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Abstract— This paper aims to improve the performance of 

direct evaporative coolers with the help of Maisotsenko 

cycle called M-cycle. A new indirect evaporative cooler 

with counter current heat/mass exchanger configuration in 

which the product air and working air are entirely separated 

was developed in this research by design and experimental 

investigation. A new heat/mass exchanger using counter 

current flow configuration was designed by modified Ɛ-

NTU method in terms of geometrical sizes with operating 

conditions. The theoretical results indicates that the 

heat/mass exchanger achieve wet bulb and dew point 

effectiveness approximately 115.21% and 84.12% 

respectively. Based on theoretical results, a prototype of 

heat/mass exchanger was constructed and the result 

indicates that the wet bulb and dew point effectiveness of 

experimental prototype ranged from 49.04% to 107% and 

33.92% to 75.37% respectively. It is also concluded that this 

system is suitable for regions with dry, mild and hot climate 

and water is use as cooling agent so the pollution is vomited 

compared to conventional mechanical vapour compression 

refrigeration in which refrigerant use as cooling agent. 

Key words: Dew point cooling, Effectiveness, Evaporative 

Cooling, Maisotsenko Cycle 

I. INTRODUCTION 

In hot and/or arid regions air conditioning has become part 

of the people’s life need. During the hottest summer period 

when air conditioning is in full operation, many cities 

experienced difficult power over loads that often led to 

unwanted grid ‘cut-off’. So, there is growing pressure on 

energy saving and carbon emission in building sector, 

seeking for routes to reduce fossil fuel consumption and 

increase utilization of natural or renewable energy during air 

conditioning process. These factors led to the active 

development of evaporative air coolers. Air coolers based 

on evaporative cooling consume less energy compared to 

traditional compressor systems. They are also more 

ecological and environmental friendly systems. 

The conventional direct evaporative cooling system 

is used for the cooling purposes in the dry and hot regions. 

This type of system gives the sufficient cooling, but the 

increased humidity of the air gives the feeling of discomfort. 

The other way to overcome the problem of increased 

humidity is use of indirect evaporative cooling system, but 

the cooling obtained with this system is less. For overcome 

these limits  the former soviet  scientist  Valery Maisotsenko 

improved  evaporative cooling   technology and called the 

resulting cycle as Maisotsenko cycle (M-cycle). 

II. EVAPORATIVE COOLING SYSTEM 

 
Fig. 1: Types of evaporative cooling system 

A. Direct evaporative cooling (DEC):  

Direct Evaporative Cooling (DEC) keeps the primary 

(product) air in direct contact with water, which causes 

evaporation of the water and so the reduction of temperature 

of the air. As a result, the vaporised water is added into the 

air, which creates wetter air condition and causes discomfort 

to the occupants. The working diagram of direct evaporative 

cooling and the thermal process representing on the 

psychrometric chart are shown in Fig. 2. 

 
Fig. 2: Working diagram of DEC system 

B. Indirect evaporative cooling (IEC):  

In an IEC, water is separated from the primary (product) air 

using the heat exchanging plate. During operation, 

evaporation of the water occurs in one side of the plate 



Performance Analysis of An Indirect Evaporative Cooling System using M –Cycle 

 (IJSRD/Vol. 3/Issue 05/2015/035) 

 

 All rights reserved by www.ijsrd.com 139 

where the secondary (working) air flows; while the primary 

(product) air flows across the other side. Here, evaporation 

of the water causes the temperature reduction of the plate, so 

heat transfer between the primary air and the plate. 

Meanwhile, the vaporised water is taken away by the 

secondary (working) air across the wet-side of plate. By 

doing so, the primary air is cooled but no moisture is added 

into it, which is ideal more attractive option for the purpose 

of building air conditioning. 

 
Fig. 3 Working diagram og IEC system  

III. M-CYCLE IEC SYSTEMS  

For increasing cooling performance of the IEC heat 

exchanger, the M-cycle was suggested by Professor Valeriy 

Maisotenko. This is the new approach of making and 

operating a heat exchanger like as shown schematically in 

Fig. 1.4 and 1.5. 

 
Fig. 4 Principle of the heat and mass exchanger based on M- 

cycle and its representation on psychrometric chart  

 
Fig. 5 Schematic of the M-cycle cross flow heat and mass 

exchanger  

 
Fig. 6 Schematic of the M-cycle counter flow heat and mass 

exchanger [1] 

IV. LITERATURE REVIEW 

A many research works have been carried out to study the 

heat and mass transfer process and performance of various 

types of flow patterns, evaluation of optimize geometries, 

preferable operating conditions, cooling capacity, energy 

efficiency, energy saving and emissions reduction related to 

the IEC systems with plate heat exchanger. The important 

technical parameters, results and conclusions of the studied 

research works is presented here.  

X. Cui, et al.,
[1]

 presented the performance of an 

improved dew-point evaporative design for cooling 

application. ANSYS FLUENT 14.0 was employed to predict 

the heat and mass transfer process in evaporative cooler 

based on counter flow closed loop configuration. Eulerian 

Lagrangian computational fluid dynamics (CFD) model was 

adopted. Simulation results showed that the wet bulb 

effectiveness ranged from 122% to 132% while dew-point 

effectiveness spanned 81% - 93%.Ala Hasan,
[2]

 presented 

Going below the wet-bulb temperature by indirect 

evaporative cooling: Analysis using a modified Ɛ-NTU 

method. For achieving a sub wet bulb temperature by 

indirect evaporative cooling of air is by indirectly 

precooling the working air before it enters the wet passage. 

Changhong Zhan, et al.,
[3]

 presented Numerical study of a 

M-cycle cross-flow heat exchanger for indirect evaporative 

cooling. The numerical model was established for heat and 

mass transfer using the finite-element method. The model 

was developed using the EES (Engineering Equation 

Solver). It is found that lower channel air velocity, lower 

inlet air relative humidity, and higher working-to-product air 

ratio yielded higher cooling effectiveness. The 

recommended average air velocities in dry and wet channels 

should not be greater than 1.77 m/s and 0.7 m/s, 

respectively. The optimum flow ratio of working-to-product 

air for this cooler is 50%. The recommend channel height is 

4 mm and the dimensionless channel length, i.e., ratio of the 

channel length to height, should be in the range 100 to 300. 

Riangvilaikul, et al.,
[4]

 presented Numerical study of a novel 

dew point evaporative cooling system. Here, performed 

numerical study for counter flow regenerative IEC. Here, 

the governing equations were solved by employing finite 

differential approach and newton iterative method. The heat 

exchanger was able to achieve dew point effectiveness from 

58 to 84 % and wet bulb effectiveness from 92 to 114%. 

Joohyun Lee, et al.,
[5]

 presented Experimental study of a 

counter flow regenerative evaporative cooler with finned 
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channels. The fins and heat transfer plates were made of 

aluminum and brazed for good thermal connection. Thin 

porous layer coating was applied to the internal surface of 

the wet channel to improve surface wettability. The cooling 

performance is found greatly influenced by the evaporative 

water flow rate. To improve the cooling performance, the 

evaporative water flow rate needs to be minimized as far as 

the even distribution of the evaporative water is secured. M. 

Jradi, et al.,
[6] 

presented Experimental and numerical 

investigation of a dew point cooling system for thermal 

comfort in buildings. A detailed numerical model was 

developed for the energy core with the cross-flow exchanger 

using Matlab. The coupled heat and mass transfer equations 

were solved using 2
nd

 order fully implicit accurate finite 

difference scheme to predict air temperature and humidity 

distribution throughout the dry and wet channels with 

newton raphson method. With a working to intake air flow 

ratio of 0.33, the system attained a wet bulb effectiveness of 

112% and a dew point effectiveness of 78% with 5 mm 

channel height and 500 mm channel length. B. 

Riangvilaikul, et al.,
[7]

 presented An experimental study of a 

novel dew point evaporative cooling system. Counter flow 

regenerative heat and mass exchanger employed in a novel 

dew point evaporative cooling system for sensible cooling 

of the ventilation air. The results showed that wet bulb 

effectiveness ranged between 92 and 114% and the dew 

point effectiveness between 58 and 84%.  

 
Table 1: List of recent contribution and development of dew 

point IEC systems 

V. MATHEMATICAL MODEL 

A. Concept of a dew-point evaporative air cooler: 

Fig. 7 represent a schematic of M-cycle based heat/mass 

exchanger evaporative air cooler. The cooler consists of a 

product/primary channel and two adjacent 

working/secondary channels. The cooler comprises a 

number of these channel pairs that are stacked together. The 

inner surface of the wet channel is maintained under wet 

condition by spraying water in the wet channel. The 

working channel has a closed-loop configuration.  

 
Fig 7 Schematic of the novel dew point evaporative air 

cooler 

A one dimensional model is developed to design 

geometrical sizes with operating conditions. Assumptions: 

1) The cooler is assumed to be well insulated to the 

surrounding; 

2) Longitudinal thermal conduction in the wall in the 

x-direction is neglected; 

3) Heat and mass transfer coefficients inside each 

passage are constants; 

4) Reynolds analogy is valid and the Lewis number is 

unity (
 

     
 = 1); 

5) The liquid side of the air–water interface offers a 

negligible resistance to heat transfers so that the 

interface temperature is saturated at the water film 

temperature (Tf). 

From Fig. 8 observed that implementation of the 

sensible heat exchanger equations is not applicable due to 

the existence of two gradients:  

 There is a temperature gradient between the 

temperature of air in the dry passage (T) and the 

water film temperature (Tf),  

 There is an enthalpy gradient in the working wet 

channel passage between the saturated air–water film 

interface and the moist air. This enthalpy gradient is 

due to sensible heat transfer between the water film 

and the moist air (Tf - T) and latent heat transfer due 

to water vapor mass transfer between the saturated 

water film and the moist air [Xs(Tf) _ X]. 

 
Fig 8: Thermal profiles in an indirect evaporative cooler 
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A modification to the Ɛ-NTU method is introduced by 

connect (T) in the dry passage and (h) in the wet passage by 

a unique gradient. For the element with contact area (dA) 

shown in Fig. 8,  

 Heat transfer in the dry passage from air at temperature 

(T) to the water film temperature at (Tf) is 

dQ = U dA (T–Tf)    ……………….(1) 

Where,   
 
  

 
 
, neglecting thermal conduction 

resistance because of small thickness of the wall 

 The energy transfer in air water contact operation can 

be represented by an overall process based on enthalpy 

potential difference between the air–water interface and 

bulk air. Therefore, the heat transfer to air in the wet 

passage is a function of the difference between the 

saturation air enthalpy at the water film temperature 

hs(Tf) and the air enthalpy in the wet passage (h)  

dQ = hm dA [hs(Tf) – h]    …………… (2) 

where hm = mass transfer coefficient for water 

vapor from the water film to the air stream.  

Now, let us assume a linear relation between air 

saturation temperature and enthalpy 

hs(t) = at + b    ………………(3) 

where, a = slope of the saturation line.  

Substituting in Eq. (2) for hs(Tf) from Eq. (3) gives 

dQ = hm dA [a Tf + b – h]    ………..(4)     

To eliminate (Tf), substituting for (Tf) from Eq. (1) in Eq. 

(2) gives 

              (    
  

     
)         ………..(5) 

Rearranging Eq. (4) 

    
       
 

 
  

 

  

       …………………………… (6) 

We can note that the term (aT + b) appearing in Eq. 

(6) can be defined as hs(T) according to Eq. (3), where hs(T) 

is the air saturation enthalpy at the dry air temperature (T). 

Hence Eq. (6) becomes 

    
 

 

 
   

 

  

        ( )        …………………..(7) 

The new transfer coefficient in this equation 

is 
 

 

 
   

 

  

, which includes the overall heat transfer coefficient 

(U), the mass transfer coefficient (hm) and the slope of the 

saturation line (a). 

Fig. 9 shows the profile of the air enthalpy (h) and 

the modified enthalpy hs(T). A new mass flow rate in the 

dry passage related to this modified enthalpy has to be 

determined.  

 
Fig. 9: Modified thermal profiles in an indirect evaporative 

cooler. 

This can be found from the heat balance on the air 

in the product dry passage 

    (        )     
       (   )      (   )    …(9) 

Rearranging this equation 

  
   

    (        )

     (   )     (   )     
   Or    

   
    

     
    ….…(10) 

Where, a = slope of the temperature-enthalpy saturation line. 

 For calculating the overall heat transfer coefficient, the 

Reynolds number and Nusselt number are defined, 

based on the hydraulic diameter, Dh, as follows : 

              
       

  
    ………………...….(11)  

              
     

 
    ….…………………...(12) 

Because of the negligible wall thermal resistance, 

the surface heat flux and the surface temperature are 

presumed uniform for each small control volume. The 

Nusselt number of parallel wall for fully developed laminar 

flow is given by
[4]

 : 

                .23     ……...…………….(13) 

This method can be used for various flow 

directions in indirect evaporative coolers (regenerative, 

counter flow and parallel flow) and for single and multi-

stage types. In the counter and parallel flow cases, iteration 

is not needed since the Ɛ-NTU method can solve the 

problem when the inlet conditions of air to the two passages 

are known, while iterations are needed for the regenerative 

case because the inlet air temperature to the wet passage is 

equal to the outlet temperature from the dry passage, which 

is unknown. 

 
Table 2: Procedure of solution for indirect evaporative 

cooler using the Ɛ-NTU method. 

B. Performance evaluation standards of IEC: 

1) Wet-bulb effectiveness: 

Wet bulb effectiveness is defined as the ratio of the 

temperature difference between the inlet and outlet product 

air to the difference between the inlet product air’s dry bulb 

and inlet working air’s wet bulb temperature. This reflects 

the extent of the approach of the outlet product air 

temperature of the IEC against the wet-bulb temperature of 

the inlet working air, and can be written as:   



Performance Analysis of An Indirect Evaporative Cooling System using M –Cycle 

 (IJSRD/Vol. 3/Issue 05/2015/035) 

 

 All rights reserved by www.ijsrd.com 142 

    
         

          

 

2) Dew-point effectiveness: 

Dew point effectiveness is defined as the ratio of the 

temperature difference between the inlet and outlet product 

air to the difference between the inlet product air’s dry bulb 

and inlet working air’s dew point temperature. This reflects 

the extent of the approach of the outlet product air 

temperature against the dew point temperature of the inlet 

working air related to the IEC, shown as follows: 

    
         

          

 

3) Cooling capacity: 

The cooling capacity defined as enthalpy change of the 

product air when flowing across the dry channels of the IEC 

heat exchanger, and is expressed as follows:  

         
       (       )

3. 
 

Since the air is cooled at the constant moisture 

content during the dry channels of the IEC exchanger, the 

enthalpy change of the air could be expressed by the 

temperature reduction of the air during its dry channel flow 

path. So, the above equation could be rewritten as: 

         
           (       )

3. 
 

4) Power consumption: 

IEC system consumes less electrical power than 

conventional mechanical vapour compression refrigeration 

based air conditioning systems. The conventional systems 

use electrical power to drive compressor and fan/pump 

while IEC system uses electricity to drive fan and pump 

only. 

5) Energy efficiency: 

Energy efficiency also known as coefficient of performance 

(COP), is the ratio of the cooling capacity of the IEC to the 

power consumption of the system. This term can be 

mathematically expressed as: 

Energy efficiency = 
 

 
 

If this figure is multiplied by a unit conversion 

factor of 3.413, the COP is converted into the energy 

efficiency ratio (EER). 

6) Water evaporation rate:  

The water evaporation of IEC systems depends on the air 

flow, the contaminant cooling load, the cooling 

effectiveness and parameters of the intake air. Theoretically 

speaking, the water evaporation rate is given by the volume 

of the moisture increase in the working air during its indirect 

cooling operation and could be expressed as: 

   
1          (       )

  
 

 
Table 3: Cooling system operating conditions  

C. Performance evaluation of heat and mass exchanger: 

 A few simulations were carried out to investigate the 

effect of channel length, channel spacing/height and 

air velocity on the wet bulb and dew point 

effectiveness of heat/mass exchanger. 

 From these studies, it is conclude that performance of 

cooler is dependent on a channel length, channel 

spacing/ height and air velocity. 

1) Effect of channel length: 

 Fig. 10 shows the effect of channel length on the wet 

bulb effectiveness of the cooler. Here, results were 

obtained by varying the channel length between 100 

and 1500 mm while keeping air velocity 1 m/s and 

channel spacing/ height 3mm, 5mm, 6mm, 10mm. 

 A result illustrates that wet bulb effectiveness 

increase with increasing channel length. This may be 

due to fact that longer channel length leads to an 

increase in contact time and area. 

 It was decided that the length of heat/mass exchanger 

should be 1000 mm due to practical limits (the height 

of 1000 mm is not including upper water tank and 

lower water collector and spacing between tank/ 

collector and heat/mass exchanger). 

 
Fig 10 Effect of channel length and spacing on cooling 

effectiveness 

2) Effect of channel spacing/ height: 

 Fig. 10 shows the effect of channel spacing/ height on 

the wet bulb effectiveness of the cooler. Here, result 

were obtained by the varying the channel spacing/ 

height between 3 mm to 10 mm while keeping air 

velocity 1 m/s and channel length varies from 100 

mm to 1500 mm. 

 A result illustrates that wet bulb effectiveness 

decrease with increasing the channel spacing/ height. 

It is shown that for longer channel spacing/height, 

heat and mass transfer in dry and wet channel is very 

poor, which resulting in to higher air supply 

temperature and lower wet bulb and dew point 

effectiveness. 

 When the channel spacing/ height is more than 6 mm, 

the wet bulb effectiveness is smaller than 100 %. So, 

in order to achieve the high cooling effectiveness, it is 

suggested that channel spacing/ height should be 

below 6 mm. 

3) Effect of channel spacing/ height: 

 Reynolds number and nusselt number are largely 

affected by air velocity. Therefore, air velocity plays 
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a significant role in influencing the heat and mass 

transfer process. 

 Fig. 11 shows the effect of air velocity on the wet 

bulb effectiveness of the cooler. Here, the results 

were obtained by varying the air velocity between 0.5 

m/s and 4 m/s while keeping channel spacing/ height 

5 mm and channel length varies from 100 to 1500 

mm. 

 A result illustrates that wet bulb effectiveness 

decrease with increase in velocity for particular 

length. This may be due to the reduced contact time 

between working air and wet surfaces. 

 When the air velocity is more than 1.5 m/s, the wet 

bulb effectiveness smaller than 100%. So, in order to 

achieve the high cooling effectiveness, it is suggested 

that air velocity should be below 1.5 m/s. 

 
Fig 11 Effect of air velocity on cooling effectiveness. 

4) Effect of channel width: 

 Fig. 12 shows the effect of channel width on the wet 

bulb effectiveness of the cooler. Here, result were 

obtained by the varying the channel width between 50 

mm to 1000 mm while keeping air velocity 1 m/s and 

channel length 1000 mm. 

 Results illustrates that the change in wet bulb 

effectiveness is minor compared to change in width. 

So, taken as constant for all the value of width. 

 
Fig 12 Effect of channel width on cooling effectiveness. 

5) Evaluation from theoretical analysis 

 The channel spacing/height should be set below 6 

mm. 

 The channel length should be set above 500 mm.  

 The channel air velocity should be set below 1.5 

m/sec. 

 
Table 4: Cooling system geometrical specifications 

 
Table 5: Measured parameters from theoretical analysis 

VI. EXPERIMENTAL WORK 

Fig. 13 shows the line diagram of cooling test system and 

the locations of measuring instruments. The evaporative 

cooler prototype was placed in workshop. The supply and 

exhaust air ducts of the test unit were separately connected 

to a sealed chamber where a variable speed fan was 

mounted.  

 
Fig 13 Test system and measurement locations 

 
Table 6: The measured parameters and the corresponding 

instruments 

 
Table 7: Details of measured variables 

 
Table 8: Measured parameters from experiment 
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A. Effect of air channel velocity: 

 From Fig. 14, it is found that the outlet dry bulb 

temperature was decreased gradually with increasing 

the intake channel air velocity. This may be due to 

the reduced contact time between working air and wet 

surfaces which results in a decreased evaporative rate. 

From Fig 15, it is found that the wet-bulb/dew-point 

effectiveness was decreased gradually with increasing 

the intake channel air velocity. For velocities below 

1.5 m/s, the wet bulb effectiveness is higher than 90% 

and dew point effectiveness is higher than 60%. From 

Fig 16, it is found that the cooling capacity of the 

cooler was increased with increasing the channel air 

velocity from 0.5 to 4 m/s. 

 
Fig 14 Outlet air DB temperature versus channel air velocity 

 
Fig 15 Effectiveness versus channel air velocity 

 
Fig 16 Cooling capacity versus channel air velocity 

B. Air temperature versus time: 

 Here, the performance of evaporative cooler observed 

under real ambient conditions. Furthermore, 

experiment was conducted between 10 am to 5 pm to 

observe the performance of cooler. From Fig. 17, it is 

found that outlet air temperature did not vary much 

and ranged from 23.4 to 26.4 °C which is very close 

to the ambient wet bulb temperature. From Fig. 18, it 

is found that effectiveness values did not very much. 

The wet bulb effectiveness varied from 99.16 to 

103.06 % and dew point effectiveness ranged from 

69.43 to 75.37 %. 

 
Fig 17 Air temperature variations versus time 

 
Fig 18 Effectiveness variations versus time  

VII. VALIDATION 

A. Comparison between Theoretical and Experimental 

Results 

The experimental results of the evaporative air cooler 

prototype were compared against the theoretical results 

derived from the ε- NTU model. The comparison was made 

on the basis of the identical same structural and geometrical 

sizes of heat/mass exchanger. In Fig. 19 and Fig. 20, the 

rates of decreases in wet bulb and dew point effectiveness 

with increasing air velocity were similar between the 

theoretical analysis and experiment.  

 
Fig 19 Difference between theoretical and experimental wet 

bulb effectiveness as a function of air velocity 
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Fig 20 Difference between theoretical and experimental dew 

point effectiveness as a function of air velocity 

 
Fig 21 Difference between theoretical and experimental 

cooling capacity as a function of air velocity 

B. Comparision between previous study and experimental 

results 

The experimental results of the evaporative air cooler 

prototype were compared against the previous experimental 

study (Riangvilaikul and Kumar 2010). The comparison was 

made on the basis of the different operating conditions, 

structural and geometrical sizes of heat/ mass exchanger. In 

Fig. 21 and Fig. 22, the rates of decreases in wet bulb and 

dew point effectiveness with increasing air velocity were 

similar between the previous experimental study and recent 

experiment. In previous experimentally study inlet dry bulb 

temperature and humidity ratio maintained as a 34°C and 19 

g/kg respectively.  

 
Fig 22 Difference between previous study and experimental 

wet bulb effectiveness as a function of air velocity 

 
Fig 23 Difference between previous study and experimental 

dew point effectiveness as a function of air velocity 

In Fig. 24 and Fig. 25, the variation in wet bulb and 

dew point effectiveness with real ambient conditions were 

similar between the previous experimental study and recent 

experiment 

 
Fig 5.11 Difference between previous study and 

experimental wet bulb effectiveness as a function of 

time/temperature 

 
Fig 5.12 Difference between previous study and 

experimental dew point effectiveness as a function of 

time/temperature 

The reasons for the gap were given by details observations 

and below are some important findings that could explain 

this gap. 

 First of all, the wet surfaces of heat/mass exchanger 

were not well distributed with water film as expected. 

It was caused by the undesirable water distribution 

structure and deteriorated wetting conditions of 

sheets. 

 Secondly, across the entrance of the heat exchanger, 

the intake air channel velocity was not distributed 

uniformly as assumed in the theoretical analysis. The 
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uneven air velocity distribution results in the 

decreased performance of heat/mass exchanger. 

 Thirdly, it is found that small quantities of water 

droplets were spilled over from the wet channels to 

the dry channels during the operation of cooler. This 

may be due to the perforations on the aluminum 

sheets of exchanger were not perfectly drilled in 

workshop. It is believed that machinery work will 

remove this inaccuracy if the cooler is mass produced 

in factory. 

VIII. CONCLUSION 

The performance of the heat/mass exchanger has been 

investigated using an optimal design, and experiments. 

Some key findings are summarised in the following 

statements: 

 The wet bulb/dew point effectiveness of the 

developed evaporative cooler depends mainly on the 

air velocity, the geometrical sizes of channels but less 

depends on the feed water temperature.  

 Decreasing the channel spacing/height of heat/mass 

exchanger in developed evaporative cooler will result 

in an increase of effectiveness. To achieve an 

acceptable effectiveness, the channel height could be 

controlled below 6 mm, and the channel length would 

be designed to above 0.5 m. 

 It has been found that the wet-bulb/dew point 

effectiveness decrease with increasing the air 

velocity. A low velocity improves the performance of 

evaporative cooler, but also may increase cost due to 

the demand for an increasing exchanger size. In an air 

conditioning application, the intake air velocity of 

channel should be controlled to the value below 

1.5m/s. 

 For the experiment prototype, its wet bulb 

effectiveness varied from 49.04% to 107%, with a 

dew point effectiveness ranging from 33.92% to 

75.37% under all test conditions. Although the wet-

bulb effectiveness derived from experiment was less 

than that predicted by theoretical analysis which was 

as high as 115.21 %. 

 The supply temperatures achieved by the experiment 

prototype ranged from 22.5°C to 31.6°C under all test 

conditions. 

 The cooling output of the dew point system varies 

according to the air channel velocity and under real 

ambient conditions. For the experiment prototype, its 

cooling capacity varied from 91.43W to 335.26W 

under all test conditions. 

NOMENCLATURE 

a -Slope of saturation line, J/kg k 

A -Surface area of plate sheet, m
2 

Cc, Ch -Heat capacity rate for cold and hot fluid 

respectively, kg/s 

C -Specific heat at constant pressure, J/kg k 

DEC  -Direct evaporative cooling 

Dh -Hydraulic diameter, m 

EER -Energy efficiency ratio, which is the   

COP multiplied by 3.413 

H -Heat transfer co-efficient, W/m
2
k 

h -Specific enthalpy, kJ/kg  

hm -mass transfer coefficient, kg/m
2
s 

HMX  -Heat and mass exchanger 

IEC      -Indirect evaporative cooling 

Le -Lewis number 

m -Mass flow rate, kg/s 

NTU -Number of  transfer units 

Nu -Nusselt number 

P -Perimeter, m 

Qcooling -Cooling capacity, W 

R -Heat capacity ratio 

Re -Reynolds number 

T -Flow temperature, °C 

u -Air velocity, m/s 

U -Overall heat transfer co-efficient, kg/m
2
s 

W -Measured total power consumption, W 

x -Humidity ratio or Moisture content, 

kg/kg of dry air 

 Greek symbols 

  Ɛ -effectiveness 

  ρ -Density, kg/m3 

Subscripts  

a -Air  

db -Dry bulb  

dp -Dew point 

f -Water film 

i -Inlet 

o -outlet 

s -Saturation  

wb Wet bulb 

1 -Primary / product channel 

2 -Working / secondary channel 
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