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ABSTRACT 

In this study, a mathematical model has been built to simulate two stages, indirect and direct evaporative cooling 

units working on the principle of double (indirect/direct) effect. The evaporative unit consists of two stages; the sensible 

heat exchanger and the cooling tower composing the indirect evaporative cooling, which represents the first stage, where as 

the direct evaporative cooler represents the second stage. The modeling results show the wet-bulb effectiveness is (1.185) 

at 45°C system inlet dry-bulb temperature, 5 g/kg humidity ratio, 35% air extraction rate, 0.1 L/s water flow rate and 

0.425m
3
/s inlet air volumetric flow rate. A maximum COP of (14.88) is recorded at these above conditions. In addition, it 

is shown that the predicted results of system COP is much higher than the measured by (6%) to (10%) at the same 

performance circumstances. 

 

Keywords: inlet dry bulb temperature, vapour compression cycle, extraction ratio. 

 

1. INTRODUCTION 

Many countries suffer from the problem of high 

dry bulb temperatures in summer season that carries the 

burdens of high power demand of air condition 

equipment’s. A substantial percentage of power burdens 

can be resolved by employing the evaporative cooling 

technique. The effectiveness of evaporative cooling is 

depending on the advantage of the large difference 

between the dry-bulb temperature and the wet-bulb 

temperature, which can be used positively in evaporative 

cooling systems. Iraq is one of these countries that have a 

desert climate and characterized by summer high dry-bulb 

temperature and dryness. Also, along the summer period 

that could spans for seven months from April to October, 

the day time often exceeds 49 C° with an average daily 

temperature over 37C° [1], in most of summer season. As 

a result, a large amount of power is consumed for air-

conditioning (A/C) purposes. This indirect evaporative 

cooling technique is pledging to evolve in the next few 

decades owing to its elevated efficiency in a broad range 

of thermal applications, and faint consumption of energy 

[2]. 

The cooling performance of an indirect 

evaporative technique has been investigated by many 

researches. Navon and Arkin [3] studied the capability of 

using indirect-direct evaporative cooling for residential 

uses in desert areas of Palestine. The system showed the 

ability of providing a higher level of thermal convenience 

wherever the external humidity is around 80%. Generally 

speaking, the evaporative cooling can be considered as an 

applicable and appealing passive cooling technique for 

variant atmospheric conditions, where as great endeavors 

has been put in for developing and upgrading the 

effectiveness and applicability of such systems.  

Furthermore, there have been respectable environmental 

and economic profits in utilizing the traditional air 

conditioning systems owing to the persistent augmentation 

in its thermal efficiency. El-Dessouky [4] developed a 

membrane air dryer coupled with a conventional direct-

indirect evaporative cooler. It was found that the drier 

takes off the humidity from the entering flowing air, and 

the air could be cooled to a minimum temperature by 

employing a subsequent evaporative cooler. They results 

showed that a reasonable cooling performance can be 

achieved by using such a system. It was also shown that 

when combining this system with mechanical vapor 

compression system, exemplary thermal conditions may 

be reached, e.g. about 50% electricity savings are 

obtained. Gomez [5] developed an evaporative cooling 

unit made of a ceramic, which works as a semi-indirect 

cooler. The water that is cooled in a cooling tower is 

passed from the annulus passage of the ceramic tubes. 

Whereas, the air entering from outside passes during the 

central zone. On the other hand, the chilled water is 

evaporated due to its flowing over the ceramic pores. Such 

a system allows indoor air recirculation that is not possible 

to be occurred in the traditional evaporative cooling units. 

Using of such system was experimentally verified and (5-

12)ºC temperatures drop was obtained under various 

conditions.  

Jain [6] developed and investigated an 

evaporative cooler working under two-stages. The 

researcher attempted to augment the thermal efficiency of 

cooling unit to be working under higher humidity and 

lower air-conditioning temperature; such a cooling system 

could provide necessary comfort even with the high 

outside humidity. An evaluation for the cooling system 

was performed in terms of thermal efficiency, temperature 

reduction, and effectiveness of using a two-stage 

evaporative cooling technique over single evaporation. 

The results showed that the efficiency of a single 

evaporation is ranging between (85-90) %. However, the 

effectiveness of utilizing a two-stage method through a 

single evaporation was found to be ranging between (1.1-

1.2). Riangvilaikul and Kumar [7] developed and 

investigated experimentally an unfamiliar dew point 

evaporative cooling device for cooling the ventilation air 

sensibly. A good comparison between their numerical and 
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experimental results was made for the outlet air conditions 

and the system effectiveness for known inlet parameters, 

and then a reasonable validation was performed for the 

experimental findings with relevant ones existing in the 

literature. The numerical model was utilized for 

optimizing the system variables, and to predict the device 

effectiveness working under different inlet circumstances. 

The reported wet bulb effectiveness was (92-114) %, and 

the reported dew point effectiveness was (58-84) %. 

Heidarinejad [8] studied a ground-assisted or geo-

thermal hybrid direct evaporative cooling system in the 

city of Tehran. It was found that necessary pre-cooling 

effects can be generated using a Ground Coupled Circuit 

(GCC) enabling the direct evaporative cooling system for 

a significant cooling of the flowing air to reach even 

beneath the wet-bulb temperature. The GCC used was 

consisted of four vertical ground heat exchangers that are 

organized in a series arrangement. Computational 

simulations were performed for predicting an accurate and 

optimum thermal performance for the GCC. The 

numerical results disclosed that the combination use of the 

GCC with the direct evaporative equipment produce a 

comfortable environment much better than using the 

evaporative unit lone. Indeed, the computations runs 

predicted extraordinary percent of cooling effectiveness, 

which is more than 100% for the hybrid system. The 

cooling performance of multiple two-stage evaporative 

coolers was analyzed and investigated by El-Dessouky [9]. 

The operating conditions of the system were a function of 

the packaging thickness and the flow rate of water passing 

through the direct evaporative cooling device. The 

efficiency of direct and indirect cooling units when 

operated individually was found to be ranging between 

(63-93) % and (20-40) %, respectively, whereas the 

efficiency of the multiple two stages system varied along 

the range of (90-120) %. Heidarinejad [10] studied 

experimentally the thermal performance of multiple two-

stage direct-indirect evaporative cooling under variant 

virtual atmospheric situations. It was reported that the 

thermal effectiveness of indirect evaporative unit varying 

in the range of (55-61) %, while the thermal effectiveness 

of multiple direct/indirect unit changing within the range 

of (108-111) %, for different climatic conditions. Such 

system was found to be better for hot and humid climates. 

The main objective of this work is to present an approach 

for modeling and simple way to predicting the 

performance of new strategy of Direct-indirect evaporative 

cooling utilize cooling built in cooling tower and to know 

well all parameter effected on the overall performance of 

the unit 

 

2. GOVERNING EQUATIONS AND 

METHODOLOGY 

The system layout is shown in Figure-1, and 

Table-1 lists the specifications of the system investigated 

in present study. 

  

 
 

Figure-1. System layout. 

 

The following sections describe mathematically 

the individual components: 

 

2.1 Cooling coil 
For sizing the cooling coil, the standard energy 

equation for both of the air-side and the water-side 

associated with the equation of mass transfer has to be 

solved [11]. The design of cooling coil is accomplished by 

dividing it into N segment in agreement with the number 

of the coil rows. The needed numbers of rows of a finned-

tube cooling coil and the exit air temperature can be 

calculated relying on providing the information such as the 

cooling load, the coil geometry, the surface area and the 

process data. Figure-2 shows a section from the cooling 

coil used. 
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Table-1. System Specifications. 
 

Item Specification Unit 

Heat Exchanger 

No. of  row 16  

Number of tubes passes per row 16  

Outside tube diameter, 12.7 mm 

Inside tube diameter, 12 mm 

Longitudinal tube spacing, 26.16 mm 

Transverse tube spacing, 31.75 mm 

No. of fins 352  

fin thickness 0.2 mm 

Aflow/Aface on the air-side 0.529  

Fin material Aluminum  

Cooling Tower 

Dimension 400×400×1400 mm 

cooling pad material Cellulose  

Material angles 45° and 15°  

Dry weight 38.4 kg/m3 kg/m
3
 

Wet weight 89.7 kg/m
3
 

PH range 6-9  

Effective Surface (A/V) 440 m
2
/m

3
 

Material efficiency Up to 90%  

Direct Evaporative cooling 

Dimension 400×400×50 mm 

cooling pad material Cellulose  

Dry weight 38.4 kg/m3 kg/m
3
 

Effective Surface (A/V) 440 m
2
/m

3
 

 

 
 

Figure-2. Section in the cooling coil. 

 

For Air side 

 ∆𝑄𝑖 = �̇�𝑎(ℎ𝑎𝑖 − ℎ𝑎𝑖+1)                                                  (1) 

 

Assume that Lewis number ≈ 1.0 [11] 
 ∆𝑄𝑖 = 𝜂𝑠𝑐𝑝𝑚 ℎ𝑜∆𝐴𝑜(ℎ𝑎𝑚𝑖 − ℎ𝑠𝑚𝑖)                                     (2) 
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For Water side 

 ∆𝑄𝑖 = �̇�𝑤𝐶𝑝𝑤(𝑇𝑤𝑖+1 − 𝑇𝑤𝑖)                                         (3) 

 ∆𝑄𝑖 = ℎ𝑖∆𝐴𝑖(𝑇𝑠𝑚𝑖 − 𝑇𝑤𝑚𝑖)                                           (4) 

 

Where,  

 ℎ𝑎𝑚𝑖 = (ℎ𝑎𝑖+ℎ𝑎𝑖+1)2    , ℎ𝑎𝑖+1 = 2ℎ𝑎𝑚𝑖 − ℎ𝑎𝑖                    (5) 

 𝑇𝑤𝑚𝑖 = (𝑇𝑤𝑖+𝑇𝑤𝑖+1)2     , 𝑇𝑤𝑖+1 = 2𝑇𝑤𝑚𝑖 − 𝑇𝑤𝑖               (6) 

 

By eliminating hai+1 and Twi+1 from equations (1) 

and (3), respectively, the energy equations can be shaped 

as follows: 

 ∆𝑄𝑖 = 2�̇�𝑎(ℎ𝑎𝑖 − ℎ𝑎𝑚𝑖)                                                (7) 

 ∆𝑄𝑖 = 2�̇�𝑤𝐶𝑝𝑤(𝑇𝑤𝑚𝑖 − 𝑇𝑤𝑖)                                       (8) 

 

Eliminate hami between equations (2) and (7), it is 

yielded: 

 ∆𝑄𝑖 = 𝜂𝑠ℎ𝑜∆𝐴𝑜 𝑐𝑝𝑚⁄1+∆𝑁𝑇𝑈𝑜 2⁄ × (ℎ𝑎𝑖 − ℎ𝑠𝑚𝑖)                                 (9)  

 

Similarly, eliminating Twmi from equations (4) 

and (8) gives: 

 ∆𝑄𝑖 = ℎ𝑖∆𝐴𝑖1+∆𝑁𝑇𝑈𝑖 2⁄ × (𝑇𝑠𝑚𝑖 − 𝑇𝑤𝑖)                                 (10) 

 

And, dividing equation (9) over equation (10) 

yields:  

 ℎ𝑎𝑖−ℎ𝑠𝑚𝑖𝑇𝑠𝑚𝑖−𝑇𝑤𝑖 = 𝑅                                                                  (11) 

 

Where 

 R = [hiCpmhoηs (∆Ai∆Ao)] × [(1 + ∆NTUo2 )(1 + ∆NTUi2 )]                             (12) 

 

The log mean deference of the total cooling 

capacity can expresses in terms of ΔNTUo, ΔNTUi as 

follow [11]: 

 ∆𝑁𝑇𝑈𝑜 = 𝜂𝑠ℎ𝑜∆𝐴𝑜𝑚𝑎𝐶𝑝𝑚  ,     ∆𝑁𝑇𝑈𝑖 = ℎ𝑖∆𝐴𝑖𝑚𝑤𝐶𝑝𝑤     

 

For dry surface (Ts >Tdew-point) as in the 

current case, the relation between hs and Ts can be 

expressed as follows: 

 ℎ𝑠𝑚𝑖 = ℎ𝑎 + 𝐶𝑝(𝑇𝑠𝑚𝑖 − 𝑇𝑎)                                         (13) 

 

By substituting hsmi from equations (13) into 

equation (11), the solution for Tsmi can be calculated as 

follows:  𝑇𝑠𝑚𝑖 = (𝑇𝑎𝑖+𝑅∗𝑇𝑤𝑖)(𝑅+1)                                                          (14) 

 

The dry temperature of air (Tai+1) can be 

estimated from the formula of the sensible heat conveyed 

to the coil surface: 

 ∆𝑄𝑐𝑖 = 𝑚𝑎𝐶𝑝𝑎(𝑇𝑎𝑖 − 𝑇𝑎𝑖+1)                                        (15) 

 ∆𝑄𝑐𝑖 = Ƞ𝑠ℎ𝑜∆𝐴𝑜(𝑇𝑎𝑚𝑖 − 𝑇𝑠𝑚𝑖)                                   (16) 

 

Or,  

 ∆𝑄𝑐𝑖 = 𝜂𝑠ℎ𝑜∆𝐴𝑜 (𝑇𝑎𝑖+1+𝑇𝑎𝑖2 − 𝑇𝑠𝑚𝑖)                            (17) 

 

Eliminating ΔQci from equations (16) & (17) and 

Solving for Tai+1 yield: 

 𝑇𝑎𝑖+1 = [(1−∆𝑁𝑇𝑈𝑜2 )1+(∆𝑁𝑇𝑈𝑜2 )] × 𝑇𝑎𝑖 + [ ∆𝑁𝑇𝑈𝑜1+(∆𝑁𝑇𝑈𝑜2 )] × 𝑇𝑠𝑚𝑖          (18) 

 𝑊𝑎𝑖+1 = [(ℎ𝑎𝑖+1−𝐶𝑝𝑎×𝑇𝑎𝑖+1)2501+1.8×𝑇𝑎𝑖+1 ]                                         (19) 

 

2.2 Cooling tower  

Figure-3 illustrates the processes of heat and 

mass transfer occurred in the cooling tower. It also shows 

the mathematical model that governs these processes 

between air and water, where the water is supposed to 

absorb the entire latent heat of vaporization. The 

governing differential equations that represent this model 

are expressed as follows [12]: 

 

 
 

Figure-3. Cooling tower heat and mass transfer process. 
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�̇�𝑎𝑐𝑝𝑎𝑑𝑇𝑎 =   ℎ𝑠𝑑𝐴(𝑇𝑤  – 𝑇𝑎)                                      (20) 

 �̇�𝑤𝑑𝑊𝑤 =   ℎ𝑑𝑑𝐴(𝑊𝑤𝑎  – 𝑊𝑎)                                      (21) 

 ṁwcpwdTw =   hsdA(Ta – Tw) + ρohddA(Wa – Wwa)   (22) 

 

The Lewis number (Le) is defined as: 

 𝐿𝑒 =   ℎ𝑠/(ℎ𝑑𝑐𝑝𝑎)                                                         (23) 

 

This number is assumed to be unity [12], which is 

the empirical and common assumption between air and 

water in the heat and mass transfer process. Now, the 

energy transfer equation (22) becomes: 

 �̇�𝑤𝑐𝑝𝑤𝑑𝑇𝑤 = ℎ𝑑𝑑𝐴(ℎ𝑎  –  ℎ𝑤𝑎)                                   (24) 

 

To solve the equations (22)-(24), the following 

critical simplifying assumptions are made: 

 

 The Lewis number is equal to 1. This assumption is 

presumed to have a minimal effect; however, it can 

impact the results at low ambient temperatures. 

 The air departing the cooling tower is saturated with 

water vapor, and it is formulated by the enthalpy 

property. This has a negligible trace on the results 

when the ambient temperature is above 20°C, but it 

becomes influential lower temperatures. 

 The decrease in the water flow rate due to the 

evaporation process is ignored in the energy balance. 

This simplification could have a major impact at 

higher ambient temperatures. 

By using the common integral equation-Merkel 

method, the equations (22)-(24) are converted to the 

following equation: 

 𝛽𝑉𝐻𝑞 = 𝑐𝑝𝑤𝜆𝑡 ∫ 𝑑𝑇𝑤ℎ𝑤𝑎−ℎ𝑎𝑇1𝑇2                                                      (25) 

 𝑞 = 𝑚𝑤𝐴𝑐                                                                            (26) 

 

𝛽𝑉𝐴𝑐𝐻 = 𝑘𝑑𝐴𝑝                                                              (27) 

 𝜆𝑡 = 1 − 𝑐𝑝𝑤𝑇2 𝑟𝑜⁄                                                         (28) 

 

In equation (25), in case of the enthalpy of 

saturated air has a linear relation with the water 

temperature; simply the logarithm enthalpy difference can 

be derived from the right integral part. However, the 

simple logarithm average enthalpy difference method 

cannot be used directly as the line of saturation is 

nonlinear, but a subsection method can be used. In several 

sections of air/water heat and mass transfer processes, to 

express the energy transfer driving force, a linear saturated 

line is first supposed, and then aforementioned simple 

logarithm method is employed. While, the required 

accuracy specifies the number of subsections required. In 

Figure-4, the inlet and outlet temperatures of the padding 

tower are represented by T1 and T2, and h
׳
2n and h

׳
20 

symbolize the correlated saturated air enthalpy at T1 and 

T2. The integral section is split into n equivalent parts and 

equivalent water temperature reduction. Thus, the equation 

(25) is employed for each part, and the simple logarithm 

average enthalpy difference method can express the right 

integral part. The integral part can be expressed by 

equations (29)-(31) for the ith section: 

 ∫ 𝑑𝑇𝑤ℎ𝑤𝑎−ℎ𝑎 = ∆𝑇𝑤∆ℎ𝑚𝑖𝑇2𝑖𝑇2𝑖−1                                                        (29) 

 ∆𝑇𝑤 = 𝑇1−𝑇2𝑛                                                                     (30) 

 ∆ℎ𝑚𝑖 = (ℎ2𝑖, −ℎ2𝑖)−(ℎ2,𝑖−1, −ℎ2,𝑖−1)𝐼𝑛[(ℎ2𝑖, −ℎ2𝑖) (ℎ2,𝑖−1, −ℎ2,𝑖−1)⁄ ]                                  (31) 

 

For the whole padding tower, by using Equations 

(20) - (22), the energy balance equation is obtained, for the 

energy transfer expression Equations (32) and (34) could 

be deduced. 

 ma(h2i − h2,i−1) = mw,tCp,w(T2i − T2,i−1), i = 1, … , n,   (32) 

 𝑇2𝑖 = (𝑇1−𝑇2)𝑖𝑛 + 𝑇2, 𝑖 = 1, … , 𝑛 − 1,                               (33) 

 𝛽𝑉𝐻𝑞 = 𝐶𝑝,𝑤𝜆𝑡 𝑇1−𝑇2𝑛 ∑ 1𝛥ℎ𝑚𝑖𝑛𝑖=1                                               (34) 
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Figure-4. Padding tower heat and mass transfer mode. 

 

2.3 Direct evaporative cooling  

As shown in Figure-5 that heat transfer occurs 

only if the surface temperature Ts is not equal to the air 

temperature T. In addition, if the air absolute humidity in 

the vicinity of surface ws is not similar to the draft 

humidity w, a mass transfer also takes place [13]. The 

elementary sensible heat is: 

 𝛿𝑄𝑠 = ℎ𝑐𝑑𝐴(𝑇𝑠 − 𝑇)                                                     (35) 

 

Where, Ts is the surface temperature, A is the surface area 

of heat transfer, Tis the bulk temperature and hc is the 

convective heat transfer coefficient. 

 

 
 

Figure-5. The direct evaporative cooler Schematic. 

 

A set of equations that represents both of the heat 

and mass transfer coefficients associated with the 

evaporative process in a rigid cellulose medium is 

presented in reference [14]. This study is based on the 

elevated inlet water temperatures entering the medium 

above the ambient wet bulb temperature. The correlation 

of heat transfer is given as: 

 𝑁𝑢 = 𝛾 × 𝑅𝑒0.8 × 𝑃𝑟0.33                                               (36) 

 

Where 

𝛾 = 0.1 × 𝐷𝑒0.12
    

 

Re:  Reynolds number. 

De:  Characteristiclength (m). 

Pr:  Prandtl number. 

 

Hence, the convective heat transfer coefficient hc 

is calculated depending on the Nusselt number (Nu). 

Similarly, the transfer rate of water vapor (dmV) between 

the draft and the air near the surface can be calculated by: 

 dmV = hmdA(Ws − W)                                                (37) 

 

Where, ρa is the density of water and hm is the 

mass transfer coefficient by convection. From the interface 

air-liquid analysis and by the energy conservation law, the 

latent heat δQL is determined as: 

 δQL = δQ − δQS = hLvsdmv                                        (38) 

 

where, δQ is the whole heat flux and hLVS is the specific 

enthalpy of water vaporization. Re-arranging equations 

(35), (37) and (38), the entire heat flux becomes: 

 𝛿𝑄 = [ℎ𝑐(𝑇𝑠 − 𝑇) + ℎ𝐿𝑣𝑠ℎ𝑚(𝑊𝑠 − 𝑊)]𝑑𝐴                  (39) 

 

Equation (39) shows that the entire heat flow 

results from a combination of discrepancies in the absolute 

humidity and the temperature. The full heat flux can be 

expressed via Lewis relationship that combines two 

potentialsa single potential, which is the enthalpy 

difference between the air free current and the air flowing 

close to the wet surface. By using the mixture specific 

enthalpy as an individual enthalpy summation [13] gives: 

 ℎ𝑠 − ℎ = (ℎ𝑠𝑎 − ℎ𝑎) + (𝑤𝑠ℎ𝑉𝑆 − 𝑤ℎ𝑉)                       (40) 
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Where, ha and hv are air and vapor enthalpies, respectively, 

hsa is the leaving air enthalpy, hVS is the vapor enthalpy at 

the surface temperature. By assuming that the vapor and 

air are perfect gases, then: 

 ℎ𝑠 − ℎ = 𝐶𝑝𝑢(𝑇𝑠 − 𝑇) + ℎ𝑉𝑆(𝑤𝑠 − 𝑤)                         (41) 

 

Where, the humid specific heat is cpu = cpa + wcpv here, 

cpa and cpv are air and vapor specific heats at constant 

pressure, which have the following values at the standard 

environmental conditions (1,006 kJ/kg.K) and(1,805 

kJ/kg.K), respectively.  

Number of transfer units (NTU) is given by: 

 𝑁𝑇𝑈 = (ℎ𝑐 × 𝐴𝑠)/(𝑚𝑠 × 𝑐𝑝𝑎)                                     (42) 

 

Where, hc is the heat transfer coefficient, As is the 

surface area of cooling pad and ma is the mass flow rate of 

dry air. In equations (36), (42), the properties of dry air 

(µa,ka and cpa) are evaluated based on the average dry air 

temperature. Also, De= v/As, where v and As are the 

volume and the surface area of cellulose medium, 

respectively. The dependent dimensionless parameters (α, 
β, φ) that describe the performance of medium are: 
 𝛼 = (𝑇𝑤1 × 𝑇𝑤𝑏1)/(𝑇𝑑𝑏1 × 𝑇𝑤𝑏1)                                 (43) 

 𝛽 = 0.44(𝛼0.932)(𝑁𝑇𝑈0.089)(𝑀𝑟−0.116) = (𝑇𝑤1 × 𝑇𝑤𝑏1)/(𝑇𝑑𝑏1 × 𝑇𝑤𝑏1)                                                                 (44) 

 𝜑 = 1 − 𝑒(−107(𝑁𝑇𝑈)0.295) × 𝛼−0.556 × 𝑀𝑟−.0051            (45) 

 

where, Tw1 and Tw2 are inlet and outlet water temperatures, 

respectively, Tdb1is the inlet dry bulb temperature and Mr is 

the water/air mass flow rate ratio. Then, the actual exit dry 

bulb temperature (Tdb2) is circulated as:  

 𝜂 = 𝜑𝜂1                                                                         (46) 

 

where, 

 η = (Tdb1 × Tdb2)/(Tdb1 × Twb1) 
 

and, 

 η1 = 1 − exp [−1.037 NTU] 
 

The humidity ratio is calculated as:  

 𝜔2 = (0.62198 𝑃𝑊𝑉,2)/(𝑃𝑑𝑡𝑚 × 𝑃𝑊𝑉,2)                       (47) 

 

where, Pwv,2 is the partial pressure of water vapor in the 

exit air.  

 

2.4 Performance parameters 

It is indicated in IEC standards that the 

performance of IEC systems can be characterized by many 

parameters such as: 

 

a. Wet-bulb effectiveness 
This parameter describes the extent approach of 

the outlet air temperature of a product against the inlet 

wet-bulb air temperature of the unit, and can be expressed 

as: 

 𝜀𝑤𝑏 = 𝑇𝑑𝑏,𝑖𝑛−𝑇𝑑𝑏,𝑜𝑢𝑡𝑇𝑑𝑏.𝑖𝑛−𝑇𝑤𝑏,𝑖𝑛                                                         (48) 

 

b. Cooling capacity  

The cooling capacity indicates to the enthalpy 

change during the air processing, and is expressed as 

follows: 

 𝑄𝑡𝑜𝑡𝑎𝑙 = 𝜌𝑎𝑉𝑜𝑢𝑡(ℎ𝑑𝑏,𝑖𝑛 − ℎ𝑑𝑏,𝑜𝑢𝑡)                                 (49) 

 

Indeed, the enthalpy change can be interpreted by 

the reduction in air temperature through the heat 

exchanger as the cooling of air is done at constant 

moisture content. Therefore, equation (49) can be 

rewritten as follows: 

 𝑄 = 𝐶𝑝𝑎𝜌𝑎𝑉𝑜𝑢𝑡(𝑇𝑑𝑏,𝑖𝑛 − 𝑇𝑑𝑏,𝑜𝑢𝑡)                                  (50) 

 

c. Power consumption 
It is commonly known that the electric power 

consumed in the traditional vapor-compression 

refrigeration and air-conditioning systems is much higher 

than that consumed in the evaporative cooling systems. 

This is because that the conventional mechanical 

compression systems employ the electricity to drive high 

energy-demanding compressors, fans and pumps, whereas 

the evaporative systems use it for driving merely energy-

efficient fans and pumps.  

 

d. Energy efficiency or (COP) 
Energy efficiency or coefficient of performance 

(COP) is defined as the ratio of the cooling capacity to the 

power consumption of the system. This term can be 

expressed as: 

 Energy efficiency = QPc = cpaρaVout(Tdb,in−Tdb,out)Pc         (51) 

 

The COP can be converted into the energy 

efficiency ratio (EER) by multiplying it by a unit 

conversion factor of (3.413). 

 

3. Solution method 

A numerical code has been written using the 

Engineering Equation Solver (EES) to solving the 

aforementioned equations and combinations. Figure-6 

demonstrates the flow chart of code. The code obtains the 

properties of the air-water vapor mixture directly from a 

built-in library of (EES) software. 

 

4. RESULTS AND DISCUSSIONS 

The predicted results of the system model to 

illustrate the factors that affect the system performance of 
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Indirect /Direct evaporating Air-condition unit are 

presented in this sections. 

 

4.1 The effect of extraction ratio on performance 

The extraction ratio defined as the ratio of air 

extracted to the cooling tower to the total air. Figure-7 

shows the increase in the extraction ratio has a significant 

influence on the system wet-bulb effectiveness because 

more air entering the cooling tower led to more water 

evaporation and then lower water temperature leaving 

them toward the direct cooling coil. This case appear very 

well in Figure-8 which reflects a lower supply air 

temperatures produced to the direct evaporations stage.  

But on the other hand, increasing the extracted air results a 

decreases in the system supply air flow rate even though 

the increase in the extraction rate companied with the 

decrease in the supplied air DBT.  

It can be conclude from Figure-9 that an increase 

in the extraction ratio more than 35% leads to a 

considerable decrease in the COP of the system because 

the reduction in the system supplied air flow is much 

higher than the increase in temperature difference between 

the system inlet and outlet. 

 

 

 
 

Figure-6. Flow chart of the program. 
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Figure-7. Effect of extraction ratio on the wet bulb effectiveness. 

 

 
 

Figure-8. Effect of extraction ratio on the system supply air temperature. 

 

 
 

Figure-9. Effect of extraction ratio on the system COP. 

 

4.2 The Effect of system inlet DBT on system  

       Performance 
Figure-10 shows the relation between the system 

inlet dry bulb temperature (ambient temperature) and the 

system wet bulb effectiveness. It is obvious that the 

system wet bulb effectiveness reaches the value of (1.185) 

at the inlet air DBT of 45°C, while its lowest value is 

(1.135) at the inlet DBT of 30°C. As well as Figure-11 
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displays the almost liner relation between the inlet dry-

bulb temperature and the cooling capacity of the system. 

One can see that the system cooling capacity reaches to 

(9.82 kW) at an inlet air DBT of 45°C, whereas the lowest 

cooling capacity drops to(5.54 kW) at an inlet DBT of 

30°C. Figure-12 depicts the semi liner relation between the 

inlet dry-bulb temperature and COP of the system. It can 

also see that the system COP attains the value of (14.88) at 

an inlet air DBT of 45°C, while it deceases to the lowest 

value of (8.4) at an inlet DBT of 30°C. 

In fact, the increase in the parameters, wet bulb 

effectiveness, cooling capacity, and system COP, are 

associated with the increase in the inlet dry-bulb 

temperature. This increase is occurred due to the fact that 

more inlets DBT with constant humidity ratio means less 

relative humidity, which tends to more ability to evaporate 

the water, therefore, the capacity and COP is increased. 

 

 
 

Figure-10. System wet bulb effectiveness versus Inlet System DBT °C. 

 

 
 

Figure-11. System cooling capacity versus Inlet System DBT °C. 
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Figure-12. System COP versus Inlet System DBT °C. 

 

4.3 Comparison between numerical and experimental  

       results 

To evaluate the validity of the system model, a 

comparison is accomplished between the experimental and 

predicted results of an evaporative system. The 

comparison is made at identical operation conditions and 

system parts dimensions. Figure-13 shows the predicted 

and experimental wet-bulb effectiveness as a function of 

inlet air dry-bulb temperature. It is clear that the difference 

between predicted and measured results ranges between 

(0.1065) and (0.0915), which represents about (7.72%) to 

(10.13%), respectively, relative difference. The 

experimental and numerical system COP as a function of 

inlet air dry-bulb temperature is shown in Figure-14. The 

discrepancy between the measured the predicted relative 

difference of COP is about (6%) to (10.29%), respectively. 

In other word is obvious that there is a good and 

acceptable agreement between the experimental and 

numerical results.   

 

 
 

Figure-13. System inlet air DBT °C Versus System wet bulb effectiveness. 
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Figure-14. System inlet air DBT °C Versus System COP. 

 

5. CONCLUSIONS 

The current study presents a numerical results of 

an indirect-direct evaporative cooling unit compering with 

experimental result. These results show that the direct 

indirect evaporative cooling unit associated with built in 

cooling tower has a considerable potential to providing 

comfortable circumstances in hot and dry zones with an 

excellent energy saving potential (very high system COP). 

In addition, it is possible to manufacturing this type of unit 

in large capacities such as central cooling systems, as well 

as it can be enormous alternative to compete the traditional 

Vapour Compression Cycle (VCC) in a future especially 

in energy saving field.   
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Nomenclatures 

cp specific heat at constant pressure , (kJ/kg. k) ɛ saturation effectiveness 

V volumetric flow  rate,   (m
3
/s) 𝜂 saturation efficiency 

ṁ mass flow rate,  (kg/s) Δ difference 

Q cooling capacity of evaporative cooler, ( kW) λ correctional coefficien 

T temperature, (C°) 𝜔 Specific humidity (kg/kgdry air) 

w moisture content ,( g water/kg dry air) Subscripts 

h enthalpy,( kJ/kg) w water 

u air velocity ,  (m/s) db dry bulb 

Pc Total power consumption,  (W) wb wet bulb 

COP Coefficient of performance i Row number 

NTU Number of transfer unit o outside 

Pr Prandtl number a air 

Re Reynolds number s surface 

Greek symbols d convective mass transfer 

ρ density, ( kg/m
3
) in inlet 

β volumetric mass transfer coefficient/(kg/m
3
.s) out outlet 

φ humidity ratio (gw/kga)   

 


