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Abstract

Scale formation has long been a concern in domestic appliances such as electric boilers, steam
irons, washing machines, dishwashers, coffee makers and potable water distribution systems in
general. Potable water contains a variety of ions prone to precipitate over a range of concentrations
depending on water quality and its geographic location. The kinetics and mechanisms of mineral

scaling from potable water in the open and closed household systems have received no attention.

The present study aims to gain an understanding of the mechanisms and structure of inorganic
fouling from potable water in household appliances conditions. Four experimental setups and
methodologies were developed to achieve the work goals, namely boiling static setup, flow
visualization rig, flow-evaporation scaling cell, and pressurised flow-evaporation scaling cell. The
bulk precipitation in closed systems during pool boiling conditions was evaluated. Then, the
surface deposition of inorganic minerals from potable water under the convective heat transfer was
investigated. Finally, the effects of water evaporation were examined at various surface conditions,

key operating conditions, and water ionic species.

The effects of solution temperature, surface material, surface roughness, evaporation area, water
composition, heating and cooling rates on the bulk precipitation and surface deposition in closed
systems were investigated using the boiling static setup. The solution temperature promotes the
bulk precipitation and the polymorphic transformation from both calcite and vaterite to aragonite.
The results also showed that the faster the cooling and heating rates the lower the scaling rate.

However, CaCO3 formed in the cooling period was greater than in the heating period.

The inorganic scaling kinetics during the convective heat transfer were studied using a once-
through flow visualisation setup through investigating the effects of surface temperature, material,
roughness, flow rate and vapour bubbles. The study showed that all parameters, especially vapour

bubbles, play a vital role in the scaling kinetics and scale morphology.

The influence of surface temperature, pressure, surface roughness and the ionic species on the
fouling mechanism and structure was evaluated during the boiling convective heat transfer using
the flow-evaporation scaling cell. The water species examined include sodium, chloride,
magnesium, sulphate, total organic carbon (TOC) and zinc. The pressure significantly minimises

the fouling resistance as well as the amount of the deposits. However, the impact of different ionic



species varies from negligible to strong. Understanding the kinetics of surface deposition and bulk
precipitation of inorganic minerals from potable water allows for better design and development

of household appliances and systems.



Publications

Al-Gailani, A., Sanni, O., Charpentier, T.V., Crisp, R., Bruins, J.H. and Neville, A., 2020. Inorganic
Fouling of Heat Transfer Surface from Potable Water during Convective Heat Transfer. Applied
Thermal Engineering, 184, p.116271.

Al-Gailani, A., Sanni, O., Charpentier, T.V., Crisp, R., Bruins, J.H. and Neville, A., 2020. Examining
the Effect of lonic Constituents on Crystallization Fouling on Heat Transfer Surfaces. International
Journal of Heat and Mass Transfer, 160, p.120180.

Al-Gailani, A., Charpentier, T.V., Sanni, O., Crisp, R., Bruins, J.H. and Neville, A., 2020. Inorganic
Mineral Precipitation from Potable Water on Heat Transfer Surfaces. Journal of Crystal Growth, 537,
p.125621.

Al-Gailani, A., Charpentier, T.V., Sanni, O. and Neville, A., 2021. Crystallization Fouling in Domestic
Appliances and Systems. Heat Transfer Engineering, pp.1-9.

Al-Gailani, A., Sanni, O., Charpentier, T.V., Barker, R., Crisp, R., Bruins, J.H. and Neville, A., 2021.
Role of Temperature, Roughness and Pressure in Crystallization Fouling from Potable Water on

Aluminium Surface. Thermal Science and Engineering Progress, 23, p.100911.



Table of Contents

ACKNOWIBAGEMENTS ...ttt s e sreete e st e sbeebeeneesneeeas 1
ADSTFACT. ...t bbbttt e b b i
PUBDTCATIONS ... bbbt b e bbbttt e \Y
TADIE OF FIQUIES......eei bbbt XIl
LIST OF TADIES ...ttt XX
Nomenclature and ADDIeviations............cooiiiiiii s XXI1
1. Chapter 1: INTrodUCTION ...c.coiiiiiece ettt 1
1.1. Crystallisation fouling in domestic apPHaNCES ..........ccccveveiiieiieie e 2
1.2, Research backgroUnd ..o 4
1.3, AIMS AN ODJECTIVES.....ccviiiiiicie ettt sbeere e 5
1.4, TRESIS OULIINE ...t 6
TS U [ 1 11 4 F= 1 PO RPRR 7

Y O o= o (= g I T=To] o ST OORSR 9
2.1, Crystallisation fOUlING ..o 9
2.1 1. SUPEISALUTALION ...ttt bbbttt 10
2.1.2. FOUIING PEIIOUS ...ttt 14
2130 INUCIBATION ...ttt 17
214, Crystal groWth........oooiiiii e 22
215, AQNESION ..ttt 27
216, REMOVAL ..o 29

2.2, WaALEE CHEMUSTIY ..oiiiiccii e re e sb e e e be e s e e ere e 31
2.3, Deposited MINEIAIS.........cooviiiiiie et re e 33
2.3.1.  CalCium CarbONALE ..........coiiiiieieiei e 33
2.3.2.  Calcium SUIPNALE........eoiiiie e e 35



2.3.3.  Magnesium CarbDONALE .........c.coviiiiieieeie e 36
234, Other IMINEIAIS .......cooiiieiiiee e 37
2.4, SUMMATY OF TREOKY ...oiiiiii ettt sneenas 37
3. Chapter 3: LIiterature REVIEW ........ccccviieiieieec et ta e ste e nas 39
3.1.  Overview of crystallisation fOUIING ..........cccoooiiiiiiiin s 39
3.2.  Mechanisms of scale fOrmation.............cccooiiiiiiiiicic s 39
3.2.1.  BUIK PreCipitation.......ccoiiiiieieieieie e 39
3.2.2.  SUITACE UEPOSITION. ....ctiiiiiiiiieiieiei ettt 40
3.3.  Formation of calcium carbonate scale.............cooviiiiiinniiiee 42
3.3.1.  Kinetics 0f CaCO3 FOUIING ......coiiiiiiiiiiiricsee e 42
3.3.2. Morphology OFf CaCO3....cciiiiieiiieiie et 45
3.4. Factors impacting crystallisation fouling............c.ccccoooveiiiici i, 49
3.4.1.  Influence of teMPEIALUIE ........ccveiiiiieie e 49
3.4.2.  INFIUENCE OF PrESSUIE ... ..icvieieecie ettt 50
3.4.3. Effects of fluid flow and hydrodynamic conditions ..............ccccoeeiveieiicieciecnenn, 51
3.4.4. Influence Of SUDSLrate NATUIE ..........ccviiiiiiiiiree e 53
3.4.5. Influence of water CheMISIIY ........cooveiiiiieiicce e 57
3.4.6.  INFIUENCE OF IMPUITTIES ... 62
34T, INFIUBNCE OF PH ..o 63
3.5.  Fouling monitoring and evaluation teChNIQUES ..........cccccoiiiiiininiecee e 64
3.5. 1. SUITACE UEPOSITION. ....cuiitiitiiieiieie ettt 64
3.5.2.  Study of bulK PreCipitation...........cccooeiiiiiiiiiiiee e 67
3.6, THE STALE OF AT ..ot bbb 69
4.  Chapter 4: Development OF RIGS.......ccooiiiiiiiiiiiiiieiee s 71
A1, INTFOAUCTION ...t 71



N = 1o 1 [T [0 = L [T (O o PSR 71

.21, SEUUP PUIMPOSE ..eeeiuieieiutite sttt e ssteeesbee et e e st e e ssb e e e s tb e e e sbb e e s sbb e e e nbb e e e nbb e e e nbbeesnbeesnbbeeennes 71
S =1 (11 oI [=1] o oSSR 72
4.3.  Once-through flow visualization rig.........ccccooeiiieiiiiiiier e 74
4.3.1. PUIPOSE OF M0 ..ttt bbbt 74
4.3.2.  Rig design and MOdifiCAtIONS..........cccoiiiiiiiiiieiese e 75
4.4. Flow-Evaporation Scaling Cell ... 78
441, PUIPOSE OF SELUD ...veiiiieiieiieie ettt bbb ne bbb 78
4.4.2.  DeSIgN OF the SELUP.....ciiiiieieieie e 79
4.4.3. Data aCqUISITION SYSTEIM ......oviiiitiiiiieiieieee e 82
4.4.4. Fouling evaluation teChNIQUE...........c.coveiiiiecec e 83
4.5.  Pressurised Flow-Evaporation Scaling Cell............ccccooveiiiieiicicicceee e 83
4.5.1.  PUIPOSE OF Cell... ..o 83
4.5.2.  DeSigN Of the SBIUP...cviiiiiecc e 84
4.6.  Summary of rigs deVelOPMENT ........c..coviiiiiece e 86
5.  Chapter 5: Research Methodology.........cccccoviiiiiiiiie e 87
5.1 INTFOAUCTION ...ttt bbb 87
511, Chemical rEAgENTS......c.oiiiiiieieiee e 87
5.1.2.  SamPple PreParation ........ccoceoeeeeierierieniesiesie et 88
5.2, BOIlING STATIC SETUP ..ouveuviiiiiiiiiiieieiee et 89
5.2.1.  Materials and brine SOIUIONS ..........coeiiiiiiiiiiiiee e 89
5.2.2. CONUITIONS ...ttt bbb bbbttt na e bbb 91
5.2.3.  EXPerimental ProCEAUIE .........cuiiiiieie ettt 94
5.2.4. Surface deposition CharaCterization ............cocoveeieieie i 96
5.2.5.  Bulk precipitation @nalySiS..........ccoeiiiiiiiiiiiiiic e 96



5.3.  Once-through flow visualization Fig.........ccccceveeiiiiieiieie e 96

5.3.1.  Materials and SOIULIONS .......ccoeoviiiiiiiiiee e 96
5.3.2.  CONGITIONS ...ttt et 96
5.3.3. Experimental procedure and imaging PrOCESS ........cccververeereerresieeseesieseesseessesseenns 99
5.4.  Flow-Evaporation Scaling Cell (FESC)........cccoiiiiiiiiiieeeee s 99
5.4.1.  Materials and SOIUTIONS .........coiiiiiiiieieiee e 99
54,2, CONUITIONS ...ttt bbbttt r bbb 101
5.4.3.  EXPerimental ProCRAUIE .........ccuiiiiiirieiiiese et 104
5.4.4. Solution and surface CharaCterization ...........ccoceoeierinineienieeeeee s 104
5.5.  Pressurized Flow-Evaporation Scaling Cell (PFESC).........ccocoviiiiininiiiiiins 105
5.5.1.  Materials and SOIULIONS ........c.coiiiiiiiiiiie e 105
5.5.2.  CONAITIONS ...ttt bbbttt et bt 105
5.5.3.  EXperimental ProCEAUIE .........cveiieiiiie ettt ettt sae e sre e 105
5.6. Saturation ratio calculation apProach............ccccceveieiiiiiicic s 106
T 1V 11 011 0T U U PRPPRRIN 109
6. Chapter 6: Crystallisation Fouling in Batch Systems...........ccccccoveviiie i 110
6.1, INTFOAUCTION ....viiiic bbbt 110
6.2. Effect of DUIK tEMPErature ........ccooiiiiiii e 112
6.3. Effect of surface material ... 116
6.4. Effect of SUrface rOUGNNESS.........c.coiiiiiiiiiee e 118
6.5. Effect of evaporation @rea ...........cocooiiiiiiiiiiieeeee e 120
6.6. Effect of water COMPOSITION .........coiiiiiiiiiiceee e 121
6.6.1.  Effect Of MagNeSIUM .......cco i s 122
6.6.2.  Effect OF SUIPNALE ......ocviiiic s 123
6.6.3.  EfFECE OF ZINC....coviiieii s 124



B.6.4.  ETTECE OF NMITIATE ...ttt e e e e e e e ee s 127

6.6.5. Effect of Total Organic Carbon (TOC)........cccciveieiiieiieie e 128
6.7. Effect 0f Nating rate........ccoov it 129
6.8. EffeCt 0F COOIING FALE ....c..oiveeiice e 131
6.9, SUIMIMAIY ..ottt b et b et are e 134

Chapter 7: Crystallisation Fouling During Convective Heat Transfer ....................... 136
7.1 INEFOAUCTION ...ttt b e bbb nne e 136
7.2.  Effect of surface temMpPerature..........cccoooiiiiiiiineeee e 137
7.3.  Effect of surface material ... 141
7.4, Effect of SUrface rOUGNNESS..........coiiiiiiiiiiie e 145
7.5, EffeCt Of FIOW Fate ......cviiiici s 146
7.6. Effect of vapour bubbIes............ccoooiiiii 149
O 1V 1111 0T USSP PRTPRPIN 151

Chapter 8: Crystallisation Fouling During Boiling Convective Heat Transfer .......... 153
8.1, INTFOTUCTION ...ttt 153
8.2, Aluminium oXide FIlM ..o 155
8.3. Effect of suUrface temMPerature..........ccocvo i 157
8.4, EfTECT OF PreSSUIE. ...t 159
8.5. Effect of SUIface FOUGNNESS...........coiiiiiiiiiieieee e 161
8.6. Effect of sodium and chloride i0NS..........ccocooiiiiiiiiii e 163
8.7. Effect of the MagneSium 10N ..o 164
8.8.  Effect of SUIPNALE 10N........ooiiiieice e 167
8.9. Effect of Total Organic Carbon (TOC)........cccoviiiiiiieieie e 169
8.10.  EFFECTt OF ZINC 10N ..oveiiiiiiiiieee bbb 170
ST I U] 0 0 1 =Y VTSP TPRRIN 173



9. Chapter 9: Conclusions and FUture WOrK ... 176

9.1, CoNCIUSIONS SUMMIAKY .....eiuieiiiieiieesteeiesee e ee s e ste e e st e esraesteentesnaesreaseesreesreeneeas 176
9.1.2. Crystallization fouling during convective heat transfer............cccccvvveviiiciienns 177
9.1.3. Crystallization fouling during boiling convective heat transfer ...............c.ccco...... 178

0.2, FULUIE WOTK ...ttt 179
0.2.1.  RESUIL ANAIYSIS ...eoveeiiiiie ettt 179
9.2.2.  AJNESION OF EPOSITS....c.uiviiiieiieiieieie ettt bbb 181
0.2.3.  Green antiSCalANT..........ooiiiiieiei s 181

RETEIENCES ...t bbbttt et nb bbb s 183

Xl



Table of Figures

Figure 1.1. Washing machine heaters at 60°C (Left) and 95°C (Right) [19]. ...c.cccevviiieivivrieenen. 3
Figure 1.2. A basic representation of an Espresso machine [20]........ccccccevvvevevievvevesiecne e 3
Figure 1.3. Schematic of @ research QULHINE. ............oooiiiiiiiiie e 6
Figure 2.1. A schematic of the crystallisation fouling ProCess. ..........ccocvveriiiinicienenene e 10
Figure 2.2.The solubility of CaCOs, MgCOs and CaSO;4 as a function of temperature [36]. ...... 10
Figure 2.3. The concentration of sparingly soluble salt during heating [42].........ccccccevvvieiienns 12
Figure 2.4. The abundance of scale species as a function of solution pH [52]........ccccceceivnennnne. 14
Figure 2.5. Measured fouling resistance with time for an aqueous CaSOs solution [54]............. 15

Figure 2.6. Trends of Fouling thermal resistance over time: (a) no removal, (b) Removal effect, (c)

asymptotic fouling resistance, (d) saw teeth shape: removal of large fouling particles [63]........ 16
Figure 2.7. Types of crystallisation NUCIEALION .............cccviiiiiiiii e 18
Figure 2.8. Schematic illustration of the surface deposition ProCess...........ccooevverereiencienennnnn 19
Figure 2.9. Interfacial energies during the formation of the nucleus. ............cccccovvveiieicicinens 20

Figure 2.10. Schematic drawing of possible nucleation routes, top path shows the classical theory,

then the middle and bottom routes represent aggregation and phase transition, respectively [10].

Figure 2.11. Schematic of the variation of concentration and temperature between bulk and
surface, (A), (B), (C), and (D) different mechanisms of ions diffusions, surface reaction and crystal
removal, reSPeCtiVElY [BO]. ....couo i 23
Figure 2.12. The surface fouling ProCess [L]. ....ccooeiiriiiniiieiee e 24
Figure 2.13. Growth of crystal growth faces: (a) invariant crystal; (b) overlapping mode [97]. . 25
Figure 2.14. Adsorption layer theory of crystal growth (a) foulant transport and positioning, (b)

full layer formation and (c) two-dimensional nucleation [97].......cccccvvveiiere i 26
Figure 2.15. Two bodies in contact; (a) sphere-plate and (b) two plates [115]. ......cccocervrvrnnnnne 29
Figure 2.16. Map showing water hardness in England and Wales in mg/L CaCO3 [130]. .......... 32

Figure 2.17. Schematic drawing of the growth of amorphous CaCOs particles and their
tranSTOrMALION [142]. ...vo ittt ne bbb 34
Figure 2.18. SEM morphology displaying the polymorphs of CaCOs; (a) Aragonite, (b) Calcite
AN (C) VALEIITE [LA8]. ..ottt et e e e st e e e e e saeeabeesraeenne e 35
Figure 2.19. The abundance of CaCOs3 polymorphic phases as a function of temperature [149]. 35

Xl



Figure 2.20. SEM image of synthetic magnesia MgCO3 [39]. ....ccovviivinininiiieee e 36

Figure 3.1. Scale morphology of scale crystals formed in the bulk solution and on the metal surface

174 OO 42
Figure 3.2. The profile of the fouling layer [58]. ... 44
Figure 3.3.The morphologies of first spherulitic crystallites at different concentrations of Mg?*
1 OSSR 46
Figure 3.4. The influence of different scale inhibitors on the morphology of CaCOs [170]........ 47
Figure 3.5. SEM observations of CaCOs scale; (1) base case, (2) 1 g/L Al>O3 nanoparticles, (3) 4
g/L PBTCA and (4) 1 g/L Al203 nanoparticles and 4 g/L PBTCA [207]. ..ccvovvevvreneieneienieanens 48
Figure 3.6. Surface coverage of CaCO3z and BaSOs as a function of pressure [220]. .................. 51
Figure 3.7. Pulsating flow profile [54]......cooiiieee e 53
Figure 3.8. . Boiling curves for a hydrophobic surface, a hydrophilic surface and a hybrid surface
[LB5]. vttt R R bRt R bt Re bt ne b n et nenre e 54
Figure 3.9. Surface contours of PTFE and stainless steel surfaces [62].........ccccccoveviveviiiieinenns 55
Figure 3.10. Surface energies and scale induction time [62]. .........ccccceveriririinieieiene e 57
Figure 3.11. Scale mass gain on the surface for different Mg?* levels [167]. ......cc.ccoevverercnnnne. 59
Figure 3.12. Aragonite (top) and calcite (bottom) morphologies in the presence of Ag*, Al*3, and
(O Al 721 RO TR 60
Figure 3.13. Model structure of the humic acid molecule according to Stevenson [254]. ........... 61
Figure 3.14. Effect of concentration of DOM on the concentration of calcium in the solution [255].
....................................................................................................................................................... 62
Figure 3.15. The effect of pH on the scale fouling and corrosion [264]..........cccceveviieviiiieieennns 63
Figure 3.16. Thermal resistance curve for the fouling from geothermal water [29]. ................... 65
Figure 3.17. Camera images of scale development on the surface. ..........cc.ccoovveiiieieic i 66
Figure 3.18. Photographs of tube blockage at a different distance from the entrance [272]. ....... 67
Figure 3.19. The abundance of inorganic carbon compounds as a function of solution pH [52]. 69
Figure 4.1. Representation of scale precipitation in the boiling static Setup. .........ccccocevevvrennnne 72

Figure 4.2. Boiling static setup; (A) the entire setup, (B) samples’ holder, (C) sample bottom and

()T L] o1 1= o] o PSPPI 73
Figure 4.3.Convective and convective boiling heat transfer regimes [286]. ...........ccccevvvevverinnnn. 74
Figure 4.4. Configuration of the experimental SELUP. .........cvviirieriiene e 76

X1



Figure 4.5. The geometry of a sample used in the boiling static SEtup........ccccevvvvevivereiiieieenns 76
Figure 4.6. The flow cell is composed of (a) PMMA back plate, (b) Teflon plate, (c) PMMA front

plate. (d) The entire body of the cell [289]. ... 77
Figure 4.7. Photograph of once-through visualisation rig including the software interface......... 78
Figure 4.8. Schematic of surface deposition inthe FESC. .........ccccccciieiiiiiii e 79
Figure 4.9. Configuration of the FESC apparatus...........ccccceieeieirieiieeieeieseese e seesie e see e 80
Figure 4.10. The flow cell; (a) bottom view and (b) tOP VIEW. .......ccoiiriiiiiiiiiie e 80
Figure 4.11. Test solution flow dynamics in the FESC. ..........ccoiiiiiiiiiiceee e 80
Figure 4.12.The FESC test sample; (a) top view, (b) bottom view and (c) 2D side view of an
assembly of thermocouple and sample (all dimensions in MM). ........c.cccccveveiieii i, 81
Figure 4.13. Photograph of the multi-channel thermocouple data logger. ........cccccooveriiiivnnnnnne 82
Figure 4.14. Representation of the data acquiSition SYSTEM...........cccoiiiiiirininieiee 83
Figure 4.15. Pressurised fIOW Cell..........cov oo 85
Figure 4.16. Configuration of the experimental setup for pressure tests. ..........cccoeeviveveiiieieennns 85
Figure 5.1. Microstructure of aluminium surface of Ra= 20 nm in NPFlex optical profiler........ 89
Figure 5.2. Solution evaporation as a function of tIME. ..........cccoiiiiiiieneni e 95
Figure 5.3. Screenshot of spreadsheet-based supersaturation calculator. ...............ccccceevevveennenee. 108
Figure 6.1. Schematic drawing of composite precipitates formation from potable water. ......... 111
Figure 6.2. The solubility of CaCOs forms and MgCOs as a function of temperature............... 111
Figure 6.3. The evaporation rate of solution at different bulk temperatures. ..............ccocevvnene. 112
Figure 6.4. Effect of temperature on the scale formation on stainless steel. ..........c.cccccvevverneenee. 113
Figure 6.5. Effect of water evaporation on Ca?* concentration at 95°C. .........cccccevveveverevrnnnn. 113
Figure 6.6. SEM observations of scale crystals for a different solution temperature. ................ 114
Figure 6.7. EDX elemental analysis for different forms of CaCOs3 deposits. .........cccocerererienne. 114
Figure 6.8. XRD analysis of the scale crystalline species on the surface (A: Aragonite, C: Calcite,
L a[ YA £ (=] ] (=) PO PSPPSR 115
Figure 6.9. XRD analysis of the bulk precipitation (A: Aragonite, C: Calcite, and S: CaSO;4 as
10101 11 1= TSR PO TP 115
Figure 6.10. EDX analysis for oxide layer and scale crystals on the aluminium surface........... 116
Figure 6.11. Effect of surface material on scale depoSition............ccccevveiiieiie i 117
Figure 6.12. SEM images of scale particles on different surface materials............c.ccococvrvnenne. 117

XV



Figure 6.13. XRD analysis of scale crystalline species on different surface materials (A: Aragonite,

C: CalCite, and V: VALEIITE). ...vvcveiieiieeie ettt ste et te et sbe e aesseestaannesreesreenee s 118
Figure 6.14. Effect of surface roughness on scale deposition.............cocovrireiiiiencnenc s 119
Figure 6.15. SEM images of scale deposits on surfaces with different roughness..................... 119

Figure 6.16. XRD analysis of the scale crystalline species on different roughness surfaces (A:
Aragonite, C: Calcite, and V: VALEIITE). ......cccoieeiiiie et 120
Figure 6.17. (a) Relationship between the evaporation rate and evaporation area and (b) scale mass
change with evaporated water for different evaporation areas. ..........cccoevereevienieieeresieeseennens 120

Figure 6.18. SEM observations of scale layer on stainless steel surface for different evaporation

Figure 6.19. EDX analysis of scale particles formed from evaporation area experiments......... 121
Figure 6.20. (a) Change of MgCOs solubility with temperature, and magnesium content in different

solutions, (b) the consumption rates of Mg?* and Ca?* in solution A, under the medium heating

Figure 6.21. (a) Calcium concentration change, (b) magnesium concentration change, with the
temperature at the different magnesium CONTENTS. ..........coiiiiririieieiese e 123
Figure 6.22. Change of ion concentration in solution B during the heating process.................. 124
Figure 6.23. (a) calcium ion concentration profile and (b) zinc concentration profile, during water
heating for different ZiNC CONENL. ..........ooviiiiiii s 125
Figure 6.24. (a) Crystallisation induction time and (b) solution turbidity, for different zinc content.

..................................................................................................................................................... 126
Figure 6.25. SEM images of the precipitated scale (a) with no zinc in water and (b) with 15 mg/L
4 oSSR 126
Figure 6.26. XRD pattern of bulk precipitate in presence of 15 mg/L zinc (A: aragonite, C: calcite,
AN SS: SIMITNSONITE). ..viiiiiiie et e e e et e e s e e ebe e saeeabeeareas 127
Figure 6.27. Calcium ion concentration profile during water heating for different nitrate content.
..................................................................................................................................................... 127
Figure 6.28. SEM images of deposits with (a) 3.8 mg/ L nitrate (b) 104 mg/ L nitrate and (c) XRD
patterns for scale layer at 104 Mg/ L NILrate. .....c.cceeiiiiiiiiie e 128

Figure 6.29. (a) Calcium ion concentration profile and (b) crystallisation induction time, during

water heating for different TOC CONTENT. .......ooviiiiiiiiiieeeee e 129



Figure 6.30. (a) Profile of bulk temperature and pH, (b) profile of calcium concentration, for

dIifferent NEALING FALES. .. ...civeiieie et a e e sreen e e e nreenee s 130
Figure 6.31. (a) Change of calcium concentration with temperature, (b) change of solution turbidity
WIEN TIMIE. Lottt s et et e e s e e b e et e e st e sbe et e ene e et e e beaneenreenen 130
Figure 6.32. Change of calcium reaction rate with heating rate. ...........cccoeveviveve e, 131

Figure 6.33. (a) Change of temperature and calcium concentration with time, (b) change of pH and
concentration with the temperature at different cooling rates. ..........ccocevvevieeienieninie e 132
Figure 6.34. (a) Change of calcium content with temperature, (b) the reduction percentage of
calcium during the heating and co0liNg CYCIES. .........coveiiiiiiiee e 132
Figure 6.35. (a) The theoretical profile of scale formation during the heating and cooling cycles,
(b) experimental and theoretical cooling to heating scale ratios..........cccccovcvrienienie e iiere e 133
Figure 7.1. Schematic of surface scaling process from potable water. ...........cccccoooeiiieniiinnnn. 137

Figure 7.2. Camera images for scale formation at different stainless-steel surface temperatures: (a)

Ts=80°C; (b) Ts=90°C; and (C) Ts= 100 °C, t= 24 Nl..vvcveiveieicecccecc e 138
Figure 7.3. Total deposition on different surface materials under different surface temperatures.
..................................................................................................................................................... 139
Figure 7.4. EDX elemental analysis of the deposits on stainless steel; (a) SEM image, (b) spectrum
3, (€) spectrum 4 and (d) SPECLIUM 5. ....viiiiiieee ettt re e 140
Figure 7.5. SEM images of scale on the surface with different surface temperatures: (a) Ts= 80 °C;
(b) Ts=90°C; and (€) Ts= 100 OC. ...oviicieiieieiecie ettt 140
Figure 7.6. XRD data for the scale crystalline species (A: Aragonite and C: Calcite)............... 141
Figure 7.7. Surface deposition for thermal conductivity of different substrates at a heater
TEMPErAtUre OF 98.2 OC. ... ittt st nre s 142
Figure 7.8. Camera images for scale formation on different substrates: (a) stainless steel; (b)
aluminium; and (c) copper, t=24 hrand Th=98.2°C.......ccccooveiii i 142

Figure 7.9. EDX elemental analysis of the mineral scale on copper; (a) SEM image, (b) spectrum
6, (C) spectrum 7 and (d) SPECIIUM 8. .......ooiiiiiiieie e 143
Figure 7.10. SEM images for scale formation on various heat transfer surfaces: (a) stainless steel;
(o) I T Taa L Ta TV Ty =T o I (o) I eTo] o] o1 SA PSPPSR 144
Figure 7.11. XRD data for the deposited materials on different substrates (A: Aragonite; C: Calcite;
and S: Anhydrite calcium SUIPNETE). .......ccooiiiiiiiie e 144

XVI



Figure 7.12. The scale mass gain on stainless steel with different roughness. .........c.c.cccccvvueenee. 145
Figure 7.13. SEM images of scale on the surface with different roughness.............cccccoevverunnee. 146
Figure 7.14. XRD analysis of the surface deposits on different roughness surfaces (A: Aragonite,
C: CalCite, and V: VALEIITE). ..occveiiii ittt ettt be et e e e saeeabeeannas 146
Figure 7.15. Effect of flow rate on the scale amount on the heat transfer surface. .................... 147
Figure 7.16. SEM images of scale particles under effect of various flow rate: (a) 0.65 ml.min*; (b)
Aml.min; and (€) 6.23 MEMIN™. ..ot 148
Figure 7.17. SEM observations of CaCO3z morphology transformation on stainless steel with time
under a flow rate of 0.65 ml.min*: (a-c) a twin-rosette aragonite at different growth stages; and (d-
) @ flower-like aragonite. .........coveiiiiiiiice e 148
Figure 7.18. XRD data for the deposited minerals under the effect of different flow rate (A:
Aragonite and C: CaICIE). ....oiveiuiriiiiiiiieeie e 149
Figure 7.19. Camera images for (a) small size and (b) medium size of vapour bubbles............ 150
Figure 7.20. The effect of vapour bubble on the inorganic fouling on stainless steel, Ts=90 °C and
flow rate = 1.5 ML MINT . oottt 150
Figure 8.1. Model structure of the humic acid molecule according to Stevenson [254]. ........... 154
Figure 8.2. Schematic representation of the fouling process on a rough aluminium surface. .... 154
Figure 8.3. (a) Photo of aluminium surface coated with an aluminium oxide film, (b) SEM image
of the oxide film segments with CaCOs crystals, (c) and (d) FE-SEM images of the oxide film with
N0 SCAIE CIYSTAIS. ...ttt b e 156

Figure 8.4. XRD pattern of the aluminium oxide layer in presence of CaCOs particles [A: aragonite

1[0 IV Y (=1 4 1 (-] RSO PPRROSROSON 156
Figure 8.5. Contact angle measurement on (a) bare aluminium surface (96°) and (b) on aluminium
OXTOE TIHIM (249). ettt b e bbbt bt ettt b et 157

Figure 8.6. (a) Thermal resistance of fouling layer on the aluminium surface, (b) surface mass gain
and asymptotic fouling resistance, for different surface temperatures. ...........cccceeeevvevieccreennn. 158

Figure 8.7. SEM images for deposits on the aluminium surface at different surface temperatures;

(@) 90 °C, (b) 100 °C and (€) 110 OC. ..ouieieiieie ettt sraeneenee e 158
Figure 8.8. Deposits on the aluminium surface at 100 °C; (a) SEM image and (b) EDX analysis.
..................................................................................................................................................... 159

XVII



Figure 8.9. (a) Thermal resistance of fouling layer on the aluminium surface, (b) surface mass gain
and asymptotic fouling resistance, for different absolute pressures. .........ccccevvvveviveceiieeieennnns 160
Figure 8.10. SEM images for deposits on the aluminium surface at different pressures; (a) 100 kPa,
(D) 170 KPa and (€) 250 KPa........ccuiiieieiie ettt sttt e e e 160
Figure 8.11. Deposits on the aluminium surface at 170 kPa; (a) SEM image, (b) Spectrum A and
(c) Spectrum B, from EDX @NalYSIS. ......ccueiieiiiiieiieie ettt 161
Figure 8.12. (a) Fouling resistance of scale on the aluminium surface, (b) surface mass gain and
asymptotic fouling resistance, for different surface roughness. ..........cccooevivnienieiinie e 162
Figure 8.13. SEM images for deposits on the aluminium surface for different surface roughness;
(@) Ra=1.18 um, (b) Ra=1.48 um and (¢) Ra=1.91 [M. ...cceoeriiiiiiiiiiiieee e 162
Figure 8.14. (a) Fouling resistance of scale on the aluminium surface, (b) surface mass gain and
asymptotic fouling resistance, for different contents of chloride and sodium. ...........c.cccceevenene 163
Figure 8.15. SEM image for deposits on the aluminium surface from different solutions; (a) [CI
]=10 mg/L and [Na*]=6.5 mg/L, (b) [CI']=216 mg/L and [Na*]=136 mg/L, and (c) [CI"]=315 mg/L
AN [NATTE202 MOG/L. ettt sttt sa e se st e e s sen e e ereneenas 164
Figure 8.16. (a) Fouling resistance of scale on the aluminium surface, (b) surface mass gain and
asymptotic fouling resistance, for different saturation ratios of MgCOa.........ccccvevveviiiciieennnnn 165
Figure 8.17. SEM image for deposits on the aluminium surface for different contents of
magnesium; (a) no Mg?*, (b) [Mg?*] =52 mg/L and (c) [Mg*] =150 Mg/L. .....ccceceverrrrrrene. 165
Figure 8.18. EDX elemental analysis of the deposits on aluminium; (a) SEM image, (b) spectrum
1 and (c) XRD analysis of fouling layer at [Mg?*] =150 mg/L, A for CaCOs as aragonite, M for
magnesium carbonate as magnesite and P for MgO as periclase. .........cccocvvveiieii e, 166
Figure 8.19. Fouling resistance of deposits on the aluminium surface for Mg?*-COs? system
(Solutions I and J) and Ca2*-CO3% systems (SOIULION H).........cc.cvueviveruerieeeieieceeeee e, 166
Figure 8.20. SEM image for deposits on the aluminium surface for Mg?*- COs? and Ca?*-CO3*
systems; (a) 80 mg/L Ca®* - 360 mg/L HCOs’, (b) 26 mg/L Mg?*- 360 mg/L HCO3™ and (c) 80
MQ/L MQ?*- 360 MO/L HCO3 . ...coviceiiceeeee ettt s, 167
Figure 8.21. (a) Fouling resistance of scale on the aluminium surface, (b) surface mass gain and
asymptotic fouling resistance, for different contents of sulphate in water. ..............cccccoeevennn. 168
Figure 8.22. SEM image for deposits on aluminium surface for different concentrations of sulphate
ion; (a) no sulphate, (b) [SO4*] =42 mg/L and (C) [SO4*] =126 MY/L. c.ovvvrverreeerrrrrrerrrnens 168

XVII



Figure 8.23. (a) Fouling resistance of scale on the aluminium surface and (b) surface mass gain
and asymptotic fouling resistance, for different contents of TOC in water.............ccocceevveiveennnns 169
Figure 8.24. SEM image for deposits on aluminium surface for different concentrations of TOC,;
(@) no TOC, (b) [TOC] =2 mg/L and (C) [TOC] = 4.3 MQ/L. .cceeiriiiiiiiiieeeee s 170
Figure 8.25. (a) Fouling resistance of scale on the aluminium surface and (b) surface mass gain
and asymptotic fouling resistance, for different contents of zinc in water. .............ccccoeveveennnne 171
Figure 8.26. (a) Fouling resistance as a function of scale mass and (b) crystallisation fouling
induction time for different concentrations of ZiNC IN Water...........cccoovveeiinie e 171

Figure 8.27. SEM image for deposits on aluminium surface for different concentrations of TOC;

(a) no Zinc, (b) [Zn?*] =10 mg/L and (C) [ZN%*] = 15 MQ/L. cvvevrvieeeieeeeeee e, 172
Figure 8.28. EDX elemental analysis of the deposits on aluminium; (a) [Zn?*] =5 mg/L, (b) [Zn?*]
=10 M@/L and (C) [ZNZ*] = 15 MQ/L...cucvirieeiicieieeeeseeee ettt 173
Figure 9.1. Fouling resistance curve fitting for (a) scaling solution with no zinc and (b) [Zn?*]=10
04 PSPPSR 180

Figure 9.2. Power consumption of heat transfer equipment for two different content of zinc... 180
Figure 9.3. Schematic of porous inhibitor ChIP..........cooiiiiiii 182

XIX



List of Tables

Table 2.1. Prediction of solution saturation based on SR ValUE. ..........ccccoverininiiiene i 11
Table 2.2. The solubility product constant of common Scales...........cccocevveviiieiecie s 13
Table 2.3. Water composition in SOme UK FVErS [42]........cooiiiiiiiniiiiesieeeeeee s 32
Table 4.1. Composition of metal alloys used in the Study. ..o 73
Table 5.1. Chemical reagents used in the eXPeriMmeNtS. .........cccvvvereereie s 88
Table 5.2. SOIULION COMPOSITIONS. .....ccviiieiierie et sreeneenee e 90
Table 5.3. Experimental CONAITIONS. .........ccooiiiiiiieiiiesieree s 92
Table 5.4. Experimental setup for each heating rate.............ccooeviiiiinii 94
Table 5.5. Experimental setup for each cooling rate. ..........cccccevieveeiiiic i 94
Table 5.6. Composition of the teSt SOIULION. .........c.ccviiiiiieii e 97
Table 5.7. Experimental conditions for flow visualization rig. ..........c.ccocvverninieieniie 97
Table 5.8. Temperature data from the flow visualization cell ...........cccoccevieviiiiiniince i 99
Table 5.9. Solution compositions for FESC eXperiments.........cccocevveveeiieiieenesie s 100
Table 5.10. Experimental conditions for Flow-Evaporation Scaling Cell setup. ...........ccccveu... 101
Table 5.11.Solubility product constant correlations (T in K). ......cccooeiiiinininiieeceeene 107

XX



Nomenclature and Abbreviations

Nomenclature

Symbol Definition Units
A Pre-exponential constant Nuclei/s.m3
Aand B Nucleation theoretical time equation constants
Ay Hamaker constant N. m
Ajj Interfacial area m?
C Constant in the shear stress expression
Cb Bulk concentration of solute kg. m®
Ci Interfacial concentration of solute kg. m®
Csat Saturated concentration of solute kg. m?
D Diffusion coefficient m?. s’
Dy, Hydraulic diameter m
d Average distance between asperities m
E, Activation energy of crystallisation reaction kJ. mol
Euq Adhesive energy per surface area kJ. m?
Faa Adhesion force N
Foaw Lifshitz-van der Waals forces N
Fonem Chemical bonding N
Fy Hydrogen bonding N
F,; Electrostatic force N
Fyp van der Waals force N. m?

XXI



AGHet

AGrom

Shear stress

Growth rate

Free energy change coupled with heterogenous

nucleation

Free energy change coupled with homogenous nucleation

Surface excess of free energy change
Volume excess of free energy change
Molar heat of vaporization

Intensity of incident beam

Intensity of transmitted beam
Nucleation rate

Proportionality constant

Boltzmann constant

Equilibrium constant

Overall crystal growth coefficient
Henry’s law coefficient

Reaction rate constant

Solubility product constant

Mass transfer coefficient

First ionisation constant of the carbonic acid
Proportionality factor

Second ionization constant

XXII

kg. m?. s

kJ. mol?

kJ. mol?
kJ. mol?
kJ. mol?

kJ. mol?

Nuclei/s.m?®

m? . kg. s2 K'

m*. kg?tst
mol. kg*. kPa
m* kgts?t
mol2. dm™®

1

m.s

mol. dm-3

mol. dm™



Ty
Th

Ti

TNucleation

Optical path length m

Amount of mineral scale in absence of inhibitor mg
Amount of mineral scale in presence of inhibitor mg
Mass deposition rate kg. m?. s
Mass fouling rate kg. m?. s
Mass removal rate kg. m?. s

Order of crystallisation reaction

Pressure kPa
Heat flux W
Gas constant J. moltK?

Reynolds number

Fouling resistance m2°C. W1
Asymptotic fouling resistance m2°C. W1
Root mean square roughness {m
Salinity ppt

Sherwood number

Time S
Temperature °C
Solution bulk temperature °C
Heater temperature °C
Interfacial temperature °C
Theoretical time of nucleation S

XXI



Ts Surface temperature °C

ty Turbidity FTU

Us overall heat transfer coefficient of fouled surface W. m2eCt
U, overall heat transfer coefficient of clean surface W. m2eCt
v Overall flow velocity m. st

1% Molecular volume m3

X Distance between the interacting bodies m

Xf Fouling layer thickness m

Greek symbols
Symbol Definition Units

o Degree of supersaturation

) Correction factor of free energy change
Yij Interfacial energy J.m?

0 Contact angle 0

% Interfacial energy kJ. m?

) Deposit strength N. m?2

r Removal probability

X xmand y;;  Weibull parameters

p Solution density kg. m3
Pr Fouling layer density kg. m3
A Fouling layer thermal conductivity W. mt Kt

XXIV



Abbreviations

Abbreviation

Definition

A

AAS

ACC

BSE

C

CA

CCD

DOM

EDX

FESC

FE-SEM

FTU

IAP

ICP-MS

ICP-OES

ICSD

LSI

M

NOM

Calcium carbonate as aragonite

Atomic absorption spectroscopy

Amorphous calcium carbonate

Back-scattered electrons

Calcium carbonate as calcite

Contact angle

Charged couple device

Dissolved organic matter

Energy-dispersive X-ray

Flow-evaporation scaling cell

Field emission scanning electron microscopes
Formazin turbidity unit

Activity product of salt ions

Inductively coupled plasma mass spectrometry
Inductively coupled plasma atomic emission spectroscopy
Inorganic crystal structure database

Langelier Saturation Index

Magnesium carbonate as magnesite

Natural organic matter

Magnesium oxide as periclase

XXV



PFESC

PID

PVS

Ra

RDC

RSI

SE

SEM

Sl

SR

TA

TOC

XRD

Pressurised flow-evaporation scaling cell
Proportional-Integral-Derivative
Polyvinyl sulfonate

Arithmetical mean roughness value
Rotating disk crystalliser

Ryznar Stability Index

Anhydrite calcium sulphate
Secondary electrons

Scanning electron microscope
Saturation index

Saturation ratio

Total Alkalinity

Total organic carbon

Vaterite

X-ray diffraction

XXVI



Subscript/superscript

Abbreviation Definition

1 Initial state

2 Final state

b Bulk

c Clean surface
f Fouled surface
[ Interface

S Surface

XXVII



Chapter 1: Introduction

Water heating/boiling is essential in different household appliances and systems, it is also involved
in different industries such as the downstream oil and gas industry, power plants, water
desalination and the food industry. The demand for water heating facilities and systems has
increased due to the increase in population and standard of living. However, water heating is
accompanied by several inevitable challenges that appear as very serious threats to the
sustainability of systems. The most common issues in similar systems are inorganic fouling,
corrosion fouling and biological fouling [1]. All types of fouling are responsible for increasing

power consumption due to retarded heat transfer efficiency and reduced flow area [2].

Inorganic fouling or scale is diverse, complex, long-term and the second most common type of
fouling after corrosion deposits. It is the formation of unwanted deposits either on the heated
surfaces in contact with the solution or bulk fluid and occurs as a consequence of the
supersaturation of salt. The formation of inorganic scale is thermodynamically possible when the
aqueous solution is supersaturated with one of the sparingly soluble salts such as calcium carbonate
(CaCO03), calcium hydroxide (Ca(OH).), lithium carbonate (Li.CQ3), sulphate salts of calcium,
magnesium hydroxide (Mg(OH).), magnesium oxide (MgO), barium sulphate (BaSO.) and
calcium oxalate (CaC.04) [3]. The formation of each salt depends on water composition and
operating conditions. CaCOsfouling is the most frequent form of scale in a wide range of industrial

processes which deals with water as a working fluid [4].

Fouling from water is classified into two categories, namely, surface deposition and bulk
precipitation. In order to predict and mitigate fouling in a system, an understanding of the
mechanisms and kinetics of scale formation should be achieved based on water composition,
operating conditions and surface material [5]. Inadequate attention to fouling impact in the earliest
stages of the design of heat transfer equipment may lead to serious consequences. These deposits
increase the resistance to heat transfer and reduce the flow area of the working fluids in industrial,
commercial and domestic systems [6-9]. The increasing resistance to heat flow and the high system
pressure drop increases the energy consumption, pumping cost and maintenance cost, and lower
the durability of the system [10, 11].



Studies of inorganic scaling have focused on four aspects, namely; kinetics and mechanism,
morphology, inhibition and removal of deposits [12]. The investigation of the fouling mechanism,
which is the first step in a way to mitigate fouling, allows us to predict the impact of fouling at
different conditions. Moreover, understanding kinetics may contribute to controlling or inhibiting
scale formation in a system. In the second step, examining the structure and composition of the
fouling layer using various techniques provides essential information for the inhibition step in

which chemical and physical methods can be employed [13].

Preventive means such as the addition of chemicals, surface modification, external technigues can
be used to mitigate scale formation [14]. Scale build-up may lead to a complete shutdown of a
system, therefore, the search for an efficient technique for the removal of deposits has been of
interest for researchers [15]. Investigating the above four aspects might be necessary to control

inorganic scaling.

1.1. Crystallisation fouling in domestic appliances
Fouling has long been a concern in domestic appliances such as electric boilers, gas boilers, steam
irons, washing machines, dishwashers, coffee makers and potable water distribution systems in
general. In the report of the Water Quality Research Foundation (WQRF) [16], it is estimated that
the heat transfer efficiency of instantaneous gas water heaters is reduced by 30% over a 15-year
lifecycle if hard water is used. Scale build-up on the metallic surfaces of such appliances
diminishes the heat transfer and increases the power needed to fulfil the desired performance. The
deposition of inorganic salts can also result in reduced flow area which can lead to the failure of
the domestic devices subjected to fouling. Moreover, the precipitation of salts in the bulk solution

also affects the quality of the produced water such as taste and colour [17].

Figure 1.1 shows a washing machine heater at 60 °C and 95 °C after 300 cycles of washing. The
formation of inorganic scale in household appliances is a persistent problem owing to the severe
conditions and water composition. The temperature in these appliances is usually high enough to
make the mineral scaling thermodynamically favoured. In some devices, water evaporation is a
common practice leading to unavoidable mineral scaling. The fouling phenomenon in domestic
systems is also attributed to pressure, flow rate and surface substrate. Secondly, potable water and

surface water contain a variety of ionic species that contribute to the formation of different types



of inorganic deposits in water distribution systems and domestic appliances. The composition and
quality of potable water vary based on geographic location [18].

Figure 1.1. Washing machine heaters at 60°C (Left) and 95°C (Right) [19].

The heating of water in some household appliances is a complicated process allowing deposits to
form on the surface and in the bulk solution. An Espresso machine provides hot water and steam
from two different outlets, the brew water and steam are supplied from a heat exchanger and boiler,
respectively, as shown in Figure 1.2. In the boiler, the minerals tend to adhere to the heating
element and boiler surface, while scaling forms in the bulk solution, on the inner and outer surfaces
of the heat exchanger. This reduces the heat flow from the heating element to water and increases

the pressure drop of the system.

Brew water
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Figure 1.2. A basic representation of an Espresso machine [20].




The type of inorganic mineral formed in household systems depends on water composition. CaCO3
is the common type of scale due to the abundance of calcium in potable water and its low solubility
[21]. The formation of magnesium salts is likely from the water with a high content of magnesium.
The composite fouling layer of different inorganic salts may also be observed on the heat transfer
surface of domestic devices. Therefore, the structure and composition of deposited salt should be

investigated to nominate a suitable mitigation technique.

1.2. Research background
To achieve a full understanding of deposits formation in domestic appliances, two research aspects
need to be taken into account. The mechanism and kinetics of inorganic fouling is the first aspect
that has been investigated in this work. The study of scale adhesion on the surface and potential
mitigation methods is the second aspect that should be considered for future work. The first aspect
involves the mechanism of surface deposition and bulk precipitation accounting for the following

important elements:
e Complete and partial evaporation of water.
e Water composition.

The investigations began with a study of bulk precipitation from potable water in a closed system
where no solution flow. The effects of substrate properties, key operating conditions and water
composition on the Kinetics of precipitation were examined. Simple domestic appliances adopt
closed systems for economic and operational considerations. Water heating and cooling rates could
also affect the amount of precipitated scale in closed systems. The effect of these parameters on
crystallisation fouling associated with water evaporation has received little attention.

The effect of water flow plays a significant role in surface deposition and removal. Flow shear
stress enhances the removal rate of scale crystals from the heated surface [22], the higher the flow
velocity the lower the resistance to heat transfer [23]. However, the increase of flow velocity
promotes the deposition rate of CaCOs when the flow Reynolds number ranges from 1,457 to
29,135 in a rotating cylinder electrode setup [24]. The influence of flow on the surface deposition
was introduced using a once-through in-situ visualisation flow rig system while the amount and

morphology of scale were monitored for different conditions.



The partial evaporation of water alongside surface fouling mimics the operation of household
appliances. Heating the aluminium surface to the water boiling point allows the flowing potable
water to partially evaporate. The evaporation and boiling conditions affect the local supersaturation
in the vicinity of the surface. The presence of steam bubbles on the surface influences the fouling
mechanism [25]. Fouling resistance is a common approach to determine the impact of deposits on
heat transfer [26]. The resistance to heat transfer increases with time as a result of mineral
deposition. However, the change rate of the fouling resistance and the asymptotic fouling

resistance value is dependent on water constituents as well as the key conditions.

The operating conditions include surface temperature, bulk temperature, flow rate and pressure.
The surface properties tested are the material and roughness of the surface. Regarding water
composition, the effects of the most abundant constituents in potable water have been evaluated.
Other parameters are the heating rate, cooling rate and evaporation rate. The kinetics information
obtained from all experimental apparatuses can be combined with the morphology data for

elaborating the inorganic fouling mechanism in household appliances.

1.3. Aims and objectives
This work aims to gain an understanding of the kinetics and structure of inorganic fouling from

potable water in household appliances conditions. The research objectives are described below:

e To design and build a closed system setup and accompanying analysis protocols that enable
the evaluation of bulk precipitation of composite scale followed by deposition on the metallic
surface. The influence of key operating conditions, surface material, water ionic constituents,
heating rate and the cooling rate will be studied on the kinetics of scale formation in the bulk

solution.

e To investigate the surface deposition of inorganic salts from potable water under convective

heat transfer in a once-through in-situ visualisation system.

e To develop a once-through Pressurised Flow-Evaporation Scaling Cell that allows the fouling

of the heat transfer surface to be examined in a pressurised environment.

e To establish the influence of water evaporation in a Flow-Evaporation Scaling Cell under

different surface conditions, operating conditions, and water ionic species.



The aim of the research can be achieved by addressing the specific objectives mentioned above.

Figure 1.3 shows a representation of the research overview.
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Figure 1.3. Schematic of a research outline.
1.4. Thesis outline

This work has been presented in ten chapters covering all research aspects as summarised below:

e An introduction of inorganic fouling in the domestic and industrial system is given in the
first Chapter. Overview of scale formation in bulk solution and on the heat transfer surface
in domestic appliances is highlighted. Chapter one also states the research aspects covered

in the present work.

e Chapter two illustrates the theory behind crystallisation fouling and the consecutive
processes which lead to mineral deposition. An insight into the relationship between water

chemistry and deposited minerals and their morphology is given.



A detailed literature review on crystallisation fouling mechanisms, morphology, affecting

factors and mitigation techniques for different mineral deposits is given in the third chapter.

The development of apparatuses and setups used in the research is described in Chapter
four. This chapter also illustrates the purpose, design, inline analysis technique and

working principle of each setup.

Chapter five presents the methodology of experimental work done by each setup. The
experimental methodology includes materials, solution preparation, conditions and
procedures for all experiments. The post-experiment surface and solution characterisation

methods are also given in the fifth chapter.

The experimental findings of bulk precipitation and surface deposition in batch systems
are shown in Chapter Six. The effect of different operating conditions, material properties

and water chemistry on mineral scaling in closed systems is presented.

Chapter Seven shows the results of surface crystallisation assessments in a once-through
flow system. The surface deposition is examined for different conditions under subcooled

flow boiling with no evaporation.

Chapter Eight presents the outcomes from surface deposition during subcooled flow
boiling with partial evaporation in a once-through flow system. The results showed the
influence of key operating conditions, substrate and ionic constituents in the water on the
scale build-up on the surface.

Chapter Nine gives an overall discussion that links the experimental results to obtain a full
understanding of inorganic fouling in different systems. The present results are also

discussed with reference to the reported studies in the literature.

Research conclusions, general synopsis and future work are given in Chapter Ten.

1.5. Summary

The present study is devoted to investigating the kinetics of inorganic fouling from potable water.

The surface deposition and bulk precipitation of composite crystallisation fouling have been

evaluated. The kinetics of scale formation and morphology of deposit crystal can be affected by

operating conditions, design parameters and water chemistry. The aim and objectives of the study
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were achieved through sets of experiments carried out in different experimental setups. The
kinetics data were linked to scale structure and morphology for a better understanding of the

fouling.

In this chapter, a general introduction to inorganic mineral scaling on the heat transfer surface is
given. The crystallisation fouling in domestic appliances and systems is then described. It has been
admitted that the complex chemistry of potable water and the extreme operating conditions are the
main challenges that may face the mitigation efforts. It has been also explained the strategy

followed to achieve the study goals.



Chapter 2: Theory

2.1. Crystallisation fouling

Crystallisation fouling of heat transfer surfaces coupled with heating water in domestic and
industrial heat exchangers has been a long concern. The formation of minerals process includes
different steps that occur in series and/or in parallel. Each step starting from the supersaturation of
minerals to the removal of crystals from the surface has been reported in the literature according
to theoretical models. The steps, which lead to scale formation, vary depending on the conditions.
For instance, heterogeneous nucleation is the dominant nucleation in the presence of foreign
particulates in the solution [27]. Also, the removal step of deposited particles becomes pronounced

as the flow velocity increased [22, 28].

Bott [29] mentioned that the general sequence of steps that end with mineral deposition is
supersaturation, nucleation, and crystal growth. However, the adhesion and removal of fouling
particles are added to Bott [29] fouling process events. Figure 2.1 shows a schematic of the overall
crystallisation fouling process and the sequence of events. The steps and their sequence can be
predicted, nevertheless, it is challenging in some systems. Mineral formation on heat transfer
surface might occur by two potential paths; homogenous nucleation and growth in the bulk fluid
followed by adhesion of crystals to the surface or heterogenous nucleation, growth and adhesion
to the surface [6, 30].

The fouling process steps and overall mechanism depend on the operating conditions and surface
material. For instance, using a non-metal heat transfer surface such as glass or silicon carbide
retards the heterogeneous nucleation and growth on the surface [31]. However, in the same system,
the scale may form in the bulk solution by homogenous nucleation due to high supersaturation
[32]. Similarly, the adhesion of crystals, which either form in the bulk fluid or on the surface, is

dependent on the substrate nature and properties [33].
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Figure 2.1. A schematic of the crystallisation fouling process.

2.1.1. Supersaturation

The dissolved ionic species in water crystallises in mineral salt form when solubility is exceeded

due to different conditions. The majority of mineral salts have a normal solubility-temperature

relationship in which the higher the temperature the higher the solubility in water [34]. The

precipitation of these salts is expected at low-temperature applications. However, the salts, which

have an inverse solubility-temperature relationship, are known as sparingly soluble materials; so,

the temperature reduces the solubility and increases the rate of crystallisation [35]. The dissolved

minerals start crystallisation when a solution is been supersaturated [5]. Figure 2.2 illustrates the

solubility constant of common minerals as a function of temperature.

Solubility Products for Calcite and Magnesite(*10%)
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Figure 2.2.The solubility of CaCOs, MgCOs; and CaSO; as a function of temperature [36].
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Supersaturation is a thermodynamic driving force for crystallisation fouling. Supersaturation of
mineral salts in an aqueous solution is brought about through the concentration of water constituent
ions, pressure and temperature variations, or by manipulating the water chemistry [37].
Supersaturation is a measure of scaling thermodynamic tendency of a solution, which can be
expressed in terms of saturation ratio (SR) as a ratio of activity of dissolved ions to solubility
constant of mineral salt. Table 2.1 shows the criteria of scale formation based on the value of SR

with respect to a salt.

SR =22 2.1)

Ksp

Where, IAP is activity product of salt ions and K, is the solubility product constant. The ionic

activity product is a function of the actual concentration of fouling ions.

Table 2.1. Prediction of solution saturation based on SR value.

SR>1 The solution is supersaturated corresponding to the thermodynamic possibilities

of salt and scale formation.

SR=1 The solution is saturated, crystallisation and dissolution of fouling particles

simultaneously occur at the same rate.

SR<1 The solution is under-saturated, fouling particles are likely to dissolve with no

tendency for scaling.

The solubility product constant is a temperature-dependent parameter [38, 39]. Other parameters
may influence the supersaturation such as solution pH and partial pressure of carbon dioxide (CO>)
through effecting the chemical equilibria leading to deposits formation [40, 41]. The
supersaturation is also given in terms of the degree of supersaturation (¢) which corresponds to

the natural logarithm of saturation ratio:
o =1In(SR) (2.2)

Regardless of salt solubility in water, Bott [42] summarised the conditions that may lead to

supersaturate the solution and hence cause salt to crystallise: (1) mixing of saturated solutions of
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common ions, (2) addition of water-soluble salt to saturated solution, (3) evaporation of water, and
(4) dissolution of gas (e.g. CO>) in water from the atmosphere. Solution supersaturation has been
employed in a model to predict the rate of precipitation and the rate of crystal growth [43, 44].
However, the prediction model is valid for a batch system where a scaling fluid is being circulated.
In such a system, the supersaturation decreases with time until reaching the chemical equilibrium

between the scaling species.

2.1.1.1. Mineral solubility and formation equilibria
Several inverse solubility salts can form in domestic and industrial heat exchangers corresponding
to the composition of potable and surface water. The possibility of salt deposition in a system is
related to the concentration of ionic species that composes the salt and solubility of the salt.
However, the solubility of salt varies with temperature and the presence of impurities [45, 46]. For
the inverse solubility salts, the concentration of dissolved salt decreases during the heating, as

shown in Figure 3.2.

Concentration

)
|
|
|
1
|
|

t 3

T1 Ta
Temperature

Figure 2.3. The concentration of sparingly soluble salt during heating [42].

The impact of salt solubility on the supersaturation and fouling process is expressed in terms of
the solubility product constant (EqQ" 2.1). Researchers have proposed numerical correlations to

estimate the solubility constant for common inversely soluble minerals [38, 39, 47].
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Table 2.2. The solubility product constant of common scales

Mineral (crystalline form) Solubility constant (Ksp) correlation Ref.
i i 2839.319
Calcium carbonate (calcite) log K = -171.9065 - 0.077993 T+ +71.595logT | [38]
. . 2903.293
Calcium carbonate (aragonite) log Ky, = -171.9773 - 0.077993 T+ +71.595logT | [38]
) . 3074.688
Calcium carbonate (vaterite) log Ky, = -172.1295 - 0.077993 T+ +71.595logT | [38]
) : 1476.604
Magnesium carbonate (magnesite) | logk,, = 7.267 - 0.033918 7- [39]
) 12545,
Calcium sulphate (gypsum) log Ky = 390.9619 + 0.0818493 T- -152.62461logT | [47]
: : 6075.
Calcium sulphate (anhydrite) log Ky, = —215.509 - 0.070707 7+ +85.685logT | [47]

Another important parameter that may affect the supersaturation of salt in water and scale

formation is the ionic activity product, in other words, foulants concentration. Taking as an

example, CaCOs is the dominant scale formed in domestic and industrial heat exchangers due to

low solubility and abundance of calcium (Ca?*), bicarbonate (HCO3") and carbonate (CO3?) ions

in water [48]. The CaCOs forms when Ca?* reacts with either CO3s?* or HCOs™. The crystallisation

reaction of CaCOs is sensitive to pH and CO: partial pressure, which both could affect the

equilibria of CaCOgz formation [49, 50], as presented below:

COz2 (g) + H20 « H2CO3 (ag)
H2CO3 (ag) <> HCO3 (aq) + H*
HCO3 (aq) < CO%;3 (aq) T H*

Ca?*+ CO%3(aq) <> CaCO3

Ca**+ 2HCO3 < CaCOs) + CO2 () + H20

Keq= 1.3%10°2 (2.3)
Keq= 4.60%107 (2.4)
Keq= 5.14x10 71 (2.5)
Keq= 2.1x108 (2.6)

2.7)
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Solution pH enhances the transformation of dissolved CO, to HCOs', then HCO3 to CO3?*, and
eventually greater activity product and supersaturation (see Figure 2.4). The MgCO3z formation
rate is also dependent on carbonate equilibria. The formation of MgCO3z and CaSOg are described
by the following reactions:

Mg(zgq) + 2HCO3 (4q) © MgCO;3 5+ CO, gy + Hy0q (2.8)
Calyyy + SO% g < CaS0, s (2.9

According to the reactions stated above (EQ" 2.6 to 2.9), the formation of inverse soluble salts may
simultaneously take place either on the heat transfer surface or in the bulk solution. The solution
could be supersaturated with more than one mineral salt at the same time as a result of temperature
rise and concentration increase, therefore, leading to the formation of a composite fouling layer in

some systems [51].
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Figure 2.4. The abundance of scale species as a function of solution pH [52].

2.1.2. Fouling periods
The crystallisation fouling process is divided into two periods of time, which are experimentally
identified. The first period lies between supersaturation attainment and the formation of stable
crystalline nuclei, either by homogeneous or heterogeneous nucleation. This period is recognised

as the “Induction period”. In the following period “fouling period”, the stable nuclei grow to visible
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crystals forming a compact scale layer [5, 53]. Figure 2.5 presents fouling process periods
regarding fouling resistance change with time. The fouling resistance was a measure of heat

transfer retardation introduced by scale deposits. It can be determined using surface temperature,
bulk temperatures, and heat flux.
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Figure 2.5. Measured fouling resistance with time for an aqueous CaSQO4 solution [54].

2.1.2.1. Induction period

The induction or initiation period, the first-time stage of the fouling process, has been defined in
different ways based on research outcomes. The elapsed time until the first appearance of
crystalline nuclei at the heat transfer surface is the induction time [55]. Harouaka, et al. [56]
mentioned that the induction time is the time in which CaCOs3 crystals becomes detectable by
various experimental techniques. In the field of crystallisation, Mullin [57] described induction
time as the metastable state of supersaturated aqueous solution where spontaneous nucleation is
not favourable. However, recent research pointed out that in the induction period, small discrete

nuclei form at localised sites and lateral growth to stable large particles which does not cover the
entire surface [58-60].

The heat transfer is not significantly decreased in the induction period, quite the contrary, the heat
flow could be improved, represented by the negative fouling resistance in figure 1.5 [61]. Bohnet

[30] demonstrated that the negative values for the deposition rate reveal an improved heat flow
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compared to the clean surface, which might be caused by turbulent flow over the rough fouling
layer. The approach of induction period prolongation, therefore, could be one of the modern anti-
fouling strategies. Since both deposition and removal processes occur in that period, the length of
induction time depends on the parameters that affect these processes [62, 63]. The end of
crystallisation fouling induction interval could be experimentally detected through observing
changes in some physical properties, e.g. turbidity, solution pH, conductivity, crystals appearance

on the surface, and the surface temperature rising [5].

2.1.2.2. Fouling period

Once the induction period ends, the post-induction period or layer growth period starts, where the
heat transfer efficiency of the system significantly drops due to the impact of fouling build-up [64].
Over time, the scale layer becomes tenacious and less porous, resulting in increased fouling
thermal resistance [65]. The behaviour of fouling resistance in this period relies on the rates of
removal and deposition. The amount of deposits on the heated surface is influenced by the removal
of scale particles from the surface, hence altering fouling layer resistance to heat transfer. The
fouling period is divided into regions, steady growth and plateau steady state. In a steady growth
region, a competition between deposition and removal processes occurs until the removal rate
approaches the deposition rate, so the plateau steady-state begins. No pronounced change in the
fouling resistance and deposit thickness is observed in the plateau steady-state (or asymptote) zone
[42]. Mayer, et al. [63] presented in figure 2.6 the possible trends of fouling thermal resistance.

Lind

Figure 2.6. Trends of Fouling thermal resistance over time: (a) no removal, (b) Removal effect,

(c) asymptotic fouling resistance, (d) saw teeth shape: removal of large fouling particles [63].
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When scale building attains asymptotic behaviour, the fouling layer could include more than one
crystal lining. Each sub-layer may differ from others in density, porosity, thermal conductivity,
morphology, thickness, deposition rate and propensity to be removed by flow [66, 67]. The
successive sub-layers are mostly weaker than the initial one which is bound directly to the surface
due to the higher crystals-surface adhesion strength [68].

2.1.3. Nucleation

Nucleation in the crystallisation fouling is divided into heterogeneous and homogeneous
nucleation. As a result of different mechanisms, there are several variances between the
heterogeneous and homogeneous nucleation regarding supersaturation degree, crystal size,
morphology and adhesion force [35, 69, 70]. Nucleation is also classified based on the host surface
into primary and secondary nucleation. By primary nucleation, the nucleus is directly created from
the solution for the homogeneous nucleation or on the solid surface for the heterogeneous.

Once scale particles forms, the creation of further nuclei can be induced by the existing crystals
on the surface or bulk solution rather than a solid surface, this category is termed “Secondary
nucleation” [57]. The resulting foreign crystals can lower the energy barrier in the secondary
nucleation and accelerate the process. On the heat transfer surface, the fouling sub-layers form
over the first layer results in the secondary nucleation, attrition of existed crystals, then the
transport of the portions and finally their growth [71]. The fragments of main crystals may diffuse
through the solution to other locations and grow to their parent’s size. The secondary nucleation
on the surface plays a vital role in doubling the scale thickness several times [72]. Figure 2.7

illustrates the types of crystallisation nucleation.
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Figure 2.7. Types of crystallisation nucleation

2.1.3.1. Heterogeneous nucleation

The surface deposition process incorporates some steps, nucleation, growth, and attachment to the
heat transfer surface. First, divalent metal cations like Ca?* and anions such as COs% immigrate to
liquid—crystal interface on the heated surface. As the surface temperature is greater than the bulk
solution, a chemical reaction between foulants occurs to form CaCOz molecules [22, 73]. Bansal,
et al. [74] revealed that the scale fouling could be controlled by mass transfer of ionic species,
crystallisation reaction or a combination of both, relying on the key operating conditions. The
ordering process of these molecules into the crystal lattice on the pre-existing surface is known as
“heterogeneous nucleation”. The salt molecules are absorbed into the active nucleation site of the
hot surface [25, 75]. The heterogeneous nucleation is followed by crystal growth to the stable and

visible crystal with different polymorphisms. Figure 2.8 illustrates the overall process of the scale

surface deposition and the common CaCO3z forms.
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Figure 2.8. Schematic illustration of the surface deposition process.

The presence of a solid surface, including the surrounding surface and seeds, can significantly
lower the energy barrier for nucleation occurrence on the surface (classical nucleation theory) [76].
In addition to operating conditions, the nucleation rate is closely related to surface characteristics.
The kinetic model describes the nucleation rate (J) is given as

MG,
J=Aexp (- FTt) (2.10)

Where kg is the Boltzmann constant, T is the temperature, A is a pre-exponential constant and
AGhet is the change of free energy during the heterogeneous nucleation, the greater the AGet; the
higher the energy barrier needs to be beaten to achieve the first nucleus [77, 78]. The value of the
energy barrier for the system can be determined by the summation of the product of the interfacial

area A;; and interfacial energies y;; between each of surface, crystal and liquid, as follow:
AGper = X Aijvij (2.11)

Three interfacial free energies control the energy barrier of the heterogeneous nucleation; surface-
liquid solution (y;), surface-crystal nucleus (y,.) and crystal nucleus-liquid solution (y.;), as
presented in figure 2.9. The contact angle (8) between the crystal nucleus and surface outlines the

thermodynamic equilibrium, as stated by Young equation (Eq" 2.12).

Vst = VYsc + Vo COSO (2-12)
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Figure 2.9. Interfacial energies during the formation of the nucleus.

2.1.3.2. Homogeneous nucleation

This phenomenon occurs less frequently than the heterogeneous nucleation due to the higher
energy barrier. The absence of a nucleation agent and pre-existing surface hinders the spontaneous
formation of deposit nuclei, therefore, requiring higher supersaturation concentration compared to
surface heterogeneous nucleation. [79]. The kinetics of homogeneous nucleation is presented in
the literature based on two theories: classical and non-classical nucleation (Fig. 2.10). According
to the classical theory of nucleation, the formation of nanoscale nuclei can spontaneously occur if
the system overcomes the energy barrier which is merely represented by the solution
supersaturation [69].

In the non-classical theory, nuclei formation follows two common mechanisms; stepwise phase
transition and aggregation, in which pre-critical nuclei (solute species) are colliding and binding
themselves together to form a more stable aggregate [80, 81]. The aggregation process becomes
more favourable when a large number of the pre-critical nuclei collides with a collision rate much
higher than their dissolution rate [10]. The stepwise phase transition is believed to be one of the
nucleation paths, which involves the conversion of mineral lattice ions to an amorphous phase,

then the later yields a more stable crystalline phase of like calcite and magnesia [82, 83].
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Figure 2.10. Schematic drawing of possible nucleation routes, top path shows the classical theory,
then the middle and bottom routes represent aggregation and phase transition, respectively [10].

Similar to heterogeneous nucleation, the change in free energy coupled with homogenous
nucleation (AGf,,,) 1S the energy barrier against the transformation of solute to solid particle [84].
The AGj,, 1S estimated from the summation of components; the surface excess of free energy,

AG,, (positive component) and the volume excess of free energy, AG,,, (negative component):
AG}om = MG + AG, (2.13)

The AG,, is proportional to the supersaturation ratio (S) of the solution, therefore the homogeneous

nucleation rate (J) is supersaturation dependent:

AG, = — KT IS (2.14)

4

Where, v is the molecular volume. During the process, the excess of free energy attains the critical
maximum free energy change, AGSY,, that is corresponding to the critical nucleus radius. The

tendency for nucleus formation in the bulk solution increases with AGSL, decrease. The excess

free energy corresponding to heterogeneous nucleation, AGSEY, is linked to AGSTE through

applying the correction factor, @, that is a function of contact angle (8) [53]:
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AGEIE = @ AGSE, (2.15)

__ (24 cos6)(1- cos 0)?
- 4

And 0 (2.16)

Fouling of industrial heat exchangers is unlikely to be attributed to homogeneous (spontaneous)
nucleation as the working fluids of these systems are usually associated with solid particulate
impurities which act as heterogeneous nucleation sites [85]. Besides the solution impurities, other

solid species are considered as crystallisation seeds such as corrosion products [86].

2.1.4. Crystal growth

The process of crystal growth involves the size increase of minute nuclei to the visible larger
crystal in different polymorphic phases. Once the nucleus reaches a size larger than the critical
one, the growth process begins by adding new scale molecules to extend the overall size in all
three dimensions [57]. On the surface, the growth step in the crystallisation fouling is often
identified as including two mechanisms: diffusion of fouling ions from the bulk solution to the
vicinity of the surface, and integration reaction of ions into the crystal lattice. The crystal growth
behaviour and rate, either on the heated substrate or bulk solution, is prominently controlled by
diffusion mass transfer, crystallisation reaction, or both [30, 74]. According to the investigations

of Hasson, et al. [87] scale deposition of CaCOs3 on the heated surface is mass transfer controlled.

lons diffusion from bulk fluid to the vicinity of the surface comprises two sequential steps. First,
solute ions transport from the bulk through the liquid boundary layer and may pass through the
pores of the scale layer. Later, surface diffusion occurs until the reaction of cations and anions
takes place [42]. The driving force for ions mass flux to the heat transfer surface is the
concentration difference between bulk solution (Cp) and interfacial concentration (Ci) (Fig. 2.11).
When the growth rate on the surface is controlled by ions mass transfer, the mass deposition rate,

mgq can be given as below [26, 61, 87]:
my = Kt(Cb - Cl) (217)

Where K, is a mass transfer coefficient, which changes as a function of the hydrodynamics and
liquid properties at the interfacial temperature (T;) [88] by:
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K, =322 (2.18)

Dp

Where, Dy, is the hydraulic diameter, D is the diffusion coefficient and Sh is the Sherwood number

that is calculated based on the flow geometry.
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Figure 2.11. Schematic of the variation of concentration and temperature between bulk and
surface, (A), (B), (C), and (D) different mechanisms of ions diffusions, surface reaction and

crystal removal, respectively [89].

The deposition rate of minerals could be governed by the transport process of the solvated ions to
the surface. Crystallisation reaction and the ions attachment into the crystal lattice are described

by the below temperature-dependent formula:
mg = K (C; — Csqr)" (2.19)

Where, C; is the concentration of solute at liquid-solid interface, C,,; is the saturated concentration
of solute, n is the order of crystallisation reaction [90], and the reaction rate constant, K,., is an
interfacial temperature T; dependent, which is predominantly following the Arrhenius-type

equation, as follow [91]:

Eq

K, =Aye Fi (2.20)

Where A, is the pre-exponential constant, E, is the activation energy of crystallisation reaction
and R is the gas constant. In the case of a clean surface, the interfacial temperature (Ti) and surface
temperature (Ts) are identical. Once the scale layer starts growing, Ti decreases and becomes lower
than Ts. It implies that the reaction constant and reaction rate sequentially decrease for the

incoming sub-layers [92].
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Morse [93] suggested a model for describing the growth rate (G) of the precipitating scale particles

normalised to surface area, as given next.
G =K (S—-1D" (2.21)

The deposition rate of the salt crystals on the heated surface combines both the nucleation and
growth stages. Once the stable crystal forms, either from the bulk solution or on the surface, the
adhesion of the crystal to the surface takes place. However, along with the above stages, the flow
shear stress attempts to remove the binding crystal from the surface [22, 73]. Figure 2.12 illustrates
the surface fouling deposition and removal processes. Based on the approach of Kern (1959), the
difference in the mass deposition rate and the mass removal rate from the surface is known as the

fouling rate (my) (EQ". 2.22), which changes depending on critical operating conditions, solution

properties, and surface characteristics.
my =my —m, (2.22)

m,. denotes the mass removal rate. In the ultimate stage, the ageing phenomena transform the

participated/ surface crystals to harder or weaker scale layers [94].

wall shear sfress W —
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Figure 2.12. The surface fouling process [1].
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2.1.4.1. Crystal growth theories
Three theories have been adopted to describe the process of crystal growth [57]. The common

theories in crystal growth are surface energy theory, adsorption layer theory and diffusion-reaction
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theory. Besides, other theories were used to explain how the crystal grows such as kinematic
theories [95].

2.1.4.1.1. Surface energy theory

The surface energy theory was suggested based on the principle that “an isolated droplet of fluid
IS most stable when it's surface free energy, and thus its area, is a minimum’’ [96, 97]. To achieve
crystal growth, the summation of free energy in Eq" 2.11, of a crystal in equilibrium with a solid
surface would be a minimum at given operating conditions. In other words, the crystal obtains a
minimum total surface free energy when its faces develop an equilibrium shape at an identical rate.
As a result of differences between liquid droplets and crystallite, limitations were identified in
Gibbs’s analogy. Curie and Curie [98] has therefore estimated the crystal shape in equilibrium

with the solution according to Gibbs theory.

Wulff [99] proposed that the crystal faces would develop in rates related to their surface energies
by demonstrating that the crystal face energy determines the equilibrium shape of a crystal.
However, the face energy, thus the rate of crystal growth, is inversely proportional to the lattice
density of the face, the higher the lattice density, the faster the growth. The rate of face growth can
be observed through the development in a direction perpendicular to that face. Figure 2.13a
illustrates a crystal that grows in an ideal geometric pattern which is known as an ‘invariant’
crystal. The growth rate of crystal face increases with face area; faces A slowest, faces B medium
and face C fastest growth. However, a crystal, in practice, does not follow the geometric pattern
during the growth. In this case, the mode of growth is defined as “’overlapping’’, in which smaller
faster-growing faces gradually fade from the structure [100].

2 A 8
A A
8 4 8

(b)

Figure 2.13. Growth of crystal growth faces: (a) invariant crystal; (b) overlapping mode [97].
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2.1.4.1.2. Adsorption layer theory

Volmer [101] suggested, for the first time, the crystal growth mechanism of the adsorbed layer; he
stated that an adsorbed layer of solute atoms or ions exists on a crystal face. According to this
theory, or Gibbs-Volmer theory, the fouling species are unable to incorporate directly into the
lattice, but they form a loose adsorption layer on the crystal and diffuse over the surface (surface
diffusion). It has been believed that the adsorption layer contributes to heterogeneous nucleation
and crystal growth. Once the adsorbed layer form on the crystal face, a thermodynamic equilibrium
will be set up between the layer and the bulk solution [57, 102].

Atoms or ions will be attracted and linked to the active centres where the attraction force is the
greatest. Once this is done, the construction of a whole plane face continues to completion as
shown in Figures 2.14 a and b. The growth of the next layer on the crystal face begins when a
‘centre of crystallisation’ is being created. A single-layer island nucleus that forms by two-
dimensional nucleation in the centre of the face, commences the second layer generation as stated
by Gibbs-Volmer theory (Fig. 2.14c). The two-dimensional nucleation needs lower local

supersaturation when compare with three-dimensional nucleation for similar conditions [97].

Figure 2.14. Adsorption layer theory of crystal growth (a) foulant transport and positioning, (b)

full layer formation and (c) two-dimensional nucleation [97].
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2.1.4.1.3. Diffusion-reaction theory
The diffusion theory was first proposed by Noyes and Whitney [103] who described the growth
process based on a diffusional concept. They revealed that the deposition of solid particles,
“’crystallisation’’ is the opposite of the dissolution process. The difference in solute concentration
between the bulk solution and the surrounding surface is the driving force for the crystallisation
and dissolution processes, as described in EQ" 2.17. The thickness of stagnant diffusion film, which
reduces the diffusion and growth rates, can be significantly affected by flow turbulence. However,
it has been found that the film thickness is not sufficient to explain the crystal growth, especially
at a film of zero thickness. Also, in later investigations, it was demonstrated that the dissolution is

faster than crystallisation and it is not the reverse of crystallisation.

Berthoud [104] and Valeton [105] have inserted considerable modifications on the diffusion theory
that is then known as diffusion-reaction theory. They described the surface crystallisation in two
successive steps; diffusion of scaling species from the bulk to the vicinity of the surface, and
chemical reaction subsequently occurring between the scaling species to form the crystal lattice
(Eq"2.17 and 2.19). The general equation of the crystal growth rate (m,) based on the combination

of the two steps is written below:
mg = Kg(Cp — Csar)™ (2.23)

Where, C, is the concentration of an ion in a bulk solution, and K;; is an overall crystal growth

coefficient that is given by:

_ Kiky
Ki+ky

p (2.24)

Where, K; and k, are the transport coefficient and reaction rate constant, respectively. The
dependency of K; on K; and k, varies based on the operating conditions. The diffusion-reaction

theory of crystal growth becomes the most acceptable theory according to research findings.

2.1.5. Adhesion
When a uniform fouling crust is built on the heated surface, an interfacial area of crystal/substrate
is created due to the adhesion phenomenon of individual crystals on the surface [70]. The adhesion
of mineral crystals on the surface is a major challenge being faced in scale mitigation and cleaning

processes. Researchers defined the adhesion force of two bodies as the maximum force required
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for particle detachment, which is often brought about by hydrodynamic forces such as wall shear
stress [106-109]. In the fouling process, the adhesion can be categorised into the nucleated crystals

being diffused to the surface and precipitated crystals from the bulk.

The interfacial interactions in the crystal/ surface interface are classified as mechanical and
molecular interactions. The mechanical interactions are surface topography related like micro-
contours and roughness. Mechanical interactions have a pronounced impact on the adhesion
strength since individual scale particle adheres preferentially to particular profile elements of the
surface [62]. The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is often used to describe
the mechanism of CaCOz adhesion on heat transfer surfaces [110]. The molecular links play a
crucial role in the adhesion of deposits, such as Lifshitz-van der Waals forces (F,4y,), chemical
bonding (F.j.m), hydrogen bonding (F), electrostatic force (F,;), etc. [111, 112]. The following

equation represents the adhesion force (F,,) of scale particle on the solid surface.
Foa = Fyaw + Fy + Fepem + For + -+ (2.25)

Collins [112] presented a brief description of the principal interaction forces between the deposits
and solid surfaces. The molecular interactions of adhesion are commonly described based on the
fact that dispersive and polar Lifshitz-van der Waals forces are prevailing. As reported in the
literature, the van der Waals forces are governed by chemical and physical properties as well as
the geometry of the interacting bodies. The van der Waals force of attachment of scale spherical

particle (Fig. 2.15a), of radius R, on planer surface, can be obtained as follows [113, 114]:

__AgR

E,s = = 7 (2.26)
For two plates (Figure 2.15b), the van der Waals force (F,,,,) per unit area would be:
A
Eyp = 6—;’3 (2.27)

Where Ay is the Hamaker constant and x is the distance between the interacting bodies.
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Figure 2.15. Two bodies in contact; (a) sphere-plate and (b) two plates [115].

Butt and Kappl [111] stated that the adhesion force (F,,;) between spherical crystal and plate is given

as follow:
Fad = —ZﬂREad (228)

The adhesive energy per surface area, E,; can be obtained from the surface energy of each body
and interfacial energy,y;,y, andy,,. The interfacial energy is defined as the reversible work

required to create a unit interfacial area between the bodies.

Eqa =v1+7V2— V12 (2.29)

The influence of surface topography is considered in the calculation of adhesion force by as
follows:

__ AgR

32RK1Trms
Fad -

- K1Trmsy —
oA+ =)+ (L + %) 2] (2.30)
Where, d is the average distance between asperities, rms is the root mean square roughness [116]

and K; is the related proportionality factor (Ki= 1.817).

2.1.6. Removal
The adhered deposit crystal to the surrounding surface and even the small nuclei could be exposed
to removal by the hydrodynamic load, crystal breaking up and dissolution [30]. There are two
practical methods for scale removal from the surface: chemical methods and mechanical methods.
In the chemical removal, an acid or a chelating agent such as hydrochloric acid and ethylene-

diamine-tetraacetic acid (EDTA) can be used. The mechanical removal includes jet blasting,
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milling and explosives. However, chemical removal is cheaper and causes less damage compared
to mechanical methods [117, 118].

Crystallisation fouling rate can be minimised by enhancing the removal process of scale particles
from the surface (Eq". 2.22). The number of crystals leaving the surface per unit area per time is
controlled by several parameters such as wall shear stress, adhesion force, crystal size and density
[24, 41]. The most commonly used formula for mass removal rate r,., was that suggested by Kern
[119] and Taborek [120], in which the removed mass is proportional to deposition rate (m,) and

the mean shear stress (E;):

m, = % (2.31)

Where, K and 1 are a proportionality constant and deposit strength, respectively. In the deposit
mass balance, this expression predicts that the fouling mass exponentially approaches an
asymptotic value. However, there is no clear method adopted for predicting what the depositing

strength and proportionality constant are, and how it can be estimated.

The following model proposed by Forster [121] reveals that the removal rate of deposit mass could
be estimated from a removal probability, flow shear force applied on crystal and the adhesion

force:

m, =T (F_) my (2.32)

Faa

The removal probability (T') is a function of a ratio of wall shear stress to adhesion force. It can be
obtained through a Weibull distribution [121]:

_((%)—)a))“”
r=1-e\ (2.33)

Where y;, x;;, and y;;; are the Weibull parameters, the minerals growing on the heated substrate

are exposed to shear stress, F;, by flowing solution and can be expressed as shown below:
E, = Cpv (2.39)

Where C is a constant that depends on the flow Reynolds number, and v is the overall flow

velocity.
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2.2. Water chemistry

Both potable and surface water contain a variety of ionic species that contribute to the formation
of different types of inorganic deposits in water distribution systems and domestic appliances
[122]. Many industries find locations where close access to water sources are available such as
rivers, lakes, etc. While the composition and quality of potable water vary based on geographic
location [18], the heating of potable water is generally associated with the formation of various
deposits with the most common being CaCOs, CaSO4, Mg(OH)2, and MgCO3 [91, 123, 124].

According to the data collected by Kemmer [46], the analysis of the water from some UK rivers
is listed in Table 2.3. As can be observed from the table, a significant variation in the composition
of water between the Dee River source and a point downstream is attributed to the "pick up™ of
salts from soil and rocks by flowing water. Also, the hardness of groundwater (wells water) can
reach three times that of surface water [125]. Therefore, the tendency of scaling out of water relies
on the water source. Figure 2.16 illustrates a map of water hardness across England and Wales.
Water in around 60% of the UK regions is classified as hard to very hard, hence the domestic

appliances and industrial heat exchangers in these areas are highly exposed to fouling.

The content of some fouling species in water may also determine the identity of the deposited salt.
The presence of some mineral ions in water such as Ca?*, Mg?*, Na*, ClI, HCO™ and SO4? may
contribute positively or negatively to the scale layer growth rate [12, 126]. For instance, when the
content of SO4? is considerable in water, the formation of CaSO4 scale is potentially occurring,
seawater desalination is an example [127-129]. However, in some cases, a composite fouling layer
builds upon the heat transfer surface [51].
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Table 2.3. Water composition in some UK rivers [42].

River Tees Tyne  Dee* Dee** Great Severn
QOuse
Constituent
Calcium 74 77 8 78 357 136
Magnesium 30 33 1 21 25 45
Sodium 15 20 10 39 58 30
Total 119 130 19 138 440 211
Electrolyte
Bicarbonate 77 80 3 62 242 71
Carbonate 0 0 0 0 0 0
Hydroxyl 0 0 0 0 0 0
Sulphate 24 32 2 38 144 70
Chloride 17 17 13 37 51 68
Nitrate 1 1 1 1 3 2
Alkalinityt 77 80 3 62 242 71
Carbon 3 3 5 3 Nil 3
Dioxide
pH 7.6 7.5 6.3 7.7 8.1 7.7
Silica 4 - 1.5 8.0 - 5
Iron 0.5 0.6 0.6 0.5 0.1 Nil

Concentrations in mg/l

* Head waters in Wales
*& Downstream

Key

No information

Soft: 0-50

Moderately Soft: 51-100
Slightly Hard: 101-150
Moderately Hard: 151-200
Hard: 201-300

Very Hard: Over 300

No Public Supply

Figure 2.16. Map showing water hardness in England and Wales in mg/L CaCOs [130].
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2.3. Deposited minerals
The severe operating conditions and variety of water composition result in the formation of
different types of mineral salts in domestic and industrial heat transfer equipment [131]. Different
mineral scales have different structures and physical properties. The density, thermal conductivity
and porosity of the fouling layer varies with a prevailing mineral that composes the layer. Some
minerals occasionally form due to special conditions. For instance, the content of zinc in tap and
surface water normally does not exceed 1.1 mg/L that is relatively very low [132]. However, zinc
deposits such as zinc carbonate might be found in some water treatment systems due to zinc ion

release as a corrosion by-product.

2.3.1. Calcium carbonate

CaCOs, the main constituent of limescale, is an inorganic mineral salt. It is commonly produced
from dolomite or marble in different particle sizes to meet application requirements [133]. CaCOs
is widely used for different purposes such as low-cost filler and pigment in various industries such
as paint, cosmetics, plastics, papers, ink, pharmaceutics, asphalts, and nutritional supplements for
animals [134, 135].

On the other hand, a CaCOz deposition is a widespread form of crystallisation fouling in a wide
range of industrial processes which deals with water as a working fluid. Equipment like
desalination evaporators, cooling towers, oil and gas pipes and heat exchangers, condensers,
boilers, solar collectors as well as domestic appliances are commonly prone to crystallisation
fouling [4, 136-138]. CaCOz3 fouling impedes heat transfer due to the insulating effect of the scale
layer and resulting in an enormous increase in energy consumption, followed by increased carbon
dioxide emissions and climate change problems [54, 139]. The formation of CaCOs is the most
evident manifestation of fouling in tap water systems due to the abundance of calcium and

bicarbonate in potable, surface and groundwater.

2.3.1.1. Polymorphic phases of CaCO3

The dehydration of solute ions results in a phase transition of salt molecules at the interface
between solid surface and solution [140]. Amorphous CaCOs (ACC) could be initially observed
on the surface as a transient precursor phase. It appears to be metastable, the softest and highly
water-soluble form of CaCOs, which aggregate into bigger particles depending on surface

temperature and characteristics. As the crystallisation fouling proceeds, the ACC particle grows in
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the direction perpendicular to the heated surface; thereafter, it radially extends to a particular width
yielding the first crystalline phase [141]. Du, et al. [142] found that at the early stages, the ACC
particle diameter increases associated with Gibbs free energy decrease. The particle subsequently
can transform into the crystal through solid-state transformation or dissolution-recrystallisation
processes (Fig. 2.17). The shape of an amorphous particle on the surface could be an indicator of
CaCOscrystal shape [141].
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Figure 2.17. Schematic drawing of the growth of amorphous CaCOs particles and their
transformation [142].

Besides the amorphous CaCOs p