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Abstract

The application of ice slurry as secondary refrigerant is limited up to
now. The main objective of this research is to study the thermal and
hydro behavior of an ice slurry system during different operational
processes of the ice slurry such as: Generation Process inside different
types of ice slurry generators, Transportation process inside straight
circular pipes, Melting process in heat exchanger and inside straight
circular pipes, and Thermal storage process inside the thermal storage
tank. Other objective is to compare the super-cooled water jet type as
ice slurry generator with competitive scraped surface traditional ice
slurry generator. A final objective is to study the thermal behavior and
the hydro behavior of produced ice slurry in other ice slurry system
components. A test rig with all the necessary measuring
instrumentation has been set up to carry out the different kinds of the
experiments performed. The generation process focus on the influence
of ice slurry generator parameters on the prevention of ice scaling in
tested ice slurry generators at different conditions. The transportation
process of ice slurry in circular straight pipes is thoroughly studied and
investigated. Pressure drops, and friction factors, and flow coefficients
across flow meters are evaluated. The melting process of ice slurry in
artificial heat exchanger is thoroughly investigated in the present work.
Heat transfer coefficients and superheating were measured during ice
slurry melting process experiments in a tube-in-tube heat transfer
electrical heating coil. Historical pictures were taken during the thermal
storage experiments demonstrate the developing of the ice layers inside

the thermal storage tank of cylindrical shape. A comparative CFD Study



for two different type of ice slurry generators is presented and
demonstrated using commercial CFD Package. A comparison between
the experimental work results, and the CFD results obtained, was
performed to validate the tested numerical model and the tested ice
slurry generator of super-cooled water jet type. The conclusions from
the different experiments are summarized to give the integral

conclusions.






Acknowledgement

First of all 1 would like to thank my supervisors:

Prof. Dr. Mahmoud Abdel-Rasheed Nosier,

Prof. Dr. Nabil Abdul-Aziz Mahmoud,

Assoc. Prof. Mohamed Saad El-deen El-Morsi, for their support
and help along the way. Many thanks are due to their continuous

guidance, support, and their appreciated help to finish this thesis.

Special thanks are due to :

Prof. Dr. Samir F. Moujaes, for all the good discussions,
suggestions, and answers on ice slurry systems, comparisons and
economical study, and CFD questions! | am also very grateful to him

who carefully corrected my English.

I wish to express my sincere appreciation to:
Prof. Dr. Salah El-Haggar, for all the good discussions and answers
on super cooling phenomena and ice slurry systems, and his appreciated

help.

I want to thank all my dear colleagues at the Mechanical Power Dept.,
Faculty of Engineering, Ain Shams University. Also, | would like to thank
the technical group who shared me the effort in the laboratory.
I want to thank my friends, my family, and my son Adel Tarek Adel, who
encouraged me every now and then along the way! Also, | would like to

thank my beauty daughter Joudy Tarek ; and my lovely son Zyad Tarek.

And finally, 1 am deeply grateful to my great mother.

\%



Table of Contents

Page No

SEALEIMENT .. e e e |
ADSIFACT ...t e et e e et a e et e s I
ACKNOWIEAQEMENT ... e e e e \
Table Of CONTENES .....oiiiiii e VI
CHAPTER 1 INTRODUCTION ....cciccirmusmammmsmsnssnsssassnssnsssnssnnssassnsssnssnnssnssnnssns 1
1.1, REFERENCGES ...ttt ettt et e e 5
CHAPTER 2 LITERATURE REVIEW ......ccctcommarmanmmnssmnnssnnassnnnssnnsssnnssnnnssnnnsnns 7
2.1, INTRODUCTION ..eiiitiiiitie ettt ettt et e et e e et e e e e e e eea s 7
2.2. REVIEW OF THE PREVIOUS WORK ....cuuiiiiiiiiiiiae e 9
2.2.1. Thermo-physical Properties and Fundamentals of Ice Slurry.................... 9
2.2.2. Experimental Investigations of Ice Slurry Generation Process .............. 14
2.2.2.1 First method: Mechanical scraper method .............cccooiiiiiiiiiiiiiennnns 14
2.2.2.2 Second method: Fluidized bed method ...........ccoovveiviiiiiiiiiiieee, 18
2.2.2.3 Third method: Direct contact method .............ccooeviiiiiiiiiiiiiieeeee, 23
2.2.2.4 Fourth method: Vacuum freezing method .............ocoevviiiiiiiiiinnennnnnn, 24
2.2.2.5 Fifth method: Oscillatory moving cooled wall method ........................ 25
2.2.2.6 Sixth method: Super-cooling water method .............oooeeeviiiiiiiiiinnenes 26
2.2.3. Experimental Investigations of Ice Slurry Transportation Process ......... 28
2.2.4. Experimental Investigations of Ice Slurry Melting Process .................... 33
2.2.5. Experimental Investigations of Ice Slurry Storage Process ................... 35
2.2.6. Analytical Studies of CFD Investigation for Ice Slurry Flow .................. 39
2.3. OBJECTIVES OF THE PRESENT WORK ....oiuiiiiiiiiiii e 40
NOMENCLATURE ......coimemimsmmmnsinsnsmnsssmssmnsssmssssssssssssssnssssnnsssnssssnsssnnsssnnssnnnns 42
REFERENCES ...ttt ettt ettt e et e e et e e et e e e ea e e et e aeaneeenns 49
CHAPTER 3 EXPERIMENTAL WORK SETUP .......cormummemmmanmmssnassnsssassnsssnssnssnns 59
3.1, INTRODUCTION ..ttt ettt ettt e e e e e e et e e e e e eeans 59
3.2. OBJECTIVES OF THE EXPERIMENTAL WORK .....oiieiiiiiiiieeieeeeie e e 59
3.3. TEST RIG DESIGN AND CONSTRUCTION .....uiiitiiiiiiiiiieeeei et 60
3.3.1. 1Ce BUIIA-UP LOOP et 61
3.3.1.1. ICe SIUITY GENEIALOIS ..ceuueeei et e e et e e et e e e e e e e e eeeas 61
3.3.1.2. Refrigeration UNIt .........ccouiiiiiiie e 63
3.3.1.3. Primary Pumping UNit .......c.ooiiuiiiai e 64
3.3.1.4. Piping system for Ice Build-Up LOOP ....c.oveeveeiiiiiiei e 64
3.3.2. Thermal Storage Tank .........coouiiiiiiiii e 65

10 700 T T (o7 3N =11 ¢ o I 1o To ] o PP 66
3.3.3.1. Artificial CoOlING LOAAS ....ccuvuniiiiiiiiieieei e 67
3.3.3.2. Secondary Pumping Unit for Ice Burn LOOP .......ccccceeviviiviiiiee e, 67
3.3.3.3. Piping System for ice burn lo0p .........ooveiiiiiiiiiiiii e 68
3.3.4. Measuring Instrumentation ...........c..cciiiiiiii i 68
3.3.4.1. Measurements for Ice Build-up LOOP .......oovvieiuiiiiiiiiiiieeci e 68

VI



3.3.4.2. Measurements for 1ce BUurn LOOP .......cccevvenieiiiiiiieiiieeieeeeee e, 71

3.4. EXPERIMENTAL TECHNIQUES .....uiiiiiiiiiiie et e e e 73
3.4.1. Flow Pattern Visualization ............cc.oveiuuiiiiiniiiiie e 73
3.4.2. Ice Fraction Determination TeChniqUe ...........ccoveviiiiiiiiiiiiiieeieeiieeees 74
3.4.3. Energy Metering Station ..........ccccuieiiieiiiiiii e 75

3.5. EXPERIMENTAL OPERATING MODES .....uoiiiuiiiiiieeeii e e e 76

3.5.1. Generation Process Operation MOde ...........ceveuiiiieiiiiiiiiiieie e, 78
3.5.2. Transportation Process Operation Mode ...........cc.uuiieiiiiiiiiiiiiiiiinneeeennn, 80
3.5.3. Melting Process Operation MOAe ..........ccceuieiiiiiiiiiii e 82
3.5.4. Thermal Storage Process Operation Mode .........ccccovveiiviiieineiinneineennnens 83

3.6. CALCULATIONS OF EXPERIMENTAL VARIABLES .....oiiiieiii e 84

3.6.1. Logarithmic Mean Temperature Difference .........ccccccevveiiiiiiiiineineennnen. 84
3.6.1.1. FOr GeNeration PrOCESS .......cccuuieeueiiiie e et e e e e e e e e s 84
3.6.1.2. FOr MEItiNG PrOCESS ......ovviiiiiiiiiie ettt e e e e e e e e e eeas 85
3.6.2. Thermo - Physical Properties Based on Temperature ............ccceeeveunnneee. 86
3.6.3. MASS FIUX ettt 86
3.6.4. Reynolds NUMDEK ......coui e e 87
3.6.5. Heat Transfer COeffiCient ........c..oveiuii i 87
3.6.5.1. FOr GENEration PrOCESS ....c..ceiiiiieieiiaiii e e et e e ee e eeas 87
3.6.5.2. FOr MEItiNG PrOCESS .. .vuviiii ittt et e e e et e e e e e e e e eeans 88
3.6.6. NUSSEIt NUMDET .....ee e 89
3.6.6.1. FOr GENEration PrOCESS .........cc.oiiiiiiiiiieiiiae e e et e et e et e e 89
3.6.6.2. FOr MEItiNg PrOCESS .....evviiiiiiiie it et et 92
3.6.7. Relative PreSSUre DIOP. . ... ie e ettt e e e e 93
I N T 1o o - 1o (] 93
3.6.9. Flow Meter COeffiCient .........couuiiiiiiiiiii e 94
3.6.10. Pressure Drop through the Ice Slurry Generators .........c.ccccevevevnnnnenn. 94
3.6.11. Ice Packing FaCLOF .....cc.uiiiiieiiie e 94
3.6.12. Coefficient of PErformance ............ocoiiiiiiiiiiiiieie e 95
3.6.12.1 Coefficient of Performance of Refrigeration Cycle, COP ................. 95
3.6.12.2 Coefficient of Performance of Ice Slurry System during .................

Generation Process, COPgen ....uvviiiiiiiiiiiiiiiiiiiieii s 96
3.6.12.3 Coefficient of Performance of Ice Slurry system .............cccceuneee.

with Thermal Storage, COPTES «evuuvvevueeeeieiei e e e e e 97

NOMENCLATURE .....coitmeummmsmmmesmmmasmmssssmsssmnsssmssssnnssmsssssnsssnnsssnssssnnssnnsssnnssnnns 120

REFERENGCES .....ceiieie et e et e et e et e e et e e e e e e e e e e e e et e e e eneeeaneeeannaees 127

CHAPTER 4 EXPERIMENTAL WORK: RESULTS AND DISCUSSIONS ........ 129

4.1, INTRODUCTION ..ttt ettt e e e et e e e e e e e e e e eanaaes 129

4.2. GENERATION PROCESS ...ttt ettt ettt e e eees 130
4.2.1 Experimental RESUILS. ... ..c..u i 131
4.2.1.1 Historical Time Curves for Temperatures and Ice Concentration ........ 132
4.2.1.2 Time Curves for Reynolds NUMDEr ..........c.ccooiiiiiiiiiiii e 138
4.2.1.3 Heat Transfer in Scraped Surface Type, I1SG-001 .........coovveeiiniiieennnnn, 141
4.2.1.4 Heat Transfer in Super-cooled Water Jet Type, ISG-002 ................... 144
4.2.1.5 Influence of Thermo-physical Properties on Heat ..............ccccceveeeenn.

Transfer PErfOrmManCe .......couuo i 147



4.2.1.6 Influence of Ice Concentration and Re, ;s on the Flow Regime ........... 147

4.2.1.7 Influence of Re, ;s on Heat Transfer Performance .............ccccceeeeeeeen. 148
4.2.1.8 Influence of Ice Scaling Removal Method on the Heat .......................

Transfer PErformance .......c..vviii i 148

4.2.2 Economical Study between the Scraped Surface Type VS. ....cccoevevneennnns
the Super-cooled Water Jet Type for ice slurry systems ...................... 151
4.2.2.1 Type 1 - Scraped SUrface TYPE ...ccuveuieiiiiiii e e e 151
4.2.2.2 Type 2 - Supercooled water Jet TYPE .....ooveeiviiiiiiiii e 151
4.2.1.3 Results of the Economical Study ...........ccoevviiiiiiiiii e, 154
4.3. TRANSPORTATION PROCESS .....cciiiiuiiiiiiiiiiie et e et e et eeei e e e 155
4.3.1 Experimental RESUILS........cou i 157

4.3.1.1 Longitudinal Static Pressure Profile for FIOW ..........cccooeiviiiiiinnnnnnen.
Inside Straight Pipe and FIOW Meters ..........coooeviiiiiiiiieiiiieeeieeenn. 158

4.3.1.2 Determination of Pressure Drop per Unit Length for Flow .................
Inside Straight Pipe .....oioeeiii e 160

4.3.1.3 Determination of Relative Pressure Drop per Unit Length for Flow......

Inside Straight PIPE ........ooieiiiiiiiiiii e 162

4.3.1.4 Determination of Flow Pattern Diagram ............c.ccoeevvieiiieeieennenns. 164
4.3.1.5 Determination of Friction Factor for Flow Inside Straight Pipe ........ 166
4.3.1.6 Determination of Flow Meter Coefficient ............coooeiiiiiiiiiiiiinnnenn, 167
4.3.1.7 Determination of Pressure Drop Inside Ice Slurry Generators ......... 170
4.4, MELTING PROGCESS. ... .ciiiiiiieeiiiii ettt e e et e e e e aat e e e e ean e 172
4.4.1 Experimental RESUITS.........oveu i e 173
4.4.1.1 Historical Time Curves for Temperatures and .............cccoeeeeiiieennanen.

Ice Concentration Variation ............ccceeerivimiiiiieeieie e 173

4.4.1.2 Historical Time Curves for Axial Reynolds Number .................c.........

and Heat Transfer Coefficient .............coooviiiiiiiiii e 178

4.4.1.3 Heat Transfer Performance of Melting Experiments ...........c.............
With Heat Addition ........oiiuniiiii et 180
A I 1ol U ] T 182
4.5, THERMAL STORAGE PROCESS ......ccuuiiiiiiiiiiieeeiiieeee et e et eeain e eeeees 183
4.5.1 Experimental RESUIS. ......ccoouuiiiiiiiii e 184
4.5.1.1 Historical Time Curves for Temperatures and ..............cccoeeeeuiiieennnen.

Ice Concentration Variation ............cccceeveiemriiieeienee e 184

4.5.1.2 Historical Time Pictures for Ice Packing Factor............c.ccccoiiiiiiiiannnnn.

INSIAE TST-00L... . ceeeiti ettt e e e e e eanaans 188

4.5.1.3 Comparative Economical Study for Coefficient of Performance ...........

Of @n 1Ce SIUITY SYSTEM ... e 194
NOMENCLATURE .....coociimeimmsnnesnnssnnsnsssmssssssmssssnssnsssnssnsssnssnsssnssnnssnssnnsnnnssnns 199
REFERENGCES ......uiiiiieiiti ettt e e et e e e e et s e e e e et e e e e e tn e e e e eannn e eas 205

CHAPTER 5 CFD COMPARATIVE STUDY FOR ....ccotmeummmsmmmmsssnssnnnsssnssssnnssnns
ICE SLURRY GENERATORS ........cccommmummmmmnmmsmnsmsnssninsnssnnnssnnns 207
5.1. INTORDUCTION ..eutuiiiiiiiiieeeeeeie e e ettt e e et s e e e et s e e e ee bt n e e e e etan s e e e eeeannaeaeees 207
5.2. CFD MODLEING ..ottt ettt ettt e et e e e eaab e e e e eennns 209
5.2.1 GoVverning EQUALIONS ........ccoeiiiiiiiiie ettt e e 210
5.2.1.1 Continuity EQUALION .......eeuniieiei e e e 211



5.2.1.2 Momentum EQUALION ......couuiiiiiiiii e e e e 211

5.2.1.3 ENErgy EQUALION ....ccouueniiiiiiii ettt 211
5.2.1.4 K-g TUrbulence MOEI ..........coouuiiiiiiii e 212
5.2.2 CoNVErgence CrtEIIA ... ....uveeuiiiiiiieeiie et 212
5.2.3 Computational ProCEAUIE ...........oeviiiiiiiie it 214
5.2.3.1 Pre-processing StAJE ........ccoiiiiiieiiiie ettt e it et 214
5.2.3.2 The numerical algorithm Stage ..........cccccoiveiiiiiiiii e, 214
5.2.3.3 POSt-ProCessiNg STAQE ... .c.coivuiieiiiiiei ettt et e e 215
5.2.4 SOIULION METNOA .....cooiiiiiii e e 215
5.2.5 Numerical Domain Specifications ..........ccccccoiviiiiiiiiniii e 217
5.2.6 Numerical Grids (MEShES) ........cuiireuiiii e e 218
5.3. MODELS AND BOUNDARY CONDITIONS ......cccoiiiiiieiiiiieeir e 224
5.3.1 Models SpecCifiCations ..........ccouiiiiiieiii e 224
5.3.2 Boundary CONAItIONS ........cocuiiiiiiiiiieii e e e 224
5.3.3 Assumptions and Limitations ..............ccoeeiiiiiii i 227
5.4, VALIDATION ..ottt ittt ettt ettt ettt st eaiee e 228
5.4.1 Model Validation ............ooiiiiiii e 228
5.4.2 Grid Independency Validation Study ............ccccooviieveniic i 229
5.5. SCRAPED SURFACE TYPE CFD RESULTS AND DISCUSSION ......c.cccceiiiieeannnn. 230
5.5.1 VelOCity ProfileS .......coviiiiiiiiiie e 230
5.5.2 Mass IMbDalance ..o e 236
5.5.3 Temperature Distribution .............cccco i e 238
5.5.4 Static Pressure DiStribution............cccccviiiiiiiiii e 244
5.5.5 TUrbUIENt TNTENSILY ......ovveiiiiie e e e e e e 246
5.5.6 Heat Transfer COeffiCient ............cccooiieeiiiiii i e 250
5.6. SUPERCOOLED WATER JETS TYPE CFD RESULTS AND DISCUSSION ............ 254
5.6.1 VelOCity Profiles ........ccouiiiiiiiii e 254
5.6.2 Mass IMbalance ............ccocoiiiiiii e 262
5.6.3 Temperature DIiStriDULION ..........cooviviiiii e e 264
5.6.4 Static pressure DiStribDULION ...........ccoooiiiiiiirii e 272
5.6.5 Turbulent INtENSILY ........cccoiiieie e e 274
5.6.6 Heat Transfer Coefficient ............ccco oo 278
5.7. COMPARISON OF CFD CALCULATIONS TO EXPERIMENTAL DATA ................ 282
5.8. SUMMARY .ttt ottt e e et et e e e e e aens 286
NOMENCLATURE .....covimeummmsmmmmsmmnasmmssssmsssmssssmssssnssssnssssnsssnnsssnssssnnssnnsssnnssnnns 287
R ] N = 290
CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS .....ccccurmummensmnnnnns 291
B.1. CONCLUSIONS ...t et e et et bt e e e 291
6.1.1 GENEIrAtiON PrOCESS .....viiiiiieiiiie ettt ettt e e e 291
6.1.2 TransPOrtation PrOCESS ..........oieiiiiiiiiie ettt et e e 293
6.1.3 MEILING PrOCESS ...iviiiiieee i ee e ettt et e e e e e st s et e e e e e e e 295
6.1.4 Thermal StOrage PrOCESS .......coooiiiiiienie it 295
6.1.5 CFD ANGIYSIS ..o ieiie ettt et e e 296

6.2. RECOMMENDATIONS FOR FUTURE WORK ......coiiiiiiiiiiieiie e e 297
REFERENCES ...ttt ettt et et e et e e et e e et e e eaaaaaes 298



