
1. Introduction

Two problems arise when using refrigeration and air condition-

ing devices in Iraq. The first is the electrical energy crisis and 

the attempt to reduce the use of electricity, and the second is the 

rise in climate temperatures, especially in the middle of summer, 

to be more than 50ºC [1]. In addition, another problem appears 

in different cities of Iraq, Karbala as an example, that have high-

rise buildings close to each other and equipped with cooling de-

vices, which is a  greater rise in temperatures as a result of the 

expulsion of heat from the cooling devices on the lower floors 

and its impact on the cooling devices on the upper floors. In-

creasing the air temperature in this manner significantly raises 

the temperature and pressure of the refrigerant gas exiting the 

compressor. This, in turn, results in a higher pressure ratio, 

which leads the cooling unit to consume more electricity and 

may eventually cause the compressor to stop working perma-

nently. 

The method of cooling air by allowing water to evaporate is 

known as evaporative cooling, so it is highly suitable and highly 

effective in hot and dry climates. The two qualities of being hot 

and dry make evaporative cooling perfect, as its effectiveness 

increases with the increasing temperature and decreasing hu-

midity, unlike what can be seen with mechanical cooling sys-

tems, which have a reduced efficiency when the outside air tem-

perature increases [2,3], but direct evaporative cooling is insuf-

ficient to achieve the level of temperature comfort requirem- 
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Nomenclature 

A   ‒ surface area at air-water interface, m2 

cpu ‒ specific heat of the humid air, J/(kg K) 

COP ‒ coefficient of performance 

hc ‒ coefficient of convection heat transfer, W/(m2 K) 

hLVS ‒ vapour specific enthalpy at surface temperature, J/kg 

hm  ‒ coefficient of mass transfer, kg/(m2 s) 

hVS  ‒ vapour specific enthalpy at saturated surface temp., J/kg 

�̇�𝑎 – mass flow rate of air, kg/s 

Nu  ‒ Nusselt number 

Pr – Prandtl number  

Q – heat flux applied, W/m2 

Re – Reynolds number  

RLe – Lewis relationship 

T    – bulk temperature, °C 

Tcond– air temperature at the condenser, °C 

𝑇𝑠 – surface temperature, °C 

𝑇1 – dry bulb temperature of the inlet air, °C 

𝑇2 – dry bulb temperature of the outlet air, °C 

W – humidity ratio, kgw/kga 

 

Greek symbols 

ε ‒ cooling effectiveness 

ϑ  ‒ volume of the used evaporative, m3 

 – dynamic viscosity, Pas 

ρw – density, kg/m3 

 

Subscripts 

a   – air 

s   – surface  

w  – water 

ents and relative humidity in very hot climates (such as the sum-

mer in Iraq), so it is fruitful to use evaporative cooling as pre-

cooling to cool the condenser in split air conditions and thus ob-

tain a high coefficient of performance and reduce the use of elec-

trical energy and provide suitable working conditions. 

Several researches have been conducted focusing on cooling 

the condenser of the split cooling device to enhance its perfor-

mance. Hwang et al. [4] experimentally evaluated a 9 kW 

(2.6  tonnes) split heat pump system using an advanced styling 

of the evaporative-cooled condenser. It involves a tank of an 

acrylic box, 0.94 m wide, 0.66 m long and 0.66 m high. The 

tubes of the condenser were submerged in a cooling water tank 

to remove the heat from the condensing process. The rotating 

disks were partially submerged in the water bath as the air was 

blown over them. The disks transport a small layer of water from 

the bath to the air stream, where it evaporates. Compared to the 

baseline air-cooled results, the new design showed better perfor-

mance, with a capacity increase of 1.8 to 8.1% and a COP in-

crease of 11.1 to 21.6%. The disadvantages of Hwang's system 

are that it is too complicated, heavy and large. Goswami et al. 

[5] investigated the improvement of air-to-air vapour compres-

sion air conditioner performance by the application of indirect 

evaporative cooling. The system was modified with a media pad 

evaporative cooler, pump and source of water. The results show 

that an electric energy saving of twenty per cent was obtained 

by utilizing an evaporative-cooled air condenser. 

Wang et al. [6] studied experimentally the possibility to in-

crease the coefficient of performance of an air conditioning sys-

tem using an evaporative cooling condenser. The data revealed 

an inverse relation between COP and the condenser inlet dry 

bulb temperature. The saturated temperature of the condenser 

increased from 2.4ºC to 6.6ºC by utilizing the evaporative cool-

ing. It is also indicated that an increase in the mass flow rate of 

the refrigerant that passes through the evaporator results in the 

increase of COP from 6.1% to 18%. Elshiaty et al. [7] conducted 

practical experiments to evaluate the coefficient of performan-

ce and energy reduction in an air conditioning package unit.  

A comparison between two identical air conditioners was car-

ried out, one was an ordinary air conditioner and the second was 

upgraded with a pump, water supply and nozzles that spray wa-

ter onto the condenser, including optimized water consumption 

sprayers. The findings demonstrated that the coefficient of per-

formance and the consumption of electrical power mainly rely 

on the surrounding conditions due to their effects on condensing 

temperature and pressure. The evaporative cooling enhanced 

COP by around 42.2% and reduced the electrical power con-

sumption by 14.55%. 

For an experimental evaluation of the energy saving utilizing 

different kinds of evaporative cooling systems, Chaktranond and 

Doungsong [8] retrofitted the condensing part in a split air con-

ditioner unit with a water sprayer, cellulose corrugated pad,  wa-

ter source and a pump. The authors illustrated an increase in the 

consumption of electrical power energy of around 4% when the 

ambient temperature was raised by 1ºC. In addition, it was found 

that a decrease in power consumption of around 15% with an 

increase in COP by up to 48% due to large contact surface be-

tween air-stream and water. In regions where temperatures 

range from 50 ºC to 60 ºC, Alhamdo et al. [9] experimentally 

and theoretically investigated how to enhance condenser perfor-

mance to improve the temperature of the evaporator outlet fluid. 

The result indicated that applying the spray water on the con-

denser is the best technique for improving the performance. The 

authors also presented a cost-benefit analysis related to the cost-

benefit ratio, net present value, life cycle cost and payback pe-

riod.  

In Iraq, where temperatures can rise to 55ºC, Eidan et al. [10] 

investigated the impact of condenser evaporative pre-cooling on 

a tiny air conditioner of window type. They claimed that pre-

cooling lowers the consumption of the peak power, and incre-

ases the working range to extremely high temperatures. It was 

also reported that the compressor can operate at a voltage of 16% 

less than 220 V by the use of evaporative pre-cooling. 

To improve the cooling performance and reduce the con-

sumption of electrical energy, this work attempts to explore the 

possibility of integrating a split air conditioning unit with a di-

rect evaporative cooling system. A mathematical equation is de-

veloped to predict the cooling effectiveness which results in 

avoiding high costs of the experimental tests. The significance 

of this work lies in its contribution to offering ideal operating 

conditions for a split air conditioning unit that works in regions 
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under an extremely hot and dry climate and/or installed within 

high-rise buildings such as in the case of Karbala city. As far as 

the authors are aware, no previous studies have addressed this 

particular issue. 

2. Optimum operational conditions  

There is an increasing interest in reducing electrical energy con-

sumption as a result of global warming and energy crisis. There-

fore, conserving energy and using environmentally friendly de-

vices is very important, especially in hot regions with tempera-

tures of 45−50ºC and long summers, where the use of electrical 

energy for cooling devices reaches 70% of the total energy used 

[6]. Increasing the outside air temperature increases the pressure 

and temperature of the refrigerant in the condenser unit, which 

in turn increases electrical energy consumption and reduces the 

cooling capacity of the cycle because, in a high-temperature en-

vironment, the refrigerant passing through the condenser might 

not completely condense, causing a mixture of liquid and vapour 

to enter the evaporator. Thus, the coefficient of performance of 

the cooling device decreases greatly as the outside air tempera-

ture rises [11]. The COP decreases by about 2−4% with each 

degree of increase in the temperature of the condenser [12,13]. 

The standard value of COP is 2.96 [14], which is at an outdoor 

air temperature approximately equal to 32.2ºC), and it is re-

quired to use evaporative cooling to cool the condenser when 

the outside air temperature is higher than 32.2ºC [15]. The ad-

dition of evaporative cooling to cool the condenser leads to 

lowering the temperature and pressure of the refrigerant in the 

condenser, thus increasing COP, reducing electrical energy 

consumption, increasing the duration of the cooling unit, and 

not stopping the cooling device, as the device is exposed to 

refrigerant pressures suitable for the compressor and obtaining 

high cooling capacities. 

3. Equipment and system setup 

3.1. Types of condensers 

In heat pumps, condensers come in three different varieties: 

evaporative, water and air-cooled. The type used in conventional 

small tonnage is mainly air-cooled which needs a high air flow 

rate to enhance the performance. The bigger tonnage market 

uses water-cooled condensers, which rely on heat transfer from 

the refrigerant tube to the water flow.  

The air-cooled condenser has a lower heat transfer coeffi-

cient compared to the water-cooled condenser. In the evapora-

tive condensers, the evaporation of water into the air stream pro-

duces cooling. As a result, the water-cooled condensers require 

more water pumping and chemical treatment. Only sensible heat 

transfer is used in the air-cooled condenser, but both sensible 

and latent heat transfers are used in the evaporative condenser. 

Because of this, the evaporative condenser requires less airflow 

rate than an air-cooled condenser, allowing the present design to 

use a smaller fan and motor. 

One of the main benefits of using an evaporative condenser 

over an air-cooled condenser is the lowered condensing temper-

ature. More heat transfer is provided to the evaporative conden-

ser by latent heat transfer, increasing its overall heat transfer co-

efficient over that cooled only by air. The condensing tempera-

ture of the evaporative condenser is lowered because of the 

smaller temperature differential caused by the improved overall 

heat transfer coefficient for a comparable quantity of transferred 

heat. Furthermore, rather than the dry-bulb temperature, the con-

densing temperature of this strategy is restricted by the air's wet-

bulb temperature. 

3.2. Performance of different refrigerants  

R-410A typically operates in near-critical conditions when used 

in air conditioning systems at high outside temperatures. When 

the outside temperature rises, especially over 35ºC, the R-410A 

system performance can deteriorate more quickly than the R-22 

system performance. 

R-410A and R-22 air conditioners running at a high ambient 

temperature were compared by Payne et al. [16]. The identical 

condenser and evaporator heat exchangers were used to evaluate 

the two air conditioning systems. Normalized ratios were used 

to compare the R-410A system's capacity and COP to those of 

the R-22 system. At 35ºC, the capacities of the R-410A and  

R-22 systems matched, while at 27 ºC, the COPs matched. The 

authors reported that the ratio of the normalized capacity, R-22 

against R-410A, declined from 1.05 to 0.90, and COP decreased 

from 1.05 to 0.80 when the ambient temperature was changed 

from 25ºC to 55ºC. The R-410A system appeared to be further 

susceptible to the rising outdoor temperature, according to the 

data. 

In a thorough modelling study of comparing R-410A to  

R-22 systems, Rice [17] essentially verified the same findings. 

Thus, when subjected to an identical condenser evaporative pre-

cooling load, the R-22 apparatus experiences a less relative 

power reduction in comparison to the R-410A apparatus. Put 

differently, the refrigerant functions throughout a wide range of 

enthalpy changes in the two-phase area, which enhances the 

overall effectiveness of heat transfer from the condenser and al-

lows it to reject more heat into the ambience at a fixed mass flow 

rate. As a result, precooling benefits energy savings for R-410A 

systems more than it does for R-22 units. Utilizing water for 

evaporative cooling only when the dry bulb temperature rises 

over 32.2ºC is one way to conserve water, as opposed to utilizing 

it throughout the cooling season. To optimize the annual operat-

ing cost savings and minimize water use, it may be advantageous 

for R-22 to utilize water only when dry bulb temperatures sur-

pass 32.2ºC. It is important to note, nevertheless, that utilizing 

R-410A results in far larger annual and peak energy reductions 

than using R-22. Additionally, if the equipment is used at all dry 

bulb temperatures rather than just when the dry bulb surpasses 

32.2ºC, R-410A can save even more energy [15]. 

3.3. Modelling of direct evaporative cooler 

The transformation of sensible heat into latent heat is the basic 

idea behind direct evaporative cooling. The ambient air wet-

bulb temperature is represented by the lowest temperature that 

can be reached. The unsaturated air cools through the process of 

heat and mass transfer. 
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The following definition applies to the total differential heat 

flow: 

 𝛿𝑄 = 𝑑𝐴[ℎ𝑐(𝑇𝑠 − 𝑇𝑎) + 𝜌𝑤ℎ𝐿𝑉𝑆ℎ𝑚(𝑊𝑠 − 𝑊𝑎)]. (1) 

Assuming that the vapour and air are ideal gases, the following 

can be determined using the mixture’s specific enthalpy, which 

is the total of the individual enthalpies: 

 𝛿𝑄 =
ℎ𝑐𝑑𝐴

𝑐𝑝𝑢
[(ℎ𝑠 − ℎ𝑎) +

(𝑊𝑠−𝑊𝑎)

𝑅𝐿𝑒
(ℎ𝐿𝑉𝑆 − 𝑅𝐿𝑒ℎ𝑉𝑆)]. (2) 

If the magnitude of 𝑅𝐿𝑒= 1, then, the second term in Eq. (12) can 

be ignored:  

 𝛿𝑄 =
ℎ𝑐𝑑𝐴

𝑐𝑝𝑢
(ℎ𝑠 − ℎ𝑎). (3) 

It can be written as 

 𝛿𝑄𝑠 = ℎ𝑐𝑑𝐴(𝑇𝑠 − 𝑇𝑎). (4) 

The following relation is used to determine the effectiveness of 

direct evaporative cooling [18]: 

 𝜀 =
𝑇1−𝑇2

𝑇1−𝑇𝑠
. (7) 

Accordingly, 

 𝜀 = 1 − exp (−
ℎ𝑐𝐴

�̇�𝑎𝑐𝑝𝑢
). (8) 

The following relationship determined the coefficient of con-

vection heat transfer across an evaporative medium of cellulose 

as reported by Dowdy and Karabash [19]: 

  Nu = 0.10 (
𝑙𝑒

𝑙
)

0.12

Re0.8Pr0.33, (9) 

where 𝑙𝑒 is defined as 

 𝑙𝑒 =
𝜗

𝐴
. (10) 

3.4. System description 

The study was conducted in Karbala, Iraq, located at a latitude 

of 32º and longitude of 44º. The maximum temperature in this 

city during the summer is 49.5ºC, according to data from the 

Iraqi Meteorological Organization [1]. That was on August 12, 

2022, and the relative humidity at that temperature was 12%. 

Thus, this day is selected in the current work starting from 8 a.m. 

to 5 p.m. 

The hot outside air passes through the cooling pad unit, to 

which water is pumped from the top. The hot outside air is evap-

oratively cooled, and then the air enters the condensing unit and 

the refrigerant entering into the condensing unit is cooled, as 

shown in Fig. 1. 

4. Result and discussion 

The air temperature as it exits the cooling pad unit and enters the 

condensing coil (Tcond) was calculated at different times of the 

day (from eight in the morning until five in the evening).  

Figure 2 shows the change in dry bulb outdoor air temperature, 

relative humidity and temperature of the air exit from the cool-

ing pad unit at different periods of the daytimes.  

The temperature of the air leaving the cooling pad unit (Tcond) 

increases with time and then decreases with increasing temper-

ature and decreasing humidity. This helps the split air-condition-

ing unit perform well during peak hours, as increases COP and 

decreases electrical energy consumption. It is interested to men-

tion that the average temperature of the air leaving the cooling 

pad unit in the extreme summer of the Karbala city is less than 

32.2ºC at which the standard COP is 2.96. Therefore, COP of 

the split air-conditioning unit that uses evaporative cooling is 

always higher than the standard COP in the city of Karbala. 

It can be concluded that the use of evaporative cooling in the 

split air condition unit is considered a very good solution to con-

front high temperatures, increase electrical energy consumption, 

and obtain COP higher than the standard at all times of summer. 

The psychometric chart’s process lines for the condenser’s 

outdoor air temperature were constructed using the relative hu-

midity and dry bulb. The enthalpy change through the evapora-

tive-cooled condenser (referred to as DEC) and conventional 

condenser (referred to as CV) is shown in Fig. 3. Process line  

1 to 2 demonstrates how the sensible heat transferred from the 

refrigerant raised the air temperature through the traditional con-

denser while maintaining a steady humidity ratio. The refriger-

ant phase change was the initial cause of the heat released into 

the air from the condenser. But in the case of the evaporative 

cooled condenser, latent heat transfer from the evaporation of 

water passing through the wetted medium caused the air temper-

ature to drop from T1 to T3, and the humidity ratio  to  rise  from  

 

Fig. 1. A schematic illustration of the evaporative cooling system. 

 

Fig. 2. Change of outside air temperature, relative humidity, 

and temperature of air passing the condenser (Tcond) with time. 
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W1 to W3. This process is represented by line 13 in Fig. 3, 

known as an adiabatic process or a constant enthalpy line. The 

process line 34 illustrates the temperature of the air passing 

across the condenser which increases by the sensible heat trans-

fer obtained from the heat rejected by the refrigerant inside the 

condenser. The chart shown in Fig. 3 indicates that the evapora-

tive cooled condenser has a process line of 134, whereas the 

traditional condenser has a process line of 12. The wetted cool-

ing pad surface drew heat from the surrounding air during the 

process of evaporative cooling, which led to sensible heat loss 

from the air and consequent latent heat uptake by the water. 

5. Conclusions 

Using an air-cooled condenser in hot climates, especially in the 

middle of summer when temperatures are more than 50ºC, leads 

to a rise in the pressure and temperature of the refrigerant gas 

coming out of the compressor, which in turn increases the elec-

trical energy consumption and decreases the coefficient of per-

formance, and may end up causing the compressor to stop work-

ing ultimately.  

Using an evaporative cooling condenser to be integrated 

with a split air condition unit leads to the following conclusions: 

 The use of evaporative cooling in a split air conditioner en-

hances performance, making it an effective method for re-

ducing energy consumption and maintaining high values of 

coefficient of performance through the summer. The perfor-

mance enhancement is achieved by lowering the condens-

ing temperature. 

 Considering the extremely hot summer in the Karbala city, 

the air temperature leaving the cooling pad unit reaches be-

low 32.2ºC. As a result, the typical COP of 2.96 is ex-

ceeded.  

 The required amount of the evaporative condenser’s airflow 

rate is lower than that for air-cooled condensers. 

 By using the same condenser evaporative pre-cooling, the 

R-410A system receives a greater reduction in the relative 

power compared to the R-22 system. Consequently, it can 

be suggested that the R-410A system is highly exposed to 

increasing external temperature. 

 The current findings show the potential of reducing the re-

quired chemical treatment and water pumping for water-

cooled condensers. 
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