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ABSTRACT 
The exponential increase of the cooling demand in 
buildings obliges to find alternatives to the high 
electricity consumption with air conditioning 
systems. This work investigates a new cooling 
system based on evaporation. The key component of 
this system is a porous tank filled with water. 
Evaporation process occurs at the outside surface, 
which cools down water in the tank. Fresh water is 
then used to meet the cooling demand in the building. 
To model the impact of this new system, an accurate 
model of the porous tank is needed. A numerical 
model is developed, based on the heat and mass 
transfer balances and compared with experimental 
results, showing accurate results in terms of energy 
balance and prediction of water-cooling. 

INTRODUCTION 
With around 16% of the world final energy use in 
2010 (IEA, 2013) and an average growth rate of 1.6 
percent per year, the households sector is a major 
source of greenhouse gas emission and energy 
consumption in the world. This increase is led by 
larger use of new appliances and a quick worldwide 
market development for air conditioning systems. 
Models predict an important increase in the next 
decade of the cooling needs, according to the 
Netherlands environmental assessment agency (Isaac 
and Van Vuuren, 2009), so that the global energy 
demand for air conditioning should exceed the global 
energy demand for heating at the end of the 21st 
century. The major explanation of this substantial 
development of air conditioning is its growing use in 
emerging countries with hot climate and large 
population like India, China or Brazil. For example, 
Chaturvedi et al. (2014) plan the cooling energy 
consumption in India to be increased 29 times 
between 2005 and 2095. 

Currently, the cooling demand in buildings is 
essentially met with traditional compression 
refrigeration systems that involve high electricity 
consumption. To face the increase of cooling needs 
and the reduction target for greenhouse gas 
emissions, it is urgent to develop innovative low-
energy consumption cooling systems.  

Based on an ancient technique, evaporative cooling 
could be a suitable answer to that problem. 

This technique is based on the evaporation of water, 
which requires energy that is taken from the 
surroundings and this cooling effect can be used in 
buildings. During the last few years, evaporative 
cooling systems have received considerable attention 
and different systems have been developed. Among 
them, direct water evaporation in ventilation air flow 
is the simplest and most well-known application. 
Some research works such as the ones presented by 
Daou et al. (2006) and by Duan et al. (2012) also 
show a growing interest for indirect evaporative 
cooling systems and desiccant wheels. Evaporation 
usually occurs with sprinkler spraying of water in an 
airflow or at a wet material surface which can be a 
porous material saturated with water or a surface 
with a run-off water film. Due to their easy use, and 
the absence of moving components, the porous 
materials have been used in several works for cooling 
applications in buildings (Ibrahim et al., 2003; 
Velasco Gómez et al., 2010). Most of these works 
are experimental and use fresh airflow for cooling 
purposes.  

COOLING SYSTEM DESCRIPTION  
The system described herein aims in using three heat 
transfer modes simultaneously (radiation, 
evaporation and convection) to reach very low 
maintenance effort, low cost and high efficiency, 
allowing the use of existing heating facilities such as 
heating floors  and water-to-air heat exchangers.  

Use of the cooling system 
The main components of the system - illustrated in 
Figure 1 - are: the storage tank (1), the heat 
exchanger (heating floor used as a cooling floor) (2), 
the porous tank also called evaporator (3), the water 
pump (4), the automatic valve (5), the overflow pipe 
(6), the fill in pipe (7) and the draining pipe (8). The 
evaporator (3) is a flat tank settled 30 cm from the 
northern wall of the dwelling, with four porous 
surfaces (high, bottom, front and back sides) and 
closed with liquid-tight plugs (left and right sides). 
The system follows a daily cycle. In the morning, as 
soon as the temperature of the water contained in the 
porous tank (3) increases due to convective heat gain 
with ambient air, the automatic valve opens and cool 
water flows from the evaporator into the storage tank 
(1). During daytime, when the inside house 
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temperature exceeds the comfort temperature, cool 
water passes through the cooling floor (2), removes 
heat from the building and then is stored in the 
porous tank (3). During the following night, the 
water is cooled down due to evaporation at the 
porous tank walls and convective and radiative heat 
losses closing the refrigeration cycle. 
This work is a part of a whole study on the efficiency 
of the innovative cooling system and its impact on a 
building, which includes experimental and numerical 
research activities. The experimental work is already 
in progress with the building of a prototype on a real 
house in Bordeaux (France). A modelling of the 
building thermal behavior coupled with the cooling 
system will also be performed. But, if building and 
cooling distributions models are already available in 
simulation softwares, the key component of the 
innovative cooling system proposed in this work (the 
evaporator) needs to be developed.  

The aim of this paper is thus to study and implement 
a fine modelling of the evaporator. Moreover, this 
model is used to define porous material features that 
suit the innovative system demands, providing the 
highest efficiency. 

MASS TRANFER BEHAVIOUR IN THE 
POROUS TANK (EVAPORATOR)  
The evaporator is the key component of the global 
system, since the cooling process takes place at its 
surface. So a good understanding of the physical 
phenomenon occurring in this component is required. 
A partial vapor pressure difference between the 
porous tank surface and the external air is the driving 
force that causes water migration outwards. To keep 
thermodynamic equilibrium at the porous surface, 
evaporation occurs, cooling the surface and the water 
in the tank. Thus, the outside conditions and the 
liquid water content at the surface are the main 
parameters in the evaporation and cooling process. 
 In the porous tank filled with water, a water flow 
crosses the porous wall from inside to outside. It is 
due to capillary forces flow 	�� ��� and to the liquid 
pressure in the tank  �� ��. According to the outside 
condition, a part is evaporated �� �	 causing the 

cooling process; the remaining part �� 
� forms drops 
that runs-off. The mass balance at the external 
surface of the evaporator illustrated in Fig. 2 gives: ���� 	 ��� ���	 � �� �		 ��� 
� (1) 

 

Figure 1: Water flow balance at the porous material 
outside surface 

Two cases are of interest: 

• �� ��  �� �	 

In this case evaporation is the limiting phenomena. 
The porous material is then totally saturated with 
liquid water. The moisture content � which is the 
ratio between the humidity volume (liquid and 
vapour) and the porous material volume is constant, 
maximal and equal to ε (the porosity of the material). 
The capillary forces are null since � is constant. The 
water flow in the material is only due to water 
pressure, and since	�� ��  �� �	, drops appear at the 
external surface and	�� 
� � �� �� ��� �	.  

• �� �	 � �� �� 
In this case, the mass transfer through the porous 
material is the limiting phenomena. The porous 
material is unsaturated and the capillary forces 
compensate the flow difference between the 
evaporation flow and the pressure flow	�� ��� ��� �	 ��� ��. In these conditions, the moisture content 
at the outside surface is not maximal. Thus, the 
evaporation rate and the cooling effect are not 
maximal. 

Figure 1 Working plan of the cooling system integrated into a dwelling 
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Materials characteristics for evaporative 
applications 
To be suitable for evaporative cooling applications, 
the porous tank should fulfil the following 
conditions: 
 

• No leaks of liquid water: 
 It is important to limit the losses. To fulfil this 
condition, 	�� �� should be smaller than	�� �	. 
Geometrical adjustments are possible to decrease the 
mass flow due to the water pressure in the tank, like 
increasing the porous layer width or decreasing the 
tank height. It is possible to set the geometric 
features of the tank in order to have 	�� �	 � 	�� �� in 
poor evaporative conditions (low wind and high 
external relative humidity). 
 

• Minimum temperature of water in the tank: 
This condition is reached with	�� �	 ≈ �� �	,���, thus 
with a high moisture content at the wall outside 
surface. To maintain this surface wet in the second 
case, with	�� �	  �� ��, the capillary flow should 
induce a low gradient of moisture content. To 
achieve this condition, the mass transport in the 
porous wall should be high and thus the capillary 
forces should be strong. Small pores have the greatest 
capillary potential and create a high capillary flow. 
However, small pores lead to a low hydric 
conductivity (K), which can be a drawback. 
Therefore, the suitable porous feature is a large 
number a very small pores.  

MODELLING OF THE EVAPORATOR  
As said before, the goal of this work is to develop a 
model of evaporator, which then will be coupled to a 
building energy simulation code to carry out annual 
simulations.  Thus, the computational cost of this 
component modelling should be low. There are two 
final variables of interest. First, the water temperature 
inside the tank and, secondly, the water consumption 
of the system. To evaluate these variables, the water 
flow rate through the porous layer, and the 
evaporation rate at the outside tank surface should be 
calculated.  
Among the literature, most papers on evaporative 
cooling at the surface of a porous material are 
experimental works (He et al., 2010; Velasco Gómez 
et al., 2010). Few of them deal with the modelling 
aspects, but use general correlations to describe the 
porous nature of the material (Chen, 2011). More 
precise are the large amount of works that model the 
heat and mass transfer through building walls or 
drying systems. However, those works do not take 
into account a pressure term due to a water column 
on one side of the wall. This evaporator formulation 
uses models developed for building walls to which a 
pressure term due to the water inside the tank is 
added. 
This work focuses on a vertical flat plate of porous 
material, with water on one side (inside the tank), and 

air on the other side (outside). This geometry fits 
well with flat rectangular tank but can be adapted to 
other shapes, adjusting the volume ratio of water per 
porous material surface. Hypothesis of a one-
dimensional heat and mass transfer is assumed on the 
horizontal (x) direction (Fig. 3).  

Governing equations 
First, the mass transfer in the porous tank is 
investigated. Mass transfer trough a porous material 
follows a Darcy law: 
 

�� � �
� (�� � ��) (2) 

The water flow through the porous wall is due to 
capillary forces and field forces. The gravity 
potential can be neglected and the external forces are 
then only due to the pressure of the water inside the 
tank. 

The mass flow due to water pressure is: 

 

�� �� � �
�
�����  (3) 

The capillary forces are extremely dependent on the 
moisture content in the porous material θ, and on a 
smaller scale of the temperature. Influence of 
temperature on capillary forces is thus neglected 
here. Capillary flow can be expressed by the 
following equations, with � 	!"	the moisture (liquid 
and vapour) transport coefficient: 

�� ��� � �
� (

��
��

��
��	) 

�� ��� � #�	� ����	 

(4) 

At the outside surface, the evaporation rate can be 
expressed as: 

�� �	 � ℎ� %�	&'()�*	+ � ,��- 	�	,(�-('��- 	).  	
�	(') � ,�	,(�-(') 

(5) 

The water flow is mainly on the horizontal direction. 
The pressure term due to the height of water inside 
the tank depends on the vertical direction. To take 
into account the water pressure variation with a 1-D 
model, the height of the tank is discretised to solve 
the heat and mass transfer problem, in small 
elements, considering the pressure as constant. For 
each element, the heat and mass fluxes crossing the 
porous layer are evaluated. Finally, all the fluxes are 
summed up to calculate the water temperature and 
the level of water in the tank as shown in Fig. 3.  

Modelling zones 
Depending on the evaporation and the hydric rates, 
different zones, illustrated in Fig. 3, can be observed. 
For each zone, a specific modelling is applied. This 
treatment allows speeding up the calculation in 
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different zones. The zones boundaries are defined for 
each time step. Calculation of the amount of water 
leaving the tank allows to update the water level in 
the tank and set the boundary between zone 1 and 2. 
Comparison between the outside evaporation rate and 
the mass flow through the porous layer due to the 
updated water pressure allows to find the boundary 
between zones 2 and 3. 

 

 
Figure 3: Modelling diagram of the porous wall 

• Zone 1 
In the first zone, air is on both sides of the porous 
layer. The porous material is considered as dry and 
θ=0, there is no mass transfer. This is a strong 
hypothesis since humidity level in the air inside the 
tank is high, and the porous material adsorbs water. 
However, the sorption isotherm of terra-cotta 
material shows a low adsorption of water so that the 
moisture content within this zone is much lower than 
the one of the 2 other zones. The calculation of the 
conduction heat transfer flux /�,�01
,21-,3 through the 
wall is done with a simple nodal modelling. A node 
is considered at the outside surface without inertial 
mass and a second node models the porous layer. The 
node modelling air inside the tank is common to all 
elements of zone 1. Energy balance on each node of 
the ith element of zone 1 gives the following 
equations: 
External surface node 
 

0 � /��
,2 � /�
,��-,2 � /�	,2 (6) 

Porous layer node 

5#6�,��-,2 �'2�7 � /21,2 � /�
,0)-,2 
     

(7) 

 

 
Inside air node  

0 � /�2�/��- �9/21,2 
 

 

(8) 

• Zone 2 

This zone is the most difficult to model since the 
moisture content is unknown. To evaluate the heat 
and mass flow in this zone, a finite-difference 
method is used, with a width discretisation (j) of the 
porous layer.  From a macroscopic point of view, the 
partial differential equations governing this heat and 
mass transfer problem through porous media come 
from the Philip and DeVries (1957) model. In this 
work, the liquid transport due to temperature 
difference is not considered. Adding the water 
pressure term gives the followings equations on the 
i,j th element: 
 ��2,:�7 � �

�� (� (
��2,:�� � �

#��
��2�� 	)		 (9) 

Δ�	#��-,2,:6�,��- �'2,:�7
� Δ� �

�� <=
�'2,:�� >

� ?#��)(� ,	 ��2,:�� ) 

 

 

(10) 

	
The boundary conditions are given by equations: 
Inside: �21,2 � @ (11) 

=��- �'21,2�� � ℎ�,21('� � '21,2) (12) 

Outside 
 

#�� (��2,:�� � �
�
��2�� � ℎ�(�	,0)-,2 � �	,��-) (13) 

= �'0)-,2�� � ℎ�,0)-&'0)-,2 � '��-+
� ?ℎ�&�	,0)-,2 � �	,��-+� A()�*B&'0)-,2C � '��
C + 

 

(14) 

The multi-tridiagonal matrix algorithm (MTDMA) is 
used to solve the system. A more detailed description 
of the model and resolution of thermal and 
hygrothermal behaviour of zone 2 is available in 
Mendes (1997) and Mendes et al. (2002). 

• Zone 3 
In this zone the wall material is saturated, � � @. The 
mass flow is calculated with a Darcy Law: 
 

�� �� � �
�
(��,2 � ��-�)5 		 (15) 

The same nodal resolution as in zone 1 is used, with 
an evaporation term added. 
External surface node 

0 � /��
,2 	� /�
,0)-,2 � /�	,2 � /�	,2 (16) 

Porous layer node 

5#��-6�,��- �'2�7 � /21,2 � /�
,0)-,2 
 

(17) 
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For the water node, flux from zone 2 and 3 are 
summed up. 

�6�,� �'��7 � /�2�/��-,2 �9/21,2 
 

(18) 

EXPERIMENTAL WORK AND 
COMPARISON WITH MODELLING 
In order to validate the mathematical model, an 
experimental set-up with a reduced scale porous tank 
is used. This set-up (Figure 4) is composed of an air 
conditioning unit, preparing an air flow with the set-
point temperature, humidity and flow rate. The 
porous tank is set in a 0.6m×0.6m×0.6m box, 
connected to the airflow with a 16-cm diameter flow 
duct. The box is drilled at its back for the airflow to 
go out so that the box is crossed by a controlled 
airflow. 

The porous tank is a pot with a cylindrical shape, 16 
cm high and radius and a diameter of 14 cm, the 
porous wall is 13 mm thick. The tank is filled with 
water, closed with a tight lid and set on a Sartorius 
scale, which records changes in mass and thus the 
evaporation rate. Temperature sensors are set in the 
water, on the outside surface of the tank and at the 
airflow inlet. 
 

 

Figure 4: Experimental setting 

The air conditions reproduce the night between the 
4th and 5th of August during the particularly hot 
summer 2003 in Bordeaux (France) and are presented 
in Fig. 5. 

During that night, the air temperature decreases from 
38°C at 7:00 pm to 23°C at 8:00 am. Relative 
humidity is quite low and varies between 0.2 and 0.6. 
The wind velocity is important at the beginning and 
then decreases during the night down to 1 m/s. 

Results of the experiment are presented in Fig. 5, 
where it is possible to observe that the water 
temperature follows the air temperature trend with 
about 5°C less. 

 

 

Figure 5: Wind speed, relative humidity, air 
temperature and water temperature in the tank 

during an experimental test reproducing the 4th night 
of august 2003 in Bordeaux (France) 

The mass transfer in the porous material is highly 
dependent on the porous structure. Information on 
the porous structure geometry is required to achieve a 
proper simulation.  

Pore size distribution 
The pore size distribution of a porous material can be 
evaluated with mercury intrusion porosimetry.  Then, 
using models, it is possible to evaluate all other 
coefficients required for the simulation (K, D). A 
measurement has been carried out on the porous tank 
and is presented in Fig. 6. Pores diameters are 
presented as a function of the saturation degree of the 
non-wetting phase (Hg). Saturation is the moisture 

content normalized with the porosity " �  
D. 
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 Figure 6: Pore size distribution  

The Young-Laplace’s law (Young, 1804; Laplace, 
1805) gives the capillary potential knowing the pore 
diameter d: 

� � 4F
G  (19) 

The Kelvin relation (Thompson, 1871) links the 
capillary potential to relative humidity.  
 

� � #HI'J KL(,) (20) 

The sorption isotherm can thus be calculated from 
the pore distribution and used in the model. 

Permeability 
The hydraulic conductivity K depends on the 
viscosity of the fluid crossing the porous material, the 
porous structure and the moisture content. It can be 
expressed as: 

� � M21-�	M��HN�  (21) 

M21-� is the intrinsic permeability and represents the 
ability of porous material to be crossed by a fluid. 
It is highly linked to the pore geometry. The simplest 
model to evaluate this value uses the mean pore dmean 
value. It considers that all pores are cylindrical, 
parallel to the flow direction and with a diameter 
equal to the mean diameter. Considering a Poiseuille 
flow inside the pores, one can obtain Eq. (22).  The 
Purcell model (Purcell, 1949) integrated on the pore 
diameter distribution is given by equation (23). There 
are also statistical methods like the Reznik method 
(Reznik, 1971). 

M21-�,���1 � O G���1P
32 	

	
 

M21-�,�)� � SO	 GP32 

(22) 

 

(23) 

The variation of intrinsic permeability depending on 
the chosen model is important due to the small size 
of terra-cotta pores. For example, in the experimental 
porous tank,  
 M21-�,���1 � 1.99.10W3X m² and kZ[\],^_] �1.33.10W3` m². A measure of this permeability 

should be done to decrease the uncertainties on this 
value. M��H is the relative permeability. The Willie and 
Spangler model (Willie and Spangler, 1952) gives M��H,� � "��C  

M��H,1�� � (1 � "�� 	)P	(1 � "��P 	) 
(24) 

(25) 

Heat and mass transfer convective coefficients  
This model requires heat and mass transfer 
convective coefficients ℎ� and ℎ�. Although these 
coefficients have a critical importance, they usually 
received little attention from the modellers. Palyvos 
(2010) reviews the most used correlations of hc for a 
flat surface in outside conditions. For the 
comparisons with experiments, due to the cylindrical 
shape of the tank, the Churchill and Bernstein 
correlation (Churchill and Bernstein 1977) was 
adopted. The mass transfer coefficient hm is often 
calculated from the heat and mass transfer analogy, 
which might provide inaccurate results. The article of  
Defraeye et al (2012) deals with the difficulties of 
modelling heat and mass transfer with surface 
coefficients. They suggest the CFD calculation as a 
solution; used directly or to establish a correlation. In 
this work, a correlation from experimental results 
(Leroux et al.; 2014) has been used: 
 ℎ� � 5.48	10Wc	de.3`		,e.f` (26) 

Comparisons 
The experimental porous tank has a shape close to a 
cylinder; H is the height, S the total porous surface 
and V the volume of water. In the simulation, the 
tank is considered as a flat plate surface of height H, 
large of S/H, and the thickness of water is V/S. The 
results are illustrated in Figs. 7 and 8.  

 
Figure 7: Comparison between experimental and 

simulated water temperature in the tank  

It is possible to observe a good agreement for the 
water temperature at the beginning of the test. 
However, after 6:00 am, differences of 2°C appear.  
For the mass comparison, it is possible to observe a 
high difference during the entire test. 
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Figure 8: Mass losses comparison 

The mass difference can be explained by the 
uncertainties around the permeability, which is the 
main parameter on the mass loss.  
Another simulation has been conducted with an 
intrinsic permeability k adjusted in order to have the 
same mass losses for the simulation and the 
experiment. The adjusted permeability is kZ[\],ghi �2.1.10W3` to compare with the Purcell model 
permeability	kZ[\],^_] � 1.33.10W3`. To improve the 
accuracy of the model, measurement of k will be 
done in a further work. It is possible to observe that 
in this case, variation of permeability does not affect 
the temperature. Indeed, during this experiment, the 
material was nearly saturated, and an increase in the 
permeability increases the mass losses without 
decreasing significantly the evaporation rate and the 
water temperature. 
At the end of the tests, significant temperature 
differences can be observed. Geometrical aspects can 
explain it. The less the water volume is important, the 
more the geometries hypotheses are poor and the 
more the multidimensional effects are important. 
Finally, it is possible to observe that is nearly the 
same amount of water has been evaporated and loss 
by leakage. Even if this tank configuration gives 
good thermal performances, the water consumption 
should be decreased. 

CONCLUSION 
This works on an innovative cooling system deals 
with the development of a numerical model for 
modelling evaporation process at a porous material 
surface, taking into account the material properties 
and the water pressure inside the tank. An experiment 
allows comparing with the model. The model gives 
good agreement in simulating the temperature of 
water in the porous tank but difficulties to evaluate 
the water losses. The uncertainties on the material 
properties explain these difficulties and should be 
precised for improved simulations. This model will 
be coupled with building simulation software to 
evaluate the impact of the system on a real house. 
Then the results will be compared with results of a 
real scale experiment. 

NOMENCLATURE 
A  =  surface (m²) 
Cp  = specific calor (J/kg/K) 
d  = pore diameter (m) 
D  = mass transport coefficient (m²/s) 
e  = wall thickness (m) 
g = gravitational acceleration (m/s²)  ℎ�  = heat transfer coefficient (W/m²/K) ℎ�  = mass transfer coefficient (s/m) 
k  = permeability (m²) 
K  =  hydraulic conductivity (s/m) 
L  = latent heat of evaporation (J/kg) 
m  = mass (kg) ��   =   water flow (kg/s/m²) 
M  = molar mass of water (kg/mol) 
P  =   pressure (Pa) 
Pv  = partial pressure of vapor (Pa) 
R  = perfect gaz constant (J/mol/K) 
s  = saturation  
T  =  temperature (K) 
v  =  wind velocity (m/s) 
x = horizontal direction 
 
Greck  F		= surface tension (N/m) A	 � emissivity @ = porosity �  = moisture content (mf/mf) =  = thermal conductivity (W/m/K) # = density (kg/mf) B		= Stefan Boltzmann constant (W/m²/K4) 
φ  =  relative humidity /  = heat flux (W/m²) r		=   capillary potential (Pa) 
 
Subscripts 
a  = air 
air/wat  = air, water interface 
cap  = capillarity 
cd  = conduction 
cv  = convection 
dr  = drop 
ev  = evaporation 
ext  = exterior 
i  = ith element (height discretisation) 
in  = inside surface 
intr  = intrinsic 
j  = jth element (width discretisation, zone 2) 
l  =  liquid 
m  = mass 
mat  = material 
mean =mean 
new  = non wetting phase 
out  = outside surface 
pr  = pressure 
pur = Purcell 
rel  = relative 
rad  = radiation 
surf  = surface 
sat  = saturation 
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v  =  vapor 
w  = water 
we  = wetting phase 
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