LIST OF CONTENTS

AKNOWLEDGEMENTS ..ottt I
ABSTRACT ...t [
SINOPSIS ... \%
SINOPSI ... e Vil
NOMENCLATURE ... e IX
ACRONIMS ... e IX
VARIABLES ...ttt X
LIST OF CONTENTS ...ttt ettt X1l
LIST OF FIGURES ...ttt XV
LIST OF TABLES ... XXIV
CHAPTER 1. INTRODUCTION......coiiiiiiiie i 1
1.1. TWO-PHASE ANNULAR FLOW REGIME ..o 1
1.2. WAVY LIQUID FILM ..o e 6
1.3. LIQUID FILM MEASUREMENT TECHNIQUES..........ccoociiiieieeieeeee 9
1.3.1. TIME AVERAGE THICKNESS MEASUREMENT METHODS......... 10
1.3.2. LOCALIZED TIME EVOLUTION MEASUREMENT METHODS .....11
1.3.3. SPATIAL EVOLUTION FILM MEASUREMENT METHODS........... 17

1.4. EXPERIMENTAL FACILITIES......ooi e 25
1.5. CFD SIMULATIONS ..ot 32
1.5.1. NAVIER-STOKES FUNDAMENTAL EQUATIONS ..........ccoiiern 33
1.5.2. CFD AND ANNULAR FLOW SIMULATIONS ..., 45

1.6. UNCERTAINTY QUANTIFICATION IN CFD.....cccvviiieiiiiiiiiieieeees 49
1.6.1. SOURCES OF UNCERTAINTY ... 49
1.6.2. METHODS OF UNCERTAINTY QUANTIFICATION........ccocvvernnen. 52

1.7. OUTLINE OF THE THESIS ... 57

CHAPTER 2. FIRST PUBLICATION: EXPERIMENTS IN FREE FALLING AND
DOWNWARD COCURRENT ANNULAR FLOWS — CHARACTERIZATION OF
LIQUID FILMS AND INTERFACIAL WAVES. ... 61

2. 1. INTRODUCTION ...ooiiiiiiiieiiiiiie ettt 63



2.2. EXPERIMENTAL FACILITY LAYOUT ...ciiiiiiiie it 67
2.2.1. THE GEPELON EXPERIMENTAL FACILITY ...cccoiiiiiiiiiieiee, 67
2.2.2. CONDUCTANCE PROBE........ccccciiiiiiiii e 69

2.3. EXPERIMENTAL CONDITIONS, FILTERING PROCEDURE AND
ERROR ANALYSIS OF THE CONDUCTANCE PROBE MEASUREMENTS

....................................................................................................................... 75
2.3.1. EXPERIMENTAL CONDITIONS TEST MATRIX ....cccoiiiiiieee 75
2.3.2. MEASUREMENTS AND ERRORS OF CONDUCTANCE PROBES
.................................................................................................................... 78

2.4. MAGNITUDE ESTIMATION FROM THE CONDUCTANCE PROBE

MEASUREMENTS ... e 80
2.4.2. LIQUID FILM THICKNESS MEASUREMENTS........ccociiiiiee 83
2.4.3. MEASUREMENTS OF THE DISTURBANCE WAVES. ................... 85

2.5. DISCUSSION OF RESULTS AND CORRELATIONS .......ccociiiiiiiies 90
2.5.1. MEAN LIQUID FILM THICKNESS DISCUSSION ........ccccocvveeennnen. 91
2.5.2. DISTURBANCE WAVES DISCUSSION........cocciviiiiniiiieeniieee e 101

2.6. CONCLUSIONS. ...ttt 110

2.7. ACKNOWLEDGEMENTS.....cooiiiiii e 111

2.8. REFERENCES ... 111

CHAPTER 3. SECOND PUBLICATION: EXPERIMENTAL STUDY OF THE
EFFECTS PRODUCED BY THE CHANGES OF THE LIQUID AND GAS
SUPERFICIAL VELOCITIES AND THE SURFACE TENSION ON THE
INTERFACIAL WAVES AND THE FILM THICKNESS IN ANNULAR
CONCURRENT UPWARD VERTICAL FLOWS .......ccoiiieeieeeee s 117

3.1. INTRODUCTION ...ooiiiiiiiiiiiiiiiiiee e 119

3.2. THE VERTICAL ANNULAR FLOW  FACILITY (VAFF),
INSTRUMENTATION, DATA ACQUISITION AND CALIBRATION METHODS

..................................................................................................................... 121
3.2.1. LAYOUT, OPERATION, AND CHARACTERISTICS OF THE VAFF
FACILITY oo 121
3.2.2. FACILITY INSTRUMENTATION, ELECTRONICS AND DATA
ACQUISITION ... 123
3.2.3. CALIBRATION OF THE CONDUCTANCE PROBE...........ccc...... 126

XV



3.3. CONDUCTANCE PROBE MEASUREMENTS: BOUNDARY
CONDITIONS, FILTERING RESULTS AND ERRORS. ........ccccoviiiiin 129

3.3.1. TEST MATRIX AND BOUNDARY CONDITIONS ........cccceeivinnennn. 129
3.3.2. CONDUCTANCE PROBE MEASUREMENTS AND ERRORS ....130
3.3.3. MEASUREMENT OF THE MAGNITUDES THAT CHARACTERIZE

THE INTERFACIAL WAVES AND THE FILM ...coooiiiiiiieeceen 134
3.4. DISCUSSION OF RESULTS AND CORRELATIONS ... 145
3.4.1. MEAN FILM THICKNESS. ... 146
3.4.2. HEIGHT AND AMPLITUDE OF THE DISTURBANCE WAVES....147
3.4.3. FREQUENCY OF THE DISTURBANCE WAVES ........ccccccevvnnenn. 149

3.4.4. AVERAGE THICKNESS OF THE UNPERTURBED BASE FILM
PLUS RW, AMPLITUDE OF THE RIPPLE WAVES AND AMPLITUDE OF

THE UNPERTURBED FILM THICKNESS..........cooiii e 150
3.4.5. COMPARISON WITH THE CORRELATIONS OF OTHER AUTHORS
.................................................................................................................. 151
3.5. CONCLUSIONS......cooiiiiie ettt 159
3.6. ACKNOWLEDGEMENTS ......ooiiiii e 161
3. 7. REFERENCES........coi e 161

CHAPTER 4. THIRD PUBLICATION: CFD SIMULATION PLUS UNCERTAINTY
QUANTIFICATION OF THE MIXING OF TWO FLUID WITH DIFFERENT

DENSITY FOR THE COLD-LEG MIXING BENCHMARK ......cccccoceiiiiiiiiienn. 165
4.1 INTRODUCTION ....oiiiiiiiiiie it 167
4.2. EXPERIMENTAL FACILITY COLD-LEG MIXING.......coccoiiiiiiiieee 170
4.3. CFD MODEL ... e 174
4.4. UNCERTAINTY QUANTIFICATION ..., 180
4.5. RESULTS AND DISCUSSION .....oooiiiiiiiiiiiiiie e, 185
4.6. CONCLUSIONS. ... ... 190
4.7. ACKNOWLEDGEMENTS. ... 191
4.8. REFERENCES........ooii e 191

CHAPTER 5. COMPUTATIONAL FLUID DYNAMICS APPLIED TO ANNULAR

FLOWV e e 199
5.1. INTRODUCTION ....cottiiiiiiiiiiiiiiiieee e 199

XV



5.2. BEST PRACTICE GUIDELINES FOR ANNULAR FLOW SIMULATION

..................................................................................................................... 201
5.3. THREE-DIMENSIONAL CFD MODEL FOR COCURRENT DOWNWARD
ANNULAR FLOW ..ottt 205

5.3.1. CFD MODEL CONFIGURATION.......cccoiiiiiiiiiiiee e 205
5.3.2. RESULTS AND DISCUSSION ....coccuiiiiiiiiiieeiiieeee e 209

5.4. UNCERTAINTY QUANTIFICATION APPLIED TO ANNULAR FLOW
SIMULATIONS ... 213
5.5. REFERENCES ......ooiitiiii ittt 216

CHAPTER 6. GENERAL DISCUSSION, CONCLUSIONS AND FUTURE WORK
......................................................................................................................... 219

6.1. INTRODUCTION ...ttt 219
6.2. GENERAL DISCUSSION OF THE RESULTS ..o, 222
6.3. GENERAL CONCLUSIONS OF THE THESIS.........coociieieeee, 226

6.3.1. GOALS FULFILLMENT ..ottt 227
6.3.2. GLOBAL CONCLUSIONS .......ooiiiiiiiiieinieee e 228
6.3.3. FUTURE RESEARCH LINES ..ottt 232
CHAPTER 7. BIBLIOGRAPHY AND SCIENTIFIC PRODUCTION................ 235

BIBLIOGRAPHY ...t 235

SCIENTIFIC PRODUCTION......ooiiiiiiiiie e 250
JOURNAL CONTRIBUTION ....oiiiiiiiiiiiieiee e 250

NATIONAL AND INTERNATIONAL CONFERENCE CONTRIBUTION .250

XVI



