Experimental Investigation of Greenhouse Coffee Beans Drying System Using
Solar Air Heater Enhanced with Reverse Absorber Flat-Plate Collector and

Nanofluid coated Absorber

Merdokiyos Amare Ante

A Thesis Submitted to the Department of Mechanical Engineering
School of Mechanical, Chemical, and Materials Engineering
Presented in Partial Fulfillment of the Requirement for the Degree of Master

of science in Thermal Engineering

Office of Graduate Studies

Adama Science and Technology University

June 2022

Adama, Ethiopia



Experimental Investigation of Greenhouse Coffee Beans Drying System Using

Solar Air Heater Enhanced with Reverse Absorber Flat-Plate Collector and

Nanofluid coated Absorber

Merdokiyos Amare Ante

Advisor: Dr. Dawit Gudeta

A Thesis Submitted to the Department of Mechanical Engineering
School of Mechanical, Chemical and Materials Engineering
Presented in Partial Fulfillment of the Requirement for the Degree of Master

of science in Thermal Engineering

Office of Graduate Studies

Adama Science and Technology University

June 2022

Adama, Ethiopia



DECLARATION

| hereby declare that this Master Thesis entitled “Experimental Investigation of Greenhouse Coffee
Beans Drying System Using Solar Air Heater Enhanced with Reverse Absorber Flat-Plate
Collector and Nanofluid coated Absorber “is my original work. That is, it has not been submitted
for the award of any academic degree, diploma or certificate in any other university. All sources

of materials that are used for this thesis have been duly acknowledged through citation.

Merdokiyos Amare Ante

Name of student Signature Date



RECOMMENDATION

I/we, the advisor(s) of this thesis, hereby certify that 1/we have read the revised version of the
thesis entitled “Experimental Investigation of Greenhouse Coffee Beans Drying System Using
Solar Air Heater Enhanced with Reverse Absorber Flat-Plate Collector and Nanofluid coated
Absorber.” prepared under my/our guidance by Merdokiyos Amare submitted in partial fulfillment
of the requirements for the degree of Mater’s of Science in Thermal engineering. Therefore, I/'we
recommend the submission of revised version of the thesis to the department following the
applicable procedures.

Dr. Dawit Gudeta

Major Advisor/Supervisor Signature Date



APPROVAL PAGE OF M.SC. THESIS

I, the advisors of the thesis entitled “Experimental Investigation of Greenhouse Coffee Beans
Drying System Using Solar Air Heater Enhanced with Reverse Absorber Flat-Plate Collector and
Nanofluid coated Absorber.” and developed by Merdokiyos Amare hereby certify that the
recommendation and suggestions made by the board of examiners are appropriately incorporated
into the final version of the thesis.

Dr. Dawit Gudeta

Major Advisor/Supervisor Signature Date

We, the undersigned, members of the Board of Examiners of the thesis by Merdokiyos Amare
have read and evaluated the thesis entitled “Experimental Investigation of Greenhouse Coffee
Beans Drying System Using Solar Air Heater Enhanced with Reverse Absorber Flat-Plate
Collector and Nanofluid coated Absorber.” and examined the candidate during open defense. This
is, therefore, to certify that the thesis is accepted for partial fulfillment of the requirement of the

degree of Master of Science in Thermal ENgiNeering......ooueeeeieneeneeenneenneene von aue

oooooooooooooooooooooooooooooooooooo

Chairperson Signature Date
Internal Examiner Signature Date
External Examiner Signature Date

Finally, approval and acceptance of the thesis is contingent upon submission of its final copy to
the Office of Postgraduate Studies (OPGS) through the Department Graduate Council (DGC) and
School Graduate Committee (SGC).

Department Head Signature Date

School Dean Signature Date

Office of Postgraduate Studies, Dean Signature Date



ACKNOWLEDGEMENTS

First of all, I would like to give my deepest gratitude to the almighty God for giving me the
patience, courage, and strength to do this thesis. | would like to express my sincere gratitude to my
advisor Dr. Dawit Gudeta for his continued support and guidance throughout this thesis work.
Without his precious help, this thesis could have never achieved its current form. I would like to
thank Dr. Addisu Bekele for sharing instruments and for his encouragement, suggestion, and
guidance during my study. | would also like to thank Dr. Gezahegn Habtamu for his
encouragement and guidance since my proposal work and Mr. Sintayhu for his help and sharing
thermocouple wires. | would also like to express my deep feeling of happiness to all my families
and my friends, who encourages me to finish this study with full of commitment and everyone
who helped me finish this thesis. Finally, 1 would like to thank Adama science and technology

university for giving me the chance to join the master’s program with full sponsorship.



Contents Page

DECLARATION ...ttt sttt sttt bbbt b et et s et e e st et e st e e b e st et enennens [
RECOMMENDATION ..ottt sttt ne st st e e esesaeseeneaneneas i
APPROVAL PAGE OF M.SC. THESIS ...ttt i
ACKNOWLEDGEMENTS ..ottt sttt sttt se bt sesbesnesene s iv
LIST OF FIGURES ..ottt sttt b e st neane s X
I S IO o I = 1 TR xii
ABERRATIONS ...ttt e s e e e s s e e e s e e e nae e e e seeeenteeeanseeeanneeeas xiil
NOMENCLATURES .....ooottieiet ettt sttt st e bt neste e enenns Xiv
GREEK SYMBOLS ..ottt sttt sttt et saeneane e Xvii
U S O 1 1S TSR XVvii
N S 2 ¥ USSR XViii
CHAPTER ONE ...ttt ettt sttt sn e nenre s 1
L1 INTRODUCTION . ...ttt sttt st s et st e e e st e eseabe s e ene s s 1
1.1 BACKGIOUNG ...ttt bbbttt bbbttt sn bt e b e ene s 1
1.2 Problem STAIEMENTS. ........ciiiiieieie ettt st sbe e nne s 3
IR @ o 1=Tot )= PSSSSRSIN 3
1.3.1 General ODBJECHIVE .......oiuiiiiiiiiiee e bbb 3
1.3.2 SPECITIC ODJECLIVES ..ottt bbb 4

1.4 The Significance of the RESEAICN...........ccooieiiie e 4
1.5 EXPECLEA OULCOMES .....eovieiiiiiieiteciie ettt sttt ettt te e e ae e steessesbeebeeaeesaaenneeneesreenrens 4
1.6 The SCOPE OF the STUY ......oeiiiieie bbb 4
(8 1 e I = S Y ST 5
2. LITERATURE REVIEW........coi ittt sttt sttt ne e 5
220 A 11 0o [ od 1 o PSSP 5
2.2. S01ar AIr HEALET (SAH) .. .ottt 5
2.2.1 Solar Air Heater COMPONENTS .......ccviiiiieiiieiee e sae e raesae e snae e 6
2.2.2 Factors that affect the performance of flat plate solar air heaters.............cccccceevvennnnnne. 6

2.3. Classification Of SOIar @ir NEALET.........ccvcieiieiiee e 8
2.3.1. Classification Based on Utilization of Solar ENergy ..........c.ccocvvvvvininnenniencnesee 9

2.3. 1.1 OPEN SUN AIYING ..eeiieiiieeitie ettt ettt ettt e s e et eeae e sae e e beesaeeesneesreeanes 9
2.3.1.2 DIreCt SOIAr AIYEIS ...ccivviiiie ittt be et ere e 10



2.3.1.3. INAIreCt SOIAr AIYEIS ..ot 11

2.3.1.4. Mixed mOde SOIAr UIYEIS.......ccueieeiecieceere e sra e 13
2.3.1.5. HYDrid SOIAr ArYer .....ccueeeeee et 14
2.3.1.6. GreeNNOUSE OIYEI: .. .ottt bbb 14
2.3.1.7. The solar tunnel drying SYStEM .........coiiiiiiiiieieie s 17
2.3.2. Classification Based on the Mode of Air FIOW ..o 18
2.3.2.1. ACLIVE SOlAr ENEIGY AIYEIS ...ocvveiveeie ettt ettt e e e e 18
2.3.2.2. PasSIVe SOIar ENErgy AIYEIS ......ccoiiiiiiiiiieieeee ettt 18
2.3.3. Classification According to Shape of Absorbing Surface .............cccoceveviiiiiiiinns 19
2.3.3.1 WIth Slat (NONPOIOUS).....ccvveiiiiiiiieeiie sttt e sreenee s 19
2.3.3.2. WILN POFOUS.......veieeiecie sttt sttt st e e nneenneenne s 20
2.3.3.3. WILH FIN oottt reeneens 21

2.4. Solar Air Heater Performance Enhancement TEChNIQUES...........ccccevevveieiieeiiese e 21
2.4.1. Reverse-ADbSOrDEr Air HEALET.........ccoiiiiiiiiiieeee e 21
2.4.2. NaNOTIUIAS PaINT........coiiiiiiiii et sne e 23
2.4.3 DOUDIE PaSS......c.eiiiieiiieiieeiie sttt sttt reeste st esneente e eneenne et 24
2.4.3.1 PArallel PaSS......ceiiieeiiiie ittt 25
2.4.3.2 COUNTEE @IF PSS ..euveeureireeiteeiteesresteesteseesseessesseesteesesseesaeesesseesseesesseesseesesseesseesens 25
2.4.3.3 RECYCIE ... 26
2.4.4 Thermal energy Storage (TES) ..o 27
2.4.4.1 Sensible HEat STOTAQE ........coviiiiieeie ettt 27
2.4.4.2 Latent HEAt STOTAQE.......eeiieiiiieiiieie et 28
2.4.4.3 Thermo-chemical ENergy STOrage ..........covveririeieieie e 30

2.5. Conclusion from Literatures and RESEArch Gap ........ccccvevveveeiieiiciiese e 30
CHAPTER THREE ...ttt 31
3. METHODOLOGY ...ttt et et e et e st e e st e e st e e st e e e snae e e snte e e nnteeeanaeeenneees 31
X200 A 111 0o [ od 1 o] USSR 31
K Y 1=1 1 g oo (o] oo VAR UPPR 31
3.3 Materials and EQUIPMENT’S ......ccviiiiiiiiiiiiiiciec e 31
3.4 RESAICH DBSION .. .citieieieiteite ettt bbbt bbbttt e bbbt bt 32
3.5 Data COMEBCLION ...ttt ae st sbe b 33
3.6 Preliminary Terminology and Sign Conventions for Estimation of Solar Radiation ......... 35
3.6.1 BASIC SOIAr ANGIES ..ottt 35

Vi



3.6.1 Derived SOlar ANGIES ........oiiiieeces et 36

3.7 Estimation  Solar RAIALION ........ceeiiiiiiiisie s 38
3.7.1 Estimation of the Extraterrestrial Solar Radiation on a Horizontal Surface............ 38
3.7.2 TErreStrial REGION ......ocuiiieiieiieie ettt te e reenne e 39
3.7.2.1 Estimation of Monthly Average Daily Global Radiations on a Horizontal Surface
........................................................................................................................................... 39
3.7.3 RADIATION ON SLOPED SURFACES ......ccceotitiiieiieieesesieese e 42
CHAPTER FOUR ...ttt ettt e et e e st e e e snb e e e sneeeenneeeans 45
4. THEORETICAL ANALYSIS OF GREENHOUSE INTEGRATED WITH ENHANCED
@] I = O @ 1 I I = O 1 T = R 45
I [ (oo (3 Tox o] USSP TPTPURRTRPR 45
4.2 DeSIgN OF the SYSIEM ...c.eieei e et re e sre et 45
4.2.1 AT TIOW FEQUITEMENT. ...ttt 47
4.2.2 Total area of the system for collecting incident €nergy ...........cccccevveveeveseececce s, 48
4.2.3 Area of drying Ded (TraY) ...cceeceeieiec et 48
4.2.4 Design of Reverse Back ReflECTOr .........ccooiiiiiiiice s 49
4.2.5 Design of thermal eNergy StOrage .......ccooeiiiiiiriiieiee s 52
4.3 Energy and EXErgy ANAIYSIS........ccoeiiiiiiieie ettt a et nna e 54
4.3. 1 ENEIQY ANAIYSIS ....vveivieiee ettt sttt ettt ettt et ns 54
4.3.1.1 Energy Balance of Solar Air HEAter ..o 55
4.3.1.2 Energy analysis Of eNergy STOrage .........cccoovrireeieiene e 59
4.3.1.3 Greenhouse energy balance ..o 61
4.3.2 Heat Transfer and Heat L0SS COETfICIENTS .......cvvvvieieiiiececccesee s 63
4.3.3 EXErgy ANGIYSIS ....ccviiiiieiiiieece et 65
4.3.3.1 Exergy analysis of the solar air heater ..., 66
4.3.3.2 Exergy analysis 0f GIreeNNOUSE..........ccueiveiiiieieece e 67
4.3.3.3 Exergy analysis Of energy SIOrage .........cccoovririeieiene e 68
4.4 Numerical Formulation of the System COMPONENTS.........cocceririiiiiiiiieee e 69
4.4.1 CFD Pre-Processing Stage for the system COmMponents..........cccevvveeveeiieeiieevieesieesne. 69
4.4.2 Numerical modelling of the latent heat Storage ..........cccccvevieiieeie e, 72
(OF o 1 e I G Y SRS 75
5. EXPERIMENTAL SETUP AND PROCEDURE .........cccooie et 75
5.1 INEIOTUCTION ..ttt b et b et b e bt et e s st st e e aesreenbe e b s 75

5.2 ConCePUAl MOEL ........oveeiiiieee e 75



5.2. 1 WOrKing PrINCIPIE ... 76

5.3 MaNUTaCLUNING PrOCESS. .....cuviiiieiieeiie ettt ste ettt et e ae e e s e e ste e sneennaeeeas 77
5.3.1 Construction of the Flat Plate Solar Air HEater ...........ccoccvveiiiiniineieieene e 77
5.2.2 Construction Of the GreenNOUSE..........cccuviieiieie e 78
5.2.3 Construction of Latent Heat Storage CONtaiNer ..........cccoceiieieiieeneeie e see e 79
5.2.4 Construction Of SUPPOITEr STIUCLUIE ........ceevieeieiiecie et 79

5.3 EXPEIIMENTAL SEIUP ...ecveeieeiecie ettt te e e re e e e e sneeee s 80
5.3.1 EXPEerimental PrOCEAUIE .........cuoiiieieieie ettt 82
5.3.2 Experimental measuring INStrUMENTS. ..........ocuriiieiiieiee e 82

5.4 Preparation of NanOflUIdS ............cooiieiiii e 83
5.4.1 X-Ray Diffraction (XRD) Characterization of Cuo Nanofluid ...............cccocevvvrinennnns 85

(O o 1 e I Y 1 PR R 86
6. RESULT AND DISCUSSION......ooitiiiiiieiiiieiet ettt snenes 86

TR 1 oo [Uod 1 o] RSP PR PRSP 86

GRS Yo - T g Uo [ F- 1 o] o TSRS SRS 86

6.3 Ambient Temperature Profile ... 86

6.4 Experimental Results 0f SO0 GreenhOUSE............cccveiiiiieiiiiic e 87
6.4.1 Greenhouse Outlet and Product Temperature Variation............c.cccceevvvveriveresiveseennns 87
6.4.2 Useful Heat Gain SOI0 greenNOUSE........ccoiviiiiiiiiieeee e 88
6.4.3 Thermal Efficiency of SO0 GIreennOUSE...........ccvvieieriiiiieieree e 89
6.4.4 The exergy efficiency of SOI0 GreenhoUSE............ccveviiiieiicieie e 89

6.5 Experimental Results of Enhanced Solar Collector...........ccoovviiiiiieiieie e 90
6.5.1 TemMPErature Varfation .........ccccceveieiiiiiiiesiesieeeeee ettt b e eie s 90
6.5.2 Useful Heat gain of enhanced solar COECTOr ...........ccoviieiiiiiiiccec e 91
6.5.3 Thermal Efficiency of Enhanced Solar ColleCtor ...........c.cccoveiieieiii i 92
6.5.4 The Exergy Efficiency of Enhanced Solar Collector.............ccocovviiiiiiieiiiiis 92

6.6 Experimental Results of Greenhouse Integrated with Enhanced Solar Collector............... 93

6.6.1 Outlet and Inlet Temperature Variation of Greenhouse Integrated with Enhanced Solar

(O00] | [=Tox (o] SRR PRR 93

6.7 Comparison of Various Performance Parameters for Greenhouse with and Without

g g TaTotTo @0 | <o (o] PSSR 94
6.7.1 Comparison of Outlet and Inlet Temperature of Greenhouse with and without Enhanced
RST0] F= TG O] | [=To! (o] r PRSPPI 94

viii



6.7.2 Comparison of Thermal Efficiency Greenhouse with and without Enhanced Solar

(OF0] | [T ox (o] GRS PR 95
6.7.3 Comparison of Exergy Efficiency of Greenhouse with and without Enhanced Solar
(O70] | [=T1 o] S RSSO 95

6.8 Experimental Results of the Thermal Energy Storage...........cccovviiiiiiieienc i 96
6.8.1 Variation of Inlet and Outlet Temperatures of the Energy Storage ..........cc.ccoccevrvnnnne 96
6.8.2 Heat Stored/Released and melt fraction during the charging and discharging process 97

6.9 Moisture Removed from The Sample ... 98
6.10 Overall system efficiency Of the SYSTEM ........c.coiiiiiiiiiie e 99
B.11 CFD RESUILS ...ttt st et enbe e esneesreeaeeneenneense s 99
6.11.1 CFD mOodel Validation ..........cccoiiiiiiiiieeeee e 100
6.12 Simulation results of the thermal energy Storage...........ccoevviieiveiesiieve e 101
6.12.1 Temperature variation 0f the PCM ..........ccccoiiiiiiii e 101
6.12.2 Charging and diSCharging time ...........cccooeiieiieie e 102
6.12.3 Contours of average melt fraction...........cccocveviiie i 103
6.12.4 MOdel ValIOALION .......ceeieiiieiiee e e 103
6.13 ECONOMIC ANAIYSIS ...ttt bbb 103
CHAPTER SEVEN ...ttt sttt sttt e e ane e 108
7. CONCLUSIONS AND RECOMMENDATIONS ...ttt 108
78 T 0 Tod 11157 T OSSR 108
7.2 Recommendations fOr fULUIE WOTK ..........c.ooveiiieriee e 109
REFERENGCES. ... .ottt ettt sttt bbbt e sttt e e be st eneabe e e 110
APPENDIXES ...ttt ettt bbbttt e neenenne s 115
Appendix-A: Experimental results of temperature during experimentation..............c.cc.ce.e.... 115
Appendix-B: Descriptions and calibration of inStruments..............cccocevviiiiiieii i, 117



LIST OF FIGURES

Figure 2. 1 Schematic diagram of a solar air heater (Ghritlahre et al., 2019).........cccccevevverrennnne. 6
Figure 2. 2 Classification of factors affecting performance............cccccovvvviiiiiicie s 7
Figure 2. 3 Open sun drying (Wikipedia ,2021) .........ccecveiieiieiieie e 9
Figure 2. 4 Working principle of OSD (Jain and Tiwari.2003). .......ccccccevverieiieireieseese e 10
Figure 2. 5 Direct solar dryer (Bolaji, 2005).........cccccveiiiiieiiiieiiese e 10
Figure 2. 6 Indirect solar dryer (Bolaji, 2005). .......cccoviiieiiiiiiieieeie e 11
Figure 2. 7 indirect solar dryer consists of V corrugated absorption plate (Lingayat et al., 2017)
....................................................................................................................................................... 12
Figure 2. 8 Mixed mode solar dryer (Bolaji and Olalusi, 2008)...........cccoovriiieieienineneseseens 13
Figure 2. 9 Hybrid solar biomass coffee dryer (Raiza et al.,2020) .........ccccccvvvevvevesieeceece e 14
Figure 2. 10: Classification of Greenhouse solar dryers(Singh et al., 2018) ..........cccccevvevverienen. 15
Figure 2. 12Models after the meshing process. (a) Gable-even-span shape, (b) Pyramidal
Greenhouse solar dryer shape, (c) Half-spherical (Quonset) shape (Bereket, 2019).................... 16
Figure 2. 13 Solar tunnel dryer (Rajendra and Rupesh ,2016) .........ccccccevvevieiieivcie s 17
Figure 2. 14 Active collector roof solar energy dryer (Kalogirou,2014). ........ccccooeveninenennnnnns 18
Figure 2. 15 Natural circulation, mixed-mode solar energy dryer (Kalogirou,2014). .................. 19
Figure 2. 16 Nonporous absorber-type air heaters (Tiwari ,2016)..........ccccurieririerenenenenenenens 20
Figure 2. 17 Solar air collectors with matrix absorber (Razak et al., 2016) ........cccceoerererirnnnnns 20
Figure 2. 18 Solar air heater with triangular fins (Tiwari ,2016) .........ccccoovriirieiiienene s 21
Figure 2. 19 Double pass, glass cover on top, metallic absorber plates on bottom and metallic
absorber plate as separator for air ChannEels ..o 22
Figure 2. 20: Schematic diagram of solar crop dryer with reversed absorber plate and reflector
(Vijay and Shashank,2018) ..........ccueiiiiiiieiieic ettt et e e sbeeaesneesaeeeeas 23
Figure 2. 21 Conventional double-pass SAH (Tabish and Kim, 2017). .......ccccceovvinincneniininnns 25
Figure 2. 22 Parallel-flow, double-pass SAH (Tabish and Kim, 2017)........cccccocevininiinicninnnnnns 25
Figure 2. 23 Counter-flow, double-pass SAH. ... 26
Figure 2. 24 Double-pass SAH with recycle operation (Tabish and Kim, 2017). ........cccccocvvvnene 26
Figure 2. 25 Types of thermal energy storage (TES) (10an ,2018)........ccccoovvieiieienencneniieninns 27
Figure 2. 26: Classification of PCMs (Ali and Deshmukh, 2020) ..........cccoeeivievicieiicieee e 28
Figure 3. 1: Methodology 0f the StUAY.........ccecviiiiiicc s 33
Figure 3. 2: Laboratory experimentation procedure to measure moisture rate a) calibration of Petri
dish mass b) mass of coffee before draying c) mass of coffee after dry.........c.ccccevvviiviieinnn. 34
Figure 3. 3: Daily maximum, minimum temperature and daily average wind speed for Adama. 35
Figure 3. 4:Monthly average daily sunshine hour of Adama............cccccoviiiinieienin s 35
Figure 3. 5: Monthly average daily extra-terrestrial solar radiation for Adama 2022 (Ho) ......... 39
Figure 3. 6: Global radiation on a horizontal SUIface ..o 42
Figure 3. 7: Solar potential estimation May 2022 AGaMA ........ccccoererererenineeiee e 42
Figure 3. 8: Daily AmbDient TemMPeratUre........cocoieiiiiiie et 44
Figure 4. 1. Geometrical parabolic trough parameters (Gunther et al., 2011) ..........cccecvveiiiinnnns 49
Figure 4. 2: Path of parallel rays at a parabolic mirror (Glnther et al., 2011)..........ccccccvvevirennnns 50
Figure 4. 3: Summarized design parameters of reverse back reflector...........ccccovveviiiiiieiiiennns 52
Figure 4. 4 Diagram of SOlar COHECTON ..........oiiieiie i e 55
Figure 4. 5: Energy balance Of glass COVET ..ot 56



Figure 4. 6: Energy balance of @ir Stream L .........ccccoveiiiiiiiiiie e 56

Figure 4. 7 : Energy balance of @ir Stream 2 ..........cccvoiiiiiiiicie et 57
Figure 4. 8: Energy balance of air upper plate (plate 1) .......cocvveeiiiiiiieieee e 57
Figure 4. 9: Energy balance of air bottom plate (plate 2) .........cccovieiiiiiiiieee e 58
Figure 4. 10: Thermal resistance diagram of solar air heater.............cccoovviiiiienin s 59
Figure 4. 11: EXErgy DAIANCE .......ooeeiiee ettt sttt 65
Figure 4. 12: The geometry of the solar collector and greenhouse............ccocveveieieiencnesineees 70
Figure 4. 13 Mesh genration a) collector b) greennouse............cccocveveiievieie s 71
Figure 4. 14: View of the latent heat storage a) isometric b) Section..........ccccccvveveiieiecieiee. 73
Figure 4. 15: Meshed view of the latent heat storage a) isometric b) section...........c.cccccvevvernennee. 73
Figure 5. 1: Conceptual schematic of the designed SYStem ..........cccccevieviireiiese e 75
Figure 5. 2: Overall schematic diagram of the proposed solar coffee drier system..................... 76
Figure 5. 3: view of solar collector from bottom direCtion ... 77
Figure 5. 4: Construction of the greenNOUSE ............coiiiiiiiiieie e 78
Figure 5. 5 Thermal energy storage ; a) construction of tube, b) melting of paraffin c) filling of
L0 0SSP 79
Figure 5. 6 Construction Of SUPPOITEr STIUCLUIE...........coiiiiiiieieec e 80
Figure 5. 7 Experimental setup of the SYStem ........ccooeiiiii i 81
Figure 5. 8 Temperature Measuring JEVICE.........ccueiveiieiieeieciesie e eee e nas 83
Figure 5. 9 : Digital weight balance during measurement a) measuring mass of copper oxide b)
measuring mass Of COTfEE DEANS .........c.ooiiiiic e 83
Figure 5. 10: Preparation procedure of nanofluids in laboratory (Abu and Bodius, 2020) .......... 84
Figure 6. 1: Estimated hourly variation of solar radiation of Adama may ..........ccccceeevereninnnnnns 86
Figure 6. 2: AMDIENT TEMPEIATUIE..........oiiiiiieieie e 87
Figure 6. 3: Temperature variation 0f SOI0 GreennOUSE ...........ccccvvevieiieieeie e 88
Figure 6. 4: Useful heat gain of 010 greenhouSe...........ccocoviiiiiiiice e 88
Figure 6. 5: Thermal Efficiency of SO0 greennOUSE.........ccecveiiciiicic i 89
Figure 6. 6: Exergy efficiency of S0I0 GreenhoUSE ..........ccecieiicii e 90
Figure 6. 7: Average Temperature Variation of enhanced solar collector............cccccoooviiinnnnns 91
Figure 6. 8: Useful Heat gain of enhanced solar COlleCtor ... 91
Figure 6. 9 The average thermal efficiency of enhanced solar collector ... 92
Figure 6. 10: exergy efficiency of enhanced solar COlleCtor .............cociiiiiiniiiii s 92
Figure 6. 11 Outlet and Inlet Temperature Variation of greenhouse integrated with enhanced solar
(0701 < ox (o] RSP SUS TP 93
Figure 6. 12: Comparison of outlet Temperature of greenhouse with and without enhanced solar
(610 1 [=To3 (o RO 94
Figure 6. 13: Comparison of Energy Efficiency greenhouse with and without enhanced solar
(070 ] | =Tt o OSSR 95
Figure 6. 14: Comparison of Exergy Efficiency of greenhouse with and without enhanced solar
(070 ] | =Tt o OSSR 95
Figure 6. 15:The average Inlet and outlet temperature variation of the energy storage. ............. 96
Figure 6. 16: Heat Stored/Released and melt fraction during the charging and discharging process
during eXPeriMENtal GAYS ........couiiiieiie it e e e e be e raeere e 97



Figure 6. 17 : Moisture content (W.0.) ..o 98
Figure 6. 18: Temperature contours at mid plane of double pass solar air heater fluid zone at

0T =T 1=] 01 ] 1RSSR P PP PRSI 100
Figure 6. 19: Comparison between outlet air temperature of CFD simulation and experimental
10016 TSP TR TR TR S PP PTUPRURPRON 101
Figure 6. 20: Average temperature 0f the PCM ..........cooiiiiiiiiieeeee e 102
Figure 6. 21 :Average melt fraction 0F PCM ... 102
Figure 6. 22: some contours of average melt fraction during the charging process ................... 103
Figure B- 1: Digital weight balance calibration ; a) calibration of Petri dish, b) calibration of paper
..................................................................................................................................................... 117
Figure B- 2: Calibration of thermocouple SEt UP .......coveiiiieiicie e 118
Figure B- 3: Calibration of Thermocouple; measured vs corrected temperature ...................... 119
LIST OF TABLES
Table 2. 1 Properties of different selective surfaces (Tabish and Man-Hoe ,2017).................... 24
Table 3. 1: Chemical laboratory result 0f OVEN Aryer ... 34
Table 3. 2: Recommended average days for months and the values of n by months (Duffie and
22203 o L TR TSSO 36
Table 4. 1 INitial aSSUMPLIONS ......otiiiiiiiiiiiieieie ettt 46
Table 4. 2: Physical properties of paraffin wax RT58 (Bernardo et al.,2016)...........ccccceevereennnns 53
Table B- 1: Instruments and their CCUTACY ........c.coiiiueiieiiceieese et 117
Table B- 2: Water temperature measuring test by using k-type thermocouples...............c......... 118

xii



HTF

OSD
PCM
RAFPC
SAH
SHS

TES
LHS

TCS

ABERRATIONS

Heat-Transfer Fluid

Open Sun Drying
Phase Changing Materials

Reverse Absorber Flat-Plate Collector
Solar Air Heater

Sensible Heat Storage
Thermal Energy Storage
Latent Heat Storage

Thermo-Chemical Heat Storage

Xiii



A

m

Q,
Ac
Af
Ain
Aout
Ap
Cpa
Cpc
Cpl
Cpp
Cpw

Dp
Fp

Hin
Hout
hc,c-a
hc,f-a
hc,p-a
hr,c-s
hr,p-c
hw
hD,f-g

ka

NOMENCLATURES

Aperture area of the parabolic trough reflector (m?)
Beam radiation (W/m?)
Thermal efficiency (%)

Useful energy (W)

Area of the cover material (m?)

Area of the concrete floor (m?)

Cross-section area of the air inlet (m?)

Cross-section area of the air outlet (m?)

Area of the product (m?)

Specific heat of air (J/kg —K)

Specific heat of cover material (J/kg —K)

Specific heat of liquid (J/kg —K)

Specific heat of product (J/kg —K)

Specific heat of water vapour (J/kg —K)

Average distance between the floor and the cover (m)

Thickness of the product (m)

Fraction of solar radiation falling on the product (decimal)

Humidity ratio of air inside the dryer (kg/kg)

Humidity ratio of air entering the dryer(kg/kg)

Humidity ratio of the air leaving the dryer (kg/kg)

Convective heat transfer between the cover and the air (W/m?2-K)
Convective heat transfer between the floor cover and the air (W/m?-K)
Convective heat transfer between the product and the air (W/m?-K)
Radiative heat transfer between the cover and the sky (W/m?2-K)
Radiative heat transfer between the product and the cover (W/m?-K)
Convective heat transfer between the cover and the ambient (W/m?-K)
Conductive heat transfer between the floor and the underground (W/m?2-K)
Incident solar radiation (W/m?)

Thermal conductivity of air (W/m-K)

Xiv



kf Thermal conductivity of floor material (W/m-K)

kc Thermal conductivity of the cover (W/m-K)

Lp Latent heat of vaporization of moisture from product (J/kg)

M Moisture content of product (db, decimal)
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Mf Mass fresh product (kg)
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Ta Air Temperature in the dryer (K)
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Tf Floor temperature (K)

Tin Temperature of the inlet air of the dryer(K)

Tout Temperature of the outlet air of the dryer (K)

Tp Temperature of product (K)

Ts Sky temperature (K)

t Time (s)

Uc Overall heat loss coefficient from air inside the dryer through the cover to
ambient air (W/m2-K)

\ Volume of the drying chamber (m3)

Va Air speed in the dryer (m/s)

Vin Inlet air flow rate (m3/s)
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Vw Wind speed (m/s)

v Air speed (m/s)
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vout Outlet air speed (m/s)

W Width of the dryer floor (m)
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ABSTRACT

Coffee bean is one of high commodity from Ethiopia. The drying process is an important step in
its production. The process is to determine the moisture level of the coffee bean which also affects
the quality of the coffee. However, this process takes a long time. The drying process of coffee
cherries by sun drying needs two to three weeks to produce dry coffee beans. To facilitate the
drying process solar thermal system is designed. The main aim of this study is to develop and
experimentally test the performance of solar greenhouse washed coffee dryer. The dryer is
designed based on requirements to dry 5kg of washed coffee beans and the study set up consists
of solar collector and greenhouse with their axillary components. The greenhouse consists six
equally spaced tray having dimensions of 60 cm x 60cm and to enhance the out temperature of
solar collector black ink with 3% concentrated nanofluid paint/coat, double pass, and reverse
back reflector are used. Since coffee needs continuous drying thermal energy storage is provided
to store heat and release when it is need. Tube and shell type heat exchanger is designed and
manufactured to store 9 kg of paraffin wax. A comparative study of the performance of a
greenhouse with and without enhanced solar collector with reverse absorber and nanofluid
absorber coat and thermal energy storage was conducted, and the result shows that integrating
the reverse absorber and nanofluid coted absorber collector to greenhouse increases change in
inlet air temperature, thermal and exergy efficiency of the greenhouse by an average value of 6
°C, 7% and 0.53%, respectively. The addition of thermal energy storage reduces the air
temperature fluctuation in afternoon. Washed coffee beans was dried within 16 h and 24 h,
reducing the moisture content from an initial value of 61% (wet basis) to a final value of 11.6%
(wet basis) and 12.1%( wet basis), in the greenhouse integrated with enhanced solar collector and
solo greenhouse, respectively. The Computational Fluid Dynamics analysis was performed and
their model validation lies in acceptable range. Finally, an economic analysis was carried out and
the pay-back period of the dryer was found to be 2.04 years.

Key-words: Coffee beans, Moisture level, Greenhouse, Nanofluid coated absorber, Reverse

absorber, Computational Fluid Dynamics
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CHAPTER ONE
1. INTRODUCTION

1.1 Background

We have an abundant amount of solar energy, which may be extensively used as an energy
source. So among research community in the world, solar energy utilization for society has
become one of the most important issues. A Solar heater is one among solar thermal systems
which are extensively used for heating purposes like drying of crops, spa, winter home
heating, seasoning of timber, etc. In many countries of the world, the use of solar thermal
systems in the agricultural area to conserve vegetables, fruits, coffee, and, other crops have
shown to be practical, economical and the responsible approach environmentally. Solar
heating systems to dry food and other crops can improve the quality of the product while

reducing wasted produce and traditional fuels.

In Ethiopia, the drying of agricultural products usually relies on direct exposure to sunlight.
Obviously, this traditional method for the drying of agricultural products requires a long
drying period and has sanitary problems that lower the quality of dried products. For mass
production of agricultural products, it is essential to have a drying device or facility, but this
greatly increases the cost of dried agricultural products due to high-energy consumption for

the drying process.

Solar dryers are widely used in agricultural sections due to the consumption of free and clean
energy, especially in countries with suitable solar radiation, and using this type of energy for
drying agricultural products is increasing. For the fields with higher agricultural production
(especially in summer season) this is very important to decrease the moisture content of the
harvested product. Thus the waste and losses rate of the products reduces considerably. In
other words, due to lack of processing systems near to the farm lands, most of the products
are spoiled. Moreover, the dried products are used in other seasons when the crop is not
available. Therefore, farmers try to use different processing method to solve the mentioned
problems and drying could be a best solution. Due to the environmental problems caused by
the dryers (which use fossil fuels as a thermal energy source), in most countries solar dryers

are considered as the proper method to dry the agricultural products. Moreover, with the



reduction of fossil fuel sources, the price of this type of energies is increasing and this

increases the price of the product (Shariah et al., 1996).

Drying is an operation that includes heat and mass transfer rates and some processes, such as
physical or chemical transformations, which in turn causes change in the quality of the results
as well as the mechanism of heat and mass transfer (Purohit, et al., 2006). Cereals are
consumed worldwide as staple foods. Similar to other food materials, cereals have high
moisture content therefore they are prone to biological, chemical and biochemical changes. In
order to prevent deterioration, moisture content needs to be reduced by drying. Likewise,
coffee is highly perishable and thus drying is required to extend its shelf life (Motahayyer et
al., 2018). Sun drying has been practiced since long time ago to reduce moisture content but
it has several issues including difficulty to control drying conditions, requirement of large
drying area, high labor cost, poor hygiene and risks of insect infestation and contamination
(Zhang, 2006 and Ho et al., 2008).

Heat transfer enhancement techniques in solar air heating systems topic on the research of
solar energy has become a matter of great concern due to energy crisis all over the world. The
direct applications of solar energy (i.e. thermal application of solar energy) are simpler and
more feasible application compared to indirect applications (i.e. photoelectric application) to
generate electricity by using solar radiation. Flat plate collector is the central component of
any solar air heating system (Comakli et al., 1996). The efficiency of a solar air heating system
is based on the performance of flat plate collector. Flat-plate solar collectors are the devices
which absorb the solar radiation, transform it into heat, and to heat passing media (usually air,
water, or oil). Flat plate solar collectors are simpler than concentrating collectors to be used
in domestic and industrial needs, which are constructed with the blackened absorber to transfer
the absorbed energy to the flowing medium, transparent cover to reduce convection and
radiation losses to atmosphere, and back and side insulation to reduce conduction losses.
Hence, the most of the research works have been focused on the performance improvement
of flat plate collector. The characteristics of solar air heating systems are based on the absorber
plate and its design, selective coatings, thermal insulation, tilt angle of the collector and

weather condition of the locality. Several designs of solar collectors have been analyzed by



the researchers to enhance the thermal behavior of solar air heater such as fin, incorporating

phase changing materials, nanoparticle paints, air jet impingement etc.

The focus of this thesis is to study theoretically and/or experimentally the performance of
greenhouse enhanced with reverse absorber and nanofluid coated absorber solar thermal air

heater for coffee beans drying system.

1.2 Problem Statements

Coffee beans equilibrium moisture content should be 12% or less and wet coffee beans moisture
content ranges 55-62% by mass. For drying 1 ton of coffee beans the amount of moisture to be
removed ranges 43% to 48% which amounts from 489 to 568 kg of water. Currently in Ethiopia
coffee drying system is practiced by open sun drying which takes two to three weeks to produce
dry coffee beans. Moreover, large-scale production limits the use of open sun drying because it
suffers from several drawbacks such as it requires long drying time and inability to control the
drying process properly, uncertainties of weather, need for large areas, infection by insects and
other foreign matter which leads high beans losses. This need drying system; Greenhouse
integrated with solar collector dryers are more suitable in remote areas as well as local coffee beans
drying. However; the output temperature from the collector is the major demerit that need to be
enhanced or improved. To improve this reverse absorber flat plate collector, and Nanofluid
paint/coating are used. Since coffee drying needs continues drying at day and night there must be
some mechanism to store energy for night time thermal energy storage materials are used to solve

this problem.

1.3 Objectives
1.3.1 General Objective

The general objective of the study is to Experimental investigation of greenhouse coffee beans
drying system using solar air heater enhanced with reversed absolver plate and Nanofluid coat

/paint under Adama weather condition.



1.3.2 Specific Objectives
The specific objectives of this study are

» To conduct laboratory experimentation for identifying the energy required to dry coffee
beans to the desired moisture percent in a laboratory for different quantities of coffee
beans.

» To study analytically and numerically the heat and mass transfer performance of a solo
greenhouse coffee drying system under Adama weather condition.

» To study analytically and numerically the performance of greenhouse coffee drying
system integrated with solar air drier with Nanofluid coated absorber and back reversed
absorber plate.

» To study the experimentally performance of greenhouse coffee drying system integrated

with enhanced solar air drier under Adama weather condition.

1.4 The Significance of the Research

This research has the following significance,

Protection of the coffee product from insects, birds, dust, and rain.
Reduction of the grand postharvest losses.

>
>
» Long-term storage without deterioration.
>

Production of the hygienic marketable coffee product.

1.5 Expected outcomes

This study is expected to achieve efficient and reliable solar coffee drying system for coffee

drying local companies as well as local coffee farmers.

1.6 The Scope of the Study

The scope of this study will be investigation on improve the thermal efficiency of greenhouse
integrated with solar air heater by using nanofluid coat, and revere absorber flat plate. Further;
to investigate numerically the performance of solar coffee beans draying system for coffee
cultivated areas and obtaining the optimum parameters and to develop prototype based on

optimum design parameters and finally conduct experimentation.



CHAPTER TWO
2. LITERATURE REVIEW

2.1 Introduction

A solar thermal collector collects heat by absorbing sunlight. The term “solar collector”
commonly refers to a device for solar hot water heating, but may refer to large power generating
installations such as solar parabolic troughs and solar towers or non-water heating devices such
as solar air heaters. Solar dryers are widely used in agricultural sections due to the consumption
of free and clean energy, especially in countries with suitable solar radiation, and using this type

of energy for drying agricultural products is increasing (Shariah et al., 1996).

This chapter concerns about information on Greenhouse heater, Solar Air-heater, Enhancement
technique, Solar dryer and thermal energy storage. In addition, previous research works on
different solar air heaters, enhanced solar air heater with Nanoparticle coat, double pass, and

reverse back reflector will be discussed.

2.2. Solar Air Heater (SAH)

A solar air heater (SAH) is a device that absorb solar energy from the sun by absorbing material
and extracts the thermal energy by the air flowing over the surface of the absorbing material .A
conventional solar air heater is essentially a flat-plate collector with a blackened absorber plate
having o as absorptivity, a transparent cover having 7 as a transmissivity at the top, and insulation
at the bottom and on the sides. The whole assembly is encased in a sheet-metal container, and the
system is referred to as a “solar flat-plate air collector.” The working fluid is air, instead of water,
which is blown either below or above the absorber plate. The solar flat-plate air collector is used
for the heating of living spaces and drying of crops/vegetables. Solar flat-plate air collectors are

advantageous compared with other solar thermal collectors using liquid as working fluid.

The applicability of a solar air collector depends on various factors, namely, thermal efficiency,
fabrication cost and installation, operational and maintenance costs, and the specific use. Solar air
heaters have been extensively investigated both experiment ally as well as theoretically. A variety

of geometries have been proposed to enhance the heat- transfer proper ties of the system.
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2.2.1 Solar Air Heater Components

The main components of solar air heater are cover plate, absorbing plate and insulation. As the

Solar radiation

oy

Glass cover

Insulation 1 VAR B L o
| P

f Srnooﬁ) absorber plate

Figure 2. 1 Schematic diagram of a solar air heater (Ghritlahre et al., 2019)

solar radiation passes through the translucent cover of solar air heater, its absorbed by the

absorbing plate and this absorbing plate transfers this heat to the air.

2.2.2 Factors that affect the performance of flat plate solar air heaters

The performance of flat plate solar air heaters can be affected by many factors like (Dessie ,2019):

a)
b)
c)
d)
€)
f)
9)
h)
)
)
K)

Thickness of glazing.

Glazing material and number of glazing.

Air gap between plate and glazing.

Absorber plate coating and emissivity.

Ambient temperature.

Air flow rate.

Collector tilt angle.

Transmittance of the glazing.

Insulation.

Configuration of the collector (double pass or single pass).
Air flow arrangement inside the collector (parallel flow or counter flow)

Duct aspect ratio



The duct aspect ratio (W/H) is the ratio of duct width to duct height. The selection of the duct
aspect ratio is depended upon many factors and mainly depended on output temperature
requirement. Generally, a high duct aspect ratio causes a high heat transfer rate with a rapid
increase in factor increases rapidly, which does not ensure that it would provide higher thermo
hydraulic performance (Tabish and Man-Hoe ,2017).

Glass cover emissivity

Low-emissivity glass covers help to reduce the heat losses to the environment, leading to improved
collector performance. Heat losses can be reduced up to 50% by using low emissivity glass covers.

Parameters }74_‘ Oprating Parameters H Ajr Inlet Temprature ‘
—b{ Insolation ‘
—b{ Reonald Number ‘

Aspect Ratio ‘

—b| Collector Tilt ‘

—-I System Parameters |74.| Collectors Spacing ‘
—-{ Number of glass cover |

—h{ Roughned Absorber plate ‘

hbl Selective surface ‘
—DI Glass Cover emissivity ‘

Figure 2. 2 Classification of factors affecting performance.

Collector tilt

In order to capture the maximum amount of solar energy, the tilt angle of the collector is optimized
based on many factors such as location, path of sun, weather and so on. Generally, the
recommended collector tilt angles for summer and winter operation are ¢-(10-15°) and ¢+(10—
15°), respectively. For the entire year, a tilt angle of approximately 0.9 time of latitude has been

recommended for maximum solar energy collection.

Collector pacing



Design of the collector is depended mainly on the requirement of output air temperature and
heating capacity. Additionally, other factors are also taken into account, such as operating
conditions; tilt angle and air inlet temperature. Therefore, optimized spacing between collector
and glass cover is not fixed, however, typical value of spacing is used in the range of 1-6 mm
(Tabish and Man-Hoe ,2017).

Number of glass covers

Thermal losses can be reduced using large number of glass cover, although, insolation reaching to
absorber plate is also decreased due to decrease in overall transmittance-absorption product (ic).
Selections of number of covers depend on the absorber temperature. For selective surface, one
cover is sufficient for optimum performance. Two covers are recommended for non-selective
surfaces (Tabish and Man-Hoe ,2017).

Selective surfaces
Characteristics of selective surface are to absorb maximum insolation without exhibit much more

radiative losses. Selective surface is obtained by coating the layer of such materials which have
high value of absorptivity and low value of emissivity without affecting the life of collector. Black
chrome on bright nickel is considered to be as the best selective surface which have 0.96

absorptivity and 0.07 emissivity.
Roughened absorber

Roughness creates flow turbulence near surfaces and promotes flow mixing in low-turbulence
regions, which effectively enhances the convective heat transfer coefficient and lowers the
absorber plate temperature leading to lower thermal losses. Roughness also causes to increase

pressure drop penalty

2.3. Classification of solar air heater

Solar dryers can be classified as high and low temperature dryers based on operating temperature,
direct, indirect, mixed, greenhouse, tunnel, open sun drying and hybrid dryers based on utilization
of solar energy, forced and natural convection dryers based on the mode of air flow, bare plate,
single cover and double cover SAH based on the collector cover (glass), based on absorber
materials as metallic nonmetallic, and matrix, according to shape of absorbing surface with slat,

with porous and with fin, based on absorber flow pattern, over, under, and on both sides, based on



the flow shape, single pass flow ,double pass flow ,parallel pass flow and triple pass flow, and

based on application, drying, preheating, space heating and cooling( Oztop et al., 2013).

2.3.1. Classification Based on Utilization of Solar Energy

According to the utilization of solar power, the drying system is also classified into two groups;
open sun drying (OSD) and controlled solar drying (Lingayat et al., 2020). Further controlled
classified in to direct, indirect, mixed, greenhouse, tunnel, and hybrid dryers (Abdu, 2020).

2.3.1.1 Open sun drying

In open sun drying (OSD), the crop is spread in a thin layer on the ground and exposed directly
to solar radiation, wind and other ambient conditions. The working principle of OSD is illustrated
in Fig. 2.3. The solar radiation falling on the crop surface is partly reflected and partly absorbed.
The absorbed radiation and surrounding heated air heat up the crop surface. A part of this heat
is utilized to evaporate the moisture from the crop surface to the surrounding air. The part of this
heat is lost through radiation (long wavelength) to the atmosphere and through conduction to the
ground surface. The process of heat and mass transfer occurs simultaneously in OSD. The rate
of drying depends on a number of external parameters (solar radiation, ambient temperature, wind
velocity, and relative humidity) and internal parameters (initial moisture content, type of crops,

crop absorptivity and mass of product per unit exposed area). (Jain and Tiwari.2003).

Figure 2. 3 Open sun drying (Wikipedia ,2021)

It is well known that the task of modeling heat transfer between crops and surrounding air in
the presence of solar energy is a complex phenomenon. Several researchers have presented the
various numerical models for moisture migration considering diffusion as the primary transport

mechanism ( Jain and Tiwari.2003).
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Figure 2. 4 Working principle of OSD (Jain and Tiwari.2003).
2.3.1.2 Direct solar dryers
In these systems the substance to be dehydrated is exposed to direct sunlight. The dryer consists
of a cover material, drying trays and frame as shown in Figure 2.5. The dryer has inlet and outlet
air vents and solar drying is assisted by the movement of the air in and out of the dryer. The

products are placed at the drying trays and dried by the incoming solar radiation (Bolaji, 2005).

860 Inlet vent

Figure 2. 5 Direct solar dryer (Bolaji, 2005)..

10



Tefera et al., (2013) evaluated the performance of a pyramidal and wooden direct solar dryer for
drying potatoes and compared it to drying in the sun. The result showed that 2-3 h was saved
compared to open sun drying. From the two dryers, pyramid dryer was better in creating conducive
drying environment and in economic feasibility than box dryer. Similarly, Dissa et al., (2011)
experimentally studied drying characteristics of Amelie and Brooks mangoes using a direct solar
dryer with final moisture content of 24.83% and 66.32%, respectively. Results showed that, drying

rate and efficiency were observed to decrease with drying time progression.

Eke and Arinze, (2011) developed a prototype natural convection direct solar dryer for drying
maize. The result shows that moisture content was drop from 29% to 12% on a wet basis. The
dryer diminishes 55% of drying time compared to drying in the open sun. Drying efficiency of
45.6 % and 22.7 % were found for the dryer and open sun drying, respectively. Similarly, Gbaha
et al., (2007) designed and tested experimentally a direct, natural convection type solar dryer for
drying cassava, bananas, mango. The moisture content of cassava and sweet banana reduced to
13% from 80% in 19 and 22 h, respectively. The newly developed dryer had achieved better

thermal performance compared to open sun drying.

2.3.1.3. Indirect solar dryers

These dryers consist of a solar air heater with black absorber plate, a transparent cover plate,
insulation and a drying chamber. The black surface heats incoming air, rather than directly heating
the substance to be dried. This heated air passes through the drying chamber and exits upward

often through a chimney, taking moisture released from the substance with it (Bolaji, 2005).

Chimney

Drving chamber
Transparent cowver.

Figure 2. 6 Indirect solar dryer (Bolaji, 2005).
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Hubackova et al., (2014) made a solar drying model for Cambodian fish species and compared it
with the electric oven dryer. The solar dryer is assisted with blower. The result shows that the
average drying temperature and relative humidity in the solar dryer were 55.6 °C and 19.9%,
respectively. The overall efficiency of the solar dryer corresponding to 15% of final product
moisture content was 12.37% and the average evaporative capacity of the dryer is 0.049 kg/h. It
was also concluded that, the drying rates were higher in the solar drying process compared to

control drying in an electric oven.

Lingayat et al., (2017) conducted an experiment by designing and developing indirect type solar
dryer. The dryer is composed of flat plate air collector with VV corrugated absorption plate,
insulated drying chamber, and chimney for exhaust air. The result showed that, the average thermal
efficiency of the collector and drying chamber efficiency were 31.50% and 22.38%, respectively.
It was also observed that, the temperature of drying air, humidity of air and air velocity highly
affect the drying rate.
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Figure 2. 7 indirect solar dryer consists of V corrugated absorption plate (Lingayat et al., 2017)
Goud et al., (2019) developed an indirect solar dryer (ISD) for green chilli and okra and fans that
operated by solar photovoltaic (PV) panels were used. The moisture content of green chilli and
okra were reduced from 8.3984 and 10.1234 kg/kg (db) to 0.01001 and 0.12675 kg/kg (db) in 18
and 9 h, respectively. Solar air collector efficiency of 74.13 % and 78.30 % and drying efficiency

of 9.15 % and 26.06 % were achieved for green chilli and okra, respectively. The total heat
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supplied to the drying chamber was 817.08 W and 885.03 W during complete drying of green

chilli and okra, respectively.

Al-Juamily et al., (2007) developed and tested an indirect mode forced convection solar dryer for
drying fruit and vegetable. The dryer consisted of a solar collector, blower, and a solar drying
cabinet. Two identical solar collectors with V-groove absorber plates and two air passes were used.
Grapes, apricots and beans with initial moisture contents of 80%, 80% and 65% respectively, were
dried. The result shows that the final moisture content of apricot was 13% within one day and a
half of drying, 18% for grapes in two and a half days of drying and 18% for beans in 1 day only.
Similarly, Afriyie et al., (2009) experimentally tested the performance of a solar chimney crop
dryer. A cabinet dryer using a normal chimney was tested first and repeated with a solar chimney
and the roof of the drying chamber was inclined further to form a tent dryer to carry out the trials.
The result shows that the solar chimney dryer can be designed with the appropriate angle of drying

chamber roof to increase the airflow rate.

2.3.1.4. Mixed mode solar dryers

The structural features of these dryers are the same as indirect type solar dryers except that the
drying chamber is made from transparent walls. The products are heated by both the solar radiation

transmitted through the transparent walls and the hot air from the solar air heater.
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Drying cabinet
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Figure 2. 8 Mixed mode solar dryer (Bolaji and Olalusi, 2008)
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Bolaji and Olalusi, (2008) designed and built a mixed mode solar dryer using local materials. The
temperature rises inside the drying cabinet reached 24 °C (74%) for about three hours just after
solar noon. Drying rate, collector efficiency and percentage of moisture removed (in terms of dry
matter) when drying the yam were 0.62 kg / h, 57.5 and 85.4%, respectively.

2.3.1.5. Hybrid solar dryer
Solar energy with a conventional or some auxiliary source of energy such as electricity, biomass,
etc. can be used in combined or single mode. It combines both the actions, direct solar radiation

heating as well as preheating of air using an auxiliary energy source (Kumar et al., 2016)
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Figure 2. 9 Hybrid solar biomass coffee dryer (Raiza et al.,2020)

Bena and Fuller, (2002) combined a direct natural convection solar dryer and a simple biomass
burner for drying fruits and vegetables where no electricity is used. The overall drying efficiency
was found to be 9% with a capacity of the dryer about 20-22 kg fresh pineapple (Ananas comosus)
arranged in a single layer of 0.01 m thick slices. Similarly, Tarigan and Tekasakul (2005)
developed a mixed mode solar dryer with natural convection and integrated with biomass burner
for drying agricultural products. Drying efficiency of 23% and 40% were observed for the solar
component with and without the heat storage, respectively. uniform drying across the drying tray

and acceptable thermal efficiency were achieved for the combined unit.

2.3.1.6. Greenhouse dryer:
Greenhouse is basically an enclosed structure covered with stabilized UV resistant polythene

sheets, acts itself as a solar collector and drying chamber. Such dryers are used for drying of
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multiple agricultural products at low cost. Several designs of solar dryer Greenhouse have been
studied from a simple small scale to a large scale solar dryer. Based on airflow, structure, floor
types, north wall type, and covering material solar Greenhouse dryer can be classified as shown in
Figure 2.10. The advantage of Roof Even Span type solar Greenhouse dryer is the mixing of air
inside dryer efficiently. The Dome type solar Greenhouse dryer is to maximize the utilization of

global solar radiation.

Greenhouse Solar Dryer

Air flow —{ Structure ‘ ‘ Floor ‘ ‘ North wall

Covering
material

Insulated north
L—] wall

Active

Even spaced roof

Rock/sand (| Inclined north

i

Passive Parabolic shaped bed wall
Insulated and
PVC sheet incline Polyethylene
Chapel shaped covered cover
Un-insulated
—~{ Barren floor north wall

Polycarbonate

sheet cover
Glass/fiber

Figure 2. 10: Classification of Greenhouse solar dryers(Singh et al., 2018)

Koyuncu et al., (2006) designed, constructed and tested the performance of two different types of
natural circulation Greenhouse type crop dryers i.e. dryer with chimney and without chimney. The
results of the study show that the solar Greenhouse dryers increase the ambient air temperature by
510 9 °C and these dryers are 2 to 5 times more efficient than plastic mesh platform type open sun
dryer. The dryers with a drying air outlet chimney give a better value of air mass flow by increasing

the air velocity.

Sengar et al., (2009) designed a low-cost solar dryer to dry products under hot and humid
conditions. The main parts of the dryer were collector, drying chamber, inlet and outlet openings.
UV stabilized 200micron plastic film was used for the collection of solar energy and mosquito net
was used as trays with a capacity of 0.6kg. The result from this study shows that, this solar dryer

is suitable for domestic drying of prawns’ fish up to10 kg capacity. Salted fish inside the dryer
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required 8h to reach a moisture content of 16.15% whereas unsalted fish required 15 h to reach
15.15% in open conditions. Overall collection efficiency was 70.97% and average drying
efficiency was 14% and 11% whereas pickup efficiency was 10 and 9% for salted and unsalted
fish respectively.

Purusothaman et al., (2018) conducted Computational fluid dynamics (CFD) analysis of solar
Greenhouse dryer for both natural and forced convection processes. The variation has been made
in the thickness of shut material & mass flow rate. It is concluded that solar radiation increased
shapely from 10 am to noon. A higher temperature is observed in forced convection then natural
convection by 41%.

Bereket, (2019) performed numerical analysis for three different shapes of solar greenhouse
dryers and to evaluate the placement of the Thermal Energy Storage by using CFD software
(ANSYS Fluent). Three different forms are Gable-even-span shape, Pyramidal Greenhouse solar
dryer shape and Half-spherical (Quonset) shape. The total temperature distribution obtained from
the previous data reveals that the Gable Even Span solar dryer, Pyramidal Greenhouse solar dryer
shape and Half-spherical (Quonset) shape is 36°C, 33°C and 31 °C respectively. The most
convenient dryer is Gable Even Span solar dryer since it gave high gain solar energy, high fluid

temperature, and highest efficiency during the numerical simulation.

(a) (b) ()

Figure 2. 11Models after the meshing process. (a) Gable-even-span shape, (b) Pyramidal
Greenhouse solar dryer shape, (c) Half-spherical (Quonset) shape (Bereket, 2019)
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2.3.1.7. The solar tunnel drying system

Is simple in construction and consists of a collector as well as drying tunnel connected in series.
Both collector and drying tunnel are covered with transparent glasses or plastic sheets. The
collector element contains black color metallic absorber plate while drying chamber has number
of trays for loading the product to be dried.

Air Outlet

Collector

Air Inlet

Figure 2. 12 Solar tunnel dryer (Rajendra and Rupesh ,2016)

Sablani et al., (2003) investigated the performance of three different solar dryers, namely open
rack consisted of perforated rack, convection cabinet made with wooden walls with wire mesh and
multi-rack dome dryer consisted of three layers with ten racks per layer. The result shows that, the
air temperatures generated and relative humidity within the cabinet unit were 11 to 53 °C and 20
to 87% depending upon the time of day respectively. For the multi-rack dome unit, the air
temperature and relative humidity varied from 11 to 37 °C and 22 to 96% respectively. The initial
moisture content of sardine was 2.33 kg water/kg dry solids and at the end of drying the final
moisture contents were 0.166 and 0.111 kg water/kg solids for open rack and cabinet dryers,
respectively and 0.219 and 0.228 kg water/kg solids at the top and bottom layer of the multi-rack
dome dryer respectively.

Rezaetal., (2009) carried out a study in a solar tunnel dryer to produce safe and high-quality dried
fish products. The dryer consists of a flat plate collector, a tunnel drying unit and four small fans.
Five fish species such as silver Jewfish, Bombay duck, big-eye tuna, Chinese pomfret and

ribbonfish were used. The result shows that, moisture content of the fish samples reached 16%
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after 36 and 32 h of drying at temperature ranges of 45 to 50 °C and 50 to 55 °C, respectively.

Products produced at 45 to 50 °C were found to have excellent flavor, color and texture.

2.3.2. Classification Based on the Mode of Air Flow

2.3.2.1. Active solar energy dryers

Active solar energy dryers are usually suitable for larger amounts of material and often they are
hybrid units using auxiliary sources of energy as conventional fuels to operate during cloudy
weather and/ or nighttime. These are more complicated and more expensive than the passive

system s as they require fans (Kalogirou,2014).

\Solar radialion\
Solar absorber roof

Solar radiation

TAmr:-iem air IN

{ Insulation
Glazing

i Moist air OUT

Fan

/

Figure 2. 13 Active collector roof solar energy dryer (Kalogirou,2014).

2.3.2.2. Passive solar energy dryers

Passive or direct drying of crops is still in com mon practice in many Mediterranean, tropical, and
subtropical regions, especially in Africa and Asia or in small agricultural communities. Passive
solar dryers are “hot box” units where the product in the hot b ox is exposed to the sola r radiation
through a transparent cover. Heating takes place by natural convection, through the dryer

transparent cover or in a solar air heater.
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Figure 2. 14 Natural circulation, mixed-mode solar energy dryer (Kalogirou,2014).

The passive-type solar dryer s are primitive inexpensive constructions, easy to install and operate,

especially at sites where no electrical grid exists. Passive or natural circulation solar energy dryers

operate by using entirely renewable sources of energy, such as solar and wind (Kalogirou,2014).

2.3.3. Classification According to Shape of Absorbing Surface

2.3.3.1 With slat (nonporous)

Nonporous absorbers are flat and an air stream flows as follows:

(1

(I

(1

Above the blackened absorber plate: In this case, absorbed solar radiation, after
transmission from the glass cover, heats the blackened absorber plate. Thermal energy from
the blackened absorber plate is then convicted to the flowing air above blackened absorber
plate (hot surface facing upward), and then it is heated (Figure 2.16a).

Below the blackened absorber plate: In this case, absorbed solar radiation, after
transmission from the glass cover, heats the blackened absorber plate. Thermal energy from
the blackened absorber plate is then convicted to the flowing air below the blackened
absorber plate (hot surface facing downward), and then it is heated (Figure 2.16b).

Both sides of the blackened absorber plate: In this case, air flows from both sides (above
and below) of the blackened absorber plate (Figure 2.16¢ ). The temperature of hot air is

much less compared with cases (i) and (ii) respectively. Because there is more heat transfer
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in the case of the hot surface facing upward (double) compared with the hot surface facing

downward.

(a) & (b) =

. 1 1 1 1 Glass cover A l l 1 1 [ Absorber plate
Airin —= ' —= Air out Airin —l° —: Air out
Insulation m -Insulation
. Casing o Casing

Glass cover

Casing

Figure 2. 15 Nonporous absorber-type air heaters (Tiwari ,2016)

2.3.3.2. With Porous
In the porous absorber solar air heater, porous absorbers of different configurations such as wire

/ Glass cover

mesh, honeycomb, or glass plates are used as shown in Figure 17.

Air inlet '_ 2 2 B Air outlet
% - S o

Matrix
absorber Insulation

Figure 2. 16 Solar air collectors with matrix absorber (Razak et al., 2016)
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The porosity and thickness of the absorber must be optimized for higher thermal efficiency. It
should be optimized in such a way that it transfers more thermal energy to the air flowing in the

solar air heater (Tiwari ,2016).

2.3.3.3. With Fin

The heat-transfer rate (and hence the thermal efficiency of the solar air heater) from the fixed area
of the absorber plate to the air stream can be increased by increasing the contact area between the
air stream and the absorber plate. This can be achieved by introducing fins on the rear side of the
absorber plate as shown in Figure 2.18. The inclusion of fines causes an additional pressure drop
across the solar air heater. The number and design of additional fins are limited to the additional

power requirement to run the fan for air circulation.

(b) %:Sg
Glass cover ——, lu

1 — N ]"r

Flow into plane

.\ AN

ll

Bottom plate b

Figure 2. 17 Solar air heater with triangular fins (Tiwari ,2016)

2.4. Solar Air Heater Performance Enhancement Techniques

Many scholars try to found different enhancement techniques for solar heaters. Among them some

of them discussed below.

2.4.1. Reverse-Absorber Air Heater

A nonporous conventional air heater/collector can provide hot air at a temperature of 15— 30 °C
above the ambient temperature. Furthermore, the rise in temperature say (100 ° C) can be obtained
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by reducing the convective and radiative top-heat losses from the absorber to the ambient air
through the top glass cover. This is feasible in a new type of solar air collector known as a “reverse
absorber flat-plate collector” (RAFPC). It can collect solar energy at a high temperature of 200 °C
(Kalogirou,2014).

Working principle
Solar radiation is reflected by the polished curved cylindrical surface after transmission from the
glass cover toward the glazed reverse-absorber plate. After absorption, the absorber plate emits

long-wavelength radiation. The long-wavelength radiation is then trapped between the absorber

solar
radation
| | | | | | Glass cover
o | | || LU UL
| — —> & > | bsorbr plate

Hot air out \

\ *_Reﬂc_’red
radation

\\ Reflector
NN

Figure 2. 18 Double pass, glass cover on top, metallic absorber plates on bottom and metallic
absorber plate as separator for air channels

plate and the glazed cover. In this case, the convection and radiation heat losses are suppressed
due to the hot absorber plate facing downward. The air passing above the absorber is heated. The
aperture area of the RAFPC collector is equal to the absorber plate area. The concentration ratio
is 1 (Tiwari ,2016). Configurations of the RAFPC are shown in Figure 2.19.

Vijay and Shashank, (2018) investigates experimentally solar crop dryer coupled with reversed

absorber type solar air heater. Red chill is used as crop for this experiment Excel software is used
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to analyze the raw data obtained from the drying experiment to develop a model. The result shows
that moisture content will be rapidly reduced in solar dryer with reversed absorber due to higher
drying temperatures. To determine drying rate three models are used Newton model, Page and
Henderson and Pabis model to fitting drying rate. the values of the coefficient of determination
(R?=0.997), mean bias error (MBE=0.00026) and root mean square error (RMSE=0.016) were
used to determine the goodness or the quality of the fit. Also this study compares solar air heater

with and without reversed absorber type. The experimental set up as shown in Figure 2.20.

im Fan
———
A I—____—{ “— Door
'
I " \ ———-z-ﬂi 12m
\\\ \\\ I ? "l
Glass cover \\2 - 4 === _
p v Tray-1
Absorber plate-1 I Y
: Tray-2
AN orsmrars R -
I ‘\\ A A
fi R A ' : Absorber
Reflector \ : : Slote-2
B )-?" RS
17 m |

Figure 2. 19: Schematic diagram of solar crop dryer with reversed absorber plate and reflector
(Vijay and Shashank,2018)

The maximum thermal efficiency obtained is 30% and 21% for solar air heaters with reversed

absorber and single absorber respectively for air mass flow rate of 0.0269 kg/s.

2.4.2. Nanofluids Paint

Characteristics of selective surface are to absorb maximum insolation without exhibit much more
radiative losses. Selective surface is obtained by coating the layer of such materials which have
high value of absorptivity and low value of emissivity without affecting the life of collector. Black
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chrome on bright nickel is considered to be as the best selective surface which have 0.96
absorptivity and 0.07 emissivity. The list of different properties of selective surfaces has been

given in Table 2.1.

Table 2. 1 Properties of different selective surfaces (Tabish and Man-Hoe ,2017).

Coating Substrate Emissivity Absorptivity
Black nickel ) Fe 0L 0943

Black nickel on bright nickel Fe,Cu 007 096

Black chrome nickel on bright nickel Fe,Cu 0.0 0095

CuQ Al 0.11 0.93

Cuy Fe 016 020

Cu Cu 011 090

CuOyf Zn Znyfal 020 0.88

Caoar Mi LS 092

CooO Zn/Fe 008 0.93

2.4.3 Double Pass

The double pass concept was first introduced to reduce the top heat losses to environment. Double
pass arrangement is designed in which air flows along the underside of the absorber plate and
extracts heat from the absorber plate, thereafter, air flows in the reverse direction above the
absorber plate (Tabish and Kim, 2017). When the air passes along the upper side of the absorber
plate, it recovers some of the heat that was lost to the environment because of the high temperature
of the absorber plate. The second air pass causes the glass cover to have a temperature similar to
the atmospheric temperature. A typical double pass SAH has a 10-15% higher efficiency than a
single-pass SAH. Figure 2.21 shows a conventional double-pass SAH. Basically there are two

types of double pass SAH, parallel pass and counter pass.

Insolation

Glass Cover

Absorber

Insulation
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Figure 2. 20 Conventional double-pass SAH (Tabish and Kim, 2017).

2.4.3.1 parallel pass

The configurations of a parallel air pass SAH consists of an absorber plate, glass cover, and back
insulation One air pass is located between the back insulation and the absorber plate; other air pass
is located above the absorber plate i.e. between the absorber plate and the glass cover. Figure 2.22
shows a diagram of this configuration. In this configuration, airflow directions are in same
direction. presented theoretical model for a double-pass SAH in parallel air pass mode. The model
was capable of predicting the mean air temperature, mean airflow, heat transfer coefficient, and

relative humidity of outlet air.
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Figure 2. 21 Parallel-flow, double-pass SAH (Tabish and Kim, 2017)..

2.4.3.2 Counter air pass

Counter-flow air pass design is attractive design because it allows to extract more heat, leading to
improvement in thermal performance. A counter-flow, double-pass SAH consists a glass cover,
absorber plate, and back insulation. The design is quite similar to the parallel-flow air pass SAH.
In this configuration, air flows above the absorber plate (i.e. in between the absorber and glass
cover), and then air is diverted to underside of the absorber plate. This configuration has been

shown in Figure 2.23
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Figure 2. 22 Counter-flow, double-pass SAH.
2.4.3.3 Recycle

Know days, it was proved that air mixing and strength of forced heat convection played an
important role in heat transfer enhancement. Double pass SAH utilized same concept in which part
of heated outlet air is diverted to inlet channel, thereby, mixed with fresh inlet air by means of
blower. Blower regulates the mass flow rate of heated air before it enters into the recycle channel.
The schematic diagram of double pass SAH with recycle has been shown in Fig. 2.19. (Tabish and
Kim, 2017).
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Figure 2. 23 Double-pass SAH with recycle operation (Tabish and Kim, 2017).
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2.4.4 Thermal energy storage (TES)

Thermal energy storage (TES) allows excess thermal energy to be stored and used hours, days,
months later, at scales ranging from the individual process, building, multiuser-building, district,
town, or region. They are important in balancing of energy demand between daytime and
nighttime, storing summer heat for winter heating, or winter cold for summer air conditioning
(Seasonal thermal energy storage). Storage media include water or ice-slush tanks, masses of
native earth or bedrock accessed with heat exchangers by means of boreholes,
deep aquifers contained between impermeable strata; shallow, lined pits filled with gravel and
water and insulated at the top, as well as eutectic solutions and phase-change materials (loan
,2018).

Thermal energy storage

Thermal Chemical

Thermal chemical pipe line

Sensible heat Latent heat

Head of reaction

Heat pump

Liquds Solids Solid-Liquid || Liquid-Gas Solid-Solid

Figure 2. 24 Types of thermal energy storage (TES) (loan ,2018)

Thermal energy storage can be divided into three separate categories: sensible heat, latent heat,
and thermo-chemical heat storage.

2.4.4.1 Sensible Heat Storage

In the sensible heat storage, thermal energy is accumulated by increasing the temperature of a
liquid or solid using the heat capacity and changing the temperature of the material during the
process of charging and discharging without undergoing phase change (Sonar, 2021). The specific
heat of the material and temperature difference during heating decides the amount of heat storage
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(Solomon et al., 2020). Molten salts, oils and liquid metals, rocks etc. are used as sensible heat
storage. However, water appears to be the best SHS liquid available because its high specific heat

and inexpensiveness.

2.4.4.2 Latent Heat Storage
Latent heat storage (LHS) is the absorption or release of heat when a storage material undergoes a

phase change from solid to liquid or from liquid to gaseous or vice versa at a more or less constant
temperature. LHS also known as phase change materials and offers the possibility of storing higher
amounts of energy per unit storage material mass compared to SHS systems.
Any latent heat energy storage system possesses at least the following three components (Bal et
al., 2010):

e A suitable PCM with its melting point in the desired temperature range.

e A suitable heat exchange surface.

e A suitable container compatible with the PCM

Classification of phase change materials
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Figure 2. 25: Classification of PCMs (Ali and Deshmukh, 2020)

28



There are three types of phase change materials used in application: Organic, Inorganic and
Eutectic. Organic materials are further described as paraffin and non-paraffin. Paraffins consist
saturated hydrocarbon chains of CnH2n+2 and are known to be safe, reliable, predictable, less
expensive, and non-corrosive. However, they also have low thermal conductivity. The non-
paraffin organics are the most numerous of the phase change materials with highly varied
properties. They include a wide range of organic materials such as fatty acids, esters, alcohols, and
glycols (Fufa et al., 2019 and Soares, 2016).

Salt hydrates are inorganic PCMs that consist of salt and water in a crystal matrix when they
solidify. They can have wide range of latent heat and phase change temperatures depending on the
mixture. Other branch of inorganic PCMs are metallic, which includes the low melting metals and
metal eutectics.A eutectic is a minimum-melting composition of two or more components, each of
which melts and freezes congruently forming a mixture of the component crystals during
crystallization (Tyagi and Buddhi, 2007). Eutectic PCMs are subdivided into organic-organic,
organic-inorganic and inorganic-inorganic.

Alkilani et al., (2009) predicted the outlet air temperature of a solar air heater integrated with a
thermal energy storage system with mass flow rates in the range of 0.05 to 0.19 kg/s. 0.5% mass
fraction of aluminum powder was added with paraffin wax to enhance the conduction heat transfer
process. The freezing time of the PCM has been predicted for the investigated mass flow rate. The
result shows that the freezing time of the PCM is inversely proportional to the mass flow rate; it
took approximately 8 h with a flow rate of 0.05 kg/s and the outlet air temperature was predicted
as 42 °C at this flow rate. Similarly, Tyagi et al., (2012) presented a comparative experimental
study of a solar air heater with and without thermal energy storage material. Paraffin wax and
hytherm oil were used as thermal storages and the study was based on energy and exergy analysis.
First and second law efficiencies were determined for three different arrangements, one
arrangement without thermal energy storage and two arrangements with thermal energy storage.
The result shows that both efficiencies were higher for the solar air heater with thermal storage
material than those without thermal storage material. It was also revealed that both efficiencies of
the solar air heater that uses paraffin wax were higher than that of hytherm oil. Later, Bouadila et
al., (2013) experimentally evaluate the thermal performance of a new solar air heater using a
packed bed of PCM spherical capsules. The packed bed absorber was formed of spherical capsules

with a black coating and it is fixed with a steel matrix. The result shows that, the daily energy and
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exergy efficiency of the solar air heater varied between 32% and 45% and 13% and 25%,

respectively.

2.4.4.3 Thermo-chemical Energy Storage

Thermo-chemical systems rely on the energy absorbed and released in breaking and reforming
molecular bonds in a completely reversible chemical reaction. In this case, the heat stored depends
on the amount of storage material, the endothermic heat of reaction, and the extent of conversion
(Bal et al., 2010). Amongst above thermal heat storage techniques, latent heat thermal energy
storage is particularly attractive due to its ability to provide high-energy storage density per unit

mass and per unit volume in a more or less isothermal process.

2.5. Conclusion from Literatures and Research Gap

Several studies have been review about the existing conventional solar air heater and some
modified dryer and heat transfer enhancement technique has been studied briefly so far. From the
works of literatures, it can be concluded that solar air heater can be used in a number of field of
area. However; the incorporation of solar energy in the air heater may affect the process stability,
which results from the daily fluctuate and unpredictable nature of solar energy. Thermal energy
storage is a key issue to be addressed toward the intermittent nature of solar energy. Open solar
drying is so far well-known but it is exposed to insects, contaminations and reduce the quality of
product. Therefore, control methods are having to be used. The collector must be enhanced to get
better quality and dry product in short time. On another hand it can be conclude that the efficiency
and heat gain for most solar dryer is low. To overcome this problem a number of researchers have
been dedicated to study the enhancement technics i.e., integrating storage material, using reverse
back reflector, Nanofluid coating of absorber plate, integration of greenhouse with enhanced solar

collector, and double pass solar collector increases the efficiency of the system.

To cope up the mentioned problems, this thesis work presents experimental and numerical
evaluation of solar air heater enhanced with reverse back reflector, Nanofluid coat of absorber
plate, and double pass solar air collector, and phase changing materials used in integration with
greenhouse. Finally, the experimentation of solo greenhouse and integrated with enhanced solar

collector will be studied.
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CHAPTER THREE
3. METHODOLOGY

3.1 Introduction

In this chapter, the methodology used to meet the objectives stated in the Chapter one, collected
data required for this study, data sources, collection techniques, materials and equipment’s used
have been discussed. Both theoretical and experimental approaches are used; The theoretical
approach is described by using governing equations for the analysis of each component of the
system. Related literatures are studied to gain an insight to the area of interest background and
other influencing factors. The literatures are obtained from academic literatures, articles, websites
etc. The experimental approach is used to test the performance of the system. The prototype of the
dryer has been developed after the sizing and selection of materials for each component was
completed. Estimation of solar radiation intensity by applying empirical formulas for Adama city
using the weather data which was collected from National Metrological Agency(NMA), Adama
branch is presented and analyzed by using empirical formulas. For numerical analysis, each system
configuration was modeled and Microsoft excel or matlab program code was developed to perform

the analysis.

3.2 Methodology

Both theoretical and experimental analysis are approaches that were used as a methodology in this
thesis study. The theoretical approach uses governing equations for the analysis of the system
components. For the experimental performance analysis, the prototype was constructed after sizing
of each component and selecting the materials to be used. Greenhouse stand alone is tested firstly
then enhanced solar air heater assisted greenhouse is tested and finally experimental result is

validated with similar previous works.

3.3 Materials and Equipment’s

Materials, measuring devices, and system components required for developing the experimental
prototype and measuring the system parameters are obtained by purchasing from the local market
in Adama and Addis Ababa. Materials used to construct the experimental setup were selected
based on local availability and cost-effectiveness. The main materials used are presented below

with their uses.
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Rectangular lIron: used for constructing of greenhouse, and enhanced solar
collector supporter.

Transparent Glass: used for covering solar collector and greenhouse.

Paraffin: used as a thermal storage medium due to its better thermal properties.
Stainless Steel: due to its corrosion resistance property at high temperature, used
for construction of storage container walls and parabolic trough shape and to make
absorber plates.

Cooper oxide: nanoparticle used for enhancing the performance of solar air heater.
Black paint: used to paint absorber plates to increase absorbance of absorber plate.
Glass Mirror: used for the fabrication of the reflector surface of the parabolic
reflector system by using adhesive tape.

Insulator: used for covering pipelines and system components to reduce thermal
heat loss.

Blower: used to force air in to greenhouse.

3.4 Research Design

Both analytical and experimental research design procedures are used and both qualitative and

quantitative research techniques are employed. Solar collector assisted greenhouse is evaluated

based on the existing hypothesis and experiential testing of the hypothesis. The general process

layout of the methodology followed in the research is presented in Figure 3.1.
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Figure 3. 1: Methodology of the study
3.5 Data Collection

Primary and secondary sources are used when collecting data. The primary sources of data are
meteorological data of the test site obtained from nearby meteorological station and moisture
content of the coffee beans which is evaluated using oven for different sample in chemical
laboratory as seen in Table:3.1. The secondary source of data are data obtained from literature
review of different books, journals and from websites.
Primary data collected from National Metrological Agency and lab experiment are discussed as

below.
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Table 3. 1: Chemical laboratory result of oven dryer

Sample | Initial mass coffee | Final mass of coffee (grams) Mass of water removed
number | (grams) (grams)

1 20 9.1 10.9

2 30 13.6 16.4

3 50 22.7 27.3

4 100 45.45 54.55

5 150 68.2 81.8

6 210 94.08 115.92

The coffee is originated from Sidama region. The above sample results in initial moisture content

of coffee sample is identified as 61% w.b and the final moisture content is 11.7 %w.b.

Figure 3. 2: Laboratory experimentation procedure to measure moisture rate a) calibration of

Petri dish mass b) mass of coffee before draying c) mass of coffee after dry.

Major data obtained ten years of data from 2011 to 2021 for Adama city from metrology are

presented in Figure 3.3 and 3.4.
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Figure 3. 3: Daily maximum, minimum temperature and daily average wind speed for Adama
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Figure 3. 4:Monthly average daily sunshine hour of Adama
3.6 Preliminary Terminology and Sign Conventions for Estimation of Solar Radiation
3.6.1 Basic Solar Angles
Latitude angle (¢): is the angular geographical location that is made in between the line joining
location with a center of the earth and its projection on equatorial plane. northern is
positive.—90° < ¢ < 90°(Tiwari, 2016).
Declination angle (8): is the angular position of the sun at solar noon (that is, when the sun is on

the local meridian) concerning the plane of the equator, north positive;—23.45 < § < 23.45°

35



(Duffie and Beckman, 2013). The declination, 8,in degrees for any day of the year ( n) can be

calculated approximately by the equation (Cooper, 1969).

o= 23.455in{

Where, n is day of the year which is counted starting from January 1.

@(284+n)}
365

Table 3. 2: Recommended average days for months and the values of n by months (Duffie and

Beckman, 2013).

Month n for ith Representative day of Month
Day of Month Dale N
January i 17 17
February 31+i 16 47
March 59+i 16 75
April 90+i 15 105
May 120+i 15 135
June 151+i 11 162
July 181+i 17 198
August 212+i 16 228
September 243+i 15 258
October 273+i 15 288
November 304+i 14 318
December 334+i 10 344

Hour angle (@ ):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, afternoon positive. The hour
angle, @ ,in degrees for any time of the solar time(ST) can be calculated approximately by the

equation (Duffie and Beckman, 2013).
o =(ST -12)*15°

3.6.1 Derived Solar Angles

Zenith angle (0z): The angle between Sun’s rays; the line perpendicular to a horizontal

plane is known as the “zenith angle”.
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COSHZ =COSPCOSO COS@ +SINPSIN G .eviiiieiieie ettt e neeene e re et (3.3)

Solar altitude angle («s) the angle between the horizontal and the line to the sun, that is, the

complement of the zenith angle.

SIN S = COS P COS O COS @ +SINBSIN G .eeeiieiiieiieeieeie sttt sttt sbeereesre e e (3.4)

Surface azimuth angle (y): the deviation of the projection on a horizontal plane of the normal to

the surface from the local meridian, with zero due south, east negative, and west positive; —180° <

< 180°.

Solar azimuth angle(ys): the angular displacement from south of the projection of beam radiation
on the horizontal plane. Displacements east of south are negative and west of south are positive.
The sign function in equations (3.4) is equal to +1 if w is positive and is equal to —1 if w is negative
(Duffie and Beckman, 2013)

7S :Sign(w){cosl(cosezsin¢—sin5ﬂ ............................................................................... (3.5)

sin 8z cos ¢

Tilt angle or slope angle(f):- the angle between the plane of the surface in question and the
horizontal. 0° < B < 180°. The yearly optimum slope angle of the solar collector is presented by
(Duffie and Beckman, 2013).

Bt =B H(L015)" ooreetserssmessmessssens s ess s e (3.6)

For Adama optimal slope/tilt angle will be obtained by equation(3.6b) (Ahmad and Tiwari, 2009)
Bt TP LD (3.7)

Angle of incidence (0): The angle made between normal to the inclined surface and the solar beam
radiation falling on the inclined surface is known as the “angle of incidence” In general, the angle
of incidence, 0, can be expressed as equation (3.7) (Duffie and Beckman, 2013).

cos @ =sin dsin ¢cos  —sin & cos@sin [ Cos y +COS O COS ¢ COS [ COS @

+C0S O COS@SIN FCOS Y COS@ +COSASIN LSINY COS@ vevuvvrrniiriiiiiiiiriierineeiieeanneenans (3.8)
And
C0S@ =C0SHZC0S B+SINOZSIN BCOS(FS—7) wrvrrrirrrriniiiiniiiisiise s (3.9)
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Sunrise and sunset angles (@s): The sun is said to rise and set when the solar altitude angle is 0.
So, the hour angle at sunset, s, can be found by solving Eq. (3.4) for @ when as= 0 (Duffie
and Beckman, 2013).

COS@S = —TAN G AN G .ottt s s b bt (3.10)

The sunrise hour angle is the negative of the sunset hour angle. It also follows that the number of
daylight hours is given by (Duffie and Beckman, 2013).

Where Ns =daylight hours

®S = sunrise hour angle
3.7 Estimation Solar Radiation
3.7.1 Estimation of the Extraterrestrial Solar Radiation on a Horizontal Surface

the solar radiation (lo) incident on a horizontal plane in the extraterrestrial region/outside the
atmosphere in W/m?, which is equivalent to being in the absence of atmosphere, is a component
of lext along the normal to horizontal surface and can be obtained from Eq.(3.10) (Duffie and
Beckman, 2013).

Ly = 1o COSOZ ittt e (3.12)

ext

*
I, =1_|1+ 0.033005(360 ”) ..................................................................................................... (3.13)
365

where Isc is the solar constant (1367 W/m2), and n is nth day of the year

0z is zenith angle
n is number of day starting from January one

Substitution of cos(6z) from Eq. (3.3) in the previous equation gives

*

I =1, 1+O.O33003(360 n
365

D(cosqﬁcos5cosw+sin PSING) covvvvvvvveiiisseseseeeeseeeeeeneneee (3.14)

The extraterrestrial radiation on a horizontal surface for a given period from hour angles @, to @,

(where w, is larger) can be calculated by integrating Eq. (3.12) for a period, and it is given by

(Duffie and Beckman, 2013).
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* * 2 —
I, J =M|sc 1+o,033cos(360 nj cos¢cos§(sina)2—sina)l)+Msin¢sin5
T 365 360

Integrating the equation above over the period from sunrise to sunset the daily total extraterrestrial
radiation on a horizontal surface gives

* *
H, (ij _ 2473600 I (1+ O.O33cos(32%5n D(cos;ﬁcosésin @S+ 237:56;8 singsin 5) ....... (3.16)
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Figure 3. 5: Monthly average daily extra-terrestrial solar radiation for Adama 2022 (Ho)

3.7.2 Terrestrial Region

3.7.2.1 Estimation of Monthly Average Daily Global Radiations on a Horizontal Surface

The first correlation proposed for estimating the monthly average daily global radiation is based
on the method of Angstrom (1924). The original Angstrom-type regression equation-related
monthly average daily radiation to clear day radiation in a given location and average fraction of
possible sunshine hours and expressed with 10 % accuracy using as follow (Duffie and Beckman,

2013).

:a+b(

)=
Z| >

j .................................................................................................................................. (3.17)

39



where n and N are the observed monthly average of daily bright sunshine hours and the total
length of average day of month. H and H, are the monthly average of daily total solar radiation

on a horizontal surface in the terrestrial and extraterrestrial region, respectively.

The regression coefficients a and b are given by

a= —0.110+0.235003¢+0.323(%]

b :1.449—0.553005¢—0.694[%J ................................................................................................ (3.18)

Estimation of Monthly Average Daily Diffuse and Beam Radiations
The monthly average daily diffuse radiation on a horizontal surface (H,) in kw/m? day can be

determined from the monthly average daily global radiation on a horizontal surface and the number
of bright sunshine hours (Tiwari and Tiwari, 2016).

% _ 0.931—0.814[£] .................................................................................................................. (3.19)

S

The monthly average daily beam radiation (H_b) on a horizontal surface is the difference between

the monthly average daily global and diffuse radiations.
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Estimation of Hourly Radiation from Daily Data

Statistical studies of the time distribution of total radiation on horizontal surfaces through the day
using monthly average data for a number of stations have led to generalized charts of rt the ratio
of hourly total to daily total radiation, as a function of day length and the hour. The hours are
designated by the time for the midpoint of the hour, and days are assumed to be symmetrical about
solar noon (Duffie and Beckman, 2013). Thus, knowing day length (a function of latitude ¢ and

declination ¢) and daily total radiation, the hourly total radiation for symmetrical days can be

estimated.

|
rt = ﬁ .................................................................................................................................................. (321)
r =£(a+bcosws) O O S e (3.22)

. TS
SIN @S ——— COS WS
180

The coefficients a and b are given by

a=0.409+0.5016sin (s —60)

b =0.6609—0.4767SIN (05 —B0) .....oooorrrreeeerieccerreriesissseeessessessssseseesssssssssessesessssessssssesseeee (3.23)
Diffused component is estimated by the formula from (Liu and Jordan 1960):
1,
r :=d ............................................................................................................................................... 324
iy (3.24)
Where r, is given by

LA Lk, (3.25)

24 sin ws —”—wscosws
180

In these equations w is the hour angle in degrees for the time in question (i.e., the midpoint of the

hour for which the calculation is made) and ws is the sunset hour angle.

The monthly average hourly beam radiation on a horizontal surface (E) is the difference between

the monthly average hourly global and diffuse radiations.
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Figure 3. 7: Solar potential estimation May 2022 Adama
3.7.3 RADIATION ON SLOPED SURFACES

The incident solar radiation on an inclined (tilted) surface is the sum of the beam, diffuse and
reflected solar radiation from various surfaces (from a horizontal surface and surfaces surrounding
it). Therefore, the total incident solar radiation on a surface tilted at an angle B can be expressed
in terms of the global, beam, diffuse and the total reflected radiation to the tilted surface (Duffie
and Beckman, 2013).
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|T:|bRb+|d(1+C2°Sﬁ]+(|b+|d)p(1_cosﬁ] ........................................................................ (3.27)

Where It is total hourly irradiance on a tilted surface (W/m?)

Ip is beam hourly irradiance on a tilted surface (W/m?)

l4 is diffused hourly irradiance on a tilted surface (W/m?)

Bis tiltangle (°)

Rp is the beam radiation factor which can be defined as the ratio of the incident beam radiation
on a tilted surface to that on a horizontal surface. for location found in northern hemisphere using
artificial latitude (¢ — f) (Tiwari and Tiwari, 2016).

R - cos@ _ Cos(¢—B)cosdcosw+sin(g—B)sind
" cosfz COS ¢ COS & COS @ +Sin ¢sin &

where p is reflectivity of ground and its value is 0.2 for ordinary ground (Tiwari and Tiwari,

2016).

It is generally known that for a collector installed in the northern hemisphere, the optimum
collector orientation is south facing (y = 0) and the optimum tilt depends upon the latitude of the
site and the day of the year (Tiwari and Tiwari, 2016) and optimal tilt angle will be found using
Equation (3.7).

Estimation of hourly variation of atmospheric temperature

Hourly variation of atmospheric temperature can be estimated from the daily maximum and
minimum temperatures. A sin-exponential model proposed by Parton and Logan (1981) is used
and it describes the diurnal cycle by a sine function during daytime and a decreasing exponential
function during nighttime. The major assumption of the model is the maximum temperature will
occur sometime during the daylight hours before sunset and the minimum temperature will occur
during the early morning hours. The mathematical description for day and night time, respectively
are expressed as (Parton and Logan, 1981), (Abdu,2021), (Dessie,2020):

T =(T,. —Tmm)sin( all )+Tmm .................................................................................................. (3.29)
Y +2a
bn

T, = (T —Tmm)exp(—?j+Tmm .................................................................................................. (3.30)

Where T. is temperature at the ith hour, Y and Z are the length of the day and the night in h

respectively, m is the number of hours after the minimum temperature occurs until sunset and n is
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the number of hours after sunset until the time of the minimum temperature. The input variables
required by the model include maximum and minimum temperatures and Julian date. The day and
night lengths (Y and Z) are determined as functions of Julian date and latitude. The temperature at
sunset (Tsunset) is calculated with Equation 3.29, while m and n are functions of time of day, day
length, and the lag coefficient for the minimum temperature. The coefficients a and b vary as
functions of soil depth or height above the soil surface and could also vary as functions of soil type
and soil water content. Values for these coefficients were determined for different soil depths and
air temperatures. a is the lag coefficient for maximum temperature = 1.8 h and b is the night time

temperature coefficient =2.2 for Adama.
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Figure 3. 8: Daily Ambient Temperature
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CHAPTER FOUR

4. THEORETICAL ANALYSIS OF GREENHOUSE INTEGRATED WITH
ENHANCED SOLAR COLLECTOR

4.1 Introduction

This chapter presents the theoretical analysis of greenhouse integrated with enhanced solar air
collector which has double pass solar air heater enhanced by absorber plate painted black color
mixed with copper oxide, reverse back reflector and latent heat storage between greenhouse and
enhanced solar air heater. The analysis includes overall design of the collector and greenhouse
which is sizing of the components of the system components. Selection of material for solar air
heater is presented in detail. Energy and exergy analysis of the solar dryer and greenhouse

components are also discussed in detail.

4.2 Design of the system

The main design specifications for the dryer includes the moisture to be removed from the product,
quantity of energy and mass of air required for the drying process, the mass flow rate and
volumetric air flow, the output temperature of the collector, and sizing of the components of the
dryer.

4.2.1 Design of Components of the Greenhouse

To design the system amount of moisture to be removed from the product, amount of energy and
air required for drying, daily solar radiation to determine energy received by the greenhouse per
day, daily sunshine hours for the selection of total drying time, and wind speed to determine air
vent dimensions are considered. These parameters can be determined from the principle of
psychometric relation and energy balance equation. Before calculating and designing the solar
dryer component values specification of initial parameters (assumptions) are mandatory based on

the collected data.
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Initial assumptions

To perform the numerical calculation some initial assumptions are required. those are as follow

Table 4. 1 initial assumptions

Parameter Values and assumptions
Average ambient temperature 28 °C

Average daily relative humidity 60%

Initial moisture content of coffee 61%wb (laboratory Result)

Final moisture content 11.7%wb (laboratory Result)
Average solar radiation 645 W/m?

Sample weight 5 kg

Critical coffee drying temperature 50 °C

The quality of the coffee beans may change due to changes in drying parameters such as
temperature difference, drying time and remaining water content in coffee beans. The purpose of
drying coffee beans is to reduce the water content contained in coffee beans from the initial
moisture content of about 61% wb to reach the standard water content of about 11.7% w.b. The
rate of drying of coffee beans is strongly influenced by seed temperature, water content in seeds,
drying fluid temperature, fluid velocity and relative humidity. Critical temperature drying coffee
beans is 50 °C. This is because the drying temperature above 50 °C can lead to case hardening.
Case hardening phenomenon caused damage to coffee beans (Hendrarsakti and Firmansyah,2017).
The amount of water removed from the product (W)

The mass of water removed from a wet product (W) was calculated by using amount of initial
mass product (mo), the initial and final moisture content of product (Mi , Mf) which were shown
as (Poolsak and Serm ,2011).

m, (Mi -M f )
N o 0 et (4.2)
100-M,
The moisture content of product (M) was calculated by referring equations (4.2) and (4.3) in wet
basis and dry basis, respectively. The mass of products samples (w) and dry mass of products
samples (d) were determined.
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W=2.78 kg
4.2.1 Air flow requirement

The average drying air temperature rise over the ambient value is estimated using a modified form
of an empirical formulae resulting from the study by (Macedo and Altemani, 1978).

AT = 24(T, —TC)II—‘ .............................................................................................................................. (4.4)

sC

Where AT = (TO —Tam), is the temperature difference between the expected mean temperature of

the heated air at the collector outlet and the ambient air temperature, A is a dimensionless parameter
whose value is in the range 0.14-0.25. For an optimal design, a mean value of A =0.20 is assumed
(Forson,1993) to allow for moderate drying air temperature and velocity for natural drying
(Macedo and Altemani, 1978), (Tb-Tc) is the temperature difference between the boiling and
freezing point of water at atmospheric pressure, It, is the intensity of radiation incident on the plane
of the collector and Isc is the maximum intensity of the source of radiation or the solar constant
the value of which is given as 1367 W/m?2.
To=51.4°C

The total volume of air required (Va) for removing the moisture is evaluated from the
equation (Forson et al., 2007).
— WLhRaTa

CoP(T,-T))

pa' a

A

where Ra is the specific gas constant, Pa the partial pressure of dry air in the atmosphere, Cpa the
specific heat capacity of air at constant pressure, Tr is the temperature of air leaving the drying
bed, which value is given by

T, =T, F0.25AT weiverieeerereresseseeseeseseseesessesatessstesessssetessssesessssasessssesessssaseseans (4.6)
T,=33.85°C

The latent heat of vaporization was calculated using equation given by (Youcef-Ali et al., 2002)
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Ly =4.186(597 = 0.56T,, ) ettt 4.7)

Where; T is maximum allowable temperature of the dried product in °C

The volume flow rate is calculated from the relation

where t is the total time required to dry a given sample of moist material to safe storage level.
To find mass flow rate volume and volume flow rate in the equation 4.5-equation 4.9 by

substituting the values of constants and calculated values i.e. W=2.78 kg, p, = 1.2kg/m®, Ra=287
JIkg.K, To=51.4 °C, Tf=33.85 °C Tam=28 °C, Pa=101325 Pa, t=12h and Cpa=1005 J/kg.K. Then

the design variables given as; Ln=2382.12 kJ/kg, Va=353.4 m?, V =0.0082 m¥/s and m =0.02 kg/s.
4.2.2 Total area of the system for collecting incident energy
The effective total area surface of the dryer for collecting incident radiation is related to the overall
system drying efficiency (7, ), which is given by

_ WL,
T At

where At is the total area of the dryer receiving incident radiation (the total surface area of the

primary and secondary collectors), t the total time, Lt the latent heat of vaporization and I+ the
intensity of radiation incident on a tilted surface. To achieve an optimal design, an average overall
efficiency value of 12.5 can be assumed (Forson et al., 2007).
Substituting values to equation (4.10) gives

At=3m?
Say area of collector be 1m? and area of greenhouse be 2m?.let width of collector be 0.7m and the

length will be 1.4 m.
4.2.3 Area of drying bed (tray)

The effective drying bed area Ada is obtained from first principles by relating the solid

density of the wet material to its mass and the corresponding volume as (Forson et al., 2007).
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where Mo is the mass of the crop to be dried, p, the bulk density of the crop on wet basis, h. the
layer drying bed thickness, & the crop porosity, ¢, the loading bed void fraction. Putting Mo =5kag,
P =879kg/m3 h.=0.01 m, £=0.743, and ¢,=0.6 for coffee beans , the drying bed (Ad) area is
given as 1.9 m2. Assuming width of tray equals to | m then the length is 1.9 m.

4.2.4 Design of Reverse Back Reflector

Reverse back reflector is considered as parabolic trough. Geometry of parabolic trough will be
discussed. The following four parameters are commonly used to characterize the form and size of
a parabolic trough (Gunther et al., 2011).

= Focal length

= Trough length

= Aperture width and

= Rimangle.

trough length L focal length >3
| I

»

a p F
aperture width L rim angle L
-
(0

Figure 4. 1: Geometrical parabolic trough parameters (Gunther et al., 2011)

A. Reflector Aperture Area

The aperture area is calculated as the product of the aperture width and the collector length
(Gunther et al., 2011).
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Where a is aperture width and | is aperture length. Aperture width is equals to length of solar air
heater width plus 0.6 m for maximum reflection and length of aperture (l) is aperture area divided
by aperture width (a).

Aperture area (Agp) is calculated from the efficiency and solar radiation.

L (4.13)

Aaplb
where: Q, is useful energy, 1, beam radiation A, is the aperture area of the parabolic trough

reflector. thermal efficiency (7, ) assumed to be 50% (Padhy et al., 2021 ). Average beam
radiation (1,) of Adama in Ethiopia sunshine hour is 645W/m?.

Based on equation (4.14), the aperture area of the parabolic trough is:

Q
Ap=—-r
P M lb

Substituting the value of 1, =500 W/m?, n,,=50%, and Qu=1512.7 kJ/h gives A, =16 m?, 1=1.3
m, a=1.23 m.

B. Focal length

Focal point is the place where all radiations are meet at. Parabolic troughs have a focal line, which
consists of the focal points of the parabolic cross-sections. Radiation that enters in a plane parallel

Figure 4. 2: Path of parallel rays at a parabolic mirror (Gunther et al., 2011)

to the optical plane is reflected in such a way that it passes through the focal line. Focal length f is
the distance between the vertex of the parabola and the focal point (Ginther et al., 2011).
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where: a is width of the parabolic trough h is the height of the parabolic trough. Assuming the
height of parabola (h) is equals to 0.2 m. Then the focal length (f) is equals to 0.47 m.

C. Rim Angle

Rim angle is the angle between direct incident radiation on the reflective surface and the line
joining focal point and extreme point of the reflective surface at the aperture width. The rim angle
determines the shape of a parabolic trough and, ideally, it should neither be too small nor too large.
If the rim angle is very small, then the parabolic trough is very narrow and this increases solar
radiation incidence but at the same time increases the heat loss due to convection and radiation.
Hence a small rim angle in the parabolic trough solar collector is not advantageous. It is calculated
by using the width and focal length of the parabolic trough (Kumar and Shukla, 2016). The rim

angle of real parabolic troughs is around 80°.

The rim angle y can be expressed as a function of the ratio of the aperture width to the focal length
(Gnther et al., 2011).

Substituting the values of a=0.9 m and f =0.47 m into equation (4.16) gives tany =2.29 , y =66.4°

Parabola curvilinear length is given by:

_ —= 1 [~1l+a’+a
I—ZfI:a l+a +§In(m]] ............................................................................................ (417)

Substituting the values of a=1.23 m and f =0.47 m into equation (4.17) gives 1I=2.8 m

The surface area of a parabolic trough may be important to determine the material need for the

trough. The area is calculated as follows (Glnther et al., 2011).

2 2
N [y O Ty S i (4.18)
2\ 161 4t \" 16f
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Substituting the values of a=1.23 m and f =0.47 m into equation (4.18) gives A=1.8 m?

Figure 4. 3: Summarized design parameters of reverse back reflector

Parameter Symbol Value
Aperture width A 1.23m
Aperture length L 1.3m
Aperture Area Asp 1.6 m?
Focal length F 0.47m
Rim angle v 66.3°

4.2.5 Design of thermal energy storage

Thermal energy storages are introduced in solar drying system to keep uniform drying temperature
and to continue the drying process at night; when solar radiation is not available. The shell and
tube type LHS have a faster melting rate compared to rectangular LHS for the same heat transfer
area and volume (Dessie,2020). The design includes selection of a storage material and sizing of
heat storage unit. To fix the size of the storage required for the drying process, the appropriate
PCM should be selected first. the main criteria for selecting PCMs for drying operation is their
melting temperature. The minimum melting temperature of the PCM should be 5 to 10 °C higher
than the desired temperature of the drying air (Lane et al., 1983). The desired average air
temperature of the solar drying system is 50 °C. Therefore, paraffin wax of average melting
temperature of 58-60 °C is selected as PCM since it is safe, non-toxic and easily available in the

local market. Table 4.2 shows the physical property of paraffin wax.
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Table 4. 2: Physical properties of paraffin wax RT58 (Bernardo et al.,2016)

Physical property Symbol Value
Density [Kg/m3] Ppem 840
Specific Heat solid[J/kg K] C,s 2950
Specific Heat liquid [J/kg K] C,, 2510
Thermal Conductivity [W/m K] | Kpem 0.2
Latent Heat [J/Kg] Lh,pem 180000
Tsolidus[K] Ts 321
Tliquidus [K] TL 335

The latent heat storage is a shell and tube heat exchanger. The drying air passes through the tubes
and the shell is filled with paraffin wax. Heat is transferred from the hot air to the paraffin wax
through the tubes during the charging process and the process is reversed during the discharging
time. The heat was stored during the day time when the solar radiation was available to heat the
air in the solar air heater and this stored heat will then be supplied to the drying chamber when
there is no more heat supply from the solar air heater.

The quantity of heat needed to be stored in the thermal energy storage system can be estimated by
assuming the storage will store the heat for 2 off-sunshine hours per day as follow:

The heat transfer fluid (HTF) passes through the tubes and the shell is filled with PCM. Heat is
transferred from the hot HTF to the PCM through the tubes during the charging process and the
process is reversed during the discharging time. The heat was stored during the daytime when the
solar radiation was available to heat the HTF in the solar collector. The latent heat thermal energy
storage system was designed for storing the heat needed in the drying system. Assuming the
storage will store the heat for 2 off sunshine hours per day, the quantity of heat needed to be stored
in the latent heat thermal energy storage system can be estimated by considering a safety factor of

1.5 for the change in temperature AT =T, =T, (Niyas et al., 2017).

Q= Ma € (Ty =T )T e ccereeeeeessessssss s (4.19)
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The amount of PCM required was determined from the relationship (Gunjo, 2018) Qs equals to

latent energy plus sensible energy.

0 TN (o e N (4.20)

Where Tm is the melting temperature of PCM.

The volume of the PCM can be calculated from,
mpcm

VB S T SRR (4.21)
ppcm

The volume of the tank is the sum of the volume of the PCM and the volume of the tubes
V =Vpcm Vg ++vrerererrerieninti ettt (4.22)

tank

To find the volume of storage required, the tube volume V,,, should be determined

ube

Where L is length of the tube and n is number of tube used R, is Radis of tube
To improve the heat transfer in the axial direction than in the radial direction, the length to diameter

ratio of the storage can be taken as 5 (Niyas et al., 2017; Velraj et al., 1997 and Sharma

et al., 2005).
Vi = % D2L oottt (4.24)

Substituting the values m =0.00983 kg/s Td=50 °C, Cpa= 1.005 kJ/kg,, t = 3 h, Lpom =180 kJ/kg,
Tam= 28 °C, Tm= 59 °C , Cpcm= 2510 (J/kg°C) p,, = 840 kg/m? in the Equation 4.19-Equation
4.24 gives Qs=2347.29 kJ, Mpcm=9 kg, Vpcm=0.0099 m3. Assuming 4 tubes are used and their
=0.0016 m?, V.., =0.0115 m®,

tank

diameter is 24 mm and length of tube L=0.7 m. volume of tube V,

ube

D=0.144 m.

4.3 Energy and Exergy Analysis

Energy and exergy analysis of system components obtained by Appling the first law of
thermodynamics for each component of the system.

4.3.1 Energy Analysis

The energy analysis of the drying system was performed based on the general mass and energy

conservation equations by employing first law of thermodynamics for main components of the
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dryer. During the energy analysis, the flow in the drying system was assumed to be transient for

numerical calculation. But for experimental evaluation we use steady state equation.

4.3.1.1 Energy Balance of Solar Air Heater

The energy-balance equations in this chapter are written under quasi-steady state and transient

conditions with the assumptions given as follows:

[1]. There is no temperature gradient along the thickness of the glass cover and the absorber
plate.

[2]. The convictive heat-transfer coefficients for the operating temperature range are
assumed to be constant.

[3]. The mass -flow is stream-line flow and constant

[4]. The side- heat losses are neglected.

[5]. The temperature gradient along the depth of the duct is negligible; average air

temperature changes along the direction of flow.

Air stream 1 Glasslcm-'er

Plate 2 Ajr stream 2

Figure 4. 4 Diagram of solar collector

Glass cover:
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comviction to air F.adiation between glass
stream and absorbr 1
-
Figure 4. 5: Energy balance of glass cover
6Tg
0ty g (T =T) 13 (T =T) = M (T =)y gy (T, =T,)+(MC, )y = e (4.25)

Where ¢ is absorptance of glass, I, is solar radiation in tilted surface, h, , is radiative heat
transfer from plate 1 to glass cover, h, ,,, convective heat transfer coefficient from fluid 1 to glass,

h, . convictive heat transfer from glass to air, m mass of glass, C is specific heat capacity of
glass.
Working fluid (air stream 1):

F.adiation T

from sun Conviction to glass

|

_ Conviction . Adr stram
along stream e
- —x——————™
L >
Comviction to plate 1
Figure 4. 6: Energy balance of air stream 1
oT (mC.),, oT
(mcp)flﬁ =N, 11, (Toy = Tr1) + e gia (T, —Tfl)—Tp”ﬁ .............................................. (4.26)
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Where m is mass of air, Cp is specific heat capacity of air, h

..r1p IS CONVictive heat transfer from

fluid to plate 1, h, ,is convictive heat transfer from glass to fluid, wis width of collector, m is

mass flow rate of air stream.

Working fluid (air stream 2):

T

Conviction to glass

Conviction
along stream

L)

—dx—>

-t H »
- L i
Conviction to plate 1

Figure 4. 7 : Energy balance of air stream 2

T,
ot

(me)fZ anZ
= pur2 (o =Ti2) =22 (T2 = Ty) =2 (4.27)

Where m is mass of air, Cp is specific heat capacity of air, h_,  is convictive heat transfer from

(me)fZ

fluid to plate 1, h, ., is convictive heat transfer from glass to fluid, wis width of collector, mis

mass flow rate of air stream.

Absorber plate 1:

] 1

FEadiation Clomviction to Fadiation to
fromm sun air strearm Glass cowver

plate 1

Radiation to plate 2 comviction to Adr streaum

+

Figure 4. 8: Energy balance of air upper plate (plate 1)
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Ty
ot

aplz-g IT + hc,flpl(Tfl _Tpl) + hr,gpl(rg _Tpl) = hc,plf Z(Tpl _Tf 2) + hr,plpz (Tpl _sz) + (me)pl
Where « , is absorptance of plate, 7 is transmittance, h,_ ;, , is convictive heat transfer from plate
to fluid, m is mass of plate.

Absorber plate 2:
Fi F

.. Cormmviictiorn
Radiation loss to plate 1 .
loss to air stram 2

plate 2

comviction loss to

Ambiant

solar radiation

Figure 4. 9: Energy balance of air bottom plate (plate 2)

aT
@yl = Neaps (Moo = T) =1, oo (T, = Tin) + 1o (Mo, = Tp) +(MC) 7"2 ....................... (4.29)

Where «, is absorptance of plate, z, is transmittance, h is convictive heat transfer from plate

c,flpl
to fluid, m is mass of plate, p; is reflectivity of reflector.
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Figure 4. 10: Thermal resistance diagram of solar air heater

4.3.1.2 Energy analysis of energy storage

Performance Parameters of Latent Heat Storage System

Performance parameters of LHS include determination of melt fraction, charging, and discharging
time. Most of the PCMs, especially a mixture of salts, often melt over a finite temperature range.
This temperature range wherein, the melt exists in both solid and liquid phases is generally called
mushy zone. The highest temperature at which, the material is completely in the solid state is called

solidus temperature (Ts=Twm- AT, ) and the lowest temperature at which, the material is completely
in the liquid state is called liquidus temperature (TL = Tm + AT,). Melt fraction is a non-

dimensional parameter, which quantifies the percentage of liquid phase in the mushy region. Melt

fraction of the PCM can be calculated based on the lever rule applied between the solidus and
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liquidus temperatures and it is given by equation (4.30). Charging is the process of storing heat
energy in the latent heat storage material while it changes its phase from the solid state to the liquid
state. Charging time implies the total time it takes for the LHS material or PCM to completely melt
into the liquid state. The LHS is said to be fully charged when the entire PCM is completely melted,
i.e., when the melt fraction reaches a value of one. Discharging is the process of releasing heat
energy in the latent heat storage material while it changes its phase from the liquid state to the
solid-state. Discharging time for LHS is defined concerning the temperature decrease of the PCM.
The LHS is said to be fully discharged when the entire PCM is solidified, i.e., the melt fraction
becomes zero (Niyas et al.,2017).

Melt fraction (8, ) of the PCM was obtained from the relationship (Niyas et al.,2017).
0 for T<Ts

=90=1 fOrTSST ST| o (4.30)
1 for T >Ts

CT-Ts T-T,+AT,
T -Ts 24T,

o;

Where T is the melting point of PCM T is temperature recorded from thermocouple.

The total heat stored in the LHS system (E; ) consists of the sensible heat (&, ) and the latent

S.Ch

heat (e, ., ). These can be obtained from the relationship (Niyas et al.,2017).
B cn =MC (T =T ) F MGt s (4.31)
%,—/ %/_/

ES‘Ch EL,Ch

Energy recovered (discharged)

The total heat discharged from the LHS system (E; ;) consists of the sensible heat (¢, ) and the
latent heat (e, ). These are expressed as (Niyas et al., 2017).
L T Qe B B (4.32)

Es dis EL gis

Energy Efficiency of Latent Heat Storage System

Efficiency of latent heat storage is defined as the ratio of the net heat recovered during the

discharging period to the net heat input during the charging period.

QDis
s =
Qe
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4.3.1.3 Greenhouse energy balance

The assumptions in developing the mathematical model for the solar greenhouse dryer are as

follows:

v’ There is no stratification of the air inside the dryer.

v Drying computation is based on a thin layer drying model.

v Specific heat of air, cover and product are constant.

v Radiative heat transfers from the floor to the over and from the floor to the product are
negligible

Energy Balance of the Cover

The balance of energy on the cover is considered as follows: Rate of accumulation of thermal
energy in the cover = Rate of thermal energy transfer between the air inside the dryer and the cover
due to convection + Rate of thermal energy transfer between the sky and the cover due to radiation
+ Rate of thermal energy transfer between the cover and ambient air due to convection + Rate of
thermal energy transfer between the product and the cover due to radiation + Rate of solar radiation

absorbed by the cover.

The energy balance of the cover gives:

m.C dTC = Achc,c—a (Ta _Tc)+ A:hr,c—s (Ts _Tc)+ A:hw (Tam _TC)+ APhFYP*C (TP _TC)+ Acaclt (434)

cTcp dt

Where m is mass, Ac is area of collector, C; is specific heat capacity Ta is ambient temperature,

Tp is product temperature, ¢, is absorptance of collector.

Energy Balance of the Air inside the Dryer

This energy balance can be written as: Rate of accumulation of thermal energy in the air inside the
dryer = Rate of thermal energy transfer between the product and the air due to convection + Rate
of thermal energy transfer between the floor and the air due to convection + Rate of thermal energy
gain of the air from the product due to sensible heat transfer from the product to the air + Rate of
thermal energy gained in the air chamber due to inflow and outflow of the air in the chamber +
Rate of over all heat loss from the air in the dryer to the ambient air.

The energy balance in the air inside the greenhouse chamber gives:
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mC, Te_ah (T,-T.)+Ach, (T, —Ta)+DpApCprp(Tp—Ta)d';:p+pV CpT,

a -~ pa dt p c,p-a f'c,f-a a " out ~pa ' out

VA oy FEL U 1. SOy Y (4.35)

Where m is mass, Ac is area of collector, Cy is specific heat capacity Ta is ambient temperature,

Tp is product temperature, « is absorptance of collector, D, is depth of product A, is area of product,

P, Is density of air, V,

out

volume of air at outlet h_;_, is convictive heat transfer from air to fluid,
A, is area of floor M is moisture percent.

Energy Balance of the Product

The energy balance of the product inside the greenhouse dryer can be written as: Rate of
accumulation of thermal energy in the product = Rate of thermal energy transfer between air and
product due to convection + Rate of thermal energy transfer between cover and product due to
radiation + Rate of thermal energy lost from the product due to sensible and latent heat loss from
the product + Rate of thermal energy absorbed by the product.

The energy balance on the product gives:
dT,
m,(C,, +C,M p)E =Ah o, (T.-To)+Fa L Az, + A (T.-T,)
dM |
dt
Where Cpq is specific heat capacity of product when water is in vapor, Cpiis specific heat capacity

+D, AP, [Lp +C,, (T, —Tp)]

when water is liquid.

Energy Balances on the Floor

The energy balance on the floor of the greenhouse dryer can be written as: Rate of accumulation
of thermal energy in the floor = Rate of convection heat transfer between air in the dryer and the
floor + Rate of conduction heat transfer between the floor and the ground + Rate of solar radiation
absorption on the floor.

dT,
M Cp —=Ah (T, =T )+ Ay (T, =T +(1=F ) LA T, o (4.37)

pf dt — M, f-a

Mass Balance Equation
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The accumulation rate of moisture in the air inside dryer = Rate of moisture inflow into the dryer
due to entry of ambient air — Rate of moisture outflow from the dryer due to exit of air from the
dryer + Rate of moisture removed from the product inside the dryer. The mass balance inside dryer
chamber gives:

dH M,

L ——_—-—_ (4.38)

Where H is relative humidity, A is Area, V is velocity p, is air density, p, is density of product,
in is inlet and out is outlet

4.3.2 Heat Transfer and Heat Loss Coefficients

Radiative heat transfer coefficient from the cover to the sky (h ., ) is computed according to
(Duffie and Beckman,2013)

LI L 1C Y (4.39)

Radiative heat transfer coefficient between the product and the cover (h ., ,—) is computed as
(Duffie and Beckman,2013)

L LS [P0 Y (4.40)

The sky temperature (Ts) is computed as (Duffie and Beckman,2013)

T, = 05527 oo eeeessss s (4.41)

Convective heat transfer coefficient from the cover to ambient due to wind (hw) is computed as

Convective heat transfer coefficient inside the solar greenhouse dryer for either the cover or

product and floor (hc ) is computed from the following relationship (Duffie and Beckman,2013):

T (4.43)
, Dh
Where Dy is given by:
4WD
o AR AR AR AR RS sss 4.44
" 2(W+D) (4.49)

Nusselt number, (NU) is computed from the following relationship (Kays and Crawford, 1980).
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NU = 0.0158RED ...ttt ettt ee st et es s et se e sestese e s eeeeeseeresseseees (4.45)

where Re is the Reynolds number which is given by:

As the wind speed outside the dryer and the speed of drying air inside the dryer are very low, we
assumed that the overall heat loss coefficient (Uc) of heat transfer from air inside the dryer to
ambient air was approximately equal to the conductive heat transfer coefficient of the cover

(Tiwari, 2003). This coefficient can be written as:

The energy absorption of solar collector was evaluated according to ASHRAE standard ; fluid

inlet, outlet temperature (Ti, To) and fluid flow rate (111) were recorded accordingly. The amount

of energy (Qu) is calculated by using the following equation.

Qu =MC (Ty =T, oo (4.48)
The specific heat (C) was given by 1.005 ki/kg K in these case. The thermal efficiency of the

solar collector (nc) which found from a general solar collector thermal efficiency equation was the
ratio of useful energy (Qu) and the solar radiation incident on the plane of collector (Acl). The

thermal efficiency of the solar collector was expressed that;

_ Qu _mcp(To_Ti)
AL AL

The efficiency of drying system was the ratio of the energy required to evaporated moisture (Why)

e

and the heat supplied to dryer. The heat suppliers were the solar radiation incident on the solar
collector, heat energy of fan (Qf) and heat energy of fan (Qf). The efficiency of drying system

was calculated as

_wh
A:It +Qb +Qf

The latent heat of vaporization (h_) was given by 2,264.76kJ/kg. The mass of water removed from

My

a wet product (W) was calculated by using amount of initial mass product (mo), the initial and
final moisture content of product (Mi, Mf) as expressed in equation (4.1)
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4.3.3 Exergy Analysis

Exergy is defined as the amount of maximum work, which can be produced by a system or a flow
of matter or energy as it comes to equilibrium with a reference environment (EI Khadraoui et al.,
2017). The exergy uses the conservation of the mass and the energy principles together with the

second law of thermodynamics for the design and analysis of the energy systems.

Exergy In
(Xim) Exergy Out
System S
. (Xow)
Mass ‘hang in Exergy (AX)+ Mass
Heat N - Heat
Work Exergy Destroyed (X..) Work

Figure 4. 11: Exergy balance

Exergy by Heat Transfer, Q
Exergy transfer by heat is appears between two heat sources at different temperatures is given by

the following relation (Cengel and Boles, 2010):

Tsi
Xpout = [1—T—jQ .............................................................................................................................. (4.51)

Where Tsi is temperature at sink Tso temperature at source Tso >Tsi, Q is heat transferred between
the two reservoirs.

Exergy Transfer by Work, W

Exergy is the useful work potential, and the exergy transfer by work can simply be expressed as
(Cengel and Boles, 2010):

P N (YA (4.52)

PO is atmospheric pressure, and V1 and V2 are the initial and final volumes of the system.
Exergy Transfer by Mass, m

Mass flow is a mechanism to transport exergy, entropy, and energy into or out of a system. When
mass in the amount of m enters or leaves a system is given by (Cengel and Boles, 2010):

XIMASS = MY .ottt ettt ettt s et s et s et e s a et e s e se s et et assss et esess s ebesase st ebeseasasesesnaes (4.53)
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2
where w =(h,—h)-T,(s, —sl)+V7+ gz, hi and hy are enthalpy at inlet and outlet of system
respectively, s1 and sz are entropy at inlet and outlet of system. V is velocity of moving fluid, g is
gravity and z is height of the system.

Exergy out and exergy in are the sum of exergy of heat (Q), exergy of mass (m) and exergy of

work.
Xin = Xioricin T Kheatin T Kiass.in vreeeessersssrsssesssassssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssess (4.54)
XOUE = X i ot T Keatout T Kinass out ++++sersserssessesssesssmsssmssssssssssssssssssssssssssssssssss s sssssssssssssssssnns (4.55)

To perform exergy analysis, the following assumptions are considered
The flow is assumed to be steady.
The effects of the kinetic and the potential energy are neglected.

The effect of moisture content on the heat capacity of the air is neglected.

YV V V VY

The exergy loss in the product is neglected.
» The change in the pressure between the inlet and out is neglected.

4.3.3.1 Exergy analysis of the solar air heater

Under steady state condition, the equation of exergy balance takes the following form (Jafarkazemi
and Ahmadifard, 2013)

D XKin =D Kowt =D Kes wevveeveessssmmesseeesssssssssssssssssssssssssssssssssssssssssssssesssssssssesssssses oo (4.56)

Where, X, , X, » X4, are the inlet, outlet, and destructed exergy rate, respectively.

In des

The inlet exergy to the collector consists of the exergy of absorbed heat from sun (X__,) and the

rad

exergy of inlet fluid ( Xm,f ). A major part of inlet exergy to the system is that solar radiation which

is absorbed by the absorption plates and obtained using the expression (Yadav and Kaushal, 2014)

) T, |-
K“_P_T}Q“ ............................................................................................................................. (4.57)

S

Where, T, is the apparent sun temperature as exergy source which is approximately 3/4 of the
blackbody temperature of the sun. It is assumed to be 4500 K in this analysis.

And the exergy of inlet fluid (Xmf ) and outlet fluid ( Xomvf ) expressed as:
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. T
X =M,C,, {(TmH —Tam)—Tamln( 'T’SA“ H ................................................................................ (4.58)

7 . Tou
Xout =M,Coq {(TmSAH —Tam)—Tamln(ﬂH .......................................................................... (4.59)

am
The difference between these two components ( X;, ; and X, ;) represents the amount of exergy

loss in the collector and expressed as:

: : T V. T,
Xin,f - xout,f = [1_ .Fm ]Qin - mana {(Tout,SAH _TOUt,SAH )_Tout,SAH In[T;SAH]] .......................... (4.60)
The exergy destruction in the solar air heater is given by Equation (4.62)
. T . ) T,
X oo = ( - T—mJ Q,-m,C,, [(TM,SAH ~Towsan )= T, ., I (T‘—SA“]] ......................................... (4.61)
The exergy efficiency of the solar air heater is expressed as follows (Akpinar and Kogyigit, 2010)
X
My sun =1~ 3 B et et ettt e ettt e e et A At t e a e et a s a s senn st (4.62)
in,SAH

4.3.3.2 Exergy analysis of Greenhouse

The exergy inflow and outflow of the drying chamber are estimated by equations (4.64) and (4.65),
respectively (Fudholi et al., 2014).

X .y = {1— TTam }Qm ............................................................................................................................. (4.63)
y 5 Tin gh

Xingh =M.Cra| (Tivgn —Tam )~ Tam IN T [ (4.64)
7 B Tout gh

X ough = MCra | (Tougn = Tam )~ Tom I T [ (4.65)

During the solar drying process, the exergy destruction is determined as:

Xigss = Xyag F Kingh = Koutgh woreesseeeeeeessssssseesessssssssessssssssssesssssssssessssssssssesssassssssesssasssssees s (4.66)

Substituting equation (4.63), (4.64) and (4.65) in to (4.66) gives
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: . T,
X oo = (1—TTam ]Qin +m,C,, {(vagh ~Tongn )~ Tam ln[—ghﬂ ..................................................... (4.67)

out,gh

The exergy efficiency of the drying cabinet is the ratio of the exergy outflow to the exergy inflow

of the greenhouse is expressed as:

- M,C . [(T -T )—Tam In (TT::H

L (4.68)

Migh =3 =
g Xin,gh El_-l:ijQin

S

4.3.3.3 Exergy analysis of energy storage

During charging and discharging process, the instantaneous exergy input to the energy storage and

exergy recovered from the storage, respectively, are expressed as (Dincer and Rosen, 2011):

7 . Tin str
Xen =M.C o | (Toar = Toutsr ) = Tam IN| S5 | [ oo (4.69)
out,str
7 . Tout str
Xien =MCoa | (Tounsr = Tinstr ) = Tam M| 555 | | (4.70)
in,str

The net exergy input and exergy recovered during the charging and discharging periods,

respectively, are calculated as:

The exergy efficiency of the energy storage system is defined as the ratio of the net exergy
recovered from the energy storage during the discharging period to the net exergy input to the
storage during the charging period (Koca et al., 2008).

Exergy Stored During Charging
During the charging mode of operation, the exergy stored at any time instant is computed from the

instantaneous heat transfer rate expressed as (Suresh et al., 2014):
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X,, =mL, (1—1—3]+ MC, em {(I’m -T.,)-T,In (T—mﬂ +mC,, [(Tin —Tm)] -T,In (-TriJ ............ (4.74)
Exergy Released During Discharging
Expressions for exergy stored during the discharging process can be obtained in the similar way

corresponds to the charging process as (Suresh et al., 2014);

; T . T, . T,
Xdis :mLh (1_T_aj+mcp,pcm I:(Tin,dis _Tm)_To In(-l- ]:l-i_mcp,a I:(Tm _Tin,dis):I_To In[ J

m in,dis in,dis
.............................................................................................................................................................. (4.75)
Exergy Efficiency of Latent Heat Storage System
The overall exergy efficiency of latent heat storage is expressed as;

B e tee e e tee et n st s s e et A e A A et t e A e e et A A At s s e saes st s e sanen (4.76)

4.4 Numerical Formulation of the System Components

4.4.1 CFD Pre-Processing Stage for the system components

The pre-processing stage in the CFD simulation includes geometry creation, mesh development,

physical properties set-up and the implementation of solving technique and parameters.

1. Geometry creation.
Geometry modeling in the ANSYS Workbench environment is highly automated and also provides
users the flexibility to customize according to the type of analysis or application. The feature-
based, parametric ANSYS Design Modeler software is used to create parametric geometry from
scratch or to prepare an existing CAD geometry for analysis. It includes automated options for

simplification, cleanup, and repair.
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Figure 4. 12: The geometry of the solar collector and greenhouse

Solar heater and greenhouse were designed by using solid works 2018 based on the dimensions
obtained by design parameters and initial conditions. The area obtained was 1m? and 2m? for solar
collector and for greenhouse respectively, having length of 1.4 m and width of 0.72 m for collector
and base area of 60 x60 cm?and height of 1.2m. The double pass solar collector and greenhouse
generated from solid works 2018 were as shown in figure 4.11.

2. Mesh development.

The next step of CFD Analysis after creating geometry is importing geometry into Ansys and
meshing and describing a model by Ansys fluent R19.2. Meshing is a key part of the quality and
convergence of the solutions. The discretization of the domain was based on the finite volume
method, by means of the decomposition of the domain into small control volumes, generating a
three dimensional mesh of nodes. The finite volume method considers the principles of
conservation of mass, momentum, and energy, which are the basis of fluid-dynamic mathematical
modeling. The model consists of a glass cover, absorber plate, wooden box, and inlet and outlet

sections for the fluid of solar collector and glass and, supporting structure as shown in figure 4.12
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Figure 4. 13 Mesh genration a) collector b) greenhouse

3. Setup
A steady state implicit pressure-based simulation has been carried out using ANSYS FLUENT
and a SIMPLE algorithm was used for the pressure velocity coupling. Discretization is made using
second order upwind scheme and a standard k-epsilon model was used for the simulation. A
residual convergence criterion of 10 is given for the solution to converge and a standard solution

initialization technique is used to initialize the solution.
4. Boundary conditions

The momentum and energy equations are solved using finite volume method and appropriate
boundary conditions are imposed on the computational domain. The inlet is specified as a “mass-
flow inlet” with a mass flow rate of 0.02 kg/s and the outlet as pressure outlet with gauge pressure
of 0 pa. A heat flux equivalent to the solar radiation falling on the surface on May is given on the

top and the sides are insulated.
Governing equations for flat plate solar air heater and greenhouse

CFD methods consist of numerical solutions of mass, momentum, and energy conservation. The

governing equation for the simulation is written based on the following assumptions.

1. The thermo-physical properties of components are constant

2. The flow is incompressible and continuous.
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3. The material of duct wall and absorber plate are homogeneous and isotropic.
4. All the walls in contact with the fluid are assigned no-slip boundary condition.

5. Heat loss in the form of radiation is negligible.

Continuity equation is written as:

Energy equation is written as:

or or or
(pCpU&+pCpVE+pCpWEj= KV 2T et (4.79)

4.4.2 Numerical modelling of the latent heat storage

For the simulation of the latent heat storage a finite element-based software COMSOL

Multiphysics 5.3a is used.
1. Model description and meshing

A sectional view of a 3D shell and tube latent heat storage model filled with paraffin wax in the
shell and air in the tubes is shown in Figure 4.8. The geometry of the storage has been created on
COMSOL Multiphysics 5.3a using the dimension obtained from the design. The length and the
diameter of the shell is 1 m and 0.2 m and the tubes are 1 m in length, 16 mm outer diameter and
14 mm inner diameter with a total of five tubes. Meshing is carried out using free tetrahedral and
triangular meshes for the domains and boundaries as shown in Figure 4.13. A special meshing
feature of COMSOL Multiphysics called boundary layer is used to have finer meshes near the
critical zones of the model.
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Surface of PCM o

Figure 4. 14: View of the latent heat storage a) isometric b) Section

Figure 4. 15: Meshed view of the latent heat storage a) isometric b) section

2. Numerical treatment

A finite element-based software, COMSOL Multiphysics 5.3a which uses Galerkin method as a
discretization technique is used to solve the governing equations of the LHS. PARDISO, a time
dependent solver, is used to solve the equations and time stepping is done based on the backward
differential formula (BDF) which has an initial minimum time step and a maximum time step. The
minimum time step is set to 0.01 s and to solve the problem in the least possible run, the maximum

time step is not set to automatically maximize the time step.
Governing equations for the latent heat storage

The thermal energy storage behavior of a latent heat storage can be studied by simulating four
physical processes, HTF flow, phase change, convection and conduction. The thermal model is
developed based on following assumptions: HTF is incompressible and Newtonian.

e HTF flow is laminar and exhibits negligible viscous dissipation.
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e The initial temperature of PCM is uniform.

e Phase change during melting/solidification occurs in a temperature interval.
e Thermal losses through the outer wall of the PCM are negligible.

e PCM is homogeneous and isotropic.

A coupled conjugate heat transfer problem which simultaneously solves both the phase change
behavior of the PCM and the flow behavior of the air is used to solve the developed LHS model.
expressed as (Niyas et al., 2017):

C,, forT <T,
Cp=1C, g fOrT <T<T,

................................................................................................. (4.80)
C,, forT>T,
C,.+C,, Lh
Coerr =— 5 : +_|_I L (4.81)

The energy and continuity equations given in Eqgns. (4.78) and (4.80) are used to simulate the

model. To include the effect of buoyancy (F ) and Darcy law’s source term and reduce the
complexity in solving the Naiver-Stokes equations, Boussinesq approximation is added to the
momentum equation, which is given by (Niyas et al., 2017):

g+(V.V)V:%(—VP+yV2V+IE+§) ............................................................................... (4.82)
L - L 111) TSSOSO (4.83)
) .

S= (0 ve) AV e e (4.84)

Where, £ is thermal expansion of the PCM, @ is melt fraction, A, , IS mushy zone constant and

£ 1s a constant value of 0.001. Phase change problems occur during a temperature interval and
they are often called mushy region problems. The mushy zone constant defines the transition of

velocity in the mushy region and values between 10° and 107 are recommended for most
computations (Niyas et al., 2017).
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CHAPTER FIVE
5. EXPERIMENTAL SETUP AND PROCEDURE

5.1 Introduction

This chapter presents the conceptual model, working principle, manufacturing process,
experimental setup and procedure followed while testing the prototype of a mixed mode, forced
convection greenhouse dryer integrated with enhanced solar collector. The conceptual model of
the system was developed using solid works 2018. The working principle of the system is
explained in detail. Manufacturing process of each component for preparing the prototype is

presented with descriptive photos. Finally, the measuring and testing devices used are presented.

5.2 Conceptual Model

The system diagram of greenhouse forced convection dryer enhanced with solar collector drawn
using Solid Works 2018. The system consists of a flat plate double pass solar collector coated
black cooper oxide, back reflector, greenhouse, thermal storage unit, blower, frame, and support.
The conceptual design of the dryer is shown in Figure 5. 1.

Solar collector Fan
Even
spaced
roof
Blower
Supporting
structure \
Greenhouse

1‘4 Reverse back

reflector

Thermal energy storage

Figure 5. 1: Conceptual schematic of the designed system
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5.2.1 Working Principle

The constricted system consists of a double pass flat plate solar collector with cooper oxide coat
of absorber plate, greenhouse, thermal storage unit, reverse back reflector and a blower as
illustrated in Figure 5.2. In this system, a double pass flat plate solar collector and greenhouse will
absorb sun’s radiant energy and transfer it to the air. The greenhouse receives heated air exiting
from the solar air heater and from the sun, having temperature sufficiently higher than the ambient
air. When temperature increases the excess heat will be absorbed and stored for later purpose by
energy storage medium, which is filled by paraffin wax, in between the greenhouse and enhanced
solar collector.

Humid air out  «__

Glass cover
Absorber plates

Solar Radation

Back Reflector product dry

(coffee beans)

Greenhouse

P e e )

Blower

Energy storage

Figure 5. 2: Overall schematic diagram of the proposed solar coffee drier system

During charging, when the temperature of the air leaving the solar air heater is higher than the
temperature of the PCM, heat will be transferred from the air to the PCM. Considering that during

the discharge period, when the temperature of the air leaving the solar air heater is lower than the
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PCM, the stored heat will be released from the PCM, causing the air temperature to rise. Then, the
air passes through three drying trays to dry the product and ventilates to the atmosphere through
air outlet after removing the moisture from the surface of the products. A blower system which
helps in accelerating the heated air from solar collector to the drying chamber is integrated as an

active mode.

5.3 Manufacturing Process
The components of the drying systems are the greenhouse, enhanced solar air heater, and latent
heat storage. Each step used to construct components of the dryer and its assembly is shown,

described, and discussed in this section as follows.

5.3.1 Construction of the Flat Plate Solar Air Heater

The collector is the part of the system that collects the useful energy (solar energy) that comes
from the sun and transfers the heat to the air that comes from the ambient air and passes through
it. A rectangular box, having a size of 1.4 m x 0.72 m x 0.107 m (length x width x height) was
constructed from wood thickness 0.02 m as demonstrated in Figures 5.3. Additionally, the solar
air heater contains an upper and lower absorber plate, insulation in side, reverse back reflector and
a glass cover. The base plate is a 1.4m x 0.72 m galvanized iron sheet with 0.8 mm thickness. A
15 mm thick foam is placed side direction the collector. Reverse back reflector is placed below
absorber plates to reduce bottom heat loss; the reflector has aperture length of 1.3m, aperture width
of 1.23 m, rim angle of 66.3 °C, focal length 0.47m, and aperture area 1.6 m? and concentration

ratio 0.63. It is covered with gift warp/ holographic paper having reflectivity of 0.95.

Black ink mixed with cooper oxide painted steel sheet of 1.4 m x 0.72 m and 1.0 mm thick is used

as back absorber plate and placed at a gap of 80 mm from the glass cover and another black ink

Figure 5. 3: view of solar collector from bottom direction
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mixed with coper oxide painted iron sheet of 1.3 m x 0.7 m x 1 mm thick is used as absorber plate
and placed at 40 mm below glass cover. The glazing isa 1.4 m x 0.7 m and 4 mm thick plain glass
and placed in the top of flat plate collector. The collector is mounted facing south tilted at an angle
of 24° as shown in Figure 5.3. Then to reduce leakage silica gel is used to fill the gaps.

5.2.2 Construction of the Greenhouse

The greenhouse receives heat from sun and from enhanced solar collector. The body structure is
made up of square steel having dimensions of 0.6 x 0.6 m? base area and 2.2 m height with 6
equally spaced trays. And the it is covered with glass having 4 mm thickness in all side except at
bottom insulated. The top part of greenhouse is covered with Gable-even-span shape made of glass
having slant height of 40 cm and height of 26 cm. the greenhouse has door in one side (backside)
which is used for loading and unloading.

As discussed in the previous chapter this dryer has six trays used to carry the drying product. The
trays are made of wired mashed (Figure 5.6) with very tiny holes used to transfer heat throughout
the dryer. They have a dimension of 0.6 m x 0.6 m. The gap between the trays is 20 cm from one
another. Each tray was kept on an angle iron fixed to the inner side of the greenhouse.

- -
Thermocouple wire
——

Greenhouse frame ' i/ \

\

- - 5%

ey =5 S

Figure 5. 4: Construction of the greenhouse
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5.2.3 Construction of Latent Heat Storage Container

Thermal energy storage is done by using phase change material (PCM) as latent heat storage. Tube
and shell are used as thermal storage container. The shell was manufactured from steel metal pipe
having diameter of 140 mm and length of 76 cm. steel tubes were used to make five tubes with a
length of 71 cm and the two ends are welded with flat iron of diameter 138 mm and finally welded
with tube the assembled tube and shell. The tube is drilled in order to allow paraffin wax to be
filled and finally the hole is welded with steel pipe. The tube and shell is filled with 9 kg of paraffin
wax to store the excess heat of the daytime. The paraffin wax modules were first crushed into
smaller pieces and melted using the wood firing and finally poured into the container through the
PCM filling hole. To prevent leakage, epoxy mixed with hardener is applied to any possible

openings in the shell, as well as both sides of the tubes inlet and outlet connections. The shell is

covered with a 20 mm thick foam insulation.

Figure 5. 5 Thermal energy storage ; a) construction of tube, b) melting of paraffin c) filling of
tube

5.2.4 Construction of Supporter Structure

The supporting was prepared using welding process to hold the wooden casing of the collector,
blower support and PCM container; It provides the rigidity and desired inclination to the solar
radiations. The collector is mounted on a 1.42m x 0.72 m frame constructed from a square metal
pipe and angle iron at an angle equal with the collector tilt angle of 24° as shown in Figure 5.6 and
the reverse back reflector is mounted in it. The PCM is placed on frame constructed from square
metal pipe and angle iron as shown in Figure 5.6. The whole supporting structure is painted varnish
to improve its life as it always remains in the open environment.
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Figure 5. 6 Construction of Supporter Structure

5.3 Experimental Setup

Greenhouse assisted with enhanced solar air dryer in forced convection mode with PCM between
greenhouse and enhanced solar collector designed, developed, and installed at Adama Science and
Technology University, in front of mechanical workshop, in Adama, Ethiopia. The system facing
south and tilted at an angle of 24°. Photograph of the complete experimental setup of the system
used for the present experimental investigation is shown in Figure 5.7.
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: Double pass collector

Figure 5. 7 Experimental setup of the system

The experimental setup consists of different parts assembled as one system which are double pass
solar air collector, fan, reverse back reflector, greenhouse and tube and shell to keep paraffin inside
it. The heat source for the installed dryer is obtained from the solar air collector and greenhouse
using air as heat transfer fluid which is derived into the collector with the help of fan connected at
the outlet of the greenhouse. A fan facilitates to drive out the moist air from the system to
atmosphere and pulls atmospheric air into enhanced solar air collector and helps in accelerating
the heated air from solar collector to the greenhouse. Paraffin wax in the form of PCM was placed
in the PCM container as thermal storage system. The six drying trays of same size are mounted in

side greenhouse demonstrated in Figure 5.7.
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5.3.1 Experimental Procedure

The experimental study was carried out for fore different conditions:

1. Solo greenhouse
2. Enhanced collector

3. Greenhouse assisted with enhanced solar collector and PCM.

The first experiment is done on Solo Greenhouse, four thermocouples were placed at the inlet,
outlet, ground and in tray of product inside greenhouse. The four thermocouples mounted are used
to measure temperature at inlet, outlet, ground and product and then to evaluate the performance
of Solo greenhouse. The second experiment was carried out to investigated the performance of
enhanced solar air collector and PCM, in addition to the 1% experiment several additional
thermocouples are installed in the solar collector at inlet and exit of the solar collector and tube
and shell and performance of, collector and PCM is studied. The third experiment conducted to
perform the performance of greenhouse enhanced with (nanoparticles coat, double pass, and
reverse back reflector) solar collector connected with PCM. In this experiment the overall system
performance of drying 5 kg coffee beans was evaluated. In each experiment, the inlet and outlet
temperature of the solar air heater, greenhouse, and temperature of air after it passes the thermal

energy storage was recorded every 30 minutes’ interval.

5.3.2 Experimental measuring Instruments

Instruments used in this experiment are temperature sensor and weight sensor.

Temperature sensor

Thermocouple use to measure temperature of the system during experimentation which are located
at different parts of the system. K-type thermocouple wires are used in the setup. A data reader
(Thermocouple 1) is used to read the temperature sensed by thermocouples and the values are
recorded manually. The thermocouples can read values between -200 to 1350 °C. Thermocouple

2 is used to measure ambient temperature.
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Digital Thermometer 1 Thermocouple wire

Digital thermometer 2

Figure 5. 8 Temperature measuring device

Weight measurement

Digital weight balance is used to measure the weight of the PCM, nanoparticles, and coffee beans.

Figure 5. 9 : Digital weight balance during measurement a) measuring mass of copper oxide b)
measuring mass of coffee beans

5.4 Preparation of Nanofluids

Nanofluids are prepared by dispersing nanoparticles in the base fluid. Good dispersion is
prerequisite for the application of nanofluids. Hence surfactants are used sometimes which
enhance the stability of nanofluids. Besides, surface modification of the dispersed particles and
application of strong force on the clusters of the dispersed nanoparticles may increase the stability
of nanofluids.
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Chemical process is another emerging technology in preparation of nanofluids. The percentage of

volumetric concentration is calculated from the Equation 5.1.
W,

volume concentrtion, ¢ = O (5.1)

Wop , Wor
pnp pbf

wherew,  is weight of nanoparticles, w,; is weight of base fluid, p is density of Nano fluid,

and p,, is density of the base fluid.
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Figure 5. 10: Preparation procedure of nanofluids in laboratory (Abu and Bodius, 2020)
Stability of nanofluids is important to get constant thermos physical properties. Stability analysis
can be done by Sedimentation photograph method, Centrifugation method, Zeta potential, and

Electron microscopy method are used. Stability can be enhanced with Dispersant, Magnetic

stirring, and Sonication.

Dispersant

Addition of dispersants or surfactants is the common method in enhancing the stability of
nanofluids which prevents the agglomeration of nanoparticles by reducing the surface tension of
the base fluid. But excess use of dispersant may deteriorate the thermos physical properties of
nanofluids including decrease in thermal conductivity as well as degradation of chemical stability

Magnetic stirring
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stirrer is employed in laboratory which use rotating magnetic field to increase the homogeneity of

nanofluids by reducing sediment

Sonication

Sonication method gives better dispersion which has less probability of particle agglomeration
than magnetic stirring. Ultrasonic waves are applied in sonication method through the nanofluids.
Sonication helps to make more homogenized suspension. To provide uniform dispersion,

sonication is better than magnetic stirrer.

5.4.1 X-Ray Diffraction (XRD) Characterization of Cuo Nanofluid

It is an easy tool to determine the size and the shape of the unit cell for any compound using XRD.
Diffraction pattern gives information on translational symmetry size and shape of the unit cell
from Peak Positions and information on electron density inside the unit cell, namely where the

atoms are located from Peak Intensities.

Figure 5.11 shows the XRD pattern of CuO Nanoparticle. The XRD test was conducted in
Materials Engineering department, ASTU. All the peaks in diffraction pattern shows monoclinic
structure of CuO, and the Peaks. XRD results confirmed that the CuO nanoparticle were
crystalline. The y-axis shows the numbers of nanoparticle exist at each peak with respective
diffraction angle and x-axis indicates the diffraction peaks with respective nanoparticle. The

diffraction peaks of nanoparticle are important to estimate the average particle size.
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Figure 5. 11: XRD pattern of CuO nanoparticle
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CHAPTER SIX
6. RESULT AND DISCUSSION

6.1 Introduction

In this chapter, the experimental results obtained from the designed greenhouse integrated with
enhanced solar dryer is presented. Performance of greenhouse and performance of solar collector
components and essential points that obtained from the results are discussed in detail. Finally, the

economic analysis of the solar dryer is presented.

6.2 Solar Radiation

Solar irradiance affects the performance of the system, since the collector temperature, fluid outlet
temperature, greenhouse temperature, and others are directly related to solar irradiance. Thus, as
solar radiation increases these temperature results also increase proportionally. The solar radiance
increases to a maximum value at noontime and starts to falls in the afternoon. Figure 6.1 at 9:00
am, the solar intensity is 585.4 W/m?, and as time passes, the intensity starts to rise until reaching
the peak with a value of 911.2W/m? around 12:00 pm. Average solar radiation observed was

581.4W/m? After that time, the intensity decreases to approximately 26.96 W/m? at 18:00 pm.
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Figure 6. 1: Estimated hourly variation of solar radiation of Adama may

6.3 Ambient Temperature Profile
The ambient temperature of Adama measured during the test period were presented in the figure

6.2. The ambient temperature is the maximum value after noontime and starts to decline in the
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afternoon. The maximum ambient temperature measured between 12:00 to 14:00 is found to be
36.6 °C. The minimum temperature measured during the experiment was 27.1 °C, at 9:00 and
average ambient temperature seen was 30.1 °C. The figure shows experimental temperature is

higher than numerical result this is due to rise in temperature in all over Ethiopia above predicted.
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Figure 6. 2: Ambient Temperature

6.4 Experimental Results of Solo Greenhouse
To examine the performance of solo greenhouse experimental tests were performed on May 15™,
16" and 17, 2022. After adjusting the experimental setup, several parameters were measured

using thermocouples mounted at various points throughout the system. The next subsection

presents and discusses the various results obtained.

6.4.1 Greenhouse Outlet and Product Temperature Variation

Figure 6.3 exhibit the inlet and outlet temperature variations of the greenhouse with time. The
Figure illustrates, the outlet temperature of the greenhouse varied from 33.9 to 70.9 °C. The outlet
temperature of the greenhouse increases with increase in solar radiation intensity. The maximum

outlet air temperature of the greenhouse was 70.9 °C recorded in the day of the experiment at 13:00
h and the minimum was 33.9 °C at 9:00 h.

87



=8—Tin =——t=Tout ==>=Tproduct

N
o O

D
o

Temprature (°C)
5 8

)
|

N
o

O O O O O O ©O O O P O O O O O O O ool O o o o o o o o
> © O © O O O © O P © O O O O O O O © 0 O o o o o o
o) O = AN O < 10D ©O ™~ P O 1 N MO I 10 ©O N0 O 1 N M < 10 O M~
D T e B B B B O I | Lo T e B IR B B R B | L T e R B B O B I |
15-May 16-May 17-May
Time (hr)

Figure 6. 3: Temperature variation of solo Greenhouse

6.4.2 Useful Heat Gain solo greenhouse

Useful heat gain is calculated from the inlet and outlet air temperatures and mass flow rate. Figures
6.4 show the useful heat gain of solo greenhouse. The experiments were carried out from 9:00 am
to 17:00 pm for several days. However, the useful heat gains first increase, reach a peak value
around solar noon, and then decline. This is due to the fact that the useful heat gain is strongly
dependent on the incident solar radiation so do change of temperature. The maximum useful heat
gain seen in May 17 at 13:30 was found 701.9 W and the minimum seen was 95.8 at May 15 at
9:00.
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Figure 6. 4: Useful heat gain of solo greenhouse
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6.4.3 Thermal Efficiency of Solo Greenhouse

Thermal efficiency of the greenhouse as a function of time for three consecutive days are shown
in Figure 6.5. The average thermal efficiencies of the greenhouse from day 1 to day 3 were found
as 21.18, 20.69, and 22.59%, respectively. The graph showed that the instantaneous thermal
efficiency increases rapidly during the time interval between 9:00 and 12.00 am. After that, further
increase is at a slower rate relative to the previous one until it reaches its peak from 14:00 -15:00
h, and then it starts decreasing. The pattern of efficiency is related with change in temperature of
air in the greenhouse and solar radiation intensity. The efficiency of the greenhouse ranged from

5 % to 38.99 % with an average value of 21.5% at a drying air flow rate of 0.02 kg/s
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Figure 6. 5: Thermal Efficiency of solo greenhouse

6.4.4 The exergy efficiency of Solo Greenhouse

Exergy efficiency is amount of heat converted into useful work, increase exergy of fluid flow, is a
measure of true performance of system. The variation of the exergy efficiency of the greenhouse
with time are depicted in Figure 6.6. The exergy efficiency is highly dependent on the outlet
temperature of the greenhouse and increases when it increases. The maximum exergy efficiency
was found during experiment was 2.97 % at 14:00 h in May 17and the minimum is 0.06% found
at 9:00 h in May 15. The average exergy efficiency of the solar air heater was 1.58 %. The average
exergy efficiency determined during experiment was 0.75,0.65, and 0.81 in May 15,16, and 17

respectively and the average exergy efficiency was 0.74.
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Figure 6. 6: Exergy efficiency of Solo Greenhouse

6.5 Experimental Results of Enhanced Solar Collector

To examine the performance of enhanced solar collector experimental tests were performed on
May 15%, 16", and 17", 2022. After adjusting the experimental setup, several parameters were
measured using thermocouples mounted at various points throughout the system. The next

subsection presents and discusses the various results obtained.
6.5.1 Temperature Variation

Figure 6.7 exhibit the plate 1, plate 2, inlet, outlet, fluid and glass temperature variations of the
solar air heater with time. The Figure illustrates, the average temperature observed was 73.1, 63,
29.7,59.2, 60.1and 48.3 for plate 1, plate 2, inlet, outlet, fluid and glass temperature respectively.
The out let temperature of the enhanced solar collector varied from 43.2 to 76.5°C. The
temperature of the enhanced collector increases with increase in solar radiation intensity except
for temperature of plate 2; temperature decreases when sun is at overhead that is due to the shading
effect of the collector. The maximum temperature of the was 97.1, 81.4, 33.4, 79.6, 80.2 and 57.6

°C plate 1, plate 2, inlet, outlet, fluid and glass temperature respectively.
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Figure 6. 7: Average Temperature Variation of enhanced solar collector

6.5.2 Useful Heat gain of enhanced solar collector
The experiments were carried out from 9:00 to 17:00 hr. for three days (May 15,16, and 17) and

average useful heat gain as shown in Figure 6.8. The useful heat gains first increase, reach a peak
value after solar noon, and then decline. This is due to the fact that the useful heat gain is strongly
dependent on the incident solar radiation so do change of temperature. The maximum useful heat
gain seen was found 889.76 W and the minimum seen was 316.91 W. the average useful heat gain
was 590 W.
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Figure 6. 8: Useful Heat gain of enhanced solar collector
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6.5.3 Thermal Efficiency of Enhanced Solar Collector

Figure 6.9 shows the average thermal efficiencies of the collector during experimental days. From
experimental day the average thermal efficiency was found 42.1%. The graph showed that the
instantaneous thermal efficiency increases up to 13:30 and then it starts decreasing. The pattern of
efficiency is related with change in temperature of air in the collector and solar radiation intensity.
The efficiency of the collector ranged from 22.64 to 63.55 % having mass flow rate 0.02kg/s
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Figure 6. 9 The average thermal efficiency of enhanced solar collector

6.5.4 The Exergy Efficiency of Enhanced Solar Collector
The variation of the exergy efficiency of the collector with time are shown in Figure 6.10.
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Figure 6. 10: exergy efficiency of enhanced solar collector



The exergy efficiency is highly dependent on the outlet temperature of the collector and increases
when it increases. The average maximum exergy efficiency was found during experiment was
4.51% at 13:30 h and the minimum is 0.61% found at 17:00 h during experimental days. The
average exergy efficiency was 2.51%.

6.6 Experimental Results of Greenhouse Integrated with Enhanced Solar Collector

To examine the performance of enhanced solar collector in a greenhouse experimental tests were
performed on May 18", 19" and 20" 2022. After adjusting the experimental setup, several
parameters were measured using thermocouples mounted at various points throughout the system.

The next subsection presents and discusses the various results obtained.
6.6.1 Outlet and Inlet Temperature Variation of Greenhouse Integrated with

Enhanced Solar Collector

Figure 6.11 exhibit the inlet and outlet temperature variations of the greenhouse enhanced with
solar collector heater with time. The Figure illustrates, the outlet temperature of the greenhouse
varied from 49.8 to 84.5 °C. The outlet temperature of the greenhouse increases with increase in
solar radiation intensity. The maximum outlet air temperature of the greenhouse was 84.5 °C in
May 20 recorded in the day of the experiment at 12:30 hr. and the minimum was 49.8 °C in May
18 at 9:00 h. the inlet temperature of the greenhouse increases almost in uniform manner expect
for May 19 at 11:00 to 12 there is high wind causes conviction heat transfer causes decreasing inlet
temperature of the greenhouse. In the afternoon the rate of decreasing in the inlet temperature of

greenhouse that is due to charging of paraffin wax.
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Figure 6. 11 Outlet and Inlet Temperature Variation of greenhouse integrated with enhanced solar

collector
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6.7 Comparison of Various Performance Parameters for Greenhouse with and
Without Enhanced Collector

In this sub section, effect of adding enhanced collector parameter’s (reverse back reflector,
nanoparticles coat, double pass, and using Paraffin wax) on the performance of greenhouse is
investigated and discussed. Inlet and outlet temperature of the greenhouse were recorded in 30
minutes’ interval for three consecutive days (15-17 May 2022) without enhanced collector and
after integrating enhanced collector into the greenhouse for three consecutive days (18-20 May,

2022) during the drying process. In the next sub section detail information will be presented.
6.7.1 Comparison of Outlet and Inlet Temperature of Greenhouse with and without

Enhanced Solar Collector

Figure 6.12 shows the effects of adding enhanced collector on outlet in air temperature of the
greenhouse. The maximum outlet temperature of the greenhouse was 84.5 and 70.9 °C for with
and without enhanced solar collector, respectively. It is also observed that, the change in air
temperature of greenhouse with enhanced collector is 6.8 to 18.6 °C higher than that of without
enhanced collector. The average increment of 13.6 °C. This temperature increment is obtained due
to accumulation of solar energy inside solar collector. The inlet temperature of greenhouse varies
from to 9.3 to 35.5 °C higher than that of without enhanced collector. The average increment of
25.6 °C
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Figure 6. 12: Comparison of outlet Temperature of greenhouse with and without enhanced solar

collector
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6.7.2 Comparison of Thermal Efficiency Greenhouse with and without Enhanced
Solar Collector

Figure 6.13 illustrates the effect of enhanced solar collector in the thermal efficiency of
greenhouse. The maximum efficiency was 45.5 and 38.86% with and without enhancement
Average thermal efficiency of the greenhouse with and without enhanced collector were found to
be 33.12 and 23.5 %, respectively. It is clearly observed that, the thermal efficiency of the
greenhouse with enhanced collector is 2.31 to 16.89 % higher than that of without enhanced solar

collector with an average value of 9.73%.
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Figure 6. 13: Comparison of Energy Efficiency greenhouse with and without enhanced solar collector

6.7.3 Comparison of Exergy Efficiency of Greenhouse with and without Enhanced
Solar Collector
Figure 6.14 shows exergy efficiency of the system with and without enhanced solar collector.
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Figure 6. 14: Comparison of Exergy Efficiency of greenhouse with and without enhanced solar collector
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For both cases the exergy efficiency is dependent on the intensity of solar radiation falling on the
enhanced collector and greenhouse. The maximum exergy efficiency of 4.97 and 1.86% were
achieved for greenhouse with and without enhanced collector, respectively. It is observed that, the
addition of enhanced collector enhances the exergy efficiency of the greenhouse and an average
exergy value of 2.85 and 0.86 % were found during the experimental investigation with and

without enhanced collector, respectively.

6.8 Experimental Results of the Thermal Energy Storage

Thermocouples mounted at three different locations i.e. at inlet and outlet of the tube and the
temperature of the paraffin wax are used to measured temperature and the results are presented as
follows.

6.8.1 Variation of Inlet and Outlet Temperatures of the Energy Storage

Figure 6.15 shows the variation of the inlet and outlet air temperatures of the thermal energy
storage during the charging and discharging process. It is observed that, the outlet air temperature
varied between 37.6°C and 70.5 °C whereas the inlet temperature varies between 48.6 °C and 73.2
°C. The inlet temperature of the storage varied with the change in solar intensity. It starts increasing
and becomes maximum between 12:00 and 14:30 hr. and starts decreasing. However, the outlet
air temperature remains 4.5 to 11 °C higher than the inlet after charging. During the charging
process, a highest drop in air temperature of 14.9 °C between the inlet and outlet of the storage is
observed and during the discharging process, a rise in air temperature of 10 °C is observed. When
temperature of the air does not change while passing through the energy storage, the PCM is

assumed as completely melted.
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Figure 6. 15:The average Inlet and outlet temperature variation of the energy storage.
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6.8.2 Heat Stored/Released and melt fraction during the charging and discharging process
Heat stored/ released is the cumulative sum of both sensible and latent heat. When temperature of
paraffin wax is less than T-Solidus it only exhibits latent heat and further increase in temperature
results in both sensible and latent heat when it is between T-solidus and T-liquids temperature.
Finally, when temperature greater than T-liquids it only exhibits sensible heat. Figure 6.16 shows
the total amount of heat released/recovered and average melt fraction during charging and
discharging. The maximum amount of heat released /stored during charging was 6.32MJ occurs at
13:30 and the maximum amount of heat recovered during discharging is 2.58 MJ.
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Figure 6. 16: Heat Stored/Released and melt fraction during the charging and discharging
process during experimental days
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6.9 Moisture Removed from The Sample

The variation in moisture of content of the dried washed coffee beans with drying time for
greenhouse with and without enhanced collector is presented in Figure 6.17. The moisture content
of the coffee was determined by measuring its weight and calculating the weight loss within two
hours’ interval. The moisture content of the red chilli sample was reduced from the initial value of
61 % (w.b.) to the final value of 11.7 % (w.b) in 16 h (two days) in the greenhouse integrated with
enhanced collector and in 24 hr. (three days) in the solo greenhouse without enhanced collector
drying.
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Figure 6. 17 : Moisture content (w.b.)

It is clearly observed that, the highest moisture removal was achieved during the first day of the
drying process and the moisture removal rate decreased toward the end of drying process. This
was happened due to reduction in moisture to be removed toward the end. The change in the drying
rates with the drying time is shown in Figure 6.17. It is observed that the drying rate of the coffee
beans dried in the greenhouse enhanced collector is faster than that of solo greenhouse drying, and
it decreases continuously as the number of drying days advanced. The maximum drying rate was
visible during the peak sunshine hour of the day when the solar radiation intensity and the drying
air temperature were maximum. The drying rate of the coffee beans dried is maximum till the first

8 h of the drying period, and afterwards, the drying rate became low due to low moisture content.
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6.10 Overall system efficiency of the system

The mass of evaporated moisture from 5 kg of coffee beans while reducing the moisture content
from an initial value of 61 to 11.7 % in wet basis was 2.78 kg. The average intensity of the solar
radiation incident on the surface of the solar collector was estimated to be 645 W/m? and the total
area of the system was 3 m? (1 m?collector area plus 2m? greenhouse). The power consumed by
the blower and fan was 80 W, and the dryer was operated daily for 8 h. The latent heat evaporation
of water is 2382.12 kJ/kg. The heat required to evaporate 2.78 kg of moisture was 6.622 MJ. The
total energy input to the drying system during the entire drying period was 116.1 MJ and 169.776
MJ with and without enhancement respectively. The specific energy consumption of the dryer was
found to be 11.6 and16.96 kWh per kg of moisture with and without enhancement respectively.
The electrical energy consumption of blower per kg of moisture removal was 0.69 kwWh which
was only 4.1 % of the total specific energy consumption. Thus, 95.9 % of the total energy used for
drying the product in the newly developed dryer was harvested from the free and eco - friendly
solar energy. The overall efficiency of the drying system was found to be 6% and 4% with and

without enhancement respectively.

6.11 CFD Results

CFD model is studied for the location of Adama for May 2022 from 9 to 17 hr. by giving ambient
air temperature as inlet air temperature for solar collector and exit of solar collector for greenhouse
measured for 0.5 hour (30 min) time interval. As blower is used to insert air at inlet of double pass
solar air heater, outlet condition of pressure outlet has been applied to validate CFD model with
experimental model. Figure 18 shows plane temperature contour showing maximum and minimum
temperatures of collector and greenhouse components at time different time. Figure 6.18 shows
temperature contours at mid plane of double pass solar air heater fluid zone i.e. at plane parallel to
length of solar air heater. Temperature variation from upper right side from where ambient air is
entering solar air heater traveling from right to left and coming in second pass and traveling from

left to right towards air outlet can be easily visualized with the help of figure 6.18
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Figure 6. 18: Temperature contours at mid plane of double pass solar air heater fluid zone at different
time

Figure 6. 19: Simulation result inside greenhouse at 9:00 a) mid plane temperature b) all air contour c)
velocity streamline

6.11.1 CFD model validation

Experimental study of double pass enhanced solar air heater and greenhouse is performed on May 2022.
Results obtained through experimental study are compared with results obtained through CFD simulation.
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Figure 6. 20: Comparison between outlet air temperature of CFD simulation and experimental study

Figure 6.19 shows comparison between outlet air temperatures of CFD simulation study and
experimental study. Variation of readings is within acceptable limit for afternoon.

6.12 Simulation results of the thermal energy storage

Average temperature variation of the PCM, the charging and discharging time and amount of melt

fraction are predicted with simulation on COMSOL Multiphysics 5.3a and presented as follows.

6.12.1 Temperature variation of the PCM

Figure 6.20 represents the volumetric average temperature variation of the latent heat storage
during the charging and discharging process. Initially the storage is at 28/71 °C during the charging
and discharging process. When the heat transfer fluid at 71/28 °C passes through the tubes, heat
transfer takes place between the heat transfer fluid and the PCM. From Figure 6.20, it is observed
that the initial part of the curve shows a steady increase/decrease of temperature due to the higher
heat transfer potential available during the initial period of the charging/discharging process. After
4000 s, the storage stores/discharges a large amount of heat and the slope of the curve starts

decreasing
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Figure 6. 21: Average temperature of the PCM

6.12.2 Charging and discharging time

Figure 6.21 shows the volumetric average melt fraction variation of the latent heat storage during
the charging and discharging process. Melt fraction only shows the latent heat storing and
discharging characteristics of a latent heat storage during the charging and discharging periods. It
is observed that there is a faster rise/fall of melt fraction at the beginning of each process due to
the higher heat transfer rate between the PCM and the air.
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Figure 6. 22 :Average melt fraction of PCM
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6.12.3 Contours of average melt fraction
Figure 6.22 shows some contours of average melt fraction during the charging process. At the
beginning of the charging process (t = 0 s), the average melt fraction of the PCM is 0 and at the

end of the process it becomes 1.
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Figure 6. 23: some contours of average melt fraction during the charging process

6.12.4 Model validation

The predicted charging time of the PCM with the simulated model is 2 h and 47 min with inlet air
temperature of 71 °C. This result is validated with the experimental result of the energy storage.
During the experiment, charging starts from 9:30 h and completed at 13:00 h. Between 9:30 h and
11:00 h, only sensible heating takes place and the PCM starts melting after 11:00 h. The inlet
temperature of the energy storage becomes 5 to 9 °C higher than the melting temperature of the
PCM from 11:00 to 14:00 h (3 h) and the average temperature of the PCM within this time interval
is between 53 and 62 °C. Therefore, complete melting of the PCM is insured within the 3hrs and
agrees with the predicted results of the simulation.

6.13 Economic Analysis

Economic analysis includes fixed cost, drying cost, and payback period. Fixed costs are expenses
that are not dependent on the level of products. Fixed cost (FC) includes of costs of all components,
including solar air heater, PCM storage unit, greenhouse, trays, insulation, fan, and manufacturing

cost. Table 6.1 presents construction cost of the system component with component price.
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Table 6. 1 Capital cost of the drying system

No. Component Cost(ETB)
1 Glass 3600
2 Nanoparticle 1800
3 Galvanized iron sheet and plate 1500
4 Wood 200

5 Paraffin wax 1500
6 Fan 900

7 Supporting structure 1200
8 Steel pipes of different diameters 1200
9 Tray 520
10 Manufacturing Cost 1500
Total fixed cost 13920

The annualized cost of the dryer Caq can be calculated as (Elkhadraoui et al., 2015):
Clt = C A, =SV, A C e (6.1)
Where, C__ is annual capital cost, C_ is maintenance cost, SV, is annual salvage value and C,,

is annual electricity cost for running the fan.

The annual capital cost and salvage value are calculated using Equation (6.2) and (6.3),

respectively:
C e = C i e o e (6.2)
SV, = SV, bbb (6.3)

Where, C_, is capital cost of the dryer, F, is capital recovery factor, SV is the salvage value of
the dryer taken as 10 % of the capital cost of the dryer and F, is the salvage fund factor.

The capital recovery factor and the salvage fund factor are given by Equation (6.4) and (6.5),

respectively as follow:
Fc= M ......................................................................................................................... (6.4)
(1+i) -1

104



Y (6.5)
(1+i) -1

Where, is the interest rate assumed to be 11 % and is the life period assumed to be 10 years.

Annual electric cost of Fan and blower

The annual running cost of electricity for the dryer consumed by the fan is given by:

Where, R, is the power consumed by the fan, t is the number of hours the blower run each year

and C,, the unit charge for electricity.

The cost of drying per kilogram of dried product (Cq)is then calculated by (Elkhadraoui et al.,
2015):

Where, m_, is the mass of the product dried per batch, n,  is the number of days of operation of
the dryer per year and n, , is the number of days of operation of the dryer per batch.
The cost of fresh product per kilogram of the dried product (C,, ,)is evaluated using Equation

(6.9) as:

Cypy =Cy,p| 22 6.9
18 =Crp| 8 | o (6.9)

Where, C, is the cost of fresh product per kg and m, is mass of fresh product loaded in the solar

dryer per batch in kg.

Therefore, the cost of 1 kg of dried product (C,_ )for the solar air dryer is the summation of the
cost of fresh product per kilogram of the dried product(C; , ;) and the cost of drying per kilogram
of dried product (C, ). Mathematically expressed as

O o S (6.10)
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The saving per kilogram of dried product (S, )in the base year due to use of the solar dryer is

calculated using:
Sy = S g rereesmreeeeees R (6.11)

Where, S is selling price of dried product.

Then, the saving per batch (S, ) and the saving per day(S, ) in the base year are evaluated using

equation (6.12) and (6.13), respectively.

S = SigIMyf vvervrseersrsessrsssessssess e (6.12)
T S (6.13)
nd,b

For the life of the system, the annual savings (S ;) for drying the typical product in the jlh year is
obtained as (Elkhadraoui et al., 2015):
ST ) (6.14)

Payback period (PP)
Payback period is the investment cost per average annual net income. The returns indicate
recovered invested capital of the system. It is computed as (Elkhadraoui et al., 2015):

|n{1—i§°"(i—d)}
" (6.15)

pp = [“dj ............................................................................................................
In| =——
1+i

Where, d is depreciation and can be calculated by subtracting salvage value from capital cost and

divide this amount by its life span (in year) and found to be 9 %.
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Table 6. 2 Summary of economic analysis

No. Particulars Symbol Cost (ETB)
1 Capital cost(ETB) Cc 13,920.00
2 Annual capital cost C.. 2,366.40
3 Maintenance cost Cm 236.64
4 Salvage value N 1,392.00
5 Annual salvage value sV, 83.52
6 Annual electric cost C.. 640.00
7 Annual cost of the dryer Cioa 3159.52
8 Cost of drying per kilogram of dried product Cpa 60.00
9 Cost of 1 kg of dried product Cq. 350.00
10 Saving per kilogram of dried product Sy 53.00
11 Saving per batch S, 62.00
12 Saving per day S, 20.00
13 Annual savings S, 6,875.60
14 Payback period (years) pp 2.14

107




CHAPTER SEVEN
7. CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

In this study greenhouse integrated with an enhanced solar collector and latent heat storage filled
with 9kg paraffin wax with melting temperature of 58 °C is developed and experimentally tested.
The components of the dryer have been sized based on the energy and mass of air required for
drying 5 kg shaded and washed coffee beans. The drying system is fabricated from locally
available materials and the performance of the components of the system and the performance of
the overall drying system is evaluated using energy and exergy analysis. No load testing is done
on 15", 16" and 17" May,2022 to evaluate the performance of the Enhanced SAH and the energy
storage and the effect of integrating the energy storage on the inlet temperature of the Greenhouse
in meantime the performance of greenhouse is takes place to evaluate the performance of solo
greenhouse. Then 5kg loaded greenhouse with washed coffee beans system is integrated with
enhanced SAH and LHS to study the performance of integration three consecutive days (18", 19"
and 20" May, 2022). CFD analysis was carried out for solar air heater and greenhouse and results
are compared with experimental results and the model validation was in accepted range. Finally,

economic analysis of the system is calculated.
The following conclusions are drawn from this study:

» The minimum useful heat gains of the whole enhanced system obtained during
experimentation was 316.91 W and 896.4 and 590 W found as maximum and average
useful heat gain respectively.

» The maximum thermal efficiency obtained was 63.55%. average and minimum was found
41.1 and 26.64% respectively

> The energy and exergy efficiency of the SAH increases with increasing solar radiation
intensity and the average energy and exergy efficiency of the enhanced double pass SAH
was 41.1 and 2.15 %, respectively

» Integration of the energy storage reduces the fluctuations in the outlet air temperature of

the SAH and extends the drying process beyond the sunny hours.
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» The specific energy consumption was 11.6 and 16.96 kWh per kilogram of moisture with
and without enhanced SAH and the electrical energy consumption of the blower was 0.6
kWh per kilogram of moisture which was 4.1 % of the total energy consumption and the
remaining 95.9 % energy was harvested from solar energy.

» 2.78 kg water was removed from 5 kg washed coffee while drying the it from an initial
moisture content of 61% (w.b.) to a final moisture content of 11.7% (w.b.) within 24h and
16h of drying preserving the color and texture of the product inside greenhouse without
and with integration of enhanced SAH respectively, and the overall efficiency of the drying
system was 6 and 4% with and without enhanced SAH.

» CFD simulation was performed using ANSYS FLUINT and the result obtained was found
was acceptable range.

» Cost analysis shows the pay back period was 2.14 year.

7.2 Recommendations for future work

Experimental instigation of greenhouse integrated with enhanced SAH and LHS system for drying
coffee beans application has been carried out in this research. It tremendously provides a solution
to reduce drying time. However, there is still a sufficient scope to improve the system performance.

Some of future scopes to study are:

e According to the data recorded the outlet temperature of the greenhouse is higher than
the ambient air temperature. therefore; recirculating this hot air can be studied further.

e In this study, the dryer was designed for 5 kg of coffee beans Thus, the dryer can be
investigated further for large scale application.

e Since electricity is not available throughout the Ethiopia, integrating/ changing the
electric supply by solar panel minimize cost and increase efficiency when electricity is
off.

e Due to time experimental performance of nanofluid is not examined for various
concentration therefore further study can be studied on variation of nanofluid

concentration.
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APPENDIXES

Appendix-A: Experimental results of temperature during experimentation

Table A- 1: Average experimental result of solo greenhouse

Time T-in T-out T-product T-glass
9:00 27.6 32.4 34.6 37.4
9:30 28.3 36.5 375 40.4
10:00 30.0 305 415 435
10:30 30.9 43.4 45.7 475
11:00 30,5 49.6 515 49.6
11:30 31.2 54.6 52.3 52.3
12:00 32.2 57.5 57.3 53.6
12:30 333 62.4 60.4 54.4
13:00 333 65.6 66.7 57.6
13:30 34.1 68.4 704 56.3
14:00 32.7 65.7 68.5 54.1
14:30 315 60.1 65.4 50.8
15:00 30.3 56.5 59.3 48.7
15:30 295 49.8 515 465
16:00 28.7 445 49.8 44.6
16:30 28.2 422 445 421
17:00 275 412 421 30.4
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Table A- 2: Average experimental Temperature of the combined system

Greenhouse Temperature

Enhanced collectors Temperature

Thermal storage

Time | T-in | T- T- T-gl | Tpl | Tp2 |Tgl |Tin | Tout | Tin | Tout | Tpcm
out | pro
9:00 36.4| 509 | 346 | 374 | 50.5| 48.3 374 27.1 456 48.4 333 43.2
9:30 | 39.8| 534 | 375| 404 | 585 | 54.6| 404 | 27.8| 479| 509 | 41.0| 453
10:00 | 443 | 58.3 | 415 | 435 | 62.6 | 554 | 43.5 29 | 504 | 558 | 455 | 475
10:30 | 499 | 61.7| 457 | 475| 70.1| 60.2 | 475| 29.7| 56.7 | 59.2 | 51.1 | 48.2
11:00 | 54.1| 65.6| 515 | 496 | 751 | 68.1| 496 | 296 | 594 | 63.1| 55.3| 504
11:30 | 56.5| 676 | 523 | 523 | 81.2| 66.4| 523 | 30.2| 625 | 65.1| 57.7| 54.3
12:00 | 608 | 75.1| 57.3 | 53.6| 89.3| 658 | 53.6| 31.1| 68.6 | 68.6 | 62.0| 56.9
12:30 | 63.7| 780 | 604 | 544 | 915| 69.0| 544 | 322 | 725| 704 | 649 | 604
13:00 | 66.0| 799 | 66.7 | 57.6 | 97.1| 66.0 | 576 | 328 | 764 | 725| 67.2| 635
13:30 | 69.1| 77.7| 704 | 56.3| 945 | 784 | 56.3| 33.6| 79.6 | 73.2| 69.7 | 67.3
14:00 | 659 | 71.0| 685 | 541 | 886 | 76.0| 54.1| 324 | 745| 653 | 70.5| 60.5
14:30 | 65.0| 709 | 654 | 50.8| 804 | 73.3| 50.8| 316 | 70.6 | 60.1 | 73.4| 59.7
15:00 | 60.9 | 63.5| 59.3 | 48.7| 76.3| 69.7 | 48.7| 304 | 66.4 | 57.3| 685 | 553
15:30 | 594 | 58.2| 515 | 465 | 714 | 64.1| 465 | 296 | 60.5| 52.1 | 64.3| 514
16:00 | 55.3 | 60.3 | 498 | 446 | 654 | 570 | 446| 289 | 543 | 53.2| 60.5| 49.2
16:30 | 516 | 549 | 445 | 421 | 549 | 510 | 421 | 281 | 484 | 50.3| 56.4 | 475
17:00 | 48.7 | 52.7 | 421 | 394 | 49.2| 479 | 394 | 275 | 43.2| 48.7| 53.2| 453

116




Appendix-B: Descriptions and calibration of instruments

Instruments used in this experimentation are digital thermocouple, digital thermometer digital
thermometer and U-tube manometer. Their accuracy and calibration as follow.

Table B- 1: Instruments and their accuracy

Instruments Type | Range Accuracy | Error | Used to measure

Digital k- 0t0800°C |+0.5°C | 2% System component temperature
thermocouple | type using thermocouple wires
Digital K- -50 to +200 | £0.1°C |0.25% | Ambient temperature  and
thermometer type | °C calibration

Digital weight 0.01 g to 10| +0.01g | 0.05% | Mass of coffee beans and mass
balance kg of copper oxide nanoparticle
U-tube Xxtoxxmm | £0.02mm | 0.5% | Measure pressure difference of
manometer blower and fan

Digital weight balance calibration was made by pressing calibration button mounted on digital
weight balance.

Calibration button

Figure B- 1: Digital weight balance calibration ; a) calibration of Petri dish, b) calibration of
paper

Calibration of thermometers can be carried out using a reference thermometer in a temperature

calibration test by comparing both measurement values of a reference thermometer and other
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thermometers. Calibration test for four channel digital k-type thermocouple was conducted in
thermal laboratory with standard laboratory thermocouples (WL362 model) by using 0.2kg water
boiling and cooling test for 31 minutes in 2-minute gap.

Four channel digital thermocouple Laboratory stfmdard
x /thermoplle

Water Pan
top watch
Stove
Digital
Thermometer
Figure B- 2: Calibration of thermocouple set up
Table B- 2: Water temperature measuring test by using k-type thermocouples
Time (minute) TR(Reference TM (Digital four channel
thermometer)(°C) Thermocouple)(°C)
1 29.8 30.1
3 35.4 35.6
5 42.1 46.3
7 49.8 53.1
9 54.9 58.3
11 64.1 64.6
13 69.4 69.8
15 74.2 74.8
17 77.1 77.9
19 79.5 79.3
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21 82.2 82.6
23 84.8 84.1
25 87.1 87.5
27 89.9 90.2
29 92.3 925
31 934 94.2

—e— Measured by testing thermocouple
--------- Linear (Measured by testing thermocouple)

o
o1 O
1 ]

Tc =1.0007Tm + 0.1405
R2=0.9995

g1 01 OO O =~ N
o1 O o1 O 01 O
1 1 1 1 1 1

Tc (corrected temperature (°C))

A D
o

47 52 57 62 67 72 77
Tm (Measured Temperature (°C))

Figure B- 3: Calibration of Thermocouple; measured vs corrected temperature
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