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Abstract 14 

Space cooling of buildings using evaporative cooling is a passive strategy that can provide 15 

thermal comfort for occupants and conserve energy. In this paper, an innovative evaporative 16 

cooling wet media material in the form of synthetic grass fibre mat was introduced to evaluate 17 

experimentally its effectiveness in Direct Evaporative Cooling (DEC), Indirect Evaporative Cooling 18 

(IEC), and Dew point evaporative cooling (DPEC). A laboratory evaporative cooling module was 19 

constructed and tested using a fully instrumented test rig and was subject to environmentally 20 

controlled conditions of air temperature and relative humidity (RH) commensurate to those 21 

prevailing in hot and dry climates like the Middle East. The wet bulb effectiveness and cooling 22 

capacity of evaporative coolers equipped with the new wet media material were evaluated 23 

experimentally. The results show that these evaporative coolers performance correlate well with 24 

current technology. For instance, the ambient air temperature is reduced by as much as 12.9°C, 25 

10.2°C, and 10.3°C for direct, indirect, and dew point modes, respectively. It was also shown that 26 

DEC achieved effectiveness 20% higher than indirect evaporative coolers. The work 27 

demonstrated that the new wet media can be a viable alternative to organic and non-organic 28 

counterparts. 29 

 30 
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1. Introduction 33 

 34 

The decoupling of buildings indoor climate from the surrounding environment to deliver essential 35 

thermal comfort for occupants consumes substantial amounts of energy and is one of the major 36 

contributors to climate change [1]. Today, increasing demand for buildings in many parts of the 37 

world has caused surges of electrical power demand particularly for space air conditioning. This 38 

is aggravated by heavy dependence on cheap and inefficient energy intensive mechanical air 39 

conditioning systems for thermal comfort. Therefore, the current focus is to develop thermal 40 

comfort solutions in buildings that can deliver net zero emission of greenhouse gases and other 41 

pollutants including high global warming potential refrigerants [2, 3]. Current mechanical air 42 

conditioning systems are expected to remain dominant while new and more sustainable solutions 43 

are being identified and developed [4]. The building sector worldwide contributes 40% of the total 44 



   

 

   

 

primary energy consumption and the equivalent of 33% of the carbon emitted into the environment 45 

[5]. Therefore, in many parts of the world there is renewed awareness to address the high energy 46 

demands, through for example integration of passive cooling techniques in sustainable 47 

architectural designs [6].  48 

Indeed, for many centuries, in regions of the world with hot and dry climates, traditional cooling 49 

methods such as evaporative cooling were exclusively used to keep buildings cool in summer 50 

temperatures. For example, across countries in the Middle East evaporative cooling in building 51 

using porous water jars in wind catchers was widely practiced [7]. Moreover, evaporative cooling 52 

has the potential to maintain effectively favourable comfort levels in modern buildings and 53 

dispense full requirement of fresh air. Being low intensive energy process, evaporative cooling 54 

can reduce peak electricity demand, save as much as 75% on energy consumption and reduce 55 

carbon emission by 44% compared to vapour-compression air-conditioning [8, 9]. The drawback 56 

of evaporative cooling, however, resides in cooling performance being strongly dependant on the 57 

ambient conditions of temperature and humidity, limiting the application scope of the technology 58 

[10-13].  59 

Previous research has addressed the design and performance challenges of evaporative cooling 60 

system both analytically and experimentally. For instance, Kumar and his team [14] investigated 61 

the performance of an evaporative cooling unit for varying ambient conditions. The authors found 62 

that the unit performs better under dynamic conditions than static conditions. Da Veiga, Güths, 63 

and Da Silva [15] presented and experimentally tested a model to forecast the effectiveness of 64 

evaporative cooling as a method to limit excessive heat gain in buildings' roofs. In most tests, the 65 

model was able to forecast with high precision the heat flux passing through the porous medium. 66 

Under specific conditions, the performance of the wet porous media can exceed that of its dry 67 

counterpart. Kowalski and Kwiecie [16] investigated evaporative cooling (EC) systems for an 68 

imaginary Polish industrial building using the TRNSYS 17 software in which it evaluated six 69 

systems in four Polish cities (Koszalin, Lublin, Suwalki and Wroclaw). By generalising the results, 70 

EC systems may be able to conserve energy in Poland's climate. Lapisa and colleagues [17] 71 

discussed the layout of commercial building envelopes for low-rise structures. It presented a Multi 72 

objective optimisation using the NSGA-II approach to determine the ideal design parameters for 73 

passive cooling solutions such as cool roofs and nighttime natural ventilation. Alshenaifi et al. [18] 74 

proposed a creative setup with three air outlet disposition of a passive downdraught evaporative 75 

cooling (PDEC) tower to be investigated numerically using CFD (Computational Fluid Dynamics) 76 

software; based on the findings, the input velocity and temperature had a substantial impact on 77 

the quality of the interior temperature. Furthermore, He, et al. [19] discussed a solar-powered reel 78 



   

 

   

 

dehumidifying system for evaporative cooling. Experimental tests showed that the system can 79 

decrease the indoor temperature and maintain the relative humidity. Dhamneya, Rajput and Singh 80 

[20] studied the performance of an evaporative cooling window air conditioner. The proposed 81 

solution performs better, saving 7.39% of energy in April and 5.18% in March. Boukhanouf et al. 82 

[21] proposed a heat pipe and porous ceramic tube regenerative evaporative cooler prototype. It 83 

described the cooler's construction and lab findings. Experimental results show that the cooler air 84 

supply temperature can be 14°C lower than ambient air.  85 

Moosavi, Zandi, and Bidi [22] explored the cooling performance of a naturally ventilated house 86 

with a solar chimney and hybrid evaporative cooling. The hybrid evaporative cooling system and 87 

solar chimney lowered the atrium centre zone's air temperature by 0.7 °C. Leroux et al. [23] 88 

presented an evaporative cooling system with a porous evaporator wall. Using a mathematical 89 

model and an experimental setup, evaporator material properties and their effect on cooling 90 

system performance were determined. The calculated evaporator wall power ranges from 12 to 91 

72 W/m2. Zhang et al. [24] examined the influence of climatic factors on the evaporative cooling 92 

of porous building materials. According to their findings, the factors that had the greatest influence 93 

on the evaporative cooling process are the amount of solar radiation, the temperature of the air, 94 

the partial pressure of the water vapour, and the speed of the wind. 95 

Many study have shown that Evaporative coolers offer higher overall energy efficiency than 96 

Vapour Mechanical Compression (MVC) system, particularly when deployed in favourable 97 

climatic conditions. The VMC systems are effective in temperature and humidity control and stable 98 

operation, but suffer from low Coefficient of Performance (COP) and sever adverse environmental 99 

impact, compared to evaporative coolers as shown in Table 1 [25-27]. 100 

Table Error! No text of specified style in document. comparison between some air-conditioning 101 

systems [25-27]  102 

System type 

 Property 

VMC cooling Evaporative cooling 

COP 2 to 3 5 to 27 

Power consumption High Medium/Low 

Refrigerants CFCs, HFCs Water 

Environmental Impact High  Low 

 103 



   

 

   

 

The concept of evaporative cooling involves a complex process of heat and mass transfer 104 

between a wet surface and an air stream flowing immediately over it. The air stream, often warm 105 

fresh air supply, loses its sensible heat in exchange for increased moisture content gained from 106 

water evaporating off the wet surface. The cool air can be supplied directly to buildings (DEC) to 107 

displace warm air or used to cool indirectly (IEC) through a heat exchanger air supply to buildings 108 

[7]. The main advantage of IEC is that it supplies air humidity can be controlled separately [10]. 109 

One of the key components of an evaporative cooling system is the wet media material, which is 110 

usually made of a porous structure of large surface area. The thermal properties of these materials 111 

are characterised by their affinity to absorb and hold liquid water; as well as enable fast 112 

evaporation [21, 28]. There are many types of materials used as wet media in evaporative coolers 113 

including metals foams, organic and synthetic fibres, and porous ceramics. Research works into 114 

these types of materials and their properties are summarised in Table 2. 115 

 116 

Table 2: Types and properties of evaporative coolers wet media materials [8, 29, 30] 117 

Material type characteristics structure 

Organic fibres 
(Randomly 
packed wet 
pads) 

 made from shredded organic matter fibres 

 have good water absorption properties 

 low thermal conductivity 

 high porosity (>50%) 

 

   

 
 

Cellulose (rigid 
cardboard 
box/kraft 
paper)  
 

 takes the form of rigid or corrugated paper 

 thermal properties can vary depending on the 
specific material and packing 

 Offers enhanced water evaporation 
  

 
 

Standard 
randomly 
packed metal 
fibre wet pads 

 high strength, low density, and thermal 
conductivity 

 made from copper, aluminium, and steel 

 The porosities range from 30–95% and 
depends on metal fibre length, fibre diameter, 
and the density 

 



   

 

   

 

 118 

This paper introduces synthetic grass as wet media material in the form of flat mat sheets, 119 

commonly used in sport fields, landscaping, playgrounds, etc. These synthetic grass sheets are 120 

manufactured from plastics such as Polyethylene (PE) or Polypropylene (PP) and are structurally 121 

stable under wet conditions, high ambient temperatures, and UV exposure [31, 32].  122 

The Synthetic grass fibres are implanted in a back support mat, which is also made of a 123 

combination of polypropylene and polyethylene. The back mat is coated with latex to hold the 124 

grass fibres in place and provide rigidity. The synthetic grass fibres are then cut to required height 125 

[33]. Figure 1 shows the form of grass mats, the backing material and the type of grass fibre 126 

shapes. 127 

 128 

Figure 1: Sample synthetic grass sheet and fibre forms 129 

 130 

1.1 Research gap and contribution 131 

The adoption of synthetic grass mats in evaporative cooling systems can potentially contribute to 132 

increasing service-life span and minimising the requirement for maintenance. Synthetic grass 133 

fibres are made in various shapes to provide large wet surface area and air contact for enhanced 134 

evaporation process, are readily available and at low production cost. The synthetic grass mats 135 

can be installed in new or as replacement in evaporative cooling systems. Unlike organic wet 136 

media materials used in evaporative cooling systems, synthetic grass mat rolls do not require 137 

water or fertilizers to cultivate and are recyclable [31]. This work aims to evaluate experimentally 138 

Porous 
ceramic 
 

 Have high thermal conductivity 

 Have large contact area and uniform water 
distribution 

 Durable and high water-retention capacity 

 Porosity depends on production temperatures 
(at baking temperature of 1250o C, a bulk 
porosity of 47% was reported)  

 



   

 

   

 

this novel wet media material which is produced as a synthetic grass mat in three types of 139 

evaporative coolers: Direct Evaporative Cooling (DEC), Indirect Evaporative Cooling (IEC), and 140 

Dew point evaporative cooling (DPEC). A comparative performance analysis, in terms of system 141 

effectiveness and cooling capacity, with similar published data of evaporative coolers was also 142 

conducted.  143 

 144 

1.2  Target climatic condition for evaporative cooling 145 

A further contribution of this research is to support the development and adoption of evaporative 146 

cooling systems as a sustainable solution to thermal comfort in buildings in hot and dry climate 147 

such as the arid and semi-arid regions of the world. These regions are characterised by extreme 148 

conditions of long and hot summers with temperatures often exceeding 40° C, and minimal 149 

precipitation. The average atmospheric temperatures has also been noticeably increasing due to 150 

climate change [34]. For example, many cities across the Middle East (Riyadh, Baghdad, Kuwait, 151 

etc.) routinely experience intense heat, with temperatures occasionally surpassing 50° C. Figure 152 

2 illustrate prevailing average and maximum temperature and mean relative humidity in the city 153 

of Riyadh, KSA [35], where the deployment of air conditioning in buildings due to high temperature 154 

and low relative humidity (RH) lasts from April to October. 155 

 

(a) 

 

(b) 

Figure 2: Typical weather condition in city of Riyadh, KSA (a) Monthly Average and maximum 

air temperature (b) monthly mean RH 

 

2. Methodology  156 

 157 

The energy performance of a laboratory prototype evaporative cooler using synthetic grass fibres 158 

was evaluated under controlled climatic conditions. The experimental work made use of an 159 

environmental chamber, which enabled the precise control of the temperature and relative 160 



   

 

   

 

humidity (RH) of the air introduced into the prototype. The test conditions were set to span the 161 

wider outdoor temperature range prevailing in hot dry climates such as that of Middle East. To 162 

establish full performance of the synthetic grass media material, three configuration of evaporative 163 

cooling systems were considered namely Direct Evaporative Cooling (DEC), Indirect Evaporative 164 

Cooling (IEC), and Dew Point Evaporative Cooling (DPEC). Figure 3 gives an outline of the 165 

research methodology used to evaluate the performance of the experimental coolers. 166 

 167 
Figure 3: Schematic representation of the experimental method 168 

 169 

2.1 Description of the Evaporative cooling system configurations 170 

 171 

Each of the three configurations of evaporative cooling systems namely, Direct evaporative 172 

cooling (DEC), Indirect evaporative cooling (IEC) and dew point evaporative cooling (DPEC) 173 

requires a different mechanical arrangement and layout of the airflow channels. Figure 4 shows 174 

a schematic arrangement of the airflow channels of the three evaporative cooling systems. 175 

 176 



   

 

   

 

          177 

(a) Direct Evaporative Cooling (DEC)                   (b) Indirect Evaporative Cooling (IEC) 178 

 179 

(c) Dew point evaporative cooling (DPEC) 180 

Figure 4: Arrangement of tested evaporative cooling systems  181 

 182 

2.1.1 Direct Evaporative Cooling (DEC)  183 

In the DEC mode, the hot dry ambient air inlet is located at the top opening of the tower 184 

that houses the synthetic grass media. The ambient air flows through the free- passages 185 

in the wet media and fully brought into contact with sprayed water at the top of the wet 186 

channel. The cool and saturated air is then supplied to the test room, which is cooled 187 

through displacement ventilation. The supply air temperature of this system is limited to 188 

the wet bulb temperature. The excess water (i.e., not evaporated) is collected in a sump 189 

below the wet channel and recirculated by a water pump, as shown in Figure 4 (a). 190 

 191 

2.1.2 Indirect Evaporative Cooling (DEC)  192 



   

 

   

 

For the IEC mode, the airflow through the cooler is arranged into two separate channels, 193 

the wet and dry channel, which shares a heat transfer surface area. The ambient air is 194 

drawn into the wet and dry channels at two separate inlets. The ambient air admitted into 195 

the wet channel undergoes cooling through direct evaporation and is rejected to outside 196 

as warm and humid air. Concurrently, the ambient air drawn in through the dry channel 197 

inlet is cooled by transferring its sensible heat to the cool wet channel wall surface and is 198 

supplied into the test room for displacement ventilation. This arrangement has the 199 

advantage of supplying cooled air, without increasing its humidity. Like the DEC 200 

arrangement, excess water leaving the wet channel is collected in the sump and is 201 

recirculated by a water pump, as shown in Figure 4 (b). 202 

 203 

2.1.3 Dew point evaporative cooling (DPEC) 204 

The mechanical arrangement of airflow in the DPEC mode is similar to that of the IEC 205 

mode, as it employs separate dry and wet channels. However, in the DPEC mode, 206 

approximately 50% of the airflow from the outlet of the dry channel is redirected into the 207 

wet channel for the evaporation process as it comes into contact the wet synthetic grass 208 

media. The remaining cool and dry air from the dry channel is supplied to the test room 209 

for displacement ventilation. This allows the air supplied into the test room to be cooled to 210 

a temperature approaching the ambient air dew point temperature without increasing its 211 

moisture content. To control the amount of cool and dry air supply to the test room, a 212 

damper was placed at the inlet of the wet channel. Figure 4(c) shows the airflow 213 

arrangement of the DPEC mode. 214 

 215 

2.2  Laboratory rig set up 216 

The core of the evaporative cooling system is the synthetic grass wet media module, as shown in 217 

Figure 5 (a). The module is made of multiple layers of grass mat backed by a thin aluminium plate 218 

for rigidity. The synthetic grass mats were then stacked vertically and separated by an air gap to 219 

allow airflow in between. Depending on the mode of operation of the evaporative cooling, the 220 

channels formed by the synthetic grass mats and the Aluminium back plate were arranged to 221 

allow for water and air direct contact (DEC) or wet and dry channels being separated to allow for 222 

indirect air cooling to take place, as explained previously. Table 3 summarises the main dimension 223 

of the core module. 224 

Table 3: Design parameters of the synthetic grass module 225 



   

 

   

 

 
Height 
(mm) 

Width 
(mm) 

Thickness 
(mm) 

Number 
of layers 

(-) 

Separation gap 
(mm) 

Synthetic grass mat  800 800 3 9 - 

Backing aluminum plate 200 200 1 5 - 

Dry channel inlet/outlet 100 5 - - 5 

Wet channel inlet/outlet 100 5 - - 3 

 226 

The full test rig onto which the synthetic grass module is integrated was then placed on a wheeled 227 

bench to be freely moveable into the environmental chamber in the laboratory for testing under 228 

controlled temperature and relative humidity conditions. Figure 5 (b, c) shows the back and front 229 

view of the test rig with the dummy cooled test room connected to the cooler using a flexible duct.  230 

 231 

  232 

                                                                              (a)        233 



   

 

   

 

 234 

 (b)                                                                c)                     235 

Figure 5: Experimental set-up test rig a) synthetic grass fibres module (b) back view (c) front 236 

view 237 

Furthermore, the test rig was equipped with thermocouples to measure airflow temperatures, 238 

anemometer to measure airflow velocities and hygrometer to measure air humidity at the inlets 239 

and outlets of the dry and wet channels. A data logging station was used to record measured 240 

parameters at fixed time intervals. A summary of the type of instrument and their specification 241 

used in the experiment is given in Table 4.  242 

Table 4: Type of instrument and data logging 243 

Instrument type Description of use Illustration 

K-type thermocouples 
Range: --75 to +250° C 
Accuracy: +/- 2.2° C 

located in the centre of the air flow 
passages to measure the 
temperature  

 
RS-232 humidity and temperature 
meters  
Temperature range: 0 to 60° C 
RH range: 0-95% 
Accuracy: ±3% RH and ±0.8 °C 

Used to measure air temperature 
and humidity of the inlet and outlet of 
the dry and wet channel 

 
Testo 405- V1 hotwire anemometer  
Temperature Range: 0 to 50° C 
Accuracy: ±0.5° C and ±0.3 m/s + 
5% Measured value 

Testo 405- V1 is a portable hotwire 
anemometer used to measure the 
flow velocity at the inlet and exit of 
the dry and wet channel 

 



   

 

   

 

Data logger, data-taker model 
DT500, Series 2 

Logs temperature readings from the 
thermocouples and humidity at fixed 
time interval and stored data is 
retrieved for analysis. 

 
Centrifugal liquid Pump- Model C16-
C Charles Austen 
220-240 V, 0.25 A, 50 Hz 

Water circulating pump 

 
Ventilation inline-fan 
Vent-axia 220-240 V, 0.21 A, 50 Hz  

Air circulating fan 

 
 

 244 

2.3 Performance indices 245 

 246 

The measured operating parameters of the three evaporative coolers were used to calculate the 247 

cooling performance in terms of cooling effectiveness, potential cooling capacity and COP. These 248 

energy performance indices can be used to compare and identify the most effective cooling 249 

solutions for a given application. The cooling effectiveness of the system was evaluated using the 250 

wet bulb effectiveness which is the ratio of the difference between ambient air temperature and 251 

the supply air temperature to the difference between the ambient air temperature and its 252 

corresponding wet-bulb temperature. The wet bulb effectiveness is expressed by the following 253 

formula: 254 

𝜀 =
𝑇𝑖𝑛− 𝑇𝑠

𝑇𝑖𝑛−𝑇𝑤𝑏
         (1) 255 

Where; 𝜀 is the wet bulb effectiveness of cooler; 𝑇𝑖𝑛: the Inlet ambient dry bulb temperature (°C), 256 

𝑇𝑠: the supply temperature (°C) and 𝑇𝑤𝑏: the inlet wet-bulb temperature (°C). Similarly, the Cooling 257 

capacity, Qc, of the evaporative cooler is expressed as follows: 258 

𝑄𝑐 = �̇�𝑐𝑝(𝑇𝑖𝑛 − 𝑇𝑠)       (2) 259 

where, �̇� is the mass flow rate (kg/s), cp is the specific heat capacity of air (J/kg·°C) , Tin is the 260 

inlet dry bulb temperature (° C) and Ts is the supply dry bulb temperature(°C). The other important 261 

performance index is the coefficient of performance (COP) of the evaporative cooler. The COP is 262 

the ratio between the cooling capacity of a cooler and the power demand to operate the cooler, 263 

which in this case is represented by the power load of the water pump and air circulating fan. It 264 

can be written as: 265 

𝐶𝑂𝑃 =
𝑄𝑐

𝑃𝑝+𝑃𝑓
           (3) 266 



   

 

   

 

where, 𝑄𝑐 (W) is the cooling capacity, Pw (W) and Pf (W) are the water pump and fan power 267 

demand. However, in this study, the power demand of the auxiliary equipment (the water pump 268 

and ventilation fan) were not optimised, and the COP calculation doesn’t provide a precise 269 

representation of the energy performance of evaporative coolers. 270 

However, in this work, the power demand of the auxiliary equipment (the water pump and 271 

ventilation fan) were not optimised and the COP calculation doesn’t give an accurate picture of 272 

the evaporative coolers energy performance. 273 

The final important parameters measured in this work is the water consumption rate of the 274 

evaporative coolers. The water consumption rate of an evaporative cooler depends on mainly 275 

on airflow rate in contact with the wet surface and the inlet and outlet moisture content of 276 

the air. This can be calculated by the following equation [25]: 277 

�̇�𝑤 =
𝑉�̇� 𝜌𝑎

𝜌𝑤
(𝑤𝑎,𝑜𝑢𝑡 − 𝑤𝑎,𝑖𝑛)        (4) 278 

where, �̇�𝑤 is the water evaporation (consumption) rate, m3/s; �̇�𝑎 : air flow rate in the wet 279 

channel, m3/s; 𝜌𝑎 is the air density, kg/m3;  𝜌𝑤 is water density, kg/m3;  𝑤𝑎,𝑜𝑢𝑡 is the moisture 280 

content of the outlet air, 𝑘𝑔/𝑘𝑔dry air;and   𝑤𝑎,𝑖𝑛 is  the moisture content of the inlet air, 281 

 𝑘𝑔/𝑘𝑔dry air. 282 

2.4 Experimental testing conditions  283 

 284 

It is well established that evaporative cooling technology is more effective in hot and dry climates. 285 

Hence, the focus of this work was to evaluate the suitability of the evaporator cooling system for 286 

the climatic conditions such as those prevailing in Middle East region. As such, the energy 287 

performance of the cooling system was tested over a range of controlled ambient air dry bulb 288 

temperatures (30° C, 35° C, and 40° C) and air relative humidities (25, 35, and 45 %). The small-289 

scale testing of the system focuses on displacement ventilation where air in the test room is 290 

constantly renewed and airflow rates appropriate for this mode of cooling were selected. For 291 

example, the maximum airflow velocity for direct, indirect, and dew point evaporative cooling were 292 

2.85, 1.65, and 1.85 m/s, respectively. 293 

Similarly, the evaporative cooling effect consumes water through evaporation as it is brought in 294 

direct contact with air. The water is sprayed through nozzles on the grass fibres from the top of 295 

the wet channels and any excess water is accumulated in the sump and continuously recirculated. 296 

A water flow rate of 0.5 m3/minute was selected as it provides maximum wettability of the synthetic 297 

grass fibres surface and minimum requirement for water recirculation. 298 



   

 

   

 

 299 

3. Results and Discussion 300 

 301 

3.1 Direct evaporative cooling (DEC) Configuration  302 

 303 

In a direct evaporative cooling mode, the supply of air into occupied space is channelled through 304 

a wet channel and cooled to near its moisture saturation wet bulb temperature. This mode of 305 

operation may be necessary when the ambient air is very dry and the addition of moisture into 306 

the occupied space is required. The thermal performance of the laboratory synthetic grass fibres 307 

in direct cooling mode was evaluated at temperatures of 30, 35 and 40°C and at corresponding 308 

RH of 25, 35 and 45% with inlet air velocity of 2.85 m/s. The supply air is drawn in into the test 309 

room through the cooler wet channels. 310 

 311 

3.1.1 Cooling performance 312 

 313 

Under steady state operating condition of ambient inlet air temperature of 40° C and relative 314 

humidity of 30.9%, the air temperature of supplied air decreased to 27.1° C, a 12.9° C drop, as 315 

shown in Figure 6. 316 

 317 

 318 

 319 

 320 

Figure 6: Steady state DEC inlet and supply air temperature (RH: 30.9%, airflow velocity: 2.85 321 

m/s)) 322 

 323 



   

 

   

 

The overall steady state cooling performance of the direct evaporative cooler is summarised in 324 

Table 5. It is shown that the supply air temperature decreased to within 2° C of the wet bulb 325 

temperature (25.3° C) and its RH approaches full saturation (90.6%). In addition, the wet bulb 326 

effectiveness and cooling capacity of the DEC was estimated to be 87.7 % and 339.57 W, 327 

respectively. 328 

 329 

Table 5: DEC mode operating parameters 330 

Velocity 
Inlet Air 

 

Mass 
flow 
rate 

RH 
Inlet 
Air  

Temp 
Inlet 
Air  

Temp 
Supply 
air DB  

Temp 
Supply 
air WB  

Temp 
Supply 
air DP  

RH 
Supply 
air  

Effectiv
eness 

 

COP 
 
 

Cooling 
capacity 

 

(m/s) (kg/s) (%) (°C) (°C) (°C) (°C) (%) (-) (-) (W) 

2.85 0.027 30.9 40 27.1 25.3 19.61 90.6 0.877 3.20 339.57 

 331 

3.1.2 Effect of inlet air temperature and RH on air supply temperature  332 

 333 

The measured temperature of the DEC, shown in Figure 7, supports the general understanding 334 

that the effectiveness of direct evaporative cooling is favoured when ambient temperature is 335 

high, and RH is low. As discussed previously, at steady state operation of ambient inlet air at 336 

40℃ and 25% RH, a temperature drop of 12.9°C was achieved; whereas at the same 337 

temperature and RH of 45%, the inlet air temperature reduction was only 10° C. The lowest 338 

value temperature drop (of 5.7° C) was recorded for inlet air of 30° C. Therefore, the 339 

temperature drop of the inlet air through the cooler improved as the ambient air temperature 340 

increased. This represents an advantage of evaporative coolers over mechanical vapour 341 

compression cooling systems. 342 

 343 

 344 

Figure 7: Supply air temperature drop (airflow velocity: 2.85 m/s) 345 

3.1.3 Effect of inlet air temperature and RH on effectiveness  346 

 347 



   

 

   

 

The effectiveness of the system was calculated using the wet bulb effectiveness formula 348 

given in Equation 1. The effect of ambient air temperature on the effectiveness of the DEC 349 

system was further evaluated at different temperatures and RH. As illustrated in Figure 8, the 350 

effectiveness of the DEC cooling system increased as the inlet ambient air temperature rose. 351 

The highest effectiveness peaked at 0.97, at inlet temperatures of 40° C and 45% RH, which 352 

is very close to the maximum limit of 100%. However, the effect of RH on the system 353 

effectiveness was less pronounced, as increasing ambient air RH had the opposite effect on 354 

the trend of cooling effectiveness. 355 

 356 

Figure 8: Effectiveness of DEC (airflow velocity: 2.85 m/s) 357 

 358 

3.1.4 Effect of inlet temperature and RH on cooling capacity 359 

 360 

In this work, the cooling capacity of the DEC system was presented relative to the synthetic 361 

grass fibres surface area. The effect of ambient air temperature and RH on cooling capacity 362 

is presented in Figure 9. This shows that the cooling capacity increases with increasing 363 

ambient air temperature. For example, for ambient air RH of 25%, the cooling capacity 364 

increased by about 27% (from 110.76 to 151.59 𝑊/m2) when the ambient air temperature 365 

increased from 30° C to 40° C. Equally, a similar improved cooling capacity trend can be 366 

observed for ambient air RH of 35 and 45%. 367 

However, the cooling capacity of the cooler declined as the ambient air RH increased from 368 

25 to 45%. This is a result of a drop in temperature difference between that of ambient air 369 

and cooled supply air. For example, at ambient air temperature of 40° C, the cooling capacity 370 

declined by about 20% as RH of the inlet air rose from 25 to 45%.  371 



   

 

   

 

 372 

Figure 9: Cooling Capacity DEC (airflow velocity: 2.85 m/s) 373 

 374 

3.2 Indirect evaporative cooling (IEC) Configuration 375 

In this arrangement, the hot dry inlet air was forced through the dry channels into the occupied 376 

space. Equally, the ambient air was circulated through the wet channel to perform water 377 

evaporation and cool the air. The airflow in the dry channel is then cooling indirectly by transferring 378 

heat through the thin aluminium support plate separating the two channels. The optimisation of 379 

heat transfer process between the two airflows was not the subject of this work. 380 

 381 

3.2.1 Cooling performance 382 

Figure 10 show a selected steady state inlet and supply air temperature, which shows the IEC 383 

cooler maintains a temperature difference of 10.2° C.  384 

 385 

Figure 10: Steady state IEC inlet and supply air temperature (airflow RH: 29.1% and velocity: 386 

1.65 m/s) 387 

  388 



   

 

   

 

A summary of the measured steady state temperatures, calculated effectiveness and cooling 389 

capacity is also presented in Table 5. 390 

 391 

Table 1: Measured steady state performance parameters in the IEC Configuration 392 

 393 
Velocity 
Inlet  
Air  

RH  
Dry 
channel 

Temp 
Inlet Dry 
Channel  

Temp  
Supply   
DB 

Temp 
Inlet 
WB 

Temp 
Inlet 
DP  

Temp 
Inlet 
wet 
channel 

Temp 
Outlet 
wet 
channel 

RH  
Outlet wet 
channel 

Calculated 
effectivene
ss 

COP Calculated 
cooling 
capacity 

m/s % °C °C °C °C °C °C % (-) (-) W 

1.65 29.1 40.5 30.3 25.4 19.09 40.5 32.1 87.7 0.67 1.47 155.4 

 394 

3.2.2 Effect of ambient air temperature and RH on supply air temperature and 395 

cooling effectiveness 396 

 397 

The temperature drop through the IEC at ambient air temperature of 30, 35 and 40o C and 398 

corresponding RH of 25, 35 and 45% while the airflow rate was maintained at 1.65 m/s are 399 

presented in Figure 11. Likewise, this shows the highest temperature drops are yielded at higher 400 

ambient temperature and lower air RH. For instance, at ambient air temperature of 40° C and 401 

25% RH, the airflow temperature decreased by 10.2° C. 402 

 403 

 404 

 405 

Figure 11: IEC cooler Effectiveness and air temperature drop (airflow velocity: 1.65 m/s) 406 

 407 

In addition, Figure 11 shows the effect on the effectiveness of the IEC system follows a similar 408 

trend in that high effectiveness was achieved at high ambient inlet temperature and lower RH. 409 



   

 

   

 

For instance, the effectiveness of the cooler increased from 0.56 to 0.85 for ambient inlet 410 

temperature increase from 30° C to 45° C at constant RH of 45% and airflow velocity of 1.65 m/s.  411 

3.2.3 Effect of ambient inlet temperature and RH on cooling capacity 412 

 413 

The influence of ambient air temperature and RH on the cooling capacity of the cooler is shown 414 

in Figure 12. This shows that the cooling capacity of the IEC increases with increasing ambient 415 

inlet-air temperature. Conversely, the cooling capacity decreases with increasing air RH. For 416 

instance, at inlet air RH of 25%, the cooling capacity increased from 49.4 to 69.39 W/m2  as inlet 417 

air temperature increased from 30 to 40°C. In contrast, at ambient inlet temperature of 30° C, the 418 

cooling capacity decreased from 49.4 to 31.5 W/m2. 419 

 420 

 421 

Figure 12: IEC cooler system Cooling capacity (airflow velocity: 1.65 m/s) 422 

 423 

3.3 Dewpoint evaporative cooling operation mode 424 

 425 

DPEC coolers have the advantage of supplying cooled air at temperature below wet bulb 426 

temperature of ambient inlet air by sacrificing a portion (up to 50%) of the dry channel cool outlet 427 

air for doing the evaporation work in the wet channel.  428 

 429 

3.3.1 Cooling performance 430 

Like in the previous cases, the steady state inlet and supply air temperature of the DPEC was 431 

recorded, as shown in Figure 13. The cooler maintains an operating temperature difference of 432 

10.3° C when the inlet air temperature and RH are held at 41.8° C and 27.4%, respectively. 433 

 434 



   

 

   

 

 435 

 436 

Figure 13: Steady state DPEC inlet and supply air temperature (RH: 27.4% and airflow velocity: 437 

1.85 m/s) 438 

 439 

Further details of measured operating parameters of the DPEC are summarised in Table 6. This 440 

shows that supply air temperature (31.5° C) is higher than the ambient air wet bulb temperature 441 

(25.5 °C), which indicates that the cooler did not achieve the sub wet bulb temperature 442 

condition. Equally, the wet bulb effectiveness and cooling capacity were 0.67 and 174.4 W 443 

respectively. A full optimisation of the design to operate in this mode would be required to 444 

improve its performance and achieve cooling air temperature below the corresponding wet bulb 445 

temperatures.  446 

Table 2:  Dewpoint evaporative cooling mode operating parameters 447 

Velocity 
Inlet 
Air 

RH 
Dry 
channel 

Temp 
Inlet Dry 
Channel 

Temp 
Supply 
DB 

Temp 
Inlet 
WB 

Temp 
Inlet 
DP 

Temp 
Inlet 
wet 
channel 

Temp 
Outlet 
wet 
channel 

RH 
Outlet 
wet 
channel 

Calculated 
effectivene
ss 

COP Calculated 
cooling 
capacity 

m/s % °C °C °C °C °C °C % (-)  W 

1.85 27.4 40.8 31.5 25.5 19.22 31.5 33.3 86.1 0.67 1.65 174.4 

 448 

3.3.2 Effect of inlet air temperature and RH on supply air temperature 449 

 450 

The effect of ambient air temperature and RH on the temperature of the air supply is shown in 451 

Figure 14. Similar trends to previous coolers arrangements were observed in this case too. For 452 

example, inlet ambient air temperature at 40° C and RH of 25, 35 and 45% achieved a drop in 453 

supply air temperature of 10.3, 9 and 7.6° C, respectively. Additionally, at ambient RH of 25% and 454 

temperature of 30, 35 and 40° C, the ambient air temperatures decreased by 10.3, 9.8 and 7.9° 455 

C, respectively. 456 



   

 

   

 

 457 

Figure 14: Supply air temperature reduction (air velocity: 1.85 m/s) 458 

 459 

3.3.3 Effect of inlet air temperature and RH on effectiveness 460 

 461 

The effect of inlet air temperature and RH on the effectiveness of the cooling tower in DPEC mode 462 

is shown in Figure 15. The wet bulb effectiveness increases as the ambient air temperature 463 

increases. The highest wet bulb effectiveness is 0.67 at an ambient air temperature of 40° C, 464 

while the lowest value is 0.53 at 30° C. the effect ambient air RH however does not show a clear 465 

correlation.  466 

 467 

 468 

 469 

Figure 15: Effectiveness of DPEC (airflow velocity: 1.85 m/s) 470 

3.3.4 Effect of ambient inlet air temperature and RH on cooling capacity 471 

 472 



   

 

   

 

The measured cooling capacity of the DPEC arrangement is illustrated in Figure 16. This shows 473 

that the cooling capacity increases as ambient air temperature increases. The maximum cooling 474 

capacity was achieved at 40° C and RH 25%. 475 

 476 

 477 

Figure 16: Cooling Capacity DPEC cooler system 478 

Likewise, it can be observed that the cooling capacity of the cooler increased as the air RH 479 

decreased. For example, the cooling capacity declined from 77.8 to 56.4W as ambient air RH 480 

decreased from 45% to 25 %. 481 

 482 

3.4 Comparative performance and Discussion 483 

 484 

The experimental results compared the cooling capacity and supply air temperature reduction of 485 

three evaporative cooler designs using synthetic grass fibres as wet media, against published 486 

research by Musa [36], Ibrahim [37], Ford et al. [38] and Boukhanouf et al. [39]. These referenced 487 

works examined evaporative coolers with porous ceramic panels, as shown in Figure 17. The 488 

synthetic grass material used in this work produced higher cooling capacities and supply air 489 

temperature reduction in DEC cooling mode. However, in IEC and DPEC operating mode, the 490 

cooling capacity and air temperature performance is slightly lower than existing reported data. 491 

 492 

 493 



   

 

   

 

 494 

Figure 17: Comparison of experimental results of capacity and temperature drop (ambient air 495 

temperature: 40° C and RH: 25% 496 

 497 

A further relevant comparison is evaluating water consumption of the synthetic grass wet media 498 

material and published work. Figure 18 shows that the proposed material has high water 499 

consumption rate and slightly lower effectiveness compared to previously reviewed works. The 500 

high-water consumption rate is mainly due to low water retention of synthetic grass fibres 501 

compared to low porosity ceramics or organic media. The synthetic grass fibres mats used in this 502 

work are designed for outdoor sport surface that allow fast drainage of rainwater.  503 

 504 

 505 

 506 

Figure 18: comparison results of water consumption and effectiveness (ambient air 507 

temperature: 35°C and RH: 35%) 508 

3.5 Uncertainty analysis 509 

 510 

The reliability of the presented experimental data was further analysed considering the 511 

instruments and sensors individual precision and combining them to estimate the overall 512 



   

 

   

 

uncertainty of the calculated key performance indices. This is critical for the consistency and 513 

reproducibility of measurements under identical conditions. The respective uncertainty of the 514 

calculated effectiveness and cooling capacity can be expressed as [40]:  515 

 516 

𝑒𝜀𝑤𝑏

𝜀𝑤𝑏
= √(

𝑒𝑇𝑖𝑛

𝑇𝑖𝑛
)

2
+ (

𝑒𝑇𝑠

𝑇𝑠
)

2
+ (

𝑒𝑇𝑤𝑏

𝑇𝑤𝑏
)

2
        (5) 517 

 518 

𝑒𝑄𝑐

𝑄𝑐
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𝑒𝑇𝑖𝑛

𝑇𝑖𝑛
)

2
+ (

𝑒𝑇𝑠

𝑇𝑠
)

2
+ (

𝑒𝑣

𝑣
)

2
        (6) 519 

 520 

where e is the thermocouple accuracy error, T is the measured temperature, ev is the velocity 521 

reading accuracy error, and v is the measured velocity. 522 

The results of the uncertainty calculation are given in Table 7. The results show that the relative 523 

uncertainty of effectiveness ranges from 3.04 to 3.23% indicating acceptable level of precision of 524 

the measured results of the three evaporative coolers. The relative uncertainty of calculating the 525 

cooling capacity was however slightly high ranging from 10.76 to 18.30%. This is greatly 526 

influenced by the accuracy (± 0.3 m/s) of the instrument used to measure the airflow velocity in 527 

the air ducts and the difficulty in obtaining a uniform airflow in narrow ducts. 528 

 529 

Table 7 Relative uncertainty calculation for the evaporative cooling modes 530 

 

Inlet Air 
Velocity 

Inlet Air 
Temp 

Supply air 
DB Temp 

Supply air 
WB Temp 

Effectiven
ess 

 

Effectivenes
s relative 

uncertainty 

Cooling 
capacity 

Cooling 
capacity 
relative 

uncertainty 

(m/s) (°C) (°C) (°C) (%) (%) (W) (%) 

DEC 2.85 40 27.1 25.3 0.87 3.23 339.57 10.76 

IEC 1.65 40.5 30.3 25.5 0.67 3.10 155.4 18.30 

DPEC 1.85 41.8 31.5 25.5 0.67 3.04 174.4 16.34 

 531 

4. Research limitations 532 

 533 

This work used experimentation to investigate the use of synthetic grass fibres as wet media in 534 

evaporative coolers. The experimental results show overall the performance of this type of media 535 

material is consistent and be used as a springboard for further research. One area is to consider 536 

theoretical analysis and heat transfer optimisation of the synthetic grass fibre structure, backing 537 

plate thickness and wet and dry channels separation gap. Equally, the uncertainty analysis 538 

revealed that the measured cooling capacity accuracy could be improved by using more accurate 539 



   

 

   

 

anemometer in measuring the airflow velocity. Finally, the energy consumption of auxiliary 540 

equipment such as fans and water circuiting pump could be considered, and the overall coefficient 541 

performance of the cooler be used as an additional performance index. 542 

5. Conclusions 543 

 544 

This research seeks to advance the design of evaporative cooling technology by investigating 545 

experimentally the performance of novel wet media material in the form of synthetic grass mats. 546 

A purpose laboratory test rig was built to test a synthetic grass fibre module in three modes of 547 

operation: DEC, IDE and DPEC. The effectiveness and cooling capacity the three arrangements 548 

were evaluated under controlled conditions of temperature, humidity, and airflow rate. The 549 

experimental results demonstrated consistency when compared to published work. This work 550 

yielded several key insights that can be summarized as follows: 551 

 The synthetic grass fibres present a viable wet media material alternative for evaporative 552 

cooling systems that can enhance service life with maintenance.  553 

 The three modes of operation of evaporative cooling achieved effectiveness ranging from 554 

0.67 to 0.87. Similarly, the measured maximum temperature drop in the coolers ranges 555 

from 10.1° C to 12.9° C. 556 

 The correlation between decreasing supply air temperature as ambient inlet air 557 

temperature increases demonstrates the principle of evaporative cooling as an 558 

appropriate technology for hot and dry climates. 559 

 The evaporative cooling systems also achieved high cooling capacities ranging from 155.4 560 

to 339.57 W. However, the system cooling capacity is reduced as air relative humidity 561 

increases, which suggest that local climatic conditions are a critical parameter for the 562 

performance of evaporative cooling systems. 563 

 The experimental work showed that the Direct Evaporative Cooling (DEC) mode achieved 564 

higher performance. For instance, the temperature drop was nearly 20% greater that 565 

Indirect Evaporative Cooling (IEC) mode, albeit at the expense of increasing the air 566 

moisture content. 567 
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