaporization of the
liquid water (using heating resistors) or diminished by vapor condensation (using water aspersion
system).

¢ Steam generator tubes being the interface between the primary and secondary loop through
which the thermal energy gathered in the core is transferred from the primary water to vaporize
the secondary water.

1.2.1.2  Secondary Loop

The secondary loop is designed to receive the thermal energy from the primary loop to vaporize its own
water. The generated vapor is used to produce electricity by conversion of its mechanical energy through
the rotation of power-generating turbines connected to alternators. At the outlet of the turbines, the
vapor has logically been expanded and is then condensed before being sent back into the secondary loop
and the steam generators. Therefore, the secondary loop is a closed water-steam circuit. The operating
conditions in the steam generator are usually a pressure of 60 bar, with water heated from 220°C to
275°C and evaporated.

1.2.1.3  Cooling Loop

The cooling loop’s goal is to cool down and condense the steam coming out of the turbines. Depending
on the geographical situation of the nuclear power plant, the associated heat sink may either be natural
(lake, sea, etc.) or built (cooling tower). It is a completely open circuit.

2
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1.2.2  Structure and Geometry of PWR Core

1.2.2.1 Reactor Pressure Vessel

The whole reactor core is contained in a stainless steel vessel (Figure 1.2) called "Reactor Pressure Vessel'
(RPV). Together with the primary loop, they represent the second "containment barrier" (name given to
the parts of the reactor avoiding the escape of radioactive species) of the core. Therefore, the RPV is a
pivotal safety element of the reactor which mechanical strength and performances must be ensured in
any conditions that may occur during operations.

Note : A RPV can not be replaced, thus scaling the whole reactor’s lifetime. The longer the vessel
is durable, the longer the nuclear unit will operate.

Figure 1.2: Picture of the Reactor Pressure Vessel of the Finnish European Pressurized Reactor [125], ©Areva

1.2.2.2  Fuel Assembly and Core Structure

A fuel assembly is composed of 17 x 17 rods and guide thimbles among which 264 are nuclear fuel
rods. 24 of them are guide thimbles in which absorbing rods (used to shut down the chain reaction by
neutron absorption in incidental or accidental situations) can be inserted, one of them being dedicated
to instrumentation. The top nozzle of the assembly ensures its stability using a hold-down spring. The
whole structure is 4 m high and is also maintained by 8 grids placed every 50 cm (Figure 1.3) for french
PWR reactors.

In a reactor core, the number of fuel assemblies can vary depending on its final electrical power production:
157 assemblies for 900 MW units, 193 for 1300 MW units and 205 for 1450 MW units.

1.2.2.3 Fuel Rod

Fuel rods are the elementary component of the reactor’s core since they contain the nuclear fuel pellets
made of enriched uranium. A pellet measures 13.5 mm height for an 8 mm diameter, weighing approxi-
mately 8.3 g. They are placed in a neutron-transparent tubular cladding made of Zircaloy (an alloy made
of 98% of zirconium and tin), allowing neutrons to move through the core to trigger fission reactions in
nearby rods. This cladding is the first containment barrier and contains a total of 272 pellets (Figure
1.3).

The bundle organization of the rods allows water to flow between them and to moderate neutrons coming
out of recent fission. Moreover, this geometry ensures a large heat exchange surface to enhance the fuel
cooling. A single fuel rod usually measures 4 m height for a 9.5 mm diameter and weighs 2 kg (Figure
1.4).
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Figure 1.4: Picture of a fuel rod during a control test. [81]

Note : In normal PWR conditions, the heat flux at the rods lies roughly between 500 kW / m? and
1.5 MW /m? [132]. In accidental conditions, it can rise up to several MW /m? [109].

1.2.2.4 Grids

Within the fuel assembly, the rods are held by 8 grids (Figure 1.5) placed with an even spacing of 50 cm.

They help the whole structure to withstand the huge hydrodynamic effort exerted by the water flowing
over the rods at high flow rates. Two types of grids are used in fuel assemblies:

e Spacer grids which role is solely to ensure the mechanical stability of the assembly and avoid rods

deformation when they heat up.
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Figure 1.5: Picture of a fuel assembly grid. [173]

o Mixing grids equipped with mixing vanes (Figure 1.5) that adds a rotational motion to the axially
flowing fluid enhancing the turbulence and mixing to homogenize its temperature.

Figure 1.6 shows an enlarge model of a grid for a 5 x 5 rod bundle. The 25 cells holding the rods are
clearly visible along with the different components being the mixing vanes, the dimples and the springs.
The latter two holding the rods straight when they are inserted through the grid.

Figure 1.6: Model of a 5 x 5 grid (scale 5:1) from EDF Lab Chatou. Mixing vanes circled in red, dimples in green
and springs in orange.

1.3 SAFETY AND THERMAL DESIGN OF PWR

Regarding radioactivity, the safety of a PWR is ensured by three containment barriers:

o The fuel rod cladding (Figure 1.3) ;
o The Reactor Pressure Vessel and primary loop (Figure 1.2) ;

o The containment building (Figure 1.1).

Therefore, thermal-hydraulic design of a PWR has to account for any situation that can potentially pose
a threat to those containment barriers. In particular, the water used as coolant in the core has to be able
to remove the heat from the fuel rods in conditions being nominal, transient and also incidental. The
different elements of the primary loop involved in the cooling process both have to be able to withstand
the possible violent dynamic changes during the operation of the reactor and avoid to damage other parts
of the circuit, especially those related to a containment barrier (fuel rods, RPV, etc.).

In incidental conditions, the water around the fuel rods can be exposed to a huge increase of the thermal
power it receives per unit of volume and being heated up above its saturation temperature, starting its
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vaporization. This can then lead to multiphase boiling flow regimes in the core, with a risk of reaching
the critical situation called the boiling crisis (BC).

The Boiling Crisis (described in the next Section) is among the most important thermal-hydraulic phe-
nomenon that has to be accounted for in the design of nuclear reactors since it can severely damage the
nuclear fuel rods cladding and thus requires dedicated studies and modeling.

1.4 THERMAL-HYDRAULICS OF BOILING TWO-PHASE FLOWS

In nuclear reactors, the water enters in the fuel assemblies from bottom and flows upwards while being
heated along the 4 m height of the rods. It is initially highly subcooled i. e. at a temperature 17, ;,, much
below the saturation temperature (usually a difference of ATy, = Tsqt — T, in, = 50°C, Tsqt =~ 345°C at
155 bar) and exits the fuel assembly at ATy = 15°C. Therefore, the physics at stake relates to vertical
subcooled boiling flows.

1.4.1  Vertical Subcooled Boiling Flow Regimes

When the liquid heats up while flowing upwards, different heat exchange regimes can occur along with
various multiphase flow regimes during phase-change. They are usually defined depending on the liquid

h —h
thermodynamic quality zeq = V,sat M (xeq < 0 if the the flow is subcooled, 0 < z¢q < 1 if the

hV,sat - hL,sat
mixture is at saturation) and the time-space distribution of the liquid and vapor phases. In the case of
a simple tube, Figure 1.7 presents a sketch of the different flow and heat transfer regimes occurring for
vertical flow boiling in a tube with a negative inlet liquid quality. A low but constant heat flux is applied

over the tube, long enough to end-up with pure vapor flow (zeq > 1).
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Figure 1.7: Sketch of the different vertical flow boiling regimes in a vertical tube at low heat flux from Collier &
Thome (1994, [29]). Here, x denotes the local thermodynamic quality noted zeq in the text.
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First, the liquid enters in a subcooled state i. e. below saturation temperature, leading to a pure liquid
convective heat transfer (zone A).

Then, the wall heats up above the saturation temperature to reach the Onset of Nucleate Boiling
(ONB), allowing vapor bubbles to nucleate at the wall on so-called "nucleation sites" (which density
increases with the heat flux or wall temperature). This happens first in regions where the average tem-
perature of the fluid is still below the saturation temperature, thus called subcooled boiling (zone B). As
we move upwards the tube, the boiling intensifies and bubbles start to leave the wall, corresponding to
the Onset of Significant Void (OSV). They migrate into the bulk flow where they condense due to the
locally subcooled liquid. In this region, the multiphase vapor-liquid flow is qualified as bubbly flow and
the vapor phase can be considered as dispersed into the main continuous liquid phase.

When the average liquid temperature reaches saturation, e, = 0 and we enter the saturated boiling
regime. The vapor phase is first still composed of small dispersed bubbles in the bulk flow (zone C). Since
liquid is at saturation temperature, vapor bubbles do not condense anymore and start to coalesce with
each other, forming larger inclusions leading to a slug flow (zone D).

Further downstream, the volume occupied by vapor at a given height starts to overcome that of the liquid
phase . e. we reach high local "void fractions" (ratio of the vapor volume over the total volume). This
leads to a significant change in the flow regime where the core flow is composed of vapor while liquid is
pushed towards the wall, called annular flow. The liquid film trapped between the vapor and the wall
increases the effective thermal conductivity and limits the possibilities of wall nucleation (zones E & F).

Finally, when the liquid film has totally evaporated, the wall is in direct contact with the vapor phase
(zones G & H). This phenomenon is called dryout and is associated to a steep increase of the wall temper-
ature due to the decrease of the heat transfer coefficient induced by the low vapor thermal conductivity.

1.4.2  Boiling Crisis and Critical Heat Fluz in PWR

The rapid rise of the wall temperature when dryout occurs actually corresponds to the so-called boiling
crisis. The example of Figure 1.7 shows the occurrence of a boiling crisis triggered by the evaporation
of a thin liquid film separating the bulk vapor and the wall, called Liquid Sublayer Dryout (LSD),
happening at low heat fluxes and high outlet quality (z¢q > 0.2 usually).

However in PWR, the very low inlet flow quality (77, ;n ~ Tsqt — 50°C) combined with the high heat flux
at the rods can trigger a boiling crisis of different nature. If the wall boiling becomes too intense, it may
result in the formation of a vapor blanket at the wall insulating it from the liquid water cooling (Figures
1.8 and 1.9), thus abruptly increasing its temperature and posing a high risk of material damage. This
type of boiling crisis is called the Departure from Nucleate Boiling (DNB). The heat flux at which
the boiling crisis occurs is named Critical Heat Flux (CHF).

Figure 1.8: Experimental shadowgrams from Bloch et al. [11] of the flow boiling at CHF for a 27 K subcooled
liquid flowing upwards at 0.6 m/s and atmospheric pressure.

According to Bricard (1995, [16]), the LSD boiling crisis is well identified both by experimental and
modeling approaches [72] where the scientific community seems to have reached a consensus. On the
contrary, DNB-type boiling crisis is much more debated since it results from local boiling phenomena
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Figure 1.9: Visualization of a DNB-type boiling crisis on a rod with a mixing grid by Liu et al. [104]. The fluid is
R134a at P = 2184 kPa, G = 2076 kg/m2/s y Tsat — Tt in = 22.8°C. The insulating vapor blanket is
clearly visible upstream the mixing grid.

including bubble dynamics at the wall and is still under thorough scientific investigation today [11, 12,
37, 90, 139].

1.4.3 Boiling Curves

The boiling crisis phenomenon has been reported among the first times in the pioneering work of Nukiyama
[126] who observed the variety of heat transfer regimes occurring during boiling and identified the max-
imum accessible heat flux as the Critical Heat Flux. He summarized his findings on a so-called "boiling
curve' representing the evolution of the wall temperature (or superheat) against the applied heat flux ¢,
(Figure 1.10).

Region | I Region II | Maximum | Region IV
| | (critical) heat |
106 = I Nucleate Mmax | Film
| boiling | Transition | boiling
—_ I | boiling |
‘e b Nawrl | | |
§ convection | | | o
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100 1 : ] : ]
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AT:TW— T.ml (OC)
Figure 1.10: Example of Nukiyama / boiling curve for water from [45]. Here ¢’ denotes the wall heat flux.
For a flux-controlled experiment, reaching the CHF triggers a nearly instantaneous transition from point

C to point E (Figure 1.10) which graphically shows the violent increase in wall temperature that can
damage the heater.
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1.5 CURRENT INDUSTRIAL TREATMENT OF THE BOILING CRISIS

Even if boiling can be a very efficient way of increasing the global heat transfer between a solid wall and
surrounding liquid, the existence of the CHF as an upper limit over which the heater material integrity is
threatened represents a huge physical limitation that has to be anticipated. Figure 1.11 shows an example
of fuel damage after undergoing a boiling crisis.

(a) Post-BC damage on a rod (b) Post-BC damage on an assembly (deformation not due to
the BC)

Figure 1.11: Damaged electrically heated components (used for CHF experimental tests in PWR conditions) after
the boiling crisis (from CEA Omega experiment [44]).

Any nuclear power unit operator, such as EDF, consequently has to prevent the occurrence of DNB in the
core to ensure the full integrity of the nuclear fuel rods. Safety margins imposed by the french Nuclear
Safety Authority (ASN) have to be respected at all time. Otherwise, the nuclear unit will have to be
stopped in order to prevent any incident or accident. Such constraints represent a very challenging aspect
for nuclear core thermal-hydraulics which primary goal is to be able to anticipate and predict the value
of the CHF for a large range of operating conditions.

Earlier, we mentioned the fact that the DNB was still a very debated phenomenon over which a general
scientific agreement has still to be reached. Therefore, CHF predictions for safety studies are currently
achieved using dedicated experimental correlations. Using experiments on a nearly full-scale assembly
(5 x 5 electrically heated rods, grids, 4 m height, water at 155 bar, etc.), values of the CHF are measured
in a large variety of operating conditions that covers the expected ranges for industrial operations. An
empirical correlation based on those results is then constructed for the specific test geometry, usually of
the form:

d)w,CHF = f(P7G7LgaDh7x€q) (11)

where P is the pressure, G' the total mass flux, Ly the distance between two grids (Figure 1.3), Dy, the
hydraulic diameter and x4 the thermodynamic quality.

This correlation is then used in multidimensional codes based on porous medium approaches (to avoid fine
representation of the geometry), where the scale of a computation cell is usually that of a "sub-channel"
(Figure 1.12) 4. e. the space between four rods.

Using the average thermal-hydraulics values of the flow at the scale of the subchannel, the dedicated
correlation then estimates CHF in the cell which can be compared to the applied heat flux ¢,, to estimate
the Departure to Nucleate Boiling Ratio (DNBR) ¢,/ ¢y cur that gives the safety margin to the
boiling crisis. For EDF, those numerical studies are conducted using the THYC code [3].

1.6 TOWARDS LOCAL PREDICTIONS OF THE CHF USING COMPUTATIONAL MULTI-FLUID
DYNAMICS

Investigating the boiling crisis physics has showed that the associated time-space scale was sometimes
lower than 1 ms and 1 mm [12], 4. e. smaller than the sub-channel scale. Achieving wall-boiling modeling at
those scales is impossible with traditional safety studies codes and thus put the light onto Computational
Multi-Fluid Dynamics (CMFD), which recent improvements over the past decades (model formulations,
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Figure 1.12: Sketch of a sub-channel in a rod bundle (dashed lines). The equivalent hydraulic diameter here is
Dy, = 11.78 mm.

computational capacity, meshing techniques, etc.) has demonstrated its capability of simulating nearly
industrial-scaled situations.

With CMFD codes, simulations of multiphase flows can be conducted at small local scales that are
interesting to achieve:

e Finer descriptions of the multiphase flow structure and phase-change ;

e More detailed relationship between the wall local thermal-hydraulics properties and the boiling
crisis using dedicated models including new physical phenomena related to wall boiling.

At EDF R&D, the in-house CFD code code__saturne has its own module dedicated to multiphase flows:
NEPTUNE_CFD [65]. NEPTUNE_CFD is the chosen numerical tool to investigate the modeling and
simulation of the boiling crisis at CFD scale.

1.7 CONTENTS OF THIS THESIS

In this thesis, we want to address the problem of boiling crisis prediction using CFD in PWR, conditions.
This can be summed up in the following question:

Is it nowadays possible to reach a proper modeling of the wall boiling phenomenon to predict boiling
crisis occurrence in PWR using CFD simulations ?

This manuscript is organized as follows. Part I is dedicated to boiling flow simulations using NEP-
TUNE_CFD:

e Chapter 2 details the constitutive equations and the different closure laws used in the 7.0 version
of NEPTUNE_ CFD.

e Chapter 3 presents the DEBORA experimental database that will be used for CFD validation.
Some analyses regarding the database consistency and physical implications are proposed.

e Chapter 4 compares the simulation results obtained using NEPTUNE__CFD with the DEBORA
experiment. This allows to identify the strengths and weaknesses of the current modeling for boiling
dispersed bubbly flows.

Following those investigations, Part II focuses on the development of a new Heat Flux Partitioning
(HFP) model:

e Chapter 5 briefly presents some bibliographic aspects regarding the modeling of wall boiling heat
transfer.

e Chapter 6 then investigates in details the dynamics of bubble boiling at the wall. A particular
care is given to the modeling of the bubble force balance to reach a representative description of
the nucleated bubble movement.

10
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e Chapter 7 discusses the different closure laws required to complete the Heat Flux Partitioning
model and gathers experimental measurements for their assessment. The formulation of the new
model is finally presented.

e Chapter 8 presents validation aspects of the model with comparisons to fine experimental mea-
surements and wall temperature predictions from different literature databases.

e Chapter 9 discusses perspectives regarding the prediction of the Critical Heat Flux using Heat
Flux Partitioning models.

Finally, Part III investigates the impact of mixing vanes over the boiling flow:

¢ Chapter 10 studies the DEBORA-Promoteur and AGATE-Promoteur experiments of a boiling
and single-phase flow in a tube including mixing vanes. Analyses of the measurements are conducted
to further understand the structure of boiling flows in PWR.

e Chapter 11 presents NEPTUNE_ CFD simulations of the tube and mixing vanes case. Compar-
isons to the experiments evaluates the capacity of CFD to properly capture the effect of such
geometries.

Chapter 12 closes this manuscript by summarizing the different conclusions of the presented work and
details the different perspectives emerging from the presented results.
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MODELING AND SIMULATION OF BOILING FLOWS USING
NEPTUNE CFD



PRESENTATION OF THE NEPTUNE CFD CODE
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2.1 INTRODUCTION

The NEPTUNE_ CFD project (started in 2001) is a research program coordinated by four entities : EDF,
CEA, IRSN and Framatome. The initial goals of the project were related to nuclear safety by developing
a thermal-hydraulics simulation tool to :

o Predict the Boiling Crisis in PWR cores ;

o Study the Loss Of Coolant Accident (LOCA) to predict fuel rod cladding temperature.

As a multiphase eulerian code, NEPTUNE_ CFD consists of a local three-dimensional modeling based on
a two fluids-one pressure approach combined with mass, momentum and energy conservation equations
for each phase [65].

The constitutive equations are solved using a pressure correction and is based on a finite-volume discretiza-
tion along with a collocated arrangement of the variables. Moreover, NEPTUNE__CFD allows the use
of all type of meshes (hexahedral, tetrahedral, pyramids, etc.), even non-conforming ones, thanks to its
face-based data structure. Finally, the code is well-suited for parallel computing, widening its computing
capacity to very large meshes.

The simulations presented in this thesis have all been conducted using the NEPTUNE_ CFD 7.0 modeling

framework for dispersed bubbly flows. In the next sections, we will detail the constitutive equations and
physical modeling of the code for the simulation of boiling bubbly flows.

2.2 GOVERNING EQUATIONS FOR TURBULENT BOILING BUBBLY FLOWS
To simulate two-phase dispersed boiling flows, NEPTUNE_ CFD solves the ensemble-averaged equations

of mass conservation, momentum balance and energy conservation for each phase (see Ishii [76] for details
on the derivation).
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2.2.1 Mass Conservation

daypy
ot

Where ay,, pi, Uk are the volumetric fraction, average density and velocity of phase k ; I'), = i+ Tk w

+ V- (owppUs) =1 (2.1)

the interfacial mass transfer term per unit of volume and time split between bulk and wall contribution.

Subscripts k = L or V denotes the liquid or vapor phase, i the interfacial quantities and w the wall
contribution.

2.2.2  Momentum Balance

Do iUy,
ot

Where P is the pressure, g the gravity, F}.; the interfacial forces accounting for momentum transfer

+V - (U @Ty) = —ap NV (P) + Fpy + T Ui + axpig + V - (o T + 707)) - (2:2)

between phases per unit of volume and time, Uy ; the interfacial velocity, 7, and 7 r respectively the
viscous and turbulent (or Reynolds) stress tensor. Subscript m and T respectively denote the molecular
(or laminar) and turbulent terms.

2.2.3  Energy Conservation

JapprHp = —  OapP — — S
$ + V- (owprHUy) = 8]; + TpHyi+ Fri U+ Qo + Ve (o (T +707) - Ug) (2.3)
+ V- (ak (= ko +267) V(Tk))) + arprg - Uk + Qo
Uz P Ut . : :
Where Hy, = e + 35 + — = hp+ 5 s the total enthalpy of phase k, Hj; the interfacial-averaged

enthalpy, ();,; the interfacial heat flux per unit of volume and time, A ,, and )\, 7 respectively being
the laminar and turbulent thermal conductivity, T the temperature, (). ,, the heat flux from the wall to
phase k per unit of volume and time.

The viscous and Reynolds stress tensors read:

Tom = Lk (V () +V ()T - %V (Ts) 1) (2.4)

(ﬂil)w = Pk <UI::,iUl/€,j>k (2.5)

with UT{€ is the fluctuating part of velocity for phase k.

This ensemble-average approach requires a given number of closure laws since this mathematical averaging
operation removes most of the information about smaller scales physics (compared to the mesh size) such
as interfacial exchanges between phases or wall-fluid interaction. Terms for which this modeling effort is

needed are colored in orange in equations 2.1, 2.2 and 2.3. Following sections detail the physical modeling
for each of those terms.

2.3 INTERFACIAL TRANSFERS CLOSURE LAWS

The interfacial transfers of mass, momentum and energy are respectively noted in equations 2.1, 2.2 and
2.3: Fk, F]w' and Qk,i'

2.3.1 Heat and Mass Transfers

The mass transfer term, can be written as:

I'pi+Ty:=0 (2.6)
rL,w + rV,w =0
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with I'y 4, > 0 in the 