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Abstract 

In this study, an innovative, heat exchanger for indirect evaporative cooling was introduced. The heat 

exchanger was designed on the basis of regenerative counter-flow arrangement. To allow for evaporative cooling 

and eliminate water pump, sheets of cloth were introduced in the wet channel to suck the water from a water basin 

by capillary effect. To make the system suitable for regions with dry/humid and hot climate, the inlet air is 

dehumidified by using silica gel. The necessary thermal parameters of the heat exchanger were measured at 

different points for typical operating conditions. Experimental results showed that the inlet air velocity and the 

extraction ratio have a significant effect on the performance of the evaporative cooling system. A theoretical model 

for the heat exchanger was developed and validated by experimental results. The results of the simulation indicated 

that the system must be designed and operated at intake air velocity below 1 m/s, channel gap less than 5 mm, 

channel length at 1000 mm and ratio of working air to intake air around 35%–65%, to obtain the wet bulb 

effectiveness 0.6-1.1 and dew point effectiveness 0.4-0.8. 

Keywords: Dew point cooler, indirect Evaporative Cooling, Regenerative counter flow. 

1- Introduction 

Evaporative cooling utilizes the latent heat of water evaporation, i.e. a kind of natural energy existed in the 

atmosphere, to perform air conditioning for buildings. These systems consume 80% of electrical energy less than 

vapor-compression air conditioning which equivalent to nearly 44% lower carbon dioxide emissions produced by 

vapor-compression air conditioning. Therefore, they are little dependency of fossil fuel energy and environment 

friendly[1].  

In evaporative cooling, the large amount of heat is transferred from air to water, and consequently the air 

temperature decrease. Evaporative coolers can be divided into three main categories, according to the cooling 

method of the air supplied to the conditioned space: direct evaporative cooling, indirect evaporative cooling and 

indirect/direct evaporative cooling.  

Indirect evaporative cooling reduces the air temperature without increasing its moisture content. [2]. 
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2. Process description  

Figure 1 illustrate working diagram and thermal process of indirect evaporative cooling system 

representing on a psychrometric chart. The intake air (state 1) enters into the dry channel while the working air 

(state 1) normally from the same source of the intake air enters into the adjacent wet channel. The intake air 

(primary air) was cooled by latent heat transfer of water evaporation and sensible heat transfer of convection heat 

transfer with the working air (secondary air) in the adjacent wet channel. As shown on the psychrometric chart, the 

intake air (state 1) cooled at the constant humidity ratio toward the wet-bulb temperature of working air. 

Meanwhile, the temperature of working air increased from state 1 to 3 along the isenthalpic line, as the thermal 

process of direct evaporative cooling [1]. 

 

 

 

 

 

X. Zhao et al.[3] presented a comparative study of several types of materials (Metals, Fibers, Ceramics, 

Zeolite and Carbon), which have the potential to be used as heat and mass transfer medium in the indirect 

evaporative cooling systems. The results showed that the thermal properties of materials have a little impact on the 

system of heat and mass exchange. Their results showed that the wick (Sintered, Meshes, Groves and Whiskers) 

material which made of metals are (copper or aluminum) the most adequate structure/material compared to others. 

Wick-attained aluminum sheet is much cheaper than copper with the same structure and therefore more suitable for 

this application. 

B. Riangvilaikul and S. Kumar [4, 5] investigated a numerical and experimental study to perform a novel 

dew point evaporative cooling system operating under various inlet air conditions (covering dry, moderate and 

humid climate). The influence of major operating parameters (namely, velocity, system dimension and the ratio of 

working to intake air) are also investigated. The experiment results were compared a numerical study. Their results 

showed that the model used to optimize the system parameters and to investigate the system effectiveness 

operating under various inlet air conditions. Wet bulb effectiveness ranged between 92% and 114% and the dew 

point effectiveness between 58% and 84%. A continuous operation of the system during a typical day of summer 

season in a hot and humid climate showed that wet bulb and dew point effectiveness were almost constant at about 

102% and 76%, respectively.  
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Fig.1 Working diagram and developed process of indirect evaporative cooling 
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A. Hasan [6] presented a method to produce air at a sub-wet bulb temperature by indirect evaporative 

cooling. Four types of coolers were studied: three types are two-stage coolers (a counter flow, a parallel flow and a 

combined parallel-regenerative flow) and a single-stage counter flow regenerative cooler. Their results showed that 

the wet bulb cooling effectiveness for the studied systems was 1.26, 1.09 and 1.31 for the two-stage counter flow, 

parallel flow and combined parallel-regenerative cooler, respectively, and it was 1.16 for the single-stage counter 

flow regenerative cooler. Such a method extends the potential of useful utilization of evaporative coolers for 

cooling of buildings as well as other industrial applications. 

C. Zhan et al. [7] presented a comparative study of the performance of cross-flow and counter-flow M-

cycle heat exchangers for dew point cooling. Their results showed that the counter-flow exchanger offered greater 

(around 20% higher) cooling capacity, as well as greater (15%-23% higher) dew-point and wet-bulb effectiveness 

when equal in physical size and under the same operating conditions. As the increased cooling effectiveness, will 

lead to reduced air volume flow rate, smaller system size and lower cost, the counter-flow system is considered to 

offer practical advantages over the cross-flow system that would aid the uptake of this low energy cooling 

alternative. 

Ali Pakari. [8] investigated a numerical and experimental study to perform a regenerative indirect 

evaporative cooling system and the constructed prototype was tested. A comparison between the numerical and 

experimental results was carried out which showed that the model can predict the experiments with a relative error 

between 4 to 10%. The results of the experiments indicated that a wet bulb effectiveness of about 1.2 could be 

achieved with an air volume flow rate of 2.16 m3/min and an extraction ratio of 40%. Based on the conducted 

experimental and numerical analysis, it was concluded that the performance of the cooling system significantly 

dependent on the channel spacing, length of the heat exchanger, inlet air flow rate and the extraction ratio. 

J. Lin et al.[9] This study presented an improved mathematical model for a single stage dew point 

evaporative cooler in a counter-flow configuration. Their results showed that the saturation point of the working air 

occurs at a fixed point regardless of the inlet air conditions, and it is mainly influenced by the working air ratio and 

channel height. Under different geometric and operating conditions, the wet bulb effectiveness spans 0.42 to 1.47 

for working air ratios higher than 0.5, channel lengths greater than 1.8 m or channel heights less than 5 mm. 

From the thorough review of the previously published studies in the field of indirect evaporative cooling, a 

new counter-flow IEC heat and mass exchange will be designed. The suggested system can provide a lower supply 

air temperature towards the dew point of inlet air temperature with eliminating the water pump. Sheets of cloth 

were introduced in the wet channel to suck the water from a water basin by capillary effect. optimizing the 

operating conditions and geometries of counter-flow IEC heat/mass exchanger by theoretical analysis and 

computer simulation will be provided. Testing the real performance of the new indirect evaporative cooler 
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prototype under various operating conditions and further comparing the numerical results with experimental data 

will be studied. 

3. Experimental work 

An experimental setup was built to investigate the performance of a dew point cooler under different 

conditions. A photo of set-up and complete drawing are shown in Fig. 2 and Fig. 3. The set-up mainly consists of a 

indirect evaporative heat and mass transfer exchanger, supply air radial fan,exhaust air fan, settling chamber(dryer 

chamber), water distributor, water collector and orifice plate exhaust air. The air cooler operates in the following 

way, air was drawn into the dry channels of heat exchanger. At the end of dry channels, fraction of intake air, as 

the working air,  redirected into the adjacent wet channels through the perforations at the end of heat exchanger 

sheets. In the wet channels, the working air absorbs sensible and latent heat from the intake air of the dry channels 

and finally discharged to outside. As a result of heat exchange sensibly and latently, the product air of dry channels 

was cooled and supplied to the air-conditioned space. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1- Product blower 2- Settling chamber 3- Connecting duct 4- HMX 

5- Orifice plate 6- Working blower 7- Variac transformer A- Inlet velocity 

B- Inlet T and RH C- Outlet T and RH D- Exhaust velocity E- T at multi point 

F- Power Meter 

Fig. 2 A photo of experimental set-up 

Dim. in cm 

Fig. 3 Schematic of Indirect Evaporative cooler. 
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3.1. Regenerative heat and mass exchanger 

Regenerative heat and mass exchanger shown in Fig. 4 consists of a number of dry and wet channels (three 

dry channels and four wet channels). Indirect evaporative cooler was formed by galvanized sheet metal 0.8 mm 

thickness, 1000 mm long, 75 mm height and the spacing between the sheets are 5 mm. The wet channels have a 

wicking material characterized by 0.5 mm thickness, high capillary forces and water absorption capacity which 

enables the water to retain on its surface uniformly to ensure that the wet channels are continuously wet as shown 

in Fig. 5. The air flowing out from the blower enter directly into the indirect evaporative cooler facing the dry 

channels but at same time, the wet channels are closed. At the end of dry channels, fraction of the inlet 

air, as the working air, was redirected into the adjacent wet channels by exhaust through the 

perforations at the end of heat exchanger sheets. 
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Fig. 4 Schematic of indirect evaporative HMX  
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Fig. 5 Cross-section view of wet and dry channels 
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3.2. Experimental Procedure 

The experiments were carried out through a setting procedure. After turning on the air blower, the apparatus 

was checked for air leakage. To get suitable air velocity through the duct, variac transformer must be used at the 

suction of blower. The wet channels of indirect evaporative cooler filled with water, leaving it for 10 minutes to 

attain wetted material absorbs water. Measure the temperature and humidity for inlet air, supply air and exhaust air 

and velocity for inlet and supply air. This procedure is made for each run is adjusted to the next setting inlet air 

condition.  

3.3. Instrumentation and measuring techniques 

In this section, the devices used to measure the various parameters are described. The performance of the 

indirect evaporative cooler was evaluated based on measuring its base temperature at inlet and outlet indirect 

evaporative cooler, temperature variation of local air through air dry channel, relative humidity at inlet and outlet 

indirect evaporative cooler and the average velocity of air flow rate. Fig. 3 illustrates the measuring point. 

4. Numerical analysis 

The governing equations that describe the flow within the heat exchanger are the simultaneous steady state 

energy and continuity equations. The differential control volume used for deriving the conservation equations is 

shown in Fig. 6 and Fig. 7.  
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Fig. 6 Schematic of heat exchanger of indirect evaporative cooler. 
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A number of assumptions were made to develop the model. (i) Adiabatic heat and mass transfer process. (ii) 

Laminar and fully developed flow inside the channel. (iii) Steady and incompressible flow and there is no internal 

heat generation in the channel. (iv) Constant mass flow rate in each channel. (v) Unity Lewis number. (vi)The wet 

surface of the heat transfer sheet is completely saturated (the water film is distributed uniformly across the wet 

channel). 

4.1. Mass and energy conservation 

Conservation of energy equation in the dry channel along the  direction for the control volume: 

                                                                                        (1) 

Conservation of energy equation in the wet channel: 

                                                                                                        (2) 

The conservation of mass for the differential control volume in the wet channel can be written as: 

                                                                                           (3) 

The conservation of energy at the wall separating the wet and dry channel can be expressed as: 

   (4) 

Overall heat transfer coefficient in the dry channel: 

                                                                                                 (5) 

The convection heat transfer coefficient in the dry and wet channel can be approximated calculated by the 

equation: 

                                                                                                                      (6) 

Where hydraulic diameter of the channel dh can be calculated as: 

Fig. 7 (a) Working principle of the indirect evaporative cooling (b) Differential control volume 
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                                                                                            (7) 

The Nusselt number for fully developed laminar flow between parallel plates and constant surface temperature 

equation as, [10] . 

                                                       (8) 

In order to find the mass transfer coefficient in the wet channel, the heat and mass transfer analogy was 

assumed to be applicable. Accordingly, heat and mass transfer relations are interchangeable for a specific surface 

shape which means that  therefore, the mass transfer coefficient in the wet channel as [11]. 

                                                                                                                 (9) 

Where is the binary diffusion coefficient of water vapor in air. m2/s [10].                                               

4.2. Pressure loss  

The total pressure loss consists of the friction loss and the local component pressure loss, which is caused by 

dividing part of the air from the dry channel to the adjacent wet channel, is as follows: 

                                                                                                              (10) 

Friction loss can be estimated by the following equation [10]: 

                                                                                                           (11) 

For fully developed laminar flow in rectangular channel duct the friction factor can be estimated by [10]. 

where,    and                                                                               

Substituting   ,  into equation (11) the following correlation can be rewrite: 

                                                                                                             (12) 

The above equation indicates that channel geometries have an important effect on friction loss. The friction 

loss has a quadratic nonlinear inverse relationship with the hydraulic diameter of channel , but linear 

proportion relation with the air velocity  

The minor losses can be calculated by the following equation [12]   

               where k is the local losses factor                                                  (13) 

4.3. Boundary conditions 
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The boundary conditions for the drive were set of fourth equations (1 to 4) are given below. The temperature and 

humidity ratio of the air in the inlet of the dry channel (x = L) are specified: 

                                                                                                            (14) 

                                                                                                            (15) 

The temperature and humidity ratio at the dry channel outlet and the wet channel inlet (x = 0) are set as equal since 

at this point a portion of the air of the dry channel was extracted and directed to the wet channel. 

                                                                                                             (16) 

                                                                                                             (17) 

The plate separating the dry and wet channels was assumed to be insulated at the inlet and outlet of the cooling 

system (x = 0 and x = L) therefore. 

      at                                                                                                               (18) 

     at                                                                                                             (19) 

Equations (14 to 19) are the boundary conditions using to solve the equations. (1 to 4). 

Numerical simulation was run to predict the performance of HMX model under various geometrical 

parameters such as length, height and spacing of channel of HMX and operational parameters such as velocity and 

working to intake air ratio. These parameters were used to compute the quantities wet bulb effectiveness, dew 

point effectiveness, cooling capacity and energy efficiency rate.  

Wet bulb effectiveness can be estimated by:  

                                                                                                                    (20) 

Dew point effectiveness can be calculated by: 

                                                                                                                      (21) 

Cooling capacity of HMX can be calculated by the following equation: 

                                                                                                                   (22) 

Energy efficiency of HMX can be estimated by the divided sensible cooling to the power air fan consumption 

Sensible cooling capacity   

                                                                                    (23) 

Power consumption for product and working air fans calculated by: 

                                                                                                                      (24) 

                                                                                                                                (25) 
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                                                                                                                               (26) 

                                                                                                                       (27) 

5. Results and discusion 

5.1. Experimental results 

5.1.1. Effect of inlet air channel velocity  

Figure 8 shows the effect of intake air channel velocity on the outlet air temperature, cooling capacity, wet 

effectiveness and dew effectiveness. Outlet air temperature decreases with increasing time and cooling capacity, 

wet/dew effectiveness decreases with increasing time. All variables approach the steady state case after one hour 

approximately. The outlet temperature and cooling capacity increase with increasing velocity, this could be due to 

the increase of inlet air velocity which leads to reducing thermal exchange time between the air in the wet and dry 

channel and increases heat transfer coefficient but the effect of the decrease in exchange time is greater than the 

effect of increased heat transfer coefficient. Wet/dew effectiveness decreases with increasing air channel velocity.    
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Fig. 8 Experimental results versus time at varible air velocity for (a) outlet 

temperature. (b) Cooling Capacity (c)wet Effectiveness, (d)dew point 

Effectiveness. (Tin =33.7 oC, RH=46%, and air ratio=0.6) 
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5.1.2. Effect of working to intake air ratio 

Figure 9 shows the effect of working to intake air ratio on the outlet air temperature, cooling capacity, wet 

effectiveness and dew effectiveness. Outlet air temperature decreases with increasing time and cooling capacity. 

Wet/dew effectiveness were decreases with increasing time. From figure, it can be seen that outlet temperature 

decreases with increasing working to intake air ratio, this may be due to the increasing of working air that leads to 

increase the evaporation in wet channels. Cooling capacity and wet/dew effectiveness increase with increasing 

working to intake air ratio.     

From above analysis, the enhanced effectiveness of cooler is achieved at the loss of amount of supply air. 

Therefore, a reasonable working to intake air ratio should allow the cooler to achieve a compromise between 

amount of supply air and effectiveness. 
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 Fig. 9 Experimental result versus time at varible air ratio for (a) outlet temperature, (b) 

Cooling Capacity, (c) wet  Effectiveness and (d) dew  Effectiveness  

(Tin =34 oC, RH=42%, and V=0.6 m/s) 
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5.1.3. Effect of desiccant for inlet air  

Figure 10 shows the variation of humidity ratio and effectiveness with and without silica gel as a desiccant. 

It is found that the humidity ratio decreased after using the silica gel as a dryer, causing a higher effectiveness with 

silica rather than without silica. From the figure, it can be seen that the enhancing percentage in effectiveness equal 

to 24%.  It is noted that with the use of silica gel as a drying media, moisture was reduced, leading to increasing 

the effectiveness. 

 
 

 

 

 

 

 

 

 

5.2. Model Validation 

The developed numerical model for the indirect evaporative cooler with counter flow heat and mass 

exchanger was validated using experimental results at steady state conditions. The compared data were the outlet 

air temperature, cooling capacity, wet effectiveness and dew point effectiveness. Fig. 11 and Fig. 12 shows these 

comparisons for the same design and operating conditions.  The general trend in the figure shows that the 

theoretical results agreed reasonably with the experimental results. The maximum errors for outlet temperature, 

cooling capacity, wet effectiveness and dew point effectiveness are 20 %, 5 % and 12 %. Therefore, the model can 

be used to predict the effect of difference parameter on the performance of indirect evaporative cooler.  

 

 

 

 

 

 

 

 

 

 

Fig. 10 Effectiveness and humidity ratio versus time with silica gel and 

without silica gel (Tin =34.5 oC, and V=0.6 m/s) 
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Fig. 11 Comparison between Experimental data and simulation results for (a) outlet temperature. (b) Cooling 

Capacity  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 Comparison between Experimental data and simulation results for (c) wet effectiveness, (d) dew point 

effectiveness. 
 

5.3. Theoretical results 

Table 1 the geometric and operating conditions using in the simulation. 

 

 

 

 

 

 

 

 

The computer modeling was performed using EES software. The discretized differential equations were 

applied to each finite difference with initial condition criteria. Calculation of the air flow operating parameters 

Parameters Value  

Channel length, m 1 

Channel height, m  0.075 
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along the ducts length was performed until satisfactory convergence conditions. The results of the converged 

solution include the temperature profiles of air along the dry channel and air moisture content along the wet 

channel. Table 1 shows the geometric and operating conditions using in the simulation.   

5.3.1. Effect of inlet conditions 

5.3.1.1. Effect of inlet air temperature 

The effect of air inlet temperature on outlet temperature, wet/dew point effectiveness, cooling capacity and 

EER shown in Fig. 13 and Fig. 14. It is seen that outlet temperature, effectiveness, cooling capacity and EER 

increase with increasing inlet air temperature. According to equations (3.19) and (3.20), wet bulb effectiveness is 

directly proportional to the wet bulb temperature so with increasing inlet air temperature the wet bulb temperature 

at inlet increase. According to equations (3.21) and (3.26), inlet air temperature is directly proportional with 

cooling capacity and EER.    

 

 

 

 

 

 

 

 

 

5.3.1.2. Effect of inlet relative humidity (RH) 

Figure 15 shows the effect of inlet air relative humidity (0.2-0.65% i.e. moisture content: 6-20 g/kg dry air) 

with the cooling performance when other parameters remain unchanged. It is seen that the outlet temperature of air 

and Effectiveness increase with increasing the RH. Fig. 16, shows the variation of cooling capacity and EER with 

RH, it is found that cooling capacity and EER decrease with increasing RH. 

Fig. 13 Variation of Effectiveness and 

outlet temperature with inlet air 

temperature 

Fig. 14 Variation of cooling Capacity and 

EER with inlet air temperature 
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5.3.2. Effect of channel geometries 

At this section, the effect of channel geometries on the performance of evaporative cooling are investigated. 

It is consists of the effect of channel length, channel spacing and channel height on the outlet temperature, wet and 

dew point effectivenesses, cooling capacity and EER. 

5.3.2.1. Effect of channel length 

Figure 17 shows the relationship between the length of the heat exchanger and wet, dew point 

effectivenesses and outlet temperature. The channel length was varied from 0.1 to 1.9 m while setting other 

parameter to the pre-set conditions as shown in table 1. It is found that wet bulb effectiveness increases gradually 

from 0.17 to 0.71, as well as the dew point effectiveness from 0.1 to 0.45 because of the decreasing of outlet 

temperature from 33.22 to 24.5 oC with increasing the channel length from 0.1 to 1.9 m. The channel length of the 

heat exchanger should be set 1.5m because of there is no noticeable temperature change after 1.5 m, but to obtain 

high effectiveness with suitable EER, the channel length of the heat exchanger should be set 1m. 

Figure 18 shows the variation of the cooling capacity and energy efficiency rate with channel length. It is 

seen that the cooling capacity increases gradually from 2.2 to 9.1 Watt and also, energy efficiency rate increases 

slightly when the channel length increased from 0.1 to 0.3 and then it decreases gradually when the channel length 

increased from 0.3 to1.9 m. 

Fig. 15 Variation of Effectiveness and outlet 

temperature with inlet RH 
Fig. 16 Variation of Cooling Capacity 

and EER with inlet RH 
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5.3.2.2. Effect of channel spacing 

Figure 19 shows the effect of channel spacing on wet and dew point effectiveness and outlet temperature. 

Both effectiveness values vary inversely with channel spacing while wet and dew point effectiveness decreases 

from 0.88 to 0.43 and from 0.5527 to 0.27 respectively. Outlet temperature increases from 21.77 to 29.09 oC with 

increasing the channel spacing from 0.001 to 0.01 m. The effect of channel spacing on cooling capacity and EER 

shown in Fig. 20. It is found that the cooling capacity decreases gradually from 11.23 to 5.46 Watt with increasing 

the channel spacing. EER increases from 2.54 to 742.5 with increasing the channel spacing. To compromise 

between effectiveness and energy efficiency, the most favorite channel spacing should be in the range of 4 to 5 

mm. 

 

 

 

 

 

 

 

 

Fig. 17 Variation of Effectiveness and outlet 

air temperature with channel length 
Fig. 18 Variation of cooling capacity and 

EER rate with channel length 

Fig. 19 Variation of Effectiveness and outlet 

air temperature with channel spacing 
Fig. 20 Variation of cooling capacity and 

EER rate with channel spacing 
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5.3.2.3.  Effect of channel height 

Figure 21 shows the relation between wet and dew effectiveness and outlet temperature with channel 

height. It is found that both effectiveness slightly increases after 0.3-meter as well as the outlet temperature 

because of the increasing of the height channel which leads to increase the heat exchange surface between the wet 

and dry channel. But also, the convection heat transfer coefficient decrease which leads to the stability of the outlet 

temperature. Cooling capacity and EER as a function of channel height shown in Fig. 22. It is noted that with the 

increase of channel height, cooling capacity and EER also increased. 

 

 

 

 

 

 

 

 

 

5.3.3. Effect of operating conditions 

5.3.3.1. Effect of Working to intake air ratio 

The effect of working to the intake air ratio on the wet/dew point effectiveness and outlet temperature are 

shown in Fig. 23. It is seen that the air ratio increases from 0.15 to 0.85 with increasing the effectivenesses. Also, 

the outlet temperature decreases with increasing the air ratio. This could be due to the increasing of the amount of 

air passing through the wet channel which leads to increase the cooling capacity in wet channels. From Fig.24, it is 

found that cooling capacity increases with increasing the air ratio. EER increases slightly when the air ratio 

increased from 0.1 to 0.3 then it decreased gradually when the air ratio increased from 0.3 to 0.9 due to the increase 

of cooling capacity was higher than the increase in power consumption. The above numerical simulations indicates 

that the working-to-intake air ratio should be set to 0.4-0.5 in order to achieve a high effectiveness, cooling 

capacity and energy efficiency. 

Fig. 21 Variation of Effectiveness and outlet 

air temperature with channel height 

Fig. 22 Variation of cooling capacity and 

energy efficiency rate with channel height 
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5.3.3.2. Effect of intake air channel velocity 

Figure 25 shows the effect of different inlet air velocity on the wet/dew point effectiveness and outlet 

temperature. It is found that the wet bulb effectiveness and dew point effectiveness decreases gradually from 0.98 

to 0.6 and from 0.7 to 0.43 respectively. The outlet air temperature increases from 23.13 to 27.95 oC with 

increasing the air velocity from 0.15 to 1 m/s which could be due to the increase of inlet air velocity that leads to 

reduce thermal exchange time between the air in the wet and dry channels. From Fig. 26, it is seen that cooling 

capacity increases gradually with increasing the air velocity and EER fastly decreases with increasing the air 

velocity from 0.15 to 0.7 m/s then slightly decreases with increasing the air velocity from 0.7 to 1 m/s. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23 Variation of Effectiveness and outlet air 

temperature with Working to intake air ratio 

Fig. 24 Variation of cooling capacity and 

EER rate with Working to intake air 

ratio 

 

Fig. 25 Variation of Effectiveness and outlet 

air temperature with velocity air channel 

Fig. 26 Variation of cooling capacity and energy 

efficiency rate with velocity air channel 
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6. Conclusions 

An innovative, heat exchanger for indirect evaporative cooling was suggested and evaluated 

experimentally. The experimental results showed that the inlet air velocity and the extraction ratio have a 

significant effect on the performance of the cooling system. It is also concluded that the indirect evaporative 

system is suitable for most regions with dry, humid and hot climate. Therefore, it was appeared that the wet and 

dry effectiveness were increased by using the silica gel as a drying media inlet air. A theoretical model for the heat 

and mass transfer processes inside the heat exchanger was developed and validated experimentally. The 

performance of the system, namely, outlet air condition, cooling effectivenesses, cooling capacity and energy 

efficiency rate were predicted from the model with the known of the inlet parameters. It is found that the 

effectivenesses and energy efficiency rate of the heat/mass exchanger in the cooler were largely dependent upon 

the channel geometries, the intake air velocity, inlet air temperature/humidity and the working-to-intake air ratio. 

To maximize effectiveness and energy efficiency rate, it is suggested that: 1) the channel width and the length of 

the exchanger should be set between 5 to 6 mm and 1 m respectively, 2) The channel air velocity should be in the 

range of 0.5-1 m/s and 3) the working-to-intake air ratio should be taken 0.6 or 0.7. 
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 Nomenclature: 

 
specific heat,  Subscripts 

 diffusion coefficient of water vapor in air,   dry 

 latent heat of water,   dew point 

 sensible cooling of intake air, W  friction loss 

 total cooling capacity of system, W  latent 

 total flow rate,   local loss 

 hydraulic diameter, m m moisture 

 friction factor  sensible 

 convection heat transfer coefficient   wet 

 mass transfer coefficient, kg/m2 s  wet bulb 

 specific enthalpy of inlet and outlet air,   water flow 

 
 

thermal conductivity of wick, air, and plate, 

 
  

K local pressure drop coefficient  wet  

L length of dry and wet channel, m Abbreviation 

 mass flow rate,  COP Coefficient of Performance 

Nu Nusselt number EER energy eEnergy Efficiency Rate 

Re Reynolds number EES Engineering Equation Solver 

Sh Sherwood number HMX Heat and Mass Exchanger 

T temperature, o  IEC Indirect Evaporative Cooling 

U overall heat transfer coefficient,    

 velocity of air in channel,  Greek symbols 

W height of dry and wet channel, m  effectiveness 

 theoretical power consumption, W  density of air,  

y spacing of wet and dry cannel, m  dynamic viscosity,  

   humidity ratio of air  
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ذو تدفق متعاكس متجدد للتبريد التبخيري الغير مباشر مبتكر التحقيق العملي والنظري لمبادل حراري   

 أشرف محمد زكي, الصادق حسن نور الدين, محمد محمود نصر

جامعة المنيا-كلية الهندسة-قسم هندسة القوى الميكانيكة والطاقة  

ashraf_zaki@mu.edu.eg   لبريد االلكتروني:ا 

 :الملخص

السريان المتعاكس المتجدد لحدوث كر للتبريد التبخيري الغير مباشر. تم تصميم المبادل الحراري على أساس تبالدراسة, تم عمل مبادل حراري م فى هذه

طرية الخاصية التبريد التبخيري و االستغناء عن المضخة, و ُأدخلت قطع من القماش داخل المسارات الرطبة إلمتصاص الماء من حوض الماء عن 

تم إزالة الرطوبة من الهواء الداخل بإستخدام هالم السيليكا. تم قياس المتغيرات  الجاف/الرطب الحار للمناطق ذات المناخالشعرية. لجعل النظام مناسبًا 

الدخول و نسبة االستخالص  دالحرارية للمابل الحراري عند النقاط المختلفة لظروف التشغيل النموذجية. و أظهرت النتائج العملية أن سرعة الهواء عن

و التحقق من صحته من خالل النتائج التجريبية.  ي ادل الحرار بلها تأثير كبير على أداء نظام التبريد التبخيري. تم تطوير نموذج نظري للم ,للهواء

مم ونسبة هواء  1000مم و طول  5 وعرض قنواتمتر/الثانية  1وأشارت نتائج المحاكاه الى أنه يجب تصميم النظام عند سرعة هواء دخول أقل من 

  .0.8-0.4فاعلية نقطة الندى  و 1.1- 0.6 % للحصول على فاعلية رطبة بين65-%35التشغيل الى هواء الدخول بين 


