Addis Ababa University

Addis Ababa Institute of Technology

School of Graduate Students
School of Mechanical and Industrial Engineering

Thermal Engineering stream

Transient Computational Model of Ice Slab Formation

Using Solar PV System for Milk Cooling

A thesis submitted to the school of Graduate Studies of Addis Ababa
University in partial fulfilment of the requirements of the Degree of

Masters of Science in Mechanical Engineering (Thermal)

By
Ayele Mengist Semane
Advisor: Dr. Ing. Demiss Alemu

Addis Ababa, Ethiopia

July 2020




Declaration
This is to certify that the thesis presented by Ayele mengist semane, titled as
“Transient computational model of ice slab formation using solar PV system for milk
cooling” and submitted to the School of Mechanical and Industrial Engineering in the
partial fulfillment of the requirements for the award of the degree of masters of science in
Thermal Engineering with the regulations of the university, and meet accepted standards

with respect to originality and quality.

Avyele mengist semane

Name Signature Date

This thesis has been submitted for examination with approval as a university advisor.

Dr. Ing. Demiss Alemu (Ph.D.)

Advisor Signature Date



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

Addis Ababa University
Addis Ababa Institute of Technology
School of Mechanical and Industrial Engineering
School of Graduates Students
Transient computational model of ice slab formation using solar PV system
for milk cooling
By
Ayele mengist semane

Approved by Board of Examiners

Dr. Ing. Demiss Alemu

Advisor Signature Date

Dr. Tilahun Nigussie

Internal Examiner Signature Date

Dr. Yilma Taddese

External Examiner Signature Date

Dr. Yilma Taddese

Dean of SMIE Signature Date

Dr. Ermias Tesfaye

Director of Post Graduate Program Signature Date

Addis Ababa Institution of Technology, SMIE



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

TABLES OF CONTENT

TABLES OF CONTENT ..ottt nraana s ii
LIST OF TABLES ...t bbb viii
LIST OF FIGURES ..ottt bbbttt IX
NOMENCLATURE ...ttt sttt nnesbeaneene e Xi
ACRONYMS ..ottt et e s e e s e et e bestesneaneera et eneens xiii
ACKNOWLEDGMENT ..ottt sttt Xiv
ABSTRACT .ottt ettt bbbt e bt b ettt bbb bt nees XV
CHAPTER ONE: INTRODUCTION ......iiitiieieieieie et 1
00 O 101 1 oo [F o 1 o] o USSR 1
1.2.  Background and Justification of the Study ............ccocviiiiiiiiiiiee, 2
1.3.  Over View of Ice Formation Using PV System and Milk Cooling ............c..cc.c....... 4

1.3.1 Different Techniques of Ice Formation System ...........ccccvevveviiiieiieece e 4

1.3.2 Rural Milk CooliNg SYStEM......ccciiiiiiieie e 4
IS ¥ [0 £ Y Ui o] USSR 5
1.5, Problem STatemMeNt.........cooioiiiieiieceee e 6
1.6. Objective of the RESEAICH ........cciiiiiiii 7

1.6.1 General ODJECHIVE. ......ccvi et 7

1.6.2 Specific Objectives of the Research...........cccccooveviiiii i 7
1.7 Significance of the RESEarch..........ccccoviiiiiiic i 7
1.8  Scope of the ReSEArch StUY.........cccciiiiiiiiiicee e 7
1.9  Methodology of the RESEAICH ........ccoiiiiiiiiic 8

1.9.1 Literature Survey, Data Collation and Computational Modeling .............ccc........ 8

Addis Ababa Institution of Technology, SMIE



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

1.9.2 ReSUIt aNd DISCUSSION ....c.veviiiiiiiiiiieiieieie ettt bbb 8
1.9.3 Conclusion and ReCOMMENUALION........cccoriririiiiiiierieee e 8
1.10. Limitations Of the RESEAICN .........ccooiiiiiiieece s 9
1.11. Layout Of the RESEAICH ........cciiiiiieiieie et 9
CHAPTER TWO ...ttt ettt ettt et sneana e s s e nes 10
2. LITErature REVIEW......cviiiieiieiti sttt bbbt 10
P20 R 1011 7o [FTox {To] o OO PR RS RTPP 10
2.2 Thermal Energy Storage (TES) SYSIEM.......ccoooiiiiiiiiiiieiccee e 10
2.3 Thermal Energy Storage ProCess STEPS ......ccoieiiriririnieieie e 10
2.3.1 Latent and Sensible Heat Storage SYStEMS .........cccviiiirieiieieiescseseseeee e, 11
2.4  Materials for Phase Change Process (PCM) .......cccooveieiiiiiiiieie e 12
2.4.1 Classification of (PCM) Phase Change Material Process..........cccccevvvvvevvenenne. 13
2.5 Transient Heat Transfer Numerical Formulation...........ccocoveviiiiieiiiinincenn, 13
2.5.1 Forward Difference (Explicit Formulation) ...........ccocoovviiiiiineiiceee, 13
2.5.2 Backward Difference (Implicit Formulation) ...........ccooviiiiiinniiceee, 15
2.6 Refrigeration SYSIEIM .........ccoiiiiiiiiiie e 15
2.6.1 Solar DC Compression Refrigeration SyStem...........ccccccovevviieiieiecve e 16
2.6.2 Solar DC Compression Refrigerator with Ice Storage...........cccoovevveveiicieeinenne. 17
2.6.3 Principle of Solar PV Ice FOrmation SYStem .........c.cocvvieviieiinenineneseeeeeeen, 18
2.7  Related Literatures Studied iN ThiS Ar€a........cccceoerieiiiieiie e 18
2.7.1 Summary Of Previous WOTKS .........ccoouiiiiiiiiiesese e 23
CHAPTER THREE ..ottt 26
3 Details Arrangement and Mathematical Modeling of PV Cell.............cccccovenn. 26
T8 A {1 0T L1 T £ o] o SR 26
3.2 PV Panel Arrangement and Power Generating PrinCiple ..........c.ccocooninnniennn 26
3.2.1 Photovoltaic Cell Arrangement.........cocvieieiiieieie s 26

Addis Ababa Institution of Technology, SMIE



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

3.2.2 Photovoltaic Module Arrangement...........cecveeereeresrieieese e ee e 27
3.2.3 Photovoltaic Array Arrangement .........ccovveiueiieereeiesieseesie e e e eee e e esee s 27
3.3  Mathematical Modeling of Solar Photovoltaic Panel .............ccccoveiiiiiiniice 27
3.3.1 EQUIVAIENT CHIICUIT ...t 27
3.3.2 Modeling of Solar Photovoltaic Cell............ccccoeiieiiiiiiicccceee e 28
3.3.3 Mathematical Modeling of Photovoltaic Module .............ccccoeiieiiiiecceiece 31
3.3.4 Mathematical Modeling of PhotovoltaiC Array .........c.ccceveveiencneninieeee, 32
CHAPTER FOUR ..ottt ettt sttt ne e nee s 35
4. METHODOLOGY OF THE RESEARCH........cccoiiiiiiieeee e 35
O A 1011 oo [N £ o] o USSR 35
4.2 Co0liNg SYStEM DESIGN......cciiiiiiieiieieite et ens 35
4.2.1 Milk and Slab Ice Storage Tank CONStrUCION .........ccceveiieieniiiniiirceeeee, 35
4.2.2 Milk and Slab Ice Storage Tank Sizing..........cccoviiiiiiiieieic e, 36
4.2.3 Milk Tank Transmission Load EStimMation...........ccccocevvveneninenineseneeeee, 36
4.2.4 Thermal EXpansion Of Water ...........cccoeiiiieiiiie e 41

4.3  Mathematical Modeling of PCM Solidification and Melting with Solving Methods

43

4.3.1 Fixed Grid (Enthalpy) Method.........ccoeiiiiiiiiiiiiceee e, 46
4.3.1.1 Modeling of Transient Nodal Temperature Distribution of Water.............. 51
4.3.1.2 Solid Liquid Phase Interface Location Modeling ...........ccccccevvveveiiinieennenne. 56
4.3.2 Moving Mesh (Backward Difference) Method...........cccccccoveiiiiiiiccicic e 58
4.4  Ice Refrigeration Load EStIMation...........ccccccveiieiiiiiiecic e 62
4.4.1 Ice Tank Transmission Load EStIMatioN.........ccccevviverieiiieieenesie s 62
4.4.2 Ice Product Cooling Load EStIMAtion ...........ccccevviiriiiiniiiene e, 64
4.4.3 Ice Tank Material Cooling Load EStimation.............cccceevveiiiciie e 65
444 INFIration LOAA .....ccvoiiiiiiiie et 66
4.4.5 FaCtor OF SATELY ......ooveiiiieiiiie e 66
4.5  Estimate Solar Radiation of the SIte.........cccccevieii i 67
4.5.1 Declination ANGIE .....cooiiiiiie s 67
4.5.2 Solar and Sunset HOUr ANQGIE .....cc.oiiiiiiieieccc e 68

Addis Ababa Institution of Technology, SMIE



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

4.5.3 Extrattersterial Radiation...........ccccoveiieriiiieiieie e 69
4.5.4 Clearness INUEX .......cveiieiieiieiieie ettt nre e enes 69
4.5.5 Hourly Diffuse Solar Radiation Calculation ..............ccccccvvviiiiiie e, 69
4.5.6 Hourly Horizontal Solar Radiation Calculation.............cccccoovveviiiiieie e, 70
4.5.7 Hourly Beam Solar Radiation Calculation.............ccccecvvveiieieiiesiece e 70
4.5.8 Hourly Solar Radiation Calculation on a Tilted PV Surface .........c.cccccccovvennne. 70
4.5.9 Daily Tilted Solar Radiation Calculation ............ccccooeiiiiieninceee, 71
4.6  Solar PV Module SYStEM SIZING ....ccoeiiiiieiiieieie s 71
4.6.1 Photovoltaic Panel Types and Material Selection Criteria.............ccccceevvevivenenne. 72
4.6.2 Calculate the Total Power Demand and the Number of PV Panels.................... 75
CHAPTER FIVE ..ottt e e et e e e a e e nea e 77
5. REFRIGERATOR COMPONENT SELECTION AND DESIGN .......cccccccvveneee. 77
o700 A {11 (0T [T £ o] o PSSR 77
5.2  DC Compressor SEIECLION.........ccviieieeiecie sttt 77

5.2.1 Technical Data Sheet of CASCADE17-0244Y3 VSDC Compressor and Control
Unit 78

5.2.2 Evaporator and Condenser Temperature Selection.............ccccveviiiiininieinnnn, 80
5.2.3 Refrigerator Evaporator Equipment Selection and DeSign ..........ccccceevvevivenenne. 81
5.2.4 Refrigerator Condenser Equipment Selection and Design...........ccccceeveevvennenne. 88
5.2.5 Refrigerator Capillary Tube Equipment Selection and Design.............c.cccocuve.... 93
5.3  Energy Balance of the PV Module ...t 93
5.3.1 Over All Energy Balance of the Refrigeration System..........ccccocviniiniinninnnn, 94
5.3.2 Hourly Ice SIab TEMPEratUre .........cceeiieiie et 9
5.3.3 Milk Temperature Variation during Night ............ccccoeeiiiiiiiiiie e 9

5.4  Cooling capacity By Using CASCADE17-0244Y 3 Compressor Performance

Equation and Performance Coefficient ValUes...........coevveveiie v 95
55 Part and Assembly Geometrical Modeling of the System ...........ccccociiniiiiennn 98

5.5.1 Part DIAWING ..oveiviiiiiiieiieieiee ettt bbbttt bbbt 98
CHAPTER SIX .ottt bttt eb s 100

Addis Ababa Institution of Technology, SMIE



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

6. RESUIt N DISCUSSION .....couviniiieitisiesicsieeie ettt 100

6.1  INTFOAUCTION ..ottt bbb 100

6.2  Mat-Lab Simulation Results for Transient Ice Crystal Formation ....................... 100
6.2.1 Mat-Lab Simulation Results of Nodal Temperature Distribution of Water and
Ice Crystal Growth With TIME.......cccoiiiiiiicee e 100

6.3  Performance Analysis of Slab Ice Formation Using Solar PV System at Semeral05
6.3.1 Mat-Lab Simulation Result for Performance Analysis of Solar Radiation and

Electrical ENErgy OULPUL.........c.oiiiiiiiieicee e 105

6.3.2 Performance Analysis of Water Temperature and Ice Formation..................... 110

6.3.3 Monthly Average Hourly COP and Ice Formation Percentage .............c......... 116
6.4  Validation of the computational reSult.............c.ccevi i, 118
CHAPTER SEVEN ..ottt sttt 119
7. Conclusion and ReCOMMENUAtION ........cccveieiieriiiie e 119
7% A 0 0] 1 [ o USSR 119
7.2 RECOMMENTALION ....ovoviiiiiieiie ettt sttt 119
RETEIBNCES ...ttt sttt bbb ae s 121
e o o = N ] SRRSO Ci
Appendix-A: Thermophysical properties of water, ice and R-134a..........cccccooceveninvrnnnn. Ci

Appendix-B: Performance Coefficients (24V) - CASCADE17-0244Y3 VSDC ARI HBP

ciii

Appendix-C: Performance equation of 24V CASCADE17-0244Y3 compressor at ARI
(= o (=T o0 o [ oo SRS civ

Appendix-C: 2D view of SyStem major COMPONENTS ........c.erververeririeieienie e sie e civ

Addis Ababa Institution of Technology, SMIE

Vi



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

Appendix — D: Mat-lab code developed to model monthly average hourly solar radiation,
PV surface temperature, electrical energy output, nodal temperature distribution of water,

ice crystal formation with time, COP of the system and percentage of ice formation ...cviii

Addis Ababa Institution of Technology, SMIE Vil



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

LIST OF TABLES
Table 4-1. Milk storage tank surface specification with thermal conductivity .............cc.ccoovvennnnn. 39
Table 4-2. Storage tank material Size and ProPErties.........cevviiveiiiiiiieeie s 66
Table 4-3. Recommended average day of month and value of n by month within a year. ............ 68

Table 4-4. Electrical, mechanical and temperature characteristics of AS-6M24 PV at STC. ........ 73

Table 5-1. Compressor cooling capacity (W) for 24V at ARI -HBP test condition....................... 78
Table 5-2 Compressor power consumption (W) for (24V) at ARI -HBP test condition................ 79
Table 5-3: Compressor Current consumption (Amp) for (24V) at ARI -HBP test condition........ 79
Table 5-4: CASCADE17-0244Y3 Compressor optional fixed resistor speed table....................... 79
Table 5-5: properties of R-134a with —7°C evaporator temperature at State One.............cccceevenee. 81
Table 5-6: Technical specification of the selected evaporator Copper tube............ccocovvrererienne. 82
Table 5-7: Thermophysical properties of saturated liquid R -134a at evaporator temperature —7°C
........................................................................................................................................................ 84
Table 5-8: Thermophysical properties of saturated vapour R 134a at evaporator temperature —7°C
........................................................................................................................................................ 84
Table 5-9: Technical specification of the selected condenser LC Steel tube ..........ccccevvrveviennnnee. 88
Table 5-10: Thermophysical properties of saturated liquid R -134a at condenser temperature 49°C
........................................................................................................................................................ 90
Table 5-11: Thermophysical properties of air at outside condenser temperature 37°C.................. 92
Table 5-12. Performance Coefficients (24V) - CASCADE17-0244Y3 VSDC ARI HBP............. 95
Table 6-1. Cop of the system using compressor specification tabulated values ..............c........... 118

Addis Ababa Institution of Technology, SMIE

viii



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

LIST of FIGURES
Figure 2-1. The three processes in a general thermal energy storage SyStem.........ccccoovvvrerennennen. 11
Figure 2-2 Classification of thermal energy storage based on the state of energy storage material
[LAT oottt ettt ettt ettt ettt ettt 11
Figure 2-3. Classification of PCM solidification process [Source, [15]]. ....c.ccccevviiiirininerennenen. 13
Figure 2-4 Schematic of node at plane SUrfacCe...........cccocveiiie i 14
Figure 2-5. Schematic Diagram of a Solar PV Powered DC Refrigerator [Source, [17]].............. 16
Figure 2-6 Diagram of solar refrigerator with VSDC compressor and E-W fixed tracking .......... 17
Figure 2-7 Schematic diagram of ice crystal formation with milk cooling system [[28]].............. 20
Figure 2-8 Diagram of PV ice-maker based on a DC-freezer and adaptive control [[30]] ............ 22
Figure 2-9 Schematic diagram of flooded test section of this SyStem ........c.ccccccveveiiiciinieiecnennnn, 23
Figure 2-10 Schematic of 2D section view of ice slab formation using solar PV system.............. 25
Figure 3-1. Structure of solar PhotovoltaiC Cell...........ccoviiiiiiiiiiis e 27
Figure 3-2 Solar photovoltaic system [Source, Samlexsolar, 2004] .......c.cccccveiveveviciene s, 27
Figure 3-3 General model of solar PV cell in a single diode model............c.cccoooveviiiiiniinenenne. 28
Figure 3-4 a practical single diode equivalent circuit of PV cell ..., 30
Figure 3-5 Representation of connecting Solar PV cells in series [Source, [36]] ....c..cccovvvvervennnnn. 32
Figure 3-6 Representation of connecting Solar PV cells in parallel [Source, [36]] .......cc.ccovrvennen. 32
Figure 3-7 solar cell array consists of Mp parallel branches with Ms series modules, VA applied
voltage and 1A, total current 0f the array ... e 33
Figure 4-1. Two dimensional section view of milk and ice storage tank............cccocvvrinereniennen. 37
Figure 4-2. Isometric cut view of ice storage tank and Evaporator assembly .............c.cccceevevennenn, 42
Figure 4-3. 3D view of combined milk and ice storage tank............cccccovvviiiieieeiic s, 42
Figure 4-4. Schematic of water freezing process including the evaporator .............ccccvcvrerennenen. 43
Figure 4-5. Representation of evaporator with refrigerant fluid inlet and outlet............................ 43
Figure 4-6 Water solidification in a rectangular capsule cooling from left and right surface of
WALEE TANK ... R et 44
Figure 4-7 Schematic representation of space time for two-phase Stefan problem ...................... 45
Figure 4-8 Moving boundary Positions in a fixed grid [Source, [42]] ....cccoveererniiiniinene e 46
Figure 4-9. H-T behavior with constant heat capacity and using linear expressions of the liquid
LT LT I 0 T TS SSR 48
Figure 4-10. Variation of enthalpy and effective heat capacity with temperature ...............ccc.c..... 50
Figure 4-11 schematic of 1D heat flow, node location, from evaporator position.............cccc........ 51
Figure 4-12. Two dimensional view of slab iCe tank ..o 51

Figure 4-13: ice slab tank with milk storage space nodal temperature and interface location....... 57
Addis Ababa Institution of Technology, SMIE




Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

Figure 4-14 Schematic physical model of moving mesh SysStem ..........ccccccvvvveevic i, 59
Figure 4-15. Different types of Solar Modules [SOUrce, [17]].....cccccuvvrinereneieeeeseneseseee 73
Figure 5-1. Photovoltaic panel With SUPPOITEN .........c.ciiieeie e 98
Figure 5-2. Evaporator, Condenser, Compressor and Capillary tube assembly ..............ccccocevenenn. 98
Figure 5-3. 3D drawing of slab ice storage tank with refrigerator components..............cc.cccceeveneee. 99
Figure 5-4. Assemble drawing of the whole system equUIpPMENtS ........c.cccvvvveveeeeie v, 99
Figure 6-1. Monthly average hourly nodal temperature distribution of water for August........... 102
Figure 6-2. Monthly average hourly nodal temperature distribution of water for June ............... 102

Figure 6-3. Monthly average hourly nodal temperature distribution of water for December ...... 103

Figure 6-4. Monthly average hourly slab ice crystal growth for AugUSE............ccccviviiiiicrennne. 104
Figure 6-5. Monthly average hourly slab ice crystal growth for March............c.ccccoevevviinicnnane. 104
Figure 6-6. Monthly average hourly slab ice crystal growth for December..........c..cccvvierenne. 105
Figure 6-7. Monthly average solar radiation on inclined PV surface...........cccccocvvininencncnnnn. 106
Figure 6-8. Available maximum solar radiation on inclined surface at Semera..............ccccoc.v..... 106
Figure 6-9. Available moderate solar radiation on inclined surface at Semera...........c..cc.cccenvee. 107
Figure 6-10. Available minimum solar radiation on inclined surface at Semera..........c.ccccoc.v..... 107
Figure 6-11. Hourly Electrical Energy output of the system...........cccccovvveviiiii i 108
Figure 6-12. Available maximum Electrical Energy output on inclined surface at Semera ........ 108
Figure 6-13. Available moderate Electrical Energy output on inclined surface at Semera.......... 109
Figure 6-14. Available minimum Electrical Energy output on inclined surface at Semera.......... 109
Figure 6-15. Monthly average Hourly Photovoltaic panel surface temperature..............ccccoeuve.ee. 110
Figure 6-16. Monthly average hourly nodal temperature output of tank water...............ccccocv...e. 111
Figure 6-17. Monthly average hourly nodal temperature of water with maximum variation of

solidus and lHQUIAUS tEMPEIALUIE .........coviitiieerie et sre st sre s te et sreere e besaeenrenre e 112
Figure 6-18. Average water temperature output of highly performed months at Semera............ 112
Figure 6-19. Average water temperature output of moderately performed months..................... 113
Figure 6-20. Average water temperature output of less performed months at Semera................. 113
Figure 6-21. Monthly average hourly slab ice crystal growth...........cccccooviiiiiiniiiicee 114
Figure 6-22. Average slab ice crystal growth of highly performed months at Semera................. 115
Figure 6-23. Average slab ice crystal growth of moderately performed months at Semera......... 115
Figure 6-24. Average slab ice crystal growth of less performed months at Semera..................... 116
Figure 6-25. Monthly Average Hourly Percentage of Ice Crystal Formation.............cccceeennee. 117
Figure 6-26. Monthly average hourly coefficient of performance of the system............c.ccccev... 117
Figure 6-27. Monthly average hourly coefficient of performance for constant cooling .............. 118

Addis Ababa Institution of Technology, SMIE



Transient computational model of ice slab formation using solar PV system for milk cooling

Lt

f(T)
QL

St

X(t)

NOMENCLATURE

Solid phase change material (ice slab)

Liquid phase change material (water)

Temperature (k]

Reference temperature [k]
Freezing and freezing temperature [k]
The intensity of solar irradiance, W/m?

The reference intensity of solar irradiance
Temperature coefficient of the open circuit voltage
Temperature coefficient of the short circuit current
Overall heat transfer coefficient
Time [sec]
Volume [m3]
Velocity [m/s]
Mass [kg]

Solidification thickness of ice [m]
Thickness of the capsule [m]

Liquid fraction [—]
Latent heat of fusion [J/kg]

Enthalpy [J/kg]

Conduction heat transfer [w]

Convective heat transfer coef ficient [w/m?K]
Energy

Stephan number

Solidliquid interface position [m]

Addis Ababa Institution of Technology, SMIE

| Ayele M.

Xi



Transient computational model of ice slab formation using solar PV system for milk cooling

sl
Ip
p
Lj

erf

PV

ref

Solid — liquid region

Interface node index
Location of moving interface
Coordinate value

Error function

Complementary error function

Effective

0ld value (at time t)of the dependent variable
New value (at time t + At)of the dependent variable
Beam

Dif fuse

Ratio of hourly to daily dif fuse solar radiation

Extraterrestrial solar radian

Solar constant

Parallel

Series

Photovoltaic

Refrigerant

Specific heat at costant pressure [J /kg. K]
Thermal conductivity [w/m.K]

Thermal dif fusivity [m?/s]

Density [kg/m3]

Declination angle

Latitude of the site

Addis Ababa Institution of Technology, SMIE

| Ayele M.

Xii



Transient computational model of ice slab formation using solar PV system for milk cooling

W Solar hour angle

Ws Sunset hour angle
ACRONYMS

PCM Phase change material
TES Thermal energy storage
FAO Food and agricultural organization
FF Fill factor

SC Short circuit

ocC Open circuit

DC Direct current
AC Alternative current

Addis Ababa Institution of Technology, SMIE

| Ayele M.

Xiii



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

ACKNOWLEDGMENT
The authors wish to acknowledge all individuals that contributed to this research:
(1) the almighty God, (2) my adviser Dr. Ing. Demiss Alemu who give me unlimited advice,
instructions, and encouragement at every step of this research. Sincerely | thank Fikadu G.
PhD student for his supporting and giving valuable comments to me. | also thank all
members of Addis Ababa University, AAIT, SMIE Thermal stream staffs and also big

thanks to my friends those who stood beside me to accomplish this research.

Finally, I also thank my very deep gratitude to my parents and families for providing
me with constant support and continuous motivation throughout all my years of study and

through all the process of researching and writing this thesis.

Thank you.

Addis Ababa Institution of Technology, SMIE

Xiv



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

ABSTRACT

Most of the Ethiopian people living around remote areas, their special daily needs are milk
and milk products which needs preservation to keep from bacteria, germs and other small
organisms. In case of Ethiopia specifically around rural areas using electricity are very rare
due to less availability of electricity around there to cool domestic needs. For this reason,
other alternative energy sources are needed which is solar PV ice formation system without
battery due to its inexhaustible, renewable and non-pollutant energy sources. This research
were studied to cool 50 litre of milk initially at a temperature of 4°C during night by
substituting 8.5 kilogram of slab ice to replace the amount of heat leak through the milk
tank wall. Thus, in this study the mathematical model of phase change material
solidification and melting by using transient explicit conduction type heat transfer equation
was modeled. By using these mathematical equation the nodal temperature variation and
ice crystal growth were simulated using Matlab algorism. And also the performance of ice
formation at the specific location of Semera was studied using Matlab algorism. From the
result, highly performed months of a year which forms required 0.04 meter ice crystal
before 3PM and others form 0.037 meter ice crystal around 4PM. The result was also
validated through comparison with other experimental result by considering the presence
of solar radiation difference. The result is satisfied with small variation due to different
solar radiation of the location. The system has the complete solution for making ice cold
storage facilities in off grid areas and gives an environment friendly solution of the faced

problem
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CHAPTER ONE: INTRODUCTION

This chapter covers about background and justifications of the study, over views of ice
formation and rural milk cooling systems, motivations of the study, problem statement and
objectives of the research, scope and significance of the research, methodology, research
outline and limitation of the research.

1.1. Introduction
Food is a universal need, for living humans to develop energy for live continuing. Milk and
milk products are a very essential types of food in Ethiopia especially around rural areas,
which needs preservation to keep from bacteria, germs and other small organisms by
putting them in cold place. Mostly the refrigeration system is powered by electrical energy,

however the availability of electricity in rural areas of Ethiopia is very less.

Because of, the low availability of electricity in rural areas of Ethiopia, the refrigeration
system needs any other alternative energy sources and methods must be taken in to account
to drive compressor and condenser fans. Some of the alternative energy sources are to use
diesel engine, water, wind energies, solar thermal and solar photovoltaic systems etc. but
these are very expensive and constructing them to remote areas are a difficult task except
solar thermal and solar photovoltaic energy systems. So, to avoid and reduce the addressed
problems, it is important to addressee the rising need for a new fuel renewable
(inexhaustible or endless), nonpolluting and inexpensive energy source by utilizing solar

energy.

Even though solar photovoltaic energy is renewable, nonpolluting and inexpensive energy
sources, it needs a storage battery to store energy used for night and non-sunny or cloudy
days. Using batteries for photovoltaic energy system needs high capital and maintenance
cost, which are battery cost, charge controller cost, inverter cost and replacement costs.
Additionally, environmental pollution from batteries due to their contaminating elements
and limited life cycle due to very rare or very difficulties of recycling the used batteries,
needs funding for purchasing and transporting the device from developed to developing
countries like Ethiopia [1].

Replacing the energy storage batteries by locally available phase change materials such as
water eutectic salts and honey wax is a very interesting technology to store cold and hot

energy by phase transition for the purpose of using it when sunlight is readily not available
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or at night. Using these system is inexpensive, needs less equipment, high portability and
reliability [2]. Using these phase change materials depends on the areas of application,
availability, and cost and its energy charging and discharging performance. Water is a good
phase change material due to its availability, cost, and used to store both cold and hot energy

by cooling and heating it respectively.

In refrigeration system the water adjacent to the evaporator forms ice using cylindrical,
spherical or rectangular (slab) geometries during sunny days and back to water during night
or cloudy days. These three geometries have different performances to change water in to
ice (solidification) and back to water (melting).

1.2. Background and Justification of the Study
In Ethiopian, especially around remote areas, milk and milk products are common. Based
on the above explanation these types of milk products are easily affected by bacteria, germs
and other small organisms, which are the cause of human health problems. For this reason,
cooling is important to keep these types of product from bacteria, germs and other small
organisms. It is known that to preserve these product needs energy which is developed by
one of the followings energy sources which are, electric motors, diesel engine, solar, wind,
water, etc. For in case of Ethiopia specifically around rural areas using electric motor to
power refrigeration system for milk product preservation is very rare due to electricity
problems around there. For this reason, every individuals living around there are suffering

by health problems due to using unpreserved milk products.

In some remote areas there is a possibility of water powered refrigeration system nearest to
the river, however these plants can operate only two or three months throughout the year
due to rain dependents of Ethiopian rivers. There is also other possibility of diesel engine
powered refrigeration system around there, which is nonrenewable, exhaustible, pollutant
and costy energy sources. For this reason, using diesel engine for this purpose, pollutes the
environment by releasing CO, gas during operation, and cost of powering is high due to
cost of exhaustible fuel. Using wind energy powered refrigeration system, needs high

capital cost and it is not available every remote areas of Ethiopia.

The sun is an inexhaustible or endless source of energy, and the amount of solar energy an
area receives depends on day time, season of the year, sky cloudiness, and closeness of the

area to the earth’s equator. Ethiopia is close enough to the equator to get plenty of solar
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power; in a fourth rank in the world in terms of solar heating potential, with thirteen months
of sunshine [3]. So, it is important to use the technology of solar energy powered
refrigeration system either Solar photovoltaic PV refrigeration system or solar thermal
refrigeration system in order to solve the addressed problems.

Solar photovoltaic refrigeration system has more advantages on the refrigeration effect, due
to simple operation and energy utilization rate compare to solar thermal refrigeration
system [4]. Photovoltaic refrigeration system with battery, has a very expensive cost,
exhaustible sources and affects the environment, however using ice to store cold energy in

place of battery needs less cost, non-pollutant and inexhaustible sources of energy.

Using ice for cold energy storage device has the problems of imbalance between charging
and discharging processes of the system. To produce enough ice for the specific application
and discharge it within the needed time period an efficient system must be design and

evaluate by using computational methods such as Ansys fluent and Matlab simulations.

Thus, to reduce health problems due to unpreserved milk products, by constructing solar
PV ice slab formation system, in this research analyzing the transient computational model
of ice slab formation using solar PV system, by using Matlab programing is expected to get

the following merits.

%+ Reduce electricity consumption from grid system
% Reduce health problems due to using unpreserved milk products
% Reduced greenhouse gases due to replacing diesel engine by solar systems and

batteries by ice.

Experimental, analytical and computational methods are the three-research problem
solving methods. From these computational method needs less cost and easy way compare
to experimental method.

For this reason, it is important to analyze the transient ice slab formation using photovoltaic
system by using computational methods in order to analyze the solidification performance
of the system and the developed ice thickness throughout the year to preserve milk and

milk products in remote areas of Ethiopia.
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1.3.  Over View of Ice Formation Using PV System and Milk Cooling

1.3.1 Different Techniques of Ice Formation System
Ice formation is the transforming process of water to ice by cooling water below its freezing
point temperature of 0°C. During ice formation phase change takes place due to the heat

transfer process of ice formation in order to cool the process [5].

In addition to water, ice used for the phase changing medium in ice storage system to
provide the system with more cooling capacity than chilled water system due to the latent
heat of fusion. The thermal storage is charged by generating ice and stops generating when
cooling is required. In order to build ice a chiller is required located outside the storage tank
to generate ice either directly from the radiator in the tank or by pipe filled with glycol
inside the tank in an ice storage system. In this system the chiller cools the glycol solution
to a lower temperature and these glycol solution pumped through the pipes to freeze the
water to produce ice around the coil. Thermal ice storage is more advantage than
conventional chilled water system its ability to produce energy needs based on time rather

than cooling requirement [6].

In Ethiopia, ice fabrication using solar energy system is not common. But around the hot
areas of the country, they produce ice in traditional way by putting a plastics of water in a
domestic refrigerator and they sell one kilogram ice by one birr for peoples have not a
refrigerator to cool drinking water.

1.3.2 Rural Milk Cooling System
In the remote areas of Ethiopia, there is no any cooling systems for different daily products
like milk, meat, fish and fruits. Due to the absence of cooling systems, the rural women
uses different traditional mechanisms to keep milk and milk products from bacteria. Some
of the mechanisms are putting milk and milk products outside the house during night time,
adding salts and mitmita on the milk products to keep it from bacteria and other small

organisms.

In developed countries they uses a modified of the shelf direct drive photovoltaic
refrigerator technology, coupled with innovative cooling and energy storage devices to cool
evening milk on the farm for later transport to the next morning to milk product collection

centers [7]. And also there was evaporative cooling which is a physical phenomenon in
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which evaporation of a liquid, typically into surrounding air, cools an object or a fluid

medium either water or air in contact with it [8].

1.4. Motivation

In Ethiopia, milk and milk products processed industries are located in towns. But milk
product suppliers in the country are small holder dairy farmers, located around remote areas
long distance from the processed industries. They do not have electricity access from the
national grid and the only available solutions around there is the diesel generator. There is
a problem with the availability and the continuously increasing price of diesel fuel in the

remote areas as well as all over the country due to its expensiveness.

Thus, there has not been an economical method available for farm milk cooling systems
in the country for small holder dairy farmers and other mixed farmers. In Ethiopia most
milk is collected from the cow, camel, and goat are half in morning and half in evening
times. The dairy organizations located around small towns have organized to collect only
morning milk products, but they do not accept evening milk due to a high bacteriological
count, since it is collected in the evening and kept in warm place until morning. Due to the
lack of on-farm cooling system, half of the milk product collected in the evening time can
be either forced consumed, sold cheaply to nearby neighbors or hawkers or they can be lost
or it goes to wasted. For this reason, the total of milk produced in Ethiopia’s remote areas
only half is processed in the industries and leads to decrease the milk productivity in the
country and also the quality of the produced milk [9]. Rural milk wastage due to lack of

preservation is not only evening milk, but also unused morning milk was wasted.

The motivation of this research is, due to all of the above reasons in the sides of milk
product. In the sides of energy product and utilization, solar energy and ice thermal energy
storage systems are becoming more and more general. This is due to the broadly increasing
energy demand, because of an increasing of electricity rates. And also another great
advantages of ice thermal energy storage system, due to its environmental benefits by
lowering overall electricity generation from environmental malevolent sources such as
coal, oil or natural gas fired power plants, to lower the overall greenhouse gas emission
from these power plants. So the implementation of solar PV ice formation system around
remote areas to store ice thermal energy used to cool different daily products, such as meat,
fish, milk and milk products, fruits and medicines without altering the existing air

conditioning systems [2]. For these reason around remote areas integrated solar PV milk
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cooling and ice making system during day time is important, in order to keep the minimum
milk temperature during night time by adding ice to replace the heat leak through the milk
tank wall [10].

1.5. Problem Statement

In Ethiopia especially in rural areas there is no refrigeration systems to preserve domestic
foods like milk and milk products. This leads to decrease the quality of milk and milk
products and increase health problems due to using unpreserved milk products. According
to World Bank report in 2017, more than 57% of Ethiopian population living in remote
areas are live without using electricity both grid connected and off grid systems and hence

they are suffering by these health problems.

There are possible cooling powered systems to preserve milk and milk products around
remote areas, using diesel engine, wind, hydro and solar sources. However, using water can
operate only two or three months throughout the year due to rain dependents of Ethiopian
rivers, using diesel engine for this purpose, pollutes the environment by releasing CO> gas
during operation, and cost of powering is high due to cost of exhaustible fuel, using wind
energy powered refrigeration system, needs high capital cost and not available every remote
areas of Ethiopia.

Even though utilizing solar PV refrigeration system for milk cooling has more advantages
on the refrigeration effect, due to simple operation and energy utilization rate compare to
solar thermal refrigeration system and other energy sources, it needs battery in order to
keep daily cooled milk temperature at night, which is a very expensive due to high capital
and maintenance cost, exhaustible or limited life cycle or not recycled, and affects the
environment by releasing contaminating elements and it is not locally available. For these
reason, using ice to store cold thermal energy in place of battery, is cost effective, available

everywhere, inexhaustible and renewable sources of energy.

The extensive use of traditional and inefficient way of ice formation system causes high
energy demand with less performance of the system and leads to decrease cooling capacity
of ice. To avoid or minimize these problems and increased concerns around remote areas,
transient computational model of ice slab formation using PV system could be designed to
solve the problems, and to analyze the performance of the whole system specifically

melting and solidification of ice.
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For this research focus is given to investigate the performance of ice slab formation to size

the photovoltaic panel to make the required ice.

1.6. Objective of the Research
1.6.1 General Objective

% The general objective of the research is to study and analysis the transient
computational model of ice slab formation using solar PV system to produce ice in

order to cool milk and milk products around selected remote areas during night.

1.6.2 Specific Objectives of the Research

The specific objectives of this research are:

% Collect and sorting solar radiation data around hot remote areas of Semera.

%+ Mathematical modeling of phase change material solidification and melting.

¢ Ice slab and milk tank design and geometrical modeling of system.

% Simulation of ice slab formation, to find ice thickness variation as a function of time
and nodal temperature distribution of water.

% Analyzing the performance of slab ice solidification using solar PV system around
selected hot remote areas of Semera.

¢ Compare (or validate) these computational results with the experimental result done
by other researchers.

1.7 Significance of the Research

The majority of Ethiopian populations are living in rural areas. As we know, there is
shortage of electricity in remote areas of Ethiopia. Due to this there is no refrigeration
system around there to cool daily domestic products like milk and milk products. The
unpreserved milk product can easily affect by bacteria and germs which are the Cause of
human health problems. So, solar PV milk cooling with ice storage system plays an
important role in their life. The solar ice slab formation system is expected to solve the
problems of human health, battery cost and environmental impacts of the battery by
replacing this ice thermal energy storage system on it by using ice thermal energy for milk

cooling during night.

1.8 Scope of the Research Study

The scope of this MSc thesis is to develop the methodologies of converting solar PV

cooling system with battery backup by solar PV cooling system without battery which is
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slab ice formation using solar PV system. The major objectives involve simulating and
modeling the ice crystal growth variation as a function of time and nodal temperature
distribution of water by using Matlab programming. This research work is conducted to
analysis the performance of slab ice formation using solar PV system to cool milk and milk

products during night around hot remote areas.

1.9 Methodology of the Research
The methodologies and materials to achieve the objectives of transient computational
model of ice slab formation using PV system for night milk cooling application in remote

areas are the following:

1.9.1 Literature Survey, Data Collation and Computational Modeling

At the begging reviewing related literatures and collecting solar radiation data and sorting.

Mathematical modeling of PCM solidification using 1D transient explicit method, due to

its high accuracy of the result.

Cooling load calculation and Select DC compressor based on the amount of cooling load
and formulate the rpm of the selected compressor using compressor performance equation
and performance coefficient values integrated with electrical energy generated from solar
PV system and thus, formulate cooling capacity of the system.

Matlab program modeling of nodal temperature distribution of water and ice crystal
formation with time variation. And also analyzing system performance. The chosen of

Matlab program is due to its accurate result for heat transfer problems

1.9.2 Result and Discussion
Discussion is done on the results obtained from the computational simulation results and

the result was compared with experimental results from literature.

1.9.3 Conclusion and Recommendation
The recommendation and conclusions are presented based on the simulation result obtained
and analyzed. The simulation results were concluded and recommended accordingly, and

also future works are presented in this area.
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1.10. Limitations of the Research
Even though it was fully accomplished of the research successfully by giving deep
attentions of the research and using different alternatives to model the system, the

limitations as:

> Internet service problems, due to shortage of computer laboratory rooms and only
five working days per week from Monday to Friday.

» Another limitation of the research, due to expected time limitation and budget, it
was not possible to manufacture and construct solar PV powered ice slab formation
system at the specific location, except simulation of the systems by using

computational methods.

1.11. Layout of the Research

This research contains eight chapters where, chapter one justifies about the applications of
using ice slab cold energy storage in place of battery for milk cooling during night around
remote areas. And also it covers the research problems, objectives, scope and delimitation.
Chapter two explains about different literatures related to ice slab formation using solar PV
system for different applications with its historical background as well. It also explains
solar DC refrigeration system, principle of ice formation system using solar energy.
Chapter three deals about the details arrangement of solar PV panel and its mathematical
modeling to study PV characteristics.

Chapter four deals about methodologies of the research, such as the mathematical modeling
of phase change material using fixed and moving mesh methods, construction of ice and
milk storage tank, total cooling load calculation, solar radiation calculation, sizing of solar
PV module.

Chapter four deals about the refrigeration component selection and design and also
modeling all the system components geometrically.

Chapter six includes simulation of ice slab thickness and nodal temperature of water using
Matlab code and explaining its result and also validation the result with experimental
values, analyzing the performance of ice slab formation using solar PV system around the
selected remote areas.

Chapter Seven deals with summarizing the results of the work and indicating future works,

in the conclusion and recommendation.
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CHAPTER TWO

2. Literature Review

2.1Introduction
This chapter reviews thermal energy storage systems and types, phase change materials,
transient heat transfer numerical formulations, different methods of refrigeration and ice
formation using solar PV systems. This chapter also covers related literatures of ice
formation using solar PV system, like the thermal insulation systems of the ice storage tank,
different types of ice formation geometries, control mechanisms, feasibility of ice
formation using solar PV system, different mechanisms to increase thermal conductivity of

phase change material, summary of different literatures and findings of the study.

2.2 Thermal Energy Storage (TES) System

There are different types of energy storage systems, these are:- mechanical energy storage

system, electrical energy storage system and thermal energy storage system.

Thermal energy storage is a temporary thermal energy holding system in the form of cold
or hot substance for later utilization, which is helpful to balance between supply and
demand of energy. The system deals with storage of energy, by heating, cooling,
solidifying, melting, or vaporizing of substance and when the process is reversed it becomes
thermal energy [12].

The quantities of thermal energy storage system depends on temperature. The energy
content of the system can be increase with increasing the temperature of the substance. E,
is the required energy to heat a volume V of a substance from a temperature (T;) to

temperature (T,) is given by [13].
E=mc(Ty —Ty) = pVc(Ty = T1) e oo v et e e e e e e [2.1]
Where C, p and m: are specific heat, density and mass of the material respectively.

2.3Thermal Energy Storage Process Steps
Thermal energy storage involves at least three steps to complete its process, which are
charging, storing and discharging. Charging and storing may occur simultaneously and

each step may occur more than once in each storage cycle [13].
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In these research the slab ice is formed inside the rectangular geometry by charging from

one side and discharges through the four sides of the tank.

Charging Storing Discharging
b - €
1 - d
-
< Q
=
Time

b [Source, [13]]

Figure 2-1. The three processes in a general thermal energy storage system

The main types of thermal energy storage system are sensible and latent heat storage

systems.

Thermal Energy Storage

Sensible Heat
Storage - Latent Heat Storage - Chemical Energy Storage
liquid solid heat T
storage, storage,
example heat example heat Soid- B Endomertric heat Exothermic heat
stored in 1n soil, stone solid Sp Liqud.gas absoephon resechon. heating
. g 2o cooling process process
water and rocks

Figure 2-2 Classification of thermal energy storage based on the state of energy storage

material [14]

2.3.1 Latent and Sensible Heat Storage Systems

a. Sensible Heat Storage System:-

Sensible heat storage is a thermal energy storage system by raising or lowering the
temperature of liquid or solid. Water is the best sensible heat storage liquid due to it is
inexpensive and has high specific heat. But above 100°C, oils, molten salts and liquid metals

are also used. The system uses change in temperature of material during charging and
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discharging process and heat capacity. The amount of stored heat depends on change in
temperature, amount of stored material and specific heat of the medium [14].
T¢

T;

Q = Amount of thermal energy stored/released in the form of sensible heat (K])

m = The mass of material used to store thermal energy (kg)
Cp = the specific heat of the material to store thermal energy (K] /Kg°C)

Tr and T; = final and initial temperature (°C), respectively

b. Latent heat storage system:-

Latent heat storage is a thermal energy storage system based on the heat absorption or
released during the phase change time of the storage material from liquid to solid or solid

to liquid, liquid to gas or gas to liquid [14].
— (Tr Tr
Q = [,/ mCpdT + mayAhp, + [T mCpdT ... [2.3]

Q = Amount of thermal energy stored or released in the form of latent heat (K])
Cp = Specific heat of the material to store thermal energy (KI /Kgoc)

m = mass of material used to store thermal energy (kg)
Ah,, = Heat of fussion per unit mass (KJ/kg)

T, T and T,,, = Initial, Final and Melting temperature (°C)respectively

2.4 Materials for Phase Change Process (PCM)

Phase change materials are both hot and cold temperature, thermal energy storage
substances that absorb and release energy during the heating and reverse cooling process
when phase change takes place. For cold temperature storage phase change materials such
as ice, which changes from liquid to solid absorbs energy and changes from solid to liquid
releases that absorbed energy. On the other hand for hot temperature storage phase change
materials, changes from solid to liquid absorbs energy and changes from liquid to solid
phase releases that absorbed energy. The amount of that energy released and absorbed is
called latent heat [12].
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2.4.1 Classification of (PCM) Phase Change Material Process
The nature of solidification phase change can take many changes. The classification
depends on the state of small portion of the phase change material region, representing a
single degree of freedom in the numerical discretization. The three classification of phase

changes are:-

a. Distinct case: - in this case the phase change region consists of distinct liquid
and solid phases separated by a smooth continuous front. The state of the system
IS characterized by the position of the interface. Example, pure metals rapid
solidification or freezing of water [15].

b. Alloy case: - in this case the phase change region has a crystalline structure
consisting columnar and/or equi-axed grains and the solid/liquid interface is a
complex shape. Example the solidifications of most metal alloys [15]

c. Continuous case: - in this case there is no distinct interface between the solid
and liquid phases and the solid liquid phases are fully dispersed throughout the

phase change region. Example, solidifications of polymers, wax, or glasses [15].

distinct . W
continuous
"4

Figure 2-3. Classification of PCM solidification process [source, [15]].

2.5 Transient Heat Transfer Numerical Formulation

There are two formulations of numerical transient heat transfer problems, which are explicit

or forward difference and implicit or backward difference.

2.5.1 Forward Difference (Explicit Formulation)
Fixed grid or forward difference method is a grid of a spatial nodes used to discretize the
given problem and is the simplest method for solving thermal heat conduction problems

involving with phase change process.

In this method the derivative is evaluated at the begging of the time step or at the n" step.
In other way under this formulation, the temperature of future time increment is expressed
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in terms of the surrounding nodal temperature at the beginning of the time increment. The
explicit formulation the nodal temperatures Tif}“ explicitly in terms of the previous nodal
temperature Tjj. In this formulation the calculation proceeds directly from one time
increment to the next until the temperature distribution is calculated at the desired final

state [16].

dx/2

Figure 2-4 Schematic of node at plane surface
Where, n, old value (at time t) of the dependent variable
n + 1, The new value (at t+At) of the dependent variable.

Fixed grid method has major advantages which solves multidimensional problems

efficiently without difficulties.

Fixed grid method also can classified in to three classes, which are Enthalpy based
method, Effective heat capacity method and the heat source method in capable to solve

the moving fronts of solidification or melting of phase change materials [17].
a. Enthalpy Based Method

This method used to evaluate latent heat storage systems of diffusion phase change material
melting or solidification problems based on direct solutions of fixed grid or forward
difference equations. In this method, in the energy equation total enthalpy can be
considered the primary dependent variable rather than temperature. The enthalpy H, in

general sense can be defined as follows:

T

H(T) = f PC(TYAT . cosoes oo oo e e eee e [2.4]
Tref
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b. Effective Heat Capacity Method

In this method enthalpy is evaluated by using effective heat capacity and temperature
derivatives. The effective heat capacity method considers the effects of enthalpy and its
progress in time by considering the effective heat capacity through thermal phase change

process.
a. The Heat Source Method

In this method, the enthalpy can be separates in to two parts, which are sensible and latent
heat terms. The latent heat is the source term due to the latent parts of the enthalpy.

2.5.2 Backward Difference (Implicit Formulation)
In this method the derivative is evaluated at the (n + 1)** time step or at the begging of
end of time step. In other way, under this formulation, the equation is formulated by
computed the space derivatives in terms of the temperature at the n+1 time increment. In
this formulation the time derivative moves backward from the times for heat conduction in
to the node. The backward difference formulation does not permit the explicit calculation
of the T™*1 in terms of T™. Rather, a whole set of equations must be written for the entire

nodal system and solved simultaneously to determine the temperatures T™*1 [16].

2.6 Refrigeration System
Refrigeration system is the process of cooling a space by removing heat and transferring it
to the nearest surrounding. The primary objective of all refrigeration system is producing
and maintaining the space temperature lower than the surrounding temperature [17]. The
refrigerator is used to cool or thermal storing of the substance such as fresh food to keep
from spoiled and decayed. The refrigerator runs by supplying electrical power through

inverter.

Generally, refrigeration systems are classified into three main groups based on the
compressor powering mechanisms and compression system to increase refrigerant

pressure, these are:

Compression refrigeration system, vapour absorption refrigeration system, and gas cycle

refrigeration system.
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2.6.1 Solar DC Compression Refrigeration System

Compression refrigeration system can be powered by solar photovoltaic, solar thermo

electric or solar thermo mechanical systems.

a. Solar photovoltaic refrigeration system: - Photo voltaic (PV) involve the direct

conversion of solar radiation to direct current (DC) electricity using semi
conducting materials. Based on this concept, the operation of a PV-powered solar
refrigeration cycle is simple. Solar photovoltaic panels produce DC electrical power
that can be used to operate a DC motor, which is coupled to the compressor of a
vapor compression refrigeration system.

In this system, the refrigeration effect can be powered by either direct current
without an inverter or alternative current with inverter from a solar photovoltaic
system. The system consists of compressor, expansion valve, photovoltaic cell,
DC/AC motor, condenser, evaporator, battery and solar regulator [18].

. Solar photovoltaic panel: - photovoltaic modules converts’ solar energy in to
electrical energy with maximum power point tracking system to drive the
refrigerator compressor, pump and fan and it is regulated by controller. During
daytime the PV panel receives solar energy and this solar energy turns in to direct-
current electric power which is also can be converted in to an alternative current
electric power by inverter to drive AC compressor, pump and fan of the refrigerator

components [19].
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Figure 2-5. Schematic Diagram of a Solar PV Powered DC Refrigerator [Source, [17]]
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2.6.2 Solar DC Compression Refrigerator with Ice Storage
Solar photovoltaic refrigeration system without battery, by using cold latent heat storage
or hot latent heat storage system depending on application can also use for refrigeration
systems for numerous reasons. Battery can be adopted and connected with controller to
maintain the stability of electric energy supply and conversion in the most optimized way.
Batteries are essential component in solar PV refrigeration system to store energy and to
solve the intermittent of solar energy. However, using batteries in the system increases
running and investment costs and reduce the system energy conversion efficiencies. Thus,

ice storage technology has a great role to save energy [20].

Ice thermal energy storage technology is used to shift the demand of electricity from on-
peak period to off-peak hours and reduces the peak demand. The system utilizes a storage
medium to store cold energy produced during off-peak hours and these stored energy is
used during peak hours for different applications. There are two classifications of ice cold
thermal energy storage systems based on the ways of delivering ice in to the storage tank.
These are:

Dynamic system: - in this system, ice is produced outside the storage tank and removed

continuously from ice making tank.

Static system: - in this system, ice making pipe is installed inside the storage tank and ice

can produced inside the storage tank and removed when it is melted [21].

The reason to use ice as a cold thermal energy storage system, is due to it’s an excellent
medium to store thermal energy and to deliver cooling energy in a short period of time. The
other benefits using water as the phase change material to form ice are: due to its low cost,
high latent heat, high specific heat, high volumetric capacity, non-volatility and stability.

= FAY <7

| ( : ) -
L RV, QA

Solar PV

Module .
Insulation

Evaporator 1

e

Condenser

Cold Area
for
Milk Can

D\' @ e

Control logic [Source, [7]]

DC Compressor

Figure 2-6 Diagram of solar refrigerator with VSDC compressor and E-W fixed tracking
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2.6.3 Principle of Solar PV Ice Formation System
The principle of ice formation using solar PV system for different applications, geometries,
locations of ice storage tank relative to evaporator and load, and mechanisms are similar
except charging and discharging performance of the system. The most common solar PV
ice maker system consists of AC/DC compressor, condenser, expansion device, evaporator,

and ice storage tank.

The compressor of the system compresses the refrigerant inside the pipe to increase its
pressure. The compressor can be powered by AC/DC electric power generated by the solar
PV panel. The compressed refrigerant enters in to the condenser and it condenses by
releasing heat to the surrounding. Then the condensed refrigerant enters in to the expansion
device and its pressure and temperature decreases drastically. These cold refrigerant feeds
in to the evaporator and it is vaporized. Depending on the mechanism and arrangement of
the system, heat exchanger takes place between the cold refrigerant inside the evaporator
tube and the water within the storage tank. The water begins to freeze and forms ice on the
evaporator tube surface [19].

2.7Related Literatures Studied in This Area
George D. (1989) [11], he studied the ice thickness by traditionally has been calculated
using a method in which the thickness is assumed proportional to the square root of the
accumulated freezing degree days. Particularly for newly formed thin ice this method over
predicts ice thickness. Consideration of thermal resistance between top of the ice and the
atmosphere results in a method which predicts linear growth with time for thin ice and

transitions to the thickness half growth at large thickness.

Piia Lamberg. (2004) [22], he studied the solidification process at the constant end wall
temperature in the finned two-dimensional phase change material storage temperature
distribution of the fin and solid-liquid phase interface location by using a simplified
analytical model. The author uses the heat capacity numerical method to compare the
analytical results and he got a satisfactory estimation of the fin temperature and solid liquid
phase interface with the fin length less than 0.06m and the storage cell of length to height
ratio less than 6m. Using the analytical model rather than the two dimensional numerical

model the error is 10%.

Addis Ababa Institution of Technology, SMIE

18



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

Petros. J et al (2009) [1], investigated batteryless solar photovoltaic powered ice maker
system experimentally by the use of new concept of dedicated controller and four DC drive
compressors. Under this study the system is done by providing easy compressor startup,
maximum power tracking and power management system and can produce large quantity

of ice up to 17kg from 440Wp PV panel on a good day.

Anish Modi et al. (2009) [23], studied technically feasibility of Photovoltaic refrigerator
with battery bank under a normal operating condition to convert an existing 165 litre
refrigerator working on grid electricity and it performed similar task. However, for a
sustainable system large storage battery bank or large capacity PV module are needed and
it makes the system economically unfeasible due to their high initial cost. Under this study
the RETScreen simulation indicates that, PV refrigeration system with battery is not

economically feasible without the initial financial incentive or government subsidy.

Xie. J. et al. (2014) [24], studies the arrangements and materials of thin layer ring on ice
formation and they found a most significant effect on the formation. However, the thickness
of thin layer rings had no clear effects on the formation of ices.

Y. Yusufoglu et al. (2015) [25], they incorporating phase change material for cooling of
residential buildings to increase refrigerator efficiency or performance and to reduce
harmful emissions by reducing energy consumption. The researcher studied experimentally
based on four different PCMs, two different refrigerator models, different condenser
surface area, different location of PCM on the evaporator, amount of PCM melting/freezing
during compressor on/ off period and PCM packaging plays an important role to save

energy.

Asmaa Ahmed M. (2015) [26], in this study, the performance of vapor compression
refrigerator powered by solar PV system, direct current motor with and without thermal
storage and with and without loading through indoor and outdoor tests were investigated
experimentally and theoretically. The theoretical model is used to size the large cooling
capacity solar PV driven refrigerator. Operation of refrigerator without PCM have higher
coefficient of performance, however where there is a lack of solar energy refrigerator
begins to loss its thermal energy faster than when PCM is installed and nothing to
compensate it until solar energy is available. The coefficient of the refrigerator under PCM

— full load condition at indoor condition is higher than that of the outdoor condition. Due

Addis Ababa Institution of Technology, SMIE

19



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

to different surrounding ambient temperatures, the product stored in a refrigerator reached

required storage temperature first.

Vu Van Truong. (2015) [27], studied the effects of volume change due to density difference
between the solid and liquid phase changes on solidification processes of phase change
material, by using direct numerical simulation techniques. The solidification interface is
represented by connected points. He used a front tracking finite difference method and
validated the result through comparison with exact solutions of one and two dimensional
solidification problems. The validation results are satisfied and support the method. To
demonstrate the effects of density change on the solidification process of phase change
material, numerical computation were performed both cases of without and with density
changes. The numerical result indicates that, the shrinkage such that the latent heat of fusion
greater than one, reduces the solidification rate and the latent heat of fusion is less than one,
increase the solidification rate.

Victor Torres-Toledo. Et al, (2015) [28], studied the transient performance and the effects
of ambient temperature on a small milk cooling system using pv, battery and charge
controller system, both experimentally and computationally, at three different ambient
temperatures of 20°C, 30°C and 40°C. In this research they studied the developments of
milk temperature and energy consumption experimentally and computationally at three
different ambient temperatures to size the PV system at a specific location. They used 3kg
ice to cool 17litries of milk with two DC refrigerator operating at -10 °C to produce ice and
4 °C to preserve milk. From the result there was 30% COP reduction between 20 °C and 40
°C and the total daily energy consumption increases 100%. The specific energy
consumption per litre of milk was between 30wh/L and 58wh/L.

Climate chamber
Cover

*Water used as milk substitute

2 x lee blocks

DC Refrigerator (lee making mode) | m DC Refrigerator (Milk cooling mode)
3
Milk=can,
E S kg lee
i 4
y

Figure 2-7 Schematic diagram of ice crystal formation with milk cooling system [[28]]
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The above figure shows, Experimental setup and working principle of the employed
refrigerator units operating in ice making and cooling mode, tested under constant voltage

in a climate chamber at 20°C, 30°C and 40°C ambient temperatures.

They investigated phase change phenomena and the effects of different heat transfer fluid
inlet temperatures on ice formation around a horizontal tube in the rectangular vessel both

experimentally and analytically. From the result, they obtained the following [21]

X/

«+ From experiment nucleation occurs at all axial measuring stations and nucleation
first starts at the entrance region and propagates along the tube.

¢+ The heat transfer fluid inlet temperature affects the start of the phase change of
water and nucleation time. Nucleation time decreases with decreasing of heat
transfer fluid inlet temperature and increases with the axial distance for all HTFT.

¢+ The ice thickness formed at the bottom and top sides of the tube is different, but at
the right and left sides the ice thickness is close to each other, from this natural
convection affects ice thickness around the tube. Ice thickness around the tube
decreases at all points with increasing of heat transfer fluid inlet temperatures.

« For all heat transfer fluid inlet temperatures, the ice thickness calculated by

mathematical model reasonably agrees with the experimental data.

Ismail, K. et al, (2016) [29], studied the effects of adding fins on the tube surface to reduce
the freezing time and improving solidification process. By increasing fin geometries such
that fin thickness, diameter and length to increase the heat transfer area, they found finned
tube improved solidification process and reduced freezing time without considering
fabrication cost of fins. In conclude the fin tubes produced about four time more ice than

the normal tubes.

Victor Torres et al. (2016) [30], were developed and analyzed the commercial freezer and
an innovative adaptive control unit with the help of simulations and experiments to adapt
compressor operation with the available solar energy, to produce ice efficiently by
photovoltaic energy. The original control system and temperature sensor was replaced by
the new system. They studied 12kg ice production per day with the selected parameters of
600Wp PV array and 65Ah of battery capacity at 24V. From one-year simulation the result
showed that the ice maker stores a total of 50kg ice, is able to deliver 12kg ice for 89% of

the days of typical weather year at selected location.
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Figure 2-8 Diagram of PV ice-maker based on a DC-freezer and adaptive control [[30]]

Y. F. Xu et al. (2016) [20], studied structure optimization design analysis by theoretical
calculation and experimental tests to improve energy utilization efficiency and exergy
efficiency of an ice storage air conditioning system powered by distributed photovoltaic
system. In this study co-integrated heat exchanger and immersed evaporator were
implemented to reduce the high energy losses in the ice making process of ice slide machine
and in the photo-electric conversion process, and also the discharging process was takes
place by a special type of solenoid valve. From the result they obtained that the exergy
efficiency improved from 90% to 97.45% in ice making process, the energy efficiency
improved from 51.31% to 75.02%, the system exergy efficiency increased from 43.91% to
57.33% and the system energy efficiency increased from 4.64% to 8.14%.

Jannesari et al. (2017) [31], investigated the effects of the parameters of thin layer rings
and annular fins numerically and optimized by taguchi method using around coils to find
the optimal combination. Utilized nine combinations of models are carried out by
combining different levels of each factor, they found that the formation of ice by using
annular fins and rings corresponded 21% and 34% higher than from the regular bar tube.
In general, finned and ringed tubes increasing by 15%. The numerical result is verified by
the two other researchers of analytical results.

S. Bakhshipour et al. (2017) [32], they studied the refrigeration cycle incorporated with
PCM and without PCM heat exchanger numerically and the parametric effects which are
tube length and diameter, PCM thickness and refrigerant mass flow rate and type. The PCM
heat exchanger is located after the condenser and before the expansion valve in the
refrigeration cycle and the coefficient of performance of the cycle is investigated. The
computational fluid dynamics simulation, considers the flow inside the pipe is one

dimension in the axial extension and the surrounding PCMs are considered two
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dimensional. Numerical simulation is carried out using Matlab programming and the
simulation result shows that in a refrigeration cycle of a refrigerator incorporating PCM
causes an improvement in the convection procedure and the results increases by 9.58% in
coefficient of performance by decreasing the refrigerant outlet temperature of the
condenser. The geometrical and refrigerant properties have a positive effect on system
performance and COP, but the PCM thickness must be optimum for better performance of

the system.

Hani Hussein Sait, 2018 [33], studied the performance of ice formation experimentally in
a flooded tube to investigate the behavior of liquid adjacent to the freezing surface and the
formed ice subjected to stirred water, recirculated water and stagnant water. From the result
the flooded tube with recirculated water have best performance. With the starting overall
heat transfer coefficient of 1096W/m? k, 7.9g/m? s amount of ice was produced. He also
analyzed the discharge cycle, and obtain 7.1kg of ice was sufficient to hold a load for 110

min for a 927w unit.

[Source, [33]]
Figure 2-9 Schematic diagram of flooded test section of this system

Several researchers studied the effects of freezing of falling film on varies geometries,
which are on immersed cold-tube banks, around horizontal tube, on inline horizontal tubes
and on circular horizontal tubes etc. They found that ice formation and heat transfer rate
decreased with increased ice thickness due to the low thermal conductivity of ice layer. The
four solutions to increase the heat transfer rate in PCM such as water are increase tube
surface area by adding extended fins or thin layer rings, using encapsulated ice instead of
accumulated ice layer, to get liquid ice add an additive to the PCM and use nano-fluid to

increase solid heat transfer coefficient.

2.7.1 Summary of Previous Works
To summarize all the literatures explained above: The different mechanisms of solar pv
refrigeration system with and without ice storage systems were investigated and analyzed

analytically, computational and experimentally. Photovoltaic refrigerator with battery is
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not feasible and it is economically feasible by incorporating PCM in place of batteries and
structure optimization of the system increases refrigerator efficiency or performance. The
effects of different ambient temperature on different freezing system using PV, battery and
charge controller system were studied. From this result the higher ambient temperature
reduces coefficient of performance and increases daily energy consumption. The phase
change phenomena and the effects of different heat transfer fluid inlet temperatures and

natural convection on ice formation were investigated.

Several researchers studied the effects of freezing of falling film on varies geometries or
parametric effects, which are on immersed cold-tube banks, around horizontal tube, on
inline horizontal tubes and on circular horizontal tubes etc. They found that ice formation
and heat transfer rate decreased with increased ice thickness due to the low thermal
conductivity of ice layer than the tube material. The four solutions to increase the heat
transfer rate in PCM such as water are increase tube surface area by adding extended fins
or thin layer rings, using encapsulated ice instead of accumulated ice layer, to get liquid ice

add an additive to the PCM and use nano-fluid to increase solid heat transfer coefficient.

In this study, analyzing the performance of ice slab formation by using selective systems
and mechanisms which are energy efficient slab geometries, encapsulated ice, high heat
conduction materials of thin ring copper tube evaporator attached to the two parallel and
vertical tank sides, and using co-integrated heat exchangers can operate without battery.
The cooled thermal energy installation is based on the static system, which is the ice making
pipe is installed in the storage tank where the formation and melting of ice takes place
inside the tank. In this study also simulating and analyzing the ice thickness growth

variation as a function of time and nodal temperature distribution within the system.

In this study the computational model was developed based on using the monthly average
solar radiation data other than the representative days and also the cooling capacity was
developed from compressor performance equation and performance coefficient values

integrated with electrical energy generated from solar PV system.

The system is design and analysis its performance based on Ethiopian solar radiation,

specifically around Semera located 350 kilometers far from Addis Ababa.
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Figure 2-10 Schematic of 2D section view of ice slab formation using solar PV system
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CHAPTER THREE

3 Details Arrangement and Mathematical Modeling of PV Cell

3.1Introduction
This chapter explains about photovoltaic cell, photovoltaic module, photovoltaic array and
arrangement of the system components, PV conversion system, PV cell types and
mathematical modeling to study the I-V, P-V and P-I characteristic curve, the power curve
and maximum power point or the working point by using solar radiation data at the selected
location to form ice slab to cool milk and milk products.

3.2PV Panel Arrangement and Power Generating Principle
Photovoltaic cells are semiconductor devices to convert incident solar radiation in to useful
form of electrical energy. The principle of electricity generating using PV cell system, when
sunlight strikes a PV cell the photons of the absorber removes the electron from the atoms
of the cell. Then free electron move through the cell, creating and filling a holes in the cell.
Then, these electron movement and holes can generate electricity. The physical process

that a PV cell converts sunlight into electricity is called the photovoltaic effect [34].

The size of photovoltaic array to supply the required energy for a particular load application
primarily depends on metrological conditions of environments which is the amount of
incident solar radiation. In order to produce the required energy at the lowest costs the
selection of the individual PV component is important because of the transient behavior of

the metrological condition.

3.2.1 Photovoltaic Cell Arrangement
Solar cells are the building blocks of a PV array in the system. These are formed from
silken and other semiconductor materials. A thin semiconductor wafer is particularly
treated to form an electrical field, in one side positive and in the other side is negative.
When light strikes semiconductor material, electrons are collided loose from the atoms. If
an electrical circuit is made attaching a conductor to both sides of a semiconductor, electron

flow will start causing an electric current [35].
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Figure 3-1. Structure of solar Photovoltaic cell

3.2.2 Photovoltaic Module Arrangement
Photovoltaic module is formed by connecting many solar cells in series and parallel. The
voltage generated by a single PV cell is very low, which is around 0.5V. For this reason, a
number of solar PV cells are connected both in series and parallel connections to achieve
the desired output. In the case of partial shielding, diodes may be needed to avoid opposite
current in the array. Ventilation system is needed behind the panel to control efficiency
decreasing at high temperature [35].

3.2.3 Photovoltaic Array Arrangement
The power produced by a single module is not sufficient to meet the needed power for
practical purposes. The modules are connected in series for more voltage rating or to get
an increased voltage and then connect in parallel to the specification current or an increased

current. The connection of the module in an array is same as that of cells in a module [35].
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Figure 3-2 Solar photovoltaic system [Source, Samlexsolar, 2004]

3.3Mathematical Modeling of Solar Photovoltaic Panel

3.3.1 Equivalent Circuit
A PV module consists of a number of solar cells connected in series and parallel to obtain
the desired voltage and current output levels. The series and parallel resistance photovoltaic
modeling yields more perfect and practical than the series resistance model without

considering the expense of longer computational time. This model is modified by adding
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an extra diode to represent the recombination of effect of the charge carriers. In general the
two diode method modeling of solar PV cell is more accurate but it needs much longer
computational time. For simplicity the single diode model is used for this research. This
model offers a good compromise between simplicity and accuracy with the basic structure

consisting of a current source and a parallel diode [35].

3.3.2 Modeling of Solar Photovoltaic Cell
The photovoltaic solar cell modeling is developed using circuit equation including the
effects of temperature change and solar irradiation. Solar PV cell can be represented by a
current source connected in parallel with a diode, since it generates current when it is
irradiated and acts as a diode when it is not. The equivalent circuit model also includes a
shunt and series resistance represented by Rg, and R respectively. Photovoltaic solar cell

can be modeled ideally and non-ideally or practical modeling.
a. ldeal Modeling of Solar Photovoltaic Cell

An ideal solar cell can be modeled by a current source connected in parallel with a

rectifying diode and equation can be expressed as follows [36] [37]:

Practical Cell

Figure 3-3 General model of solar PV cell in a single diode model

Using general model and by applying Kirchhoff’s low on the common node of the current

can be expressed as follows:

(tre)
leeyy = Ipp — Ip, but, Ip =1, [exp nKT¢) — 1] ST < 3

(i)
IC@U = Iph - IO exp nKTc/ — 1 I P [32]
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I, = ljpqq: dark saturation current, it strongly depends on cells temperature

I, = [IOT ) (%ﬂ exp [% ) (Tir _ T%)] e e e [3.3]

Where, I . = lpqq: Load current and q: charge on the electron [1.602 = 1071° (C]
L,n: Generated current, Mainly depends on G, G,: The intensity of solar irradiance

and cells operating temperature: T, and T,

G

Lyn = [Ipnr + Ki * (T = T1)] * (G—) R UPT b< X

L,ny: The photovoltaic current under standard conditions at G, and T,

K;: Temperature coefficient of the short circuit current

G: The intensity of solar irradiance, W/m?

G,: The reference intensity of solar irradiance = 1000W /m?

k : Boltzman constant [1.38 * 10723 J /K]

T, : Reference cell operating temperature

V4 = Vipaa: Terminal voltage [V] E4:band gab of semiconductor material

n:Ideality factor equal to 1.1 Tc : operating temperature of cell [K]

[NOCT—ZO
cCT |l @fha

5 ] 5.G A Ty oo oe e ees e oo ees e e eee s oe e ees e e eee e o0 [3.5]

NOCT: Nominal operating cell temperature
T,: Ambient air temperature

1,: reverse dark saturation current at temperature reference T,

Iscr,cell

Iy = v cen e e e e e e e e e e e s e e e e e e e | 340
exp (—n]'/t ) -1
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thermal voltage,V, = %

Iscr cerr~ Short circuit current of photovoltaic cell under standard conditions at T;. and G,
Voercer- Open circuit voltage of photovoltaic cell under standard conditions at T, and G,

The open circuit voltage and short circuit current are important parameters associated with
I-V characteristics curve of solar panel. These parameters are subjected to variations in
atmospheric conditions. The short circuit current and open circuit voltage can be calculate
under different atmospheric conditions.

G
Isccen = [Iscreen + Ki * (Te = T,)] * (G—) e et e e e et eee e et enre s e s e e [ 327]
T

Voccett = [Vocrcetr + Ky % (Te = Ty)] vev vev vov vee vev e e vt it e e s s e e o [3.8]

Isc cer- Short circuit current of photovoltaic cell under operating conditions at T¢ and G
Voe,cerr- Open circuit voltage of photovoltaic cell under operating conditions at T¢ and G

Ky : Temperature coefficient of the open circuit voltage
b. Non - Ideal Modeling of Solar Photovoltaic Cell

Practical modeling of solar PV cells differ from the ideal PV solar cell modeling. In
practical or non-ideal solar cell modeling also contains series (Rs) and parallel or shunt

(Rgy) resistances [36].

R,

N\NN——

* ID Ish +

CDlph N/ Ru, v

© [Source, [36]]

Figure 3-4 a practical single diode equivalent circuit of PV cell

qV g4

Icell = Iph —_ ID —_ ISh' and, ID = IO [exp(m) —_ 1] [39]
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()
Ice” = Iph — IO [exp nKT /) — 1] B S P [310]

where,V,; = terminal voltage,V = cell output voltage,
R, and Ry = shunt and series resistance respectivily,

Vsn = voltage across shunt resistance and I, = shunt current

V. V V+1..,;R
I = Rﬂ R" R—“”S et et et et et et e [3.12]
sh sh sh

Then, by substituting equation [3.12] in to equation [3.10] we get:

4
—1Ip [exp gK—? — 1] v+ Icell Rs

Ieen = Ipn ..[3.13]

3.3.3 Mathematical Modeling of Photovoltaic Module
Practically, output power from single solar PV cell is not enough to apply any application.
For this reason, in order to increase capability of solar photovoltaic system, solar PV cell
must be arranged in series and parallel features. To increase total voltage of the module,
cells have to be connected in series V. = V; + V, + V3.., connecting PV cells in parallel

to increase total current (Ipy: =1, + I, + 1.., ).

I
- Output + >l S
® Vollage @
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Figure 3-5 Representation of connecting Solar PV cells in series [Source, [36]]

Figure 3-6 Representation of connecting Solar PV cells in parallel [Source, [36]]

By considering Ny is the number of solar PV cells connected in parallel and Ng number of
PV solar cells connected in series. The relationship between voltage and current produced

by photovoltaic module can be expressed as follows [38].

Iph,module = Nplphi and IO,module = NpIO [314]
N
N modute = NsT, and Rsmodute = N—RS cen e e e e e ee s e e [ 3.15]
14
Np
RSh,module = mRSh, and ISC,module = NpISC ha er rae e e was ees [316]

Then, by substituting equation [3.14 — 3.15] in to equation [3.13] we get:

N
qV4 V+1Icen Ve Ry
(N KT) Np
exp Nsn -1 - R
sh

Ieey = Nplpn — Nplp ven e . [3.18]

3.3.4 Mathematical Modeling of Photovoltaic Array
The modules in a solar photovoltaic system are typically connected in arrays. Solar PV cell
array consists of M,, parallel branches with M; modules in series in each branch as shown

in figure bellow [37]:
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Figure 3-7 solar cell array consists of M, parallel branches with M series modules, V4
applied voltage and 14, total current of the array

Figure 3.7, shows solar PV cell array consists of M,, parallel branches with M; modules in
series in each branch, V4, is the applied voltage at the array’s terminals and 4 is the total

current of the array.

My
(A = z Ly e e e e e [3119]
i=0

Where, A is the branch number.

If modules are identical and ambient irradiation is the same on all modules, then arrays

current can be expressed as follows:
T4 = MpI™ oot e et e et e e e et e v e enn . [3.20]

Maximum power point (MPP) represents the working point, at which solar PV cell can

deliver maximum power for a given radiation intensity.
Corresponding values of Vypp and Iy,pp Can be estimated from V. and I, as follows [39]:

Another essential characteristic of solar panels are the fill factor, which represents how

square the voltage/current characteristics of the panel. Solar PV panels have a fill factor
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(FF) between 0.4 and 0.8 in general, and an ideal PV panels have a fill factor of 1.0. It can

be expressed as follows [36]:

Pmax
VOCISC [ ]

The reduction in fill factor (FF) corresponding to total series resistance is given by:

AFF =
Voc

SC

The maximum power output can be calculated as: P4 = VinaxImax

Calculated maximum current output of solar PV panel at nominal temperature and solar

radiation (at 25°C and 1000w /m?) could be expressed using equation (3.13) as

Yimpp +Rslmpp Vipp + Impp R
Loy = Lonr — Ior exp( Wer )_1 — mep R’”:” TP [3.24]
S
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CHAPTER FOUR:

4. METHODOLOGY OF THE RESEARCH

4.1 Introduction
This chapter explains about cooling system design, construction of ice tank independently
and combined with milk storage tank, total required ice mass calculation, mathematical
modeling of phase change process using fixed grid (enthalpy) method and moving mesh
method, mathematical equations for nodal temperature distribution of water and ice crystal
growth as a function of time, total cooling load calculations, modeling of solar radiation,

photovoltaic module material and type selection, total number of PV panel calculation.

4.2 Cooling System Design
Solar PV cooling system utilized a vapour-compression refrigeration cycle in order to
produce the desired cooling and dehumidification. The evaporator, compressor, condenser

and expansion device are four main components of the cycle.

To select appropriate size of all these components, first amount of heat load and cooling
space geometry of the system depending on the amount of ice formed to cool needed milk

during night will be determined.

4.2.1 Milk and Slab Ice Storage Tank Construction
The construction of milk and ice storage system consists of three layers of materials which
are interior surface, external surface and insulation material. These three type of materials
can be selected appropriately to build a refrigerated space which is a major factor in terms
of energy saving. Several materials are considered to ensure good insulation and body

stiffness for the construction of the storage system.

+¢ Interior surface: - plastic panel (polypropylene, pp) material is selected for interior
surface. This material has well resistant for impact and moisture, light weight, easy
to clean and has enough strength for the system.
¢ External surface: -aluminum sheet material is selected for the external surface, due
to its anticorrosive, light and capable of supporting the storage structure as a whole.
¢ Insulation material: - in order to reduce the heat leakage into the cold space (to
reduce the cooled heat outflow from the refrigerated space or the hot heat inflow
from the outside environment into the refrigerated space) appropriate selection of
the cold insulation material is important.
Addis Ababa Institution of Technology, SMIE

35



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

There are vary of recent developed insulation materials which are polyurethane, nitrile
rubber expanded, phenolic foam, synthetic rubber expanded, polyethylene foam,
polypropylene and polypropylene. From these variety of insolation materials, Polyurethane
is selected for many reasons. It is an excellent insulator, structurally strong, very light, safe,
and affordable. Among all insulation materials, polyurethane foam insulation is the most
commonly used for dairy and food industry. The material is used from medium to heavy —

duty refrigeration systems to reduce heat gain and provide condensation control [40].

4.2.2 Milk and Slab Ice Storage Tank Sizing
The dimension of milk and slab ice storage tank are based on the amount of milk
refrigerated during day time. Based on the amount of milk cooled during day time, the
amount of ice can be estimated enough to keep the temperature of milk during night. This
research is designed based on 50 liter of refrigerated milk with 4°C minimum temperature
and to keep this temperature during night by adding slab ice having equal cooling capacity
bellow 4°C to the transmission load through milk storage tank wall during night time around
remote areas of Ethiopia. Specifically the site is located around Samara north-east of
Ethiopia and 354 kilometer far from Addis Ababa. Before calculating the volume and mass
of ice, the amount of transmission load through milk storage tank wall during night can be

determined first by using the volume of milk and estimated ice mass:

4.2.3 Milk Tank Transmission Load Estimation
To determine the required mass of ice enough to keep 50 liter of milk with 4°C temperature

during night can be use the following relation from thermodynamics.

Heat gained by milk due to transmission load from the environment = heat gained by ice
from milk during night

Qmilk storage transmission = Qice B T T T N TT I T T [41]

Slab ice can be absorb heat from milk until its temperature reaches the minimum milk
temperature of 4°C. The transmission load can be estimated based on the refrigerated milk

storage time which is starting from 5pm and all night time a total of 14 hours.

The transmission heat load is the major factor in the design of the refrigeration system.
There are a number of factors that affect the transmission heat load in order to account in
calculation. These are:
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7

+« Time: in long-term storage more heat will be escape from the system.
+« Temperature difference: when temperature difference between refrigerated space

and ambient is great, heat escaped into the system is more.

X/
°

Type of insulation: the thermal conductivity property of insulation material affects
the heat removal rate through the wall.

«+ Thickness of insulation material and External area of milk and ice slab tank:

The sensible heat gain through the surface of milk and ice storage tank wall, ceiling and

floor can be calculate as follows:

Qtrans = UAmilk(Toutside - Tinside) [42]

Where, Qrans: Transmission cooling load and U: Overall heat transfer coefficient
Apic: Milk tank outside surface area and it depends on its volume

The volume of the tank becomes sum of volume of milk and volume of ice and initially the

volume of ice can be taken 25% of milk tank volume including free space.
Vinitk = 50 liter = 0.001m3 % 50 = 0.05m3, and its 25% becomes 0.0125m3
Total volume becomes 0.0625m? with dimensions of 0.5m*0.3m*0.42m
Amine = 2(0.5 % 0.3) + 2(0.5 * 0.42) + 2(0.3 * 0.42) = 0.972m?:

The milk tank has 0.972m? internal area, then the external surface area can be calculate by
including the thickness of the material which are, outer aluminum cover 0.002m, inner
plastic cover 0.003m thickness and insulation foam material 0.015m thickness and
multiplying all by two. The figure bellow shows the section view of milk and ice storage

tank represented by length and width of the tank.

- 0.002 meter outer aluminum cover

milk tank

slab ice tank q', heat 8
ice from

P 0.003 meter inner plastic panel

0.015 meter insulation foam

Figure 4-1. Two dimensional section view of milk and ice storage tank
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A = 2(0.52 * 0.34) + 2(0.52 * 0.46) + 2(0.34 * 0.46) = 1.1448m?:

Floor, wall and roof outside area of the storage tank (m?). The two wall surface areas are

equal and the top and floor surface areas are also equal.

Toutside = 30°C : Outside air temperature, the ambient temperature of the location or site

during night time.
Tinsige = 4°C : Inside refrigerated milk temperature during night.

The overall heat transfer coefficient of the surface U can be calculate as follows by the

following equation:

U= e [4.3]

=]~

t,

o

1
Bt
Where, X: thickness of the insulator material wall (m)
K: thermal conductivity (W /m. k)

h; and h,: Inside and outside surface conductance respectively (W /m?. k)

According to (ASHRAE, 2002) U factor for the flat parallel multi-surface with different
thickness and properties can be calculate by using the following equation:

1
ki " ky ks

By including h;: inside surface conductance and h,: outside surface conductance, we get

the following.
U= ! [4.5]
- l ﬂ ﬁ x_g i WEE EEE S EEE EEE EEE EEE EEE EEE EEE SEE EGE EEE EEE EEE EEE EEs mEE wmEE owEEoaow .
Rl Tk, ks TRy

Where x4, x, and x5 : are the thicknesses of the materials 1, 2 and 3 respectively.
ki, k, and ks : are thermal conductivity of the material 1, 2 and 3 respectively.

It is a very popular insulation material with available thickness of 10 to 15mm and density
ranging from 35 to 50kg/m3 with 0.016 to 0.023 w/m. k thermal conductivity.
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The material service temperature is in the range of —180 to 110°C [40]. The water vapour
barriers are required on the cold sides of the insulation like aluminum foils of minimum
0.06mm thickness [40].

Table 4-1. Milk storage tank surface specification with thermal conductivity

Type of material Thickness (m) | K (Ww/m.k) | h (W /m?2.k)
Plastic panel (inside) 0.003 0.22 5
Polyurethane expanded foam 0.015 0.023
Aluminum sheet (outside) 0.002 237 30

U 1

=1 0003 0015 0002 1
5+022 Y0023 237 T30

U=1112159W /m?.k

Qtrans = 1.112159w/m?2. k = 1.1448m?(30 — 4)k, during evening time:
Qtrans = 33.11w

Qtrans = 33.11w * 14Hours = 497Wh/day, within 14 hours of evening heat leakage.

Qtrans = 33.115% * 14 * 3600 sec = 1,788 K]

An additional or supplementary of 15 to 30% of ice transmission load can be incorporated

to account as a safety factor [5].
Then,  Qans = 1.3 * 1,788Kk] = 2,324K]
Then, using equation (4.1) the amount of ice can be estimate as follows:
Qmilk, trns = my, [prater(Tminmilk — Tfr) + Qp + Cpjce * ATice] e e [4.6]

where, Tpinmiik = 4°C, refrigerated milk temperature

CPwater = 4180 k;—k' and cpjc. = 2025 kg]—k' Specific heat capacity of water and ice
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AT = (Tfr - TL): Change of ice temperature below water freezing point.
Tsr = 0°C, Tp =0°C and T, = —4°C: Freezing, phase change and average final

temperature of water respectively.

Q;, = 333700 k]_g : Latent heat of fusion

From equation [4.6] by rearranging the ice mass we get:

Mice = (Qmilk,trns)/ [prater(Tmin,milk - Tfr) + QL + Cpice * ATice]

2,324k]
Mice = k] k] k]
4.180 o * (4 — 0)k +333.7 2 + 2.025 127« (0—(-D))k
2,324k 65 KC
Mice = 3585k kg -

Then, the volume of the slab ice can be calculate by using the following relation:
Mijce = Vice * Pice
Pice = 918 %, densityof ice and Vj..:volume of ice

Vol _ M. 65KG
O Eice = e 918 kg /m?

= 0.0071 m3 = 7.1L iter

The total volume of ice and milk storage system is:
0.0071 + 0.05 m3 = 0.0571 m3.

An additional or supplementary of 15% to 30% of ice volume can be incorporated to

account as a safety factor.
Then the total volume of ice is : 1.3 * 0.0071 m3 = 0.0092 m?3

The volume of ice is less than the assumed value which is 0.0125 m3, thus ice volume

becomes 0.0092 m?3

Total volume of milk and ice becomes: - 0.0092 m3 + 0.05 m3 = 0.0592 m3.
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The size of the total cabinet becomes:
L*hxW, 0.31m * 0.45m * 0.425m = 0.0592 m3
Volume;., = 0.0092 m3 and
Mass of ice = Viz * pice = 0.0092 * 920 = 8.5kg
The size of the ice tank only becomes:
Lxh+*w, 0.08m * 0.4m * 0.29m = 0.0092 m3

4.2.4 Thermal Expansion of Water
Thermal expansion is change in length, area or volume of storage tank material mass due
to change of temperature. The volume of water increases during water solidification due to
decreasing temperature and it causes decreasing of density of formed slab ice. For this
reason amount of water volume inside ice storage tank will be decide based on thermal
expansion of water. The slab ice storage tank size designed above was the final volume of
water which is the volume of ice. Thus, volume of water must be less than this volume of
ice to account its expansion. The initial volume of water can be determine by using thermal

expansion of water in three dimensions or volume as follows:
AV = 3avT = BV,AT
Where, AV = 0.0092m3 — V; change in volume of water in the storage tank

3a = B = 210 * 10~%/°C : The volume expansion coefficient, taken from standard volume

expansion table

AT': Change in temperature of water from 33°C to -4°C.

V;: The initial volume of the water
AV =210 % 1076 /°C * V;(33°C — (—4)°C)
0.0092m3 — V; = 210 * 1075/°C * V; * 37°C

V, = 0.00705m3
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This 0.00705m3 volume of free space is required in addition to water volume to form

0.0092m3 volume of ice. Thus, 0.00005m3 free space must be required for volume

expansion of water during freezing.

Figure 4-2. Isometric cut view of ice storage tank and Evaporator assembly

In day time milk tank and slab ice storage tank are placed independently. 50 litre of milk
could be cooled using solar PV refrigeration system and during night 8.5 kilogram of ice
could be added to remove transmission heat through milk wall. The slab ice tank could be
placed at the middle of milk storage and surrounded by milk to absorb heat from milk.

Figure 4-3. 3D view of combined milk and ice storage tank
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4.3Mathematical Modeling of PCM Solidification and Melting with
Solving Methods

Solidification process is a transient heat transfer problem, which is described by non-linear
partial differential equations. Stefan number (St) is a dimensionless number which means
the sensitive heat relative to latent heat in phase change processes. The domain is divided
into two distinct domains which are solid and liquid parts separated by a moving or
interface boundary. For the moving boundary of phase change process both the phases

exists and boundary of the phase change moves at a constant rate [41].

For the formation of slab ice, assume all sides of the slab tank are insulated and two internal
opposite vertical sides are covered with the evaporator. The ice formation thickness

increases in the horizontal (x) direction from each evaporator.

\ nsulator
Ice tank

VA

Center
QL,Ice cooling QL
load ¢
Evaporator<&=—
Ice growth Ice growth

Solid - Liquid interface

Figure 4-4. Schematic of water freezing process including the evaporator

Water tank (surrounded by

Insulated milk tank)

Imm Al sheet

VLLLLLLLLLLLLLLLL won

(ice cooling load)

Refnigerant in —» ¢ o — S
& ! l()\\'L’l' or Uri"lcr
Refriga:mt out ¢— o - ) Evaporator

Figure 4-5. Representation of evaporator with refrigerant fluid inlet and outlet
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Insulator $

Ice tank ;
Center $

QL,Ice cooling Ks, Qs, QL
o K, €, | Liquid Solid =
Ks, Qs, ;
Solid Evaporator<&&—
Ige growth' | oopd - \ighid interface | 198 9roWth

Figure 4-6 Water solidification in a rectangular capsule cooling from left and right

surface of water tank

Figure 4.6 represents only the ice tank containing solid and liquid region and interface. The
two distinct domains are 2, and 2;, where 2 ¢ + ;. Considering the energy conservation

in the domain, by considering one - dimensional case.

X/
o

k, p and c: specific heat, density and thermal conductivity of PCM

X4

h, thickness of the capsule Lt, solidification thickness of ice

L)

R/
L X4

St, Stephan number S, Solid phase change material (ice)

L X4

L, Liquid phase change material (water)

L X4

T, temperature and t, time

The governing equations for heat equation along with the initial and boundary can be
defined [41].

oT, 92T,

Equation [4.7], represents the heat conduction equation in the solid region.

pico- = ky—, V<X <At e e e eeee e |48

Equation [4.8], represents the heat conduction equation in the liquid region.

The heat transfer in the solid by conduction in solidified portion is similar to the heat
entering the interface by latent heat release at the interface and heat coming from liquid by
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conduction. The complete explanation of phase change problem includes interface

condition on phase change boundary I, [42]. T, = Ty

aT aT ds
kl (a—x>l - ks (a—x)s = pSQL E on 1—:51 [49]
Where, Q,,latent heat of fusion T, phase change temperature
%, the interface velocity S, position of the interface

Equation [4.9], represents the Stefan condition at the solid — liquid interface region.
Temperature at the solid — liquid interface region can be expressed as:
T(X(t),t) =T, thent>0
The initial conditions of the model are:
TX,0)=T,<T, forx>0,x(0)=0
The boundary conditions of the model are:
TO,t)=T;>T, fort>0Andalso T(X,t) =T, forx —> oo, t>0

Where, X(t),is the position of the melting interface (moving boundary) and

T, Ts and T; are the melting, solid and liquid temperature respectivily

Interface ="
aT arT ds
Tt ke (32), — ks (G0), = psQ 53
x = x(t)
Liqud
» Ty __ 82T, & aTs __ 83T
pllat— S 9x2 pssat— S Jx2

T = Tl = Tm

= [Source, [42]]

Figure 4-7 Schematic representation of space time for two-phase Stefan problem
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There are two numerical solving methods during the release or absorption of latent heat of

fusion at the solid — liquid interface. These are: -

% Fixed mesh (enthalpy) method and
% Moving mesh methods or front tracking method.

4.3.1 Fixed Grid (Enthalpy) Method
A fixed grid method is an explicit method to calculate the unknown nodal temperature for
the new time exclusively by using the unknown nodal temperature at the previous time with
straightforward. The method approximated the heat flow equation by finite difference
replacements for the derivatives to calculate the temperature on a fixed grid in the (x, t)
plane. These are T;, at X; = iAx and time t,, = nAt. the moving boundary will be located
between two adjacent grid points at any time t,, = nAt. For instance i,Ax and (i, + 1)Ax
as shown below in the figure 4.8. [42]. This method can handle multidimensional problems

efficiently without much difficulty.

Xx=x(1)

pAx “—"'

ib-1 it b1 int2
Figure 4-8 Moving boundary Positions in a fixed grid [Source, [42]]
Where, i,,: Interface node index and X (t): positions of the liquid - solid interface.
P: Location of moving interface and i: any coordinate value

In this technique, properties are interpolated using nodal temperature of water at every time
step. And also solid liquid phase interface can be calculated at every time step. A single
energy conservation equation by using Fourier’s law of heat conduction, is can be written

for the whole domain: -

0H a%T

Where, H enthalpy function or the total heat content, temperature T and thermal

conductivity K.
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Under the enthalpy based method, used to solve phase change problems based on direct
solution system in a general way, the enthalpy H, can be expressed by the equation as
follows: [43] [44].

T
H(T) = f PC(TY AT, oot eee e oo oo e oo e eee e e o [4.11]

Ty
pC(T): Is the volumetric heat capacity T;. : Is the reference temperature

In the case of phase change material with an isothermal phase change process the
enthalpy function H can be defined as: [44] [43].

T
pCs(T)AT, when, T < T (solid phase) ... ... ..............[4.12a]
T
H(T) = J 7, r
t f pCs(TYAT + pQ, + f pc, (T)dT ,when, T > Tf (liquid). ... [4.12b]
Ty Tf

In the case of phase change material with non - isothermal phase change process the

enthalpy function H including the mushy zone, can be defined as: [44].

(fTT;pCS(T)dT, when, T < Tsoiiqus (Solid phase) ... .........[4.13ad]
for mushy phase zone

Tsolidus QL(T=Tsoliqus)
H(T) =4 fTr e pCL(T) ar + pLTlerhen' Tsotiaus < T = Tliquidus [4-13b]

for liquid phase
Tsolidus T
k fTr dus hCo(T)dT + pQy + foch (T)dT ,when, T > Tyquigus - - [4.13c]

Where, p is mass density, AT = Tjigyigus — Tsotiauss € 1S SPecific heat, @, is latent heat
per unit mass, Ty is freezing temperature, T, is reference temperature, S and L are the solid
and liquid properties respectively and Tjigys and Tyigyiaus are temperature of solid-

mushy and mushy-liquid respectively. pCs(T) and pC,(T), are the volumetric heat

capacity for the solid and liquid phase respectively.

In the case of constant heat capacity and linear expression of liquid fraction function
equation [4.12a and 4.12b] of H becomes as follows: [44].

pCs(T —T,), when, T < T (solid phase) ... ... ... ... ......[4.14a]
H(T) = and
pCs(Ty = T,) + pQ, + pC,(T — Tf), when, T > T (liquid ) ... [4.14b]
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In the case of constant heat capacity and linear expression of liquid fraction function
equation [4.13a, 4.13b and 4.13c] of H becomes as follows: [44].

rpCS(T —-T,) when, T < Tgoriqus» (solid phase) ... ........[4.13a]
for mushy phase zone

(T_Tsoi us) .
H(T) = { PCs(Tsotiaus — Tr) + 2ottt yphep, Ty < T < Tyyg .. ... [4.13D]

Tliquidus_Tsolidus

for the liquid phase

\0Cs (Tsoriaus — Tr) + pQr + pCL(T — Tyig), when, T > Tyjq ... ... [4.13]
Where, T;, — Liquidus temperature, Ts,; — Solidus temperature

* H(T) TH(T)

/

4
4

/

Liquid Mushy Liquid 4
T !
| Tmelting Tliquidus ! I Tsolidus
a. Isothermal phase change b. non-isothermal phase change [Source, [44]].

Figure 4-9. H-T behavior with constant heat capacity and using linear expressions of the

liquid fraction function

The total latent heat of change Q{,"ta’ of each control volume is:

Qpetal = prLdv .. [4.14]

The phase change over the intervals of temperatures of Tg and T, which are solidus and

liquidus, respectively, can be defined as [45]:

Ts T dQL
H= f pcs dT + f [ Fia + pce]dT, when, Ts<T<T......... [4.15a]
Ty Ts
Ts Ty, T
H= f pcs dT + pQy, + f pcedT + f pc dT,when, T > Ty, ... ... ... [4.15b]
T, T¢ TL

Where, cr—is the specific heat in the freezing interval
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Q;, — is the latent heat
T, — is the reference temperature below the solidus temperature.

Under the enthalpy method, the liquid fraction fL(T) which is the amount of liquid or
water content in the tank at the specific time can be calculate by using the following

expressions [46]

0 T<T,, solid
T —T,
fL(T) = T, <T< T, mushy ..............[4.16a]
Ts - Tm
1 T > T, liquid

Ts, — solid phase temperature and T,, — melting temperature of ice

Or by using the liquidus temperature, T, and the solidus temperature, Ts

( 0 T <Ts, solid
T — Teo1i
FL(T) = Solidus T¢<T<T, mushy..........[416D]
TLiquidus - TSolidus
1 T >T, Iliquid

fL(T), is the liquid phase fraction as a function of temperature, the liquid phase fraction
can take the values ranging from 0 up to 1 where fL(T) = 0 means the material is all in

the solid phase, and

fL(T) = 1, means the material is all in the liquid phase, and

T-Tso1i . . . . .
fL(T) = ———3°ldus ___ The material of these amount contains solid and liquid phases.
Triquidus—Tsolidus

Among the fixed grid method, one of the most commonly used method is the effective heat

capacity method. The method can be derived:

aH_aHaT_kaZT 0 417
5t 3T Koz et e e e e e e e e e e e e e e e [4217]
From the standard heat equation, equation 4.14 can also be write:

0 . :
a_I: = Cerf»  Where, c.rr — the effective heat capacity.

The effective heat capacity at the solid region can be expressed as:equation[4.18a]. the

effective heat capacity at the solid liquid interface region (mushy zone) can be expressed
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as: equation[4.18b] and the effective heat capacity at the liquid region can be expressed

as: equation[4.18c] [45].

pCs, WREN T < T oo e e e e e e e e e e e e 42180

Ceff = {pcf + pS—QL, whenTs < T < Tp o vev v e veev ve e [4.18D]
T, —Ts

pcy, WRENT > T v v v s e e e e e e e e e e e e e [ 4218

The specific enthalpy H(T), as a function of temperature, by using the enthalpy method and
the effective heat capacity found from above, is easy to handle a phase change material and

the phase change range and the phase change range is express as follows [47].

CsT, whenT < Tsotidus
T — Tyous
H(T) = { C,T + QA ATS"“‘”‘S) . when Tooigus < T < Triquiu - e ve e o+ [419]
\ CT + 0y, when T > Tyguiaus

Where, p is mass density, AT = Tijquiqus — Tsotiaus C 1S the effective specific heat,
Q,, is latent heat per unit mass, T is freezing temperature, T, is reference temperature, S

and L are the solid and liquid properties respectively.

HCT) H((T)
C

eft

T, ! [Source: [45]]
Figure 4-10. Variation of enthalpy and effective heat capacity with temperature

The governing equation discretization of temperature distribution inside the water tank,
when cooled from bottom by using one dimensional finite difference method during

solidification are as follow:

» Assume the one dimensional heat conduction equation can be written as:

aT f 02T
PO = K g v s [a]
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43.11 Modeling of Transient Nodal Temperature Distribution of Water

By considering the heat conduction in a slab of thickness 2*0.04 meter, initially at a
uniform temperature of water, applying heat flux at two vertical sides which are left and
right surface of ice tank and all other sides are insulated. Assuming variable physical
properties, such as thermal conductivity, density, and specific heat capacity, the generalized
one dimensional heat flow, explicit transient heat conduction equation for slab, can be

expressed as follows:

The nodal temperature of water can be expressed using explicit finite difference method,
by taking three nodes, which are first node, interior node and last node inside water tank

and assuming the heat flow is in the horizontal x-axis:

Water ftank Iﬁsulator=>

q" First node First node qg"
Ti T Ti+1 Ti+1 T i

xi\\txf/x”‘l xi§1 J/Xf\lxi

Interior node Last node Interior node ;
Evaporatorg
s-interface <1

S-L interface
vapQrator

ce growth Ice growt

Figure 4-11 schematic of 1D heat flow, node location, from evaporator position

The mathematical equation is modeled by using transient, 1D, explicit finite difference
method based on the geometry of ice slab tank and location of evaporator inside the tank.
The equation can be formulate based on 0.4 meter height, 0.08 meter length and 0.29 meter
width to form 8.5 kilogram 9.3 litre of ice slab. The evaporator covers two parallel vertical

sides of the tank with 0.4*0.29 m? and 0.08 meter distance between two evaporators.

Middle

Evaporator
Evaporator

0.9m e
nodes and Elements

0.09m 0.09m

Figure 4-12. Two dimensional view of slab ice tank
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a. For interior node (using explicit or forward difference method)

In explicit method or forward difference, the derivative is evaluated at the beginning
of the time step or at n™ step. The one - dimensional transient conduction heat transfer

equations using the explicit finite difference method for the interior nodes between the two
right and left evaporators and the last node from each evaporator which is located at the

center of the water tank shown below in the figure can be explain as follows:

For unsteady state heat conduction method the conservation of energy equation becomes:

4
aT

n=1

For the interior node, assuming no heat generation inside the system equation [4.20]

becomes:
Qi,j+1
I_ —
2T 2
Qi-1 L i,] | Qitly
-1
Qi,j-1
aT
Qi+1j + Qi-1j + Qijs1 +Qij—1 = pc(Ax.Ay. 1)5... et e e e e [4.21]

In this case, the flow is one-dimension and assuming the flow is in the horizontal i

direction, then equation [4.21] becomes:

oT
Qi+1,j + Qi—l,j = pC(AX 1)& Shh Mes EE EE eas GEs GEs EEe R e AeE aee aas [a]

The rate of conduction heat transfer between nodes by consider unit depth and n refers to
neighbor nodes are expressed as

n n
Tiv1j — T
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n n

—T;
l 1,j i,j
Qi1 = k(1)T U o)

Substituting equation [b] and [c] into equation [a] and rearranging we get:

n+1 n n n n
Ty =Ty Tigry + Tisgy — 2T,

pc = =
kAt Ax?
T n+1 _T n k t T n 2T n
ij =1 +pCA 5 (Tia,;™ + Ticyy" = 2T57)
kAt kAt
Pas _pchZ( o1, + Tie 1,")+(1—2p — )T” e [422]

b. For first node of the left water tank, heat flux towards the left side evaporator

Insulated

AY

The energy balance equation for node at plane surface, with heat flux g~ can be given as:

oT
Qi+1,j + Qi,j—l + Qi,j+1 +q = pC(AX Ay 1) E Che hes wau sus ere ven sres [CL]

But in this research case, there is no heat flow in the vertical direction and heat flow is only

in the horizontal x-direction. By taking the left evaporator, equation [a] becomes:

Ax \OT
n __ T n
1,j )

By substituting equation [c] and [d] into equation [b]
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O T (A—x )—Tl’f'n+1 ~ 7"
Ax =P\ At
1 pcAx?
Tive; " — T + o4 (&) = — e (T = Tiy™

Heat is absorbed from water to the evaporator, for this reason q’” is negative

2kAt Ax * g~ 2kAt
T n+1 __ ( i+1‘j‘n _ q ) + (1

. - _ T " [4.23
b pcAx? k pchz) b [ ]

c. For the first node of the right water tank, with heat flux towards the right side

of the evaporator

AX

Qi1 j+1

" i‘-j+1
q

- — — AY

Qi-1. ] i-1,j i

T

b e Insulated
ql'

i, j-1| i, j-1

The energy balance equation at plane surface or boundary nodes, with heat flux g” can be

given as:

oT
Qi,j+1 + Qi—l,j + Qi,j—l +q = pC(AX Ay 1) E ces en sne ses we e s nae e [a]

But in this research case, there is no heat flow in the vertical direction, and the heat flow is

only in the horizontal x-direction, by taking the right side of the tank, so equation [a]

becomes:
Ax aT
Tiv =Ty
Qi—1,j = k(l)A—x cex ten e e e e e e e e e e e aee see neenee s | C]

By substituting equation [c] and [d] into equation [b]
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+1
k(]_) Ti_l’jn —T, n Ax 1) Ti’jn - Ti’jn

i . Ax
I pc(z' At

pcAx?

n+1
2iac Ts T

1
T =T + EQ"(AX) =
Heat is absorbed from water to the evaporator, for this reason q’’ is negative

n

Ax x q” 2kAt
S =)+

ni1 _ 2kAt ( '
-1

S )Ti" e [428]

 pchx?
d. For the center node between right and left evaporator

This node is located at the center of ice tank and is the last node of both evaporators. At the
center node, assume no heat transfer relation between these two left and right parts of the

tank, the equation becomes:

At the mid plane node the equation is the same as equation (4.26) at the center node, but

the node temperatures of T;_; ;" and T;, ;" are equal, Tj_y ;" = Tiyq ;"

- . n+1 __ kAt n 2kAt n
Thus, the equation becomes: T; ;""" = m(z * Tioq,j ) + (1 - W) T;;

Or using the procedure, the equation can be formulate as follows:

Qi-1, j i-1.

i, j-1
‘ﬁQi._i-l

The energy balance equation for node at the center of the tank with no heat flux and

convection can be given as:

oT
Qi—l,j + Qi,j+1 + Qi,j—l = pC(AXAy 1) E e see sne nen ses sEen s sied Han e [a]
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But in this research case, there is only heat flow in the horizontal x-direction, no heat flows

in the vertical y-axis, and also one side is adiabatic, so equation [a] becomes:

Ax oT
Qi-1,j = pc (7 1)% cen e e e e e e e e e e e e s e e e e | O]
Ti_y ;" —T; ;"

By substituting equation [b] into equation [a] and using 1D heat transfer equation

+1
k(1) —Ti_l’jn —Ty" = pc (A_x 1) —Ti’jn T
Ax 2 At
pedx®
Tio1 =Ty = kAL (T = Tii™)
2kAt 2kAt
+1 _
T, = W(THJ" ) + (1 - W) (S L I )

4.3.1.2  Solid Liquid Phase Interface Location Modeling

To calculate thickness of thin and thick ice growth, there are different equations derived by
different researchers. The square root of freezing degree days is most commonly used
method to calculate ice thickness floating [11]. By considering heat losses, the coefficients
of thermal resistance between the ice top surface, the bulk temperature of air and heat flux

to provide an analytical result both thin and thick ice growth, the equation is as follows:
1
X@© = |2 et <k)2r K [4.30a]
= |— — - e e e e e e e e e e e e e e e e s [4.30@
pQ, - ™ ¢ h h
Where, X(t): is the ice thickness,[m] and t:time [s]
h: heat transfer coeef ficient [w/m?°Cland p: density of ice kg/m?3
k: thermal conductivity [w/m°C] and Q: heat of fusion [J/kg]

T,: air temperature [°Cland T,,: melting point temperature [°C]

The distance of the solid-liquid interface from the end wall can be calculate as follows [22]:
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2ks(T,, — Tyt

S, = s = T [4.30b]

—p(Qr + C(T; = Tin))

1

2k \2 1

S, = (p . QL) # [Ty = To) % E1Z o oo oo e e [4:30¢]
Where, S,.: is the ice thickness, [m] and t: time [s]
T;: initial temperature [°Cland p:density of ice kg/m3

k:thermal conductivity [w/m°C] and Q:latent heat of fusion [J/kg]
T,,: wall temperature [°Cland T,.: solidification temperature [°C]

The location of the solid-liquid interface can also be calculate by interpolation three

consecutive nodes as shown figure (4.13) bellow:

Water tank InSUlatOl'»
q"  First node First node qg"
Tf Ti+1 Ti+1 T Ti

T
xi\‘fo/XH'l xi+1 \fo \lxi
A
) Interior node Last node Interior node ;
> Evaporatorg
S-L interface

-
S-L interface
vaporator

ce growth Ice growt

Figure 4-13: ice slab tank with milk storage space nodal temperature and interface location

The heat flux is due to the convective heat transfer between the refrigerant and evaporator
tube, conduction heat transfer through the tube thickness, the convective heat transfer
between the evaporator tube and water initially, conduction heat transfer through ice

thickness and convective heat transfer between ice surface and water.

By using interpolation of nodal temperatures and nodal ice crystal formation, the final ice

crystal growth can be formulate as follows:
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Tr —Ti_,
U (CTTRIE ZH) ISR P 3010 Tod

X)) =Xf=x_,+——
f =% Tiy1—Tiq

Where, x(t) is the solid — liquid inter face, x; is the initial ice thickness,

CG+CG Q| -
F= + AT is the finite temperature

AT = TLiquidus — Tsotidus
Cs and C, are the fictitious specific heat for solid and liquid respectivily

The thermophysical properties p — density, k — thermal conductivity and cp-specific heat

of the mushy region are the average properties, by using the expression bellow [48]:

fkmush = ks + f(T) * (kl - ks)f

| and

4' Prmush = Ps F F(T) * (01 = Ds) wevvev ver vee vee et et vee en e et e we e e [4.30d ]
Q Cs+C

k Cpmush=ﬁ+ 52 L

- Tsolidus

where, liquid fraction, f(T) = , Tsotiaus < T < Tiguidus

Tliquidus - Tsolidus

The specific heat of the mushy region C,,,,s» can be calculate using the latent heat of fusion

Q. and change in freezing temperature AT = Ty;qyiqus — Tsotidus-

The explicit method is conditionally stable and has high accuracy. But the solution stability
has restriction based on the values of time step and grid size. The values of time step and

grid space can be limited based on the stability criteria for one dimensional explicit heat

kAt

equation of each node, which is F, < l, Fop=—
2 pclAx

4.3.2 Moving Mesh (Backward Difference) Method
In implicit method or backward difference, the derivative are evaluated at the beginning of
the end of time step or at n+1" step. The boundary separates two different phases which
develops in a phase change problem moving in the matter during the process. At the moving
boundary both the phases exists and boundary moves at a constant rate. Moving interface
boundary problem is associated with time dependent boundary problem, where the

positions of moving boundary must be determined as a function of time and space. In this
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method solid — liquid regions are treated separately and phase change interface is explicitly

determined as a moving boundary [41].

In this moving mesh technique, finite element method is used due to its two domains and

uses transient non-linear heat transfer.

A% Solid
172,

Solid |
Interface

¥ Vi

Liquid 1,

Phase interface

Figure 4-14 Schematic physical model of moving mesh system

The governing equations of the heat conduction along with the initial and boundary

conditions can be defined as [41]:

At the interface, T=Tr=Tg
aT, 92T,
pscsﬁ = ks R L S [4.31]
o _, oM <x<h 4.32
PiC 5 = s g y<x cen e e e e e e e e e e e eeee e e e | 4.32]

These two equations, represents the heat conduction equation in the solid and the liquid

region respectively.

The complete explanation of the problem includes the Stefan condition at the solid — liquid

interface condition on the phase change boundary I3;. Ty = Tf
" aT ” (GT) B dx; r 433
(ax)l o). = pQ; 70 on L N L 5 1]
Where, Q,, latent heat of fusion Tr, phase change temperature
S, position of the interface %, the interface velocity
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" oT ” (6T> B dx; 434
aT Ti = Titq
oT T, — T4

v * At = Ax, Where v is the velocity of the interface and Ax is the mesh displacement, thus
by substituting equation [a] and [b] in to equation [4.34] we get.

Ti =Ty —ke(Ti—Ticy) _  dx;

dxi

— = Vit is the interface velocity and rearranging equation [4.35] we get:

—ky(T; —=Tiz1)  —ks(Ti —Ti_q)
v = dx; _ Ax Ax
int dt pQL

pAAx;Q, — heat rejected by the liquid during freezing

pAAx; — m, mass flowrate and Q;, the latent heat of fusion.

AT d0x 0T
We canuse, — = ——

T , . . o
2t otox T X is charging with time
This is from material derivatives

AT 6x(6T> oT

Substituting equation [c] in to equation [4.31] and equation [4.32] we get the following
equations: Equation [4.31] becomes

(6x 6T+6T) _ 0°T 136
PsCs 3eax T ) = s gz e e e e e e et e [4.36]

Equation [4.32] becomes

<ax6T+aT) _ 0%T 137

Rearranging equation [4.36] for the solid part and write %Z—; = v‘;—i , We get
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oT ks 0°%T aoT
at  pscs 0x2 Y ox

TinJr1 -1 _ ks (Tir-t-l — 27" - Tﬁl) — <Ti741—1 — Tﬁl)
2

At T psCs (Ax)? 2Ax
Atk (T, — 2T — T T, — T
T =11 S L) Ay () [4.38
. o PsCs (Ax)? v 2Ax [4.38]
Rearranging equation [4.37] for the liquid part and write %ZTT( = vg—z , and follow the

same procedure like the solid part, we get

TR = P Atk (Tir-:-l — 2T - Tirl1> _ Aty <Tiﬁ1 - T,

The mesh velocity can be defined for both the solid and liquid part as follows:

For the solid, at x; = 0,v; = 0, Viesn = Vinter <L>

Xinterface

For the liquid, atx; = Xinterfacer Vi = Vinterface and at x; = xy, vim

Xm — Xi
Umesh = Vinter

Xm — Xinterface

—ky(T; —=Tiz1)  —ks(Ti —Ti_q)
Ax Ax
pQ.

where, Vip; =

For exact solutions of 1D phase change process of semi-infinite slab within the moving

mesh approach, exact temperature distributions of the solid and liquid are as follows [49]:

Temperature for the solid

erf(x*)

m, when 0 < x* < X;L [44061]

Ts(x,t) =Tc + (Tp — T¢)

Temperature for the liquid

erfc(w/as/aLx*)
erfc(wlas/aLng)

T, (x,t) =T; + (Tp — T;) ,when xg; < x* < o0 ............ ... [4.40D]
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Where, erf (.) and erfc (.) are the error and complementary error functions, respectively.

where, x* = x/2./ast, -is the dimensionless position and

a= %,is the thermal dif fusivity, Which are calculated from mechanical properties

for both solid ag and liquid «a; values. The values of dimensionless position of solid —

liquid interface xg, are obtained from the nonlinear algebraic equation:

0...[4.40c]

Tp —T; ks \/EeXp(_ (Z_i) (5.)°) n exp(—(xs5,)?) N mxs, L

Tr — Tcky |ay erfc(yas/ayxy) erf(xg,) Cs(Tp = Tc)

Where, Tp- the freezing temperature, and T; is the initial temperature of water

Tc,is the cold or refrigrant temperature

The implicit method is unconditionally stable. But, it has less accuracy and the solution
oscillates for large time steps. The implicit solution is stable for all grid size and time step

which is no restriction on using grid size and time stem for the computation.

4.4 Ice Refrigeration Load Estimation
The heat load estimation is important, to design and select the refrigeration equipment and
to size solar PV panel. To find the total heat load in the cooling unit, the total amount of
heat removed from the system during a certain period of time can be determined. This
includes the heat leakage through the wall, heat removal from water and the heat remove

from ice storage material systems.

4.4.1 Ice Tank Transmission Load Estimation
The sensible heat gain through the surface of the storage tank wall, ceiling and floor can be

calculate as follows:

Qtrans = UAice(Toutside - inside) [441]
Where, Qrans: Transmission cooling load and U: Overall heat transfer coefficient
Ajce = 2(0.4 % 0.08) + 2(0.4 % 0.29) + 2(0.08 % 0.29) = 0.342m?:

This is the internal surface area of ice tank, then the external surface area can be calculate
by including the thickness of the material and also 8mm gap between ice tank and insulation

tank, the area becomes:
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Ajee = 2(0.44  0.136) + 2(0.44 * 0.352) + 2(0.136 = 0.352) = 0.5252m?:

Floor, wall and roof outside area of the storage tank (m?). The two wall surface areas are

equal and the top and floor surface areas are also equal.
Toutsidze = 37°C and Tj,iqe = —4°C: Outside and average inside water temperature.

The overall heat transfer coefficient of the surface U can be calculate as follows by the

following equation:

U= e [442]

o e

t,

o

1
=+

i

Where,x: thickness of tank wall (m) and h,: Outside surface conductance (mvzvk)

K: thermal conductivity (%) and h;: Inside surface conductance (mv:k)

According to (ASHRAE, 2002) U factor for the flat parallel multi-surface can be calculate
by using the following equation:

1
ki " ky ks

e [4.44]

(U
|

1
kTR TR,

Where x4, x, and x5 : are the thicknesses of the materials 1, 2 and 3 respectively.
ky, k, and k4 : are the thermal conductivity of the material 1, 2 and 3 respectively.

It is a very popular insulation material with available thickness of 10 to 15mm and density
ranging from 35 to 50kg/m?3 with 0.016 to 0.023 w/m.k thermal conductivity. The

material service temperature is in the range of —180 to 110°C [40].

The water vapour barriers are required on the cold sides of the insulation like aluminum

foils of minimum 0.06mm thickness [40].
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The water storage tank materials are similar with milk storage tank materials and the
specification can be taken from table [4.1]. In addition to these independent tank made from

aluminum and 1mm thickness is needed for water storage.

Type of material Thickness (m) | K (Ww/m.k) | h (W /m?2.k)
Plastic panel (inside) 0.003 0.22 5
Polyurethane expanded foam 0.015 0.023
Aluminum sheet (outside) 0.002 237 30
Aluminum sheet (ice tank) 0.001 237 30

U 1

=1 0003 0015 0002 1
5+022 Y0023 237 T30

U=1112159W /m?.k

Qtrans = 1.112159w/m?2. k = 0.5252m?(37 — (—4))k, during ice forming period:

Qtrans = 24w

Qtrans = 24w * 8Hours = 192Wh/day, within 8 hours of heat leakage during ice

forming.
Qtrans = 192Wh/day

4.4.2 Ice Product Cooling Load Estimation
The total cooling load energy Q.. needed to produce the required ice to be evacuated from
water cooled down from approximately ambient temperature to 0°C which is the phase
change temperature of water and then cool down it to its final temperature, the equation is
[5]. The equation includes sensible heat loss from 33°C temperature of water to its freezing
temperature of 0°C, latent heat loss at the phase change temperature and sensible heat loss

from phase change temperature to its final temperature.
Qice = [cPwater(Twater — Tr) + Qu + Pice(Trr — Tp)[Mice v vvv vvv vvv vvv een [4:45]

Where, cpyater = 4180ké—k and cpjc. = 2025 ﬁ,heat capacity of water and ice
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Twater = 33°C, T, = 0°C and T, = —4°C : The initial, freezing and final temperature of

water respectively.

m;.. = 8.5kg, Mass of ice and Q;, = 333700 k]_g’ The enthalpy to freeze water

Qico = [4.18 k] /kg. k(33 — 0)k + 333.7k [ /kg + 2.025k] /kg. k(0 — (—4))k]8.5kg

Qice = 4,087k]

4,087 kJ

————————— = 284W , within four hours ice formation time period of PV panel.
(4+3600)second

Qice =
Qice = 284W * 4hours = 1419Wh/day

4.4.3 Ice Tank Material Cooling Load Estimation
During the slab ice formation period the heat that needs to be removed from the storage
tank material can be calculate by summing up of the heat removed by insulation material,

aluminum sheet and plastic panel.

QS,t Cooling = Qinsulatian + QAL + Qplastic WEs S EEE EEE EEE B B EEE EES RSB EES RSN EEE AR moE [4.46]
The amount of heat removed from each material is given by the same formula as follows:
The amount of heat that needs to be removed from the insulation material polyurethane

expanded foam can be calculate as follows:

Qinsutation = Minsu * CPinsu * (Tair = Tma) «- eoe eve wee vee ver ven ven e wnee 2 [ @]
Amount of heat that needs to be removed from aluminum sheet can be calculate as follows:
Qar = Myup * DA * (Taiy — Tyng) «ov vee ver ven en veve et eie vee e ven wen vt eae eee e [ D]

Amount of heat that needs to be removed from plastic panel can be calculate as follows:

Qpiastic = Mpiastic * CPplastic * Tair — Tina) v e vvve e vve vn e v v e [ €]

By substituting the above equations [a, b and c] in to equation [5.8] becomes:
Qs,t cooling = (Tair - Tma) [(minsu * Cpinsu) + (mAl * CpAl) + (mplastic * Cpplastic)]

Mynaterial = Vmaterl’al * Pmaterial and Vmaterl’al = As.t * thwhnessmaterl’al

Then mass of the material becomes:

Minaterial = As,t * tmaterial * Pmaterial
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Table 4-2. Storage tank material size and properties

S.N | Material Areas Thickness Density Specific heat
[m?] [m] [kg/m3] capacity [J/kg.k]
1 Polyurethane 0.5252 0.015 50 1045
2 Aluminum sheet | 0.5252 0.002 2702 903
3 Plastic ~ panel | 0.5252 0.003 920 1900
(Pp)

Source: Incropera, Lenntech, wiley and [40]
Qs,t cooling — (Tair — Tina) * As,t[(thinsu * Pinsu * CPinsu) T (thay * pa; * cpar)
+ (thplas * pplas * Cpplas)]

k ]
Q$tamUng==(37-—(—4))k*(15252nﬁ[(Q015n1*50;§4<1045;3;)4-(Q002n1*

kg J kg /
270225 903 22) + (0.003m » 920 2 « 1900, )|

Qs = 235k]

The temperature lowered from atmospheric temperature to ice final temperature within five
hours. So cooling load due to the storage tank becomes:

235k]

Qcooling,S,t = m = 1l6W

Qcooling,st = 16 W * 4hours = 64Wh/day

4.4.4 Infiltration Load
Infiltration load refers to the sensible and latent heat gain due to air flow into the
refrigerated space during opening of the storage tank in order to loading and unloading the
ice product. To load water or ice product needs a short period of time. Thus, the infiltration

load is assumed to be negligible in the calculation of the total heat load system.

4.4.5 Factor of Safety
An additional or supplementary of 15% to 30% of ice freezing load can be incorporated to

account as a safety factor [5].
Qs = 30%(Qice F Q) or ver ver wer wen wen wen wen wen wen wen wen wen wen wen wen wnn wnn wnn wen wne o« [ 447 ]
Qs = 0.3((1419 + 64)Wh/day )

Qs = 431Wh/day
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The total cooling load including the 2watt condenser fan will be:

Qtotat = Qtrasm T Qice + st T Qs + Qcond fan =+ wor wer wer wer wen wer wen wen wvn e wns [4.48]
Qtotar = 24W + 284W + 16W + 0.3 = (284 + 16)W + 2/
Qtotar = 416W
Qtotar = 192Wh/day + 1419Wh/day + 64Wh/day + 431Wh/day

Qtotal = 2’107Wh/day

4.5Estimate Solar Radiation of the Site
To estimate the solar radiation at the site, the monthly average daily solar radiation on a
horizontal plan, The Longitude =41° E, Latitude = 11.8° N, Elevation = 433m these are
from the collected solar data of Semera, Declination, sunset hour angle, the extraterrestrial
radiation and clearness index must be first analyzed. After doing these and specifying the
day of the considered month, from the monthly solar radiation on a horizontal surface we

calculate the monthly average daily diffuse solar radiation.

Then, calculate the coefficients the ratio of hourly to daily total solar radiation and the ratio
of hourly diffuse radiation to total diffuse radiation on horizontal surface in order to
determine the hourly global solar radiation on a horizontal surface and the hourly diffuse
solar radiation respectively. And these two hourly solar radiation are important to calculate

the beam radiation.

Finally the global hourly solar radiation on a tilted surface can be calculate by using all
hours of the considered day. This is determined by repeated from the sunrise to the sunset
of the day, taking into account the change in the value of the solar hour angle throughout

the day. The total daily solar radiation is obtained by summing all values of it [50].

4.5.1 Declination Angle
It is the angular position of the sun at solar noon relative to the plane of the equator. The

approximate equation of the declination is as follows [50]:

284 + n)

= 23.45si
o) 3 551n(360* 365

e e [4.49]

Where,n: is the nth day of the year and 6:is declination of the sun
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Table 4-3. Recommended average day of month and value of n by month within a year.

Month n for i Day of | 1" day of the | Julian day of the | Declination in
Month month year degrees

January i 17 17 -20.92
February 31+i 16 47 -12.95
March 59 +1i 16 75 -2.42
April 90 + i 15 105 941
May 120 +i 15 135 18.79
June 151 +i 11 162 23.09
July 181 +i 17 198 21.18
August 212 +i 16 228 13.45
September 243 +1i 15 258 2.22
October 273 +1i 15 288 -9.60
November 304 +i 14 318 -18.91
December 334 +i 10 344 -23.05

Source: [50]

4.5.2 Solar and Sunset Hour Angle
The solar hour angle is the angular displacement of the sun west or east of the local meridian
and it becomes positive in morning time, zero at solar midday and negative in the afternoon

time. It can be calculate by the following [50]:
W = 15%(Typcar = 12) wovcee cevee eee e eee e eee e eee v eee wen ene wen ene wen one [£.50]
Where, T} ycq:: is the local time

The sunset hour angle is the solar hour angle corsponding to time when the sun sets. It can

be calculete by the following equation:
COSWg = —LANPLANG ... cev vevvee et et et et et e e et ee ee eee eee ee ene een een eee oee |45
Where, ¢, is the latitude of the site (Semera)

The day length or the maximum sunshine hours S,,,,, can be calculate by converting the

sunset hour andle in to hour, 1~ = 15° and using the relation as follows [51]:

the day length, Smax = (2/15)wq
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4.5.3 Extrattersterial Radiation
Extraterrestrial radian is the solar radiation incident outside the earth’s atmosphere. H,

The Extraterrestrial radian is given by the following equation:

24Ggc n . ) .
Hy = - 1+ 0.033C0S (271—) * (cosg cosd sinwg + wgsing sind).. [4.52]

365

Where, Gsc = 1367w /m?, solar constant

45.4 Clearness Index
The daily clearness index K, is the solar radiation ratio at the surface of the earth to the

extraterrestrial radiation.

K, = oo e [4.53]

| =

H: The monthly average daily solar radiation on the horizontal surface.
H,: The monthly of extraterrestrial daily solar radiation

4.5.5 Hourly Diffuse Solar Radiation Calculation
The monthly average daily diffuse solar radiation H, is the scattered solar radiation
reaching the earth’s surface and can be calculate by using the monthly average daily global

horizontal solar radiation H and K, is between 0.3 and 0.8 as follows [52]

2] _ _ _
?‘1 = 1.391 — 3.560K, + 4.189K? — 2.137K3 .. ccc cce e eve eve e e . [4.534]

This is when the sunset hour angle wyg is less than 81.4° and

H _ _ _
?‘i = 1.391 — 3.560K, + 4.189K? — 2.137K3 ... ccc e e e e eve e . [4.53D]

This is when the sunset hour angle wg is greater than 81.4°

In addition to this, the ratio of total diffuse radiation to hourly diffuse radiation on a

horizontal surface r,; can be calculate as follows:

T COSW — COSWg

T4 v e e e e [4.544]

24sinw5 — W5COSWg Lea rea e e aes eer aas res aes e e e s

By using this r,; each hour of average day, the diffuse radiation H,; becomes:
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45.6 Hourly Horizontal Solar Radiation Calculation

The ratio of hourly to daily solar radiation 7, used to determine the hourly solar radiation

on the horizontal surface daily distribution H. . Can be calculate as follows [50]:

COSW — COSWg

r, = %(a + beosw) - e [4.550]

inws — wscosws

Where, a = 0.409 + 0.5019sin(ws — 3) and b = 0.6609 + 0.4767sin(ws — )

THheN, H = TpH oo oot et et et s e e et et e v e e et s eve e et e e een ene o | 4,55 D]

4.5.7 Hourly Beam Solar Radiation Calculation
The beam solar radiation or direct normal solar radiation H,, is the incident solar radiation

that directly reaches the earth’s surface without significantly scattered and coming from the

direction of the sunlight [52].

P A RN I3 15)

4.5.8 Hourly Solar Radiation Calculation on a Tilted PV Surface

The hourly solar radiation on the tilted solar PV surface can be determined as follows [53]:

e [4.57]

Ht = HbRb + Hde + Hp(

Where, p: is the reflectivity of the surrounding where the PV panel is located and its

value normally taken 0.2 for the reflectivity of grass or concrete.

B = Latitude — declination: is the inclination angle of the PV panel

R,: ratio of diffuse solar radiation on to a tilted surface to that of the horizontal surface
From Liu and Jordan model

_ 1+ cosp

Rq=— oo oo [4.58]

R, : represents the ratio of average day of the beam solar radiation on a tilted

surface to that of a horizontal surface and can be expressed as follows:
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_cos (((p -B) %) cos (6 %) cos(w) + sin (((p -B) 1”—0) sin(é %)

8
b= cos (8 755) cos(w) cos (¢ 15) + sin(8 755) sin (¢ 155)

.[4.59]

4.5.9 Daily Tilted Solar Radiation Calculation

H,: is the daily total radiation and obtained by summing individual hours by using

the formula for the daily solar radiation bellow:

_ tsunset
H, = Z Ho(t), (= ROUT) oo e oo oo e e e oo [4:60]

tsunrise

Where, toynrise And toynser: is the sun rises and sun set time respectively.

These are determine by the following relations:

(L © 180)
— w2
teunrise = 12 — Eqt + T’T TR I/ -3 17
And
180
_ R, "
tounser = 12 — Eqt + = RPN I/ % V)

Where, L: is longitude and Eqt is the equation of time

The equation of time can be express by using an approximate formula in minutes, given as
follows:

(0.123 cos ((j +87) 1;;—0) — sin (2(i +10) %))

Eqt =
1 60

oo o [4.62]

Where, j is the day of the considered mouth.

4.6Solar PV Module System Sizing
In order to size the appropriate PV module to drive a compressor having a cooling capacity
of more than 416W, the total peak watt that the PV module produces, the total estimated
daily cooling load which is Q;o:q: = 2,107Wh/day calculated above and the estimated
average solar radiation of the site are needed.
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4.6.1 Photovoltaic Panel Types and Material Selection Criteria
PV cells are made of semiconductor materials. The major types of materials are crystalline
and thin films, which vary from each other in terms of light absorption efficiency, energy
conversion efficiency, manufacturing technology and cost of production. Crystalline
material also classified poly crystalline and mono- crystalline materials.

a. Single crystalline material

In the PV industry single-crystal or mono-crystalline silicon cells are the most common
material. It has a uniform molecular structure and high uniformity results in higher energy
conversion efficiency, compared to non-crystalline materials. The higher a PV cell’s
conversion efficiency, the more electricity it generates for a given area of exposure to the
sunlight. The conversion efficiency for single-silicon commercial modules ranges between
15-20%. Not only are they energy efficient, single-silicon modules are highly reliable for

outdoor power applications [34].
b. Poly crystalline material

Consisting of small grains of single-crystal silicon, polycrystalline PV cells are less energy
efficient than single-crystalline silicon PV cells. The grain boundaries in polycrystalline
silicon delay the flow of electrons and decrease the power output of the cell. The energy
conversion efficiency for a commercial module made of polycrystalline silicon ranges
between 10 to 14%. Compared to single-crystalline silicon, polycrystalline silicon material
is stronger and can be cut into 1/3 thickness of single-crystal material. It also has slightly
lower wafer cost and less strict growth requirements. However, its lower manufacturing
cost is leads to lower cell efficiency. The average price for a polycrystalline module made
from cast and ribbon is slightly lower than that of a single-crystal module [34].

c. Thin film material

In a thin-film PV cell, a thin semiconductor layer of PV materials is deposited on low-cost
auxiliary layer such as glass, metal or plastic foil. Since thin-film materials have higher
light absorptivity than crystalline materials, the deposited layer of PV materials is
extremely thin. Thinner layers of material yield significant cost saving. Also, the deposition
techniques in which PV materials are scattered directly onto glass or metal substrate are
cheaper. So the manufacturing process is faster, using up less energy and mass production

is made easier than the ingot-growth approach of crystalline silicon. However, thin film PV
Addis Ababa Institution of Technology, SMIE
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cells suffer from poor cell conversion efficiency due to non-single crystal structure,
requiring larger array areas and increasing area-related costs such as mountings. Efficiency

is in the range of only 7-13 percent [34].

a. Mono-crystalline, b. poly crystalline c. amorphous or thin film panel

Figure 4-15. Different types of Solar Modules [source, [17]]

For this research mono-crystalline PV panel was selected due to its uniform molecular
structure and high uniformity results in higher energy conversion efficiency, this leads to
generate more electricity for a given area of exposure to the sunlight. And also it is highly
reliable for outdoor power applications. The 220W, AS-6M24 PV panel was selected and
the characteristics given by the manufacturer are list bellow in table 4.4. The manufacturer

is worldwide energy and manufacturing USA Co. Ltd. Amerisolar.

Table 4-4. Electrical, mechanical and temperature characteristics of AS-6M24 PV at STC.

Electrical characteristics of AS-6M24 solar panel at STC (standard test condition)

Nominal power (P,..,) | 1900W | 195W [ 200W | 105W | 210W | 215W | 220W

Open circuit voltage (Vy¢) 30.2V | 30.3V | 30.4V | 30.5V 30.6V | 30.7V | 30.8V

Shortcircuitcurrent (Isc) | g 45 | 858A | 8.70A | 8.82a | 8:94A | 9.05A | 9.17A

Voltage at nominal 24.7V | 24.8V | 249V

power (V) 24.2V | 243V | 245V | 24.6V

Current at nominal 8.51A | 8.67A | 8.84A
power (L) 7.82A | 8.0A | 8.17A | 8.34A

Module efficiency (%) | 1455 | 1494 | 1532 | 1570 |16-:09 |16.47 |16.85
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Operating temperature

-40°C to +85°C

Maximum system

voltage

1000V DC

Maximum series fuse

rating

15A

STC: Irradiance = 1000W /m?, Cell temperature = 25°C and AM (air mass) = 1.5

Mechanical characteristics of AS-6M24 solar panel at STC

Cell type Mon crystalline 156x156mm
Number of cells 48(6x8)

Dimension of panel 1316x992x35mm

module

Weight 15kg

Front cover

3.2mm low iron tempered glass with
AR (anti-reflection) coating

Frame

Anodized aluminum alloy

Temperature characteristics of AS-6M24 solar panel at STC

Nominal operating Cell | 45°C + 2°C
temperature (NOCT)

Temperature -0.43%/°C
coefficient of (P,4x)

Temperature -0.33%/°C
coefficient of (Vy()

Temperature -0.056%/°C

coefficient of (Is¢)

Source: Amerisolar

Mono-crystalline photovoltaic module with 220W peak is selected for this slab ice

formation design system from manufacturer.
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4.6.2 Calculate the Total Power Demand and the Number of PV Panels
To calculate the size of the PV panel, first we calculate the total area in order to determine
the total peak watt. The area of the PV panel can be determined by using the following
equation [26] [54]:

total daily estimated energy demand
Gay * Npy * TCF '

PVArea -

e [4.63]

Where, Qcooting 10aa = 2,107Wh/day: total daily estimated demand
Goy = 5kWh/m?/day: Average solar energy input per day

Npy = 16.85%: Module efficiency at reference temperature and insolation of 1kW

/m? and taken from the manufacturer specification.

TCF: temperature correction factor, the temperature correction for maximum power

TCF=1- [ﬁref(Tcell - TSTC)]

Where, Bref = —0.43% °C: the temperature coefficient at maximum power STC

(Values taken from the manufacturer for mono — crystalline modules).
Tsrc = 25°C: cell temperature at standard test condition given by the manufacturer.

Teen: cell temperature at cell operating temperature T [°C]

NOCT — 20
Teen = Tair + T * Ggc

Where, Gsc = 1000w /m?: Solarradiation, taken from PV manufacturer.
Tair = 37°C: Ambient temperature [°C]

NOCT = 45°C: Nominal operating cell temperature provided by the mono

— crystalline PV manufacturer.

45°C — 20

Teenp = 37°C
cell + 800

* 1000w /m? = 68°C

TCF = 1 — [0.0043(68°C — 25°C)] = 0.8151
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2.107kWh/day 2,035m"2
Skw h/m?/day = 0.1685 = 0.8151  0.687

PVArea =

To determine the peak power output from the total PV module we use the following

equation:
PVyeak power = PVarea * Mpy * PSI
Where, PSI = 1000W /m?: PV peak power at the earth surface at peak solar intensity
Npv = 0.1685: PV efficiency from manufacturer of selected mono crystalline module
PVyeak power = 3m? * 0.1685 * 1000W /m? = 500w
The output power of a single PV panel can be express as follows:
max.power of each panel = 220w

The number of PV module for the system, can be express by using the following equation:

pv peak power

NO of PV s =
of PV panels max.power of each panel

e o [4.64]

NO of PV l—SOOW—23—3
of PV panels = 520~ 23 =
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CHAPTER FIVE

5. REFRIGERATOR COMPONENT SELECTION AND DESIGN

5.1Introduction
This chapter explains about the refrigerator compressor selection which are compressor,

condenser, evaporator and capillary tube, refrigeration system design and arrangements.

5.2DC Compressor Selection
The DC compressor is used to increase the pressure and circulate the refrigerant in the
refrigeration system. A compressor of refrigerator is a combination of mechanical
compression part and an electrical motor. The electrical motor converts electrical energy

to mechanical energy in a refrigeration compressor.

The selection of DC compressor depends on its less contribution to the greenhouse effect
and its smooth start up ability during low availability of solar PV power mainly for solar
PV powered compressor. For this specific application DC compressor is selected due to its
ability to connect directly with PV panel without an external control system like invertor
and capacitor or starting battery. This DC compressor is equipped with an adaptive energy
optimizer control used to speed up the compressor from minimum to maximum speed
during starting. This DC compressor can an ability to stop rotation when the PV panel
cannot deliver sufficient power and try to start again at low speed and increases slowly, if

the panel will starts power generating.

The selection of this refrigerator DC compressor size depends on the amount of cooling
load required to produce enough ice to replace the heat absorbed by cold milk during night
time in order to keep its temperature 4°C within fourteen hours. The total cooling load
which is Qcpo1ing = 416 watt in order to form slab ice and to keep the required milk
effectively within the required time should be less than the selected compressor cooling
capacity. CASCADE17-0244Y 3 model, which is Masterflux Company product variable
speed DC (VSDC), high back pressure is selected for the system as it has high cooling
capacity of 618 Watt at -7°C evaporator temperature which is greater than from the total

cooling load of this system.
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5.2.1 Technical Data Sheet of CASCADE17-0244Y3 VSDC Compressor and
Control Unit
The CASCADE17-0244Y3 model compressor is ideally fit for PV powered stationary and

movable applications. It has the voltage of 12, 24 or 48V DC power supply and the used
refrigerant type of R-134a. This type of compressor is applicable for commercial
refrigeration for foods and beverages, make and store ice and ac system. It is applicable for
evaporator temperature range of -40°C to 15°C and condenser temperature range of 26.7°C

to 65.6°C. These compressor and control unit have the total weight of 6.67kg.

The feature of the control unit are 4-poles sensor-less/brushless variable speed BLDC
motor controller,1.0-4.75V analog speed set input (resistor programmable for fixed speed)
and the rpm range is 1800-4200.

All three tables bellow are shows that the performance of CASCADE17-0244Y3
compressor for different evaporating temperature at-ARI HBP test condition at 35°C
ambient temperature, 18.33°C suction temperature, 8.33°C sub-cooling and condenser

temperature of 54.4°C. For all three tables the source is Masterflux.

Table 5-1. Compressor cooling capacity (W) for 24V at ARI -HBP test condition

Evaporator temperature °C
RPM =7°C —1°C 2°C 4°C 7°C 10°C 13°C
1800 114 162 188 214 240 267 294
2400 158 219 250 283 316 350 384
3000 218 287 324 362 400 440 479
3600 273 350 391 432 475 519 563
4200 308 389 433 477 523 570 618

Source: Masterflux
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Evaporator temperature °C
RPM —=7°C —1°C 2°C 4°C 7°C 10°C 13°C
1800 83 92 97 101 106 110 114
2400 105 115 121 126 131 136 142
3000 129 143 150 157 165 173 181
3600 155 174 184 195 206 218 230
4200 181 209 224 239 255 272 290

Source: Masterflux

Table 5-3: Compressor Current consumption (Amp) for (24V) at ARI -HBP test condition

Evaporator temperature °C
RPM —7°C —1°C 2°C 4°C 7°C 10°C 13°C
1800 3.45 3.85 4.04 4,22 4.40 4.57 4,73
2400 4.37 4.81 5.02 5.24 5.46 5.68 5.91
3000 5.38 5.94 6.24 6.54 6.86 7.19 7.54
3600 6.44 7.24 7.67 8.12 8.59 9.08 9.59
4200 7.56 8.70 9.32 9.96 10.63 11.33 12.07

Source: Masterflux

Table 5-4: CASCADEL17-0244Y3 Compressor optional fixed resistor speed table

Resistor value(OHMS) | Motor speed(RPM) Resistor (OHMS) Motor speed (RPM)
200 1800 1090 3000
242 1900 1.4k 3200
287 2000 1.88k 3400
388 2200 2.58k 3600
510 2400 3.8k 3800
659 2600 6.36k 4000
847 2800 15.3k 4200
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Master-flux Company provided more flexible performance equation shown below in terms
of Y, which is the performance characteristics like refrigerant mass flow rate, cooling
capacity, current consumption, power consumption of the (24V) CASCADE17-0244Y3
compressor at ARl HBP test condition (source Master flux).

Y = C; + CoX1 + C3X2 + Cu X3 + CsXy + CoX2 + C X3 + CgX3 + CoX2 + CpoX3
+ C11 X1 X, X3 + CroX2X, X3 + Ci3 X1 X2 X5 + C1aX1 X, X2 4 Cis X1 X,
+ CrX1 X3 4 Ci7Xo X3 + CigX2Xy + CroX1 X2 + CooX2 X5 + Cpy X1 X2
o CopX2X5 4 CpaXoX2 oo ois) oo e eesees oo eee eee eee eee v e [5.1]

X, = RPM and X, = Evaporator temperature in degree Fahrenheit

X3 = Condenser temperature in degree Fahrenheit

C,; — C,5: The performance coefficient of 24V CASCADEL17-0244Y3 compressor like

refrigerant mass flow rate, cooling capacity, current consumption, power consumption.

5.2.2 Evaporator and Condenser Temperature Selection
Based on the collected Metrological data the ambient temperature of Semera reaches 43°C.
So that for this research refrigerator condenser must operate at a temperature greater than
this value in order to release heat to the surrounding. So it will be appropriate to fix the
condenser temperature to 49°C, which results 6°C minimum temperature difference

between the ambient and the operating temperature of the condenser.

For this system the selected compressor is applicable with maximum operating temperature
of evaporator -7°C. Ice formation takes place below 0°C temperature. From table 5.1
manufacturer specification the cooling capacity at 1800rpm is 294watt and at 4200rpm is
618watt with evaporator temperature of 13°C and —7°C evaporator temperature the
cooling capacity is 308 watt. Thus, the total cooling load of the study is between these
values which is 416w. Thus, possible minimum operating temperature of evaporator
becomes —7°C. By using —7°C and 49°C evaporator and condenser operating temperature
respectively and ideal vapour compression refrigeration system, R-134a refrigerant
properties can be taken from saturated liquid and saturated vapour tables of R-134a.
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Table 5-5: properties of R-134a with —7°C evaporator temperature at state one

Properties Liquid form Vapour form Mixed form
Enthal k .
nthalpy (hys) 42.52 ] (hg1) 246.3k] [kg (hrg1) 203.8k] /kg
kg.k
Entropy kJ kJ k]
(571)0.16994 Kok (S41) 0.93549 ok (Sr41) 0.76569 ok
Pressure 225.76kpa
Pl = P4
Specific 0.00075895 m3/kg | 0.089077 m3/kg
volume

For ideal case S; = S, = 0.93549k] /kg. k

Then, by using entropy at condenser inlet and condenser temperature 49°C from R-134a
refrigerant superheated table the enthalpy is:

T, = 49°C

S, = 0.93549k]/kg.k} vhy = 281.6k] /kg and P, = P; = 1000kpa

At the inlet of expansion device by using the pressure P; and from R-134a refrigerant
saturated liquid pressure table, the enthalpy at this system can be taken.
P; = 1000kpa
Saturated liquid
= 0.39189k/ /kg.k

} ,hs = hes = hy = 107.32k] /kg and Ts = 39.37°C, S,

For ideal case, X; = 1(saturated vapour), X; = 0(saturated liquid)

hy —hpy  107.32k] /kg — 42.52k] /kg
hrg1 203.8k] /kg

X, = 0.32
5.2.3 Refrigerator Evaporator Equipment Selection and Design
The principal purpose of the evaporator is to remove heat from the refrigerated space and

to maintain humidity by turning the liquid form of the refrigerant into its gaseous form by
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vaporizing it. The evaporator tube was selected as Copper Tube Evaporators with Standard
ASTM B301-145.

Table 5-6: Technical specification of the selected evaporator Copper tube

S,N Material | Outer Wall thickness | Inside Thermal conductivity
diameter diameter | at (-7°C)

1 Copper | 7mm Imm Smm 385W/m k

2 Standard name ASTM B301-145

Heat Extracted by evaporator:
Mass flow rate of refrigerant R-134a m,. can be calculate as follows:

Q& 0.416kw
(hy —hy) 246.3k]/kg —107.32 k] /kg

m, = = 0.002993kg/s

Qevapo Can also be calculate by using the total area of evaporator tube, the overall heat
transfer coefficient and the logarithmic mean temperature difference in order to design the

length of the evaporator tube from its area.

Qo = UoAy % (Tuarer — To) coe cee o veeeee eee eee ees ees s e eee eene eee aee eee eee e [5.3]

Where, Inlet temperature of water inside the water storage tank, T, 4¢err = 33°C
Evaporator temperature, (T, = —7)
Tater — To = 33°C — (=7°C) = 40°C

The overall heat transfer coefficient U, can be express by summing up of convective heat
transfer from water to slab ice outside surface, conduction heat transfer from outside ice
surface to inside ice surface, conduction heat transfer from outside surface of tube to inside

surface and convective heat transfer from inside tube to refrigerant.
The overall heat transfer coefficient of the system can be calculate as follows:

1 _ 1 + Xice 4 Xpl-pe 4 1 (5.4]
UeAe hwaterAO,ice KiceAm,ice KAlAmE hrAiE
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Considering the inside tube area only and conduction heat transfer from outside surface of

tube to inside surface and convective heat transfer from inside tube to refrigerant.

1 Xpipe * Aig Xpipe * Lp * m(Dig)

1 1
Uei Ku(Aig +Aoe)/2 hy  Ky(Lg*nm(Dig + Dog))/2  h,

1 _ Xpipe(DiE) + i
Ue,il KAL(DiE n DOE)/Z hr

e [5.5]

Considering convective heat transfer from water to the slab ice outside surface, conduction

heat transfer from outside ice surface to the inside ice surface.
Apice = Amice = length x width of ice tank

1L _ 1 K (5.6]
Ue,iZ hwater Kice

Ue totar = Ug it & Ug iz e ces vee tre see aee eve vee ses won won s sre s svs wns was wnn s see see 1ne s [ 5.7 ]
Where, D, and D;g: outside and inside diameter of the evaporator pipe respectively.
Apg, Aip and A, Outside, inside and mean areas of the evaporator pipe respectively.
Xpipe and X;c: is thickness of pipe and average ice respectively

K, = 237 and K;., = 1.95 : - is thermal conductivity of aluminum pipe and ice

respectively

h,.: The convective heat transfer coefficient on the refrigerant side and can be calculate

depending on the flow type which are turbulent or laminar flow as follows [16]:

Nu * kmeanref

kmeanres is conductive heat transfer coef ficient of the refrigerant
;g 1S the inside diameter of the refrigerant pipe
The Nusselt number N,, depends on the Reynolds number R,, and can be expressed as:

2 x mref

R, =
T * Np *Tig * Umean,ref

e [3.9]
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Myer le the refrigerant mass flowrate and N, is number of tubes
Umeanref LS dynamic viscosity of refrigerant

Table 5-7: Thermophysical properties of saturated liquid R -134a at evaporator
temperature —7°C

S.N | Thermal Dynamic Density Specific heat | Pr, Prandtl

conductivity viscosity capacity number

1 | 0.0952W/m.k | 0.00029314 | 1317.9kg/m® 1,323% 4.08

N.s/m?

Source: Frank P. Incropera

Table 5-8: Thermophysical properties of saturated vapour R 134a at evaporator
temperature —7°C

S.N | Thermal Dynamic Density | Specific heat | Pr, Prandtl

conductivity viscosity capacity number

1 0.010665W / 0.00001033 N.s/ | 10.047 | 8115~
kg.k

m. k m? kg/m3

Source: ASHRAE Fundamentals Handbook, 2005

Vrefr . m
Vinean = A_' and Vrefr =
c

pmean,refr
A is the cross sectional area of evaporator tube

1 2 1 2 2
Ac = 7mDfp = 7314 % (0.005m)* = 0.00001963m

where, Vrefr: is the volume flowrate of refrigerant fluid

Mean Dynamic viscosity can be calculate as follows:

Dynamic viscosity of saturated vapour R-134a, at evaporator temperature is equal to [55]:
Hvapor = Pwan = 0.00001033 N.s/m?

Dynamic viscosity of saturated liquid R-134a, when entering into the evaporator [55]:
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Kintet = X * Uypapor + (1 — X) tiiquia
Linter = 0.32 % 0.00001033N.s/m? + (1 — 0.32)0.00029314 N.s/m?
Uinter = 0.0002026N. s/m?
Dynamic viscosity of saturated vapour R-134a, leaving the evaporator [55]:
Houtiet = Hvapor = 0.00001033 N.s/m?

_ Houttet * Hinter _ 0.00001033 N.s/m? + 0.0002026N. s/m?

Hmean 2 2

= 0.00010649N.s/m?

Mean density can be calculate as follows:
Density of saturated liquid R-134a, when entering into the evaporator:

Pintet = X * Pyapor + (1 — X)Priquia

Pintet = 0.32 % 10.047 kg/m3 + (1 — 0.32)1317.9kg/m>
Pinter = 900 kg/m®
Density of saturated vapour R-134a, leaving the evaporator:
Poutlet = Pvapor = 10.047 kg/m?

_ Poutlet T Pinlet — 10.047 kg/m3 +900 kg/m3

Pmean = 2 2 = 455 kg/m3

m _0.002993kg/s

= 3
Pmean,refr T 455 kg/m? = 0.0000065776m">/s

Vrefr =

Then, the mean velocity of the refrigerant fluid will be as follows:

v _0.0000065776m> /s
mean = 0,00001963m?

= 0.34m/s

Mean thermal conductivity can be calculate as follows:
Thermal conductivity of saturated liquid R-134a, when entering into the evaporator:

Kinter = X * kvapor +(1- x)kliquid
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Kinter = 0.32 % 0.010665W /m.k + (1 — 0.32)0.0952W /m. k
Kinter = 0.06815W /m. k
Thermal conductivity of saturated vapour R-134a, leaving the evaporator:
Kouttet = Kvapor = 0.010665W /m. k

k + k; 0.010665W /m.k + 0.06815W /m. k
kmean — outlet2 inlet — / > / — 0.03941W/m.k

Mean specific heat capacity can be calculate as follows:
Thermal conductivity of saturated liquid R-134a, when entering into the evaporator:
CPintet = X * COyapor + (1 — X)CPiiquia
CPinter = 0.32 % 0.8115K]//kg.k + (1 — 0.32)1.323K]//kg. k
CPinter = 1.15932 K]/ /kg. k
Thermal conductivity of saturated vapour R-134a, leaving the evaporator:

CPouttet = vaapor = 0.8115K]//kg. k

Cooutiet + CPinter 0.8115K]J//kg.k + 1.15932K]//kg. k
CPmean = 2 = 2

= 0.9854k]//kg. k

The Nusselt number N,, depends on the Reynolds number R, and the Reynold number can

be calculate as follows by guessing initial number of pipes and iterating, final value

becomes 26:
R = 2 % 0.002993 — 138
¢ m*26x0.005%*0.00010649
For laminar flow, when R, < 3200, the nusselt number N,, is
Ny = 3066 e cer e e et s eee v ere e e et e e e e eee e e @]

For the flow, 3000 < R, < 5 * 108, the nusselt number N, is
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g* (R, — 1000) * P,
N, = ,3000 <R, <5%10°............[b]

14127+ (é)o's (P3—1)

f,is the Darcy friction factor and can be expressed:
f=0((0.79 *10g(R,)) — 1.6472 ... e it et et e e et et e e e el [ €]

P., is the prantel number and can be expressed:

C *
P = Prypqn = pme;n Bmean e [d]
mean

For turbulent flow when, R, = 5 = 105, the nusselt number N,, is

Ny = 0.023 *R°8* P03 e e e e e [ €]
_3.66%0.03941W /m.k _ ——
= 2 % 0.005m = 15W/m”
1 0.001m * 0.005m 1

Usn  237W/m.k(0.005m + 0.007m)/2 * 15W/m?k

1
= 0.00000351617 + 0.06933
eil
Uegir = 15w/m?k
L __ 1 ,oeem
U~ 8L2w/mek T Toswjmie ~ Hw/m
Total overall heat transfer coefficient becomes, 59w /m?k
Q. 416w
A = = = 0.176m?
¢ = U, « LMTD — 40k * 59w /m?k m
. Ae
A, =7mDgLe, from this Lgyep, = FLE
L __o1em?
¢~ 314+0005m
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The number of Evaporator tubes by considering the ice storage tank length and width
0.4x0.08x0.29m becomes:

N. = Lgvapo _ 11m
F7 04m ~ 04

= 26

The evaporators are assembled on the two sides of the ice tank having 5.5m with 13

numbers of tubes on each side.

5.2.4 Refrigerator Condenser Equipment Selection and Design
The main function of forced air cooled condenser is to reject heat that is absorbed by the
evaporator and that from the compressor by condensing refrigerant from its gaseous to its
liquid state, by cooling it. 8mm steel tube condenser with standard GB/T 24187-2009 was
selected with no coated low — carbon welded steel pipe manufactured by Changzhou city,

Jiangsu.

Table 5-9: Technical specification of the selected condenser LC Steel tube

SN Material | Outer Wall thickness Inside Thermal
) diameter | conductivity
diameter
1 LC steel | 8mm 0.6 —1mm=0.6mm | 6.8mm 45w/m.k
2 Standard name - GB/T 24187-2009

Source: Wushun
Heat rejected by condenser
Qcond = Mr(Mg = R3) v v cee oot ees s et eee s vt e s s s s e s en e 1 sns e [5.10]
Qcona = 0.002993kg /s(281.6k] /kg — 107.32k] /kg) = 520w

Qcona Can also be calculate by using the total area of condenser tube, the overall heat
transfer coefficient and the logarithmic mean temperature difference in order to design the

length of the condenser tube from its area.
Qcond = UAcond * LMTD ... .. coo oo cvecee et eee e vt eee v eee e eveene e ene e ona [5.11]

Where, LMTD: Logarithmic Mean Temperature Difference
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LMTD = e [5.12]
In(AT, /AT,)

For forced air cooled temperature condenser:
Average air inlet temperature T;, = 37°C
Condenser air outlet temperature T,, = 39
Maximum condensing temperature (Tconay = 65.6°C)
AT; = Teong — Tig = 55°C — 37°C = 28.6°C, and
AT, = Ty, — Tiq = 39°C — 37°C = 2°C

LMTD = 23072 _0ec
"~ In(28.6/2)

Equation [5.30] also express by summing up of convective heat transfer from air to outside
surface of the tube, conduction heat transfer from outside tube to inside of the tube and

convective heat transfer from inside tube to refrigerant.

The overall heat transfer coefficient of the system can be calculate as follows:

LI S [5.13]
VA~ hdor T KA —— T A e [
Considering the inside tube area only:
L _ _Aicona Xtn * Aicona L1
Ui haAOCOnd Ksteel(AiCond + AOCond)/2 hr
1 TDjicona * Lcon Xen * Leon * T(Diconay 1

Ui ha * nDOCond * LCON Ksteel(LCON * T[(DiCOTld + DOCond))/Z hr

1 D Xn (D 1
— Lcond en (Diconay +— et oo e e [5.14]

U; a ha * Docona  Ksteet(Dicona + Docona)/2  hy

Where, Dpcona and Djconq: OUtside and inside diameter of the condenser pipe respectively.

Aocond» Aiconda and Apcong: Outside, inside and mean areas of the condenser pipe

respectively.
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X¢p: is thickness of pipe and Kg;..; is thermal conductivity of steel pipe.

h,.: The convective heat transfer coefficient of the refrigerant inside the tube and can be

calculate depending on the flow type which are turbulent or laminar flow as follows [5]
[16]:

N, *k
= s . o er . [5.15]

r
DiCond

krer is conductive heat transfer coef ficient of the refrigerant
Dicona s the inside diameter of the condenser pipe

The Nusselt number N,, depends on the Reynolds number R,, and can be expressed as:

_ V*Prepr * Dicona

R, ceve i [5.16]

Href
Where, Urer IS dynamic viscosity of refrigerant — 134a
Prefr IS the density of refrigerant — 134a
v is the velocity of the fluid/air

Table 5-10: Thermophysical properties of saturated liquid R -134a at condenser
temperature 49°C

S.N | Thermal Dynamic Density Specific heat | Pr, Prandtl

conductivity viscosity capacity number

1 [0.07094w/ | 0.00014408 | 1107.26 kg/m? 1_5598k';_lk 3.18

m. k
N.s/m?

Source: Frank P. Incropera

_ 2m/s x 1107.26kg/m® * 0.0068m
B 0.00014408N.s/m?

R, = 104,516

For laminar flow, when R, < 3200, for the flow, 3000 < R, < 5 * 10° and for turbulent

flow when, R, = 5 * 10°..

For this research Re is 104,516 in the interval of 3000 < R, <5 = 10°
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Then the nusselt number N, is

%* (R, — 1000) * P;
N, = ,3000 <R, <5510 ... oo [5.17]

1+12.7 # (g)o's (3 —1)

f,is the Darcy friction factor and can be expressed:
F=0(0.79 *In(R,)) — 1.64) 72 .l i et et e et et et e e et et e e et e e [ 5.18]
f = ((0.79 * In(104,516)) — 1.64)2 = 0.01782

P. = 3.3, is the prantel number and taken fron table R — 134a:

008782 . (104,516 — 1000) +3.18 74055
N, = 0017825 2 ~1.6968 436
1+127+(——5—) (3183-1)

- 436 * 0.0709W /m. k
T 0.0068m

= 4,550W /m?.k
At the air side of the condenser with the compressed gas which flows through the condenser
for a staggered tube rows, the equation expressions are as follows:

N, * k_;
T PPN 1% £ ]
DOCond

kqir is conductive heat transfer coef ficient of outside air

Docona 1S the outside radius of the condenser pipe

_ Vair max * Pair * DOCond

¢ Uqir [ ]

where, Uaqir: IS dynamic viscosity of air
Pair: 1S the density of outside air

Vair max = dm/s: is the maximum velocity of the fluid/air
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Table 5-11: Thermophysical properties of air at outside condenser temperature 37°C

S.N | Thermal Dynamic Density Specific heat Pr, Prandtl
conductivity viscosity capacity number
1 0.02704 0.0000189 | 1.1281kg/m> | 1.0074 L 0.7056
kg.k
W/m.k N.s/m?

Source: Frank P. Incropera

_ 8m/s * 1.1281 kg/m>  0.008m
e 0.00001893 N.s/m?

= 3,814

Ny = PrO30 5 0.4Re05 ... oo oo i et et e e et et e e et e e et et e e e [5.21]
N, = 0.7056%36 x 0.4 * 4,814%° = 50

50 %0.02704W /m. k

- = 168W /m2. k
a 0.008m /m

1 0.0068m 0.001m = 0.0068m 1

U, ~ 168W /mZk = 0.008m | 45W /m2k = (0.0068m + 0.008m)/2 | 4,550W /mZk

1/U; = 0.0050598 + 0.00002042 + 0.00021977 (w/m?k)

U; = 170.2 (w/m?k)

QCond 520W
icond = [T LMTD _ 10k » 189w/m?k "
. ACond
Aicona = TDiconaLcon, from this Leoy = Dicona
tton
L Oa7samt
CON = 3714%00068m

The number of condenser tubes by considering the height of the ice storage tank 0.4m and

length of 0.29m are

N. . = = =32
Cond = g am ™~ 0.4m
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5.2.5 Refrigerator Capillary Tube Equipment Selection and Design
Capillary tubes with small internal diameter and its main function is to change the
refrigerant pressure from high level to low ready to enter the evaporator. Its diameter varies

from 0.5 to 2.28mm and commonly make up of from copper material [56].
hs; = hy = 107.32k] /kg

5.3Energy Balance of the PV Module
Based on the ambient temperature the heat loss and heat gain both radiation and convection
of the region can be formulated. This means heat from the PV surface to the surrounding
will be lost when the ambient temperature is lower and heat energy will be gained when

the ambient temperature is higher both for upper and lower side of the PV surface.
The PV energy balance of the system is given bellow:

% Coo % (Tpvf - Tpvi)

- o = Apy(Lyy — E 4+ 2(Ty * hee) — 2(Tppi * hee) woev . [5.22]

My

From the above equation the PV surface temperature at the final state can be expressed as

follows:

(dt * Apv * (Ipv —E+2x (Ta * hcc) — 2 (Tpvi * hcc)

T.
My * Cp,,

pvf = Tpvi +

e [5.23]

Where, m,,,, mass of the PV module, C,,, PV specific heat, A, area of the PV module, dt
change of time, T, final state of PV temperature, T,,,; initial PV temperature, E electrical

energy generation and I, solar enegy absorbed by module and arrived in the module.

hee = (hrad.pv + hwind)

hyqapv - 18 the radiation heat loss of PV module and can be calculated as follows:

Toy — T
by sky S"y) et et e et et e e e e e e e e e [ 5.24]

hrad,pv =Epy* 0 * (T T
pv ~ Isky

Where, €,,,, Emissivity of the PV module, T,,,, PV temperature, ¢ Boltzmann constant and

Tsky local air temperature.

Tsky = 0.0552T;
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h,ina: 1S the convective heat transfer coefficient at the upper and lower PV surface and can

be calculate:
hyina = 5.7 + 3.8v, v:isthe wind speed inm/s

5.3.1 Over All Energy Balance of the Refrigeration System
By using the first law of thermodynamics the energy balance between evaporator,

condenser and compressor can express as follows:

Qe = Qond — Weomp w v woe soe o ven wos wes eet see see e s st s wee see see see e wne 2 [ 5.25]
The evaporator cooling equation can also express as follows:

Qo = Ag * Uy(Torarer — To) v eer ven cer ven eee sen eee ees ee ses e ees s eee v ers s ane e [ 5.26]

5.3.2 Hourly Ice Slab Temperature

The ice slab temperature is influenced by the cooling capacity of the evaporator

Qice = Pwater * Mice(Tm = To) = Mice * Qs ) e e e [5:27]

Tice = To —
e 0 < Mice * Cpice

Where Tjce rinai - the ice final temperature, and Tj, ;,, : is the inlet water temperature,

Qice, = Qo — Qrank 1055 — Qst wor wre vor wes ee ere s eee s eee e von s e e [ 5.28]

Q;ce - is the heat gained by ice and Q gk 10ss 1S the storage tank heat loss

5.3.3 Milk Temperature Variation during Night
The milk temperature is influenced by the stored ice slab and the transmission heat leak in
to the milk tank. And also it is affected by the heat flux absorbed through ice tank

lelk = lelk trans — Ql'ce FATK == vrr rrr oses wnn wnn s nn aenoaas s waa oaes s aae [5.29]
Qmik,»  milk cooling load,
Qmitk trans, transmission heat gain through milk tank

Qice tank, heat absorbed by ice through ice tank from milk
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5.4Cooling capacity By Using CASCADE17-0244Y3 Compressor
Performance Equation and Performance Coefficient Values

The cooling capacity of the system could be formulated by using the performance equation

and performance coefficient values of the selected compressor.

Table 5-12. Performance Coefficients (24V) - CASCADE17-0244Y3 VSDC ARI HBP

Coefficient capacity (BTU/Hr) Power (watt) current (Amp)  Mass flow (Lbs. /Hr)

C1 -1.107663E+03 3.943455E+02  1.643106E+01  -9.435642E+00
C2 -1.300685E+00 -1.223476E-01  -5.097817E-03  -2.856467E-02
C3 2.056291E-04 2.942926E-05  1.226219E-06 4.165405E-06

C22 -6.058412E-04 -4.793339E-04  -1.997224E-05 -6.54666E-06

Cc23 -8.010951E-03 2.484762E-04 1.035318E-05 -1.213048E-04
Unit conversion of compressor performance coefficient values for cooling capacity and

mass flow rate of the refrigerant

1 Watt = 3.41214BTU /Hr (British thermal unit), and

1 kilogram per second = 7936.647pounds per hour

Performance equation of 24V CASCADE17-0244Y3 compressor at ARl HBP test

condition

Y = Cy + CX1 + C3X2 + Cu X3 + CsXy + CeX2 + CoX3 + CgX3 + CoX2 + CrX3
+ C11 X1 X, X3 + C1 X2 X, X5 + Ci3 X1 X2 X5 + C1u X1 X, X2 + C15X1 X,
+ Cr6X1X35 + C17X,X5 + C1gX2 Xy + C1oX 1 X7 + CooXPX3 + Co1 X1 X2
F CopX2X3 4 CozXoXZ oo oot e et eee e eee e eeneee e ene e wenene v one [5.30]

X; = RPM
X, = Evaporator temperature in degree Fahrenheit
X3 = Condenser temperature in degree Fahrenheit

C; — C,3: The performance coefficient of 24V CASCADE17-0244Y3 compressor like

refrigerant mass flow rate, cooling capacity, current consumption, power consumption.
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The useful electrical power coming from the solar PV panel to drive the DC compressor is

given by:

Eyy = Apy * He % D(T) * 1y + P+ (1= Tepn) * (Tyw = Trep) ) o o oo [5:31]

Where, E,, is the electrical energy generated, H, is the solar radiation absorbed by the
module, A(o7) is difference between absorptivity and transitivity, Pf is packing factor,
npv IS efficiency of pv module, T¢,,, is pv temperature coefficient, T,,, is PV temperature
and T, is the module reference temperature. T¢ ., , A(07), 1,, and Pf are taken from

the manufacturer datasheet of the selected mono-crystalline PV module.

The performance equation for compressor input power is equal to electrical energy
generated from solar PV system and using column two performance coefficient values the

equation becomes:

Ci + CoX1 + C3X2 + CuX3 + CsXy + CoX2 + C, X3 + CgX3 + CoX2 + CpoX3
+ C11 X1 X2 X3 + C1oX2 X, X5 + Ci3 X1 X2 X5 + C1u X1 X, X2 + C15X1 X,
+ Ci6X1X35 + C17X5X5 + C1gX2 X5 + C1oX1 X% + CooX2 X3 + Cp1 X1 X2
+ CpuX2X3 + Cy3X,X2 = PV electrical energy ... ... o e .. [5.32]

Thus, using known values of C; — C,3, X, and X5: the compressor rotational speed could
be computed by using polynomial function with considering only for power consumption

column.
Constant term with respect to X;, X2 and X3

k =Ci+ CsXy + CoXZ + C;X5 + CgXg + CoXZ + C1oX5 + C17 X2 X3 + ConX2X5 +
C,3X,X2+PV electrical energy

Coefficient of X;,

Ky = CoX1 4 Ci1 X1 X,X3 + Ci3X1 X2 X3 + C4 X1 X0 X5 + Cis X1 Xy + CieX1 X3 + CroX1 X5
+ Cy1 X, X2

Coefficient of X2,
K, = C3X7 + C12XT X X5 + CigX1 Xy + CooX7 X5

Coefficient of X3, k3=C, X3}
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Then x1 (compressor rotational speed) it varies with solar radiation of the location, and the

rotation becomes roots of the polynomial equation.
X1 =roots[K3 K2 K1 K — PV Electrical energy] ... .. .. e ce e ... [5.33]

Then, the cooling capacity of the system can be computed from the compressor

performance equation from equation [5.33] of the rotational speed.

Qcooting = C1 + C2X1 + C3X7 + Cu X7 + Cs Xy + CoX3 + C, X3 + CgXs + CoX5 + C10X3
+ C11 X1 X, X3 + C12 X2 X, X5 + Ci3 X1 X2 X5 + C14 X1 X, X2 + C15X1 X,
+ C16X1 X3 + C17X,X3 + CigX2 Xy + CioX1 X2 + CooX2 X5 + Cpy X, X2
+ CpaX2X3 4 CozXoXZ cov oo et ee e e e et et et eee e e s e eee | 5.34]

The performance coefficient of the system

Qcooling

COPRef == Epv *1c bee wee na mas mes wes mas mes wes wws maa ses wes wes mea s ws wes o mes

wev o [5.35]

Qcooling
Apy * He * A(0T) * 1y * Pf % ((1 — chpv) * (Tpv — Tref)) * ¢

COPR@f =

Ne = Mgiow rate * Weom/ Epv, isentropic ef ficiency of compressor
Ne = (hys — hy)/(hys — hy), adiabatic ef ficiency compressor

For this research cooling load and mass flow rate of the refrigerant varies with electrical
energy generated from solar PV system. For this reason performance coefficient depends
on electrical energy generated from PV system. At maximum electrical energy, cooling

load and mass flow rate of refrigerant becomes maximum and thus COP also maximum.

The performance coefficient can also expressed using thermodynamic cycle the

refrigeration system

Qcooling effect
ket Worknet in [ ]
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5.5Part and Assembly Geometrical Modeling of the System
5.5.1 Part Drawing

refrigerant
flow direction

//,-’ /
Evaporator, positioned at two

vertical and opposite walls
of the tank

Compressor 4=

Figure 5-2. Evaporator, Condenser, Compressor and Capillary tube assembly
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Figure 5-4. Assemble drawing of the whole system equipments

Addis Ababa Institution of Technology, SMIE

| Ayele M.

99



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

CHAPTER SIX

6. Result and Discussion

6.1 Introduction
This chapter explains about Matlab simulation results of nodal temperature distribution of
water inside water tank, ice slab crystal growth with time variation, monthly average hourly
solar radiation of Semera, monthly average hourly electrical generation from solar PV
system, monthly average hourly PV surface temperature, monthly average hourly
percentage of ice formation, monthly average hourly COP of the system and comparison

of this result with experimental works.

6.2Mat-Lab Simulation Results for Transient Ice Crystal Formation

6.2.1 Mat-Lab Simulation Results of Nodal Temperature Distribution of
Water and Ice Crystal Growth with Time

Mat-lab code simulation results of the nodal temperature distribution in the water tank and

the solid-liquid phase interface location (slab ice crystal growth) as a function of time for

transient slab ice formation process are the following:

In the transient computational modelling of ice slab formation process, the results are

obtained based on the following points.

= |ce freezer system has been designed that is able to form 8.5 kg of ice from 33°C
water and to cool 50 litre of milk at 4°C temperature during night within 13 to 15
hours of time to balance the transmission heat gain through milk wall.

= Based on the ambient temperature of Semera Condenser temperature of 49°C and
evaporator temperature of -7°C has been selected.

= Based on the total cooling load demand of 416 watt, CASCADE17-0244Y3
variable speed DC compressor and 4.6 m? area of AS-6M24, 220W power solar
PV panel has been selected.

a. Mat-lab simulation result of nodal temperature distribution of water for Each Month

The transient nodal temperature distribution of water using 1D transient, explicit scheme
of finite difference numerical method for selected months of December, March and August.

These months are selected based the different values of cooling performance. Initially the
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tank water is filled at 33°C temperature and decreases with time. After five to seven hours

the temperature of water in the tank decreases bellow 0°C and it forms slab ice.

The minimum water temperature appears -6°C nearest to the evaporator temperature -7°C
which is the minimum temperature of the system. Refrigerator working at the evaporator
temperature of -7°C and condenser temperature of 49°C in order to freeze 0.4*0.08*0.29

m?3 or 9.3 Litre of water at initial temperature of 33°C to cool 50 litre of milk during night.

The result were done by using half of the water tank. The total length of the water tank is
0.08 meter and divided in to 13 elements (grid space) with 14 nodes. Thus length of half
tank is 0.04 meter with 6 grid space and 7 numbers nodes. The node temperature of water
near to the evaporator decreases with less period of time and nodes far from the evaporator
takes more time than the nearest node.

Since the computational method uses one-dimensional transient explicit which is
conditionally stable but not unconditionally stable, that the value of time step and grid space
not be chosen independently and the solution is not stable at all grid size and time step. The
computational time also depend on change of time and grid size that decreasing these value,

increases accuracy of the result and computational time.

For this reason the grid space could be selected based on the result accuracy and
computational time. So using 7 numbers of nodes (6 grid size) and 50 change of time give
a good result with appropriate computational time for the system. The computation also
checked by using 14 grid size with 30 time step and it gives good result but the computation

time increases. The computation was adjusted based on 1D interior node stability criteria

Fy < % and Fy = p';TAxtz, by limiting the values of time step and grid space.
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Figure 6-1. Monthly average hourly nodal temperature distribution of water for August

Figure 6.1 above shows nodal temperature distribution of water for less performed month

of august and its temperature is below phase change temperature of water at 3 PM.

35
&

30

25

20

15

10

Outlet nodal water Temperature (0C)

-10

Plot of nodal water temperature variation for June

== n0d2
i n0d 3 =
m——fi— nod4
—— N0d 6
nod8
nod10

Figure 6-2

6 8 10 12 14 16 18 20
Time in hours

. Monthly average hourly nodal temperature distribution of water for June
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Plot of nodal water temperature variation for December
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Figure 6-3. Monthly average hourly nodal temperature distribution of water for December

Figure 6.2 and 6.3 above shows nodal temperature distribution of water for moderate and
highly performed months of June and December and its temperature is below phase

change temperature of water at 1:30 PM and 12AM respectively.

b. Mat-lab simulation result of transient slab ice crystal growth in the water tank as a

function of time

Initially the ice thickness is 0 meter and increases with time. After five to seven hours the
slab ice crystal growth in the tank increases to 0.035 to 0.04. A rapid ice formation is

occurred from 8AM to 3 PM hours of the day and ice crystal growth increases with time.
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0.04 Plot of ice thickness variation as a function of time for August
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Figure 6-4. Monthly average hourly slab ice crystal growth for August
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Figure 6-5. Monthly average hourly slab ice crystal growth for March
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Plot of ice thickness variation as a function of time for December
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Figure 6-6. Monthly average hourly slab ice crystal growth for December

The figure 6.4, 6.5 and 6.6 above shows the transient slab ice crystal growth in the water
tank and its variation as a function of time for less, moderate and highly performed months
of August, June and December respectively. On the months of December and June 0.04
meter thickness ice crystal could be formed at 3PM and 4PM respectively and on August

0.035 meter thickness ice crystal could be formed at 4PM.

6.3 Performance Analysis of Slab Ice Formation Using Solar PV

System at Semera

Mat-lab code hourly performance simulation results of transient slab ice formation process

using solar photovoltaic system at the selected areas of Semera are the following:

6.3.1 Mat-Lab Simulation Result for Performance Analysis of Solar
Radiation and Electrical Energy output
The performance of solar radiation on an inclined surface and electrical energy output at

the selected place which is around Semera can be analyzed as follows:

a. Performance of Monthly average solar radiation on inclined PV surface

As shown in the figurer 6.7 bellow, monthly average solar radiation on inclined surface

varies with time instantly where the highest radiation occurs at noon time when the sun
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becomes overhead and the lowest radiation counts on the morning and at dawn time.

Monthly point of view, December, April, November, May and February have the highest

solar radiation while lowest in July, august and September.
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Figure 6-9. Available moderate solar radiation on inclined surface at Semera
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Figure 6-10. Available minimum solar radiation on inclined surface at Semera

Figure 6.8, 6.9 and 6.10 above represents high, moderate and less availability of monthly

average solar radiation with 870 to 950 watt, 810 watt and 670 to 720 watt respectively.
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b. Performance of Monthly average hourly Electrical Energy output of the system

As shown in figurer 6.11 bellow, the maximum electrical energy output of the system
comes around 510 to 550Watt on the months of December, February, November, April and
May and the minimum is in August around 390watt. Generally on the months of December,
February, November and April, maximum electrical energy is harvested by the PV panel

and on the months from June to September minimum electrical power can be harvested.

Electrical Energy Output of the System
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Figure 6-11. Hourly Electrical Energy output of the system
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Figure 6-12. Available maximum Electrical Energy output on inclined surface at Semera
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Electrical Energy Output of the System
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Figure 6-13. Available moderate Electrical Energy output on inclined surface at Semera
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Figure 6-14. Available minimum Electrical Energy output on inclined surface at Semera
Figure 6.12, 6.13 and 6.14 above represents high, moderate and less availability of monthly
average electrical energy generated from 4.6m? area solar PV panel with 510 to 550 watt,
480 to 500 watt and 390 to 425 watt respectively.
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c. Monthly average hourly Photovoltaic panel surface temperature
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Figure 6-15. Monthly average Hourly Photovoltaic panel surface temperature

The fig 6.15 above shows the hourly PV surface temperature. The PV surface temperature
is high at noon in the middle and low at the two opposite end of the graph which is in the
morning and evening respectively. The minimum PV surface temperature during morning
and evening is just around 20 to 30°C as shown above figure and for the month of January
is the minimum temperature during noon time around 43°C, also the maximum is around
53°C on May which is good match for Semera region where maximum temperature appears

on the months of May, June and April.

6.3.2 Performance Analysis of Water Temperature and Ice Formation
The performance of water temperature and ice slab crystal growth at the selected place

which is around Semera can be analyzed as follows:
a. Performance analysis of Monthly average hourly nodal temperature of water
Temperatures of water in the storage tank by using daily values of average solar radiation

for each months of a year were plotted in the figure below.

The figure 6.16 bellow shows the nodal temperature distribution in the water tank varies
with each month of the year. The left and write evaporator attached on the water tank

absorbs heat from the water. Initially the water is stored at 33°C temperature and decreases
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with time. Between the intervals of 7AM to 4PM hours the temperature of water in the tank

decreases to 0°C and it forms slab ice.

For the water temperature of 0°c the maximum solar contribution to the heating load is
archived during in the months of December, February, November, April and May
respectively and the minimum is achieved during the summer season in the months of July,

June, August and September respectively.

Plot of temperature variation as a function of time
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Figure 6-16. Monthly average hourly nodal temperature output of tank water

Temperature distribution of water in storage tank per a day:

+¢ For the month of August, the temperature of water in the tank not achieved the
required minimum values for six to seven hours of the day and thus moderate
amounts of ice was formed.

+* For months except August such as December, February, November, April and May
the temperature of water in the tank below the water freezing point after 5 to 8 hours

of the day and thus, the required amounts of slab ice was formed.

The maximum and minimum water temperature in storage tank was in December and

August months respectively.
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Plot of temperature variation as a function of time
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Figure 6-17. Monthly average hourly nodal temperature of water with maximum variation

of solidus and liquidus temperature

Figure 6.17 above represents annual nodal temperature distribution of water using 2°C and

-4°C liquidus and solidus temperature respectively. At the non-isothermal phase change

process the temperature gradient differ from others.

Plot of nodal water temperature variation as a function of time
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Figure 6-18. Average water temperature output of highly performed months at Semera
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Plot of nodal water temperature variation as a function of time
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Figure 6-19. Average water temperature output of moderately performed months

Plot of nodal water temperature variation as a function of time
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Figure 6-20. Average water temperature output of less performed months at Semera

Figure 6.18, 6.19 and 6.20 above shows nodal temperature distribution of water for high,
moderate and less performed months and the temperature is below phase change
temperature of water at 12AM, 1:30 PM and 3:30PM respectively.
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b. Performance analysis of Monthly average hourly slab ice thickness growth

The figure 6.21 bellow shows the slab ice thickness growth from one side of half water

tank and its variation with each month of the year by using the average values of monthly

solar radiation.

Plot of ice thickness variation as a function of time
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The left and right evaporator attached on the water tank absorbs heat from the water.
Initially the ice thickness is 0 meter and increases with time. After 4 to 7 hours the slab ice
thickness in the tank increases to 0.04 meter for maximum value and 0.036 meter for

minimum values.

For the slab ice formation in the water tank the maximum solar radiation contribution to
the heating load is archived during in the months of December, February, November, April
and May respectively and the minimum is achieved in the months of August with 0.036

meter ice thickness.

Time in hours

The ice thickness growth in storage tank per a day:

+* For June, July, October and September months, the system can achieved almost the

required ice thickness which is 0.039 meter and for August month 0.036 meter slab

Figure 6-21. Monthly average hourly slab ice crystal growth

ice can be formed in the tank form 7 AM to 4 PM hours of the day.
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+* For December, January, February, November, April, May and March months the
required ice with 0.04 meter thickness was formed in the tank from 7 AM to 3PM

hours of the day.

The maximum and minimum slab ice thickness in storage tank was in December and

August months respectively.

Plot of ice thickness variation as a function of time
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Figure 6-22. Average slab ice crystal growth of highly performed months at Semera

Plot of ice thickness variation as a function of time
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Figure 6-23. Average slab ice crystal growth of moderately performed months at Semera
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Plot of ice thickness variation as a function of time
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Figure 6-24. Average slab ice crystal growth of less performed months at Semera

Figure 6.22, 6.23 and 6.24 above shows ice slab crystal growth for high, moderate and less
performed months with 0.04 meter, 0.085 meter and 0.035 meter thickness at 3PM, 4PM
and 4PM respectively.

6.3.3 Monthly Average Hourly COP and Ice Formation Percentage
a. Performance Analysis of Monthly Average Hourly Percentage of Ice Formation

The figure 6.25 bellow shows the percentage of solid ice formation for the average values
of each month in the year. As soon as the compressor is operating the water temperature
decreases but ice formation starts after three to four hours due to convection heat transfer
inside water tank. The slab ice formation starting from 8AM and ending at 4PM within 7
to 8 hours. All months of the year except August changes 98% water in to solid ice. In the
months of January, December, November, April, March, May and February 100% of the
water form slab ice and June, July, September and October 98% of water forms ice and in

August 94% of water forms slab ice.
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Figure 6-25. Monthly Average Hourly Percentage of Ice Crystal Formation

b. Monthly average hourly coefficient of performance of the system
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The figure 6.26 above shows coefficients of performance of the system throughout a year.

The computation was simulated based on cooling load and mass flow rate variation as a

function of solar PV electrical energy. The maximum COP of the system is 2 from 9AM

morning to 5PM afternoon on the months of January, February, April, March, November,

December and May and the minimum is ranging from 0 to 1.4 on the months of August,

July, September, June and October.
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Figure 6-27. Monthly average hourly coefficient of performance for constant cooling

Figure 6.27 above shows coefficient of performance of the system by using constant
cooling and mass flow rate throughout a year.

Table 6-1. Cop of the system using compressor specification tabulated values

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

O 00O 000000000000 O0O0 OO0 OO0 OO O O

O 0O O0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OOO0OOOOOOoOO O O

0 PO O A NMFTIWOWMONO®ODOAN®MSZT I ONO®DOSN O —

T H N ANNNNNNNNNOMO®NO®N O ®N®Nn®nono®S S oS

6.4 Validation of the computational result
The computation result could be compared with other experimental research work. Petros
J. [1] studied experimentally and the system is capable to produce 4.5kg ice with 3KWh/m?
and 17 kg of ice with 7.5 KWh/m? per day. In this research 8.5kg of ice is produced with
5KWh/m? per day and using interpolation gives 10kg ice which variation of 1.5kg ice. The
variation is due to solar radiation of the location, which is in this system the computation
uses the monthly average daily solar radiation and ice formation varies with each month of

the year. Thus, 8.5 kg of ice is minimum amount of ice produced within a year.
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CHAPTER SEVEN

7. Conclusion and Recommendation

7.1Conclusion

The slab ice formation system for milk cooling, which is directly powered by a photovoltaic
array was designed and simulated using Matlab code. The solar data for Semera region has
been collected and analyzed from Ethiopian Metrology Agency and the hourly solar
radiation data was used for the simulation of monthly average solar radiation on inclined
surface, PV surface temperature, electrical energy output of the PV, transient nodal
temperature variation of water, ice crystal formation and percentage of solid ice formation
has been obtained by using MATLAB code simulation. In addition to these electrical
characteristics of the AS-6M24, 220W power and 4.6 m? PV panel area was enough to run
the CASCADE17-0244Y 3 variable speed DC compressor and hourly performance of slab
ice formation system was investigated by using the monthly average solar radiation data
and using cooling load calculated from performance coefficient and performance equation
integrated with electrical energy generated from solar pv system. In addition to this,
implementation of this technology was vital especially in the areas where grid supply is
unavailable or at long distance as most milk production areas, in order to preserve the milk
for better use. From the Matlab simulation result minimum water temperature for each
month of the year were observed between -6°C which is for highly performed months and
-3°C for minimum performance months. And also ice crystal growth from minimum

thickness of 0.036 meter to maximum thickness of 0.04 meter throughout the year.
7.2 Recommendation

In this paper, mathematical modeling of phase change material solidification and PV
components and MATLAB simulation for the hourly performance evaluation of the system

has been done by using batch ice making system.
The following points are recommended for future work:

v' Experimental analysis of the prototype is needed to validate the theoretical

modeling on the performance of the PV ice formation.
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v" Mathematical modeling of phase change material solidification and MATLAB
simulation for hourly performance evaluation of the system by using continuous
ice making system.

v" For higher output of the PV panel, it is better to design a solar panel that follows
tracking system to enhance the harvesting of solar irradiation for higher electricity
production.

v" For this research numerical model of water solidification was based on transient
explicit conduction type heat transfer inside the tank, but for more accuracy of the

result natural convection type of heat transfer also consider inside the water tank.
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APPENDIX

Appendix-A: Thermophysical properties of water, ice and R-134a
Thermophysical properties of matter (in this case ice and refrigerant -134a), from heat

transfer book (incropera, fundamentals of heat and mass transfer)

Temperature | Density, p Thermal Specific
Description/ Conductivity, k
c i (k) kg Heat, C,,

omposition —
P m? w/m.k
J/kg.k

Ice 273 920 1.88 2040

253 2.03 1945
Leather (sole) 300 998 0.159
Paper 300 930 0.180 1340
Paraffin 300 900 0.240 2890

Saturated liquid R-134a (C2H2F4) Thermophysical properties

TK) | p C, | w10 [1v,10°° [k 1073, [, 1075, [Pr | §,1075,
kg/m3 | kJ N.s m?/s | w/m.k | m?/s k-,
/kg. k /m?
R-
134a

230 1426.8 | 1.249 0.04912 | 0.3443 | 1121 0.629 55 202

240 1397.7 | 1.267 0.04202 | 0.3006 | 107.3 0.606 50 |211

260 1337.1 | 1.308 0.03166 | 0.2368 | 97.9 0.560 42 | 236

270 1305.1 | 0.02775 | 0.2127 | 93.4 0.537 0.537 40 | 253

280 1271.8 | 1.361 0.02443 | 0.1921 | 89.0 0.514 3.7 | 273

290 1236.8 | 1.393 0.02156 | 0.1744 | 84.6 0.491 3.5 2.98
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300 1199.7 | 1.432 0.01905 | 0.1588 | 80.3 0.468 343|330
310 1159.9 | 1481 0.01680 | 0.1449 | 76.1 0.443 3.3 3.73
320 1116.8 | 1.543 0.01478 | 0.1323 | 71.8 0.417 3.2 14.33
330 1069.1 | 1.627 0.01292 | 0.1209 | 67.5 0.388 |13.1 |5.19
340 |1015.0 |1.751 0.01118 | 0.1102 | 63.1 0.355 |3.1 |6.57
Properties of common liquids, solids and foods
Boiling data at 1atm Freezing data Liquid properties
Substance | Normal Latent heat | Freezi | Latent | Tempe | Density | Specific heat
boiling of ng heat of | rature
point vaporizatio | point | fusion . ) “
N heg °C | hy, - kg | kJ/kg.k
(°C) m3
k]/kg k]/kg
ammonia -33.3 1357 -17.7 | 3224 -33.3 | 682 4.43
Octane 124.8 306.3 -57.5 | 180.7 20 703 2.10
R.134a -26.1 217.0 -96.6 |- -50 1443 1.23
-26.1 1374 1.27
0 1295 1.34
25 1207 1.43
Water 100 2257 0.0 333.7 0 1000 4.22
25 997 4.18
50 988 4.18
75 975 4.19
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Thermophysical properties of saturated water
Tempe- | Pressure | Specific Heat of Specific heat Viscosity
Volume o
rature Vaporization kj/kg.k N.s/m?
T,(k) |P(bars) |v,10% | w, hy Cp. Cpg U Hg»
m® | m3 | kikg 107% | 107,
kg E
273.15 | 0.00611 |1 206.3 | 2502 4.217 | 1.854 | 1750 8,02
285 0.01387 |1 99.4 2473 4,189 | 1.861 | 1225 8.49
295 0.02617 | 1.002 | 51.94 | 2449 4,181 | 1.868 | 959 8.89
305 0.04712 | 1.005 | 29.74 | 2426 4.178 | 1.877 | 769 9.29
Thermal Prandtl Surfaces tension Expansion
Conductivity, w/m. k Number N/m coeff-
k=,
k,1073 kg, 1073, pr pry a,1073 B,1073,
569 18.2 12.9 0.815 75.5 -68.05
590 18.9 8.81 0.833 74.3 114.1
606 19.5 6.62 0.849 12.7 227.5
620 20.1 5.2 0.865 70.9 320.6

Appendix-B: Performance Coefficients (24V) - CASCADE17-0244Y 3
VSDC ARI HBP

Coefficient

C1
C2

capacity (BTU/Hr) Power (watt) current (Amp)

-1.107663E+03
-1.300685E+00

3.943455E+02

-1.223476E-01
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C3 2.056291E-04 2.942926E-05 1.226219E-06  4.165405E-06
C4 -4.706144E-08 -2.445508E-10 -1.018962E-11 -7.435971E-10
C5 -71.624835E+01  -3.826043E+00  -1.594184E-01 -1.22214E+00
C6 1.678044E-01 4.168358E-02 1.736816E-03  2.49009E-03
C7 -8.433469E-04 3.524107E-05 1.468377E-06  -1.285188E-05
C8 7.156981E+01 -7.588050E+00  -3.161687E-01  1.008043E+00
C9 -8.933099E-01 5.706575E-02 2.37774E-03 -1.319664E-02
C10 3.539651E-03 -1.815833E-04  -7.56597E-06 5.237502E-05
Cl1 -4.128949E-04 -3.801532E-05  -1.583972E-06  -6.920254E-06
Ci12 -4.984281E-08 6.986678E-09 2.911116E-10 -6.890584E-10
C13 -1.084624E-06 2.132993E-07 8.88747E-09 -1.17853E-08
Cl4 2.881196E-06 -3.587806E-08  -1.494920E-09 4.61944E-08
C15 1.522813E-02 3.822661E-03 1.592776E-04 2.726404E-04
C16 1.794408E-02 1.206820E-03 5.028417E-05 3.516805E-04
C17 1.602984E+00 2.213781E-02 9.224086E-04 2.472096E-02
C18 5.350873E-06 -5.583706E-07  -2.326544E-08 7.28394E-08
C19 1.647996E-04 -2.041318E-05  -8.505493E-07 1.97087E-06
C20 1.730062E-06 -2.468870E-07  -1.028696E-08 1.98959E-08
C21 -1.230301E-04 1.131317E-06 4.713821E-08 -1.980280E-06
C22 -6.058412E-04 -4.793339E-04  -1.997224E-05 -6.54666E-06
C23 -8.010951E-03 2.484762E-04 1.035318E-05 -1.213048E-04

Appendix-C: Performance equation of 24V CASCADE17-0244Y3
compressor at ARI HBP test condition
Y = C; + CoXy + C3XE + Cu X3 + CsXy + CoXZ + Cr X5 + CgX3 + CoXZ + CioX3

+ C11 X1 X, X3 + CipX2 X, X5 + Ci3X1 X2 X5 + C14X1 X, X35 + C15X1 X,
+ C16X1X3 + C17X3X3 + CigX2 X5 + CioX1 X2 + CooX2 X5 + Cy X1 X3
+ CppX2X5 + Cy3X, X3

1 Watt = 3.41214BTU /Hr (British thermal unit), and
1 kilogram per second = 7936.647pounds per hour
X, =RPM

X, = Evaporator temperature in degree Fahrenheit
X3 = Condenser temperature in degree Fahrenheit

C; — C,3: The performance coefficient of 24V CASCADE17-0244Y3 compressor like

refrigerant mass flow rate, cooling capacity, current consumption, power consumption.

Appendix-C: 2D view of system major components
a. Slab Ice tank
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Appendix — D: Mat-lab code developed to model monthly average hourly solar
radiation, PV surface temperature, electrical energy output, nodal temperature
distribution of water, ice crystal formation with time, COP of the system and
percentage of ice formation

clc

clear

close all

T2=49; %%%% condenser temperature in [0C]

Te=-7; %%% Temperature of evaporator in [0C]

Tmilk=33;%%%day time milk temperature in [0C]

Tm=4,;%%%%required minimum milk temperature in [0C]

Tf=0;%%% phase change temperature in [0C]

Twater=33;%%% Initial temperature of water in the ice tank in [0C]
Tmm=18.5;%%%% average milk temperature between 33 and 4 Oc in Oc
Tff1=16.5;%%%% average water temperature between 33 and 0 Oc in Oc
Mm=51.75; %%%mass of the milk in [kg]

Mice=8.5; %%%mass of the ice in [kg]

%%% Thermophysical properties of r-134a at refrigerant temperature
cprl=1323; %%%%% Specific heat of saturated liquid refrigerant (J/Kg.k)
rhorl=1317.9; %%%%%density of saturated liquid refrigerant [kg/m3]

dyrl = 0.00029314; %%%%Dynamic viscosity of saturated liquid refrigerant(kg/m s)
krl=0.0952; %%%% thermal conductive of saturated liquid refrigerant(w/mk)
prl=4.04;%%%% Prandtl number of saturated liquid refrigerant

Addis Ababa Institution of Technology, SMIE cviii



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

cprv=811.5; %%%% Specific heat of saturated vapour refrigerant (J/kg.k)
rhorv=10.047 ; %%%%density of saturated vapour refrigerant [kg/m3]

dyrv = 0.00001033; %%%%Dynamic viscosity of saturated vapour refrigerant(kg/m s)
krv=0.010665; %%%%% thermal conductive of saturated vapour refrigerant(w/mk)
cprm=985.4; %%%%% Specific heat of saturated L-V refrigerant (J/Kg.k)
rhorm=455; %%%mean density of saturated L-V refrigerant [kg/m3]

dyrm =0.00010649; %%%%mean dynamic viscosity of saturated L-V refrigerant(kg/ms)
krm=0.03941; %% mean thermal conductive of saturated L-V refrigerant(w/mk)
prm=3.2; %%%%mean Prandtl number for saturated L-V refrigerant inside tube
mr = 0.002993; %%%%Mass flow rate of refrigerant (kg/s)

Vefc=0.76; %%%%volumetric efficiency of the compressor

Mc=0.55; %%%%overall efficiency of compressor

Vcon=0.93; %%%%overall condenser efficiency

V= 9.63*10"-6; %%%%clearance volume of the compressor [m"3]
v1=0.099516; %%%%saturated specific volume of the refrigerant at compressor inlet
m”"3/kg

$1=935.49; %%%%entropy at compressor inlet J/Kg.k

Tpv=0.035; %%%%Thickness of the PV module in [m]

Bti=0.015; %%%%Back insulation thickness in [m]

Trpv=0.1; %%%%Transmitivity of the PV module

hi=5; %%%%inner heat transfer coefficient storage tank w/m”2.k

ho=30; %%%%outer heat transfer coefficient storage tank w/m”2.k

sti = 0.015; %%%% milk and ice storage tank insulation thickness in [m]
ki=0.023; %%%%thermal conductivity of storage insulator W/m.k
xp=0.003;%%% thickness of plastic panel in [m]

kp=0.22; %%%% thermal conductivity of plastic panel W/m.k
xAl=0.002;%%%% thickness of aluminum sheet m

kAl=237; %%% thermal conductivity of aluminum sheet W/m.k

Tair=37; %%% atmospheric air in [0C]

rhoi=50;%%%density of insulation [kg/m”"3]

Cpi=1045;%%%%specific heat of insulation [J/kg.k]

rhoAl=2702;%%%density of aluminum [kg/m”3]

cpAI=903;%%%specific heat of aluminum [J/kg.k]

rhop=920;%%%%density of plastic [kg/m”3]

cpp=1900;%% specific heat of plastic J/kg.k

Xpipe=0.001; %%%thickness of evaporator pipe [m]

kcu=385;%%%%thermal conductivity of copper pipe W/m.k

Kice=2.5; %%thermal conductivity of ice W/m.k

cpair=1004;%% Specific heat capacity of air at temperature in J/kg.k

epv=0.83; %%%%Emissivity of the PV module

apv=0.9; %%%%Absorbability of PV module

egpv=0.9;%%% emissivity of glass

tapv=0.93; %%Difference b/n Absorptivity and Transmitivity of Module
eef=((1/epv)+(1/egpv)-1)"-1; %%%%Effective emissivity of PV

pf=0.9; %%%%Packing Factor

Tfp=-0.0043; %%%%Temperature coefficient of PV module

Nepv=0.1685; %%%%Nominal efficiency of PV module

Trf=25; %%%%Reference Temperature

ka=0.026; %%%%Thermal conductivity of air [W/m.K]

kpv=1.56; %%%%Thermal conductivity of pv W/m.k
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Grho=0.2; %%%%Ground reflection

cg=1278.95; %%%%Glass specific heat

cppv=677; %%%% PV specific heat capacity J/kg.k

mpv=15; %%%%mass of PV kg

Vw=3; %%%%wind speed m/s

beta=11.8*pi/180;%%% inclination angle

Lo =41;%% longitude of the site ° E

El = 433; %%%%elevation of the site m

phi=11.8*pi/180; %%L atitude of the site Semera

sigma=5.67e-8; %%Boltzmann constant

Tai=20; %%Initial Temperature of the atmosphere [0C]

Apv=4.60; %%%% Solar PV unit area m"2

Xice=0.02; %%% average thickness of ice [m]

%%% ice slab solidification temperature distribution

%%%Geometry parameters

%%% One side vertical surface area of the ice slab tank (m”"2)
A1=0.29*0.4; %%%% 0.116m"2

%%% Two side vertical surface area of the ice slab tank (m”"2)
A2=2%*(0.29*0.4); %%%% 0.232m"2

%%% Total surface area of ice tank contact with milk in m"2
Aice=(2*(0.08*0.4)+2*(0.29*0.4))+0.08*0.29;%%% 0.3192m"2
tice=0.001;%%% thickness of ice tank aluminum in m

ht=0.4; %% height of the ice slab tank (m)

Vice=0.0092; %%%%% volume of ice slab tank (m"3)

Vmilk=0.0592; %%%%% volume of milk tank (m”3)

Lt = 0.04; %% half-length of ice tank (m)

Ltt=0.08;%%%total length of ice tank [m]

m=7; %%%%number of nodes in horizontal direction for half tank
mm=14;%%%%number of nodes in horizontal direction for total tank size
Np=26; %%%%% number of tube

Asti=0.5252; %%% outer surface area of storage ice tank [m”2]

%%% outer surface area of storage milk tank [m”"2]
Astm=2*(0.45*0.31) +2*(0.45*0.425) +2*(0.31*0.425);

Ae=0.176; %%%area of the evaporator [m"2]

Ac=0.00001963; %%%% evaporator cross-section area [m”2]
doe=0.007; %%%outer diameter of the evaporator in [m]

die=0.005; %%%%inner diameter of the evaporator in [m]

Le=11; %%%% evaporator length in [m]

%%% heat transfer coefficient

TIQsolar=0; %%%% Initialization of solar radiation
vref=mr/rhorm;%%%refrigerant flow rate

Vmean=vref/Ac; %%% refrigerant mean velocity m/s
Re=2*mr/(pi*dyrm*die*Np); %%% Reynolds number of the tube flow refrigerant
Nu=3.66;%%% nusselt member

hr=(Nu*krm)/(2*die) ;%%% heat transfer coefficient of L-V refrigerant W/m”2 k
Tfinal=-4;%%%average final ice temperature in oC

TElec=0;

deltt=60;%%%% time step

%% Performance Coefficients (24V) - CASCADE17-0244Y3-ARI HBP
%%% column-1 capacity (BTU/Hr), column-2 power (watt), column-3 current (A)
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-1.300685E+00
2.056291E-04
-4.706144E-08

%%% and column-4 mass flow (Lbs/Hr)
C=[-1.107663E+03

3.943455E+02
-1.223476E-01
2.942926E-05
-2.445508E-10

1.643106E+01

-5.097817E-03

1.226219E-06
-1.018962E-11
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-9.435642E+00;
-2.856467E-02;
4.165405E-06;
-7.435971E-10;

-71.624835E+01  -3.826043E+00 -1.594184E-01  -1.22214E+Q0;
1.678044E-01 4.168358E-02  1.736816E-03 2.49009E-03;
-8.433469E-04 3.524107E-05  1.468377E-06 -1.285188E-05;
7.156981E+01 -7.588050E+00 -3.161687E-01 1.008043E+00;

-8.933099E-01
3.539651E-03
-4.128949E-04
-4.984281E-08
-1.084624E-06
2.881196E-06
1.522813E-02
1.794408E-02
1.602984E+00

5.706575E-02
-1.815833E-04
-3.801532E-05
6.986678E-09
2.132993E-07
-3.587806E-08
3.822661E-03
1.206820E-03
2.213781E-02

2.37774E-03
-7.56597E-06
-1.583972E-06
2.911116E-10
8.88747E-09
-1.494920E-09
1.592776E-04
5.028417E-05
9.224086E-04

-1.319664E-02;
5.237502E-05;
-6.920254E-06;
-6.890584E-10;
-1.17853E-08;
4.61944E-08;
2.726404E-04,
3.516805E-04;
2.472096E-02;
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5.350873E-06 -5.583706E-07  -2.326544E-08 7.28394E-08;
1.647996E-04 -2.041318E-05  -8.505493E-07 1.97087E-06;
1.730062E-06 -2.468870E-07  -1.028696E-08 1.98959E-08;
-1.230301E-04 1.131317E-06  4.713821E-08 -1.980280E-06;
-6.058412E-04 -4.793339E-04  -1.997224E-05 -6.54666E-06;

-8.010951E-03 2.484762E-04 1.035318E-05
Tc=49; %%%temperature of Condenser in Oc
TE=-7; %%%temperature of Evaporator in Oc
h1=246300; %%%enthalpy at compressor inlet J/kg
h2=281600; %%%enthalpy at compressor outlet J/kg
h3=107320; %%% enthalpy at condenser inlet J/kg
h4=h3; %%%enthalpy at evaporator inlet J/kg
Wcom=h2-h1; %%%% isentropic work of the compressor in J/KG
x2=(TE*9/5)+32; %%%conversion of Evaporator temperature into Fahrenheit
x3=(Tc*9/5)+32; %%%conversion of condenser temperature into Fahrenheit
%%% constant terms with respect to x1, x1°2 and x1°3
kk=C(1,2)+C(5,2)*x2+C(6,2)*(x2)"2+C(7,2)*(x2)"3+C(8,2)*x3+C(9,2)*(x3)"2+...
C(10,2)*(x3)"3+C(17,2)*x2*x3+C(22,2)*(x2)"2*x3+C(23,2)*x2*(x3)"2;
%%%%%% coefficients of x1
kk1=C(2,2)+C(11,2)*x2*x3+C(13,2)*(x2)"2*x3+C(14,2)*x2*(x3)"2+C(15,2)*x2+...
C(16,2)* x3+C(19,2)*(x3)"2+C(21,2)*(x3)"2;
%%%%% coefficients of x1"2
kk2=C(3,2)+C(12,2)*x2*x3+C(18,2)*x2+C(20,2)*x3;
%%%%%% coefficients of x1"3
kk3=C(4,2);
%%%% solar radiation
datal=zeros(24,3);
open=('GBR.xlsx’);
Z=xlsread(open);
%%Data given for the global radiation, diffuse radiation and ambient temperature for 24
hours of each day for all day in the year
for j=1:365

-1.213048E-04];
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datal(:,:,))=Z(+(23*(j-1)):j*24,2);

end

%%%%%% %% %% %% %% %% %% %% %% %% %% %% %%
TFt=zeros(365,24);%% Last node Temperature of the water in storage tank
TFt2=zeros(365,24);%% 2nd node Temperature of the water in storage tank
TFt4=zeros(365,24);%% 4thnode Temperature of the water in storage tank
TFt6=zeros(365,24);%% 6th node Temperature of the water in storage tank
TFt8=zeros(365,24);%% 8th node Temperature of the water in storage tank
TFt10=zeros(365,24);%% Last node Temperature of the water in storage tank
XFt=zeros(365,24);%%last node Temperature of the water in storage tank
Ict=zeros(365,24);%%% solar energy generated from inclined pv panel
Tpt=zeros(365,24);%%Temperature of the pv
Et=zeros(365,24);%%electrical energy

omega=zeros(1,24);%%hour angle

decl=zeros(365,1);%% declination angle

copi=zeros(365,24);%% coefficient of performance
Tm1l=zeros(365,24);%%Temperature of the milk during night

xla = zeros(365,24); %% lce thickness after one hour

X2a = zeros(365,24);%% lce thickness after two hour

x3a = zeros(365,24);%% lce thickness after three hour

x4 = zeros(365,24);%% lce thickness after four hour

x5 = zeros(365,24);%% Ice thickness after five hour

X6= zeros(365,24);%% Ice thickness after six hour

%%imposition of initial condition

for r=1:m

T(1:r,1) = Twater; %%the initial temperature of water

x1a(1:r,1) =0; %% the initial ice thickness

x2a(1:r,1) =0; %% the initial ice thickness

x3a(1:r,1) =0; %% the initial ice thickness

x4(1:r,1) =0; %% the initial ice thickness

x5(1:r,1) =0; %% the initial ice thickness

x6(1:r,1) =0; %% the initial ice thickness

end

%Finite difference method explicitly discretization

%%%define property (thermal conductivity)

%% variables

Tsolidus=-4; %% solidus temperature [0C]

Tliquidus=2; %% liquidus temperature [0C]

TSolidus=-0.35; %% solidus temperature [0C]

TLiquidus=0.35; %% liquidus temperature [0C]

s = 700; %%Number time steps

dt = 50; %%dt is time intervals

time=zeros(1,s+1);

time(1) = 0;

%%% thermal conductivity

ks = 2.5; %%%solid phase thermal conductivity (W/m.0C)

kl = 0.65; %%liquid phase thermal conductivity (W/m.0C)

%%%%define property (density)

rhos = 918; %%Solid phase density (kg/m”3)

rhol = 999; %%% liquid phase density (kg/m”3)
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%%%%Specific heat capacity

cps = 2025; %%%Solid phase Specific heat capacity (J/kg.0C)

cpl = 4180; %%%liquid phase Specific heat capacity (J/kg.0C)

QL =333700; %%%Latent heat of fusion (J/kg)

dTf=Tliquidus-Tsolidus; %%% freezing temperature interval(Oc)

%%%%change in ice length

dx = Lt/(m-1);

%%%%%%%% %% %% %% %% %%%% %% %% %%

for n=1:365

decl(n)=(pi/180)*(23.45*sin((2*pi/365)*(284+n)));%%%Calculation of the declination
angle

end

forii=1:24

omega(ii)=(ii-12)*15*pi/180; %%%Calculation of the hour-angle for each hour of the
day

end

for i=1:365

Grr=datal(:,1,i);

Drr=datal(:,2,i);

Taa=datal(:,3,i);

for j=1:24

Gr=Grr(j);%%Global solar radiation wh/m2

Dr=Drr(j);%%diffuse solar radiation wh/m2

Tx=Taa(j);%%ambient temperature

Ta=Tx;%%Ambient Temperature

Tpi=Tx+3;%% initial PV temperature

Tsky=Ta-6;%% sky temperature
pp=(cosd(phi-beta))*cosd(decl(i))*cosd(omega(j))+sind(decl(i))*(sind(phi-beta));
hh=(cosd(phi)*cosd(decl(i))*cosd(omega(j))+(sind(decl(i))*sind(phi)));

%%the ratio of average day of the beam solar radiation on a tilted surface to that of a
horizontal surface

Rb=pp/hh;

%%the beam solar radiation

Gb=Gr-Dr;

%%%the ratio of diffuse solar radiation on to a tilted surface to that of the horizontal
surface

Rd=0.5*(1+cosd(beta));

In=Rb*Gb+Dr*Rd+(0.5*Grho*((1-cosd(beta))*Gr));

%%% solar Energy arrived in the module and absorbed by module

Ic=In*apv;

Tf=(Tai+Tx)/2;%%%Film Temperature

Ve=2/(Tai+Tx);%%%Volume Expansion coefficient
hc1=2.8+3*Vw;%%%convective heat transfer coefficient at the top of the PV
%%%Radiation heat transfer b/n air and PV module
hrl=epv*sigma*(Tpi*4-Tsky"4);

al2=hcl+hrl;

Ut=((1/(hcl+hrl)))™-1; %%%top heat loss

Ul=Ut+al2;

%%%Initial Temperature of the PV

Tpm =30 + 0.0175*(Ic-150) + 1.14*(Ta -25);

Addis Ababa Institution of Technology, SMIE

cxiii



Transient computational model of ice slab formation using solar PV system for milk cooling | Ayele M.

%%%EIlectrical Energy generation
Eg=Ic*Apv*tapv*pf*Nepv*((1-0.0045*(Tpi-Trf)));

%%PV surface temperature

Tpl=Tpi+(deltt* Apv*(lc-Eg+(al2*Ta*2)-(al2*Tpi*2)))/(mpv*cppv);
end

end

%%Main Program

for i=1:365

Grr=datal(:,1,i);

Drr=datal(:,2,i);

Taa=datal(:,3,i);

for y=2:s+1

T(r,y-1)=33;

T(r,y)=33;

xl1a(r,y)=0;

x2a(r,y)=0;

x3a(r,y)=0;

X4(r,y)=0;

x5(r,y)=0;

x6(r,y)=0;

xl1a(r,y-1)=0;

x2a(r,y-1)=0;

x3a(r,y-1)=0;

x4(r,y-1)=0;

x5(r,y-1)=0;

x6(r,y-1)=0;

end

for j=1:24

Gr=Grr(j);

Dr=Drr(j);

Tx=Taa(j);

Ta=Tx;
pp=(cosd(phi-beta))*cosd(decl(i))*cosd(omega(j))+sind(decl(i))*(sind(phi-beta));
hh=(cosd(phi)*cosd(decl(i))*cosd(omega(j))+(sind(decl(i))*sind(phi)));
%%%the ratio of average day of the beam solar radiation on a tilted surface to that of a
horizontal surface

Rb=pp/hh;

if Rb<0

Rb=0.5;

end

Gb=Gr-Dr; %%% the beam solar radiation

%%%the ratio of diffuse solar radiation on to a tilted surface to that of the horizontal
surface

Rd=0.5*(1+cosd(beta));
In=Rb*Gb+Dr*Rd+(0.5*Grho*((1-cosd(beta))*Gr));

Ic=In*apv; %%%solar Energy arrived in the module and absorbed by module
if Ic<0

Ic=0;

end
Tpl=Tpi+(deltt*Apv*(lc-Eg+(al2*Ta*2)-(al2*Tpi*2)))/(mpv*cppv);
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TIQsolar=TIQsolar+In;

for jj=1:60

Tf=(Tai+Ta)/2; %Film Temperature

Ve=2/(Tai+Ta); %Volume expansion coefficient

Tsky=Ta-6; % sky temperature

hc1=2.8+3*Vw; %convective heat transfer coefficient at the top of the glass
hrl=epv*sigma*(Tpl”4-Tsky”™4); %Radiation heat transfer b/n glass and PV module
Ut=((1./(hcl+hrl)))"-1; %%%top heat loss from the pv

al2=hcl+hrl;

Ul=Ut+al2; %Over all heat transfer coefficient of pv

%%% Initial Temperature of the PV module

Tpm =30+0.0175.*(Ic-150)+1.14*(Ta -25);
TElec=TElec+Eg*deltt/3600000;

tstep=60;

hwater=81.2;%%% water convective heat transfer coefficient W/m”2.k
%%%%overall heat transfer coefficient evaporator tube
Uel=1/(Xpipe*die/(kcu*(die+doe)/2)+1/hr);

%%% overall heat transfer coefficient storage tank W/m”2.k
Ue2=1/(1/hwater +Xice/Kice);

%%% overall heat transfer coefficient evaporator and storage tank W/m”2 k
Ue=Uel+Ue2;

%%% overall heat transfer coefficient for tank W/m”2.k

Ust=1/(1/hi +xp/kp +sti/ki +xAl/KAl +1/ho);

%%% overall heat transfer coefficient for ice tank to milk W/m”"2.k
hii=5;

Um=1/(1/hii+tice/kAl+1/hwater);

%% Electrical Energy generation of the PV module
Eg=Apv*Ic*tapv*pf*Nepv*(1-0.0045*(Tpl-Trf));

%%% PV Surface Temperature
Tpl=Tpi+(deltt*Apv*(lc-Eg+(al2*Ta*2)-(al2*Tpi*2)))/(mpv*cppv);
Tpi=Tp1l,;

Qcond=mr*(h2-h3);%%%% heat removal from condenser [watt]
%%%heat loss from milk and ice tank during milk cooling
Qstlossm=Astm*Ust*(Ta-Tm);

%%%heat loss from milk and ice tank during ice formation in watt
Qstlossi=Asti*Ust*(Ta-Tff1);

%%% storage tank material cooling load
Qstl=(Ta-Tff1)*Asti*((sti*rhoi*Cpi)+(xAl*rhoAl*cpAl)+(xp*rhop*cpp));
Qst=Qst1/(5*3600);%%%storage tank material cooling load in [watt]
%%% evaporator cooling capacity in [watt]

Qe=Ue*Ae*(Twater-Te);

Wc=(h2-h1);%%% compressor work in watt

z=0;

%% roots of the performance equation relative to x1

aa=[kk3 kk2 kk1 (kk-EQ)];

x11=roots(aa);

x11=-x11(imag(x11)==0 & x11<122);

%%%%%% performance equation

for x1=length(x11)

Z=7+1,
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Y=C(1,:)+C(2,:).*x1+C(3,:).*(x1)."2+C(4,:).*(x1).A3+C(5,:).*x2+C(6,:).*(x2) " 2+...
C(7,)).*(x2)."3+C(8,:).*x3+C(9,:).*(x3).A2+C(10,:).*(x3) N3+C(11,:).*X1.*x2.*x3+...
C(12,:).*(x1)."2.*x2.*x3+C(13,:).*x1.*%(x2) 2. *x3+C(14,:).*x1.*X2.*x3./2+...
C(15,:).*x1.*x2+C(16,:).*x1*x3+C(17,:).*x2.*x3+C(18,:).*(x1)."2.*x2+...
C(19,:).*x1.*(x2)."2+C(20,:).*(x1).~2.*x3+C(21,:).*x1.*(x3) ."2+...
C(22,:).%(x2)."2.%x3+C(23,:).*x2.*%(x3)."2;
%%%performance Coefficient value of cooling capacity(watt)
%%% one Watt = 3.41214BTU/Hr (British thermal unit)
%%% one kilogram per second = 7936.647pounds per hour
Q(z,1)=Y(1)/3.41214;
%%%performance Coefficient value of mass flow rate(kg/s)
Q(z,4)=Y(4)I7936.6;
QE=(Q(z,4)*(h1-h4));
EG=Q(z,4)*(h2-h1);
%% Minimum operating power of the compressor
if Eg<280

Q(z,1)=0;
end
if j>6 && j<18

%% half cooling load and it varies with Eg in watt
Qeem=(Q(z,1)-Qstlossi-Qst)/2;
%% constant cooling load in watt
Qec=(Qe-Qstlossi-Qst);
%%cooling load with w/m”2
Qem=Qeem/Ag;
end
%%heat removed by the one side or lower evaporator only
if j>6 && j<18
ge=Qem;
else

qe=0;

end
%% Minimum operating power of the compressor
if Eg<280

qe=0;
end
effc(z)=(Q(z,4)*Wc)/(Eg);%%lsentropic efficiency of the compressor
if Eg<350
cop(2)=0;
else
cop(z)=(Qec)/(Eg*Mc); %% coefficient of performance
end
end
real k;%%thermal conductivity (W/m.0C)
%% calculation of k
if(T(r,y)>Tliquidus)

k=KI;
elseif(T(r,y)<Tsolidus)

k=ks;
else
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k=ks+(kl-ks)*(T(r,y)-Tsolidus)/(Tliquidus-Tsolidus);
end
real rho;%%%density (kg/m”3)
%%%%%% calculation of rho
if(T(r,y)>Tliquidus)
rho=rhol;
elseif(T(r,y)<Tsolidus)
rho=rhos;
else
rho=rhos+(rhol-rhos)*(T(r,y)-Tsolidus)/(Tliquidus-Tsolidus);
end
real cp; %%%Specific heat capacity (J/kg.0C)
cpmush=QL/dTf;%%%Specific heat capacity in the mush region(J/kg.0C)
%%%calculation of cp
if(T(r,y)>Tliquidus)
cp=cpl;
elseif(T(r,y)<Tsolidus)
cp=cps;
else
cp=cpmush;
end
%%% calculation of alfa
alfal= kl/(rhol*cpl);%%% alfa value for liquid phase
alfas= ks/(rhos*cps);%%% alfa value for solid phase
alfarm = krm/(rhorm*cprm);%%% alfa value for refrigerant
real alfa; %%%values of alfa
if(T(r,y)>Tliquidus)
alfa=alfal,
elseif(T(r,y)<Tsolidus)
alfa=alfas;
else
alfa=(ks+(Kkl-ks)*(T(r,y)-Tsolidus)/(Tliquidus-Tsolidus))./((rhos+(rhol-rhos)*(T(r,y)-
Tsolidus)/(Tliquidus-Tsolidus))*cpmush);
end
Bi = hr*dx/krm;%%% Biot number
%%% calculation of FO dimensionless time (Fourier number)
Fol = dt*alfal/((dx)"2);%%%%%Fo value for liquid phase
Fos = dt*alfas/((dx)"2);%%% Fo value for solid phase
Form = dt*alfarm/((dx)"2); %%%% Fo value for refrigerant
real Fo; %%%values of Fo
if (T(r,y)>Tliquidus)
Fo=Fol;
elseif (T(r,y)<Tsolidus)
Fo=Fos;
else
Fo=dt*((ks+(kl-ks)*(T(r,y)-Tsolidus)/(Tliquidus-Tsolidus))./((rhos+(rhol-rhos)*(T(r,y)-
Tsolidus)/(Tliquidus-Tsolidus))*cpmush))/(dx)"2;
end
%%%define Bii
Biis=(dx)/ks;
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Biil=(dx)/KI;

Biir=(dx)/krm;

real Bii; %%%values of alfa
if(T(r,y)>Tliquidus)

Bii=Biil;
elseif(T(r,y)<Tsolidus)
Bii=Biis;
else

Bii=(dx)./(ks+(kl-ks)*(T(r,y)-Tsolidus)/(Tliquidus-Tsolidus));
end
%% Separating Thermophysical properties of water and refrigerant by nodes
real Foo; %%%values of Foo
forr=1:m
if r<=sm && r>1
Foo=Fo;
Bo=Bii;
else
Foo=Form;
Bo=Biir;
end
end
%%imposition of initial condition
for r=1:m
T(1:r,1) = Twater; %%the initial temperature of water
end
%%% water tank nodal temperature distribution calculation
fory =2:s+1
for r=1:m
if j<=6
T(ry)=33;
end
if (j>6 && j<17)
T(r’y'l):T(r!y);
if r==1
T(1,y) = (2*Foo.*(T(r+1,y-1)-(Bo*qe))+(1-2*F00).*T(r,y-1));
%%%finding values of T of the first node
elseif r==m
T(m,y)=(2*Foo*(T(r-1,y-1))+(1-2*Fo0)*T(r,y-1));
%%%finding values of T of the last node
else
T(r,y) =(Foo*(T(r+1,y-1) + T(r-1,y-1)) + (1-2*Fo0)*T(r,y-1));
%%finding values of T of the interior node
end
end
if T(r,y)>33
T(r,y)=Twater; %% Maximum water temperature
end
if T(r,y)<Te %% Minimum evaporator temperature
T(r,y)=Te;
end
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end
end
%% Slab ice thickness calculation using moving mesh method
% for y=2:s+1
if >0&& j<17
xla(r,y-1)=x1a(r,y);
x2a(r,y-1)=x2a(r,y);
x3a(r,y-1)=x3a(r,y);
X4(r1Y'1):X4(r7Y);
X5(r,y-1)=x5(r.y);
X6(r1Y'1):X6(r7Y);
for r=2:m-1
%%% solid liquid phase interface velocity
vint=((-kI*(T(r,y)-T(r+1,y))./dx)-(-ks*(T(r,y)-T(r-1,y))./dx))./(rhos*QL);
for r=1:m
for dtt=30:60 %% The desired ice production time in hours
if dtt==30
xla(r,y)=xl1a(r,y-1)+vint*dtt; %%% ice thickness growth
elseif dtt==40
x2a(r,y)=x2a(r,y-1)+vint*dtt;
elseif dtt==45
x3a(r,y)=x3a(r,y-1)+vint*dtt;
elseif dtt==50
X4(r,y)=x4(r,y-1)+vint*dtt;
elseif dtt==55
X5(r,y)=x5(r,y-1)+vint*dtt;
elseif dtt==60
X6(r,y)=x6(r,y-1)+vint*dtt;
end
end
end
end
end
if x6(r,y)<0
x6(r,y)=0;
end
if x6(r,y)>0.04 %% Maximum slab ice thickness in m
x6(r,y)=0.04;
end
if x5(r,y)>0.04
x5(r,y)=0.04;
end
if x4(r,y)>0.04
x4(r,y)=0.04;
end
%%% percentage of liquid water
for r=1:m
if >0&& j<17
if (T(r,y)>Tliquidus)
st(r,y)=1; %% all solid ice
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elseif (T(r,y)<TSolidus)
sf(r,y)=0; %% all liquid water
else
st(r,y)=(T(r,y)-TSolidus)/(Tliquidus-TSolidus); %% Mushy Zone (b/n Tliquidus-
Tsolidus)
end
end
end
Ict(i,))=Ic;
Tpt(i.j)=Tpl;
Et(i,j)=Eg;
TR))=T(ry);
TFt2(i,))=T(2,y); TFt3(i,j)=T(3,y); TFt4(i,j))=T(4,y); TFt6(i,j)=T(6,y); TFt8(i,))=T(7,y);...
TFt10(i,j)=T(m,y);
xFt(i,j)=x6(ry);
xFtL1(i,j)=x1a(r,y);xFt2(i,j)=x2a(r,y);xFt3(i,j)=x3a(r,y);xFta(i,j) =x4(r,y);xFt5(i,))=x5(r,y);.

xFt6(i,j)=x6(r,y);

copi(i,j)=cop(2);

sFt(i,j)=sf(ry);

end

end

end

%%%%%%% %% %% % %% %% %%%% %% %% %% %% %% %%

%%% Matlab plotting

Tqgsolar=sum (sum (T1Qsolar));

Telec=sum (sum (TElec));
%%%%%%%% % %% % %% %% %%%%% %% % %% % % % %%

%%% Monthly average solar radiation on inclined surface
J1=lct(1:31,:);F2=Ict(32:59,:);M3=Ict(60:90,:);Ad4=Ict(91:120,:);m5=Ict(121:151,:);...
J6=Ict(152:181,:);ju7=Ict(182:212,:);Au8=Ict(213:243,:);S9=Ict(244:273,’);...
010=Ict(274:304,:);N11=Ict(305:334,:);D12=Ict(335:365,:);

%%%%using average values average monthly radiation
IclJal7=sum(J1)./31;lcIF16=sum(F2)./28;lcIM16=sum(M3)./31;IclA15=sum(A4)./30;...
IcIM15=sum(m5)./31;1clJ11=sum(j6)./30;IclJul7=sum(ju7)./31;IclAul6=sum(Au8)./31;..

IcIS15=sum(S9)./30;1cl015=sum(010)./31;IcIN14=sum(N11)./30;IcID10=sum(D12)./31;
%%%%%%% %% %% %% %%%%%%% %% %

tt=1:24;
plot(tt,IclJal7,'r-s',tt,IcIF16,'b-x',tt,IcIM16,'k-x',tt,IclA15,'g-x ", tt, IcIM15,'m-x',...
tt,IclJ11,'b-s'tt,IclJul7,'m-s',tt,IclAul6, c-s' tt,1clS15,'c-x',tt,IclO15,'g-h',tt,IcIN14,"-y',...
tt,IcID10,'r-x','linewidth',2);

xlabel(' Time in hours','linewidth’,2)

ylabel(’ Solar Radiation on inclined surface(Watt)')

title('Monthly average solar radiation on inclined surface ')
legend('Janl7','Feb16','Mar16','Aprl5','May15','Jun11','Jul17',’Augl6’,'Sept15',...
'Oct15','Nov14','Dec10")

grid on

xlim([1 24])

pause
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clf

%%% Monthly average solar radiation for maximum months
FI2=Ict(32:59,:);Al4=Ict(91:120,:);mI5=Ict(121:151,:);NI11=Ict(305:334,:);...
DI12=Ict(335:365,:);

%%% using average values average monthly radiation
IcIF16=sum(F12)./28;IclA15=sum(Al4)./30;lcIM15=sum(mI5)./31;...
IcIN14=sum(NI11)./30;IcID10=sum(DI12)./31,
%%%%%%%% %% %% %%%%%%% %% %%

tt=1:24;

plot(tt,IcIF16, b-xtt,IclA15,'g-x,tt,IcIM15,'m-x',tt,IcIN14,-y' tt,IcID 10, r-x', linewidth',2);

xlabel(" Time in hours','linewidth’,2)

ylabel(* Solar Radiation on inclined surface(Watt)")

title('Monthly average solar radiation on inclined surface ')
legend('Feb16','Aprl5','May15','Nov14','Decl10")

grid on

xlim([4 20])

pause

clf

%%%Monthly average solar radiation for months having moderate radiation

JI1=lct(1:31,:);MI13=Ict(60:90,:);010=Ict(274:304,:);

%%%%% using average values average monthly radiation
IclJal7=sum(JI1)./31;IcIM16=sum(MI3)./31;1cl0O15=sum(010)./31;
%%%%%%%%%%% %% %%%%%%% %% %

tt=1:24;

plot(tt,IclJal7,'r-s'tt,IcIM16, 'k-x',tt,IclO15,'g-h', linewidth’,2);

xlabel(' Time in hours','linewidth’,2)

ylabel(* Solar Radiation on inclined surface(Watt)")

title('Monthly average solar radiation on inclined surface ')
legend('Janl7','marl6','Oct15’)

grid on

xlim([4 20])

pause

clf

%%% Monthly average solar radiation for months having Minimum radiation

J16=1ct(152:181,:);jul7=Ict(182:212,:);Aul8=Ict(213:243,:);S19=Ict(244:273,:);
%%%%%%%%% using average values average monthly radiation
IclJ11=sum(j16)./30;1clJul7=sum(jul7)./31;lclAul6=sum(Aul8)./31;...
IcIS15=sum(S19)./30;

%%%%%% %% %% %% %%%%%% %% %% %

tt=1:24;

plot(tt,IclJ11,'g-s',tt,IclJul7,'m-s' tt,IclAul6,'r-s'tt,1cIS15,'b-x', linewidth',2);
xlabel(" Time in hours','linewidth’,2)

ylabel(* Solar Radiation on inclined surface(Watt)")

title('Monthly average solar radiation on inclined surface ')
legend('Jun1l',Jull7','Augl6’,'Septls’)

grid on

xlim([4 20])

pause

clf %%%% monthly average PV Surface Temperature
Jp1=Tpt(1:31,:);Fp2=Tpt(32:59,:);Mp3=Tpt(60:90,:);Ap4=Tpt(91:120,:);...
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mp5=Tpt(121:151,:);jp6=Tpt(152:181,:);jup7=Tpt(182:212,:);....
Aup8=Tpt(213:243,:);Sp9=Tpt(244:273,:);0p10=Tpt(274:304,:);...
Npl1=Tpt(305:334,:);Dpl2=Tpt(335:365,:);

%%% using average values average monthly radiation
TpJal7=sum(Jpl)./31; Tpfl6=sum(Fp2)./28; Tpm16=sum(Mp3)./31;...
Tpapl5=sum(Ap4)./30;Tpmals=sum(mp5)./31;TpJ11=sum(jp6)./30;...
Tpjul7=sum(jup7)./31;TpAul6=sum(Aup8)./31;Tpsl5=sum(Sp9)./30;...
Tpol5=sum(Op10)./31; TpN14=sum(Np11)./30;TpD10=sum(Dpl2)./31,
%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, TpJal7,'k-x',tt, Tpfl6,'c-x',tt, Tpm16,'m-x',tt, Tpapl5,'g-x',tt, Tpmals,'b-x',

tt, TpJ11,'y-x',tt, Tpjul7,'m-s',tt, TpAul6, 'c-s',tt, Tpsls, 'b-s',tt, Tpol5, 'k-s',...
tt, ToN14,'g-s'tt, TpD10,'r-x', linewidth',2)
grid on

legend(Janl7','Feb16','Mar16','Aprl5','May15','Jun11','Jul17',’Aug16','Sept15',.

'Oct15','Nov14','Decl0’)

title('PV Surface Temperature');

xlabel('Time in hours');

ylabel("Temperature in oC');

xlim([1 24])

pause

clf

%%% monthly average PV Surface Temperature for maximum radiation
Ac4=Tpt(91:120,:);mc5=Tpt(121:151,:);jc6=Tpt(152:181,>);
%%%%%% using average values average monthly radiation
Tpapl5=sum(Ac4)./30; Tpmal5=sum(mc5)/31;TpJ11=sum(jc6)./30;
%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, Tpapl5,'g-x',tt, Tpmals,'b-x,tt, TpJ11,'y-x', linewidth',2)

grid on

legend('Aprl5','May15','Junll’)

title('PV Surface Temperature");

xlabel("Time in hours’);

ylabel('Temperature in oC');

xlim([1 24])

pause

clf

%%% monthly average PV Surface Temperature for moderate radiation
Juc7=Tpt(182:212,:);Auc8=Tpt(213:243,:);Sc9=Tpt(244:273,:);...
Ocl0=Tpt(274:304,:);Nc11=Tpt(305:334,.);

%%%% using average values average monthly radiation
Tpjul7=sum(juc?)./31;TpAule=sum(Auc8)./31;Tps15=sum(Sc9)./30;...
Tpol5=sum(0c10)./31;TpN14=sum(Nc11)./30;
%%%%%%%% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, Tpjul?7,'m-s',tt, TpAul6,'c-s' tt, Tpsls, 'b-s',tt, Tpol5, 'k-s',...

tt, ToN14,'g-s','linewidth',2)

grid on

legend('Jull7','Augl6’,'Septl5','Octl5’,'Nov14')

title('PV Surface Temperature');
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xlabel('Time in hours');

ylabel(‘'Temperature in oC");

xlim([1 24])

pause

clf

%%% monthly average PV Surface Temperature for minimum radiation
Jc1=Tpt(1:31,:);Fc2=Tpt(32:59,:);Mc3=Tpt(60:90,:);Dc12=Tpt(335:365,:);
%%% using average values average monthly radiation
TpJal7=sum(Jcl)/31;Tpfl6=sum(Fc2)./28;Tpm1l6=sum(Mc3)./31;...
TpD10=sum(Dc12)./31,;

%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, TpJal7,'k-x',tt, Tpfl6, c-x',tt, Tpm16,'m-x',tt, TpD10, r-x', linewidth’,2)
grid on

legend('Janl7','Feb16','Marl16','Dec10’)

title('PV Surface Temperature');

xlabel("Time in hours’);

ylabel(‘"Temperature in oC";

xlim([1 24])

pause

clf %% monthly average Electrical Energy Generation
Jn1=Et(1:31,:);Fn2=Et(32:59,:);Mn3=Et(60:90,:);An4=Et(91:120,));...
mn5=Et(121:151,:);jn6=Et(152:181,:);jun7=Et(182:212,:);Aun8=Et(213:243,:);...
Sn9=Et(244:273,:);0n10=Et(274:304,:);Nn11=Et(305:334,:);Dn12=Et(335:365,:);
%%%% using average values average monthly radiation
EJal7=sum(Jnl)./31;EF16=sum(Fn2)./28;EM16=sum(Mn3)./31;...
EA15=sum(An4)./30;EMal5=sum(mn5)./31;EJ11=sum(jn6)./30;...
Ejul7=sum(jun7)./31;EAul6=sum(Aun8)./31;ES15=sum(Sn9)./30;...
EO15=sum(0On10)./31;EN14=sum(Nn11)./30;ED10=sum(Dn12)./31,
%%%%%%%% %% %% %% %% %%%%% %% %% %%

tt=1:24;
plot(tt,EJal7,'b-s'tt,EF16,'m-x'tt, EM16,'k-s' tt, EA15,'g-x' tt, EMal5,'k-x',...
tt,EJ11,'r-s' tt,Ejul?,'c-',tt, EAUl6,'c-x',tt, ES15,'m-s' tt,EO15,'g-s' tt, EN14,'y-s',...
tt,ED10,'r-x','linewidth',2)

grid on
legend('Janl7','Feb16','Mar16','Aprl5','May15','Jun11','Jul17',’Augl6’,'Sept15',...
'Oct15','Nov14','Decl0’)

title ('Electrical Energy Output of the System");

xlabel("'Time in hours’);

ylabel('Electrical Energy Generation in (W)');

xlim([1 24])

pause

clf

%%monthly average Electrical Energy Generation for months having maximum radiation
Fe2=Et(32:59,:);Ae4=Et(91:120,:);Nel1=Et(305:334,:);De12=Et(335:365,:);
%%% using average values average monthly radiation
EF16=sum(Fe2)./28;EA15=sum(Ae4)./30;EN14=sum(Nel1)./30;...
ED10=sum(Del2)./31,

%%%%%% %% %% %% %% %% %% %% %% % %%

tt=1:24;
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plot(tt, EF16, m-x',tt, EA15,'g-x,tt, EN14,'c-s' tt, ED10,'r-x', linewidth’,2)

grid on

title (‘Electrical Energy Output of the System’);

xlabel('Time in hours');

ylabel('Electrical Energy Generation in (W)");
legend('Feb16','Aprl5','Nov14','Decl0")

xlim([4 20])

pause

clf %%% monthly average Electrical Energy Generation for months having moderate
values
Jx1=Et(1:31,:);Mx3=Et(60:90,:);me5=Et(121:151,:);0x10=Et(274:304,:);
%%% using average values average monthly radiation
EJal7=sum(Jx1)./31;EM16=sum(Mx3)./31;EMal5=sum(me5)./31;...
EO15=sum(0x10)./31;

%%%%%%%%%%% %% %%%%%%% %% %%

tt=1:24;
plot(tt,EJal7,'b-s',tt, EM16, r-s',tt, EMal5, 'k-x',tt,EO15,'g-s", linewidth',2)

grid on

legend('Janl7','Marl6','May15','Oct15")

title (‘Electrical Energy Output of the System’);

xlabel("'Time in hours’);

ylabel('Electrical Energy Generation in (W)");

xlim([4 20])

pause

clf %%%%%% %% %% %% %% %%%%%%% %% %%

%%monthly average Electrical Energy Generation for months having minimum values
Jr6=Et(152:181,:);jur7=Et(182:212,:); Aur8=Et(213:243,:);Sr9=Et(244:273,:);
%%%% using average values average monthly radiation
EJ11=sum(jr6)./30;Ejul7=sum(jur7)./31;EAul6=sum(Aur8)./31;ES15=sum(Sr9)./30;
%%%%%% %% %% %% %% %%%% %% %% %% %

tt=1:24;

plot(tt,EJ11,'r-s' tt,Ejul?,’b-",tt, EAUL6, k-x'tt, ES15,'m-s','linewidth’,2)

grid on

title (‘Electrical Energy Output of the System’);

xlabel("'Time in hours’);

ylabel('Electrical Energy Generation in (W)");
legend('Jun1l',Jull7','Augl6’,'Septls’)

xlim([4 20])

pause

clf %%%performance of monthly average hourly water temperature distribution
%%%%plots at last nodes temperature distribution
Jw1=TFt(1:31,:);Fw2=TFt(32:59,:);Mw3=TFt(60:90,:);Aw4=TFt(91:120,:);...
mw5=TFt(121:151,:);jw6=TFt(152:181,:);juw7=TFt(182:212,:);...
Auw8=TFt(213:243,:);SW9=TFt(244:273,:);0w10=TFt(274:304,’);...
Nw11=TFt(305:334,:);Dw12=TFt(335:365,:);

%%%%% Using average values monthly solar radiation
TRJal7=sum(Jwl)./31; TFF16=sum(Fw2)./28; TFMal6=sum(Mw3)./31;...
TFA15=sum(Aw4)./30; TFm15=sum(mw5)./31; TFj11=sum(jw6)./30;...
TFJul7=sum(juw7)./31; TFAul6=sum(Auw8)./31;TFS15=sum(Sw9)./30;...
TFO15=sum(Ow10)./31;TFN14=sum(Nw11)./30; TFD10=sum(Dw12)./31;
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%%%%%% %% %% %% %% %% %% %% %% % % % %% %%
tt=1:24;

plot(tt, TFJal7,'m-x'tt, TFF16,'y-s',tt, TFMal6,b-s'tt, TFAL5,'k-x',...
tt, TFm15,'y-x\,tt, TFj11,'b-x',tt, TFJul7,'m-s'tt, TFAul6,'k-s',...

tt, TFS15,'r-s',tt, TFO15,'g-s',tt, TFN14,'b-",tt, TFD10,'c-', linewidth',2);
grid on ;

xlabel('Time in hours');

ylabel(‘Outlet water Temperature(oC)");

title ('Plot of temperature variation as a function of time’);

legend('Janl7','Feb16','Marl6','Aprl5','May15','Jun1l’,'Jull7',Augl6','Sept15',.

'Oct15','Nov14','Dec10)

xlim([1 24])

pause

clf %%%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (January)
Jz2=TFt2(1:31,:);Jz3=TFt3(1:31,:);Jz4=TFt4(1:31,:);Jz6=TFt6(1:31,’);...
Jz8=TFt8(1:31,:);Jz10=TFt10(1:31,>);

%%% Using average values monthly solar radiation
TFJ2=sum(Jz2)./31;TFJ3=sum(Jz3)./31; TFJ4=sum(Jz4)./31;...
TFJ6=sum(Jz6)./31;TFJ8=sum(Jz8)./31; TFJ10=sum(Jz10)./31,
%%%%%%%%%%% %% %%%%%%% %%

tt=1:24;

plot(tt, TFJ2,'m-x"tt, TFJ3,'r-s',tt, TFJ4,'b-s',tt, TFI6, k-X ,...

tt, TFJ8,'y-x',tt, TFJ10,'c-x','linewidth’,2);

grid on ;

xlabel('Time in hours');

ylabel(‘Outlet nodal water Temperature (0C)");

title ('Plot of nodal water temperature variation for January');
legend('nod2’,'nod3','nod4','nod6’,'nod8','nod10")

xlim([4 20])

pause

clf %%% hourly water nodal temperature distribution for each month
%%%plots at nodes temperature distribution within a day for (February)
Fz2=TFt2(32:59,:);Fz3=TFt3(32:59,:);Fz4=TFt4(32:59,});...
Fz6=TFt6(32:59,:);Fz8=TFt8(32:59,:);Fz10=TFt10(32:59,:);

%%% Using average values monthly solar radiation
TFF2=sum(Fz2)./28;TFF3=sum(Fz3)./28; TFF4=sum(Fz4)./28;....
TFF6=sum(Fz6)./28; TFF8=sum(Fz8)./28; TFF10=sum(Fz10)./28;
%%%%%%%% %% %% %% %% %% %% %%

tt=1:24;

plot(tt, TFF2,'m-x',tt, TFF3,'r-s',tt, TFF4,'b-s',tt, TFF6,'k-X',...

tt, TFF8,'y-x',tt, TFF10,'c-x', linewidth’,2);

grid on ;

xlabel("Time in hours");

ylabel(‘Outlet nodal water Temperature (0C)";

title ('Plot of nodal water temperature variation February');
legend('nod2’,'nod3','nod4','nod6’,'nod8’,'nod10")

xlim([4 20])

pause

clf %%%% hourly water nodal temperature distribution for each month
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%%%%plots at nodes temperature distribution within a day for (March)
Mz2=TFt2(60:90,:);Mz3=TFt3(60:90,:);Mz4=TFt4(60:90,:);...
Mz6=TFt6(60:90,:);Mz8=TFt8(60:90,:);Mz10=TFt10(60:90,:);

%%% Using average values monthly solar radiation
TmF2=sum(Mz2)./31; TmF3=sum(Mz3)./31; TmF4=sum(Mz4)./31;....
TmF6=sum(Mz6)./31; TmF8=sum(Mz8)./31; TmF10=sum(Mz10)./31;
%%%%%%%% %% %% %%%%%%%% %% %

tt=1:24;

plot(tt, TmF2,'m-x"tt, TmF3,'r-s',tt, TmF4,'b-s',tt, TmF6,'k-x',...

tt, TmF8,'y-x',tt, TmF10,'c-x','linewidth',2);

grid on ;

xlabel('Time in hours');

ylabel(‘Outlet nodal water Temperature (0C)");

title ('Plot of nodal water temperature variation March");
legend('nod2’,'nod3','nod4','nod6’,'nod8','nod10")

xlim([4 20])

pause

clf %%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (April)
Ap2=TFt2(91:120,:);Ap3=TFt3(91:120,:);Ap4=TFt4(91:120,));...
Ap6=TFt6(91:120,:);Ap8=TFt8(91:120,:);Ap10=TFt10(91:120,:);
%%% Using average values monthly solar radiation
TFAp2=sum(Ap2)./30; TFAp3=sum(Ap3)./30; TFAp4=sum(Ap4)./30;...
TFAp6=sum(Ap6)./30; TFAp8=sum(Ap8)./30; TFAp10=sum(Ap10)./30;
%%%%%% %% %% %% %% %%%%%% %%

tt=1:24;

plot(tt, TFAp2, m-x'tt, TFAp3,'r-s'tt, TFAp4,'b-s'tt, TFAp6, k-X',...

tt, TFAp8,'y-x',tt, TFAp10,'c-x', linewidth',2);

grid on;

xlabel('Time in hours');

ylabel(‘Outlet nodal water Temperature (0C)";

title ('Plot of nodal water temperature variation for April’);
legend('nod2’,'nod3','nod4','nod6’,'nod8','nod10")

xlim([4 20])

pause

clf %%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (May)
mz2=TFt2(121:151,:);mz3=TFt3(121:151,:);mz4=TFt4(121:151,>);...
mz6=TFt6(121:151,:);mz8=TFt8(121:151,:);mz10=TFt10(121:151,:);
%%%%%% Using average values monthly solar radiation
TFm2=sum(mz2)./31; TFm3=sum(mz3)./31; TFm4=sum(mz4)./31;...
TFmM6=sum(mz6)./31; TFmM8=sum(mz8)./31; TFmM10=sum(mz10)./31;
%%%%%% %% %% %% %% %% %% %% %% % % %% %% %

tt=1:24;

plot(tt, TFm2,'m-x',tt, TFm3,'r-s',tt, TFm4,'b-s',tt, TFm6,'k-*"tt, TFmM8,'y-x',...

tt, TFm210,'c-*",'linewidth’,2);

grid on ;

xlabel("Time in hours");

ylabel(‘Outlet nodal water Temperature (0C)";

title ('Plot of nodal water temperature variation for May');
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legend('nod2’,'nod3','nod4','nod6','nod8','nod10")

xlim([4 20])

pause

clf %% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (June)
JZ2=TFt2(152:181,:);jz3=TFt3(152:181,:);jz4=TFt4(152:181,:);...
J26=TFt6(152:181,:);jz8=TFt8(152:181,:);jz10=TFt10(152:181,:);
%%% Using average values monthly solar radiation
TFj2=sum(jz2)./30;TFj3=sum(jz3)./30; TFj4=sum(jz4)./30;...
TFj6=sum(jz6)./30; TFj8=sum(jz8)./30; TFj10=sum(jz10)./30;
%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, TFj2,'m-x'tt, TFj3,'r-s'tt, TFj4,'b-s',tt, TFj6, k-x',tt, TFj8,'y-X,...
tt, TFj10,'c-x','linewidth’,2);

grid on ;

xlabel('Time in hours');

ylabel('Outlet nodal water Temperature (0C)");

title ('Plot of nodal water temperature variation for June’);
legend('nod2’,'nod3','nod4','nod6’,'nod8','nod10")

xlim([4 20])

pause

clf %%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (July)
Juz2=TFt2(182:212,:);juz3=TFt3(182:212,:);juz4=TFt4(182:212,%);...
Juz6=TF16(182:212,:);juz8=TFt8(182:212,:);juz10=TFt10(182:212,:);
%%%%%%%%% Using average values monthly solar radiation
TFju2=sum(juz2)./31; TFju3=sum(juz3)./31; TFjud=sum(juz4)./31;...
TFju6=sum(juz6)./31; TFju8=sum(juz8)./31; TFjul0=sum(juz10)./31;
%%%%%% %% %% %% %% %% %% %% %% % % % %% %%

tt=1:24;

plot(tt, TFju2,'m-x"tt, TFju3,'r-s',tt, TFju4,'b-s',tt, TFju6, 'k-x',tt, TFju8,'y-x',...
tt, TFjul0,'c-x', linewidth',2);

grid on ;

xlabel('Time in hours');

ylabel(‘Outlet nodal water Temperature (0C)");

title ('Plot of nodal water temperature variation for July’);
legend('nod2’,'nod3','nod4','nod6’,'nod8’,'nod10")

xlim([4 20])

pause

clf %%%%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (August)
au2=TFt2(213:243,:);au3=TFt3(213:243,:);au4=TFt4(213:243,’);...
au6=TFt6(213:243,:);au8=TFt8(213:243,:);aul0=TFt10(213:243,’);
%%%%% Using average values monthly solar radiation
TFau2=sum(au?2)./31;TFau3=sum(au3)./31; TFaud4=sum(au4)./31;...
TFau6=sum(au6)./31;TFau8=sum(au8)./31; TFaul0=sum(aul0)./31,;
%%%%%% %% %% %% %% %% %% %% %% % % %% %% %

tt=1:24;

plot(tt, TFau2,' m-x'tt, TFau3,'r-s',tt, TFau4,'b-s',tt, TFau6, k-x',...

tt, TFau8,'y-x',tt, TFaul0,'c-x','linewidth’,2);
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grid on ;

xlabel('Time in hours');

ylabel(‘Outlet nodal water Temperature (0C)");

title ('Plot of nodal water temperature variation for August');
legend('nod2’,'nod3','nod4','nod6','nod8','nod10")

xlim([4 20])

pause

clf %%%%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (September)
Sz2=TFt2(244:273,:);Sz3=TFt3(244:273,:);Sz4=TFt4(244:273,%);...
Sz6=TFt6(244:273,:);Sz8=TFt8(244:273,:);Sz10=TFt10(244:273,>);
%%%%%%%%%%%%%%%%%% Using average values monthly solar radiation
TFS2=sum(Sz2)./30; TFS3=sum(Sz3)./30; TFS4=sum(Sz4)./30;...
TFS6=sum(Sz6)./30; TFS8=sum(Sz8)./30; TFS10=sum(Sz10)./30;
%%%%%% %% %% %% %% %% %% %% %% % %% %% %%

tt=1:24;

plot(tt, TFS2,'m-x',tt, TFS3,'r-s',tt, TFS4,'b-s"tt, TFS6, k-x'tt, TFS8,'y-x',...
tt, TFS10,'c-x','linewidth’,2);

grid on ;

xlabel('Time in hours');

ylabel('Outlet nodal water Temperature (0C)");

title ('"Plot of nodal water temperature variation for september");
legend('nod2’,'nod3','nod4','nod6’,'nod8','nod10")

xlim([4 20])

pause

clf %%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (October)
0z2=TFt2(274:304,:);0z3=TFt3(274:304,:);0z4=TFt4(274:304,’);...
0z6=TFt6(274:304,:);0z8=TFt8(274:304,:);0z10=TFt10(274:304,.);
%%% Using average values monthly solar radiation
TFO2=sum(0z2)./31;TFO3=sum(0z3)./31;TFO4=sum(0z4)./31;...
TFO6=sum(0z6)./31;TFO8=sum(0z8)./31; TFO10=sum(0z10)./31;
%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, TFO2,'m-x',tt, TFO3,'r-s"tt, TFO4,'b-s',tt, TFOB,'k-x',tt, TFO8,'y-x',...
tt, TFO10,'c-x','linewidth',2);

grid on;

xlabel("Time in hours");

ylabel(‘Outlet nodal water Temperature(oC)");

title ('Plot of nodal water temperature variation for October");
legend('nod2’,'nod3','nod4','nod6’,'nod8’,'nod10")

xlim([4 20])

pause

clf %%% hourly water nodal temperature distribution for each month
%%%%plots at nodes temperature distribution within a day for (December)
Dz2=TFt2(335:365,:);Dz3=TFt3(335:365,:);Dz4=TFt4(335:365,});...
Dz6=TFt6(335:365,:);Dz8=TFt8(335:365,:);Dz10=TFt10(335:365,:);
%%% Using average values monthly solar radiation
TFD2=sum(Dz2)./31;TFD3=sum(Dz3)./31; TFD4=sum(Dz4)./31;...
TFD6=sum(Dz6)./31;TFD8=sum(Dz8)./31;TFD10=sum(Dz10)./31;
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%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt, TFD2,'m-x"tt, TFD3,'r-s',tt, TFD4,'b-s'tt, TFD6,'k-x,...

tt, TFD8,'y-x'tt, TFD10,'c-x', linewidth',2);

grid on ;

xlabel('Time in hours');

ylabel(‘Outlet nodal water Temperature on (0C)');

title ('Plot of nodal water temperature variation for December);
legend('nod2’,'nod3','nod4','nod6','nod8','nod10")

xlim([4 20])

pause

clf %%% hourly water temperature distribution

%%%water temperature distribution for months having maximum cooling capacity
JVI=TFt(1:31,:);Fv2=TFt(32:59,:);Mv3=TFt(60:90,:);Av4=TFt(91:120,.);...
mv5=TFt(121:151,:);Nv11=TFt(305:334,:);Dv12=TFt(335:365,:);
%%%%using average values of monthly solar radiation
TRJal7=sum(Jv1)./31; TFF16=sum(Fv2)./28; TFMal6=sum(Mv3)./31,...
TFA15=sum(Av4)./30; TFm15=sum(mv5)./31; TFN14=sum(Nv11)./30;...
TFD10=sum(Dv12)./31,

tt=1:24;

plot(tt, TFJal7,'m-x',tt, TFF16,'c-s'tt, TFMal6,'y-s',tt, TFA15,'k-x',...

tt, TFm15,'g-x',tt, TFN14,'r-x',tt, TFD10,'b-h", linewidth',2);

grid on ;

xlabel('Time in hours');

ylabel(‘Outlet water Temperature(oC)");

title ('Plot of nodal water temperature variation as a function of time');
legend('Janl7','Feb16','Mar16','Aprl5','May15','Nov14','Dec10')

xlim([4 20])

pause

clf %% hourly water temperature distribution

%%%water temperature distribution for months having moderate cooling capacity
Jv6=TFt(152:181,:);juv7=TFt(182:212,:);Sv9=TFt(244:273,:);...
Ov10=TFt(274:304,.);

%%%%using average values of monthly solar radiation
TFj11=sum(jv6)./30; TFJul7=sum(juv7)./31; TFS15=sum(Sv9)./30;...
TFO15=sum(Ov10)./31;

%%%%%%%%%%% %% %%%%%%% %% %

tt=1:24;

plot(tt, TFj11,'b-x"tt, TFJul7,'m-s'tt, TFS15,'r-s',tt, TFO15,'g-s', linewidth’,2);
grid on ;

xlabel("Time in hours’);

ylabel('Outlet water Temperature(oC)";

title ('Plot of nodal water temperature variation as a function of time');
legend('Jun1l’,'Jull7','Septl5','Oct10")

xlim([4 20])

pause

clf %%% hourly water temperature distribution

%%%plots of water temperature distribution for months with minimum cooling load
Auv8=TFt(213:243,:);

%%%%%using average values of monthly solar radiation
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TFAul6=sum(Auv8)./31,;
%%%%%%% %% %% %% %%%%% %% %% % %%

tt=1:24;

plot(tt, TFAul16,b-x','linewidth’,2);

grid on ;

xlabel('Time in hours');

ylabel(‘Outlet water Temperature(oC)");

title ('Plot of nodal water temperature variation as a function of time');
legend('Augl6')

xlim([4 20])

pause

clf %%% solid-liquid interface location modeling

%%%plot for ice crystal growth
Jh1=xFt(1:31,:);Fh2=xFt(32:59,:);Mh3=xFt(60:90,:);Ah4=xFt(91:120,:);...
mh5=xFt(121:151,:);jh6=xFt(152:181,:);jun7=xFt(182:212,);...
Auh8=xFt(213:243,:);Sh9=xFt(244:273,:);0h10=xFt(274:304,:);...
Nh11=xFt(305:334,:);Dh12=xFt(335:365,:);

%%%%using average values of monthly solar radiation
xFJal7=sum(Jh1)./31;xFF16=sum(Fh2)./28;xFMal6=sum(Mh3)./31;...
XFA15=sum(Ah4)./30;xFm15=sum(mh5)./31;xFj11=sum(jh6)./30;...
xFJul7=sum(juh7)./31;xFAul6=sum(Auh8)./31;xFS15=sum(Sh9)./30;...
XFO15=sum(0Oh10)./31;xFN14=sum(Nh11)./30;xFD10=sum(Dh12)./31;
%%%%%%%% %% %% %% %% %%%% %% %% %%

tt=1:24;
plot(tt,xFJal7,'m-x'tt,xFF16,'y-s' tt, xFMal6,'b-s',tt,xFA15,'k-X',...
tt,xFm15,'y-x"tt,xFj11,'b-x',tt, xFJul7,'m-s' tt, xFAul6,'k-s',...
tt,xFS15,'r-s',tt,xFO15,'0-s',tt,xFN14,'b-"tt, xFD10,'c-', linewidth',2);
grid on

xlabel("'Time in hours’);

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time’);

legend('Janl7','Feb16','Mar16','Aprl5','May15',"Jun1l','Jull7','Aug16','Sept15',.

'Oct15','Nov14','Dec10)

xlim([4 20])

pause

clf %%%%% hourly ice crystal growth for each month

%%%%plots of ice formation variation with time within a day for (January)
Jyl=xFt1(1:31,:);Jy2=xFt2(1:31,:);Jy3=xFt3(1:31,:);Jy4=xFt4(1:31,));...
Jy5=xFt4(1:31,:);Jy6=xFt6(1:31,:);

%%% Using average values monthly solar radiation
xFJ1=sum(Jy1)./31;xFJ2=sum(Jy2)./31;xFJ3=sum(Jy3)./31;...
XFJ4=sum(Jy4)./31;xFJ5=sum(Jy5)./31;xFJ6=sum(Jy6)./31,;
%%%%%%%% %% %% %% %% %%%% %% %% %%

tt=1:24;

plot(tt,xFJ1, m-x',tt, XFJ2,'r-s',tt,xFJ3,'b-s" tt,xFJ4,'k-x',...

tt, XFJ5,'y-x' tt,xFJ6,'c-x', linewidth',2);

grid on ;

xlabel("Time in hours");

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for January');
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legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55','dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%plots of ice formation variation with time within a day for(February)
Fyl=xFt1(32:59,:);Fy2=xFt2(32:59,:);Fy3=xFt3(32:59,));...
Fy4=xFt4(32:59,:);Fy5=xFt5(32:59,:);Fy6=xFt6(32:59,:);

%%% Using average values monthly solar radiation
XFF1=sum(Fy1)./28;xFF2=sum(Fy2)./28;xFF3=sum(Fy3)./28;...
XFF4=sum(Fy4)./28;xFF5=sum(Fy5)./28;xFF6=sum(Fy6)./28;
%%%%%%%% %% %% %% %%%%%% % %% %% %% %%

tt=1:24;

plot(tt, xFF1,'m-x"tt, XFF2,'r-s',tt, XFF3,'b-s',tt, xFF4, 'k-X" tt, XFF5,'y-x',...
tt,xFF6,'c-x', linewidth’,2);

grid on ;

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for February");
legend('dtt=30",'dtt=40",'dtt=45",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%%plots of ice formation variation within a day for(March)
My1=xFt1(60:90,:);My2=xFt2(60:90,:);My3=xFt3(60:90,:);...
My4=xFt4(60:90,:);My5=xFt5(60:90,:); My6=xFt6(60:90,:);

%%% Using average values monthly solar radiation
xmF1=sum(My1)./31;xmF2=sum(My2)./31;xmF3=sum(My3)./31;...
xmF4=sum(My4)./31;xmF5=sum(My5)./31;xmF6=sum(My6)./31;
%%%%%%%%%%% %% %%%%%%% %% %

tt=1:24;

plot(tt,xmF1,'m-x'tt, xmF2,'r-s',tt, xmF3,'b-s',tt, xmF4, k-x',tt, xmF5,'y-x',...
tt,xmF6,'c-x','linewidth",2);

grid on ;

xlabel('Time in hours');

ylabel(‘Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for March");
legend('dtt=30",'dtt=40",'dtt=45",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%plots of ice formation variation within a day for(April)
Apyl=xFt1(91:120,:);Apy2=xFt2(91:120,:);Apy3=xFt3(91:120,:);...
Apy4=xFt4(91:120,:);Apy5=xFt5(91:120,:); Apy6=xFt6(91:120,:);
%%% Using average values monthly solar radiation
XFApl=sum(Apy1l)./30;xFAp2=sum(Apy2)./30;xFAp3=sum(Apy3)./30;...
XFAp4=sum(Apy4)./30;xFAp5=sum(Apy5)./30;xFAp6=sum(Apy6)./30;
%%%%%%% %% %% %% %%%%%%% %% %%

tt=1:24;

plot(tt,xFApl,'m-x',tt, XFAp2,'r-s',tt,XxFAp3,'b-s',tt, XxFApP4, 'k-x' tt, XFApPS5,'y-X',..

tt,xFAp6,'c-x, linewidth',2);
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grid on ;

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for April’);
legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55','dtt=60")

xlim([4 20])

pause

clf %% hourly ice crystal growth for each month

%%plots of ice crystal growth variation within a day for (May)
mfl=xFt1(121:151,:);mf2=xFt2(121:151,:);mf3=xFt3(121:151,’);...
mf4=xFt4(121:151,:);mf5=xFt5(121:151,:);mf6=xFt6(121:151,:);
%%% Using average values monthly solar radiation
xFml=sum(mfl)./31;xFm2=sum(mf2)./31;xFm3=sum(mf3)./31;...
XFmd=sum(mf4)./31;xFm5=sum(mf5)./31;xFm6=sum(mf6)./31;
%%%%%%%%%%% %% %%%%%%% %% %%

tt=1:24;

plot(tt,xFm1,'m-x'tt, xFm2,'r-s',tt, xFm3,'b-s',tt, xFm4,'k-*"tt, XFm5,'y-x',...

tt,xFm6,'c-*','linewidth",2);

grid on ;

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for May');
legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %%plots of ice formation variation within a day for (June)
Jy1=xFt1(152:181,:);Jy2=xFt2(152:181,:);jy3=xFt3(152:181,:);...
Jy4=xFt4(152:181,:);jy5=xFt5(152:181,:);jy6=xFt6(152:181,:);
%%% Using average values monthly solar radiation
XFjl=sum(jyl)./30;xFj2=sum(jy2)./30;xFj3=sum(jy3)./30;...
XFjd=sum(jy4)./30;xFj5=sum(jy5)./30;xFj6=sum(jy6)./30;
%%%%%% %% %% %% %% %% %% %% % %% % %% % %%
tt=1:24;

plot(tt,xFj1,'m-x',tt, XFj2,'r-s" tt,xFj3,'b-s',tt, xFj4,'k-x',tt, XFj5,'y-X',...
tt,xFj6,'c-x', linewidth’,2);

grid on ;

xlabel("'Time in hours’);

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for June’);
legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%%plots of ice formation variation within a day for (July)
Juz1=xFt1(182:212,:);juz2=xFt2(182:212,:);juz3=xFt3(182:212,:);...
juz4=xFt4(182:212,:);juz5=xFt5(182:212,:);juz6=xFt6(182:212,:);
%%%%% Using average values monthly solar radiation
xFjul=sum(juzl)./31;xFju2=sum(juz2)./31;xFju3=sum(juz3)./31;...
XFjud=sum(juz4)./31;xFjus=sum(juz5)./31;xFju6=sum(juz6)./31;
%%%%%%%% %% %% %% %% %%%% %% %% %% % %%
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tt=1:24,

plot(tt,xFjul, m-x'tt, xFju2,'r-s',tt,xFju3,'b-s',tt,xFjud,'k-x',...
tt,xFjub,'y-x',tt,xFju6,'c-x','linewidth',2);

grid on ;

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for July');
legend(‘dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55'",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%%plots of ice formation variation within a day for (August)
aul=xFt1(213:243,:);au2=xFt2(213:243,:);au3=xFt3(213:243,:);...
aud=xFt4(213:243,:);au5=xFt5(213:243,:);au6=xFt6(213:243,:);
%%% Using average values monthly solar radiation
xFaul=sum(aul)./31;xFau2=sum(au2)./31;xFau3=sum(au3)./31;...
xFaud=sum(au4)./31;xFau5=sum(au5)./31;xFau6=sum(au6)./31;
%%%%%%%% % %% %% %% %%%%% %% %% %%

tt=1:24;

plot(tt,xFaul,'m-x'tt, xFau2,'r-s',tt,xFau3,'b-s',tt,xFau4, 'k-x',...

tt, XxFau5,'y-x',tt,xFau6,'c-x', linewidth',2);

grid on ;

xlabel("'Time in hours’);

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for August’);
legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%%%oplots of ice formation variation within a day for(September)
Sz1=xFt1(244:273,:);Sz2=xFt2(244:273,:);Sz3=xFt3(244:273,>);...
Sz4=xFt4(244:273,:);Sz5=XxFt5(244:273,:);Sz6=xF16(244:273,’);
%%%% Using average values monthly solar radiation
XFS1=sum(Sz1)./30;xFS2=sum(Sz2)./30;xFS3=sum(Sz3)./30;...
XFS4=sum(Sz4)./30;xFS5=sum(Sz5)./30;xFS6=sum(Sz6)./30;
%%%%%%%% %% %% %% %%%%%% %% %%

tt=1:24;

plot(tt,xFS1,'m-x"tt, XxFS2,'r-s',tt,xFS3,'b-s",tt, xFS4,'k-x',...

tt, XFS5,'y-x,tt,xFS6,'c-x', linewidth’,2);

grid on ;

xlabel("'Time in hours’);

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for September’);
legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%%plots of ice formation variation within a day for (October)
0z1=xFt1(274:304,:);0z2=xFt2(274:304,:);0z3=xFt3(274:304,:);...
Oz4=xFt4(274:304,:);0z5=xFt5(274:304,:);0z6=xFt6(274:304,’);
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%%%% Using average values monthly solar radiation
XFO1=sum(0z1)./31;xFO2=sum(0z2)./31;xFO3=sum(0z3)./31;...
XFO4=sum(0z4)./31;xFO5=sum(0z5)./31;xFO6=sum(0z6)./31;
%%%%%% %% %% %% %% %%%%%% %% %%

tt=1:24;
plot(tt,xFO1,'m-x'tt,xFO2,'r-s'tt,xFO3,'b-s',tt, xFO4, k-x',tt, XFOB5,"y-X',...
tt,xFO6,'c-x','linewidth’,2);

grid on ;

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for October");
legend(‘dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55'",'dtt=60")

xlim([4 20])

pause

clf %%% hourly ice crystal growth for each month

%%%plots of ice formation variation within a day for (December)
Dz1=xFt1(335:365,:);Dz2=xFt2(335:365,:);Dz3=xFt3(335:365,:);...
Dz4=xFt4(335:365,:);Dz5=xFt5(335:365,:);Dz6=xFt6(335:365,:);
%%% Using average values monthly solar radiation
xFD1=sum(Dz1)./31;xFD2=sum(Dz2)./31;xFD3=sum(Dz3)./31;...
XFD4=sum(Dz4)./31;xFD5=sum(Dz5)./31;xFD6=sum(Dz6)./31,
%%%%%%%% %% %% %% %% %% %% %% % %% %% %%
tt=1:24;

plot(tt,xFD1,'m-x'tt, xFD2,'r-s',tt,xFD3,'b-s',tt,xFD4,'k-x',tt, XFD5,'y-X',...

tt,xFD6,'c-x','linewidth’,2);

grid on ;

xlabel("'Time in hours’);

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time for December’);
legend('dtt=30",'dtt=40",'dtt=45'",'dtt=50",'dtt=55",'dtt=60")

xlim([4 20])

pause

clf %% hourly ice crystal growth analysis

%%% I ce crystal growth for highly performed months

Jk1=xFt(1:31,:);Fk2=xFt(32:59,:);Mk3=xFt(60:90,:);Ak4=xFt(91:120,:);...

mk5=xFt(121:151,:);Nk11=xFt(305:334,:);Dk12=xFt(335:365,:);
%%%using average values of monthly solar radiation
xFJal7=sum(Jk1)./31;xFF16=sum(Fk2)./28;xFMal6=sum(Mk3)./31;...
XFA15=sum(Ak4)./30;xFm15=sum(mk5)./31;xFN14=sum(Nk11)./30;...
xFD10=sum(Dk12)./31,

%%%%%%%% %% %% %% %% %% %% %%

tt=1:24;

plot(tt,xFJal7,'m-x"tt, XxFF16,r-s' tt, xFMal6,'b-s',tt, xFA15,'k-X,...

tt, XFm15,'c-x',tt,xFN14,'b-x',tt,xFD10,'r-h','linewidth’,2);

grid on

xlabel("Time in hours");

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time);
legend(Janl7','Feb16','Mar16','Aprl5','May15','Nov14','Dec10’)
xlim([4 20])
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pause

clf %%% hourly ice crystal growth analysis

%%% I ce crystal growth for moderately performed months
Jk6=xFt(152:181,:);juk6=xFt(182:212,:);Sk6=xFt(244:273,’);...
Ok6=xFt(274:304,.);

%%%%using average values of solar radiation
XFj11=sum(jk6)./30;xFJul7=sum(juk6)./31;xFS15=sum(Sk6)./30;...
XFO15=sum(Ok®6)./31;
%%%%%% %% %% %% %%%%%%%% %% %

tt=1:24;
plot(tt,xFj11,'b-x',tt,xFJul7,'m-s',tt,xFS15,'r-s',tt,xFO15,'g-s', linewidth',2);
grid on

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time’);
legend('Jun1l','Jull7','Septl5','Oct15")

xlim([4 20])

pause

clf %%% hourly ice crystal growth analysis

%%%lce crystal growth for moderate performance month
Auk6=xFt(213:243,:);

%%%%using average values of monthly average solar radiation
xFAul16=sum(Auk6)./31;
%%%%%%%% % %% %% %% %%%%% %% %% %%

tt=1:24;

plot(tt,xFAu16,r-x','linewidth’,2);

grid on

xlabel('Time in hours');

ylabel('Ice slab thickness in meter’);

title ('Plot of ice thickness variation as a function of time’);
legend('Augl6’)

xlim([4 20])

pause

clf %%% monthly average cop of the system

Jgl=copi(1:31,:);Fg2=copi(32:59,:);Mqg3=copi(60:90,:);Aq4=copi(91:120,:);...

mg5=copi(121:151,:);jg6=copi(152:181,:);juq7=copi(182:212,%);...
Aug8=copi(213:243,:);Sq9=copi(244:273,:);0q10=copi(274:304,:);...
Ngll=copi(305:334,:);Dql2=copi(335:365,:);

%%% using average values monthly average solar radiation
copiJal7=sum(Jgl)./31;copiF16=sum(Fqg2)./28;copiMalé=sum(Mg3)./31;....
copiAl15=sum(Aqg4)./30;copim15=sum(mq5)./31;copij11=sum(jg6)./30;...

copiJul7=sum(juq7)./31;copiAul6=sum(Auq8)./31;copiS15=sum(Sq9)./30;...

copiO15=sum(0q10)./31;copiN14=sum(Ngl11)./30;copiD10=sum(Dqgl2)./31;
%%%%%%%% %% %% %% %%%%%% %% % %%

tt=1:24;
plot(tt,copiJal7,'k-',tt,copiF16,'g-x'tt,copiMale,'y-h',tt,copiAl5, 'b-x',...
tt,copim15,'k-*'tt,copij11,r-x'tt,copiJul?,'r-*' tt,copiAul6,-b',...
tt,copiS15,'g-x',tt,copiO15,'m-*"tt,copiN14,'c-x',...

tt,copiD10,'c-, linewidth’,2);

xlabel(' Time in hours")
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Transient computational model of ice slab formation using solar PV system for milk cooling

ylabel(' Cop of the refrigerator")
title('Monthly Cop of the System")

legend(Janl7','Feb16','Mar16','Aprl5','May15','Jun1l’,"Jul17','/Aug16',...

'Sept15','Oct15','Nov14','Decl0’)

xlim([2 22])

grid on

pause

clf %% Liquid water percentage of ice modeling
%%% decreasing of water percentage

JI1=sFt(1:31,:);F12=sFt(32:59,:);MI3=sFt(60:90,:);Al4=sFt(91:120,:);...

mI5=sFt(121:151,:);j16=sFt(152:181,:);jul7=sFt(182:212,:);...
Aul8=sFt(213:243,:);S19=sFt(244:273,:);0110=sFt(274:304,:);...
NI111=sFt(305:334,:);DI12=sFt(335:365,:);

%%%using average values of monthly solar radiation
sFJal7=sum(JI1)./31;sFF16=sum(F12)./28;sFMal6=sum(MI13)./31;...
sFA15=sum(Al4)./30;sFm15=sum(ml5)./31;sFj11=sum(j16)./30;...

sFJul7=sum(jul7)./31;sFAul6=sum(Aul8)./31;sFS15=sum(S19)./30;...

sFO15=sum(0110)./31;sFN14=sum(NI11)./30;sFD10=sum(D112)./31;
%%%%%%%% %% %% %% %% %%%% %% %% %%

tt=1:24;

plot(tt,sFJal7, m-x',tt,sFF16,'y-s',tt,sFMal6, b-s' tt,sFA15,'k-x',...
tt,sFm15,'y-x'tt,sFj11,'b-x" tt,sFJul7,'m-s',tt,sFAuUl6,'k-s',...
tt,sFS15,'r-s',tt,sFO15,'g-s',tt,sSFN14,'b-',tt,sFD10,'c-,'linewidth’,2);
grid on

xlabel("'Time in hours’);

ylabel('liquid water percentage (%)";

title ('Plot of water percentage variation as a function of time');
legend('Janl7','Feb16','Mar16','Aprl5','May15','Jun11','Jul17",...
'Augl6','Sept15','Oct15','Nov14','Dec10")

xlim([4 20])

grid on
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