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Abstract 

Evaporative air coolers are one of the alternatives to conventional air conditioners for cooling the air in the building. These 

systems consume less energy and contribute to the reduction of greenhouse gases. This work is a numerical study of an evapo-

rative exchanger based on fired clay plates using COMSOL Multiphysics software. It was interested in hygrothermal transfers 

for air cooling. This study allowed to highlight the impact of the gap between the fired clay plates, the speed of the area as well as 

the air temperature at the inlet of the exchanger on the evolution of temperature and relative humidity of the air along the fired 

porous clay plates. The thermal efficiency of the exchanger was subsequently evaluated. This study allowed to note that there is 

a drop of 14 K along the porous plates of fired clay. Speed has an influence on outlet temperatures and relative humidity. For a 

speed of 0.2m/s, the temperature variation is 16 K and for speeds ranging from 2 m/s to 4m/s, the temperature variations are 

approximately 17 K. For gaps in porous plates of fired clay less than 2cm, the thermal efficiency varies 92% to 98%. 
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1. Introduction 

Air conditioning is a major energy issue in premises with 

the increase in populations and the urbanization of urban 

centers [1]. Indeed, urban centers are warmer because the 

buildings house more people; Household appliances, includ-

ing conventional air conditioning systems, generate heat by 

consuming a lot of electricity. The air conditioning technique 

using evaporative exchangers can be an alternative to refrig-

eration systems for air cooling in buildings [2]. An evapora-

tive exchanger or evaporative cooler is an exchanger that 

cools air by evaporating water [3]. Evaporative cooling uses 

the fact that water absorbs a relatively large amount of heat 

from hot, dry air to evaporate [4]. The objective of this work 

is to carry out a numerical study of hygrothermal transfers in 

an evaporative exchanger for air cooling in a hot and dry 

climate. Transfer modules in a porous medium from COM-

SOL Multiphysics is used. COMSOL Multiphysics is an 

advanced software for the modeling and simulation of phys-

ical phenomena described by systems of partial differential 
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equations (PDE) solved by finite elements [5]. 

2. Methodology 

2.1. Operating Principle of the Evaporative 

Exchanger 

The cooling mechanism is based on heat and mass trans-

fers resulting from the evaporation of water through a porous 

wall, particularly fired clay. By forced convection, hot am-

bient air is circulated between plates of fired clay placed 

vertically. A device placed above the system allows water to 

flow by drops onto the plates. Thus, the plates place d verti-

cally remain permanently soaked in water. Water infiltrates 

the porous plates by capillary action without reaching the 

state of saturation. The passage of hot, dry air over these 

plates, which are permanently soaked in water, causes the 

water to evaporate and the air becomes charged with humid-

ity. The air gives up its sensible heat to the water which 

evaporates and in return receives the latent heat resulting 

from evaporation [4]. A lower air temperature at the outlet of 

the device is therefore obtained. 

2.2. Description of the Prototype 

The prototype studied is a cubic shell heat exchanger inside 

which fired clay plates are placed. The plates numbering two 

(2) inside the exchanger are arranged parallel. Two recesses on 

two opposite sides of the PVC grille allow the entry and exit 

of air from the exchanger. A device placed above the system 

allows the fired clay plates to be permanently soaked in water. 

And a fan blows hot, dry air into a hollow in the tank. The air 

is then cooled by evaporation. The schematic diagram and 

dimensions of the device used for the study are presented 

respectively in Figure 1 and Table 1. 

Table 1. Dimensions of the device used for the study. 

Module length    𝑑         

Module width 𝑙  𝑑         

Length of clay plates  𝑝𝑙𝑎𝑞𝑢𝑒  18     

Width of clay plates 𝑙𝑝𝑙𝑎𝑞𝑢𝑒  18     

Plate thickness 𝑒𝑝𝑙𝑎𝑞𝑢𝑒  18     

Gap between plates 𝐸 𝑝𝑙𝑎𝑞𝑢𝑒       

Distance between PVC wall plate 4.1cm 

Number of plates 3  

Air duct section 36   2  

Air duct perimeter 4      

 
Figure 1. Schematic diagram of the evaporative exchanger. 

3. Mathematical Model 

3.1. Simplifying Assumptions 

1) Transfers are considered one-dimensional in the radial 

direction. These hypotheses make it possible to take 

into account two types of heat transfer: Sensible heat 

transfer and latent heat transfer resulting from mass 

transfer by evaporation; 

2) The overall heat exchange coefficient is constant; 

3) The fluid temperature is constant across a cross section; 

4) The mass flow rates of the two fluids are constant; 

5) The specific heats of the two fluids are constant; 

6) The physical characteristics of the materials are con-

stant throughout the exchanger. 

3.2. Heat Transfer 

In general, the instantaneous variation of the energy rate in 

an element   of a system is the algebraic sum of the flux 

densities exchanged within this element     [6]. 

𝑀𝑖𝐶𝑝𝑖
𝑑𝑇𝑖

𝑑𝑡
 𝐹𝑆𝐴𝑖 + 𝑄 𝑖 + ∑ ∑ ℎ𝑋𝑗𝑖(𝑇𝑗 − 𝑇𝑖)𝑋𝑗     (1) 

𝑀𝑖  𝐶𝑝𝑖, 𝑇𝑖and 𝑇𝑗are respectively the mass     , the specific 

heat             , the temperature    of the element    and 

the temperature    exchanged with    . 

𝐹𝑆𝐴𝑖  Solar flux absorbed by     in    

3.3. Mass Transfer 

The equation for mass transfer by convection between the 

saturated vapor at the water interface - wall of the porous 

plates and the ambient air by analogy with Newton's equa-

tion in heat transfer by convection, is written [7]: 

 ̇𝑒𝑥   𝑐𝑆 𝐶𝑣𝑠𝑎𝑡 − 𝐶𝑣𝑎            (2) 

𝐶𝑣𝑠𝑎𝑡  Saturating vapor concentration 

𝐶𝑣𝑎  Vapor concentration in air 

 𝑐   Mass transfer coefficient 
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and the mass flux per unit area is given by equation (3) 

𝑑 ̇𝑒𝑥   𝑐𝑑𝑆 𝐶𝑣𝑠𝑎𝑡 − 𝐶𝑣𝑎            (3) 

Assuming that air and water vapor are ideal gases, the fol-

lowing equation is obtained: 

𝐶𝑣𝑎  
𝑃𝑣𝑎

𝑅𝑣𝑇
                  (4) 

And 

𝐶𝑣𝑠𝑎𝑡  
𝑃𝑣𝑠𝑎𝑡

𝑅𝑣𝑇
                (5) 

From where: 

𝑑 ̇𝑒𝑥  
𝐾𝑐𝑑𝑠

𝑅𝑣𝑇
*𝑃𝑣𝑠𝑎𝑡 (𝑇𝑒𝑎𝑢𝑠𝑝𝑙𝑎𝑞

) − 𝑃𝑣𝑎𝑖𝑟 𝑇𝑎𝑖𝑟 +      (6) 

𝑑𝑆  Surface following a slice dx   2 ; 

𝑅𝑣  Water vapor constant      𝑙   ; 

𝑃𝑣𝑠𝑎𝑡  Saturating vapor pressure  𝑃𝑎   

𝑃𝑣𝑠𝑎𝑡  Vapor pressure in air  𝑃𝑎 . 

 

 

 

3.4. Energy Balance of the System 

 
Figure 2. Diagram of a horizontal view of the system. 

The energy balance will concern the humidified porous plates, 

the air circulating between the plates as well as the PVC. Figure 

2 gives an overview of the energy balance seen horizontally. 

The system is devised into successive slices with variable 

average temperature  𝑇𝑖 . From one section to another the 

energy balance in these sections is applied. 

𝑀𝑝𝑣𝑐

2
𝐶𝑝𝑝𝑣𝑐

𝑑𝑇𝑝11

𝑑𝑡
 −ℎ𝑑𝑃𝑉𝐶𝑑𝑠(𝑇𝑝11

− 𝑇𝑝12
) + ℎ𝑐𝑎𝑑𝑠(𝑇𝑎 𝑏 − 𝑇𝑝11

)                     (7) 

𝑀𝑝𝑣𝑐

2
𝐶𝑝𝑝𝑣𝑐

𝑑𝑇𝑝11

𝑑𝑡
 ℎ𝑑𝑝𝑑𝑠(𝑇𝑝11

− 𝑇𝑝12
) + ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟1 − 𝑇𝑝12

)                       (8) 

𝐺𝑎(𝐶𝑃𝑎𝑠
+   𝐶𝑃𝑒

)𝑑𝑇𝑎𝑖𝑟1  −ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟1 − 𝑇𝑝𝑙𝑎1
) − ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟1 − 𝑇𝑝12

)                  (9) 

𝑀𝑝

2
𝐶𝑝𝑝

𝑑𝑇𝑝𝑙𝑎1

𝑑𝑡
 −ℎ𝑑𝑝𝑑𝑠(𝑇𝑝𝑙𝑎1

− 𝑇𝑝𝑙𝑎2
) + ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟1 − 𝑇𝑝𝑙𝑎1

) −  ̇𝑒 𝑣                 (10) 

𝑀𝑝

2
𝐶𝑝𝑝

𝑑𝑇𝑝𝑙𝑎1

𝑑𝑡
 ℎ𝑑𝑝𝑑𝑠(𝑇𝑝𝑙𝑎1

− 𝑇𝑝𝑙𝑎2
) + ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟2

− 𝑇𝑝𝑙𝑎2
)− ̇𝑒 𝑣                  (11) 

𝐺𝑎(𝐶𝑃𝑎𝑠
+   𝐶𝑃𝑒

)𝑑𝑇𝑎𝑖𝑟2  −ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟2 − 𝑇𝑝𝑙𝑎2
) − ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟2 − 𝑇𝑝𝑙𝑎3

)                (12) 

𝑀𝑝

2
𝐶𝑝𝑝

𝑑𝑇𝑝𝑙𝑎3

𝑑𝑡
 −ℎ𝑑𝑝𝑑𝑠(𝑇𝑝𝑙𝑎3

− 𝑇𝑝𝑙𝑎4
) − ℎ𝑐𝑎𝑑𝑠(𝑇𝑝𝑙𝑎3

− 𝑇𝑎𝑖𝑟2
)− ̇𝑒 𝑣                  (13) 

𝑀𝑝

2
𝐶𝑝𝑝

𝑑𝑇𝑝𝑙𝑎4

𝑑𝑡
 ℎ𝑑𝑝𝑑𝑠(𝑇𝑝𝑙𝑎4

− 𝑇𝑝𝑙𝑎3
) + ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟3 − 𝑇𝑝𝑙𝑎4

)− ̇𝑒 𝑣                   (14) 

𝐺𝑎(𝐶𝑃𝑎𝑠
+   𝐶𝑃𝑒

)𝑑𝑇𝑎𝑖𝑟3
 −ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟3

− 𝑇𝑝𝑙𝑎4
) − ℎ𝑐𝑎𝑑𝑠(𝑇𝑎𝑖𝑟3

− 𝑇𝑝𝑙𝑎5
)                 (15) 

3.5. Determination of Parameters 

In order to solve the equations listed above, the heat 

transfer coefficients will be determinate. And this using the 

relationships from the literature best suited to the problem. 

a) Natural convection of ambient air on the PVC surface 

The coefficient of convection of the ambient air on the 

PVC walls due to the wind is given by equation (16) which is 

an empirical equation [8]: 

ℎ𝑐𝑎𝑒    8 + 3 3            (16) 

 𝑐𝑎𝑒 represents the wind speed in   𝑠  . 

b) Conduction coefficients 

Conduction coefficient of PVC: in PVC the conduction 
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coefficient is given by equation (17): 

ℎ𝑑𝑝𝑣𝑐  
𝜆𝑝𝑣𝑐

𝑒𝑝𝑣𝑐
               (17) 

With:  𝑝𝑣𝑐 , the thermal conductivity of PVC;  𝑒𝑝𝑣𝑐 , the 

thickness of the PVC. 

Conduction coefficient of porous plates: the conduction 

coefficient of the porous plate is given by equation (18): 

ℎ𝑑𝑝  
𝜆𝑃

𝑒𝑃
                (18) 

With:  𝑝 and 𝑒𝑝 , respectively the thermal conductivity 

and the thickness of the plate. 

c) Radiation coefficient on PVC surface 

The radiation on the surface of the PVC is due to the ce-

lestial vault. The exchange radiation coefficient is given by 

equation (19): 

ℎ𝑟𝑣𝑠  𝜀𝑝𝑣𝑐𝜎(𝑇𝑝𝑣𝑐
2 + 𝑇𝑣𝑠

2 )(𝑇𝑝𝑣𝑐 + 𝑇𝑣𝑠)      (19) 

Or: 𝜎   5 6 7 1        2   4, the Stefan-Boltzmann 

constant; 𝑇𝑝𝑣𝑐, the temperature of the PVC; 𝜀𝑝𝑣𝑐    94, the 

emissivity of PVC. 

The temperature of the celestial vault is given by the S win 

bank formula by equation (20): 

𝑇𝑣𝑐     55 × 𝑇𝑎 𝑏
  5             (20) 

With 𝑇𝑎 𝑏  the ambient air temperature. 

d) Air flow 

The mass flow rate of air following a section (i) causing 

water evaporation is given by equation (21). 

𝐺𝑎  𝜌  𝑎𝑖𝑟  𝑆𝑖               (21) 

 𝑎𝑖𝑟 , air speed in   𝑠    𝑆𝑖, air pass section in  2. 

3.6. Boundary Conditions and Initial 

Conditions 

A heat flow is subjected to the exchanger surface to ap-

proximate physical reality. 

Conditions to the limits:   
 𝑇

 𝑥
|
 
 ℎ𝑎𝑠𝑖(𝑇𝑓 − 𝑇𝑎) −

 ̇𝑒 𝑓 

Initial condition: t=0; 𝑇𝑒  𝑇𝑝And𝑇𝑎  𝑇𝑎 𝑏  

Figure 3 gives us the distribution of initial temperatures in 

the exchanger 

 
Figure 3. Initial conditions in the exchanger. 

3.7. Physical Properties and Input Parameters 

The properties of fired clay, PVC, air and water are given 

in table 2. 

Table 2. Physical properties of fired clay, PVC, air and water [9-13]. 

Properties Cooked clay PVC Air Water 

Thermal conductivity             0.6 0.18 0.026 0.59 

Specific heat  J  g        850 1470 1000 4185 

Volumic mass (kg   3) 1380 1190 1250 1000 

Dynamic viscosity (Pa.s) - - 168   1     547 1 1     

Porosity (%) 0.3 - - - 

 

Table 3 gives the input parameters for the simulation of 

hygrothermal transfers in the exchanger. 
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Table 3. Input parameters for simulation. 

Arete of the tank (PVC) of the exchanger (cm) 20 

Baked clay arete (cm) 18 

Thickness of fired clay (cm) 2 

Air inlet temperature (K) 318.15 

Air speed (m/s) 1 

Water inlet temperature (K) 298.15 

Temperature of fired clay (K) 300.15 

3.8. Solver Parameters 

The heat transfer model in porous media was used to 

model heat and mass transfer in porous plates. Convection is 

forced. Radiation heat transfer model was used on the upper 

side of PVC. The analysis is temporal and the resolution time 

is 15 min (900 s) with a time step of 5 s. The relative toler-

ance is 0.01 for all parameters. The discretization used is of 

the Lagrange-linear type (Finite Element Method). 

4. Results and Analysis 

- Isothermal surfaces or temperature surfaces 

The isothermal surfaces make it possible to determine the 

temperatures at any point of the exchanger. These surfaces 

are shown in Figure 4. 

 
Figure 4. Temperature surfaces. 

We observe in Figure 4 that the strong temperature varia-

tions from 318K to around 300K take place close, around 

7mm, to the surface of the wet porous plates. The colors blue, 

green and yellow indicate vapor diffusion in the air. The blue 

color indicates greater diffusion of vapor in the air because it 

is closer to wet porous plates. This vapor transmitted to the 

air comes from the evaporation of water. Water captures 

sensible heat from the air as it evaporates and gives up its 

latent heat. The maximum temperature is noted at the en-

trance to the exchanger and is 317.5K. There is a significant 

decrease in air temperature of 292.15K as it passes the sur-

face of the plates. 

- Evolution of the air temperature between the exchanger 

plates 

The curves in Figure 5 shows the evolution of the air tem-

perature in the exchanger for a spacing between the fired 

clay plates of 5cm, 4cm, 3cm and 2cm. 

 
Figure 5. Evolution of air temperature for different spacing of 

porous plates. 

Figure 5 show that whatever the gap between the porous 

plates, there is a drop in the air temperature from the inlet to 

the outlet of the exchanger. It is also observed that when the 

gap between the porous plates decreases, the temperature 

drop is significant. There is a significant reduction in air 

temperature at position 0 to 10 cm along the exchanger. 

The largest temperature difference (25 K) is observed with 

a 2 cm difference in the porous plates. These results show 

that the walls of the plates soaked in water have an influence 

on the thermal exchanges between the air and the water. 

Subsequently, the evolution of the air temperature for dif-

ferent air speeds is studied. The gap between the porous 

plates is 2 cm. Figure 6 gives the evolution of the tempera-

ture for different air speeds. 

Figure 6 show that when the air speed increases, its tem-

perature at the outlet of the exchanger decreases. The air 

temperature decreases regardless of the inlet air speed. 

Analysis of the curves shows that with an air speed ranging 

from 0.2 m/s to 4 m/s, sudden temperature drops of around 

16 K over a distance of 6 cm in the exchanger is observed. 

From this position, a stabilization, around 301 K, of the air 

temperature is observed. 
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Figure 6. Evolution of air temperature for different inlet speeds. 

Thus, the increase in air speed leads to an increase in con-

vective air exchanges. This trend is no longer a reality if the 

air speed exceeds 4 m/s. Since the air no longer has the time 

necessary to exchange heat with the porous plates. 

In conclusion, for good heat exchange efficiency, the op-

timal air speed must be around 4 m/s. 

To properly study the heat and mass transfers in the ex-

changer leading to the cooling of the air, it is necessary to vary 

the temperature of the air at the inlet of the exchanger. Figure 

7 gives the influence of the air inlet temperature in the ex-

changer on heat and mass transfers. 

 
Figure 7. Evolution of the air temperature in the exchanger as a 

function of the air inlet temperature. 

Figure 7 show that whatever the temperature at the inlet of 

the exchanger, there is a sudden drop in temperature of 

around 14 K, to reach stability from position 0.06 m. 

For air inlet temperatures of 318.15; 315.15; 312.15; 

308.15; 303.15 K the air temperature at the outlet of the 

exchanger is approximately 301.5 K. There is therefore a 

convergence of temperatures at the outlet of the exchanger. 

1) Evolution of relative humidity in the exchanger 

The relative humidity curves for temperatures of 318.15K, 

315.15K and 308.1K of the air at the changer inlet with re-

spective initial relative humidities of 30%; 35% and 40% are 

shown in Figure 8. 

 
Figure 8. Evolution of relative humidity in the exchanger for dif-

ferent initial values of relative humidity. 

The curves in Figure 8 show the variation of relative hu-

midity in the exchanger for different initial values of relative 

humidity linked to different temperatures. The maximum 

relative humidity is 98% for a pair of temperature and initial 

relative humidity (315.15 K, 35%) are noted. For couples 

(318.15 K, 30%) and (308.15 K, 40%) of the air, a relative 

humidity of approximately 96% at the outlet of the exchanger 

is obtained. This increase in the relative humidity of the air at 

the outlet of the exchanger is always observed. 

2) Thermal efficiency of the evaporative exchanger 

The thermal efficiency of an exchanger allows to know its 

thermal performance. Its expression is given by equation (22). 

[14] 

𝜀  
𝑇𝑒 𝑇𝑠

𝑇𝑒 𝑇ℎ
                   (22) 

With:  𝑇𝑒  air inlet temperature;  𝑇𝑠  air outlet 

ture; 𝑇   wet bulb temperature. 

Figure 9 shows the evolution of the thermal efficiency of 

the exchanger along the porous plates for different air 

speeds. 

When air inlet speed the         thermal efficiency is 

94   or an air inlet speed the 4     thermal efficiency is 

approximately 98 . The thermal efficiency of the exchanger 

increases with the speed of air entry into the exchanger. In 

addition, when air is in contact with wet porous plates, ther-

mal efficiency increases. The exchanger is efficient for air 

cooling. 
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Figure 9. Evolution of the thermal efficiency of the exchanger for 

different inlet air speeds. 

5. Conclusion 

This work focused on a numerical study using the COMSOL 

Multiphysics software of the hygrothermal transfers which took 

place in an evaporative exchanger with the aim of cooling the 

air. This study allowed to note that there is a drop of 14 K along 

the porous plates of fired clay. Speed has an influence on outlet 

temperatures and relative humidity. For a speed of 0.2m/s, the 

temperature variation is 16 K and for speeds ranging from 2 m/s 

to 4m/s, the temperature variations are approximately 17 K. For 

gaps in porous plates of fired clay less than 2cm, the thermal 

efficiency varies 92% to 98%. 

Abbreviations 

𝑀𝑖  Mass of fluid in kg 

𝐶𝑝𝑖  Specific thermal in            

𝑇𝑖   Temperature of elements i in   

𝑇𝑗   Temperature of elements j in   

ℎ𝑋𝑗𝑖  Convection transfer coefficient 

𝐹𝑆𝐴𝑖  Absorbed solar flow     in    

∆𝑆  Surface variation 

𝑅𝑣  water vapor constant  

 ̇𝑒𝑥  Evaporated water debit in kg/h  

𝑃𝑣𝑠𝑎𝑡  Saturation vapor pressure  𝑃𝑎  

𝐴𝑝  Water section in m
2
 

ℎ𝑎  Air convection coefficient in      2      

 𝑎: Thermal conductivity of air              

 𝑐: Caracteristic length in    

𝑅𝑒: Reynolds number 

𝑃𝑟: Prandtl number 

𝜌  Density of the fluid in    3⁄ ;  

𝜇  Dynamic viscosity in      𝑠 ⁄  ;  

   Velocity in  𝑠⁄  ; 

𝐷  : Hydraulic diameter in  . 

 𝑐   Mass transfer coefficient in    𝑠     

𝐷  Diffusion coefficient in   2 𝑠    

𝑆   Number of Schmildt 
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