ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY

CHARACTERIZATION AND APPLICATIONS OF EUTECTIC FREEZE
CRYSTALLIZATION

M.Sc. THESIS

Mohammadreza AKBARKERMANI

Department of Chemical Engineering

Chemical Engineering Programme

SEPTEMBER 2019






ISTANBUL TECHNICAL UNIVERSITY * GRADUATE SCHOOL OF SCIENCE
ENGINEERING AND TECHNOLOGY

CHARACTERIZATION AND APPLICATIONS OF EUTECTIC FREEZE
CRYSTALLIZATION

M.Sc. THESIS

Mohammadreza AKBARKERMANI
(506151016)

Department of Chemical Engineering

Chemical Engineering Programme

Thesis Advisor: Dog. Dr. Fatma Elif GENCELI GUNER

SEPTEMBER 2019






ISTANBUL TEKNIK UNIiVERSITESI * FEN BiLIMLERI ENSTITUSU

OTEKTIiK DONMA KRIiSTALIZASYONUN OZELLIKLERI VE
UYGULAMALARI

YUKSEK LiSANS TEZI

Mohammadreza AKBARKERMANI
(506151016)

Kimya Miihendisligi Anabilim Dal

Kimya Miihendisligi Programm

Tez Damismam: Dog. Dr. Fatma Elif Genceli GUNER

EYLUL 2019






Mohammadreza AKBARKERMANI, a M.Sc. student of ITU Institute of Science and
Technology student ID 506151016, successfully defended the thesis entitled
“CHARACTERIZATION AND APPLICATIONS OF EUTECTIC FREEZE
CRYSTALLIZATION”, which he prepared after fulfilling the requirements specified
in the associated legislations, before the jury whose signatures are below.

Thesis Advisor: Dog. Dr. F. Elif Genceli GUNER ..o,

Istanbul Technical University

Jury Members: Prof. Dr. Hanzade ACMA

Istanbul Technical University

Prof. Dr. Ozgul TASPINAR ...

Piri Reis University

Date of Submission : 4 September 2019

Date of Defense

: 2 September 2019






FOREWORD

This work was supported by Research Fund of Istanbul Technical University. Project
Number: MGA-2017-40779. (Bu Calisma Istanbul Teknik Universitesi BAP-Bilimsel
Arastirma Projeleri Kordinasiyon Birimince Desteklenmistir. Proje Numarasi: MGA-
2017-40779.

| especially thank to honorable my dear thesis advisor Assoc. Dr. F. Elif Genceli
GUNER for her lead and giving opportunity to me carry out my master thesis.

In addition, | would like to thank my laboratory partners Ayca ARAT, Mecra
SOYSAL, Zeynep EKIN, Pinar YACAN, Gamze NESE and Seda CANPOLAT for
contributions to perform my laboratory studies.

Finally, | thank very much to my dear family for their motivation, support, helps
through the project.

September 2019 Mohammadreza AKBARKERMANI

(Chemical Engineer)

vii






TABLE OF CONTENTS

Page
FOREWORD ..ottt bbbttt b bbbttt vii
SYIMBOLS .ttt nbe e b e ne e xiii
TABLE OF TABLES ... XVii
TABLE OF FIGURES........oooii ittt st XXi
(@ )74 = [ OO TP RO XXV
1. INTRODUCTION. ...ttt sttt seenaena e 1
2. EUTECTIC FREEZE CRYSTALLIZATION OF BORIC ACID........ccco..... 3
2.1, INTFOTUCTION ...ttt re e e s neenneas 3
2.1.1 Boron and boron CompouUNdS .........c.ccveieiieiee i 3
2.1.2 Applications of boron compouNnds ... 3
2.1.3 Boron reserves and NiStOry..........cccceiveieeieiec i 4
N T = T g [og- Uod o RSP 4
2.1.5 Eutectic Freeze Crystallization ............ccceveivieiienie i, 6
2.1.5.1 Definition and separation prinCiple..........cccoovereiinenineneseeee, 6
2.1.5.2 EFC process and it adVantages ........ccecveveerieeieseenesieseeseeseesreennens 7
2.1.6 EVAPOTATION ...ttt bbb 9
2.2 Material And MEtNOAS .........ccviiiiiieieee e 9
2.2.1 Material and methods for eutectic freeze crystallization ..............c.ccceu.e. 9
2.2.L L EFC MAtErial ...ooveveieiieiiicieeeeee e 9
2.2.1.2 EFC EXperimental SEIUP .....ccvooeierereiirieeeeee e 10
2.2.1.3 EFC Experimental Procedure...........ccevveieieeie e 12
2.2.2 Material and methods for evaporation .............cccceoerereneneneseseeeeieen 12
2.2.2.1 Evaporation material .............ccoeveiiieiieiicc e 12
2.2.2.2 Evaporation experimental SEtUP........covreiiriiieiee e 13
2.2.2.3 Evaporation experimental procedure ..........c.ccoovveveiievecieseeceeiennn 14
2.2.3 Concentration MEASUIEMENT. ........cccueruerierrerireeeseesieeeesree e eneesreeseesneeseens 14
2.2.4 Measurement Of Crystal SIZ€.........ccoeveiveiiiiicic e 15
2.2.5 Single crystal XRD MeaSUIrEMENT .........ccceririreriiieieriese e 16
2.2.6 PrOAUCTION FALE ..ottt ettt 17
2.3 RESUILS aNd DISCUSSION........eeivieiiiiesireieeieesieesieaeesiee e enee e e eseesreesseeneesreenseens 18
2.3.1 Eutectic point determination ............cccoooeiieii e 18
2.3.2 Metastable zone width (MSZW) and nucleation rate ............cc.ccoevvvivennen. 20
2.3.3 Salt crystal size and growth Kinetics...........ccccoevveviiiiii v 23
2.3.4 ProdUCTION FALE ....cvveiveeieciie ettt ee e nneas 29
2.3.5 Crystal structures of boric acid salts around the eutectic point................. 32
2.3.6 Crystallization of boric acid aqueous solution by evaporation ................. 34
2.3.7 Comparison of energy consumption between the evaporation and EFC
PIOCESS ... ettt ettt ettt e etk e R Rt 38
2.4 CONCIUSION ..ottt re e 39
3. MODELING OF HEAT TRANSFER IN EFC PROCESS FOR AQUEOUS
SODIUM CHOLORIDE SOLUTION ..ottt 41



G0 A 01 (o To [ ]o3 { o] o TP 41

3.1.1 Fundamentals of the melt crystallization process ...........c.ccooevvvrivriveieenene. 41
3.1.1.1 SUPEISAtUIALION ......ecvieieeie ettt 42
3.1.1.2 NUCIBAIION ..ot 43
3.1.1.3 Crystal groWth ........coeiieiiic e 44

3.1.2 Eutectic freeze crystallization (EFC) ........cccooeviiiniiiiiieneee e 45
3.1.2.1 Definition and separation prinCiple ..........cccccveveviieieeieniiese e, 45
3.1.2.2 EFC process and its advantages ...........cccuoerireeeeneneneneseseseeeenes 46

3.1.3 Sodium chloride SOIUTION ........coveiiiiiiicisc s 47

3.1.4 1ce layer FOrmMAation ........c.ccveieiieiisie e e 48

3.1.5 Usage of a scraper in EFC ProCESSES. ......ccvveiuviieiieerieiieseeseeieesieesieseesneas 48

3.1.6 TN StAte OF @It......ccveeiiiieiiiee e e 49

3.2 Qualitative Analysis Of EFC PrOCESS .........cccevveruiiiieieerie e seesieseeseese e 50

3.2.1 Qualitative analysis of EFC process in non-crystalizing condition .......... 50
3.2.1.1 Scraper Power Consumption (Ps)........cccoererminennienineneese e 51
3.2.1.2 Heat transfer through a scraped SUrface ...........cccoceveienenenenieeennn 53

Coolant heat transfer COBTFICIENT .........ocviiiiiiiiiiie e 54
Solution heat transfer COffiCIENt ..........cccccvvviiieiiiie e, 56
Heat transfer through the bottom of the crystallizer ............cccccooveivenne 58
3.2.1.3 Heat balance under unsteady State ............ccocevveieieneneninisesieee 58

3.2.2 Qualitative analysis of EFC process in the crystalizing condition............ 60
3.2.2.1 Effect of crystal formation on the solution physical properties ......... 61
3.2.2.2 The scraper power CONSUMPLION ......cecveieevieeieiiesieeriesee e eee e, 64
3.2.2.3 Heat transfer through a scraped SUrface ...........ccocevenerineniinienicnennn. 65
3.2.2.4 Heat of crystallization ..............cococveiieiii i 66

3.3. RESUILS AN DISCUSSION ......eeiiieiiieieeiiesiieiesiiesieesie e sreesiesneesseeseeeseesseesesnesssens 67

3.3.1 Crystallizer specifications and process conditions...........c.c.cccccvevvevvenenne. 67

3.3.2 Heat transfer modeling of sodium chloride solution system in the non-

Crystallizing CONAITION ........c.ccveiiiiiciicce e 68
3.3.2.1 Scraper pOWer CONSUMPLION .....cviviiiriiniiriesiieeeee et 68
3.3.2.2 Heat transfer through a scraped surface ..........cccccceevveveiicie e, 70

Heat transfer through the bottom of the crystallizer ..............ccocoiennen. 70
Coolant heat transfer COEfICIENt .........cccoviiiiiiiiiec e, 70
Solution heat transfer CoeffiCient ...........ccccooveievicie s 73
Overall heat transfer COEffiCIENT ..........cccoviiiiiiiiiee e 74
The coolant outlet temperature, the heat flux, and the crystallizer inner

DOLEOM LEMPETATUIE ... 76

3.3.3 Heat balance under unsteady state condition .............cccccoevvveveiieveenenne. 82

3.3.4 Heat transfer modeling of sodium chloride solution system in the

Crystallizing CONAITION .........c.cccveiiiiciicce e 86
3.3.4.1 Effect of crystal formation on the solution physical properties ......... 86
3.3.4.2 Effect of crystal formation on Re, asland U'overall ....................... 88
3.3.4.3 Effect of crystal formation on Q, Ps and Hf ..........c.cccccvvvevvinennnnn. 90
3.3.4.4 Effect of coolant temperature, coolant volumetric flow rate and
scraper rotational speed on ice Production...........cccceeveveeiiieeiie e 92

K I 03 Tod 1115 o] 1 SO 95
REFERENCES ... ..ottt 97
APENIX Aot bbbt 113

Appendix A.1: Single crystal XRD REPOIt........cccevviviiiiiiiiiiiccie e 113

Appendix A.2: Metastable Zone Width (MSZW) calculations............c.cc.ccvneee. 115

X



Appendix A.3: Crystal size determination ..........c.ccocveveiieriiereciese e 116

Appendix A.4: Production rate and mass balance.............cccoooviniiiniiicicne 118
APPENDIX B ...ttt 122
Appendix B.1 Calculations in non- crystalizing condition .............cc.ccecvvveiennne. 122
Appendix B.2 Calculations In Crystalizing Condition.............cccccevvevviieivennnnne. 140
CURRICULUM VITAE ...ttt 153

Xi






SYMBOLS

At
a

Ceut

Cps

Cpsl

Cpc

dt

Fr

Hfsl

Lt

:Area of tube

:Thermal diffusivity
:Eutectic concentration
:Thermal capacity of solution
:Thermal capacity of ice
:Thermal capacity of ice
:Thermal capacity of coolant
:Diameter of tube

:Froude number

‘Rate of crystal growth
:Gravity acceleration
:Solution enthalpy of fusion
:Ice enthalpy of fusion

:Ice slurry enthalpy of fusion
:Characteristic length
:Length of tube

:Molality

:Total mass of solution
:Mass of crystals

:Scraper rotational speed

Xiii



Nu

Ne

Ps

Pr

Qcoo]ant
Quoss
Qice
Qsat
Qst
Re
Teur
Tin
Tout
Teool
Th
Tso1
t

Uoverall

v

Greek symbols

Acool

as

‘Nusselt number
:‘Newton number
:Number of scraper blade

:Scraper power consumption in non-crystallizing
condition

:Prandtl number

:Heat flux from coolant to the solution
:Heat of loss from the wall of crystallizer
:Heat of ice crystallization

‘Heat of salt crystallization

:Heat of crystalliziation for this study
:Reynolds number

:Eutectic temperature

:Coolant inlet temperature

:Coolant outlet temperature

:Average of inlet and outlet temperature of coolant
:Temperature of bottom crystallizer
:Temperature of solution

‘Time

:Overall heat transfer coefficient

:Coolant volumetric flow rate

:Coolant heat transfer coefficient

:Solution heat transfer coefficient

Xiv



Psl
pe
MLi
Hso
us
i
MsI
s
i
Asl

)ubottom

Pm

Py
6

T
A
AH

ATy

:Heat transfer coefficient through the bottom of
crystallizer

:Density of solution

:Density of ice

:Density of ice slurry

:Density of coolant

:Chemical potential of liquid
:Chemical potential of solid
:Viscosity of solution

:Viscosity of solution

:Viscosity of solution

:Thermal conductivity of solution
:Thermal conductivity of ice
:Thermal conductivity of ice slurry
:Thermal conductivity of crystallizer bottom
:Crystal mass fraction

:Crystal volume fraction
:Thickness of crystallizer bottom
:Number pi

:Potential difference

:Enthalpy of formation

:Logarithmic mean temperature difference

XV






TABLE OF TABLES

Page

Table 2.1: Specifications of the maximum impurity concentration of Boric Acid ... 10
Table 2.2: The amounts of MSZW related parameters for boric acid-water system

crystallizing under eutectic conditions. ..........ccccevereniiinininieee 23
Table 2.3: Crystal size measurement and calculation results.............ccccccoevveivinenen. 25
Table 2.4: Calculation of the settling VElOCItIES. ..........cooviiriiiiiiice, 32
Table 2.5: Operating Conditions and Energy Requirements...........cccccveeevveieiinennnn. 38
Table 3.1: Properties of sodium chloride solution at the eutectic point................... 67
Table 3.2: Physical properties of coolant at different inlet temperature ................... 68
Table 3.3: Variation of Re based on the rotational speed changes. .............ccccevnee. 69
Table 3.4: The relationship between the volumetric flow rate of coolant and the

Reynolds number and Nusselt number. ..o, 71
Table 3.5: Process conditions which obey heat balance in the steady state. ............. 82
Table A.1: Data collection details for EFC ... 113
Table A.2: The calculation spread sheet of Figure 2.12.........ccccccoveeevvevecieiienenn, 115
Table A.3: Characteristic radius calculation from Image J results. ............ccccoeuee. 117
Table A.4.1: The data spread sheet to determine the total mass of produced crystals.

.............................................................................................................. 118

Table A.4.2: The spreadsheet of weight percent calculation of boric acid in (a) initial
solution (b) filtered crystal, (c) passed solution and (d) residual solution.

.............................................................................................................. 119
Table A.4.3: The amount of produced ice and boric acid over time...................... 121
Table B.1: The variation of the Reynolds number of solution based on the scraper
roOtational SPEEU.......ccuiiiiiiie e 122
Table B.2: The scraper power consumption in non-crystalizing conditions as
function of rotational speed for flat-blade turbine............c.cccevrnennen. 123
Table B.3: The scraper power consumption in non-crystalizing conditions as
function of rotational speed for pitched-blade impeller ....................... 123
Table B.4: The scraper power consumption in non-crystalizing conditions as
function of rotational speed for marine-type propeller..........cc.ccocoeuee. 124
Table B.5: The relation between the volumetric flow rate and coolant heat transfer
COBTFICIENT ... 124
Table B.6: The solution heat transfer coefficient as a function of the scraper
FOtatioNal SPEEA.........civieiie e 125
Table B.7: The calculations spreadsheet of overall heat transfer coefficient as a
function of the coolant volumetric flow rate ...........cccooeveiinininnnnn, 126
Table B.8: The calculations spreadsheet of overall heat transfer coefficient as a
function of the scraper rotational speed...........cccccoeveviiiiienie e, 127

Table B.9: The calculations spreadsheet of the coolant outlet temperature, the heat
flux from the coolant to the solution and the temperature of the inner
bottom of crystallizer as a function of the coolant inlet temperature. .. 128

Table B.10: The calculations spreadsheet of the coolant outlet temperature, the heat
flux from the coolant to the solution and the temperature of the inner

Xvii


file:///C:/Users/Cebit/Desktop/tez/tez%20son_01092019.docx%23_Toc18348695

bottom of crystallizer as a function of the coolant volumetric flow rate.
.............................................................................................................. 129
Table B.11: The calculations spreadsheet of the coolant outlet temperature, the heat
flux from the coolant to the solution and the temperature of the inner
bottom of crystallizer as a function of the scraper rotational speed ..... 130
Table B.12: The calculations spreadsheet of the time required to cool down the

SOIULION At T=-30°C....cuiiiiiieiieieie e 132
Table B.13: The calculations spreadsheet of the time required to cool down the
SOIULION At T=-290C ... 133
Table B.14: The calculations spreadsheet of the time required to cool down the
SOIULION At T=-280C ... 134
Table B.16: The calculations spreadsheet of the time required to cool down the
solution at V=10 3m3*s ..o 135
Table B.17: The calculations spreadsheet of the time required to cool down the
solution at V=5%10-3 mM3*S ..o 136
Table B.18: The calculations spreadsheet of the time required to cool down the
solution at V=0.01 m3*s™. ... 136
Table B.19: The calculations spreadsheet of the time required to cool down the
solution at V=5*102m3*S™ ... ..o 137
Table B.20: The calculations spreadsheet of the time required to cool down the
SOIULION @t N=50 FPM .o 138
Table B.21: The calculations spreadsheet of the time required to cool down the
SOIUtioN at N=100 FPM ..cviiiiiicceeie e 138
Table B.22: The calculations spreadsheet of the time required to cool down the
SOIUtION @t N=150 FPIM ....viiiiciccece e 139
Table B.23: The calculations spreadsheet of the solution physical properties as a
function of ice Mass fraCtion............cccovveiiiienieeie e 140

Table B.24: The calculations spreadsheet of the Reynolds number, Prandtl number,
Nusselt number solution heat transfer coefficient and overall heat
transfer coefficient as a function of ice mass fraction ......................... 141

Table B.25: The calculations spreadsheet of the heat flux from the coolant to the
solution, the scraper power consumption and the slurry enthalpy as a

function of the ice mass fraCtion...........c.cccevevieerieiie i 141
Table B.26: The time required to produce various amounts of ice crystals at Tcool=-
B00C e e e e e 142
Table B.27: the time required to produce various amounts of ice crystals at Tcooi=-
290%C e e e et es 143
Table B.28: The time required to produce various amounts of ice crystals at Tcool=-
280C e et 144
Table B.29: The time required to produce various amounts of ice crystals at Tcool=-
270C e 145
Table B.30: Time required to produce various amounts of ice crystals at V=10 —
BIMBH S e, 146
Table B.31: The time required to produce various amounts of ice crystals — at
V5% 102 M3* ST s 146
Table B.32: The time required to produce various amounts of ice crystals at V=0.01
35S ettt 147
Table B.33: The time required to produce various amounts of ice crystals at V=0.05
%S ettt 148



Table B.34: The time required to produce various amounts of ice crystals at N=150
L1011 1 TSP ST PRPTROR 149

L1011 2 PSPPI PRI 150

0] 0 TP PPPPPP 151

XiX






TABLE OF FIGURES

Page
Figure 2.1: The crystal structure of boric acid (Shuvalov and Burns 2003a). ............ 5
Figure 2.2: General phase diagram for a binary aqueous solution...............cc.ccccveeee. 7
Figure 2.3: Schematic representation of EFC Process. ........cccceveveeiveiesieseesesiennnn 8
Figure 2.4: (a) Crystallizer; (b) Cooling machine; (c) Agilent digital multimeter
0] 10 (0L SRS PRI 11
Figure 2.5: The experimental set-up of EFC ProcCess..........cccccevvreniiineneninnieenns 11
Figure 2.6: The evaporation eXperiment SEtUP. .....ccoccveveeieiiieieere e 13
Figure 2.7: Automatic titrator (Schott Titronic Universal). ...........cccooiininiiinien, 15
Figure 2.8: Crystal imaging via MiCroSCOPE SEt-UP......ccvuerurreerreriesiesreesieseesreeseeenns 16
Figure 2.9: Bruker D8 VENTURE Crystal XRD photo..........ccccooiiiiinininieieenes 17
Figure 2.10: The vacuum filtration photo. .........c.cccoooiiiieiiiiiii e 18
Figure 2.11: Concentration-Temperature diagram for boric acid. ............cc.cceeeenenee. 19
Figure 2.12: Temperature-Time diagram of boric acid............c.ccceveviiieiicinenee 20

Figure 2.13: Metastable zone width versus the cooling rate of boric acid solution.. 22
Figure 2.14: Typical pictures of boric acid crystals (left) and ice crystals (right)

UNAer EFC OPEratiON. .......coviiiieieie st 23
Figure 2.15: Time vs. Crystal characteristic radius graph for (a) AT=3.6 °C, (b) AT=
4.3°C, (C) AT=0.5C. ..ottt 27
Figure 2.16: Growth rate of boric acid versus the supersaturation under eutectic
Operation CONAITIONS ........c.ccveiieiiiie e 28
Figure 2.17: Mass growth rate of boric acid versus the supersaturation under eutectic
Operation CONAITIONS ........c.ccveieeiieiie e 29
Figure 2.18: Produced amounts of salt (orange) and ice (blue) versus time............. 31
Figure 2.19: Temperature-Time Graph of Boric Acid Solution.............ccccceevennenne. 33
Figure 2.20: Photo of crystal used for structure determination in single crystal XRD
MEASUIEIMENT ...ttt ettt enne e 33
Figure 2.21: Crystal Stacking of H3aBO3. ..ot 34
Figure 2.22: Intermolecular Hydrogen Bonds of H3BOa. .......ccccoveeieiiecieiiccee 34
Figure 2.23: Main Structure Pictures of HaBOa3.........ccccoviiiiiiiiiiiic e 34
Figure 2.24: Temperature-Time Graph of Boric Acid Solution for evaporation
MELNOM ... e re e 36
Figure 2.25: Formed boric acid crystal by evaporation ............c.cccocevvvivieiieeieeinnn 37
Figure 3.1: Solubility diagram showing stable, labile and metastable zones ........... 42
Figure 3.2: The relationship between free energy with undercooling....................... 43
Figure 3.3: General phase diagram for binary aqueous solutions. .............c.cccceevenee. 45
Figure 3.4: Schematic representation of EFC process........cccovveiveiieiiieiiieeiieesnenn 46
Figure 3.5: Phase diagram of NaCl solution according to Taschenbuch fiir Chemiker
und PhySIKErNBand ..........ccccveiiiiiiii e 47



Figure 3.6: Scale formation during the EFC ProCess. ........cccevviveeiveresieseesieseennens 48
Figure 3.7: Scheme of heat transfer in a crystallizer in non-crystallizing condition 50

Figure 3.8: Scheme of the selected iIMpeller ..o, 52
Figure 3.9: (a) flat-blade turbine, (b) pitched-blade impeller (c) marine-type

01 0] 1= | 1= USROS 52
Figure 3.10: Schematic representation of heat transfer in coolant surface. .............. 54

Figure 3.11: Development of the temperature profile after each scraper blade pass.56
Figure 3.12: The heat balance in the EFC process under unsteady state and in non-

Crystalizing CONAItION..........ccoviiiiiieii e 59
Figure 3.13: The heat balance in the crystalizing condition. ...........cccccoecvniieinnnnnn 60
Figure 3.14: The enthalpy of solution as a function of sodium chloride concentration
................................................................................................................ 63

Figure 3.15: The scraper power consumption in non-crystalizing conditions as a
function of rotational speed for (square) flat-blade turbine, (circle)
pitched-blade impeller, (triangle) marine-type propeller........................ 69

Figure 3.16: Relation between the volumetric flow rate and coolant heat transfer
COBTFICIBNT ... e 72

Figure 3.17: The relationship between rotational speed and solution heat transfer
COBTTICIENT ... 73

Figure 3.18: The effect of rotational speed on the overall heat transfer coefficient . 74

Figure 3.19: The overall heat transfer coefficient as a function of coolant volumetric
L 0T A LSRRI 75

Figure 3.20: The coolant outlet temperature (square), the heat flux from the coolant
to the solution (circle) and the temperature of crystallizer inner surface
(triangle) as a function of coolant inlet temperature. ...........c.cccceeeevenen. 77

Figure 3.21: The coolant outlet temperature, the heat flux from coolant to the
solution and temperature of crystallizer inner surface as a function of
coolant volumetric fIOW rate..........ccccveeieeie e 79

Figure 3.22: The coolant outlet temperature, the heat flux from coolant to the
solution and temperature of crystallizer inner surface as a function of the

scraper rotational SPEEU. ........ccocvveiiiiiiieie e 81
Figure 3.23: The solution temperature as a function of time at the various coolant
TEIMPEIATUIE. ..o e e srea e 83
Figure 3.24: The solution temperature as a function of coolant volumetric flow rates
01V =T o {0 TSP UR SRR 84
Figure 3.25: The solution temperature as a function of time in different amounts of
stirrer rotational SPEEd. .........c.coviiiiiiii 85
Figure 3.26: Density, thermal conductivity, specific heat and viscosity of slurry as a
function of ice Mass fraCtion...........cccvevvieeriere s 86

Figure 3.27: Reynolds number, Nusselt number, heat transfer coefficient of slurry
and overall heat transfer coefficient as a function of ice mass fraction.. 89
Figure 3.28: The heat flux, scraper power consumption and enthalpy of slurry as a

function the ice mMass fraction. .........cccevevierieie s 91
Figure 3.29: The ice mass as a function of time at various amount of coolant
TEMPETALUIE ... 92
Figure 3.30: Ice mass production versus time at different coolant volumetric flow
5L PRSP PP PP 93
Figure 3.31: The ice mass as a function of time at different scraper rotational speed
................................................................................................................ 94


file:///C:/Users/Cebit/Downloads/tez%20son_01092019.docx%23_Toc18308304

CHARACTERIZATION AND APPLICATIONS OF EUTECTIC FREEZE
CRYSTALLIZATION

SUMMARY

One of the serious problems throughout the world is to access fresh water. Natural
water and industrial wastewater are suitable sources to provide fresh water. Besides,
most of these water sources contain valuable minerals. It is important to choose a
sustainable method to provide fresh water and extract valuable minerals economically.
One of the novel technologies to gain water and valuable minerals from an impure
fluent is Eutectic Freeze Crystallization (EFC). EFC is a more economical way in
comparison with similar methods such as evaporation. Separation principle of EFC is
to isolated ice and salt from a saline solution based on their density differences at the
eutectic point.

Boron compounds have many usage areas in different industrial operations. Turkey
has the 2/3 of overall earth’s boron deposits and huge amount of production and usage
rate bringing up a waste problem. These wastes causing environmental problems, air,
soil and water pollution. A both ecologically friendly and economically beneficial
option is recovery of boron minerals from waste water ponds. In this section, boric
acid which is one of the major boron compounds is investigated to recover from an
aqueous solution. Eutectic Freeze Crystallization (EFC) method is applied to extract
ice and boric acid from the solution. In this study, boric acid-water system eutectic
point is confirmed at -0.75 °C and 2.5 wt% and

e the nucleation rate of the boric acid crystals
e growth rate of the boric acid crystals
e production rate of the boric acid and ice crystals

under batch eutectic operation are investigated.

The nucleation rate is proportional to the Metastable Zone Width (MSZW) and
calculated based on that. In this research, MSZW is the difference between the
minimum temperature of the solution and the eutectic temperature. In this study, the
nucleation rate is calculated based on MSWZ and the nucleation rate constant and
nucleation order are determined.

Another important parameter to characterize boric acid and water system for EFC
process is the growth rate. the growth rate is the process that nuclei begin to grow into
visible size. In this study, ice and salt crystals grew around 1 hour residence time,
under eutectic conditions. The crystal particles were screened via OLYMPUS BX51.
Moreover, the crystal size was determined by Image J software.

In this study production rate for ice and salt is considered. the production rate is a
significant parameter which can show the ability of the system to extract the
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component. In this investigation, the production rate of ice and boric acid salt is
determined. However, due to the experiments were carried at the ambient temperature
and above the melting point of ice, there is a contradiction in the production rate of
ice.

In comparison with EFC process and evaporation for boric acid-water system, EFC
method consumes much less energy than evaporation method. Eutectic Freeze
Crystallization provides an attractive method for extraction of boric acid salt from its
aqueous solution. in this study, In addition to the energy consumption, the growth rate
of of boric acid crystals in EFC were compared with the evaporation method.
According to the result of this study, the growth rate of boric acid crystals in EFC
process is much less than the evaporation method.

At the end of this section, the crystal structure of boric acid is considered around the
eutectic point via single crystal XRD method. Unit cell of boric acid (H3BOs)
synthesized around eutectic point, is reported to be different from literature studies.

One of the most abundant salts on earth is sodium chloride which is contained in most
of natural sources and industrial wastewaters. In previous studies, extraction of sodium
chloride from saline solutions via EFC was compared to various conventional
methods, such as evaporation. EFC process was reported to be energetically more
favorable.

In the second part of thesis, separation of ice and sodium chloride by a batch EFC
process is considered theoretically. In this regard, at first, the heat transfer at the
different process condition in the non-crystallizing condition with the constant solution
temperature at the eutectic temperature (Tgyr) is evaluated.

In this condition, the inlet temperature of coolant (T}, ) is directly related to the outlet
temperature of coolant (T,,,;) and the inner bottom of crystallizer (T,) and is inversely
related to the heat flux from the coolant to the solution (Q.,,;). In this condition, the
coolant volumetric flow rate (V) does not affect significantly Ty, Q.00; and T, at
higher flow rates. Furthermore, in non-crystallizing condition Ty, Qzp,; @and T, are
not influenced significantly by the scraper rotational speed (N). In the second step of
non-crystallizing condition, unsteady state condition of the solution temperature is
considered. In this condition, the cooling rate of the solution is directly proportional
to V and inversely related to N and the coolant temperature (T,,;)-

Finally, heat transfer in the crystallization condition and effect of crystal particles on
the physical properties of the solution are determined. Due to mainly formed ice
crystals, properies of ice is assumed as the whole crystal particles’s property. Results
show that, effect of ice crystals on the physical properties of the solution except
viscosity is negligible. Furthermore, time required to produce specific amounts of
crystals is directly related to coolant temperature, inversely related to coolant
volumetric flow rate and inversely and directly related to the scraper rotational rates at
speeds lower and higher than 100 rpm, respectively.
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OTEKTIiK DONMA KRIiSTALIZASYONUN OZELLIKLERI VE
UYGULAMALARI

OZET

Dinyadaki 6nemli sorunlardan birisi tatl suya ulagsmaktir. Dogal su ve endiistriyel atik
su, tatli su saglamak i¢in uygun kaynaklardir. Ayrica, bu su kaynaklari ¢ogu degerli
mineraller igerir. Tathi su saglamak ve degerli mineralleri ekonomik olarak ¢ikarmak
icin siirdiiriilebilir bir yontem se¢mek onemlidir. Saf olmayan bir akiskandan su ve
degerli mineraller elde etmek igin kullanilan yeni teknolojilerden biri Otektik Donma
Kristalizasyonu (ODK)’dur. ODK, evaporasyon gibi benzer ayirma yontemleriyle
karsilastinildiginda daha ekonomik bir yoldur. ODK 'nun ayrilma ilkesi, 6tektik
noktada tuzlu sudan buz ve tuz elde edip, yogunluk farkliliklarina dayanarak
ayirmaktir.

Bor bilesikleri, farkli endiistriyel islemlerde bir¢ok kullanim alanina sahiptir.
Diinyadaki bor yataklarinin 2 / 3'G TUrkiye dir. Ek olarak Turkiye, atik sorununa yol
acan buyuk miktarda Uretim kapasitesine ve kullanim oranina sahiptir. Bu atiklar ¢evre
sorunlarina, hava, toprak ve su kirliligine neden olmaktadir. Hem ¢evre dostu hem de
ekonomik a¢idan faydali bir segcenek, bor minerallerinin atik su havuzlarindan geri
kazanilmasidir.

Bu béliimde, baglica bor bilesiklerinden biri olan borik asit, sulu bir ¢ozeltiden geri
kazanilmak tizere incelenmistir. Cozeltiden buz ve borik asidi ¢ikarmak igin Otektik
Donma Kristalizasyonu (ODK) yontemi uygulanir.

Bu calismada, borik asit-su sisteminin otektik noktas1 -0.75 °C ve bu sicaklikta
konsantrasyonu agirlik olarak % 2.5 olarak dogrulanmustir. Ayrica,

* Borik asit kristallerinin ¢ekirdeklenme orant,
* Borik asit kristallerinin biiylime hiz1,

* Borik asit ve buz kristallerinin iiretim hizi,
kesikli otektik sistemde incelenmistir.

Cekirdeklenme hiz1 Metastabil Bolge Genisligine (MSBGQG) ile orantilidir ve buna gore
hesaplanir. Bu arastirmada, MSBG, ¢6zeltinin minimum sicaklig1 ile 6tektik sicaklik
arasindaki farktir. Bu ¢aligmada ¢ekirdeklenme hiz1 MSBG esas alinarak hesaplanmig
ve gekirdeklenme hiz sabiti ve ¢ekirdeklenme sirasi belirlenmistir.

ODK prosesi i¢in borik asit ve su sistemini karakterize eden diger bir dnemli parametre
ise biliylime hizidir. Biiyiime hizi, ¢ekirdeklerin goriiniir biiyiikliikkte biiyiimeye
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basladig1 prosestir. Bu c¢alismada, buz ve tuz kristalleri 6tektik kosullar altinda
yaklagik 1 saat tutularak biiylimeleri gézlemlenmistir. Kristal parcaciklart OLYMPUS
BX51 ile gorintilenmistir. Ek olarak, kristal boyutu Image J yazilimiyla
belirlenmistir.

Bu calismada, buz ve tuz icin iiretim hizi ele almmistir. Uretim hizi, sistemin
ekstraksyon kabiliyetini gosteren dnemli bir parametredir. Bu arastirmada, buz ve
borik asit tuzu iiretim hizi incelenmistir. Bununla birlikte, deneyler ortam sicakliginda
ve buzun erime noktasinin iistiinde yapildigi i¢in, buzun {iretim hizinda bir tutarsizlik
gbzlenmistir.

Borik asit-su sistemi igin, ODK islemi ve evaporasyon ile karsilastirildiginda, ODK
yontemi evaporasyon yonteminden ¢ok daha az enerji tiketir. Boylece, Otektik
Donma Kristalizasyonu, borik asit tuzunun sulu ¢ozeltisinden ekstrakte edilmesi igin
alternatif bir yontem saglar. Bu calismada, enerji tiiketimine ek olarak, ODK 'deki
borik asit kristallerinin biiylime hiz1 evaporasyon yontemiyle karsilastirilmistir. Bu
calismanin sonucuna gore, ODK isleminde borik asit kristallerinin biiyiime hizi
evaporasyon yonteminden ¢ok daha diigiiktiir.

Bu bolimiin sonunda, borik asidin kristal yapis1 otektik nokta etrafinda tek kristalli
XRD metodu ile degerlendirilmistir. Otektik nokta cevresinde sentezlenen borik asit
(H3BO3) birim hiicresinin literatiir ¢alismalarindan farkli oldugu gozlemlenmistir.

Yeryizindeki en ¢ok bulunan tuzlardan biri, dogal kaynaklarin ve endiistriyel atik
sularm ¢ogunda bulunan sodyum kloriirdiir. Onceki ¢aligmalarda, sodyum kloriiriin
ODK vyoluyla tuzlu su cozeltilerinden ekstraksiyonu evaporasyon gibi cesitli
geleneksel yontemlerle karsilastirilmistir. Bu calismalarda ODK siirecinin enerjik
olarak daha avantajli oldugu belgelenmistir.

Yerytzindeki en ¢ok bulunan tuzlardan biri, dogal kaynaklarin ve endiistriyel atik
sularin ¢ogunda bulunan sodyum kloriirdiir. Onceki ¢alismalarda, sodyum kloriiriin
ODK vyoluyla tuzlu su cozeltilerinden ekstraksiyonu evaporasyon gibi cesitli
geleneksel yontemlerle karsilagtirilmistir. Bu calismalarda ODK siirecinin enerjik
olarak daha avantajli oldugu belgelenmistir.

Bu ¢alismada, buz ve sodyum kloriiriin ¢ozeltiden kesikli ODK islemi ile ayrilmasi
teorik olarak ele alinmistir. Bu baglamda, ilk 6nce, farkli islem kosullarinda,
kristallesmeyen durumdaki otektik sicaklikta sabit bir ¢ozelti sicakligi (Teur) ile 1s1
transferi degerlendirilmistir. Sogutucunun giris sicakligi (T}, ) dogrudan sogutucunun
cikis sicakligr (T,,:) ve kristallestiricinin (Tp) i¢ sicakligi ile dogrudan ilgili ve
sogutucudan ¢ozeltiye olan 1s1 akisi (Qo0;) ile ters orantilidir.

Bu durumda, sogutucu hacimsel akis hizi (V) daha yiiksek akis hizlarinda T,y;, Qoo
ve T}, 'yi onemli 6l¢iide etkilemez. Ayrica, kristallenmenin olmadigi durumda (T,,¢),
(Qco0r) Ve (Tp), karistirici/kaziyict dénme hizindan (N) 6nemli dlciide etkilenmez.
Kristallesmeyen durumun ikinci agsamasinda, ¢ozelti sicakliginin kararsiz hal durumu
g6z 6niinde bulundurulmustur. Bu durumda, ¢ozeltinin sogutma hiz1 dogrudan V ile
dogrudan orantili ve N ve sogutucu sicakligt (T,,,;) ile ters orantilidir. Son olarak,
kristallesme kosulundaki 1s1 transferi ve kristal pargaciklarimin ¢ozeltinin fiziksel
Ozellikleri Gzerindeki etkisi belirlenmistir.

Cogunlukla olusan buz kristalleri nedeniyle, buz pargaciklar1 tiim kristal
parcaciklarinin 6zelligi olarak kabul edilir. Sonuglar, buz kristallerinin, viskozite
disindaki ¢d6zeltinin fiziksel Ozellikleri tizerindeki etkisinin 6nemsiz oldugunu
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gostermektedir. Ayrica, belirli miktarlarda kristal iretmek icin gereken siire, sogutucu
akiskan sicakligiyla dogrudan ilgilidir, sogutucu akiskanin hacimsel akis hiz1 ile ters
olarak iligkilidir ve sirasiyla 100 rpm'den daha diisiik ve daha yiiksek hizlarda
karistirici/kaziyici doniis hizlariyla ters ve dogrudan ilgilidir.
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1. INTRODUCTION

One of the most common concerns which affects people all over the world is
insufficient access to clean water which can threaten even water-rich areas (Malato et
al. 2009). Furthermore, the rapidly growing population, energy demand, and
industrialization are causing a lot of waste problems. These problems will continue to
increase, and it is expected to increase globally up to 70 percent by 2025 (Hoornweg
and Bhada-Tata 2012). One of the main environmental problems facing industries is
hypersaline production because the disposal of this kind of production has the highe
potential to contaminate groundwater (Randall et al., 2011). Therefore, the novel and
economical technologies must be considered to extract water and also valuable
minerals such as salt from a natural source like the sea and the wastewater produced
from an industrial process (Pramanik et al. 2016). According to previous studies, in
addition to fresh water the salts in brine is recovered by evaporation, nanofiltration,
calcinations, membrane crystallization, electrolytic processes, Eutectic Freeze
Crystallization and so on (Kim, 2011). Eutectic Freeze Crystallization (EFC) which is
novel technology, offers mostly efficient separation method of brines and concentrates
in order to recover pure water and salt. Eutectic Freeze crystallization which advances
based on the density differences between the ice and salt can be better alternative for
evaporative crystallization and cooling crystallization which are the conventional

methods to separate highly soluble salts from their aqueous solution.

In this study, the primary purpose is characterization of the Eutectic Freeze
Crystallization of sodium choloride-water (NaCl-H>O) and boric acid-water (H3BOz-
H.0).

In the study, the first stream, the synthetic boric acid system, was used for the
characterization of the Eutectic Freeze Crystallization of boric acid-water system in
the 1 liter experimental apparatus of the EFC. In this case, all experiments were
initially carried out using a 2.5% boric acid aqueous solution. After confirming the
eutectic point of boric acid-water system which is -0.75 °C, growth kinetics of the boric

acid crystals under batch eutectic operation is investigated. The obtained quantities,



sizes and growth rates of the crystals and the energy required to form the crystals by
EFC are then compared to conventional Evaporative Crystallization (EvC) method.
According to the results, it was observed that the crystal growth rates are close to each
other for both methods. However, EFC method consumes much less energy than EvC
method. In addition, the crystal structure of the boric acid salt which synthesized
around the eutectic point crystallization has compared with crystal structure as the

structure synthesized at room temperature that documented in the literature.

Finally, the heat transfer in a batch Eutectic Freeze Crystallization for the aqueous
sodium chloride solution was considered. In this regard, the main parameters like the
coolant temperature to control and optimize dependent variables such as heat flux from
the coolant to the solution, in both non-crystalizing and crystalizing conditions were

discussed. The following actions were considered in the context of this section.

» The scraper power consumption and heat flux from the coolant to the solution in
non-crystallizing steady state.

» The required time to cool down the solution until the eutectic temperature and the
effect of independent parameters such as the solution temperature on this time.

» The scraper power consumption and the heat flux from the coolant to the solution
under the crystallizing condition;

The required time to produce crystals in the crystallizing condition and effect of

independent parameters such as coolant temperature on this time.



2. EUTECTIC FREEZE CRYSTALLIZATION OF BORIC ACID

2.1. Introduction

2.1.1 Boron and boron compounds

Boron is a nonmetallic element which can be found in nature as boric acid (H3zBO3)
and sodium borate (Na2B4O7-10H.0) that is known as borax (Farhat et al., 2013). In
1808, for the first time boron was generated in an impure form by Sir Humphrey Davy
who electrolyzed molten boric acid. Also in this year, Gay-Lussac and Thenard
synthetized boron by the reaction of potassium with boric acid (E. House and E. House,
2016).

Naturally, most of the earth’s soil contains boron with average concentration between
10 ppm and 20 ppm. However, concentrated and suitable size of boron minerals which
are mainly in the form of boron-oxygen compounds, are rare. These compounds are
mainly found in Turkey, the United States and some other regions where are arid with
a history of hydrothermal activity such as volcanism (Woods, 1994a).

2.1.2 Applications of boron compounds

Boron is a vital nutrient which plays a significant role in nutrition and metabolism.
However, boron influences steroid hormone metabolism and decreases cancer risk
(Hosmane, 2012). Furthermore, boron has remarkable effects on the plants. Deficiency
of boron causes terminal shots death, short internodes, and even death of plants (M.
Shaaban, 2010; Kabay et al., 2010). Although boron is necessary for the organism, the
excessive amount can act toxic. Thus, the concentration of boron in a water stream
must be considered (Parks And Edwards, 2005).

In industry, boron minerals are mainly applied to produce glass (52%) such as
insulation type glass fiber, textile type glass fiber, and borosilicate glass. Another main
usage of boron minerals is in the ceramic industry (12%). In the ceramic industry,

boron minerals are mostly applied in the generation of ceramic glaze (Sokmen and



Buyukakinci, 2018). Boron compounds are also used in nuclear technology, heat
resistant materials, dyestuff, detergent and food industry (Nasef et al., 2014).

2.1.3 Boron reserves and history

The estimated boron ore resources are by approximately 885 billion tons throughout
the world (Mahdi et al., 2017). Turkey is the largest producer of boron compounds in
the world and has most of the production with 39% followed by USA 24%, Argentina
14% and Chile 10% (Schlesinger and VVengosh, 2016).

For the first time, mining of the boron compounds was started in Chile in 1852. In the
following, the boron element was discovered in Clear Lake by John Veatch. Boron
mining in Turkey was started in 1865 by a French company called Campaign
Industrielle Desmazures, with mining of the calcium borate pandermite (priceite,
4Ca0sB203.7H20) from the Aziziye Mine near Susurluk (Kitahama et al. 2005;
Woods 1994b). The demand increase encouraged companies to extract boron
compounds in large scale in Turkey and USA (Kitahama et al., 2005).

2.1.4 Boric acid

One of the most stable and soluble components of boron is orthoboric acid, which is
also known as boric acid. Boric acid is an inorganic acid and its chemical formula is
H3BOs (Prutting and Cerveny 1998; Howe 1998). Boric acid is a white and powdery
crystalline solid. Molecular weight, specific gravity at 20°C, boiling point and melting
point of boric acid are 61.8 g/mol, 1.44, 300°C and 171°C, receptively (Pohanish
2017). In the crystal structure of boric acid, three acid molecules bind to a boron atom.
The hydrogen atom of the acid molecule is connected to an oxygen atom directly which
is at a greater distance from the oxygen atoms of adjacent molecules (Bethell and
Sheppard 1955). The crystal structure of the boric acid molecule is shown in Figure
2.1.
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Figure 2.1: The crystal structure of boric acid (Shuvalov and Burns 2003a).

Boric acid is a benign component in consumer components such as mattresses, futons
and furniture because intrinsic toxicity is low in these stuffs (Horrocks and Price,
2008).

Boric acid can be extracted from an aqueous solution either (a) by physical extraction
such as crystallization, or (b) by a chemical reaction which makes an ester (Matsumoto
etal., 1997; L.YuS.M.Reutzel-Edens, 2003).

2.1.6 Boric acid removal

Although boric acid is known to be a safe component in the environment, it might be
dangerous to human beings and animals in significant doses (Kondaiah et al., 2008;
Weir and Fisher, 1972). MeWalter in 1907 reported that, boric acid which was used in
medicine for infants, has a notable poising effect (Goldbloom and Goldbloom, 1953).
Boric acid concentration, 1000 to 2000 ppm boron equivalents, can induce testicular
atrophy in animals such as dogs and rats (Ku et al., 1993). Human beings may be
exposed to boric acid through drinking water, foodstuffs and inhalation during mining
and industrial processing (Moore and Committee, 1997). Boric acid poising includes
vomiting, nausea, acute kidney failure and neurotoxicity (Restuccio et al., 1992). A
recent study reports that excess boric acid might also be toxic to the reproductive

system of both genders (Fort et al.,2016).

As excess of boric acid cause several problems to human beings and animals, it has to
be recovered properly. The removal of boric acid from aqueous solution is
complicated, since conventional physical and biological treatment methods cannot
decrease the level of boric acid in a solution significantly (Sahin, 2002). Proven

effective methods to remove boric acid are stated to be adsorption and membrane



based technologies such as reverse osmosis (Dydo and Turek, 2013; Wolska and
Bryjak, 2013). These methods are suitable for low boron concentration in a solution
(Guan et al., 2016). At higher boron concentrations, alternative methods have to be
considered. Besides, in the boron mining and processing plants, boron containing
aqueous waste streams are generated. They are mainly stored in large ponds.
Discarding these wastes in the ponds, have both environmental and economic
significance. As an alternative to storage, in this study, recovery of boric acid from the
synthetic waste pond aqueous concentration is investigated via Eutectic Freeze
Crystallization (EFC). The knowledge gained on EFC is compared to conventional
evaporation method.

2.1.5 Eutectic Freeze Crystallization

2.1.5.1 Definition and separation principle

In process industry common conventional methods to separate highly soluble salts
from their concentrated aqueous solution are either cooling or evaporation
crystallization. In the evaporation method, energy consumption is high and frequently
not economical. Due to the residual solubility at a low temperature, the cooling
crystallization is not a highly-efficient process (Zijlema et al., 2000; van der Ham et
al., 1998). Eutectic Freeze Crystallization (EFC), which is a novel technology, is a
good candidate at this stage. EFC process, operates around eutectic point, crystalizes
ice and salt simultaneously and separates these solids by their density differences
(Randall et al., 2011). The solubility for a binary phase diagram for a eutectic system
is shown in Figure 2.2. The temperature and the concentration of a solid which is in
equilibrium with the solution can be determined by the solubility lines. The
intersection of ice and salt solubility lines is called eutectic point (point C) (Genceli et
al. 2005).
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Figure 2.2: General phase diagram for a binary aqueous solution.

When a solution having a temperature and concentration value at point A is cooled
until point B (located on the ice solubility line), ice starts to be formed. Up on further
cooling, while solution temperature decreases, its concentration increases towards
point C. Point C is the eutectic point (EP) and over there ice and salt crystallize at the
same time. The temperature and concentration of solution at EP are called eutectic
temperature (TeuT) and eutectic concentration (Ceut). Having a starting solution with
a higher concentration than the eutectic point would set in motion the salt formation
first followed by the ice crystallization (van der Ham et al. 1999).

2.1.5.2 EFC process and its advantages

EFC process flow scheme in terms of basic units are introduced in Figure 2.3. Feed
solution is sent to the crystallizer where it is treated around eutectic conditions, i.e. ice
and salt are crystallized simultaneously within the crystallizer. Due to prevention of
scaling, the stirrer of the crystallizer is operated fast which prevents ice and salt to
separate efficiently. Thus, following crystallizer ice and salt slurry outlets are sent to
a separator column where they are separated due to their density difference. Ice slurry
is collected from the top of the separator and then sent to the wash column. Sucking
the mother liquid in the wash column would yield pure ice, i.e. pure water production.
Mother liquid in eutectic composition sucked from the wash column is sent back to
the crystallizer.



The salt slurry collected from the bottom of the separator is sent to filtration unit where
pure salt is separated from its mother liquid. The filtered mother liquid at eutectic
concentration is also recycled back into the crystallizer. Theoretically, the efficiency
of the EFC process in the production of pure ice and solid salt is 100%, which is one

of the attractive advantages of this system (Williams et al. 2015).
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Figure 2.3: Schematic representation of EFC process.

In addition to the high efficiency of the EFC process, one can list the other advantages

of this process as follows:

> Energy consumption in EFC process is less than the evaporation since the heat of
evaporation is six times higher than the heat of fusion (Randall et al. 2011).

» In EFC process, the low operating temperature decreases the corrosion potential.
Thus, cheaper construction materials can be used (Randall et al. 2011).

> Due to no further chemical compounds are added to the system, EFC process is
not so complicated, cheap and environmentally friendly (Lorain et al. 2001).

The economic aspect of EFC process is highly dependent on the composition of the

solution. As stated above, the energy consumption of EFC process is stated to be low

due to the cheaper operating cost in comparison with the evaporative crystallization.

However, the capital cost of EFC process is calculated to be higher than the

evaporative crystallization (Randall et al. 2011).

8



2.1.6 Evaporation

Evaporation is one of the conventional physical methods to separate a liquid from a
dissolved by applying energy (Rao et al. 2017). In the evaporation process, water is
generally used as a solvent and the desired product is obtained from a concentrated
solution. The evaporation process is used for diversity of material such as metals,
alloys and elemental semiconductors (Griesser 2016).

The energy requirement to drive evaporation process is a significant amount which is
named as the latent heat of evaporation (McCann and Bryson 2015). In this process,
the solution is heated and consequently concentrated. Therefore, the supersaturation is
created via evaporating water (the solvent). Finally, the supersaturated solution is kept

at the room temperature to cool naturally and let the crystals to nucleate and grow.

The economic analysis of various separation methods reveals that although
evaporation is the most common method to recover mineral, some other methods such

as membrane separation are cheaper and more popular (Kim 2011).

2.2 Material And Methods
2.2.1 Material and methods for eutectic freeze crystallization

2.2.1.1 EFC material

The objective of this study was to determine eutectic point, growth kinetic and
production rate of the boric acid-water system under Eutectic Freeze Crystallization.
Thus, experiments were designed for 2.5 wt% boric acid (HsBOs) aqueous starting
solution. The synthetic solution was prepared using more than 99.5% boric acid
(Merck, impurity content given in Table 2.1) and deionized water. Deionized water

had a conductivity of 0.067 us/cm.



Table 2.1: Specifications of the maximum impurity concentration of Boric Acid

Impurity % Composition
Undissolved compound 0.003
Ammonium (NHa) 0.001

Carbonate (CO3) 0.05

Chlorine (CI) 0.0005
Phosphate (PO4) 0.001
Sulphate (SO4) 0.0025
Arsenic (As) 0.0002
Calcium (Ca) 0.005
Heavy Metals (Pb) 0.002
Magnesium (Mg) 0.002
Iron (Fe) 0.0005

In this study, ethylene glycol was used as an indirect coolant.

2.2.1.2 EFC Experimental setup

Experiments were carried out in a 1-liter plastic beaker used as a crystallizer. The
crystallizer was placed in a double walled glass vessel and indirectly cooled via
ethylene glycol solution between the crystallizer and the double walled vessel.
Ethylene glycol as a coolant was circulated via Julabo circulator FP40 cooling machine
with a 2.3 kW capacity at a range of -40 °C and 200 °C. Temperature data was
measured with two sensors (T1 and T2) and recorded in a 10 seconds interval with an
Agilent multimeter (model LXI 349772A) connected to Temp-Control thermistors
(model NTC-8315). The thermistors had an accuracy of £0.01 °C and resistances at 0
°Cas 32.7kQ ( Gencelietal., 2015). The first sensor (T1) was immersed in the solution
and the second one (T2) was immersed in the coolant between the crystallizer and the
double walled vessel. For following the temperature variations in the setup inline, also
a PT100 temperature sensor having +0.1°C accuracy was used whenever necessary. In
the experiments, lka Rw 20 agitator -working with 220 V, 50Hz- was used to stir the

solution in a range of 60-2000 rpm. In Figure 2.4, the photos of crystallizer, cooling
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machine and Agilent digital multimeter; and in Figure 2.5, the experimental set-up is
presented. Stuart modal CD162 type magnetic heater was used to accelerate the
dissolution of boric acid in deionized water. Examination of the crystals after reaching

the eutectic point was done under Olympus BX51 microscope.

(b)

(©

Figure 2.4: (a) Crystallizer; (b) Cooling machine; (c) Agilent digital multimeter
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Figure 2.5: The experimental set-up of EFC process.
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2.2.1.3 EFC Experimental Procedure

The synthetic boric acid solution was prepared by dissolving 25 g of boric acid in
deionized water summing up 1000 grams in a 1-liter volumetric flask. In order to have
a homogenous solution, the mixture was stirred with a magnetic mixer for 1 hour over
a heater kept at 40 °C. Before starting the experiment, 10 ml sample was taken for
detecting the boric acid concentration via titration. The solution was poured into the
crystallizer in the experimental setup and Ika Rw 20 type mixer was set to 200 rpm
stirring rate. The cooling machine was started with a temperature set point of -6 °C.
According to the cooling machine’s set temperature, the supersaturation of the solution
which is the driving force of crystallization process was regulated. All through the
experiments, the supersaturation was defined to be the temperature difference between

solution (T1) and ethylene glycol coolant (T2) measured temperatures.

As solution temperature started to be cooled down, ice formation was mostly
visualized first. This was followed by the temperature jump seen on the temperature
profile. When the system reached eutectic point, salt and ice crystals were seen at the
same time. The salt samples were then collected from the solution at around 15
minutes, 30 minutes, 45 minutes and 60 minutes after eutectic conditions were
achieved. The salt crystals were observed under the camera with 5X magnification of
the Olympus BX51 microscope. Experiments were repeated with the cooling machine
set temperatures at -8 °C and -10 °C following the same procedure. At each different
cooling machine set temperatures i.e. supersaturations, the growth rate of the crystals

was then determined.

2.2.2 Material and methods for evaporation

In the second part of this study, the evaporation method was applied to determine the
growth rate of a boric acid salt from aqueous solution. The energy consumption of this

process was also carried out to compare to the one of EFC.

2.2.2.1 Evaporation material

Evaporation experiments were carried out with 2.5 wt% synthetic boric acid (HzBO3)
aqueous solution. The aqueous solution was prepared by dissolving 2.5 g boric acid

(HsBO3z) of Merck Company and by taking 25g of boric acid in a 1-liter volumetric
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flask and adding deionized water and until 2000 grams. The impurity content of boric
acid and water quality were the same as stated in section 2.2.1.1.

2.2.2.2 Evaporation experimental setup

In the evaporation experiments, a magnetic heater-mixer (Stuart brand CD162), a
rotary evaporator (Heidolph brand), a titrator (Schott Titronic Universal), and a
vacuum filter devices (ILMVAC) were used.

The evaporation experiments were done in a rotary evaporator. In the evaporator, the
solution was placed in a 500 ml rotator flask. The temperature of solution was
increased indirectly via hot water placed in a heating bath. The heating bath
temperature and rotation speed were controlled via two distinct knobs. Both knobs
were illuminated by the two switches in front. Using water, the temperature of heating
bath was ranged between 20 to 100 °C. The flask rotation speed was adjusted between
10 to 280 rpm. In the system, there was a condenser with a coolant (generally cold
water) to condensate evaporated feed. At the bottom of the condenser, there was a
collecting flask to catch the condensed product. In the evaporator, the evaporation flask
was moved up/down in the heating bath by immersing lift which performs manually.
Moreover, the pressure of system was adjusted using a vacuum system which could
decrease pressure of the system up to 0.1 bar (Radleys company, 2018). In Figure 2.6,

the scheme of evaporation experiments setup is shown.

Figure 2.6: The evaporation experiment setup.
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2.2.2.3 Evaporation experimental procedure

Approximately 500 ml of the prepared 2.5 wt% boric acid aqueous solution was taken
up in the rotary evaporator. In this unit, the temperature, the rotational speed and the
vacuum were set to 45°C, 60 rpm and 1atm, respectively. A constant flow of cold water
was provided to the evaporator for the condenser section. Evaporation process began
with increasing temperature of the solution. Evaporated part of the solution, condensed
via cold water flow, was assembled in the container section of the evaporator as a
liquid.

The rotary evaporator was operated until the water was vaporized from the solution
and collected in a container approximately 300 g. After evaporation, the resulting
concentrated boric acid solution was allowed to cool down to room temperature
naturally. In some experiments, when the cooled solutions reached about room
temperature, the seed crystals were added. After about 3-4 hours, the size distributions
of the crystals were measured to determine approximate crystal growth rate.

2.2.3 Concentration measurement

Solubility diagram of a system is a function of temperature and concentration. One of
the conventional methods to measure the concentration of the solution at a particular
temperature is direct titration. In this study, boric acid titration experiments were
carried out by an automatic titrator (Schott Titronic Universal) as shown in Figure 2.7.

In Appendix 1, the titration procedure is presented in detail.
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Figure 2.7: Automatic titrator (Schott Titronic Universal).

2.2.4 Measurement of crystal size

In order to measure the crystal dimensions, crystals samples were obtained from the
crystallizer and placed on a microscope slide. Olympus BX51 optical microscope with
5X lens was used to magnify on to the salt crystals. Photos of salt crystals were taken
using a camera connected to the microscope and recorded to a computer via Image-
Pro Plus software (Figure 2.8). Image J program was then employed to process the
photos. Image J is an expansible tool to analyze the images on any platforms (Collins,
2007; Abramoff et al., 2004). For each waiting period, from the photographs taken
under the microscope, approximately 400 crystals were randomly selected. For the
characterization of the crystals, according to Classical Nucleation Theory (CNT)
assumption, crystal particles nucleate spherical. We also assume that they further grew
in spherical shape. Thus, in 2D images, crystal particles were determined as a circle

and the characteristic radius was calculated accordingly (Karthika et al., 2016).
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Figure 2.8: Crystal imaging via microscope set-up
2.2.5 Single crystal XRD measurement

X-Ray Diffraction (XRD) provides main information on the molecular structure of
solids such as bond distances and bond angles (Andrei S.Batsanov, 1999). In this
study, molecular structures of boric acid crystals synthesized under EFC and
evaporation methods were compared via single crystal-XRD measurement (Figure
2.9).

The boric acid crystal structure was screened by Bruker D8 VENTURE diffractometer.
The diffractometer is on the axis of rotation 1.0 °® and established with Bruker
Kryoflox Il cooling system at 100 K which contains graphite monochromated Mo-Ka
radiation (A = 0.71073 A) (Dolomanov et al., 2009).

The crystal structure was determined by the method of SHELXS-97 and confirmed by
SHELXL-2014/7 (Sheldrick, 1997; Sheldrick, 2008). Moreover, the molecules were
drawn by version 1.2 of OLEX2 (Dolomanov et al., 2009). Further information on
single crystal and instrumental parameters, data collection and calculations is shown

in the supporting information file.
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Figure 2.9: Bruker D8 VENTURE Crystal XRD photo.

2.2.6 Production rate

In EFC process, the amounts of produced ice and salt over the residence time is defined
as production rate. After crystallization of ice and salt crystals, the slurry was divided

into two solids (ice and salt) and a liquid system.

In this investigation, the solid particles were separated from the mother liquor via
vacuum filtration (ILMVAC brand) over a glass filter. In the filtration process, a
vacuum pump was hired to make a low pressure for passing the liquid part of the slurry
through the pores of the filter. By crossing the liquid part, the solid particles were
separated from the slurry and stayed at the top of the filter. Since separated ice and salt
were together, the total mass of bulk could be determined by weighting. In Figure 2.10,

the photo of vacuum filtration to separate solid particles from the solution is shown.

By determining concentration via titration and measuring filtered ice and salt, it is
possible to detect the ice and salt production rates. Despite the boric acid crystals, the
ice particles are not stable at ambient temperature and are melted. Thus, ice crystals

have to be handled in a cold room that is set at sub-zero centigrade temperatures.
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Figure 2.10: The vacuum filtration photo.

2.3 Results and Discussion

2.3.1 Eutectic point determination

In EFC system, the first step is to determine the solubility diagram and the eutectic
point. Boric acid is soluble in water and its solubility is highly dependent on
temperature due to remarkable negative heat of solution (Stewart, 1985). In Figure
2.11, the phase diagram of HsBOs-water system is presented and this curve is plotted
regards to Seidell’s data (Seidell and Linke, 1965). Accordingly, eutectic temperature
and concentration of the system are pointed out to be -0.75 °C and 2.5 wt%H3BO:s.
Blue and orange lines represent the boric acid equilibrium, and ice equilibrium lines
respectively. The black spot on the figure represents the initial composition and

temperature of the solution.
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Figure 2.11: Concentration-Temperature diagram for boric acid.
When an experiment was started, the synthetic solution was placed into the crystallizer.
As cooling machine was set to a lower temperature, the solution temperature decreased
regards to coolant temperature value. A typical coolant temperature (blue line) and
solution temperature (red line) vs. time profile is shown in Figure 2.12. Starting from
room temperature, as solution temperature decreased and sufficient supersaturation
was achieved, nucleation occurred. It was observed that ice always nucleated prior
than salt. Ice nucleation was detected based on the temperature jump screened on the
temperature profile in Figure 2.12. Release of heat due to ice crystallization was the
cause of temperature jump. The salt nucleation moment could not be detected on the
temperature graph as a temperature change. Yet, based on visual observation and
temperature stability achievement was the proof of reaching the eutectic point. In this
study, the eutectic temperature for boric acid was detected to be -0.79 °C. As seen in
Figure 2.12, after detecting a temperature jump in the solution, the temperature profile
follows a plateau which shows that the system reached the eutectic point. In
calculations, driving force for the nucleation and growth of ice and salt crystals is
defined to be the difference between coolant and solution temperature. In Figure 2.12,
the supersaturation is 7.24 °C and the residence time is 800s. According to this figure,

the nucleation occurred and the eutectic point was reached after 1200s.
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Figure 2.12: Temperature-Time diagram of boric acid.
2.3.2 Metastable zone width (MSZW) and nucleation rate

In crystallization, a supersaturated region in a phase diagram is defined as the area
between saturated and labile zones (Christen and Hofmann, 1991). In the cooling
crystallization, the difference between saturation temperature of a solution and the
primary nucleation temperature is known as supersaturated zone width or metastable
zone width (MSZW) (Kadam et al. 2012). MSZW indicates the nucleation kinetics of
a system (Kubota 2008). MSZW is a function of several parameters such as rate of
supersaturation generation, saturation temperature and impurity level (Barrett and
Glennon 2002). In this study, the saturation (equilibrium) temperature of the solution
is constant and impurity content of the solution is negligible. Therefore, MSZW can
be considered as a function of the rate of supersaturation generation. In EFC process,
the rate of supersaturation can be defined as the difference between the minimum
temperature of the solution before nucleation and the eutectic temperature (Equation
2.1) (Kim and Mersmann 2001).

ATax = Teur — Thnin 2.1

In Equation 2.1, AT,,,, represents the rate of supersaturation generation, Tgyr the

eutectic temperature and T,,;, the minimum temperature of the solution before
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nucleation. The rate of supersaturation generation is corresponding with the maximum

supersaturation (Equation 2.2) (Kim and Mersmann, 2001).

ac

AChax = A7}nwx5?

2.2

In Equation 2.2, AC,., anddc/dT express the maximum concentration
supersaturation and temperature coefficient of solubility, respectively. The rate of
supersaturation generation is directly proportional to the cooling rate of solution; i.e.
the rate of supersaturation generation increases with increasing cooling rate (He et al.,
2011). Thus, the cooling rate of solution also influences the MSZW. The relationship
between concentration supersaturation and cooling rate is shown via (Barrett and
Glennon 2002):

dAc dc
— =r— 2.3
dt daTr

In Equation 2.3, r represents the cooling rate of the solution. Moreover, according to
the classical nucleation theory, the nucleation rate of the crystal is a function

supersaturation and can be expressed by:
B, = k,Ac" 2.4

In Equation 2.4, B, represents nucleation rate, k, nucleation rate constant and n
nucleation order. If it is assumed that the nucleation rate is equal to the rate of
supersaturation generation, for cooling crystallization, mass nucleation rate can be
defined as (Lenka and Sarkar, 2014):

& = kokypr3Ac™ = kyAc™ 25

Where dM/dt is the mass nucleation rate and k, = kyk,pr;>Ac™ represent mass
nucleation rate constant. Furthermore, k,,, p and r are volume shape factor, density of
crystal and nuclei radius. Combining Equations 2.2 and 2.5 gives (Lenka and Sarkar

2014):

d d
Ky (AT max d—;)n = rd—; 2.6

the constant of nucleation rate, k, and nucleation order, n can be derived from the log
plot of cooling rate, r and MSWZ, AT, (Mullin, 2001):

In(r) = n In(AT,) + In(k,) + (n — 1)ln(%) 2.7
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In equation 2.7, dc/dT is the slope of solubility diagram. This value can be can be
obtained from the phase diagram of boric acid-water system as presented in Figure
2.11. In this log plot, the order of nucleation is obtained via slope of the and constant

of nucleation rate from the intercept (Lenka and Sarkar, 2014).

In the context of this thesis, several experiments were performed by variating cooling
rate where the system was allowed for primary nucleation. As stated before, MSZW
was defined to be the maximum difference of the coolant and boric acid solution
temperature as shown in Figure 2.12. Using all the collected data, MSZW versus the
cooling rate of boric acid solution is drawn in Figure 2.13. In parallel with the literature
work, it can be seen that MSWZ is directly proportional to the cooling rate of the
solution. Increasing cooling rate increases the MSZW (Shiau and Lu 2014; Omar and
Ulrich 2006; Camacho Corzo et al. 2014).

As mentioned above, since nucleation kinetics of the system can be considered by
MSZW, higher cooling rate increases the nucleation kinetics of the solution. the

calculation spread sheet of Figure 2.13 is presented in Appendix 2.
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Figure 2.13: Metastable zone width versus the cooling rate of boric acid solution.

Using Figure 2.13 and Equation 2.2, nucleation order (m) and nucleation rate (kn) of
boric acid under eutectic conditions can be calculated. According to Figure 2.13, the

other parameters of nucleation are presented in Table 2.2.
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Table 2.2: The amounts of MSZW related parameters for boric acid-water system
crystallizing under eutectic conditions.

dc/dT g solute (100 g solvent K)*! n Kn

6.11 1.54 2.01x 107*

According to the value of Table 2.2, the nucleation rate of the boric acid can be
calculated. Combining Equation 2.5 and 2.6:

aM d
— = kn(ATmaxd—; n 2.8

According to Equation 2.8, the mass nucleation rate dM/dt can be determined as a

function of metastable zone width AT, 4.

2.3.3 Salt crystal size and growth kinetics

The most important factor to control crystal shape and growth Kinetic is
supersaturation. Thus, the modification of crystal shape and size is possible by
controlling the supersaturation (Yang et al. 2006). In this study, ice and salt crystals
grew around 1 hour, under eutectic conditions. The crystallization process was
followed by sampling and taking pictures of the crystals under the Olympus
BX51optical microscope (Figure 2.14). In all pictures, the boric acid crystals typically
have are circular (roundish)-rectangular shape. The ice crystals are roughly circular
shape. The shape of ice and salt crystals are well agreed with the previous studies
(Mullin 2001).

Figure 2.14: Typical pictures of boric acid crystals (left) and ice crystals (right)
under EFC operation.

Crystal growth kinetic is a low order supersaturation function which can be
characterized by a linear relationship (Civan 2007). The crystal growth is divided into

23



two mass transfer process: diffusion of salt atoms to the surface of nuclei and
assimilation of atoms and nuclei (N.Ye et al. 2017). The rate of crystal growth depends
on the ability of a solution to connect the atoms to the surface of the crystal and the

ability of the crystal to absorb these atoms (Gilmer and Bennema 1972).

In previous studies, under evaporation, the growth rate of boric acid crystal was
determined experimentally and modeled by concentration change as a function of
supersaturation. Supersaturation in Sahin et al.’s study is defined as the change of
dissolved solute amount. (Sahin et al. 2000). In this thesis, under eutectic freeze
crystallization, the growth rate of boric acid is detected as a function of variating
supersaturations. Due to the cooling crystallization behavior of EFC, everywhere in
this study the supersaturation is defined as the difference between solution temperature

and coolant temperature.

The overall growth rate, Rg is a function of the temperature driving force, AT and

overall mass transfer coefficient, Kg as stated by Mullin (Mullin 2001):
RG = KG(AT)r 29

In equation 2.9, r is an exponent of supersaturation which is changed between 1.5 and
2.5 (Mullin, 2001). Moreover, the overall mass growth rate can be related to the linear
growth rate, G (Nyvlt 1984):

R; = 3ap.G/pB 2.10

In equation 2.10, o represents volume shape factor, g surface shape factor and p,
crystal density. Assuming that the boric acid crystals to be spherical, a /S is
determined to be 1/6. Furthermore, the overall linear growth rate can be calculated by

varying particle size AL with residence time t (Mullin 1976):
G =AL/t 2.11

In Table 2.3, boric acid salt crystal characteristic radius r, linear growth rates and mass
growth rates are shown with various batch residence times and supersaturation.
Varying batch times are defined as the residence time of the crystals in the crystallizer
after the eutectic point was reached. The salt crystal photos taken under the microscope
were used to calculate the characteristic diameter for each AT (supersaturation) by the
Image J program. In EFC process, the cooling machine which is applied to cool the

coolant, is set at different temperature. In Table 2.3, the coolant set points for the
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experiments of this study is presented. Details of those calculations are presented in

Appendix3.
Table 2.3: Crystal size measurement and calculation results
AT Coolant set Batch . Growth Rate  Mass Growth Rate
_ Residence (G) (Ra) (kg/m?s)x
el point ] Time (min) (hm) (um/min) 106
0 0
30 14.48
3.6 -6 45 16.57  0.005483 3.948
60 19.67
0 0
4.3 -8 15 9.64 0.006465 4.6548
60 22.31
0 0
15 10.21
6.5 -10 30 19.45 0.0098 7.056
45 24.77

Assumptions made during the calculations are listed below;
- Supersaturation (AT) = Teuttectic inside the crystallizer — T coolant in between crystallizer and double
walled vessel
- Nucleation is neglected.
- Crystal agglomeration and fracture are neglected.
- Growth rate is independent of crystal size.
- Homogenous mixing was carried out in the crystallizer.
- The system is batch. The results are evaluated by assuming a continuous

system.

The growth rate of salt crystals was found by putting the characteristic radius (rcharct)
vs. batch residence time from Table 2.3, linearizing and using the graphic slope of

Figures 2.15 (a), (b) and (c) for each supersaturation.
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Figure 2.15: Time vs. Crystal characteristic radius graph for
(a) AT=3.6 °C, (b) AT=4.3 °C, (c) AT= 6.5 °C.
In Figure 2.15 by linearizing the crystal size against residence time, growth rates
(um/s) were determined for various supersaturation. In our defined supersaturation
(AT=3-7 °C) range, the growth rate of HsBOs crystals was found to be around 7.5x10°

omfs.

In Figure 2.16, the determined growth rates of boric acid crystals were then presented
as a function of supersaturations. According to this figure, it can be seen that
supersaturation has a significant effect on growth rate. Therefore, with increasing
supersaturation, the growth rate of crystals is increased.

According to Figure 2.16, the growth rate constant for linear growth rate can be
calculated via power law. The amounts of ke and r which represents linear growth rate
constant and order of supersaturation, are determined as 1.2 x 107° m.s?K and
1.0042. Based on the order of supersaturation, it can be concluded that the linear

growth rate is directly related to the supersaturation.
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Figure 2.16: Growth rate of boric acid versus the supersaturation
under eutectic operation conditions

The mass growth rate can be calculated as a function of the linear growth rate by
Equation 2.4. According to Table 2.3, at the supersaturation range between 3 and 7 °C
which is defined as diffrence of solution temperature and coolant temperature,, the
mass growth rate is by approximately 5x 10~° kg/m?s. According to Equation 2.3, by
drawing the mass growth rate versus the supersaturation , Kg and r constants can be
determined by power law (Figure 2.17). Due to the power law, the amounts of K¢ and
r are calculated as 8.97 x 1078 kg.m?2.s! and 1.0042, respectively. In the previous
study on the growth rate of boric acid, the order of supersaturation versus the mass
growth rate was ranged between 1.5-2.5 (Sahin et al., 2000). However, in this study,
the order of supersaturation is almost 1 and growth rate is changed as a function of
supersaturation linearly. Thus, the growth rate of boric acid is found out to be
controlled not by surface reaction but only by mass transport, similar to ice growth rate
case as reported by Genceli (Genceli, 2008).

During the crystallization process, in addition to the salt nucleation, ice crystals are
produced. However, the experiments in this study were carried out at ambient
temperature and the characterization of ice crystals were not possible. Since the
melting point of ice is 0°C and to consider properties of ice crystals, an environment

with a temperature lower than ice melting point is needed.
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The calculated parameter can play remarkble role in determining growth rate boric
acid crystallization in EFC system. Since the growth rate which predicts the particles
size in different residence time, it is an important factor to consider efficiency of EFC

process for boric acid and water system.

Supersaturation (°C)

0 1 2 3 4 5 6 7
Mass growth rate X10° (kg/m.s?)

Figure 2.17: Mass growth rate of boric acid versus the supersaturation
under eutectic operation conditions.

2.3.4 Production rate

In recent years, one of the main efforts of researchers and engineers in universities and
industrial research centers is transforming traditional methods to novel technologies in
the industry (Stankiewicz and Moulijn, 2000). Applying new technologies in the
industry requires feasibility consideration of the technology to produce hundreds of
tons of product per year (Tonkovich et al., 2005).

Production rate is the value of the produced mass of crystals over a specific time period
(Ward et al. 2006). Therefore, the production rate determined by the kinetic of the
system is an important factor to determine the capability of a process. In this section,
the determination of production rate of salt and ice for EFC process via mass balance
is presented. Despite the previous section in which ice crystals’ growth rate could not
be detected, in this section the production rate of ice crystals are calculated via mass
balance.

As mentioned above, although the system is batch, we assume system to be continuous
since sampling was made in the first 1 hour of the experiment (see Table 2.3). One of

the main factor to consider production rate in the continuous process is residence time.
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In this section, the residence time for boric acid and ice production rate calculation is
assumed to be 1 hour.

The first step to determine the production rate is a mass balance which is defined as
follows (Gros et al. 2001):

Mgop = Myes + Mgqie + Mice 2.12

In equation 2.12, mg,;, Myes, Mgqrand m;., represent the mass flow rate of solution,
mass flow of residual solution in the crystallizer, salt and ice production rates,
respectively. In this study, since the actual system is batch, m,,; can be considered
the constant mass of the mother liquor. In Figure 2.18, the produced amounts of ice
and salt versus time are shown. According to this figure, under eutectic freeze
crystallization the production rate of salt and ice are calculated from the slope of the
data to be 3.03 g.h'* and 99.16 g.h'%, respectively. The production rate of ice is about
32 times larger than salt production rate. This production rate difference can be
referred to as the initial concentration of each component. According to the eutectic
point on the phase diagram presented in Figure 2.11, the initial concentration of water
is larger than boric acid concentration approximately 39 times larger. However,in the
experiment, the propotion of ice to ice is less than intial propotion. Since the
experiment was carried out at the ambient temperature and a part of produced ice might
be melted during the filteration process. Details of calculations are shown in Appendix
A. 4.

In an actual continuous system, the feed flow is important factor to determine the
residence time and consequently production rate. The feed flow rate is inversely
proportional to the residence time. In other words, increasing the feed flow decreases
the amount of formed solid content (Verbeek 2011). Due to feed is stable in this
investigation, it is expected that production rate will be linear. In Figure 2.18, despite
boric acid production rate that is almost linear, the production rate of ice is devoted. It
can be concluded that the temperature of ambient affects crystal particles and melted

them before weighting.
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Figure 2.18: Produced amounts of salt (orange) and ice (blue) versus time.

Due to the small particle sizes of boric acid crystals measured (around 10 um) under
1 hour of residence time, it was observed that boric acid salt crystals were captured
within ice crystals. This was an obstacle for the efficient separation of eutectic freeze
crystallizer and the separator design presented in Figure 2.3 and Figure 2.4. Due to the
nature of EFC process, ice and salt crystals separate due to their density differences.
Yet, in the sampling from the crystallizer it was recorded that boric acid crystals were
easily captured in ice crystals. Thus, the settling velocity of boric acid was calculated

for the system.

Crystals with a higher amount of settling velocities are mainly exposed by attrition and
due to decrease of coefficient of variation, the size of maximum and medium crystals
are reduced (Mersmann 1999). Stokes’s law can be wused to calculate
the settling velocities of boric acid salt crystal particles in the solution medium.

D?xgx(pk—ps) 213
18xus '

Vstokes =
Density (ps) of boric acid-water system can be calculated via the following equation:

dwater=0.997 glcm3 and dboric acid— 1.435 g/0m3

ps=(0.997 x 0.975) + (1.435 x 0.025) = 1.00795 g/cm? = 1007.95 kg/m?
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Table 2.4: Calculation of the settling velocities.

AT D D2 g pk * ps ** Ms s, Vstokes
(¢C)  (um)  (um) (M/sA)  (kg/m®)  (kg/m?) kg/(m-s)  (mmis)

6.5 50 2500 9.81 1440 1007.95 1.83x10°3 0.32

* (Kim et al., 2019).

**(Sahin, 1999).

*** (Kestin et al., 1978).

According to the results in the previous part, the largest boric acid crystals size of
produced salt is about 50 pum. As presented in Table 2.4, using Stokes equation, under
eutectic conditions the settling velocity of boric acid crystal with ~50 um size is 3.2 X
10" m/s. If it is assumed that the maximum distance for the largest crystal to move is
15.5 cm, based on the settling velocity, the minimum residence time should be 0.13
hour. One hour as residence time can be a suitable time for settling of boric acid
crystals. Therefore, there is enough time for ice and salt crystals move upward and

downward, respectively and are separated properly.

2.3.5 Crystal structures of boric acid salts around the eutectic point

In this section, to determine the crystal structure definitely, despite the previous
section, 4 wt% boric acid concentration was prepared. Using the experimental setup
presented in Section 2.2, a cooling profile was applied to the boric acid solution. In
Figure 2.19, coolant (blue) and boric acid solution (orange) temperature profiles are
given. According to the profile, boric acid crystal nucleation was detected around 7.5
°C. Up on further cooling, lead the crystals to grew larger and they were filtered from
the solution just at the eutectic point -0.75 °C before ice crystals nucleated. Boric acid
salts collected from the crystallizer were isolated and placed into dry ice. They were
then transported to Chemistry Department of Istanbul Technical University for
crystalline structure determination via single crystal XRD method as described in
Section 2.2.
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Figure 2.19: Temperature-Time Graph of Boric Acid Solution
A colorless, rod-shaped HsBOs3 crystal of about 0.01 mm x 0.02 mm x 0.4 mm

appearing in Figure 2.20 was used for X-ray crystallographic analysis and X-ray
density data were measured.

Figure 2.20: Photo of crystal used for structure determination in
single crystal XRD measurement.

Totally, 1480 pose was taken and the total irradiation time was 3.29 hours. Pose is
integrated by using the Bruker SAINT Software package with wide-pose algorithm.
The following data are obtained about the crystal H3BOs, triclinic, (space group) P1,
colorless block, unit cell a = 6.336(3) A, b = 6.997(3) A, ¢ = 7.001(4) A, a =
119.933(12)°, B = 90.919(15)°, y = 102.147(14)°, V= 260.3(2) A3, Z=4, Dcac=1.578
g/cm®. In Figures 2.21, 2.22 and 2.23, the crystal stacking, the intermolecular hydrogen

bonds and the pictures of the main structure are presented respectively.
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Comparing the H3BO3 crystal structure unit cells that have been described in previous
studies, it is seen that, the unit cell of orthoboric acid (H3BO3) synthesized around the
eutectic point at this study, is different from the literature (Shuvalov and Burns, 2003b;
Zachariasen, 1954).

These crystals crystallized at the eutectic point and room temperature. Although the
crystal stacking of the salts is the same, the unit cell bond lengths are different which

may be due to differences in crystallization conditions between experiments.

Figure 2.22: Intermolecular Hydrogen

Figure 2.21: Crystal Stacking of Bonds of HsBOs.

H3BO:s.

Figure 2.23: Main Structure Pictures of H3BO:s.

2.3.6 Crystallization of boric acid aqueous solution by evaporation

In this study, via evaporation method, the boric acid-water solution was concentrated.
Then, due to natural cooling, the solution became saturated which led the boric crystals
to be nucleated and grew until they reach room temperature. The experimental result
of evaporation method was then compared to the ones of eutectic freeze crystallization
method. In Table 2.5, the process conditions and result of the evaporation process for
an evaporation experiment are presented. The concentration of boric acid in the

solution was applied as EFC process 2.5%.
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In the evaporation experiment, after vaporizing 342 g water from the solution at 45°C,
the concentration of residual solution became 8.16 wt%. The residual solution was
cooled naturally at the environment temperature which was 8 ‘C. The solution was
cooled from 45 “C until 8 ‘C over 232 minutes. During the natural cooling of the
solution, 8.4 g boric acid crystals were precipitated. After evaporation experiment, the
concentration of solution was determined by titration that it was determined as 3.2
wit%. the validity of these data was examined by mass balance over this process. The
calculated error for filtration and titration of this experiment was calculated 5% which

Is acceptable amount.

Table 2.5: The process conditions and results of the evaporation process.

Title Amount  Unit

Amount (Boric acid+ water) 493.02 g

— § Amount of Boric acid D 12.31 g
= § Concentration 250 **wt
=73 %
Temperature 8 °C
Pressure 1 atm

- Temperature 45 °C
S Speed of rotation 60 rpm
8 Amount of evaporated water 342 g
S Amount of residual solution A 151.02 g
o Amount of sample of initial solution G 22.81 g
Concentration of residual solution 8.16 **wt

%

% Initial temperature of residual solution 45 °C
S, Ambient temperature 8 °C
©  After nucleation (without added crystals) crystallization duration 232 min
Amount of precipitated and filtred salt crystals B 8.4 g

< Amount of filtered solution 128.21 g
.2 Amount of NaOH for titration of the filtered solution 55.65 mi
g Concenterationn of filtered solution(calculated by titration) C 3.2 *wt
= %
* Amount of salt crystals (calculated by mass balance) 7.73 g
Error of crystalized salt amount (filtration and titration) E 5 %

*cryst.: Crystallization
**wt%: Weight percent

doxx | — 1 — (D=B)X100
(A-B-G)xC

In Figure 2.24, the temperature and time graph of boric acid and water system for
evaporation method is shown. The blue and orange plots represent the temperature of
ambient and solution over time. The experiment was carried out in a cold room which

was set at 8 ‘C. Therefore, the temperature of solution was constant at 8 °C.
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The initial temperature of solution was 45 “C, however, it measured from 30 "C and
cooled until 8.2 °C. According to the solubility diagram, the concentration of solution
is at 8.2 'C must be 3.1 wt%. Based on titration result, the concentration is 3.3 wt%

which is similar to the concentration of solution based on solubility diagram at 8.2 C.

According to Figure 2.24, the temperature of solution becomes constant and steady.
Therefore, the solution was saturated and more crystals would not be precipitated until
the temperature of the room and consequently, the temperature of solution was

changed.

35
30
25
20

15

Temperature (°C)

10

0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Figure 2.24: Temperature-Time Graph of Boric Acid Solution for evaporation
method.

In terms of experimental evaluation, the crystal size in the evaporative crystallization
was considered. After natural cooling, the crystal size distribution was measured
before filtering boric acid salt. The dimensions of 1000 crystals from at least 30
microscope photographs (such as in Figure 2.25) were randomly selected and their
surface area was calculated via Image J program as presented detailed in Section 2.2.4.
As shown in Figure 2.25, boric acid salts usually had a hexagonal crystal shape.
Totally, averages of around 1000 radii were taken and the average length of
crystallized boric acid salts was calculated under experimental operating conditions.
The average size of boric acid over 1 hour residence time is calculated 76 um. The
growth rate of crystals can be calculated by dividing the calculated particle size per

residence time.
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In this experiment, the supersaturation was defined as the logaritimic temperature
diffrence between the temperature of the amibient and solution. Since the temperature
of the solution is not constant was decreased from 30 °C to 13 °C over 1 hour. The

logaritimic temperature diffrence is calculated via:

AT,y = Tin)=Tfin) 214

In( Tamb=Tin )
Tamb ‘Tf in

In Equation 2.14, Tin, Tsin and Tamb represent solution intial, solution final and ambient
temperature, respectively.According to this equation, the superasaturation of
evaporation experiment is AT=11.47 °C. Moreoverthe growth rate of the boric acid
salt crystals was calculated to be 0.021 um/s under effect of the calculated
supersaturation. The growth rate of boric acid crystals, by eutectic point crystallization
and AT=11.47 °C, was calculated to be 0.0003 um/s. This shows that the growth rate
of boric acid crystals, under EFC process is remarkably less than the growth rate of
boric acid in the evaporation method. According to the results in Section 2.3.3 and
literature, degree of supersaturation in evaporation method for large crystals is more
than 2 (Sahin et al., 2000) and the growth rate of boric acid in this process is higher
than EFC process. Therefore, the result of the evaporation experiment in this study is
confirmed by literature.

Figure 2.25: Formed boric acid crystal by evaporation
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2.3.7 Comparison of energy consumption between the evaporation and EFC

process

As mentioned previously, EFC process consumes about seven times less energy than
evaporation. In this section, two alternatives for recovering salt and water from 2.5
wt% boric acid waste solution content; evaporation and the eutectic freeze
crystallization methods are compared energetically.

The energy required for the evaporation system is assumed to be the energy needed to
heat the solution temperature to the operating temperature and evaporate the water to

the desired amount.

In this context, the equation used for the under vacuum evaporation method is:

QEvC.total = (msolution X Cp(solution) X AT) + (mwater X AHwater,evaporation)
By using the values given in Table 2.5, the specific heat of solution is calculated as

follows :
Cp(solution) = (Wt%boric acid X Cp(boric acid)) + ((1 - Wt%bm‘ic acid) X Cp(water))

The energy required for the eutectic freeze crystallization system is assumed to be the
energy needed to cool the solution temperature to the operating temperature and to
form ice and salt crystals. In this context, the equation used for the eutectic freeze

crystallization method is:

QEFC.total = (msolution X Cp(solution) X AT) + (mboric acid X AHsoth cryst.enthalpy)
+ (mice X AHice crist. enthalpy)

The energy requirement for salt crystallization of 2.5%wt boric acid solution was

calculated on the basis of under vacuum evaporated crystallization and eutectic freeze

crystallization method and results are presented in Table 2.5.

Table 2.5: Operating Conditions and Energy Requirements.

: EvC EFC Unit
© Initial temperature of the solution ' 8 12 °C
.2 Operating pressure 1 1 atm
% Operating temperature 45 -0,7 °C
2 Operating duration t 3.87 1 hour
% Inlet temperature of coolant - -10 °C
S Outlet temperature of coolant - -9,5 °C
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Misolution 493 840 g

Mwater 7, Mice™" 342 73 g
v Mboricacid 8.2 1,65 g
-§ Cp(water) 4,187 kJkg.K
ié‘, Cp(boric acid) 1,31*  kJ/kg.K
E Cp(solution) 4,115 kJ/kg.K
)
E AHuwater, evaporation enthalpy 2283,2** kd/kg
% AHice, cryst. enthalpy 359%*  kJ/kg

AHice, cryst. enthalpy 333,55%** kd/kg

Energy requirment™*/mporic acid 76 42 kJ/g

I. Accepted amount according to experiment data
I1. For both systems, the heat loss is neglected.
* (Allison, 1998)

** (Perry and Green, 2008)
*** (Kim et al., 2019)

As seen, the processing with eutectic freeze crystallization method with an energy
requirement of 42 kJ/g has more advantageous than vacuum evaporation with the
requirement of 76kJ/g. In this study, although EFC process consumes three times less
than the evaporation process, EFC process consumes much less energy than the
evaporation method theoretically. This might be referred to as the formation of an ice
layer on the bottom of the crystallizer. Since the ice layer decreases the thermal
conductivity of the bottom of the crystallizer. Moreover, the formation of an ice layer
increases the thickness of the surface area which has a negative effect on the overall

heat transfer coefficient of process.

2.4 Conclusion

In this investigation, Eutectic Freeze Crystallization was applied for the recovery of
water and boric acid salts from an aqueous synthetic boric acid solution. Eventually,
this method is targeted to be used for boron waste streams. The growth rate, nucleation
rate, production rate and molecular structure of boric acid salts on different
supersaturations were investigated in order to increase the separation efficiency of
boric acid crystals from ice crystals. Moreover, in the last part, an evaporation
experiment was designed to be compared with the Eutectic Freeze Crystallization

method for evaluating the performance of EFC process as a separation method.
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As mentioned in the introduction section, the eutectic freeze crystallization process is
an economical method to extract ice and salt from an aqueous solution. However, in
this study, the other characters such as production rate were determined for having

general evaluation of this method.

These experiments show that using eutectic freeze crystallization method for the
recycle of boric acid-water system from boric acid solution wastes generated in the

boron mines processes can potentially be used.

In EFC process, in addition to the salt crystallization, ice particles are crystallized.
However, in order to consider EFC process for ice crystals, the experiment should be
carried out in a cold room. Therefore, due to the experiment of this study were done at
ambient temperature, the characterization of EFC process for ice was not possible. In
the experiments, scraping the walls of the crystallizer and mixing the system was not
sufficient enough to create a homogenous system. Different types of mixers can

provide more efficient mixing.

Despite this investigation was accomplished in a laboratory scale batch system, it was
assumed as a continuous system. Therefore, by scaling up this system, the results of
this study can be useful for a large scale set up. However, in an industrial scale, the
initial solution is a waste stream with the various compound. Therefore, the first step
to apply EFC process for industrial streams is an accurate analysis of solution

component and then design a proper process for it.

According to the result of this study, in EFC process, the relation between growth rate
and supersaturation is linear. Since the order of supersaturation is almost 1. Also, the
metastable zone width has a remarkable effect on the nucleation rate and is directly
proportional to it. Moreover, the production rate of a component is highly dependent

on initial concentration.

According to the result of this study, The EFC process in comparison with evaporation
is energetically more favorable and with higher production rate. However, the growth
rate of boric acid crystals in EFC process is significantly less than the crystal growth

rate in the evaporation method.
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3. MODELING OF HEAT TRANSFER IN EFC PROCESS FOR AQUEOQOUS
SODIUM CHOLORIDE SOLUTION

3.1 Introduction

3.1.1 Fundamentals of the melt crystallization process

One of the oldest unit operation in the chemical industries is the crystallization process.
For instance, this process has been one of the conventional production methods of
sodium chloride (NaCl) since the dawn of civilization. Nowadays, the crystallization
process, which is the non-removable process of most of the chemical industry, can be
used as a method of production, purification, and recovery of solid material. Although
crystallization process has been known as one of the best and the cheapest method for
the production of pure solids from an impure solution, it has more advantages of giving

a product with many desirable properties (Mullin, 1993).

One of the most common crystallization methods in recent years is melt crystallization.
Melt crystallization can be applied in the separation of organics, isomers, heat sensible
material, etc. (Kim and Mersmann, 1997). The main advantages of melt crystallization
are a less energy consumption and a very high efficiency in comparison with other
separation methods (Gerard F.Arkenbout, 1997). There are two main kinds of melt
crystallization method: One of these can be characterized by the production of a crystal
layer on a cold surface which can be on the wall of the heat exchanger. The other type,
the growth of crystals are in suspension. In latter process, there are two steps: the
formation of a crystal in the crystallizer and the recovery of crystals in a separation
device. The conventional methods for the recovery of the formed crystals are solid-
liquid separation equipment such as filters and centrifuges (Gerard F.Arkenbout; Kim
and Mersmann, 1997). The operational temperature range of melt crystallization stays
within the crystallization temperature of the solution and melting temperature of the
pure compound. The eutectic temperature is the lowest temperature of the solution.
For instance, the eutectic temperature of sodium chloride is -21.1°C, whereas the
melting point of the pure compound is 801°C (Gerard F.Arkenbout).
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3.1.1.1 Supersaturation

The driving force for the crystallization process to appear solid phase in a saturated
solution is supersaturation (Peter Crafts, 2007). Supersaturation is created mainly by
cooling, evaporation of the solvent or by adding an extra substance (Kramer and van
Rosmalen, 2000; Mullin, 1993). Based on the thermodynamic, the driving force for
crystallization process can be represented by the chemical potential difference of
solute in the liquid and solid phase at temperature T and pressure P (Kramer and van
Rosmalen 2000):

AM = HLi- M, 3.1

For cooling crystallization from the melt or solution, Van’t Hoff equation can be
applied and Equation 3.1 reads (Gerard F.Arkenbout,1997):

AP= -AH (T-To)/Ta 3.2

In Equation 3.2, AH represents the formation enthalpy and Tr the melting temperature
of the pure component.
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Figure 3.1: Solubility diagram showing stable, labile and metastable zones
(Wojciech and Januez, 2014).

As shown in Figure 3.1, there are two main curves in the solubility diagram for a
cooling crystallization, namely supersaturation and saturation curve which divide the
diagram into three reigns, including labile (saturated), metastable and stable
(unsaturated) zones (Wojciech and Januez, 2014). The labile or unstable zone is the

saturated region where nuclei grow spontaneously. The most significant region among
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these three regions is the metastable zone which is a supersaturated region that first
crystal nuclei appear, because in this region there is a thermodynamic equilibrium
between solid and liquid phases. The region below the saturation curve is the stable
zone where is an unsaturated region that the crystals dissolve (Ulrich and Jones;
Wojciech and Januez, 2014). In Figure 3.1, a solution of known concentration C; at
the saturation temperature above T at point A which is below the solubility curve is
cooled at a constant rate. Therefore, if the solution becomes saturated at point B, and
is cooled until T2 at point C, the first crystals are formed spontaneously and appeared

in the solution.

3.1.1.2 Nucleation

The process of the birth of the new nucleus from a thermodynamic phase with high
free energy to an arranged structure with a low free energy is the nucleation which
plays remarkable in the various aspects of the science like from the crystallization to
the volcanic eruptions, the clouds, the snow, the rainfall and so on (Karthika et al.,
2016). There are two types of nucleation to produce a new crystal: primary and
secondary nucleation. The primary nuclei are formed in the absence of the crystals,
while the secondary nucleation occurs when there are a sufficient number of crystals
and supersaturation drops within the metastable zone (Agrawal and Paterson, 2015;
Gerard F.Arkenbout,1997). The primary nucleation is classified into homogenous and
heterogeneous. The homogenous primary nucleation is considered when a system
which is in a stable state, becomes metastable by the thermal fluctuations and the
foreign particles and the surfaces do not have any effect on this phenomenon (Karthika
etal., 2016).

AGy AG,.

free energy

undercooling

Figure 3.2: The relationship between free energy with undercooling (Elliott, 1988).
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In contrast to the homogenous nucleation, the heterogeneous nucleation occurs at the
interface of the vessel walls, a foreign particle like a dust particle and impurities. In
the heterogeneous nucleation, there are three interfaces which can be considered: the
liquid catalyzer, the nuclei catalyzer and the nuclei liquid interfaces.
(A.Ananthanarayanan et al., 2017). In comparison to the homogenous nucleation, the
heterogeneous nucleation can occur at a lower supersaturation (Karthika et al., 2016).
As shown in Figure 3.2, the heterogeneous nucleation occurs at lower undercooling as
a supersaturation that it is achieved by highly reducing free energy (Elliott, 1988). In
Figure 3.2, AGy,m and AGy,.; represents the change in free energy accompanying the

formation of nuclei in a solution.

According to various studies, there are several different mechanisms which can cause
secondary nucleation. For example, initial breeding, Needle breeding, fluid shear
forces, and contact nucleation are the different types of the secondary nucleation
mechanisms (Garside and Davey, 1980). The process conditions and the solution
compound play a leading role in the contribution of the secondary nucleation
mechanisms (Agrawal and Paterson, 2015).

3.1.1.3 Crystal growth

In the crystallization process, after the formation of stable nuclei, it can grow into
visible size. This process is known as crystal growth (Makoto Tachibana, 2017). The
crystal growth is a two-step mechanism: in the first step, the solute molecules diffuse
from the solution onto the surface of growing crystal. Then, these molecules adsorb
onto the surface, diffuse along the surface and attached to the step surface. The growth

rate at velocity G can be calculated by (Gerard F.Arkenbout, 1997):

_dL
T odt

G 3.3

In Equation 3.3, L and t represent the characteristic lengths and time.

The required supersaturation to start the crystal growth is generally lower than the
secondary nucleation and the supersaturation to start the secondary nucleation is less

than the primary nucleation (Gerard F.Arkenbout, 1997).
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3.1.2 Eutectic freeze crystallization (EFC)

3.1.2.1 Definition and separation principle

The conventional methods to separate highly soluble salts from their aqueous solution
are either the cooling or the evaporative crystallization. In the evaporative
crystallization energy consumption is high and frequently is not economical, and due
to the residual solubility at a low temperature, the cooling crystallization is not a high-
efficiency process. (Zijlema et al., 2000; van der Ham et al., 1998). Eutectic Freeze
Crystallization (EFC) which is novel technology can be a proper alternative. EFC
process which advances based on density difference between ice and salt separates
these solids by the gravity force (Randall et al., 2011; van der Ham et al., 1999).

The solubility for a binary phase diagram for a eutectic system is shown in Figure 3.3.
The temperature and the concentration of a solid which is in equilibrium with the
solution can be determined by the solubility lines. The intersection of the ice and the
salt equilibrium lines is the eutectic point (point C). (Genceli et al., 2005)
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Figure 3.3: General phase diagram for binary aqueous solutions.

A solution with the temperature and the concentration of point A is cooled until point
B where is on the ice line. At point B, the ice is formed, and the concentration of the
solution increases. In the continuation of cooling, the temperature of the solution

decreases and its concentration increases until the point C which is the eutectic point
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(EP). At EP, the ice line intersects the solubility line of the salt. The temperature and
concentration of solution at EP are called eutectic temperature (Teur) and eutectic
concentration (Ceut). When the concentration of solution is higher than the eutectic
concentration, the salt is formed and then the ice begins to crystallize (van der Ham et
al. 1999).

3.1.2.2 EFC process and its advantages

The EFC process is shown in Figure 3.4 and main units are introduced.

Water
product
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Pure ice
Feed Salt+ Ice
solution _ shurry . .
—— 5| Crystallizer lcer Separator 3 | Washer + Filtration
Mother
¥ 4 liquid Salt
slurry Mother
Y liquid
Filtration
’ Mothed Salt
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Figure 3.4: Schematic representation of EFC process

In Figure 3.4, the ice and salt crystals are sent to a separator column and separated due
to their density difference, then the ice washed in a wash column and melted to yield
a nearly pure water stream. Theoretically, the efficiency of the EFC process in the
production of pure ice and solid salt is 100%, which is one of the advantages of this
system (Williams et al., 2015).

In addition to the high efficiency of the EFC process, there are several other advantages

for this process:

» Due to the separation of ice and salt from the solution by density difference, in
this process, there is no need for separation unit like filtration (Hasan et al. 2017).
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» The energy consumption in EFC process is less than the evaporative process.
Because the heat of the evaporation is six times higher than the heat of the fusion
(Randall et al. 2011).

» In the EFC process, the low operating temperature decreases the corrosion
potential. Thus, cheaper construction materials can be used (Randall et al. 2011).

» Due to no chemical compound are not added, the EFC process is not so
complicated (Lorain et al. 2001).

3.1.3 Sodium chloride solution

One of the most abundant kinds of salts is sodium chloride (NaCl) which plays a
remarkable role in some industries such as food industry (Aragones et al. 2012).
Generally, sodium chloride exists in two forms: anhydrous and dihydrate. The
anhydrous form is the most common form of NaCl which occurs at the temperatures
above 0.1 °C. On the other hand, the dehydrate form occurs at low temperatures.
Despite the anhydrous form, dehydrate form is almost temperature independent. The

solubility-temperature curves for the NaCl-2H.O and NaCl are given in Figure 3.5.
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Figure 3.5: Phase diagram of NaCl solution according to Taschenbuch fiir Chemiker
und PhysikernBand

In Figure 3.5 the phase diagram of NaCl and water is shown. As shown in Figure 3.5,
at the eutectic point, the sodium chloride dihydrate solution is in the dihydrate form

47



(NaCl-2H20). In this point, the temperature and the concentration of the solution are
-21.1°C and 23.3 %, respectively. The eutectic temperature of NaCl.2H,O system in
comparison with other salt and water systems like Na>SO4/H.0, KCI/H.O and
MgSO4/H20 is low and more energy is needed to achieve the eutectic point (Li et al.
2013).

3.1.4 Ice layer formation

In the cooled surfaces like the bottom of the crystallizer at EFC, there is a significant
tendency in ice to stick a chilled surface. Due to thermal conductivity of ice is almost
10-20 times lower than the thermal conductivity of stainless steel, it has a notable
effect the on the solution heat transfer. Furthermore, the ice layer increases the

thickness of crystallizer bottom that it decreases heat transfer coefficient of crystallizer

bottom.
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Figure 3.6: Scale formation during the EFC process.

One of the biggest problems which decrease the heat transfer in EFC process is the
formation of an ice scale on a cooled surface that it is shown in Figure 3.6 (Hubbe et
al., 2018; Vaessen et al., 2003a; Vaessen et al., 2003b). The rate of the ice formation
on the cooled surface often needs several times to a detectable level on the chilled
surface of the EFC system (Hubbe et al. 2018). Furthermore, the temperature has a
remarkable effect on the onset of ice accumulation (Vaessen et al. 2003a; Hubbe et al.
2018).

3.1.5 Usage of a scraper in EFC processes

One of the most common ways to prevent ice layer formation on the chilled surface of
a crystallizer is using of moving devices such as scrapers or wipers which remove the
ice layer continuously (Stamatiou et al., 2005). Thus heat transfer is increased.

Typically, a higher rotational speed causes higher turbulence of the system, and it
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causes a higher process heat transfer coefficient from coolant to the solution.
Furthermore, the penetration theory can describe the effect of the scrapping rate on the
heat transfer coefficient (Hubbe et al., 2018; P. Pronk,M. Rodriguez Pascual,Geert-Jan
Witkamp, 2005) .

The heat transfer coefficient increases by increasing of scrapping rate. However,
higher rotational speed consumes more power. Therefore, it needs an optimum amount
for the scripting rate because a low amount of the scraping rate cannot remove the ice
scale which is formed on the cooled surface, and also a high increases the scraper

power consumption (Vaessen et al., 2003b; Hubbe et al., 2018).

3.1.6 The state of art

EFC is a branch of freeze crystallization which is referred the late 1600s when neither
the freezers nor refrigerators were not invented, and the process was performed in the
winter or cold conditions (Williams et al., 2015; Hasan et al., 2017). In 1968, Swenne
and Theones applied EFC process for the sodium chloride solution (Swenne, 1983).
The solution was cooled down by injecting coolant to crystallizer directly that was
recommended by Stepakoff et al (Stepakoff et al., 1974) . According to that studies,
although direct injection was economical, but, it may contain contaminants in the
product (Swenne, 1983; Verbeek,2011). In 1998, Witkamp et al proposed a novel
method to cool down the solution by indirect cooling where the coolant was not
combined with the solution to purify wastewater stream which contained sodium
nitrate and copper sulfate. In that research, the recommended crystallizer was a cooled
disk column crystallizer (CDCC) (van der Ham et al., 1998). In that kinds of
crystallizer, heat was eliminated through the cooled disks which perform as rotating
disks in the extraction. Furthermore, in CDCC, to avoid formation of ice layer on the
disks, they were installed with the scrapers which wipe the disks (van der Ham et al.,
1998). Then, in 2003, Vaessen considered EFC process in a 100 liter CDCC for an
Agueous KNO3-HNO3 solution (Vaessen et al., 2003b). This new pilot scale CDCC
could separate ice and salt acceptably that it was remarkable evolution in EFC process
for large scales (Vaessen et al., 2003b). In the following, Vaesen introduced the
scraped cooled wall crystallizer (SCWC) for aqueous KNO3z-HNO3z (Vaessen et al.,
2003a). In SCWC, the scraper enhanced the overall heat transfer coefficient and

prevented ice layer formation on the cooled surface. Besides mentioned studies,
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Vaessen considered CO> clathrates as a direct cooling method (VAESSEN et al.,
2000). In this way, instead of ice, CO; clathrates were crystallized. In 2008, Genceli
studied on scaling up of EFC process and considered this system for MgSOa solution
(Genceli, 2008). The feasibility of sodium bicarbonate production by EFC process is
shown by Witkamp and VVan Spronsen was shown as research patent in 2010 (Witkamp
and van Spronsen, 2010). In recent studies, Leyland et al studies on the process
conditions such as the scraper rotational speed to decrease potential of ice layer
formation on the cooled surface of crystallizer that it is concluded that the potential of
ice layer decreases during a multicomponent brine crystallization in comparison to a

binary solution (Leyland et al., 2019).

3.2 Qualitative Analysis of EFC Process

3.2.1 Qualitative analysis of EFC process in non-crystalizing condition

In this section, the crystal formation in the solution is neglected. Firstly, it is assumed
that the solution is in the steady state and temperature of the solution is constant at the
eutectic temperature. In this condition, heat transfer of crystallizer is represented by
the heat of coolant (Qcoolant), the heat of loss to the environment (Qoss) and the scraper

power consumption (Ps).

Qloss

7

Qcool

Figure 3.7: Scheme of heat transfer in a crystallizer in non-crystallizing condition
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According to the Figure 3.7, the total heat balance of the crystallizer can be
determined by:

0= Qcool - P — Qloss 3.4

The Q,,,; represents the heat transfer from the coolant to the solution, Q,,ssthe heat
loss from the solution and through the wall of crystallizer to the environment and P; the
scrapper power consumption. It should be noted that, if the temperature difference
between the solution and the environment becomes zero, the lost heat from the wall

can be neglected. Therefore, according to Equation 3.4:
0= Qcool_Ps 3.5

The heat transfer of the coolant and the scraper power consumption play a remarkable

role in Equation 3.5. In the following, these parameters will be discussed in detail.

3.2.1.1 Scraper Power Consumption (Ps)

The power consumption of a scraper to disturb a solution in a crystallizer can be
approximated from Newton number. The Newton number is a function of the Reynolds
number (Re) and the Froude number (Fr) (VDI Heat Atlas, 2010). The power
consumption of the scraper can be calculated by Equation 3.6. In these equations, ps
represents the density of the solution, N the rotational speed of the scraper and dr the

diameter of the scraper.

Ps

Ne = PTERE 3.6
Ks .
2

Fr =% 38
g

These dimensionless numbers can be calculated by Equation 3.7 and Equation 3.8. In
these equations, [s represents the viscosity of the solution and g the gravity
acceleration. The Froude number can be determined when there are fluid dynamic
effects such as vortex formation. Therefore, it depends on the system whether the
baffle is used in the crystallizer or not. If the vortex formation is suppressed, the Froude
number in Equation 3.8 can be neglected. Also if it is assumed that the crystallizer will

be baffled, for the systems having the same geometrical ratios but different sizes, the
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Newton number will be just a function of the Reynolds number. In this study, in order
to prevent the ice layer formation on the bottom of the crystallizer, the blade type of

the stirrer is so essential.

Figure 3.8: Scheme of the selected impeller

In Figure 3.8, the selected stirrer for this study is shown. However, the scrapers and
their equations in the VDI heat atlas are different from the selected impeller. Therefore,
three types of the stirrer which are in the VDI heat atlas are considered, and the Newton

number is calculated for a baffled system.

]
1

a b C

Figure 3.9: (a) flat-blade turbine, (b) pitched-blade impeller,
(c) marine-type propeller (VDI Heat Atlas, 2010)

For a baffled system with a flat-blade turbine (Figure 3.9.(a)), Hirschberg have

recommended the following equations in the various amounts of the Reynolds number

to determine the Newton number (VDI Heat Atlas, 2010):

Ne =2 for 1<Re<16, 3.9
Re
Ne=5 for 16<Re<10°, 3.10
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The Newton number of a Pitched-blade impeller (Figure 3.9 (b)) in a baffled
crystallizer can be calculated by (VDI Heat Atlas, 2010):

Ne=% for  1<Re<40, 3.11

Ne =2 for 40<Re<10°, 3.12

Hirschberg’s recommendation to compute the Newton number of a marine-type
propeller is (VDI Heat Atlas 2010) :

Ne =50 for 1<Re<3.1, 3.13

e =——= for 3.1<Re<635, 3.14
(logRe)?

Ne = 0.8Re %97 for 635<Re<2x 10° 3.15

3.2.1.2 Heat transfer through a scraped surface

In this section, the heat transfer through the scraped surface will be considered. In this
regard, it contains the heat transfer from the solution to the scraped surface, the heat
transfer through the scraped bottom of the crystallizer and also from the bottom of
crystallizer to the coolant is considered (Figure 3.10). The heat transfer between the

coolant and the solution is defined by:

Qcool = UoverallAcrystATLNa 3.16

In Equation 3.16 to calculate the heat transfer through the scraped surface Q,,; are
the overall heat transfer coefficient U,,¢.q;; , the heat transfer area A,.,.s; and also the
logarithmic mean temperature difference between the coolant and the solution AT, .
In the steady state, the temperature of solution ( Tgyr) is constant. But, due to the
temperature of the coolant varies between inlet (T;,,) and outlet (T,,;) temperatures,
to calculate the temperature difference between the coolant and the solution, it is
necessary to use the logarithmic mean temperature difference (Equation 3.17)

AT,y = _(Tin)=(Tour) 3.17

T =T,
In(—EUT Tin
Teyr—Tout
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Trur Solution

S— Coolant —5

Figure 3.10: Schematic representation of heat transfer in coolant surface.
The heat transfer in the coolant and the solution is convective, and the heat transfer
through the bottom of the crystallizer is conductive. The relation between the overall
heat transfer coefficient U,,.,q;; @and the individual heat transfer coefficients of the
solution a;, through the bottom of the crystallizer ay,++om and the coolant a.,,; , if it
is assumed that the surface area is the same at each surface is given by (Vaessen et al.
2003a) :

1 1 1

1
=-—+ +
Uoverall @s  Qpottom  @cool

3.18

Coolant heat transfer coefficient

In this section, the heat transfer coefficient for the heat transfer from the coolant to the
surface area is considered. The first step to consider this term is to determine whether
the boundary layer is laminar or turbulent. Therefore, the Reynolds and Prandtl
numbers must be calculated. The Reynolds number can be calculated by (Bergman

and Incropera 2011):

Re = %d‘ 3.19

In Equation 3.19, p. represents the coolant density, p_the coolant viscosity, d, the tube

diameter and u the coolant velocity through the tube, which can be define as (Vaessen
et al., 2003a);

u=-— 3.20
At

The volumetric flow rate V can be calculated by the coolant velocity. The surface area
of the tube A¢ is computed by:
54



2
4, =" 3.21
4

The other parameter to characterize the flow regime is the Prandtl number, which can
be defined as (Bergman and Incropera, 2011):

_ He-Cpc
Pr = _lc 3.22

In Equation 3.22, cp represents the heat capacity of the coolant and Ac the thermal
conductivity of the coolant. According to the value of the Prandtl and the Reynolds
numbers, the flow regime can be determined, and consequently, the Nusselt number
can be calculated. By knowing the value of Nu, the coolant heat transfer coefficient
can be computed. The Nusselt number for turbulent flow in circular tubes can be
computed by (Bergman and Incropera, 2011):

Nu = 0.023Re%8pr03 3.23

Equation 3.23 is valid if the Prandtl number is between 0.6-160 and the Reynolds
number is higher than 10000. If the boundary layer is laminar, Nu can be calculated by
(M. A. Mehrabian):

0. O668(Reprdt)

— t
Nu = (3.65 + " 004(Reprdt)2/3) 3.24

Equation 3.24 could be valid if the Prandtl number is higher than five and also the
Reynolds number should be less than 2300. As mentioned above, for the Reynolds
numbers less than 2300, the flow regime will be the laminar, and above 10000 will be
the fully developed turbulent. In Equation 3.24, L represents the length of the tube. In
between, the flow will be in the transition. The equation for the transition region can
be determined according to (Yu-ting et al., 2009):

2

Nu = 0.037(Re®’5 — 180)Pro42 x [1 + (%)5](‘:—"1)0-14 3.25
t cw

The equation above covers between the Reynolds numbers of 2300 and 10°. Also, the
Prandtl numbers from 0.6 to 1000. In Equation 3.25, p.,,is the viscosity of the coolant
at T,,,; (average of inlet and outlet temperature of coolant) and p.,, is the viscosity of
the coolant at T, (bottom temperature of the crystallizer). The coolant heat transfer
coefficient is a function of the Nusselt number. In this regard, the coolant heat transfer
coefficient can be calculated by (Bergman and Incropera, 2011):
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Ac. Nu
dt

3.26

Acool =

Solution heat transfer coefficient

In order to consider the impact of the number of scraper blades on the heat transfer
coefficient of the scraped surface, the penetration theory is used (Vaessen et al.,
2003a). This theory describes the temperature distribution around a non-scraped semi-
infinite body that the temperature changes may happen in a region that is thin in
comparison to the overall dimensions of the body (VDI Heat Atlas, 2010). In this case,
it is assumed that the scraper removes the formed layer on the surface and a new layer
which has the temperature of the bulk settles on the scraped surface. In this case, the
solution with a constant initial temperature Ty, IS considered. In the beginning, the
surface temperature of the scraped surface is reduced to a temperature below the
temperature of the crystallizer Tz, and then remains constant (VDI Heat Atlas, 2010).
In Figure 3.5, the development of the thermal boundary layer after each scraper blade

pass is shown.

Thbulk

TeuT

b

Figure 3.11: Development of the temperature profile after each scraper blade pass
(VDI Heat Atlas, 2010).

In this case, the temperature profile at different times t1, t> and etc. can be derived by
the Fourier equation which is shown in Equation 3.27 (VDI Heat Atlas, 2010). In this

equation, the heat transfer by a temperature in axial direction is neglected.

oT 92T

E = a.ﬁ 3.27

a=—,fc 3.28
P
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In Equation 3.28, a is a material property and can be described as the thermal
diffusivity and also it is assumed that the temperature of the bulk is Touk, the
temperature of the layer on the scraped surface is Teut and as mentioned above, at the
time t=0, the temperature of the solution is Teuk. By solving Equation 3.27 at the
boundary conditions and substituting into relation for heat transfer, the heat flux on
the bottom of the crystallizer can be computed by (VDI Heat Atlas, 2010; Vaessen et
al., 2004):

. d ApC.
G = =205 D=0 = |22 Tpue = ) 3.29

Tt

According to Equation 3.29, the heat transfer coefficient at the surface can be

calculated as a function of time by:

AspsCp
Tt

as(t) = 3.30

In Equation 3.30, the heat transfer coefficient at the scraped surface ag can be
calculated by the thermal conductivity of the solution A, the density of the solution ps,
the specific heat of the solution cp and the time between two scraper actions t,. If the
heat transfer coefficient can be described by the penetration theory, the time mean
value of the heat transfer coefficient will be determined by (Vaessen et al., 2004):

1 ,tg AspsC
Asaqvg = Zfo as(t) dt = 2 /:r)—tsp 3.31

Due to the scraper blade affects the flow pattern and the bulk mixing intensity,
Equation 3.31 must be changed to be as a function of the number of the blades and
the scraper rotational speed. Each time step is the period between the scraper blade
passes. Therefore, the time between two scraper actions in terms of the number of

blades m and rotational speed N can be described as (Vaessen et al. 2004):
t, =— 3.32

Combination of Equation 3.31 and Equation 3.32 results in the heat transfer coefficient
of the solution as a function of the rotational speed and the number of the scrapers
which is calculated by:

ay = 2 [leslnt 3.33
T
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Heat transfer through the bottom of the crystallizer

The third term to calculate the overall heat transfer coefficient is the conductive heat
transfer through the bottom of the crystallizer. The heat conduction through the bottom
of the crystallizer under steadystate can be considered from Fourier’s law and can be
calculated by (VDI Heat Atlas, 2010);

_ Abottom
Apottom = 5 3.34

In Equation 3.34, the conductive heat transfer coefficient of the bottom of the
crystallizer ay,::om IS Calculated from the thermal conductivity of the bottom of the

crystallizer Ap,:t0m @and the thickness of the bottom 6.

By calculating the three terms of the heat transfer coefficients, the overall heat transfer
and consequently the heat transfer from the coolant to the solution can be computed
by Equation 3.18 and Equation 3.16 respectively. The heat transfer from the coolant
to the solution can also be calculated from the heat uptake equation. By equalizing
Equation 3.16 and Equation 3.18, the unknown parameters like the coolant outlet
temperature, the bottom of the crystallizer temperature and the heat flux from the
coolant to the solution can be determined and optimized by adjusting the independent
parameters like coolant volumetric flow rate, the coolant inlet temperature and scraper

rotational speed (Vaessen et al. 2003a).

Qcool = I}'cool pcoole (Tout - Tin) 3.35

3.2.1.3 Heat balance under unsteady state

In the previous part, it was assumed that the initial temperature of the solution is the
eutectic temperature and no energy was consumed to decrease the temperature of the
solution to eutectic temperature. In this section, it is assumed that the solution is at the
environment temperature and some part of the energy which is transferred from
coolant to the solution will be consumed to decrease the temperature of solution until
the eutectic temperature. Therefore, the heat balance in part 3.1 which is under steady
state, will be changed. In Figure 3.12, the heat transfer under unsteady state is shown.
In this figure, Qre.q represents consumed energy to cool down the solution to the
eutectic temperature and as steady state, it is assumed that the heat of loss is zero.

Therefore, the heat balance equation can be shown as Equation 3.36.
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QFeed QLoss
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Figure 3.12: The heat balance in the EFC process under unsteady state and in
non-crystalizing condition.

0= Qcool — QFeed — P 3.36

In Equation 3.36, Q.4 is a function of solution the temperature which is changed over

the cool down time and can be calculated by (Hasan et al, 2017) :

: dr
Qreeq = M. Cps o7 3.37

In Equation 3.37, m and t represent the mass of solution and time, respectively.
Furthermore, due to the coolant temperature difference over the heat transfer surface
area is negligible, coolant temperature can be assumed constant and Equation 3.13 is
changed to:

Qcool = UoverallAcryst(Tsol _T000|) 3.38

In Equation 3.38, T,; and 7wos represent solution temperature which is a function of
time and coolant temperature, respectively. By combining Equation 3.37and Equation
3.38 in Equation 3.36, the heat balance equation under unsteady state condition can be

written as:
ar
UoverallAcryst (Tsol _T000|): m. Cps- dt + PS 3.39

In Equation 3.39 by integrating the temperature as a function of time, the time required
to cool down the solution from the environmental temperature to the eutectic
temperature can be calculated. Therefore, under unsteady state condition, the
relationship between the solution temperature and time can be shown as:
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UoverallAcr st(TEUT_Tcool)_Ps UoverallAcryst
Ln 2 = ot 3.40
UoverallAcryst(Tsol_Tcool)_Ps McCps

In Equation 3.40, only Tso is changed during the time and other parameters are
constant. Although, the higher scraper rotational speed and volumetric flow rate
increase the overall heat transfer coefficient, and the scraper power consumption
increases with increasing the rotational speed, but, according to Equation 3.40, each
of these independent variables may have different effect on solution cooling rate that

which will be considered in the next chapter with details.

3.2.2 Qualitative analysis of EFC process in the crystalizing condition

In the previous section, it was assumed that there is not any crystal in the system and
process was considered in the non-crystalizing condition for both steady and unsteady
states. In this part, it will be assumed that there is the crystal formation in the system
at the eutectic point. In Figure 3.13, the heat balance in the crystalizing condition is
shown. In this figure, in addition to Ps, Q,,,; and Q;,ssWhich are the same as the non-
crystalizing condition and Q;..and Q. are other energy terms which are related to
the crystallization process and represent heat of the ice crystallization and the heat of
salt crystallization, receptively (Vaessen et al. 2003a).

P;
N
Qice
5 Qloss
Qsalt
/
\\\ //
Qcool

Figure 3.13: The heat balance in the crystalizing condition.
According to Figure 3.13, if it is assumed that heat of loss is zero the relationship

between heat flux from the coolant to the solution, stirrer power consumption and the

60



heats of crystallization can be shown by Equation 3.41which will be considered with
detail in the following.

0= Qcool - Qice - Qsalt —F 341

3.2.2.1 Effect of crystal formation on the solution physical properties

One of the main difference between non-crystalizing and the crystalizing condition is
the physical properties of the solution, because, crystal particles based on their volume

fraction in the solution can change the Zs, ps, Us and cps (Vaessen et al., 2004).

According to the phase diagram of sodium chloride solution, at the EP, more than 75%
of the solid particles are ice (Lax et al).Therefore, in this study, the properties of ice
will be applied as the properties of whole formed crystals. The first step to consider
the effect of the crystals on the solution is to determine their mass fraction in the
solution which can be calculated by mass fraction of solid particles in the slurry. In
this study, due to the process is occurred at the eutectic point the concentration of
solute which is dehydrate sodium chloride, is constant. However, after achieving EP
mass fraction of crystal particles changes over time. The mass fraction of the crystals

in the solution ¢,, can be calculated by:

mc

Pm = 342

mg

m, and m, represent the mass of the crystals particles in the solution at a specified
time after achieving EP and the total mass of slurry, respectively. The mass of crystal
particles at a specific time can be calculated by the heat of crystallization which can
be calculated by Equation 3.42 and total mass of slurry is constant and is related to the

initial condition of the process.

The slurry density is a function of crystal density and the solution density and can be
calculated as (Meewisse and Infante Ferreira 2003) :

L —fm | "Pm 3.43

Psl Pi Ps

In Equation 3.43, pg; represents the density of slurry and p; represents the ice density
which is assumed to use as crystal density in this study. p; can be calculated as a

function of the temperature T; (Melinder, 2010):

61



According to Equation 3.42and Equation 3.43, the volume fraction of the solid particle
in the slurry ¢,, which is important parameter to obtain other properties of slurry, can

be calculated by Equation 3.45.
Po = Pt 3.45

The other physical property of the solution which can be influenced by the solid
particles is thermal conductivity. The thermal conductivity of dilute solid/liquid

suspension can be calculated by the Maxwell relation (Martinez et al., 2014):

_ 22s+Ai—2¢y(As—2;) i|
/151 B /‘4: 225+ Ai+@y(As—2;) 3.46

Where A; represents the thermal conductivity of slurry. Due to the lack of a valid way
to measure the thermal conductivity of ice slurry, the reliability of Equation 3.46
cannot be proven experimentally (Meewisse and Infante Ferreira, 2003). In this study,
the thermal conductivity of ice crystals are obtained from Bonales data who considered
this matter under different conditions (Bonales et al., 2017). According to Equation
3.46, the ice crystals increase the thermal conductivity of the slurry which will be

considered in the next chapter with detail.

The Enthalpy and heat capacity are other properties of a solution. The enthalpy of ice

slurries at EP can be calculated by (Melinder, 2010):
Heg(Tgyr) = @mHsi(Teyr) + [1 — @m]Hps(Teyr, Ceur) 3.47

Where Hg,; represents the enthalpy of the ice slurry at the eutectic temperature, Hy;
the enthalpy of the ice at the eutectic temperature and H, the enthalpy of solution at
the eutectic temperature and concentration. In Equation 3.47, Hys and Hg; can be

obtained by Figure 3.14.
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Figure 3.14: The enthalpy of solution as a function of sodium chloride

concentration.

In Figure 3.14, the enthalpy of sodium chloride solution at the temperature between -
21.1 and 0 °C is shown. In this diagram, it is assumed that H = 0 for liquid water and
solid sodium chloride at T = 0°C (Swenne, 1983).

The heat capacity is obtained by differentiation of the enthalpy with respect to the
temperature.in this study, process temperature is constant at the eutectic temperature.
Therefore, if it is assumed that H = 0 for liquid water at T = 0°C , the specific enthalpy

of the ice slurry can be calculated by (Martinez et al., 2014):
Cpst = PmCpi T 1- QDm)Cps 3.48

In Equation 3.48, ¢, represents the specific heat capacity of the ice slurry, c,; the
specific heat capacity of the ice and ¢, the specific heat capacity of the solution. ¢,
is obtained by Archer’s data (Archer and Carter, 2000b). Furthermore, c,; can be

calculated as a function of temperature. Due to the temperature of the process is

constant at EP , the specific heat capacity of ice will be constant (Melinder, 2010).

The dynamic viscosity of ice slurry pg; is calculated by the dynamic viscosity of the
solution p, and volume fraction of ice. The proposed equation by Thomas for

solid/liquid suspension can be used to obtain pg;. However, according to this equation,
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if the ice fraction is zero, the viscosity of the slurry will not be equal to the viscosity
of solution. Therefore, a correlation which is recommended by Melinder can be used
(Melinder 2010). The experimental researches on this equation are shown that there
are remarkable errors in the higher ice fraction included slurries (Meewisse and Infante
Ferreira, 2003).

o = Ws(1 + 2.5¢, + 10.05¢,% + 0.00273. (16:6%v — 1)) 3.50

In Equation 3.50, p can be calculated by the recommended equation of Ozbek (Ozbek
1977). In Equation 3.51, the dynamic viscosity is a function of temperature and
concentration of the solution. Although this equation is derived for a temperature range
between 10 °C and 150 °C, it can be interpreted to a standard deviation of 1.5% over

the entire temperature, pressure, and concentration range.

iy = 0.1256735 + 1.265347¢70:04296718T _ 1 1(5369¢%3710073M
0.204467960'4230889(0'01T+M)+ 1.3087796_0'3259828(0'01T_M) 3.51

Where M represents the molality of the solution.

3.2.2.2 The scraper power consumption

As mentioned in the previous section, the power consumption of a stirrer in a solution
can be calculated by Equation 3.7. In this equation, the only parameter which is
influenced by the solid particles in the solution is the density of solution. The density
of the ice slurry is computed by Equation 3.43. By combining Equation 3.7 and
Equation 3.43, the power consumption of stirrer in an ice slurry can be obtained
(Equation 3.49).

Ne_ PSl

= e 502

Due to the Reynolds number is a function of the solution density and dynamic
viscosity, the crystal particles also impact on the Reynolds number of the solution. As
mentioned above, the ice slurry density and dynamic viscosity are calculated by
Equation 3.43 and Equation 3.50, respectively. Therefore, the Reynolds number of ice
slurry can be calculated by Equation 3.53 which is derived by combining Equation 3.7,
Equation 3.43and Equation 3.50.

2
Re = PslVdi 353
Usi
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3.2.2.3 Heat transfer through a scraped surface

The crystal particles impact on heat flux from the coolant to the solution by influencing
on thermophysical properties of the solution and consequently on solution heat transfer
coefficient. ps, s and cps Of ice slurry are calculated by Equation 3.43, Equation 3.46
and Equation 3.48 and by substituting these equations into Equation 3.33, the heat
transfer coefficient of ice slurry can be calculated (Equation 3.54).

A CpsiNN
ag =2 /WTM 3.54

In Equation 3.54, the heat transfer of solution is independent of viscosity. However, in
the higher amounts of ice mass fraction, the effect of viscosity is not negligible (Rao
and Hartel, 2006). Therefore, it is necessary to derive an equation which contains the
effect of viscosity on the heat transfer coefficient. In Equation 3.55, Nu is calculated
as a function of Reg; and Prg; and it is assumed that scarper has four blades and the
effect of rotational speed on the heat transfer coefficient is neglected (Vaessen et al.,
2003a).

Nug = 0.83Re2>"Prd3 3.55
g =L 3.56

The overall heat transfer coefficient is a function of solution heat transfer coefficient.
Therefore, the ice particles will influence the overall heat transfer coefficient which is
obtained by Equation 3.18. The overall heat transfer coefficient of the process will be
derived by combining Equation 3.18 and 3.54 if the crystal particles are contained in
the solution (Equation 3.55).

! =1 4 1 +— 1 3.57

AcrystUloverall  Acryst@si  Acryst@bottom Acryst@cool

Where U',,.rqn represents the overall heat transfer coefficient in crystallizing
condition. According to Equation 3.57, the heat flux from the coolant to solution based
on the mass fraction of crystals will be changed in the crystallizing condition which

will be considered in the next chapter with detail.
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3.2.2.4 Heat of crystallization

The heat release from the crystallization process is the heat of crystallization. The heat
of crystallization is a function of the heat of fusion and crystallization production rate.
The heat of crystallization can be obtained from solubility and activation data. chyst

can be formulated as (Sonmez and Hahn 1997; Vacek and Konig, 1983):

dmg

chyst = Hf dt 3.58

In Equation 3.58, Hf represents enthalpy of. According to Figure 3.13, the heat of
crystallization is divided into ice crystallization and salt crystallization. As mentioned
previously, according to the solubility data at EP, more than 75% of the solid particle
is ice. Furthermore, due to the lack of sufficient data about sodium chloride dehydrate
at EP, in this study, it was assumed that all thermophysical properties of the crystal
particles are related to ice. Therefore, in this study, the heat of crystallization will be

assumed equal ice heat of fusion in different ice mass fraction and will be derived as:
chyst = Qsl 3.59
: dmg

Qs = ((pmei + (- Qom)Hfs)? 3.60

Qs H; and Hy, represent heat of crystallization in the assumed condition, the fusion
heat of ice and solution, respectively. Therefore, to consider the effect of ice and salt
concentration proportion on the heat of crystallization, in Equation 3.60, the factors
of the heat of fusion for Hg; and H, are considered based on the ice and solution mass
fraction, respectively. By substituting Equation 3.59 into Equation 3.40, the production
rate of crystals for sodium chloride solution at EP can be obtained.

dmg — Qcool=Ps
dt (pmHfi+(1—@m)Hfs)

3.61

In Equation 3.61, due to the temperature of solution is constant at EP, the production
rate of the ice and salt crystals is linear. However, the heat of crystallization is a
function of the ice mass fraction. Furthermore, the effect of slurry properties on
Q.00 and P; is less and only the heat of fusion over the ice mass increase is changed.
Thus, if it is assumed that until the eutectic temperature, no crystal is formed and the

time required to produce m, is t, Equation 3.61 can be derived as:
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fomcz(mc (Hfi - Hfs)+thfs)dmc = fotz mt(Qcool - Ps) dt 3.62

2 = mt(Z(Qcogl_PS)t_HflmC)

T 3.63

c

In Equation 3.63, m,. is a square root function of t, that, in the next chapter, the time
require to produce various amounts of ice mass and also the effects of the process

conditions on it also will be considered.

3.3. Results And Discussion

In Section 3.2, qualitative analysis for a batch EFC system was considered, and the
parameters and the equations to model heat transfer in the crystallizer were introduced.
In this section, by using equations and parameters of Section 3.2, the heat transfer for
a batch EFC system which contains the sodium chloride solution will be considered
numerically. Firstly, the crystal formation will be neglected in the system. Also, heat
transfer and the effective parameters will be considered for this case. In the following,
it will be assumed that there will be crystal formation in the system and heat transfer
will be determined for this case. Furthermore, the effect of crystal formation on the

heat transfer will be discussed.

3.3.1 Crystallizer specifications and process conditions

In this study, the diameters of the crystallizer and the scraper blades are 10.4 cm and
2 cm respectively. The number of scraper blades is constant with four blades, and the
rotational speed is varied between 50 rpm and 250 rpm. The crystallizer is filled with

sodium chloride solution whose properties at the eutectic point are shown in Table 3.1.

Table3.1: Properties of sodium chloride solution at the eutectic point
(Archer and Carter 2000a; Martinez et al., 2014).

Parameter Amount Unit
As 0.48 W-mtK?
Ps 1089.42 kg'm™
s 4.34 cp
Cps 3.10 JKtg?

In this process, the heat transfer occurs between a coolant and the sodium chloride

solution through the stainless steel bottom whose thermal conductivity is 1 W-mTK™.
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The coolant, containing 50% ethylene glycol and 50% water, is used as circulating
refrigerant to cool the bottom of the crystallizer. The coolant flows from the cooling
machine to the bottom of the crystallizer through a tube. The diameter and length of
the tube are 1 cm and 200 cm, respectively. The volumetric flow rates of coolant are
applied between 10° m3s?t and 102 m3s? and the inlet temperature is changed
independently between -30 °C and -22 °C.

Table 3.2: Physical properties of coolant at different inlet temperature
(Engineering and Operating Guide 2008).

T(°C) ps (kgm?®) s (cp) As(W-m™K™) Cpos(J'-Kg™)
-30 1090.3 43.98 0.328 3.0888

-28 1089.86 37.982 0.3296 3.0966

-26 1089.42 32.792 0.3312 3.1044

-24 1088.98 28.41 0.3328 3.1122

-22 1088.54 24.836 0.3344 3.12

-20 1088.1 22.07 0.336 3.1278

In this case, the coolant outlet temperature, the crystallizer bottom surface temperature,
and heat flux are dependent on other parameters such as the scraper rotational speed.
The properties of coolant at a temperature between -30 °C and -20°C are shown in
Table 3.2.

3.3.2 Heat transfer modeling of sodium chloride solution system in the non-
crystallizing condition

3.3.2.1 Scraper power consumption

The first step to compute power consumption is calculating the Newton number. In
section 3, three kinds of scrapers were introduced that they are similar to the scraper
of this study. In these equations, the amount of the Newton number can be changed
based on the Reynolds number. On the other hand, the amount of Re can be varied by

changing the rotational speed (Table 3.3).
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Table 3.3: Variation of Re based on the rotational speed changes.

N(rpm) Re
50 5018.06

100  10036.11
150  15054.17
200  20072.22
250  25090.28

As shown in Table 3.3, if the rotational speed is applied between 50 rpm and 250 rpm,
the Reynolds number will be varied between 5018.06 and 25090.28. Therefore,
Equation 3.10, Equation 3.12, and Equation 3.15 can be used to calculate Ne for the
flat-blade turbine, pitched-blade impeller, and marine-type propeller scrapers,

respectively.

In Figure 3.15, the relations between the power consumption of the three mentioned
scrapers and rotational speed are shown.
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Figure 3.15: The scraper power consumption in non-crystalizing conditions as a
function of rotational speed for (square) flat-blade turbine, (circle) pitched-blade
impeller, (triangle) marine-type propeller.

According to Figure 3.15, the power consumption of flat-blade turbine and pitched-
blade impeller are highly dependent on rotational speed and it is remarkably increased
with increasing of the rotational speed. Even though in all three scrapers, the power

consumption is calculated by Equation 3.7, despite the flat-blade turbine and pitched-
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blade impeller the Newton number is constant, in the propeller, the Newton number is
in inverse proportion to the Reynolds number which is a function of the scraper
rotational speed. Therefore, in the propeller, the effect of rotational speed on power
consumption is different from two others. The scraper of this is similar to the flat blade
turbine stirrer and calculations will be based on this type of stirrer. In Figure 3.15, all
operation conditions such as rotational speeds are the same except Ne . it can be
concluded that Ps of a scraper is highly dependent on Ne . In other words, Ne is the
only parameter to calculate Ps which is related to the scraper and independent of

process. Therefore, the main parameter to determine efficiency of a scraper is Ne.

3.3.2.2 Heat transfer through a scraped surface

As mentioned in section 3.1, the overall heat transfer coefficient is a function of the
coolant, the glass bottom, and the solution heat transfer coefficients. In the following,
the numerical analysis of all three coefficient and also, the overall heat transfer
coefficient will be considered.

Heat transfer through the bottom of the crystallizer

In this study, it is assumed that the wall of crystallizer is glass and its bottom is stainless
steel whose thermal conductivity and thickness are 13.9W-m1-K! and 1mm,
respectively. By using Equation 3.34, the conductive heat transfer will be:

Apottom = % = 4633.33 W*m'Z*K-l

Coolant heat transfer coefficient

The coolant heat transfer coefficient can be calculated by using Equation 3.26. In this
equation, the Nusselt number is highly dependent on the flow regime. Therefore, at
first, it is necessary to calculate Re and Pr. The Reynolds number and the Prandtl
number can be calculated according to Equation 3.19 and Equation 3.22. Despite the
Prandtl number which is the independent of the process conditions at the constant
temperature, the Reynolds number is a function of the coolant velocity which can be
defined as volumetric flow rate per the tube surface (Equation 3.20). Re changes in the
various volumetric flow rates of the coolant. In Table 3.4 the relationship between V/,

Re and Nu is shown.
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Table 3.4: The relationship between the volumetric flow rate of coolant and the
Reynolds number and Nusselt number.

V(m3.s?) Re Nu
0 0 3.65
10 1,157.49 14.53
2*10% 2,314.98 18.75
3*10* 3,472.47 82.20
4*10* 4629.96 115.08
8.5*10% 9,838.67 148.57
107 11,574.9 169.20
1072 115,749 1067.57
1 11,574,905 42,500.90

In Table 3.4, Re is in the direct proportion to volumetric flow rate. According to Table
3.4, if volumetric flow rates are less than 2x 10~* m3-s, the flow will be laminar and
the Nusselt number can be calculated by using Equation 3.24. Also, if the volumetric
flow rates range is between 2x 10~* m3stand 8.5 x 10~*m3-:s%, the flow will be in
the transition region, and the Nusselt number must be computed according to Equation
3.25. Furthermore, if the volumetric flow rates are higher than 8.5 x 10~* m®s?, the
flow will be turbulent and the Nusselt number should be calculated by using Equation
3.23. As shown in Table 3.4, with increasing the volumetric flow rate, Reynolds

number and consequently, the Nuselt number increases.

In Figure 3.16, the relation between the volumetric flow rate and coolant heat transfer
coefficient is shown.
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Figure 3.16: Relation between the volumetric flow rate and
coolant heat transfer coefficient

The volumetric flow rate can affect remarkably on the heat transfer coefficient.
Experimental researches in this field demonstrated that an increase of volumetric flow
rate can be an effective way to enhance the convective heat transfer coefficient
(Ahmad et al. 2017; Osueke et al., 2015). As shown in Figure 3.16, the results of this
study can be proved by previous experimental studies. Also, the heat transfer
coefficient increases with increasing volumetric flow rate. In Figure 3.16, in V less
than 2x 10~* m3s?, the coolant flow is laminar and acool is maximum 1500 W-m2-K-
! In V ranges between 2x 10~* m3s? and 8.5 x 10™* m®s, the flow is in the
transition region. In the transition region, acool IS remarkably higher than the laminar
region and is about 3000 W-mK™. In V higher than 8.5 x 10~* m*s , the coolant
flow is the turbulent and acool is minumum 4500 W-m2-K-* which is at least three times
higher than laminar flow. According to Figure 3.16, in the higher volumetric flow
rates, the turbulence of coolant is intenseness and acoor IS higher. As a result, in tthe
urbulent region, heat transfer from the coolant to the crystallizer surface is
significantly higher than laminar. Therfore, in this study, the minumum amount of V

to have proper heat transfer from the coolant is 8.5 x 10™* m3s™,
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Solution heat transfer coefficient

In Figure 3.17, the relationship between rotational speed and solution heat transfer
coefficient is shown.

50000

40000 ~ o

30000 G

solution heat transfer coefficent /W*m2*K-!
\\

20000

I ' T
100 200
scraper rotational speed /rom

Figure 3.17: The relationship between rotational speed and solution heat transfer

coefficient.

One of the main roles of the scraper in the crystallization process is the increase in the
solution turbulence, because in the turbulent condition, the solution is mixed well and
becomes more homogenous. Therefore, the high rotational speed can enhance the heat
transfer coefficient. Furthermore, the scraper can prevent from ice layer formation on
the cooled surface of crystallizer. The solution heat transfer coefficient as a function
of rotational speed can be calculated by Equation 3.33. In Figure 3.17, the relation
between the scraper rotational speed and the solution heat transfer coefficient is shown.
According to this figure, with increasing the rotational speed, solution heat transfer
coefficient will increase. As expected, the rotational speed has a positive effect on the
solution heat transfer coefficient in the non-crystallizing condition. Figure 3.17 is
drawn according to the penetration theory that the effect of solution viscosity is
neglected. Therefore, it is expected that in the actual system, the solution heat transfer
coefficient is affected by viscosity and it lower than theatrical amount which is shown
in Figure 3.17.
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Overall heat transfer coefficient

The overall heat transfer from the coolant to the solution can be calculated by Equation
3.18. The main terms in this equation are individual heat transfer coefficients which

were considered numerically.
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Figure 3.18: The effect of rotational speed on the overall heat transfer coefficient

Firstly, it is assumed that the coolant volumetric flow is constant at 10~3 m3-s* and
the scraper rotational speed is the only parameter to control the overall heat transfer
coefficient. The scraper rotational speed affects the overall heat transfer coefficient by
the solution heat transfer coefficient. In Figure 3.18, the relationship between the
overall heat transfer coefficient and scraper rotational speed is shown. According to
this figure, with increasing the rotational speed, the overall heat transfer coefficient is
increased. However, the slope of the curve at higher rotational speeds is less. With
increasing rotational speed, the solution is mixed well and its heat transfer coefficient
increases. According to Equation 3.18, at higher amounts of the solution heat transfer
coefficient, the coolant heat transfer and conductive heat transfer through the
crystallizer bottom coefficients will dominate on the equation and the effect of solution
heat transfer coefficient and the rotational speed will decreases. On the other hand, at
the rotational speed between 50 rpm and 250 rpm, the overall heat transfer coefficient

increases about 6% which is negligible. Therefore, although the scraper must mix the
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solution homogeneously and make it turbulent, the effect of the higher scraper
rotational speed on the overall heat transfer coefficient is negligible. As a result,
according to the slope of curve in Figure 3.18, in the non-crystallizing condition, the

optimum amounts of N is between 50 rpm and 150 rpm.
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Figure 3.19: The overall heat transfer coefficient as a function of

coolant volumetric flow rate

If it is assumed that the amount of the scraper rotational speed and is constant at 150
rpm the only parameter to control heat transfer coefficient will volumetric flow rate.
In Figure 3.19, the overall heat transfer coefficient as a function of the coolant
volumetric flow rate is shown. The coolant flow rate affects the overall heat transfer
coefficient. According Figure 3.19, with increasing the coolant volumetric flow rate,
the overall heat transfer coefficient increases. However, the rates of increase are not
the same in different flow regimes. The overall heat transfer coefficient in the turbulent
coolant flow is by approximately four times higher than laminar flow, because in
turbulent flow in addition to the conductive heat transfer, there is convective heat
transfer which is not in laminar flow. On the other hand, in turbulent region, the
increase of the coolant flow rate does not have significant effect on the overall heat
transfer coefficient. According to Equation 3.18, if the coolant heat transfer coefficient
is a high amount, other terms will dominate the equation and have more effect on the
overall heat transfer coefficient. Therefore, in this study, the optimum range for the
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coolant volumetric flow rate is 8.5 - 10~* m3s?® and 103 m®s™, because, this range
is in turbulent region and also is not too much that can not impact on the overall heat

transfer coefficent.

The coolant outlet temperature, the heat flux, and the crystallizer inner bottom

temperature

The outlet temperature of coolant, the heat flux from the coolant to the solution and
the temperature of crystallizer inner bottom surface are dependent variables which can
be controlled by the scraper rotational speed, the coolant volumetric flow rate and the

inlet temperature of coolant which can be applied as independent parameters.

The heat flux can be calculated by Equation 3.16 and Equation 3.34. According to the
heat balance on the cooled surface of crystallizer, the relationship between independent
parameters and outlet temperature can be described by a combination of Equation 3.17
and Equation 3.34:

Tout—TEUT Uoverall Acryst
In 2% = 4 3.64

Tin—TEUT Vpe Cpc

Under steady state conditions, the heat flow rate is the same. As a result ,the heat flux
from the crystallizer inner bottom surface at Ty to the solution at Ty is equal to Q-
In Equation 3.65, by inserting Q,,,; Which is calculated according to Equation 3.16,

T, can be computed.

Qcool = asAcryst(TEUT —Tp) 3.65
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Figure 3.20: The coolant outlet temperature (square), the heat flux from the coolant
to the solution (circle) and the temperature of crystallizer inner surface (triangle)
as a function of coolant inlet temperature.

At first, it is assumed that scraper rotational speed and coolant volumetric flow rate
are constant and their amounts are 200 rpm and 10~* m3s™%. Therefore, the coolant
inlet temperature can be considered as a variable parameter in the process. In this
condition, due to the physical properties of coolant are dependent on the temperature,
by changing coolant inlet temperature, they will be changed. In Table3.2, The physical
properties of coolant at the different average temperature are shown. The effect of Tin
on Tout, Qz00; and Tp can be considered by Equation 3.64, Equation 3.65 and Equation
3.16.

In Figure 3.20, the outlet temperature is shown as a function of inlet temperature by
square points. According Figure 3.20, the relationship between inlet and outlet
temperature of the coolant is linear. This result can be demonstrated by Equation 3.64

if it is rewritten as:
Tout = me + (1 - m)TEUT 366

Uovqrall Acryst

b=e VpPcope 3.67

In Equation 3.66, b which represents ratio of the diffrence between coolant outlet

temperature and the eutectic temperature to the diffrence between coolant inlet
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temperature and the eutectic temperature, will be constant if it is assumed that the
physical properties changes in the different inlet and outlet average temperature are
negligible. Also, due to the solution temperature is constant at the eutectic temperature,
the outlet temperature will be a function of only the coolant inlet temperature and the

relationship between them will be linear.

In Figure 3.20, the heat flux from the coolant to the solution is shown as a function of
inlet temperature by circle points. According to this figure, the heat flux and the
coolant inlet temperature are in an inverse proportion, and their relation is linear. In
Figure 3.20, the coolant volumetric flow rate and the scraper rotational speed are
constant and the physical properties changes in different inlet and outlet average
temperature are negligible. To consider the relationship between the heat flux and
coolant inlet temperature can be explained according to Equation 3.35. In this
equation, the difference between the outlet and the inlet temperature of coolant can
control the heat flux from the coolant to the solution. In this study, to illustrate the

effect of coolant inlet temperature, Equation 3.66 can be written as:

In Equation 3.68, AT is the difference between the inlet and outlet temperature of the
coolant. According to Equation 3.68, with increasing the difference between the inlet
temperature of the coolant and the solution temperature which is eutectic temperature,
the difference between inlet and outlet temperature of the coolant will be increased.
As a result, if the inlet temperature increases, the heat flux from the solution to the
coolant will decrease. According to Figure 3.20, due to the diffrence between T;,, and
T, decreases about 80% at T;, beween -30°C and -22°C, according to eq Equation

3.35, Q.00 also decreases by approxmately 80%.

In Figure3.20, the crystallizer bottom inner surface temperature is shown as a function
of coolant inlet temperature by triangle points. According to Figure 3.20 the relation
between Tin and Ty is linear. In Tin between -22 and -30 °C, Ty, is changed by
approximately 6% which is a few amount. This result can be demonstrated by Equation
3.65. In Equation 3.65, the only variable which can control Tp is Q..o and other
parameters such as solution heat transfer coefficient are constant. As a result, the
temperature difference between solution and the inner bottom surface of the

crystallizer decreases at T;,, beween -30°C and -22°C about 80% . As a result, with

78



increasing T;,, the diffrence between 7zyrand Ty gets low and 75 is approached to the

eutectic temperature.

The second parameter which can be considered as an independent variable is V.
Therefore, if it is assumed that N and Tin are constant and their amounts are 150 rpm

and -30°C, respectively, Tout, Q and T}, can be shown as a function of V.
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Figure 3.21: The coolant outlet temperature, the heat flux from coolant to the
solution and temperature of crystallizer inner surface as a function of coolant
volumetric flow rate

In Figure 3.21, Tou is displayed as a function of V by square points. To demonstrate

the relationship between V and Tou, Equation 3.64 can be written as:

Yoverall Acryst
Tout = (Tin — Tgur)e e+ Tgyr 3.69
According to Equation 3.69, Tout is an exponential function of V. In Equation 3.69,
T, Can be varied by different amounts of V and also Uoverait Which is a function of V.
However, based on Figure 3.21, T, is not changed exponentially as a function of V.
This result is referred to different behavior of overall heat transfer coefficient in the
turbulent and laminar coolant flow regimes. In the laminar region, although with
increasing V, Uoveran increases, however, the changes of Ugyeran is more than V and
Uoveral dominates on the power of e. Thus, due to difference between T;,, and Tgyr
is negative, in the laminar region with increasing of V, T,,,. decreases exponentially.

In the higher amounts of V that flow is turbulent, U, iS constant and independent
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of V. Therefore, according to Equation 3.69, at higher amounts of V, the power of

constant e tends to zero and T,,,; is approached to T;,,.

In Figure 3.21, Q is shown as a function of V by circle points.V is inversely
proportional to the difference between Tiy and Tout. On the other hand, according to
Equation 3.35, Q,,,,; is a function of AT and V. The relation between Q,,; and V is
nonlinear, because, in Equation 3.35, T, is an exponential function of V which is an
independent variable. Therefore, the relation between Q.,,; and Vis neither linear nor
exponential. As a result, in the laminar region where amounts of V is less, Tout
dominates on Equation 3.16 and Q,,; Will be an exponential function of V and in the
higher amounts of V in the turbulent region, the difference between Tou and Tin is a
very low amount and V dominates on this equation and the relation between Q,,;and
V is linear.

In Figure 3.21, T,is shown as a function of V by triangle points. In Figure 3.21, V is
the reverse proportion of T, and their relation is nonlinear. This result can be
demonstrated by Equation 3.65 and due to Tjis a function of Q,,,;, its behavior in a
less and higher amount of V is similar to Q,,,;. Thus, in the laminar coolant flow T}, is
an exponential function of V and in the turbulent region, the relation between them is
linear. Furthermore, due to the sign of Tyis negative in Equation 3.65, Tpand V are

inversely proportional.

The rotational speed is another parameter which can be considered as an independent
variable. In this regard, if it is assumed that T;,,and V are constant, and their amounts
are -30°C and 1072 m3.s%, respectively, the effect of N in the ranges between 50 and

200 rpm on the dependent variables such as Tout can be considered.
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Figure 3.22: The coolant outlet temperature, the heat flux from coolant to the
solution and temperature of crystallizer inner surface as a function of the scraper
rotational speed.

In Figure 3.22 , T, is shown as a function of N by square points. The effect of N on
Tyt 1S very low, and changes of Touwt over N between 50 and 200 rpm is by
approximately 0.004%. According to Equation 3.64, the only independent variable to
control Ty, as a function of N is Uoveran. According to Figure 3.67, N has more effect
on Uoverat ONly in the less rotational speeds of scraper and due to T,,,; is an exponential

function of Uoveran, N affects T,,,; very low.

The other controllable parameter which can be considered as a function of N is Q,0;-
Due to Q,,,; is a function of T, if T;,and V are constant, the effect of N on Q,,; is
similar to the effect of N on T,,,. In Figure 3.22 , Q.. iS sShown as a function of N
by triangle points. In Figure 3.22 , due to N affects T,,,; in the lower rotational speeds

like 50 to 100 rpm is higher, the slope of the figure in this range is steep.

In Figure 3.22, T}, is shown as a function of N. this relation can be demonstrated by
Equation 3.65. In this equation, Q.,,; and ag,meion Which are a function of N, can
control T;,. N is directly proportional to both of Q.,,; and as. However, at N between
50 rpm and 200 rpm, a; is changed by approximately 100%, while Q_,,; is changed
about 9% which can be neglected. Therefore, a; dominates on Equation 3.65 and can
control T,. As a result, with increasing N, a, increases and T, increases and

approached to Tgyr.
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As mentioned above, in this chapter, the dependent variables were considered as a
function of independent variables in steady state conditions. Therefore, according to
the heat balance, the difference between Q,,; and Ps must be zero. In Table 3.5,
process conditions which obeyed heat balance, are chose. According Table 3.5, if it is
assumed that the scraper of study is similar to the flat blade turbine, the power
consumption and heat flux from the coolant to the solution will be corresponded with
each other and in other conditions which heat balance is ignored results are not
acceptable. Even though, in these two conditions Q.,,; and Ps are similar to each
other, their difference are not zero that it can be referred to the errors which are related

to the assumptions for simplifying calculations.

Table 3.5: Process conditions which obey heat balance in the steady state.

T; 1% N Ps Q Error
(°C) (m¥st)  (rpm) (W) (W) %
-30 0.0002 150 61.55 68 8.8

3.3.3 Heat balance under unsteady state condition

In this section, heat transfer at the unsteady state of solution temperature will be
considered. Therefore, according to Equation 3.36, the initial temperature of the
solution as the previous part is not on the eutectic temperature and the difference
between Q,0; and Ps which is known as Qp..q Will be consumed to cool down the
temperature of the solution to the eutectic temperature which is -21.1°C. Based on
Equation 3.40, the cooling rate of solution can be varied by different amounts of Uoveran
and Ps. In this section, the time required to cool down the 1 kg solution with an initial
temperature of 20 °C in different process conditions will be considered. Furthermore,
it is assumed that the changes of solution physical properties over the cooling process

are neglected.
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Figure 3.23: The solution temperature as a function of time at the various coolant
temperature.

At first, it is assumed that V7 and N are constant and their amounts are 10~2 m*s* and
150 rpm, respectively. Thus, Uoweran and Ps are constant and Tcoo iS the only
independent variable which can control the cooling rate of the solution. In Figure 3.23,
Teool IS Shown as a function of time in various amounts of Tcoor. In this figure, the
solution temperature decreases exponentially as a function of Tcool OVer the time, at the
coolant temperature between -30 °C and -27 °C. The times required to cool down the
solution from 20°C to  -21.1°C, at the coolant temperature of -30°C, -29°C, -28°C
and -27°C are 160s, 170s, 182s and 196s, respectively. As a result, with increasing the
coolant temperature, the time require to cool down the solution increases. This result
can be referred to the effect of coolant temperature on the heat flux from the coolant
to the solution. At the less solution temperature, the temperature difference between
coolant and solution and consequently heat flux are higher and the solution needs less
time to cool until the eutectic temperature. Furthermore, this result can be
demonstrated by Equation 3.39. According to this equation, due to Uoverann and Ps are
constant, with decreasing Tcoo, the difference between coolant and solution
temperature becomes higher and cooling rate increases and the solution needs less time
to achieve the eutectic point.
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Figure 3.24: The solution temperature as a function of
coolant volumetric flow rates over time.

The other independent parameter which can impact on the cooling rate of the solution
is V. According to Equation 3.40, Uoveran is the only parameter which is a function of
V. Uoveran is directly proportional to V. Therefore, according to Equation 3.39, due to
Ps is constant, with increasing V, Uoverail and consequently the cooling rate of solution
increases. In Figure 3.24, the solution temperature is shown as a function of V over
time. Also, N and T are constant and their amounts are 150 rpm and -30°C,
respectively. The times required to decrease Tso until Teut with the volumetric flow
ratesof 1073 m3s?, 5x 1073 m3s?, 1072 m3stand 5 x 1072m3s™ are 160s, 108s,
99s and 91s, respectively. According to Figure 3.24, with increasing V, the cooling
rate is increased. However, in the higher amounts of V, the cooling rates are similar
and their difference are not remarkable. This result can be demonstrated by the relation
between V and Uoveran. As mentioned above, in the higher amounts of V , changes of

Uoveran as a function of V is less. As a result, the higher amounts of V has less effect on

the solution cooling rate.
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Figure 3.25: The solution temperature as a function of time in different amounts of
stirrer rotational speed.

Another independent parameter which can impact on the cooling rate by controlling
both Uoveran and Ps is N. Even though Uoveran and Ps are in direct proportion with N, the
relation between N and the cooling rate is complicated and must be considered. In
Figure 3.25, the solution temperature versus required time to cool down the solution
is shown. In Figure 3.25, it is assumed that Teool and V are constant and their amounts
are -30 °C and 1072 m®s%, respectively, and N is the only independent variable and
changes between 50 rpm and 150 rpm. The required t to cool down the solution until
Trur with the scraper rotational speed of 50 rpm, 100 rpm and 150 rpm are calculated
153 s, 152 s and 161 s, respectively. According to these results, with increasing N
between 50 rpm and 100 rpm the cooling rate of solution increases and the solution
needs less time to cool until the eutectic temperature and at N between 100 rpm and
150 rpm, the cooling rate of the solution decreases. According to Equation 3.40, the
cooling rate is in a direct relation with Uoveran and an inverse relationship with Ps.
Therefore, at N ranges between 50 rpm and 100 rpm, Uoveran dominates Equation 3.10
and increase of rotational speed increases the cooling rate. On the other hand, at N
between 100 rpm and 150 rpm Ps dominates on Equation 3.40 and is inversely
proportional to cooling rate of the solution and the time required to cool down the
solution increases. As a result, the optimum amounts of N to cool down the solution is
100 rpm.
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3.3.4 Heat transfer modeling of sodium chloride solution system in the
crystallizing condition

In the previous section, the EFC process was considered in non-crystallizing condition
for both steady and unsteady state of the solution. In this section, it is assumed that the
solution is at EP and the crystallization process occurs and according to the qualitative
analysis of Section 3.2, the heat transfer in a batch crystallizer for EFC process will be
considered numerically.

3.3.4.1 Effect of crystal formation on the solution physical properties

As mentioned in the previous section, the crystal particles impact on the physical
properties of the solution and consequently on the overall heat transfer coefficient and
heat flux from the coolant to the solution and the related equations are stated. In this
section, the effect of the ice mass fraction on the mentioned parameters in the previous
section will be considered.
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Figure 3.26: Density, thermal conductivity, specific heat and viscosity of slurry as a
function of ice mass fraction.

In Figure 3.26, the density of ice slurry as a function of the ice mass fraction is shown
by square points. According Figure 3.26, with increasing the mass fraction of ice
crystals, the density of the slurry is decreased linearly. This result can be demonstrated

by Equation 3.43. In the right side of this equation, the first term is related to the ice
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properties and the second term is related to the solution. In the fewer amounts of ice
mass fraction, the second term dominates, and the slurry density is approached to the
solution density which is higher than the ice crystal density, and in the higher amounts
of the mass fraction the first term dominates and density of slurry tends to the density
of the ice crystal and decreases. According to Figure 3.26, the density of slurry
decreases by approximately 8% in the ice mass fraction between 0 and 0.5.
Furthermore, this result corresponds with a similar study which approves the reverse
proportion relationship between ice mass fraction and slurry density (Kauffeld et al.,
2010).

The other properties of the solution which are influenced by the crystal particles are
thermal conductivity. According to several studies, the thermal conductivity is highly
dependent on the mass fraction of ice crystal in the slurry and the directly proportional
to ice particles. Furthermore, according to Maxwell’s model which is shown by
Equation 3.463, the effective thermal conductivity of slurries which contain solid
particle increases with the volume fraction of these particles (Shin and Lee, 2000;
Choi and Eastman, 1995). As shown in Figure 3.26, with increasing mass fraction of
ice crystals in the solution, the thermal conductivity of the slurry increases by
approximately 125% in the non-crystallizing and crystallizing condition with ice mass
fraction of 0.5. Thermal conductivity of solids higher than liquids, because, despite the
molecular structure of solids has high degree of crystallinity which has significant
effect on the thermal conductivity, the molecular structure of liquid is disordered (Ross
et al., 1984). According to Equation 3.46, in the fewer amounts of ice fraction, the
thermal conductivity of ice slurry is approached to the solution thermal conductivity
which is lower than ice. On the other hand with increasing the ice fraction the solid
particle fraction increaes and thermal conductivity of slurry is tended to ice thermal

conductivity and highly increases.

The specific heat is a strongly temperature-dependent parameter. However, in this
study, due to the temperature of the solution is constant at the eutectic temperate, the
only effect of crystal mass fraction is considered (Zeng et al., 2009). According to the
several studies, the mass fraction of ice crystals and specific heat of the solution are in
reverse proportion, and with increasing the ice mass fraction in the slurry the specific
heat of slurry decreases (Inaba et al.,2004; Yamagishi et al., 1999; Meewisse and

Infante Ferreira, 2003). In Figure 3.22 , based on the Equation 3.48, the specific heat
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of slurry as a function of ice mass fraction is shown. According to this figure, in the
ice mass fraction between 0 and 0.5, the specific heat of the solution decreases by
approximately 12% which correspondes with the result of Meewisse and Ferreira
(Meewisse and Infante Ferreira, 2003). This result can be explained based on
molecular heat transfer. The structure of solids is ordered and molecules are closer
than molecule of liquids. Therefore, solids conduct heat better than liquids. In this
study, with increasing ice mass fraction, the liquid solution tends to be solid and the

specific of slurry decreases.

The viscosity highly depends on the ice mass fraction, and with increasing the mass
fraction of ice in the solution, the viscosity remarkably increases (Senapati et al. 2010;
Aktas and Woodburn 2000). According to Equation 3.51, in Figure 3.26, the viscosity
of the slurry is shown versus the ice mass fraction in the slurry. According to Figure
3.26, with increasing of ice mass fraction between 0 and 0.5, the viscosity of the slurry
iIs changed by approximately 2673% which is the remarkable amount that it
corresponds with the study of Meewisse and Ferreira (Meewisse and Infante Ferreira,
2003). This result can also be explained by Equation 3.50. In this equation, the slurry
density is an exponential function of ice mass fraction, and in the high amounts of ice
mass fraction the viscosity of the solution is increased remarkably and approached to

the viscosity of ice which is a high amount.

3.3.4.2 Effect of crystal formation on Re, agand U’ gyeran

Re for an ice slurry can be calculated by Equation 3.53. In this equation, the variables
which are a function of ice mass fraction, are p; and pg;. The ice mass fraction is
inversely proportional to py; and directly proportional to pg;. Therefore, it is expected

that with increasing the ice mass fraction, Re is sharply decreases.
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Figure 3.27: Reynolds number, Nusselt number, heat transfer coefficient of slurry
and overall heat transfer coefficient as a function of ice mass fraction.

In the Figure 3.27, Re is shown as a function of the ice mass fraction in the slurry by
triangle points. With increasing the ice mass fraction between 0 and 0.5, Re of the
solution decreases by approximately 96% which is a notable amount. The reduction of
Re is mainly referred to the exponential increase of the viscosity of the ice slurry as
the highly increase of the ice fraction (Bellas et al., 2002). A proper agreement is
observed between this result and Senpati’s study. In both studies, Re highly decreases

with increasing the slurry ice mass fraction (Senapati et al., 2010).

In Figure 3.27, Nu is shown versus the ice mass fraction of slurry by inverse triangle
points. According to Figure 3.27, in the ice fraction between 0 and 0.5, Nu decreases
by approximately about 70%. The results of this study correspond with
Petukhov correlation and experimental researches which deduced increase of solid
particles mass fraction decreases Nu remarkably (Knodel et al., 2000). Nu is calculated
by Equation 3.55. In Equation 3.55, due to Re is much higher than Pr and dominates
on the equation, Re determine the behavior of Nu as a function of the ice mass fraction.
According to Equation 3.55, Nu is almost square root function of Re. On the other
hand, Re decreases exponentially as a function of the ice mass fraction. As a result, Nu

decreases almost linearly as a function of the ice mass fraction.

In Figure 3.27, a,; is shown as a function of slurry ice mass fraction by square points.

According to Equation 3.56, due to the diameter of the crystallizer is constant, ag; is a
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function of the Nu and Ag;. The ice mass fraction is in direct relation to A5 and
inversely proportional to Nus. According to Figure 3.27, the slurry heat transfer
coefficient increases by approximately 1.2% in the mass fraction range between 0 and
0.1 and then it decreases about 36% in the mass fraction range between 0.1 and 0.5.
This result can be demonstrated by Equation 3.56, in the mass fraction range 0 and 0.1,
the equation is dominated by A; and with increasing the ice mass fraction, ag; is
increased. However, in the mass fraction range between 0.1 and 0.5, the effect of Nu
on ag is more than Ay and with increasing ice mass fraction ag; decreases as Nu
decreases remarkably. However, according to other studies, if ag; is calculated by
Equation 3.54 which is considered based on penetration theory and effect of viscosity
changes over the mass production in the slurry is neglected, ag; will be in direct
relationship with the ice mass fraction and with increasing the ice mass fraction, ag
will increase (Qin et al. 2006). On the other hand, this result corresponds to the
experimental research of Mouneer to who deduced the overall heat transfer coefficient
slightly increases then decreases with increasing of ice production (Mouneer et al.,
2010)

If it is assumed that the coolant and crystallizer bottom properties are constant, the
effect of ice particles on the overall heat transfer coefficient can be considered.
According to Equation 3.57, U’ ,,.rqu 1S directly proportional to ag;. Therefore, it is
expected that U’ .1 Will change as a function of ice mass fraction like ag;. In Figure
3.27, U’ ,yerau 1S Shown versus the ice mass fraction by circle points. In Figure 3.27,
U' yuerqu iNCreases in the ice mass fraction range between 0 and 0.1 by approximately
0.068% and then, it decreases in the ice mass fraction range between 0.1 and 0.5 about
2.9% which is not a remarkable amount. This result corresponds to an experimental
studies which shows the overall heat transfer coefficient is independent of ice mass
fraction and production of ice cannot have a notable effect on it (Fernandez-Seara and
Diz, 2014).

3.3.4.3 Effect of crystal formation on Q, P, and Hg

In Figure 4.20, Q is shown versus the ice mass fraction by square points.
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Figure 3.28: The heat flux, scraper power consumption and enthalpy of slurry as a
function the ice mass fraction.

According to Figure 3.28 in the ice mass fraction between 0 and 0.1, Q increases
slightly and it decreases by approximately 2.9% in the ice mass fraction between 0.1
and 0.5 that it is not a remarkable amount and can be neglected. Based on Equation
3.16, if the surface area and temperature difference between solution and coolant is
constant, Q will be changed as a function of the overall heat transfer
coefficient. U’ ,,erqu 1S @lmost independent of the ice mass fraction. Therefore, ice

generation cannot affect remarkably Q.

According to Equation 3.52, with appearing ice crystal on a solution, the only variable
to calculate scraper power consumption which is influenced by the ice mass fraction
is the solution density. Although, Ne can be changed by Re which is a function of the
viscosity of the solution plus to the density ,however, in this study, according to the
type of scraper, Ne is constant and independence of Re (Rao and Hartel, 2006). In
Figure 3.28, the scraper power consumption is shown as a function of the ice mass
fraction in the slurry. In Figure 3.28, with increasing the ice mass fraction between 0
and 0.5, Pg; decreases about 8%. This result can be demonstrated by the effect of ice
mass fraction on the slurry density. In ice mass fraction between 0 and 0.5 the density
of slurry decreases about 8%. Due to the density and power consumption are directly
proportional and N, drand Ne are constant, the scraper power consumption decreases
by approximately 8% in ice mass fraction between 0 and 0.5. This amount is not a

remarkable and can be neglected.
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The heat of crystallization is a function of crystal production rate, fusion enthalpy of
the ice and solution. There is a good agreement in the several studies that slurry
enthalpy and the ice mass fraction are inversely proportional (Guilpart et al., 2006;
Melinder, 2010). In Figure 3.28, the slurry enthalpy is shown as a function of the ice
mass fraction by gray plot. In Figure 3.28, the amount of slurry enthalpy decreases
remarkably about 300% in the ice mass fraction range between 0 and 0.5. According
to Equation 3.60 the slurry enthalpy and the ice mass fraction are inversely related.
Due to the disordered structure of liquids in comparison to the solids, the enthalpy of
liquid is higher than enthalpy of solid. Therefore, with increasing the ice mass fraction,
the liquid solution tends to be solid and its enthalpy decreases.

3.3.4.4 Effect of coolant temperature, coolant volumetric flow rate and scraper

rotational speed on ice production

The effect of ice mass fraction in the slurry on the heat flux and scraper power
consumption is a few amount. Therefore, it is assumed that the heat flux and the scraper

power consumption are constant over the ice mass fraction increase in the slurry.
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Figure 3.29: The ice mass as a function of time at various amount of coolant
temperature.

The heat flux from the coolant to the solution is a function of coolant temperature.
Therefore, one of the primary parameters to control the ice production rate is the
coolant temperature. According to a similar study, in the fewer coolant temperatures,
the production rates of ice are higher (Shi and Zhang, 2014). In Figure 3.29, the

produced ice crystals as a function of 700 Over time at the constant amounts of N and
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V are shown. According to Figure 3.29, with decreasing the coolant temperature, the
production rates of ice increases and less time is required to produce specific amounts
of ice. If it is assumed that amounts of N and V are 150 rpm and 10-3m3s?,
respectively, the required time to produce 500g ice, at the coolant temperature between
-30 and -27°C can be considered. According to Figure 3.29, with increasing the coolant
temperature between -30°C and -27°C, the time required to produce 500 g ice increases
about 73% which is a remarkable amount. This result can be demonstrated by the effect
of coolant temperature on the heat flux. Based on Equation 3.16, if the coolant
temperature difference between the inlet and outlet is neglected and solution
temperature is constant at the eutectic temperature, the coolant temperature and heat
flux will be directly related and with decreasing the coolant temperature, the
temperature difference between the solution and coolant and consequently the heat
flux increases. According to Equation 3.61, due to Q.,,; and crystal production rate

are directly related, with increasing Q.,,;, production rate increases.
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Figure 3.30: Ice mass production versus time at different coolant volumetric flow
rate.

According to the experimental study of Hawlader and Wahed, with increasing the
coolant volumetric flow rate, the crystal production rate increases (Hawlader and
Wahed, 2009). In Figure 3.30, the produced ice crystals versus time in the various
amounts of the coolant volumetric flow rate are shown. In Figure 3.30, it is assumed
that N and Tcoor are constant and their amounts are 150 rpm and -30 °C, respectively.

Based on Figure 3.30, the time required to produce 500g in the coolant volumetric

93



flow rate between 0.005 and 0.1 m*-s™ decreases by approximately 42%. However, the
changes in the required time in the coolant volumetric flow rate between 10~3m?3s™
and 5 x 1073 m3s? is about 33% and between 1073 m3st and 5 x 1072 m®s?, it
decreases by approximately 14% . This result can be demonstrated by the effect of V
on Q. According to Figure 3.21, the effect of coolant volumetric flow rate on the heat
flux in the higher rates is few. Therefore, due to the heat flux and crystal production
are directly proportional, the coolant flow rate cannot have a remarkable effect on ice

production rate at higher amounts.
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Figure 3.31: The ice mass as a function of time at different scraper rotational speed.

The scraper rotational speed is one of the main parameters which can affect the ice
production rate (Vaessen et al., 2003a). N can control ice production rate by affecting
both Q and P,. N can enhance the solution heat transfer coefficient and consequently
the heat flux. In the crystallizing condition, N can control the crystal production rate
by affecting on the scraper power consumption and the Reynolds number. According
to Equation 3.61, the scraper power consumption and ice production are reversely
proportional and directly proportional to Re and consequently overall heat transfer
coefficient. In Figure 3.31, the produced ice mass is shown as a function of time at
different scarper rotational speed and constant the coolant volumetric flow rate and
temperature. In this figure, N is varied between 50 and 150 rpm and V and T,,,, are
constant at 0.1 m®s? and -30°C, respectively. According to Figure 3.31, the required

time to produce 500 g ice, if N is varied between 50 and 150 rpm increases by
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approximately 10%. Although, according to an experimental study, with increasing
the scraper rotational speed, the ice production rate decreases as the same as the result
of this study. As a result, it can be concluded that in the crystallizing condition, the
penetration theory is not proper to calculate solution heat transfer coefficient and
Equation 3.56 must be preferred. Furthermore according to Figure 3.31, the efficiency
of the system to produce ice in the fewer scraper rotational speeds is higher (Liu et
al., 2019).

3.4 Conclusion

In this study, the heat transfer in a batch eutectic freeze crystallizer which contains
sodium chloride solution was modeled for non-crystallizing and crystallizing at

different process conditions.

The following conclusions were derived from modeling of the heat transfer in the EFC

process for the non-crystallizing condition at the eutectic temperature:

e T;, as an independent parameter is directly related to T,,,; and T, and is inversely
related to Q0.

e T,ut Ocoo and T, are changed as a function of V differently based on the coolant
flow regime. Even though the effect of V in the turbulent region is high, in the
higher flow rates, T, , Q.00; and T}, are not changed significantly as a function of
V.

e Although N is directly proportional to T, , Qe @and Ty, , it does not have a

significant effect on T,y , Qco0; and Ty,. However, N influences Ps remarkably.

After the steady state condition of the solution temperature, it was assumed that the
solution temperature was cooled down from the environment temperature to the

eutectic temperature. In this condition, it is concluded that:

o Due to the difference between inlet and outlet temperature was negligible, the time
required to cool down the solution as a function of T,,,; was considered and t is
related to T,,,; directly. Therefore, with approaching T,,,; t0 Tgyr, the time

required to cool down the solution increases.
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Time required to cool down the solution is inversely proportional to V. However,
in the turbulent region where cooling rate is higher than laminar region, changes
of t as a function of V at the less flow rate is higher.

Between N=50 rpm, 100 rpm and 150 rpm, the optimum amount of the rotational

speed is N=100 rpm.

In the last part of the study, the heat transfer in the EFC process for sodium chloride

solution was considered in the crystalizing condition. According to the result of this

part, it can be conclude that:

Since more than 75% of produced crystals were ice, ice properties were used as
the produced crystal property. According to calculation results, the ice particles
only remarkably affect the viscosity of the solution. However, the heat flux from
the coolant to the solution and the scraper power consumption were not influenced
significantly by the ice crystals.

The ice production rate is profoundly affected by T,,,; and the time required to
produce the specific amount of ice crystals is increased notably with
increasing Too;-

The effect of V on the production rate of ice at higher flow rate is less. At
volumetric flow rate above 102 m®s? value, the production rate of ice crystals is
almost constant.

In this part, due to the remarkable dependency of solution viscosity to the ice mass
fraction, the solution heat transfer coefficient was not calculated via penetration
theory. In this condition, between N=50 rpm, 100 rpm and 150 rpm, the production
at N=100 rpm is higher than others.

The aim of this study was to consider the EFC process for sodium chloride solution at

various process conditions. Although some interesting conclusions were derived, there

are some recommendations which can be considered in further studies:

Due to considering the effect of crystal particle on the solution viscosity, the effect
of scraper rotational speed was neglected that it can be applied in future studies.
EFC process for sodium chloride must be carried out experimentally at the

optimum process conditions of this study.
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Apendix A

Appendix A.1: Single crystal XRD Report

A colorless rod-like specimen of H3sBOgz, approximate dimensions 0.010 mm x 0.020 mm x 0.400 mm, was used for the X-ray crystallographic

analysis. The X-ray intensity data were measured. In Table A.1, the details of data collection for single XRD of boric acid crystal for EFC process

is shown.
Table A.1: Data collection details for EFC
Axis dx/mm 20/° w/? @/° %/° ‘Width/° Frames Time/s Wavelength/A Voltage/kV Current/mA Temperature/K

Omega 52.789 12.68 -170.01 51.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 -156.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 -54.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 102.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 -105.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 0.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 153.00 54.70 1.00 185 8.00 0.71076 50 30.0 120
Omega 52.789 12.68 -170.01 51.00 54.70 1.00 185 8.00 0.71076 50 30.0 120

A total of 1480 frames were collected. The total exposure time was 3.29 hours. The frames were integrated with the Bruker SAINT software
package using a wide-frame algorithm. The integration of the data using a triclinic unit cell yielded a total of 3683 reflections to a maximum 6
angle of 28.18° (0.75 A resolution), of which 1239 were independent (average redundancy 2.973, completeness = 96.6%, Rint = 5.01%,
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Rsig = 6.38%) and 923 (74.50%) were greater than 20(F?). The final cell constants of a = 6.336(3) A, b = 6.997(3) A, ¢ = 7.001(4) A, «
=119.933(12)°, p=90.919(15)°, y = 102.147(14)°, volume = 260.3(2) A3, are based upon the refinement of the XY Z-centroids of 1818 reflections
above 20 o(I) with 6.752° <260 <55.61°. Data were corrected for absorption effects using the Multi-Scan method (SADABS). The ratio of minimum

to the maximum apparent transmission was 0.835.

The structure was solved and refined using the Bruker SHELXTL Software Package, using the space group P -1, with Z = 4 for the formula
unit, HsBOs. The final anisotropic full-matrix least-squares refinement on F? with 83 variables converged at R1 = 13.89%, for the observed data
and WR2 = 41.47% for all data. The goodness-of-fit was 1.682. The largest peak in the final difference electron density synthesis was 1.757 €
/A3 and the largest hole was -0.673 e/A® with an RMS deviation of 0.383 e/A3. On the basis of the final model, the calculated density
was 1.578 g/cm? and F(000), 128 ¢.
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Appendix A.2: Metastable Zone Width (MSZW) calculations

In Figure 2.12, the natural logarithm of cooling rate r is presented versus natural logarithm of MSZW. The cooling rate r is the change of initial
temperature of to the solution Tz to the minimum temperature of the solution before the nucleation T, over time t. As mentioned above, MSWZ is
the difference between the minimum temperature of the solution before the nucleation T» and the eutectic temperature of the solution Teur. In Table

A.2, the calculation spreadsheet of Figure 2.12 is shown.

Table A.2: The calculation spread sheet of Figure 2.12

T, (°C) T: (°C) t(h) T/t (°C.hY) Teur(°C) T2(°C) MSZW(°C) LnMSZW(°C) LnT/t (°C.h'%)
-3.64 9.17 0.33 38.59 -0.79 -3.64 2.85 1.047 -3.65
-2.97 28.33 0.60 52.06 -0.79 -2.97 2.18 0.78 -3.95
-2.73 19.49 0.34 64.37 -0.79 -2.73 1.94 0.66 -4.16
-2.16 19.76 0.19 112.45 -0.79 -2.15 1.37 0.31 -4.72
-1.96 20.92 0.15 149.22 -0.79 -1.96 1.17 0.15 -5.00
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Appendix A.3: Crystal size determination

Crystal size determination was made using microscope and computer programs of
Image-Pro Plus and Image J. Obtained crystal samples were placed on a microscope
lamella in order to measure the crystal dimensions after crystallization. Crystals were
analyzed with Olympus BX51 microscope and photos of salt crystals were taken using
a 5X lens. The recorded photos were then transferred to the Image-Pro Plus program.
After that, Image J program was used for characteristic radius calculations. For the
characterization of the crystals, the dominant circle form was accepted and the
characteristic radius was calculated accordingly. The characteristic radius of the salt
crystals was recorded in the computer program as pixels and the actual magnitudes
and growth rates were calculated at the ratio of 0,001188213 millimeters/pixel
determined by the calibration. Approximately 400 crystals were randomly determined
from the photographs taken under a microscope for each batch residence time after
reaching the eutectic point in the crystallizer. The area of each of these randomly
selected 400 crystals was counted manually by the help of Image J. Area of each crystal
was used to find the characteristic radius of the crystals. In this work, assuming the
crystal shape to be a circle, the circle radius was calculated and by averaging all the

radiuses per measurement, a representative crystal radius was found.

_4: Image) -
File Edit Image Process Analyze Plugins Window Help

8 || |4 Al |o|O| oy 4]e] #] |

+
+ty

i 1.jpg (50%) -
1280x1024 pixels; RGB; 5MB
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Figure A 3.1: Manual crystal counting with Image J.

Table A 3: Characteristic radius calculation from Image J results.

Label Area Radius R(mm) R (um)
1 1.jpg 1,80E+03  2,40E+01  2,85E-02 28,47
2 1.jpg 1,17E+03  1,93E+01  2,30E-02 22,95
3 1.jpg 8,12E+02  1,61E+01  191E-02 19,10

Radius = fm:a Al

R(mm) = Radius X 0.001188213 milimeters / pixel A2
R(micrometers) = R(milimeters) x 1000 A3

I.e. square roots of each area divided by pi number were calculated and multiplied by
the ratio of 0.001188213 millimeters/pixel. The calculated value was converted to
micrometers by multiplying with 1000. Average of approximately 400 radiuses were

found to determine the characteristic radius of crystals.
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Appendix A.4: Production rate and mass balance

In Section 2.3.4, the production rate of ice and boric acid crystals were presented. In
this section, produced amount of ice and salt were considered in three different
residence times; 2700s, 1800s and 900s. the coolant temperature was set -10°C for all
of the experiments. In Table A.4.1, the result of initial mass transfer to determine
amounts of extracted solid particles (ice+salt) is shown. According to this table, the
total mass of solid particles for 2700s, 1800s and 900s residence time is achieved
76.51g, 74.47g and 62.02¢.

Table A 4.1: The data spread sheet to determine the total mass of produced crystals.

Waiting time after EP (s) 2700 1800 900
Coolant temperature set (°C) -10 -10 -10
Initial weight of solution (g) 834.32 | 839.78 | 842.28
Filtered crystal (g) 28.14 | 3252 | 33.42
Passed solution (g) 751.94 | 760.84 | 777.82
Residual solution in bottom (g) 48.37 | 41.95| 28.60
Total Crystals=filtered + residual (g) 7651 | 7447 | 62.02
Difference (weight) 5.87 4.47 2.44

After crystallization process, the boric acid can be found as either crystal or solution.
In Table A.4.2, the weight percent of boric acid in (a) initial solution, (b) filtered
crystal, (c) passed solution and (d) residual solution is shown. In this study, the
concentration of boric acid was determined via titration. In the titration method, the

concentration of the sample was determined using the following formulas.

NXMAXV?2
= A4
Vi

In Equation A.4, C represents boric acid concentration, Ma molecular weight of boric
acid, V1 volume of sample, V> used the volume of 0.1M NaOH and N normality of

0.1M NaOH. The molecular weight of boric acid equals to 61.83 g.mol™. The volume
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of sample for titration experiment was taken 10 ml and used volume of NaOH is
presented in Table A.4.2. In Equation A.4, the normality of 0.1NaOH can be
determined by standardization of NaOH solution. In the standardization experiment,
potassium hydrogen phthalate (CsHsKO4) was used to find the normality of 0.1 M
NaOH solution. Approximately 1 g of potassium hydrogen phthalate (CsHsKOs) is
dissolved in 100 mL of distilled water. 3 drops of phenolphthalein are added to this
solution and titrated with 0.1 M NaOH until the color change is observed. NaOH
consumption is noted. The equation given in the formula calculates the normalization
of the NaOH solution.

N= —5 A5

0.20423XA

In Equation A.5, N represents the normality of NaOH solution, B consumed amount
of CgHsKO4 and A consumed amount of NaOH.

Table A 4.2: The spreadsheet of weight percent calculation of boric acid in (a) initial
solution (b) filtered crystal, (c) passed solution and (d) residual solution.

(@)

Waiting time after EP (s) 2700 1800 900

Consumed NaOH volume for 50% intial solution (ml) 21.59 21.28 | 2151

Initial concentration of solution (g/I) 24.825 | 24.478 | 24.744

Weight percent of initial solution wt% 2.14 2.11 2.13
(b)

Waiting time after EP (s) 2700 1800 900

Consumed NaOH volume for 50% filtered crystal (ml) 30.61 24.05 | 10.43

Concentration of filtered crystal (g Boric Acid/litre ) 35.36 27.78 | 12.05

Weight percent of filtered crystal wt% 3.51 2.76 1.20
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(©)

Waiting time after EP (s) 2700 1800 900

Consumed NaOH volume for Passed solution (ml) 40.36 43.86 | 44.27

Concentration of passed solution (g/l) 23.47 25.33 | 25.58

Weight percent of filtered crystal wt% 2.33 2.51 2.54
(d)

Waiting time after EP (s) 2700 | 1800 | 900

Consumed NaOH volume for 50% Residual solution(ml) | 20.71 | 15.74 | 14.68

Concentration of residual solution (g/l) 23.92 | 18.18 | 16.97

Weight percent of filtered crystal wt% 237| 180 | 1.68

According to Table A.4.2, the amount of ice and boric acid crystals can be determined
via mass balance. The amount of produced boric acid crystals is determined by the
sum of filtered boric acid crystals and boric acid crystals in the residual solution. The
relationship to calculate crystallized boric acid is shown below.

Crystallized H3BOs= (Filtered crystal*concentration of filtered crystal+ residual

solution in bottom* concentration of residual solution) / Density of solution

The density of water and boric acid are 997 kg.m and 1435kg.m. Therefore, the
density of solution with 2.5% wt boric acid concentration is 1007.95 kg.m3. As
mentioned, the total produced crystals are the sum of the crystallized ice and boric
acid. Therefore, with determining the amount of produced boric acid, the amount of
crystallized ice can be known. In Table A.4.3, the amount of produced ice and boric
acid over time is presented. According to the values of this table, the production rate

of ice and boric acid were calculated.

120



Table A 4.3: The amount of produced ice and boric acid over time.

Waiting time after EP (s) 2700 1800 900
Crystallized ice (g)_in fitred ice+residual 74.37 72.82 | 61.14
Crystallized H3BO3 (g)_in filtred ice+residual 2.14 1.65 0.88
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APPENDIX B

B.1 Calculations in non- crystalizing condition

In Table 3.3, the variation of the Reynolds number of solution is shown based on the
scraper rotational speed. Re can be calculated as a function of N by Equation 3.7:

Nd?
Re = 27 3.7
s

Table B.1: The variation of the Reynolds number of solution based on the scraper
rotational speed

U dr Ds N Re
(cp) (m) (kg*m) (rpm)
4.342 2%107?2 1089.42 50 5018.056
4.342 2 %1072 1089.42 100 10036.11
4.342 2%1072 1089.42 150 15054.17
4.342 2 %1072 1089.42 200 20072.22
4.342 2%1072 1089.42 250 25090.28

The calculations of Pswhich are shown in Figure 3.15, for flat-blade turbine, pitched-

blade impeller and marine-type propeller are shown below:
P, = Nep,N3d? Al

for a baffled system with a flat-blade turbine Ne can be calculated by Equation 3.9 and
Equation 3.10 (VDI Heat Atlas, 2010).
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Table B.2 The scraper power consumption in non-crystalizing conditions as function of rotational speed for flat-blade turbine.

dr Ps N Re Ne Ps

(m) (kg*m) (rpm) W)
2 %1072 1089.42 50 5018.06 5 2.28
2 %1072 1089.42 100 10036.11 5 18.24
2 %1072 1089.42 150 15054.17 5 61.55
2 %1072 1089.42 200 20072.22 5 145.90
2 %1072 1089.42 250 25090.28 5 284.95

For a Pitched-blade impeller in a baffled crystallizer Ne is calculated by Equation 3.11 and Equation 3.12 (VDI Heat Atlas 2010).

Table B.3: The scraper power consumption in non-crystalizing conditions as function of rotational speed for pitched-blade impeller

dr Ps N Re Ne Ps

(m) (kg*m?) (rpm) (W)
2%107? 1089.42 50 5018.06 3 1.31
2 %1072 1089.42 100 10036.11 3 10.46
2%1072 1089.42 150 15054.17 3 35.30
2 %1072 1089.42 200 20072.22 3 83.67
2%1072 1089.42 250 25090.28 3 163.41

According to Hirschberg’s recommendation, the Newton number of a marine-type propeller is computed by Equation 3.13, Equation 3.14 and
Equation 3.15 (VDI Heat Atlas 2010).
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Table B.4: The scraper power consumption in non-crystalizing conditions as function of rotational speed for marine-type propeller.

dr Ps N Re Ne Ps

(m) (kg*m?) (rpm) (W)
2%1072 1089.42 50 5018.06 0.44 0.19
2%1072 1089.42 100 10036.11 0.42 1.46
2%1072 1089.42 150 15054.17 0.41 4.80
2%1072 1089.42 200 20072.22 0.40 11.15
2%1072 1089.42 250 25090.28 0.40 21.44

To determine flow regime in the coolant, Equation 3.19 can be used to calculate Re. Also, according to Re, the equation to calculate Nu can be

selected from Equation 3.23, Equation 3.24 and Equation 3.25. Finally, the coolant heat transfer coefficient can be calculated by Equation 3.26.

Table B.5: The relation between the volumetric flow rate and coolant heat transfer coefficient

Title 1% point 2" point 4" point 51 point 6" point 7" point 8" point
\Y 0 5*10° 2*10* 3*10* 4*10* 8.5%10* 103
(mB*s-l)
Cpc 3.089 3.089 3.089 3.089 3.089 3.089 3.089
(kg*kJ—l*K-l)
Pc 1090.30 1090.30 1090.30 1090.30 1090.30 1090.30 1090.30
(kg*m®)
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M 43.98 43.98 43.98 43.98 43.98 43.98 43.98 43.98

(cp)
d: 1072 1072 1072 1072 1072 1072 1072 1072
(m)
Lt 2 2 2 2 2 2 2 2
(m)
Pr 112.94 112.94 112.94 112.94 112.94 112.94 112.94 112.94
Re 0 578.74 1157.49 2314.98 3472.47 4629.96 0838.67 11574.90
Nu 3.65 11.18 14.53 18.75 18.02 115.08 148.57 169.2
Ocool 119.72 366.82 615.08 1531.43 2696.20 3774.56 4873.12 5549.73
(W*m-Z*K—l)

The solution heat transfer coefficient as a function of scraper rotational speed is calculated by Equation 3.33 which is drawn in Figure 3.17.

Furthermore, the Reynolds number in the crystallizer is calculated by Equation 3.7. In Table B.6, the calculations of Figure 3.17 is shown.

Table B.6: The solution heat transfer coefficient as a function of the scraper rotational speed

Title 1% point 2" point 3" point 4™ point 5% point

N 50 100 150 200 250
(rpm)

dr 2%107?2 2%1072 2%1072 2%1072 2 %1072
(rpm)

n 4 4 4 4 4

As 0.48 0.48 0.48 0.48 0.48

(W*m—l*K-l)
Ps 1089.42 1089.42 1089.42 1089.42 1089.42
(kg*m)
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Ms 4.34 4.34 4.34 4.34 4.34
(cp)
(kI*kg "KL
Re 5018.06 10036.11 15054.17 20072.22 25090.28
O 20437.48 28902.94 35398.76 40874.97 45699.60
(W*m—Z*K—l)

In Table B.7 the calculations spreadsheet of Figure 3.18 is shown.

Table B.7: The calculations spreadsheet of overall heat transfer coefficient as a function of the coolant volumetric flow rate.

Title 1% point 2" point 3" point 4" point 51 point 6™ point 7" point 8" point
\Y 0 5*10° 10+ 2*10* 3*10* 4*104 8.5%10* 107
(m3*5—1)
¥ cool 119.72 366.82 615.08 1531.42 2696.2 3774.56 4873.12 5549.73
(W*m—Z*K-l)
N 150 150 150 150 150 150 150 150
(rpm)
o 35398.76 35398.76 35398.76 35398.76 35398.76 35398.76 35398.76 35398.76
(W*m—Z*K-l)
Abottom 13.9 13.9 13.9 13.9 13.9 13.9 13.9 13.9
(W*m—l*K-l)
8 (m) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
® pottom 4633.33 4633.33 4633.33 4633.33 4633.33 4633.33 4633.33 4633.33
(W*m—Z*K-l)
Uoverall 116.32 336.68 426.95 534.79 1626.6 1964.54 2225.69 2356.92
(W*m—Z*K-l)
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In Figure 3.18, the overall heat transfer coefficient as a function of the coolant volumetric flow rate. Uoveran is calculated as a function of a,,,;
which is calculated as a function of Nu which can be calculated based on Re by Equation 3.23, Equation 3.24 and Equation 3.25. Re is calculated
by Equation 3.19 as a function of u. u is a function of V and is calculated by Equation 3.20. Furthermore, in Equation 3.18, s and aprrom terms

are calculated by Equation 3.33 and Equation 3.34, respectively.In Table A.2.8, the calculations spreadsheet of Figure 4.19 is shown.
Table B.8: The calculations spreadsheet of overall heat transfer coefficient as a function of the scraper rotational speed

Title 1% point 2" point 3 point 4" point 51 point
N 50 100 150 200 250
(rpm)
ag 35398.76 35398.76 35398.76 35398.76 35398.76
(W*m—Z*K—l)
v 107 107 107 107 107
(m3*s-1)
Ocool 5549.73 5549.73 5549.73 5549.73 5549.73
(W*m-Z*K-l)
Abottom 13.9 13.9 13.9 13.9 13.9
(W*m-l*K-l)
R 3*1073 3*1073 3*1073 3*1073 3*1073
(m)
Mbottom 4633.33 4633.33 4633.33 4633.33 4633.33
(W*m-Z*K-l)
Uoverall 2247.386 2322.178 2356.93 2378.14 2392.84
(W*m-Z*K-l)
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In Figure 3.19, the overall heat transfer coefficient as a function of the scraper rotational speed. Uoveran is calculated as a function of a, which is
calculated as a function of N by Equation 3.33, based on Equation 3.18. Furthermore, in Equation 3.18, a.,,; and a,,::om terms are calculated by

Equation 3.26 and Equation 3.34, respectively.

Table B.9 is calculation spreadsheet of Tout, Qco0;and the temperature of Ty as a function of Tin.

Table B.9: The calculations spreadsheet of the coolant outlet temperature, the heat flux from the coolant to the solution and the temperature of
the inner bottom of crystallizer as a function of the coolant inlet temperature.

Title 1% point 2" point 3" point 4" point 51 point
Tin -22 -24 -26 -28 -30
(°C)
Cpc 3.09 3.09 3.09 3.09 3.09
(kI*kg 'K Y)
pe 1090.3 1090.3 1090.3 1090.3 1090.3
(kg*m™®)
\V 0.01 0.01 0.01 0.01 0.01
(m3*s‘1)
Teut -21.1 -21.1 -21.1 -21.1 -21.1
(°C)
N 150 150 150 150 150
(rpm)
Uoverall 3667.7 3667.7 3667.7 3667.7 3667.7
(W*m—Z*K—l)
o 35398.76 35398.76 35398.76 35398.76 35398.76
(W*m-Z*K-l)
Tout -21.98 -23.99 -25.99 -27.99 -29.99
§9)
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ATIN
¢C)
Qcool
(W)
Th
)

0.89

47.89

-21.26

2.90

154.32

-21.61

4.89

260.77

-21.97

6.89

367.32

-22.32

8.89

473.81

-22.67

Table B.10: The calculations spreadsheet of the coolant outlet temperature, the heat flux from the coolant to the solution and the temperature of
the inner bottom of crystallizer as a function of the coolant volumetric flow rate.

Title 15 point 2" point 3 point 4™ point 5t point 6™ point 7t point 8™ point
\Y% 5%10° 104 2*10* 3*10* 4*10* 8.5*10* 107 102
(m3~ks-l)
 cool 366.82 476.62 615.08 2696.2 3774.57 4873.12 5549.73 35016.4
(W*m—Z*K—l)
Pe 1090.3 1090.3 1090.3 1090.3 1090.3 1090.3 1090.3 1,090.3
(kg*m)
Cpc 3.09 3.09 3.09 3.09 3.09 3.09 3.09 3.09
(ki*kg K1)
Acryst 1072 1072 1072 1072 1072 1072 1072 102
(m)
Tin -30 -30 -30 -30 -30 -30 -30 -30
(°C)
Teut -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
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(°C)

N 150 150 150 150 150 150 150 150
(rpm)
a, 35398 35398 35398 35398 35398 35398 35398 35398
(W*m-Z*K-l)
Tout -29.74 -29.84 -29.90 -29.79 -29.81 -29.90 -29.91 -29.98
(°C)
AT 0.25 0.16 0.10 0.20 0.18 0.10 0.09 0.013
(°C)
Qeool 42.66 54.28 68.20 207.46 249.70 282.84 301.14 441.93
(W)
To -21.24 -21.28 -21.33 -21.79 -21.93 -22.04 -22.10 -22.57
(°C)

In Table B.10, Tout is calculated as a function of V by Equation 3.64. According to Equation 3.35, Q_,,, is calculated as function of V. T, which is

calculated by Equation 3.65, is a function of Q.,,; Which is influenced by V.

Table B.11 is calculation spreadsheet of Tout, Qc00;and the temperature of Ty as a function of N.

Table B.11: The calculations spreadsheet of the coolant outlet temperature, the heat flux from the coolant to the solution and the temperature of
the inner bottom of crystallizer as a function of the scraper rotational speed

Title 1% point 2" point 3" point 4" point 5% point
N 50 75 100 150 200
(rpm)
o 20437.48 25030.7 28902.97 35398.76 40874.97
(W* ZS*K 1)
M2*K-
v 1072 1072 1072 1072 1072
(m3*s—l)
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Pe 1090.3 1090.3 1090.3 1090.3 1090.3
(kg*m)
Cpc 3.09 3.09 3.09 3.09 3.09
(kI*kgT'K™Y)
Uoveran/ 1426.67 1445.19 1456.45 1470.04 1478.27
(W*m—Z*K—l)
Acryst 1072 1072 1072 1072 1072
(m)
Tin -30 -30 -30 -30 -30
(°C)
Teur 21.1 21.1 -21.1 21.1 -21.1
(°C)
Tout -29.988 -29.9875 -29.9873 -29.987 -29.9868
(°C)
Qcool 405.73 419.59 428.33 439.18 445.81
(W)
To -23.44 -23.07 -22.84 -22.56 -22.38
(4]
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In Table B.11, Tou is calculated as a function of Uoveran Which is influenced by N through «a, , according to Equation 3.64 a, is computed as a
function of N by Equation 3.33. Q.,,; Which is a function of logarithmic average of the inlet and outlet temperature of coolant , calculated by 3.32

Tp which is calculated by Equation 3.65, is a function of Q,,; Which is influenced by N.

In Table B.12- B.15, the calculations spreadsheet of Figure 3.23 are shown.

Table B.12: The calculations spreadsheet of the time required to cool down the solution at T=-30°C

Title 1% point 2" point 3 point 4" point 5 point 6" point 7™ point 8" point 9™ point 10" point
(ng') 20 15 10 5 0 -5 -10 -15 -20 -21.1
}fg))' -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
(mSZs-l) 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
(rg‘m) 150 150 150 150 150 150 150 150 150 150
A(;Tf]y)s‘ 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
(12; ) 1 1 1 1 1 1 1 1 1 1
(kJ*k‘;pj*K_l) 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
(nggf;(_l) 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36
IOE(';”)T 211 211 211 211 211 211 211 211 -21.1 211
(;) 0 9.93 21.08 33.80 48.60 66.29 88.30 117.41 160.57 173.62
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Table B.13: The calculations spreadsheet of the time required to cool down the solution at T=-29°C

Title 1% point 2" point 39 point 4™ point 5t point 6" point 7" point 8™ point 9" point 10" point
Tsol 20 15 10 5 0 -5 -10 -15 -20 -21.1
(°C)
Teool -29 -29 -29 -29 -29 -29 -29 -29 -29 -29
°C)
Y 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
(m3*3-1)
N 150 150 150 150 150 150 150 150 150 150
(rpm)
Acryst 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
(m)
m 1 1 1 1 1 1 1 1 1 1
(kg)
Cps 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
(ki*kg"K2)
Uoverall 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36
(W*m—Z*K-l)
Teur -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
“C)
t 0 10.15 21.58 34.67 49.97 68.38 91.52 122.65 170.46 185.48
(s)
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Table B.14: The calculations spreadsheet of the time required to cool down the solution at T=-28°C

Title 1% point 2™ point 3 point 4™ point 5 point 6™ point 7™ point 8™ point 9™ point 10" point
Tsol 20 15 10 5 0 -5 -10 -15 -20 -21.1
(°C)
Teool -28 -28 -28 -28 -28 -28 -28 -28 -28 -28
°C)
\Y% 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
(m3*s-1)
N 150 150 150 150 150 150 150 150 150 150
(rpm)
Acryst 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
(m)
m 1 1 1 1 1 1 1 1 1 1
(kg)
Cps 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
(KI*kg KL
Uoverall 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36
(W*m-Z*K—l)
Teur -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
()
Table B.15: The calculations spreadsheet of the time required to cool down the solution at T=-27°C
Title 1% point 2" point 3 point 4" point 51 point 6™ point 7" point 8" point 9" point 10" point
Tsol 20 15 10 5 0 -5 -10 -15 -20 -21.1
(°C)
Teool -27 -27 -27 -27 -27 -27 -27 -27 -27 -27
(°C)
N 150 150 150 150 150 150 150 150 150 150
(rpm)
m 1 1 1 1 1 1 1 1 1 1



(kg)

Cps 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
(kI*kg K1)
Uoverall 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36
(W*m-Z*K—l)
Teur -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
°C)
t 0 10.62 22.67 36.56 52.97 73.02 98.80 134.96 196.02 217.564
()

In Table B.12- B.15, at different Tcoo1, the calculations spreadsheet of Tsoi  Over the cooling time which is calculated by Equation 3.40, are shown.

In Table B.16- B.19 the calculations spreadsheet of Figure 4.24 is shown.

Table B.16: The calculations spreadsheet of the time required to cool down the solution at V= 10"3m3*s™*

Title 1% point 2" point 3" point 4" point 51 point 6" point 7" point 8" point 9" point 10" point
Teol 20 15 10 5 0 -5 -10 -15 -20 -21.1
(°C)
A% 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
(mS*s-l)
Teool -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
°C)
N 150 150 150 150 150 150 150 150 150 150
(rpm)
Acryst 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
(m)
m 1 1 1 1 1 1 1 1 1 1
(kg)
Cps 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
(kI*kg 'K
Teur -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
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(°C)

U overall

2357 2357 2357 2357 2357 2357 2357 2357 2357 2357
(W*m-Z*K—l)
t 0 9.93 21.08 33.80 48.60 66.29 88.30 117.41 160.57 173.62
(s)
Table B.17: The calculations spreadsheet of the time required to cool down the solution at V=5*1073 m3*s!
Title 1%t point 2" point 3 point 4% point 5% point 6™ point 7™ point 8™ point 9™ point
Teol 20 15 10 0 -5 -10 -15 -20 -21.1
(°C)
\% 5%1073 5%1073 5%1073 5%1073 5%1073 5%1073 5%1073 5%1073 5*1073
(m3*s—1)
Teool -30 -30 -30 -30 -30 -30 -30 -30 -30
(°C)
N 150 150 150 150 150 150 150 150 150
(rpm)
Acryst 1072 1072 1072 1072 1072 1072 1072 1072 1072
(m)
m 1 1 1 1 1 1 1 1 1
(kg)
Cps 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
(kI*kg " K™Y)
Teur 211 211 211 -21.1 211 211 211 -21.1 -21.1
(°C)
Uoverall 3403 3403 3403 3403 3403 3403 3403 3,403 3,403
(W*m—Z*K-l)
t 0 6.79 14.4 33.15 45.14 59.98 79.45 107.81 116.24
()
Table B.18: The calculations spreadsheet of the time required to cool down the solution at V=0.01 m3*st
Title 1%t point 2" point 3 point 4™ point 5% point 6" point 7" point 8™ point 9" point 10" point
Tsol 20 15 10 5 0 5 -10 -15 -20 -21.1
¢C)
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v 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
(mS*S-l)
Teool -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
(°C)
N (rpm) 150 150 150 150 150 150 150 150 150 150
Acryst (M) 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
m (kg) 1 1 1 1 1 1 1 1 1 1
Cps (KI*kg 'K 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
Teur (°C) 211 211 211 211 211 211 211 -21.1 -21.1 -21.1
Uoveran/ (W*m2*K-1) 3,667 3,667 3,667 3,667 3,667 3,667 3,667 3,667 3,667 3,667
t (s) 0 6.29 13.35 21.37 30.69 41.78 55.50 73.45 99.56 107.30
Table B.19: The calculations spreadsheet of the time required to cool down the solution at V=5*102 m3*s1
Title 1% point 2" point 3" point 4" point 51 point 6" point 7" point 8" point 9" point 10" point
Tsal (°C) 20 15 10 5 0 5 -10 -15 -20 -21.1
V(m*s?) 5*102 5*102 5*102 5*102 5*102 5*102 5*102 5*102 5*102 5*102
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
N (rpm) 150 150 150 150 150 150 150 150 150 150
Acryst (M) 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
m (kg) 1 1 1 1 1 1 1 1 1 1
Cps (KI*kg K™ 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
Teur (°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Uoveranl(W*m2*K1) 3,969 3,969 3,969 3,969 3,969 3,969 3,969 3,969 3,969 3,969
t (s) 0 5.80 12.31 19.71 28.29 38.51 51.13 67.64 91.57 98.65

The time required to cool down the solution is calculated by Equation 3.40. In Equation 3.40, Uoverann Which is influenced by V through a; , is the

only variable to control the cooling time of solution at different V.
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In Table B.20- B.22 the calculations spreadsheet of Figure 3.251 is shown.

Table B.20: The calculations spreadsheet of the time required to cool down the solution at N=50 rpm

Title 1%t point 2" point 3" point 4" point 51 point 6™ point 7" point 8" point 9" point 10" point
Tsa I°C 20 15 10 5 0 -5 -10 -15 -20 -21.1
V(m*st) 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
N (rpm) 50 50 50 50 50 50 50 50 50 50
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
Acryst (M) 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
m (kg) 1 1 1 1 1 1 1 1 1 1
Cps (KI*kgT'KY) 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
Teut (°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Uoveran/(W*m2*K'1) 2,247 2,247 2,247 2,247 2,247 2,247 2,247 2,247 2,247 2,247
t (s) 0 10.03 21.25 33.97 48.66 66.04 87.3 114.79 153.56 164.7
Table B.21: The calculations spreadsheet of the time required to cool down the solution at N=100 rpm
Title 1% point 2" point 3 point 4™ point 5 point 6™ point 7™ point 8™ point 9™ point 10™ point
Tso1 (°C) 20 15 10 5 0 5 -10 -15 -20 21.1
V(m3*s?) 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
N (rpm) 100 100 100 100 100 100 100 100 100 100
Teoot (°C) -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
Acryst (M) 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
m (kg) 1 1 1 1 1 1 1 1 1 1
Cps (kJ*kgT"KY) 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
Teut (°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
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Uoveral/ (W*m*K) 2322 2322 2322 2322 2322 2322 2322 2322 2322 2322

t(s) 0 9.81 20.79 33.3 47.7 64.8 85.84 113 152.2 163.60

Table B.22: The calculations spreadsheet of the time required to cool down the solution at N=150 rpm

Title 1t point 2" point 3 point 4" point 51 point 6" point 7" point 8" point 9" point 10" point
Teol (°C) 20 15 10 5 0 5 -10 -15 -20 211
V(m3*s?) 1073 1073 1073 1073 1073 1073 1073 1073 1073 1073
N (rpm) 150 150 150 150 150 150 150 150 150 150
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30 -30 -30
Acryst (M) 1072 1072 1072 1072 1072 1072 1072 1072 1072 1072
m (kg) 1 1 1 1 1 1 1 1 1 1
Cps (kJ*kgT"KY) 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
Teut (°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Uoveran(W*m2*K-1) 2,357 2,357 2,357 2,357 2,357 2,357 2,357 2,357 2,357 2,357
t(s) 0 9.93 21.1 33.8 48.6 66.2 88.3 117.4 160.6 173.6

In Equation 3.40, the time required to cool down the solution is influenced by Ps and Uoveran . Ps is calculated based on Equation B.1 as a function

of N. Uoveran is calculated by Equation 3.18 and as a function of a, which is calculated according to Equation 3.33 and as a function of N.
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B.2 Calculations In Crystalizing Condition

In Table B.23 the calculations spreadsheet of Figure 3.26 is shown.

Table B.23: The calculations spreadsheet of the solution physical properties as a function of ice mass fraction

Title 1% point 2" point 3 point 4" point 51 point 6" point 7" point 8" point

b 0 0.05 0.1 0.15 0.2 0.3 0.4 05
pi (Kg*m3) 917 917 917 917 917 917 917 917

ps (Kg*m?) 1,089 1,089 1,089 1,089 1,089 1,089 1,089 1,089
psi (Kg*m3) 1089 1,079 1,069 1,059 1,050 1,031 1,013 996
b, 0 0.06 0.12 0.17 0.23 0.34 0.44 0.54
Zi (W*mi*K1) 2.22 2.22 2.22 2.22 2.22 2.22 2.22 2.22
As (W*m*K-L) 0.48 0.48 0.48 0.48 0.48 0.48 0.48 0.48
sl (W*m*K1) 0.48 0.53 0.583 0.64 0.69 0.81 0.94 1.09
s (cp) 4.34 4.34 4.342 4.34 4.34 4.34 4.34 4.34

st (Cp) 434 5.15 6.27 7.73 9.63 16.17 35.85 120.42
Cpi (kI*kgT"K?) 2.32 2.32 2.32 2.32 2.32 2.32 2.32 2.32
Cps (KI*kg'KY) 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10
Cpst (KI*kg "KL 3.10 3.06 3.03 2.99 2.95 2.87 2.79 271

In Table B.21, ¢,, is calculated by Equation 3.42, pg; by Equation 3.43, ¢,, by Equation 3.45, s by Equation 3.46, s by Equation 3.50 and cps
by Equation 3.48.
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In Table A.2.24 the calculations spreadsheet of Figure 3.27 is shown.

Table B.24: The calculations spreadsheet of the Reynolds number, Prandtl number, Nusselt number solution heat transfer coefficient and overall
heat transfer coefficient as a function of ice mass fraction

Title 1% point 2" point 39 point 4" point 51 point 6" point 7" point 8" point

b 0 0.05 0.1 0.15 0.2 0.3 04 05

N (rpm) 150 150 150 150 150 150 150 150
V(m3*s 1) 1073 1073 1073 1073 1073 1072 1073 1073

Req 271,376 226,600 184,417 148,198 117,866 68,994 30,564 8,943

Pry 27.79 29.62 3253 36.30 41.05 57.15 105.89 298.55
NUs 2,814.4 2588.57 2367.31 2,159.85 1,966.8 1,600.6 1,210.9 820.27

@ g (W*m2*K-1) 13,125 13,268 13,281 13,215 13,084 12,494 11,004 8,630
U'overall(W*m2*K-1) 2,117 2,121 2,121 2,120 2,116 2,100 2,053 1,953

In Table B.24, ¢,, is calculated by Equation 3.32, Reg by Equation 3.53, Prs by Equation 3.22, Nus by Equation 3.55, ag; by Equation 3.56 and
U'overanl by Equation 3.57.

In Table A.2.25, the calculations spreadsheet of Figure 3.28 is given.

Table B.25: The calculations spreadsheet of the heat flux from the coolant to the solution, the scraper power consumption and the slurry enthalpy
as a function of the ice mass fraction.

Title 1% point 2" point 3 point 4™ point 5™ point 6™ point 7" point 8™ point
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b 0 0.05 0.1 0.15 0.2 0.3 0.4 0.5
N (rpm) 150 150 150 150 150 150 150 150
psi (Kg*m-3) 1089 1,079 1,069 1,059 1,050 1,031 1,013 996
Ne 5 5 5 5 5 5 5 5
ds (m) 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2 %1072
V(me*s) 1073 1073 1073 1073 1073 1073 1073 1073
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur(°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
U'overan(W*mr2*K-1) 2,117 2,121 2,122 2,120 2,117 2,101 2,054 1,953
Hrs (3%g) 50 50 50 50 50 50 50 50
Hri (O*g™) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Qcool(W) 283.22 283.63 283.67 283.48 283.11 281.34 276.17 264.95
Ps (W) 58.83 58.28 57.74 57.21 56.70 55.69 54.71 53.77
Hrs (3%g™) -50 -65.72 -81.45 -97.17 -112.9 -144.35 -175.8 -207.25
In Table B.25, Q.,,, is calculated by Equation 3.38 at the eutectic temperature, Ps by Equation B.1 and Hrs by Equation 3.47.
B.3 Effect of coolant temperature, coolant volumetric flow rate and scraper rotational speed on ice production
In Table B.26- B.29, the calculations spreadsheet of Figure 3.29 is shown.
Table B.26: The time required to produce various amounts of ice crystals at Tcoo=-30°C
Title 1% point 2" point 3" point 4" point 5™ point 6" point 7" point 8" point
me (9) 0 50 100 150 200 300 400 500
me (9) 1000 1000 1000 1000 1000 1000 1000 1000
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Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
N (rpm) 150 150 150 150 150 150 150 150
psi (Kg*m3) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2 %1072 2%1072 2 %1072 2%1072 2%1072 2% 1072 2%1072 2%1072
V(me*s) 1073 1073 1073 1073 1073 1073 1073 1073
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
U'overanl(W*m2*K-L) 2120 2120 2120 2120 2120 2120 2120 2120
Teur(°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Qcool(W) 279.94 279.94 279.94 279.94 279.94 279.94 279.94 279.94
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
Hrs (I*g) 50 50 50 50 50 50 50 50
Hri (J*gY) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
t (s) 0 7.36 18.23 32.63 50.55 96.95 157.43 232
Table B.27: the time required to produce various amounts of ice crystals at Tcoo=-29°C
Title 1% point 2" point 3" point 4" point 5t point 6" point 7" point 8" point
me (9) 0 50 100 150 200 300 400 500
me (9) 1000 1000 1000 1000 1000 1000 1000 1000
Teool (°C) -29 -29 -29 -29 -29 -29 -29 -29
N (rpm) 150 150 150 150 150 150 150 150
pa (kg*m™d) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072
V(me*s?) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
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Alm? 1072 1072 1072 1072 1072 1072 1072 1072
U overanll (W*m2*K-2) 2120 2120 2120 2120 2120 2120 2120 2120
Teur(°C) -21.1 211 -21.1 211 -21.1 -21.1 -21.1 -21.1
Hrs (J*g) 50 50 50 50 50 50 50 50
Hri (0*g™) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Qcoot(W) 257.87 257.87 257.87 257.87 257.87 257.87 257.87 257.87
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
t (s) 0 8.56 21.227 37.98 58.84 112.85 183.24 270.03
Table B.28: The time required to produce various amounts of ice crystals at Tcoo1=-28°C.
Title 1t point 2" point 3" point 4" point 5™ point 6" point 7" point 8" point
me (9) 0 50 100 150 200 300 400 500
m (9) 1000 1000 1000 1000 1000 1000 1000 1000
Teool (°C) -28 -28 -28 -28 -28 -28 -28 -28
N (rpm) 150 150 150 150 150 150 150 150
ps (Kg*m3) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072
V(mP*s) 1073 1073 1073 1073 1073 1073 1073 1073
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
U overanl(W*m2*K-1) 2120 2120 2120 2120 2120 2120 2120 2120
Teur(°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Qco01(W) 225.23 225.23 225.23 225.23 225.23 225.23 225.23 225.23
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
Hrs (J*g™) 50 50 50 50 50 50 50 50
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Hei (3*g™) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
t (s) 0 10.24 25.39 45.43 70.38 134.97 219.17 322.98

Table B.29: The time required to produce various amounts of ice crystals at Tcoo=-27°C.

Title 1% point 2" point 3" point 4" point 51 point 6" point 7" point 8" point
m. (0) 0 50 100 150 200 300 400 500

m (g) 1000 1000 1000 1000 1000 1000 1000 1000
Teool (°C) -27 -27 -27 -27 -27 -27 -27 -27

N /rpm 150 150 150 150 150 150 150 150

pst (Kg*m?) 1048 1048 1048 1048 1048 1048 1048 1048

Ne 5 5 5 5 5 5 5 5

ds (m) 2%1072 2 %1072 2 %1072 2 %1072 2 %1072 2 %1072 2%1072 2%1072
V(m3*s) 1073 1073 1073 1073 1073 1073 1073 1073

A (m?) 1072 1072 1072 1072 1072 1072 1072 1072

U overan(W*m2+K-1) 2120 2120 2120 2120 2120 2120 2120 2120
Teur(°C) 211 211 211 211 211 -21.1 -21.1 -21.1

Q oot (W) 192,58 192.58 192.58 192.58 192.58 192.58 192.58 192.58
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
Hrs (3*g79) 50 50 50 50 50 50 50 50

Hri (3%g7) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
t(s) 0 12.74 31.58 56.51 87.54 167.89 272.63 401.75

In Table B.26- B.29, the time required to produce the specific amounts of ice crystals is calculated at different Tcool by Equation 3.63. In Equation

3.63, 0., is calculated by Equation 3.38 at the eutectic temperature and Ps by Equation A.2.1. Also, U overail is computed by Equation 3.57.
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In Table A.2.30-A.2.33, the calculations spreadsheet of Figure 3.30 is shown.

Table B.30: Time required to produce various amounts of ice crystals at V=10"3m3*s!

Title 1% point 2" point 3" point 4" point 51 point 6" point 7" point 8" point
me (g) 0 50 100 150 200 300 400 500
m (g) 1000 1000 1000 1000 1000 1000 1000 1000
V(m3*s?) 1073 1073 1073 1073 1073 1073 1073 1073
N (rpm) 150 150 150 150 150 150 150 150
ps (Kg*m-?) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2 %1072 2 %1072 2% 1072 2% 1072 2 %1072 2 %1072 2 %1072 2 %1072
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur (°C) 211 211 211 211 211 21.1 21.1 -21.1
Hii (I%gL) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hrs (J*g) 50 50 50 50 50 50 50 50
oo (WHM 2K 5549 5549 5549 5549 5549 5549 5549 5549
U overan(W*m2*K-1) 2357 2357 2357 2357 2357 2357 2357 2357
Qcoor(W) 304.73 304.73 304.73 304.73 304.73 304.73 304.73 304.73
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
t(s) 0 7.36 18.23 32.63 50.55 96.95 157.43 232
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Title 1% point 2" point 39 point 4" point 51 point 6" point 7" point 8" point
m. (g) 0 50 100 150 200 300 400 500
me (9) 1000 1000 1000 1000 1000 1000 1000 1000
V(me*s?) 5+1073 5%1073 5%1073 51073 5%1073 5%1073 51073 51073
N (rpm) 150 150 150 150 150 150 150 150
pst (Kg*m3) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2 %1072 2%1072 2%1072 2 %1072 2 %1072 2%1072 2%1072 2%1072
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur (°C) 211 211 211 211 211 211 211 211
Hri (I%gY) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hrs (3%0L) 50 50 50 50 50 50 50 50
oo (WHM2K-1) 20111 20111 20111 20111 20111 20111 20111 20111
U overati(W*Mr2*K-1) 3404 3404 3404 3404 3404 3404 3404 3404
Qcoot(W) 440.1 440.1 440.1 440.1 440.1 440.1 440.1 440.1
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
t(s) 0 4.92 12.20 21.84 33.84 64.89 105.38 155.29
Table B.32: The time required to produce various amounts of ice crystals at V=0.01 m®*s
Title 1% point 2" point 3 point 4™ point 5™ point 6" point 7" point 8™ point
me (0) 0 50 100 150 200 300 400 500
m¢ (g) 1000 1000 1000 1000 1000 1000 1000 1000
V(m*s) 1072 1072 1072 1072 1072 1072 1072 1072
N (rpm) 150 150 150 150 150 150 150 150
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psi (Kg*m™®) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2%1072 2%1072 2 %1072 2%1072 2%1072 2%1072 2%1072 2%1072
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur (°C) -21.1 211 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Hri (3*gY) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hrs (J*g%) 50 50 50 50 50 50 50 50
Qoo (WHM2XKL) 35016 35016 35016 35016 35016 35016 35016 35016
U overanl(W*m2*K-1) 3,668 3,668 3,668 3,668 3,668 3,668 3,668 3,668
Qco0t(W) 474.23 474.23 474.23 474.23 474.23 474.23 474.23 474.23
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
t (s) 0 4.56 11.30 20.23 31.33 60.09 97.58 143.80
Table B. 33: The time required to produce various amounts of ice crystals at V=0.05 m3*s!
Title 1t point 2" point 3" point 4" point 5™ point 6" point 7" point 8" point
me (9) 0 50 100 150 200 300 400 500
me (9) 1000 1000 1000 1000 1000 1000 1000 1000
V(me*s) 5*1072 5*1072 5*1072 5*1072 5*1072 5*1072 5*1072 5*1072
N (rpm) 150 150 150 150 150 150 150 150
psi (Kg*m™®) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5
ds (m) 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072
A (m?) 1072 1072 1072 1072 1072 1072 1072 1072
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-30 -30

Teool (°C) -30 -30 -30 -30 -30 -30
Teur (°C) 21.1 211 211 21.1 21.1 211 211 211
Hr (3% 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hes (3% 50 50 50 50 50 50 50 50
Qo WAIZ*K L 126896 126896 126896 126896 126896 126896 126896 126896
U overal(W*m2*K-1) 3969 3969 3969 3969 3969 3969 3969 3969
Ocoor(W) 513.14 513.14 513.14 513.14 513.14 513.14 513.14 513.14
P, (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
t(s) 0 4.21 10.44 18.68 28.94 55.50 90.12 132.8

In Table B.30- B.33, the time required to produce the specific amounts of ice crystals is calculated at different V by Equation 3.63. In Equation

3.63, Q... is calculated by Equation 3.38 at the eutectic temperature and Ps by Equation B.1. Also, U overan is computed by Equation 3.57.

In Table B.34- B.36, the calculations spreadsheet of Figure 3.31 is shown.

Table B.34: The time required to produce various amounts of ice crystals at N=150 rpm
6" point 7" point 8" point

Title 1% point 2" point 39 point 4" point 5t point
me (g) 0 50 100 150 200 300 400 500
m: (g) 1000 1000 1000 1000 1000 1000 1000 1000
N (rpm) 150 150 150 150 150 150 150 150
V(m*s?) 107° 1073 1073 1073 1073 1073 1073 1073
ps (Kg*m?) 1048 1048 1048 1048 1048 1048 1048 1048

149



Ne 5 5 5 5 5 5 5 5
ds (M) 2 %1072 2 %1072 2 %1072 2 %1072 2 %1072 2 %1072 2% 1072 2 %1072
A (m?) 1072 1072 10-2 102 1072 1072 1072 1072
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur (°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Hri (3*gY) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hrs (3*g%) 50 50 50 50 50 50 50 50
Qeoor (W*MZ*KL) 5,549 5,549 5,549 5,549 5,549 5,549 5,549 5,549
g (W*m2*K-t) 35016 35016 35016 35016 35016 35016 35016 35016
U overall (W*m2*K?) 2,357 2,357 2,357 2,357 2,357 2,357 2,357 2,357
Qcoor(W) 474.23 474.23 474.23 474.23 474.23 474.23 474.23 474.23
Ps (W) 56.62 56.62 56.62 56.62 56.62 56.62 56.62 56.62
t(s) 0 7.36 18.23 32.63 50.55 96.95 157.43 232
Table B.35: The time required to produce various amounts of ice crystals at N=100 rpm
Title 1%t point 2" point 3 point 4" point 5™ point 6" point 7" point 8" point
me () 0 50 100 150 200 300 400 500
me () 1000 1000 1000 1000 1000 1000 1000 1000
N (rpm) 100 100 100 100 100 100 100 100
V(m**s?) 1073 1073 1073 1073 1073 1073 1073 1073
ps (Kg*m™) 1048 1048 1048 1048 1048 1048 1048 1048
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Ne 5 5 5 5 5 5 5 5
ds (m) 2 %1072 2 %1072 2%1072 2%1072 2%1072 2%1072 2%1072 2%1072
A () 1072 1072 1072 1072 1072 1072 1072 1072
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur (°C) -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1 -21.1
Hr (I*g™) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hrs (3%g™) 50 50 50 50 50 50 50 50
Qoo (WHM2*K) 5,549 5,549 5,549 5,549 5,549 5,549 5,549 5,549
g (W*m2*K1) 28902 28902 28902 28902 28902 28902 28902 28902
U’overan(W*m2*K-1) 2,322 2,322 2,322 2,322 2,322 2,322 2,322 2,322
Qcoor(W) 300.20 300.20 300.20 300.20 300.20 300.20 300.20 300.20
Ps (W) 16.77 16.77 16.77 16.77 16.77 16.77 16.77 16.77
t (s) 0 6.489 16.08 28.78 44.59 85.51 138.86 204.63
Table B.36: The time required to produce various amounts of ice crystals at N=50 rpm
Title 1% point 2" point 39 point 4" point 5t point 6" point 7" point 8" point
me (9) 0 50 100 150 200 300 400 500
me (9) 1000 1000 1000 1000 1000 1000 1000 1000
N (rpm) 50 50 50 50 50 50 50 50
V(m3*s?) 1073 1073 1073 1073 1073 1073 1073 1073
ps (Kg*m) 1048 1048 1048 1048 1048 1048 1048 1048
Ne 5 5 5 5 5 5 5 5



ds (m) 2x1072 2%1072 2x1072 2x1072 2%1072 2%1072 2x1072 2%1072

A (m?) 1072 1072 102 1072 1072 1072 1072 1072
Teool (°C) -30 -30 -30 -30 -30 -30 -30 -30
Teur (°C) -21.1 211 211 211 211 211 211 211
Hri (J*g?) 364.5 364.5 364.5 364.5 364.5 364.5 364.5 364.5
Hrs (I%gY) 50 50 50 50 50 50 50 50
Qoo (WFM2HKY) 5,549 5,549 5,549 5,549 5,549 5,549 5,549 5,549
g (WHm2*K-1) 20,437 20,437 20,437 20,437 20,437 20,437 20,437 20,437
U overan (WM 2*K-1) 2,247 2,247 2,247 2,247 2,247 2,247 2,247 2,247
Qoo (W) 290.51 290.51 290.51 290.51 290.51 290.51 29051 290.51
P, (W) 2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10
t(s) 0 6.65 16.48 29.50 45.69 87.63 142.30 209.69

In Table B.33- B.35, the time required to produce the specific amounts of ice crystals is calculated at different N by Equation 3.63. In Equation

3.63, Q.. is calculated by Equation 3.38 at the eutectic temperature and Ps by Equation B.1. Also, U overan is computed by Equation 3.57.
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