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Abstract

Energy consumption by human enhanced activities has led to distinctive
environmental problems; in particular, climate change and global warming. In
hot regions, the main reason for energy consumption comes from the cooling
of many buildings. The intensity and duration of the sunshine in hot regions
have a direct relation with the usage of cooling systems. The energy used for
cooling purpose is continuously increasing and expected to increase in the

following years.

Evaporative cooling is one of the passive cooling method which has been used
throughout history. As it is cheaper, environmentally-friendly and simpler
compared to vapour compression systems, it is more widely used in residential,
commercial and industrial buildings in hot and dry regions. Since this method
iIs less efficient and limited under hot and humid climate, the desiccant based
evaporative cooling system is preferred in such areas in order to dehumidify

the air.

The pad material used for evaporative cooling system is important as it helps to
evaporate the water. Therefore, the material should be porous enough to absorb
water which enhances the rate of evaporation. Moreover, the material should
be available and cheap. This study shows the potential of using different

materials for evaporative cooling systems.

The aim of this study is to investigate the feasibility, suitability and potential of
using local materials such as eucalyptus fibres, as cooling pads for evaporative
cooling system in hot and dry regions. In addition to this, the liquid desiccant
evaporative cooling systems by using potassium formate is also studied for hot
and humid areas in Cyprus. Since Cyprus has multi-climate regions due to the
topography and different weather condition, different cooling systems can be
used for each region. The results are reported in terms of temperature

difference, cooling output, COP, etc.

The wind tunnel is used to test the eucalyptus fibres with an inlet air
temperature of 35 °C to simulate the climate in Cyprus. It was found that the

maximum reduction of air temperature was between 11.3 °C and 6.6 °C, while
7



the maximum cooling efficiency was in the range of 71% and 49% at 0.1 and
0.6 m/s air velocity respectively. Corresponding cooling capacities were also
calculated as 108 and 409 W indicating a directly proportional relation between

air velocities and cooling performance.

Following this, the conceptual design ideas of integrated eucalyptus fibres
based evaporative cooling panel (EFECP) into building elements are
considered to meet the demand for cooling and the architectural requirements
of the building. These design ideas were developed for shutter, fenestration,
toplighting elements, wind catcher-solar chimney and wall design of the

building.

The cooling performances of the hollow fibre integrated by using potassium
formate desiccant based evaporative cooling system were experimentally
investigated under the incoming air temperature in the range of 35 °C to 40 °C.
The cooling capacity is increased as the air velocity is increased. At 3.5m/s, the
cooling capacity is 1340 W, 1530 W and 1920 W respectively for incoming air
relative humidity of 60%, 65% and 70%. Both evaporative cooling systems
performances are discussed and clearly presented in this study.

From the experimental testing in this thesis, it is concluded that local
eucalyptus fibres can be used for hot-dry areas and liquid desiccant evaporative
cooling systems can be used for hot-humid areas of Cyprus. Since using of
eucalyptus fibres for evaporative cooling system is locally available, simple
construction and easy to apply, the design ideas for integrating eucalyptus
fibres with evaporative cooling system are developed within the scope of the

thesis.

The usage of local eucalyptus fibres and Polyvinylidene fluoride (PVDF)
hollow fibres as evaporative cooling pad, the evaporative cooling process
designed by using fibres and the conceptual building design ideas integrated
local eucalyptus fibres combined with evaporative cooling system are all the

novel ideas of this thesis.
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Nomenclature

A Heat transfer area (m?)
Cp Specific heat at constant pressure (kJ/kg°C)

Cpda  Specific heat of dry air (kJ/kg®°C)
COPs System coefficient of performance

d Fiber diameter (m)
h Specific enthalpy (kJ/kg)

hk Specific enthalpy of humid air (kJ/kg)
h1 Specific enthalpy of inlet air (kJ/kg)
h2 Specific enthalpy of outlet air (kJ/kg)
L Length of hollow fibre bundle (m)

Mass flow rate of air (g/s)

My, Evaporation rate (g/s)
N Number of fibres inside the heat exchanger
Q. Sensible cooling capacity (kW)

Quta  Total cooling capacity (sensible + latent) (kW)
T Temperature (°C)

T, Inlet temperature (°C)

T, Outlet temperature (°C)

T, Inlet wet bulb temperature (°C)

|4 Velocity of air (m/s)

W, Pump electric power (kW)

w Absolute humidity of air (kgw/Kgda)

w5 Outlet absolute humidity (Kgwv/Kgda)
Wy Inlet absolute humidity (Kgw/KQda)
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Abbreviations

ASHRAE American society for Heating Ventilation Refrigeration and Air

cc
COP
DBT
DEC
EC
ECC
EF
EFECP
ER
GHGs
HF
MRR
RH

SC

SCC
Sco,
SFC
WBT
YS

conditioning Engineer
Cooling capacity (kW)
Coefficient of performance
Dry bulb temperature (°C)
Direct evaporative cooling
Evaporative cooling
Evaporative cooling cavity

Eucalyptus fibres

Eucalyptus Fibres Based Evaporative Cooling Panel

Evaporation rate (g/s)

Greenhouse gases

Hollow fibres

Moisture removal rate (g/s)
Relative humidity (%)

Solar chimney

Specific cooling capacity (kWh/kg)
Carbon dioxide savings

Standard Fog Collector

Wet bulb temperature (°C)

Yellow stone

Greek Letters/Subscripts

(v}

AT

air
Temperature difference (°C)

Inside

Total yearly energy consumption (kWh)

Heat transfer
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M Mass transfer

ng Cooling efficiency

p Density of the fluid (kg/m®)

ce Conversion factor of electricity
out  Outside

S surface

sol desiccant solution

Vi saturated water vapour at the entrance of the hollow fibre manifold
V2 saturated water vapour at the exit of the hollow fibre manifold

v incoming air velocity, m/s

14



List of Figures

Figure 1. NASA graphs showing CO. and CH4 concentrations (Riebeek, 2010)

.......................................................................................................................... 26
Figure 2. Energy performance of buildings (Directive 2010/31/EV)............... 27
Figure 3. Electricity Authority of Northern Cyprus (Chart adapted from
KIBTEK, 2013) ..cuiiiiie ittt sttt 27
Figure 4. Electricity generation and consumption in North Cyprus (KIBTEK,
2013-2016) ...veeeenreiesie ittt bbb 28
Figure 5. The total energy generation (Eg) and consumption (Ec) for North
Cyprus (KIBTEK, 2013-2016) ......ceovveveereeerererereesseeeseoesseesesesessseesesssessseessens 29
Figure 6. Traditional and Industrial Evaporative Cooling Solution ................. 30
Figure 7. Evaporative cooling (modelled by author)..........cccccoiiniiiicnennn, 31
Figure 8. The structure of the methodology ..........coevveiiiiiiiiciecc e 37
Figure 9. Psychrometric chart (ASHRAE, 1997) ......ccccoiiiiiiieie e 43
Figure 10. Cooling strategy (Baker, 1987) .........cccoveiieieiie e 44
Figure 11. Good cross ventilation (Lechner, 2009) .........cccoveiereninininnieriee, 45
Figure 12. Different kind of overhangs (Lechner, 2009)...........cccocvvvninininnnnn. 46
Figure 13. Earth-Sheltered Design Strategies (Moore, 1993) .........ccccccvveeenenn 48
Figure 14. (Up) Evaporative Food Coolerand (Down) Cooling the surrounding
Of the DUIIAING ..o e 52
Figure 15. Air flows around jars creating cool breeze (Moore, 1993) ............. 53
Figure 16. Muscatese evaporative cooling system (Phan, 2004)............ccc....... 54
Figure 17. Wind-Catcher (Moore, 1993). .......cccviiiiriniiieiesie e 54
Figure 18. Direct Evaporative Cooler (Musa, 2008). ..........cccceevvvevveiieciieeinnen, 55
Figure 19. Porch for DEC (Givoni, 1994). .....c.ccoeiiiiiii e 58

Figure 20. Vapour pressure of potassium formate at different mass
concentration (Beyer and Steiger, 2016) ........ccccceivieiieiiie e 63

Figure 21. Diagram of desiccant evaporative cooling (Elsarrag et al., 2016) .. 64

Figure 22. Direct/ Indirect Combination (Musa, 2008)...........cccceevrvrvniinieenn. 65
15



Figure 23. Direct and Indirect Combination (ASHRAE, 2000) .........ccccceeveneen. 65

Figure 24. (a) DEC for inner land (b) IEC for coastal region (Baca et al., 2011)

.......................................................................................................................... 66
Figure 25. Evaporative cooling system for Iran ............ccccccvvveveieiiccn e, 67
Figure 26. The integration of the vaulted roof and evaporative cooling
technique (Haghighi et al., 2015) .......cccooeiieiiic e 70
Figure 27. Evaporative cooling facade (Naticchia et al., 2010) ............c.ce.e... 70
Figure 28. Porous plate integrated into wall (Chen, 2011).......ccccovvveivinnnnnn 71
Figure 29. Passive Evaporative Cooling Wall (He and Hoyano, 2011)........... 72
Figure 30. Water recirculation for evaporative cooling system (Franco et al.,
2001 ottt et e st e re e e e et et e ns 72
Figure 31. Solar chimney and evaporative cooler (Miyazaki et al., 2011)....... 73
Figure 32. SC and ECC (Maerefat and Haghighi, 2010)..........cccccoevveveinenen. 73
Figure 33. Schematic view of wind catcher integrations (Poshtiri and
Mohabbati (2017); Calautit et al., (2017); Khani (2017)......cc.cccevvevvevreinenenn, 74
Figure 34. Vegetal Facade (Ojembarrena et al., 2013)........ccccoveiiriiiniininenn, 76
Figure 35. Cross section of Akrotiri Aquifer (Demetriou and Georgiou, 2004)
.......................................................................................................................... 89
Figure 36. Solar still desalination unit (Shatat et al., 2013) ..........c.ccoeeveiienne. 90
Figure 37. New v-trough solar concentrator (Riffat and Mayere, 2013).......... 91
Figure 38. The fog collector screens (Karkee, 2005; Klemm et al., 2012;
Brown, Bhushan, 2016) ...........cccvoiiiiiiicececce e 94
Figure 39. Warka Water Towers, Ethiopia (Nguyen, 2014)........c.ccccvvvvvenennn. 96
Figure 40. Water consumption by sector and water source supply (Savvides et
AL, 2000) ..ot a s 99
Figure 41. Testing local materials used in preliminary experiment for
EVAPOTALIVE COONING....viviiiitiitieiieiie ettt 104
Figure 42. Structure of the experimental methodology ..........cccccoovvviiinennen, 105
Figure 43. View of insulated DOX .........ccccooviiiiiiiiiic e, 106
Figure 44. Plan of experimental design .........cccovviiiiiiciic e 107

16



Figure 45. Photographs of the inside of the insulated boX ...........cccccevvennne. 107

Figure 46. The process of containing eucalyptus fibres ............cccccvvevvenne. 110
Figure 47. Yellow Stones with Different Types (10/18/25 mm holes) .......... 111
Figure 48. Materials used in the eXperiments.............cccocvevevieeseere e se e 112
Figure 49 CeramiC PIPES......ccoieriiiieieieiesie sttt 113
Figure 50. Dry bulrush Dasket ..o, 114
Figure 51. Test model plan of dry-bulrush basket..............cccccovvevviveinennnne. 115
Figure 52. Cooling efficiency of local materials ............cccccovvvvvevi e, 118
Figure 53. Testing MaterialS ...........ccooeiiiiiiiin e, 119
Figure 54. Open Wind Tunnel (HM170) schematiC..........ccccoccevvnvrvrnnnennen, 120
Figure 55. Integrated water pipe onto the meshed eucalyptus fibres ............. 123
Figure 56. Integrated water pipe onto the yellow stone.............cccceevvevvenenne. 123

Figure 57. (a) Schematic diagram of the experimental testing rig and (b)
thermocouple 10CAtIONS ..........cccvevuiiiiiiee e 124

Figure 58. Schematic diagram and general view of the experiment (eucalyptus
L Lo (=) ISP OUTOSORS 125

Figure 59. Schematic diagram of the experiment (yellow stone)................... 125

Figure 60. Temperature difference of eucalyptus fibre and yellow stone....... 127

Figure 61. Outlet RH of eucalyptus fibre and yellow stone..............c.ccc.c....... 127
Figure 62. Cooling efficiency of materials at 0.1m/S .........cccceevvevvieeivenene 128
Figure 63. Cooling capacity of eucalyptus fibre and yellow stone................. 129
Figure 64. COP of eucalyptus fibre and yellow Stone.............ccccoovvvrvrnennnn, 129
Figure 65. Effect of air velocity to outlet temperature at Tin=35.5 °C .......... 131

Figure 66. The variation of outlet air temperature for different air velocities
T 70 T O TSR 131

Figure 67. Inlet, outlet DBT and water temperature difference at 0.1 m/s..... 132
Figure 68. Effect of air velocity on outlet relative humidity .......................... 134

Figure 69. Cooling efficiency trends at 0.1 - 1.2 M/S....cccccovvviiinininieiennn, 135
17



Figure 70. Cooling capacity trends at 0.1 - 1.2 M/S.....cccceverirninienieieeieen 136

Figure 71. COP trends at 0.1 - 1.2 M/S ...cccveiviieiieie e 137
Figure 72. Correlation of outlet dry bulb temperature and COP .................... 138
Figure 73. Evaporation rate trends at 0.1 - 1.2 M/S.......cccevvvvieivevnsieeseeriene 139
Figure 74. Specific cooling capacity trends at 0.1 - 1.2 m/S.......ccccoevvenrnne. 140

Figure 75. Combined effects of SCC and CC at different mass flow rate ..... 142

Figure 76. Combined effects of COP and SCC at different mass flow rates.. 143

Figure 77. CC and SCC at different evaporation rates..........c..ccceevevvervvenenne. 144
Figure 78. Numerical results on (a) dry bulb temperature (b) evaporation rate
and (c) cooling capacity (at 35°C and 0.6 M/S) .....coeveerieiiiieniiiniicnie e 148
Figure 79. Numerical results on (a) dry bulb temperature (b) evaporation rate
and (c¢) cooling capacity (at 40°C and 0.6 M/S) ....cceevverrieriiieeniiiniie e 150
Figure 80. Numerical results on (a) evaporation rate at 0.9 m/s (b) evaporation
rate at 1.2 mM/S (A 35°%C) cuuiiiiiiiie it 153
Figure 81. Numerical results on (a) cooling capacity at 0.9 m/s (b) cooling
capacity at 1.2 m/s (t 35°C) ..oviiiiiieiiiie e 154
Figure 82. Numerical results on (a) evaporation rate at 0.9 m/s (b) evaporation
rate at 1.2 M/S (At 40°C) ..vieireiiiiieiieieeee e 155
Figure 83. Numerical results on (a) cooling capacity at 0.9 m/s (b) cooling
capacity at 1.2 m/s (at 40°C) ....ooviirieiiieeee e 156
Figure 84. Structural system of EFECP a) perspective b) system detail
(designed BY aUENOT) ......oviii e 162
Figure 85. 3D view of Eucalyptus fibres evaporative cooling system ........... 163
Figure 86. Building requirements for comparison matriX .............cc.cccevennne. 164

Figure 87. Evaporative cooling system integrated shutter a) horizontally folded
evaporative shutter b) vertically folded evaporative shutter c) sliding

evaporative shutter d) pivot evaporative ShUtter............ccccevvevieiiicvie e, 169
Figure 88. Evaporative cooling system integrated into window .................... 171
Figure 89. Evaporative cooling system integrated into door...........cc.ccevenee. 171
Figure 90. Evaporative cooling system integrated into window .................... 172

18



Figure 91. Skylight, Sawtooth at clerestory, Monitor (Kadir et al., 2015)..... 173

Figure 92. Evaporative cooling system a) integrated baffles and b) monitor in
summer and WInter CONAITION ........ocveiiiieiiei e 174

Figure 93. Evaporative cooling system integrated a) sawtooth and b) clerestory

........................................................................................................................ 176
Figure 94. Evaporative cooling system “wind-solar tower” ...........ccccceeevennnn 177
Figure 95. Glazing with shading device facing south-west..............cccccocue.ee. 178
Figure 96. Evaporative cooling system facing north-west ............c..ccccvenenne. 179
Figure 97. Combined evaporative cooling system and curtain wall............... 179
FIGUIE 98. CYPIUS ..vveeiieiieciieite ettt ettt sttt sre e ens 184
Figure 99. Average Annual Temperature for July (Table adapted from
Department of Meteorology, TRNC, 2014) ......ccceveivevieieieeceee e 186
Figure 100. Aerial view of Modelled House in Kyrenia (Source: Google Earth)
........................................................................................................................ 187
Figure 101. Monthly average temperature, relative humidity, wind analysis and
incident solar radiation for Cyprus (Kyrenia) generated from Ecotect .......... 188
Figure 102. General view of apartment block ..., 189
Figure 103. Sun path diagram of the case area with Ecotect v 5.50............... 190
Figure 104. Floor plan layout of modelled house...........c.cccovviviiiiiciieee, 194
Figure 105. Hourly Temperature for all Thermal Zones...........cccccccovevvvennnne. 196
Figure 106. (a) Hourly Temperature for Zone 1 (Bedroom) and (b) 2 (Living
ROOM and KItChEN).......ccviiieie e 197
Figure 107. Hourly gains and losses for the hottest month .............cccccee.. 198
Figure 108. Gains breakdown for all thermal zones.............cccccooiiiiiinnenen, 199
Figure 109. Monthly cooling and heating loads for Zone 1 and 2 ................. 201

Figure 110. Monthly cooling and heating loads of AC system for all thermal

Figure 111. Payback period of the integrated eucalyptus fibre based
evaporative cooling panel (EFECP) ........ccoviiiieiiicie e 209

Figure 112. CO2 savings using EFECP in comparison with AC .................... 214
19



Figure 113.

Figure 114.
Figure 115.
Figure 116.
Figure 117.

Figure 118.

Figure 122.

Figure 123.

Figure 126.
Figure 127.
Figure 128.
Figure 129.
Figure 130.
Figure 131.
Figure 132.

Figure 133.

Diagram of the hollow fibre integrated evaporative cooling system

...................................................................................................... 217
The flow cross section of aluminium tunnel ............cc.cooeieene, 218
Detailed 3D model of teSting .........cccevvveveiiievecie e 219
The actual testing Prototype .......cccevveveeieeieeie e 219
General view 0f the teSt g .....ccoocveeeiieriiese e 220

The cross section of the duct showing thermocouple locations as

...................................................................................................... 221
Temperature difference trends for hollow fibres at 0.6 - 1.5 m/s at

...................................................................................................... 224
Temperature difference trends for hollow fibres at 0.6 - 1.5 m/s at

...................................................................................................... 225
Temperature difference trends for hollow fibres at 0.6 - 1.5 m/s at

...................................................................................................... 225
Outlet relative humidity trends at 1.2 M/S........ccccoceevveiiveieinennen, 226
Cooling efficiency trends for hollow fibres at 0.6 - 1.5 m/s at 30°C
...................................................................................................... 227
Cooling efficiency trends for hollow fibres at 0.6 - 1.5 m/s at 36°C
...................................................................................................... 228
Cooling efficiency trends for hollow fibres at 0.6 - 1.5 m/s at 40°C
...................................................................................................... 229
Cooling capacity trends at 1.2 — 2.5 M/S...ccccvviveveieieer e 230
COP IENAS ...t nne s 231
Water consumption trends at 1.2 - 2.5 M/S.......ccccovevveiveieciennnn, 232
Diagram of the hollow fibre manifold................ccccooeiiiininnn, 233
Detailed view of the glass DOX ........ccccovvviiiiiniiiieee, 234
The actual testing PrototyPe .......covvveeeierieie e 235
Detailed 3D model Of teStiNG .......cccoveriviiiiiee e, 235
Side image of the SYStEM.........covviiieiiii e 236

20



Figure 134. The cross section of the duct showing thermocouple locations as

I I RPN OUPPRPPRRN 237
Figure 135. Outlet air dry temperature at 0.25 - 3.5 m/s at 35°C................... 241
Figure 136. Outlet relative humidity at different air velocities for different inlet
air NUMIdity CONAITIONS .......oivieiicic e 242
Figure 137. Absolute humidity change at different velocities for different inlet
air NUMIdity CONAITIONS .......oiveeiicc e 242
Figure 138. Cooling efficiency at different air velocities..........c..ccccccevvenenne. 243
Figure 139. Cooling capacity at different air veloCities .............cccvvvrvrnennnn, 244
Figure 140. COP at different air VEIOCITIES..........ccovvrieieieieceeeee, 245
Figure 141. Schematic diagram of polymer hollow fibre integrated evaporative
cooling system with desiccant dehumidification............ccccocvevviieiiveneiiennnns 247
Figure 142. Detailed view of the glass DOX .........ccccceeveiiiviiiciiec e 248
Figure 143. The actual and 3D view testing prototype........cccccccvevvriveivenene. 249

Figure 144. The cross section of the duct showing thermocouple locations as

Figure 145. The dehumidifier moisture removal rate trends at different air
temperature (Tin= 35-40°C at 70%RH).......cccceviiiiiiiiieee s 255

Figure 146. The dehumidifier moisture removal rate trends at different relative
humidity (RH=55-75%, VeloCity: 0,7mM/S) ......cc.ccccurimmimmriiiieni s, 255

Figure 147. The cooling capacity trends at different air temperature and relative
humidity (Tin= 35-40°C, RH=70%0) .....eveerierieeseierieesie e 256

Figure 148. The cooling capacity trends at different relative humidity (RH=55-
75%, VEIOCITY: 0,7M/S) ...ttt 257

Figure 149. The dehumidifier effectiveness trends at different air temperature
(Tin= 35-40°C, RH=T7020) ...veeiuveieiieeiieeieseesiesiesee e see e esee e sse e sneessaeneeens 258

Figure 150. The dehumidifier effectiveness trends at different relative humidity
(RH=55-75%, VelOCity: 0,7M/S) ...cccviiiiiiiiieieie e, 258

Figure 151. The dehumidifier moisture removal rate trends at different air
velocity (Tin= 35°C, SOIT0290) ....c..eeuiiieieiie e 259

21



Figure 152. The cooling capacity trends at different air velocity (Tin= 35°C,
0] Bl Gy A ) PRSPPSO 260

Figure 153. The dehumidifier effectiveness trends at different air velocity (Tin=
35°C, SOITO02%0) .euveieieiteeiesieeteee ettt bbb e 261

Figure 154. The dehumidifier moisture removal rate trends at solution
concentration (Tin=35°C, RH=60%0) .......cccccoeiiiiiiiiiiieiie e see e 262

Figure 155. The cooling capacity trends at different solution concentration
(Tin= 35%C, RHZ0020) .. .cuveiveiveiieeieiieieiesie et e e eeseesae st ste e ssa e eseeneeneens 263

Figure 156. The cooling capacity trends at solution concentration (Tin= 35°C,
RHZ6090) ...ttt bbbt 264

22



List of Tables

Table 1. Previous studies on evaporative cooling material ................ccccoveeeee. 32

Table 2. Summary of advantages and disadvantages of evaporative cooling .. 68

Table 3. Various fog harvesting installed worldwide...........c.cccccveviiieiienne. 95
Table 4. Type of water resources of Cyprus (Farmer et al., 2006)................... 97
Table 5. Some water harvesting technologies ... 98
Table 6. Performance comparison of local materials .............ccccoevveveiinnn, 116

Table 7. Temperature reduction through different type of yellow stones at 30°C

TN QI L.t 117
Table 8. Characteristics of experimental SENSOrs ...........ccccevveveiiieieenie i, 121
Table 9. Errors for uncertainty analysiS..........covrireieieneneie e 122

Table 10. Temperature drop and cooling efficiency of materials at 0.1 m/s.. 128

Table 11. Readings at 0.1 M/S........ccoeiiiieiieiieic e 133
Table 12. Results of eucalyptus fibres under experimentation...................... 141
Table 13. Optimum conditions for using eucalyptus fibres.............ccccceoeveneen 145
Table 14. Numerical simulation at three various inlet RH ..............cccccoeeenns 151
Table 15. Numerical simulation at two various inlet DBT..........cc.ccoovvvvenennn, 151
Table 16. Numerical simulation at three various inlet air velocity................. 152

Table 17. Questions to evaluate the performance of the building elements
integrated evaporative COOliNG SYStEM.........ccccveiiiieiic e 165

Table 18. Comparative table between the building elements integrated

evaporative cooling system and building requirements............ccccccevveveiivennn 167
Table 19. Implemented Settings for Modelled House............cccccooviviiiiiennn, 191
Table 20. Implemented Zoning for Modelled HOUSE ..........ccccoceviniiiiininnnn, 193
Table 21. Gains breakdown for period 1st January to 31st December........... 199
Table 22. Annual cooling load of each zone ...........cccooovi i, 200
Table 23. Monthly cooling loads of modelled house .........c.ccccceeviiiieiiiennnnn, 202

23



Table 24. Monthly cooling loads of AC system for all thermal zones with
cooling capacity of SyStem OPEration .........ccoceeverieerieerienie e 204

Table 25. Optimum design conditions for using 1 m? eucalyptus fibres........ 206

Table 26. The cost of system COMPONENTS.........cccvveiverieiieieere e 207
Table 27. The results of economic analysis 0f AC.........ccccvcveveiieiieie e, 210
Table 28. The results of economic analysis Of EC ...........cccccoiiiiiiiiiinen, 211
Table 29. The results of CO2 Emissions of EFECP and AC ..........c..ccoceeveeee. 213
Table 30. Properties of experimental sensors used in the test..........c.ccccceeveees 221
Table 31. Testing data for three different experimental conditions................ 223
Table 32. Data for three different experimental conditions.............c.cccccee..e. 239
Table 33. Properties of experimental sensors used in the test............ccccoe..e. 251

Table 34. Testing data of dehumidifier performance for various experimental

(010] 1o [ 110 413U PRPRR 254
Table 35. Testing results of the experimentations............cccoceveririininiienennn, 267
Table 36. Comparative summary of evaporative cooling systems................. 268

24



CHAPTER 1: Introduction

1.1 Background and problem definition

The climate of the Earth changes by natural means; the location and duration of
the sun, the geographic structure of the earth and the atmospheric conditions.
However, today human activities are largely responsible for the warming of the
earth. This particularly started after the Industrial Revolution in the 18th
century (Riebeek, 2010). The average temperature of the earth gradually
increased by 0.6 — 0.9 °C in the period between 1906-2005. It is expected to
further rise 2 — 6 °C by the end of the 21% century. It is claimed that the
increased has doubled for the last 50 years. However this does not mean that it
is started in that time period (Riebeek, 2010). According to Fourier (1824),
Tyndall (1863), Arrhenius (1896) and Chamberlain (1897), one of the
greenhouse gases, carbon dioxide emission had already warmed the Earth
(Grundmann, 2013).

“Throughout its long history, the Earth has warmed and cooled. Climate has
changed when the planet received more or less sunlight due to subtle shifts in
its orbit, as the atmosphere or surface changed, or when the Sun’s energy
varied. But in the past century, another force has started to influence Earth’s

climate: humanity” (Riebeek, 2010).

The greenhouse gases such as methane, nitrous oxide, carbon dioxide and so on
are increased by the electricity, transportation, industry, agriculture, residential
and commercial building sector. The CO: levels have increased by 38% and
CH4 by 148% until 2009 (Figure 1).
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Figure 1. NASA graphs showing CO. and CH4 concentrations (Riebeek, 2010)

Buildings in European Union are responsible for 40% of CO, emissions and
total energy consumption (Figure 2). By 2020, the greenhouse gases emissions
can be reduced by 20%. Therefore, energy performance of building is a key
factor for reducing gas emissions and climate change. Energy consumption can
be reduced and renewable energy usage can be increased in order to supply
safe energy, technological growth and to provide employment opportunity
(Directive 2010/31/EU). According to the Directive 2010, energy consumption
iIs mostly used for heating (31%) residential buildings. The next largest
consumption is cooling demand at 12%. However, the results vary according to
the location of the country. The heating demand is lower in hot regions,

whereas it is higher in the cold northern regions.
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Figure 2. Energy performance of buildings (Directive 2010/31/EU)

As Cyprus has a subtropical climate, the energy consumption in the building
(residential and commercial) is caused by the usage of heating, daylighting,
and mostly, for cooling (Figure 3). Compared to the energy consumption in the
UK, space and water heating accounted for 44.89% of domestic use of energy
in 2013. Since the climate in the UK is generally cool, energy is consumed to

maintain warmer indoor temperature (Dukes, 2017).
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= Industry
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m Defence

Figure 3. Electricity Authority of Northern Cyprus (Chart adapted from
KIBTEK, 2013)

27



Electric energy
(million kWh)

Electric energy
(million kWh)

In Cyprus, electricity is mainly produced and consumed during summer
(Figure 4). Therefore, the energy demand and electricity production for cooling
are increased in summer. Due to the extreme weather conditions, a mechanical

way of cooling, i.e. air-conditioning is mostly used.
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Figure 4. Electricity generation and consumption in North Cyprus (KIBTEK,
2013-2016)

The population of North Cyprus is 313.626 thousand people in 2014 (286.257
in 2011). As the population of Cyprus is increased, the demand for new
housing and thus, the energy consumption is also increased. The total energy
consumption for North Cyprus was 1195 GWh in 2013 whereas for 2016, it
was increased to 1275 GWh by 6% increase as seen in Figure 5.
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Figure 5. The total energy generation (Eg) and consumption (Ec) for North
Cyprus (KIBTEK, 2013-2016)

It should be concluded that the high use of fossil fuels, as non-renewable
resources can lead to environmental pollution, the need to import energy and

an effect on climate change.

The renewable energies such as solar energy, wind energy, ocean energy, etc.
have been passively used for lighting, cooling and heating buildings since
ancient times. Many buildings, especially those nearer to the sea, have the
advantage of taking cool breezes inside of the building due to the different
atmospheric pressure created by the land and sea. This is called evaporative
cooling and is a very old way of cooling method. According to a number of
studies, it can be divided into two parts: traditional and industrial solution
(Figure 6). As seen in building section, renewable energy such as sun and wind
are used directly to create cool breeze coming from the sea which enhances
cooling effect by evaporation of water. The method of evaporative cooling is
divided into two sections: active and passive evaporative cooling. These
passive methods (blue arrow) are not currently applied to the building.
However, there is a huge number of research to study the active (orange arrow)

way of evaporative cooling for building element.
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Figure 6. Traditional and Industrial Evaporative Cooling Solution

As seen in Figure 7, in evaporative cooling, dry air is passed via an evaporative
pad; it gets cooled and is then passed to the indoors (Wu et al., 2009; Rogdakis
et al., 2013; Kabeel et al., 2017; Kovacevi¢ and Sourbron, 2017). It utilizes
latent heat of evaporation of water to create cooling effect and can be direct,
indirect or a combination of these. The combination types are also known as
hybrid or integrated types. Misting or drip systems, cool cells/wetted pads and
fogging systems are three main methods of evaporative cooling (Musa, 2008).
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Figure 7. Evaporative cooling (modelled by author)

Material used in the evaporative cooling method has been widely investigated
by many researchers for hot climate conditions. According to the studies, these
materials can be fibre, ceramic, plastic and paper which show good

performances in reducing temperature as it is shown in Table 1.

Different fibre pads are also used as a cooling pads such as jute fibres
(Kulkarni and Rajput, 2010), coconut fibres (Rawangkul et al., 2008), luffa
fibre (Al-Sulaiman, 2002), rice husk (Soponpongpipat and Kositchaimongkol,
2011).

Jain and Hindoliya (2011) conducted studies using Palash Fibre which
provided 14°C temperature difference. Celdek, straw and sliced wood pads
were tested for greenhouses for optimizing greenhouse temperature and
humidity for crop growth. The results revealed that sliced wood pads showed
better performance compared to other evaporative cooling materials (Ahmed et
al.,, 2011). Wanphen and Nagano (2009) have found that siliceous shale
absorbs more vapour due to the higher pore volume and pore size which
provided 6.8-8.6°C temperature differences. Gunhan et al., (2007) studied the
potential of pumice stones, volcanic tuff and greenhouse shading net at four
different levels of air velocity and two different levels of RH. As a result, it
was obtained that volcanic tuff pads perform best at 0.6 m/s air velocity. Atikol
and Hacisevki (2001) have studied the suitability of evaporative cooling
systems in Cyprus, particularly in Nicosia. According to their feasibility study,
it is suggested that evaporative cooling can be used in May and September

without any need of an additional cooling system. It was also found that in
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June, effective cooling can be achieved only between 12.00 pm-15.00 pm

hours. Since the evaporative cooling is not sufficient in July and August, an

auxiliary cooling system is needed during that period. Although a lot of

researchers studied to find better local materials for evaporative cooling, there

is a lack of research to be done in Cyprus in terms of local materials for

evaporative cooling process.

Table 1. Previous studies on evaporative cooling material

Researcher  Material AT (°C) Air Velocity (m/s) Cooling
Efficiency (%)

Sulaiman Jute - - 62

(2002)

Liao and Coarse - 1.0-15 63-86

Chiu Fabric PVC

(2002) Sponge

Wanphen Siliceous 6.8-8.6 - -

etal., Shale

(2009)

He et al., Porous 2-4 1-3 -

(2010) Ceramic

Jain et al., Palash 13.94 = 81-84

(2011) Fibre

Dagtekin Cellulose 4-7 0.5-15 75-85

etal.,, (2011) based pad

Shrivastava : Coconut coir 13 - 60

et al.,(2014)

The humidity content (absolute humidity) of ambient air could directly affect

the performance of an evaporative cooling system. When the ambient humidity

is increased, the cooling efficiency becomes lower due to the limitations in the

amount of vapour that could be added to the air. In order to increase the

evaporative cooling performance in humid condition, desiccant materials can

be used to reduce the air humidity level (Ma and Guan, 2015; Sohani et al.,

2016). This is called desiccant enhanced evaporative cooling. Rafique et al.,
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(2016) developed a mathematical model for solid desiccant cooling system
under humid conditions of Dhahran, Saudi Arabia. It was found that this
system can be applied to provide cooling demands for Dhahran. Banik and
Ganguly (2017) developed a desiccant assisted distributed fan-pad ventilated
greenhouse system for the cultivation of varieties of Gerbera for the plains of
Gangetic Bengal in Indian sub-continent. It was found that the outlet
temperature drops below 27 °C with the use of desiccant, while it was nearly

29 °C without using the desiccant.

This research includes the experimental investigations of local materials
(porous, fibres materials) for evaporative cooling process in order to increase
thermal comfort of the occupants for building indoors in particular, dry regions
of Cyprus. In addition to this, an artificial material such as polymer hollow
fibre is experimentally investigated for evaporative cooling system (by using
water and desiccant liquid) to provide the desired air for indoor environments

in dry and humid regions of Cyprus.

1.2 Research aims and objectives

Evaporative cooling is one of the cooling method, which consumes less energy,
maintains indoor comfort conditions and gives less harm to the environment.
The main aim of this study is to investigate the testing of the performance of
local and artificial materials for evaporative cooling method as a wet pad. It is
focused to enhance cooling the spaces in hot-dry and hot-humid climates in
particular for Cyprus island. In addition to this, it is necessary to propose new
ideas of evaporative cooling process in hot-dry and hot-humid parts of Cyprus.
Therefore, the following specific objectives of this study are established in

order to achieve this aim:

1. The gap of literature of Cyprus including evaporative cooling methods is
highlighted for Cyprus. A thorough literature researches show that local
materials have not been investigated for evaporative cooling process in Cyprus
which are necessary for hot and dry regions in order to reduce energy

consumption through the cooling demand of the buildings. Furthermore, an
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artificial material of hollow fibre have not been studied or proposed for
evaporative cooling system for humid parts of Cyprus based on liquid
desiccant cooling system. Desiccant is used as a sorbent in order to absorb
water vapour from the humid air to provide cooling effect. As regards
investigating the potential of evaporative cooling by using aforementioned
processes, it is taken as main studies of this thesis due to the lack of research to

be done in Cyprus.

2. The performance of some materials such as eucalyptus fibre, yellow stone,
etc. which could be used as a new material for the evaporative cooling process
are tested in order to choose better performance of cooling material for hot and

dry regions of Cyprus.

3. The conceptual design ideas of integrated evaporative cooling system into
architectural building elements are developed for building design in order to
enhance cooling effect with architectural requirements. The various conceptual

design ideas are illustrated by using three-dimensional modelling.

4. Ecotect Analysis 2011 is used as it is architect-friendly simulation software
in order to investigate the monthly cooling load of an existing residential
building located in Northern Cyprus by predicting the saving of annual energy
consumption of the existing building. Using the data obtained from Ecotect
Analysis 2011, economic and environmental emissions savings with the use of
evaporative cooling system compared to vapour compression air conditioning

have performed.

5. The cooling performance of artificial material, the hollow fibre, is
experimentally investigated by using water and potassium formate (KCOOH)
as a working fluids for evaporative cooling system for hot-dry and hot-humid
regions of Cyprus. It is used for the system since it is cheaper, less corrosive

and non-volatile.
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1.3 Methodology of the research

This study is started from the cooling requirements of occupants in summer for
Cyprus climate since there is a high impact of temperature for indoor space. As
the electrical energy and greenhouse gases (GHGs) emissions are higher in
order to operate cooling systems (eg. AC) in Cyprus, it is important to study
the alternative material and method for cooling process. It is also necessary to
develop new design ideas in order to integrate cooling system into building
design. Therefore, the methodology of the study is presented in this section.

The first method used in this study was based on literature review in Chapter 2.
The experimental studies carried out at the laboratory were another method in
this study in order to investigate the cooling performance of evaporative
cooling pad. Based on the results, the use of eucalyptus fibres as a local
material was studied by Ecotect Analysis 2011 to find the emissions savings.
Following this, the conceptual design ideas of integrated system were
developed. The final method was the testing carried out at the laboratory by

using artificial, hollow plastic fibres.

Different laboratory experiments have been conducted in Cyprus and
Nottingham between the years 2013-2017 (as a part-time project) in order to
improve cooling effect of evaporative cooling pads. As seen in Figure 8, the
structure of the methodology was demonstrated to provide better understanding
of the thesis.

The laboratory testing is divided into two parts. The first column represents the
testing by using local materials for hot-dry regions in Cyprus. Regarding the
testing, two different testing conditions were used as preliminary (insulated
box) and main experiments (wind tunnel). These testing are focused on
investigating better cooling performance of local materials in Cyprus for
evaporative cooling process in terms of some parameters such as temperature
difference, relative humidity, cooling efficiency, cooling capacity, COP,

evaporation rate (ER) and specific cooling capacity (SCC).

In the second column, the experimental testing in the Nottingham were based
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on the investigation of the cooling performance of the plastic hollow fibres
(HF) integrated evaporative cooling system (manufactured by ZENA Ltd.). In
this respect, three different testing were conducted by using water and
potassium formate as a working fluids in different testing modules. In the first
and second test modules, water was used for hot-dry regions. Potassium
formate was used as a desiccant for hot-humid regions of Cyprus in the second

testing module.

It is thought that the laboratory experiments will provide new contribution to
evaporative cooling phenomenon for Cyprus climatic conditions. This study
will enlarge the vision of the development of this process for buildings in

Cyprus.
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1.4 The novelty of the research

A thorough literature research have been done in order to investigate previous
studies on evaporative cooling system for Cyprus climatic conditions, however
it was found that there are some gaps in this research area for Cyprus climate.

The novel features of the study are summarized as following:

- It is important to emphasize that both direct and desiccant based
evaporative cooling processes have been studied for hot-dry and hot-
humid regions in Cyprus in this research method. It should be noted that
there is no any research which has been conducted for desiccant assisted
evaporative cooling system for Northern Cyprus.

- The local materials have been studied for the research since commercial
pads are more expensive than local materials. Therefore eucalyptus fibres
which is locally available, cheap and easily constructed material, is
essential for using in evaporative cooling technology. It is also worth
mentioning that this material has not been investigated before for

evaporative cooling.

- In addition to this, the experimental investigations have not been carried
out in order to evaluate the local materials in Cyprus that might be used as

a pad material for direct evaporative cooling process.

- It should also be emphasized that this proposed evaporative cooling
system is integrated into building elements such as wall, window, door,
etc. to promote cooling effect. The various conceptual design ideas are
developed to combine both cooling and architectural requirements in a

single building element.
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1.5 The scope and limitations of the research

This thesis focused on the investigation of evaporative cooling pad for hot-dry
and hot-humid climate in Cyprus. The testing of cooling performance was
conducted in the wind tunnel for eucalyptus fibres and the polymer hollow

fibre in the test rig named bundles in circular module.

Both numerical and experimental analysis of the performance of evaporative

cooling system were provided in this study.

Conceptual design ideas of building integrated evaporative cooling system
were developed, however, theoretical or experimental studies about these

integrated ideas were not included within the scope of the study.

Desiccant based studies limited only for dehumidification. Regeneration of
desiccant has not been investigated.

The feasibility study of eucalyptus fibres was investigated. The artificial
material, plastic fibres was excluded since eucalyptus fibre is natural, cheap

and abundant.

During this study, the limitation factor was the duration of the laboratory
experiments. Due to the limited time during the laboratory, it became difficult
to study more. Moreover, since the laboratory in Cyprus is larger, it is difficult

to adjust the environmental conditions by using environmental chamber.

1.6 The layout of the thesis

The layout of the thesis was organised as follows in order to summarize the

content of the study:

Chapter 1 presents the general layout of the study with the background and
problem definitions, research aims and objectives, the methodology of the

research and as well as the novelty of the thesis.

Chapter 2 reviews the literature review of the evaporative cooling process with

the existing methods, pad material used for the process and the integrated
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system for hot-dry and hot-humid regions around the world. The performance
of evaporative cooling is presented for experimental methodology. The water

harvesting technologies are also described.

Chapter 3 describes the preliminary and main experiments in details which
have been carried out both in and out of the laboratory. It includes the
comparison of local materials in Cyprus based on the cooling efficiency
performance calculations. It concludes with the conceptual ideas of integrated

evaporative cooling panel into building elements.

Chapter 4 presents the conceptual design ideas of integrated evaporative
cooling system into building element for building design. Eucalyptus fibres is
used as a pad material for evaporative cooling system for the architectural
integration of the building. The various conceptual ideas are modelled by using

three-dimensional illustrations.

Chapter 5 represents the application of evaporative cooling of a house in
Cyprus. Ecotect Analysis 2011 was used to find the monthly cooling load of an
existing building. It also consists of the economic and environmental analyses

by comparing the evaporative cooling system and vapour compression AC.

Chapter 6 includes the different indoor laboratory testing in the University of
Nottingham regarding the hollow fibre used for evaporative cooling
performances. As a working fluids, water and potassium formate were used in
order to be suggested for evaporative cooling process. It concludes with the
suggestion of using water and potassium formate in the water and desiccant

based evaporative cooling system for hot—dry and humid regions of Cyprus.

Chapter 7 covers the summary of the all chapters and the contributions of the
study to the research area. It concludes with the recommendations for further
study by researchers in order to improve new ideas for evaporative cooling

process in Cyprus.
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CHAPTER 2: A Review of Thermal Comfort and Evaporative Cooling

2.1 Introduction

People always try to become adapted to the surroundings they live in. They
build a “shelter” in order to protect themselves from the outer environment,
such as wild animals, severe weather and climate conditions. Shelter is very
important to man in terms of the struggle for survival (Rapoport, 1969). Shelter
was a cave or tree hollow for the early people, but now it is called a house or

home.

According to Louis Kahn (1901-1974), “architecture is what nature cannot
make” (in Roth, 2007). A chambered nautilus creates a hard shell around itself
as protection; architecture is that chambered nautilus shell for the human

beings. It is the environment that we create to adapt to our surroundings.

“In architecture as in all other operative arts, the end must direct the
operation. The end is to build well. Well-building hath three conditions:
Commoditie, Firmeness and Delight.” (Roth, 2007, p.5)

The elements of architecture identified by the ancient Roman architect Marcus
Vitruvius (25 B.C.) have not changed from the early times until now/today
(Roth, 2007). Architecture should provide utility, firmness and delight.
Vitruvius explained the “utility” as spaces being used easily. By firmness, he
meant the building should be strong and by beauty, the appearance of the
building should be likeable. Besides all the elements of architecture, climate is
also a very essential parameter in terms of comfort conditions for the
occupants. All of these factors must be considered together by designers
(Abohorlu, 2010).

Climatic determinism viewed that the primitive people firstly look for shelter
and then adapt to climatic conditions of the surroundings (Rapoport, 1969).
They all built their house to keep out from the enemies and then feel thermally

comfortable in any climate.
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In order to achieve thermal comfort especially in summer, heat gain strategies
and passive cooling methods should be taken into consideration. There are a
number of passive cooling systems which lower the temperature and shift the

comfort zone to higher temperatures.

2.2 Thermal Comfort

The human environment should provide aesthetic, light, air, acoustic and
hygienic comfort. Besides these factors, thermal comfort of the space is also
very important in order to provide a comfortable and healthy environment for
the occupants. People feel uncomfortable as a result of enclosed spaces being
too hot or cold, humid or dry. Comfort conditions have direct contact with the

human senses, in particular the eyes, ears, nose and tactile (Bradshaw, 2006).

According to ASHRAE, thermal comfort is “that condition of mind in which
satisfaction is expressed with the thermal environment”. It is obvious that
maintaining a pleasant environment in buildings is very important for the
occupants. It is the basic physical and biological needs for humans and is
related with the thermal balance between heat gains and heat losses. Heat is
gained by the metabolism of the body and losses from the body to the
environment by heat transfer methods.

2.2.1 Psychrometric Chart

The psychrometric chart is used to show the relationship between temperature
and humidity which affects thermal conditions of the environment (Figure 9).
The dry bulb air temperature (DBT) is plotted on the horizontal axis of the
chart, the moisture content/humidity ratio (specific humidity) is shown on the
vertical axis and relative humidity (RH) is found on the curved lines. The
bottom line shows that the RH is 0%. The upper curve is the saturation line that
shows the air is saturated with water (100%). The RH changes when the

moisture and temperature of the air change.
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Figure 9. Psychrometric chart (ASHRAE, 1997)

2.3 Passive Cooling

Passive cooling is not only the removal of latent or sensible heat from the
building, but also the reduction of heat gain and minimisation of its
physiological effect. This structure is shown in cooling strategy where

buildings can be cooled by these passive methods (Figure 10).
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2.3.1 Basic Building Design Parameters (Principles or Strategies) for

Cooling

The cooling rate of a building, in particular during summer nights is dependent
on the building form: minimum the surface area affects both the amount of
solar radiation and wind effect. Compact buildings, such as square or
rectangle-shaped ones, have a minimum surface area which reduces heat gain
and heat loss. The orientation of a building is related to the wind orientation of
the windows and wall areas. It is a well-known fact that the effective cross
ventilation reduces the indoor temperature. Windows have multiple functions
when required, such as the intake of daylight, sun and wind. In passive cooling
strategies, windows play a vital role. The placement of windows affects the air
movement. If the openings are placed opposite to each other and oriented to the
prevailing wind direction, this leads to the creation of air movement by cross
ventilation. If the window size is larger, indoor air movement will also be
greater. When the sizes of inlet and outlet windows are equal, good air

exchange is obtained (Figure 11).

Figure 11. Good cross ventilation (Lechner, 2009)

Overhangs above the inlet window increase the wind velocity that flows into
the building. The wind is directed towards the ceiling. On the other hand, if a
15 cm gap is created between the overhang and the building, the wind flows
out of the room. In both ways, a comfortable level of good cooling is obtained
(Figure 12).
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Figure 12. Different kind of overhangs (Lechner, 2009)

The stack effect is a phenomenon which induced by the temperature and
moisture difference between the air inside of a building and outside conditions.
As the pressure difference is becoming more with the height of the structure,
greater buoyancy force is occurred and thus, the stack effect. In cross
ventilation, wind is essential to create effective cooling. However, if there is
no wind or the climate is calm, cross ventilation will not be effective. Thus,
stack ventilation will be better in terms of providing a cooling effect. The rate
of air movement is also increased by the size of the windows, temperature

differences between indoors and outdoors and the height of the room.

Sun protection is absolutely vital in hot summer climates. If no shading is
used, more sun energy is stored by the surface of the building, causing an
increase in inner temperature. Thus, shading at the overheated time of the year
is essential (Olgyay & Olgyay, 1957). Shading devices such as deciduous trees,
overhangs, shutters, pergolas, arcades and so on can be used to prevent heat
gain of the building.
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Vegetation has many positive effects for a building, such as the prevention of
air pollution, noise and excess sunlight. Beside this, it also provides good
shading both for the roof and wall. This means that deciduous trees should be
used in summer in order to protect the building from excess sun energy
(Bradshaw, 2006). In addition, deciduous vines can be horizontally used on

trellises for shading and insulation.

Green areas are cooler than the dense building areas due to evapotranspiration,
reflection and shading (Brown, 2001). This enhances the cooling effect by
water and wind. In doing this, water will increase the evaporative effect of
plants by keeping them wet. The role of wind is to increase the evaporation
rate. However, in humid areas, the rate of evaporation is decreased due to

excess humidity.

2.3.2 Ventilative Cooling

Comfort ventilation works best in hot and humid climates. Therefore, this
cooling strategy is simply defined as ventilation during the day and night to
enhance evaporation from the skin and improve thermal comfort of the
occupants. Maximum air should flow at the level of occupants since there is a
high level of moisture in hot and humid climates. The moisture will be
evaporated by air passing over the occupant’s skin, causing a physiological
cooling effect (Lechner, 2009). On the other hand, ventilation in the evening
increases the cooling rate and improves the comfort of the occupants in hot dry

climates.

2.3.3 Radiative Cooling

As the laws of physics demonstrate, the energy is transferred from a warmer
object to a cooler object until it reaches the equilibrium means that two bodies
have the same temperature. It is also known that darker object gets more
energy than the light colour object. However, as shiny and rough surfaces

reflect energy more, they cannot absorb energy compared to darker surfaces.
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These principles form the general idea of radiation cooling. If radiative cooling
Is not occurred in the whole earth, it will be warmer since the trapped energy
will not be released to the atmosphere (Santamouris and
Asimakopoulos, 1996). Heat is radiated and thus, a cooler environment is

created.

2.3.4 Earth Cooling

Earth sheltering involves the covering of some part of the building, such as one
or more wall or roof, with soil or as an underground building (Moore, 1993). It
may be built into an excavated earth, fully or semi-bermed, built into hillside or

combining rooms below and above ground (Figure 13).

d. ABOVE AND BELOW GRALE

Figure 13. Earth-Sheltered Design Strategies (Moore, 1993)

Earth-sheltered building plays a vital role in passive cooling methods because
of reduced energy requirements for cooling. It is caused by minimizing the
need for a mechanical cooling system and thereby, reducing the cooling bill. It
was found that the earth sheltered buildings have better energy efficiency and

passive heating and cooling capacity (Abohorlu and Kurt, 2017).
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2.3.5 Dehumidification with a Desiccant

The term “dehumidifying” represents to remove moisture from the air to
increase the comfort conditions, in particular humid areas. There are some
methods to condense out the moisture from the air. The first method is to cool
the air below dew point and then, air is condensed out. Secondly, some
desiccant such as silica, calcium chloride, etc. can be used to remove the

moisture by absorbing the water vapour from the air.

2.4 Evaporative Cooling (EC)

Heat is a form of energy and appears in two forms, as sensible and latent heat.
Sensible heat is the heat energy released from or absorbed by a substance
during a change in temperature. This heat is named as “sensible” due to its
relation with the senses. That is why the change of temperature can be
measured by thermometer (McMullan, 2007). Latent heat is the energy used to
change the state of the matter without altering the temperature. As heat of
water is increased, the temperature of water is also increased until it reaches its
boiling point. Latent heat is absorbed by water in the later stage to allow water
to change its state into steam (Pohl, 2011). A liquid may change to a gas by
evaporation instead of supplying heat. The latent heat is taken from the
surroundings in order to make this change. Thus, an effective cooling effect
will be produced (McMullan, 2007). When water evaporates into the air, it is
made to reduce its temperature and this process continues until the humid air

becomes more saturated (Martinez, 2010).

While water is evaporating, it absorbs heat from the air which leads to a
decrease in the temperature of the surroundings. After water evaporates, the
state of water is changed into water vapour and this enters into the air in the
form of latent heat. Then the air is humidified and the enthalpy or total heat of
the air remains the same. This process is called evaporative cooling and it can
be used for cooling the space by direct, indirect or combined (direct/indirect)
methods. These were used for many years ago in hot arid regions, like in

ancient Egypt (Fathy, 1986) where there is high temperature and very low
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humidity ratio. They can also be used in desert and Mediterranean zones
(Konya, 1980). In dry climates, direct evaporative cooling works best. An
indirect evaporative cooling can be used in humid climates because it does not
add moisture to the surroundings. However, a combination of the two methods

Is sometimes the best (Lechner, 2009).

Energy should be absorbed from the surroundings when water changes from
liquid to vapour during evaporation. When energy is taken from surroundings,
sensible heat is converted to latent heat and the temperature becomes cooler.
This is the same as when sweat evaporates from the skin. The heat is taken
from the skin and then cooled. As a result, the sensible heat in the skin is
turned into the water vapour as latent heat (Lechner, 2009). Absorption of
energy is very important during evaporation. The temperature of 1 litre of
water from 0 °C to 100 °C is increased by 4.2 J of energy. 1 litre of water at
100 °C is changed into water vapour at 100 °C by 2260 J/g of energy.

There are a number of different ways to cool buildings by evaporation of water.
The first is to evaporate the water in the building or the outdoor air intake; air
in the surrounding will then be cooled. As the air is humidified, the moisture
level is raised above the outdoor level. This method is called “direct
evaporative cooling”. The second is to cool the indoor air without raising the
humidity. This is termed “indirect evaporative cooling”. Lastly, both processes
can be combined together as “direct/indirect combinations”. The first indirect
stage cools the air which is then passed to the direct stage and is cooled further
(ASHRAE, 2000).

Air Movement is an important factor as natural or artificial air movement.
Velocity of air has an obvious effect on heat loss. The comfortable range of air
velocity is between 0.1 and 0.3 m/s (Lechner, 2008). It is known that during
water evaporation, the humidity level of the air is increased. If the humid air is
not moved away from the space, the evaporation rate and the cooling effect
will be low. So air movement is required during the evaporation process; This
is done by replacing the dry air with humid air. The last factor is Surface Area.
When it is larger, more water can evaporate and create a cooling effect. In
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general, the cooling capacity of a system is affected by the rate of water
evaporation which relies on relative humidity, air temperature, air movement
and surface area. For that reason, evaporation can be increased by reducing
relative humidity or increasing air movement. To create a large surface area
between air and water is very common since evaporation takes place in the
liquid-air interface (Sodha, 1986).

Evaporative cooling method has been used since pre-scientific eras in very hot
regions. It is used for example to keep food cooler. The hanging of open-
weaves to the trees was kept moist while dripping water from the top.
Therefore, the fabric remains wet and creates a dry breeze towards the food
which enables it to be kept drier (Figure 14). Evaporative cooling was not only
used only for cooling food, but also for cooling the garden of the buildings
(Figure 14). Simple passive cooling techniques were used, in particular,
watering the courtyard floors, putting wetted surfaces or terracotta pots filled
with water in front of a window facing the prevailing wind. Spraying water
over the roof or some other building surface was also used to reduce the
temperature of the surroundings (Szokolay, 2008). It is obvious that it is better
to describe examples of this technique in order to understand the main idea of

the evaporative cooling method.
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2.4.1 Architectural Background of Evaporative Cooling

Evaporative cooling method occurs in nature near water surfaces such as
waterfalls, lakes and oceans. It is also historically used in vernacular
architecture with natural resources such as a fountain, pool, vegetation, tree or
by splashing the garden floor and roof. This causes the humidity level of the air
to increase and thus, provides a cool breeze particularly in hot and arid regions.
This occurs when dry air is blown over a wetted surface. The Egyptian
architect, Hassan Fathy (1900-1989) placed porous clay and pottery jars filled
with water in front of windows to create cool ventilation when air flows around
the jars (Figure 15). The porosity of clay allows the surface to remain wet and
the air is cooled by evaporation. In India, old tatties covered with sweet-
smelling dried khuss-khuss grass were hung in the door or window and were
kept wet by pumping water. There was also a wooden grille to cover the
window which had a porous pot filled with water in front of it. Air blew via the
grille and then pottery caused the air to be cool and more humid. Thus, cooling
was created by an evaporative cooling method (Figure 16).

Figure 15. Air flows around jars creating cool breeze (Moore, 1993)
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Figure 16. Muscatese evaporative cooling system (Phan, 2004)

A courtyard pool is very common in hot arid regions. When air flows into the
surrounding rooms during the day, it is blown over a fountain or pond before
entering a building. This system provides air cooled by the evaporation of
water. Another way of creating a cooling breeze is to use porous earthenware
pots filled with water in the building design. A wind-catcher (Malkaf) in old
houses traps the wind which is taken from a shaft facing the prevailing wind
direction. This trapped air is passed over a fountain which is then cooled by

evaporation (Figure 17).

Figure 17. Wind-Catcher (Moore, 1993).
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2.4.2 Direct Evaporative Cooling (DEC)
The room air is cooled by forcing the air via a water surface area for
evaporation by the use of fans. This process is called direct evaporative
cooling (Figure 18). It directly cools the air by contacting with the water, by
the use of wetted-surface material or sprays and then sensible heat energy of
the air evaporates the water. Thus water vapour diffuses into air by latent heat
(Camargo, Ebinuma, Silveira, 2005). This leads to an increase in humidity and
reduction in the dry-bulb temperature of the room by the heat and mass transfer
between the air and water (ASHRAE, 2000). The wet-bulb temperature
remains the same and therefore, enthalpy remains constant. An example may
be a fountain in the courtyard. A wind blowing via a fountain will cause the
temperature of the surroundings to decrease, the humidity level to increase and
therefore, the area to cool by direct evaporative cooling. Increasing humidity
creates thermally comfortable conditions. This process is more efficient when
the temperature is higher. However, it is not suitable for hot and humid regions,
due to the excess humidity ratio that the system produces.
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Figure 18. Direct Evaporative Cooler (Musa, 2008).

Direct evaporative cooling is adiabatic which means no exchange of heat
(addition and extraction) of a system with its environment and also constant
total energy content of the air (sensible and latent). So, heat must be supplied to

the system in order to evaporate water. The air that is given into the system for
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water evaporation supplies the heat causing the decrease of air temperature and
hence cooling. The amount of heat removed from the air will then become
equal to the amount of heat absorbed by the water evaporation. If the water is
recirculated by pump in the system and evaporation takes place by this
recirculated water, its temperature in the tank will become nearer to the wet-
bulb temperature of air entering (ASHRAE, 1999).

It is very common to evaluate the performance of various evaporative (cooler)
cooling materials. The cooling efficiency or (direct) saturation
efficiency/effectiveness is a key factor in rating the performance of the coolers.
When the leaving air temperature of the DEC is nearer to the wet-bulb
temperature of the entering air, this means saturation is approached. However,
it does not mean that it causes complete saturation. Cooling efficiency is also
known as “saturation efficiency” because it is due to the amount of moisture
that is packed in the air. It is defined by the following equation, as mentioned
in ASHRAE (2000).

— (Tl _Tz)
7= (Tl =T Il)

n¢ = direct evaporative cooling or saturation effectiveness, %
T1 = dry-bulb temperature of entering air, °C
T2 = dry-bulb temperature of leaving air, °C

T’1 = wet-bulb temperature of entering air, °C

The cooling efficiency is the percentage of the depression of the dry-bulb
temperature of the air leaving the media compared to (divided by) the wet-bulb
depression (dry-bulb less wet-bulb temperature) of the entering air. WBT is
very important in all evaporative cooling systems. The direct evaporative
cooling is adiabatically less than 100% effective theoretically. However, 100%
saturation is impossible for DEC because some materials are not closely

packed so the air can easily escape without making enough contact with water
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and contact time between air and water is short. Saturation depends on not only
contact between air and water, but also media depth/density, air velocity and
using higher spray density (ASHRAE, 2000). The type of material used as a
cooler (pad), the size of perforations, and relative humidity of air and volume
of water are also essential in the efficiency of evaporative pads (Malli et al.,
2011).

Air is humidified in direct evaporative cooling in three ways: using recirculated
water, preheating the air or heating recirculated water during the process. There
are also some factors that affect the temperature difference between leaving air
and leaving water. Firstly, it is related with the temperature differences
between entering dry and wet-bulb temperature (WBT depression). The length
and height of water supplying, velocity of air, the amount of water and the way

of giving water (spray pattern) are other common factors (ASHRAE, 1999).

The air in the direct evaporative cooling can be introduced by:
- Mechanical ways (fans, heat exchanger)

- Natural ways (temperature differences, water spraying into the system,

orienting to the wind)

2.4.2.1 Mechanical Evaporative Cooling Systems

The mechanical evaporative system was first developed in the United States in
1906. Such systems are not passive system, although some systems consume
less energy. These include single-stage direct evaporative cooler, two-stage
indirect evaporative cooler and multiple-effect direct coolers (Givoni, 1994).

2.4.2.2 Homemade Passive Direct Evaporative Cooling Devices

Evaporative pads in windows and the use of porches in buildings are two types
of homemade approaches to provide natural direct evaporative cooling. Wetted

pads are used in windows facing to the wind, watered from the top; water is
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collected and recirculated from the bottom of the pads. In this way, dust from
the wind is also filtered. Afterwards, temperature decreases by 40-50%. On the
other hand, the view from the window and the air flow will be prevented by
this pad. This problem can be solved by designing a fixed frame in front of the
window with a lightweight pad, water supply, pump and water tank. In winter,
this frame can be easily removed.

Evaporative pads can be put in front of the porch facing the windward direction
(Figure 19). Windows in the porch can also provide a view. Air passing via the

wet pads will allow the building to become cooler (Givoni, 1994).
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Figure 19. Porch for DEC (Givoni, 1994).

2.4.2.3 The Cooling Tower of Cunningham and Thompson

Cunningham and Thompson developed a downdraft passive evaporative
cooling tower in 1986 (Givoni, 1994). It can be used to cool a building without
the use of wind or mechanical devices such as a fan. Hot air is taken from the
high opening of tower which is covered with wet pads, causing the temperature
to reduce and humidity to rise. As the cooler air becomes denser, it falls to the
lower part of the tower. As a result, air starts to flow through the building
(Brown, 2001).
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2.4.3 Indirect Evaporative Cooling (IEC)

Cooled air is very humid in direct evaporative cooling (DEC). So, DEC is not
suitable for hot humid regions because there is already high humidity. Indirect
evaporative cooling has an advantage when compared with DEC. Indoor air
humidity is not raised and DBT is reduced by evaporating the exterior surface
of the element of the building in particular roofs and walls in indirect
evaporative cooling. This cooled building element then becomes a heat sink
and absorbs heat from the interior in order to cool the indoor air. A shaded
water pond over an uninsulated roof can be used in this system in order to take
the heat from the air by the heat transfer method of convection. Heat can also
be obtained by conduction and radiation. When heat flows from the indoor
space to the pond, the temperature of the water rises. This will cause to the
water pressure and evaporative cooling rate to rise which results in a reduction
of the temperature elevation. As the roof has a high conductivity and contact
with water, it acts as a “cold” sink leading to a lowering of the room
temperature. In this shaded pond system, the water temperature is lower when
compared with the unshaded pond. When water is protected, it plays a vital

role in the cooling potential.

In dry climates, the cooling potential of a roof pond is higher than the other
passive systems (Givoni, 1994). There are three types of shading of roof pond

that provide winter insulation.

2.4.3.1 Ventilated Roof Ponds with Fixed Insulations

Water is used to cool the building indoors by evaporation during the night; this
cooled water is used during the daytime by heat exchangers (Givoni, 2011). In
summer, wind is passed over the pond. When the water evaporates, it is cooled
down and acts as a heat sink for the interior. In winter, the water should be

drained and openings closed in the roof.
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2.4.3.2 Roof Ponds with Floating Insulation

Another alternative to the roof pond is to use floating insulation, so water can
be protected from excess sun. In this system, water is sprayed over the
insulation which is then cooled by convection, evaporation and radiation at
night (Lechner, 2009). In the morning, water below the insulation remains

protected and acts as a heat sink to cool the interior of the building.

2.4.3.3 Insulation Embedded within the Pond

Givoni designed this system for reinforced concrete flat roofs in desert regions
(Givoni, 1994). In summer, the drains at the bottom of the pond must be closed
to keep the water for thermosyphon circulation. The gaps between the
impermeable insulation materials can allow warm air to leave the building at
night. The sun rays are reflected over the upper layers of pebbles and some are

emitted; however, insulation of the roof will protect the building from the sun.

2.4.4 Desiccant Evaporative Cooling

Desiccant material is used to dry the air by absorbing water vapour from the
air. Since firstly developed by Gog (1955), desiccant dehumidification system
has been widely applied in industrial and agricultural application. Recent few
decades, desiccant dehumidification incorporated with air conditioning system
has been intensively studied by researchers. There are some advantages of
using desiccant cooling system compared to conventional vapour compression
system. Conventional vapour compression air conditioning systems is operated

in order as shown below while leads to higher energy requirement:
- cooling air below its dew point,
- removing moisture from the air,
- reheating the dehumidified air to the desired temperature.

However, desiccant could dehumidify the air with the help of its hygroscopic

properties. Therefore, the energy required for desiccant cooling process is less
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compared with conventional vapour compression system. In addition to this,
the refrigerants (CFCs, HFCs) used in vapour compression system have
relatively high Global Warming Potentials (Montreal Protocol, 1987; UNEP,
2007a). Finally, conventional vapour compression system is generally driven
by electricity however, desiccant cooling system has the ability to be operated

by low grade energy such as solar energy.

Desiccant cooling system is occurred by the water vapour pressure difference
between air and desiccant surface (Daou et al., 2006). The moisture transfer
between the air and the desiccant is generally driven by the difference in
vapour pressure. When the vapour pressure of the air is greater than that of the
desiccant, the moisture will be transferred from the air to the desiccant.

Desiccants are categorized under two systems: liquid and solid desiccant
dehumidification systems. Although solid desiccant material is less corrosive
and compact, liquid desiccant material provides more advantages such as lower
energy consumption compared to conventional air conditioning, lower
humidity thus reduce cost of humidity damage, flexible in utilisation, lower
regeneration temperature, the lower pressure drop of air, high quality of supply
air since it filters viruses, bacteria and moulds (Elsarrag et al., 2016; Rafique,
2016; Chen et al., 2017).

While selecting the best desiccant material, it should has a high adsorption
capacity, easily reaction capability, low cost and high availability. A desiccant
material can dry the humid air by the methods of absorption or adsorption
(Rafique, 2016). As an examples, lithium bromide (LiBr), lithium chloride
(LiCl), potassium formate (KCOOH), calcium chloride (CaCl.) can be used for
drying air (Elmer et al., 2016; Chen et al., 2017). LiCl, LiBr and other salts are
corrosive and can give harm to the system. However, KCOOH is less corrosive,
cheaper and non-volatile (Sahlot, Riffat, 2016). CaCl, solution is the cheapest
and most widely available desiccant, but it has the disadvantages of being
unstable performance, depending on the air inlet conditions and the solution
concentration rate (Dai and Zhang, 2004). Lithium bromide (LiBr) solution

offers similar characteristics during dehumidification and regeneration process,
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but the cost of LiBr is about 20% higher than LiCl (lu et al., 2015). LiCl
solution is the most stable liquid desiccant, which offers the lowest water
vapour pressure and dehydration concentration 30-40% (Fumo and Goswami,
2002). Koronaki et al., (2013) developed a theoretical model for an adiabatic
structured dehumidifier with three different desiccant solutions (LiCl, CaCl2
and LiBr). It was found that LiCl has the best dehumidifier efficiency and the

highest dehumidification mass rate in comparison to LiBr and CaCl..

Longo and Gasparella, (2015) examined the energy saving effect of three
different liquid desiccants (LiCl, KCOOH and LiBr) in a real flower
greenhouse application during three years’ time span. The greenhouse
equipped with such desiccant based air conditioning system exhibited the
energy saving of 9.6%, 11.7% and 15.1% respectively for using the desiccants
of LiCl, KCOOH and LiBr. The above mentioned three salts have the
disadvantages of corrosive feature, which can cause significant damage to air
conditioning system. As a less corrosive and more environmental friendly
solution, potassium formate (KCOOH) solution has recently been applied in
desiccant cooling unit. KCOOH solution has the advantages of low toxicity and
viscosity, and they are neither corrosive nor volatile (Elmer et al., 2016).
However, the cooling and dehumidification performance of KCOOH was

hardly revealed by researchers experimentally.

KCOOH is a liquid desiccant and thus, not much research is available
currently. Qiu and Riffat (2010) investigated a novel air dehumidifier using
potassium formate. A highly concentrated solution was used, which effectively
dehumidified the air with high moisture content (75% RH), but was rather
ineffective at low moisture content (43% RH). Qiu et al., 2008 investigated an
evacuated tube was used to regenerate the weak potassium formate. Results
indicated that 45°C-50°C was optimum desiccant temperature for solution
regeneration, when the mass concentration was between 51.3% and 69.9% by

weight.

The vapour pressure of potassium formate can be seen in Figure 20 at different

mass concentration. It can be concluded that the vapour pressure is reduced
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with decreasing in temperature and increasing mass concentration. Although
high concentration is good for dehumidification, desiccant solution can cause
some harm to the system. Thus, some concentration ranges are determined for
vapour pressure. According to this, the mass concentration is chosen at 65% to
70% for potassium formate at temperature 30-35°C. Elmer et al., 2016 also
found that as the solution of concentration is increased with temperature
decreasing, the vapour pressure of solution began to decrease. Meaning, the
potential of dehumidification is increased due to the higher vapour pressure
difference in between hot humid air and desiccant solution. They suggested to
use 60-70% solution mass concentration at 20-30°C air temperature in the

dehumidifier and 55°C in the regenerator.

Vapour pressure (kPa)
N

O
O

0
64.00% 65.00% 66.00% 67.00% 68.00% 69.00% 70.00% 71.00% 72.00%
Concentration (Wt %)
—@—30°C 35YC 40°C 45°C

Figure 20. Vapour pressure of potassium formate at different mass
concentration (Beyer and Steiger, 2016)

Regarding the desiccant evaporative cooling system process, the Figure 21
shows the system which consists of regenerator (heat source), dehumidification
(desiccant material), evaporative cooler (cooling unit). Moisture from the inlet
air is forced to the dehumidification process via a desiccant material to reduce
the moisture content and temperature. When moisture is absorbed by a
desiccant material, it becomes more dilute and loses its ability to absorb more

moisture. Therefore, regenerator is used to increase the concentration of the
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solution and thus, increase the capacity of dehumidification of the solution and
provide cooling (Elmer et al., 2016). During desiccant evaporative cooling
system, latent (by changing the state of the matter) and sensible heat are

removed by dehumidifier and cooling device.

Regenerator

'

Process air Dehumidifier Dry air Evaporative Cooled air
cooler

Liquid Desiccant

Figure 21. Diagram of desiccant evaporative cooling (Elsarrag et al., 2016)

Combined system of desiccant evaporative cooling and direct evaporative
cooling also studied by many researchers for hot and humid regions.
Mohammed et al., (2013) found that evaporative cooler can be used with
desiccant dehumidifier to provide better thermal condition for humid region of

Kuala Lumpur.

2.4.5 Direct/Indirect Combinations

Both indirect and direct evaporative systems can be combined for cooling the
building. Air can be cooled by an indirect method and then further cooled by a
direct method (Figure 22). Wet bulb and dry bulb temperatures of the air are
reduced by the indirect process at the first stage. As no moisture is added to the
air, the humidity ratio remains constant (ASHRAE, 2000). This air then passes
through the second stage; the direct evaporative cooler causes the humidity
level of the surrounding to increase. In figure 23, the psychrometric chart for
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combined evaporative system is shown. The use of direct/indirect evaporation
process depends on the climatic conditions of the region. The best choice is

sometimes to use combinations (Lechner, 2009).
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Figure 22. Direct/ Indirect Combination (Musa, 2008)
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2.4.6 Application of Direct and Indirect Evaporative Cooling

The Maisotsenko cycle (an improved version of IEC) has been investigated for
Mediterranean climate of Greece. Rogdakis, Koronaki, Tertipis (2014) have
found that it had good performance in terms of water and electricity
consumption. They used 40 W fan which prevented the system from becoming
passive. This system was not suitable for humid climates due to the high level

of demand for electricity and high water consumption.
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Baca et al., (2011) have developed a methodology in order to evaluate the
potential of EC strategy (Direct and Indirect) as required in different climatic
conditions in Spain. They found that the performance of EC was directly
dependent on geographic location. In this method, the EC strategies had been
suggested depending on the location, and the improvement of comfort was
calculated hourly. It was found that the DEC is good in the continental climates
which has less relative humidity as seen in Figure 24(a); the IEC is more
efficient on the Mediterranean coast which has a higher level of relative

humidity and temperatures as seen in Figure 24(b).

Figure 24. (a) DEC for inner land (b) IEC for coastal region (Baca et al., 2011)

Heidarinejad et al., (2008) studied in multi-climatic regions of Iran, where
there is plenty of water for an evaporative cooling system. Four cooling
processes (DEC, DW with DEC, DEC/IEC, DW with DEC/IEC, and
mechanical cooling systems) were investigated. Consequently, 53% of people

comfort was provided by using DEC (Figure 25).
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Figure 25. Evaporative cooling system for Iran

Jaber and Ajib (2011) designed the Indirect Evaporative air conditioning
system for Jordan where there is a scarcity of water. This system was used for
500,000 Mediterranean residential buildings. It was concluded that legionella
bacteria did not produced if the system was regularly maintained, cleaned and

dried out.

2.4.7 Advantages and Disadvantages of Evaporative Cooling

There are some disadvantages of evaporative cooling systems (Musa, 2008 and
Jaber and Ajib, 2011). However, these disadvantages can be prevented if the
system is designed well. For example, humidification or dehumidification can
be provided according to the climatic conditions of the environment. The
production of bacteria can be prevented if the system is dried out. For water
consumption, water can be re-used in order not to use excessive water. As seen
in Table 2, the advantages and disadvantages of evaporative cooling method is

presented.
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Table 2. Summary of advantages and disadvantages of evaporative cooling

Provide better indoor air quality

Reduce energy consumption and cost

Reduce harmful gases emission to the
environment (no chlorofluorocarbon
usage)

Advant i i
dvantages Improve life-cycle cost effectiveness

Easily integrated into the system or
building

Humidity level can be regulated

Local materials can be used

Need water supply which increased
water consumption

) Dust mites effects
Disadvantages

Add moisture to the air which is not
suitable for humid regions

2.5 Architectural Integration of Evaporative Cooling

When the heating or cooling systems are integrated into a building, they act as
one of the elements of the building. It is crucial to determine these systems
during the early stage of the design process and not to regard them as separate
from the building. Building integration is simply defined as the integration of
the component of any systems into the part of the building by creating a
connection with the architectural design concept. Although the building
integration is related with the physical integration, aesthetics are mainly
another main issue for the architects to consider. If the integration of the
system is done with the conceptualization of architectural elements (functional,
constructive and (aesthetic) formal), then it becomes architecturally integrated.
This means that the system should also be aesthetically integrated into the

building in order to create good architectural quality. If the heating or cooling
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system is functionally or constructively integrated into the building, the system
is then named as building integrated (Munari Probst and Roecker, 2012).

Architectural integration technology is used for architectural design in order to
improve the thermal comfort conditions of the occupants within the occupied
area by using low energy. Therefore, economic feasibility is also another
important aspect. This is achieved by integrating the system for both cooling
and heating requirements into the roofs, fenestration (window, door), facades,
shading systems and urban furnitures (Reddy, 2010). Building integrated
evaporative cooling can cause the temperature of the surface of the material
and the surroundings to be reduced by using specific materials. These are
classified as Natural (palash fiber), Porous (porous ceramic), Metal organic

framework (Zeiler and Vissers, 2012).

Roof is one of the building integrated evaporative cooling element. It can also
be used as porous roof for indirect method of evaporative cooling. Wanphen
and Nagano (2009) have conducted the experimental test to identify porous
roofing material in order to reduce surface temperature and thereby, the
building. The result has showed that siliceous shale showed good performance

in terms of lowering the temperature.

Accordingly, the rain water is collected and allows evaporation to take place
during sunny day. After, the temperature of the material and air become lower
because of the release of latent heat. On the other hand, there are some
researchers who integrated evaporative cooling system into roof. Haghighi et
al., (2015) have conducted an experiment regarding the integration of the
vaulted roof and evaporative cooling technique together. Due to the pressure
differences created at the roof and the bottom of the room, the air at the roof
was forced upward and inside air was drawn. The results showed that the
relative humidity should be lower and the temperature should be higher with

more than 0.4 m/s wind velocity (Figure 26).
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Figure 26. The integration of the vaulted roof and evaporative cooling
technique (Haghighi et al., 2015)

The other building integrated method for direct evaporative cooling is the
usage of porous materials in the walls. The system is passive since it is not
essential to use pump or fan. Porous material can absorb water due to their

capillary action and continuously become wet to allow evaporation.

The water-evaporative walls are developed as novel evaporative cooling
technique (Figure 27) which prevent the energy flow to the inside and reduce

wall temperature (Naticchia et al., 2010).
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Figure 27. Evaporative cooling facade (Naticchia et al., 2010)
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Active and passive evaporative cooling strategies are all used in many studies.
Chen (2011) has studied wet porous cooling plate in order to create cooling by
evaporation within porous plate for building wall. The system is inserted to the
northern wall of the space. The water which is used for evaporation is given
from top of the porous plate and thermal insulation is placed to the top and
bottom of it (Figure 28).

Water suppl yl

Outside surface Thermal insulation

/

// / 4 L] Outside surface
. Inside surface
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-] Thermal insulation
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Figure 28. Porous plate integrated into wall (Chen, 2011)

He and Hoyano (2011) improved passive evaporative cooling wall (PECW)
and constructed into porous ceramics (Figure 29). Therefore, it allows wind
penetration and water absorption afterwards reducing the surface temperature
by means of water evaporation. This method does not need any source of water
supply to make the surface continuously wet. The water soaking-up method for
evaporation is used in order to reduce the temperature of the surrounding. The
lower end of the porous material is placed into water which has a high water
soaking-up ability. Therefore, water rises up by capillary action which means

the surface becomes wet to a high level.
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Figure 29. Passive Evaporative Cooling Wall (He and Hoyano, 2011)

There are also many experimental investigations regarding the EC system in
the Mediterranean climate. Franco et al., (2011) used corrugated cellulose

paper for evaporative cooling pads for greenhouses in Spain (Figure 30).

Chassis and Cellulose Pad

Water Inlet

Air Inlet Air Outlet

Test Section

< Water Outlet
Pump N
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Figure 30. Water recirculation for evaporative cooling system (Franco et al.,
2011)

A solar chimney is integrated into a south-facing wall and an evaporative
cooler (M-Cycle) is integrated into the ceiling panel as shown in Figure 31
(Miyazaki et al., 2011). An evaporative cooling cavity (ECC) and solar
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chimney (SC) have also been considered as shown in Figure 32 to provide

natural ventilation and passive cooling (Maerefat and Haghighi, 2010).
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Figure 31. Solar chimney and evaporative cooler (Miyazaki et al., 2011)
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Figure 32. SC and ECC (Maerefat and Haghighi, 2010).

Wind tower or wind catcher is an element of the building which is installed
on top to allow more natural ventilation in order to reduce energy consumption.
It is used in many hot-arid and hot-humid regions such as Egypt, Iran, coast of
Persian Gulf and Oman Sea to create cool and ventilated indoors (Bahadori et
al., 2014; Gharakhani et al.,, 2017). There are some limitations of the

performance of wind tower such as (Dehghani-sanij et al., 2015):
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- Reducing wind speed by fixed air inlet
- Entering of any animals and dust
- Not enough to cool the indoor in hot days

- The effect of wind tower is low at low wind speed

Although there are some problems of the performance of wind tower, some
important parameters should be considered to overcome these problems such
as: height, cross section of the tower and position, place of the openings
(Montazeri, 2011). Some researchers studied to increase the performance of
wind tower by investigating some factors as aforementioned above. Poshtiri
and Mohabbati (2017) proposed wind catcher where a shower system is
attached in order to reduce the ambient air temperature resulting lower
electrical energy consumption. Calautit et al., (2017) studied wind catcher by
integrating vertically-arranged heat transfer devices to provide natural
ventilation, to reduce air temperature and to maximise cooling effect. It was
found that the inlet air was reduced by 12K which creates good cooling effect.
Khani (2017) studied the modular wind tower with wetted surface which
reduces the air temperature by 10°C and increases the relative humidity by

36%. These integrations can be seen in Figure 33.
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Figure 33. Schematic view of wind catcher integrations (Poshtiri and
Mohabbati (2017); Calautit et al., (2017); Khani (2017)
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2.5.1 Functional Integration

One fundamental requirement for human comfort is to cool the building in
extreme summer. From this point of view, a cooling system should be
identified as one of the functionalities of the building envelope (Munari,
Roecker, 2011). It is a well-known fact that architectural integration refers the
multi-functionality. The integration of the system is used for cooling in the
external skin of the building. Wong (2010) studied vertical greenery systems to

reduce surface temperature, to provide shading and to insulate the facade.

The building envelope is not only formed by the facade. As the envelope is the
external skin of the building, it separates the exterior part of the building from
the interior space. If it is well designed, a comfortable indoor environment is
provided using little energy. In consideration of this, a cooling system can also
be integrated into the shading devices and roof. The functional aspects of
architectural integration, can be classified together in terms of their common

objectives. These functions can be grouped as;

- The protection from climatic elements (sun, wind, rain) and climatic

conditions (cold, hot)
- Noise protection
- Visual control
- To provide daylighting, ventilation and fresh air

- To provide energy.

2.5.2 Constructive Integration

While integrating the cooling system technology into the building, features of
the structural system should also be considered. These systems are related with
fire protection, transfer of the system load uniformly, prevent thermal bridges

and withstand wind load.

Ojembarrena et al., 2013 designed a vegetal facade composed of translucent

green wall. They used recyclable and reusable materials in the constructive
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components of the vegetal facade (Figure 34). It helps to minimize the indoor
temperature by providing shading.

L

\

Figure 34. Vegetal Facade (Ojembarrena et al., 2013)

2.5.3 Formal Integration

The functional and constructive issues were well considered. However, since
aesthetic is a subjective aspect, it is not exactly easy to define. On the other
hand, formal composition of the system should also be coherent with the
functional and constructive requirements of the whole building. There are some

formal properties such as (Munari, Roecker, 2011):

- The size and position
- Material and texture
- Colour, shape, size of the modules

- Types of jointing

Additionally, in the design process, a well aesthetic integration should also be

treated as required situation as a well physical integrated system.
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2.6 Evaporative Cooling Pads

The evaporative cooling pad material plays a vital role for increasing the
cooling efficiency of the evaporative cooling system. This is obtained by
keeping the surface of the material wet which causes to enhance the

performance of cooling efficiency.

Several researchers are studying to search and develop new pad material for
evaporative cooling system which is aimed to improve the efficiency and
cooling potential of the system. Currently metal, wood, plastic, ceramics,
celdek pads, cellulosic pad, aspen pad and rigid medium pad are used as a pad
for evaporative cooling system (Warke, 2017; Vala, 2016). Nowadays,
manufacturers have been used pads made from cellulose based paper or plastic
fibres in order to obtain more efficient evaporative cooling system for extreme

climatic conditions and for different applications such as industrial sector.

Despite these materials are efficient, they are complicated and expensive due to
the fabrication and processing costs. Therefore, the locally available materials
can be significant alternatives for evaporative cooling system. Since local
materials are easy to find and abundant in most locations, it could be a low cost
opportunity to be utilized in less developed hot countries. Besides of being low
cost, light in weight, abundant and environmentally friendly, it should also
have high water holding capacity and long life span which can be used as an

alternative material for evaporative cooling systems.

In this section, locally available materials in particular, eucalyptus fibres and
yellow stone are briefly described in order to evaluate the performance under
different operating conditions. In addition to this, the commercial pad material,
such as, polymer hollow fibre is also explained in section 2.6.3. Although the
hollow fibre is not easy to manufacture, it has large surface area which is

essential for heat and mass transfer.
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2.6.1 Wood Materials (Eucalyptus Tree)

Local materials which are easily obtainable were used in the production of
traditional buildings in Cyprus before 1960 in particular. In deciding which
material can be employed in building construction, the availability of the
material plays a vital role. As stones are extracted from the mountainous areas,
it is necessary to use them with wood or earth. Due to the construction
techniques and selection of natural materials, the buildings are easily adapted
to the nature. For the inland region (Mesario) earth, straw, bushes are used as
available materials which are environmentally friendly, cheap and provide

better thermal conditions.

Moreover, wood is another local and constructional material used in the island.
Particularly pine, oak, poplar and cypress are widely known for supporting the
Roofs and wall openings. On the contrary, the eucalyptus species are not used
in the structural or constructional material. It is one of the genera of Eucalypts
with Angophora and Corymbia which is native to Australia and some Pacific
regions. As eucalyptus tree grows fast, it could be utilized in many industries
for timber, fibrewood, pulp, charcoal, etc. production (Simberloff & Rejmanek,
2011). According to Couppis (1956), eucalyptus grows to a diameter of 6 feet
(1.8288 m) within 40 years. However, it can drain a huge amount of water
from underground and thus, the level of underground water is declined. As they
have water-sucking capabilities and high level of productivity, they had been
brought to Cyprus during the British Colony (1878-1960) by one of the English
M. Madon in 1879 to defeat malaria. They were planted in marshy land in
order to dry out it, because of causing malaria diseases. Evapotranspiration and
direct evaporation occurred in particular, marshland areas. In 1970s, since it
was the drought period, it is cited that water level was reduced although water
levels were higher than sea level in between 1940-1986 (Milnes, 2011). Now
as they dried out underground water resources, this leads to be scarcity of water

in Cyprus.

Due to the fact that eucalyptus consists of hemicelluloses inside, it has a

flexible structure. Accordingly, this types of fibre plays a vital role for the

production of absorbent paper; in particular toilet paper and tissue (Garcia et
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al., 2012). Together with pine, fir, hemlock, etc. are crucial raw materials for
the production of paper pulp.

Eucalyptus is also one of the common example for woody biomass production
and thus, lowering the greenhouse gases (Garcia et al., 2012). It saves the

energy since it is needed less water.

2.6.2 Stone Materials (Yellow Stone)

The natural stones began to be used in the Neolithic Age by the starting of first
settlement in Cyprus. They were firstly used as stone tools for daily life and
hunting. Then, it was started to use in residential, religious, government, many
cultural heritage sites, decorative purpose and for restoration of old buildings in
the island. Throughout history, it is clearly seen that the most durable buildings
are made from stone such as Giza Pyramids in Egypt, Machu Picchu in Peru,
etc. In Cyprus, there are many stone heritages and buildings which were built
in the early history. Tholos houses (singular tholoi) in Khirokitia were the first
settlement where the settlement is listed as a World Heritage Site by UNESCO
since 1998. The ancient city of Salamis was built by the Romans where the
theatre has been still using by the public. The types of stones used in these
settlements are different since they are in different locations. Although it is
thought that there are not many types of stones in the island because of being in
the same area. However, the island has four different types of geological
terranes as: the Keryneia Terrane, the Troodos Terrane, the Mamonia
Terraneand and the Circum Troodos Sedimentary Succession. Therefore, it
involves different kinds of stones which are extracted from different quarries in
particular Limassol, Larnaca, Nicosia, Karpasia, Five Fingers Mountain

Ranges, etc.

One of the porous natural stone is called “yellow stone” (locally named) which
is extracted from Gerolakkos village (in Turkish Alaykdy). As it is a kind of
sandstone, it can be easily used as cut blocks for construction and restoration
purposes. This vuggy limestone had been used in many historical monuments

(for the Venetian fortification) and churches in Nicosia (loannou, et al., 2009).
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Modestou, et al. (2015) had made a thorough investigation about carbonate
stones found in Cyprus. According to their findings, yellow stone has high
open porosity (ratio of holes area to total surface area) and low density (< 1.8 g
cm ). It is found that capillary absorption coefficient is the highest compared
to other carbonate stones (1000 g.m?2.s%2). From this point of view, yellow
stone has been still used at the wall of the sewage well of the house to absorb
any liquid for long time. It is continued to absorb water until the stones become
saturated. It is also studied that uniaxial compressive strength is low, thus its

mechanical strength is weak.

2.6.3 Polymer Hollow Fibre

Since water is directly in contact with the incoming air in the evaporative
cooling system, there is a potential for microbial growth due to the supply of
stagnant water. This may provide an opportunity for the spread of liquid phase-

born bacterial diseases for occupants (Johnson et al., 2003).

In order to solve this problem, a hollow fibre can be suggested to use for
evaporative cooling system since there are some advantages. The size of
Polyvinylidene fluoride (PVDF) hollow fibres (manufactured by ZENA Ltd.) is
0.8mm of outside diameter and 0.6mm of inside diameter with the pore size of
0.5um and a porosity of 50%. Compared with porous pad media, hollow fibre

materials provide several advantages as follows:

- allow selective permeation of moisture: with pore sizes less than 0.1um,
hollow fibre material will allow the water vapour transfer but eliminate the

bacteria and fungi penetration (Chiari, 2000);

- provide large surface area per unit volume (Wickramasinghe, 1993) which is

favourable for enhanced heat and mass transfer.

The hollow fibre materials and their applications are summarized in the
literature (Chen et al., 2016). According to Chen et al., (2016) the overall heat
transfer coefficients could reach 1675W/m?K with a fibre diameter of 550um.

Kachhwaha and Preahhakar (2010) analysed heat and mass transfer
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performance for a direct evaporative cooler using a thin plastic plate. The
experimental testing results indicated that the outlet air temperatures were
between 21°C and 23°C, at the inlet dry bulb temperature of 24.8-28.4°C, the
air humidity ratio of 2.3-5.8g/kg and air mass flow rate of 0.13, 0.2, 0.3 and
0.4g/s. Zhang (2012) proposed the theoretical investigations on a rectangular
cross-flow hollow fibre membrane module for air humidification. With 2600
fibres (fibre outside diameter 1.5mm) inside the module, the outlet air
temperature could reach 21.5°C when the inlet dry bulb temperature was 30°C.
The above publications are mainly concentrated on the theoretical analysis on
the polymer hollow fibre integrated evaporative cooling system. The available
experimental results were limited to the variation of outlet air temperatures

with respect to different air flow rates.

2.7 The Performance of Evaporative Cooling

Considering the material for evaporative cooling process, the performances of
evaporative cooling pad were evaluated by using some mathematical
expressions. The performance of eucalyptus fibres was evaluated according to

the following equations:

2.7.1 Temperature Difference

The temperature difference between the inlet and outlet air temperature is a
common factor for evaluating the material performance based on the cooling

performance as given in the following expression:

AT = T1 _T2 (21)

Where, T. and T. represent the inlet and outlet air temperature while passed

through the material.
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2.7.2 Cooling Efficiency

The cooling efficiency is an important parameter in order to evaluate the
material based on air saturation capacity. Therefore, it is the ratio between
temperature difference of material while air is passing through it to the
difference between inlet dry and wet bulb temperature named as wet bulb
depression. Meaning that the ratio between the thermal difference on passing
through the material (T - Tz) and the maximum thermal difference that would
occur if the air were saturated (T. - 7"1). When the cooling efficiency becomes
100%, it is meant that the temperature reduction is equal to the wet bulb

depression.

The cooling efficiency (saturation effectiveness) of eucalyptus is calculated
with Eq. 2.2 given by ASHRAE (2001):

_(L-T) 2.2)

7 (Tl -T I1)

Where T.is the dry bulb temperature of inlet air, T-is the dry bulb temperature
of outlet air and 7" is the wet bulb temperature of inlet air. From the equation,
the efficiency of an evaporative cooling system could be calculated as the ratio
of the difference between inlet - outlet DBT and difference between inlet DBT
- outlet WBT. The temperature levels of inlet air for testing in the laboratory
were regulated according to the temperature of the days in summer when

cooling is most needed.

2.7.3 Cooling Capacity

The cooling capacity in an evaporative cooling process is the function of the
mass flow rate, the specific heat capacity of air, temperature difference

between inlet and outlet air. The mass flow rate of air through the material is
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calculated by density, p and velocity of air, V, of the air, and cross section area,

A of material sample which is defined as:

M, = pVA, (2.3)

The sensible cooling capacity is an important parameter for performance

analysis as given by:

Qc = myq Cp (T, —T3) (2-4)

Where, m,, is the mass flow rate and C; is the specific heat capacity of air.

2.7.4 Coefficient of performance (COP)

The coefficient of performance is crucial term based on the efficiency of
evaporative cooling process. The power consumption for evaporative cooling
process is based on the power used by electrical equipment. The performance
analysis was also carried out using the coefficient of performance (COP),

which is the ratio of the cooling capacity, Q. to electric input power, W, and
W, were used during the experimentation. These were the water pump and

fan.

cop=_
W, W, (2.5)

2.7.5 Evaporation Rate

Evaporation rate is calculated with the Eg. 2.6 to ascertain the amount of water
required for the system. Absolute humidity can be determined through the
psychometric chart by plotting the intersection point of DBT and RH of air. It
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is defined as the water vapour content per kg of air flow at the inlet, w> and at
the outlet, wi:

My = 712 (W2 - W1) (2.6)

The specific enthalpy of humid air is written by the following equation:

h, =1.006T +w(2501+1.85T) 2.7)

Where t is the temperature in °C. w is the absolute humidity of air in kgwv/kgda.
The specific heat of dry air (Cpda) is 1.006 kJ/kg°C.

Absolute humidity w, can be defined as the mass of water vapour per kg dry

air, which could be calculated with the following equation (8):

_ dea (T '1_T1) + thfg2
hgl o hfz

(2.8)

2.7.6 Specific Cooling Capacity

The specific cooling capacity (SCC) is determined to find the amount of
cooling capacity (CC) obtained per kg of water evaporated. The specific
cooling capacity did not used in the literature before. It is the ratio of cooling
capacity to evaporation rate (ER). It is used to show the amount of water used
at different air velocities and defined with the Equation (9):

cc
SCC ===
ER (2.9)

84



2.7.7 Uncertainty analysis

It is necessary to find the experimental error of the measured values during
experimentations. Uncertainty analysis could be performed by the use of the
propagation of error formula (Moffat, 1988; Taylor, 1997). By this method, the
source of errors which are the variables used in experimental analysis (e.i.
temperature difference, cooling efficiency, relative humidity, etc.) are

identified. The experimental uncertainty can be obtained by the Eqg. (16):

Y = f(X1.X2 ---Xn.)

2 2

5Y = (6Y5X)+(6Y5X)+ +(6Y6X)
- Jlax, ax, 2 X, "

Where oY is the overall uncertainty in the result. (X,, X,...X, ) are the set of

(2.16)

measurement which are directly measurable parameters. 6X,, X,...6X

are the overall uncertainty of parameters. Each term represents the same

calculation: The partial derivative of Y with respect to X, is multiplied by the

uncertainty value for that variable.

2.8 Water Harvesting Technology

In the previous sections, the concept of evaporative cooling systems has been
introduced. An important point to note is that a typical evaporative cooling
system would require water source for the cooling process to take place.
Following to that, this section will provide insights into various water
collection or harvesting technologies reported in literature. This section gives
an overview to the various water harvesting technologies and finally potential
technologies that may be applied in Cyprus are proposed and briefly discussed,

which play a vital role for the proposed evaporative cooling system.

The increasing demand for water is led to the depletion of the aquifer thus,
causing water scarcity. It is aimed to protect and provide more water for better

living standards. Therefore, some non-conventional water resources should be
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identified in order to meet the requirements of freshwater. These are:
harvesting of rainwater, ground water harvesting, desalination of seawater,

atmospheric water harvesting (Murad, 2010; Tsiourtis, 2003).

2.8.1 Rainwater Harvesting

One of the alternative water sources for water management is the rainwater
harvesting (RWH). It is mostly used for drinking and non-drinking water as the
population and need for water are increased, in particular in regions where
there are water shortage problems. It is one of the alternative methods as it can
be easily collected in rainy days and do not need to be treated for non-drinking
use. This method also acts like a zone where prevents the degradation of
streams and flooding where there is a damaging impact of excess rainfall
(Farreny et al., 2011). Despite several advantages of collecting water by
rainwater, there are some disadvantages of using the system. The collected
water from the roof or in a place where exposed to polluted air, may be
contaminated due to the air pollution, animal faeces. Thus, the collected water
needs to be treated before use. However, the using of non-drinking water is
used for public interest such as fire fighting, washing of pavement, irrigation in
Portugal (Silva et al., 2015).

It is shown that the potential of rainwater harvesting system provides a key
source for domestic, farmland and industrial purposes in many countries. Take
some application around the world for instance, rainwater collecting system
has been using in the residential buildings. A 10 m3 of rainwater storage tank
should be used for each house in order to use the collected water for toilets and
gardens (Doménech et al., 2013). A 16 m® of collected rainwater can provide
drinking and non-drinking water for a drought in semi-arid Brazil (Gomes et
al., 2012). In Atlantis (South Africa), the drinking water can be supplied to
many millions humans by dune infiltration. Due to the sandy soils, 15%-30%
of the rainwater fill up the groundwater. In order to increase the groundwater,

the artificial recharge through dune infiltration supplies more water since the
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groundwater is the only source of water of the town (Van Steenbergen et al.,
2009).

As proven by Rashidi Mehrabadi et al., (2013) rainwater harvesting system is
not sufficient enough in hot and arid regions since the annual precipitation does
not meet the demand of water. However, Mahmoud et al., (2014) found that the
rainwater harvesting through the roof provides an alternative source of water in
the arid region, Khartoum (the capital of Sudan). The rainfall level shows
variables in Khartoum as few rainy days and intense rainfall. Due to this, some
buildings were selected for potential sites for rainwater collection in certain
times of the year. It was found that approximately 0.033m® water can be
harvested per unit area from the rooftop.

Cyprus is categorised as a semi-arid areas (Cyprus Department of
Meteorology, 2014; Pashardes and Christofides, 1995; Harb, 2015) where has
low precipitation and high temperature. Nowadays, rainwater harvesting is
described as useful method for collecting water from roofs or other parts of the
urban structures. It can be used in regions where there is water shortage
problem such as western United States and African countries (Ling and
Benham, 2014). In this light, using of water from underground can be

minimised.

In a research conducted by Harb (2015), the potential of rainwater harvesting
system was assessed in the Middle East Technical University in Cyprus
(METU-NCC). It was not aimed to optimize the rainwater harvesting system. It
was aimed to study if there is a rainwater harvesting potential in the campus.
Thus, it was found that the system can meet the campus irrigation demand by
41.2%. The reservoir volumes were calculated as 2300 m3, 3500 m® and 1100
m3 with efficiencies of 37.8%, 41.3% and 90.5% respectively.

Since this study represents the preliminary study for assessing the potential of
the system, more study can be conducted to ascertain other factors of the
system. It has been also reported that the rain falling on Limassol city (Cyprus)
was doubled than potable water supplied in the years 2003/04-2008/09 (Water
Research and Management - The Cyprus Institute., 2017). Meaning that
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rainwater harvesting system can be applied in rooftops of any buildings in

Cyprus.

2.8.2 Ground water Harvesting

Groundwater is a main source of fresh water. Generally speaking, the fresh
water is supplied by underground around 20% of world (Dube et al., 2013). It
is stored in rocks called aquifers where the water is filled by precipitation
melting of snow, evaporating of water. The first water layer which has contact
with the soil can easily evaporate. Between the first layer and aquifers, there is
a layer which includes small amount of water. Below this layer, the water table
is existed where excess water is filtrated into it. Underneath of the water table,
water is moved to the aquifers where the groundwater is pumped from. This
natural filling of water is occurring slowly since there are layers where water

has to pass through.

Due to the growth of population, lack of water management, over exploitation,
and global warming, the groundwater is depleted which resulting the lack of
water and the salination of water. Thus, groundwater recharge can be suggested

by directing surface water towards the aquifers.

Groundwater harvesting is clean and cheap methods of obtaining reliable water
from the aquifers. However, these are at risk since the water in aquifers is
overexploited beyond their efficiency (Socratous, 2011). The excessive use of
groundwater due to the higher demand of water in Cyprus is led to deplete the
aquifer, thus causing water scarcity. It is searched that the biggest part of the
Akrotiri Aquifer has become salted because of the seawater intrusion and over
pumping (Demetriou and Georgiou, 2004). In Figure 35, the cross section of
the aquifer on 2003 is shown, indicating that the amount of fresh water is
almost low shown in blue colour. The colours from red to blue represent the
amount of saline water due to the seawater intrusions. As the ground water in
the aquifer flows inside, the water becomes less saline. The darker blue arrows

represent the flow of sea water.
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Figure 35. Cross section of Akrotiri Aquifer (Demetriou and Georgiou, 2004)

2.8.3 Water Desalination

Water desalination is concerned as a method of water production for all living
organisms. It has been reported that 14,000 desalination plants are existed
around the world which supply huge amounts of water (Shatat et al., 2013).
However, since fossil fuels are used for operating this system, this leads to
create negative impact on environment and therefore, to the ecosystem.
Nowadays, these impacts are tried to be minimized by integrating of renewable
energy resources such as sun into the desalination process. This leads to reduce

the emissions of greenhouse gasses and the cost of energy consumption.

The energy required to desalinate salt water is 0.86kWh/m3. However, the
energy required for desalination plants use 5-26 times more of this energy
(Manju and Sagar, 2017). The energy sources such as coal, gas or oil have
negative impacts on environment. Renewable sources can be integrated into the
desalination process to purify the water without compromising the natural

environment as a sustainable solution for driving the plants.

89



The desalination systems that use renewable energy sources can be divided into
three categories: wind, solar (photovoltaic or solar collectors) and geothermal
energy. These renewable energy sources can be coupled with thermal
distillation or membrane desalination system to produce water (Ali, Fath, &
Armstrong, 2011; Mathioulakis, Belessiotis, & Delyannis, 2007). The solar still
desalination is one of the solar desalination technology which uses solar
energy. It is used to trap sun energy which passes via the glass or plastic
surface same as the greenhouse phenomenon (Figure 36). The black-coloured
basin containing salt water is existed in the unit. It is black-painted in order to
increase the amount of solar radiation hitting on the surface. Due to this, the
temperature of saline water is increased and the evaporation is occurred. The
water vapour is then rose up and contacted with the sloped surface. It is then
condensed into water and slide down the slope surface into the tank. This
system produced 3-4L fresh water per m2. It is worth mentioning that this

system can be used for domestic use (Shatat et al., 2013).
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Figure 36. Solar still desalination unit (Shatat et al., 2013)

The “v-trough” collector was demonstrated by Tabor (1966) to expose more
sunlight compared to flat plate collector. Nowadays, this collector has taken
attention in terms of energy consumption. This is suggested by Riffat and
Mayere (2013) for energy required in the desalination application. They

demonstrated a new concentrating solar collector for water desalination. As
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seen in Figure 37, two parabolic troughs are formed a V-shape which provide
easy installation and insulation together with preventing shadow on the
receiver. Different solar collectors such as flat plate collector, compound
parabolic collector compared to v-trough solar collector is studied in terms of
land requirement and cost. It was concluded that v-trough solar collector is
more economical than the other collectors for incorporating with the

desalination system for obtaining water.

Figure 37. New v-trough solar concentrator (Riffat and Mayere, 2013)

Technical improvement, increasing of fossil fuels prices, low cost equipment
and locally available materials, can reduce the water desalination cost
(Karagiannis and Soldatos, 2008; Chandrashekara and Yadav, 2017). Although
the renewable energy is environmental friendly energy to be used in the
desalination process, it causes some limitations such as efficiency and the cost
of equipment. The equipment of the plant is required to consume less energy
and be low cost together with the higher performance in order to provide clean
water (Chandrashekara and Yadav, 2017). Take an example of a low cost solar
still, it can be sufficiently used for small houses near the coastal regions in an
island for water harvesting. It can also remove the fluoride from the water since
it may create anatomic problems for humans. In addition to this, the
performance of this system can be improved to heat the water by integrating

evacuated tubes or parabola trough (Chandrashekara and Yadav, 2017).

The government of Cyprus has decided to harvest the water by construction of
desalination plants in Cyprus (Marangou and Savvides, 2001). Desalination of

seawater is the separation of water from seawater (salt) under some specific
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process which play a vital role in producing water without salt. According to
this decision, the first desalination plant was built in Dhekelia, 1997 which
provides drinking water to Nicosia, Larnaca and Famagusta (Koutsakos et al.,
2005). However, according to the EIA of the Cyprus Department of Fisheries
and Marine Research, this plant has negatively affecting the marine
environment within a radius of 200 m outfall point. It is cited that the size of
the desalination plants on the island does not exceed 2000m3/day, however the
size of Dhekelia Plant is 60,000 m3/day (Mentis et al., 2016).

The price of desalinated sea water in Dhekelia Plant was €0.92/m?® for a
number of years in 1997. The price was then changed at €0.64/m® when the
plant was bought by the government in 2005 (Fylaktos et al., 2014). Following
this, Larnaca Desalination Plant was built in 2000. Another plant was built
after the drought in 2008. The mobile seawater desalination unit at Moni was
built in 2008 and the Garyllis brackish water plant in Limassol and the mobile
seawater desalination unit at Kouklia, Paphos were built in 2011. The last
desalination plants were built in the Vasilikos EAC’s power station and the
other at Limassol in 2013 (Loucaides and Koutsakos, 2015). The mobile
desalination units are selling the desalinated water around 1.3 €/m3 and the last

unit in Limassol is selling for €0.872/m* (Fylaktos et al., 2014).

With the increasing size of water desalination plants, the cost of desalination is
also increased therefore; the cost analysis is required to estimate the effect of
using different type of water and energy (Karagiannis and Soldatos, 2008).
When compared the desalination of seawater and brackish, seawater contains
more contaminates than brackish water. The energy consumption and thus, the
carbon footprint by the brackish water desalination is lower than the seawater
desalination (Miller, et al., 2015).

Hot and dry regions mostly have more solar energy which can be used for
desalination concept to provide water (Chaibi, 2000; Shatat et al., 2013).
However, using of solar thermal energy in particular for larger-scale plant

causes some problems such as: the low productivity and thermal efficiency and
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significant larger area is also required (Qiblawey, Banat, 2008; Shatat et al.,
2013; Shalaby, 2017)

2.8.4 Atmospheric Water Harvesting

According to the Food and Agriculture Organization, the fog collection may be
a cheaper way of harvesting water for portable drink, irrigation, livestock and

forest in particular in dry regions (Park et al., 2013).

In foggy regions such as coastal regions, mountain areas where there is a water
shortage problem, the water can be collected by demonstrating a mesh for fog
harvesting. The fog is occurred by the formation of low-level Stratus clouds
while contacting of humid or hot air with cold body. The water vapour is
condensed into tiny water droplets suspending in the air. Foggy air is used as a
water source by the saturation of air with water vapour as water droplets. The
water droplets moved in the air and then, collected on any surface
(Brown, Bhushan, 2016).

There is a truth that the water shortage is mostly seen in hot and arid regions
since the annual rainfall is low. Thus, the fog water collection is a significant
method for the people who are living in hot regions. Nowadays, the fog
harvesting is done by using nets in highlands to obtain water from the air. As
seen in Figure 38, screen of mesh fog collectors are vertically placed towards
the wind in order to face with water droplets in the foggy air. These water
droplets create larger water drops which are then fall down to the water tank by
the gravity. A 1 m? mesh of Standard Fog Collector (SFC) was perpendicularly
used which has 1 x 1 m? surface to the wind direction as seen in Figure 38a. In
Figure 38b, the mesh of Large Fog Collector (LFC) was used in Spain which
was supported by cable frame. It is generally used when the water yield is
higher to extract more water. The difference between SFC and LFC is the
supporting of the mesh. The mesh is supported by cables that are attached to
the frame for LFC design; however the mesh in the SFC design is strained over
the metal. A registered charity with the Government of Canada, FogQuest, is

planning and implementing water projects for people since 1987. They provide
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meshes for water collection in America, Africa and Asia by use of natural

atmospheric sources of water (Figure 38c).

Figure 38. The fog collector screens (Karkee, 2005; Klemm et al., 2012;
Brown, Bhushan, 2016)

By taking countries of similar climate as examples, fog harvesting methods
were reported to produce water as much as 118 L/m? and 51.0 L/m? per day in
Nepal and Canary lIsland, respectively. For semi-arid region of Al-sooda in
Saudi Arabia 6.215 L/m? water was produced. For sub-tropical Mpumalanga
area, 11 L/m? water was produced. The lists of various fog harvesting methods

and the water produced by this methods are shown in Table 3.
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Table 3. Various fog harvesting installed worldwide

Fog Harvesting 6.2151L/m?> | Al-sooda — Al-hassan, (2009)
Saudi Arabia

Fog Harvesting 11 L/m? Mpumalanga | Olivier, (2004)
area-S.Africa

Fog Harvesting 3 L/m? Chile Batisha, (2003)

Fog Harvesting 9 L/m? Peru Batisha, (2003)

Fog Harvesting 30 L/m? Oman Batisha, (2003)

Fog and Rainwater Harvesting | 118 L/m? Nepal Karkee (2005)

Fog Harvesting 51.0 L/m? Canary Marzol Jaén, M. V.
Islands (2002)

Regarding the potential of fog over Cyprus, it has been reported from the
Department of Meteorology in Cyprus that the fog is not occurring often but
generally seen in the early mornings. However, it is also mentioned that there
are long periods of foggy areas in particular on the mountains when the clouds
cover the highest part of the mountains. There is a lack of information about
the potential of fog-harvesting in Cyprus in particular the Troodos Mountains
where it is the highest part of the island. It is cited that it can be determined by

annual cloud frequency, wind regime and topography of the site (Anon, 2017).

In recent years more advanced technologies have been proposed in water
harvesting. This section will discuss some of the technologies which are found
attractive and promising. One of them is Warke Water Towers as shown in
Figure 39 were designed by Arturo Vittori in order to provide clean potable
water in some parts of Ethiopia, Africa. This is formed by a lightweight Juncus
effusus stalks as an outer housing of the tower to allow air to pass. A mesh net
which hangs inside is made of polypropylene or nylon to harvest water droplets
from dew. When the air gets cooler, it condenses and thus, the water droplets
slide down into the water tank found below. The significant finding from the
study is that more than 25 gallons of water (93 L) is daily collected (Nguyen,

2014).
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Figure 39. Warka Water Towers, Ethiopia (Nguyen, 2014)

2.8.5 Summary of Water Harvesting Technology

Water shortage is not only a problem of small or poor regions. It affects all
parts of the earth since humankind is facing with climate change. For Cyprus in
particular, one of the issues in regard to the water scarcity is the rainfall
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shortage. As can be seen in Table 4, is the amount of water resource or
availability in Cyprus from 1997 to 2002.

Table 4. Type of water resources of Cyprus (Farmer et al., 2006)

Year/ Water 1997 1998 1999 2000 2001 2002
Resource
Dams 63.7 33.0 674 52.7 62.4 151.0
Deposits 2.0 2.0 2.0 2.0 2.0 2.0
Desalination 6.4 11.0 13.1 13.1 24.9 30.0
Wastewater 0 2.0 3.0 3.0 1.7 4.0
Treatment
Total 201.2 1771 2146 199.9 220.1 316.1

In this section, the alternative methods such as desalination, groundwater,
transportation of water and rainfall harvesting were described for Cyprus and
other regions in the world. As mentioned, the rainfall is mostly occurred in
Cyprus during winter and filled the aquifers. However, the water in summer is
lost through the evaporation. In addition to this, the underground water level is

also reduced due to the unconsciously over-pumped of water.

Regarding the desalination of seawater or brackish, some countries such as
Greece, Spain or Italy depend on desalinated water for combating water
shortage. As seen in Table 5, the amount of water collected by seawater
desalination in Rhodes is around 5.000 m®/day with the cost of 0.425€/m3. The
amount of water produced by brackish water desalination is 1.000 m%/day with
0.79€/m? in Aegean Islands. In Cyprus, 40.000 m® of water is produced per day
with the cost of 0.9€/m®. Although the cost of imported water by desalination
of seawater is five times cheaper than transportation of water from Greece to

Cyprus, it is highly cost and consumes more energy (Sofroniou, Bishop, 2014).

Nevertheless, very limited literature was published in the discussion of the cost
or the economic aspect of the water harvesting system. Table 5 shows the
summary of the amount of water produced per day and the cost of some water
harvesting technologies.
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Table 5. Some water harvesting technologies

Water Amount of
Harvesting | water per | Cost Site Ref
Technology | day etc.
Seawater 1000- 0.55-2.50 Karagiannis and
Desalination | 100.000m% | $/m? Soldatos (2008)
day
<5.000 0.425€/m® | Rhodes, Manoli et al.,
m3/day Greece (2004)
40.000 0.9€/m? Dhekelia | World Bank,
m/day Cyprus (2004)
Brackish 1000 0.79€/m® Aegean Karagiannis and
water m/day Islands in | Soldatos (2007)
Desalination Greece
<5.000 0.14- Ortiz et al.,
m/day 0.32€/m® (2008)
Fog 51.0 L/m? Canary Marzol Jaén, M.
Harvesting Islands V. (2002)
Dew 0.46 L/m? Lebanon | Tomaszkiewicz
Harvesting etal., (2017)

In relation to the comparison of water harvesting methods, some ideas can be
presented to determine the potential of water harvesting for Cyprus. Regarding
the potential of water harvesting by fog and dew have not been studied for
Cyprus climate. These data can be obtained by long term historical

observations and meteorological sources.

The groundwater is a natural way of obtaining fresh water however, the water
is salty and polluted due to the climate change and commonly the
overexploited beyond its efficiency level. Therefore, it is not recommended for
domestic use in Cyprus. As seen in Figure 40, the groundwater is highly used

for agriculture.
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Figure 40. Water consumption by sector and water source supply (Savvides et
al., 2001)

Transportation of water via pipes is required advanced engineering solutions.
The cost of transported water from Turkey is highly cost (1.18€/m%) compared
to desalination of sea water (0.64€/m?). Although it is highly expensive, it
solves the problem of water shortage of domestic usage.

Desalination of sea water method can be used in Cyprus since it is not
dependent on rainfall and drought. It provides fresh water however, it causes
harm to the marine environment and also dependent on intensive use of energy
which affects the global warming. It is also highly cost (0.64€/m?), but it is
available to use for Cyprus situation. In regards for different sectors, such as
for farmers, this water should be subsidized since they can hardly afford the
tariffs of water. As seen in Figure 40, desalination water is mostly used for

domestic demand.

Regarding the rainwater harvesting system can provide alternative water
supply for Cyprus conditions by applying this system into large surface
buildings such as educational buildings, commercial/public building, museums
or multi-functional buildings and also housing projects. However, in terms of
flexibility and cost of buildings, this method requires larger water storage
tanks, different materials and architectural details. Although this method has

some disadvantages, it is mostly available for Cyprus.
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However, it is important to be emphasized here that the scope of this research
is limited to the review on the water harvesting technology including both
traditional and advanced methods. This section adds insights into the different
technologies that have the potential to be incorporated into the evaporative
cooling system which will be discussed in the following chapters. A very
important conclusion that can be made from this review is that, with many
advanced technologies and continuous research in water harvesting, water
resources for the proposed evaporative cooling system will not be an issue to
be implemented in Cyprus. The review of different kind of water harvesting
technology will create a platform to further research the potential technology
that may be applied or incorporated for the proposed evaporative cooling

system in the future.

2.9 Conclusion

A thorough and detailed literature review is presented to emphasize the study
of evaporative cooling for Cyprus climate. The subjects reviewed in Chapter 2
are based on the background, knowledge, application and previous studies of
an evaporative cooling method. Due to this, passive cooling methods, studies
about architectural integration of evaporative cooling system into building
design, the performance of evaporative cooling as mathematical expressions
(including cooling capacity, evaporation rate, cooling efficiency, COP, specific
cooling capacity) and recent water harvesting technologies are presented.

In the first stage of the Chapter 2, the basic passive cooling methods are
illustrated for different climates to show that these strategies do not provide
sufficient comfort to the occupants under excessive summer heat. Thus, typical
evaporative cooling systems such as direct evaporative cooling system,
desiccant based evaporative cooling systems, etc. are presented. In addition to
this, the various evaporative cooling system pads (natural and artificial) and
integration into building design are highlighted. Following that, the cooling
performance of evaporative cooling system is indicated by using mathematical

expressions. As a result, the important necessity of evaporative cooling system
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are reviewed in regards to water harvesting methods. It is aimed to show that
there is a potential to collect water in Cyprus which plays a vital role for

providing required water for evaporative cooling system.

Based on the literature review and study of the author, it is seen that the passive
cooling strategies of building design are not sufficient for excessive summer
heat, in particular for Cyprus climate. Thus, the direct evaporative cooling
method which electrically powered to operate should be considered in the

building design.

In addition to this, it is also observed that the researchers are currently studying
to develop new evaporative cooling material pad in order to increase the
cooling performance of the system. Due to this, the commercial materials are

mostly used as evaporative cooling pad, although they are expensive.

From this point of view, the study of this PhD work has been developed to
create new ideas and materials for one of the cooling method, the evaporative
cooling, for Cyprus climate. Since the island is hot-dry in inland region and
hot-humid in coastal regions, the direct evaporative cooling system and
desiccant based evaporative cooling should be studied for the following
Chapters 3 and 6.

In the following chapter, the local materials are investigated for direct
evaporative cooling system. The various local materials are tested under
different testing module and environmental conditions. Finally, the numerical

analysis have been conducted to validate the experimental results.

101



CHAPTER 3: Experimental measurements of local materials of

evaporative cooling performance

3.1 Introduction

Research designs can be qualitative, quantitative or mixed methods. In this
study, a quantitative method was used to gather data by experimental design. It
was important to test the hypothesis under certain conditions. In this way, data

were collected and analysed.

In this chapter, the experimental testing is based on to investigate the potential
of local materials in Cyprus for evaporative cooling and to choose the better
performance of material. Local materials such as eucalyptus fibre, yellow
stone, Cyprus marble, ceramic pipes and dry bulrush basket were tested. The
materials used in the test can be grouped as porous stone, non-porous stone and
fibre.

The general processes of experimental setups on different local materials are
presented as preliminary and main experiments. These processes are explained
in this chapter based on how to achieve better performance for evaporative
cooling, which is mentioned in Chapter 2. In this light, local materials were
studied and compared by investigation in different experimental units -
insulated box as a preliminary experiment and wind tunnel as a main
experiment - in order to obtain correct results. These tests were allowed to have
alternative materials for the evaporative cooling pad which resulting in energy
conservation through the cooling of buildings. In the preliminary testing,
different size and configuration of materials was tested. Afterwards, better
performances of materials were selected for testing and comparing in the wind
tunnel unit. During the preliminary testing, the incoming air temperature was
kept constant at 30°C and relative humidity of 35%. After selecting better
performance of local materials in the preliminary experiment, the best
candidate materials were experimentally investigated at the wind tunnel under
the inlet air dry bulb temperature of 35-36°C and relative humidity of 20%.

The effects of different air velocity on temperature difference, relative
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humidity, cooling efficiency, cooling capacity, COP, evaporation rate and

specific cooling capacity were analysed in the wind tunnel unit.

3.2 Experimental investigation of the potential of local materials for

evaporative cooling application

The tests for local materials such as eucalyptus fibre, yellow stone, Cyprus
marble, ceramic pipes and dry bulrush basket were tested due to the advantages
of being cheaper, easily abundant, higher water holding capacity and
environmentally friendly. They were run as a preliminary test in order to
ascertain better cooling performance of materials. The aim of doing this is to
select best material before doing testing under more improved experimental

condition (in the wind tunnel unit).

As seen in Figure 41, the testing local materials used in preliminary experiment
were configured in different size and shape. The insulated box was designed
for preliminary testing to obtain a rough estimation for the potential of local
materials. As the material’s geometrical configuration and size are different
from each other, it was not possible to develop a standard testing unit.

However, all testing were done under constant environmental conditions.
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The Insulated Box

Cyprus marble Ceramic pipes Dry-bulrush

-

Yellow stone (18mm) Yellow stone (25mm)

Eucalyptus fibres

Figure 41. Testing local materials used in preliminary experiment for
evaporative cooling
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3.2.1 Experimental Methodology

In order to determine the materials used for the evaporative cooling process,
some measurements were carried out for preliminary experimental testing unit.
Two testing conditions were prepared for this chapter. The aim of first testing
(preliminary) is to find the better cooling performance of materials in small
scale experiment and select best materials before doing more controlled and
large scale experimental unit. The small scale experimental arrangement was
developed in order to evaluate the potential of the local materials based on
evaporative cooling process. The measurements was done to determine the
cooling efficiency of the materials. Afterwards, better cooling performance of
materials were chosen to be tested in the wind tunnel in order to compare the
performance of materials in terms of some parameters such as temperature
difference, relative humidity, cooling efficiency, cooling capacity, COP,
evaporation rate and specific cooling capacity. The structure of the
methodology of the study can be seen in Figure 42.

Selecting of the potential local materials for testing

l

Testing of five different local materials as preliminary testing

!

Determination of best candidate local materials

l

Testing of best local materials in the wind tunnel

|

Selection of eucalyptus fibres for evaporative cooling

Figure 42. Structure of the experimental methodology
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Description of the preliminary experimental design

The insulated box was designed to use local materials to test the cooling effect,
which was provided by the evaporative cooling method. The box was
180x140x140 cm and each wall was composed of medium density, 6 mm thick
fibreboard (MDF), as shown in Figure 43.

Figure 43. View of insulated box

In order to keep the indoor temperature constant, the model test box was highly
insulated with 50 mm thick extruded polystyrene boards (XPS). Regarding the
four sides of the box, there were two openings for the inlet and outlet of air on
opposite sides. A fan was installed on one side of the wall and a 50x50 cm
louvre was placed in the opposite wall to the fan in order to allow air to leave.
Thus, the air could be forced over the materials and then flowed through the
louvre. One side wall contained a glass window for controlling the water
temperature and placing the material. There was no opening on the fourth side.
Inside the box, there was a wooden frame to support the materials to be tested.
The surrounding of the frame was covered by cardboard to create a chamber
for uniform air flow (Figure 44). On top of the chamber, the water supply was
provided through pipes; this was provided by a 20W water pump. Water
dripped from the pipes onto the top of the material. In Figure 45, water
dripping, chamber and water tank are shown. During the experiment, mainly
local materials such as eucalyptus fibre, yellow stone, Cyprus marble, ceramic
pipes and dry bulrush basket were used as samples of testing (Figure 44). All
materials were soaked in water for 24 hours to become saturated. During

106



experimentation, various types of stone were positioned next to each other or

back to back in order to provide materials fully faced with air flow.

Hot air #
in |’ ‘

o

\
/

H

Test samples

‘COOI air
out

Figure 44. Plan of experimental design

Figure 45. Photographs of the inside of the insulated box
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Procedure for experimental design

Air temperature was simulated by using a 2kW heater during experimentation.
This air was then forced over the materials by a 20W fan. DT500 data taker
was used to record dry bulb temperature, surface temperature and also wet bulb
temperatures. WBT for inlet and outlet air were measured by wrapping wet
cotton around thermocouples. An anemometer with 0 m/s to 10 m/s
measurement accuracy was used to measure air flow. The manual TT
TECHNIC hygro-thermometer, which has a measurement range -20°C to 50°C
with £ 1°C accuracy, was also used to measure RH in order to check WBT
through the psychrometric chart. Overall, three types of measuring instruments
were used to ascertain WBT and RH. The psychrometric chart was then used to
check the results.

Before starting to record measurements, it is ensured that the system is
operating under steady state conditions. In the preliminary experiments, the
tests were conducted at different air temperatures between 29.7°C-31.4°C, with
RH between 33.9% and 35.2%.

The measurements were recorded 1 hour after starting the test, and then

readings were recorded every 15 seconds.

3.2.2 Testing of materials

Local materials collected by author, (eucalyptus fibre, yellow stone, Cyprus
marble, ceramic pipes and dry bulrush basket) were tested to evaluate their
behaviour and performance under different environmental conditions. At this
stage of the study, the temperature difference (Eg. 1 mentioned in Chapter 2)
and cooling efficiency (Eg. 2 mentioned in Chapter 2) were both calculated for
cooling performance of materials in order to develop initial ideas about these
materials, since it was necessary to ascertain the type of materials which would
be tested in the main experiments of the study. The preliminary experiments
were conducted under the incoming air dry bulb temperature at 30°C and 35%
incoming RH. In this light, the results showed that some materials showed

higher temperature differences. It should be also mentioned that reliability was
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necessary in order to check the test conditions and materials. According to this,
ceramic pipes and dry-bulrush were used for testing since they were tested
before (He and Hoyano, 2010).

In order to keep meshed fibres wet during the experimentation, a water
dripping was provided with an 18 mm water pipe which has been placed on top
of the meshed structure. A 20W water pump was also used to provide water
circulation between the water tank and pipeline. When water from the pipe was
dripped onto the material, the excess water was collected in the water tank and

reused in the system in order to minimize water consumption.
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3.2.2.1 Eucalyptus fibres
Eucalyptus fibres were collected from the barks of the eucalyptus tree. They

were soaked into the water in order to create thin fibres easily. The fibres were
then separated and embedded into a 28x28x2 c¢cm mesh wire frame. The

preparation stages of the meshed eucalyptus fibres is illustrated in Figure 46.
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3.2.2.2 Yellow stone

The porous yellow stones were cut to 28x28x3cm (cross sectional area 0.0784
m?) and small holes were then drilled. The size of holes was 10, 18 and 25 mm.
In Figure 47, three different yellow stones with three different sizes of holes
can be seen. Some grooves were also created in order to increase the surface
areas of the stones in order to absorb more water for evaporative cooling

process.

LS

Figure 47. Yellow Stones with Different Types (10/18/25 mm holes)
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3.2.2.3 Cyprus marble

Cyprus marble was cut into 28x28x5 shapes for experimental testing (cross
sectional area of 0.0784 m?). Three marbles were prepared for preliminary
testing and placed in 5cm intervals. Before testing, these were soaked into
water to absorb water. However, it was observed that they become drier while

the fan was turned on during the experimentation (Figure 48).

Figure 48. Materials used in the experiments
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3.2.2.4 Ceramic pipes

Local porous clay was used to make 12 cylinder-shaped pipes as testing
material for the experiment, shaped as 12 pipes. These ceramic pipes were
300mm in height. The inner and outer diameters were 18 and 25 mm,
respectively. Grooves were created in each pipe in order to increase surface
area. They were dried and put into a kiln in order to be hardened. When they

were taken from kiln, they soaked into water until fizzing stop. The wooden

structure was then formed to hold them up during the test (Figure 49).

Figure 49 Ceramic pipes
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3.2.2.5 Dry bulrush basket

The bulrush is a natural fibre collected from the farms, river or dams. It is
traditionally used to carry and store the food. In the manufacturing process, the
bulrushes are firstly dried out and they are then woven by hands to make

baskets.

Before testing, dry bulrush basket were put into the water to make them wet.
Due to the properties of material, not being porous, they were tested by
superposing two of them in three columns. They were faced to the fan and
water was dripped onto the baskets (Figure 50 and 51).

Figure 50. Dry bulrush basket
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Figure 51. Test model plan of dry-bulrush basket

3.2.3 Comparison of the performance of testing results

Preliminary experiment were conducted in order to analyse the cooling
performance of local materials and to choose better performance of materials.

The inlet air temperature was kept constant at 30°C with the RH of 35%.

A dry-bulrush basket was tested for temperature difference. It is traditionally
accepted that these baskets are used to keep food products fresh. People cover
the fresh product with a wet fabric in the basket. The cooling efficiency of dry
bulrush basket was 19%. As was expected, the air temperature inside the basket
was lower compared to the outside air temperature (Figure 51). When air left
the baskets, it was seen that the temperature drop became lower by around 1.7

°C, which was not efficient enough with 19% cooling efficiency.

As seen in Table 6, local materials are shown in terms of temperature
difference and cooling efficiency. The cooling efficiency of ceramic pipes was
28% which was higher than the cooling efficiency of dry bulrush basket. It also
caused 3.2°C temperature drop in the experiment at 29.7°C inlet air
temperature. Even though fan speed was changed in order to accentuate any

cooling effect, there was no significant change over 4 hours testing.

Cyprus marbles showed lower performance, with a temperature drop of 1-2°C
during experimentation at 29.9°C inlet air temperature. In addition, it was
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observed that the marbles started to dry quickly. Although they absorbed water
when soaked into the water, they dried out quickly. When the marbles were
also faced with air, they dried quickly although water was continuously added

onto it.

Table 6. Performance comparison of local materials

Test Configuration | Material | WBTin | DBTin | RHin | DBTouwt | AT v g
O ) | (%) (°O (°C) | (mfs) | (%)

Dry 19.9 314 | 346 29.7 1.7 0.8 19
bulrush
basket

Ceramic 18.4 29.7 | 339 | 265 3.2 0.8 28
pipes

Cyprus 19 299 | 35.2 28.8 11 0.8 15
marble

YS 19.1 304 | 34.8 28 24 0.8 21

EF 18.9 30.1 | 341 26 41 0.8 36

Yellow stones with different holes sizes were tested after ensuring the steady
state conditions at 30°C inlet air dry bulb temperature. After one hour testing, it
was concluded that the higher temperature drop occurred at the lowest air

velocity with 10 mm diameter-hole yellow stone. The results can be seen in
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Table 7. As was expected, the narrower the gap in the stone, the higher the air

velocity and thus, evaporative cooling.

Table 7. Temperature reduction through different type of yellow stones at 30°C

inlet air
010 018 025
Air flow rate
(m/s) D D D
IR I

0.8 m/s 2.4 °C 1.5°C 1.4°C
1m/s 2.2 °C 1.6 °C 1.4 °C
3 m/s 1.7 °C 1.5°C 1.3°C

Yellow stones with 10 mm holes in the stones showed around 2.4°C
temperature reduction while the inlet dry air bulb was 30.4°C. When compared
to dry bulrush basket and Cyprus marble, the cooling efficiency of yellow
stone was higher (21%). However, it was not higher than the cooling efficiency
of ceramic pipes as seen in Table 6. It should be also mentioned that the yellow
stone with 10mm holes size were heavier compared to the other local materials.
Being heavier of the stone can create some problems to the structure of the
evaporative cooling system by applying additional forces to the system. Since
the water holding capacity of yellow stone is higher, it becomes heavier while

absorbing more water during the evaporative cooling process.

Eucalyptus fibres showed the highest temperature difference at 4.1°C which
was higher than yellow stone. The cooling efficiency was also 36% which was

the highest amongst other local materials. As seen in Figure 52, the cooling
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efficiency for dry bulrush basket, ceramic pipes, Cyprus marble and yellow
stone are 19%, 28%, 15% and 21%, respectively.

Cooling efficiency (%)

Dry bulrush  Ceramic pipes Cyprus marble  Yellow stone Eucalyptus fibre
basket

Figure 52. Cooling efficiency of local materials

During the experiment, it was observed that the rate of air flow is decreased
while passing through material. This might be due to the pressure drop of air
across the fibres. Since the fibres covered the whole meshed structure, this
affected the air flow through the material surface. The outlet air flow in front of
the fibre is lower than inlet air dry bulb temperature. As the air goes away from
the material, the temperature is reduced.

In summary, eucalyptus fibres and yellow stone can be chosen to be tested in
more controlled experimental condition in order to investigate the cooling
performance of these materials. Although ceramic pipes had higher cooling
efficiency than yellow stone, it is not experimentally used in the wind tunnel as
it was tested by many researchers before. In addition to this, yellow stone can
easily obtained than ceramic pipes since the manufacturing of ceramic pipes
takes longer time. Eucalyptus fibres is also easily found from the nature
without harming the nature. Since the eucalyptus tree causes water shortage

problem in Cyprus, it can be suggested to test for evaporative cooling process.
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3.3 The wind tunnel experiment for performance comparison of
eucalyptus fibres and yellow stone for evaporative cooling

After the preliminary experiments, the main experiment was carried out by an
Open Wind Tunnel (HM170). The tunnel is used at the Engineering
Laboratories of the Middle East Technical University Northern Cyprus
Campus (METU NCC). In this experimental unit, eucalyptus fibres and yellow
stone with 25 mm holes size were tested in a more controlled environment and

larger scale experiment.

The experiments were conducted in two stages: in the first stage of the
experiment, eucalyptus fibres and yellow stone were tested under the same
conditions in order to ascertain which material creates a better cooling
performance for the evaporative cooling process (Figure 53). In the second
stage, eucalyptus fibres were studied to identify their behaviour under different

conditions for the evaporative cooling process.

Material tested in the Wind Tunnel

qp——
/
1€

Eucalyptus fibres Yellow stone (®25mm)

Figure 53. Testing materials
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3.3.1 System description for local materials

The Open Wind Tunnel (HM170) was used as the main rig for laboratory
testing under controlled environmental conditions (Figure 54). The dimensions
of the tunnel are 2870x890x1540 mm and the cross section area for sample
measurement is 292x292 mm as shown in Figure 54. The tunnel consists of a
measuring section, air blower and exhaust zones. The material is placed in the
measuring section which is 420 mm in length. In the air blower section, the

inlet air was heated with a 2kW heater in order to increase the air temperature.

The experiment was carried out in the laboratory in February, March and April
in 2016. Dry and wet bulb temperatures and relative humidity were controlled
during the experiment in order to provide steady environmental conditions.
Uniform airflow was provided by the honeycomb structure which is located at

the entrance of the duct.

1 inlet contour

2 flow straightener
3 nozzle

4 measuring section
‘ 5 drag body

6 force sensor

7 display and control unit
A 8 diffuser

9 switch cabinet

10 inclined tube
manometer

11 axial fan

Figure 54. Open Wind Tunnel (HM170) schematic

The instruments such as datalogger and anemometer were provided by the
University of Nottingham. A DT500 model data taker which was connected to
a computer was used to record the air temperatures, WBT and surface
temperatures of the material continuously. K-type thermocouples, which were
connected to the datalogger, were used to record data of the inlet and outlet

measurements. An anemometer was used to measure the inlet and outlet air
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velocity which was controlled during the test. The microclimate probe and
pocket weather meter were used to measure the relative humidity and wet bulb

temperature. The sensors used in the experiments are listed in Table 8.

Table 8. Characteristics of experimental sensors

Sensor type Sensor model Sensor Specification
accuracy range
Temperature Type-K Thermocouple +0.2% -50 ~+ 250 °C
Relative Kestrel 4000 weather +3% 5~95%
humidity meter
+2°C -29 ~70°C
WBT Kestrel 4000 weather
meter
Air flow Testo 405 V1 +5%+ 0~10m/s
anemometer 0.1 m/s
Relative Metrel 6201 multinorm +2% 0~60%
humidity )
Metrel 6201 multinorm +02% 20 ~ 60 °C
Temperature
Water Multi-thermometer +1°C -50 ~+ 300 °C
temperature

121



Uncertainty analysis

According to the uncertainty range for each instruments shown in Table 8, the
overall uncertainty results for each measured variables are seen in Table 9. The

largest error occurred at relative humidity.

Table 9. Errors for uncertainty analysis

Variable | Temperature | Cooling Relative
difference | efficiency | humidity
°0) (%) (%)

Error 1.3% 7.1% 8.3%

It was crucial to keep the material wet for evaporative cooling during the test.
Therefore, some components were added to the meshed fibres and yellow

stone.

Eucalyptus fibres were collected from the tree and soaked into the water to
create thin fibres using the same as the method used in the preliminary stage of
the experiment (in Insulated Box). Water was supplied by using 20W water
pump through the 18 mm perforated circular water pipe which was integrated
to the meshed eucalyptus fibres. The air flow was provided by using the fan of
the wind tunnel which has different power at different air velocity (63.92W at
0.1 m/s, 68.56W at 0.3 m/s, 82.48W at 0.6 m/s, 96.4W at 0.9 m/s and 108W at
1.2 m/s). When water from the pipe was dripped onto the material, excess
water was collected in a water tank, it was then re-circulated through the pipe
onto the material. The preparation stages of the meshed eucalyptus fibres is

illustrated in Figure 55.

122



Figure 55. Integrated water pipe onto the meshed eucalyptus fibres

The porous yellow stones which had been used in the preliminary stage of the
experimental study were used as the size as 28x28x3cm and the same surface
area of 0.0784m? in the Open Wind Tunnel. In this stage of the experiment,
yellow stones with 25mm holes were used for testing. Although yellow stone
with 10mm holes sizes created better performance (1°C lower of temperature
difference) compared to yellow stone with larger holes sizes on the surface,
25mm holes of yellow stone was used due to it becomes lighter while creating

larger holes sizes than yellow stone with smaller sizes (10mm).

The material should be kept wet during the experiment for evaporative cooling
process. Therefore, a gap was created at the upper part of the yellow stone for
replacing 18mm plastic water pipe (Figure 56). This water pipe at the upper
part of the stone was drilled to provide water during the test which was
connected to the water pump. The other end of the water pipe was sealed with

silicone gel.

Figure 56. Integrated water pipe onto the yellow stone
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3.3.2 Test procedure for unit

The performance of the materials were studied by setting the inlet air
temperature to around 35-36°C, which is the average temperatures of Cyprus in
the hottest month of the year, August. To measure the temperatures,
thermocouples were placed in the outlet and inlet sections with the same
distance from the material to measure the DBT and WBT of the air. Figure 57,
58 and 59 show the schematic diagram of the experiment for both materials
(eucalyptus fibres and yellow stone). The moistened cotton was wrapped
around the thermocouples to record the WBT of the aforementioned positions.
RH was also measured by a microclimate probe for both sides of the material.
Finally, the results were checked in the psychometric chart. The 2kW heater
was positioned in front of the blower in order to keep the inlet air temperature
constant at the set point (35-36°C). The inlet relative humidity was also kept at

around 20% during the experimental testing.

Ty

Figure 57. (a) Schematic diagram of the experimental testing rig and (b)
thermocouple locations
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Figure 58. Schematic diagram and general view of the experiment (eucalyptus
fibre)

Dry and hot 3

Humid and cool air

Figure 59. Schematic diagram of the experiment (yellow stone)

The data recording has begun after 30 minutes of the start of the experiment to

ensure that the system is operating under steady state conditions (Malli, 2011).

In the first part of the experiment, 120 readings were recorded for two hours in
every minute. In the second stage, the measurements were also recorded once
in every minute and totally, 240 readings were recorded for four hours testing
duration. When the water level decreased in the water tank, additional water
was added.
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In regards to the cooling efficiency of an evaporative cooling system, the air
flow rate is a key parameter, significantly influencing the system performance.
Therefore, air velocity was chosen as the variable during the tests to ascertain
its impact of on the cooling effectiveness obtained with the eucalyptus fires.
Accordingly, air velocity was set to 0.1, 0.3, 0.6, 0.9 and 1.2 m/s to compare
the evaporative cooling performance of the system at different air velocities.

Repeatability and reliability are crucial for the test result. Therefore, the
experiment was run more than four times in order to ensure near steady state
condition and to obtain correct readings. All tests were conducted in almost at
the same environmental conditions. The measured and calculated results were
illustrated by graphical explanations in order to gather data and make

comparison.

3.3.3 Experimental results

Comparison of the eucalyptus fibres and yellow stone through experimental
investigations

The evaluation of cooling performance is based on some important parameters
such as inlet DBT and air velocity. In this context, eucalyptus fibres and yellow
stone were tested under same conditions at 35.5 - 35.8 °C inlet air temperature
and 0.1 m/s air velocity to evaluate the materials performance at the first stage
of the experiment. This evaluation included temperature difference, relative
humidity, cooling efficiency, cooling capacity, COP and evaporation rate of

both materials.

The cooling effect is directly proportional to temperature reduction. When
comparing the temperature drop of materials, it was seen from the Figure 60
that the outlet temperature of testing by eucalyptus fibres dropped from 35.6°C
to 26°C, whereas the outlet temperature dropped from 35.6°C to 32°C for
yellow stone testing.
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Figure 60. Temperature difference of eucalyptus fibre and yellow stone

The average outlet RH of eucalyptus fibres was increased from 20% inlet RH

to 57%; however, the RH for yellow stone was increased to 35% from 20%

inlet RH as seen in Figure 61. The all testing in the previous sections showed

that by increasing of inlet temperature, the temperature difference between

inlet and outlet is higher.
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Figure 61. Outlet RH of eucalyptus fibre and yellow stone

Figure 62 represents the cooling efficiency (Eq. 1) of both materials at 0.1 m/s

air velocity. As seen from the graph, cooling efficiency of eucalyptus fibres is
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higher than yellow stone. The temperature difference for yellow stone and
eucalyptus fibres were 3.6°C and 10.4°C, respectively as shown in Table 10.
Due to the better performance, eucalyptus fibres were chosen for further testing
for this study.

Oyellow stone  BMeucalyptus fibres
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Figure 62. Cooling efficiency of materials at 0.1m/s

Table 10. Temperature drop and cooling efficiency of materials at 0.1 m/s

v DBTin  WBTin  DBTox AT ng Facing

Material mis) (O (0 co (O (%) Area
(m?)

Yellow stone 0.1 35.5 19 31.9 3.6 21 0.0784

| Eucalyptus fibres | 0.1 35.8 19.1 25.4 104 62 0.0784

Figure 63 demonstrates the cooling capacity of eucalyptus fibres and yellow
stone under same environmental condition. As it is seen in the graph, the
cooling capacity of eucalyptus fibres is 2.7 times higher than yellow stone. The
average cooling capacity of eucalyptus fibres was 95W. However, it was 35W
for yellow stone.
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Figure 63. Cooling capacity of eucalyptus fibre and yellow stone

In Figure 64, the COP value for both materials are shown. At 0.1 m/s, the COP
value for eucalyptus fibres was 1.14 and 0.42 for yellow stone. As seen in the
graph, the COP is higher for eucalyptus fibres. The evaporation rate of both
eucalyptus fibres and yellow stone was nearly the same at 0.049 g/s and 0.043

o/s, respectively.
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Figure 64. COP of eucalyptus fibre and yellow stone
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Investigation of the effect of operating parameters for eucalyptus fibres
performance

As aforementioned above, experimentations at the second part of the laboratory
experiment were repeated by changing inlet DBT and air velocity. The
temperature differences, cooling efficiency, mass flow rate, cooling capacity,
water consumption, COP and specific cooling capacity of the eucalyptus fibres

were measured and calculated in this study.

The meshed eucalyptus fibres were tested under the same environmental
conditions except what was supplied to the material. At first, the meshed
eucalyptus fibres were tested without continuous water supply, and then, the
tests were continued by adding water to find the effect of evaporative cooling.
Temperature difference of eucalyptus fibres at constant inlet temperature of

35.5°C remained unchanged at around 35.5 °C during without adding water.

3.3.3.1 The effect of air velocity on temperature difference

The outlet temperature at different air velocities are shown in Fig. 65. It is
obvious that at 0.1 m/s speed, the temperature difference was higher compared
to higher air velocities. This is because that the more time the air is exposed to
material at lower air velocity, the more water is evaporated. Therefore, more
temperature reduction is achieved. Besides, as the mass flow rate of air is less
at low air velocities, more temperature drop is obtained for the same rate of
cooling capacity. According to the testing results, the average temperature drop
of air at 0.1 m/s, 0.3 m/s, 0.6 m/s, 0.9 m/s and 1.2 m/s air velocities were 9.8
°C, 8.1 °C, 5.7 °C, 4.1 °C and 3.1 °C respectively. In Figure 66, the correlation
between outlet dry bulb temperature and air velocity is shown. The trend line
supports the data given in the graph. As seen, temperature difference is

indirectly proportional with the increased air velocity.

Consequently, eucalyptus fibres showed a better performance at low air
velocity operating conditions in terms of providing higher AT. However in
order to determine the overall impact of air velocity on system performance;

cooling efficiency, cooling capacity and COP parameters should also be
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investigated. These analyses are presented in the following sections of the

study.
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Figure 65. Effect of air velocity to outlet temperature at Tin= 35.5 °C
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Fig. 67 shows the entering and leaving DBT and water temperature of the

meshed eucalyptus fibres for four hours. During the testing, DBT at the inlet
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fluctuated between 35°C and 37°C as it was supplied by 2kW heater.
According to this, RH also fluctuated around 16-23%. The DBT at the outlet
fluctuated between 25.2-26.2°C. Overall, the average DBT and RH at the outlet
were 25.7°C and 60% respectively. From the Table 11, the readings of air
temperatures, wet bulb temperature and cooling efficiency are indicated. As
regards the water temperature, it was measured as 18.2°C. Afterwards, it was
increased by 2.6°C to 20.8°C.
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Figure 67. Inlet, outlet DBT and water temperature difference at 0.1 m/s
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Table 11. Readings at 0.1 m/s

DBTin WBTin DBTout ne (%0)
35.4°C 19.0 °C 26.0 °C 57
353°C 19.7 °C 25.8°C 61
35.7°C 19.7 °C 25.2°C 66
35.7°C 19.9 °C 259°C 62
35.6°C 19.9 °C 259°C 62
35.6°C 20.0 °C 25.6 °C 64

3.3.3.2 The effect of air velocity on outlet relative humidity

Fig. 68 shows the variation of the outlet air relative humidity over 4 hours
testing period for the air velocities in the range of 0.1-1.2 m/s. As seen in Fig.
68, the rise in air velocity causes a reduction in relative humidity difference
between inlet and outlet (Malli, 2011). This is due to the contact time of air
with material surface. As the contact time of air with the wetted surface of

material is reduced with the increasing velocity, less evaporation occurs.

During the testing at 0.1 m/s air velocity, RH of the outlet air was fluctuated
around 60%. On the other hand, RH for the first two hours at 0.3 m/s remained
nearly constant at around RH of 50% whilst it was increased to 55% in the
following period due to the slight rise in ambient humidity. This was followed
by a uniform increase of 12% after 120 minutes to 180 minutes at the highest
RH of 55%. For 0.6 m/s and 0.9 m/s, the outlet RH’s were remained nearly

stable at around 41% and 25%, respectively.
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Figure 68. Effect of air velocity on outlet relative humidity

3.3.3.3 The effect of air velocity on cooling efficiency

In Fig. 69, the variation in cooling efficiency is shown for different air
velocities. The inlet air temperature varied between 35-36°Cover the four hours
testing and the average highest cooling efficiency was obtained as 62% at 0.1

m/s air velocity, corresponding to a cooling capacity of 96 W.

According to the testing results, an inversely proportional relation was found
between the cooling efficiency and air velocity, which is in accordance with
the literature (He, et al., 2014). For the variation of air velocity in the range of
1.2 — 0.1 m/s, cooling efficiency was calculated between 20% — 71%. This is
due to the reduced contact time between air and wet evaporation pad
(eucalyptus fibre) which results with limited heat and mass transfer. The
average cooling efficiency for 0.1 m/s, 0.3 m/s, 0.6, 0.9 and 1.2 m/s air
velocities were 62%, 52%, 42%, 24% and 27% respectively.
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Figure 69. Cooling efficiency trends at 0.1 - 1.2 m/s

3.3.3.4 The effect of air velocity on cooling capacity

The cooling capacity of material is crucial to measure the release of heat
energy during the evaporative cooling process. The variation of cooling
capacity versus air velocity for meshed eucalyptus fibres is represented in Fig.
70. The figure shows that cooling capacity was raised with the increasing air
velocity. This is due to the increasing evaporation rate of water at higher air
velocity levels. In addition to this, cooling capacity is inversely proportional to
cooling efficiency (Kulkarni and Rajput, 2013). The average cooling capacity
was 96W, 239W, 350W, 404W and 518 W for air velocities of 0.1, 0.3, 0.6, 0.9

and 1.2 m/s, respectively.
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Figure 70. Cooling capacity trends at 0.1 - 1.2 m/s

3.3.3.5 The effect of air velocity on COP

Fig. 71 demonstrates the overall COP, which is crucial to evaluate the energy
consumption of the evaporative cooling material at different air velocities. This
figure illustrates that the COP value was obtained at 1.2 m/s air velocity with
4.05 and it dropped to 1.14 at 0.1 m/s air velocity. In accordance, evaporation
rate showed a decreasing trend in the range of 0.55— 0.049 g/s with the drop
in air velocity. This condition demonstrates the impact of water evaporation

rate on cooling COP.

Although evaporation rate and COP values were higher at 1.2 m/s air velocity,
the cooling efficiency was the lowest at 24% for the eucalyptus fibre test

sample utilized in the testing rig. It could be concluded that, such a small size
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(2 cm thickness) eucalyptus fibre is not enough for evaporative cooling at 1.2

m/s air velocity.

It can also be concluded that COP value and cooling capacity are increased
with the increase of the velocity of air up to a certain value (~0.9 m/s). Since
COP is also the function of fan power, at higher velocity levels (>0.9 m/s) COP
shows a decreasing trend resulting with lower evaporative cooling

performance.
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Figure 71. COP trends at 0.1 - 1.2 m/s

The correlation between outlet dry bulb temperature and air velocity (blue line)
and the correlation between COP and air velocity (red line) were shown in
Figure 72. As seen, temperature difference is inversely proportional with
increased air velocity. Despite the temperature difference gets lower with the
increasing air velocity, the rate of the cooling capacity to the consumed power

(fan + pump) increases. As a result, COP shows an increasing trend.

In addition to this, there is a second order correlation between air velocity and
COP. As seen from the same figure, there is a sharp increase in COP (1.2-3.5)
for the change of air speed in the range of 0-0.6 m/s. However, the variation of
COP becomes gradual at higher air speeds (0.6-1.2 m/s). This condition
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demonstrates that air speed >0.6 m/s should be used in order to obtain a high

evaporative cooling performance.
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Figure 72. Correlation of outlet dry bulb temperature and COP

3.3.3.6 The effect of air velocity on evaporation rate

The trend of evaporation rate (ER) for different air velocities is shown in Fig.
73. As seen in the graph, the maximum evaporation rate of 0.55 g/s was
obtained at 1.2 m/s and it showed a gradual drop with the reduced air velocity.
At 0.1 m/s, ER was ~10 times lower than the ER at 1.2 m/s. This condition
demonstrates that the ER is directly proportional with the air velocity and
should be optimized during the system operation depending on the cooling
demand (Franco et al., 2014).
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Figure 73. Evaporation rate trends at 0.1 - 1.2 m/s

It can be concluded that eucalyptus fibres at lower air velocity shows better
performance in terms of cooling efficiency compared to higher air velocity, in
accordance with the literature data. The values for appropriate air velocity were
0.1 and 0.3 m/s with the highest cooling efficiency at 71% and 57%
respectively. The cooling efficiency results for 0.9 and 1.2 m/s were close in
close approximation with an average in the range of 24-18%. The highest
cooling COP value were obtained with the air velocity of 0.6 m/s, 0.9 m/s and
1.2 m/s with 3.54, 3.93 and 4.05, respectively. In this light, the performance of

eucalyptus fibre is evaluated according to the different air flow rate.

Although it is obvious that the cooling efficiency at 0.6 m/s is not as high as
the values at 0.1 and 0.3 m/s air velocity, COP value at that velocity was higher
(3.54). The water consumption at 0.6 m/s air velocity was also lower (0.084
g/s) than the water consumption at 0.9 and 1.2 m/s while providing higher
average cooling efficiency of 42%. For that reason, it could be concluded that,
in terms of cooling COP, 0.6 m/s is an optimal air velocity for the tested

evaporative cooling system with the eucalyptus fibres.
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3.3.3.7 The effect of air velocity on specific cooling capacity

As specific cooling capacity is the ratio of cooling capacity to evaporation rate,
it represents the cooling performance of material according to different air
velocities. In other words, the specific cooling capacity is the amount of

cooling capacity obtained per evaporated kg of water.

As seen in Figure 74, specific cooling capacity is dropped with the increasing
of air velocity. According to the test results provided in Figure 74, the drop in
SCC is minimal (0.54—0.49 kWh/kg) for the range of air velocities 0.1—0.6,
whereas a sharp drop (0.49—0.26 kWh/kg) is observed for the air velocities
between 0.6—1.2 m/s. This finding shows that system operation is most

efficient at ~0.6 m/s, when both COP and SCC parameters are considered.

Cooling capacity and evaporation rate are two factors that affect the specific
cooling capacity. Therefore, they are both the function of velocity. But the rate
of the increase of ER is greater than the CC with the increase of the velocity.
Therefore, SCC gets lower at high air velocity. According to this, the velocity
of the air should be kept lower in order to use water in more effective manner

and to minimize water consumption.
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Figure 74. Specific cooling capacity trends at 0.1 - 1.2 m/
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3.3.4 Determinations of optimum operating parameters for eucalyptus
fibres

The performance of eucalyptus fibres is compared in terms of specific cooling
capacity, cooling capacity, COP, mass flow rate and evaporation rate.
Moreover, the optimum design conditions are indicated in the graph. The

summary of the testing results of eucalyptus fibres are shown in Table 12.

Table 12. Results of eucalyptus fibres under experimentation

Velocity Mass flow Evaporation SCC Cooling COP
(m/s) rate (kg/s) rate (kWh/kg) capacity
(9/s) (kw)
1.2 0.115 0.55 0.26 0.518 4.05
0.9 0.0864 0.303 0.42 0.458 3.93
0.6 0.058 0.203 0.49 0.363 3.54
0.3 0.029 0.12 0.52 0.226 2.55
0.1 0.0096 0.049 0.54 0.096 1.14
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As seen in Figure 75, the cooling capacity gets higher with the increase of the
mass flow rate since these two parameters are directly proportional to each

other.

In contrast, specific cooling capacity was dropped with the increase of the mass
flow rate. This indicates that, at higher air velocities more water is evaporated
during the process and thus more water vapour is added to the air. As a result,
water consumption rate becomes higher for the same cooling generated. This is

a significant factor especially for region where there is water scarcity.

As seen from the Figure 75, SCC and CC are indirectly proportional to each
other during the evaporative cooler operation. It is desirable to have both high
SCC and high CC. Therefore, the intersection point can be considered as
optimum operational conditions for the use of eucalyptus fibres as evaporative

cooling pad.
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Figure 75. Combined effects of SCC and CC at different mass flow rate
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In contrast to SCC, cooling COP showed an increasing trend with the rise of
mass flow rate (See: Figure 76). COP sharply increased up to mass flow rate of
~0.06 kg/s and then, it showed a gradual change. On the other hand, specific
cooling capacity was dramatically decreased for the change of mass flow rate
in the range of 0.0096-0.058 kg/s and the drop became more gradual at higher
mass flow rates. The intersection point of two curves gives the optimum

conditions as seen Figure 76.
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Figure 76. Combined effects of COP and SCC at different mass flow rates
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In this part of the study, the variation of cooling capacity and specific cooling
capacity versus evaporation rate are represented in Fig. 77. As indicated in the
graph, the cooling capacity increases linearly until 0.2 g/s evaporation rate.
This is due to the increase of the mass flow rate and thus, the convection rate.
After that point, the increase in cooling capacity falls as the effect of the
evaporation on air temperature difference is minimal due to the reason that the
air humidity is close to saturation point. According to the graph, there is also
an indirect relation between CC and SCC. This is because that the ratio of the

increase of ER is higher than the CC with the increasing mass flow rate.
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Figure 77. CC and SCC at different evaporation rates
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The intersection point of the two curves indicates the optimum condition of the
eucalyptus fibres for evaporative cooling pad as given in Table 13.

Table 13. Optimum conditions for using eucalyptus fibres

Parameter Value
Mass flow rate, m 0.06 — 0.08 kg/s
Specific cooling capacity, SCC 0.44-0.48
Coefficient of performance, COP 3.65
Cooling Capacity, CC 0.44 kW
Air velocity, 3 0.6 -0.9m/s
Evaporation rate, ER 0.27 g/s
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3.4 Numerical analysis of eucalyptus fibres based evaporative cooling
system

This part of the thesis shows the numerical investigation of the eucalyptus fibre
based evaporative cooling system with regard to outlet dry bulb temperature,
evaporation rate and cooling capacity at different environmental conditions.
Experimental results have been used for numerical study in order to validate
the experimental results. This includes two various cases of simulation

conducted in order to investigate the performance of the system:

- The effect of different dry bulb temperature (35°C and 40°C) on the

outlet dry bulb temperature, evaporation rate and cooling capacity.

- The effect of different air velocity (0.6 m/s - 0.9 m/s - 1.2 m/s) on the

outlet dry bulb temperature, evaporation rate and cooling capacity.

3.4.1 Mathematical Formulation

The aim of the numerical analysis is to study the performance of the eucalyptus
fibres based evaporative cooling system under various conditions in order to
enhance the knowledge of the system. Therefore in this part of the thesis, the
mathematical model is described to investigate the system performance by

indicating the following assumptions:

The inlet DBT is 35°C and 40°C

The inlet RH is 10%, 30% and 50%

The air velocity is 0.6 m/s, 0.9 m/s and 1.2 m/s

The outlet RH is 60%, 80% and 100%.

As described in section 2.7, the cooling capacity of the eucalyptus fibres based
evaporative cooling are given by Eq. 2.2 and 2.3. Evaporation rate is
represented with the Eq. 2.6, 2.7 and 2.8.
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3.4.2 The effect of inlet dry bulb temperature on performance of the
system

The effect of inlet dry bulb temperature at 35°C and 40°C is numerically
studied when the velocity of the intake air is set to 0.6 m/s, on the performance
of the eucalyptus fibre based evaporative cooling system. The validation of the
numerical simulations is shown in Figure 78 at constant inlet dry bulb
temperature (35°C), outlet relative humidity (60-80-100%), air velocity (0.6
m/s) and variable inlet relative humidity (10-30-50%) on the performance of
outlet dry bulb temperature, evaporation rate and cooling capacity. In Figure
79, the simulation is presented under constant inlet dry bulb temperature
(40°C), outlet relative humidity (60-80-100%), air velocity (0.6 m/s) and
variable inlet relative humidity (10-30-50%).

The graph in Figure 78(a) show that show that the inlet RH is directly
proportional to outlet DBT. As the inlet RH is lower (10%) and the outlet RH
is higher (100%), the outlet temperature is 15.9°C when the inlet DBT is 35°C.
Whereas, evaporation rate is reduced with increasing inlet RH. In accordance
with the literature, as the inlet RH is higher, the air has less potential to absorb
moisture from the air. As seen in Figure 78(b), the evaporation rate is the
lowest at 0.45g/kg at 10% inlet RH and %100 outlet RH.

The simulations show that the cooling capacity and evaporation rate are
directly proportional to each other. The CC is higher (1.12kW) at 10% inlet RH
and at %100 outlet RH. When the inlet RH is 10% and outlet RH is 60%, it is
reduced to 0.84kW. When the supply RH increases from 10% to 50%, it is
reduced to 0.17kW as seen in Figure 78(c).
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Figure 78. Numerical results on (a) dry bulb temperature (b) evaporation rate

and (c) cooling capacity (at 35°C and 0.6 m/s)
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The increasing inlet DBT from 35°C to 40°C causes to the rise of temperature
difference between inlet and outlet DBT in Figure 79(a). The change of 5°C
inlet DBT gives about 2°C temperature difference when the inlet RH is 10%
and outlet RH is 80%. The increasing of inlet RH from 10% to 50% also leads
to the rise of the temperature difference. The temperature difference is 2°C,
1.4°C and 0.8°C when the inlet RH is 10%, 30% and 50%, respectively. It is
clearly seen that the significant factor affecting the outlet DBT is the inlet RH.

Based on the numerical simulations, the evaporation rate is higher as the inlet
DBT is higher in Figure 79(b). Compared to the inlet DBT (35°C), the
evaporation rate is 0.509 g/s at 40°C DBT when the inlet RH is 10% and outlet
RH is 100% (Table 14). It is reduced to 0.196 g/s as the inlet RH is lower at
50%. The evaporation rate is the lowest at 0.046 g/s when the inlet RH is 50%
and outlet RH is 60%.

The increasing evaporation rate tends to increase the cooling capacity since
they are directly proportional to each other. The cooling capacity is 1.257kW at
10% inlet RH and 100% outlet RH. It is reduced 0.596kW when the inlet RH is
increased to 50% (Table 14). This is due to the air has less potential to absorb

moisture which causes to reduce the cooling capacity as seen in Figure 79(c).
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Figure 79. Numerical results on (a) dry bulb temperature (b) evaporation rate
and (c) cooling capacity (at 40°C and 0.6 m/s)
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Table 14. Numerical simulation at three various inlet RH

Inlet relative humidity (%) 10 30 50
Inlet air temperature (°C) 40 40 40
Inlet air velocity (m/s) 0.6 0.6 0.6
Outlet air temperature (°C) 18.5 24.8 29.8
Outlet relative humidity (%) 100 100 100
Evaporation rate (g/s) 0.509 0.344 0.196
Temperature difference (°C) 21.5 15.2 10.2
Cooling capacity (kW) 1.257 0.889 0.596

The effect of inlet dry bulb temperature at 35°C and 40°C is also numerically
studied at 1.2 m/s inlet air velocity. As seen in Table 15, the evaporation rate is
slightly higher at 40°C compared to evaporation rate at 35°C. The cooling
capacity is also higher at 1.182kW at 40°C. These are due to the mass flow rate
is the function of both evaporation rate and cooling capacity.

Table 15. Numerical simulation at two various inlet DBT

Inlet air temperature (°C) 35 40
Inlet air velocity (m/s) 1.2 1.2
Inlet relative humidity (%) 50 50
Outlet relative humidity (%) 100 100
Evaporation rate (g/s) 0.363 0.389
Cooling capacity (kW) 1.078 1.182
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3.4.3 The effect of inlet air velocity on performance of the system

The simulations are carried out in order to investigate the effect of air velocity
at 0.6 m/s, 0.9 m/s and 1.2 m/s on the performance of the system. In Table 16,
the results of evaporation rate and cooling capacity is seen at different air
velocities. It is presented that the evaporation rate and cooling capacity are
directly proportional to increasing inlet air velocity. By increasing air velocity,
the mass flow rate is also increased. As can be seen in Figure 80 and 81, the
evaporation rate and cooling capacity are higher by increasing air velocity from
0.9 m/s to 1.2 m/s. The evaporation rate is the lowest around 0.029 g/s when
the inlet air velocity is 0.9 m/s at 50% inlet Rh and at 60% outlet RH since air
Is more humid to absorb water vapour from the surrounding as seen in Figure
80(a). At 1.2 m/s inlet air velocity as seen in Figure 80(b), the evaporation rate
becomes slightly higher around 0.039 g/s which is due to the increasing mass
flow rate. In both graphs, these are higher at 10% inlet and 100% outlet RH at
0.68 g/s and 0.89 g/s evaporation rate at 0.9 m/s and 1.2 m/s air velocities,

respectively.

Table 16. Numerical simulation at three various inlet air velocity

Inlet air velocity (m/s) 0.6 0.9 1.2
Inlet air temperature (°C) 40 40 40
Inlet relative humidity (%) 50 50 50
Outlet relative humidity (%) 100 100 100
Evaporation rate (g/s) 0.196 0.292 0.389
Cooling capacity (kW) 0.596 0.888 1.182
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Figure 80. Numerical results on (a) evaporation rate at 0.9 m/s (b) evaporation
rate at 1.2 m/s (at 35°C)
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The cooling capacity shows the same trend as evaporative cooling at 0.9 m/s
and 1.2 m/s when the inlet DBT is 35°C as seen in Figure 81. In both
conditions, the cooling capacities are higher when the inlet RH is lower
compared to higher inlet RH. The cooling capacities are higher around 1.66kW
and 2.21kW at 0.9 m/s and 1.2 m/s inlet air velocities when the inlet RH is
10% and outlet RH is 100%.
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Figure 81. Numerical results on (a) cooling capacity at 0.9 m/s (b) cooling
capacity at 1.2 m/s (at 35°C)
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It is also clear that the evaporation rate and cooling capacity are increased
when the inlet DBT is increased from 35°C to 40°C as seen in Figure 82 and
83. The evaporation rates at 40°C inlet DBT are higher around 0.759 g/s and
1.009 g/s at 0.9 m/s and 1.2 m/s inlet air velocity, respectively (Figure 82).
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Figure 82. Numerical results on (a) evaporation rate at 0.9 m/s (b) evaporation
rate at 1.2 m/s (at 40°C)
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The cooling capacities are 1.87kW and 2.49kW at 40°C inlet DBT when the air
velocities are 0.9 m/s and 1.2 m/s, respectively (Figure 83). It is obvious that
by increasing inlet DBT, the higher evaporation rate and thus, the cooling
capacity is obtained. However, it is the lowest at 0.24kW when the inlet RH is

50% and inlet air velocity is 0.9 m/s
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Figure 83. Numerical results on (a) cooling capacity at 0.9 m/s (b) cooling
capacity at 1.2 m/s (at 40°C)
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3.5 Conclusion

In this chapter, the eucalyptus fibres and yellow stones are experimentally
studied under different test conditions. Each testing conditions were tested at
35-36°C which is the average temperature of Cyprus climate. The RH is set up
as 20% since at higher lands (mountainous areas) the average RH is lower
compared to inlands. It was found that the temperature drop was 9.6°C for
eucalyptus fibres and 3.6°C was recorded for yellow stones. The outlet relative
humidity was higher for eucalyptus fibres (57%) compared to yellow stones
(35%).

It was then followed by the further experimental investigation by using
eucalyptus fibres. It was aimed to study the performance of eucalyptus fibre
pads under different conditions in order to gather information about the cooling
efficiency and cooling capacity of eucalyptus fibres based evaporative cooling
system and to analyse the effect of air temperature and air velocity on the

material performance.

This chapter showed that a novel organic and environmentally friendly
material; eucalyptus fibres can be used as an alternative evaporative cooling
pad instead of vapour compression system which has high operational costs.
According to the study results, it can be concluded that the eucalyptus fibres at
low air velocity, provides better performance in terms of cooling efficiency, in

accordance with the literature data.

In the following chapter, the conceptual design ideas of integrated evaporative
cooling system into building elements are developed by using three-
dimensional illustration in order to give brief explanation about architectural
integration of eucalyptus fibres as an evaporative cooling pad. In this respect, it
is aimed to show that the cooling effect can be provided by creating simple

design ideas for building.
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CHAPTER 4: Conceptual Design Ideas of Integrated Eucalyptus Fibres
Based Evaporative Cooling Panel (EFECP) into Building Elements

4.1 Introduction

The idea of building integration with energy efficient system is a significant
factor when the main aim is to reduce the energy consumption since the
buildings are responsible for 40% of COzemissions and total energy
consumption (Directive 2010/31/EU).

Integration of eucalyptus fibre based evaporative cooling system into building
element is important not only for providing clean energy, but also for meeting
the architectural requirements of a building. Architectural design elements such
as wall, wind catcher, solar chimney, shutter, etc. become the multifunctional

elements of the building components based on cooling approach.

Considering the elements that form the building design, they play a vital role
for low energy design strategies. According to Santamouris (2006) the building
form has the highest role for low-energy design by 67%. It is then followed by
fagade design (52%). Thus, the form and fagade design of the building should
be considered in the design stage of the building in order to reduce the energy
consumption caused by heating and cooling loads.

The heating and cooling systems are typically integrated into the envelope of
the building (roof or fagade) such as, awning, wall, balcony and shading
element of the building (Chan et al., 2010). Implementing of any heating or
cooling system as a conventional way into fagade meet the requirement of a
single function which is just to cool or heat the indoor space. By considering
the combination of both thermal and architectural requirements, the multi-
functionality is provided for each integration approach. Meaning that, the
integration of the cooling system into shutter can provides shading, cooling and
lighting. An architect plays a vital role for designing the shutter with
evaporative cooling material in order to provide shading and cooling. This

integration protects the building from the direct sun and thus, climate-
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responsive building element is obtained. Depending on the economic feasibility
of the integrated evaporative system into building envelope, it is also necessary

for reducing energy consumption of the building.

In this chapter, the conceptual design ideas of integrated evaporative cooling
system into building element are developed for building design. In this respect,
the new material, eucalyptus fibres is used as a pad material for evaporative
cooling system for the architectural integration of the building. The integrated
building design should be aimed to meet the requirements of cooling, heating,
ventilation and daylighting strategies to meet the demand of these loads
(Torcellini, 2006). Thus, it is aimed to focus on conceptual design idea of
integrated eucalyptus fibres for evaporative cooling in building elements in
order to provide cooling, heating, ventilation and daylighting. Improved or new

conceptual ideas are implemented into building elements such as:

- shutter,

- window,

- door,

- toplighting element,

- wind catcher and solar chimney,
- wall,

in order to reduce indoor air temperature and energy consumption by

mechanical cooling.

4.2 Sizing and structural system of eucalyptus fibres based evaporative

cooling Panel

As aforementioned above, the eucalyptus fibres were tested for 28X28cm panel
(with 0.0784m? surface area) and the cooling capacity was calculated as
0.44kW for this specific panel. The monthly cooling capacity for this panel was
found as 120kWh. To increase the amount of cooling capacity, the panel size
should be increased. Thus, 1m?> EFECP is proposed for increasing the
performance of the material. It was calculated that Im? EFECP provided
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5.7kW cooling capacity. The monthly cooling capacity of 1m?> EFECP was
found as 1710kWh. The structural system and 3D view of the panel are

detailed as seen in Figure 84 and 85.

As it is shown, the panel consists of the rectangular-shaped frame, water tank,
water pipes and evaporative panel. The evaporative panel is formed by the
plastic mesh filled with eucalyptus fibres. The water is supplied to the plastic
mesh passed through the plastic pipe from water tank at the bottom and then,
upper part. The water is dripped from the upper pipe which is drilled for water
dripping in order to keep the pad wet. It is then dripped over the fibres and

collected at the water tank.
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Eucalyptus
Fibres

Figure 85. 3D view of Eucalyptus fibres evaporative cooling system

4.3 Comparison matrix for building elements integrated eucalyptus fibres

evaporative cooling panel and building requirements

A comparison matrix was developed to compare the building elements
integrated eucalyptus fibres based evaporative cooling system with building
requirements in order to identify the characteristics of proposed evaporative
cooling integrated building elements. In addition to this, it is aimed to
incorporate evaporative cooling process as a significant architectural element
for the building.

The building elements represent the various configuration of the implemented
evaporative cooling system into shutter, window, door, toplighting element,

wind catcher-solar chimney and wall. The building requirements are also
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analysed in terms of building physics, construction, application & usage,
functional and economical aspects (Figure 86).

Building Requirements
]

Constructional

Application & Usage Building Physics

Figure 86. Building requirements for comparison matrix

Conceptual design ideas of eucalyptus fibres integrated evaporative cooling
into building elements are analysed in relation to questions about building
requirements in order to evaluate the performance of the proposed design
concepts. These questions are shown in Table 17. It is aimed to show the
potential strength and weaknesses of the proposed ideas in the building and to
decide which integrated system meets the building and occupant’s
requirements. Thus, the designer can decides which design idea is suitable for
required conditions. During conceptual design ideas, it was assumed that the
integrated panels are facing to the prevailing wind. However, it should be noted

that the fan can also be integrated to the system to promote air ventilation.
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Table 17. Questions to evaluate the performance of the building elements

integrated evaporative cooling system

Protection from
climatic elements

1. Is this system provide protection against climatic
elements such as precipitation, snow, wind and the sun?

Supply of fresh air | 2. Is this system introduce fresh air to indoor?
" Perform well 3. What is the role of orientation towards the prevailing
= towards prevailing | winds?
3 .
Z wind
o
2 | Visual relation 4. Does this system provide visual relation between
) between in indoor and outdoor?
a &outside
Allowance of 5. What is the level of daylight allowance?
daylight
Shading 6. Can this system control the effect of the sun by
shading?
Additional 7. Does this system require additional structural systems
structural system for exposing live loads?
- for exposing live
& | loads
R
e}
§ Simple structure 8. Is this system easy to install?
2
S8 Easy integration 9. Is this system able to be integrated into existing
into existing building?
building elements
c o | Maintenance & 10. What is the level of maintenance and cleaning of the
.2 2| easy cleaning system?
83
S o | Feasibility 11. Can this system be feasibly integrated to any part of
<8 the building?
_ Multi-functionality | 12. Does this system provide multi-functionality?
g
R
E Extra space 13. Does this system need extra space in the building?
T
3
= Construction cost 14. What is the level of construction cost of this system?
2
(@}
(]
|
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Considering the building elements, shutter is a simple construction for night
and day insulation which controls the heat gain and loss of the building. Wall
openings such as window and door, play a vital role for heat gain and loss

between indoor and outdoor environment.

Toplighting elements allow natural lighting from ceiling level which creates
more and homogenous lighting. However, it also allows more sunshine in
winter and summer. For summer conditions the shading strategies should be
considered to prevent sunlight. Moreover, the cooling purpose should also be
implemented into toplighting elements. The wind-catcher and solar chimney
provide natural ventilation in the building. The wind-catcher faces the
prevailing wind to catch it and provide air flow inside. However, in solar
chimney, sun heats up the air causing pressure difference in the chimney. The

air then rises up and sucks the air from inside by convection.

As a part of the envelope, wall of the building divides the relation between
outside and inside. The shape of the wall can also be considered in the design

stage to get benefit from the environmental conditions.

As these building elements aforementioned above create openness between
inside and outside, they can be used with the combination of evaporative
cooling process. This approach helps to guide the design, develops new
architectural integration idea and provides knowledge of architectural details

for further study which is significant for researchers and designers.

During the comparison of the building elements integrated evaporative cooling
system, the colour grading was used to compare the building element
integrated evaporative cooling panel with building requirements as seen in
Table 18. For grading, blue colour is chosen to show the low and high effect by
using light and dark blue. It should be also known that this colour grading

results can be changed if the new technology or material is used.
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Table 18. Comparative table between the building elements integrated evaporative cooling system and building requirements

Shutter Window Door Toplighting Wind-Solar Tower Wall

B ]l =

Vaticlly Folded
Evaporati ve Door Evaporitive Battle Evapomtive Munitor Evupomnti ve Suwtooth Wind-Solwr Tower

|

|

. 4:”

nrounded

Protection from

climatic elements

Perform well towards

prevailing wind

Visual relation

between in&oulside

Building Physics

Allowance of

daylight

Shading

Additional sir. sys

for exposing live loads

Simple structure

Lasy infegration into

Building Requirement
Constructional

existing bldg. elements

Maintenance &

easy cleaning

Lasy installing

Application &
Usage

E] "
= Multifunctionality
=)
= ,
151 ! + ! !
=
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= "
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4.4 Shutter integrated EFECP

In many hot countries, the glazing facade should be covered with shutter to
reduce sunlight penetration and glare in order to prevent heat gain in particular
for summer. When the sunshine is required in winter, the shutters can be

opened in order to increase heat gain.

As seen in Figure 87, the different types of shutters are made from eucalyptus
fibres pad for evaporative cooling process. The water is supplied from the top
frame through the pad and collected at the water tank located at the lower
frame. This shutter can be better faced to west direction in order to control heat
gain in summer since the sun from the west direction is disturbing. In addition
to this, the shutter can also allow warm air movement from outside to inside
since the strongest wind is mostly coming from the west or north-west in
Cyprus. The warm air is then passed through the wet surface of the shutter
resulting to cool the indoor air by evaporation effect. When the sun is required
in winter, the shutter can be totally opened to allow heat gain through the glass
window. Therefore, shutter as a shading device and evaporative cooling panel

can be faced to the west and north-west facade.

a)
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b)

d)
Figure 87. Evaporative cooling system integrated shutter a) horizontally folded

evaporative shutter b) vertically folded evaporative shutter c) sliding
evaporative shutter d) pivot evaporative shutter
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The ideas of integrated shutters seen in Figure 87, provide protection from
environmental conditions and shading when they are used to cover the window
area. The visual relation between inside and outside, daylight and fresh air can
also be provided and controlled since they are moveable structure. Since it is
moveable, it is not easily constructed. As the shutter is a separate element, it
can be easily integrated into existing window without any additional space in
the building. When compared to plastic or metal shutter, the cost of the
construction with local material is lower during the construction and operation
of the system. However, the local material should be changed when it starts to
deteriorate.

4.5 Window and door integrated EFECP

Regarding the fenestration of the building, windows or doors are the important
part of the building for thermal comfort requirements. The orientation of
window and door should facilitate air ventilation in the buildings. They are also
used to provide thermal requirement, visual communication and daylighting
purposes if required. The heat transmissions for indoor space can be controlled
by fenestration both for winter and summer condition. The system is suggested
to integrate at the top of the window and door as seen in Figure 88 and 89. For
better air supply, the fan assisted integrated system can be also proposed. In
Figure 90, fan assisted evaporative cooling system for window can be seen.
The PV module can also be integrated for powering the fan used in the cooling
system. According to the literature, the glazing is mostly integrated with
photovoltaic panels for solar energy application. The windows are integrated
with PV panels (Han et al., 2010; Connelly et al., 2016; Leite Didoné, Wagner,
2013).

Since the proposed system is placed within the cavity of the wall at the top of
the door and window, it does not affects the visual relation, fresh air and solar
allowance. On the other hand, it is not easy to integrate into the existing
building. It is also easy to clean and maintain which reduces the installation

costs.
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Figure 88. Evaporative cooling system integrated into window

Figure 89. Evaporative cooling system integrated into door
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Figure 90. Evaporative cooling system integrated into window

4.6 Toplighting integrated EFECP

Daylighting allowance from openings is a significant architectural necessity for
the building design. Openings do not only provide daylighting, but also air
ventilation and visual communication between inside and outside (Reinhart and
Wienold, 2011; Ahmad et al., 2016).

When the air ventilation do not meet the demand of cooling by openings from
the top, some other methods can be proposed to enhance cooling effect and to
lower energy consumption. Thus, evaporative cooling system is suggested

through the use of toplighting devices.

Toplighting elements are especially used in large and compact building where
some spaces have no facade to the outside. Monitor, sawtooth, clerestory and
skylight are mostly used architectural elements in providing natural daylighting
since the elements can allow light from the roof (IESNA Lighting Handbook,
1984; Freewan, 2015). When these elements face to south or north, they
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provide better performance of daylighting. As seen in Figure 91, these
elements are incorporated on top of the building.

Figure 91. Skylight, Sawtooth at clerestory, Monitor (Kadir et al., 2015)

The integration of evaporative cooling system into toplighting elements
provide the combinations of daylighting, cooling and air ventilation. The
evaporative cooling integrated toplighting element is suggested to face
prevailing wind in order to enhance cooling effect and natural lighting. This
orientation also prevents the disturbing effect of direct sunlight from south
direction. Although north-facing toplighting minimizes the effect of lighting
compared to south-facing orientation, a suncatcher baffle can be used on the

outside of the clerestory to increase natural daylighting (Choi et al., 2004).

Since these elements are both used for solar radiation in winter and natural air
ventilation in summer, the integration of evaporative cooling system into these
elements can also provide cooling effect by the evaporation of the water
process. These are directed to the prevailing wind to promote air ventilation. If
these are faced to the south, east or west facade, night insulation or shading

devices can be used to prevent overheating.

As seen in Figure 92, the evaporative cooling system is integrated into baffle
and monitor element. The baffles are covered with eucalyptus fibres for
cooling effect and used to diffuse sunlight. For summer condition in Figure
85(b), the panel is directed to the prevailing wind direction to allow more air
for evaporative cooling process. Due to the size of the south-facing overhang
and the shutter, the penetration of the direct sunlight is controlled. In addition
to this, if wall opening is created at the other side or adjacent of the wall, more
air ventilation and cooling effect are created due to the cross ventilation

phenomenon. For winter condition, the evaporative cooling system should be
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closed by covering the monitor by curtain or louvers as seen in Figure 92(b).
The heat gain is provided from the south-facing monitor since the angle of the

sun is lower in winter.

b) summer

N\

N\

b) winter

Figure 92. Evaporative cooling system a) integrated baffles and b) monitor in
summer and winter condition
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The integration ideas in Figure 93(a), the evaporative cooling integrated
vertical roof glass, sawtooth, facing to the prevailing wind direction capture
more air blow. Thus, more evaporation of water is obtained. Generally, the
sawtooth is good at distributing natural light evenly. However, as the
eucalyptus fibres panel is located in front of sawtooth, the amount of light
diffused inside is minimised.

In Figure 93(b) the evaporative cooling integrated clerestory is shown. It is
both used to illuminate interior space and allow air ventilation. Although the
toplighting element is generally used for lighting purpose from the ceiling of
the building, it also allows air ventilation when facing prevailing wind. The
daylight is diffused from the panel as it is situated in front of the clerestory

window.
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b)

Figure 93. Evaporative cooling system integrated a) sawtooth and b) clerestory

The integrated evaporative cooling panel into toplighting element provides
well performed towards prevailing wind if the elements are facing towards
prevailing wind. On the other hand, the allowance of daylight is minimised
since the panel is situated in front of the toplighting element. As it is not
directly combined with the element, it can be easily integrated into the existing

building. It also provides easy maintaining and cleaning.

4.7 Wind-solar tower integrated EFECP

“Wind-solar tower” is proposed which representing the combination of wind
catcher and solar chimney. Wind catcher is used during hot seasons to cool the
indoor by capturing wind whereas solar chimney is used to induce air
ventilation. Generally, solar chimney is also used for heating by using fan
(Xue, 2014). It is heated by glazing surface where absorbs solar radiation.
According to this, difference air pressure is created at the inlet and outlet

openings resulting to increase stack effect (Khani, 2017).

These systems are suggested as two separate rectangular-prisms which share a
single wall. In one channel, the cooling effect is created by placing evaporation
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pad material into the channel as seen in Figure 94. The water is sprayed from
the top part through the materials and collected at the bottom. The water is then
re-circulated through the system to provide water for increasing evaporation
effect. The other channel is used to increase wind effect and stack effect in
order to ventilate building. The upper part is made of glazing surface to heat
the air inside the channel and to increase updraft by stack effect in order to
exhaust hot air inside during hot season. Thus, it can meet the requirements of
cooling and air ventilation of the buildings in hot regions (Figure 88). These
channels can be both used together if additional cooling effect is required for

extreme conditions.

Glazing
is covered

Cooling
effect

Figure 94. Evaporative cooling system “wind-solar tower”

The integrated evaporative cooling panel into wind-solar tower does not
provides building physics requirements such as daylighting, visual relation.
Regarding the constructional factors, it is not easy to be integrated into existing
building. Due to the height and width of the tower, it is not easy to install
panels and thus, to maintain them regularly.
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4.8 Wall integrated EFECP

The evaporative cooling system can be integrated into a wall structure in order
to meet the demand of lighting, heating and cooling. This type of integration

can be named as combined wall.

As sun is rising in the south-east/east and setting in the south-west/west in
northern hemisphere, the evaporative cooling system can be integrated into
wall facing to the sun. Regarding the prevailing wind direction in Cyprus, the
strongest wind is coming from west or north-west direction. Thus, the
integrated system can be used in facade facing west or north-west to provide

both shading, lighting and cooling effect.

One side of combined wall where large openings with shading elements are
located, allows the sun comes in from the openings facing south-west
providing clear visual sights, penetration of sunlight and daylight. During

summer, the shutters can be used to prevent heat gain (Figure 95).

ya—

Figure 95. Glazing with shading device facing south-west

The other side of combined wall where evaporative cooling system is
integrated, faced to the prevailing wind direction to allow maximum air flow
which leads to create more evaporation by the evaporative cooling panel
(Figure 96). In this respect, this wall provides cooling, heating, shading and
daylighting when required. In Figure 97, the evaporative curtain wall with
which is lower-angle evaporative cooling system integrated wall can also be
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proposed for cooling process. In this approach, the sun penetration can be
prevented by providing curtain wall. The evaporative cooling system integrated
into wall perform well in terms of building physics, constructional and
functional factors. It should be mentioned that additional space would be

necessary in building elements.

Figure 96. Evaporative cooling system facing north-west

vl

Figure 97. Combined evaporative cooling system and curtain wall
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4.8 Conclusion

The conceptual design ideas of integrated eucalyptus fibres based evaporative
cooling panel (EFECP) is incorporated into building elements (e.i. wall, wind
catcher/solar chimney, shutter, etc.) which provides multi-functionality to the
building elements. The integration of cooling methods into building elements

provide multi-functionality for each architectural design elements.

As seen above, the conceptual design ideas of evaporative cooling system into
building elements are described and illustrated by using three-dimensional
modelling. The integration of eucalyptus fibres based evaporative cooling
panel can be named as multifunctional building elements which makes the
traditional building elements such as wall, window, shutter, etc. to have many
functions. Due to the flexible functions of the building elements, the various
thermal requirements can be provided in order to increase the thermal comfort

of the people. Thus, the building element turns into an individual cooling

supply.

In architectural design project, the functional, constructive and formal
integration of the building elements with cooling system should be considered.
Besides of providing cooling effect, the integration of evaporative cooling into
building elements provides a shell of the building based on architectural
approach. This shell provides protection from environmental conditions and it
also separates the indoor living space from outside. In addition to these, the
conceptual integration ideas mostly provides daylighting, cooling, air
ventilation and shading in the building physics point of view. However, some
of the integrated design ideas, in particular shutters are not simple structures
since they are moveable and thus, some additional structural systems are
required in order to withstand live loads. Generally speaking, these ideas are
easy to integrate into the existing building. Moreover, these cannot require
extra space since they are articulated into the part of the building elements. The
system is a simple construction and includes few components which make the

system easy to clean and maintain.
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In this chapter, it is presented that these conceptual design ideas of evaporative
cooling system into building elements can fit in building design while
providing both cooling effect and architectural requirements. This causes to
reduce energy consumption by using of vapour compression AC, to enhance
the indoor thermal comfort conditions and lastly, to give less harm to the

environment as mentioned in Chapter 1.

In the following chapter, the monthly cooling load of an existing residential
building located in Northern Cyprus is investigated by using Ecotect Analysis
2011 by predicting the saving of annual energy consumption of the existing
building. Afterwards, economic and environmental emissions savings with the
use of eucalyptus fibres based evaporative cooling system compared to vapour

compression air conditioning have performed.
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CHAPTER 5: Application of evaporative cooling for a house in Cyprus

5.1 Introduction

This stage of the study represents the computer simulation by using Ecotect to
further investigate the performance of eucalyptus fibres material by predicting
the saving of annual energy consumption of the existing building. According to
the testing results as stated in chapter 4, a house was modelled in Cyprus to

determine the size and the cost of the eucalyptus fibres.

5.2 Building Simulation Programmes

Many building simulation programmes have been created and continued to be
used for the last 50 years in the energy area (Crawley et al., 2008). A
computer-based simulation has a deterministic role in predicting the energy
performance of any building and human thermal comfort. Nowadays, computer
simulations based on energy efficiency are useful in analysing building
performance. Architects, engineers, students, researchers and others have been
using many computer simulation programmes at an early stage and during the

design process to observe building energy performance.

In this work, Ecotect was used to calculate the monthly cooling loads of a
house in Cyprus. According to the cooling capacity of the proposed material
for evaporative cooling (eucalyptus fibres), the coverage ratio of cooling load

for modelled house has been calculated.

5.3 Autodesk Ecotect

The Ecotect was first developed by Dr. Andrew Marsh. It provides many
performance analysis functions such as solar control, thermal performance,
acoustic analyses, lighting simulation and cost evaluation in the conceptual
stage of building design (Marsh, 2003).
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Autodesk Ecotect™ has a wide variety of options for building design based on
weather conditions, heat loss or gain and heating or cooling loads. In the
analysis section, some screens which show the energy performance and indoor
temperature on the visual graphs are presented. One of the parameters is the
“Hourly Temperature Profile” which gives the indoor temperature of spaces in
the building. Another parameter is “Hourly Heat Gains/Losses” which shows
the main source of heat gains and losses by conduction, internal gains by
lighting,etc. of all zones in the building. “Monthly Loads/Discomfort” is
another parameter related to total heating and cooling loads of all zones.

Energy consumption of buildings is mostly based on its use for heating,
cooling and lighting. This consumption can be minimized by the consideration
of building design and climatic condition factors in the pre-design stage. On
some occasions, a comfortable indoor environment can be provided by using
HVAC system. It is important to size the cooling equipment for indoor thermal
comfort conditions. Cooling or heating loads of the building should therefore
be calculated, these represent the amount of energy removed from a building to
keep  optimum  indoor  environmental  conditions  (Santamouris,
Asimakopoulos, 1996).

5.4 Description of Modelled House in Kyrenia, Cyprus

A house in Cyprus was modelled and discussed based on environmental,

geometrical, constructional and thermal conditions.

5.4.1 Climatic Zones of Cyprus

After Sicily and Sardinia, Cyprus is the third largest island located in the
Mediterranean Sea. It is on latitude 35°N and longitude 33°E. It has a
subtropical, intense Mediterranean climate which is hot and dry in summer
(June to September), mild and rainy in winter (November to March). It is
formed by two dominant mountains, Troodos and Kyrenia (Five Fingers), the

Mesaoria Plain and the narrow coastal areas. These different topographical
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characteristics play an important role on the climate of Cyprus and make the
island as “multi-climate” region, particularly in the distribution of wind speeds,

directions, rainfalls, humidity and solar radiation (Abohorlu, 2010).

Daily greater temperature difference between day and night is due to the very
long, excess sunshine and very clear sky creates local effects near the coastal

and central plain of the island.

There are two distinctive mountain ranges on Cyprus, which play an important
role in the meteorology of the island. The Troodos range, rising to 1,952 m,
covers the south and west part, whereas Kyrenia Mountains (at 1,024 m) are in
the northern part of the island (Figure 98). Together they prevent moisture
from the Mediterranean Sea from reaching the inside of the island. The
temperature in the mountains is around 5 °C and rainfall is 457 mm in winter,

but they reach over 40 °C and 295 mm rainfall in summer (Q1i, 2008).

Figure 98. Cyprus

The plain is bordered from the west part of the island to the east in between
two distinctive mountains. Although it acts as a bowl in terms of water
collection coming from top of the hills, it is poorer in underground water
resources. As mountains play an important role in terms of preventing humidity

to reach into Mesaoria, the air is drier than the coastal region. The Westerlies,
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the prevailing winds over the Mesaoria plain are very strong because of the
funnelling-effect (Pashardes, Christofides, 1995).

5.4.2 Climatic Data of Cyprus

The first meteorological measurement was started in 1866 during the Ottoman
Period. After 1878, Cyprus was ruled by British Colony and some
meteorological stations were installed in Nicosia, Kyrenia, Famagusta,
Larnaka, Pafos and Limassol. Totally, 42 climatological stations and 136
precipitation stations were in operation in the Cyprus Department of
Meteorology of the Ministry of Agriculture, Natural Resources and

Environment in the Republic of Cyprus.

After 1974, Turkish Republic of Northern Cyprus (TRNC) Department of
Meteorology was also established. Today, there is two different meteorological
centre to measure different location of the island. Therefore, there are some

differences in the average measurement.

Cyprus has a very hot summer and mild winter. In summer and winter, the
temperatures range from 18 C° in central plain to 14 C° in the coastal area.
The temperature differences in between day and night are 8-10 C° in the
lowlands in winter, 5-6 C° in the mountain areas and 16 C° in the central plain

in summer.

According to the Cyprus Department of Meteorology, temperature is 36C° on
the central plain and 27C° on the mountains in summer. In winter, temperature

drops to 10C° on the central plain and 3C° on the mountains.

The average temperature of the island was approximately 27.6 C° for July in
between 2013-2014 (Figure 99). Before 1998, the temperature in July is below
the normal temperature; however, it increased above the normal temperature
from 1998 to the present (TRNC Department of Meteorology). NASA and
National Oceanic and Atmospheric Administration (NOAA) reported that 2014
is the warmest among all year since 1880. The highest temperature was
measured in August of 2010 at Athalassa with a temperature of 45.6 C°. It is
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believed that the temperature will increase by 1.0 — 1.5°C by 2030 (Cyprus
Department of Meteorology, 2014).

2014 July C) 2013 July (°C)

Maximum Temperature 42.7 39.9
Max. Average Temperature 327 33.4
Average Temperature 27.4 27.9
Min. Average Temperature 22.5 22.6
Minimum Temperature 15.7 15.1

Figure 99. Average Annual Temperature for July (adapted from Department of
Meteorology, TRNC, 2014)

Although the main direction of wind is coming from west into Cyprus, the
temperature differences between land and sea which is named as land and sea
breeze effect, anabatic and katabatic winds; the upslope heat driven by the
temperature contrast of land and the topography control the wind direction over
Cyprus (Pashardes, Christofides, 1995). According to Cyprus Department of
Meteorology, the annual wind velocity is 2.8 m/s.

5.4.3 Environmental Conditions of Modelled House

In this study, one of the 2-storey apartment blocks designed by the architect
Kazim Dogramaci, is chosen for the simulation study. The apartment block
consists of four flats per floor. One of the flat is chosen for modelling. It is
located in Kyrenia, Cyprus at latitude 35° N and longitude 33° E and was built
in 2016. It also lies at 37 m above sea level. As seen from the aerial view in
Figure 100, there is a road in front of the building, and nearby, there is a large

park area which shows that there will be no obstructions from neighbouring
dwellings.

186



CNESH/Astrium

Google s S % -
3 . e} K.\‘N)zglx'

- W el |

R
-l

Imagery Date: 6/7/2016, 2 35:20'10%27" N+.33°16'04.55" Efelev, 37 m Eye alt L408'm

Figure 100. Aerial view of Modelled House in Kyrenia (Source: Google Earth)

The climatic conditions of Kyrenia are expressed by the minimum and
maximum air temperatures and relative humidity charts shown in Figure 101.
This weather data for Kyrenia was obtained from the Energy Plus in .epw

format and converted to .wea format for Ecotect.

The first graph as seen in Figure 101, represents monthly diurnal averages of
temperature with diffuse and direct solar. The red grading represents the air
temperature and the yellow continuous line represents direct solar radiation. It
is obvious that the hottest months are June, July and August with maximum air
temperatures of 41 to 46 °C. As seen in the second graph in Figure 101, the
relative humidity in summer is lower than in the winter. The prevailing wind is
mostly from East and West, at 9 am and 3 pm respectively, as shown in the
third graph.
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Figure 101. Monthly average temperature, relative humidity, wind analysis and
incident solar radiation for Cyprus (Kyrenia) generated from Ecotect
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5.4.4 Geometrical Model of House

The building is a double-storey apartment block which includes four separate

flats in each floor, with 8 flats in total as seen in Figure 102.

Figure 102. General view of apartment block

The building is a rectangular shape with a flat roof. Each floor contains a
bedroom, a toilet and an open plan kitchen which is a continuation of the living
room with 21.45 m? floor area. Each floor height is 3.0 metres and the total
height of the apartment block is 7.5 metres. Each flat has a volume of 107.48
m?3. The modelled flat in the block faces the south which means it is exposed to

more sunlight during the day than the flats facing north (Figure 103).
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Figure 103. Sun path diagram of the case area with Ecotect v 5.50

5.4.5 Building Components and Constructional Conditions

The modelled building is reinforced concrete building with a 190 mm brick
wall with 10mm plaster either side. The ceiling is a suspended concrete
structure. The windows are double glazed with a PVVC frame. The components
of the modelled house are shown in Table 19 with thermal properties and

schematic views.
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Table 19. Implemented Settings for Modelled House
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5.4.6 Thermal Conditions

The thermal performance of any building is dependent on the personal and
environmental factors (Taleghani et al., 2013). Therefore, it is important to
identify the conditions of the building. Personal factors are related to the
profile of the occupants. The behaviour of the users and their relation to the
building define the performance of the heating or cooling load which are
directly affected by internal heat sources. The function of the building, the user
profile, passive and active systems used for cooling, heating or lighting and the
relation of building with the user are some criteria which should be discussed

during the simulation stage (Hoes et al., 2009).

Two people aged over 40 are living in this modelled house which is used 24

hours a day during the weekdays and at the weekends.

The cooling period begins in June and lasts till September since in the winter
period the average temperature is lower than 18°C. Thus, air conditioning
systems are working from June to September in the living room. They are set
to cooling mode and their operational hours are mostly during the day and in
the evening. Thus, it operates from approximately 10am to 10pm on weekdays

and at the weekends.

Due to the activity of the occupants, the heat production in the building is set as
sedentary — 70W. The sensible heat is set at SW/m? and the latent heat is at
2W/m?. The values for the exchange of air between the inside and outside were

set at 0.50/hr and wind sensitivity was 0.25/hr.

According to the ASHRAE Standard 55-2013, Thermal Environmental
Conditions for Human Occupancy, the indoor air temperature should be set up
in the range of 19-27°C for thermal comfort purposes. In addition to this,
relative humidity should be set below 65% according to the ASHRAE Standard
62.1-2013, "Ventilation for Acceptable Indoor Air Quality".
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5.4.7 Zoning of Modelled Building

Zoning in Ecotect is used to evaluate the thermal simulations and heating
and/or cooling loads of a modelled project. Each zone is different in the
building as the operation hours for each space are different. In addition, the
optimum temperature for different activities, in particular sleeping or sitting, is
different (Bradshaw, 2006). According to the ASHRAE Standard 55, Thermal
Environmental Conditions for Human Occupancy, the temperature range for
winter can be described as 20 to 23.5 °C and 22 to 26 °C for summer.
ASHRAE Standard 62-2001, Ventilation for Acceptable Indoor Air Quality

recommends relative humidity level in should be between 30-60%.

In this simulation, the thermal zones are categorized in terms of spaces, thermal

requirements and hours of operation for cooling (Table 20).

Table 20. Implemented Zoning for Modelled House

Zone No Space Temp. for Winter Humidi Hours of
& Summer (°C) ty (%) operation
Zone 1 Bedroom 1 20-26 30-60 On: 22
Zone 2 Living R. 18-27 30-60 On:22
Kitchen

As seen in floor plan layout in Figure 104, the modelled house consists of a
living room, kitchen, bedroom and bathroom. One side of the living room wall
is shared with the neighbouring flat. The other side of the living room and

bedroom are south-facing. The rest of the facade is east-facing.
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Figure 104. Floor plan layout of modelled house

5.5 Analyses of Modelled House in Nicosia, Cyprus

In this part of the study, the results of energy simulation and environmental
information, which are carried out by the computer-based simulation
programme, Ecotect, are analysed for the hottest day of the year in Cyprus (1%
of August). This day is indicated by Ecotect due to the fact that it had the
highest solar radiation in Cyprus. Environmental information related to hourly
temperatures is separately analysed for all thermal zones, which are the living

room and kitchen and bedroom.
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5.5.1 Hourly Temperatures for all Visible Thermal Zones

Hourly temperature graphs show the temperature in °C in the Y-axis and the
time from 0 to 23 hours in the X-axis. The solar radiation in W/m? is also
shown on the vertical axis on the right-hand side. The different line types and
colours represent the weather data of Cyprus and the indoor temperatures of
different zones. The coloured lines show each zone’s indoor temperature for
the hottest day of the year. The climatic factors are shown with different
coloured dashed lines. The blue dashed line is related to the outside
temperature. The wind speed and solar radiation are also shown as different

coloured of dashed lines.

The graph in Figure 105 shows the hourly temperatures which represents the
outdoor and indoor temperature of the thermal zones for the hottest day of the
year when the air-conditioning unit is turned on and off. In this way, the indoor
temperatures of the zones which are already cooled by AC at 10am to 10 pm
can be indicated for the hottest period of the day. The hourly temperature
graphs clearly show that the highest outdoor temperature is from 10am to
10pm. Therefore, the operation hour for the AC is set in that period to provide

a comfortable indoor environment.

As clearly seen from Figure 105, the outdoor temperature starts to increase
gradually at 7am and reaches peak point at around 2-4pm. This is due to the
higher level of solar radiation shown on the vertical axis on the right-hand side
of the graph. After 4pm, the temperature starts to drop until 11pm as the solar

radiation reduces.

The indoor temperature suddenly falls to about 24°C when the AC is turned on
at 10am. This indoor temperature is kept constant until 10pm. As seen in the
graph, the maximum outdoor temperature for 1% of August is 46°C, whereas
the indoor temperature of the building is around 24°C, which is quite low

compared to the outdoor temperature.
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Figure 105. Hourly Temperature for all Thermal Zones

The thermal comfort level by colour gradient band (red, blue and white) can be
indicated by using the highlighted zone sections. The specific zone can also be
highlighted in each graph by a bold line. The white band represents the thermal
comfort level which is the ideal gradient for human comfort. The indoor
temperature of the zones should fall into the white band to provide a thermally
comfortable environment. As shown in Figure 106, the indoor temperature of
the selected zone which represents the bedroom, is within the upper comfort
level of around 24°C. During the operation hours of the AC, the comfort level
is stabilized from 10am to 10pm. When the three zones are compared in terms
of indoor temperatures, it can clearly be seen from graphs (a) and (b) that the
indoor temperatures of zones 1 (bedroom) are higher when compared to zone 2
(the living room and kitchen). This is due to the fact that zones 1 has east-
facing windows which are exposed to more solar radiation in the morning. The
living room and kitchen have south-facing windows which are exposed to less
solar radiation since the angle of sun is higher in the summer compared to the

winter.
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Figure 106. (a) Hourly Temperature for Zone 1 (Bedroom) and (b) 2 (Living
Room and Kitchen)

5.5.2 Hourly Gains and Losses for all Visible Thermal Zones

The hourly heat gains and losses graph shows the indoor air temperature
changes according to the heat transfer through the building fabric. The graph
indicates the time in the X-axis and energy in Watts in the Y-axis. Some
parameters, such as HVAC load, conduction, SolAir, etc. are represented in

this graph.
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As can be seen in the hourly temperature profile graphs, the curve of the
outdoor temperature almost correlates with the curve of HVAC (Figure 107).
The outdoor temperature starts to increase around 7am and peaks at around
46°C at around 5pm and falls again to 35°C at 11pm. During this time period,
the load of HVAC also shows the same trend, with the outdoor temperature
indicating that indoor cooling is required. The loads of HVAC system in
August reach a peak by around 7650W. It is also obvious that the heat gains by
conduction around 4500W through the envelope of the building are also
increased as the outdoor temperature and solar radiation increase. There is no

any significant change in heat gains by ventilation and internal gains.

HOURLY GAINS - All Visible Thermal Zones Wednesday 1st August (2.

3) - cyprus, lefkosa
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Figure 107. Hourly gains and losses for the hottest month

5.5.3 Gains Breakdown for all Visible Thermal Zones

The gains breakdown graph shows the heat transfer mechanisms in Wh/m?.
The heat gains are shown above the X-axis and heat losses are below this axis.
On the right-hand side, the heat gains and losses are represented by percentage
values. As can be seen in Figure 108, the main part of heat gains during the
summer is responsible for conduction at 37.6% through the fabric (Table 21). It
is then followed by SolAir and internal contributors by 24.4% and 16.1%,
respectively. It is evident that heat gains and losses mostly occur by

conduction.
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Figure 108. Gains breakdown for all thermal zones

Table 21. Gains breakdown for period 1st January to 31st December

CATEGORY LOSSES | GAINS

FABRIC 65.7% 37.6%
SOL-AIR 0.0% 24.4%
SOLAR 0.0% 6.5%

VENTILATION | 11.4% 7.0%

INTERNAL 0.0% 16.1%

INTER-ZONAL | 22.9% 8.4%

5.5.4 Monthly Heating and Cooling Loads

These loads are mostly defined as the amount of heat energy which needs to be
added or removed from a building in order to keep the indoor temperature at

thermostat settings (18-24°C). The graph of monthly heating and cooling loads
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represents the discomfort level for the zones and the amount of energy needed
to heat and cool the building. It displays the months of the year in the X-axis
and the loads in W (watt) in the Y-axis. The red bar which projects above the
X-axes and blue bar which projects below the X-axes indicates heating and

cooling load, respectively.

The annual cooling and heating load of the modelled house is calculated when
the AC is on. According to this, the annual cooling loads of a AC system for
bedroom (zone 1), living room + Kitchen (zone 2) are 4323kWh and 4790kWh,
respectively (Table 22).

Table 22. Annual cooling load of each zone

Spaces (Zone No) Floor Area (m?) Annual Cooling
Loads (Wh)
Bedroom (Zone 1) 10.50 4323744
Living R. + Kitchen 21.45 4790888
(Zone 2)

As seen in Figure 109, the monthly cooling load for each zone is calculated to
indicate how much energy is required for each space. The amount of energy
needed for cooling is dependent on the surface area of the spaces. As the living
room and kitchen have larger surface areas, a higher cooling load is needed to

provide a comfortable indoor environment.
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Figure 109. Monthly cooling and heating loads for Zone 1 and 2

In Figure 110, the monthly cooling and heating loads are calculated for all the
thermal zones. Each bar represents the amount of energy required each month
for heating or cooling the building. The different colours represent the spaces
in the building. It is clearly evident that the brown which represents the living
room and kitchen consumed more energy than the other spaces. In addition to
this, a significant amount of cooling load is required to keep a thermally

comfortable indoor environment compared to the heating loads.
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Figure 110. Monthly cooling and heating loads of AC system for all thermal
zones

According to the result of the simulation, the need for cooling is lasts from
March to November and in total 10626kWh and heating loads are 280kWh.
The need for cooling for the hottest month of the year (July) is approximately
1932kWh. This is then followed by 1850kWh in June and 1770kWh in August
(Table 23).

Table 23. Monthly cooling loads of modelled house

COOLING HEATING

MONTH (Wh) (Wh)

Jan 0 74813

Feb 0 40470

Mar 324078 10697

Apr 838976 0

May 1301103 0

Jun 1850533 0

Jul 1932867 0 5553.62kWh

Aug 1770219 0

Sep 1519546 0

Oct 908115 0

Nov 181417 8332

Dec 0 146188
TOTAL 10626854 280500
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5.5.5 Simulation Results

As mentioned above, the first requirement is to provide cooling due to the
climatic properties of Cyprus. In Table 24, the variation of cooling months can
be seen. The monthly cooling capacity of the proposed system through
eucalyptus fibres, the total cooling capacity of 1 m? eucalyptus fibres evaporative
pad and the percentage of the coverage ratio of the cooling load are presented. It
should be noted that the cooling need is extended into late autumn and mid
spring. In the first three months, the cooling load is gradually increased and
reaches a peak in July at 1932kWh. It is then gradually reduced to 908.1kWh
by October.

According to the test results, the cooling capacity of the system condition was
found to be around 0.4kW for 0.07 m? surface area of eucalyptus fibres. 5.7kW
was then calculated for 1 m? surface area of eucalyptus fibres. The surface area
IS indicated as 1 m? to give a general indication of the system performance. As
a result, the monthly cooling capacity of the system operation for eucalyptus
fibres was found to be 1710 kWh per m? (5.7kW x 30 days x 10 hours).

When this system is operated to meet the cooling loads in the summer, it is
found that the system mostly covers the cooling load for each month. This
system covers the peak load in July as 88% of cooling load. The next highest is
the coverage of the cooling load as 92% and 96% in June and August,

respectively as seen in Table 24.
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Table 24. Monthly cooling loads of AC system for all thermal zones with

cooling capacity of system operation

Total cooling capacity of
Months Monthly 1 m? eucalyptus fibres Percentage
Cooling Load evaporative pad (kwh) | cooling covered
(kWh)

April 838.976 1710 100%
May 1301.103 1710 100%
June 1850.533 1710 92%
July 1932.867 1710 88%
August 1770.219 1710 96%
September 1519.546 1710 100%
October 908.115 1710 100%

Based on the cooling load of 5.7kW of 1 m? eucalyptus fibres, the mass flow

rate was calculated as 0.58kg/s when the outdoor temperature was reduced

from 36°C to 26°C. Thus, the air velocity through 1 m? eucalyptus fibres panel

was found as 0.48m/s.
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5.5.6 Economic and Environmental Analyses

In this part of the study, the level and amount of environmental and economic
performances were studied for the proposed evaporative cooling system. It is
required to identify if this proposed system is environmentally friendly,

economically profitable and commercially viable.
Economic Analyses

An evaporative cooling method using local material of eucalyptus fibres was
used to reduce the energy consumption and environmental impact of the
proposed cooling system. Thus, the economic and environmental analyses of
the system were carried out in order to evaluate the potential of this
evaporative cooling method. In the first part, the economic feasibility of the
system was investigated through the use of the Present Worth method. In the
analyses, the discount rate and the inflation rate were used to calculate the rate
of interest. Later, the present worth factor was calculated to find the present
value of the cost. Thereby, potential and cost savings through the replacement
of EC with AC was investigated over a certain period. In the analyses, the total
cost of the proposed evaporative cooling system including capital cost,
operational cost and maintenance cost was considered in order to calculate the
payback period (Aydin et al., 2015).

The reason for studying these economic analyses is to determine the feasibility
of the proposed system for a specific project (Moaveni, 2010). It is aims to
identify the advantages of the cooling system in terms of its economic

approach.

Based on the testing results, the cooling capacity of 1m? eucalyptus fibres is
5.7kW and the monthly cooling capacity of the system operation for eucalyptus
fibres was found to be 1710 kWh. The cooling loads of the considered building
were found to be between 1301-1519Wh, in May and September, respectively.
In order to evaluate the adequate number of panels required to meet the cooling
load, the system sizing should be considered. Therefore, for system sizing 1m?,

eucalyptus fibres panels can be used to cover the monthly cooling load. The
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operational parameters of the system were determined based on the obtained
experimental results (Table 25).

Table 25. Optimum design conditions for using 1 m? eucalyptus fibres

Design condition for 1 m? proposed evaporative cooling system

by eucalyptus fibres:

m : 0.07 kg/s

SCC:0.44-0.48

COP : 3.65

Cooling Capacity : 5.7 kW

9:0.75m/s

Evaporation rate: 0.27 g/s
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The total cost of the system was approximately calculated as €500 as seen in

Table 26. These prices are taken from retail shops in Cyprus.

Table 26. The cost of system components

Cooling System Components Price (€) Reference

Fan 81 Argos.co.uk

(http :/lwww.argos.co.u k/product/4250454)

Pump 34 Amazon.com
Ducting and Fittings 85 Amazon.com
Installation costs 300
Capital Total 500

The present value of the cost for a specific year should be calculated in order to
analyse the total savings of the system considered. Thus, the rate of interest
should be calculated by using the following Equation 8 which is important to

make calculations according to the inflation rate:

(i+g)
(1-g)

(8)

Where i is the inflation rate (14.5%) and the discount rate is represented by g
(11.4%). Thus, r is found as 2.7% (Aydin et al., 2015). The present worth
factor is calculated by using the following Equation 9 in order to find the

present value of the money for specific year:

PWF =
(14"

(9)
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The potential saving with using EC instead of AC over 25 years is calculated
by the following Equation 10 and 11:

N=25 fe
Vac = Lo §4 X e X PWF (10)
N=25 fe
Y erece = 2inco Serpcp X e X PWF (11)

Where y is the total operational cost and ¢ is the total yearly energy
consumption. fe is the unit of electricity in Cyprus which is €0.10/kWh for
domestic usage. The COP for AC and EC is 2.5 and 3.65, respectively.

The total cost of the Eucalyptus Fibre Based Evaporative Cooling Panel
(EFECP), y erecp, for 25 years is calculated by using Equation 11 where C, O,
M represent the capital cost, operational cost and maintenance cost,

respectively.

Y srece = Vo + 2o (Yo + Vi) X PWF (10)

The payback period represents the length of time needed to recover the initial
investment and the unit is the number of years (Eiffert, 2003). It is the ratio of

initial cost to annual savings which is shown in Figure 111.

The results of the economic analysis of using AC and EC based on the
cumulative sum of these systems are shown in Figure 111. The cumulative sum
of AC represents the sum of operational and maintenance costs. The
cumulative sum of EC represents the sum of capital, operational and

maintenance costs of the system.
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Figure 111. Payback period of the integrated eucalyptus fibre based
evaporative cooling panel (EFECP)

The graph clearly shows that payback period would be 6.5 years. It is obvious

that the time required for the system to pay back for itself is less than 7 years.

At first 6.5 years, the cumulative sum of EC exceeds the cumulative sum of AC
since the capital cost (€500) is also added for EC in order to find the
cumulative sum. After that time periods, the sum of AC starts to exceed the
sum of EC. It was found that the integrated eucalyptus fibre based evaporative
cooling panel (EFECP) could provide a saving of average €625 at the year of
16 (Table 27 and 28).
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Table 27. The results of economic analysis of AC

ECONOMIC ANALYSIS OF AC

2 Total Operational | Maintenance Cost Total Cumulative Sum
L Cost (€) (O + M) of Air
Conditioning
0 227.1198053 11.35599026 238.4757955 | 238.4757955
1 205.4893476 10.27446738 215.763815 238.4757955
2 200.0869987 10.00434993 210.0913486 | 470.6820229
3 194.8266783 9.741333917 204.5680123 | 696.7835101
4 189.7046527 9.485232636 199.1898853 | 916.9407518
5 184.717286 9.2358643 193.9531503 1131.310023
6 179.861038 8.993051898 188.8540899 1340.043491
7 175.1324615 8.756623075 183.8890846 | 1543.289321
8 170.5282001 8.526410005 179.0546101 1741.191785
9 166.0449855 8.302249275 174.3472348 1933.89136
10 161.6796353 8.083981767 169.7636171 | 2121.524832
11 157.429051 7.871452548 165.3005035 | 2304.225388
12 153.2902152 7.664510758 160.9547259 | 2482.122717
13 149.26019 7.463009501 156.7231995 | 2655.343095
14 145.3361149 7.266805746 152.6029207 | 2824.009481
15 141.5152044 7.07576022 148.5909646 2988.2416
16 137.7947463 6.889737313 144.6844836 | 3148.156029
17 134.1720996 6.708604978 140.8807045 | 3303.866282
18 130.6446929 6.532234643 137.1769275 | 3455.482886
19 127.2100223 6.360501113 133.5705234 | 3603.113464
20 123.8656497 6.193282486 130.0589322 | 3746.862811
21 120.6092013 6.030460064 126.6396613 | 3886.832963
22 117.4383654 5.871918271 123.3102837 | 4023.123276
23 114.3508913 5.717544567 120.0684359 | 4155.830495
24 111.3445875 5.567229374 116.9118169 | 4285.048819
25 108.4173198 5.420865992 113.8381858 | 4410.869971
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Table 28. The results of economic analysis of EC

ECONOMIC ANALYSIS OF EC

2 Capital Total Maintenance Total Cumulative | Cumulative
$ Cost | Operational Cost (O+M) (O+M) Sum_o_f Air
Cost (€) Conditioning
0 500 500

1 146.0055891 | 7.300279455 | 153.3058685 | 153.3058685 | 653.3058685
2 142.167078 | 7.108353899 | 149.2754319 | 302.5813004 | 802.5813004
3 138.429482 | 6.921474099 | 145.3509561 | 447.9322565 | 947.9322565

4 134.790148 | 6.739507399 | 141.5296554 | 589.4619119 | 1089.461912

5 131.2464927 | 6.562324634 | 137.8088173 | 727.2707292 | 1227.270729

6 127.7960007 | 6.389800033 | 134.1858007 | 861.4565299 | 1361.45653
7 124.4362226 | 6.221811132 | 130.6580338 | 992.1145637 | 1492.114564
8 121.1647738 | 6.058238688 | 127.2230124 | 1119.337576 | 1619.337576
9 117.9793318 | 5.89896659 | 123.8782984 | 1243.215875 | 1743.215875

10 114.8776356 | 5.743881782 | 120.6215174 | 1363.837392 | 1863.837392
11 111.8574836 | 5.592874179 | 117.4503578 | 1481.28775 | 1981.28775
12 108.9167318 | 5.445836591 | 114.3625684 | 1595.650318 | 2095.650318
13 106.0532929 | 5.302664646 | 111.3559576 | 1707.006276 | 2207.006276
14 103.2651343 | 5.163256714 | 108.428391 | 1815.434667 | 2315.434667
15 100.5502768 | 5.027513841 | 105.5777907 | 1921.012457 | 2421.012457
16 97.90679339 | 4.89533967 | 102.8021331 | 2023.81459 | 2523.81459
17 95.33280759 | 4.766640379 | 100.099448 | 2123.914038 | 2623.914038
18 92.82649229 | 4.641324615 | 97.46781691 | 2221.381855 | 2721.381855
19 90.38606845 | 4.519303422 | 94.90537187 | 2316.287227 | 2816.287227
20 88.00980374 | 4.400490187 | 92.41029393 | 2408.697521 | 2908.697521
21 85.69601144 | 4.284800572 | 89.98081201 | 2498.678333 | 2998.678333
22 83.44304911 | 4.172152455 | 87.61520157 | 2586.293535 | 3086.293535
23 81.24931754 | 4.062465877 | 85.31178341 | 2671.605318 | 3171.605318
24 79.11325953 | 3.955662976 | 83.06892251 | 2754.674241 | 3254.674241
25 77.03335884 | 3.851667942 | 80.88502678 | 2835.559267 | 3335.559267

Over the full 25 years, the cumulative sum of evaporative cooling and air

conditioning would be €3335 and €4410, respectively. Thus, the annual energy

saving is found as €1075.
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Environmental Analyses

Since ozone depletion and global warming have negatively affected by
greenhouse gases (GHGs) and CO> emissions, the savings of these have gained

significant attention for environment.

Previous section had studied the total energy savings of proposed eucalyptus
fibre based evaporative cooling panel (EFECP) over air conditioning system,
through the 25 years of period. By using the following equations, the carbon
dioxide emissions (Sco,) of air conditioning and EFECP can be found by

Eqg.11 and Eq.12, respectively.

Scoz4c = Eﬁi%s $ac X Ce (11)

Scoserece = Ln-o SEFEcP X Ce (12)

Where ¢e is the conversion factor of electricity per kWh consumption, which is
0.87 in Cyprus. & is the total yearly energy consumption, which is 5553.62
kWh. It represents the cooling loads of a modelled house for June, July and
August. Total yearly consumption value was divided by COP of AC and
EFECP, respectively as done for economic analysis.

In accordance to these calculations, the CO2 emissions with the usage of
eucalyptus fibres integrated evaporative cooling system is found 430.2 ton CO>
and 628.1 ton CO; for AC at first year. Therefore, the yearly CO; savings of
the investigated building with the usage of eucalyptus fibre based evaporative

cooling panel (EFECP) is estimated as 197.9 tons of CO; per year (Table 29).

The CO2 emissions for eucalyptus fibres integrated evaporative cooling system
and AC are 10755 and 15702.5 ton CO3 for 25 years which is assumed that the
lifetime of both systems can be 25 years. The total saving is calculated as 4.9
ton CO2 (Figure 112).
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Table 29. The results of CO2 Emissions of EFECP and AC

COz2Emissions of EFECP and AC
Years EFECP (tons CO2 / year) AC (tons CO2 [ year)

0 0 0

1 430,2 628,1
2 860,4 1256,2
3 1290,6 1884,3
4 1720,8 25124
5 2151 3140,5
6 2581,2 3768,6
7 3011,4 4396,7
8 3441,6 5024,8
9 3871,8 5652,9
10 4302 6281
11 4732,2 6909,1
12 5162,4 7537,2
13 5592,6 8165,3
14 6022,8 8793,4
15 6453 94215
16 6883,2 10049,6
17 7313,4 10677,7
18 7743,6 11305,8
19 8173,8 11933,9
20 8604 12562
21 9034,2 13190,1
22 9464,4 13818,2
23 9894,6 14446,3
24 10324,8 15074,4
25 10755 15702,5
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Figure 112. CO2 savings using EFECP in comparison with AC
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CHAPTER 6: Hollow fibre used for evaporative cooling performances

through experimental investigations

6.1 Introduction

Cyprus has a variation of different climate: hot-dry and hot-humid. Thus,
different evaporative pads should be used for different climatic zones in
Cyprus. The relative humidity is around 23% for inland in July which is
suitable area for using direct evaporative cooling system. On the other hand,
the direct evaporative cooling method by using eucalyptus fibres pad cannot be
used in hot-humid regions as the relative humidity level is around 56% in July,
2017. Due to this, the vapour compression AC system is predominantly used in
order to enhance the thermal comfort of the occupants. The high level of
temperature and moisture should be controlled in such regions. This discomfort
of high humidity level can be minimized by using desiccant based evaporative
cooling system in humid regions. In this respect HF, as an alternative pad, are
used to test the performance of cooling by using water and potassium formate
as working fluids for hot-dry and hot-humid climates, respectively. For hot and
dry inland, the temperature can be reduced and the additional relative humidity
can be added to the indoor by using direct evaporative cooling method. As
water is an environmentally friendly source, it is used as a working fluid for
evaporative cooling method (Chen et al., 2018). Whereas, the temperature and
relative humidity can be reduced by using desiccant (potassium formate) based
evaporative cooling system. Several local materials mentioned in section 2.6
are studied and used for the evaporative cooling method, however man-made
materials can also be tested as they consists of various advantages compared to
local materials. In this chapter, hollow fibres have been experimentally studied
since these are light weight, corrosion resistant and low cost materials. In
addition to this, the fibres prevent the bacteria and fungi penetration while

allowing the water vapour transfer (Chen et al., 2017).

These hollow fibres module can be used for the humidifier, dehumidifier and

the evaporative cooler. Meaning, this system can be used for hot-dry and hot-
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humid areas. These fibres were tested under different testing modules. These

are:

Hollow fibre integrated evaporative cooling system with bundles in a

horizontal cylinder test module,

Hollow fibre integrated evaporative cooling system with bundles in circular

module (with liquid)

Hollow fibre integrated evaporative cooling system with potassium formate
(KCOOH) desiccant dehumidification.

The cooling performances of the proposed novel polymer hollow fibre
integrated evaporative cooling system were experimentally investigated under
the incoming air temperature in the range of 30 °C to 40 °C and relative
humidity of 23% to 40%. The effects of air velocities on temperature
difference, relative humidity, cooling efficiency, cooling capacity, COP and
evaporation rate were analysed. In addition to this, the performance of the
dehumidifier is evaluated based on moisture removal rate, dehumidifier
effectiveness and cooling output. During dehumidification testing, it was
focused on dehumidification, and regeneration process of the desiccant solution

has not been investigated within the research.

These fibres were allowed to have alternative materials for the evaporative

cooling pad resulting in energy conservation through the cooling of buildings.
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6.2 Hollow fibre integrated evaporative cooling system with bundles in a
horizontal cylinder test module

In this part of the study, the hollow fibres were tested in a test rig which was
designed in a laboratory in the University of Nottingham. Formerly, local
materials were tested as new pad materials for the evaporative cooling process.
Following this, artificial hollow fibres were tested in the laboratory in order to
evaluate the behaviour of the material under different environmental
conditions. Since the hollow fibres are light weight and low cost, hollow fibre

integrated evaporative cooling system was studied.

6.2.1 Test rig description for hollow fibre material

A small scale experimental test rig was designed to ascertain the cooling
efficiency of the hollow fibre integrated evaporative cooling system. The
dimensions of the laboratory test rig for testing the hollow fibres as wet media
for evaporative cooling process are 150x250x1000mm. As seen in detailed
schematic diagram in Figure 113, the rig consists of a cylinder shaped
aluminium air tunnel (tube) and air blower (fan). A 5-litre water tank and pump
were also added to the rig system in order to provide water circulation inside

the fibre. A ball valve and a flow meter were also used to control the water

flow through the fibres.
3
Valve
From Environmental n
Chamber—, Fan
= 01 20 =
Hollow fibre Manifold A
4
Valve
Flow meter
Water fliter Water tank
-I-lesi-i—p—
Pump : T : S : oo

Figure 113. Diagram of the hollow fibre integrated evaporative cooling system
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The tube was drilled from the top and bottom in order to place the hollow
fibres diagonally through the gaps (Figure 114). The hollow fibres were placed
into the tube which has 0.15 m diameter of flow cross section area and 1000
mm in length. For the fabrication of the polymer hollow fibre manifold,
polyvinylidene fluoride (PVDF) hollow fibres (manufactured by ZENA Ltd.)
were used with an effective pore size of 0.5um and a porosity of 50%. The size
of hollow fibres is 150 mm in length. The fibre inside/outside diameter is

0.6/0.8 mm. The air was supplied by a 25W air blower.

Figure 114. The flow cross section of aluminium tunnel

The experiment was carried out in May 2016 in the Marmont Laboratory. The
environmental chamber was used to control the temperature and relative
humidity during experimentation in a more controlled condition. It was also
used to simulate the different climatic conditions of different regions. The
environmental chamber was directly linked with the aluminium tunnel which

was connected by fan.

The hollow fibres manifold was created as hollow fibre bundle for testing in
the rig system. Thus, 5 fibre bundles of hollow fibres (each contains 100 fibres)
were glued with silicon from the upper and lower ends. After they were dried,
the excess fibres were cut. The bundles were then inserted into a T piece plastic
tubing which were all connected to each other to form a round-shaped pipe
circulation as shown in Figure 115. The round pipe system was

placed at the lower and upper sides of the hollow fibres bundles. The five fibre
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bundles with the distance of 5 cm were placed as is shown in Figure 115 and
116.

Figure 115. Detailed 3D model of testing

Figure 116. The actual testing prototype
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Water was supplied by using 20W water pump through the plastic pipe system
which was integrated into the aluminium tunnel. When water from the pipe
was passed via the plastic fibres, it was collected in the water tank which was
then re-circulated through the pipe onto the material. As a result, the system

was designed to keep the materials wet during experimentation (Figure 117).

Figure 117. General view of the test rig

Instruments such as the datalogger and anemometer were used in the
laboratory. A DT500 model data taker which was connected to a computer was
used to record air temperatures and the relative humidity of the materials. The
inlet, outlet temperature and RH measurements were recorded by Evaluation Kit
EK-H4. In order to minimize the testing errors, four temperature and humidity
sensors were located at the inlet and outlet air flow as shown in Figure 118.
The water temperature was measured by K-type thermocouples which the
water entering and leaving the manifold (Point 3 and 4). An anemometer was
also used to measure the inlet and outlet air velocity. From the Table 30, the

instruments used during the tests can be seen.
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Figure 118. The cross section of the duct showing thermocouple locations as
T1-T4

Table 30. Properties of experimental sensors used in the test

Sensor type Sensor model Sensor Specification
accuracy range
Temperature Evaluation Kit EK-H4, +0.2% -20~+70°C
Sensirion, UK
Relative Evaluation Kit EK-H4, + 2% 0~+100 %
humidity Sensirion, UK
Air flow Testo 405 V1 +2% 0~10m/s
anemometer
Water Multi-thermometer +1°C -50 ~+300 °C
temperature
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6.2.2 Procedure of the test rig

At the beginning of each test, the air temperature and RH were adjusted at the
laboratory by using an environmental chamber. When the temperature and
relative humidity reached the desired values, the fan and the pump were
switched on. The air temperature was set at 30°C, 36°C and 40°C which
represent the average and maximum air temperature in August on Cyprus
Island. In addition to this, the air velocity was set at 0.6 m/s, 0.9 m/s, 1.2 m/s
and 1.5 m/s to compare the performance of material at different air velocities.

The air velocity is measured at the five different points of the outlet tunnel.

For each test, the values were recorded every 20 seconds until the system reach
steady states conditions. The readings were taken into consideration after there
was no longer any change in temperature and RH. The test started after 30
minutes when the indoor environmental condition was established by the help

of the environmental chamber.

The measurements were recorded every minute and in total, 60 readings were
recorded over one hour. As there were no longer significant changes in the

readings, only 10 readings were illustrated as graphs.

6.2.3 Results of the test for hollow fibres

The cooling performance of the hollow fibres integrated evaporative cooling
system was carried out in the laboratory at temperatures 30°C, 36°C, 40°C and
relative humidity of 23-26, 40%. In accordance with the tests, the performance
of hollow fibres was evaluated based on the effects of relative humidity,
cooling efficiency, cooling capacity and COP. As seen in Table 31, three
different testing conditions are summarized to show the measured inlet and
outlet dry bulb temperature, relative humidity and inlet wet bulb temperature at

different air velocities.
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Table 31. Testing data for three different experimental conditions

. A" | DBTi | WBTn | RHn | DBT RH
g | YY) | o) | o) | O | o)
0.6 3043 | 1781 | 2625 | 2858 | 30.95
0.9 3045 | 17.81 | 2616 | 2857 | 30.78
Condition 1 12 3066 | 17.86 | 2579 | 2896 | 29.65
15 3069 | 17.81 | 2548 | 2899 | 29.20
0.6 36.38 | 21.64 | 2449 | 3235 | 31.83
0.9 36.67 | 21.75 | 2415 | 3334 | 29.85
Condition 2 1.2 36.64 | 2171 | 2408 | 3344 | 2943
15 3764 | 2191 | 2246 | 350 | 26.65
0.6 39.96 | 2311 | 21.24 | 3534 | 27.81
0.9 40.45 | 2328 | 2081 | 3585 | 26.77
Condition 3 1.2 4094 | 2326 | 19.78 | 36.86 | 24.8
15 40.77 | 2254 | 1898 | 36.99 | 23.62

6.2.3.1 Temperature difference at different air velocity

The temperature difference trends at different air speeds and at different inlet
temperatures are shown in Figs. 119, 120 and 121. The tests were repeated for
air temperature at 30°C, 36°C and 40°C with 0.6 m/s, 0.9 m/s, 1.2 m/s and 1.5
m/s air velocity. It is obvious that at the lower air speed, 0.6 m/s, the
temperature difference was higher compared to the higher air velocity; in
particular, 0.9 m/s - 1.5 m/s. At a lower air velocity, the longer the time of
exposure to air, the more the evaporation. In other words, by decreasing the air
velocity, there is more time for heat transfer and thus, the cooling efficiency

will be higher.
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As depicted in Figure 119, the temperature difference at 30°C inlet air
temperature is approximately 1.86-1.53°C which is not a remarkable change
for the cooling performance of plastic fibres. The range of temperature
reduction at 36°C and 40°C inlet air temperature was from 2.9 to 4.06 and from

3.76 to 4.65°C, respectively (Figure 120 and 121).

The temperature differences were 1.42°C, 3.65°C and 4.66°C when the inlet air
temperature was set at 30°C, 36°C and 40°C, respectively at 0.6 m/s air
velocity. It can be concluded that at 0.6 m/s air velocity and at 40°C, the
highest temperature difference was observed as shown in Figure 121. The
temperature decreased from 40°C to 35.34°C, from 36°C to 32.35°C and from
30°C to 28.58°C at air velocity, 0.6 m/s (Table 31).
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Figure 119. Temperature difference trends for hollow fibres at 0.6 - 1.5 m/s at
30°C
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Figure 120. Temperature difference trends for hollow fibres at 0.6 - 1.5 m/s at
36°C
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Figure 121. Temperature difference trends for hollow fibres at 0.6 - 1.5 m/s at
40°C
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6.2.3.2 Relative humidity at different air velocity

As relative humidity affects the human comfort level, it is crucial to observe
the effect of hollow fibres for evaporative cooling from that point of view. In
accordance with the literature, at lower air flow, relative humidity at the outlet
is higher since more evaporation occurs at lower air flow. However, according
to the readings of outlet RH ratio at 24% inlet RH, it was seen that the ratio
remained almost constant in between 29-32% at different air velocity, 0.6-1.5
m/s. At 50% inlet RH, the results for outlet RH were around 58-61% at air
velocity 1.2-1.9 m/s.

As a result, it can be seen from Figure 122 that the outlet RH was increased by
25% when the inlet RH was set as 24% with constant air flow, 1.2 m/s. On the
other hand, the outlet RH was increased by 20% at inlet of 50% RH to 61.5%
with the same constant air flow. It can be concluded that hollow fibres can be
used in dry climatic regions with a lower inlet RH ratio. In humid regions, the

first air can be dried by using desiccant dehumidification.
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Figure 122. QOutlet relative humidity trends at 1.2 m/s
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6.2.3.3 Cooling efficiency at different air velocity

The potential of hollow fibres for evaporative cooling material was evaluated
in terms of their cooling efficiency. As seen in Fig. 123, 124 and 125, the
cooling efficiency is shown for different air velocities at different air
temperatures. The graphs represent the trends of cooling efficiency at 30°C,

36°C and 40°C inlet air temperatures.
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Figure 123. Cooling efficiency trends for hollow fibres at 0.6 - 1.5 m/s at
30°C
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The maximum cooling efficiency at 30°C, 36°C and 40°C was 13, 25 and 26%,
respectively. The maximum cooling efficiency of the hollow fibres was
increased by reducing air velocity from 1.5 to 0.6 m/s at 20% and 26% when
the inlet air temperature was set at 40°C. As seen from Figures 124 and 125,
the cooling efficiency is around 25-26% at 36°C and 40°C compared to 14% at
30°C inlet air temperature. This is because at higher temperature but with the
same absolute moisture value, air has a larger potential for evaporation and so
the cooling efficiency will be higher. As temperature drop is directly

proportional to cooling efficiency, the ratio of cooling efficiency becomes
higher.
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Figure 124. Cooling efficiency trends for hollow fibres at 0.6 - 1.5 m/s at 36°C
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Figure 125. Cooling efficiency trends for hollow fibres at 0.6 - 1.5 m/s at 40°C

6.2.3.4 Cooling capacity at different air velocity

The performance of hollow fibres is related to the release of heat energy during
the evaporative cooling process. In Fig. 126, the variation of cooling capacity
versus air velocity for hollow fibres is illustrated. The cooling capacity was
raised by increasing air velocity as compatible with the literature. According to
the literature, the cooling capacity is increased by increasing the mass flow rate
of water with air velocity. The cooling capacity was increased to 99W, 118W,
121W, 132W, 152W and 167W by increasing the air velocity at 1.2, 1.5, 1.7,
1.9, 2.2 and 2.5 m/s, respectively.

The increased inlet RH will result in the decreasing of cooling capacity
according to the Eq(3). Since cooling capacity is directly proportional to the
temperature difference, the higher of temperature difference affects the cooling
capacity to increase more. When the inlet relative humidity is increased, the air
has less time to get in contact with the water circulating inside the hollow fibre,
therefore, temperature difference tends to decrease, and thus reduce cooling
capacity since cooling capacity is directly proportional to the temperature

difference.
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Figure 126. Cooling capacity trends at 1.2 — 2.5 m/s

6.2.3.5 COP at different air velocity

The overall COP at different air velocities is shown in Figure 127. As seen in
the graph, a highest COP value occurred at 2.5 m/s air velocity with 2.6 and the
minimum COP value was observed at 1.2 m/s air velocity as 1.7 which had

lower water consumption as 0.00005 g/s as shown in Figure 109.

The COP value is increased by increasing of air velocity and thus the cooling
capacity of the material up to a certain velocity. Since COP is also affected by

the fan power which increases strongly with velocity.
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6.2.3.6 The effect of air velocity on evaporation rate

Fig. 128 shows the variation of water consumption according to the different
air velocities. As shown in the graph, the maximum water consumption is
obtained at higher air flow, in particular 2.2 and 2.5 m/s with 0.00036 and
0.0004 g/s, respectively.

Consequently, it was observed that the water consumption rate is higher when

air mass flow rate are increased.

The lowest water consumption is observed at 0.1 m/s air velocity with 0.00005
g/s for hollow fibres since water consumption increased with increasing air

velocity as expected (Franco et al., 2014).
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6.3 Hollow fibre integrated evaporative cooling system with bundles in

circular module

In this part of the study, the configuration of hollow fibre manifold was
changed in order to test the performance of hollow fibres. The hollow fibres
were tested in a laboratory in the University of Nottingham. The air
temperature was experimentally investigated under the incoming air
temperature in the range of 34°C -35°C. In addition to this, the air velocity was
set from the range 0.25 m/s to 3.5 m/s and relative humidity in the range of
23%-40% to compare the performance of material at different air velocities.

6.3.1 System description for hollow fibres material

A large scale experimental test rig was designed to ascertain the cooling
efficiency of the hollow fibre integrated evaporative cooling system with
bundles in circular module. The dimensions of the laboratory test rig are
400x600x2000mm. As seen in detailed schematic diagram in Figure 129, the
manifold consists of a circular shape polymer hollow fibre module, air tunnel,
air blower, 8-litre water tanks, water filter and water pump. A glass box is

located in the middle of the manifold where the hollow fibres are located
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inside. The system also consists of a ball valve and a flow meter to control the

water flow inside the fibres.

> Polymer Hollow Hot Air from
Fiber Module Environmental
Chamber
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° ° Fan

Water Tank
..... "
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Figure 129. Diagram of the hollow fibre manifold

The hollow fibre integrated evaporative cooling system manifold experiment
was carried out in March 2017 in the Marmont Laboratory. In order to control
the temperature and relative humidity during experimentation, the
environmental chamber was used. It was also set to the required climatic

conditions.

The hollow fibres manifold was designed by using many fibres for testing. The
module approximately consists of 5000 fibres as one large bundle of hollow
fibres. Both lower and upper ends were connected to the water pipes which

provide to transfer of water inside of the fibres (Figure 130).
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Figure 130. Detailed view of the glass box

This manifold was incorporated into an aluminium tunnel, whose cross section
diameter was 400mm. The prototype image and detailed 3D model of the
system is shown in Figure 131 and 132. A large bundle consisting of 5000
fibres was placed in a glass box facing air flow from one side by a variable
frequency drive centrifugal fan. The size of Polyvinylidene fluoride (PVDF)
hollow fibres (manufactured by ZENA Ltd.) is 1.6mm of outside diameter and
1.4mm of inside diameter with the pore size of 0.5um and a porosity of 50%.
The height of the hollow fibres module is 600mm in length and the cross
section is 400mm. In order to achieve uniform air flow, blades/flow guiders

were integrated to inlet port across the chamber.
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Water was supplied through the plastic pipe system by using 20W water pump
which was integrated into the tunnel. When water from the pipe was passed via
the plastic fibres, it was collected in the water tank which was then re-
circulated through the pipe onto the material (Figure 133). As a result, the
system was designed to keep the materials wet during experimentation.

Water tank

Figure 133. Side image of the system

A DT500 model data taker, Evaluation Kit EK-H4 and Testo 405 V1
anemometer were used to record air temperatures, the relative humidity of the
materials and the air velocity at the inlet and outlet. Four humidity and
temperature sensors (EK-H4, Sensirion, UK) were located at the inlet and
outlet of the air stream (Figure 134). In addition to this, to measure the water
temperature entering and leaving the hollow fibre module, K-type
thermocouples were used. The instruments used during the tests can be seen
from the Table 15.
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Figure 134. The cross section of the duct showing thermocouple locations as
T1-T4

Table 15. Properties of experimental sensors used in the test

Sensor type Sensor model Sensor Specification
accuracy range
Temperature Evaluation Kit EK-H4, +0.3% -40 ~+ 125 °C
Sensirion, UK
Relative Evaluation Kit EK-H4, +2% 0~+90%
humidity Sensirion, UK
Air flow Testo 454 anemometer +5% 0~10m/s
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6.3.2 Procedure of the test rig

The RH and air temperature were adjusted at the laboratory by using an
environmental chamber at the beginning of each test. The fan and the water
circulation pump were switched on, when the inlet relative humidity and
temperature reached the desired values. The air temperature was
experimentally investigated under the incoming air temperature in the range of
34-35°C. In addition to this, the air velocity was set from the range 0.25 to 3.5
m/s to compare the performance of material at different air velocities.

For each test, the values were recorded every 20 seconds until the system reach
steady states conditions. The readings were taken into consideration after there
was no longer any change in temperature and RH. The test was started after 30
minutes when the indoor environmental condition was established by the help

of the environmental chamber.

The measurements were recorded every minute and in total, 60 readings were
recorded over one hour. As there were no longer significant changes in the

readings, only 10 readings were illustrated as graphs.

6.3.3 Results of the test for hollow fibre

The cooling performance of the hollow fibres integrated evaporative cooling
system was carried out with the temperature in the range of 34°C -35°C and
relative humidity in the range of 23%-40%. Three different testing conditions
are summarized as seen in Table 32 which shows the measured inlet and outlet
dry bulb temperature, relative humidity and inlet wet bulb temperature at
different air velocities. As a result, the performance of hollow fibres was
evaluated based on the effects of air velocity on the temperature, relative

humidity, cooling efficiency, cooling capacity and COP.
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Table 32. Data for three different experimental conditions

Inlet Dry- Inlet Air | Inlet Wet- | Outlet Dry- | Outlet Air
Air bulb relative bulb bulb Relative
Testing | velocity | temperature | humidity | temperature | temperature | Humidity
conditions | (m/s) (C) (%) (0 (-C) (%)
0.16 34.63 22.48 18.72 19.42 92.68
0.37 34.52 22.4 19.31 20.01 90.2
0.92 34.63 22.73 19.58 20.71 86.62
Condition
1 1.48 34.71 22.63 19.6 21.54 84.36
1.86 34.68 22.53 19.56 22.16 81.1
3.24 34.58 22.35 19.44 23.45 76.9
0.23 34.57 31.67 21.84 21.68 88.5
0.45 34.71 31.58 21.88 22.01 86.6
0.64 34.65 31.45 21.8 22.32 84.5
Condition
2 1.52 34.74 31.25 21.82 23.05 79.41
2.03 34.58 31.56 21.78 23.85 76.6
3.22 34.62 31.42 21.77 24.65 715
0.27 34.65 39.5 23.69 23.28 84.3
0.51 34.74 39.42 23.74 23.56 80.5
0.72 34.82 39.61 23.85 23.94 77.8
Condition
3 1.73 34.53 39.78 23.66 24.62 75.5
2.51 34.62 39.69 23.71 25.34 70.4
3.55 34.78 39.85 23.87 26.12 64.2
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6.3.3.1 Outlet temperature at different air velocity

The outlet air dry bulb temperature trend at different air velocity is shown in
Fig 135. The incoming air temperature was kept at 35°C, while the relative
humidity was kept as 23%, 32% and 40%, the experiments were conducted

when the air velocity was changed from 0.25m/s to 3.6m/s.

It is obvious that when the incoming air velocity increases, the outlet air dry
bulb temperature will increases. At lower air speed, 0.25 m/s, the outlet air dry
bulb temperature was lower compared to the higher air velocity. This is due to
the fact that when air velocity reduced, the air have more contact with the
fibres. Thus, the heat transfer will lead to the lower outlet air dry bulb
temperature. In other words, by increasing the air velocity, the heat transfer

becomes less effective and thus, the cooling efficiency will be lower.

As depicted in Figure 116, the temperature difference at 35°C inlet air
temperature is approximately 11.8-9°C at 40% RH, 13-10.2°C at 32% RH and
15.5-11.5°C at 23% RH. It is observed that when the incoming relative
humidity is increased from 23% to 40%, the outlet air dry bulb temperature is
increased because the incoming air with lower relative humidity will lead to
greater driving force for the water evaporation, which result in better cooling

performance.
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Figure 135. Outlet air dry temperature at 0.25 - 3.5 m/s at 35°C

6.3.3.2 Relative humidity at different air velocity

In accordance with the literature, at higher air velocity, relative humidity at the

outlet is lower since less evaporation occurs at higher air velocity (Figure 136).

As a result, it can be seen from Figure 136 that at air velocity, 3.5m/s the outlet
RH decreased from 83% to 65% RH when inlet RH increased from 23% to
40%. It can be concluded that hollow fibres can be used in dry climatic regions
with a lower inlet RH ratio. In humid regions, the air can be dried by using

desiccant dehumidification.

In Figure 137, it is also depicted that when the incoming air RH is increased
from 23% to 32% and to 40%, less moisture addition will be occurred which
due to the lower incoming air RH represents great potential of the air to absorb
moisture from the water (Figure 137). It is obvious that at lower inlet RH, more

temperature reduction occurred as seen in Figure 135.
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Figure 136. Outlet relative humidity at different air velocities for different inlet
air humidity conditions
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Figure 137. Absolute humidity change at different velocities for different inlet
air humidity conditions
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6.3.3.3 Cooling efficiency at different air velocity

As seen in Fig. 138, the cooling efficiency is shown for different air velocities
at different inlet RH. The graphs represent the trends of cooling efficiency at
35°C inlet air temperatures. The inlet RH varied between 23-35 and 40%.

As it is observed from the graph, cooling efficiency is reduced by increasing air
velocity from 0.3 to 3.5m/s consistent with previous results. This is due to at
higher air velocity, the cooling efficiency will be lower since greater amount of
air is contact with the air. According to the Eq(2), cooling efficiency is the ratio
of the inlet and outlet air dry bulb temperature difference to the inlet air dry
bulb and wet bulb difference. When the incoming air relative humidity
increases, the wet-bulb effectiveness is increased as the incoming air relative

humidity increases.
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Figure 138. Cooling efficiency at different air velocities
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6.3.3.4 Cooling capacity at different air velocity

In Fig. 139, the variation of cooling capacity versus air velocity for hollow
fibres is seen under different inlet RH (23%, 32%, 40%). The cooling capacity
was raised by increasing air velocity from 0.25m/s to 3.5m/s. As seen in the
graph, at 3m/s, the cooling capacity are 1500W, 1700W and 2000W
respectively for the incoming air relative humidity of 40%, 32% and 23%.
Meaning that when RH is increased, the cooling capacity is decreased due to
the Eq(3). Since cooling capacity is directly proportional to the temperature
difference, the higher of temperature difference affects the cooling capacity to
increase. When the inlet relative humidity is increased, the air has less time to
get in contact with the water circulating inside the hollow fibre, therefore,
temperature difference tends to decrease, and thus reduce cooling capacity

since cooling capacity is directly proportional to the temperature difference.
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Figure 139. Cooling capacity at different air velocities
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6.3.3.5 COP at different air velocity

The system energy efficiency or COP is rated as the ratio of the cooling
capacity to power. The power consumption of proposed hollow fibre integrated
evaporative cooling system with bundles in circular module by using water is

limited by the power used for water pump and fan.

The proposed system’s cooling capacity ranged from 0.3 to 2.3KW as seen in
Figure 139 and the COP is between 1.72 and 13.8 (Figure 140). The
performance of the proposed system increases with an increase in air velocity
as depicted in Figure 140. However, it is observed that the COP drops at 3.24
m/s due to the sudden increase of air velocity during the experiment. At 1.86
m/s air reaches to moisture equilibrium and above that velocity level rate of
water evaporation is constant. On the other hand, as the pump power increases
with the increasing air velocity, the COP cooling shows a decreasing trend at
velocities >1.86 m/s. Consequently, it can be seen that the cooling capacity and
COP increase with reducing relative humidity and increasing air velocity as
seen in Figure 139 and 140. Therefore, it can be concluded that this system is

suitable for hot and dry locations.
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Figure 140. COP at different air velocities
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6.4 Hollow fibre integrated evaporative cooling system with potassium
formate desiccant dehumidification

In this section of the study, hollow fibres have been studied by the application
of potassium formate (KCOOQOH) solution as the liquid desiccant in hollow fibre
integrated liquid dessicant cooling system. The hollow fibre integrated liquid
desiccant cooling system, with 3000 hollow fibres formed into a circular
module was analysed under the incoming air temperature in the range of 30°C
to 45 °C and relative humidity of 55% to 75%. The variations of dehumidifier
effectiveness, cooling capacity and moisture removal rates were studied by
varying the incoming air velocity from 0.1m/s to 4.5m/s. In addition to this,
the effects of various incoming air relative humidity and solution concentration

ratios on the system performance were experimentally studied as well.

6.4.1 System description for hollow fibres material

A large scale experimental test rig was designed to investigate the
dehumidification performance of the hollow fibre integrated liquid desiccant
cooling system. The dimensions of the laboratory test rig are
400x600x2000mm. As seen in detailed schematic diagram in Figure 141, the
manifold consists of a polymer hollow fibre dehumidifier, an air tunnel, a
circulation pump, a fan, a water filter and two solution tanks (weak and strong
solution). A glass box is located in the middle of the manifold where the
hollow fibres are located inside. The system also consists of a ball valve and a

flow meter to control the water flow inside the fibres.
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Figure 141. Schematic diagram of polymer hollow fibre integrated evaporative
cooling system with desiccant dehumidification

The hollow fibre integrated evaporative cooling system manifold experiment
was carried out in March 2017 in the Marmont Laboratory. In order to control
the temperature and relative humidity during experimentation, the
environmental chamber was used. It was also set to the required climatic

conditions.

The hollow fibres manifold was designed by using many fibres for testing. The
system approximately consists of 5000 fibres as one large bundle of hollow
fibres. Both lower and upper ends were connected to the water pipes which

provide to transfer of water inside of the fibres (Figure 142).
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Figure 142. Detailed view of the glass box

This manifold was incorporated into an aluminium tunnel, whose cross section
diameter was 400mm. The prototype image and detailed 3D model of the
system is shown in Figure 143. A large bundle consisting of 5000 fibres was
placed in a glass box facing air flow from one side by a variable frequency
drive centrifugal fan. The size of Polyvinylidene fluoride (PVDF) hollow fibres
(manufactured by ZENA Ltd.) is 1.6mm of outside diameter and 1.4mm of
inside diameter with the pore size of 0.5um and a porosity of 50%. The height
of the hollow fibres module is 600mm in length and the cross section is
400mm.
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The strong solution was supplied through the plastic pipe system by using 25W
single phase pump, from the solution tank to the top of the hollow fibre
dehumidifier. A rectangular shape copper frame with 1mm holes on the sides
of the frame was placed on top of the hollow fibre dehumidifier inn order to
ensure the uniform distribution of the liquid desiccant solution into the hollow
fibre module. Liquid desiccant was passed through the fibres from the holes of
the copper frame and flew down the hollow fibre dehumidifier by gravity.
After getting contact with the incoming air, the weak solution was directed into
another weak solution tank via a T-piece tubing. The weak solution was then
pumped into the regenerator, which was made from an aluminium plate heat
exchanger. The regenerator was connected up with a 3kW electrical boiler.
This boiler could provide hot water up to 80°C, with the purpose to regenerate
the liquid desiccant. After the regeneration, the concentration ratio of the
diluted solution was increased to a higher level. It was finally pumped back by
a 25 W single phase centrifugal pump to the strong solution tank to complete

the cycle.

A DT500 model data taker, Evaluation Kit EK-H4 and Testo 405 V1
anemometer were used to record air temperatures, the relative humidity of the
materials and the air velocity at the inlet and outlet. Four humidity and
temperature sensors (EK-H4, Sensirion, UK) were located at the inlet and
outlet of the air stream (Figure 144). Additional K type thermocouples were
used to measure the temperature of liquid desiccant solution entering and
leaving the hollow fibre module. The air velocity was taken for the five points
across the outlet of the air tunnel, and the average value was taken. The
dynamic pressures in the upstream and downstream of the liquid desiccant
were recorded using Pressure transducers (Ge UNIK 5000). The instruments
used during the tests can be seen from the Table 33.
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Figure 144. The cross section of the duct showing thermocouple locations as
T1-T4

Table 33. Properties of experimental sensors used in the test

Sensor type Sensor model Sensor Specification
accuracy range
Temperature Evaluation Kit EK-H4, +0.3% -40 ~+ 125 °C

Sensirion, UK

Relative Evaluation Kit EK-H4, +2% 0~+90%
humidity Sensirion, UK
K-type Desiccant solution
thermocouple temperature
Air flow Testo 454 anemometer +5% 0~10m/s
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6.4.2 Procedure of the test rig

The RH and air temperature were adjusted at the laboratory by using an
environmental chamber at the beginning of each test. The fan and the water
circulation pump were switched on, when the inlet relative humidity and
temperature reached the desired values. The air temperature was
experimentally investigated under the incoming air temperature in the range of
30°C to 45°C and relative humidity of 55% to 75%. The variations of
dehumidifier effectiveness, cooling capacity and moisture removal rates were

studied by varying the incoming air velocity from 0.1m/s to 4.5m/s.

For each test, the values were recorded every 20 seconds until the system reach
steady states conditions. The readings were taken into consideration after there
was no longer any change in temperature and RH. In this light, the test was
started after 30 minutes when the indoor environmental condition was

established by the help of the environmental chamber.

The measurements were recorded every minute and in total, 60 readings were
recorded over one hour. As there were no longer significant changes in the

readings, only 10 readings were illustrated as graphs.
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6.4.3 Results of the test for plastic fibre

Dehumidification experiments were carried out in order to analyse the
performance of the hollow fibre integrated liquid desiccant evaporative system.
During the tests, the inlet air temperature was set to 35°C and 40°C and RH
was kept in the range of 60-70%. Throughout the tests, the volumetric flow rate
of desiccant solution was kept 2Lmin in order to provide sufficient wetting of
the fibres. If the volumetric flow rate is kept below 1.5Lmin, there is not any
sufficient wetting of the fibres inside the dehumidifier (Elmer et al., 2016). The
results were analysed based on different inlet air velocity and inlet relative
humidity with respect to inlet air temperature and humidity, in order to
evaluate the performances of fibres in terms of moisture removal rate, cooling
capacity and dehumidifier effectiveness. The condition of different tests can be
seen based on the different effects of air velocity on the change in absolute
humidity, moisture removal rate, dehumidifier cooling output and dehumidifier

effectiveness in Table 34.
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Table 34. Testing data of dehumidifier performance for various experimental

conditions
Test Xsol Vairin | Tairin RHairin | Tairout Aw MRR Qcooling n

number | (%) | (m/s) | (-C) (%) CC) | (kalkg) | (gfs) | (KW) | (%)

62 0,7 | 3535 | 55.23 |33.56 | 0.0029 | 0.11774 | 0.58 | 0.263
1

62 | 0,65 | 34.83 | 60.12 | 33,84 | 0,0055 | 0,207 0,44 | 0,296
2

62 0,7 | 3538 | 6556 |33,42]| 0,0059 | 0,241 0,64 | 0,324
3

62 0,7 | 3529 | 70.26 | 32,88 | 0,0064 | 0,260 0,87 | 0,367
4

62 0,7 | 3536 | 75.18 | 32.65| 0.0068 | 0,276 0,958 | 0,39
5

6.4.3.1 The effect of different inlet air temperature and RH at different air
velocity

The dehumidifier effectiveness was evaluated for inlet air temperature at 35°C
and 40°C and RH in the range of 55-75%. As can be seen in Figure 145 and
146, the MRR is increased by increasing of inlet air dry bulb temperature from
35°C to 40°C and RH from 55% to 75%. When both values increase, the
vapour pressure of the air is also increased. As the difference of vapour
pressure between the humid air and desiccant solution is increased, higher mass
transfer occurred which means that solution attract moisture from the humid
air. It is worth mentioning that this type of dehumidifier can be used in hot and
humid regions. Considering the MRR at 55% RH and air velocity at 0,7m/s, it
was increased from 0,117g/s to 0,248g/s as the inlet air dry bulb temperature is
increased from 35°C to 40°C and from 0,227g/s to 0,382gr/s at 75% RH
(Figure 146).
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Figure 145. The dehumidifier moisture removal rate trends at different air
temperature (Tin= 35-40°C at 70%RH)
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Figure 146. The dehumidifier moisture removal rate trends at different relative
humidity (RH=55-75%, velocity: 0,7m/s)

Figure 147 and 148 show the cooling capacity of the dehumidifier based on the
inlet air temperature at 35°C and 40°C and RH in the range of 55-75%. As can
be seen from the graphs the cooling capacity is increased by increasing of air

temperature and RH. This is related to the increase of MRR and thus the latent
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cooling. In addition to this, the sensible cooling is also increased as the higher
temperature difference occurred between the air and desiccant solution. The
cooling capacity of dehumidifier is increased from 0,84kW to 1,92kW from
0,7m/s to 3,6m/s at 35°C inlet air temperature and 70%RH.
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Figure 147. The cooling capacity trends at different air temperature and relative
humidity (Tin= 35-40°C, RH=70%)

The increasing of cooling capacity is also observed with increasing inlet air
temperature and RH in Figure 147. The cooling capacity is increased from
0,59kW to 0,96kW with RH from 55% to 75% (Figure 129).

256



1.4 1 #40°C m35°C
1.2
g1
2
'S 08 -
Q.
S 06 -
(@]
=
S 0.4
o
o
0.2 -
0 T T T T T 1
50 55 60 65 70 75 80
Inlet air relative humidity (%)

Figure 148. The cooling capacity trends at different relative humidity (RH=55-
75%, velocity: 0,7m/s)

As seen in Figure 149 and 150, the dehumidifier effectiveness is increased by
increasing inlet air temperature and inlet relative humidity. However, at higher
incoming air velocity, dehumidifier effectiveness declined from 0,41% to
0,30% at 40°C and from 0,37 to 0,25 at 35°C. As aforementioned above, this is
due to the less contact time of the air with the solution inside of the fibres while

increasing air velocity.
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Figure 149. The dehumidifier effectiveness trends at different air temperature
(Tin= 35-40°C, RH=70%)
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Figure 150. The dehumidifier effectiveness trends at different relative
humidity (RH=55-75%, velocity: 0,7m/s)
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6.4.3.2 The effect of different inlet RH at different air velocity

In the following Figures, the variations of the moisture removal rate, the
cooling capacity and the dehumidifier effectiveness are shown with respect to
different air velocity (0.5 m/s-3.5 m/s) and relative humidity (60%-65%-70%).
During the dehumidification experiments, the concentration ratio of potassium

formate is tested for 62% and inlet temperature is tested as 35°C.

As seen in Figure 151, the moisture removal rate is increased as the air velocity
Is increased from 0.5m/s to 3.5m/s and inlet RH are increased from 60% to
70%. With higher inlet RH, higher vapour pressure occurred which provides
greater amount of moisture removal rate. When there is a higher vapour
pressure difference, larger moisture transfer occurred which leads to improve
moisture removal rate. Take the air velocity at 3.5m/s, the moisture removal
rate is 0.42g/s, 0.56g/s and 0.79g/s respectively for incoming air relative
humidity of 60%, 65% and 70%. Elmer et al., 2016 demonstrated the novel
integrated desiccant air conditioning system by using potassium formate. They
have found that at 60% RH and 70% RH, the MRR is 0.36g/s and 0.45g/s at
35°C inlet air temperature and %62 solution concentration ratio. From this
point of view, the moisture removal effects of proposed system is obviously
better than what is presented by Elmer et al., 2016, although the solution

concentration rate is 5% higher than proposed study.
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Figure 151. The dehumidifier moisture removal rate trends at different air
velocity (Tin=35°C, sol=62%)
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In Figure 152, the cooling capacity trends at different air velocity is shown
under same solution concentration ratio of 62% and inlet air dry bulb
temperature of 35°C. As it is obvious that, the cooling capacity is increased as
the air velocity is increased. In addition to this, inlet RH has also an effect on
higher cooling capacity. The increase of dehumidifier cooling output together
with inlet temperature and RH is related to the higher MRR and thus, the
higher latent cooling together with higher temperature difference which leads
to increase sensible cooling. Take the air velocity at 3.5m/s, the cooling
capacity is 1340W, 1530W and 1920W respectively for incoming air relative
humidity of 60%, 65% and 70%. Elmer et al., 2016 have found that at 60% RH
and 70% RH, the cooling capacity is 1150W and 1350W at 35°C inlet air
temperature and %67 solution concentration ratio. The cooling capacity of

proposed system is thus better than what is presented by Elmer et al., 2016.
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Figure 152. The cooling capacity trends at different air velocity (Tin= 35°C,
s0l=62%)

In Figure 153, the latent (dehumidifier) effectiveness trends at different air
velocity is shown under same solution concentration ratio of 62% and inlet air
dry bulb temperature of 35°C. As it is easily depicted from the graph, the
humidifier effectiveness is reduced as the air velocity is increased and inlet RH
is reduced. Since at higher incoming air velocity, the solution inside the

polymer hollow has less time to get in contact with the incoming air. This leads
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to reduce change in the absolute humidity (Aw). According to Eq. (8), Aw is
proportionally related to the dehumidifier effectives. Hence, higher air velocity
is associated with lower dehumidifier effectiveness. The experimental results
presented by Elmer et al., (2016) indicated that, at incoming air temperature
35°C and RH at 60% and 70%, the dehumidifier effectiveness was around
0.32% and 0.34%, which is actually lower than the proposed hollow fibre

integrated evaporative cooling system.
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Figure 153. The dehumidifier effectiveness trends at different air velocity (Tin=
35°C, $01=62%)
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6.4.3.3 The effect of different solution concentration at different air
velocity

In this part of the testing, the effect of different solution concentration ratio
(62%, 49%, 36%) on moisture removal rate, cooling effects and dehumidifier
effectiveness were investigated under 35°C inlet air dry bulb temperature and
60% RH. As can be seen in Figure 154, at higher air velocity and at higher
concentration solution, the moisture removal rate is higher. At lowest air
velocity (0,7m/s), the MRR is 0,11g/s, 0,13g/s and 0,14g/s for solution
concentration 36%, 49% and 62%, respectively. Compared the study of Elmer
et al., (2016) the MRR was found 0,28 g/s at incoming air temperature 35°C
and RH at 60% when the solution concentration was 66%. In this study, the
MRR is increased from 0,14g/s to 0,47g/s from 0,7-4,5m/s at the same

conditions.
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Figure 154. The dehumidifier moisture removal rate trends at solution
concentration (Tin=35°C, RH=60%)
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Figure 155 shows the variations of cooling capacity with respect to various
inlet air velocities under different solution concentration ratio for Tin = 35°C,
inlet RH=60%. It can be found that as the air velocity is increased, the cooling
capacity increases together by increasing of absolute humidity difference. The
increasing of solution concentration ratio also causes to increase cooling
capacity. For example, at air velocity of 1.5m/s, the cooling capacity increases
from 0.31kW to 0.53kW and finally 0.74kW (average 58.2% increase) as the

solution concentration improves from 36% to 49% and 62%.

sol: 36% sol: 49% sol: 62%

—
= O
1

[u—
2

Cooling capacity(kW)

S 2e L
© e o o —
1

=

1 2 3 4 5
Airvelocity (m/s)

Figure 155. The cooling capacity trends at different solution concentration
(Tin=35°C, RH=60%)

Higher solution concentration ratio also leads to better dehumidifier
effectiveness, as demonstrated in Figure 156. The increasing of the desiccant
solution mass concentration from 36%, 49% and to 62%, increases the latent

effectiveness from 0.084 to 0.197, 0.118 to 0.25 and 0.156 to 0.296,
respectively.
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Figure 156. The cooling capacity trends at solution concentration (Tin= 35°C,
RH=60%)

6.5 A comparison of experimental study on eucalyptus fibres and hollow

fibres

The evaporative cooling method is an environment-friendly technology which
has been proposed as an alternative to vapour compression AC system. The
direct evaporative cooling system is used in hot and dry regions where the
relative humidity is low. However, the direct evaporative cooling system is less
effective in humid regions, thus it can be used in conjunction with desiccant
dehumidification. In accordance to literature, the researchers are interested in
investigating the potential of the direct evaporative cooling system and
desiccant based evaporative cooling system in different climatic conditions. In
this part of the chapter, the experimental results are compared in between direct
evaporative cooling system and desiccant-based evaporative cooling system. In
this respect, eucalyptus fibres based evaporative cooling system, hollow fibres
based evaporative cooling system by using water and hollow fibres based
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desiccant evaporative cooling system by using potassium formate are
compared for different climatic regions of Cyprus.

In hot Cyprus climate, it is important to reduce the air temperature in order to
enhance thermal comfort level. For humid regions, reducing the moisture level
of the air is as necessary as cooling. High level of moisture affects both the
occupant health condition and building itself by the mildew and mould growth.
In this study, the water is used as a working fluid in direct evaporative cooling
system in two different testing module. In these modules, eucalyptus fibres and
polymer hollow fibres were used as pad in direct evaporative cooling system.
These can be suggested to be used in hot and dry regions of Cyprus where it is
in inland regions (Figure 157). For hot and humid coastal regions, the
dehumidification and cooling of ambient air should be proposed to remove the
moisture from the air. Thus, desiccant should be used in order to dehumidify
the air by absorbing moisture and the air is then cooled by direct evaporative
cooling system. As a working fluids, the potassium formate is used in desiccant
based evaporative cooling system where it is suggested to be used in coastal
regions of Cyprus (Figure 157).

DES+DEC

Figure 157. Suggestion of EC strategies on different geographic location of
Cyprus
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As seen in Table 35, the testing results of direct evaporative cooling system by
using eucalyptus fibres and hollow fibres for hot and dry regions and the
testing results of desiccant based evaporative cooling system by using
potassium formate are presented. The cooling performance of these testing
includes temperature difference, cooling efficiency and cooling capacity. The
moisture removal rate is also shown for desiccant based evaporative cooling
system since reducing of moisture is as important as cooling. These various

performance factors are experimentally evaluated.

According to the testing results, it is seen that hollow fibres based EC system
has better performance than local eucalyptus fibres based EC system. This is
due to the surface area of the hollow fibres bundle are larger than eucalyptus
fibres panel. The surface area of both materials are not the same as they are
different structural combinations. The components and fittings of the materials
are differently combined as they are natural and man-made materials. Their
geometrical configuration, size and thickness are in different shape and scale
which makes the testing panel not easy to develop a standard testing unit.
Therefore, they can be both suggested for hot and dry inland. The area of
application may be differ due to the cost of manufacturing of the systems and
the size of the buildings that are used. The local based DEC can be used in
residential buildings, whereas the man-made DEC can be suggested to use in
commercial and industrial buildings. For desiccant based evaporative cooling
system, MRR becomes higher by increasing air velocity since the mass flow

rate is a function of moisture removal rate.
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Table 35. Testing results of the experimentations

Air velocity AT ng Q
(m/s) °O) (%0) (W)
0.3 8.1 52 239
Eucalyptus 0.6 5.7 42 350
fibres based
hot-dry 1.2 3.1 27 518
0.3 19.9 96 330
Hollow 0.6 20.2 94 480
fibres based
DEC (water) 0.9 20.7 91 700
hot-dry 1.2 21.05 88 840
Air velocity MRR ]S Q
(m/s) (9/s) (%) (W)
Hollow 0.3 0.43 39 745
fibres
EC
(KCOOH) 0.9 0.49 35 1050
hot-humid 1.2 0.57 34 1120

Table 36 provides the experimental results of eucalyptus fibres based
evaporative cooling, hollow fibres based evaporative cooling by using water
and desiccant based evaporative cooling by using potassium formate. The
summary of the comparison indicates that local eucalyptus fibres based
evaporative cooling system has an overall advantage compared to hollow fibres
based evaporative cooling. However, it is worth mentioning that the cooling
performance is higher for hollow fibres in both cooling systems. Thus, it can be
concluded that direct evaporative cooling system by using eucalyptus fibres

and hollow fibres can be used in hot and dry inland regions. Whereas,
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desiccant based evaporative cooling system by using potassium formate can be

sued in hot and humid coastal regions in Cyprus.

Table 36. Comparative summary of evaporative cooling systems

EF based EC HF based EC HF based desiccant
EC
Cooling water water potassium formate
fluid
Climate hot-dry hot-dry hot-humid
Material easy to replace not easy to not easy to replace
replacement replace

Cost cheap not very cheap not very cheap
System easy to install | not easy to install not easy to install
instalment
Humidity moisture is moisture is added moisture is
control added dehumidified
Energy very low grade low grade heat low grade heat
source heat source source source
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6.6 Conclusion

The cooling pad plays a vital role in cooling performance of the evaporative
cooling systems. Different types of evaporative pads can be used in different
climatic conditions. As Cyprus is hot and dry climates in inland regions and hot
and humid climates in coastal regions, the same material cannot be available
for different climatic conditions. In this chapter, polymer hollow fibres are
experimentally tested in a module of direct evaporative cooling system by
using water as a working fluids for hot and dry regions. In addition to this,
polymer hollow fibres are tested by using potassium formate as a desiccant in
order to dehumidify the ambient air for hot and humid regions. Following that
section, the experimental results of local material, eucalyptus fibres and hollow
plastic fibres were evaluated by comparing the results of temperature
difference, cooling efficiency and cooling capacity of the materials for
evaporative cooling method. Thus, the experimental results of both evaporative
cooling materials (pads) are compared to present the cooling performances in
different climatic regions in this chapter.

Regarding the testing of hollow fibre integrated evaporative cooling system, it
constitutes as the evaporative cooler and as dehumidifier. Since hollow fibre is
light weight, corrosion resistant and low cost materials, it is used to ascertain
the performance of the material under different conditions. The performance of
the fibres are analysed based on the effects of inlet air velocity, temperature
and humidity on temperature difference, relative humidity, cooling efficiency,
cooling capacity, COP and evaporation rate. According to this, the main

conclusions in these 3 different test results conclusions are:

1. Hollow fibre integrated evaporative cooling system with bundles in a

horizontal cylinder test module

- Increase the inlet air dry bulb temperature will lead to the increase of
the outlet air dry bulb temperature, cooling efficiency and cooling
capacity. At the same inlet air dry bulb temperature, increase the inlet
air relative humidity will lead to the decrease of cooling capacity, wet

bulb effectiveness and dew point effectiveness. At inlet dry bulb air
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temperature of 30°C, 35°C and 40°C, the average temperature
differences are 1.86°C, 4.03°C and 4.66°C at the 25%inlet air RH and

at 0.6 m/s constant air velocity respectively.

By increasing air velocity from 0.6m/s to 2.5m/s, the outlet air RH is
increased to 29-32% at 24% inlet air RH, increased to 58-61% at 50%.
This shows that the air velocity had a small effect on relative humidity

ratio.

When inlet air dry bulb temperature is increased from 30-40°C, the
cooling efficiency is increased from 35% to 39% at 40% inlet air RH,
from 38% to 45% at 23% inlet air. In other words, the cooling

efficiency is reduced by increasing inlet RH.

The cooling capacity was increased to 99 W, 118, 121, 132, 152 and
167 W at 1.2, 1.5, 1.7, 1.9, 2.2 and 2.5 m/s, respectively by increasing
the air flow.

The highest COP value occurred at 2.5 m/s air velocity with 2.6 and the
minimum COP value was observed at 1.2 m/s air velocity as 1.7.

. Hollow fibre integrated evaporative cooling system with bundles in

circular module

At inlet dry bulb air temperature of 35°C, the temperature differences
are 15.2°C, 9.97°C and 8.66°C at 23%, 32% and 40% inlet air RH,

respectively.

By increasing air velocity from 0.25m/s to 3.5m/s, the outlet air RH is
reduced from 93% to 75% at 23% inlet air RH, 88% to 70% at 32%
inlet air RH and 84% to 65% at 40% inlet air RH.

When air velocity is increased from 0.25m/s to 3.5m/s, the cooling
efficiency is reduced from 97% to 71% at 23% inlet air RH, 100% to
74% at 32% inlet air RH and 103% to 78% at 40% inlet air RH.
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The cooling capacity is increased by increasing air velocity at 3.5m/s to
2300W, 2000W and 1750W, at inlet RH of 23%, 32% and 40%.

The COP is between 1.72 and 13.8.

. Hollow fibre integrated evaporative cooling system with potassium
formate (KCOOH) desiccant dehumidification.

Evaluation at different inlet air dry bulb temperature and RH

The MRR is increased by higher of inlet air dry bulb temperature from
35°C to 40°C and by increasing of RH from 55% to 75%. It is increased
from 0.48g/s to 0.79¢/s at 35°C inlet air temperature and at 70% RH.

The cooling capacity of dehumidifier is increased from 0,84kW to
1,92kW from 0,7m/s to 3,6m/s at 35°C inlet air temperature and
70%RH.

At higher incoming air velocity, the dehumidifier effectiveness is

declined from 0,37 to 0,25 at 35°C. It is also increased by increasing of
RH.

Evaluation at different air velocity

The moisture removal rate is increased as the air velocity from 0.5m/s
to 3.5m/s and inlet RH are increased from 60% to 70%. Take the air
velocity at 3.5m/s, the moisture removal rate is 0.42g/s, 0.56g/s and
0.79g/s respectively for incoming air relative humidity of 60%, 65%
and 70%.

The cooling capacity is also increased as the air velocity is increased.
At 3.5m/s, the cooling capacity is 1340 W, 1530 W and 1920 W

respectively for incoming air relative humidity of 60%, 65% and 70%.

The humidifier effectiveness is also reduced as the air velocity is

increased and inlet RH is reduced.
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- Evaluation at different mass concentration solution

At higher air velocity and at higher concentration solution, the moisture
removal rate is increased. At lowest air velocity (0,7m/s), the MRR is
0,119/s, 0,13¢g/s and 0,14g/s for solution concentration 36%, 49% and
62%, respectively.

As the air velocity is increased, the cooling capacity increases together

by increasing of absolute humidity difference.

The increasing of solution concentration ratio also causes to increase
cooling capacity. For example, at air velocity of 1.5m/s, the cooling
capacity increases from 0.31kW to 0.53kW and finally 0.74kW
(average 58.2% increase) as the solution concentration improves from
36% to 49% and 62%. Higher solution concentration ratio also leads to
better dehumidifier effectiveness. The increasing of the desiccant
solution mass concentration from 36%, 49% and to 62%, increases the
latent effectiveness from 0.084 to 0.197, 0.118 to 0.25 and 0.156 to
0.296, respectively.

This chapter was based on experimental work on evaporative cooling using
polymer hollow fibres for three types of system module. Each tests were
conducted in a controlled environment with various inlet air dry bulb
temperature, relative humidity and air velocity. It was found that with the first
test module (Hollow fibre integrated evaporative cooling system with bundles
in a horizontal cylinder test module), little temperature reduction was found
compared to Hollow fibre integrated evaporative cooling system with bundles
in circular module (with water) and Hollow fibre integrated evaporative
cooling system with potassium formate (KCOOH) desiccant dehumidification.
There were significant temperature drop at both systems. The hollow fibre
module used with water can be suggested for hot and dry regions whereas the
system used by desiccant liquid can be suggested to be used in hot-humid

regions.
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Chapter 7: Conclusion and Recommendations

The application, research and development of evaporative cooling process have
been using since pre-scientific eras. Many theoretical and experimental
research are still continuing on the feasibility of the process for different
climatic conditions. The cooling process is occurred by the evaporation of
water which makes the process environmentally-friendly cooling method since
water is used as a working fluid. This reduces the using of chorofluorocarbon
(CFCs) and hydrochlorofluorocarbon (HCFCs) in the vapour compression
systems as they have negative impacts on global warming and ozone layer

depletion.

In this respect, the aim of this study was to reduce the energy consumption and
environmental problems by investigating the potential of evaporative cooling
process based on direct evaporative cooling and as explained in Chapter 1.

The research firstly began with the literature review of one of the passive
cooling methods of evaporation cooling including direct, indirect,
direct/indirect and desiccant evaporative cooling in different climates. The
literature review of DEC covered the using of local and artificial materials in
particular porous, non-porous, fibres materials, etc. as an evaporative pad and
integration of this material into building elements. The review of desiccant
based evaporative cooling system mostly covered the experiments done by
using liquid desiccant evaporative cooling system such as LiBr, LiCl, CaCly,

etc.

Following that, the potential of water harvesting methods were reviewed to
study and compare the new development of obtaining water in some regions
with Cyprus condition. Since water is essentially required for evaporative
cooling process, the new technologies and potential of using it for Cyprus
should be reviewed before proposing new materials and systems for the

process in Cyprus.
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The study then continued with the experimental investigations which were
carried out at the laboratory to investigate the potential of evaporative cooling.
The experimental investigations were done in respect to parameters which
affect their cooling performance. Experimental investigations have been
conducted by two types of experimental units including different local
materials for evaporative cooling process. At first, local materials were tested
under small scale preliminary testing. The eucalyptus fibres and yellow stone
have chosen to be tested under the wind tunnel experiments. Since they had
higher cooling efficiency compared to other local materials. The wind tunnel
experiment were carried out under two stages: the first one was the comparison
of two local materials and selection of better candidate of material. The second
one is for focusing one of them which had higher cooling efficiency and
investigating the effect of operating parameters for eucalyptus fibres
performance. The average cooling efficiency of eucalyptus fibres was 42% and
produced 350W cooling capacity, water consumption rate of 0,203g/s at 0.6m/s
air velocity and achieved a COP of 3.54 under more controlled conditions.
Specific cooling capacity was reduced by increasing air velocity, meaning the
air velocity should be lower to save more water for the process.

During experimentation, it was found that the cooling performance was higher
at higher inlet air dry bulb temperature and lower RH. As a result, it had been
found that inlet dry air temperature, RH and inlet air velocity influenced the
cooling performance of the materials. It can be concluded that this material can
works better in hot and drier part of Cyprus. According to the performance
evaluation of eucalyptus fibres in terms of SCC, CC, COP, mass flow rate and
evaporation rate, the optimum design conditions were obtained as stated in
section 3.3.4. Following this, the conceptual design ideas of integrated
eucalyptus fibres based evaporative cooling into building elements were
studied in particular, shutter, fenestration, toplighting elements, wind

cather/solar chimney and wall.

Based on the results, evaporative cooling works well for climates where the air
is hot and relative humidity is low. Therefore, direct evaporative cooling
system by using eucalyptus fibres could be proposed for hot and dry region of

274



Cyprus. The various factors such as availability, saturation efficiency, cost,
application and environment should be considered during the selection of pad
materials. Compared to commercial pads such as celdek pad, aspen pad,
cellulosic pad, rigid pad, etc. the local material, eucalyptus fibres are local,
cheap and light weight. Although commercial materials have good saturation
efficiency, they are more expensive due to their preparation, material and
fabrication processing costs. Eucalyptus fibres provides good cooling
efficiency and high cooling capacity per kg of water consumption. Since this
local material is abundant, environmentally friendly, has higher water holding
capacity and long life span, it can be an alternative material that can be used as

evaporation pad in evaporative cooling systems.

During the testing, hollow fibre was used to evaluate the cooling performance
for evaporative cooling. Hollow fibres were integrated into evaporative cooling
system as a humidifier. Through the hollow fibres, the water vapour can pass
effectively and the liquid water droplets will be prevented from mixing with
the air. In order to prevent flow channelling and covering of the adjacent fibres,
the fibres inside each bundle were made of spindle shape to provide maximum

contact of water inside the fibres with air.

Three different testing have been conducted at the laboratory in order to
evaluate the performance of hollow fibres. The first experiment was a small
scale test rig resulting lower cooling efficiency of 15-27% at 30-40°C inlet air
dry bulb temperature. It produced 99W to 167W cooling capacity with lower
COP of 1.7 to 2.6. It can be concluded that the test module could be developed
to improve the cooling efficiency and COP.

In the following testing, the fibre manifold configuration was changed by
increasing the number and size of fibres to evaluate the cooling performance of
hollow fibres. In achieving this, hollow fibres were integrated with bundles in
large scale circular module. The water was used as a working fluid through the
fibres. Based on the result, the temperature difference were 15.2°C, 9.97°C and
8.66°C at the 23%, 32% and 40% inlet air RH, respectively. Cooling efficiency
was also increased by reducing air velocity and inlet RH. Thus, the hollow
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fibre integrated evaporative cooling system with bundles in circular module
could be proposed to be used for hot-dry region in Cyprus.

At the third testing, the previous module (bundles with circular module) had
been carried out, but potassium formate was used as a working fluid instead of
water. In this testing, desiccant based evaporative cooling system was tested
for hot-humid region of Cyprus since it was considered that the performance of
cooling system can be improved by using desiccant. The results showed that
the MRR of hollow fibres was increased by higher inlet air dry bulb
temperature, air velocity and at higher concentration solution. It was increased
to 0.79g/s at 35°C inlet air temperature and at 70% RH. The cooling capacity
was also increased as the air velocity was increased. It should be noticed that
by increasing of mass concentration to 62%, the latent effectiveness was
increased from 0.084 to 0.296.

The results showed that hollow fibre integrated desiccant based evaporative
cooling can provide better thermal comfort in hot and humid regions of Cyprus
whereas direct evaporative cooling by using eucalyptus fibres as a pad material
are not applicable in hot-humid regions. The liquid desiccant system could be
used to achieve comfort where DEC could not provide optimum thermal

comfort conditions in hot and humid regions.

A house in Cyprus was modelled by using Ecotect to calculate the monthly
cooling loads of the house. After brief description of climatic condition of
Cyprus, the environmental geometrical, constructional and thermal conditions
of modelled house were reviewed. According to the test results, the cooling
capacity of 1m? of eucalyptus fibres panel was calculated as 5.7kW monthly
cooling capacity was found to be 1710kWh per m2. It was found that this
system mostly covered the cooling load for each month. In addition to this, the
payback period was calculated as 6.5 years. When compared to the cumulative
sum of air conditioning with evaporative cooling by eucalyptus fibre, the total
saving was €1075. Results show that evaporative cooling system using
eucalyptus fibres has a reasonable payback period. Thus, it has the potential to
be replaced with vapour compression AC system. This would provide both cost
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saving and reduction in GHGs emissions in AC application for buildings.
Regarding the environmental analysis, CO2 savings would be 4.9475 tonnes.

Although the water scarcity is not a major problem in Cyprus, there is a water
shortage problem in regions such as Africa and some parts of Asia. However,
there are many developing technology for water harvesting to be used in
evaporative cooling system. Since water is a significant requirement for
evaporative cooling process, it should be continuously provided to supply
water to the process. Thus, some water harvesting methods or technologies
should be incorporated to the evaporative cooling system to keep the pads wet.
The application and feasibility of evaporative cooling system can be improved
in such locations by “integrated water harvesting-evaporative cooling
technologies”. In this context, atmospheric water generation technologies,
desalination system for seawater and rainwater harvesting systems could be

used to produce required water for evaporative cooling system.

The improvements of water quality should also be considered to lower
maintenance cost of the system. In addition to this, the quality of air is related
to the water quality thus, the water should be filtered or cleaned for the process

in order to improve indoor air quality.

Evaporative cooling works better in drier region. However, less efficient in
humid regions. Liquid desiccant based evaporative cooling could solve this
problem in order to dry the humid air. Since high humidity causes some
problems such as mould growth, limitation of evaporation from the body for
occupants and buildings in Cyprus during hot seasons, the liquid desiccant
evaporative cooling system could be proposed in order to dehumidify the air by
absorbing water vapour and prevent the problem related to high humidity. DEC
by using local material could also be proposed in conjunction with the
desiccant based evaporative cooling system in order to improve thermal
conditions in humid regions. The experimental investigation could be improved
to combine both process in order to evaluate the performance for Cyprus

condition.
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The development of conceptual design ideas of integrated evaporative cooling
system into building design is aimed to increase the public awareness of the
role of architectural design on cooling method. This architectural perspective
provides opportunities for widening the knowledge of the integration of
evaporative cooling system into architecture which is one of the old
technology. It should be emphasized that the old and traditional evaporative
cooling idea is combined with the new technological opportunities for
architectural building design. As an architect, it is believed that the application
of such ideas increases the attention of several designers and public. These
proposed ideas can be easily integrated into existing and new buildings. It can
be concluded that these simple and practical ideas reduce the demand of energy

on cooling by introducing effective cooling methods into architecture.

As final recommendations, the application of eucalyptus fibres can be
improved by compressing the material inside of the meshed structure in order
to prevent dropping of the fibres in the fabrication process. For desiccant
system, since energy is required for the system, the solar energy can be
integrated to the evaporative cooling system as Cyprus has a remarkable solar
potential. This potential can be used to meet the cooling demand in summer by
utilizing this system. In addition to this, both DEC and desiccant based EC
system can be powered by photovoltaic panels in particular for regions where

electricity is not available.

The future works on proposed evaporative cooling systems can includes further
experimentations by modifying material’s size, thickness, shape, etc. and
structural configurations. In addition to this, public awareness can be promoted
in order to encourage people to use these systems for sustainable development.
The development and application of evaporative cooling systems can also be
increased by government regulations. Finally, the manufacturing and marketing

of evaporative cooling system can be supported for cooling industry.
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