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ABSTRACT 

 

This dissertation presents a comprehensive investigation into the 

development of a neoteric design for the innovative dew point evaporative 

cooler (DPEC). The DPEC is a groundbreaking cooling device possessing 

energy efficiency (i.e., coefficient of performance) higher than 20 that makes it 

super performing cooling machine when compared to the traditional vapor 

compression refrigeration systems which have energy efficiency of around 3. 

The DPEC depends only on the evaporative cooling mechanism of water with 

innovative air flow arrangement inside its heat and mass exchanger which 

makes it a complicated irreversible thermodynamic machine. The proposed 

shell and tube design for the DPEC offers further enhancement in its thermal 

and energy performance with aiming to replace the conventional high energy 

consuming cooling devices.   

The methodology of this research study followed the path of combining 

theoretical and experimental investigations. This research work started with a 

thorough review of the existing literatures conducted on DPECs, identifying 

their limitations and shortcomings. Through a deep leveraging of this process, 

the novelty for the current work has been identified. At the beginning, to 

investigate the viability of the proposed notion, a rigorous computational model 

has been developed. By the help of the dedicated simulation process, the impact 

of the geometrical aspects and operational conditions on the cooler’s 

performance were investigated. The comprehensive parametrical analysis that 

has been carried out with the help of the validated numerical simulation, the 

optimum design parameters were identified and employed for the construction 

of the unit.  

The unit has been constructed with a low cost polycarbonate drinking straw 

tubes with 5 mm in diameter and 0.15 mm wall thickness. The tubes have been 
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covered with a dual-layer disposable tablecloth that comprised of a plastic and 

paper layers both with 0.03 mm thickness. The paper layer of the disposable 

tablecloth acted as the evaporative surface that helped in effective dispersion 

and evaporation of water flow. The ultra-thin characteristics of these layers 

significantly contributed in minimizing the thermal resistance to the heat 

transfer and improving the overall performance of the cooler. In addition, a 

dedicated air handling unit has been designed and fabricated for the purpose of 

the experimentations that was able to regulate the temperature and humidity of 

the inlet air stream into the unit. 

During the experimentations, when the unit operated under the pre-set 

operational conditions, the system was able to reduce the ambient temperature 

by up to 34.1 °C (from 53 °C to 18.9 °C), besides, it could achieve a dew-point 

effectiveness of 99.6% and wet-bulb effectiveness of 135%. This high 

performance makes the constructed unit to be considered as a super performing 

cooling device.  

Furthermore, the developed numerical model has been validated against the 

experimental data from the experimentations. The maximum deviation 

recorded was between ±2.3% and ±5.1%. Therefore, the simulation model can 

predict the thermal and energy performance of the proposed DPEC with high 

accuracy. On this bases, a deep parametrical analysis has been carried out 

which enabled testing the system under harsh environmental conditions. 

Nonetheless, the cooler firmly achieved an energy efficiency ranging between 

28 and 66, dew-point effectiveness between 34% and 77%, wet-bulb 

effectiveness between 62% and 134%, exergy efficiency between 50% and 

86%, entropy generation rate between 0.00052 kW/K and 0.0023 kW/K, and 

sustainability index between 2 and 7, when operated under a wide range of 

operational and geometrical conditions. 
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NOMENCLATURES 

 

AR  working to primary air ratio 

cp  specific heat, kJ/(kg·K) 

dz  differential element length, m 

Dm  mass diffusivity, m2/s 

DH  hydraulic diameter, m 

ex  specific flow-exergy, kJ/kg of air 

E  electrical power, kW 

𝐸�̇�  exergy rate, kW 

f  Darcy-Weisbach friction factor 

ga  gravitational acceleration, m/s2 

GL  longitudinal gap between channels, m 

GT  transverse gap between channels, m 

Gz  Graetz number 

H  height, m 

He  equivalent element height, m 

i  specific enthalpy, kJ/kg 

ie  latent heat of vaporization, kJ/kg 

K  loss coefficient 

k  thermal conductivity, W/m·K 

L  length, m 

Le  Lewis number 

�̇�  mass flowrate, kg/s 

P  pressure, kPa 

Pr  Prandtl number 

𝑄  heat transfer, kW 

𝑄𝑐  cooling capacity/potential, kW 

r  radius, m 
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Ra  specific gas constant of air, kJ/(kg·K) 

Re  Reynolds number 

Rv  specific gas constant of water vapor, kJ/(kg·K)  

s  specific entropy, J/(kg·K) 

S  surface area, m2 

SD  standard deviation 

�̇�𝑔𝑒𝑛  entropy generation rate, kW/K 

T  temperature, °C 

T0  dead state temperature, °C 

u  velocity, m/s 

Ub  Bias uncertainty  

Uo  overall uncertainty 

Up  precision uncertainty  

v  specific volume, m3/kg   

V  volume flow rate, m3/s 

W  width, m 

Greek letters 

α  thermal diffusivity, m2/s 

Γ  thermal resistance, K/W 

δ  thickness, m 

ε  Thermal effectiveness/efficiency 

η  efficiency 

ηen  energy efficiency 

θ  theta (angular) coordinate  

λ  convective heat transfer coefficient, W/(m2·K) 

ρ  density, kg/m3 

σ  wettability factor of wet surface 

ϕ  humidity ratio, g moisture / kg dry air (g/kg) 
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φ  convective mass transfer coefficient, m/s 

Φ  relative humidity, % 

χ  water spraying density, kg/(m·s) 

ψ  water evaporation, kg/s 

Subscripts 

0  dead state 

a  airflow, dry air 

atm  atmosphere 

db  dry bulb 

c  chemical 

DP  dew point 

ex  exergy 

f  water film, water flow 

in  inlet condition 

lt  latent 

m  mechanical 

out  outlet condition 

s  air-water interface (saturation state) 

sat  saturation state 

sn  sensible 

t  thermal 

T  total 

v  water vapor  

w  channel wall 

wi  channel wall’s inner surface 

wo  channel wall’s outer surface 

WB  wet bulb 
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Superscripts 

*  denotes the primary channel  

**  denotes the working channel  

.  denotes the rate of change 

mj  major 

mn  minor 

Abbreviations 

CF  counter air-water flow configuration 

CFD  computational fluid dynamic  

COP  coefficient of performance (i.e., energy efficiency) 

CPX  corrugated plate heat and mass exchanger 

DEC  direct evaporative cooler 

DP  dew point 

DPEC  dew point evaporative cooler 

DW  desiccant wheel 

EACC evaporative air-cooled condenser 

ECT  evaporative cooling tower 

EES  engineering equation solver 

EWCC evaporative water-cooled condenser 

FPX  flat plate heat and mass exchanger 

GHC  gas heating coil 

HMX  heat and mass exchanger 

HVACR heating, ventilation, air-conditioning & refrigeration 

HX  heat exchanger 

ICDW internally cooled desiccant wheel 

IEC  indirect evaporative cooler 
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LDD  liquid desiccant dehumidifier 

M-cycle Maisotsenko cycle 

NTU  number of heat transfer unit 

PCM  phase change material 

PF  parallel air-water flow configuration 

PV  photovoltaic 

REC  regenerative evaporative cooler 

R&D  research and development 

SDD  solid desiccant dehumidifier 

STX  shell and tube heat and mass exchanger 

TES  thermal energy storage 

VCRS vapor compression refrigeration system 

WB  wet bulb 

 

 

 

 

 

 

  



‒﴾ 1 ﴿‒ 
 

CHAPTER 1  

 

INTRODUCTION 

 

1.1 RESEARCH BACKGROUND 

Due to the continuous growth of world’s population and the diversification 

of building appliances, the residential energy consumption has surpassed the 

proportions dedicated for industrial and public services sectors. For instance, 

in Iraq, the energy consumption of buildings accounted for 65% which is higher 

than the industrial and public services combined which are accounted for about 

11.2% and 21.6%, respectively, of the total energy use as show in Fig. 1.1 (IEA 

Iraq, 2021). This fact reflects the raped increase in the world’s total energy 

demand as reached to more than 20,000 TWh by the end of 2019 as shown in 

Fig. 1.2 (IEA, 2021).  

 

 

Fig. 1.1 Electricity consumption by sectors in Iraq (IEA Iraq, 2021) 

 

Moreover, the portions of residential electricity consumption include 

appliances, lighting, food preparation (cooking), refrigerating, domestic hot 

water, air-conditioning systems (HVACR), and other equipment as illustrated 
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in Fig. 1.3 (Hossein Motlagh et al., 2020). The electricity consumption in the 

residential sector is mainly contributed to the air-conditioning systems (i.e., 

heating, ventilation, air-conditioning & refrigeration (HVACR) systems) 

(Abbood et al., 2015; Oh et al., 2016). 

 

 

Fig. 1.2 World’s electricity consumption by sector (IEA, 2021) 

 

In developed countries, such as United States, the United Arab Emirates, 

and China, the electricity consumption by HVACR systems has accounted for 

41%, 57.5%, and 55% of total residential energy use, respectively (Afshari et 

al., 2014; California Energy Commission, 2022; International Renewable 

Energy Agency, 2022). These variations are based on several key factors, such 

as ambient temperature and humidity, building insulation quality, and how 

modern the operating systems are. In the meanwhile, in the developing 

countries, for example Iraq, due to the poor insulation of the buildings and 

inefficient energy management of air-conditioning systems, the electricity 

consumption of HVACR systems accounted for 68.99% annually including 

42.43% for cooling and 26.56% for heating (Hasan, 2012). 
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Fig. 1.3 Division of residential electricity consumption (Hossein Motlagh et 

al., 2020) 

 

Consequently, this high energy consumption by HVACR systems, which is 

significantly attributes to vapor compression refrigeration system (VCRS) 

systems, contributes to several environmental and energy crises which are 

summarized below: 

• Environmental crises: six major greenhouse gases, which are stated by 

the Kyoto Protocol in 1990s (i.e., CO2, CH4, NO2, HFCs, PFCs, and SF6), 

are highly contribute to ozone depletion and global warming (United 

Nations Framework Convention on Climate Change, 1998). Eventually, 

the utilization of environmentally un-friendly refrigerants and elevated 

energy demand led to higher emission of greenhouse gases (Lin Jie, 

2018). 

• Energy crises: in order to attain thermal comfort in buildings 

environment and world’s population rise, the electricity demand by 

VCRS systems have intensively grown which is the major cause of 

higher energy demand. 
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In addition, the utilization of VCRS systems may lead to safety and 

technical issues. For example, some of the pressurized chlorofluorocarbon 

(CFC) and hydrofluorocarbon (HFC) refrigerants are toxic and flammable and 

may cause fire and explosion due to the leakage problems (Goetzler W. et al., 

2014). Moreover, most VCRS systems reduce the air temperature to below its 

dew point temperature and cause de-moisturization and over cooling of the 

conditioned space that eventually cause higher energy consumption (Lin et al., 

2017).  

To overcome the above-mentioned disadvantages and achieve the thermal 

comfort of the conditioned space without utilizing conventional space cooling 

systems that require enormous amount of electrical energy, thereby, developing 

an energy-efficient cooling system that is CFC & HFC free, environmentally 

friendly, and relies on the natural energy sources is indispensable. 

 

1.2 ENERGY-EFFICIENT EVAPORATIVE TECHNOLOGIES  

The evaporative cooling technologies can be considered as the main 

candidate to replace the conventional VCRS systems. The evaporative cooling 

process is driven by the natural energy source (i.e., water’s latent heat of 

vaporization) (Fouda and Melikyan, 2011). In addition, this technology 

consumes 80% less energy and reduce up to 44% emission of carbon dioxide 

when compared to VCRS systems due to lack of compressor and mechanical 

parts (Duan, 2011). Hence, this technology possesses excellent energy 

efficiency, in other words, with 10-20 of the coefficients of performance (COP) 

which is considered the highest among the existing HVACR systems as 

illustrated in Fig. 1.4 (Liu et al., 2019b; P. Glanville et al., 2011; REU, 2015). 

Over the years, evaporative cooling, in general, has been considered as one 

of the most sustainable and reliable sources of cooling in buildings and 

industries owing to its simplicity, low-cost, and ease of access. Besides, 
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compared to space cooling refrigeration systems, it lacks CFC and HFC 

coolants that lead to environmental issues. Such working fluids must be 

pressurized and de-pressurized to transport heat from one zone to another so as 

to produce cooling. 

 

 

Fig. 1.4 Nominal COP values of existing refrigeration systems 

 
This process consumes high amount of electrical energy that eventually 

contributes to the global warming phenomenon through the emission of 

greenhouse gases (Kashyap et al., 2022a; Liu et al., 2018).  In consequence, the 

VCRS systems result in high electricity bills, high initial and maintenance 

costs, and severe environmental damage (Kashyap et al., 2022b; Shahzad et al., 

2021). Therefore, the environmentally friendly characteristics of the 

evaporative coolers attracted many researchers to study such a system and 

attempt to improve its performance through many prospects due to the 

excellency of its thermodynamic process which absorbs the sensible heat of the 

air stream through the evaporation of water by converting this heat to latent 

heat without altering its enthalpy (Akhlaghi et al., 2019; Shi et al., 2022a).  
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In general, the evaporative coolers are categorized into three main types, 

namely, direct evaporative coolers, indirect evaporative coolers, and dew point 

evaporative coolers. Each type will be explained in the subsequent sections. 

 

1.2.1 Direct Evaporative Coolers (DECs) 

Throughout the history, for thousands of years, the evaporative process of 

water has been conducted for cooling purposes by hanging wetted objects with 

high wettability capability over the doors and windows to cool the entrance air 

stream. The direct evaporative cooler was first invented by Oscar Palmer in 

1908 in Arizona with drip type water distribution technique (Cook, 1979; 

Cooper, 1998). Over the decades, this cooler type came up with other names 

such as swamp coolers, drip coolers, and desert coolers (Johnston et al., 2022). 

Dowdy and Karabash (1987) experimentally investigated the DEC by using 

cellulous as a wetting pad and water dripping technique as water spraying 

method to moisturize the pads.  

Within the DECs, the cooling process occurs when the ambient/outdoor air 

passes over the wetted pads in direct contact as illustrated in Fig. 1.5 which 

represents the evaporation cooling process: (a) air stream inside heat and mass 

exchanger; (b) cooling process on the psychrometric chart. 

When the unsaturated air stream passes over the wetted pad inside the heat 

and mass exchanger (HMX), it gets moisturized gradually due to the 

evaporation of the water. As it can be seen on psychrometric chart, the 

evaporation process occurs along the wet-bulb temperature line, this process is 

deemed as wet-bulb adiabatic saturation process. The occurrence of this 

process is attributed to the substantial relationship between the humidity, 

temperature, pressure, and evaporation process. The applications of DECs are 

rated for hot areas with low humidity. However, the increased humidity of the 
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product air is considered as one of the major downgrades of such a system 

which may cause uncomfortable indoor air condition.  

 

   

Fig. 1.5 Direct evaporative cooler: (a) air stream inside heat and mass 

exchanger; (b) cooling process on the psychrometric chart 

 

1.2.2 Indirect Evaporative Coolers (IECs) 

The excessive humidity content of the product air from the DECs has driven 

the researchers to come up with a new design from which the cooler is separated 

into the dry and wet channels (Kozubal et al., 2015; R. Chengqin and Y. 

Hongxing, 2006; Z. Duan et al., 2012).  A visual representation of such a 

process is presented in Fig. 1.6. Through this technique, the high humidity issue 

has been surpassed, yet the cooler faced another impediment, which is the low 

thermal effectiveness. Similar to the DECs, the IECs cannot produce cool air 

comparable to the wet-bulb temperature of the intake air. The wet-bulb 

effectiveness is limited, and ranges from 55% to 75% because the airflows of 
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the dry (i.e., primary) and wet (i.e., working) channels are discrete and only 

ambient air enters these channels (Duan et al., 2016a; Liu et al., 2019a). 

 

   

Fig. 1.6 Indirect evaporative cooler: (a) air streams inside heat and mass 

exchanger; (b) cooling process on the psychrometric chart 

 

1.2.3 Dew Point Evaporative Coolers (DPECs) 

The limitation of high humidity content of DECs and the low thermal 

effectiveness of IECs are two of the common impediments that enthused the 

researchers to contemplate of a new working technique of air and water 

streams. Thus, in 2003, Valeriy Maisotsenko was able to overcome these 

impediments and boost the system’s performance when he introduced an 

evaporative cooling device named Maisotsenko cycle or “M-cycle” that could 

produce air with a temperature lower than the inlet wet-bulb temperature and 

towards the dew-point temperature of inlet air (Valeriy Maisotsenko et al., 

2003). This phenomenon was achieved by the novel configuration of air and 

water streams inside the heat and mass exchanger that they proposed from 

which the air was first precooled inside the dry channels sensibly then diverting 
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CHAPTER 2  

 

LITERATURE REVIEW 

 

2.1 INTRODUCTION 

In this chapter, a comprehensive review regarding the dew point 

evaporative coolers will be carried out which is based on the ultimate conducted 

research studies to build a strong scientific foundation for the current study. 

Since the invention of the dew point evaporative cooler by Valeriy Maisotsenko 

that patented in United State Patent and Trade Mark Office (Valeriy 

Maisotsenko et al., 2003), the performance of such a low energy grade system 

has been continuously improved through many aspects. An overview about all 

the aspects that have been investigated by the researchers is illustrated in Fig. 

2.1. A schematic illustration of the patented M-cycle dew point evaporative 

cooler is presented in Fig. 2.2.  Through this approach, the research gap has 

been identified and set as the foundation for the current dissertation, and the 

future research scopes are suggested.  Furthermore, this comprehensive 

literature review assisted in achieving the following trails: 

i. Obtaining an overall understanding of the research and development (R&D) 

progresses in this field from which further room for cooler’s improvement 

could be identified that will push the system’s performance toward its 

perfection. 

ii. Introducing new topics for the scientific researches.  

iii. Developing guiding approaches for the subsequent chapters. 

iv. Reducing the risks for any flaws and misconceptions during designing, 

modelling, manufacturing sessions.  
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 Fig. 2.1 Guideline for literature reviewing in Chapter 2 
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Fig. 2.2 M-cycle dew point evaporative cooler by Valeriy Maisotsenko (2003) 

 

2.2 REVIEW ON THE TECHNICAL ASPECTS 

This section presents the theoretical and experimental research studies 

carried out regarding the arrangement of airflow and water-flow patterns, 

alongside with the structural materials employed for channels wall, and wet 

evaporative surfaces. Table 2.3 presents the literatures regarding this matter. 

 

2.2.1 Airflow Configurations of DPECs 

The dew point evaporators are involved with only two generic airflow 

configurations, namely, the counter-flow and cross-flow. The former, is more 

preferable to use, because a higher thermal performance could be achieved 

when compared to the latter configuration. Zhan et al. (2011) caried out a 

comparative study between the counter-flow and cross-flow dew point 

evaporative heat-mass exchanger with flat-plate design as illustrated in Fig. 
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2.3. They investigated both configurations theoretically and experimentally 

under the same exact geometrical and operational boundary conditions. They 

stated that, in comparison, the counter-flow HMX can achieve about 20% 

higher cooling capacity and 15%-23% higher wet-bulb and dew-point 

effectiveness. Consequently, the higher cooling capacity and thermal 

effectiveness of the counter-flow HMX translates to lower energy 

consumption, smaller unit size, lower airflow rate, and lower cost. However, 

they found that the cross-flow HMX had about 10% higher coefficient of 

performance in comparison to the counter-flow HMX due to lower pressure 

drop.  

 

  

Fig. 2.3 Schematic diagram of two dew point evaporative HMXs: (a) Cross-

flow; (b) Counter-flow (Zhan et al., 2011) 

 

The original flat-plate M-cycle dew point cooler was proposed with 

counter-flow configuration.  However, the incipient manufacturing efforts were 

unsuccessful due to difficulties in identifying the counter-flow region, high 

pressure drop of the HMX, vertical wetting difficulties of evaporative surface, 

and immature structural materials (Lee and Lee, 2013; Pandelidis and 
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Anisimov, 2015; Riangvilaikul and Kumar, 2010a). Subsequently, cross-flow 

configuration has been selected to replace the counter-flow M-cycle as 

illustrated in Fig. 2.4. 

 

 

Fig. 2.4 M-cycle cross-flow HMX (Pandelidis and Anisimov, 2015) 

 

Furthermore, Min et al. (2019) developed a 2-D numerical model that can 

predict the thermal and energy performance for flat-plate cross-flow and 

counter-flow DPECs. They stated that when using these coolers in hot and 

humid regions, condensation happens in dry channels due to high humidity 

content of the air stream. The formation of condensation will reduce the wet-

bulb and dew-point effectiveness. As shown in Fig. 2.5, under the same 

operational conditions, results showed that the counter-flow configuration has 

2-15% higher condensation rate than cross-flow configuration with 2-7% 

reduction in wet-bulb effectiveness. As the condensation occurred in the dry-

channel, the total heat transfer has boosted by 2-3 times and it is lower in cross-

flow by 9% when compared to counter-flow. 
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Fig. 2.5 Effect of inlet air temperature on: (a) condensation rate; (b) wet-bulb 

effectiveness; (c) heat transfer rate (Min et al., 2019) 

 

Furthermore, Jia et al. (2019) constructed two flat-plate dew point 

evaporative coolers with cross-counter-flow configuration. In the first unit, 

they used polystyrene and nylon fibers as structural materials. In the second 

unit, they used aluminum foil. Then, they studied the impact of operational 

parameters on the thermal performance on both systems. The conducted 

research reported that the first unit will reduce the size of the cooler due to 

higher cooling capacity and dew-point effectiveness which was between 46.7% 

to 78.6%. 

Other studies used adopted cross-flow configuration for regenerative air 

circulating water to achieve lower pressure drop inside the HMX that will lead 

to reduced airflow and more power efficient (Anisimov et al., 2014; Kashif 

Shahzad et al., 2018; Pandelidis et al., 2020a). On the other hand, most studies 
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adopted counter-flow configuration due to a higher cooling capacity, better 

thermal performance, and lower product air temperature (Duan et al., 2017b; 

Lin et al., 2020a; Pakari and Ghani, 2019; Wang et al., 2019a; Zhu et al., 

2023a). 

 

2.2.2 Water-Flow Configurations of DPECs 

Arranging the flow direction of water stream with the air stream has a 

significant effect on the cooling performance, product air temperature, and 

drain water temperature. When the direction of water flow is parallel to the 

airflow direction in dry-channel, both streams simultaneously cool down and 

result in lower water temperature. In contrast, when the direction between these 

two streams are counter, the drain water temperature will be higher because as 

the water approaches the exit point, it approaches the entrance point of the dry-

channel’s airflow which is at its maximum temperature. Hence, more heat will 

be transferred to the flowing water.  

Kashyap et al. (2020) made a thorough investigation regarding air and water 

flow patterns with 8 different configurations for flat-plate DPEC, as shown in 

Fig. 2.6. They conducted the numerical simulation under the nominal boundary 

conditions presented in Table 2.1. The comparison of all the configurations 

were based on cooling capacity, dew-point effectiveness, and COP.  

During the investigation, they set the water flow in gravitational-driven 

(downward) direction. They demonstrated the following outcomes: 

• The inlet water mass flow rate and temperature significantly influenced the 

performance of the DPEC. 

• for all configurations, dew-point effectiveness improved when the inlet 

water temperature was lower than the crossing air temperature. 
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• When the air-ratio of the secondary air stream increased, the dew-point 

effectiveness increased. However, this approach reduced the cooling 

capacity and COP of the coolers. 

• When the airflow channels’ gap increased, the cooling capacity, dew-point 

effectiveness and energy efficiency of all the configurations were 

improved. 

• When the primary air velocity increased, it decreased the dew-point 

effectiveness and COP, while it improved the cooling capacity.  

• When the wet-bulb temperature of inlet air raised, it enhanced the dew-

point effectiveness, but reduces the cooling capacity. 

• For a water-flow of about 5 L/h, configurations A, E, and H had a better 

performance than the other configurations. 

 

 

Fig. 2.6 Eight configurations for air and water flow patterns regarding the 

HMX of DPEC (Kashyap et al., 2020a) 
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Table 2.1 Nominal values of proposed DPECs (Kashyap et al., 2020a) 

Parameter Value 

Length of the evaporative HMX  

Width of the HMX  

The total height of the HMX  

The gap between the primary air channel  

The gap between the secondary air channel  

The thickness of the plate separating two channels  

The volumetric flow rate of water per channel  

The inlet temperature of the water  

Air extraction ratio  

Total primary airflow rate  

Total secondary airflow rate  

Total supply airflow rate  

0.5 m 

0.5 m 

0.7 m 

0.005 m 

0.005 m 

0.5 mm 

5 L/h 

17 °C 

0.3 

0.35 m3/s 

0.105 m3/s 

0.245 m3/s 

 

Moreover, Ren and Yang (2006) studied the effect of water spray intensity 

and its direction with the air stream inside the primary and working channels 

for four different configurations. They found that the cooler gives the best 

performance when the primary channel’s air stream arranged in counter-current 

to the water-flow direction. They also concluded that, for the same air-water 

flow patter, by decreasing the water flowrate, the performance of the cooler 

improves. 

 

2.2.3 Structural Materials of DPECs 

The materials adopted for the DPECs’ manufacturing are divided into two 

main categories; (i) plate material from which the HMX is composed, (ii) wick 

materials from which the evaporative surface is composed. These materials 

play a significant role on the system’s performance and manufacturing 

feasibility.  
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In general, the DPEC is made from flat-plate layers. Several studies utilized 

aluminum sheets material for these layers due to its ease of handling during the 

construction and high thermal conductivity. However, this material is not cost 

efficient. Alternatively, considering low cost, availability, corrosion resistant, 

and weight, polycarbonate and polyethylene materials have been widely 

adopted, which are basically plastics. In terms of the wick materials, various 

types of fiber, cotton, gauze, tissue, and craft paper have been adopted due to 

their thinness and fast absorbing and spreading of water. 

 Xu et al. (2024) employed aluminum sheets as flat-plate material and 

Coolmax® fiber as wick material. Experimental investigations revealed that 

the fabricated system can reduce the ambient temperature by 18.16 °C (from 

43.02 °C to 24.86 °C) as shown in Fig. 2.7. In addition, the prototype has a 

coefficient of performance of 31, and a wet-bulb effectiveness of 93%. Further 

description with a visual insight of the prototype is presented in Table 2.4.  

 

 

Fig. 2.7 Product air temperature and temperature drop trends under the effect 

of various inlet air temperatures (Xu et al., 2024) 
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Similarly, Khalid et al. (2016), employed aluminum sheets coated with felt 

material to serve as the evaporate surface for cross-flow flat-plate M-cycle, as 

shown in Fig. 2.8. Detail of the parameters used in the fabrication are presented 

in Table 2.2. They concluded that the wet-bulb effectiveness and dew-point 

effectiveness of the prototype ranged between 92-120% and 62-85%, 

respectively, under the operational conditions of 25-45 °C ambient temperature 

and 11-19 g/kg ambient humidity ratio. In addition, similar to (Riangvilaikul 

and Kumar, 2010a), both studies reported that the proposed prototype can 

provide a comfort indoor air condition for regions where the ambient 

temperature and humidity ratio are less than 45 °C and 11.2 g/kg, respectively. 

 

 

Fig. 2.8 Felt attachment to the aluminum sheets: (a) primary channel; (b) 

working channel (Khalid et al., 2016) 

 

On the other hand, polymer films and cellulose-blended fiber films has been 

used by Duan et al. (2017a) as a structural material for a flat-plate REC. 
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Moreover, each working channel at top has been coated with 0.3×1.0×6.65 cm 

aluminum strips that coated with the same wick fiber to serve as the water 

distribution system. They developed two RECs, one with multi-stage air 

diversion from primary channel to working channel, and the other one with 

single stage diversion as illustrated in Fig. 2.9. 

 

Table 2.2 Detail of the experimental parameters (Khalid et al., 2016) 

Parameter Design value 

Wall material  

Wall thickness  

Length of dry channel  

Length of wet channel  

Width of channel  

Channel gap  

Felt water absorption ability  

Fabric (Felt) conductivity  

Aluminum coated fiber (Felt) 

0.5 mm 

0.508 m 

0.203 m 

25 mm 

4 mm 

280 g/m2 

0.04 W/m K 

 

 

Fig. 2.9 Working principle on psychrometric process regarding: (a) multi-

stage REC; (b) single stage REC (Duan et al., 2017a) 
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They noted, after 5 minutes, the evaporative surfaces were completely 

moisturized with water. They concluded that the wet-bulb effectiveness, energy 

efficiency, and cooling capacity of the prototype were ranged between 96% to 

107 %, 10.6 to 19.7, and 3.9 kW to 8.5 kW, respectively. Moreover, 

polycarbonate and polymer materials have been adopted by other researchers 

as the plate material for the HMX that gave superior low maintenance cost   (Lin 

et al., 2020b; Tejero-González et al., 2013; Velasco Gómez et al., 2012). A 

summary of the conducted research studies in regard to this section is provided 

in Table 2.3. 

 

2.3 METHODOLOGIES IN THE CONDUCTED LITERATURES 

2.3.1 Theoretical Studies  

The superior future of the theoretical study is that the proposed system can 

be examined under a wide range of operational and geometrical conditions, 

besides, this approach enables to select the optimum design paraments that will 

later contribute to the system fabrication. For instance, (Pandelidis and 

Anisimov, 2015) developed a two-dimensional (2-D) heat and mass transfer 

model to compute the thermal performance of the flat-plate M-cycle. The 

modified ε-NTU has been adopted for mathematical modelling and parametric 

analysis process. They conducted the simulation under two operational 

conditions, namely, variable interring air volume flowrate and temperature. 

Through the simulation, they were able to indicate the optimum operational and 

geometrical parameters that have the most significant effect on the cooler’s 

performance. On the other hand, Zhu et al. (2023b) developed a three-

dimensional (3-D) numerical model to calculate the airflow and moisture 

content transport for a flat-plate DPEC. They focused on the influence of 

uneven water distribution in the working channel’s evaporative surface and 

investigated its effect on the system’s performance.   
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Table 2.3 Summary of the selected studies regarding the technical aspects (Section 2.2)

Study 
Cooler 

type 

Nature of the 

work 

Airflow 

configuration 

Water-flow 

configuration 

plate 

material 

Wick 

material 
Key finding 

(Riangvilaikul and 

Kumar, 2010a) 

Flat-plate 

DPEC 
Experimental Counter-flow 

Downward 

flowing 
polyurethane Cotton 

They obtained that, this system 

can achieve comfort indoor 

condition for regions where the 

temperature and humidity are 

less than 45 °C and 11.2 g/kg, 

respectively.  

(Zhan et al., 2011) 
Flat-plate 

M-cycle 

Theoretical & 

Experimental 

Cross- and 

counter-flow 

Downward 

flowing 
polyurethane Cotton 

They obtained that, counter-

flow can achieve higher cooling 

capacity and thermal 

effectiveness, but lower COP 

when compared to cross-flow. 

(Lee and Lee, 2013) 
Flat-plate 

REC 
Experimental Counter-flow 

Downward 

flowing 
Aluminum 

Porous 

layer 

coating 

They found that the water-

flowrate significantly affect the 

cooling performance which can 

be improved by reducing the 

water-flow.  

(Anisimov et al., 

2014) 

Flat-plate 

M-cycle 

Theoretical & 

Experimental 
Cross-flow Capillary motion polymer 

Porous 

material 

The results showed that the 

cooler is best suited for hot and 

dry regions that can reduce the 

temperature to below wet-bulb. 

(Khalid et al., 2016) 
Flat-plate 

M-cycle 
Experimental Cross-flow Capillary motion Aluminum felt 

Similar to Riangvilaikul and 

Kumar (2010), they found that 

the system can provide comfort 

indoor condition for regions 

where the temperature and 

humidity are less than 45 °C and 

11.2 g/kg, respectively. 

(Duan et al., 2017b) 
Corrugated-

plate REC 

Numerical & 

Experimental 
Counter-flow — polymer 

cellulose-

blended 

fiber 

They stated that, in order to 

optimize the performance, the 

water flow must vary with 

regard to the intake airflow. 
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(Kashif Shahzad et 

al., 2018) 

Flat-plate 

M-cycle 
Experimental Cross-flow 

Downward 

flowing 
— — 

Through utilization of desiccant 

dehumidification wheel, they 

could reduce humidity and 

improve the performance. 

(Min et al., 2019) 
Flat-plate 

IEC 
Theoretical 

Cross-flow and 

counter-flow 

Downward 

flowing 
— —  

They showed that, when the 

systems operated under hot and 

humid condition, the counter-

flow has higher condensation 

rate that will badly affects the 

thermal performance. 

(Jia et al., 2019) 
Flat-plate 

DPEC 
Experimental 

Cross-counter 

flow 

Downward 

flowing 

First unit: 

polystyrene 

Second unit: 

aluminum 

Nylon 

fiber 

Through this study, they were 

able to reduce size and weight 

of the system. 

(Wang et al., 2019a) 
Flat-plate 

DPEC 
Theoretical Counter-flow 

Downward 

flowing 
— fiber 

They analyzed the entropy 

generation rate and entropy 

production number and they 

proved that these parameters are 

useful for system optimization. 

(Kashyap et al., 

2020a) 

Flat-plate 

REC 
Theoretical 

Cross-flow and 

counter-flow 

Downward 

flowing 
— — 

They investigated eight different 

air-water flow configurations. 

Each system showed different 

characteristics under the 

investigation. 

(Lin et al., 2020a) 
Flat-plate 

DPEC 

Theoretical & 

experimental 
Counter-flow Capillary motion 

Polyethylene 

Terephthalate 

Natural 

fiber 

They developed two 

optimization algorithms and 

compared the results with 

experimental data.  

(Zhu et al., 2023a) 
Flat-plate 

DPEC 
Theoretical Counter-flow 

Capillary motion 

(stagnant) 
Aluminum — 

The numerical simulation 

showed that higher inlet air 

temperature and lower humidity 

lead to higher thermal 

effectiveness. 

(Xu et al., 2024) 
Flat-plate 

REC 

Theoretical & 

experimental 
Counter-flow 

Downward 

flowing 
Aluminum 

Coolmax® 

fiber 

They reported that the sensible 

heat transfer between dry- and 

wet-channels becomes effective 

and rate can be improved by 

using fins.  
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A flow-chart of the developed three-dimensional mathematical model is 

presented in Fig. 2.10. Last but not least, on the basis of simulation results, they 

determined that the 3-D model can improve the simulation accuracy by 5.46% 

when compared to 2-D models. Furthermore, they found that the uneven water 

distribution badly effects the cooling performance and water evaporation of the 

cooler, and they observed that at the entrance and exit of the working channels 

the water evaporation has the largest driving force which must be considered 

for practical applications.   

One of the leading edges of numerical simulation study for such a system 

is found in examining the cooler’s thermal and energy performance under a 

wide range of global climate conditions, particularly, at various air temperature 

and humidity ratio. These two meteorological parameters have the crucial 

settlement in terms of system’s feasibility in particular environments. For 

instance, Ghosh and Bhattacharya (2021) assessed the performance of hybrid 

flat-plate DPEC under hot and humid climate to determine its usability for 

office buildings. Cui et al. (2015) developed a two-dimensional numerical 

model for a hybrid flat-plate DPEC to lower the cooling load on the VCRS 

system. They run the simulation under humid tropical climate and found that 

the developed model can reduce the cooling capacity by 47%. 

Moreover. Pandelidis et al. (2018) caried out a numerical investigation for 

three different hybrid flat-plate M-cycles as recovery systems when used the 

exhaust air from the conditioned space for moderate climate conditions. They 

observed that the stated exhaust air can be used as the working air inside the 

working channels. They indicated a lower product air temperature with 3°K 

reduction. Further, (Gao et al., 2023) numerically investigated tube in tube 

design DPEC and compared to flat plate design. They found a noticeable 

improvements in new coolers performance through employing new geometry. 

Baakeem et al. (2019) investigated the possibility of using DPEC under the 



 

‒﴾ 30  ﴿‒ 
 

climate condition of Arab Gulf countries (i.e., Abu Dhabi and Dubai in the 

United Arab Emirates; Riyadh, Dammam, and Jeddah in Saudi Arabia; Doha, 

the capital of Qatar; Kuwait, the capital of Kuwait; and Muharraq in Bahrain) 

with regional relative humidity of about 70%. They stated that the flat-plate 

DPEC can be considered as a viable choice for all selected cities and can 

replace the conventional VCRS systems. An illustration of cooling capacity and 

COP is shown in Fig. 2.11.  

 

 

Fig. 2.10 Flow-chart of the developed 3-D simulation model (Zhu et al., 

2023b) 
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Fig. 2.11 DPEC performance under Arab Gulf climate: (a) cooling capacity; 

(b) COP (Baakeem et al., 2019) 

 

2.3.2 Experimental Studies 

Many researches implemented experimental approach solely without 

refuging to the development of mathematical modelling. Undoubtedly, this 

approach based on the logical findings from peer reviewed data by published 

literatures. Hence, the experimental studies establish a foundation for practical 

applications and mass production. In regard to the DPECs, plastic, aluminum, 

and fibers have been used frequently as the structural material for heat and mass 

exchanger. Xu et al. (2017) constructed a dew point evaporative cooler using 

aluminum sheets and Coolmax® fiber as structural materials. They used 

corrugated aluminum plate rather than the flat aluminum plate so as to increase 

the heat and mass transfer surface area and give a rigidity to the cooler. An 

illustration of the prototype is shown in Table 2.4. Under the standard test 

condition (dry-bulb and wet-bulb temperatures of 37.8°C and 21.1°C, 

respectively), the cooler achieved wet-bulb and dew-point effectiveness of 
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114% and 75%, respectively, with energy efficiency of 52.5. The 

experimentations revealed that at lower cooling output, the energy efficiency 

was increased. Moreover, Duan et al. (2016b) used flat aluminum flat-plates 

and porous fiber as a structural materials, besides, they inserted triangular air 

guide into the primary channels to increase the heat transfer surface and 

increase the cooling capacity as these air guides function as fins which increase 

the hat transfer rate. They found that the wet-bulb effectiveness and energy 

efficiency ratio (EER) improved by 31% and 40%, respectively when 

compared to the conventional IECs. On the other hand, polymer and 

polypropylene flat-plate sheets with cotton have been used as structural 

materials by Arun and Mariappan (2019) and Riangvilaikul and Kumar (2010b) 

with only 0.5 mm thickness. These materials are distinguished by their light 

weight, availability, corrosion resistance, and low cost alongside with being 

possible to made in super thin profile. Unlike metals, these super thin plastic 

layers are able to withstand ripping, cracking or puncturing due to their 

elasticity feature. These merits are considered highly significant when it comes 

to mass production as they extend the lifespan of the coolers. In addition, due 

to extreme thinness, the effect of materials thermal conductivity on heat transfer 

rate between the primary and working channel air streams will be insignificant, 

therefore, the heat transfer resistance are generally going to be neglected.  

Furthermore, The DPECs can be used for cooling of the electronic units as 

Dizaji et al. (2021) constructed a mini flat-plate M-cycle cooler to cool down 

the Graphics processing Unit (GPU) and Control Processing Unit (CPU) of a 

computer. 3-D printer has been utilized to fabricate the proposed cooler which 

was made of nylon and tissue. From the experimental investigations, they stated 

that such a cooler can be employed to decrease the electronic unit’s temperature 

and improve their efficiency.  Further description and visual illustration of the 

conducted experimental studies can be found in Table 2.4. 
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Table 2.4 Description of the experimental studies regarding DPECs 

Study 
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(Lin et al., 

2018a) 
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(Dizaji et al., 

2021) 
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2.3.3 Theoretical and Experimental Studies 

The studies that gather theoretical research aided by the experimental 

validation plays a remarkable role in scientific investigations and provides a 

valuable understanding for cause-and-effect relationship. Additionally, through 

the designed experiments under a controlled lab environment by the aid of air 

handling units, a deeper understanding of the causality for different factors 

effecting study outcomes can be acquired.   The key significance of such 

approach can be explained further: 

(1) Causality comprehending: This approach allows the researcher to 

intentionally manipulate the effective parameters. In our case, it 

incorporates the manipulation of operational and geometrical variables and 

observe their impact on thermal and energy performance of the system.  

(2) Control over effective parameters: In this approach, the researcher has a 

high level of control over the experimentation variables, from which 

particular variables can be isolated and their influence can be evaluated. 

This level of control ensures the direct connection between the observed 

variation and manipulated parameters.  

(3) Specific results: This approach yields a precise and specific results by 

focusing on the parameter of interest and observing the outcomes when the 

researcher examined the designed prototype under a controlled lab 

experiment. 

(4)  Cause-and-effect identification: By testing the hypothesis, the 

relationship between the cause-and-effect is made possible and can be 

identified. This approach grants a foundation for parametric analysis and 

exploration.  

(5) Regional assessment: The obtained results from this approach will apply 

to similar ideas and situations in real-life circumstances that contributes to 

evidence-based operations in different regional conditions. 
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(Pakari and Ghani, 2019) developed a one-dimensional and three-

dimensional heat and mass transfer model for a flat-plate DPEC with counter-

flow configuration. In order to validate the developed model, they build a 

physical model based on the optimum geometrical parameters obtained from 

the numerical simulation as shown in Table 2.4. The agreement between the 

developed 1-D and 3-D modes and the experimental data, with regard to the 

product air temperature, was 10% and 8.5%, respectively. Besides, they found 

that the product air temperature is 1.86% lower for 1-D model than 3-D model.  

However, the computational time was three times higher for 3-D model. In 

addition, Wan et al. (2018) developed two models to simulate a flat-plate 

DPEC. First, they formulated an NTU–Le‒R model to calculated heat and mass 

transfer coefficients within exchanger. Then, a two-dimensional CFD model 

has been developed to simulate the heat and mass transfer process. Afterwards, 

they manufactured the DPEC prototype to validate the developed models. They 

reported that the developed models can obtain accurate results while simplifies 

the computational scheme.  

Kashyap et al. (2022c) designed and constructed an evaporative cooler 

working in dual-modes: first, as DEC; and second, as a flat-plate REC. They 

carried out exergy and economic analysis for cooling seasons under the 

controlled lab climate condition of five different cities to examine the potential 

benefits of employing such a system in diverse climatic conditions. The 

selected cities were, Delhi, Brisbane, Brasilia, Shanghai, and Seoul. The 

obtained results regarding the exergy efficiency and annual operating cost for 

both operating modes are presented in Fig. 2.12. They stated that, the exergy 

efficiency is superior for REC than that of the DEC, and the running cost is 

higher for REC under all climate zones. 
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Fig. 2.12 Performance of the dual-mode evaporative cooler: (a) exergy 

efficiency; (b) annual operation cost (Kashyap et al., 2022c) 

 

Kousar et al. (2022) carried out numerical and experimental analysis for 

counter- and cross-flow DPEC with flat-plate HMX under wide range of 

climate conditions (refer to Table 2.4). They utilized the experimental results 

for energy, exergy, environmental, and cost analysis. They found that, the 

highest and lowest exergy efficiency for cross- and counter-flow configurations 

were 52%, 21.58%, and 46%, 18.23%, respectively. Moreover, they reported 

that under low, medium, and high operating condition, the counter-flow 

arrangement consumed more water and electricity by 39% and 2.7%, 24.65% 

and 35%, 21.4%, and 38%, respectively.  

The numerical/experimental approach has been adopted by many other 

researchers in their research studies. For instance, Sadighi Dizaji et al. (2020) 

conducted a sensitivity analysis of effective geometrical and operational 

parameters for multi-stage flat-plate M-cycle. Their analysis was based on the 

novel wet-surface theory. This theory enables the observation of the 

evaporative surface temperature alongside with the distribution of the 

temperature and humidity along the HMX’s channels that will imitate the real 

working condition. Then the developed model was experimentally validated 

with respect to the manufactured test-rig. more details are shown in Table 2.4. 
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Table 2.5 Summary of the selected theoretical studies regarding the methodologies (Section 2.3) 

Study 
Nature of the 

work  

Developed 

model 

Numerical 

approach 

Utilized 

software 

Cooler 

configuration 

Structural 

materials 
Key finding 

(Cui et al., 

2015a) 
Theoretical 

2-D 

mathematical 

model 

— 
COMSOL 

Multiphysics 

Hybrid Flat-

plate DPEC, 

counter-flow 

— 

The proposed system can aid 

VCRS by reducing the 

cooling capacity by 47%. 

(Pandelidis and 

Anisimov, 2015) 
Theoretical 

2-D 

mathematical 

model 

Modified ε-

NTU 
— 

Flat-plate M-

cycle, cross-flow 

Polyethylene & 

Cellulose fiber 

They stated that uneven 

airflow inside wet-channels 

leads to reduction in cooling 

performance. 

(Pandelidis et 

al., 2018) 
Theoretical 

4-D 

mathematical 

model 

Runge-Kutta 
Wolfram 

Mathematica 

Hybrid Flat-

plate M-cycle, 

cross-flow 

— 

They stated when using the 

exhaust air from conditioned 

space, the product air can be 

reduced by 3 K. 

(Wan et al., 

2018) 

Theoretical & 

experimental 

2-D 

mathematical 

model 

NTU–Le‒R 

& CFD 

COMSOL 

Multiphysics 

Flat-plate 

DPEC, counter-

flow 

Polyethylene & 

fiber 

They developed NTU-Le-R 

model and two dimensional 

CFD model that can predict 

the heat and mass transfer 

coefficients. 

(Baakeem et al., 

2019) 
Theoretical 

Steady-state 

energy and 

mass 

conservation 

model 

— MATLAB 

Flat-plate 

DPEC, counter-

flow 

— 

The DPEC is a suitable choice 

for Arab Gulf cities and can 

be considered as an 

alternative to VCRSs. 

(Ghosh and 

Bhattacharya, 

2021a) 

Theoretical — — Java 

Flat-plate 

Hybrid REC, 

counter-flow 

polypropylene 

Hilflow® 

The proposed system can 

prevent the indoor air 

overheating and provide 

thermal comfort throughout 

the cooling seasons. 

(Kashyap et al., 

2022c) 

Theoretical & 

Experimental 

Steady-state 

energy and 

mass 

conservation 

model 

Finite 

difference 

scheme 

EES 

Flat-plate REC, 

counter-flow & 

DEC 

Aluminum & 

cotton 

They concluded that, the 

exergy efficiency is superior 

for REC than that of the DEC, 

and the running cost is higher 

for REC. 

(Zhu et al., 

2023b) 
Theoretical 

3-D 

mathematical 

model 

CFD 
COMSOL 

Multiphysics 

Flat-plate 

DPEC, counter-

flow 

Aluminum 

Compared to 2-D models, the 

3-D model improved the 

simulation accuracy by 5.46% 
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2.4 PERFORMANCE ENHANCEMENT OF DPECS 

 

2.4.1 Enhancement Through Employed Materials   

The core materials of heat and mass exchangers of dew point evaporative 

coolers have been investigated through many literatures. Due to insignificant 

effect of the plat material because of their super-thin profile (between 0.2 to 0.5 

mm thickness in most studies) on heat transfer process, consequently, most 

research studies focused on examining wick materials (i.e., porous materials), 

due to their direct effect on the water dispersion and evaporation. Typically, 

there are two groups of porous materials, namely, craft papers, and fibers. The 

fibers are classified into three categories: (1) natural fibers (such as cellulose 

pad, aspen pad, and coconut pad), (2) polymer fibers (such as nylon fiber), and 

(3) fabric fibers (such as coolpass, topcool spandex, and bamboo charcoal with 

Coolmax active) (Lv et al., 2021). The wick materials have a crucial effect on 

the cooler performance as it contributes to the absorption, diffusion, and 

evaporation rates of water. These three merits are remarkably indicating the 

heat and mass transfer process inside the working channels. 

Pandelidis et al. (2021) experimentally examined eight different types of 

porous materials, including the synthetic and natural fibers, to be used as 

evaporative surface as shown in Fig. 2.13. They observed that, when compared 

to the natural fibers, the synthetic fibers are more capable of water distribution 

rate. Among the adopted materials, the basalt paper-like synthetic fiber had the 

highest dispersion capability that was able to vertically elevate the water to 40 

cm by the capillary effect. Besides they stated that the synthetic fibers are more 

durable than the natural fibers. Moreover, several more different types of 

fabrics weaved from different fibers have been investigated and compared to 

the craft paper in term of absorption capability, evaporation rate, and diffusion 

rate by (Xu et al., 2016). They reported that, in comparison to the craft paper, 
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some of the adopted fibers had 171-182% more absorption capability, 77-93% 

more evaporation rate, and 298-396% more diffusion rate.  

 

 

Fig. 2.13 Surfaces of the porous materials: (a) basalt paper- like synthetic 

fiber; (b) synthetic surfactant non-woven; (c) 50% cotton fiber, 30% viscose, 

20% polyester; (d) 100% cotton; (e) hydrophilic drainage textile; (f) resin 

treated kraft paper; (g) rigid kraft paper; (h) original kraft paper (Pandelidis et 

al., 2021) 

 

More materials have been investigated by other literatures as a potential to 

be used for evaporative surfaces (Boukhanouf et al., 2014; Y. Chen et al., 

2021a; Guilizzoni et al., 2019; Jradi and Riffat, 2016; Min et al., 2021). They 

used the same experiment-procedure to test the proposed porous materials. One 

experiment set-up is illustrated in Fig. 2.14.  

On the other hand, a different approach has been carried out by (Zhao et al., 

2008) from which, alongside with fibers, they investigated metals to be used as 

evaporative media. In this regard, as recommended by Schulz et al. (2005), a 

wick (whiskers, meshes, sintered, or grooves) are structured on the surface of 

the metal plate (aluminum and copper). A sample of the whisker-attained 
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refined surface of copper tube is shown in Fig. 2.15. Thus, the wick-attained 

metals are compared to the fibers, ceramics, zeolite, and carbon on the bases of 

water holding ability, durability, water-proof coating, and cost. They found that 

the wick-attained metals are the most adequate material over other adopted 

materials and the wick-attained aluminum plates are cheaper than the wick-

attained copper tubes. From the conducted tests, for all the adopted materials, 

they observed that the evaporation rate was in the range of 0.57-0.58 l/m2·h and 

the heat transfer rate was in the range of 392-399 W/m2. 

 

 

Fig. 2.14 The test bench for porous materials inspection (Cui et al., 2023) 

 

 

Fig. 2.15 Microstructure whisker-attained copper tube (Schulz et al., 2005) 
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2.4.2 Enhancement Through Water Spraying System 

One of the key factors to the heat and mass transfer process inside the wet-

channel is the wettability of the evaporative surface (wick material). The water 

spray system has a significant role regarding this matter. Many efforts have 

been made to enhance the uneven water distribution by the evaporative surface. 

Conducted literatures focused on investigating different materials for better 

diffusion and evaporation of water (as discussed in Section 2.4.1) and 

optimizing water spraying mechanism. Most of the studies regarding this 

matter have implemented experimental approach. Throughout the 

experimentations, different types of water spraying mechanisms were utilized 

as shown in Fig. 2.16.  

 

 

Fig. 2.16 Available water spraying mechanisms for evaporative cooling (Sun 

et al., 2020a) 

 

De Antonellis et al. (2019) experimentally investigated six air-water flow 

configurations with different water nozzle arrangement focusing on limiting the 
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water consumption issue. They designed the water to working channel airflow 

ratio to be ranged between 1.4-4%. The results showed that a wet-bulb 

effectiveness as high as 82-84% can be obtained with the horizontal and top 

plate orientation with water flowing at top. Al-Zubaydi and Hong (2019) 

employed three water spraying modes (external, internal, and mixed) and 

analyzed their effect on six types of the water spraying configuration on three 

cooler’s performances. They evaluated the cooler’s performance based on the 

wet-bulb efficiency, COP, and cooling capacity. They found that the cooler had 

the best performance with mixed water spry mode, and with the internal mode 

the cooler performed better when compared to the external mode as depicted in 

Fig. 2.17. 

 

 

Fig. 2.17 Performance of the system under different water spraying modes: 

(a) COP; (b) wet-bulb effectiveness (Al-Zubaydi and Hong, 2019) 

 

Lin et al., (2018b) experimentally studied the water spray effect for two 

plate orientations (horizontal and vertical). In this regard, they showed the 

water temperature distribution for each test. During the investigation, they 

noted that when the water is rapidly applied to the evaporative surfaces, the 

temperature distribution along the evaporative surface is disrupted and needed 

longer time to reach the steady state. 
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Generally, in theoretical studies, the evaporative surfaces are assumed to be 

fully saturated. Yet this condition is hard to achieve in practical applications 

for DPECs. Therefore, many researchers tried to design an effective water 

spraying system to obtain higher performance and reduce deviation between 

the numerical and experimental data. However, with regard to theoretical 

investigations, Lacour et al. (2018) and Montazeri et al. (2015) developed a 3-

D CFD model and identified the water particles size to observe their behavior 

and impact inside evaporative cooling devices.  

On the other hand, many researchers used intermittent water supply to 

reduce the water flowrate. This approach yields power saving by water pump 

and improved cooling performance (Golizadeh Akhlaghi et al., 2020; Ma et al., 

2023; Shi et al., 2022b; Wang et al., 2017). During the intermittent water 

supply, the fully wetted evaporative surface can be achieved via the capillary 

motion of water. This mechanism avoids the issues like unsteady water flow, 

formulation of unnecessary thick water layer, flow resistance to heat transfer 

between primary and working channels airflow, and continuous energy 

consumption (Y. Chen et al., 2021b). 

 Sun et al. (2020b) examined five different nozzles under the influence of 

intermittent and continuous water spraying modes. Different water spraying 

nozzles were utilized, such as spiral, conical, square, sector, and target types as 

shown in Fig. 2.18. They conducted a series of experimentations to indicate a 

nozzle type with lower water consumption and higher wet-bulb effectiveness. 

They were able to achieve lower water consumption by balancing between the 

amount of water flowing on the evaporative surface and the rate of evaporation 

for each individual experiments. The amount of water flowing was based on 

the water consumption rate by the cooler under the specified boundary 

conditions. They recommended the spiral type nozzle due to its acceptance 

water spraying rate, wide area coverage, and good uniformity.  
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Fig. 2.18 Nozzle types and their water spraying behavior (Sun et al., 2020a) 

 

2.4.3 Performance Evaluation Criteria 

To evaluate and indicate the thermal, energy, and exergy performance of 

the DPEC, the globally accepted standards from American Society of Heating, 

Refrigeration, and Air-conditioning Engineers (ASHRAE) are considered as 

the most comprehensive and accurate criterias to be adopted for assessing and 

testing the cooling systems. In particular, ANSI/ASHRAE Standard 143 (2015) and 

ANSI/ASHRAE Standard 55 (2017) provides precise measurement procedures and 
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guided practices under a controlled laboratory environment for testing IECs. 

Thus, the following key performance parameters have been adopted to rate and 

evaluate the performance of the proposed DPEC. 

 

2.4.3.1 Temperature Drop 

This parameter indicates the temperature difference between the inlet air 

and product air. At first glance, it is a substantial parameter to indicate the 

thermal performance of the system that provides how much the cooler has 

reduced the temperature of inlet air. Furthermore, it is considered as a base 

parameter from which other performance evaluation parameters will be 

calculated. 

 

2.4.3.2 Wet-Bulb and Dew-Point Effectiveness 

The cooling efficiency of DPEC depends on wet-bulb and dew-point 

effectiveness. The wet-bulb effectiveness is responsible for indicating how 

much the product air dry bulb temperature is approaching or exceeding the wet 

bulb temperature of ambient air that can be expressed as  

𝜀𝑊𝐵 = (𝑇𝑑𝑏,𝑖
∗ − 𝑇𝑑𝑏,𝑜

∗ ) (𝑇𝑑𝑏,𝑖
∗ − 𝑇𝑊𝐵,𝑖

∗ )⁄         (2.1) 

where, 

𝜀𝑊𝐵: is the wet-bulb effectiveness; 

𝑇𝑑𝑏,𝑖
∗ : is the dry bulb temperature of inlet/ambient air, °C; 

𝑇𝑑𝑏,𝑜
∗ : is the dry bulb temperature of outlet/product air, °C; 

𝑇𝑊𝐵,𝑖
∗ : is the wet bulb temperature of inlet/ambient air, °C. 

In the meanwhile, the dew-point effectiveness is a demonstration of the 

cooler’s thermal effectiveness in terms of dew point depression that indicates 
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how much the product air dry bulb temperature is approaching the dew point 

temperature of the inlet air which can be expressed as 

𝜀𝐷𝑃 = (𝑇𝑑𝑏,𝑖
∗ − 𝑇𝑑𝑏,𝑜

∗ ) (𝑇𝑑𝑏,𝑖
∗ − 𝑇𝐷𝑃,𝑖

∗ )⁄         (2.2) 

where, 

𝜀𝐷𝑃: is the dew-point effectiveness; 

𝑇𝐷𝑃,𝑖
∗ : is the dew point temperature of inlet/ambient air, °C. 

 

2.4.3.3 Cooling Potential/Capacity 

In a DPECs, the cooling potential or cooling capacity is pertinent to the 

sensible heat loss of primary air inside primary channels. Therefore, it is a 

function of temperature drop of the primary air flow that can be demonstrated 

as follows 

𝐶𝑃𝐻𝑀𝑋 = �̇�𝑎
∗ · (1 − 𝐴𝑅) · 𝑐𝑝,𝑎

∗ · (𝑇𝑎,𝑖
∗ − 𝑇𝑎,𝑜

∗ )    (2.3) 

where,  

𝐶𝑃𝐻𝑀𝑋: is the cooling potential of the HMX, kW; 

�̇�𝑎
∗ : is the mass flowrate of the primary air, kg/s; 

𝐴𝑅: is the working to primary air ratio; 

𝑐𝑝,𝑎
∗ ; is the specific heat of primary airflow at constant pressure, (kJ/kg·K); 

𝑇𝑎,𝑖
∗ : is the temperature of inlet air, °C; 

𝑇𝑎,𝑜
∗ : is the temperature of product air, °C. 

 

2.4.3.4 Energy Efficiency 

Energy efficiency or coefficient of performance is a common evaluation 

metric for air-conditioning systems. It is a ratio of cooling potential of the 
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system to the total electrical power consumed by the cooler. For DPECs, it can 

be expressed as 

𝜂𝑒𝑛
𝐻𝑀𝑋 = 𝐶𝑃𝐻𝑀𝑋 (𝐸𝑓𝑎𝑛 + 𝐸𝑝𝑢𝑚𝑝)⁄     (2.4) 

where,  

𝜂𝑒𝑛
𝐻𝑀𝑋: is the energy efficiency; 

𝐸𝑓𝑎𝑛: is the electrical power consumed by the fan, kW; 

𝐸𝑝𝑢𝑚𝑝: is the electrical power consumed by the water pump, kW. 

The electrical power required by the fan and pump are highly contributed 

by the pressure drops occurred as a result of fluid flow inside the pipes 

(friction/major resistance) and fluid flow inside the components (local/minor 

resistance) that can be expressed as  

∆𝑃 = ∆𝑃𝑚𝑗 + ∆𝑃𝑚𝑛     (2.5) 

∆𝑃 = (0.5 · 𝑓 · 𝑑𝑧 · 𝜌 · 𝑢2 · 𝐷𝐻−1) + (∑ 0.5 · 𝐾 · 𝜌 · 𝑢2)   (2.6) 

where, 

∆𝑃: is the total pressure drop, kPa; 

∆𝑃𝑚𝑗: is the major pressure loss, kPa; 

∆𝑃𝑚𝑛: is the minor pressure loss, kPa; 

𝑓: is the Darcy-Weisbach friction factor; 

𝑑𝑧: is the length, m; 

𝜌: is the density, kg/m3; 

𝑢: is the fluid flow velocity, m/s; 

𝐷𝐻: is the hydraulic diameter, m; 

𝐾: is the local loss coefficient. 
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2.4.3.5 Water Evaporation Rate  

The evaporation of water is the driving force of the heat and mass transfer 

inside the HMX of DPEC. The water evaporation take place when the water 

molecules absorb the heat from their surroundings and discharge into the 

working air through latent heat transfer, by which, the humidity ratio of the 

working air increases. It can be calculated by the following equation 

𝑑�̇� = 𝜑∗∗ · 𝜎 · 𝑑𝑆𝑓 · 𝜌𝑎
∗∗ · (𝜙𝑠 − 𝜙𝑎

∗∗)           (2.7) 

where,  

𝑑�̇�: is the water evaporation rate, kg/s; 

𝜑∗∗: is the convective mass transfer coefficient of working channel air, m/s; 

𝜎: is the wettability factor of wet surface; 

𝑑𝑆𝑓: is the surface area of water surface, m2; 

𝜌𝑎
∗∗: is the density of working air, kg/m3; 

𝜙𝑠: is the humidity ratio at air-water interface, kg/kg; 

𝜙𝑎
∗∗: is the humidity ratio of working airflow, kg/kg; 

 

2.4.3.6 Exergy Efficiency and Entropy Generation Rate 

The exergy analysis is considered as the essence of second law of 

thermodynamics analysis from which it can be identified how much exergy the 

system can harness from the total exergy available. Whereas the entropy 

generation rate by the system indicates how much the system approaches the 

irreversibility, they can be expressed as    

𝜂𝑒𝑥 =
�̇�𝑥𝑜𝑢𝑡

�̇�𝑥𝑖𝑛
         (2.8) 

�̇�𝑔𝑒𝑛 =
�̇�𝒙𝒅𝒆𝒔𝒕𝒓𝒖𝒄𝒕𝒊𝒐𝒏

𝑇0
           (2.9) 
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where,  

𝜂𝑒𝑥: is the exergy efficiency; 

�̇�𝑥𝑜𝑢𝑡: is the total output exergy, kW; 

�̇�𝑥𝑖𝑛: is the total input exergy, kW; 

�̇�𝑔𝑒𝑛: is the entropy generation rate, kW/K; 

�̇�𝑥𝑑𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛: is the exergy destruction, kW; 

𝑇0: is the dead state temperature, °C. 

 

2.5 APPLICATIONS OF DEW POINT EVAPORATIVE COOLERS 

 

2.5.1 Applications of DPEC with Solar Panel Systems  

The generated heat from the solar photovoltaic (PV) panels are the leftover 

heats from the received solar radiation photons that did not transformed into 

electrical energy. This excess heat critically reduces the energy transformation 

process by the PV cells and reduces the panel’s efficiency. Therefore, it is 

substantial to cool down the PV panels. There are several methods for cooling 

off the solar PV collectors, such as: (a) thermoelectric coolers, (2) phase change 

materials, (3) evaporative cooling, (4) fins-aided air-cooling channels, and (5) 

closed-loop underground cooling.  

Regarding the evaporative cooling approach, it can be carried out through 

three essential evaporative technologies, namely, the direct evaporative cooling 

(DEC), indirect evaporative cooling (IEC), and dew point evaporative cooling 

(DPEC). The DPEC is considered as the most significant choice for cooling of 

the PV panels and improving their energy conversion efficiency due to its high 

thermal and energy efficiency that can produce the lowest product air 

temperature compared to other evaporative cooling types.  
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Table 2.� Summary  of  the  selected  studies  regarding  performance  enhancement  of  DPECs  (Section 2.4) 

Study 
Nature of the 

work  
Enhancement method 

Employed 

materials 

Water 

distribution 

mechanism 

Key findings 

(Zhao et al., 2008) Experimental 

wick (whiskers, meshes, 

sintered, or grooves) are 

structured on the surface of the 

metal plate and compared to 

other materials on the bases of 

water holding ability, durability, 

water-proof coating, and cost. 

fibers, ceramics, 

zeolite, carbon, 

copper, aluminum 

Downward 

flowing 

They found that the wick-attained 

metals are the most adequate material 

over other adopted materials and the 

wick-attained aluminum plates are 

cheaper than the wick-attained copper 

(Xu et al., 2016) Experimental 

On the bases of absorption 

capability, evaporation rate, and 

diffusion rate, several types of 

fabrics weaved from different 

fibers have been investigated 

and compared to the craft paper. 

They used seven 

types of fabrics 

and craft paper for 

the purpose of 

experimentation 

Capillary motion 

They stated that, in comparison to the 

craft paper, some of the adopted fibers 

had 171-182% more absorption 

capability, 77-93% more evaporation 

rate, and 298-396% more diffusion 

rate. 

(Al-Zubaydi and 

Hong, 2019) 
Experimental 

analyzed the effect of three 

water spraying modes on six 

types of the water spraying 

configuration on three cooler’s 

performances. 

PVC plastic 
Downward 

flowing 

They cooler had the best performance 

with mixed water spry mode, and it 

performed better with internal mode 

than the external mode 

(De Antonellis et 

al., 2019) 
Experimental 

Investigated six air-water flow 

configurations with water 

nozzle arrangement in view of 

reducing the water consumption 

issue 

Aluminum alloy 
Downward 

flowing 

It was found that, with water flowing 

at top, a wet-bulb effectiveness as high 

as 82-84% can be obtained with the 

horizontal and top plate orientation  

(Sun et al., 2020a) Experimental 

investigated five different 

nozzles under the influence of 

intermittent and continuous 

water spraying modes. 

porous ceramics 
Downward 

flowing 

The spiral type nozzle had the best 

capability for water volume flowrate, 

wide area coverage, and good 

uniformity. 

(Pandelidis et al., 

2021) 
Experimental 

Investigated eight different 

materials to be used as the 

evaporative surface for 

evaporative air coolers. 

Eight types of 

synthetic and 

natural materials 

Capillary motion 

They found that, when compared to 

the natural fibers, the synthetic fibers 

are more capable of water distribution 

rate. The basalt paper-like synthetic 

fiber had the highest dispersion 

capability.  
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Moreover, occasionally there is another application when integrating the 

photovoltaic/thermal (PV/T) collector with desiccant wheel integrated DPEC 

which is used to improve the in-door air quality when this configuration is 

operated under humid climates. These methods come with passive and active 

cooling techniques. The passive cooling method uses natural convection and 

conduction heat transfer process to dissipate the generated heat into the 

environment, while active cooling method dispose that heat using forced 

circulating coolants, such as water, air, or nanofluids (Kozak-Jagieła et al., 

2023; Reddy et al., 2015; Zhang et al., 2020).  

However, the active cooling is more advantageous due to the potential of 

harnessing this excess heat and utilizing it for other applications. Such 

applications include the domestic hot water production (Habchi et al., 2024; 

Hazi et al., 2014; Mi et al., 2020), heat recovery ventilation for domestic and 

industrial processes under a particular weather condition (Choi et al., 2023; 

Irshad et al., 2024; Sarvar-Ardeh et al., 2024), and desalination of seawater to 

produce tap and clean water (He et al., 2023; Isah et al., 2024; Ravajiri et al., 

2024).  

This section focuses on the configurations integrating DPEC with solar PV 

panels, and brings all the outcome aspects from such a performance elevating 

hybrid system. Many configurations and approaches have been adopted for this 

regard.  Yang et al. (2024) developed a flat-plate DPEC integrated PV panel 

with two working channels, one is located in the DPEC that can produce a 

product air temperature lower than the wet-bulb temperature of ambient air, 

and the other one is located at the bottom of the solar panel as shown in Fig. 

2.19. They compared the performance of the proposed configuration to 

previous configurations and noticed 16.4% improvement in the performance of 

the PV panel efficiency when simulated under two summer weather conditions.  
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Fig. 2.19 (a) Proposed configuration; (b) conventional configuration; (c) 

Schematic diagram of PV panel layer (Yang et al., 2024) 

 

Song and Sobhani (2020) investigated the transient performance of flat-

plate M-cycle integrated solar desiccants air cooling system with phase change 

material (PCM) as illustrated in Fig. 2.20. The PV/T collector employed to 

provide the required heat at daytime, while during the nighttime, the PCM 

thermal energy storage utilized in this regard.  

 

 

Fig. 2.20 Solar desiccant air-conditioning (Song and Sobhani, 2020) 
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The required heat is the essence of the desiccant wheel (DW) operation that 

function as the air dehumidifier to enhance the thermal performance of DPEC. 

The proposed system has been investigated under hot and humid climate 

condition for a small office building for five cooling months (from June to 

October). Afterwards, the performance of the M-cycle investigated with respect 

to in-door air thermal comfort acquisition. They found that the total COP 

obtained from the proposed system was 0.404. In addition, they concluded that 

the utilization of PCM can increase the overall efficiency of the system. 

Similarly, Wang et al. (2020) utilized the same configuration as Song and 

Sobhani (2020), this time they added a humidification-dehumidification 

desalination unit (HDDU) to the configuration benefited from the waste heat 

from the desiccant wheel for the purpose of freshwater production from 

seawater. Both studies added a PCM material to the PV/T collector which is 

located beneath the panel to store heat at daytime and restoring it at nighttime 

simultaneously with the stored heat in the thermal storage tank (Fig. 2.21).  

The hybrid PV/T based DPEC has been adopted by many literatures as 

effective air-conditioning system to bring thermal comfort in high humidity 

weather condition regions (Buker and Riffat, 2016a; Harrouz et al., 2021). 

Furthermore, many literatures potentially cooled the solar PV panel through 

direct evaporation method using water spray mechanisms by sparkling the 

ejected water on top of the PV panel via different types of nozzles due to 

simplicity and low cost of this cooling method (Benato et al., 2021; Mahdi and 

Ali Aljubury, 2021; Nateqi et al., 2021). Regarding the passive cooling method, 

Žižak et al. (2022) experimentally investigated the potential of using passive 

evaporative cooling for PV solar collector under various weather conditions of 

eight cities as illustrated in Fig. 2.22. The experiments reported that about 

20.1°C reduction and 9.6% increase in both PV peak temperature a electricity 

generation could be achieved with the proposed cooling method. 
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Fig. 2.21 Schematic diagram of PV/T-PCM solar collector (Wang et al., 

2020) 

 

 

Fig. 2.22 (a) Experimental setup: (b) Back-view (Žižak et al., 2022) 

 

2.5.2 Applications of DPEC with VCRS Systems 

The intensive power consumption of VCRS systems is the greatest 

downside of such system. Consequently, this type of air-conditioning system 

possesses the significantly low energy efficiency ratio (COP) compared to the 

evaporative based air-conditioning systems in general. Several factors affecting 

the degradation of this COP, such as sub-cooling and superheating of the 

working fluid, compressor efficiency, refrigerant type, and discharge and 

suction pressures. The efficiency of VCRS systems can be notably increased 

through the improvement of the above-mentioned factors. Operating this 
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system in hot climate areas is another factor for demolishing its performance.  

One of the common methods for COP improvement is integrating evaporative 

coolers with the condenser (evaporative condensers). This approach enhances 

the condenser function by which the sub-cooling effect will be increased. This 

far, there is no dedicated study utilizing DPEC for such an effective method.  

However, one study proposed the evaporative air-cooled condenser (EACC) by 

utilizing cooled air from the direct evaporation cooler for improving the 

condenser performance of inverter VCRS system (Sarntichartsak and Thepa, 

2013). Another study proposed the evaporative water-cooled condenser 

(EWCC) to cool down the refrigerant passing through the condenser of an 

VCRS system (Nasr and Hassan, 2009).  

The available literatures utilizing DPEC as a pre-cooling device for VCRS 

systems to improve the indoor air quality of the air-conditioned space are rather 

few. Chauhan and Rajput (2016) carried out a parametric analysis for integrated 

flat-plate DPEC with VCRS system to produce a comfort indoor conditioned 

air, then compared the results with a conventional VCRS systems. The 

illustration of the proposed cycle is shown in Fig. 2.23.  

 

 

Fig. 2.23 DPEC- VCRS for air-conditioning (Chauhan and Rajput, 2016) 
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They pre-cooled the ambient fresh air first in the DPEC before interring the 

VCRS system in order to produce a desired supply air under a wide range of 

climate conditions. It was found that the proposed configuration was able to 

achieve 192.31 kWh of average net monthly power consumption when 

operated under hot and dry climate, while the amount of saving reduced to 

124.38 kWh for hot and moderate humid climate. Similarly, Zanchini and Naldi 

(2019) combined a flat-plate M-cycle with VCRS system (refer to Fig. 2.24) to 

provide a thermal comfort for an office building during July and August in 

north Italy. The simulation conducted for hourly energy consumption, 

dehumidifying, and ventilation. They proposed two air flow management 

configurations for the cycle and compared them to the traditional cycle. In the 

first configuration, they employed the out-door air to be pre-cooled in the M-

cycle, while in the second configuration, they employed the recirculated air 

from conditioned space to be pre-cooled in the M-cycle. They found that the 

second configuration reduced the total energy consumption by 38%.   

 

 

Fig. 2.24 (a) First air-conditioning cycle; (b) Second air-conditioning cycle 

(Zanchini and Naldi, 2019) 
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Similar approach has been adopted by other researchers in the light of 

providing energy saving, performance improvement, and indoor thermal 

comfort condition (Chen et al., 2022; Q. Chen et al., 2021; Cui et al., 2015b; 

Duan et al., 2019).  

 

2.5.3 Applications of DPEC with Desiccant Wheel 

The application of DPEC combined with desiccant wheel is usually used 

for regions with hot and humid climate condition. This type of combination has 

a broad implementation due to its efficient ability to remove the moisture from 

ambient air and reducing its dew-point temperature significantly as the dew-

point temperature is the most effective key parameter for DPEC systems. The 

desiccants are hygroscopic materials capable of absorbing and releasing the 

moisture when exposed to the air. In general, there are two types of desiccant 

materials, namely, liquid desiccants (such as, lithium chloride solution, calcium 

chloride solution, and ionic liquid) and solid desiccants (such as, metal-organic 

framework, zeolite, and silica gel). On the bases of their application in air-

conditioning systems, they are available as: liquid-desiccant dehumidifiers 

(LDD), and solid-desiccant dehumidifiers (SDD).  

Olmuş et al. (2023) assessed the performance of an off-grid sustainable 

solid desiccant air-conditioning system for a building under the weather 

condition of Adana, Turkey. In their proposed configuration, they used solid 

desiccant wheel to dehumidify the flowing air prior to the flat-plate DPEC and 

the required heat and electrical energy of the cycle were provided by a water-

cooled PV/T system as illustrated in Fig. 2.25. They stated that the electrical, 

thermal, and total COP were respectively 4.09, 0.46, and 0.42. Besides, the net 

energy consumption for the cooling season was computed to be -102.82 kWh, 

the negative sign indicates the self-energized sustainable cycle.  
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Fig. 2.25 Off-grid sustainable air-conditioning system (Olmuş et al., 2023) 

 

Likewise, (Buker and Riffat, 2016b) proposed a similar self-driven air-

conditioning system, this time they employed liquid desiccant dehumidifier 

with flat-plate DPEC to improve the indoor air quality as shown in Fig. 2.26. 

They manufactured a prototype for the proposed system. The results from the 

experiments showed that the cycle can provide 10 MWh electrical power per 

year with a cooling load and generated heat of 5 kW and 3 kW, respectively. 

More details about their results are provided in Fig. 2.27.  

 

 

Fig. 2.26 Sustainable air-conditioning cycle (Buker and Riffat, 2016b) 
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Zhou (2021) studied the potential of flat-plate DPEC that integrated with 

solar-driven DW and compared the results with the conventional VCRS 

systems. They investigated the thermal and energy performance of such a 

system to provide cooling and heating demand for a building under the climate 

condition of three cities of Australia with tropical, subtropical, and temperature 

climate conditions. The results indicated that, under the tropical weather 

climate, the cycle could not achieve 28.36% of cooling and heating demands, 

while it could achieve 98% of such demands when the cycle operated under 

subtropical and temperature weather climates. Ghosh and Bhattacharya 

(2021b) Carried out design methodology and thermal analysis of flat-plate 

DPEC assisted by LDD under hot and humid climate. They set the indoor 

design temperature to about 25 °C based on ASHRAE Standard 55-2017 (2020) 

recommendation. It was reported that the thermal COP of the cycle varied 

between 0.32 to 0.96 for a year-round operating period. 

 

 

Fig. 2.27 Hourly variation of obtained results (Buker and Riffat, 2016b) 
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Many researchers adopted the similar idea of desiccant wheel assisted flat-

plate DPEC through various airflow configurations, equipment placements, and 

integrated devices in the light of improving the thermal and energy 

performance and maintaining the indoor thermal comfort under a wide range 

of regional climates (Chen et al., 2018; Delfani and Karami, 2020; Elsarrag et 

al., 2016; Lai et al., 2022; Pandelidis et al., 2020b, 2016; Woods and Kozubal, 

2013).  

One study (Lai et al., 2022) considered freshwater production alongside 

with cooling process by adding humidification-dehumidification desalination 

unit (HDDU) to the flat-plate M-cycle integrated SDD air-conditioning cycle 

under three air circulation modes: ventilation, half-circulation, and re-

circulation. The exhaust air from the M-cycle has been used by the HDDU to 

improve the water generation. From the conducted simulations they found that 

the water production rates were similar for all air circulation modes of around 

52 kg/h. on the other hand, the recirculation mode showed the best cooling 

performance of 7.91 kW which could maintain the temperature of the supply 

air lower than 20.85 °C. More details about the selected studies in this regarding 

can be found in Table 2.7. 

 

 

 

 

 

 

 



 

 

‒
﴾

 63
 ﴿

‒
 

Table 2.� Summary of the selected studies regarding the hybrid DPECs (Section 2.5) 

Study 
Nature of the 

work  
Integrated modules Region 

Weather 

condition 
Key finding 

(Woods and 

Kozubal, 2013) 

Theoretical & 

experimental 
DPEC+DEC+LDD ― 

Hot-humid, 

hot-dry, 

moderate-

humid 

They presented numerical modelling and 

experimental testing of two stage desiccant 

enhanced DPEC with 8 independent 

variables. They proposed a future 

installation for the system to study the 

energy saving potential. 

(Buker and Riffat, 

2016b) 

Theoretical & 

experimental 

DPEC+LDD+HX+TES+DEC 

+PV/T 
― Hot-humid 

A prototype of the proposed configuration 

was fabricated and tested. They analyzed 

the electrical and heat generation from the 

PVT. The proposed cycle can deliver 5 kW 

of cooling and 3 kW of heating.  

(Chauhan and 

Rajput, 2016) 
Theoretical DPEC+VCRS ― 

Hot and dry, 

hot and 

moderate 

humid 

It was found that, when the proposed cycle 

operated at 46 °C and 6 g/kg specific 

humidity, the maximum net monthly power 

saving was 240.28 kW h indicating 7.2 

years of payback period. 

(Chen et al., 2018) Theoretical 
REC+CT+LDD+TES+HX 

+PV/T 
― Hot-humid 

For each unit, they internally calculated the 

heat and mass transfer and concluded that 

the required energy for the cycle can be 

saved by 22.4-53.2% under various air 

conditions. 

(Duan et al., 2019) Theoretical DPEC+VCRS Beijing, China Hot-humid 

It was stated that combined DPEC with 

VCRS able to save energy by up to 38.2%. 

They developing a dynamic model based 

on Energy Plus for the hybrid system. 

(Zanchini and 

Naldi, 2019) 
Theoretical M-cycle+VCRS+HX Milan, Italy Hot-humid 

They conducted hourly energy 

consumption, dehumidification, and 

ventilation using two different airflow 

configurations. They were able to save up 

to 38% of energy consumption. 
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(Song and Sobhani, 

2020) 
Theoretical 

M-cycle+PV/T+DW+TES+ 

heater+HX 

Bandar Abbas, 

Iran 
Hot-humid 

They used integrated PV/T-TES to provide 

the heat for DW during daytime and 

nighttime to improve the supply air quality 

from the M-cycle. The total obtained COP 

was 0.404.  

(Wang et al., 2020) Theoretical 
M-cycle+PV/T+DW+TES+ 

heater+HX+HDDU 

Bandar Abbas, 

Iran 
Hot-humid 

They used similar system as (Song and 

Sobhani, 2020) but this time they added 

HDDU to produce freshwater from 

seawater alongside with providing a 

thermal comfort. 

(Ghosh and 

Bhattacharya, 

2021b) 

Theoretical DPEC+ECT+LDD+HX Kolkata, India 

Hot-humid, 

moderate-

humid 

They proposed a desiccant assisted DPEC 

which can maintain the indoor thermal 

comfort specified by ASHRAE.  

(Zhou, 2021) Theoretical DPEC+DW+GHC+TES+PV/T 

Darwin; 

Brisbane; 

Melbourne, 

Australia 

tropical, 

subtropical and 

temperate 

The proposed solar-driven air-conditioning 

was able to deliver 98% of cooling and 

heating load under Brisbane and Melbourne 

climates, while it could not deliver 28.36% 

of such demand when operated under 

Darwin climate.  

(Lai et al., 2022) Theoretical M-cycle+SDD+heater+HDDU ― Hot-humid 

By the insertion of HDDU into the 

SDD+M-cycle cycle, they were able to 

generate about 52 kg/h of freshwater 

alongside with 7.91 kW of cooling under 

hot-humid climate. 

(Olmuş et al., 2023) Theoretical DPEC+DEC+SDD+ PV/T Adana, Turkey Hot-humid 

The proposed configuration was able to 

provide the required cooling for the 

building and electricity generation for the 

cycle. 

(Yang et al., 2024) Theoretical DPEC+PV 
Fukuoka, 

Japan 
― 

They cooled the PV panel directly by 

adding a DPEC to the bottom of the panel 

and noticed 16.4% improvement in the 

performance. 
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CHAPTER 3  
 

MATHEMATICAL MODELLING  

 

3.1 INTRODUCTION 

This chapter presents the inception for the geometry-development concept 

regarding the dew point evaporative cooler based on the intensive numerical 

investigation conducted with regard to the key performance parameters. Fig. 

3.1 shows the selection procedures for the best performing DPEC.  

 

 

Fig. 3.1 Geometry selection procedure of novel DPEC 
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In addition, the following objectives will be carried out in this chapter: 

(1) A novel design for DPEC will be proposed, sketched, and compared to the 

conventional flat-plate type DPECs.  

(2) Describing the working principle of the physical models. 

(3) A robust mathematical model will be formulated based on the energy and 

mass balance equations.  

(4) Dedicated numerical model will be developed and computerized that 

enables the prediction of heat and mass transfer process within the HMXs. 

(5) The numerical model will be validated against the published experimental 

data so as to ensure the accuracy of the developed model. 

(6) A series of numerical simulations will be conducted so as to assess the 

performance of the proposed system under different operational conditions 

and geometrical configurations so as to identify the optimum dimensions 

for the novel DPEC which will be employed for the manufacturing of the 

system. 

Moreover, the developed numerical simulation model should be able to 

carry out the following tasks:  

(I). Predicting cooler’s thermal and energy performance. 

(II). Executing exergy, entropy, and sustainability analysis of the proposed 

DPEC. 

(III). Determining the optimum sizing for the proposed DPEC and finalizing the 

physical design of the HMX so as to be employed for the construction of 

the unit.  

 

The results obtained from the numerical simulation will be double validated 

with the experimental data from the fabricated unit in Chapter 5.  
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3.2 CONCEPTUAL DESIGN AND WORKING PRINCIPLE 

After a thorough review of the existing literatures that has been carried out 

in Chapter 2, it was noticed that most of the studies employed flat plates as the 

base design for HMX. Therefore, so as to investigate other possible geometries 

for DPEC, four new designs were proposed and compared to the conventional 

flat-plate and corrugated-plate type DPECs. A 3-D graphical sketching 

alongside with 2-D front shapes of the HMX are presented in Table 3.1. 

Throughout the investigation, the concentric-tube design heat and mass 

exchanger showed the best thermal performance among all the HMX types 

(more explanations discussed in Chapter 5). Consequently, the concentric-tube 

type has been selected and further improved with regard to feasibility for easy 

construction. Therefore, it has been substituted with shell and tube design in 

lights of easy manufacturing (i.e., design complexity reduction), maintenance, 

and rigidity of the practical unit.  

The flat-plate type DPECs has an impediment of limited heat and mass 

transfer potential due to occurrence of heat transfer only in one direction from 

primary channel to working channel (i.e., perpendicular to the flat plate), unlike 

the proposed design from which the potential of heat and mass transfer has been 

significantly increased as they occur in all radial directions. On that base, we 

proposed a shell and tube design for HMX of DPEC, which has not been studied 

previously. The proposed novel HMX consists of one shell (works as a single 

working channel) and a preferred number of tubes (work as primary channels). 

The selection of tubes number is based on the designed cooling capacity of the 

system. Such a design made the construction of complex HMX very easy, and 

the complexity impediment can be overcome. Besides, it could save time 

during mass production owing to the simplicity of shell and tube configuration. 

During the analysis, the energy and thermal performances of the novel DPEC 
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ware investigated and compared to that of flat-plate DPEC under two air-water 

flow configurations and different operational and geometrical conditions.  

 

Table 3.1 Graphical representation of the proposed HMXs for DPEC 

HMX type 
Two-dimensional shape 

of channels 

Three-dimensional shape 

of channels 

Concentric 

tube 

(HMX-1) 

  

Square tube 

(HMX-2) 

  

Rectangula

r tube 

(HMX-3) 
 

 

Triangular 

tube 

(HMX-4) 

  

Flat plate 

(HMX-5) 

 
 

Corrugated 

plate 

(HMX-6) 
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That being so, the formulation of the mathematical model and the working 

principle of the proposed novel cooler will be demonstrated in this chapter, 

thereafter, the development of the numerical model will be described. A 3-D 

schematic representation of the novel shell and tube DPEC is presented in Fig. 

3.2(a) with deeper illustration of individual primary and working channels pair 

in Fig. 3.2(b).  

 

 

Fig. 3.2 Three-dimensional graphical representation: (a) Novel shell and tube 

DPEC; (b) Individual primary and working channels pair 

 

As illustrated in Fig. 3.2, the proposed shell and tube type DPEC consists 

of one shell and preferred number of tubes (depends on the designed cooling 

load). The cooler is divided into three chambers, namely, inlet air chamber, 

working air chamber and product air chamber. The utilization of these 

chambers contributes in uniform air distribution (at entrance) and accumulation 

(at exit), alongside with facilitating the manufacturing process. At the 

beginning, the unsaturated air enters the system from side/top of the inlet air 
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chamber and distributed uniformly onto the primary channels. This ensures 

each channel earns equal amount of airflow. After these air streams been 

cooled, the product air chamber accumulates the flowing air from each channel 

and directs them out of the unit from side/bottom of the chamber.  

Regarding the working air chamber, it houses the working air streams, 

evaporative surfaces, and water spraying system. Once all the primary channels 

covered with wick film (evaporative surface), then they are compiled and 

enclosed by a transparent acrylic sheet to form the shell, which works as a 

single working channel. Due to the absence of a working channel boundary 

wall for each primary channel, a hypothetical boundary is considered for each 

channel for the purpose of mathematical modeling, as illustrated in Fig. 3.2(b). 

A portion of the unsaturated cooled air from the primary channel diverts to the 

working channel/chamber through the perforations made in the tubes wall (six 

perforations per each primary channel) prior to the product air chamber. Each 

tube is covered by a wicking film that guarantees efficient absorption, 

diffusion, and uniform flow of water.  

For the proposed DPEC, a dedicated water distribution system has been 

developed as shown in Fig. 3.2(a). It consisted of perforated plate, perforated 

fabric-sponge, copper tubes, water pump, and rotameter (more description is 

presented in Chapter 4). The water is fed to the fabric-sponge via perforated 

copper tubes on top and flowing downward around the evaporative surface by 

the effect of the gravitational force. A part of the downward flowing water will 

be evaporated as it passes through the working air chamber due to mass transfer 

phenomenon (i.e., evaporation process) and accumulated in the water sink to 

be dripped out of the system. At the end, after the working air been processed 

and nearly fully saturated via the evaporation process, it leaves the working air 

chamber as exhaust air.  
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3.3 AIR-WATER FLOW CONFIGURATIONS  

The configuration of air and water flows inside HMX significantly affects 

the system's performance. As illustrated in Fig. 3.3, two configurations are 

proposed for both exchanger types. In Fig. 3.3(a), which represents the first 

configuration, the flow directions of the primary air and downward flowing 

water are parallel (cocurrent). However, in Fig. 3.3(b), which represents the 

second configuration, the flow directions of the primary air and downward 

flowing water are counter. Yet, the direction between the primary and working 

air streams is kept counter for both configurations, and the water is always 

flowing downward, as described in Table 3.2.  

 

  

Fig. 3.3 Air-water flow configurations: (a) parallel flow (PF); (b) counter 

flow (CF) 
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Table 3.2 System description according to air-water flow configurations 

DPEC type 
Air-water flow 

configuration 

System 

Name  
Description 

Shell and tube 

exchanger 

(STX) 

Parallel flow (PF) STX-PF 
The primary and working airflows 

are always kept in counter 

direction. However, the directions 

between the primary air and water 

flow are investigated in two cases. 

In the first case, they are in 

cocurrent flow (i.e., parallel flow), 

while in the second case, they are 

in opposite direction (i.e., counter 

flow) 

Counter flow (CF) STX-CF 

Flat plate 

exchanger 

(FPX) 

Parallel flow (PF) FPX-PF 

Counter flow (CF) FPX-CF 

 

3.4 MATHEMATICAL MODELLING 

This section is based on the first law of thermodynamics analysis deeming 

the energy and mass balance equations as they have been employed to develop 

the mathematical model which can predict the heat and mass transfer for both 

STX and FPX type dew point evaporative coolers. Each primary and working 

channel (refer to Fig. 3.2(b)) is divided into numerous amounts of differential 

elements, explained in Section 3.6. The illustrations for each differential 

element of both DPEC types are depicted in Fig. 3.4.  

During the simulation, to conduct a fair comparison study, the volumes of 

HMX of both systems are fixed, and the cross-section area for each differential 

element of both systems is equally sized; besides, the primary channel’s cross-

section area is equated to that of the working channel. For the model’s accuracy 

to be improved, within each differential element, conduction and convection 

heat transfer through the channel wall and by downward flowing water are 

considered, respectively, alongside with the thermal entry region consideration 

for both primary and working air channels. The key assumptions of the 

developed model are as follows: 
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i. The surface of the wet film is considered to be completely wetted (𝜎 =1). 

ii. The velocities of air and water flows are considered uniform within each 

differential element. 

iii. The system's circulating air is considered incompressible gas. 

iv. The physical interaction between the exchanger and the surroundings is 

assumed adiabatic.  

v. Variation of thermophysical properties in θ direction are neglected, while 

in z direction they continuously varying from entrance and exit of each 

element. 

vi. The heat and mass transfer are in steady state. 

vii. The fully developed region is considered to be at constant surface 

temperature. 

 

 

  

Fig. 3.4 Differential elements: (a) FPX element (top view); (b) STX element 

(top view); (c) FPX element (3D illustration); (d) STX element (3D 

illustration) 
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Overall, within the heat and mass exchanger, heat is transferring from 

primary air to the channel wall and thereafter from channel wall to the 

downward flowing water, which is then released to the working air flow 

through convection and evaporation processes. Fig. 3.5 shows the controlled 

differential element, based on which, the changes in thermophysical properties 

and the heat and mass transfer processes have been illustrated. For each 

differential element, the governing equations are outlined below: 

 

3.4.1 Primary Channel Airflow 

The airflow inside the primary channel loses heat sensibly to the inner wall 

surface by convection. Hence, the humidity ratio of the air remains unchanged. 

In terms of heat balance, the total heat lost from primary air can be expressed 

as 

�̇�𝑎
∗ · 𝑐𝑝,𝑎

∗ · 𝑑𝑇𝑎
∗ = 𝜆∗ · 𝑑𝑆∗ · (𝑇𝑎

∗ − 𝑇𝑤𝑖) = 𝑑�̇�∗                   (3.1) 

where d denotes the rate of change of any parameters at inlet and exit of a 

differential element. The convective heat transfer coefficient (𝜆) of each 

element varies based on the location of the element in the flow path, which 

depends on the flow regions. Concerning the thermal consideration for flow 

inside a channel, two regions are available: namely, the thermal entrance region 

and the fully developed region. Regarding the Reynolds number (Re), the flow 

inside the primary and working channels were examined under a wide range of 

temperatures, air flow velocity, and channel sizes, and it was found that the Re 

in all the cases were below 2300. This implies that the flow is consistently 

laminar. Thus, the thermal entry region (Zt) for laminar flow can be calculated 

from (Çengel et al., 2022) 

𝑍𝑡 = (𝑅𝑒 · 𝑃𝑟 · 𝐷𝐻) 20⁄                                      (3.2) 
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For the primary channel, the corresponding Nusselt number at the entrance 

region is calculated with the following correlation (Baehr and Stephan, 2006; 

Bergman et al., 2017): 

𝑁𝑢∗ =

7.54

tanh(2.264·𝐺𝑧−1 3⁄ +1.7·𝐺𝑧−2 3⁄ )
+0.0499·𝐺𝑧·tanh(

1

𝐺𝑧
)

tanh(2.432·𝑃𝑟1 6⁄ ·𝐺𝑧−1 6⁄ )
                     (3.3) 

where Gz is the Graetz number, Gz=DH·Z-1·Re·Pr. On the other hand, in fully 

developed region, the Nusselt number is constant. This region is characterized 

by being either at a constant heat flux state or at constant surface temperature 

state. For the current study, a constant surface temperature is considered owing 

to continuous phase transition of water (i.e., evaporation) at the outer channel 

wall (Bergman et al., 2017). 

 

 

Fig. 3.5 Differential element applied for heat and mass transfer calculations 

 

3.4.2 Downward Flowing Water and Channel Wall 

The rate of transferred heat from the air stream in primary channel to the 

inner surface of the channel wall is the same amount of transferred heat from 
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outer surface of the wall to the downward-flowing water. In terms of heat 

balance, the above statement can be expressed as 

(𝑇𝑤𝑖 − 𝑇𝑤𝑜) 𝛤𝑡,𝑤⁄ = (𝑇𝑤𝑜 − 𝑇𝑓)/𝛤𝑡,𝑓 = (𝑇𝑎
∗ − 𝑇𝑓)/𝛤𝑡                (3.4) 

where Γt is the thermal resistance faced by heat transfer from air stream in 

primary channel to downward flowing water for each computational element, 

which can be expressed as 

𝛤𝑡
𝑆𝑇𝑋 = (𝜆𝑎

∗ · 2 · 𝜋 · 𝑟𝑤𝑖 · 𝑑𝑧)−1 + ln(𝑟𝑤𝑜 𝑟𝑤𝑖⁄ ) · (𝜅𝑤 · 2 · 𝜋 · 𝑑𝑧)−1 +                   

(𝜆𝑓 · 2 · 𝜋 · 𝑟𝑤𝑜 · 𝑑𝑧)
−1

                                       (3.5) 

𝑑𝛤𝑡
𝐹𝑃𝑋 = (𝜆𝑎

∗ · 𝑑𝑦 · 𝑑𝑧)−1 + 𝛿𝑤 · (𝜅𝑤 · 𝑑𝑦 · 𝑑𝑧)−1 + (𝜆𝑓 · 𝑑𝑦 · 𝑑𝑧)
−1

  (3.6) 

As it is affected by gravity, the downward flowing water film is highly 

contributing in transferring heat between channel wall and working airflow 

through evaporation and convection. Its thickness and convective coefficient 

can be computed from (Stoitchkov and Dimitrov, 1998) 

𝛿𝑓 = √(3 · 𝜇𝑓 · 𝜒) (𝜌𝑓
2 · 𝑔𝑎)⁄

3
                                      (3.7) 

𝜆𝑓 = 1.88 · 𝜅𝑓 · 𝛿𝑓
−1                                             (3.8) 

 

3.4.3 Working Channel Airflow 

For the current study, the analysis of the working channel airflow for the 

flat plate type cooler is differentiated from the shell and tube type cooler. The 

working airflow inside the flat plate exchanger is treated as internal flow inside 

individual channels having rectangular profile, while the working air-flow 

inside the shell and tube exchanger is treated as external flow with the 

consideration of flow along a bank of tubes with the aligned-arrangement, 

unlike the primary air channels, where the flowing air inside both cooler types 
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was considered as internal flow. Accordingly, the Nusselt number varies for 

each type as it can be calculated for shell and tube type exchanger with the 

following correlation (Bergman et al., 2017) 

[

𝑁𝑢𝑆𝑇𝑋
∗∗ = 𝐶 · 𝑅𝑒𝑚 · 𝑃𝑟0.36 · (𝑃𝑟 𝑃𝑟𝑠⁄ )0.25

𝐺𝑇 𝐺𝐿⁄ > 0.7
𝐶 = 0.27
𝑚 = 0.63

]                        (3.9) 

where GT and GL are transverse and longitudinal gaps between the channels 

(refer to Fig. 3.4(b)), and the Prs is evaluated at surface temperature.  

Meanwhile, for flat-plate type, the Nusselt number can be computed with Eq. 

3.10, which differs from the one used for the primary air channel owing to the 

evaporation process inside the working air channel (Dowdy and Karabash, 

1987; Heidarinejad et al., 2010; Lin et al., 2016) 

𝑁𝑢𝐹𝑃𝑋
∗∗ = 0.10 · (𝐿𝑐 𝛿⁄ )0.12 · 𝑅𝑒0.8 · 𝑃𝑟1 3⁄                       (3.10) 

where Lc is the characteristic length and is equal to volume over area. Along 

the working channel, heat and mass transfer occur simultaneously through 

convection and evaporation, i.e., sensible and latent heat transfer. For working 

air inside each differential element, its total energy change equates the sum of 

latent and sensible heat gain from the water film which can be expressed as 

�̇�𝑎
∗∗ · 𝑐𝑝,𝑎

∗∗ · 𝑑𝑇𝑎
∗∗ = 𝑖𝑣

∗∗(𝑇𝑠) · 𝜑∗∗ · 𝑑𝑆𝑓 · 𝜌𝑎
∗∗ · (𝜙𝑠 − 𝜙𝑎

∗∗) + 𝜆𝑎
∗∗ · 𝑑𝑆∗∗ · 

(𝑇𝑠 − 𝑇𝑎
∗∗)        (3.11) 

𝑑�̇�∗∗ = 𝑑�̇�𝑙𝑡
∗∗ + 𝑑�̇�𝑠𝑛

∗∗                                    (3.12) 

𝑖𝑣
∗∗(𝑇𝑠) = 𝑖𝑒 + 𝑐𝑝,𝑎 · 𝑇𝑠                                  (3.13) 

Regarding Eq. 3.11, the first term of the right-hand side indicates the latent 

heat transfer by evaporation, while the second term is the sensible heat transfer 

by convection. Further, ie is the latent heat of vaporization which depends on 
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the pressure at which the evaporation occurs. At the air-water interface on 

evaporative surface, the air is considered fully saturated and its pressure is 

equivalent to that of the saturation (Ps). Moreover, ϕs is the humidity ratio of 

airflow near air-water interface where the saturation is dominant, and it can be 

calculated from (Baehr and Stephan, 2006) 

𝜙𝑠 = 0.622 · 𝑃𝑠(𝑇𝑠) (𝑃𝑎
∗∗ − 𝑃𝑠(𝑇𝑠))⁄                         (3.14) 

The saturation pressure of air stream near air-water interface can be 

calculated by using the Goff-Gratch formula for T>273.16 K, as referenced in 

(Junzeng et al., 2012) 

log(𝑃𝑠) = 𝑋1 · (�̅� − 1) + 𝑋2 · 𝑙𝑜𝑔(�̅�) + 𝑋3 · (10
𝑋4·(1−

1
�̅�

)
− 1) + 𝑋5 · 

(10𝑋6·(�̅�−1) − 1) + 𝑙𝑜𝑔(𝑋7)                                  (3.15) 

where T̅ = 273.16 × Ts
−1, and the coefficients (X1 – X7) are as follows: 

X1 =-7.90298, X2 =5.02808, X3 =1.3816×10-7 , X4 =11.344,  

 X5 =8.1328×10-3 ,  X6 =-3.49149 , X7 =1013.246 

Regarding the amount of heat transfer by the water flow to the outside of 

each differential element boundary, it is equivalent to the total energy change 

of downward flowing water for that element. In other words, it can be expressed 

as subtracting the total primary air heat loss from the total working air heat gain 

that yields the following equation 

𝑑�̇�𝑓 · 𝑑𝑇𝑓 · 𝑐𝑝,𝑓 = 𝑑�̇�∗ − 𝑑�̇�𝑙𝑡
∗∗ − 𝑑�̇�𝑠𝑛

∗∗                        (3.16) 

As a result of latent heat transfer, a portion of flowing water is partially 

discharged into the working air through evaporation. Consequently, diminution 

occurs in the flowing water quantity that deems the evaporated water which can 

be expressed in terms of mass balance as 
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𝑑�̇� = 𝜑∗∗ · 𝜎 · 𝑑𝑆𝑓 · 𝜌𝑎
∗∗ · (𝜙𝑠 − 𝜙𝑎

∗∗) = �̇�𝑎
∗∗ · (𝜙𝑎,𝑖𝑛

∗∗ − 𝜙𝑎,𝑜𝑢𝑡
∗∗ )     (3.17) 

Regarding the mass transfer coefficient (φ), based on the analogy between 

the heat and mass transfer, it can be computed as 

𝜆𝑎
∗∗/𝜑∗∗ = 𝜌𝑎

∗∗ · 𝑐𝑝,𝑎
∗∗ · 𝐿𝑒2/3                                  (3.18) 

𝐿𝑒 = 𝜅𝑎
∗∗ · (𝐷𝑚 · 𝜌𝑎

∗∗ · 𝑐𝑝,𝑎
∗∗ )

−1
                                (3.19)  

 

3.4.4 Performance Evaluation Parameters 

The performance of the proposed DPEC has been evaluated using thermal 

efficiency, water consumption, cooling potential/capacity, and energy 

efficiency. The thermal efficiency is typically characterized as dew-point 

effectiveness (𝜀𝐷𝑃) and wet bulb efficiency (𝜀𝑊𝐵) that can be expressed as 

𝜀𝐷𝑃 = (𝑇𝑑𝑏,𝑖𝑛
∗ − 𝑇𝑑𝑏,𝑜𝑢𝑡

∗ ) (𝑇𝑑𝑏,𝑖𝑛
∗ − 𝑇𝐷𝑃,𝑖𝑛

∗ )⁄                       (3.20) 

𝜀𝑊𝐵 = (𝑇𝑑𝑏,𝑖𝑛
∗ − 𝑇𝑑𝑏,𝑜𝑢𝑡

∗ ) (𝑇𝑑𝑏,𝑖𝑛
∗ − 𝑇𝑊𝐵,𝑖𝑛

∗ )⁄                      (3.21) 

The water consumption (i.e., water evaporation rate) can be calculated 

using Eq. 3.17. Besides, the cooling capacity (Q) and energy efficiency (𝜂𝑒𝑛) 

of the systems can be computed as 

𝑄𝑐
𝐻𝑀𝑋 = �̇�𝑎

∗ · (1 − 𝐴𝑅) · 𝑐𝑝,𝑎
∗ · (𝑇𝑎,𝑖𝑛

∗ − 𝑇𝑎,𝑜𝑢𝑡
∗ )             (3.22) 

𝜂𝑒𝑛
𝐻𝑀𝑋 = 𝑄𝑐

𝐻𝑀𝑋 (𝐸𝑓𝑎𝑛 + 𝐸𝑝𝑢𝑚𝑝)⁄                         (3.23) 

The electrical power (E) required by the fan can be estimated using the 

following formula 

𝐸𝑓𝑎𝑛 = ∆𝑃𝑎
𝐻𝑀𝑋 · 𝑑𝑉𝑎 𝜂𝑓𝑎𝑛⁄                               (3.24) 
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where ∆𝑃𝑎
𝐻𝑀𝑋 is the circulating air’s total pressure drop within the HMX that 

can be expressed in terms of the major loss (∆𝑃𝑎
𝑚𝑗

) and minor loss (∆𝑃𝑎
𝑚𝑛) as 

(Çengel et al., 2022) 

∆𝑃𝑎
𝐻𝑀𝑋 = ∆𝑃𝑎

𝑚𝑗
+ ∆𝑃𝑎

𝑚𝑛                               (3.25) 

∆𝑃𝑎
𝑚𝑗

= 0.5 · 𝑓 · 𝑑𝑧 · 𝜌𝑎 · 𝑢𝑎
2 · 𝐷𝐻−1                      (3.26) 

∆𝑃𝑎
𝑚𝑛 = ∑ 0.5 · 𝐾 · 𝜌𝑎 · 𝑢𝑎

2                               (3.27) 

The value of the Darcy-Weisbach friction factor (f) relies on the rate of 

airflow and channel’s geometry, f=N/Re, where N value is dependent on the 

geometry, for instance, with regard to laminar flow, f=64/Re for circular pipe 

and f=96/Re for a wide rectangular pipe (Çengel Y. A. and Cimbala J. M., 

2020). 

In addition, K is the loss coefficient, and its value depends on the type of 

the component the air passes through. Fig. 3.6 illustrates the corresponding 

pressure drops along the airflow paths within the HMX of DPEC. As illustrated, 

the induced airflow from the supply fan is equally distributed onto the primary 

channels, thus all the primary channels assumed to have similar air flowrate. 

When the air enters the primary channel, a sudden contraction loss (K1) is 

produced. By passing the inlet airflow through the primary channel, friction 

loss (f1) is occurred due to viscous effect, then a fraction of the primary airflow 

exit at the end of the primary channel as a product airflow from which sudden 

expansion loss (K3) is produced. The remaining of the inlet airflow is diverted 

to the adjacent working channel through the perforations as working airflow. 

Tee-line flow loss (K2), Tee-branch flow loss (K4), and diversion loss (K5) are 

caused owing to the diversion of the airflow through the perforations to the 

adjacent channel. Moreover, the friction loss (f2) is produced when the working 

air passes through the working channel. Finally, due to exhaust of the working 
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air to the environment, a sudden expansion loss (K6) is produced (Çengel and 

Cimbala, 2020). All abovementioned loss coefficients provided in Table 3.3. 

 

 

Fig. 3.6 Total pressure drop within the HMX of DPEC 

 

Table 3.3 Induced loss coefficient within HMX (Çengel and Cimbala, 2020) 

Loss 

coefficient 
Value Description 

K1 0.8 Sudden contraction loss of dry channel entrance 

K2 0.9 Tee-line flow loss of dry channel 

K3 2 Sudden expansion loss of dry channel exit 

K4 2 Tee-branch flow loss of the perforations 

K5 1.5 Diversion loss 

K6 2 Sudden expansion loss of wet channel exit 

 

The required electrical power by the water pump can be calculated as 

𝐸𝑝𝑢𝑚𝑝 = ∆𝑃𝑓 · 𝑑𝑉𝑓 𝜂𝑝𝑢𝑚𝑝⁄                             (3.28) 

The pressure loss of the water flow (∆𝑃𝑓) is considered for the water line 

that connects the pump to the water distributor inside the cooler. According to 

Çengel Y. A. (2020), the estimated fan and pump efficiencies can be considered 

between 50% and 85%. 
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5.4.1 Properties Variation Along the Channels 

The direction of properties variation of air and water are according to flow 

paths along the channels. As illustrated in Fig. 3.3, the water always flows 

downward for both air-water flow configurations, interring at z=0 cm and 

leaving at z=120 cm. Regarding the parallel flow (PF) configuration (refer to 

Fig. 3.3(a) and Table 3.2), the outdoor air enters the primary channel at z=0 

cm and leaves at z=120 cm, while the diverted chilled air enters the working 

channel at z=120 cm and leaves at z=0 cm. On the other hand, for counter flow 

(CF) configuration (refer to Fig. 3.3(b)), the state points of airflow are opposite 

to those of PF configuration. The above statements are reflected in the 

upcoming analysis with reference to pre-set conditions in Table 5.4. 

 

5.4.1.1 Cooling Process on Psychrometric Chart 

In this section, by utilizing the initial conditions referred to in Table 5.4, 

the change of states of airflow along the primary and working channels are 

depicted on the psychrometric chart as can be seen in Fig. 5.16. Each line was 

comprised from a series of 900 data (or nodes) from which 450 of primary 

channel and 450 of working channel, capturing the real time physical process 

inside the HMX. The state point S1 indicates the state of air interring the 

system, while the state points S2-5 indicate the air states at the primary channels 

exit (i.e., product air). Furthermore, the state points S6-9 indicate the state of 

exhaust air at the working channels exit. It can be noticed that the shell and tube 

type cooler in both air-water flow configurations (i.e., PF and CF) produced a 

better cooling and lower temperature than the flat-plate type cooler. Besides, 

for both STX and FPX, the counter air-water flow configuration produced a 

colder product air than the parallel air-water flow configuration. Further 

explanations regarding these phenomenon are presented in the upcoming 

sections. 
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Fig. 5.16 Psychrometric presentation of cooling process along the channels 

 

5.4.1.2 Temperature Variation Along the Channels 

The variation in temperatures of air and water flows along the channels for 

both coolers with both air-water flow configurations are illustrated in Fig. 

5.17(a) and (b), respectively. As can be noticed, for all exchanger types, the 

primary air temperatures are gradually decreasing in the flow direction, where 

primary air inters at z=0 cm for PF and z=120 cm for CF, owing to sensible 

heat transfer to the channel wall, but the decreasing rate is significantly higher 

for the STX when compared to the FPX, which is accounted for more than 3°C 

at the end of the primary channels for both air-water flow configurations.   

This clearly indicates FPX being outperformed by the STX with a 

noticeable difference. However, the temperature variation of working air is 

pertinent to that of water flow (refer to Fig. 5.17(b)). In PF configuration, the 
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working air inters at z=120 cm where water leaves the system. At the working 

channel entrance, due to intense evaporation, at first, the air temperature 

gradually decreased in the flow direction until the evaporation stabilized (refer 

to Fig. 5.18(a)); thereafter, the air temperature started increasing continuously 

up to z=5 cm, subsequently, owing to lower temperature of water than the air, 

the air temperature decreased again. Regarding the CF configuration, working 

air enters the channel at z=0 cm, where water enters the system as well. Here, 

owing to sensible heat transfer from water to working air, there is a slight 

increase in the temperature of working air. Similarly, the temperature of 

working air started to decrease at channel entry due to intense evaporation, and 

then it began to rise again as evaporation stabilized.  

 

 

Fig. 5.17 Variation of parameters along the channels: (a) airflow temperature; 

(b) water flow temperature 

 

Moreover, from Fig. 5.17(b), the water temperatures are sharply increased 

in PF configuration, while oppositely decreased in CF configuration for both 

coolers (STX and FPX) due to significant difference between the air and water 

temperatures at water entrance location (i.e., z=0 cm). From the analysis, with 

reference to the pre-set conditions in Table 5.4, it was found that the STX 

always produced a lower product air temperature than the FPX, which was 
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accounted for about 2.83 °C lower for PF configuration and 3.1 °C lower for 

CF configuration, this indicates the superiority of the new design in terms of 

performance. In the meanwhile, for both coolers, it is apparent that the PF 

configuration always produced a much lower water temperature than the CF 

configuration, which was about 15.76 °C (140%) lower for STX and 13.18 °C 

(101%) lower for FPX. 

 

5.4.1.3 Humidity and Evaporation Variation Along the Channel 

Along the working channel, the variations of humidity ratio and relative 

humidity are depicted in Fig. 5.18(a). The humidity ratio of working air 

continuously increases owing to the continuous evaporation of water film. As 

evidence, the working air of STX in both air-water flow configurations requires 

a shorter distance to reach the saturation state when compared to FPX, as 

demonstrated by relative humidity trends. This denotes more efficient heat and 

mass transfer in STX.  

 

 

Fig. 5.18 Variation of parameters along the channels: (a) humidity ratio and 

relative humidity; (b) water evaporation rate 

 

Moreover, regarding the PF configuration in both systems, a slight decrease 

in humidity ratio trends can be noticed near the channel end (z=5 cm). This 
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indicates the potential for condensation of water vapor that can be confirmed 

by the occurrence of negative evaporation seen from Fig. 5.18(b) at the exact 

location near the channel end, this phenomenon relates to higher working air’s 

dew point temperature when compared to the surface temperature, or in a 

another word, the surface temperature of the channel wall is lower than the dew 

point temperature of working air. Fig. 5.18(b) shows a high water evaporation 

rate for all proposed systems at the entrance of working channels, mainly 

because the humidity ratio is lowest at the working channels entrance. After 

that, the evaporation rate decreases gradually up until the occurrence of the 

saturation state (refer to Fig. 5.18(a), dotted lines). Although the working air 

attains saturation, yet the water film’s evaporation continuous due to the 

consistent heating of water film by primary air along the channel that will 

eventually maintain the necessary difference in saturation pressure for 

evaporation between water vapor and working air at air-water interface. 

 

5.4.1.4 Heat Transfer Along the Channel 

Along the primary channel, the cooling potential flux is shown in Fig. 

5.19(a) under the operational and geometrical conditions presented in Table 

5.4. As the air enters the primary channel (at z=0 cm for PF and z=120 cm for 

CF), the cooling begins at its maximum rate due to highest difference in 

temperature between the air and wall alongside with the effect of thermal and 

hydrodynamic boundary layer development. In addition, near the end of 

primary channels, a dramatic decrease in cooling flux could be noticed in the 

CF configuration. This occurrence is deemed reasonable because the primary 

air temperature at channel end is lower than that of the channel wall owing to 

low water temperature at the entrance, as shown in Fig. 5.17(a) and (b); this 

results in heating the primary air which represented as negative sensible heat 

transfer in Fig. 5.19(a).  
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Fig. 5.19(b) illustrates the overall heat transfer coefficients of air flows 

along the working channels for the proposed systems. Inside the working 

channels, heat transfers by convection and evaporation process, i.e., sensible 

and latent heat transfer, respectively, as illustrated in Fig. 5.20(a) and (b).  

 

 

Fig. 5.19 Variation of parameters along the channels: (a) cooling potential 

(heat flux); (b) overall heat transfer coefficient 

 

Inside each working channels, for convection heat transfer to happen, the 

temperature difference between air and water must be tangible; otherwise, the 

heat will only transfer via evaporation. Consequently, due to the equilibrium 

state where the working air and water film temperatures equates, thereby, in 

this location, the overall heat transfer coefficient proceeds to infinity, as 

depicted in Fig. 5.19(b). 

Based on the computed results, near the entrance of the working channels 

in both air-water flow configurations of both coolers, the latent heat transfer is 

at its peak, as illustrated in Fig. 5.20(a) and (b), because the air that has been 

diverted from the primary channel is relatively dry, as a result, the highest 

evaporation rate occurs. Meanwhile, regarding the PF configuration for both 

exchangers (refer to Fig. 5.20(a)), despite the higher temperature of working 

air than the water film, but nonetheless, the trends of sensible and latent heat 
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transfer near the exit of working channels (z=5 cm) experience a dramatic fall 

due to the effect of condensation that has been explained previously. On the 

other hand, regarding the CF configuration depicted in Fig. 5.20(d), at the 

working channels entrance (z=0 cm), the higher inlet water temperature than 

that of the working air resulted in negative sensible heat transfer. 

 

 

Fig. 5.20 Variation of parameters along the channels: (a) heat transfer of PF 

coolers; (b) heat transfer of CF coolers 

 

5.4.2 Effect of Operational Parameters 

5.4.2.1 Effect of Inlet Air Temperature and Humidity Ratio  

Among all the operational and geometrical parameters, temperature and 

humidity of inlet air flow have the most crucial effect on system’s performance 

when compared to other parameters. Therefore, these two parameters will be 

investigated more extensively than other operational and geometrical 

parameters. In this section, the performance of the proposed DPECs are 

evaluated under various temperature and humidity ratio of inlet air while 

keeping other operational and geometrical parameters constant as listed in 

Table 5.4. The energy efficiency (i.e., COP) of the proposed systems under 

wide range of inlet air temperature and humidity ratio are illustrated in Fig. 
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5.21(a) and (b). The variations in these two operational parameters have the 

opposite effect on energy efficiency as it substantially improved when the inlet 

air temperature raised. At the same time, it decreased with increasing humidity 

ratio. The reason behind this phenomenon relates to the cooling characteristic 

of the exchangers, which is improved with increased temperature while 

deteriorated with increased humidity (refer to Fig. 5.22(a) and (b)).  

 

 

Fig. 5.21 Energy efficiency performance under the effect of inlet air 

parameters: (a) temperature; (b) humidity ratio 

 

The reason behind this occurrence is pertinent to the evaporation process 

which is the fundamental operating principle of DPEC. The driving force of 

evaporation is the difference between the vapor pressure at air-water interface 

and the partial vapor pressure of water vapor in the working air flow. When the 

liquid water is heated, the water molecules gain kinetic energy and the vapor 

pressure at the air-water interface increases which yields a larger driving force 

for evaporation (i.e., water diffusion). Moreover, the humidity ratio of the air 

affects the partial vapor pressure of the water vapor in the working air flow. At 

higher humidity, the difference between the partial pressure and vapor pressure 

reduces, hence the evaporation reduces. Therefore, higher temperature 

promotes the evaporation, while higher humidity inhibits the evaporation. 
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 Consistently, the STX showed a higher energy efficiency than that of FPX, 

which accounted for 12.2% in average, owing to better cooling potential of 

STX than that of FPX. 

 

 

Fig. 5.22 Variation of cooling capacity under the effect of inlet air 

parameters: (a) temperature; (b) humidity ratio 

 

In the meanwhile, as depicted in Fig. 5.23, the product air temperature and 

dew-point effectiveness are gradually increased when inlet air temperature 

raised from 25°C to 45°C and humidity ratio raised from 2 g/kg to 20 g/kg. 

However, the increasing rate in product air temperature for STX is lower when 

compared to that of FPX, which indicates more effective cooling in favor of 

STX, which continuously produced colder air with 3.1°C in case of inlet air 

temperature variation (see Fig. 5.23(a)) and 2.78°C in case of inlet air humidity 

ratio variation (see Fig. 5.23(b)) in average for both parallel and counter air-

water flow configurations. 

As its evidence, in both coolers, the CF configuration always produced 

lower product air temperature (as low as 13°C at inlet air temperature and 

humidity of 35°C and 2 g/kg, respectively) than the PF configuration, with a 

difference as high as 11.6% for STX and 9.9% for FPX under the inlet air 

temperature and humidity ratio of 45°C and of 4 g/kg, respectively. Moreover, 
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regarding the dew-point effectiveness, the STX always recorded the higher rate 

under both operational conditions with the highest rate recorded in CF 

configuration, which accounted for 78% in average under the case of humidity 

ratio variation. 

 

 

Fig. 5.23 Variation of product air temperature and dew-point effectiveness by 

effect of inlet air parameters: (a) temperature; (b) humidity ratio 

 

Furthermore, regarding the wet-bulb effectiveness, under the variation of 

inlet air temperature and humidity, the STX continuously outperformed the 

FPX in both air-water flow configurations as illustrated in Fig. 5.24. The wet-

bulb effectiveness of STX exceeded 100% when the inlet temperature raised 

above 29°C for CF configuration and 35°C for PF configuration, while for FPX, 

it exceeded 100% only when the inlet temperature raised above 41°C for CF 

configuration and it never reached 100% over the span of the considered 

temperature and humidity for PF configuration. On the other hand, the wet-bulb 

effectiveness for STX was persistently above 100% over the span of the 

humidity ratio for both air-water flow configurations.  This is owing to the 

superiority of STX design over the FPX design which resulted in improved heat 

and mass transfer process inside the HMX. 
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Fig. 5.24 Variation of wet-bulb effectiveness under the effect of inlet air 

parameters: (a) temperature; (b) humidity ratio 

 

Fig. 5.25(a) and (b) depicts noticeable superiority of PF configuration over 

CF configuration when it comes to chill drain water temperature. Both DPEC 

types were able to produce a chill water temperature at low inlet air humidity 

ratio, regardless of the temperature of inlet air. For instance, the STX and FPX 

type DPECs could reduce the drain water temperature to about 9.2°C and 

10.7°C, respectively, under the inlet air temperature and humidity of 35°C and 

2 g/kg, respectively.  

Regarding the water evaporation, i.e., water consumption rate, the rate for 

STX was persistently higher than that of the FPX owing to a better mass 

transfer process by STX that eventually result in better cooling performance. It 

is worth notice that at higher temperature and lower humidity, the evaporation 

rate significantly elevated due to the fact that the evaporation potential 

increases with increasing temperature and diminishes with increasing humidity 

as previously explained. In average, the evaporation rate for the considered 

cases in Fig. 5.25(a) and (b) has boosted by up to 106% when the temperature 

increased from 25°C to 45°C, while it has diminished by up to 66% when the 

inlet air humidity increased from 2 g/kg to 20 g/kg. This phenomenon will 

badly affect the cooling performance of the system as explained earlier.  
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Fig. 5.25 Variation of drain water temperature and water evaporation under 

the effect of inlet air parameters: (a) temperature; (b) humidity ratio 

 

5.4.2.2 Effect of Inlet Air Velocity and Air Ratio  

The performance of DPEC is strongly bonded to the inlet air velocity and 

working to primary air ratio due to their direct impact on Reynolds number and 

convection coefficients inside the channels. In this section, the performance of 

the proposed DPECs were investigated under varying inlet air velocity from 1 

m/s to 3 m/s, and the air ratio from 0.1 to 0.9. For this set-up, the flow is still in 

laminar state with Reynolds number computed to alter between 170 and 1873, 

and the convective heat transfer coefficients were computed to be around 27 

W/m2·K under the initial conditions presented in Table 5.4. Fig. 5.26(a) and 

(b) illustrate the influence of product air temperature and dew-point 

effectiveness by inlet air velocity and air ratio, respectively. As its evidence, at 

lower inlet air velocity and higher air ratio, the proposed coolers performed 

better as they can obtain colder air and higher dew-point effectiveness. The 

former is related to higher heat transfer occurrence between primary channel 

airflow and channel wall when air flow is reduced that yields in lower product 

air temperature, and the latter is related to more air will flow inside working 

channels at higher air ratios that eventually results in more heat and mass 

transfer which cause a dramatic reduction in product air temperature.  
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Moreover, the STX consistently performed better than FPX for both air-

water flow configurations, continuously producing air with about 14.5% colder 

in temperature and 19% higher in dew-point effectiveness, in average. In 

addition, when the air ratio was 0.1, the STX with CF configuration produced 

the coldest air and highest dew-point effectiveness, but while the air ratio 

increased to 0.9, similarly, the coldest air and highest dew-point effectiveness 

were achieved by the same HMX type but this time with PF configuration. 

 

 

Fig. 5.26 Variation of product air temperature and thermal effectiveness by 

effect of: (a) inlet air velocity; (b) working to primary air ratio 

 

Regarding the coefficient of performance (i.e., energy efficiency), as 

illustrated in Fig. 5.27, all DPEC types acted in the same manner. It is apparent 

that the variation of air ratio had significantly more effect on the energy 

performance of the coolers than the variation of inlet air velocity. For all the 

coolers, in general, when the inlet air velocity gradually increased from 1 m/s 

to 3 m/s, the highest energy efficiency obtained at air velocities between 1.4 

m/s to 2.2 m/s.  Likewise, regarding the air ratio, all the coolers achieved the 

best energy efficiency at working to inlet air ratio of 0.3 to 0.4. This case is 

pertinent to the cooling capacity of the coolers as they achieved the highest 

cooling capacity at air ratio of 0.3 to 0.4 as depicted in Fig. 5.28(b). The above 
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statement indicates that the air ration of 0.3 to 0.4 gives the best proportion 

between the cooling capacity and power consumption for the cooler through 

which the highest and most stable performance efficiency can be achieved. 

Furthermore, it can be notice that when air ratio increased from 0.3 to 0.9, the 

cooling capacity of the coolers were dramatically decreased that can be 

accounted for 2.51 kW reduction in average for all coolers.  

 

 
Fig. 5.27 Variation of energy efficiency by effect of: (a) inlet air velocity; (b) 

working to primary air ratio 

 

 
Fig. 5.28 Variation of cooling potential by effect of: (a) inlet air velocity; (b) 

working to primary air ratio 

 

On the other hand, with increasing the inlet air velocity, the cooling 

capacity of the DPECs linearly increased (refer to Fig. 5.28(a)). However, the 
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STX of both air-water flow configurations were uninterruptedly outperformed 

the FPX with a prominent difference owing to the ability of STX type DPEC 

to produce a noticeably colder air. Besides, the CF configuration steadily 

achieved higher cooling capacity than PF configuration over the entire range of 

considered inlet air velocity and air ratio. 

 

5.4.2.3 Effect of Feed Water Temperature and Flowrate  

The variations of product air temperature and dew-point effectiveness by 

the effect of feed water temperature and flowrate are depicted in Fig. 5.29(a) 

and (b), respectively. It was found that the feed water temperature has 

insignificant effect on the performance of both coolers when they were 

arranged in PF configuration; in contrast, for CF configuration, the product air 

temperatures were gradually increased while the dew-point effectiveness were 

decreased because in CF configuration, at the point where z=0 mm the primary 

air exits the system whereas the water enters the system, and owing to higher 

water temperature at this location, heat transferred from water film to primary 

air that eventually leads to higher product air temperature.  

 

 

Fig. 5.29 Variation of product air temperature and dew-point effectiveness by 

effect of feed water parameters: (a) temperature; (b) flowrate 
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Meanwhile, the effect of feed water flowrate acted similar to that of feed 

water temperature, but this time with a higher impact on PF configuration. It 

can be easily seen that at low feed water flowrate, e.g., 10 L/h, both coolers of 

the same air-water flow configuration obtained similar results (refer to Fig. 

5.29(b)), but the difference has increased with increasing the flowrate (in favor 

of counter flow configuration). In both cases of feed water analysis, the STX 

showed a better performance than that of FPX, and the difference between the 

trends of the same cooler was almost kept constant along the variation of feed 

water temperature and flowrate, which accounted for about 2.4°C and 8.9% 

regarding the product air temperature and coolers effectiveness trends, 

respectively.  

Regarding the drain water temperature and water evaporation rate, they 

both have been affected somewhat marginally by the effect of water 

temperature and flowrate as can be seen from Fig. 5.30(a) and (b). However, 

in this regard, the rate of change is more noticeable by the effect of water 

flowrate, while the effect of water temperature can be considered trivial. 

Overall, the performance characteristics of the proposed DPECs are observed 

to be more sensitive to inlet water flowrate than inlet water temperature. 

 

 

Fig. 5.30 Variation of drain water temperature and water evaporation by 

effect of feed water parameters: (a) temperature; (b) flowrate 



 

‒﴾ 160  ﴿‒ 
 

5.4.3 Effect of Geometrical Parameters 

In this section, the effect of geometrical aspects (i.e., channel length and 

channel diameter/height) on performance parameters will be investigated. As 

explained in Chapter 3, in particular Section 3.4, the comparative analysis 

between the STX and FPX was based on fixed volume of the exchangers as 

well as fixed cress-section area of all differential elements. Moreover, the 

cross-section area of the primary channels is kept equal to that of the working 

channels. Therefore, to study the effect of channel height/diameter, each time 

by increasing or decreasing the primary channel diameter of STX type, the 

hypothetical working channel height (He) of STX and the primary and working 

channels height of the FPX are simultaneously changed to match the 

corresponding dimension for fixed cross-section area analogy (refer to Fig. 

3.4). Thus, for the purpose of terminology simplification, the analysis of 

channel height/diameter is presented in terms of “equivalent channel diameter” 

of STX. Accordingly, as the size of all the HMXs were fixed, thus each time 

with increasing equivalent channel diameter, the number of channels decreased 

as well.  

It is observed that the effect of equivalent channel diameter is opposite to 

that of the channel length regarding the performance of the coolers. As 

illustrated in Fig. 5.31(a), when the channel length increased from 40 cm to 

240 cm, the product air temperatures of the proposed coolers are gradually 

reduced due to increased surface area that contributed in higher heat and mass 

transfer rate. It is worth mentioning that the performance of the proposed 

DPECs were more sensitive to the variation of length when it increased from 

0.4 m to 1 m, whereas the sensitivity was noticeably reduced when the length 

increased from 1 m to 2.4 m. 

The STX type DPEC with CF configuration continuously produced the 

coldest air under the entire variation of channel length and equivalent channel 
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diameter as illustrated in Fig. 5.31(a) and (b), respectively. Fig. 5.31(b) shows 

that with increasing the equivalent channel diameter from 0.39 cm to 1.11 cm, 

the product air temperature significantly increased which was accounted for 

about 7.8°C increase for STX with both air-water flow configurations and 

8.8°C increase for FPX with both configurations, in average. 

 

 

Fig. 5.31 Variation of product air temperature by the effect of: (a) channel 

length; (b) equivalent channel diameter 

 

This situation happened due to the fact that when the channels 

diameter/height increased, the air velocity reduces which affects a chain of 

physical processes inside the HMX of DPEC. More precisely, by the reduction 

of air velocity, the convective heat transfer coefficient decreases which is a 

function of Reynolds number and Nusselt number that eventually results in 

lowering the potential for heat transfer process. In addition, due to direct 

relation (analogy) between heat and mass transfer coefficients, consequently, 

mass transfer coefficient reduces as well. This parameter greatly impact the 

mass transfer (i.e., water evaporation) rate. That being so, lower cooling take 

place inside the HMX as can be seen from Fig. 5.32(b). In contrast, similar to 

the effect of inlet air temperature, when channel length increased, the cooling 
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capacity of the coolers were prominently improved, and the rate of 

improvement is higher for channel length spanning from 0.4 m to 1 m than 

spanning from 1 m and above, refer to Fig. 5.32(a). 

 

 

Fig. 5.32 Variation of cooling capacity by the effect of: (a) channel length; (b) 

equivalent channel diameter 

 

Fig. 5.33(a) and (b) shows the variation of dew-point effectiveness under 

the effect of channel length and equivalent channel diameter, respectively. For 

the dew-point effectiveness to be as high as possible, the system need to be 

operated under a higher humidity air condition, as the air with high humidity 

has a higher dew point temperature. This means the system can easier produce 

an air with its temperature closer to inlet air’s dew point temperature that 

eventually results in higher dew-point effectiveness (according to Eq.3.20 in 

Chapter 3). Therefore, under the operational condition of the current 

investigation (humidity ratio of 0.004 kg/kg) which is considered as dry air, the 

proposed STX with both air-water flow configurations could achieve a dew-

point effectiveness higher than 60%, which is acceptable considering a harsh 

operational condition for dew-point effectiveness. 
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The air-water flow configurations highly impact the outlet water 

temperature as shown in Fig. 5.34. In particular, the drain water temperature in 

PF configuration was significantly lower than that of CF configuration, 

accounting for about 17°C lower in average for both coolers. To be more 

specific, the STX with PF configuration achieved the lowest temperature, 

ranging between 10°C to 14°C under the variation of channel length (see Fig. 

5.34(a)), while ranging from 9.3 °C to 13.4 °C under the variation of equivalent 

channel diameter (see Fig. 5.34(b)). 

 

  

Fig. 5.33 Variation of dew-point effectiveness by the effect of: (a) channel 

length; (b) equivalent channel diameter 

 

When the equivalent channel diameter increased from 0.39 cm to 1.11 cm, 

the drain water temperature increased by up to 4°C for PF configuration and 

decreased by 0.8°C for CF configuration. The reason for this phenomenon has 

been explained earlier in Section 5.4.1.2. Furthermore, despite the superiority 

of CF configuration over the PF in terms of thermal and energy performance, 

yet it continuously produced warm water (between 21°C to 32°C) under the 

entire ranges of considered parameters for the purpose of extensive parametric 

analysis. Again, this phenomenon has been explained in Section 5.4.1.2. 
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APPENDIX A1 

 

Developed Simulation Program for DPEC in EES software 

(Only for Shell and Tube Type DPEC with CF Configuration) 

 

“NUMERICAL SIMULATION MODEL OF DPHMX” 

“CONCENTRIC TUBES” 

  

$Keyboard US   

$UnitSystem SI C kPa kJ Mass Rad  

$Tabstops   0.50 2.5 7.62 9.00 12.00 

$Include HMX.DPEC_Preference.PRF 

$Include HMX.DPEC_UnitsList.unt 

$Array on    

  

“------ENTRY LENGTH BY FUNCTIONS AND LOGIC STATEMENTS------" 

 

“------------FOR AIR FLOW INSIDE PRIMARY CHANNEL------------" 

  

Function h_local(L,B,Xt,Nod,Re,Pr,Dh,h0,mu_f,mu_w,kappa) 

  

  

 If (Nod*L/B<Xt) Then “entry undeveloped region” 

 Gz=(Dh/(Nod*L/B))*Re*Pr  

Nu=((7.54/(tanh(2.264*Gz^(-1/3)+(1.7*Gz^(-2/3))))) 

+(0.0499*Gz*tanh(Gz^(-1)))/tanh(2.432*Pr^(1/6)*Gz^(-1/6)) 

  

 h=Nu*kappa/Dh  

   

 Else 

  

 If (Nod*L/B=Xt) Then 

Nu=((7.54/(tanh(2.264*Gz^(-1/3)+(1.7*Gz^(-2/3))))) 

+(0.0499*Gz*tanh(Gz^(-1)))/tanh(2.432*Pr^(1/6)*Gz^(-1/6)) 

 

 h=Nu*kappa/Dh 

  

 Else 

  

 If (Nod*L/B>Xt) Then “fully developed region” 

 h=h0 

  

 Endif 

 Endif 
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 Endif 

  

h_local=h 

  

End  

  

“Function of Local Convection Heat Transfer” 

Function  q_local(L,B,Xt,Nod,Re,Pr,Dh,h0,mu_f,mu_w,kappa, 

T_f,T_w,As)    

q_local=h_Local(L,B,Xt,Nod,Re,Pr,Dh,h0,mu_f,mu_w,kappa)*As*(T

_f-T_w) 

End 

 

“------------FOR AIR FLOW INSIDE WORKING CHANNEL------------" 

 

 Function h|wc_local(L,B,Xt,Nod,Re,Pr,Prs,Dh,h0,mu_f,mu_w,kappa)

   

 If (Nod*L/B<Xt) Then "entry undeveloped region" 

 Nu=0.27*((Re^0.63)*(Pr^0.36)*((Pr/Prs)^0.25))  

 h=Nu*kappa/Dh  

   

 Else 

  

 If (Nod*L/B=Xt) Then 

 Nu=0.27*((Re^0.63)*(Pr^0.36)*((Pr/Prs)^0.25))  

 h=Nu*kappa/Dh 

  

 Else 

  

 If (Nod*L/B>Xt) Then "fully developed region" 

 h=h0 

  

 Endif 

 Endif 

 Endif 

  

h|wc_local=h 

  

End  

  

 "Function of Local Convection Heat Transfer" 

Function q|wc_local(L,B,Xt,Nod,Re,Pr,Prs,Dh,h0,mu_f,mu_w, 

kappa,T_f,T_w,As)  

q|wc_local=h|wc_Local(L,B,Xt,Nod,Re,Pr,Prs,Dh,h0,mu_f,mu_w, 

kappa)*As*(T_f-T_w)  

End 

 

 

“---------------------RELATED FUNCTIONS-------------------" 
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“Function of Moist Air Enthalpy in Working Channel”  

Function enth_wet(Tair,HR) 

Cpa=1.005  

enth_dryair=Cpa*Tair  

enth_fg=2449  

Cpv=1.868  

enth_vapor=enth_fg+Cpv*Tair      

enth_wet=enth_dryair+HR*enth_vapor     

End 

  

“Function of Enthalpy of Water Vapor in the atmosphere/moist-

air” 

Function enth_vap(Twater)  

enth_fg=2449  

Cpv=1.868  

enth_vap=enth_fg+Cpv*Twater       

End 

  

“Function of Heat and Mass Transfer Analogy – Inside Working 

Channel” 

Function hm_local(rho,Cp,kappa,T_wm,enth) 

Dm_r= 0.000026  

Dm_c=Dm_r*((T_wm+T_zero#)/298)^(3/2)  

alpha=kappa/(rho*Cp*1000[W/kW])      

Le=alpha/Dm_c   

hm_local=enth*Le^(-2/3)/(rho*Cp*1000[W/kW])  

End 

  

“Function of RH” 

Function rh_air(tempd,humidity) 

P_infinity=101.325 

rh_air=relhum(AirH2O,T=tempd,P=P_infinity,w=humidity)  

End 

  

 

“Function of Major Loss for Air Flow” 

Function deltap_majair(f,L,Dh,Rho,u) 

deltap_majair=f*(L/Dh)*((Rho*u^2)/2) 

End 

  

“Function of Minor Loss for Air Flow” 

Function deltap_minair(CL,Rho,u) 

deltap_minair=CL*((Rho*u^2)/2) 

End 

  

“--------------THE NUMERICAL PARAMETERS--------------" 

  

“Pre-Set Operating Conditions” 

  

HR_infinity=0.004 “ambient air humidity ratio” 
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RH_infinity=0.1146  “ambient air relative humidity” 

T_infinity=35  “ambient air dry-bulb temperature” 

u_dry=1.5   “interring air velocity to dry channel” 

T_waterin=23 “interring water temperature” 

m_watertot=60  “total inlet mass flow rate of water” 

Length=1.2   “length of the channels” 

AR=0.35  “working to primary air ratio” 

HR_infinity=humrat(AirH2O,T=T_infinity,R=RH_infinity,P=P_infi

nity) 

RH_infinity=relhum(AirH2O,T=T_infinity,w=HR_infinity,P=P_infi

nity) 

P_infinity=101.325  

 

GrAc=9.8   

 

“Channel Wall Properties” 

delta_wall=0.2 [mm]*convert(mm,m)  

kappa_wall=190  

 

“Water Film Properties” 

delta_water=0.1 [mm]*convert(mm,m)  

Cp_water=4.182  

   

“Water Line Properties” 

f_watline=64/Re_watline 

Dh_watline=7.5 [mm]*convert(mm,m) 

Ac_watline=pi#*(Dh_watline/2)^2  

Length_watline=2.3  

 

“Related Propetries” 

Eta_fan=0.6  

Dh_perforation=2 [mm]*convert(mm,m)  

Ac_perforation=pi#*(Dh_perforation/2)^2 

  

“Water Flow in Supply Water Line” 

Re_watline=Rho_watline*u_watline*Dh_watline/Mu_watline 

Rho_watline=density(Water,T=T_waterin,P=P_infinity)  

Mu_watline=viscosity(Water,T=T_waterin,P=P_infinity) 

u_watline=m_watertot/3600/Ac_watline/Rho_watline   

Vf_watline=u_watline*Ac_watline  

kappa_water=conductivity(Water,T=T_waterin,P=P_infinity) 

  

“Ambient Air Properties” 

Tdp_infinity=dewpoint(AirH2O,T=T_infinity,P=P_infinity,w=HR_infin

ity) 

Twb_infinity=wetbulb(AirH2O,T=T_infinity,P=P_infinity,w=HR_infini

ty) 

Rho_infinity=density(AirH2O,T=T_infinity,P=P_infinity,w=HR_infini

ty)  

 

“Mesh Setup” 
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B=450  “number of elements per channel”  

 

  

“--------------VARIABLE PARAMETERS--------------" 

  

“--------------SHELL and TUBE type HMX--------------" 

  

“Geometry Specifications” 

channels|sat=3025 [-] “total number of HMX channels” 

D|sat_dc=0.79808[cm]*convert(cm,m)“diameter of dry channel inner 

surface” 

H_e=1  [cm]*convert(cm,m) “height of one computational 

element” 

W_e=H_e    “width of one computational 

element”} 

  

Dh|sat_dc=D|sat_dc  

r|sat_dc=D|sat_dc/2    

Ac|sat_dc=pi#*r|sat_dc^2  

As|sat_dc=2*pi#*r|sat_dc*(Length/B)  

P|sat_dc=2*pi#*r|sat_dc  

Dh|sat_wc=4*Ac|sat_wc/P|sat_wc  

P|sat_wc=P|sat_po+((2*W_e)+(2*H_e))  

P|sat_po=2*pi#*r|sat_po 

r|sat_po=r|sat_dc+delta_wall   

Ac|sat_wc=(W_e*H_e)-Ac|sat_pdc  

Ac|sat_pdc=pi#*r|sat_po^2 

As|sat_po=2*pi#*r|sat_po*(Length/B) 

r|sat_pi=r|sat_dc    

Ac|sat_p=pi#*(r|sat_po^2-r|sat_pi^2)  

r|sat_watero=r|sat_dc+delta_wall+delta_water  

r|sat_wateri=r|sat_dc+delta_wall  

Dh|sat_watfilm=(2*r|sat_watero-2*r|sat_wateri) 

As|sat_water=2*pi#*r|sat_watero*(Length/B)  

 

“Flow Conditions” 

f|sat_dry=64/Re|sat_dry  

f|sat_wet={0.6686}(0.044+((0.08*(H_e/D|sat_dc))/((((H_e-

D|sat_dc) /D|sat_dc)^(0.43-(1.13*(D|sat_dc/ 

H_e)))))))*(((Rho|sat_wet*({((H_e)/(H_e-

D|sat_dc))*}u|sat_wet)*D|sat_dc)/(0.00001080))^(-0.15))   

Nu0|sat_dry=4.36 [-]   

Nu0|sat_wet=3.61 [-]   

Nu|sat_water=4.86    

  

“--------------h0 IN FULLY DEVELOPED REGION--------------" 

 

“h0 Inside Dry Channel – for Fully Developed Condition” 

 

“air properties:” 
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Mu|sat_dry=viscosity(AirH2O,T=T|sat_dry,P=P_infinity,w=HR|sat_

dry)  

Cp|sat_dry=specheat(AirH2O,T=T|sat_dry,P=P_infinity,w=HR|sat_

dry)   

Kappa|sat_dry=conductivity(AirH2O,T=T|sat_dry,P=P_infinity,w=HR|sat

_dry)  

Rho|sat_dry=density(AirH2O,T=T|sat_dry,P=P_infinity,w=HR|sat_

dry)   

Pr|sat_dry=6randtl(Air,T=T|sat_dry) 

Mu|sat_sd=viscosity(AirH2O,T=T|sat_water,P=P_infinity,R=1)  

 

“flow properties:” 

m|sat_dry=u_dry*Ac|sat_dc*Rho_infinity  

Xt|sat_dry=0.05*Re|sat_dry*Pr|sat_dry*Dh|sat_dc “thermal 

entry length of dry channel” 

Re|sat_dry=Rho|sat_dry*u_dry*Dh|sat_dc/Mu|sat_dry 

h0|sat_dry=Nu0|sat_dry*kappa|sat_dry/Dh|sat_dc “for fully 

developed region” 

  

“h0 Inside Wet Channel” 

“air properties:” 

Rho|sat_wet=density(AirH2O,T=T|sat_wet,P=P_infinity,w=HR|sat_

wet)  

Mu|sat_wet=viscosity(AirH2O,T=T|sat_wet,P=P_infinity,w=HR|sat_

wet) 

Cp|sat_wet=specheat(AirH2O,T=T|sat_wet,P=P_infinity,w=HR|sat_

wet) 

Kappa|sat_wet=conductivity(AirH2O,T=T|sat_wet,P=P_infinity,w=HR|sat

_wet)  

Pr|sat_wet=6randtl(Air,T=T|sat_wet) 

Pr|sat_wetsat=prandtl(Air,T=T|sat_water) 

Mu|sat_sw=viscosity(AirH2O,T=T|sat_water,P=P_infinity,R=1)  

“flow properties:” 

m|sat_wet=m|sat_dry*AR           “mass flow rate in wet channel” 

Vf|sat_dry=u_dry*Ac|sat_dc  

Vf|sat_wet=Vf|sat_dry*AR 

u|sat_wet=Vf|sat_wet/Ac|sat_wc 

Xt|sat_wet=0.05*Re|sat_wet*Pr|sat_wet*Dh|sat_wc  

              “thermal entry length for dry channel” 

Re|sat_wet=Rho|sat_wet*u|sat_wet*Dh|sat_wc/Mu|sat_wet 

h0|sat_wet=Nu0|sat_wet*Kappa|sat_wet/Dh|sat_wc  

                         “for fully developed region” 

  

“Water Film Convection and Plate Conduction” 

R|sat_plate=ln(r|sat_po/r|sat_pi)/(2*pi#*kappa_wall*(Length/B)) 

R|sat_water=1/(h|sat_water*2*pi#*r|sat_po*(Length/B)) 

h|sat_water=(Nu|sat_water*kappa_water)/Dh|sat_watfilm 

  

“--------------BOUNDARY CONDITIONS--------------" 

  

“for dry channels” 
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T|sat_dry[0]=T_infinity 

HR|sat_dry=HR_infinity                                     

T|sat_dry=(T|sat_dry[1]+T|sat_dry[B])/2  

  

“for wet channels” 

T|sat_wet[B+1]=T|sat_dry[B] 

HR|sat_wet[B+1]=HR|sat_dry   

T|sat_wet=(T|sat_wet[1]+T|sat_wet[B+1])/2   

HR|sat_wet=(HR|sat_wet[1]+HR|sat_wet[B+1])/2   

  

“for water film” 

T|sat_water[B+1]=T_waterin 

T|sat_water=(T|sat_water[1]+T|sat_water[B+1])/2 

m|sat_water[B+1]=m_watertot/channels|sat/3600  

  

   

“-------------NUMERICAL SIMULATION (Array [I,j])------------" 

  

“--------------Duplicate – Channel J--------------" 

 

“Numerical calculation throughout the entire numerical domain” 

 

Duplicate j=1,B 

  

HR|sat_water[j]=humrat(AirH2O,T=T|sat_water[j],P=P_infinity,R=1  

  

“THE GOVERNING EQUATIONS:” 

  

"ENERGY BALANCE OF DRY CHANNEL" 

Q|sat_dry[j]=q_local(Length,B,Xt|sat_dry,j,Re|sat_dry,Pr|sat_

dry,Dh|sat_dc,h0|sat_dry, Mu|sat_dry,Mu|sat_sd,Kappa|sat_dry, 

T|sat_dry[j],T|sat_pi[j],As|sat_dc)   

Q|sat_dry[j]=m|sat_dry*Cp|sat_dry*1000[W/kW]*(T|sat_dry[j]-

T|sat_dry[j+1])   

  

"ENERGY BALANCE OF PLATE WALL" 

Q|sat_condplate[j]=(T|sat_pi[j]-T|sat_po[j])/R|sat_plate 

Q|sat_condplate[j]=Q|sat_dry[j] 

  

"ENERGY BALANCE OF WATER FILM" 

Q|sat_convwater[j]=(T|sat_po[j]-T|sat_water[j])/R|sat_water 

Q|sat_convwater[j]=Q|sat_condplate[j] 

Q|sat_water[j]=m|sat_water[j]*Cp_water*1000[W/kW]*(T|sat_wate

r[j]-T|sat_water[j+1])   

Q|sat_water[j]=Q|sat_convwater[j]-Q|sat_wet[j]-Q|sat_evap[j] 

  

"ENERGY BALANCE OF WET CHANNEL"  

Q|sat_wet[j]=- q|wc_local(Length,B,Xt|sat_wet,j,Re|sat_wet, 

Pr|sat_wet,Pr|sat_wetsat,Dh|sat_wc,h0|sat_wet,Mu|sat_wet, 

Mu|sat_sw,Kappa|sat_wet,T|sat_wet[j],T|sat_water[j], 

As|sat_water) 
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Q|sat_evap[j]=m|sat_evap[j]*1000[W/kW]*enth_vap(T|sat_water[j])

    

DELTAenth|sat_wet[j]=m|sat_wet*1000[W/kW]*(enth_wet(T|sat_wet

[j],HR|sat_wet[j])-enth_wet(T|sat_wet[j+1],HR|sat_wet[j+1]))  

DELTAenth|sat_wet[j]=Q|sat_evap[j]+Q|sat_wet[j]  

  

"MASS BALANCE OF WET CHANNEL" 

m|sat_evap[j]=hm_local(Rho|sat_wet,Cp|sat_wet,Kappa|sat_wet,T

|sat_water[j],h|wc_local(Length,B,Xt|sat_wet,j,Re|sat_wet,Pr|

sat_wet,Pr|sat_wetsat,Dh|sat_wc,h0|sat_wet, 

Mu|sat_wet,Mu|sat_sw,Kappa|sat_wet))*As|sat_water*Rho|sat_wet

*(HR|sat_water[j]-HR|sat_wet[j]) 

  

hm|sat33[j]=hm_local(Rho|sat_wet,Cp|sat_wet,Kappa|sat_wet,T|s

at_water[j],h|wc_local(Length,B,Xt|sat_wet,j,Re|sat_wet,Pr|sa

t_wet,Pr|sat_wetsat,Dh|sat_wc,h0|sat_wet, 

Mu|sat_wet,Mu|sat_sw,Kappa|sat_wet))*As|sat_water*Rho|sat_wet

*(HR|sat_water[j]-HR|sat_wet[j]) 

  

m|sat_evap[j]=m|sat_wet*(HR|sat_wet[j]-HR|sat_wet[j+1]) 

  

"MASS BALANCE OF WATER FILM" 

m|sat_evap[j]=m|sat_water[j+1]-m|sat_water[j]    

m|sat_evap[j]=m|sat_water[j]-m|sat_water[j+1]   

Q|sat_dry[j]=DELTAenth|sat_wet[j]+Q|sat_water[j]  

RH|sat_wet[j]=rh_air(T|sat_wet[j],HR|sat_wet[j]) 

RH|sat_dry[j]=rh_air(T|sat_dry[j],HR|sat_dry) 

 

End 

  

“--------------SYSTEM PERFORMANCE EVALUATION--------------" 

  

T|sat_product=T|sat_dryout 

RH|sat_product=rh_air(T|sat_dry[B],HR|sat_dry) 

HR|sat_product=HR|sat_dry 

T|sat_dryin=T_infinity 

T|sat_dryout=T|sat_dry[B] 

Tdp|sat_dryin=Tdp_infinity 

Twb|sat_dryin=Twb_infinity 

T|sat_waterout=T|sat_water[1] 

T|sat_exhaust=T|sat_wet[1] 

RH|sat_exhaust=rh_air(T|sat_wet[1],HR|sat_wet[1]) 

HR|sat_exhaust=HR|sat_wet[1] 

Vf|sat_supply=Vf|sat_dry  

Vf|sat_exhaust=Vf|sat_supply*AR 

Vf|sat_product=(Vf|sat_supply)*(1-AR) 

  

“Pressure Losses of Air Flow” 

DELTAP|sat_drymaj=deltap_majair(f|sat_dry,Length,Dh|sat_dc,Rh

o|sat_dry,u_dry)   
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DELTAP|sat_wetmaj=deltap_majair(f|sat_wet,Length,Dh|sat_wc,Rh

o|sat_wet,u|sat_wet)  

DELTAP|sat_drymin=deltap_minair(CL|sat_1,Rho|sat_dry,u|sat_dr

y1)+deltap_minair(CL|sat_2,Rho|sat_dry,u|sat_dry2)+deltap_min

air(CL|sat_3,Rho|sat_dry,u|sat_dry3)   

  

“loss coefficients” 

CL|sat_1=0.8  

CL|sat_2=0.9  

CL|sat_3=2  

u|sat_dry1=u_dry 

u|sat_dry2=u_dry 

u|sat_dry3=u_dry*(1-AR) 

DELTAP|sat_wetmin=(deltap_minair(CL|sat_4,Rho|sat_wet,u|sat_w

et1)*6)+(deltap_minair(CL|sat_5,Rho|sat_wet,u|sat_wet2)*6)+de

ltap_minair(CL|sat_6,Rho|sat_wet,u|sat_wet2)   

CL|sat_4=2   

CL|sat_5=1.5   

CL|sat_6=2   

u|sat_wet1=(Vf|sat_wet/6)/Ac_perforation  

u|sat_wet2=u|sat_wet 

  

DELTAP|sat_dry=DELTAP|sat_drymaj+DELTAP|sat_drymin  

DELTAP|sat_wet=(DELTAP|sat_wetmaj+DELTAP|sat_wetmin)*3  

DELTAP|sat_Air=(DELTAP|sat_dry+DELTAP|sat_wet)/1000

 “[kPascal]” 

  

“Theoretical Power Consumption”  

W|sat_fan=(Vf|sat_supply*DELTAP|sat_Air*channels|sat)/Eta_fan 

                        “[kW]” “power consumption of air fan” 

 

“Water system pressure lose” 

W|sat_pump=((Massflow_wat*GrAc*Hwater_tot)/eff_pump)/1000 

                                                   “[kWatts]” 

Massflow_wat=m_watertot*(0.00028)  

Hwater_tot=H_valve+H_gravity+H_friction+(H_nozzle)  

H_valve=1.5 

H_gravity=3 

H_nozzle=1.5 

H_friction=(64/Re_watline)*(Length_watline/Dh_watline)*((Vf_w

atline^2)/(2*GrAc)) 

eff_pump=0.6  

  

“Performance Evaluation”  

“DP effectiveness” 

EPSILON|sat_DewPoint=((T|sat_dryin-|sat_dryout)/(T|sat_dryin-

Tdp|sat_dryin))*100  

“WB effectiveness” 

EPSILON|sat_WetBulb=((T|sat_dryin-T|sat_dryout)/(T|sat_dryin-

Twb|sat_dryin))*100   

“water evaporated per channel”  
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Evaporation|sat_water=m|sat_water[B+1]-m|sat_water[1]   

“total evaporated water” 

Evaporation|sat_Total=Evaporation|sat_water*channels|sat*3600  

                      “[Kg/hr]”  

“Cooling capacity and cooling flux” 

Q|sat_cooling=m|sat_dry*(1-AR)*Cp|sat_dry*(T|sat_dryin-

T|sat_dryout)*channels|sat        “[kW]” 

Qc|sat_flux=((m|sat_dry*(1-AR)*Cp|sat_dry*(T|sat_dryin-

T|sat_dryout))/As|sat_dc)*1000   “[W/m2]” 

“Energy Efficiency (COP)” 

COP|sat=Q|sat_cooling/((W|sat_fan+W|sat_pump)*1.8)    

  

“dew point temperature of exhaust air – to study condensation 

potential” 

Asdc|sat_exchanger=2*pi#*r|sat_dc*Length*channels|sat 

Asdc|sat_tube=2*pi#*r|sat_dc*Length 

Aswc|sat_exchanger=2*pi#*r|sat_po*Length*channels|sat 

Aswc|sat_tube=2*pi#*r|sat_po*Length 

  

 

“-------EXERGY, ENTROPY, AND SUSTAINABILITY ANALYSIS-------" 

  

“Exergy Analysis:” 

  

Ra=0.287 “specific gas constant for air” 

Rv=0.4615 “specific gas constant for water vapor” 

Cpa=cp(Air,T=T_amb)  

Cpv=cp(H2O,T=T_amb)  

  

“Inlet Conditions:” 

T_amb=T_infinity 

HR_amb=HR_infinity    

P_amb=P_infinity  

  

“Dead State (0):” 

T_0=T_amb 

HR_0=humrat(AirH2O,T=T_0,R=RH_0,P=P_amb)    “saturation state” 

RH_0=1           “saturation state” 

P_0=P_amb  

  

“Pressure Drops” 

DELTAP_primarych=(DELTAP|sat_dry/1000)  

DELTAP_workingch=(DELTAP|sat_wet/1000)  

P_intrance=P_amb+DELTAP_primarych+DELTAP_workingch 

P_product=P_amb+DELTAP_workingch 

P_exhaust=P_amb 

  

“Saturation Properties” 

P|ex_satWatVap=p_sat(Steam,T=T_0)  

h|0_satWatVap=enthalpy(Steam,T=T_0,P=(P|ex_satWatVap-0.001))  

h|wi_satWat=enthalpy(Water,T=T_waterin,P=P_amb)  
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h|wo_satWat=enthalpy(Water,T=T|sat_waterout,P=P_amb)  

s|0_satWatVap=entropy(Steam,T=T_0,P=(P|ex_satWatVap-0.001))  

s|wi_satWat=entropy(Water,T=T_waterin,P=P_amb)  

s|wo_satWat=entropy(Water,T=T|sat_waterout,P=P_amb)  

P|_satWatLiqin=p_sat(Water,T= T_waterin)  

P|_satWatLiqout=p_sat(Water,T= T|sat_waterout)  

v|wi_satWatLiq=volume(Water,T=T_waterin,P=P_amb)   

v|wo_satWatLiq=volume(Water,T=T|sat_waterout,P=P_amb)   

  

“Exergy Model” 

mf=1.608*HR_amb “mole fraction” 

mf_0=1.608*HR_0        “mole fraction at dead state – saturated” 

m_water=m_watertot/3600      

  

“Inlet Exergies:” 

“Exergy of primary channel inlet (pi)” 

ex|pi_t=(Cpa)*(T_0+273.15)*(((T_amb+273.15)/(T_0+273.15))-1-

(ln((T_amb+273.15)/(T_0+273.15))))  

ex|pi_m=(1)*Ra*(T_0+273.15)*ln(P_intrance/P_0)  

ex|pi_c=Ra*(T_0+273.15)*(((1)*ln((1+mf_0)))) 

  

ex|pi_Total=ex|pi_t+ex|pi_m+ex|pi_c  

 

Ex|inlet_Air=ex|pi_Total*(m|sat_dry*channels|sat)  

  

“Exergy of water inlet (wi)” 

ex|wi_Water=(h|wi_satWat-h|0_satWatVap)-((s|wi_satWat-

s|0_satWatVap)*(T_0+273.15))+((P_product-P|_satWatLiqin)* 

v|wi_satWatLiq)-(Rv*(T_0+273.15)*ln(RH_0))    

  

Ex|inlet_Water=ex|wi_Water*m_water  

  

“Outlet Exergies:” 

 

“Exergy of Product air – Primary channel Output (po)” 

ex|po_t=(Cpa)*(T_0+273.15)*(((T|sat_product+273.15)/(T_0+273.

15))-1-(ln((T|sat_product+273.15)/(T_0+273.15))))  

ex|po_m=(1)*Ra*(T_0+273.15)*ln(P_product/P_0)  

ex|po_c=Ra*(T_0+273.15)*(((1)*ln((1+mf_0))))  

ex|po_Total=ex|po_t+ex|po_m+ex|po_c  

m|sat_product=m|sat_dry*(1-AR) 

 

Ex|out_product=ex|po_Total*(m|sat_product*channels|sat)  

  

  

“Exergy of Exhaust air – Working channel Output (wo)” 

mf|wo=1.608*HR|wo 

HR|wo=HR|sat_exhaust 

ex|wo_t=(Cpa+(HR|wo*Cpv))*(T_0+273.15)*(((T|sat_exhaust+273.1

5)/(T_0+273.15))-1-(ln((T|sat_exhaust+273.15)/(T_0+273.15))))
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ex|wo_m=(1+mf|wo)*Ra*(T_0+273.15)*ln(P_exhaust/P_0)  

ex|wo_c=Ra*(T_0+273.15)*(((1+mf|wo)*ln((1+mf_0)/(1+mf|wo)))+(

mf|wo*ln(mf|wo/mf_0)))  

  

ex|wo_Total=ex|wo_t+ex|wo_m+ex|wo_c  

m|sat_exhaust=m|sat_dry*(AR) 

 

Ex|out_exhaust=ex|wo_Total*(m|sat_exhaust*channels|sat)  

  

“Exergy of water outlet (wo)” 

ex|wo_Water=(h|wo_satWat-h|0_satWatVap)-((s|wo_satWat-

s|0_satWatVap)*(T_0+273.15))+((P_amb-

P|_satWatLiqout)*v|wo_satWatLiq)-(Rv*(T_0+273.15)*ln(RH_0))    

 

Ex|out_Water=ex|wo_Water*(m_water-(-

Evaporation|sat_Total/3600))  

  

“Fan Exergy” 

Ex_fan=(DELTAP_primarych*(Vf|sat_dry*channels|sat))+(DELTAP_w

orkingch*(Vf|sat_wet*channels|sat)) 

  

“Exergy Loss” 

Ex_loss=Q|sat_cooling*(1-(T_0/T_infinity)) 

  

“Exergetic Efficiency” 

Ex|Total_in=Ex|inlet_Air+Ex|inlet_Water 

Ex|Total_out=Ex|out_product+Ex|out_exhaust+Ex|out_Water 

  

eff_Ex1=Ex|Total_out/Ex|Total_in 

   

“Irreversibility = Exergy Destruction” 

Ex_destr=Ex|Total_in-Ex|Total_out-Ex_loss “irreversibility” 

  

“Exergetic COP = Exergy efficiency ratio” 

COP_Ex1=COP|sat*(1-(T_0/T_infinity)) 

COP_Ex2=(Ex|out_product-(Ex|inlet_Air*(1-AR)))/Ex_fan 

  

“Entropy Generation (S_gen)” 

S_gen=Ex_destr/(T_0+273.15)     

  

“Entropy generation number (NS)” 

NS_gen=(S_gen*(T_0+273.15))/Q|sat_cooling 

  

“Sustainability” 

SI=1/(1-eff_Ex1) 
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Fig. A.1.1 Screenshot of result window from EES program
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APPENDIX A2 

 

(Calibration of the Instrumentations) 

 

1. Thermocouples 

The utilized type K thermocouples were calibrated using the fundamentals 

of temperature measurement apparatus (WL202 by GUNT) at Sulaimani 

Polytechnic University, as depicted in Fig. A2.1. 

 

 

Fig. A2.1 WL202 fundamentals of temperature measurement (GUNT) 

 

The calibrated Type K thermocouple was employed in GUNT's WL202 

apparatus for fundamental temperature measurements. It also offers a 

straightforward approach for calibrating uncalibrated Type K thermocouples. 
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Fig. A2.2 illustrates the deviations among these thermocouples, with the 

maximum recorded deviation of 0.5 °C. 

 

 

Fig. A2.2 Calibration result 

 

2. Hygrometers 

The humidity measuring instruments (hygrometers) were utilized for 

measuring relative humidity at inlet, product, and exhaust locations of the 

cooler. To assess the accuracy of the employed hygrometers, they were put 

under a test. As shown in Fig. A2.3, the hygrometer put in an enclosed chamber 

alongside with a humidifier. It has been waited until the chamber reached full 

saturation (100% actual relative humidity). Thereafter, the hygrometer’s 

accuracy tested by observing the data viewer from the measuring instrument 

for about 30 minutes and observing for any fluctuation in the reading. 

Throughout 30 minutes testing, the sensor was most of the time measured 100% 

relative humidity with a slight alteration between 99.6% and 100% at rare 

occasions. This stable measurement indicates high accuracy measuring 

instrument. 
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Fig. A2.3 Calibration of the humidity measuring instrument 

 

3. Anemometers 

For the purpose of velocity measurement, vane type anemometer has been 

utilized. To calibrate this type of measuring instrument, a special set of velocity 

calibration apparatus is required which was hard to acquire. As an alternative, 

so as to measure a reasonable magnitude of velocity, each time to measure the 

velocity of airflow, three anemometers (as shown in Fig. A2.4) were employed 

for the data measurement, thereafter the average of these three measurements 

has been recorded as the final measurement for the intended test. Throughout 

the course of the experimentations, the maximum deviation observed between 

the anemometers for each test were about 0.1 m/s. 
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Fig. A2.4 Employed anemometers for velocity measurement 

 

4. Rotameter 

Regarding the water flow measurement, a variable area type rotameter has 

been employed. Prior to the experimentations, the accuracy of utilized 

rotameter has been evaluated by comparing the actual measured data with the 

calculated data at different water flowrates. The results from the comparison 

are presented in Table A2.1. The maximum deviation recorded was about 

±2.25%.  

Table A2.1 comparison between measured and calculated data 

Test 

Experimental 

period 

(minute) 

Measured 

flowrate (L/m) 

Calculated 

flowrate (L/m) 
Deviation 

1 10 1.3 1.33 ±2.25% 

2 10 1.63 1.66 ±1.84% 

3 10 1.95 2.00 ±2.5% 

4 10 2.30 2.33 ±1.28% 

5 10 2.60 2.66 ±2.25% 

6 10 2.95 3.00 ±1.66% 

7 10 3.25 3.33 ±2.4% 
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 کورتەیەک بە زمانی کوردی 

 

پەرەپێدانی دیزاینێکی تازە بۆ ئامێری  ئەم تێزە لێکۆلینەوەیەکی فراوان پێشکەش دەکات تایبەت بە  

(dew point evaporative cooler (DPEC)  ئامێری سازی  زەمینە  تازەکە  ئامێرە   .)

لە   وزەکەی  چوستی  کەوا  هەوایە  ببێتە    ٢٠ساردکردنەوەی  تازەکە  ئامێرە  لە  وادەکات  کە  زیاترە 

بەراورد   کاتێک  هەوا  سارکردنەوەی  لەبواری  توانا  تری  بەرزترین  ئامێرەکانی  لەگەڵ  بکرێت 

زەکە  ادایە. ئامێرە ت   ٣ستی وزەیان کەمە و لە دەوروبەری  وساردکردنەوەی هەوا کەوا بە سروشت چ

لەگەڵ   ئاو  بەهەڵمبوونی  میکانیزمی  بە  دەبەستێت  پشت  ناو  تەنها  بە  داهێنەرانە  هەوای  رۆیشتنێکی 

کی. دیزاینە پێشنیارکراوەکە  یێرمۆداینام ثئامێرەکەدا کە وادەکات لە ئامێرەکە ببێتە ئامێرێکی ئاڵۆزی  

 بۆ ئامێرەکە دەبێتە هۆی باشترکردنی ئەدای گواستنەوەی گەرمی و پێشکەشکردنی ووزە.  

لە  ا یژ ۆلۆد ۆت یم بریتیە  توێژینەوەکە  کرداریی.  ئەنجامدانی  ی  و  تیۆری  بە  توێژینەوەیە  ئەم 

ئەو   هەموو  بە  ورد  پێداچونەوەیەکی  ئەنجامدانی  بە  پێکرد  دەستی  توێژینەوەیە  ئەم  لەسەرەتادا 

توێژینەوانەی کە پێشتر کرابوون لەم بوارەدا بۆ دەست نیشانکردنی سنوورەکان و کەموکورتیەکانی 

بدۆزینەوە و دەستنیشانی    DPECی نوێ بۆ سیستەمی  ئەو توێژینەوانە. لەم رێگایەوە توانرا تازەگەریەک

کاریگەریەکانی   توانیمان  لەرێگایەوە  کە  پەرەپێدا  کۆمپییوتەریمان  مۆدێلێکی  لەسەرەتادا  بکەین. 

ساردکەرەوەکە بکەین بەشێوەیەکی    ی هەوائەندازەیی و بارودۆخەکانی کارپێکردنی لەسەر ئەدای ئامێر

لە رێ ئەم شیکردنەوەگبەرفراوان.  بۆ   ای  دیزاین  باشترین  بارودۆخ و  باشترین  توانیمان  بەرفراوانە 

بە   سیستەمەکەمان  دیزاینی  بە  تایبەت  پارامیتەرەکانی  باشترین  دواتر  کە  هەڵبژێرین  ئامێرەکەمان 

 ا بۆ بنیاتنانی ئامێرەکە بەشێوازی کرداری.  رکارهێن

دواتر، ئامیرەکە دروستکرا بە تێچوویەکی زۆر کەم لەبەر بەکارهێنانی بۆری قامیشی پلاستیکی  

ملم. پاشان بۆریەکان داپۆشران  ٠.١٥ملم و ئەستوری دیوارەکەشی بریتیە لە   ٥کە تیرەکەی بریتیە لە 

بە ڕووپۆشێکی دوانە چینی کە چینێکیان پلاستیک و چینەکەی تریان کاغەز بوو وە هەردوو چینەکە  

ملم. چینە کاغەزەکە وەکو ڕوپۆشێکی تایبەت بە بەهەڵمبوونی ئاو    ٠.٠٣لە ئەستووری بریتیبوون لە  

ڕۆڵ دەگێرێت کە لەتوانای دایە زۆر بە چوستی ئاوەکە بمژێت و بڵایبکاتەوە و بەهەڵمی بکات. بەهۆی  

وەی گەرمی لەبەینی بۆریەکە و رووپۆشەکە بەرگریکردنی گواستنەدیواری  زۆر تەنکی    تایبەتمەندی

بەرگری  شێدارکەناڵی هەوای وشک و کەناڵی هەوای   ئەم  دەکاتەوە )دەکرێت  لە مۆدێلی  ە  زۆر کەم 

شترکردنی ئەدای گەرمی و ووزەی ئامێرەکە. هەروەها،  احسابیەکە پشتگوێ بخرێت( و دەبێتە هۆی ب 

ئامێرێکی تایبەت بە رێکخستنی هەوای هاتنەژوورەوە بۆ ئامێری هەوا ساردکەرەوەکە دیزاین کرا و 



 

 
 

بتوانرێت   بەهۆیەوە  تاوەکە  ئامێر دروستکرا  لەسەر  ساردکرنەوەکە    یتاقیکردنەوەکان  هەوا 

 ئانجامبدرێت لەژێر بارودوخێکی فراوانی پلەی گەرمی و شێی هەوادا.

امدانی کرداری، کاتێک کە ئامێری هەوا سارکەرەوەکە ئیشپێکرا لە ژێر بارودۆخی  جلەکاتی ئەن

پلەی سیلیزی   ٣٤.١تایبەتی دەستنیشانکراو، ئامێرەکە توانی پلەی گەرمای هەوا کەم بکاتەوە  بە بڕی  

٪ و چالاکی  ٩٩.٦پۆینتی -پلای سیلیزی(، هەرواها توانی چالاکی دیو ١٨.٩پلەی سیلیزی بۆ  ٥٣)لە 

بەرز١٣٥بەڵبی  - وێت  چالاکیە  ئەم  ڕێژەی  بهێنێت.  بەدەست  ئەمێرە    ە٪  ئەوەی  هۆی  دەبێتە 

 دروستکراوەکە بە ئامێرێکی هەوا ساردکەرەوەیەکی باڵا دابنرێت. 

بە بەراورد کردنی وە  یە داتای بەدەست هاتوو لە مۆدێلی حساباتە پەرەپێدراوەکە پشتراستکرا دواتر،  

لەگەڵ داتای کرداری بەدەست هاتوو لە ئامێرە دروستکراوەکە بۆ سەلماندنی ڕاستی و دروستی مۆدێلە  

٪ بوو. هەر بەم هۆیەوە، مۆدێلە ٥.١±٪ بۆ  ٢.٣±حسابیەکە. زۆرترین لادان کە تێبینی کرا لە نێوان  

گەرمی   ئەدای  دەتوانێت  پەرەپێدراوەکە  بەم  ەووز   وحسابیە  وردی.  بە  زۆر  بدۆزێتەوە  ئامێرەکە  ی 

ۆر. دوای  ج ۆراوجهؤیەوە شیکردنەوەیەکی زۆر فراوانی پارامیتەرەکان ئەنجامدرا لەژێر بارودۆخی  

٪ بۆ  ٣٤نێوان  پۆینت لە-بوو، چالاکی دیو   ٦٦بۆ    ٢٨ئەنجامدانی شیکردنەوەکان، چوستی وزە لەنێوان  

٪  ٨٦٪ بۆ  ٥٠٪ بوو، چوستی ئێکسێرجی لەنێوان  ١٣٤٪ بۆ  ٦٢بەڵب لەنێوان  -٪ بوو، چالاکی وێت ٧٧

لەنێوان   ئینترۆپی  بەرهەمهێنانی  رێژەی  بۆ  ·ک  ٠،٠٠٠٥٢بوو،  وات/کلڤن  ·ک   ٠،٠٠٢٣وات/کلڤن 

لەنێوان   ئیندێکس  سەستەینەبلتی  هەروەها  ساردکەرەوەکە    ٧بۆ    ٢بوو،  هەوا  ئامێری  کاتێک  بوو، 

 ئیشپێکرا لەژێر بارودۆخێکی فراوانی کارپێکردن و ئەندازەیی. 
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