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ABSTRACT

The technology of solar energy has led to the development of several solar appliances used for
water heating, lighting, cooking and solar thermal systems. The most encouraged among them is
the solar thermal system that achieves the energy necessary for different applications at domestic
as well as at the industry level both for day and night time use. In solar systems, an available
energy supply does not usually coincide in time with the demand and is intermittent in nature. So,
the utilization of solar energy can be more attractive and trustworthy it accompanied with a

thermal energy storage system (TES).

This thesis studied in detail the design of flat plat solar collector and performance analysis of TES
incorporating with and without Phase Change Materials (PCM) with flat plate solar collector for
use in domestic water heating purposes. The TES system holds shell and tube configuration using
paraffin wax (n-Heptacosane) as PCM in shell side and the water used as HTF in tube side to

transferring heat to storage tank from solar collector.

A transient 1D method with the Finite Difference Scheme is used to investigate of flat plate
collector and developed numerically to obtain the temperature profiles of both the phase change
material (paraffin wax) and heat transfer fluid (HTF) during the melting process. The comparison
of conventional sensible storage and latent heat thermal storage with incorporating Paraffin wax
was studied and the simulation results are also analysed. As well, the pipe network and water
distribution system numerical developed and simulated. Last, cost analyses for TES integrating
with the SWH system were performed. Entirely, the results from a numerical simulation performed
with meteorological data from Adama and estimated as 54 m> of the total hot water demand per
day, 5.6 m> of PCM volume and two storage tank with each 30 m> needs and with 265 units of flat
plate collectors can satisfy the energy needed for the designed PCM based solar water heating
system for supply domestic hot water to Adama hospital medical college (AHMC).

Key words: solar energy, Flat plate collector, solar water heating system, Thermal energy

storage. Heat transfer fluid, Phase change materials, Paraffin wax.

v



M.Sc. Thesis Thermal & Aerospace Engineering

TABLE OF CONTENTS

CONTENTS PAGE
ACKNOWLEDGEMENT .....ccoiiiiiiinuinseissinssissanssesssnssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssass 11
ABSTRACT ..ucuueieiieiiinnnenssisnissecssissssssessssssssssessssssssssesssssssssssssssssssssasssssssssssssssssassssssssssssssssssssss v
TABLE OF CONTENTS ..uuioviiniintiiinsninsnnssesssncssissssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss A%
LIST OF FIGURE .uuciuiiticinininsuinensinssissenssesssisssssssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssass X
LIST OF TABLE ...uuouiiiitiiinuineinensisssnssesssssssisssssssssssssssssssssssssssssssssssssssssssssssssassssssssssssssass XIIT
LIST OF SYMBOLS AND NOMENCLATURE......cuccvinvinrnicrensecssicsesssesssessssssecsssssesssessane X1V
ABBREVIATION ..uuciuiiiisiiiinsicssissesssesssnssssssecsssssssssesssssssssssssssssasssssssssssssssssssssasssssssssssssssssssss XV
GREEK LETTERS....cuiiiiiiiiineininsaissaissesssisssissesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssas XV
SUBSCRIPTS ...uuouiriniiuinsuissensissnissesssisssissessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass XV
CHAPTER 1...ucuieiiiiiinsninniceisuecssissesssesssissssssssssissssssesssssssssssssssssssssessssssssssssssssssssssssssssssssssssssns 1
1. INEFOAUCTION aeccueeeiuiiieeisuensinecseissnesssecsssecssnssssesssesssseessnssssssssassssesssssssassssassssessasssssesssasssessaases 1
1.1 Background of the STUAY ......cocuviieiiiieieee e e 1
1.2 Physical description and principles of SWH system integrating with PCMs........................ 3
1.3 Statement of the ProbIEM ..........ooouiiiiiiiiieie e 4
1.4 OB JECHIVES ..eeueteeiiieeiieeteeeiie ettt ettt e et et e et e e sat e eabe e ateesbeanseesnbeenseeenbeenseesnseenseessseenseennseenseas 5
1.5 Significance of the STUAY ......cccviiiiiiiii e e 5
1.6 Scope and Limitations of the StUAY ........cccviiiiiiiiiiiicce e 5
1.6.1 SCOPE OF the STUAY .. .veeeiieiieiie ettt ettt ettt st e e e saaeeneees 5
1.6.2 Limitation Of the StUAY ....c.eoviiiiiiiiieiieie et e 6
1.7 ReSEArch QUESTION......ccouiiiiieeiiiee et ettt e e ettt e e ettt e e e e eabe e e e eetteeeeeeaaaeeeeenraeaeas 6
1.8 Research MethOdOLOZY ........vieuiiiiiiieeicce et e e e s rae e e e s 6
CHAPTER 2..uuuuoiiiiiiinnenniceisecssisssnssesssissssssssssissssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 8
2. Literature ReVIEW ...cciiiiiiseniennsnensennsnenssecssnecssnssssesssessssecssnssssssssasssssssssssssssssassssssssssssssssse 8
2.1 Solar Water Heating (SWH) SyStem........c.oeeiiiiiiiiiiiiecie et 8
2.1.1 Classification of Solar Water Heating System (SWHS) .....oooviiiiiiiiiiieieeeees 8
2.2 Solar Thermal Energy CoOllECtOrS ........eevieriiiiiieiiieeiieiie ettt s 9
2.2.1 Flat-plate collectors (FPC)......ccouiiiiiiiieieeieee ettt e 10
2.3 Thermal Energy Storage (TES) System ........cccveeiiiiiiiiiiiieceeee e 11
2.3.1 Sensible Heat Thermal Energy Storage (SHTES)......ccooviiiiiiiiiiieeeeeeeeeeeeen 11

v



M.Sc. Thesis Thermal & Aerospace Engineering

2.3.2 Latent Heat Thermal Energy Storage (LHTES) ......cccoviiiiiiiieiiieeeeeeeeeeeeen 12

2.4 Phase change materials (PCIM) .......cooouiiiiiiiiiieceece ettt 13
2.4.1 Classification Phase Change Materials (PCM) ........cccocoiiiiieiiinieniieieeieee e 13
2.4.2 Selection of Phase Change Materials ...........ccccueeeiieriieiiiinieeieeieeie e 15

2.5 Application of a PCM integrated into a SDHW storage Unit..........cccceeevvieeciienciieenneeennne, 16
2.6 Related work of Latent Heat Thermal Energy Storage for SWH system ...........ccccccuuee..e. 16
2.6.1 International Relate WOTK ........ccoooiiiiiiiiiiiiie e 16
2.6.2 Local Related WOTK.......cc.coiiiiiiiiiiiiiieieceteee et 20
CHAPTER 3...uouoiiiineintinensisssisesssisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssass 22
3. Hot Water and Steam Demand of AHMEC .........uuieiiirineeiisneicsnecssneecsssnecssseecssseecssaecens 22
3.1 Data collected from Adama Hospital Medical College ...........ccoecveerieriienieniieiecieeee, 22
3.2 Hot water consumption of the Hospital............cccoviieiiiiiiiiiiiiieeeeee e 22
3.3 Hot Water Consumption Pattern ...........cocoviiiiiieeiiiieiieeiee e 24
3.4 Hot Water Storage Tank Capacity ........ccccuveeriieeriieeriieeiieeeieeeeseeeeeeeeaeeeeaeeesveeesveeesnns 25
3.5 Boiler-Conventional Steam Generation .............coceevuerierieerienienierrienienieeie e 25
CHAPTER 4G ....cuoeiiniiiiineisninecsiissicssissssssessssssssssssssissssssesssssssssssssssssssssssssssssssssssssssssssssssssssssaes 28
4. Performance Analysis of Solar Flat Plate Collector for SWH .........cccovvuuriicvivnriccicnnnees 28
4.1 Estimation of Available Solar Radiation.............cccociiiiiiiiiiiiiiiieeee e 28
4.1.1 Estimation of global solar radiation using sunshine duration.........c...cccceeevveneeeennnene 28
4.1.2 Preliminary Terminology and sign conventions for estimation solar radiation ........... 29
4.1.3 Estimation of Hourly Solar Radiation on a Horizontal Surfaces (HS).........c..c........... 30
4.1.3.1 Extraterrestrial (ETR) daily Solar Radiation on a Horizontal Surface................... 30
4.1.3.2 Prediction of Monthly Average Daily Global Radiation on a HS (H) .................. 31
4.1.3.3 Prediction of Monthly Average Daily Diffuse Radiation on HS (Hd) ................. 32
4.1.3.4 Prediction of Monthly Average Hourly Global Radiation on a HS (I) ................. 33
4.1.3.5 Prediction of Monthly Average Hourly Diffuse Radiation on a HS..................... 34

4.1.4 Estimation of Hourly Solar Flux on Inclined Surfaces...........ccocoeeeniininiinincnncnnne 34

4.1.5 Adama Climate Condition and Estimation Hourly Variation of Ambient

TRIMPETALUTE ....eeiiiiiiee ettt e e e ettt e e e ettt e e ettt e e e s aataee e e nsaeeeeannsaeeasnnsseeesannseeesannes 36
4.1.5.1 ClIMAtIC CONAITION. ..c.utieiiiiiiieiie ettt ettt sttt e st e e s e e b e 36
4.1.5.2 Estimation of Diurnal Variation of Ambient Temperature...............ccceeveevrenennne. 36

VI



M.Sc. Thesis Thermal & Aerospace Engineering

4.2 Transient thermal performance analysis of Flat Plate Collector...........cccceeevveeeciriennnnenne. 37
4.2.2 Technical Specification and Assumption of Flat Plat Collector Model ....................... 38
4.2.3 Basic Energy Balance Equation for Flat Plate Collector............ccccoevveverieniincnniennene. 40
4.2.4 Incident solar radiation and solar energy INPUL .........c.cccceerviierieniiienieeieeieere e 40
4.2.5 Overall Heat Loss Coefficient of Solar Flat Plate Collector .............ccoceevieniiinienncn. 42

4.2.5.1 Overall Top-Loss Coefficient = Ut ......ccceeeieieiiieiiiieciieecieeeiee e 43
4.2.5.2 Bottom Loss COETIICIENt .......ccueeiiriiiiiiiiiieiecieieeeee e 45
4.2.5.3 Side LSS COCTIICIENT ....eueiiiiiieiiiriieieeieseee et 45
4.2.6 Collector efficiency factor F’ and temperature distribution between tubes ................. 46

4.2.7 Transient Analysis and Energy Balance Equation of Flat Plate Solar Collector

COMIPONENES ...eeeeiiiiieeeeiiieeeeitte e ettt e e e st teeeeeeteeeeessteeeeaaaseaesannsaeeseanssaeeeannseeessnnsseeessnnsseesannes 50
4.2.8 Transient Analysis of Flat Plate Solar Collector Using Finite Difference Method...... 52
4.2.9 Estimating total heating load and solar energy.........c..ccoceeveviiniiiienieneneneceee 54
4.2.10 Determining sizing of COlleCtOr SYStEM ......c.ueieiiiieiiiieiieeie e 54
4.2.11 Flat Plate Solar Collector Arrays Configuration ...........c.ceeeeveeeeveeeeureesieeesrieesneeeenes 55
4.2.12 Clearance between COILECtOr arTaYS .....cccueeruieriieriierieeiie e etee e et ere e sveetee e ens 56
4.2.13 Length of Pipe between solar collector and StOrage............ccceeveveerienieeniienieenienneane 57
4.2.14 Pressure drop in solar COllector SYSTEM .........ceeeviierieeeriiie et 58
4.2.15 Total Pressure Drop through the solar thermal system...........ccccceevviievcieencieenieeenee, 60
4.2.16 Selection OFf PUMP.......ccooiiiiiiiieiii ettt et e e et esaaeens 63
CHAPTER S...uuuoiiiiiiiieinicsnininssicssisssssisssssssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssaes 64
5. Design and Performance Analysis of Solar Thermal Storage system for SHW ............ 64
5.1 Numerical Investigation of Conventional Solar Thermal Storage System ......................... 64
5.1.1 Material Selection of Thermal Storage Tank ............cccccoevieniiiinieniieiieeee e 65
5.1.2 Modeling of the Sensible Thermal Storage for Solar System ...........ccccoeevvevierirenennne. 65
5.1.3 Optimization of Storage Tank and Insulation Thickness ...........ccccceevcvieeiiieicieeniennns 66
5.1.3.1 Insulation ThiCKNESS .......cc.eeiiiiiiiiiiiiieie e 66
5.1.3.2 Sensible Thermal Storage Tank Thickness.........ccccoecvvieviiierciieeiiieciee e 68

5.1.4 Transient Analysis of Thermal Storage for Solar Hot Water System ..............ccc........ 70

5.2 Performance Analysis of Solar Thermal Storage Tank Integrated with Phase Change
MaALETIALS (PCIM) ... eiiiieiiiie et ettt e et s e e st e e et e e e s ssae e sbeeensseeessseesnseeesnseeennnes 72



M.Sc. Thesis Thermal & Aerospace Engineering

5.2.1 Thermal Storage Tank Integrated with incorporating PCM...........c.cccccvvveviiieiieennnnn, 72
5.2.2 Benefits of integrating PCM with Solar DHW Storage System..........c.ccccceeveuveerneenns 72
5.2.3 Modes of Thermal Energy Storage System.........c.cccveriieriieriiiniienieeeeeie e 73
5.2.4 Design CoNSIAETALION ........eecuiiruiieiieiieeiieeiieettesieeeteesieeebeeeaeeteesabeeseessseenseesnseenseenens 73
5.2.5 DeSIZN ASSUMPLION....cccuviiiriieeiiieeirieesteeeiteeeseeesteeesseeesssaeesssaeessseeesssessssseessssesssseeenns 74
5.2.7 Sizing of Latent Heat TES System for Solar Heating application ............c.ccecveeenenns 74
5.2.8 General Procedure for sizing LHTES unit for Solar Water Heating System................ 75
5.2.9 Modeling and Simulation of Shell and Tube LHTES with integrating paraffin wax... 77
5.2.10 Heat stored and available during charging and discharging process..........cccceeeveennn. 80
(@05 1N g N 1 82
6. Pipe Network and Water Distribution SyStem .......ccoceeervrrcscericssencsssncssnnrcssnnncssssscsnsecnns 82
6.1 Water Demand Pattern and Distribution System Design............ccceeveeeiiienieniieeniienieeeene 84
6.2 Water Distribution system and Hospital Building Geometry ...........ccceevvveeeeieencieeencneeennne. 85
6.3 Estimation of discharging rate and head loss for each Room ...........ccccoeevveviiiincieennenenne. 85
6.4 Pressure drop through water distribution SYStem ............ceecueeriieiiienieeiiieniecieeee e 88
6.5 Investigation of hot water flow from storage tank through pipeline..............cccecveeirenennne. 88
6.6 Selection of pump for water diStribution SYSteM ..........ccccveeeriieeiiieeiiee e 90
6.6.1 The performance or characteristic curve of the pump.........cccecveevcieerciieecieecieeeees 90
CHAPTER 7 ..uucueieiinicnnnnisnicseisnsssncssissssssesssssssssssesssssssssesssssssssssssssssssssssssssssssssssssssssssassassssssaes 92
7.  Result and DiSCUSSION . ..cuuiiireeiiseeisensserisensseessenssnesssessssesssessssesssessssssssassssssssassssssssasssssssasses 92
7.1 Solar Intensity Radiation............ccouiiiiiiiieiiiiciie e 92
7.2 Variation of Hot water Stream (HTF) Temperature...........cccccueeeviieecieeniiieeieeeeieeeee e 92
7.3 S0lar FTACION ..ottt st sttt st 94
7.4 Instantaneous thermal effiCIeNnCY........ccciiiiiiriieiiiiie e 95
7.5 Estimated Solar SIZING SYSEIM .....c.uvieiiieeiiieeiiieecteeesteeeteeeiteeetreeesaeesaaeeesseeesnseeessseeesanes 96
7.6 Variation of Storage tank Temperature throughout the day...........ccccevvviiiviiiincieiee 97
7.7 Useful Energy gained by Solar ColleCtor.........ccuiiriiiiiieiiieiieiie et 98
7.7.1 Hourly average useful solar energy throughout the day...........ccccooeieviiiiiiniiniieene, 98
7.7.2 Monthly average of useful solar energy throughout a year...........cccccccvvveeiieniiiencnnns 99
7.7.3 Solar thermal energy losses throughout the day..........cccceevvvieviiieiiiicieceeee e, 100

VI



M.Sc. Thesis Thermal & Aerospace Engineering

7.8 Fluctuation Temperature of Thermal Storage Tank integrating Phase Change Materials

(PATaffin WaX)....eeeiuiieeiiee ettt e et e ettt e e st e e e eaeeeabeeessaeeessaaeanseeesnsseesnsaeesnseeensseaenns 100
7.8.1 Variation temperature of Paraffin storage tank during charging process................... 100
7.8.2 VaAlIAAtION ...ttt sttt ettt et b et nae et et 101
7.9 Summary and Comparison of LHTES and Conventional SHS solar water heating
] 111 H USSR 102
7.9.1 ValIAAtION ...ttt ettt et sttt st nb et s e bt e sanens 104
7.10 Water distribution system and pipe NEtWOTK...........cccueeruierieeiiieniieiienie e see e 104
CHAPTER §....uuoieirinnininsinsaicsensesssissesssisssissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssns 106
8. Estimation of Economic Analysis of DHW for AHMC..........ccccuvvuericiccnniccsssnnsncsssnassens 106
8.1 Economic Analysis of Solar Thermal System..........ccccoccuiiiiiriiiiniiniiiiieeieeeeee e 106

8.2 Financial and Unit prices of components of SHW system with integrating PCM as Thermal

1S o A 1) ¢ T USRS 107
8.3 Maintenance, Operating and Replacement CoSt..........cccvveviieerieeeiieeeeiee e 108
8.4 Analysis Of INVESTMENT COSL.....eeiiiiiiiiiiieiieeiiierite et ette ettt te et e e et e e aeebeessaeeseesaneans 108
8.5 Summary of Cost Estimation for the project installation.............ccoeeveevieiiiienieniiinien. 110
CHAPTER 9..uuuuoeiiiiinninensinsaisensesssisssssssssssssssssesssssssssssssssssssssssssssssssasssssssssssssssssssssassssssns 111
9. Conclusions and Recommendations for Future work............eeeveeinseecssneecssneecsnnneene 111
0.1 CONCIUSIONS ..ttt ettt ettt et s bttt et sat e bt et e saeenaeentesanens 111
9.2 RECOMMENAALIONS ......eeutiiiiiieiieeiteett ettt sttt sttt et sbe ettt sete bt entesieesaeentesanens 112
0.3 FULUIE WOTK ...ttt ettt et st saeeeaeeas 112
REFCIEICES cuueeeneeriinireniiiintiicitticiteeciteeisteesssteessstessssnsssssnessssssssssesssssesssssasssssessssssssssasssssasssssnse 113
APPENDIX uuiiiinuiisnicsiisiisnicseisseissiessissssssesssssssssssssssssssssesssssssssssesssssssssesssssssssssssssssssssasssssssssses 116
ANNEX A: Incident solar radiation on inclined surface collector...........c.ccccuevevieniennnnnen. 116
ANNEX B: Graph of Outlet heat transfer fluid temperature............cccccveevevvieriieercieeeieeens 116
ANNEX C: Temperature of plate absorber, air gap and glass COVer ...........cceevvvervveerneens 117
ANNEX D: Useful solar energy gain for every months...........ccccoeeveiiiniiienieniienieeieeen. 118
ANNEX E: Variation of daily temperature of hot water with and without phase change
MAterials fOr JUNE 17...c.oiiiiiiii et 119
ANNEX F: M0OAY ChaTt ......oiiiiiieiicce ettt e e e e aee e eaee e 120



M.Sc. Thesis Thermal & Aerospace Engineering

LIST OF FIGURE
Figure 1.1 Adama Hospital medical college (AHMO). .......ccccvvieiiiiieiiieeieecee e 2
Figure 1.2 Schematic diagram of SWH system for AHMC; A) SWH system with conventional
storage tank and B) SWH system integrating with PCM as energy storage...........ccccceevvveeveennennne. 3
Figure 2.1 Classification of solar water heating SyStem ..........ccccveeeuierieeiiienieeieeie e 8

Figure 2.2 a) Side cross—section view of single glazed flat-plate collector. b) Components of glazed

flat-plate collector (Kalogirou, 2014). ........oeeiiiieiieeie e e tae e e aae e e e e sree e 10
Figure 2.3. Classification of Thermal Energy Storage and processes ...........cceecveeveererenieenveennen. 11
Figure 2.4 Classification of phase change materials (PCMs) from Sharma et al., (2009)............ 13
Figure 3.1 Daily Hot Water consumption pattern and distribution over the time of the day of
Adama HOSPIAL. ......eeiiieeiie ettt ettt e st e et e et e e e ab e e e aaeeennaeeeraeens 24
Figure 3.2. Installed diesel fuel steam generation of AHMC new building ..........cccccoveveriennnne. 25
Figure 4.1 Monthly averagely sunshine duration for each months of Adama...........c..cccccevenee. 29

Figure 4.2 The solar radiation incident on a horizontal plane outside of the atmosphere

(Extraterrestrial (ETR) daily Solar Radiation)...........c..ceecuiieiiiieiiieeiie e 31
Figure 4.3 Graph of Monthly Average Daily Global Radiation on a Horizontal Surface............ 32
Figure 4.4 Graph of Monthly Average Daily Diffuse Radiation on a Horizontal Surface........... 32
Figure 4.5 Graph of Monthly average daily global, diffuse and beam of solar radiation............. 33
Figure 4.6 Monthly average hourly global radiation on a horizontal surface (Wh/m?) at Adama33
Figure 4.7 Monthly average hourly diffuse solar radiation on horizontal surface (W/m?)........... 34
Figure 4.8 Global hourly solar radiation on 22.5° tilted surface (W/m?).........c..cccoevereerererrerennnne 35
Figure 4.9: Maximum Hourly Global, Diffuse and Beam SR on inclined surfaces (22.5°) on Febr
L6 e 35
Figure 4.10: Result of average variations of ambient temperature of Adama...........c.cccceeveneee. 37

Figure 4.11 Cross section of a typical liquid flat-plate collector (Duffie & Beckman, 2013)...... 38

Figure 4.12 Monthly average hourly incidence solar radiation on a tilted surface (22.5°) for all

seasons 1N @ year (A, B, C & D).ttt et 42
Figure 4.13 Thermal resistance network collector losses (Kalogirou, 2014). .........ccccvvevveennennen. 42
Figure 4.14. Various heat losses from absorber to ambient (Tiwari, 2016). ........ccceevevrerreenrennen. 43
Figure 4.15 Bonding material placed between the plate and the tube. ..........c.ccoevvveeiiieniiiennens 46



M.Sc. Thesis Thermal & Aerospace Engineering

Figure 4.16 Energy flow on fin element (a) Fin with Insulated Tip and (b) Energy balance Over
FINTE VOIUIME. ..ottt ettt ettt esaeeeneeas 46

Figure 4.17 Variation of desired outlet temperature for heat transfer fluid versus mass flow

Figure 4.18 Energy balance and heat transfer techniques on single glass cover............cccoeeuuee... 50

Figure 4.19 Energy balance and heat transfer techniques of air gap between glass and abs.

PLALE .ottt et ettt e e et e et e e hee et e e tae e bt e bt e enbeetteeabeenneeenseenseas 51
Figure 4.20 Energy balance and heat transfer techniques on absorber plate.........c..ccccceverienneene. 51
Figure 4.21 Energy balance and heat transfer techniques of insulation ............ccccoeecveeviveennnen. 51
Figure 4.22 Energy balance and heat transfer techniques by working fluids ...........ccccceeuvveennnne 52
Figure 4.23 Diagram of FPC Parallel array configuration............cccceceeveevenieniencnieneenenienene 56
Figure 4.24 Clearance of collector arrays angle of inclinations ............ceceeveerieenienieeneenieenee. 56

Figure 4.25 Schematic diagram of total length of pipe and network between solar collector and
thermal StOTAZE SYSTEIM....cccuviiiiiieeiiee ettt ettt e et e e st e e st eesabeeesaeeesseeesaeeessneesnseeenns 58

Figure 5.1 Schematic diagram of Sensible thermal storage tank for solar water heating system. 64

Figure 5.2 Optimization of insulation thickness from Sahu et al., (2015)......cccceoevviniininiennne. 66
Figure 5.3 Optimum insulation thickness and COSt..........cccceeriiiriiiieiiiieriie e 68
Figure 5.4 Sensible thermal storage tank thickness ..........cccceccvveviiiiiiiiieniii e 69

Figure 5.5 Schematic configuration of shell and tube latent heat thermal energy storage system
(LHTES) unit with complete system, and concentric cylinders. ...........ccceeeveevieriiieniienieeniieninne 74

Figure 5.6 Schematic diagram of transient heat transfer flow through the shell and tube latent heat

thermal StOTAZE SYSTEIM....ccuviieiiieeiii ettt ettt e et e e st e e s rbeeessbee e saeeesseeesseeessneessseeenns 80
Figure 6.1 Layout of hot water discharging from storage tank to all floor building .................... 83
Figure 6.2 The selection chart to determine the appropriate Centrifugal pump model and size for
Water PUMPING APPIICALION. ..eeeeiiiiiiiieeiiieecieeecieeeste e et e e st e e steeesteeesaeeessbeeessseessseeessseesnseeennseens 91
Figure 7.1 The hourly average SR for February, January, June and August in Adama. .............. 92

Figure 7.2. Fluctuation of Hot water stream temperature throughout the day in 24 hours for Winter
Season (High solar radiation inCIdENCE). ........eecvieruiieiieriiieiieiie ettt 93
Figure 7.3. Fluctuation of Hot water stream temperature throughout the day in 24 hours for

Summer Season (Low solar radiation INCIdence). .........ccceeevuiieriieeiiieeciieecee e 93

X1



M.Sc. Thesis Thermal & Aerospace Engineering

Figure 7.4 Temperature Fluctuation of absorber Plate, Glass Cover, Air Gap throughout the Day

L0 ol A< 03 L 1 2 SRR 94
Figure 7.5 Monthly solar fraction (S)........ccceevieriiiiieniieiee e 94
Figure 7.6 Variation of instantaneous efficiency of a flat plate collector for February 16........... 95
Figure 7.7 Variation of instantaneous efficiency of a flat plate collector for July 17. ................. 95
Figure 7.8 Simulated hourly variation temperature of hot water during summer season............. 97
Figure 7.9. Hourly variation temperature in storage hot water tank during winter season........... 98

Figure 7.10 Hourly average useful energy collected throughout the day from a single FPC for
Summer Season (Minimum value of Useful energy gain).........cccceeevveeviieenieeenieeeieeeeee e 98
Figure 7.11 Monthly average daily average useful energy collected by a single FPC................. 99
Figure 7.12 Simulation of Useful Energy losses throughout the day for February 16® and July

Figure 7.14: Variation Temperature of phase change materials for different heat transfer inlet
Temperature during charging process Reddigari et al., (2012). .....cocevieniiiiniininiinieneeenne 102
Figure 7.15 The time wise variation of the hot water temperature in the solar water heating system
with and without PCM during charging processes on July 11, ... 102
Figure 7.16: The time wise variation of the hot water or HTF average temperature of the storage

tank for the SWH system with and without PCM on February 16" during charging processes 103

Figure 7.17. Depth of hot water in thermal storage tank .............cccoeevvieriieeniieeriece e, 105
Figure 7.18. Quality of hot water withdrawal rate capacity versus operating time used............ 105
Figure A.0.1 Incident solar radiation on inclined surface collector............cccevvveviininiicneencnnns 116
Figure B.0.2 Outlet temperature of HTF during all months in a year ...........ccccoveeveriineenennens 117

Figure C.0.3 Temperature of Glass cover, absorber plate, and air gap during summer season.. 117
Figure D.0.4 Hourly average useful energy solar gain by a single flat plate collector............... 118
Figure E.0.5 Variation of daily temperature of hot water with and without phase change materials,
and amDbIENt tEIMPETALUIE. .......cccuieruiieiieeieeieeeiie et eeite et eseteeteeteeebeesteessbeeseessbeenseessseenseessseenseas 119

Figure F.0.6 MOOAY Chart ..........ooeouiiiiiiiiciieeciee ettt e e e e ve e e aaeeenaeesaaeesanee s 120

XII



M.Sc. Thesis Thermal & Aerospace Engineering

LIST OF TABLE
Table 2.1: Solar thermal collector type (Sarbu & Sebarchievi, 2015)........ccccvvveviieeiiieniiieeieeene 10
Table 3.1. Collected data of Adama Hospital Medical College. ..........ccccveeviieeniieeiieeeieeeiieene 22
Table 3.2. Standard Hot Water Demand for Hospital (Brochure, 2015) ........ccceveiieiiieniiieniennnnns 22
Table 3.3. Hot Water Demand for each Appliance of the Hospital...........ccccoooiiveiiiiiiniiieniennns 23
Table 3.4. Hot water demand of the Adama Hospital medical college per Services.................... 24
Table 4.1 Sunshine hourly duration for five years (source; East Shoa Meteorology).................. 28
Table 4.2. Estimation of five years average sunshine hour duration. ............ccccecevvienenneneenennne. 29

Table 4.3 Monthly average annual climatic condition of Adama (Ethiopia National Meteorology

AALZEIICY ) ittt e ettt e et e et e ettt e et e e et e e ettt e e e beeeaaee e bee e tteeeaaee e taeeatteeantaeeanbaeesateesbaeasteeenaeeareeeans 36
Table 4.4 The main specification reference for Solar Flat Plate Collector used in analyses........ 39
Table 4.5 Total pressure drop in Solar Flat Plate Collector system...........cccceeevuerienerrieneenennne. 59
Table 4.6 Absolute Roughness Coefficient (enggcyclopedia.com, 2011)......ccceevciieiiiniieniiennnnnns 61
Table 4.7 Total pressure drop through the solar thermal system for SWH system ...................... 62
Table 5.1 Thermophysical properties of selected Paraffin wax (n-Heptacosane) in design of SWH
)] 1531 F OO PO PO PRSP PP UPPPPRRUPTPPPRRN 75
Table 6.1 Design parameters TANZES ......c.eerueerveerreeriueerieerteerteesreesseesaeesseessseenseessseesseesssessseessseans 84
Table 6.2 Summary of discharging rate or demand for a hospitals .........c.cccccuveeviieeiiiiencieeniee 87
Table 6.3 Total pressure drop throughout the pipe flow in a hospital. ..........cccceevieeiiienciiennnn. 88

Table 7.1 Average effective area and total number of flat plat collector needed for each

XIII



M.Sc. Thesis

Thermal & Aerospace Engineering

LIST OF SYMBOLS AND NOMENCLATURE

SYMBOL NAME UNITS
Ac Area of the collector m?

(O Specific heat capacity kJ/kg.k
Ci Total daily Hot water consumption Liter or m>
D Diameter of storage tank mm

E Equation of time min

Fr The collector’s heat removal factor.

Gr The incident radiation. W/m?

he Convective Heat transfer coefficient W/m’K
h; Radiative Heat transfer coefficient W/m’K
Hy: Sunrise hour hr

Hss Sunset hour hr

K Thermal conductivity W/m.k
Ly Length of the pipe m

Lst Length f storage tank m

P Power W

Q Amount of heat storage W

Qa Amount of energy demand W

Qs Amount of heat storage by solar W

QL Amount of heat storage losses W

Quwp Heat energy of hot water demand W

Ta Ambient Temperature °c

Te& Th Cold Temperature oc

Tp and Tg Temperature of absorber plate and cover ~ °C

Tpem Temperature of phase change materials oc

UL Overall heat transfer coefficient °c

Vit Total volume of storage tank m’

W Distance b/n the centres of the two tubes ~ mm

AT & AP Temperature difference and pressure drop  °C and Pa

X1V



M.Sc. Thesis Thermal & Aerospace Engineering

ABBREVIATION

AHMC Adama Hospital medical college HTF Heat transfer fluid

FPC Flat plate collector NTU Number of transfer unit

ETC Evacuated tube collector FDM Finite difference method

HWD Hot water demand ST Shell and tube

SHS Sensible heat storage LCC Life cycle cost

LHS Latent heat storage LCS Life cycle saving

LHTES Latent heat thermal energy CI Investment cost
storage system CF Cash flow

PCM Phase change material NPV Net present value

HS Horizontal surface

GREEK LETTERS

n Efficiency € Emissivity

T Transmittance c Stefan Boltzmann

p Density kg/m? 0 Latitude angle (°)

B’ Thermal expansion coefficient [ 1/K] S Declination angle (°)

A Delta change o Solar hour angle (°)

m Mass flow rate [kg/s] 0i Incidence of angle (°)

1% Volume flow rate [m>/s] 0z  Zenith angle (°)

u Dynamic viscosity Surface slope angle (°)

L Kinematic viscosity o Thermal absorptivity

SUBSCRIPTS

avg Average s Steam

ins Insulation out Outer

a Ambient or atmosphere in Inner

surr Surrounding t Tube

C Convection f Fluid

r Radiation ref Reference

L Loss w Wall

st Storage tank m Melting point

XV



M.Sc. Thesis Thermal & Aerospace Engineering

CHAPTER 1

1. Introduction
1.1 Background of the study

Energy is an essential aspect of the well-being of any application for human life to prosper and
develop in the economic front. Hence, the energy requirement is increasing day to day and may
affect all aspects of modern economic development. In Ethiopia, electricity power has been serving
as the main source of energy for domestic water heating systems. The inevitable rise of the price
of electricity caused by increased investment cost of power generation that searches for an
alternative source of energy application. The fossil fuels are considered as an alternative source,

but its cost rate is extremely increasing and make pollution that affects an environment.

As we know, most of the hospitals in our country uses an electric power and fuel boiler for water
heating system and for another appliance. Among them, Adama Hospital Medical College
(AHMC) is one of the 1% Medical Hospital in Adama town located in Oromia region, 100 km to
southeast of Addis Ababa, Ethiopia. AHMC was previously known by the names of Hayile
Mariam Mamo Memorial Hospital and Adama Referral Public Hospital at different times. The
hospital developed its facilities, technology, service standards and personnel to become a

renowned institution under government since 1970 E.C.

The hospital was upgraded to Medical College in 2003 E.C because of its position, patient load
and staff capacity. The College is led by the board and has three major wings (academic and
research, health service and the development and administration). The Hospital is serving a
catchment population of more than six million from five regions: Oromia, Amhara, Afar, Somali,
and Dire-Dawa. It has 232 beds capacity and serving on average 1000 patients per day. AHMC is
providing services using all available material, financial and human resources. Because of

improved services, the number of patients coming to the Hospital increasing from day to day.

The Hospital College has tried to expand its existing facilities for the fundamental transformation,
and the construction of the new Hospital College complex was designed and started to be
constructed with the cost of nearly one billion ETB. The construction of hospital was completed

in 2010 E.C. and started functioning since October, 2011 E.C.
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Figure 1.1 Adama Hospital medical college (AHMC).
The hospital uses energy for varies activity. Due to the hospital building upgrade and expand
(new), number of society’s increases, and increasing number of patients day to day; the diesel fuel
and electric energy consumption of hospital is high. Consequently, the hospitals consumption and
demand of hot water required ware approximately 50,000 liters per day and functions for 24 hour.
The Adama hospital uses a diesel fuel at least 2400 liters per every months. This shows that, energy
costs from fuel sources are increasing at considerable rate by increasing operating costs and

reducing profitability due to continuous escalating of diesel fuel price.

The remaining option as an energy source is to exploit the inexhaustible and freely available solar
radiation. When the solar energy has to be used for such purpose, it has to bring economic benefit
to the potential user and decrease the use of fossils fuels. Solar energy is one of the green
technology and stands as a feasible candidate for obtaining heat for both industrial and domestic
processes. To reduce the cost of energy consumption, increase profitability and make free pollution
environments; the solar thermal system for supply hot water to AHMC is proposed as sustainably
alternatives energy sources.

Although solar energy is available, the discontinuity of the sun irradiation could cause a heat

supply disruption and being an intermittent energy source. Hence, the utilization of solar energy

2
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can be more attractive and trustworthy if associated with a thermal storage system (TES). TES is
used to equalize instantaneous differences between demand and supply of thermal energy using
off-peak excess energy which may be lost otherwise, increasing the reliability of solar thermal
systems. The heat that is not required by the process during peak sun hours can be stored to be
later used when there is no solar irradiation. Besides, the hospital gives a function for 24 hour
operation, then thermal energy storage system is required. Therefore, proposed schematic

diagrammatic solar water heating system for Adama hospital is shown in Figure 1.2.
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Figure 1.2 Schematic diagram of SWH system for AHMC; A) SWH system with conventional

storage tank and B) SWH system integrating with PCM as energy storage.
3

1.2 Physical description and principles of SWH system integrating with PCMs

Solar heating systems are composed of solar flat plate collectors, heat transfer fluid, insulated

thermal storage system, connecting pipes and instruments, accessories and supporting stand. The
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heat from the sun fall on the solar FPC. The solar thermal devices captures and transfers the heat
energy available in solar radiation. Then, a cold water forced upward by pump is heated by the
solar thermal energy absorbed by the collectors. A bank of collectors can be arranged in a parallel
combination to get higher quantity of hot water. After the cold water is absorbed heat, the hot water
is flows through insulated pipe in to storage tank. Then, some of the hot water is used for standby
and distributed through water distribution system to its point of usage which can be used for
meeting the requirements of heat in different temperature ranges, while some hot water is stored
by phase change materials TES system for later usage. Finally, Hot water from the system is
transferred to various utility points through insulated pipelines. For designing this overall system
the components such as solar thermal analysis, storage analysis, water distribution system and

pipeline should separable designed.

Some minor components should be raised here are accessories and regulating system such as
temperature pressure valve (TPV), air vent, pressure relief valve (PRV), drain valve and check

valve and temperature gauges and their functions are as the following:

Allows air that has entered the system to escape, and in turn prevents air locks that would restrict
flow of the HTF. TPRYV is Protects system components from excessive pressures and temperatures.
TG is Provide an indication of system fluid temperatures. A temperature gauge at the top of the
storage tank indicates the temperature of the hottest water available for use. Drain valves are used
to drain the collector loop, the storage tank and, in some systems, the heat exchanger or drain-back

reservoir. Check valve is allow fluid to flow in only one direction.

Generally, this thesis focus on analysis of solar water heating system such as transient flat plate
collector performance, estimation of HWD for AHMC, thermal energy storage system, phase
change material, pipe network and water distribution system and minor economic analysis.

1.3 Statement of the problem

In our country, almost all public health centers are dependent on the electrical power supplied and
fossil fuel for an energy source. Thus, energy charges are growing day to day and also using fossil
fuel that influences an environment. The heating water system for Hospital is supplied from boiler
steam and the fuel used is diesel to meet daily hot water demand. Continuously, electric power
does not provide energy properly. So, partial replace it when electric power off, the hospital uses

four diesel generators and each used diesel fuel of 800 liters per month. The total paid cost of this



M.Sc. Thesis Thermal & Aerospace Engineering

fuel is about 60,800.00 ETB per month. And also the hospital gives a function of 24 hours. These
show that the energy costs are considerable. Besides, the energy and the temperature level required
to be supplied to carry out everyday tasks will high. To fulfill the gabs, a solar thermal energy
source is proposed and is the foremost way to solve the problems mentioned. Since the hospital
operates for 24 hour, the solar water heating accompanying with a thermal storage system for a

hospital is a sustainable alternative to partially or wholely supply hot water demand of the hospital.

1.4 Objectives

The general objective is the design, and performance analyses of a solar thermal water heating
system integrated with phase change material energy storage that supplies hot water to AHMC.
The specific objectives of this thesis are
@ Estimate HWD and sizing overall dimension of the solar system (area of the collector,
number of collector and thermal storage) that fulfill the demand of hot water to AHMC.
¢ Thermal Modelling, simulation and investigating the transient performance of solar system
components, flat plate collector and thermal storage units using finite difference scheme.
@ Numerical compare the conventional sensible thermal storage with a latent thermal storage
unit integrating phase change material.
@ Analyze pipe network system of water distribution and pump selection
1.5 Significance of the study
AHMC was used diesel boiler for water heating system. This thesis tends to the hospitals to use
solar technology rather than boiler. If the hospitals uses the product obtained of this study, it will
be benefited more by reducing cost for electricity and a cost for diesel, and also environmental free
pollution. The solar thermal energy storage system proposed for this hospital is functions during
both day and night. Solar energy is an affordable energy which are good physical well-being,
reduce dependence to electricity and fossil fuel energy consumption of the hospital for hot water
supply system. I hope that, the results of this research will open an opportunity for further

application of solar thermal storage system for a hot water supply system in the country.

1.6 Scope and Limitations of the study
1.6.1 Scope of the study

This thesis begins with a comprehensive literature review tracing the history of solar heating

system and energy storage for thermal application. The analysis of this research covers the thermal
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performance and simulation of FPC and TES units that would partially replace of steam boiler in
AHMC. In this work, the water distribution system after storage unit and pipe network is
investigated up to the end user.

1.6.2 Limitation of the study

This study is developed on Adama weather condition to design, and simulate a solar thermal
system integrating PCM as energy storage for providing hot water demand to AHMC.
Consequently the result of this study is applicable for a tropical area like Adama and health centers
that demands are less than the demands of this hospital. Since the multi-dimensional heat transfer
phenomenon is complicates the analysis of the solar collector and TES system, this study specify

the one-dimensional heat transfer analysis and modeled to investigating the systems.

1.7 Research Question
There are numerous questions arise regarding the solar-assisted water heating system with an
improvement of solar thermal systems. However, for this thesis specific research questions are: -
1.  How many amounts of energy delivery to cover the energy demand of hospitals?
ii.  How many numbers of flat plat collectors used to cover the daily energy requirement?
iii.  What are the factors that influence the hot water storage tank performance?
iv.  How to achieve the desired output temperature of water from solar water heating system?

v.  How and by what methods the thermal performance of a storage tank could enhance?

1.8 Research Methodology

This study is concerned with the design and thermal performance of analyzing the solar thermal
system with solar FPC and thermal storage investigating to supply hot water for AHMC new
building. Primarily, the latest literature review of relevant materials on solar water heating systems,
flat plate collectors, conventional storage tanks, latent heat thermal storage unit, and pipe network
systems are conducted. Secondary, the data are referred from related research and previous done,
existing statistical information, etc. In general, the following activities were accomplished to
achieve the thesis objectives.

> Data collecting from Hospital and weather data taken from Adama meteorology agency.
> Estimating the hot water consumption to cover the daily demand for hospital and

estimating solar radiation on inclined solar collectors using collected data and standard.

> Modeling and transient thermal performance analysis of flat plate collector
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>

Compare the sensible storage tank and latent heat thermal storage tank with incorporating
phase change material.

Simulate the offered system and components functionally using MATLAB and Excel
Microsoft package

Analyzing the pipe network and hot water distribution system to each room of the
hospitals

Writing the study results with the help of graph, table, figure, number, and give the
discussion of the result and final validating with published paper.

Lastly, prepare and arrange the full paper and make a presentation.
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CHAPTER 2

2. Literature Review

Under this portion, a detailed review of the previous work that related to the current research is
presented. A literature review concerning to solar-assisted water heating system, types of SWH,
the configuration of a storage tank, solar collector, phase change materials and its classification,
performance and effects of thermal-physical properties, overall dimension and geometry are

discussed below.

2.1 Solar Water Heating (SWH) System

Solar water heating is an acceptable technology with the help of solar radiation and is increasingly
being used as one of the cost-effective means of heating water in residential and public buildings
such as hotels, restaurants, hospitals, health centers and industries such as textile, paper, and food
processing of dairy & edible oil. With the abundance of solar energy, the domestic solar water
heating system is very promising. It converts solar energy into thermal energy and can replace any
type of conventional heating system or fuel and there is a re-emerging market today with the need
for renewable sources of energy by Christopher et al., (2010). Domestic hot water supply at
temperatures in the range of 50 to 60°c is considered to be acceptable.

2.1.1 Classification of Solar Water Heating System (SWHYS)

SWH systems are categorized depending on how the domestic water is heated or how the heat

transfer fluid flows through the collector (Panapakidis, 2016).

Thermosiphon Systems

ﬂ Passive system I
Batch (ICS) Systems

Solar water |
heating system

Direct (Open Loop) Active Systems

— Active system —

Indirect (Closed-loop ) Active Systems

Figure 2.1 Classification of solar water heating system

1. Passive Systems
Passive systems move water or a heat-transfer fluid through the system without forced circulation

and a storage tank located above the collectors. The systems have no electric components to
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circulate a fluid. It is less costly and have extremely low or no maintenance, but the efficiency of
a passive system is significantly lower than that of an active system. Two types of passive system:
I.  Thermosiphon Systems- Natural convection
II.  Batch Systems (Integral Collector Storage Systems)

2. Active Systems
Active systems use pumps, valves and controllers to circulate water or other heat-transfer fluids

through the collectors. They are usually more expensive than passive systems but it more efficient.
In Active systems, storage tanks can be situated lower than the collectors and can be hidden from
view, reducing heat loss, superior efficiency, and uses increased control over the system. There
are two common active systems are:

L Direct or Open Loop Active Systems

IL. Indirect or Closed-loop Active System
Direct System is the most common systems in use in tropical and sub-tropical climates. They use
an electric pump to circulate water from the storage tank to the collector and back to the storage
tank. Factors that influence the selection of a specific system type are depends on: - the amount of
water that needs to be heated, relative cost and efficiency, simplicity of operation, and climate
conditions. Depending on the above factors and considerations, direct active system is selected for
analyzing of solar assisted water heating system. Active SWH systems are more reliable and

affordable than passive that provides a financial benefits along with environmental sustainability.

2.2 Solar Thermal Energy Collectors
A solar collector is the special energy exchanger which converts solar irradiation energy to the
thermal energy of the working fluid in solar thermal applications. The major component of any
solar system is the solar collector which is a device which absorbs the incoming solar radiation,
converts it into heat, and transfers this heat to a fluid (usually water) flowing through the collector.
SWH systems typically utilize three different kinds of stationary collectors: -

% Flat plate collectors (FPCs)

+» Evacuated tube collectors (ETCs) and

+»+ Concentrating parabolic collectors (CPCs)
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Table 2.1: Solar thermal collector type (Sarbu & Sebarchievi, 2015)

Absorber Temperature Concentration
Stationary Solar Collector type plate range (°c) Ratio
Flat plate collector (FPC) Flat 30-80 1
Evacuated tube collector (ETC) Flat 50-200 1
Concentrating parabolic collector (CPC) | Tubular 60-240 1-5

2.2.1 Flat-plate collectors (FPC)

FPCs are the most common collectors for water heating and also it is simple and effective means
of collecting solar energy for applications that require heat temperatures up to 80 °c. The FPC is
the heart of any solar energy collection system. The flat-plate collectors are characterized by their
high efficiency compared with other types of collectors. For most residential and small commercial
hot water applications, the solar FPC tends to be more cost effective due to their simple design,
low cost, and relatively easier installation compared to other forms of hot water heating systems.
Also, solar FPCs are more capable of delivering the necessary quantity of hot water at the required
temperature. A typical FPC consists of an absorber, a header and riser tube arrangement or a single
serpentine tube, a transparent cover, a frame, and insulation. They use both direct and diffuse solar

radiations, do not require tracking of the Sun, and require little maintenance. (Rai, 2001).

Abscrptmﬁ plate Glaping

7 / e Airge
epmeen somseeeeornen g

Insulation Cut section of metallic tubes

—O—N—0—-%0—]  insulation
*I-'"'—

Figure 2.2 a) Side cross—section view of single glazed flat-plate collector. b) Components of

glazed flat-plate collector (Kalogirou, 2014).
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2.3 Thermal Energy Storage (TES) System

Today, the storage of energy in suitable forms can conventionally be converted into the
required form is the popular technologies. TES systems are currently undergoing a revolution,
vowing to their influential involvement in modern technology, and their extensive applications
such as space heating, water heating, waste heat utilization, cooling and air conditioning. Energy
storage is substantial, whenever there is a gap between the supply and consumption of energy.
Solar thermal energy storage devices need heavier research attention due to irregular and
unpredictable nature of solar energy which is quite efficient, economical and reliable energy
resource. The goals of TES units are to obtain heat from renewable energy other than fossil fuels,
increase the efficiency of heating appliances, and provide energy security. There are three methods
for storing thermal energy, the first two being the most widely used in TES systems (Dincer &
Rosen, 2007):

1. Sensible heat storage
2. Latent heat storage

3. Thermochemical storage.

Thermal Energy Storage Solid-Solid

Solid-Liquid

Thermochemical

Liquid-Gas

Figure 2.3. Classification of Thermal Energy Storage and processes

2.3.1 Sensible Heat Thermal Energy Storage (SHTES)

In SHS, thermal energy is stored by raising the temperature of a solid or liquid. The sensible heat
storage is a system that uses heat capacity of a substance to store heat energy due to the temperature
difference. It utilizes the heat capacity and the change in temperature of the storage medium during
the process. The amount of heat stored depends on the specific heat of the medium, the temperature

change, and the amount of storage material.

11
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T;
Qsensible = fT: mc, dT 1.1

Qsensivie = M Cp AT 1.2

Where, Q is sensible heat storage [kW], m is the flow rate of the storage substance [kg/s].

C, is specific heat capacity [kJ/kg °c] and AT = T, — T; is the difference in temperature [°c]
2.3.2 Latent Heat Thermal Energy Storage (LHTES)

The LHS systems offer high storage capacity as compared to sensible heat storage and also involve
low heat losses. Phase change materials are latent heat storage materials. The thermal energy
transfer occurs when a material changes from solid to liquid or liquid to solid. It is based on the
heat absorption or release when a storage material undergoes a phase change from solid to liquid
or to gas or vice-versa.

LHTES units are mostly used to store solar energy for high temperature application with
simultaneously works. The storage capacity of the latent heat thermal energy storage (LHTES)

system with a PCM medium is given by

Q= [;'mCps dT + MAH e, + f,"m C, AT 13

Q=m [Csp (T2-T1) + AHpem + Cip (T2-T1)] 1.4
Where, Q is the total amount of LHES [kW]; m is the mass of the material (kg); Cs, and Cyp, are
specific heat of the PCM in solid and liquid respectively [kJ/kg °c]; T1 and T are the initial and
final temperature respectively (°c); AHpem 1s heat of fusion at the PCM temperature, Tm (°c).
Amongst above thermal heat storage techniques, LHTES is particularly attractive due to its ability
to provide high-energy storage density and its characteristics to store heat at constant temperature
corresponding to the phase transition temperature of phase change material (PCM). Latent heat
storage can be accomplished through solid-liquid, liquid-gas, solid-gas, and solid-solid phase
transformations (Rai, 2001)

In solid—solid transitions, heat is stored as the material is transformed from one crystalline to
another. These transitions generally have small latent heat and small volume changes than solid—
liquid transitions.

Solid—gas and liquid—gas transition through have higher latent heat of phase transition but their
large volume changes on phase transition are associated with the containment problems and rule
out their potential utility in thermal-storage systems. Large changes in volume make the system

complex and impractical.

12
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Solid-liquid transformations have comparatively smaller latent heat than liquid—gas. However,
these transformations involve only a very small change in volume. This transitions have proved to
be economically attractive for use in thermal energy storage systems. In addition, phase changes
can take place at constant temperature and for many materials; the melting and freezing process
can be repeated for an unlimited number of cycles with no change to the physical or chemical

properties of the material by Garg et al., (2003).
2.4 Phase change materials (PCM)

Thermal energy storage systems based on phase change materials are considered to be an efficient
alternative to sensible thermal storage systems. Furthermore, these systems have high energy
density compared to sensible heat storage systems. The use of latent heat TES system with PCM
has been receiving greater attention because of its large energy storage capacity and isothermal
behavior during charging and discharging processes. Thermal energy storage increases by almost
2 to 3.5 times as compared to that what was stored without the use of PCM by Sharma et al.,
(2009). A PCM is a substance with a high heat of fusion which melting and solidifying at a certain
temperature and capable of storing and releasing large amounts of energy. The PCM to be used in
the design of thermal-storage systems require desirable thermo-physical, kinetics chemical and
economical properties.

2.4.1 Classification Phase Change Materials (PCM)

The PCM may be grouped into three categories: organic, inorganic and eutectic which is a mixture

of organic and inorganic materials.

- \Paraffin Fatty Acids
-“JAlcohols Glycols S

Salt hydrates
Metallics

Organic-organic

Organic-inorganic

| Onorganic-inorganic |

Figure 2.4 Classification of phase change materials (PCMs) from Sharma et al., (2009).
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I.  Organic PCMs

Organic latent heat storage materials are implemented in many domestic and commercial
applications such as solar water heating. Organic materials have inherent characteristic of low
thermal conductivity (0.1-0.35 W/m K), hence, a larger surface area is required to enhance the
heat transfer rate. In addition, because of the low melting point of organic PCM, they have not yet
been explored for high temperature applications. Organic materials are paraffin, non-paraffin, fatty
acids, esters, alcohols, and glycols.

Paraffin: -Paraffins of type CnH2n+2 are a group of saturated hydrocarbons with very similar
properties, Paraffins between Cs and Cis are liquids and the rest are waxy solids, Paraffin wax is
one of the most popular organic heat storage PCM for commercial applications, it consists of a
straight chain hydrocarbons having melting temperatures ranging between 23 °C and 67 °C.
Paraffin is safe, reliable, predictable, less expensive and non-corrosive. They are chemically inert
and stable below 500°C, show little volume changes on melting and have low vapor pressure in
the melt form Sharma et al., (2009).

II.  Inorganic PCMs

The inorganic LHS materials are grouped into two categories, namely, salt hydrates and metallic.
Salt hydrates: - have a tendency to segregate when they are dissolved with water and form an
anhydrous salt. Due to density difference, unmixed salt hydrates settle down at the bottom of the
container. They have melting temperature range from 15 °C to 117 °C (Sarbu & Sebarchievi, 2015).
Lane and Shamsundar (2012) reported that the behavior of melted salt can be identified as
congruent, incongruent and semi congruent. Congruent melting occurs when the anhydrous salt is
completely soluble in its water of hydration at the melting point temperature. Else it represents
incongruent melting. The most attractive properties of salt hydrates are: High latent heat of fusion,
relatively high thermal conductivity as compared to other types of LHS materials and small volume
change during phase change process.

Metallics: - can be either metal with low melting point temperature or metal eutectics. These
metallics have not yet been seriously considered for PCM technology because of weight penalties.
Major advantage of metallic LHS materials is its high thermal conductivity, approximately 20
W/m-K that substantially increases the heat transfer rate. However, only limited studies have been

carried out on metallics due to low latent heat of fusion per unit weight.
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2.4.2 Selection of Phase Change Materials

A suitable PCM with its melting point in the desired temperature range is one of the most important
parameters in the design of a SDHW system using latent heat energy storage. A large range of
PCMs is currently available that have melting temperatures ranging from -5 to 190 °C. Phase
change materials intended for use in the design of thermal storage systems should possess suitable
thermodynamic, kinetic and chemical properties as listed below by Sharma et al. (2009).

Desirable properties of PCMs: -

Thermodynamic properties

¢ A melting temperature is in the desired operating temperature range

¢ Large enthalpy of transition with respect to the volume of the storage unit

¢ High specific heat to provide for additional significant sensible heat storage

+ Fixed and clearly determined phase change temperature (freeze/melt point)

* High density, so that a smaller container volume holds the material

¢ High latent heat of fusion per unit volume to store more energy in a given volume.
¢ High thermal conductivity to assist charging and discharging of energy.

+ Small changes in volume during phase change and low vapor pressure to avoid

containment problems.

Kinetics properties

+ High nucleation rates to avoid super cooling of the liquid phase
4 High rate of crystal growth, so the system can achieve rapid heat recovery from the

storage system (Sufficient crystallization rates).

Chemical properties

compatibility with the container
Non-corrosiveness to construction material
Long term sustained chemical stability

Non-poisonous, Non-toxic, Non-flammable and no pollution

YV V. V V V

Non explosive materials for safety

Economic properties

Abundant resource good recyclability

Low cost and availability Friendly environmentally
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PCMs, which can be used for such low-temperature solar thermal applications as water heating,
baking, and drying, should have a melting temperature in the range of 45°C to 90°C. Depending up
on the above desirable property of PCM and the selections of organic PCM (paraffin) are based on
the thermodynamic, kinetic, chemical and economic properties. Almost all, paraffins with a
melting temperature of around 60 °C have been proven as a good storage material for solar DHW
systems, especially due to their melting point temperature, reliability, cost and non-corrosiveness
(Hossain, 2011). The use of paraffin wax (n-Heptacosane) as phase changing material as better

characteristics and performance improving compared to conventional sensible heat storage system.

2.5 Application of a PCM integrated into a SDHW storage Unit
An integrated PCM in solar DWHS and offer several advantages including high storage capacity,

low storage volume, and isothermal operation during the charging and discharging phases. One of
the main benefits of TES systems is their ability to store thermal energy in order for it to be applied
for later use, either at the harvesting source or elsewhere. Some other benefits of TES are listed
below (Dincer & Rosen, 2007):

+ Energy storage reduces the mismatch between supply and demand
Improves the performance and reliability of energy systems
Affordable maintenance costs
Enhanced efficiency in equipment usage
Least emissions and free environmental pollution
Reduced size of system components or space.

Energy consumption and energy costs are reduced

= ke EE

Leads to saving of premium fuels and makes the system more cost effective by reducing

the wastage of energy and capital cost

2.6 Related work of Latent Heat Thermal Energy Storage for SWH system
2.6.1 International Relate work

Trp (2005) done an experimental and numerical investigation of transient heat transfer
phenomenon during paraffin melting and solidification in a shell-and-tube LHTES unit, with the
HTF circulating inside the tube and the PCM filling the shell side. A fully implicit 2D control
volume FORTRAN computer code developed for simulation. For melting of PCM, the paraffin
was initially in the solid phase at the ambient temperature. Inlet temperatures of the HTF varied

from 318 to 328 K. Dimensionless geometric parameters of the system, as dimensionless length
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L/D and dimensionless outer radius ro/D have been 20—100 and 1.2-1.8, respectively. The results
of numerical analysis reveals that the HTF velocity field reaches the fully developed condition

quickly, and also provide guidelines for thermal performance and design optimization.

Mehling et al., (2009) developed an effective hot water system by adding a PCM module to the
water tank. The hot water system is a cylindrical vertical tank that has a diameter of 20 cm and a
height of 120 cm. The PCM module consists of a brass cylinder with a diameter of 10 cm and a
height of 30 cm filled with PCM (6% of the total volume of the tank was PCM). Water at the top
of the store was held warm above 55 °C for 50-200% longer and the average energy density was

increased by 20-45% compared to the whole tank.

Fortunato et al., (2012)characterize the thermodynamics of a TES system based on the latent
heat of a paraffinic PCM and the heat exchange between the heat transfer fluid and the PCM
are investigated. The thermal storage system consists of a shell and tube heat exchanger with
the HTF flows inside a tubes which are arranged in a regular pattern. Considering assumption
and governing equation is derived in terms of enthalpy method for HTF, tube wall and PCM
and are numerically solved by finite difference method (FDM) that implemented in MATLAB
language. The simulations are conducted in order to derive the temperature profiles inside the
PCM and to estimate the time needed to complete the melting of the PCM. It conclude that,

the numerical modeled used as guidelines for thermal storage system analysis and processes.

Kibria et al., (2014): A numerical method based on the iteration of temperature and thermal
resistance was investigated for the analysis of heat transfer between PCM and HTF in a shell and
tube arrangement of thermal storage unit during charging cycles and also an experimental setup
was built for validation. A PCM is paraffin wax and filled in the shell and HTF is water that passed
inside the tube. For simulation, a numerical method has been discretized and MATLAB code used.
The dimension of shell and tube thermal storage unit with length of the copper tube was 1 m long
and the inner and outer diameters of the tube were 10.8 mm and 12.0 mm, respectively. The inner
diameter of the shell was 36.0 mm. The thermophysical properties of water are 25 °C for
solidification and 88 °C for melting used, and with a maximum flow rate capacity of 10 kg/h. a
detailed parametric study are carried out with various mass flow rate, inlet HTF temperature and
radii of the tube. The result of the study shows that the contribution of inlet T° has much influence

than flow rates in terms of storage operating time.
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Murali et al., (2015) experimentally investigate the performance of a solar water heater
incorporated with a TES tank with cylindrical PCM tank was conducted using a FPC as heat
source, and the hourly based charging efficiency and thermal efficiency of the storage tank were
calculated. Discharging without PCM took 1,110 minutes, while discharging with PCM took 1530
minutes. It clearly indicates that the PCM improves the performance of a solar hot water system
as the discharging is prolonged by additional 420 minutes. So the incorporation of PCM cylinder
improves the performance of the system. An experiment result reveals that the latent heat stored
in 2.5 kg PCM improved the thermal efficiency of storage tank by 10 —16%. The results shows
that the thermal performance of the PCM incorporation is significantly enhanced in relation to

energy capacity, operation time under a temperature ranges.

Abhilash et al., (2016) the thermal energy storage systems incorporating PCMs for use in a solar
water heater are investigated. Since the demand of hot water available is inversely proportional to
the available of solar energy. Then, the system suggested incorporates PCM inside the water tank
of solar water heater to store more heat that can be utilized further. Experimentally done with
conventional solar water tank of capacity of 60 L of an evacuated type solar water heater was
modified and a cylindrical PCM tank was fabricated holding a volume of 14 liters of PCM made
up of steel. Compares the results obtained from both conventional and modified PCM filled storage
tank in January 2016 at 8:30 AM and 26°C of ambient temperature. PCM box was filled with
Paraffin C-32 as the PCM material which has a melting point of approximately 66 - 69°C. During
charging the solar water heater for the case of without PCM, the water ran up to a temperature of
more than 90°C in 105 minutes with that of PCM in 120 minutes; that is 15 minutes of time lag
was found. He conclude that, incorporating the Paraffin used prolonged time to which hot water
was available and the PCM holds the heat till night so as to make available hot water by solar water
heater during night time also. In solar water heater an increase in time of 220 minutes was obtained

with that of PCM to without PCM.

Kumar et al., (2016): Studied an investigation and analysis of thermal energy storage incorporating
with and without PCM for use in solar water heaters. It used the storage unit utilizes cylindrical
tubes made of copper and curved cylindrical tubes made of steel filled with paraffin wax as the
heat storage medium and an experiment done focuses to maintain 60 liters of water at a temperature
of around 70 °C during the day time with a flow rate of 5 ml/sec through a FPC. The melting point
of Paraffin is 56 °C. The PCM with in the Copper tube is more effective than the steel tube. The
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work i1s done with 770 gram of PCM. If the amount of PCM increases, the performance also
increased. It was found that by the application of PCM the hot water availability can be extended

up to 4 hours than the normal condition.

(Agbanigo, 2017) Experimental studied an impact of PCM on performance of solar water heating
systems. The experimental set up consists of two insulated flat plate solar collectors 2.13 m, 1.09
m and 0.1m, length, breadth and depth respectively, inclined at 17.5° to the horizontal and latitude
7.5° north and two 0.225 m® capacity hot water storage tanks. The water storage tanks were
insulated with fiber glass wool and covered with aluminum foil. Experiment show higher daily
maximum water temperatures for system with PCM compared with the other without PCM.
Average minimum water temperatures in the early hours of the day between 6 — 8 AM were 57.8°C
and 46.5°C for system with and without PCM respectively. It concluded that the systems with
PCM had higher hot water discharge capacity, with higher demand which would enable use of low
cost electricity and thermal energy storage capacity was increased, and could result in reduction in

size of hot water tank.

(Lianga, et al., 2017): Experimental study on TES performance of water tank with PCMs in Solar
Heating System. The WS-PCM-TES is composed of 72 phase change heat storage units, stainless
steel fixed support and square heat preservation water tank. The dimensions of the phase change
heat storage unit is diameter 50 mm and length is 450 mm. Each unit consumes 0.367 kg of
stainless steel and the volume is 0.883 L. The PCMs is encapsulated in a molten state, and a certain
volume is reserved to accommodate the volume change before and after the phase transition. Thus,
0.685 kg of PCMs can be encapsulated in single unit, the total mass is 49.32 kg. It was concluded
that increasing the heat storage density of the energy storage water tank can increase the heat

storage capacity and the heat storage efficiency of the same volume WS-PCM-TES.

Mehrdad et al., (2018) studied a comprehensive evaluation of an SDHW system was carried out
in terms of three types of effective parameters, including the system characteristics, the hot water
demand profile, and the integration of PCMs. According to the results, in the non-uniform high
daily water consumption the thermal stratification is more beneficial which can lead to 9% increase
in the annual solar fraction (ASF) and it is found out that a solar water heater system performance
is very demand dependent so that it induces up to 8% ASF variation in different demand

conditions. So, integration of the PCM in SDHW systems can increase the ASF by 4%.
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2.6.2 Local Related work

Bekele (2007): has numerical investigated the solar water heating system for hospital by using
FORTRAN package in simulation the transient performance of the system. Among the selected
sites for study, the results model of the Jimma hospital was a total daily hot water consumption of
119.24 m?, a total of 795 collectors with four storage tanks of each capacity 24.8 m® are needed
with initial capital cost of 3,216.77 Birr per collector, which will cost a total of 4,205.00 Birr per
collector throughout its lifetime and the life cycle cost saving will be 6,197.00 Birr per collector.
Since the unit cost of solar energy is less than the unit cost of fossil fuel, the large-scale water

heating by solar energy is a viable alternative to heating by fossil fuel.

Kebede (2016) worked on design and analyses solar thermal system for hot water supply to health
centres. Designing of the selected solar collector and the heat storage based on the amount of hot
water supplied to the hospital throughout the day and the energy needed to heat the demanded hot
water. Used Implicit FDM scheme to solve derived equation of a system and performance transient
analysis in FPC. It found that the total daily HWD of 30.475 m?, a total of 108 collectors with two
storage tanks of each capacity 18.3 m? are needed. The result shows that, the unit cost of solar

energy is less than cost of fossil fuel, and the water heating by solar energy is a viable alternative.

Solomon (2018): studied solar thermal energy as alternatives to energy sources for public
Hospitals. Used a MATLAB package for performance evaluation of the system and to compute
the numerical heat transfer model and derived an equation of the system by FDM. Uses a U-type
ETC system as a heat source with a storage tank. It was found that the daily hot water demand for
hospitals was estimated to be 30.022 m? per day. The study reveals that ETC would meet the hot
water demand is around 52 number of a collector on holding space 82.46 m? with two storage
capacity each have 15.011 m?. Economic analysis shows that investment cost 1,066,388.44 Birr

with LCC 2,003,254.14 Birr and a payback period of 5 years and 6 months.

Endale (2019) examines the potential and significance of SWH system to alleviate the challenges
of unmet electricity demand, imported oils dependency and unsustainable supply of firewood in
Ethiopia. The economic potential saving of these energy sources in future through solar water
heaters (SWHs) is estimated. Water heating energy demand of the three major sectors of

household, commercial and industrial are analyzed. It conclude that, further study is needed to
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estimate the technical and economic potential of SWHs for industrial applications in Ethiopia. The

current utilization of SWHs in Ethiopia is insignificant still now.

The above literature review shows many vigorous areas for future study work. To fulfil the HWD
for a hospital, the solar energy source is proposed. The study have made a large effort to investigate
integration techniques between SWH system and PCM units. As more reviews a literatures, further
research is necessary to incorporate the update technologies of PCM units into SDHW systems.
Since the PCM unit in a SDHW system substantially escalations the capacity of energy storage in
comparison to the sensible SDHW system. TES is a key issue to be addressed the intermittence of
solar energy and balances the demand and supply of energy consumption. Solar TES with PCM
have a higher energy storage density and energy storage at constant temperature. So, incorporating
a solar assisted water heating system with latent heat TES with PCM has a higher enhancement

advantages in modern technology.
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CHAPTER 3
3. Hot Water and Steam Demand of AHMC

Averagely health centers require approximately 160 liters per day for every occupant. Without
enough hot water, a hospital could become dangerous and it is hard to clean without proper hot
water. For a large hospital, this amount of water is very substantial. At peak demand rates, each
occupant requires on average 50 liters per hour (Christopher & Homola, 2010). In addition to hot
water consumption, at certain times of the year the hospital must either be heated or cooled to
maintain proper comfort levels for occupants. So, the hot water is the primary requirement things
in health services for different appliance. Beforehand, the Adama hospital uses fuel as sources of

energy for water heating to meet daily hot water demand.

3.1 Data collected from Adama Hospital Medical College

In developing countries such as Ethiopia, due to lack of measuring instruments and misinformation
about hospital hot water system, reliable data of the hospital is not found. In the absence and
scarcity of reliable hot water system of the hospital data, assumption and estimation are made
based on the standard hot water delivery system of hospital.

Table 3.1. Collected data of Adama Hospital Medical College.

Appliance Quantity No of Rooms Person per Occupancy Energy source
Room
Patient 115 4 95% Fuels and electric
Shower Public 31 15 100% power
Medical Stuff 5 15 85%
Laundry 3 1 10 100%
Kitchen 1 1 12 100%

3.2 Hot water consumption of the Hospital
The hot water demand is significant for the sizing or dimensioning of a domestic hot water solar
(DHWS) system.
Table 3.2. Standard Hot Water Demand for Hospital (Brochure, 2015)
Standard Hot Water Demand for Different appliance

Demand Kitchen Shower Laundry Restaurant
Hot water 320 Ukitchen/day 60 l/person/day 530 l/laundry/day 160 l/restaurant/day
Temperature 48 °C 43 °C 48 °C 60 °C
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For this study determination of the hospital hot water demand per day is performed by make
assumptions. Depending on Ethiopian condition it is good to assume that the daily hot water
requirement for shower will be determined by multiplying the developed countries hot water
requirement for shower by the ratio 3:4 (Brochure, 2015).

Table 3.3. Hot Water Demand for each Appliance of the Hospital

Demand Appliance of the Hospital
Kitchen Shower Laundry
Hot water (lit/ L/person) 320 L/person 45 L/person 530 L/person
Temperature (“c) 50 44 60
Energy source Fuels + electric Fuels + electric | Fuels + electric

Adama Hospital Medical College is found in East Showa at Adama city, sited at latitude 39.28°N
and longitude 8.54 °E. Determination of hot water demand of the hospital for different appliance
is done by considering only hot water needs of Adama hospital Medical College.

Load of hot water demand for Hospital is calculated as the following:

The hot water consumption (HWD) for each appliance is given by:

C = Nrooms * Qappl 3.1
Hot water demand for showering service is given by:
_ person
CSh - Nrooms Room * Qapp * Orate 3.2

Note; public shower, all patients room and medical staff rooms have a shower. So, daily hot water
demand needed for shower are the summation of hot water demand spent for each rooms.

Total daily hot water demand of the hospitals is determined as: -
CT=CSh+CL+Ck+CR 33
Where, C-Hot water consumption (HWD)

Ny ooms-Number of rooms C.- Hot water demand for Laundry

Qapp-hot water appliance Cr- Hot water demand for Restaurant

0, qte- Occupancy rate (%) Cr- Total daily Hot water consumption for
Csp, - Hot water demand for shower hospital

Cy- Hot water demand for kitchen
The daily and weekly hot water consumption of the hospital can be increase or decrease from the

calculated value, to compensate the inaccuracy created it can be multiplied by factor 1.25. The
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factor is one fourth of the total calculated daily and weekly hot water demand of the hospital
(Christopher & Homola, 2010).
CT,supplied = 1.25 x Cr 34

Generally, the total hot water requirement for each appliance are tabulated as the following. The
above equation (3.1 to 3.4) used to solve daily demand per appliance.

Table 3.4. Hot water demand of the Adama Hospital medical college per Services

Services
Consumption Cr C, Cen Cr Cr
hot water demand (Lt/day) | 640 1590 33,626.25 0 35,856.25
HW Demand * 1.25 (Lt/day) | 800 1987.5 | 42032.8 0 44820.3125

3.3 Hot Water Consumption Pattern

Totally, daily hot water requirement for Adama hospital medical college will be 44,820 Liter per
day. This daily hot water consumption can be distributed as 35 % in the morning, 25% at the mid-

day, 32% in the evening and 8% will be distributed over the day time.

Daily hot water consumption pattern and distribution over the time of Adama Hospital
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Figure 3.1 Daily Hot Water consumption pattern and distribution over the time of the day of

Adama Hospital.

Hot water consumption pattern of the AHMC indicated that hot water requirement of the hospital

reaches maximum demand at the morning and afternoon time of the day and the minimum demand

is at mid-day time of the day.
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3.4 Hot Water Storage Tank Capacity

When the daily hot water demand has been determined, the volume of the storage tank can be
specified easily. It should be some 0.8 to 1.2 fold the daily demand for regions with high solar
radiation (Brochure, 2015). So that consumption peaks can be met well and cloudy days can be
compensated (Homola & Christopher, 2010). So, for total daily hot water demand, the volume of
the storage tank required is 54 m>. As the manufacturers do not offer tanks in every possible size
as you got the final result by theoretical calculation, the choice has to be made among those
generally available on the market. It is recommended that the storage tank capacity is not less than

90% and not more than 120% of the calculated volume (Homola & Christopher, 2010).

3.5 Boiler-Conventional Steam Generation

Conventional steam generation is an equipment, where fuel burns and heat is transferred from fuel
gas to energy transfer medium (water), which is heated up or phase change happens (boiling) and
used to generate steam. Steam generation is the process of turning water into steam by application
of heat and burning a fuel. A boiler used for heat demands which required for several purposes
and generate steam for heating water, laundry (washing and drying a clothes), kitchen, auto clave,
and other purposes. However, the heat demand characterized according to temperature demand
and load demand. In this system, steam is used as heat transfer medium with temperature from

ambient to 100°C. Conventional steam generation system or boiler has the following components

such as feed water tank, boiler, water treatment and softener, pump and accessories.

v o - =

Figure 3.2. Installed diesel fuel steam generation of AHMC new building
Feed water tank: Supplies treated water for boiler and regulated by automatic valves with the

steam demand. The steam generated would be distribute via steam pipelines to the different
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consumes and loads. The types of installed steam generation boiler for hospital is fire tube boiler;
feed water converted to steam in the shell side and hot flue gas passes through the tubes.

The Boiler specification used in Adama Hospital Medical College.

Rated evaporation output: 2 ton/h (0.56 kg/s)
Feed water temperature: 20 °C (293K)
Rated steam temperature 184 °C (457 K)
Rated working pressure 1 Mpa

Heat efficiency 90%

Water treatment: - proper treatment makeup and feed water is necessary before enter to boiler to
prevent fouling, corrosion in boiler and provide required steam cleanliness. According to the
manufacturer, the boiler has an energy efficiency of 85%. Among the total processes happen in
hospitals used almost all of them consume hot water.

Fuel consumption and Steam Demand Cost of Boiler

Enthalpy of heat water and steam at a specification pressure and temperature are

hs @ impa =2000.6 kJ/kg and hsw @ 20°c = 83.94 kJ/kg (From steam table).

The heat value of a fuel is the amount of heat released during its combustion and is expressed in
energy (J) per specified amount (kg). For diesel fuel heating value range is between 42 to 46 MJ/kg
and (GCV =45 MJ/kg selected). Then, the heat required to the feed water at 20°C raise 2 ton/h of
rated evaporation output at IMPa and 184°C is calculated as the following equation. hs @ 1mpa
=2000.6 kJ/kg and hfw @ 20°c = 83.94 kl/kg. In a case of steam generator useful heat can be

calculated as:-
. kg kJ MJ
Heat required, Qysefur = Ms(hs — hpy) = ZOOOE * (2000.6 — 83.94) == 3833'?’?

From the result, the power required to raise a feed water to steam is 1064.8 kWh

MJ
_ me (he— h 3833.32 7~ k
Fuel quantity; mg. = Quseful _ Ms (s~ hew) _ hr ___ — 100.22 2
Npx GCV Npx GCV 0.85 x 45,000 KJ/kg hr

Hence, 100.22 :—f quantity of diesel is required to produce the 2 ton/h of the steam.

Daily oil Tank: -The standby daily oil tank installed to store backup diesel for hospital has the
following specification; specific volume is 2000 liter and mass is 645 kg. The boiler uses the daily

fuel consumption is around 85 L/day and the cost of this amount of diesel cost is 1,583.55 ETB.
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Fuel unit cost

1 liter or 0.85 kg diesel fuel cost is 19.63 birr on a market cost and heating value of diesel fuel is

38.7 MJ (1 liter = 38.7 MJ).

Then, Unit price of fuel = =235 — 4,87 » 107+ 22L = 1,72 227

38700 kJ % wh This indicates that the

fuel cost is higher than the cost of electricity. The hospital expenses more costs for fuels also. An
average fuel consumption of diesel used to produce a steam is 100.22 kg/hr.

Avg fuel consumption
hr

Average fuel cost =

Birr
hr )-

For the required fuel consumption, the average fuel cost is (Average fuel cost = 432.76

So, the results indicates that among the total operational cost of the hospital, the amount of cost
for fuel paid was 68%. The total cost paid for fuel was about 60,800.00 ETB and from this values
approximately 39,397.5 ETB was paid for steam generating fuel. In conclusion, from the results
the hospitals pay more money for diesel and electric power. Besides, the hospitals uses four diesel
generator as energy source. So, by considering such a problems and other related to this cost,
saving time, and performance; the solar thermal system is proposed to the hospitals as alternatives

energy sources.
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CHAPTER 4
4. Performance Analysis of Solar Flat Plate Collector for SWH

A flat plate solar collector is a core of solar system and required to produce hot water that satisfies
the HWD for Adama Hospital Medical College. To estimate a number of solar FPC for the
hospital; the solar potential of Adama in a year, transient performance of the single FPC and solar

thermal energy storage for supplying hot water for 24 hour function are discussed.

4.1 Estimation of Available Solar Radiation

Solar energy is available in all around the world, especial in tropical zone. Its intensity varies
significantly according the place on the earth's surface and for the same place according to the time
and the existing meteorological conditions. As a very important renewable energy source, solar
radiation parameters and solar-earth angles are most importance factors for the estimation of the
energy reaching the earth's surface. Developing country like Ethiopia which has 12 month of sun
shined, solar thermal system which is environmental friendly and sustainable source of energy is
the best alternative of energy consuming. Ethiopia has an annual mean average solar radiation of
about 5.2 kWh/m?, and the range of 4 — 6 kWh/m? with average sun light length of more than 10
hours per day throughout the year and has high potential of solar irradiation (UNCC, 2002).

4.1.1 Estimation of global solar radiation using sunshine duration

To estimate solar radiation the data like geographical coordinate of site, sunshine hours and
weather condition is the most important and prior requirements. Simply, Sunshine duration is the
length of time that the ground surface is irradiated by direct solar radiation and used to characterize
the climate of sites. Geographical coordinates of Adama station: -Latitude (¢p) =8 33° 23.8° N =
8.558% Longitude =39 17’ 2.5”” E = 39.28°; Altitude = 1648 m above sea level. Thus, shows that
climate of the city is dominated by hot climate type.

Table 4.1 Sunshine hourly duration for five years (source; East Shoa Meteorology)

Months | Jan Feb Mar | Apr | May | Jun |Jul | Aug | Sep | Oct | Nov | Dec
2013 8.9 10.05 | 8.4 8.12 | 835 |7.89 |53 68 |77 |83 8.78 10.10
2014 946 | 8.7 8.6 9.0 8.6 86 |64 |69 |66 |87 |91 8.85
2015 9.7 10.1 9.5 8.7 8.8 7.5 9.3 8.0 |83 9.0 |9.07 |88
2016 7.7 8.5 9.3 6.7 7.6 7.8 64 |67 |72 |98 10.05 | 9.7
2017 7.9 8.9 9.2 9.5 7.8 8 66 |59 |68 8.7 |99 9.4
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Table 4.2. Estimation of five years average sunshine hour duration.

Months Jan | Feb | Mar | Apr | May | Jun | Jul Aug | Sep Oct Nov | Dec

Avg (2012-2017) | 8.73 | 9.25 | 9.0 8.4 823 | 7.96 | 6.8 6.86 | 7.32 | 89 938 |9.35

Monthly Average Sunshine Duration
T T

10 T T T

Sunshine Hour

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months

Figure 4.1 Monthly averagely sunshine duration for each months of Adama
4.1.2 Preliminary Terminology and sign conventions for estimation solar radiation

I.  Solar Time
Time based on the apparent angular motion of the sun across the sky with solar noon the time the

sun crosses the meridian of the observer. Solar time is the time used in all of the sun-angle
relationships. So, it is necessary to convert standard time to solar time by applying the equation of
time which takes into account the perturbations in the earth’s rate of rotation which affect the time

the sun crosses the observer’s meridian.

Solar time — standard time = 4(Lg; — Lipc) + E 4.1
Where, Lg; -is the standard meridian for the local time zone; L, -is the longitude of the location
in question, and longitudes are in (°) West, that is, 0c< L < 360-.

The parameter £ is the equation of time (min) and sited (Kalogirou, 2014).

E =9.87sin(2B) — 7.53 cos(B) — 1.5sin(B) [min] 4.2
360
B=(N-81)_— 43

Where, N is day of the year, 1< N < 365
II.  Declination angle: -the angular position of the sun at solar noon with respect to the plane

of the equator, north positive (—23.45° < ¢ < 23.45"). The declination angle in degrees for
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any day of the year (N) can be calculated by the equation (Duffie & Beckman, Solar

engineering of thermal processes, 2013):

§ = 23.45sin[>2 * (284 + N)] 4.4
II.  Solar Hour angle (w): -is the angular displacement of the sun east or west of the local
meridian due to rotation of the earth on its axis at 15" per hour (morning negative and

afternoon positive) and cited from (Duffie & Beckman, 2013): -

w = 15 * (solar time — 12) -4.5

IV.  Sunrise and sunset times and day length
The sun is said to rise and set when the solar altitude angle (o) is zero. So, the hour angle at sunset,

h, can be found by (Kalogirou, 2014): -

hge = cos™1(—tané * tang) 4.6
Where, hy is taken as positive for sunset
Meanwhile, the hour angle at local solar noon is zero, with each 15° of longitude equivalent to 1hr,

the sunrise (H,-) and sunset (Hy) time in hours from local solar noon is then given as:

Hys =12 + 11—5 * cos~1(—tané * tany) 4.7

Hy, =12 — 11—5 * cos~1(—tans * tang) 4.8
The length of sun shine hours (Ns) are computed from: -
2
N, = Ehss 4.9
V. Collector Tilt: -The tilt of a collector is the angle between the collector and the local

horizontal. In most solar water heating applications, a tilt of approximately latitude plus
10° to 15° is near optimum (Duffie & Beckman, Solar Engineering of Thermal Processes,
2013). Slope, p = ¢ + (10° to 15°)

For Adama latitude = 8.54; the slope of the collector is: -f = ¢ + 12.5°=8.54° + 14°=22°

4.1.3 Estimation of Hourly Solar Radiation on a Horizontal Surfaces (HS)

4.1.3.1 Extraterrestrial (ETR) daily Solar Radiation on a Horizontal Surface
At any point in time, the solar radiation incident on a horizontal plane outside of the atmosphere
is the normal incident solar radiation as given by Klein relationship Equation: -

H, = 24*z600 Isc(1 +0.033cos (%)) * (cospcosdcosms + %Owssinéisin(p) 4.10

Where, ms = sunrise hour angle
H, - in Wh/m?
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Ise = Gse = 1367W / m? (Solar constant)
n = average days for the month or the day of the year under consideration (1 to 365).

Average Daly Extraterrestrial Radiation on Horizontal Surface
T T T T T T T T T T T

£
=

w
N
T

1

(%)
=]
T

1

134
wn
T

1

— —
= wm
T T

1 1

Average Daliy ETR Radiation (MJ/m 2)
o S
T T
1 1

=]

Jan Febr March Apr May June Jul Aug Sept Oct Nov Dec
Months

Figure 4.2 The solar radiation incident on a horizontal plane outside of the atmosphere
(Extraterrestrial (ETR) daily Solar Radiation)

4.1.3.2 Prediction of Monthly Average Daily Global Radiation on a HS (H)

The first empirical correlation using the idea of employing sunshine hours for the estimation of
global solar radiation was proposed by Angstrom. The Angstrom correlation was modified by
Prescott and Page. The simplest model used to estimate monthly average daily solar radiation on

horizontal surface is the well-known Angstrom equation.

L =a+b(r) 411

Where, H = monthly average daily radiation on horizontal surface (Global radiation).
H, = Monthly average radiation outside of the atmosphere (extraterrestrial, ETR on the
horizontal surface) for the same location (w/m?)
a, b — empirical constants.
N - Monthly average daily hours of bright sunshine (sunshine hour).
N, - Monthly average of the maximum possible daily hours of bright sunshine.

The regression parameters a and b can be determined from; -

a=-0.11+0.235cos¢ +0323(%) 4.11a
b=1.449 - 0.533 cosg —0.694(=) 4.11b
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Monthly Average Daily Solar Radiation on Horizontal Surface
T — T T
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Figure 4.3 Graph of Monthly Average Daily Global Radiation on a Horizontal Surface

4.1.3.3 Prediction of Monthly Average Daily Diffuse Radiation on HS (H,)
The monthly average daily diffuse radiation on a horizontal surface can be determined from the

monthly average daily global radiation on a horizontal surface and the number of bright sunshine

hours by Dincer et al., (2007).

H n
2 =0.931+0.814 (%) 4.12
H Ny

Monthly Average Daily Diffuse Radiation on a Horizontal Surface

—
N

—
=]

=]

=)

=

N

Monthly Average Daily Diffuse Radiation (MJ/m 2)
<

Jan Febr Mar Apr May June July Aug Sept Oct Nov Dec
Months

Figure 4.4 Graph of Monthly Average Daily Diffuse Radiation on a Horizontal Surface
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Intensity of Solar Radiation on Horizontal Surface (MJ/m2 per day)
T T T T

25/§\I/\

20k Global SR |
—©— Diffuse SR

— #& — Beam SR

PEEET U
7

152 ~

Solar Radiation (MJ/m 2 per day)

5 1 1 1 1 1 1 1 1 1 1
Jan Febr Mar Apr May Jun Jul Aud  Sept Oct Nov Dec

Months
Figure 4.5 Graph of Monthly average daily global, diffuse and beam of solar radiation.

4.1.3.4 Prediction of Monthly Average Hourly Global Radiation on a HS (I)

The monthly average hourly global radiation on a horizontal surface can be calculated from the
knowledge of the monthly average daily global radiation on a horizontal surface, Dincer et al.,
(2007). The total hourly solar radiation falling on a horizontal surface, / in W.h/m?, could be
estimated from the daily global radiation, H (in kJ/m? per day) in accordance with (Duffie &

Beckman, Solar Engineering of Thermal Processes, 2013).

COSW—COS wg

T b4
—=—(a+ bcosw)— - 4.13
H 24 SIN W=7 -WSCOSW S
a=0.409 + 0.5016 sin (wg — 60) 4.13a
b =10.6609 — 0.4767 sin (wg — 60) 4.13b
1200
o —&—JAN
§ —B— FEBR
X900 —A— MAR
§ —%— APR
2 —%— MAY
= 600
a —..—- JUNE
=
= —+— JULY
E 300 —o— AUG
= SEPT
8 ....... 0 ...... OCT
0 BE-BEEE I BB A EEE
) 5 9 13 17 21 25 8—NOV
Hours —-A—-DEC

Figure 4.6 Monthly average hourly global radiation on a horizontal surface (Wh/m?) at Adama
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4.1.3.5 Prediction of Monthly Average Hourly Diffuse Radiation on a HS

The hourly values of the diffuse solar radiation can be estimated from the equation 4.13.

T COSW—CO0S wg

i 4.14

_
S

. 3
24 sin Ws—TgWSCOSW S

400
350
300

Hourly diffuse solar radiation (D)
(W/m?)
[}
=

150
100
50
1 4 7 10 13 16 19 22 25 TTTTT Dec
Months

Figure 4.7 Monthly average hourly diffuse solar radiation on horizontal surface (W/m?)
The direct (beam) component of the solar radiation on a horizontal surface is then obtained from:

Gb :G—Gd 415

4.1.4 Estimation of Hourly Solar Flux on Inclined Surfaces
Usually, collectors are not installed horizontally but at an angle to increase the amount of radiation
intercepted and reduce reflection and cosine losses. So, system designers need data about solar
radiation on such tilted surface. The amount of insolation on terrestrial surface at a given location
for a given time depends on the orientation and slope of the surface.
A flat surface absorbs beam (Ggy), diffuse (Gpt) and ground reflected (Ggt) solar radiation and
global radiation on tilt surface (Gy) given as: -

Gt =GBt T Gpt TG Grm-mm-m=mmmmmmm e oo o 4.16

General form of total hourly solar radiation energy incident on an inclined surface Gt given by:

) +(Gp + Gd)P(

Where, G, - total hourly irradiance on a tilted surface (w/m?); G, — Hourly beam irradiance; G, -

1+cosf
2

4.17

G, = G,R, + G4 ( 1‘“’53)

2

Hourly diffuse irradiance

R}, — The ratio of beam radiation on the tilted surface to that on a horizontal surface

I Ip cos @
sz bT __ b

= (Beam radiation factor)
Ipm Ip cos B,
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[ — Surface slope angle and p — Reflectivity (0.2 for bare earth and 0.7 for snow)
8, - is the solar zenith angle

Angle of incidence is angle b/n the beam radiation on a surface and the line normal to surface: -

cosbi = cospcosf + singsinfcosocosw + sind(sinpcosff — sinfcos @) ------------- 4.17a
Zenith angle is the angle between the sun®s ray and the perpendicular line to a horizontal plane: -
Cos&z = cospcosocosw + singsind 4.17b
1200 —%— FEBR
— —A— MARCH
§ 900 ---3--- APRIL
< —o6— JUNE
=
]
2 600 —+—JULY
§ —%— AUG
=
3% g &K T SEPT
]
A —o— OCT
0 B N e s 8—NOV
1 4 7 10 13 16 19 22 — A—-DEC
Hours
—%— MAY

Figure 4.8 Global hourly solar radiation on 22.5° tilted surface (W/m?)
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Figure 4.9: Maximum Hourly Global, Diffuse and Beam SR on inclined surfaces (22.5°) on Febr
16™.
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4.1.5 Adama Climate Condition and Estimation Hourly Variation of Ambient Temperature

4.1.5.1 Climatic condition
Adama is characterized by a climatic condition of tropical region; It has high intensity of solar

radiation. The monthly average temperature of Adama ranges between 18.1°C (December) and
22.6°C (April). Meteorological data are required for evaluating heat transfer between the system
and its surroundings. In this paper, for thirty years average climatic conditions of Adama are used
to analyze different parameters.

Table 4.3 Monthly average annual climatic condition of Adama (Ethiopia National Meteorology

Agency)
Months in a year Year
Jan | Feb | Mar | Apr | May [ Jun [Jul [ Aug [ Sept| Oct | Nov | Dec
Average |27 |[28.129.6]30.130.5]29.4]|24.426.1(27.5]|279]26.7(25.7|27.8
max
E Daily 19.2(20.4 [21.9[22.622.5]|224|184]20.6|21.1|20.1]18.7]|18.1]20.5
i; mean
§ Average |[11.4 (128143152146 |153|125|15.1|14.7|123]10.8|10.6|13.3
5

min

Wind speedm/s 3.5 |27 [3.5 [35 |35 [28 |28 |27 [28 |34 (43 |34

4.1.5.2 Estimation of Diurnal Variation of Ambient Temperature

There are many methods of calculating variation of daylight of ambient temperature. Among them
the hourly variation of temperatures can be predicted from the daily maximum and daily minimum
temperatures using the sine-exponential model (Brandsma, 2006) was selected. The method was
developed by Parton and Logan (1981). This model describes the diurnal cycle by a sine function
during daytime connected to a decreasing exponential function during night time.

¢ For daylight hours

T(H) = (Tmax - Tmin) sin (::Z;) + Tmin """""""" 4.18
@ For night time hours
—bx
T(H) = Tmin + (Tsunset - Tmin) exp ( ~ Tl) """""" 4.19

Where T (H) is the temperature at any hour of the day or night period determined from m and n, y

is day length (h), z is night length (h), Ts,,se¢ 1S temperature at sunset (°c), m is number of hours
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between time at T,,;,, and sunset (h), n is number of hours from sunset to the time of T},;,, (h), a is

lag coefficient for T, ,,=1.80(h), b is night time temperature coefficient =2.2 (h).

s Hourly Variation of Ambient Temperature K

(%)
o
(=]

295

290

Ambient Temperature (K)
[\
o]
(9]

280
1 4 7 10 13 16 19 22

Times (hr)

Figure 4.10: Result of average variations of ambient temperature of Adama

4.2 Transient thermal performance analysis of Flat Plate Collector

The mathematical modeling of the flat-plate solar collector (FPC) is concerned under transient
conditions. This is done by deriving governing equations for each layer in the solar collector
(cover, air gap, absorber, working fluid, and insulation), the derived model will be solved using
finite difference method in an iterative scheme utilizing the MATLAB software package. A FPC
is a heat exchanger that converts the radiant solar energy from the sun into heat energy. Solar flat
plate collector with metal absorber plate and covers are the most successful devices that convert
solar energy in to heat at reasonable price without affecting environment. Therefore, solar FPCs
are types of solar collectors that are used to absorb and intercept the sun’s radiations for water
heating. Thermal water obtained using FPC is used in the different low to medium application like

hospitals, hotels, homes, industries and etc. (Tiwari, 2016)
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Cover sheet

Liquid inlet

Liquid pipes
Insulation e

Figure 4.11 Cross section of a typical liquid flat-plate collector (Duffie & Beckman, 2013).

4.2.2 Technical Specification and Assumption of Flat Plat Collector Model

A number of simplifying assumptions can be made to analyses a flat plate collector without

complicating the basic physical situation, (Duffie & Beckman, Solar Engineering of Thermal

Processes, 2013). These assumptions are mentioned as follows:

R/
A X4

Performance is steady state.

Construction is of sheet and parallel tube type.

The headers cover a small area of collector and can be neglected.

The headers provide uniform flow to tubes.

Heat flow through a cover is one dimensional.

There is a negligible temperature drop through a cover.

There is one-dimensional heat flow through back insulation.

The sky can be considered as a blackbody for long-wavelength radiation at an
equivalent sky temperature.

Temperature gradients around tubes can be neglected.

The temperature gradients in the direction of flow and between the tubes can be treated
independently.

Loss through front and back are to the same ambient temperature.

Dust and dirt on the collector are negligible.

Shading of the collector absorber plate is negligible.
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Table 4.4 The main specification reference for Solar Flat Plate Collector used in analyses.

Description

Collector type

Gross Area m*

Aperture Area m?

Collector Area m?

Collector thickness

Edge insulation thickness

Glass cover material & No of glass
Refractive index or glass relative to air
Glass cover emissivity/absorptivity
Length of absorber plate m

Width of absorber plate m

Absorber plate Material

Thermal conductivity of plate material W/mK
Density of the plate material kg/m?

Plate thickness

Air gap between cove and plate

Riser and Header Tube Material

Diameter of tube

Diameter of header pipe

Riser pipes diameter (outer/inner)

Tube center to center distance

Stagnation temperature °c

Transmittance of the glass %

Insulation material

Thermal conductivity of insulation W/mK
Thickness and density of insulation material
Emittance of the glass/absorber plate

Heat transfer medium

39

Technical specification
Flat Plate Collector
2.02

1.92

2(2m*l m)

0.078m

0.021m

Tempered glass, low iron, 3mm thickness & 1
1.5

0.85

1.95

0.92

Copper

386

8954

0.16 mm

0.025m

Copper

6.33 mm

12.7m

10/8 mm

100 mm

197

90%

Glass fiber

0.04

0.05m and 200kg/m? respectively
0.86/0.95

Water
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4.2.3 Basic Energy Balance Equation for Flat Plate Collector
Under steady-state conditions, based on the first law of thermodynamics, the energy balance of a
conventional FPC that indicates the distribution of incident solar energy into useful energy gain,

thermal losses, and optical losses as the follows (Tiwari, 2016):

da, = qu + 4. 4.20
Gq, = (@DI(t) 4.20a
4L = U (Tpc — To) 4.20b

{a, 1s the rate of energy absorbed by the plate per unit area; qy is the rate of useful energy
transferred to the fluid and q; is the rate of energy lost per unit area by the absorber plate to the
surroundings.

The above equation can be written as:-

qu=1®)(ar) —UL(Tp — Ty) 421
The rate of useful thermal energy for an FPC of area A, can also be written as
Qu = C'IUAC = Ac [I(t)(OlT) - UL(TP - a)] 4.22

Furthermore, an instantaneous thermal efficiency can be defined as follows:

.—q_U:& - _ Tpc—Ta) 4
= 1(t) At (@) —Uw( 1(t) ) 4.23

Where, @ and 7 are the absorptivity and transmissivity of the glazing surface of the FPC,
respectively, I(t) is the incident total solar radiation in the plane of the absorber (W/m?), T, and
Ta are an absorber plate and the ambient temperature (°C), respectively; and Uy is an overall heat
loss coefficient for the FPC (W/m? °C). Referring to Equation (4.2a) the rate of useful energy
decreases with increasing temperature difference. The higher the rate of thermal losses (ql), the
lower rate of useful energy output (qu). The rate of heat loss depends onTp — T,. Hence, for
different ranges of temperature difference, different types of collectors are designed to minimize
q; and optimize gy (Tiwari, 2016).

4.2.4 Incident solar radiation and solar energy input

Estimation of collector performance and Investigation of solar water heating system needs
knowledge of the availability of global solar radiation on the collector absorber plate. Meanwhile
the solar radiation reaching the earth’s surface depends upon climatic conditions of the place, a

study of solar radiation under local climatic conditions is crucial. The solar energy incident on a
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tilted collector consists of beam radiation, diffuse radiation, and ground-reflected radiation
presented in equation 4.15 and 4.16. Therefore, the results are present graphical as the following.
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T T T T T T T T T T T
1000 - b
900

800 B

700 -
600 -~

March
— — — April
—— May

500

400 ~

300 -

Solar radiation (W/mz)

200 -
100

0

#

e 1 1 1 1 1 VR VI CE CE
nai na -

6 8 10 12 14 16 18 20 22 24
Times (hr)

o
g

90SC) Hourly inccidence solar radiation on tilted surface collector for summer season
T T T T T T T T T T T

800

(W/m?)
e
g
T

[

(=3

=]
T

500 — — —June |
—A— July
400 —¥— August | |

(73

=3

=)
T

Incidence solar radiation
[}
[
(=)
T

—

=3

=
T

2 4 6 8 10 12 14 16 18 20 22 24
Time (hr)

=4
B

41



M.Sc. Thesis

Thermal & Aerospace Engineering

lO(SOD) Hourly Incidence solar radiation on tilted collector surface (22.50) for Autumn season
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Figure 4.12 Monthly average hourly incidence solar radiation on a tilted surface (22.5°) for all

seasons in a year (A, B, C & D).

4.2.5 Overall Heat Loss Coefficient of Solar Flat Plate Collector

Performance of FPC is largely affected by thermal loss to the surroundings through conduction,

convection, and radiation. It is useful to develop the concept of an overall loss coefficient for a

solar collector to simplify the mathematics (Duffie & Beckman, 2013). Thermal loss from an FPC

to the surroundings can occur in the form of:
a. Top loss: -the absorber plate through the glass cover
b. Bottom loss: -the absorber plate through the insulation

c. Side or edge loss: - rate at which heat is lost from the sides

T,
T,
1/UA,
. o1 i
1/UA, Qi Equl;a ent
Qo
1/UpA, T,
T,

Figure 4.13 Thermal resistance network collector losses (Kalogirou, 2014).
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4.2.5.1 Overall Top-Loss Coefficient - Ut
The top loss coefficient Uy is evaluated by considering convection and re-radiation losses from the

absorber plate in the upward direction.
a) Convective heat-transfer coefficient:
1. From absorber plate to the glass cover (hic)
The convective heat-transfer coefficient between the absorber plate and the glass cover (inclined

at an angle B to the horizontal), can be written as follows:

NUkg
L

hye = 424

Where, Nu is the Nusselt number; Kais the thermal conductivity of air between the plate and the
glass cover and L is the spacing between the absorber plate and the glass covers.
Hollands et al., (2009) suggested the relationship between the Nusselt number and Rayleigh

number for tilt angle B from 0 to 75° as:

1
_ 1708sin(1.88)16 _1708 1% Rqcos B\3
NU=1+144 [1 Ry cos B ] [ Ry cos B + I(W) 1] ------------------ 4.25
AT L3
Ra = e 4.25a
av
Pr= g ---------------------------------------------------------------------------------- 4.25b

Where, “+” exponent means only the positive value of the term in square bracket is to be
considered and Zero is to be used for negative values. g — The gravitational constant; AT —

Temperature difference between the plate and the glass, and Bv - is the volumetric coefficient of

O3

Solar

expansion of air.

Radiation and

i ot Reflection
radiation convection
Top of Collector
== =
convection _— Radiation -~ O_
tis s s S R s Y Conduction
l Air leakage

Bottom heat loss by convection
and radiation

Figure 4.14. Various heat losses from absorber to ambient (Tiwari, 2016).
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2. From glass cover to ambient air - hzc
The convective heat transfer coefficient (hyc) from the glass cover to ambient is calculated from
the following empirical correlation.

T A X T 4.26

Where, ha is in W/m? k, and V is the wind speed over the glass cover of the FPC in m/s.
b) Radiative heat-transfer coefficient:
i.  From absorber plate to glass cover - hir
The hi,is the heat-transfer coefficient by radiation from the absorber plate to the glass cover, and

it is expressed as: -

[(Tpc+ 273)*— (Tg+ 273)*]

4.27

hlr - geff Tpc— Tg

The rate of heat transfer from the absorber plate to the glass cover by radiation (W/m?) can be
written as: -

(Graa = har(Tpe = Tg) 4.28
Where, Ty and Ty are the absorber plate and glazing temperatures in °C, respectively.

6 =>5.67 * 10® W/m? K* is Stefan’s constant.

The eefr is the effective emissivity of plate-glazing system, and it is given by: -

1 1
Eeff = [; Tt 4.29
ii.  From glazing cover to ambient - har

The heat-transfer coefficient by radiation from a glass cover to the ambient depends on the long-

wavelength radiation exchange with the sky at sky temperature Tsky, which is given as

Tsky = Ta— 6 = 0.0552T 1> 4.30
Thus, the radiative heat-transfer coefficient, hor can be written as follows:
o = 05 LIt = Tt T _ g 1 31
@ The total heat transfer coefficient from collector plate to cover is expressed as:
hi =hic+hir 431a
@ The total heat transfer coefficient from the cover to ambient is expressed as:
hy = hae thor 4.31b

44



M.Sc. Thesis Thermal & Aerospace Engineering

The thermal resistance due to conduction, heat-transfer coefficient (hx = k¢/Ly) for glass cover is
not significant and hence it can be neglected. An overall top-loss heat-transfer coefficient (Ut )
from the absorber plate to the ambient is:

1 17171
Up = [+ 432

The rate of heat loss through the top glass cover per unit area, (W/m2), can be written as: -

qs = UL(Tpc - Ta) 4.33

4.2.5.2 Bottom Loss Coefficient
The bottom loss coefficient Uy is evaluated by considering conduction and convection losses from
the absorber plate in the downward direction through the bottom of the collector. Neglecting the

convective resistance at the bottom surface of the collector casing and it is expressed as: -

Uy == 22208 — 0,73 WK 434

Where, K; = thermal conductivity of the insulation, ti = back insulation thickness.

4.2.5.3 Side Loss Coefficient
As in the case of the bottom loss coefficient, it will be assumed that the conduction resistance
dominates and that the flow of heat is one-dimensional and steady. The side loss coefficient is

always smaller than the top loss coefficient.

_ﬁ ﬁ _ ﬁ _ 0.121 21, — 2
Ue =2 () =Up (1) =0.667 (5 ) W/n’k = 0.1478 W/m’k 435

Where, Aj =P * he = 2(1.95 +0.92)*0.078 m?
P = perimeter of the absorber plate (L. * W¢), he = height of the edge (collector thickness)
and t= edge insulation thickness.

The overall heat loss coefficient Uy is the sum of the top, bottom and side/edge loss coefficient.

U, = U, + (Us + Up) = U, + (0.73 + 0.1478) 436

w

Uy = U, — 08778 —— 437

The overall rate of heat lost from the absorber to the ambient air through the glass cover and bottom

insulation is given by: -

e = Ue(Type — Ta) 437
ap = Up(Tpe — Ta) 438
Gs = Us(Tpe — Ta) 439
4L =qr + Gy + qs = U(Tpe — Ta) 4.40
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By applying energy balance heat transfer between plate to cover and cover to ambient air and the

basic energy equation of top loss coefficient become:

Q=hy(T, —T,) = hy(T; — T,) 4.41
-1
U =|—+—| =U, — 0815W/m2k 4.42
h; ' h,

By using Iteration method, solving the equation (4.41) and (4.42) simultaneously and after some
steps came up with the following results:

U = 6.87W/m?k, U, =7.69W /m*K, T, =367 K,T, =318.15K, T, = 296.15K

hyy = 6.254W /m?k, hy, = 8.43 W /m?k, hy. = 16.91W /m?k, hy, = 4.11W /m?k

4.2.6 Collector efficiency factor F' and temperature distribution between tubes

Consider the figure 4.17 shows a dimension of one tube below the plate (absorber) configuration.

< W > / Ty
-1' Absorber Plate
—

Plate-tube bond

Figure 4.15 Bonding material placed between the plate and the tube.

Where, Ty - local base temperature for sheet above bond; W - Distance b/n the centres of the two
tubes; W/2 - the distance between the centres of the absorber sheet and the tube; D & d - outer and
the inner-tube (riser) diameters are D and d, respectively; 6 and (W - D)/2 — Thickness of absorber

sheet and fin length respectively

|
™ \ adT T b .
N\ e SRy IAx
4 4 4 4 4 4 » ’
a \
e mm——————r
Y 1x 7 N\ E
>4 > 4 1 .
...... dT 1 dT|
! H A 4 / _k5—| —1» -ks—
+ { ro— I I P -ko—
4 I ' P ax |, 1 1 el PP T
.r -------- 4 ‘ + L
i e e e e e = 1
O
Insnlated ip ¢ » L - gl
w-D % Ax

Figure 4.16 Energy flow on fin element (a) Fin with Insulated Tip and (b) Energy balance Over

Finite Volume.
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Bearing in mind heat transfer occurring in the x-direction and an elemental region of width Ax and
unit length in the flow direction as shown above, energy balance on this element can be written as:

Ein—Eow=0 4.43

(@) (t)Ax + U, (T, — T)Ax + (—k&%

x)— kI =0

0Xlx+ Ax

(at)I(t)Ax + U, (T, — T)Ax + (—ka %) — (- k8= (T +dT)4x) = 0

(@D)I()Ax + Uy(T, — T dx + (k6 L5) ax) =0

T _ —[(at)I(t) + UL (T, — T)]

dx?

Where, [(t)-the absorbed incident solar energy. Dividing all over Ax and using the limit as

Ax—> 0 yields:

a’r _ug

(@)I()
=4l —Ta- ] 4.44

UL

Hence, the second-order differential equation, to solve the two boundary conditions are required.

=0 & Tlx_ w-py = Tp; Assume m? = % and®=T —Ta — (Gt)e)
x = W=D)

dr
Thus; —
dx 2 Up,

d’T _ d?® 9dod (at)I(t)

=0 & CDlxz (W-D) = Tb —Ta

dxz  dx? © dx x=0 3 UL
Finally the equation (4.44) becomes:
2
L2 mXd=0 4.45
dx

The general solution of the second order equation given as: -

® =C;sinh mx + Cycosh mx 4.46

Ci and C; are constants and obtained by using boundary condition.

% = mC;1cosh(m * 0) + mC, sinh(m*0) =0 = C; =0
x=0
(at)I(t)

_ WDy _p e @I© _ DT
d)lx= (WZ—D) = C,cosh m( > )Y=Tp, —Ta o Then C, cosh (D)
The general solution becomes:

Tp ~Ta~ C910

® =———%— cosh mx 4.47

cosh m(T)

_(@I®

T-Ta=—5— cosh mx

= W-D
Tp —Ta— % cosh m(T)
The temperature distribution found as :

47



M.Sc. Thesis Thermal & Aerospace Engineering

T=(T, —Ta — &2 [ o s l + (@D 1) 4.49
UL cosh m(——) UL

Or

T= ((at)l(t) +Ta)- [(atl)]IL(t) (T, - Ta)]*( COSh(I;lVXD )

The energy conducted to the district of the tube per unit of length in the flow direction can be

found by evaluating Fourier’s law at the fin base.

dT m(W D)

Af iy = —k5a (W=D, = m— [(at)I(t) — U, (T, — Ta)ltanh ( ) 4.50
x=( =L

The energy collection for both sides becomes:

qu =2 m_ [(at)l(t) - UL(Tb — Ta)]tanh (m(W D)) 451

The equation (4.51) is the rate of heat conducted toward the tube by conduction due to fin per unit

length written as; -

A, = FOW = D)[(a)I(t) = U(Ty —Ta)] 4.52
tanh (—m(VZ_D) . . ) UL
Where, F = — =5 is called fin efficiency and m* = P

2

For a fin length L the rate of heat conducted toward the tube can be written as:

Qfin =F(W = D) * L * [(a)I(t) — U,(T, — Ta)] 4.53

Collector Efficiency factor (F') : - is the ratio of the actual energy output of the collector to the
energy output in which if the total absorber temperature Tmp Wwas at the average fluid temperature
Tr with the same fluid quantity of flowing through the tube, (T,,, = Tf) (Duffie & Beckman, Solar

Engineering of Thermal Processes, 2013):

Yy
F' = . L—— 4.54

ULID+(W-D)IF " Cp ' mDjhg;

Where; F' is the fin efficiency, hs is the heat transfer coefficient between the fluid and the tube
wall. The bond conductance C, can be estimated from understanding of the bond thermal

conductivity ks, the average bond thickness vy, and the bond width b and per-unit-length basis:

C, = 22 4.55
14

It is necessary to have good metal-to-metal contact so that the bond conductance is greater than 30

W/m°C (Duffie & Beckman, 2013).
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In this thesis the working fluid circulates through the system, pressurized by external energy
source, this lead to forced convection.
The rate of useful energy output from the collector may also be measured by means of the amount

of heat carried away in the fluid passed through it and given as: -

Qu = mcy(Tro — Tfi) 4.56

Collector Heat Removal Factor, Fr: - is define a quantity that relates the actual useful energy
gain of a collector to the useful gain if the whole collector surface were at the fluid inlet
temperature and is expressed as (Tiwari, 2016):

mCy(Tro—Tri)

Frp = 4.57
R Ac((@d1®)-UL(Tso-Ty:))
_ TGy AULF'
Fr= o —oxp (5 )] 4.58

The maximum possible useful energy gain in a solar collector occurs when the whole collector is
at the inlet fluid temperature. The actual useful energy gain (Qu) is found by multiplying the
collector heat removal factor (Fr) by the maximum possible useful energy gain.

Qu= FrA[I(t)(ar) — UL(Ty; — Ta)] 4.59

The outlet fluid temperature Tf, can be calculated by combining equations (4.56 and 4.59):

Tyo = 22 [1(t)(a7) — Up(Tpi — To)] + T 4.60

me

The instantaneous thermal efficiency of flat plate collector is given by:

- Qy _ FRr Ac[I(an)— UL (T;— Tg)] — _ Tri—Tq
Mins = 270 Al (D) Fr {Ta Ur ( 1(t) )} 4.61

Variation of Desired Outlet Temperature ( °C) Versus Mass Flow Rate (kg/s)
T T T T

(=2
n
T

Tempeature (°C)

n
n
T

N
=]
T

40 1 1 1 1
0.005 0.01 0.015 0.02 0.025 0.03

Mass Flow Rate (mf)

Figure 4.17 Variation of desired outlet temperature for heat transfer fluid versus mass flow rate
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From equation (4.60 and 4.61) and shown in figure 4.19; mass flow rate is directly proportional to
collector efficiency and inversely proportional to HTF outlet temperature. For the analysis of the
collector system, the mass flow rate of heat transfer fluid is preferred for desired outlet water
temperature range 60-65°C and the heat transfer fluid mass flow rate is 0.0145 kg/sec.

4.2.7 Transient Analysis and Energy Balance Equation of Flat Plate Solar Collector
Components

With the intention of obtain the appropriate energy supply for a particular fixing of a solar FPC,
understanding about the collector operating parameters (temperature of the working fluid) is
necessary for the solar collector works under transient conditions. In this topic, the numerical
model used to simulate the dynamic behavior of liquid FPC is developed. The collector has divided
in to five components (cover, air gap, absorber, fluid, and insulation) which perpendicular to the
flow direction. For each node, the equation describing the energy balance is derived. The derived
differential equations are solved using the explicit finite-difference method. Assume, all the
thermo-physical properties are considered as constant (Salah, 2012).

I.  Single Glass cover
The small thickness of the cover makes it reasonable to consider a uniform temperature through

it. The governing equation can be derived from an energy balance in a differential volume of
thickness 0g and area of (LAy). The heat transfers into the glass by convection between it and the

ambient and by radiation from the sun and the absorber as shown in figure 4.20.
h&

\ J

| Lq |

hc1

Glass Cover hpq

£

——

Figure 4.18 Energy balance and heat transfer techniques on single glass cover

For one-dimensional heat transfer through the collector, the general energy balance is given by: -

dUu . . .

ar Qin — Qout + Qgen 4.62
daT,

CpgPgVy—2 = [ha (Tamp = Ty) + hap((F * Trnp) — Ty) + hye(Tag — T,) + al(t)]LAY -----4.63

Where, hg_amb = hz == h’CZ + h’TZ
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II.  The air gap between the cover and the absorber

EEEEE S

hg-abs

Figure 4.19 Energy balance and heat transfer techniques of air gap between glass and abs. plate

dTq
CpapaVa dt = cl(T ag) +hg—abs((F * Tmp) - Tg)] LAy 4.64

Where, hg—abs = hl = h’Cl + th

III. Absorber Plate

\ Absorber plate

Lg

\ J
il
I(at) Ki by

Figure 4.20 Energy balance and heat transfer techniques on absorber plate

dTabs

KLTLS
Cp abspabsVabs [(OW)I + hrl (T F * Tabs)) + hcl (Tag (F Tabs)) ( ins —

oins

FT,ps)] LAy + ndihﬂ(Tf — (F % Taps)) 4.65

IV. Insulation

hi -amb

\ Insulation
—

! Lq "

Ki

Figure 4.21 Energy balance and heat transfer techniques of insulation
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dTL'ns Kins
CpinspinsVins dt = Sins (FTabs - Tins) + hins—amb (Tamb - Tins) 4.66

Where, hins—amp = he2

V. Working fluid

he AZ
————————————————
I I
| |
Fluid } I
nGeTr|z — > — s MCeTr| z +Az
| |
| |
Flow !
[
Z —PF AZ »

Figure 4.22 Energy balance and heat transfer techniques by working fluids

oT oT
CpfpfAﬁ_tf = TCdlhf(F * Lagps — Tf) — pfmf ﬁzf 4.67

4.2.8 Transient Analysis of Flat Plate Solar Collector Using Finite Difference Method

The explicit finite-difference method is offered to solve the system of equations. The time
derivatives are replaced by a forward difference scheme, whereas the dimensional derivative is
replaced by a backward difference scheme.

@ For ambient atmosphere

t+At t
d Ta Ta,m - Ta,m

— = v 4.68
Where, m=1,2,3,4...... N and At -is time step increment & t is the time
@ For Glass cover
Ty _ Tgh'=Tgm
= v 4.69

After some steps, the unsteady temperature of differential equation to algebraic equation became;

TEEAE = AL * At TL, + A2* At *F* Tf  + A3 * At Tl + Ad x At x T

+AS * At * Iy 4.70

Al = = 4.71
nggﬁg

A2 = e 4.72
nggﬁg

A3 = e 4.73
nggﬁg
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A4 =1 = (A1 + A2 4 AB) s 4.74
A e 4.75
nggﬁg

@ For air gap

t+At t
dTag _ Tag,m_Tag,m

-------------------------------------------------------------------------------------- 4.76
dt At
TEHAL =(1-2 %A6 * AL) Tlym + A6 * At * TEyy + A6 % At % F # Ty wemememmememenenenes 4.77
A6 = — e 4.78
pagcag5ag
¢ For absorber plate
Ay T oM e 479
dt At
Tyt = AT x At « TS + A8 * At * Tfg o + A9 * At * TS+ AL0 * At + Tf , + A1 *At * I,
N Y 4.80
h
A — 4.81
ppCP(SP
h
0 4.82
ppCpép
kins
A9 = m 4.83
A10 = e 4.84
ppCp5pL
AL = 4.85
ppCP5P
A12 = A7 + A8 + A9 + A0 wmwmmemmmemmmmmemmmem e 4.86
@ For working fluid
AT T o 487
dt At
ary _ M ______________________________________________________________________________________ 4.88
ay Az
TEEAE =(1- A13 % At — Ay) Tfpy + Ay Tf_y + A13 % At + F + Tf
A3 = 4.89
prfA
@ For insulation
) t+At _ ot
dTlTLS,m — Tlns,m Tms,m __________________________________________________________________________________ 4.90
dt At
TEHEE =(1 = A16 * At) Tl T ALS * At x TE + A14 % At + F x T ) wmmmeemmmmeeenoees 4.91
_ hpe
Al4 = o Conedn 4.92
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L — 4.93
pinscinsgins
T €8 L - 4.94

Where; an abbreviations of g, ag, p, f, and ins are glass, air gap, absorber plate, working fluid and
insulation, respectively. T is a temperature, Di is for the internal diameter of the tube, F is for the
fin efficiency of the absorber plate, C is for the specific heat capacity, p is for the density, k is for
thermal conductivity, a is the thermal absorptivity of plate, T is the thermal transmissivity of the
glass, 0 is for the thickness, m is for the mass flow rate, N is the number of nodes in the flow
direction, and V is the volume.

Initial Conditions @ t =0 sec or at 12:00 PM morning

The glass cover and insulation materials are maintain at ambient temperature, 23°c.

The absorber plate temperature is equals to ambient temperature and 10°c (T, @i=0 = 33 °c).

The air gap temperature between plate and glazing equals its average of both temperature.
Tp@i=0=(23+33)/2=27.5%

Heat transfer fluid (water) at a temperature of; Tw@i=0 = 23 °c.

Boundary conditions

Temperature of fluid at the inlet of riser tube is equal to the ambient temperature (Tr@ =0 = 23°c).
Finally, the value of FDM analysis of all flat plate collectors are presented in result and discussion.
4.2.9 Estimating total heating load and solar energy

The energy demands to be met by a solar water heating system are hot water load and heat losses
from a system components (storage tank and piping). The heat losses from the tank and piping are
estimated as a fraction of the total hot water load which the fractions ranging from 10 to 25 percent
are used by Mclaughlin et al., (1991).

The energy storage capacity of a hot water storage unit is given by; -

Qs = Vst * pxcy, * AT 4.95

Where, Qg - total heat capacity of the storage tank [kWh]; Vst - Volume of storage tank and
Density of the water (pw= 1000 kg/m?)

cp - Heat capacity of water and the value is 4.2kJ/kg.k (0.001167 kWh/kg k),

AT - Temperature difference of hot and cold water in K.

4.2.10 Determining sizing of collector system

The common practice to determine the total area of collectors is simply founded dividing the total

energy demand of the system to the average energy per month produced by the collector (solar
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radiation, W/m?). Besides, the size of the storage tank helps to determine the optimal sizing of the
collector (4.). Therefore, solar collectors are usually calculated to meet of DHW need in the

period where solar intensity radiation is the least. The total area of the solar collector is given by:

_  Quwp W) 4.96

Acollector - W
N+l avg (F)

Where, Quwp-is total hot water demand; 7n- thermal efficiency and Ir 4,4- is averagely solar
radiation intensity.

4.2.11 Flat Plate Solar Collector Arrays Configuration

A solar water heater is a combination of a solar collector array, an energy transfer system, and a
storage tank. The one part of a SWH is the solar collector array, which absorbs solar radiation and
converts it to heat. The performance of solar collectors is dependent on how they are arranged, the
flow rate through risers and the inlet temperatures to individual modules. Arrays of Solar Collector
modules may be connected in series, parallel or combinations.

(a) Parallel connection: -the riser and headers of each FPC are connected to increase the
volume of water to be heated. The mass flow rate per FPC is the total mass flow rate divided
by number of FPCs. The outlet-water temperature is the same at the outlet of each FPC.
Such FPC modules can operate in natural as well as forced mode.

(b) Series connection: -the outlet of one row of FPCs (the first module) is connected with the
inlet to a second row of FPCs (second module) and so on. The mass-flow rates in such
cases are the same for all rows. The outlet temperature depends on the number of rows of
FPCs connected in series. Such series-connected FPC modules can only operate in forced
mode.

For this study the solar collector array arranged in parallel is selected for an investigation of

solar thermal water heating system component (Tiwari, 2016). The parallel configuration is

the most common setting link and each row may or not have the same number of collectors in

a parallel setting and aligned among each other. Therefore, to become fulfill or cover the daily

hot water demand of the Adama Hospital Medical College is about 265 number of collectors

required.
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Figure 4.23 Diagram of FPC Parallel array configuration
4.2.12 Clearance between collector arrays
Before installing number of solar collector rows the suitable clearance between the collectors
connection should be considered that to prevent the shading effects (Tiwari, 2016). As much as
possible, the clearance between collector rows must be sufficient to prevent shading. As explained
in previous section, for Adama weather condition with collector slope (20°), latitude, 8.54° and 2m
length of FPC, the clearance distance between two neighboring collectors (d) calculated by the
given equation (4.103).

h

d= 4.103

- tan(61°—¢)

Where, h = L * sinf8 = 2 * sin20° = 0.684 m
[ and ¢ —Inclination of the collector and latitude; L - Length of the collector

2 * sin20°

d= ~0.53
tan(61° — 8.549) m

“Sun
ad n

L- Length of the collector d- Clearance between two collector
H — Collector height  f§ - Collector angle of inclination - angle of solar radiation

Figure 4.24 Clearance of collector arrays angle of inclinations
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Next, for determining the number of collector per row, the space where the collector is installed is
considered. Thus, the installation space used may be on the roof unless install collector on high

elevation from the ground and calculated by equation (4.104)

space width—free space

Number of collector per row = 4.104

collector width

Where, space width is 22 m, the chosen collector width is Im and it is necessary to leave a 0.53m
free space in the each row to facilitate the installation and maintenance.

Number of collector per row = 22 — 0.5 = 21.5

This indicates that, it’s possible to install 21 solar collectors in each rows. For Adama hospital
medial college, the estimated number of collector per row is the first 7 array and/or row have 21
soar collector and six collectors installed at the last row. The height of a collector is;

heony = h * sina = 2m *sin20° = 0.684 m

4.2.13 Length of Pipe between solar collector and storage

The energy lost from ducts and pipes leading to and returning from the collector in a solar energy
system can be significantly related to the pipe length, material property and insulation thickness.

I.  Total Length of inlet Manifolds
@ Total Length of collector in each array,Lc = No of collector =

width of the collector

Lc=21*x1m=21m
@ Total Length of connection pipes, Lconn = No of collector x

length of the connector between two collectors

Leon =21%x02m=42m
In similar way, assuming the space between two collector and also between pipe bend and pipe
joint. Definitely, there are 2 spaces between the joint (intake manifold and supply pipe) and
connector pipe in both collector array of a system, and the height of the storage tank is considered.
Approximately, the total length of space is 1.45 m needs. Finally, the total length of the intake
manifold requires about 30 m.

L1 = Lc + Lcon + Lspace 4.105

II.  Total Length of Return Manifolds
It is suggested that the last array or 18" row have six number of collectors and total length of space

between each collector’s edge and pipe bend to intake manifold and also space two between the

joint pipe and connector pipe is 1.5m. Width of the solar collector is 1m.

57



M.Sc. Thesis Thermal & Aerospace Engineering

@ Total Length of collector in each array,Lc = No of collector =
width of the collector
Lc=21x1m=21m
@ Total Length of connection pipes, Lcon = No of collector =
length of the coconnector between two collectors
Leon =21x02m=42m
¢ The total length of the return manifold needed approximately 27 m.
L2 = Lc + Lcon + Lspace 4.106

' Lsnace b'n module

Lsum}lv

LCIOSED

Pump

Thermal energy storage

Figure 4.25 Schematic diagram of total length of pipe and network between solar collector and
thermal storage system
4.2.14 Pressure drop in solar collector system
The common equation used to calculate the Pressure drop inside the collector can be:
_ L putzwg
ap = 7 () (2

64
e

For laminar flow; Re <2300, f = —

At average temperature, (Tg,g = 50 °C) the property of the water is:

kg

s w )i
— . — -4 . — . — . —
p=988—=; u=547+10"* N.—; k = 0.644—; Cp = 4181 TR Psat = 12.35 kPa

Pr =3.55; 1 = 0.0145"2 = 0.0145" « 2 = 0.0276 kg/s. Volume flow rate of the fluid:

v=" 4.58

p
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Average velocity of the fluid in the tube

14

Uavg = = 4.99
R, = Ztave® 3.100
1%

If Re <2300 laminar flow, unless its turbulent flow. Pressure drop for fitting pipes calculated as:

2
AP = Kp 2 3.101
If the bend is 90 degree and laminar flow, Ky = 0.9 and also Average velocity in the tube
upstream fitting is same as velocity in the header which is u; = 0.0162 m/s. The total
connection pipes length for a single collector is L=0.75 m.

The total pressure drop calculated as;

APy = APy + APy + AP + APy 4.102

The total pressure loss due to viscous effect of the fluid in a single solar collector is the sum of
pressure drop in all losses includes pressure drop through header, inside riser, fitting and
connection pipes are tabulated in table 4.8.

Table 4.5 Total pressure drop in Solar Flat Plate Collector system

No Volume Average | Reynolds | Total

Parameters flow rate | Area Velocity | Number | pressure
(m_s) (m?) m/s drop Ap -
S (Pa)

1 Pressure drop Inside the| 7.34 4.524 0.0162 703 0.732
Header (2) - APy *107° * 1074

2 Pressure drop Inside the 7.34 1.767 4.154 112.54 0.0613
Riser (10) - APy * 1077 * 1074 * 1073

3 Pressure Drop inside the - - 0.0162 - 0.1181
Fitting - AP

4 Pressure Drop inside Connection pipes - 0.02
APy

5 Total Pressure Drop in a single solar collector - (APp = APy + APg + APy + 0.9314
APp)

The total pressure drop through all of the solar collector (265 Flat Plate Collector) 246.821

needed
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4.2.15 Total Pressure Drop through the solar thermal system

With the intention of evaluation pressure drop over the solar collector, the pressure drop in each
channel and manifold should be estimated properly.

a. Pressure drop in inlet manifold

The pump that circulates water through each collector is based on the total pressure drop that
occurs following the longest path to the farthest collector. Approximating the length from the pump
to the collector as 22.5 m, the total closed loop length will be 52 m. Total volume flow rate of the

system,;

: m3 m3
V = Number of collector * volume flow rate = 265 * 1.47 * 107> < = 4.65 %1073 -

The size of inlet and outlet diameter of the pipe assumed from the empirical correlation equation

given below:

dpipe = V0.35*V 4.107

Where, dp;p,. and V -pipe diameter and volume flow rate through the collector (L/hr). From the

equation (4107), the minimum diameter of the pipe is 0.043 m or 43 mm is required. But, for this

study the pipe having 60 mm diameter is selected d,, = 60 mm.

2

d
A = nT” = 0.00283 m?2

pipe

Then average velocity is calculated as;

m
Vapg = —— = 1.643 —
Apipe S

Re = pvav‘itdpipe — Uavggpipe 4.108

Where, ¥ = ﬁ dynamics viscosity

1000%2.41.643™40.06m
m S

Re = - = 1.8 * 10° (Since, Re > 2300 the flow is turbulent).
5.47%10

Relative roughness factor (g): -often used for pressure drop calculations for pipes. It is an
important parameter for determining friction factor (f) based on Reynold's number for flow in a
pipe. Absolute Pipe Roughness of the pipe (¢) is a measure of pipe wall irregularities of commercial

pipes. Relative roughness of a pipe is the ratio of absolute roughness to the pipe diameter.

Relative roughness = ; 4.109
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Table 4.6 Absolute Roughness Coefficient (enggcyclopedia.com, 2011)

Surface Material Absolute Roughness Coefficient - € in mm
Aluminum, Lead 0.001 - 0.002

PVC, Plastic Pipes 0.0015

Fiberglass 0.005

Stainless steel 0.015

Drawn Brass, Drawn Copper 0.0015

Galvanized steel 0.15

Relative roughness = % = 06')—105 = 0.0025 From the moody chart with corresponding

Reynaldo’s number f = 0.0268.

Total pressure drop for inlet and return manifolds;

2
APy = f # =% 228 4.110
Pressure drop in Return manifold

2
APyop = f # 7+ 2208 4111

b. Pressure drop in closed loop (return and supply) line
There are 2 circulation pipes; supplying hot water from solar collector to storage tank and the
returning the water from the storage tank to the collector. Total length of closed loop is

approximately 48 m L = Lgypp1y — Lyetyrn and diameter of the pipe is 55 mm. The total volume

flow rate of the system is calculated is;

. 1.47 _m? _,m?
V =265+——x10"—=2.323%10"—
S S
d> 0.055m)?
Apipe = nT” = n¥ = 0.00238 m?

Then average velocity is calculated as;

V. 2323%107° 0976™
Yavg =g . 238x103 s
Re = pvavidpipe — Vavggpipe 4.112

Re = 96,945.98 (Since, Re > 2300 the flow is turbulent).

L " Pvzzwg

APioop = f * 5% = 4.113

61



M.Sc. Thesis Thermal & Aerospace Engineering

¢. Pressure drop through the collector
Pressure drop through the whole collector is equal to drop pressure in a single collector time’s
number of collector needed.

APy,0, = drop pressure in a single collector * No of collector needs

d. Pressure Drop in bends

2
APyona = Ky "’2‘1 4.114

Where, Ky -pressure loss factor and u; - Average velocity in the tube up stream of the fitting u; =

2
0.25 . If the bend is 90° and laminar flow,K; = 0.9. APy = K, ©1 = 277.88 Pa

e. Pressure drop due to inclination of the solar collector
APpper = pgheon 4.115
Where, h-is height of the single collector, h.,; = 0.684 m

f. Total pressure drop in thermal system

APyorar = APiny + APpey + APiop + APy + APpeng + APipg 4.116
Table 4.7 Total pressure drop through the solar thermal system for SWH system

No Parameters Total pressure drop (kPa)

1 Pressure drop in Inlet Manifold (4P;,,;) 17.87

2 Pressure drop in Return manifold (4P,;) 16.08

3 Pressure drop in closed loop (return and supply) line (4P;,4p) 11.923

4 Pressure drop through the collector (AP ;) 0.3

5 Pressure Drop in bends (4P peng) 0.278

6 Pressure drop due to inclination of the solar collector (AP ;;,.;) 6.63

7 Total pressure drop in solar thermal system (4P;,¢q1) 53.081

Total specific work

Sp.work =Y = “Pf:“” 4.117

The maximum specific work is 54 m?/s.

Total Head

H="Y 4.118
g

The total head also calculated by using equation (4.118) and the result is approximately 7 m. The

3
total volume flow rate for each pump is 5.068 * 1073 mT or 18.245 m3/hr.
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4.2.16 Selection of Pump

An active water circulation system of solar thermal water heating system is used to move the HTF
from the storage tank to the solar collector in systems of pressurized. A solar system needs to move
the cold water from the source to its demands. Since, the source is at a lower elevation than the
thermal system and the user and the water must be raised to a higher level by external force to
increase thermal system performance. The pump selection for SWH system is depending on
amount water required to flows through the collector. Factors affects the selection of a specific
component for SWH system are the amount of water that needs to be heated, Relative cost and
efficiency, Simplicity of operation and Climate conditions in which the system will be used. The
pumps are sized to get the best static and dynamic head pressure requirements in order to meet
specific system design and performance flow rates. Among types of a pump, active solar systems
use centrifugal pumps and selected pump is based on the following consideration: -

v System type (direct or indirect) and Heat collection fluid.

v’ Operating temperatures and Required fluid flow rates.

v" Head or vertical lift requirements and Pressure drop due to friction losses.

Right selection of the centrifugal pump

Technical specification

Type Electric drive centrifugal pump (PST-A70M/50Hz)
Application Pumping of water for domestic

Maxi. Capacity up to 409.14 gpm.

Max. Head up to 60.7 m

Max. Operating pressure 800 kPa/8 bar
Temperature of pumped liquid:-10°C to +90°C.

MOTOR

Type 3 phase
Rated power 0.75 kW
Voltage: 380-415V
Frequency 50 Hz
Poles 2 poles
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CHAPTER 5
5. Design and Performance Analysis of Solar Thermal Storage

system for SHW

Due to time dependent nature of solar energy, thermal storage system is compulsory. Thermal
reservoir tank is one of the most components in solar water heating system which stores the hot
water coming from the solar collectors and the tanks are equipped with insulation to reduce heat
loss. The providing and improving of a solar TES can reduce an auxiliary energy consumption to
a great extent and increase solar load fraction substantially which conserving the valuable fossil
fuel reserves and electric power. There are two techniques of store hot water for AHMC:

A. Conventional solar hot water storage and

B. Solar hot water storage with integrating phase change materials.
Under this chapter both conventional (sensible) and storage with packed thermal storage materials
will discussed and comparisons occur to prefer the preeminent hot water storage for long period

of time because the hospitals functions for 24 hours.

5.1 Numerical Investigation of Conventional Solar Thermal Storage System

Hot Water
from the FPC

. Cold Water
from the Main

Cold Water
to the FPC

Figure 5.1 Schematic diagram of Sensible thermal storage tank for solar water heating system
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5.1.1 Material Selection of Thermal Storage Tank

Materials for solar energy systems must be chosen very prudently with considering the most
important factors such as safety, performance, durability and cost. Hot Water may be stored in
copper, steel, galvanized metal, or concrete tanks. Whatever storage vessel is selected, it would be
well insulated and large tanks and also recommended value of overall heat transfer coefficient is
(0.57-1.13) W/m? K. However, storage tank with selective galvanization outer cover (fiber glass)
have high efficiency in maintaining constant operating temperature of the storage tank by
minimizing heat loss from the tank to the surrounding. In this study, mild steel plate storage tank
is selected due to its low thermal conductivity, higher durability, lower cost of heat loss per cost
of thickness and lower maintenance cost.

5.1.2 Modeling of the Sensible Thermal Storage for Solar System

Volume of thermal storage tank

The storage tank can be sized according to the daily heating load requirements. The recommend
tank capacities ranging from 50 to 200 L per m? of collector for an annual system performance to
be insensitive to tank capacity. A standard storage tank capacity of 75 L per m? of collector is used
in solar water heating system design procedure (Hughes, 2006). The maximum volume capacity
of hot water storage thank used to accomplish the total load HWD for hospital is 54 m* and to
achieve, two storage tank with each capacity of 27 m? is looked-for. Occasionally, because of the
required storage volume, more than one tank is used instead of one large one, if such a large-
capacity tank is not available. Additional tanks offer, in addition to the extra storage volume,
increased heat transfer surface and reduced pressure drop in the collection loop. The solar storage
tanks usually used in domestic systems are within the range of aspect ratios H/D = 1.5 to 3.5.
Assume, the geometry of the reservoir tanks are a right cylinder with height to diameter ratio of 2.

So, the height of storage tank is given as:

h=2x*D; 5.1
Thermal storage tank diameter and height calculated from the volume of storage tank as:
2 2 3
Vi = n2ip=qnd (2>kDi)=1TD—i (m?) 5.2
4 4 2
Internal diameter of a storage tank is founded as the following:
D, = YVst 5.3

T
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Hence the two sensible storage tank with each have the capacity of 27 m? should needs. The
thermal storage tank required for the hospital has a parameters of D; = 2.58 m & h=6.16 m.
Considering the surface area of thermal storage tank is used to recognize the space it occupies the

place it for hospital that helps for proper space consumption tank.

2
Ay =TD;h + 2  (m=) = 21D 5.4

5.1.3 Optimization of Storage Tank and Insulation Thickness

Thermal insulation systems have been used in reduce heat loss from surfaces, control the process
and surface temperatures, and provide a comfortable indoor thermal environment. To minimize
the energy and insulation costs in addition to reducing the heat loss to the surroundings, the
thickness of the insulation material needs to be optimized. The motivation for including pipe
insulation is often to minimize the total cost, which includes the cost of the insulation, its
installation and maintenance as well as the cost of the energy loss by convective or radiative heat

transfer.

Total cost

Cost of insulation

Total cost ——

Cost of heat energy

B

Insulation thickness (¥—R) _:

Figure 5.2 Optimization of insulation thickness from Sahu et al., (2015)
As shown in figure (5.2), the optimum insulation thickness can be determined at which the sum of

the insulation cost and the cost of the heat loss is minimum (minimum total cost).

5.1.3.1 Insulation Thickness
The concept of an economic thermal insulation thickness considers an initial cost of the insulation

system plus ongoing value of the energy savings over the expected service lifetime.
Cost of Insulation Thickness: -Glass fiber material is selected for the insulation of thermal storage
tank and the cost of glass fiber gathered from market that is given as 0.3$ or 9 birr/thickness (mm)

per unit area (m?). The cost of glass fiber (CGF) estimated as:

CGF = (CO5Y/in) = t,(mm) = 9 Birr/mm » t;(mm) >
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Price of Heat Loss: -The cost of energy per KWh in Ethiopia is equal (1.716 Birr/KWh). Then,
the cost of heat loss (CHL) given by:

CHL = (%98, 1) * Qu(kWh) 5.6

Neglecting, the effect of the storage tank material on heat transfer, the temperature difference
across the insulation is taken as ( AT = Tg — T,). The rate of heat loss from the storage tank is
given by:

QL = UpAsdT = (U A)s(Ts — Ty) 5.7

The overall heat loss coefficient (Uj,) by the insulation of storage tank is:

UL = Uins + hina 5.8

Heat loss coefficient through insulation given as:

k:

Uins = ms/tins 5.9
The convective heat loss coefficient from insulation to ambient is given as:

hins—amb = 2.8 + 3VW 510

Where, V,, & k;,- are average wind speed (2.95 ?) and thermal conductivity of the glass fiber

w
m.°C

(0.036 ) respectively.

Then, the overall heat loss coefficient (Uy) is calculated as:

__0.036 W/mK

UL +11.65 W/m2K 5.11

1mn

Therefore rate of heat loss from the tank is then equal to:

Q= [(222+11.65) Asar| 5.12

tin
By substituting the value of area Ag and change of temperature AT into equation (5.12); the rate

of heat loss from the tank in a 24 hour is then given as:

_ (1670
Q= (1670/, +540.864) kWh 5.13

Finally, the cost of heat loss from the tank calculated as:

CHL = (835/, _+270.4) Birr 5.14

Total Cost: -Total cost is the sum of insulation material cost and heat energy loss cost. The relation
between total cost and thickness insulation of the storage tank is given as:

TC = CGF + CHL 5.15
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TC = [(9 * tin) + 835/tin + 270.4] Birr 516

Variation of Thickness in mm versus cost in Birr
1200 T T T T T T T T

Cost of Ins. Thickness

Total Cost E

1000

800 -

600

COST (Birr)

400

200 -

1
0 5 10 15 20 25 30 35 40 45
THICKNESS (mm)

Figure 5.3 Optimum insulation thickness and cost
To obtain the specific value of insulation thickness for modeling, differentiating the total cost

equation (6.11a) with respect to the thickness and setting it equal to zero.

are _ g 517

dtins

At the end, the optimum value of insulation thickness is ti,s = 13.6219 mm =~ 14 mm and for

safety and long year operation storage tank insulation thickness t;,s = 20 mm is carefully chosen.

5.1.3.2 Sensible Thermal Storage Tank Thickness

It ought to be recognized that thickness of the reservoir tank does not eliminate heat transfer; it
only reduces it. The thicker the storage tank, the lower is the rate of heat transfer but the cost of
storage tank material is highest. For this reason, it should be needs to an optimize thickness and
outer diameter of storage tank which corresponds to a least combined cost of storage tank material
and heat lost. Now, consider the material cost that corresponding with the thickness. Cost of
storage tank material (CSTM) is informed from the market as 135 Birr/thickness (mm) per unit

area. Thus;

CSTM = (COSt/mm) * tge(mm) = 135 * tg Birr 5.18
Cost of heat loss from the reservoir (CHL) is determined depends on power energy cost in Ethiopia.

The latest energy cost per kWh is 1.716 Birr/kWh.
CHL = (C05t/, 1) * Qu(kWh) 5.19
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QL = UpAgaT 5.20

UL = Uiy + hjpa + Ug + hys 5.21
The heat loss through storage tank material given as:

k

Us = "%/, 5.22
Convective heat loss coefficient from water to tank is given as:

By = Nwkw/ 5.3

1

Therefore, the overall heat loss coefficient (Uy) is calculated as:

U, = (64/tst + 16.95) W/m?K 5.24
Therefore rate of heat loss from the tank is then equal to:

Q= [ (%%, + 16.95) W/m?k) AsAT| kWh 5.25

By substituting the value of area Ag and change of temperature AT into equation (6.16a); the rate

of heat loss from the tank in a 24 hour is then given as:

Q= [(2971'2/tst + 787.2)] kWh 5.26
The cost of heat loss from the tank is given as:
— (1485.6 ;
CHL = ( /¢ +393.6)Birr 5.27
Total cost is the sum of storage tank material cost and heat energy loss cost.
TC = CSTM + CHL 5.28
TC = [135 r g + 14856/ 4 787.2] Birr 5.29

3000 Variation of Storage Tank Thickness with cost and Heat loss
T T T T T T

2500

2000

Cost in Birr
I
[—}
[—]

1000

500

1
2 4 6 8 10 12 14
storage materials thickness (mm)

Figure 5.4 Sensible thermal storage tank thickness
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Specifically, the value of insulation thickness for modeling is obtained by the differentiating the

total cost equation (5.29) with respect to the thickness and setting it equal to zero.

dTC
dtins

=0 5.30

The optimum value of insulation thickness is tg; = 3.5mm =~ 4 mm (for strengthen the tank wall).
An outer diameter of thermal storage tank is calculated as the following.

D, =D; + 2t 5.31
Where, t = tips + tg + tgy = (20 + 4 + 1)mm = 25 mm

An external diameter of the storage tank is calculated and the result is 2.65 m.
5.1.4 Transient Analysis of Thermal Storage for Solar Hot Water System
An initial thermal analysis was performed to determine the performance of the solar water heater
and aid in decisions regarding design modifications.
Assumptions and Conditions
Assumptions used in deriving the governing equation include:

e Inlet temperature of the system is an ambient temperature Tamb.

e The (cold) supply water temperature at Tamp or 23°C for Adama weather climate.

e The inlet water temperature to the collector would be the same as the mean storage tank

water temperature.
e The temperature of the water entering the tank would be the same as the outlet water
temperature of the collector.
Governing Equation
The thermal analysis assumes a lumped capacitance model for fluid in the tank. An energy balance
on the system yields. Thus, the net energy stored in the water is equal to the net solar irradiation
(insolation) minus thermal losses through the SWH and the flow of water out of the SWH to load
and that is refilled at the same rate by cooler water supplied to the SWH. Applying the first law of
thermodynamics over the control volume gives as the thermal energy balance of the storage tank.
Est = Ein — Eout 5.32
Qst = Qu — Qioss — Quoad 5.33

To determine the transient analysis of performance of the storage tank, finite difference schemes

formed as the following. And also, to solve for the temperature distribution in the storage tank, a
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set of N first-order, ordinary differential equations resulting from each node’s energy balance

(Newton, 1995) is assembled, and energy balance written about the i tank node is calculated as:

dTs _ TLHAL_TE

- - 5.34
TE = 0 (T = TE) = (UA) (T = Thy) + T >33
pCp w s ’
TEHAY = A17 * AT+ Tf + A18 % AT+ TS, + A19 * AT+ T¢ 5.36
Where, A17 = 0% and A18 = s
(pcp)wvs (pcp)wvs
A19 =1 - (A17 + A18)
TiAt —New storage tank temperature after time interval (At). The furthermost time period for this

estimation is an hour because the solar radiation data are available on an hourly basis.
Initial condition and Boundary condition for storage tank
e The inlet water temperature to the collector would be the same as the mean storage tank
water temperature. The temperature of the water entering the tank equal to the outlet hot
water temperature of the collector. At initial time, the mean temperature of storage tank is

equal to ambient temperature (23°C).
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5.2 Performance Analysis of Solar Thermal Storage Tank Integrated with

Phase Change Materials (PCM)

Modern technologies are being developed to extract energy from every available source and store
the excess energy produced for later usage. One of the encouraging forms to store thermal energy
is latent heat TES that can significantly enhance the performance of the SWH system, afford a
smaller volume, lower cost and more efficient energy storage system compared to the other forms.
TES systems based on latent heat are the most efficient alternative than other methods. Besides,
these systems have a high energy density compared to sensible heat storage systems. The use of a
latent heat thermal storage system using PCMs is an effective way of storing thermal energy with
high-energy storage density and the isothermal nature of the storage process. It offers storage
densities that are typically 5 to 10 times higher and half the volume of sensible heat thermal energy
storage (Demirbas, 2006).

5.2.1 Thermal Storage Tank Integrated with incorporating PCM

The storage tank carries the water that has been heated via the solar collector. A cylindrical shape
is preferable since it reduces the loss of heat. Besides, the heat exchange of water occurs inside the
tank and a control system facilitates the charging and discharging of the thermal energy. With the
purpose of intensification the heat capacity of thermal storage, PCM can be added into the hot
water storage tank which typically the PCM in the form of cylindrical are inserted into the tank.
The heat transfer fluid (HTF) used is hot water which comes from the flat plate collector. During
the daytime, paraffin wax absorbs the heat from the water and stores it to use at night. Therefore,
using water tanks for thermal energy storage has advantages of heat losses and volume in the tank
should be minimized, and the tank should be properly designed for stratification. Furthermore, the
tank should be large enough to store a sufficient amount of water to meet the peak daily demand.
The geometry of the system is based on a configuration of shell and tube heat exchanger whose
shell is filled with PCM while the HTF flows in the tube side.

5.2.2 Benefits of integrating PCM with Solar DHW Storage System

A PCM is a substance with a high heat of fusion which is melting and solidifying at a certain
temperature, and is capable of storing and releasing large amounts of energy. Incorporating PCM
to the storage tank is aimed to compensate the heat losses from the storage and to reheat the water

after a period of discharge. So, these effects would improve the availability of hot water to the end-
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user. Analysis of the performance of the PCM within the DHW system was usually addressed the

following main aspects: -

e Heat transfer between the PCM and the surrounding water during charging process.

e The static behavior of a storage tank with PCM.

e Derive how long the storage can maintain a suitable temperature in readiness for end-user

withdrawal and the recovery of heat from the PCM after a complete discharge.

5.2.3 Modes of Thermal Energy Storage System

There are three modes of a storage system which operates on:

Charging mode: - is start with circulation of the hot HTF heated in the collector system at a

temperature higher than the PCM melting temperature. During this period, hot HTF enters the tube

side at the top, transfers heat to the solid PCM and then HTF exits at the bottom of tubes. This

mode occurs during day time and terminates with complete melting of the PCM, charging of the

store does not terminate with complete melting of the PCM. If the inlet fluid temperature is above

the melt temperature, charging of sensible heat continues.

Discharging mode: - is started by circulation of the cold HTF having inlet temperature lower than

the PCM melting temperature. The cold HTF enters the system at bottom is heated by the storage

PCM, and then exits at the top. This mode terminates with complete solidification of the PCM.

Standby mode: -This mode occurs when there is no further storage of energy occurring because

of the thermal storage tank is completely charged or the energy is directly fed to the utility without

using storage. There is no flow of HTF in the tube side and heat transfer within the system is

dominated by axial conduction which acts to redistribute the axial temperature gradient formed in

the system during charging. This is the transition period between the charge and discharge modes.
In this study, a one-dimensional heat transfer model for the charging process is developed

for either a sensible or latent heat-absorbing process by using the basic conservation of energy

principle. The time-dependent variables are discretized by using an explicit finite difference

Scheme. And also for spatial variation, a finite difference scheme is used to discretize for solving

a charging mode.

5.2.4 Design Consideration

The thermal storage material can be chosen based on availability, cost and compatibility. The

major factors to be considered in the design of a LHTES unit containing a PCM include:

e The storage capacity of the tank.
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The configurations of the transfer fluid.
The type of heat transfer fluid.
Temperature limits with in which the units is to operate.

The thermo-physical properties of PCM.

5.2.5 Design Assumption

>

vV V V V

>

The hot water thermal storage tank is insulated to reduce heat loss to surrounding.

The temperature of the HTF at the entry of storage tank is equal to the exit of solar FPC.
The thermophysical properties for both HTF and PCM were constant with respect to T°.
The initial temperature of the storage was uniform and it was in melting temperature.
The HTF entering inside was laminar flow, and incompressible fluid.

The thermal conduction in the axial direction is neglected for both PCM and HTF.

5.2.7 Sizing of Latent Heat TES System for Solar Heating application

A PCM storage tank is sized according to the required storage capacity under a rated operating

condition. The cylindrical LHTES unit proposed for this study consists of concentric tubes

whereby the HTF and PCM are segregated. The HTF flows through the inner tubes and exchanges

heat with the PCM in the surrounding region (Tehrani al.et. 2016).

HTF
HTF
Tod -
::;J * HTF
i+ rem
i
g » Inner-tube wall
: + Outer-tubewall
Twll' H
HTF

Figure 5.5 Schematic configuration of shell and tube latent heat thermal energy storage system

(LHTES) unit with complete system, and concentric cylinders.

The thermal storage system under investigation consists of a shell and tube heat exchanger in

Figure 5.6. The Heat Transfer Fluid (HTF) flows inside the tubes, are arranged in a regular

pattern. For simplicity, in the PCM fictitious coaxial circular cylinders (tangent one to another)

around every tube can be considered limiting the analysis to one single tube.
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5.2.8 General Procedure for sizing LHTES unit for Solar Water Heating System

a. Selection of phase change material

PCMs are crucial components in the design of latent heat energy storage systems. The PCM used
in the design of thermal-storage systems requires a desirable thermo-physical, kinetics chemical
and economical properties (mentioned in Table 2.2). The selection of a PCM for a solar domestic
hot water system should be made prudently in order to produce hot water at desirable range of
temperatures and minimize safety concerns. So, the phase change material used is a Paraffin wax
(n-Heptacosane) which has a melting point of 59°C with its thermo-physical properties are
presented on the table 5.3 by Sharma et al., (2009).

Table 5.1 Thermophysical properties of selected Paraffin wax (n-Heptacosane) in design of

SWH system.

Melting 8 g Density kg/m? Specific heat | Thermal
temperature 2 Z - J/kg°C conductivity W/m°C
e} E La E aNn
(°0) 5 S &
S ool : — : — : —
— o = ~ | Solid Liquid Solid Liquid | Solid Liquid
59 236 861 780 1850 2384 0.21 0.15

b. Selection of working fluid (HTF)

The working fluid which is used as heat transfer fluid is water.

c. Determination of latent heat exchanger effectiveness

Effectiveness of LHTES is estimated at the beginning of the process (charging), when storage
materials is in solid form and the inlet temperature of the fluid at the LHTS is fixed. Considering

the conventional heat exchanger having capacity ratio (CR) defined by (Lienhard, 2006):

CR = &min 5.37
Cmax

So, effectiveness of heat exchanger given as:

o= 1—exp(—NTU(1+CR) 538

1+CR

For all condition CR = 0, since one side of the HX is isothermal (PCM is at melting temperature).

Emax = 1 —exp(—=NTU) 5.39
NTU = Y:é’p 5.40

d. Determination of parameters

The rate heat stored in HTF water:
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t .
Qurr.totar = Jo Qurrdt 5.41

Then, the size of the LHTES unit calculated as:

QHTF,total (W) 5 42
Ppem,sCp,s (Tm=Te)+ Ppcmihpem + Ppem,iCp,i (Teo=Tim) (W/m3) '

Vinrs =

Where, Vpep-total volume of PCM of LHTES unit (m?) and & is a porosity; Qyrr torqi-total heat
energy capacity stored by water; Cp ; andCp ;-specific heat of solid and liquid PCM (1.85 KJ/kg .k
and 2.384 kJ/kg k) respectively; ppem sand ppem,i-density of solid and liquid PCM (861 kg/m? and
780 kg/m?); hypcm-latent heat of PCM, paraffin wax (236 kl/kg); T,,, T; and Ty,-outlet fluid or
HTF temp, inlet fluid temp and melting temperature of paraffin wax, (T,,, = 59°C.

From the equation 5.42, the total volume of storage tank of LHTS with integrating paraffin wax is
39.52 m>. For determining the geometric parameters with aspect ratios H/D is 1.75, the diameter
and length of the LHTS system are 3.076 m and 5.383 m and the porosity is 0.45. Equation 5.43
is used to compute mass of PCM is needed to store a certain amount of energy provided by solar
collectors. So, total amount of paraffin wax needed given as:

Mpceymy = (1 - g)pp V 543

cm,s pcm

Total number of shell and tube can be calculated by:

Nt _ Vpcm,total 5.44

Vpcm,single

Selection of Geometric parameters

Determining the container LHTS unit of PCMs, geometric parametric design of shell and tube and
several tubes in a shell should be computed. A comprehensive set of geometric parameters was
used for that purpose is offered the non-dimensional radius (R/7; ;) from 1.3 to 3 with tube length
(L) range from 1- 5 m by Tehrani et al., (2016). The range of geometric parameters selected with
values of L = 1.5m;0.03 < Ry, < 0.13 and 0.01 <7;; < 0.1. For this study, it takes the
internal radius of the tube, 73 ; = 0.06 m and outer radius of the cylindrical shell is Ry, , = 0.12 m.
Where Ro and 7 ; are an outer radius of the shell and inner radius of the tube respectively. To
reduce the heat losses to the environment, the outer wall and the piping system was insulated with
20 mm thickness. In the LHTS unit, the total volume required to incorporate paraffin wax is 5.6
m’. This is the total volume needs to fill the paraffin wax (n-Heptacosane). Hence the storage unit
is shell and tube configuration the single shell side filled by PCM has a volume of 0.055 m® and
each shell has its own tube with 0.017 m*® which HTF is flow through it. The total number of tube
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used to fulfill the required demand is approximately 102. An amount of Paraffin wax required to
store amount of energy provided by solar FPC is 2,651.88 kg.

5.2.9 Modeling and Simulation of Shell and Tube LHTES with integrating paraffin wax
This study leads to an analysis of the formulation of a mathematical model that defines moving
solid-liquid interfaces. The transient heat transfer between the operating fluid (HTF) and the PCM
is numerically investigated using a finite difference scheme. The numerical investigation of the
shell and tube LHTES system employing numerical model and simulation with a MATLAB
software package. The energy conservation is expressed in terms of total volumetric enthalpy and

temperature for constant thermo-physical properties by equation 5.45.

dpH
at

+ V- (pvH) = V.(kVT) 5.45

Where, H-total volumetric enthalpy that is the sum of sensible and latent heats

H=h+yhyem 5.46

h=hyes + [ Cpdt 5.47
y -refers to liquid fraction and indicates the fraction of a cell volume in liquid.

In order to determine the PCM state (solid, liquid or undergoing phase change), the liquid fraction:

0 T < Tsolidus
Y = (T - Ts)/(Tl - Ts) (0 < f < 1) Ts<T< Tliquidus 5.48
1 T> Tliquidus

The energy equation becomes:

dpH
at

+7 (pvh) = V.(kVT) = L2 7 - (puf hiyern) 5.49

The governing equations of the problem are the energy conservation equations written for the HTF
(Heat Transfer Fluid), the wall and the PCM in a cylindrical orientation system. The main heat
exchange mechanism within the HTF is convection. So, it is possible to model the heat transfer
within the HTF through the definition of a convective heat transfer coefficient 4. The
computational domain is discretized using 12 nodes in the axial direction (Fortunato, 2012).
Convective heat transfer coefficient

Heat transfer starts as soon as HTF enters the tube, and the velocity and temperature profile start
developing simultaneously. Cross sectional Area of the tube is given by:

A, = %* D? = g ¥ 0.062 = 0.00283 m?

Average velocity of the HTF also; u,, = oo 00 _ 00522
pA;  988+0.00283 s
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wmD; _ 988%0.0052%0.06
Reynaldo’s number; Re = 22m=t — —— = 562.52
In 5.47x107%

Since, the Re < 2300; then the flow is Laminar flow through the tubes.

Cp*it _ 4.2x10% x5.47x107%
K(Tavg) 0.64

The prandtl number; Pr = = 3.589

1

Nusselt number is obtained as; NU = 1.86 * (RePr %)g = 8.04

Finally, the value of the convective heat transfer coefficient calculated as:

NU*K(Tavg) _ 8.04%0.64 _ 85.76 w

D; 0.06 m2K

hfz

Energy conservation equation

The phase change can be taken into account in the heat equation using either the effective heat
capacity method or the enthalpy method. The two methods have the advantages of allowing to use
one formulation of the heat equation for the entire domain and of avoiding to solve the melting
front position. In this study, the effective heat capacity is used to model the heat transfer due to the

phase change because it gives reliable results. The basic equations for the PCM material:

ah dhpem OT aT
pem pem 01
at aT ot Crem (T) at 5.50

Where, Cpcp (T)- analytical expression of the effective heat capacity
To avoiding the difficulty of discretization of the product the enthalpy becomes:

oH _ H(I™*)-n(rt) _ cpl(r+)-(r1)]

ot At At 5.51
a. Heat Transfer Fluid (HTF)
PurrChrr aT:tTF = — TureCury OTate 4 My (Tw = Turr) 5.52

AtHTF oy AtHTF

Where, pyrr, Cyrr and myrp-density, specific heat and mass flow rate of HTF respectively.
h,D; and A yrr- Convective heat transfer coefficient, internal tube diameter and tube
cross section area of HTF respectively.

For discretization partial differential equation the finite difference scheme is: -

At+t_ ot
OTurr _ Ti "~ —T; 553
at AT ’
At+t o At+t
OTutr _ Turri~THTFi-1 554
dy Ay '
At+t ot ; At+t AL+t
Turri~THTFi _ 1 MyrrCHTF (THTF,i_THTF,L'—l) n hnD; (Tt Tt ) __________________ 555
At PHTFCHTF At HTF Ay Agprp ~ Wt THTEL '
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New temperature of HTF for each nodes are solved by the following equation.

TALH = (ﬁ) #|(1 = At « BB) « Tfyrp, + AA + ox TRy + At % BB » TS| —-5.56
Ay

m
AA = HTF 5.57
PHTFAtHTF
hnD;
BB = . 5.58
PHTFCHTFAtHTF

Where, Tﬁ;};fi- New temperatures of the heat transfer fluid at nodes 1i.
Ty, ; and Tjrg ;- The previous time nodal temperature of wall and HTF at time t.

b. Wall

0Ty _ 1 (kwApw kpcmAL hmD,
pwlw =, = $<ﬁ + Ry, + W) * (Tpem — Tw) + Aew (Turr — Tw)------------ 5.59

Where, 4., and &,,-are the cross section area of the wall and thickness of the wall respectively;
kw and kpenm are the thermal conductivity of the wall and the PCM, respectively; R,,-tube wall
resistance is negligible; and 4, and A4 are the liquid side surfaces of the wall and the PCM,

respectively.

Finite difference form:

At+t t t t
T =T _ (kwhrw | kpcmArpem (Trem,i=—Tii) hnD; t t
- + (THTFi_TWi) 5.60
At Atw Atw SwPwCw AtwPwClw ! !
At+t __ t t t
TW,i _ (1 - AT * CC - AT * DD)TW,l + AT * CC * THTF,l + AT * DD * TPCM,l """"""" 561
hmD;
CC = . 5.62
At wPwClw
1 kwA k A
D — ( w l,W + PCM l,PCM) 5,63
OowPwCw Atw Atw

Where, T "t- New temperatures of the tube wall at node i.
Ty, v Tcm i and Tirp - The previous time nodal temperature of wall, PCM and HTF at time t.

c¢. Phase Change Materials (PCM)
The generic cell of the PCM;

OHpcm _ kpcm (1 0 . OHpcm
Ppcm at - Cpcm (T ar ( ar )) 5.64

In the time discretization the semi-implicit of first order accurate is adopted:

At+t t At+t t
H i—H i 1 k 10 0H k 10 0H
peMi—Hpem,i _ _< PCM [__ (r PCM )] 4+ Fpem [_ (T PCM )] ) 565

At T2 CpcmpPpcMm Lr or ar CpcmpPpcMm Lr or or
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The first cell of PCM adjacent to the wall

_ 1 kpcm Hptu—Hbeum
* (Tpey — Tyw) + é‘wAPCM( A ) 5.66

p OHpcy _ 1 <kwAl,w n kPCMAl,PCM>
PCM 5t Sw\ Atw Arw

i+1 i
prouCe(T) o5 = (M lrawliran ), () 4 LAt ¢ oy (telieThany 5 7
ot Sw Apcm Arw

Sw Atw Atw Ap
Act:r-lt,i_thm,i 1 (kwArw k A 1k
PpcuCp % = g( At,\: + PCIZ“:PCM) * (Tzfcm,i - Tvﬁ,i) + EA—PCI:;Z’W Cp(Thént —Them
Tt = || [(1 + At * EE = Av s FF)T} = Az« EETY ] 5.68
EE = 1 (kwAl,w + kPCMAl,PCM> 5 634
PpcMCpow \ Atw Atw '
FF = kpcm 5.68b
pPpcMOwApcMAtw
n HIFinet
] m=1
v —
; - m=2
. m=3
cim
m=4
Tecm
Tvm]l *
HTF
H m=N
HIPﬂutlet

Figure 5.6 Schematic diagram of transient heat transfer flow through the shell and tube latent
heat thermal storage system

5.2.10 Heat stored and available during charging and discharging process

The TES system involves a shell and tube configuration where paraffin wax is filled in the
shell and water as HTF is passed inside the tube for both charging and discharging cycles.

Heat Energy during Charging (Melting) process

Qstorea = Cp,HTFrnHTF(THTF,in - THTF,out) 5.69

80



M.Sc. Thesis Thermal & Aerospace Engineering

Qavailable = Cp,HTFmHTF(THTF,in - Tpcm,in) 5.70
Where, Tyrp,in& Thrr,ouc- hot water (HTF) inlet and outlet temperature; Tpem,in = Tewi-initially
PCM temperature is equal to ambient temperature.

Initial and boundary conditions
In order to solve the discretized governing equation of the HTF and PCM an initial and boundary

conditions are presented. Inlet temperature of HTF to storage tank is approximately outlet
temperature of flat plate collector.

Initial condition: Tyrr(y,t = 0) = Tyrpini = Tfo

Wall temperature of the tube is an average of heat transfer and phase change temperature:

T, = Toem*THIF ot initial t = 0

Initial temperature of paraffin wax is equal to ambient temperature:
Toem,t = 0) = Tyemini = Tamp

& LureQ=Lh _ g Mw _ g gpg 2 — g

Boundary condition: - Tyrp(y = t,0) = Tyrr in; ay day
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CHAPTER 6
6. Pipe Network and Water Distribution system

A water distribution system is a crucial infrastructure in the supply of water for domestic as well
as industrial uses. PN is an investigating of the fluid flow through a hydraulic network containing
several interconnected branches that determine the flow rates and pressure drops in the individual
sections of the network. Pipe networks connect consumers to sources of water using hydraulic
components such as pipes, valves, pumps, and tanks. As the discharges withdrawn from the
network vary with time, it results in a continuous change in the nodal pressure heads and the link
discharges. In the hospital, WDS is used to distribute hot water for each room. The main purpose
of the water distribution network is to deliver hot water to the users/patients according to their
demands on pressure and quality. WDS is composed of three components: pumping stations,
storage tanks, and distribution piping. These systems are designed and investigated according to
the loading conditions (pressure and demand) by Utkarsh et al., (2015). As shown on Figure (6.1),
the total discharging of hot water (Q¢o¢q;) 18 €qual to the sum of all discharging rate distributed
into each floor and room.

Qrotar = Q15F + Q2™ + Q37% + Q4" 6.1

Universally, Pipe flow is used to carrying hot fluids from storage tank to rooms and discharges
and analyzed by using the continuity equation and the equation of motion. The continuity equation

for steady flow in a circular pipe of diameter D is given by:

ngp%t 6.2
Where, u-average velocity of flow and Q -volumetric rate of flow (discharge).

The equation of motion for steady flow is given as:

V? V2
Pi+Zi+hi+$=P0+Zo+ho+i+hL=constant

Where, Z; and Z,- Elevation of the centerline of the pipe at inlet and outlet, respectively.
h; and h,-pressure heads and V; and V,- Average velocity at inlet and outlet pipes
h; - Head losses between inlet and outlet and composed of friction loss and minor losses.

hy = hy + b, 6.3

Where, hy- is friction loss (head loss on account of surface resistance); and h,,- Minor loss (head

loss due to form resistance and on account of change in shape of the pipeline).
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The head loss on account of surface resistance is given by the Darcy—Weisbach equation

LV?
hf = fgz 6.4

Where, f-friction factor coefficient, L and D-length and diameter of the pipes, g = 9.81 m/s?

__ 8fLQ?
f ™ m2gps

6.5

@ Q5th = 5th Floor

r.fi'.l‘\ he
2/ -
Storage tank) ®
ith PCM ] ” Q4th = 4th Floor
g Q3rd = 3rd Floor
Q2nd = 2nd Floor

Q1st = 1st Floor
h

e
»1/

> Qg = Ground Floor

Figure 6.1 Layout of hot water discharging from storage tank to all floor building

In a water supply network, form losses play a significant role. The form-resistance losses (h,,) are
due to bends, elbows, valves, enlargers, reducers, and so forth. Unevenness of inside pipe surface
on account of imperfect workmanship also causes form loss. All these losses, when added together,
may form a sizable part of overall head loss.

V2 8krQ>
hm - kfz - 71'ng4

6.6
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Where, k¢-form-loss coefficient. For a service connection it taken as ky = 1.8. In the case of
pipe bend, elbows and valves; kr depends on bend angle o and bend radius R.

The coefficient of surface resistance also depends on the Reynolds number of the flow, defined as

Re =VD/9 6.7

Where, ¥ -kinematic viscosity of fluid (9 = u/p) or it can be obtained using the equation given

by Swamee (2004)
-1

1.165
9 =1.792 % 106 [1 n (%) ] 6.8

Where, T is the water temperature in °c.

u and p-dynamic viscosity and density of the fluid.

6.1 Water Demand Pattern and Distribution System Design

All the rooms of the hospital are connected through service connections to water distribution
network pipelines for supplying water. The maximum discharging rates occur in morning and
evening hours. The maximum withdrawal rate in a pipe is a function of the number of rooms
(patients) served by the service connections. In this study, to analysis and design the PN, the
maximum discharge rate is considered. So, the maximum withdrawal rate for the hospital is
functions for 24-hour. Since the total storage capacity of hot water for hospital calculated is 54,000
liter per day. The maximum drainage diameter of pipe is 38 mm and correspondingly pipe diameter
selected to be 1 inch or 25.4 mm for pipe networks. For design of water distribution system, a
typical ranges of design parameters like a velocities, diameter, hydraulic gradients and pressure
drop are as the following.

Table 6.1 Design parameters ranges

Design parameters Ranges
Velocity (m/s) 0.5-2.0
Hydraulic gradient (m/km) 1-5

Pressure drop (meter of water column (mwc)) | 20 — 30

Diameter of pipe (mm) D <50

In general, Pressures higher than 60 mwc should be avoided, due to increased leakage and risks of
bursts in networks.

Design Data

Number of patients 1200 Length of the pipe 920 m
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Specific demand 45 liter/person per day Hourly peak factor K2 2.0
Daily peak factor K1 1.2

Average discharges carried by distribution system can be calculated by:

Qavg = N * spec.demand 6.9
Peak flow carried also can be calculated by:
Qmax = Ky * K3 * Qavg 6.10

Average and maximum discharging rate for the end-users are calculated using equation (6.9 and

6.10) and their values are 0.625 liter per second and 1.5 liter per second respectively.

The hot water use rate (g ) by persons per length of the distribution pipes is estimated by:

Qmax
= 6.11
q L,

Hot water use rate per total length of the pipe network in a building of 920 m is approximately
0.00163 liter per second per meter. For each floors, Hot water withdrawal rates are calculated
according to the length of distribution pipe. The length of the pipe from storage tank to rooms of
each floors is difference and the values are presented in tabulated form for each floor. Multiplying
the total length pipe of each floor by the unit flow rate of hot water use (q) gives the demand (Qq)
along the floor pipe.

6.2 Water Distribution system and Hospital Building Geometry

Since the Adama hospital building pattern is rectangular looped shape, the single looped network
is recommended. A new building of Adama hospital has a Base, Ground and five floors. Pipe
lengths are obtained from the known geometrical layout of the hospital. The discharge rate and

head loss of the pipe network and water distribution for each floor and room are analysed.

6.3 Estimation of discharging rate and head loss for each Room

To estimate the total discharge rate is calculated as:
Qmax = q * Lp 6.12

Where, q and L, -are use rate of hot water and length of the pipe, respectively.

The total head losses are given by:

_ _ 8fLQ? | 8kfQ?
h, =hs + hy,, = 2gDS + w2gD 6.13

The total discharge rate and total head loss are calculated for all rooms on each floor and the

results are tabulated as the following.
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A. First floor

Rooms Al B1 C1 D1 E1l F1 Gl1 H1
Q(L/s) 0.0196 |  0.0061 0.0069 | 0.0069 | 0.0069 | 0.0069 | 0.0069 0.0069
hi(mm) 14623 | 0.0754| 0.1020| 0.1020| 0.1020 | 0.1020 | 0.1020 0.1020
Rooms 11 J1 K1 L1 M1 N1 01 P1
Q@) | 0.0069| 0.0069| 0.0069| 0.0134| 0.0134| 0.0069| 0.0069 0.0077
ho (mm) [ 01020 0.1020| 0.1020 | 0.5428 | 0.5428 | 0.1020 | 0.1020 0.1340
g Rooms Q1 R1 S1 T1 Ul Vi1 W1 X1
é Q@) | 0.0069 | 0.0069| 0.0069| 0.0069| 0.0069| 0.0069| 0.0053 0.0061
s [ hu(mm) [ 01020 0.1020| 0.1020| 0.1020| 0.1020| 0.1020 | 0.0535 0.0754
Rooms Y1 71 AAl BB1 CC1 DD1 EE1 FF1
Q@S| 00175 0.0187| 0.0163| 0.0069| 0.0077| 0.0077| 0.0069 0.0069
ho (mm) [ 10896 | 1.2894| 0.8992 | 0.1020| 0.1340| 0.1340 | 0.1020 0.1020
Rooms GG1 HH1 111
Q@) | 0.0069 | 0.0069| 0.0257
hi,(mm) 0.1020 | 0.1020 | 3.0599
B. Second Floor
SECTION A2 B2 C2 D2 E2 F2
- § DEMAND (L/s) 0.0245 0.0061 0.0069 |  0.0069 | 0.0069 0.0061
&= Hioss (mm) 2.1777 0.0441 0.0619 | 0.0619 | 0.0619 0.0441
C. Third Floor
Rooms A3 B3 C3 D3 E3 F3 G3 H3
Q (L/s) 0.0245 0.0061 0.0069 | 0.0069 | 0.0069 | 0.0069| 0.0069| 0.0069
hi(mm) 2.6773 0.0754 | 0.1020 | 0.1020 | 0.1020| 0.1020| 0.1020 | 0.1020
Rooms 13 J3 K3 L3 M3 N3 03 P3
Q (L/s) 0.0069 0.0069 | 0.0069 | 0.0134| 0.0134| 0.0069| 0.0069| 0.0077
~ hi(mm) 0.1020 0.1020 | 0.1020 | 0.5428 0.5428 | 0.1020| 0.1020 | 0.1340
8 Rooms Q3 R3 S3 T3 U3 V3 W3 X3
= Q (L/s) 0.0069 0.0069 | 0.0069 | 0.0069 | 0.0069| 0.0069| 0.0053 0.0061
g | hu(mm) 0.1020 0.1020 | 0.1020 | 0.1020| 0.1020| 0.1020 | 0.0535 0.0754
« Rooms Y3 73 AA3 BB3 CC3 DD3 EE3 FF3
Q (L/s) 0.0175 0.0187 0.0163 0.0069 | 0.0077 | 0.0077 | 0.0069 | 0.0069
hi,(mm) 1.0896 1.2894 |  0.8992 0.1020 | 0.1340 | 0.1340 | 0.1020| 0.1020
Rooms GG3 HH3 113
Q (L/s) 0.0069 0.0069 |  0.0297
hi(mm) 0.1020 0.1020 | 4.5925
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D. Fourth Floor

Rooms A4 B4 C4 D4 E4 F4 G4 H4
Q (L/s) 0.0293 | 0.0061 | 0.0069 0.0069 | 0.0069 | 0.0069 0.0069 | 0.0069
hi(mm) 44205 | 0.0754| 0.1020 0.1020 | 0.1020 | 0.1020 0.1020 | 0.1020
Rooms 14 J4 K4 L4 M4 N4 04 P4
Q (L/s) 0.0069 | 0.0069 | 0.0069 0.0134 | 0.0134 | 0.0069 0.0069 | 0.0077
hi(mm) 0.1020 | 0.1020 | 0.1020 0.5428 | 0.5428 | 0.1020 0.1020 | 0.1340
Z | Rooms Q4 R4 S4 T4 U4 V4 W4 X4
é Q (L/s) 0.0069 | 0.0069 | 0.0069 0.0069 | 0.0069 | 0.0069 0.0053 | 0.0061
g, | hu(mm) 0.1020 | 0.1020 | 0.1020 0.1020 | 0.1020 | 0.1020 0.0535 | 0.0754
Rooms Y4 74 AA4 BB4 CC4 DD4 EE4 FF4
Q (L/s) 0.0175| 0.0187 | 0.0163 0.0069 | 0.0077 | 0.0077 0.0069 | 0.0069
hi(mm) 1.0896 | 1.2894 | 0.8992 0.1020 | 0.1340 | 0.1340 0.1020 | 0.1020
Rooms GG4 HH4 114
Q (L/s) 0.0069 | 0.0069 | 0.0395
hy(mm) 0.1020 | 0.1020 | 10.1602
. Fifth Floor
Node A5 B5 Cs5 D5 ES F5 G5 H5
Demand (L/s) 0.0350 | 0.0060 | 0.0069 | 0.0069 [ 0.0069 0.0069 | 0.0069 | 0.0619
% hi (mm) 724741 0.0730 | 0.1020 [ 0.1020 | 0.1020 0.1020 | 0.1020 | 36.4925
S Section 15 J5 K5 L5 M5 N5 05 P5
=
= DEMAND 0.0069 | 0.0056 | 0.0163 | 0.0069 | 0.0077 0.0077 | 0.0069 | 0.0399
@ | 0.1020 | 0.0617 | 0.8992 | 0.1020 | 0.1340 0.1340 | 0.1020 | 10.4580

Now, after knowing the amount of discharging rate and head losses for each floor start from base
up to 5" floor, it can simply be summarizes the total withdrawal rate and total head losses.

Table 6.2 Summary of discharging rate or demand for a hospitals

Floors Length of pipe per floor (m) | Discharge rate (I/sec)

Foundation 120 0.196 QB
1** floor 195 0.318 Q1+
2" floor 35 0.058 Q2m
3 floor 200 0.327 Q3™
4™ floor 210 0.343 Q4™
5% floor 145 0.237 Q5™
Total 920 1.478 Qrotal
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As shown the above Table 6.2 the total sum of discharging rate for the hospital is less than the
maximum withdrawal rate. This shows that the rate of hot water used is safe or fulfill the hot water

for all rooms in each floors.

6.4 Pressure drop through water distribution system

Pressure drop over the length of pipe line calculated as:

__32uLv
=0

AP 6.14

Where, AP-total pressure drop in the pipe network; L, V and D-are the length, mean velocity and
diameter of the pipes respectively; u-dynamic viscosity of the fluid.

Table 6.3 Total pressure drop throughout the pipe flow in a hospital.

Floor Length of the pipe (m) | Q (L/s) D (m) Pressure drop (Pa)
Base 120 0.196 0.0500 4895.826

1st 195 0.318 0.0254 4726.66

2nd 35 0.058 0.0254 1370.958

3rd 200 0.327 0.0254 473884

4th 210 0.343 0.0254 3444.04

Sth 145 0.237 0.0254 246873

As shown Table 6.3 total pressure drops are calculated for each rooms on each floors. Hence, the
total pressure drop through water distribution to the end user or rooms is approximately 21,965.05
Pa. When a pump delivering hot water through a pipe to the rooms, the total loss pressure due to
different factor is 22 kPa. The total pressure at outlet point of storage tank to end-user calculated

by applying Bernoulli equation.

2 2
Py +pgzy + 52 = P, + B2 + pgz, + AP, 6.15
The total pressure at outlet point is approximately 22 kPa (P; = 21,965 kPa).

6.5 Investigation of hot water flow from storage tank through pipeline

Simultaneously hot water flows from a storage tank and through a pipe to each appliance. While
hot water is flowing, the fluid depth is decreasing as hot water distributed to each room.
Continually, this action occurs with time, which implies that the deeper the hot water, the faster it
flows from the tank. In this study, for unsteady flow hot water flow from a tank using FDM

estimate the depth of the hot water in the tank with time throughout the day.
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The mean velocity, V for hot water flow in a round pipe of diameter, D is given by;

__ D2AP
T 32ul

6.16

Where, AP- the pressure drop over the length of L of pipe and at inlet pipe the pressure is;
AP = pgh = yh 6.17

The discharge pressure of hot water from the storage tank at the bottom calculated by Bernoulli
equation as 21,965 kPa. Conservation of mass needs that the flow rate from the tank is related to

the rate change of depth of hot water in the storage tank.
2

Vs
Q= —2Di 7, 6.18
Where, continuity equation (Q = %DZ 7); and the mean velocity becomes;
_ _m(D)*dn
V= 4 (D) dt 6.19
The mean velocity for laminar flow in round pipe is also given by:
y =2 6.20
32uL
Where, the pressure drop over the length of pipe L is given by:
AP = yh 6.20a
By combining equation 1 and 2, the partial differential equation becomes:
& _ _ch 6.21
dt

4

Where, C = pghD

324107 is constant, D and h- Diameter of the pipe and height of the tank, respectively
t

and D; —diameter of the storage tank

Discretizing the equation 3 by using backward finite difference techniques gives:

dh _ hi—h;_q

o > 6.22

Where, At is time step between the different nodes and its value is selected to be 15 minutes
throughout the day and h; and h;_,are approximate values of h at nodes i and i-1. The total nodes
are N = 20 and change in y-axis (Ay) is 0.25 m and analysis on one dimensional flow.

Fori=2,3,4 ... N, the governing equation is given as the following:

Rizhin _ _p.
At !

The depth of hot water in the storage tank is given by:

, = hi1
L (a+an)

6.23
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Initial condition:
The total height is @ 1 =1 equal to the total height of the storage tank (h; = h¢gy)- The final the
equation used to simulation to solve the transient analysis depth of the hot water in a 24 hours for

every day.

htank
L™ (1+ap)i-1 6.24

6.6 Selection of pump for water distribution system
A wide range of pump types is available on the market. Prevailing local conditions and
management capacities determine the type which is most suitable and sustainable. In selecting a
pump type for a specific purpose the following methodological criteria need to be considered:

e Rate of delivery required (capacity)

e Vertical distance from pumping level to delivery level (pumping head)

e Variations expected in water levels at the source

e Durability of basic components

e Auvailability and cost of spares

e [Ease of maintenance
6.6.1 The performance or characteristic curve of the pump
The pump characteristic curve show the relationship between discharge pressures vs. flow. The
point of intersection between the pump performance curve and the system head curve represents
the capacity at which the pump will operate. When select the pump, it is always advisable that it
normally operate in a region of reasonable capacities i.e. not too far from their best efficiency
point. From the characteristic curve of the pump the best efficiency point to discharge hot water

is 70%. The power required for driving a pumping unit to achieve hot water to demand can be:

Preq — ng(H_S;at-i_SL) 6_25
1000 = 9.81 * 1.5 * 1073(25 + 0.0085 * 920)
Proq = — — 690 W = 0.70 kW

Where, B..q = power required for pumping (Watts); Q = max. Pumping capacity (m’/s); p =
specific weight of water (kg/m®); n = pumping efficiency (%); Hgqe = static head (m); S =
hydraulic gradient (m/km) and L = pipe length (m).

The pumping head is the total head, and comprises the static head plus the friction head loss for

the design flow rate. Since, Centrifugal pump is high speed operation, smooth, even discharge,
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efficiency range (50-85%) depends on operating speed and pump head and also it requires skilled
maintenance and powered by electric power; is selected for pumping of hot water for domestic. A

three-phase electric drive centrifugal pump selected has the following technical specification.

Total Head - Feet

Capacity - US Gallons Per Minute

Figure 6.2 The selection chart to determine the appropriate Centrifugal pump model and size for
water pumping application.

Technical specification

Type Electric drive centrifugal pump (PST-A70M/50Hz)
Application Pumping of water for domestic

Maxi. Capacity up to 409.14 gpm.

Max. Head up to 60.7 m

Max. Operating pressure 800 kPa/8 bar
Temperature of pumped liquid:-10°C to +90°C.

MOTOR

Type 3 phase Frequency 50 Hz
Rated power 0.75 kW Poles 2 poles
Voltage: 380-415V
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CHAPTER 7
7. Result and Discussion

7.1 Solar Intensity Radiation

The hourly average incident solar radiation in Adama for all months are estimated and its values
are vary throughout the day. Here, the months such as February, January, June and July are mostly
pointed and presented in Figure 7.1 to know the maximum and minimum results of solar radiation
availability. Its shows that, months of January and February; the solar radiation intensity is higher

than other. In case of the June and July months, the solar intensity is lower.

Maximum & Minimum hourly incident solarradiation on tilted surface collector
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Figure 7.1 The hourly average SR for February, January, June and August in Adama.

7.2 Variation of Hot water Stream (HTF) Temperature

The hot water throughout the closed thermal system of the solar water heating which output from
the flat plate collector and enter the storage tank and again recycle the loop is fluctuating
throughout a day, months and a year. Depending on the variation of time outlet temperatures are
calculated iteratively for all months throughout a year by MATLAB and Excel Microsoft package
depends on hourly average solar radiation intensity incidence on the solar collector (FPC) and are
intended on Figure 7.2 and 7.3. For all months, an outlet hot water temperature reaches a maximum
at the mid-day (sun noon). The outlet temperature depends on the hourly solar radiation on a tilted
surface and the mass flow rate of HTF for each collector. The simulation of the outlet temperature

variation of all months is simulated and unsteadily calculated.
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3:gutlet HTF Temperature of the thermal system throughout the day in winter season
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Figure 7.2. Fluctuation of Hot water stream temperature throughout the day in 24 hours for

Winter Season (High solar radiation incidence).
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Figure 7.3. Fluctuation of Hot water stream temperature throughout the day in 24 hours for
Summer Season (Low solar radiation Incidence).

As shown in Figure 7.3, during day time the flat plate collector starts to absorb solar radiation
throughout the day start from sunrise to sunset hours. The fluid temperature continuously rises
from sunrise to noontime and reaches a maximum, then decreases slightly up to sunset hour. For
another season, hot water outlet temperature variations at the outlet of the solar collector (FPC)

are presented at APPENDIX.

93



M.Sc. Thesis Thermal & Aerospace Engineering

Tlaco av for Fahruary 16
x lél\r a‘y EAVE I B “al] iv
—¥— T-glass
— — — T-airgap
370 —6— T-plate | 7]

360

350

340

Temperature [OK]

330

320

310 : : ' '
Time-hr
Figure 7.4 Temperature Fluctuation of absorber Plate, Glass Cover, Air Gap throughout the Day
for February 16.
7.3 Solar Fraction

Averagely, hot water at collector outlet and delivered to thermal energy storage tank at temperature
of 60 - 68°C for the maximum solar contribution to the heating load is achieved during the winter
season in the month of February and the minimum is achieved during the summer season in the
month of August lower solar fraction as shown in Figure 7.5. Thus, the result of solar fraction
during August is 66.9% and during January is 98.6%.
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Figure 7.5 Monthly solar fraction (sf)

94



M.Sc. Thesis Thermal & Aerospace Engineering

7.4 Instantaneous thermal efficiency

The instantaneous efficiency of the solar collector depends on mass flow rate, the water
temperature at the collector outlet and available solar radiation. An efficiency was analyzed from
the solar energy delivered from solar collector and instantaneous total solar radiation incidence on
collector surface and variation is from sunrise to sunset. The Figure 7.6 reveals as a sample of a

FPC instantaneous efficiency for February 16.

Instantaneous thermal efficiency on February 17
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Figure 7.6 Variation of instantaneous efficiency of a flat plate collector for February 16.

Instanteneous thermal efficiency on July 17
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Figure 7.7 Variation of instantaneous efficiency of a flat plate collector for July 17.
As the time increases the system efficiency decreases during sensible heating of solid PCM and it
remains nearly constant during phase change period and then it further decreases during sensible

heating of liquid PCM. This is due to the fact that as charging proceeds the temperature difference
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between the HTF and the PCM in the storage tank decreases. This decreases the amount of heat
transferred to the storage tank and thus the energy stored decreases with increase in time.

The result reveals that the lowest instantaneous efficiency of a flat plate collector occurs at the
sunrise hours. This is due to, some percent of solar radiation incidence on the surface of the
collector was stored by a cover, air gap, plate, and tube materials; then the rate of heat absorbed
by system components decreased. The highest value of efficiency occurs around noontime,
because the sun comes to the overhead of the surface, due to this the major part of the radiation is
beam radiation.

7.5 Estimated solar sizing system

In this study, to determine the size and number of collector based on the period from April to
August or summer season because in this season least intensity of solar radiation is available.
Since, from the specification of the flat plat collector for the system a single FPC is specified with
dimensions of (2 m x1 m); then to fulfill the total energy demand for hospital number of FPC are
needed and the number of solar collector needed obtained as the total area of FPC divided by the
unit FPC which have area of 2 m?. The results are tabulated in Table 7.1.

Table 7.1 Average effective area and total number of flat plat collector needed for each months

Months Avg. effective Area (m?) Avg. Number of Collector required
January 17 523.099 261
February 16 470.068 235
March 16 482.730 241
April 15 468.058 234
May 15 556.320 278
June 11 600.912 300
July 17 630.967 265
August 16 546.744 273
September 15 544.732 272
October 15 517.528 259
November 14 474.982 237
December 10 514.742 257
Average Area 527.5735 265
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As shown in Table 7.1, the total area of the solar collector to cover the total energy demand are
designed for the all months of the year. The number of the collector is also considered from the
specification of solar collector. According to the above results, the maximum effective area needed
in July 17 that is 630.967 m?. Hence, during a summer season low solar radiation is acquired and
the daily hot water demand of the Adama hospital is fulfilled by using 265 a number of solar flat

plate collectors.
7.6 Variation of Storage tank Temperature throughout the day

The hot water temperature from the solar collector outlet equal to the inlet temperature of the
storage tank, hence the temperature losses through the pipes are small. As shown below in figure
the fluctuation of storage temperature varies with hourly an ambient temperature, and maximum
storage tank temperature occurred at noontime and slightly decreased up to sunset time. From
Figure 7.9 the high temperature of the storage tank is obtained on February 17 and similarly, the
low temperature of a storage tank is obtained on July 17 in Figure 7.8. Hot water temperature in
the storage tank for winter and summer season have schemed below and for autumn and spring-

summer seasons schemed in APPENDIX.

Fluctg%ion Temperature of conventional storage tank throughout the day during summer season
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Figure 7.8 Simulated hourly variation temperature of hot water during summer season
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Fluctsl%tion Temperature of conventional storage tank throughout the day during winter season
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Figure 7.9. Hourly variation temperature in storage hot water tank during winter season

7.7 Useful Energy gained by Solar Collector

7.7.1 Hourly average useful solar energy throughout the day

Useful energy collected from solar collected are simultaneously calculated hourly from sun rise to
sunset as shown in Figure 7.10, the energy collected usually high at noon time. Conventional, solar
energy delivered is found as outlet fluid temperature variation of FPC throughout the day times
the temperature rise of the HTF to its mass flow rate and specific heat capacity of the fluid.

6Hourly Average useful energy collected from a single FPC during Summer season
T T T T T T T T T T T

— — =JUNE
2N —— JULY
5k S AUGUST | -
= _
54
)
o0
b
= 3r 7
=
<
2k .
S
l‘ B
X
N -~
0 1 1 1 1 1 1 1 1 1 I
2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)
Figure 7.10 Hourly average useful energy collected throughout the day from a single FPC for
Summer Season (Minimum value of Useful energy gain)

For all season weather such as winter, autumn and spring seasons; hourly average useful solar

energy gain are listed in APPENDIX.
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7.7.2 Monthly average of useful solar energy throughout a year

Thermal storage tank stores hot water for later use. The storage tank deliver hot water for a demand
at temperature of 60°c succeeds a maximum temperature solar contribution to the load are in winter
season in the month of February and achieves a minimum solar contribution during a summer
season in months of July. Since in Ethiopia, high solar radiation attains during winter season and

low solar intensity during summer season.
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Figure 7.11 Monthly average daily average useful energy collected by a single FPC

Generally, to summarizing from the result of simulation and shown from Figure 7.11 the total
amount of useful energy collected by a single flat plate collector per day are obtained from
minimum value 2.435 MJ during summer season on July to maximum value collected 4.806 MJ
during winter season on February. This implies that average daily solar radiation on February is
higher rather than other months in a years and lowest value of solar intensity reaches in summer
season especially on July. Besides, to get the total annual useful energy by multiplying daily useful
energy and 365 of day per a year. In this study, analysis of flat plate collector is investigated only
on a single solar collector; so, it is possible to analyse transients analysis on the total solar collector
required. Thus, from a simulation the total number of collector used to cover the daily energy
demand for AHMC is 265 solar FPC and all are configured in parallel arrangements. The total
mass flow rate of hot water or heat transfer fluid is 4.582 kg/s or 275 kg/min.
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7.7.3 Solar thermal energy losses throughout the day

The rate of useful energy decreases with increasing temperature difference. The thermal loss to the
surroundings is an important factor in the determination of the performance of a FPC. The lower
the rate of thermal losses, the higher rate of useful energy output. The rate of useful energy lost by
absorber to the atmosphere is obtained by overall heat transfer coefficient times the temperature
difference. According to the simulation heat losses to atmosphere are presented in Figure 7.12.

0.45 Useful energy losses throughout the day during Febuary 16 and July 17 months
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Figure 7.12 Simulation of Useful Energy losses throughout the day for February 16" and July 17.
As shown in Figure 7.12, the thermal energy losses during maximum solar radiation intensity on
February and minimum solar radiation on July 17. Thus, the rate of useful energy losses are
maximum during the noon time for both months. Parallel, useful energy absorption and energy
losses are proportional occurred throughout the day. In summer season thermal energy losses are

very low rather than winter, correspondingly solar radiation incidence is also minimum.
7.8 Fluctuation Temperature of Thermal Storage Tank integrating Phase

Change Materials (Paraffin wax)

7.8.1 Variation temperature of Paraffin storage tank during charging process

The variation of paraffin wax (n-Heptacosane) temperature during charging processes is
investigated with variation of HTF throughout the day at inlet point. The inlet temperature of HTF
is approximately same as outlet temperature of HTF from the solar collector. Initially, both PCM
and HTF have the same temperature which is greater than/equal to ambient temperature. Then, the

melting process is occurs with sensible heating initial point for one hour and half minutes. During
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melting process, phase change process happens within a slightly temperature range 0.5-1.5 °c. The
melting process occurs approximately for seven and half-hours’ of time duration. After paraffin
wax phase change process ends, simultaneously sensible heating continues.

gg(l)'iation temperature of Phase cahnge materials (Paraffin wax) during melting process
- T T T T T T

340

PCM Temperature (K)

| | 1 1 1 1
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Time (min)

Figure 7.13: Temperature variation of Paraffin wax during melting process during February 16.

The PCM experiences three phase during charging processes; solid, liquid and mushy. The solid
and liquid phases have sensible heat and the mushy one has latent heat as shown in Figure 7.13.
From a simulation and modeling thermal storage tank with integrating PCM, the total volume
required to integrate paraffin wax is 5.6 m® i.e. the total volume needs to fill the paraffin wax. The
paraffin wax (n-Heptacosane) filled in shell or concentric cylindrical shape on outer surface of the
tube and a porosity (¢ = 0.45), through which hot water (HTF) flows. Hence the storage unit is
shell and tube configuration the single shell side filled by PCM has a volume of 0.055 m® and each
shell has its own tube with 0.017 m?® which HTF is flow through it. The total number of tube used

to fulfill the required demand is approximately 102.
7.8.2 Validation

To verify the reliability of the numerical model, the mathematical results are compared with the
previously published thesis. The simulation of the thermal storage system with integrating PCM
during the charging process is indorsed with the same work of experimental and numerical analysis
of Reddigari et al., (2012). Graphically results of the numerical analysis of phase change materials
have a similar shape, only the difference is melting time and amount of heat energy. Since the
geometrical size of the latent heat storage system and the meting point’s pf PCM used are different,

their melting time and temperature limits vary, good agreement as shown in Figure 7.14.
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Figure 7.14: Variation Temperature of phase change materials for different heat transfer inlet

Temperature during charging process Reddigari et al., (2012).

7.9 Summary and Comparison of LHTES and Conventional SHS solar water
heating system

A thermal energy storage system has been developed for the use of hot water for domestic

applications using conventional sensible and latent heat storage concept (Figure 7.15 and 7.16).

Comparison of hot water temperature of storage system with and without integrating

335 Paraffin wax duringthe day during July 11.
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Figure 7.15 The time wise variation of the hot water temperature in the solar water heating
system with and without PCM during charging processes on July 11",

Figure 7.15 reveals that shows the time variation of the water average temperature in the storage

tank for the SWH without PCM and with PCM during sunshine and the analysis solar water heater
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with paraffin wax, hot water temperature increases and achieves its maximum value. But, SWH
without PCM where the temperature decrease directly. Paraffin wax is remains constant at this
maximum value which is nearly equal to the melting temperature of the PCM, the phase change
occurs during this period, and the water temperature decreases next. This is due to the specific
characteristic of the solid/liquid transition of the PCM which is its isothermal behavior. An
integrating of paraffin in SWH is best alternatives option to affect the heat transfer from the storage
tank that can improve the thermal performance of solar thermal system and numerical results show
that their advantage for night thermal losses reduction.
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Figure 7.16: The time wise variation of the hot water or HTF average temperature of the storage
tank for the SWH system with and without PCM on February 16" during charging processes
Both Figure 7.15 and 7.16 shows that including the PCM could result in temperature advantage in
stored hot water temperature over extended periods of time and helps to minimize for reducing the
time lag between the peak radiation and peak water temperature. In the case of extreme
consumption during evening hours, the existence of PCM can partially recover the temperature of
water. Thus, extending the effective operational time of the SDHW system. Furthermore, the
integration of PCM in the hot water tank improves the storage capacity with the potential to save
energy and to shift and/or smooth peak power demand.

Effect of flow rate of the HTF (m): - has significant effect on the heat extraction rate from the
solar collector that affects the rate of charging of the TES tank. Increase in mass flow rate has a
large influence on the phase transition process of PCM. As the flow rate increases the time required
for the complete charging becomes smaller. This is because an increase in fluid flow rates

translates into an increase in surface heat transfer coefficient between the HTF and PCM capsules.
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Solar water heating without PCM TES system: -is known as conventional sensible heat storage
(CSHS). From the simulation result the following draw backs are arise:
e The size of storage system volume or space is large (total volume SHS tank is 54 m?).
e The peak solar radiation usual occurs near noon, but the peak heating demand is in the late
evening or early morning. So, there is mismatch between supply and demand, and high
heat losses are occurs at noontime as shown in Figure 7.16.
e The Thwo decreases continuously with time as it goes to sunset.
e Employ the direct mixing of cold water with hot water in the conventional storage tank.
e Low heat storage capacity per unit volume and Non-isothermal behaviour.
SWH with paraffin wax TES system (LHTES): -by using the latent heat storage system, it is
possible to rectify the back draws of variation in water outlet temperature experienced in the
conventional SHS system and the outcomes:
e Provide a high-energy storage density and its characteristics to store heat at a constant
temperature corresponding to the phase transition temperature of PCM.
e The peak solar radiation occurs at noontime are stored for late use.
e The size of the storage tank is reduced appreciably compared to conventional system and
is best suited for applications where the requirement is intermittent.
7.9.1 Validation
The physical validity of the proposed numerical model has been checked by comparison between
numerical results and data published. Since the geometrical size of latent heat storage system and
meting points pf PCM used are different; due to this their melting time, ambient and outlet
temperature limits are vary. However, there is a good agreement of a present study result and
published paper by Padmaraju et.al., (2008).
7.10 Water distribution system and pipe network
A hot water distribution system is an essential infrastructure in the supply of water for each rooms
and end users. It connects consumers to sources of water, using hydraulic components, such as
pipes, valves, pumps and tanks. The hospital buildings whose elevation is more than the main tank
height come under this category. In general the buildings having elevation G+5 come under the

pressure network.
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Figure 7.17. Depth of hot water in thermal storage tank

The maximum velocities attained in Pressure network are 0.78 m/s. The total head to be generated

meets the needs of all the buildings floors. Figure 7.17 shows the depth of hot water in storage

tank is slightly decreases as the customers are used. The maximum height of the fluid is

approximately 7.5 m with the volume of reservoir 60 m>.
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Figure 7.18. Quality of hot water withdrawal rate capacity versus operating time used.
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CHAPTER 8
8. Estimation of Economic Analysis of DHW for AHMC

8.1 Economic Analysis of Solar Thermal System

Investment in solar energy technology is encouraged as the merits such as pollution free
environment, free renewable and energy source, high reliability and low maintenance costs.
Although solar radiant energy is free but the equipment required to convert it to a useful form is
not free. So, a cost must be assigned to solar thermal that reflects the conversion equipment cost
prorated on the number of kWh delivered by the solar energy which is less than the cost of other
energy sources that can perform the same task (Kalogirou, 2014). Thus, there is an economic
incentive to use solar energy. Generally, solar processes are characterized by high first cost and
low operating cost. Investments in purchasing and installing solar energy equipment are major
factors in solar processes economics.

The main goal cost evaluation is the determination of the least cost method of meeting the energy
required considering both solar and non-solar alternatives and also solar energy equipment is
bought today to reduce tomorrow’s fuel bill. In our country, solar water heaters (SWH) are
becoming increasingly attractive in sustainable development and efforts are continuously made to
reduce their costs to make them more affordable. A SWH is designed for supplying a specified
quantity of hot water per day at a specified temperature. Thus, annual heating load for water
heating becomes:

Qa = 365 * Py Cp Vst (Thot — Teota) 8.1

While a solar fraction of this heating load is covered by solar energy and rest is met by auxiliary

energy supply system. So, annual contribution of solar energy to the system;

Qa,sotar = Sf * Qa 8.2
Economic analysis parameters

Inflation rate 10% Debt ratio 50%

Discount rate 10% Debt interest rate 8%

Salvage rate 10% Loan period 10 year

Energy escalation rate 15% Cost of fuel 1.72 ETB

Cost of electricity 1.716 ETB
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8.2 Financial and Unit prices of components of SHW system with integrating

PCM as Thermal energy storage

No:- | Item Specification Unit cost (ETB)
1 Solar flat plate (1*2) m? 972,218.75
collector, FPC
2 Storage tank 2 mm steel sheet 5512.5
inside Glass fiber thick-1.95 mm (1.2*3) m 37012.5
Insulation Galvanized steel with 1 mm thick 3466.97
Insulation cover | 30% of material cost 16097.20
Manufacture
Total 62,089.17
3 Pipe Length = 6 m (standard)
External pipe for | 1 inch 24,666.75
joining collector | 1% inch
1 inch
Tee, Elbow 90°,
and fitting pipe
4 Pump Electric drive (2) 37,400
5 Controlling PRV, Check valves, block valves,
system and vacuum and air vent, safety, RTD, 35,500
accessories thermostat and pump controls
6 Cylindrical and
tube Latent Heat 49,306.00
Storage Copper
tube sheet
7 Paraffin wax Requirement by weight 2651.88 kg 62,266.142
(PCM)
8 Pipe Network for | Total Length 920 (Galvanized Steel 118,906.7
water distribution | Piping)
(L=6m std)
Elbow and fitting | 1 inch
1 % inch
9 Labor and 20% solar collector cost 194,443.75
installation cost
Total component system cost
Operating cost 15% of system cost 224,519.59
10 (Maintenance
and pumping
cost) [M&O]
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8.3 Maintenance, Operating and Replacement Cost

At the outset, investment and installation of project associated with solar energy process, system
operation cost should be considered. Operating cost if continues operation that includes energy
cost for pump operation, controllers and other accessories needs a system as a whole. Repair and
replacement costs are a critical issues to the success of solar thermal systems. It has to be
mentioned that the replacement and repair cost depends on the manufacturer and the type of the
system used. The reason for this is the best approximation of the life cycle costing. In terms of
lifetime and replacement this is the most difficult section solar water heating system component
to evaluate. From the various companies manufacturing solar flat plate collectors were not able to
give an exact average replacement age. Most of them qualified that the solar collectors would last
for at least 20-25 years. Similarly for storing a thermal energy, various companies recommend the
average lifetime of hot water storage reservoir replacement from 8 to 12 years. For an active solar
water heating system, one basic components needs is a pump, but after lifetime is over, it should
be replaced. The recommend pump for solar thermal system is an average age of pumps substituted

from 5 up to 10 years.

8.4 Analysis of investment cost
An investments in buying and installing solar energy equipment are important factors in solar
process economics. Installed costs of solar equipment can be shown as the sum of two terms, one

proportional to collector area and the other independent of collector area:

CI:CA*AC+CE 83

Where, C;-total cost of installed solar energy equipment (Birr); C,- Total area dependent cost
(Birr/m?); Ac-Area collector (m?); and C- Total cost of equipment independent of collector area.
There are many factors (interest rate, inflation rate, unit cost of electricity, operation &
maintenance cost and solar water heater service life) are to be considered while evaluating life
cycle cost of solar water heating system. All these factors are affected by fluctuations in the
economy, government policies, electricity tariff and etc. (Kalogirou S. A., 2014)

Life cycle cost (LCC): -is the sum of all costs associated with an energy delivery system over its
lifetime, taking into account the time value of money and can also be estimated for a selected
period of time.

The life cycle cost of solar water heating system is determined from the investment cost and the

present value of maintenance and pumping cost distributed over the life as follows;
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LCC = CI + Cp 3 (1 - —=) 8.4

(a+imn
Where, CI and Investment cost of solar water heating system
C-annual maintenance and pumping cost and n-period of time (years).

Life cycle savings Energy (LCS): -is defined as the difference between the LCC of a conventional
fuel-only system and the LCC of the solar plus auxiliary system. This is equivalent to the total
present worth of the gains from the solar energy system compared to the fuel-only system. The life
cycle saving of solar water heater is the energy cost saved due to replacement of electricity or/and
fuel by solar. Annual energy saving calculated as:

AES = sf * Qunn 8.5

LCS = P, * 5 + Qann * (%) [1 - (1+ie)n] 8.6

i—ie 1+

Where, LCS-life cycle saving energy, [kWh]; sf and Q,,,-solar fraction of load supplied by solar
energy and annual heating load [kWh] respectively.

i and i,-annual market discount rate and annual market rate of energy escalation.
Unit price of Solar Energy
To determine the unit price of solar energy cost, the life cycle cost has to be equal to the life
cycle savings of the solar water heater during its life time.

LCC = LCS 8.7

1+ o1 ) = O (29)[1 - (25

1—i, 1+i

Unit price of solar energy for solar water heating system
1 1
CI+CmT(1_W)

Sf*Qann*(%)[l_(T:f )n]

Payback period (Np): -is the number of years needed to exactly recover the initial investment

8.9

P, =

cost, CI, i.e. the time required for the annual solar savings to become positive and the time required
for the cumulative solar savings to become zero (Mishra, 2012). Thus;

0 = -initial investment, CI + sum of annual cash flows, CF (means that CI = CF)
To determine the pay-back period, assume the maintenance cost is very low rather than other cost.

Hence the investment of the solar water heater has to be pay-backed by the life cycle saving of

electric cost (LCS).

LCS = Cp * Sf * Qunn * (=) [1 - (“"6)"] 8.10

1—i, 1+i
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Where, LCS = CI at n = Np; Cg-unit cost of electricity for 1% year [Birr/kWh] and LCS-life cycle

saving of electric cost [Birr]

Cl = Cf * Sf * QaTLTL * (1ii:) [1 B (11—:-11'6) p] 811
s
Np =

m 8.12

ln[ 1+

8.5 Summary of Cost Estimation for the project installation

COST SUMMARY OF THE PROJECT FOR INSTALLATION
Total initial Total Life Total Life Unit cost | Unit cost | Unit cost | Payback
cost of the Cycle cost Cycle of Solar | of diesel | of period
projects (LCO) saving Energy | fuel Electricity
(ETB) (LCS) and fuel
ETB Birr Birr Birt/kWh | Birr/kWh | Birr/kWh | years
1,496,797.262 | 3,408,259.1 | 3,442,935.87|0.17 1.72 0.572 3.85
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CHAPTER 9
9. Conclusions and Recommendations for Future work

9.1 Conclusions

When going over the main points, AHMC needs total daily hot water consumption of 54 m?
with the sizing of a solar collector over 630.96 m? that needed 265 number of collectors to fulfill
the demands. An essentials numerical derivation and model are developed for the flat-plate solar
collector cross-sections (cover, air gap, absorber, working fluid, and insulation), sensible storage
tank, and LHTES unit. Besides, after investigating both the thermal storage tank with and without
integrating paraffin wax (n-Heptacosane) are examined. From the simulation result, an integrating
of paraffin in SWH is a best alternative option to enhance the performance of the system overall
and the heat transfer from the storage tank can improve the thermal performance of a solar thermal
system, increases the operating periods and their advantage for fulfilling demand at night time.
Generally, incorporating the PCMs in TES for SWH system can conserve the outlet water

temperature, especially when the inlet water temperature is less at night time.

A hot water distribution system is also an essential infrastructure in the supply of hot water for
each room and end-users and it connects consumers to sources of water using hydraulic
components. The hospital buildings whose elevation is more than the main tank height and having
G+5 come under the pressure network. Thus, the thesis has analyzed the pipe network and water

distribution system. Then, the pump is selected to drive the water up to the end-users.

For the installation of the project, the cost estimation is calculated. To install the AHMC requires
an initial capital cost of 1,496,797.26 ETB, which a total of 3,408,259.1 Birr per project through
its lifetime and life cycle cost saving will be 3,442,935.87 Birr per project. Finally, the unit price
of solar thermal energy is 0.17 ETB/kWh with the payback period of 3.85 years. This indicates
that the unit price of the solar energy is less than the unit price of a diesel fuel (1.72 Birr/kWh) and
the unit price of electricity (0.572 Birr/kWh).
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9.2 Recommendations

e Waterborne organisms like Legionella grow within free-living amoebae and highly replicate
between 20 - 45°C, with fastest growth as temperatures approach 40°C. Since, solar radiation
is always an intermittent especially in a summer season, at that time the solar collector may
not fulfill the desired temperature. So the auxiliary heating system as a backup will be actions
helps to prevent Legionella contamination of hospital water distribution systems.

e The solar water heating is a green technology and an energy efficient technology which is
economically viable in the long run and will reduce electricity generation and where it can

have the further investigation areas for modern life.

9.3 Future work
In future many researchers willing to transform and familiarize the modern solar technology with
our societies while solar energy are utmost application rather than other energy sources. Adama
hospital medical college being a center of excellence in our country and has the long term plan to
expand the construction and reduce the intermittent of heat energy sources. Therefore, it
recommend that the solar thermal system should be optimized with different parameters to
improvement of the solar system for hospital.

+ Using different phase change materials as thermal energy storage with varying its
thermophysical properties and numerical analysis for simulation of charging and discharging
processes. Optimization of solar thermal system and phase change materials is suggest.

+ The same work with this thesis and the thermal performance of LHTES units by considering
the 2st law of thermodynamics approaches on TES system is recommended.

+ Analysis of thermal losses after thermal storage for a period of time in case of thermal energy
storage using phase change materials and compare it with energy storage using water.

+ Investigation of PCMs that have a high thermal conductivity in order to be employed as phase

change materials for thermal energy storage and analyzing its performance.
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APPENDIX

ANNEX A: Incident solar radiation on inclined surface collector
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Figure A.0.1 Incident solar radiation on inclined surface collector
ANNEX B: Graph of Outlet heat transfer fluid temperature
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gutlet HTF temperature of the thermal system throuthout the day in autumn season
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Figure B.0.2 Outlet temperature of HTF during all months in a year
ANNEX C: Temperature of plate absorber, air gap and glass cover
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Figure C.0.3 Temperature of Glass cover, absorber plate, and air gap during summer season
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ANNEX D: Useful solar energy gain for every months
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Figure D.0.4 Hourly average useful energy solar gain by a single flat plate collector
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ANNEX E: Variation of daily temperature of hot water with and without phase change

materials for June 17.
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Figure E.0.5 Variation of daily temperature of hot water with and without phase change

materials, and ambient temperature.

119



M.Sc. Thesis

Thermal & Aerospace Engineering

ANNEX F: Moody chart

0.1
0.09f+-Xree---

0.08F -y rr----

= 0.05

0.07H=-=H\
0.06}+-+++\--
0.05H

0.04f -5

210,04

=2 0.03

= 0.02

i 0,015

=—i20,01

=
. o,
=] " &
"\_j i R =
éﬁ 0.03+ e 0.005 <
g | Laminar Flow | [ i1l o002 o=
= HETIE R FEI k>
= Wi Y TN R S (| asie
g 0T T 10001 1y
d’: ' Material e (mm)| 3 H5x1074 g
0.015 7 T Concrete, conrse 0.25 it 402
1| Concrete, new smooth 0.025 Y o oy 2x10 g“
! | Drawn tubing 0.0025 i 104 o
+ | Glass, Plastic Perspex 0.0025 (R S i %
0.01F+- Iron, cast 0.15 P ' . L I s = 5x10 i
‘ 4| Sewers, old 3.0 b T g i 4 gaaams : Gl
"7 Steel, mortar lined 0.1 B S SRR _=
3] S o [ T N 108
t | Steel, structural or forged | 0.025 t ! 2 ; _od 5 ! ST e : ' e 5y 1070
] Wi ot 10”4 Friction Factor = 7 AP--—-|-- gl PR |

103 101

Figure F.0.6 Moody chart

ANNEX G: Thermal Conductivities of Absorber Materials

10° 106

Reynolds Number, Re = £Y4
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Table G.0.1 Thermal conductivity of absorber plate materials.

THERMAL CONDUCTIVITY (W/m.K)

MATERIALS

Copper

Aluminium

Mild Steel

Stainless steel
Polyethylene

Fiber glass
PVC(Polyvinyl Formal)
Paraffin wax

Water

385

205

54

24
0.3-0.4
0.36

0.16

0.15 - 0.4
0.64
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