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Abstract 
Cooling by evaporation through transpiring porous walls is expanding in vari-
ous industrial applications such as air conditioning. It is also used to cool wa-
ter in a clay jug. This process deserves to be studied, understood and valued. 
This paper deals with the transpiration phenomenon through a saturated por-
ous plate coupled with heat and mass transfer by natural convection. Conserva-
tion Equations (mass, momentum, energy and concentration), associated with 
adequate boundary conditions, have been numerically solved using an impli-
cit finite difference iterative method. The numerical model has been validated 
by experimental measurements from holographic interferometry. The used 
method to obtain temperature and concentration profiles was explained. They 
are evaluated from the refractive index of moisture air in the boundary layer. The 
main numerical results presented are: Nusselt and Sherwood numbers, tem-
perature, humidity, and velocity profiles within the boundary layer as well as 
the different heat fluxes exchanged between the plate and the surrounding en-
vironment. Besides, the present model allows showing the important effect of 
the equivalent thermal conductivity and the surface emissivity on tempera-
ture and heats flux. 
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1. Introduction 

Convective evaporation in porous media occurs in several industrial applications 
such as industrial refrigeration, cooling of electronics components [1] [2], the 
energy efficiency of buildings [3], filtration and distillation process of saline wa-
ter as well as other energy applications [4] [5]. Research carried out in this con-
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text allows for optimizing systems and controlling energy expenditure in the 
field of air conditioning and evaporative cooling by an accurate assessment of 
heat and mass exchanges between the considered system and the ambient envi-
ronment. 

A review of the literature reveals that this field has been the subject of several 
research works. Indeed, Mori et al. [6] analyzed the theoretical cooling of a por-
ous flat plate by evaporation of a volatile liquid from the surface to a laminar 
boundary layer flow past it. In this study, the authors considered the effect of in-
jection caused by the vaporization, and also that of 2D thermal conduction in 
the plate, on the heat and mass transfer characteristics. A comparison of the re-
sults of air/methanol and air/water was conducted, and it shows that in the first 
case, (air/methanol) injection effect is more significant. Jang et al. [7] examined 
numerically mixed convection heat transfer through film evaporation in inclined 
square ducts. This work was mainly focused on the effects of latent heat of vapori-
zation on the heat transfer improvement, and it has been concluded that the heat 
transfer rate increases tremendously with phase change. But increasing the rela-
tive humidity of moist air in the ambient generates a heat transfer rate decrease. 
Mechergui et al. [8] realized a numerical study coupling heat and mass transfer 
by natural convection, during water evaporation in a vertical or inclined channel 
asymmetrically heated with a uniform flux. Conservation Equations (mass, momen-
tum, energy and species) associated with their initial and boundary conditions were 
numerically discretized using the finite volume method and then solved by the 
projection method. The numerical results of heat and mass transfer (axial veloc-
ity, Nusselt and Sherwood numbers…) are presented. 

Besides, great efforts have been made to assess the porous materials which can 
be used on building roofs to reduce the heat flux that crosses them. Shokri Kuehni 
et al. [3] performed a series of experiments to quantify the performance of an 
evaporative layer of porous media and highlight the effects of its particle size on 
decreasing the roof surface temperature. These experimental tests were carried 
out using three samples of sand, and obtained results showed that porous media 
with finer (very small particles) texture are more adequate for this application 
(building energy efficiency). This can be explained by the fact that as particle size 
decreased the roof surface is kept wet for a long time because the capillary flow 
connects humid zones and drying ones. In 2017, Nasr et al. [9] analyzed numer-
ically free convection for the evaporation of falling pure water film, on one of the 
plates of a vertical channel. In this study, heat and mass transfers were coupled, 
and the gas mixture is composed of dry air and water vapor. The wetted plate is 
coated by a thin porous layer and uniformly heated while the second one is dry 
and isothermal. It has been shown that the porous layer contributes to improv-
ing heat and mass transfer performances at the liquid/gas interface. More re-
cently, an experimental study of heat and mass transfer with phase change in por-
ous media (copper foam) has been presented by Boubaker et al. [10]. The main 
purpose of this work is to highlight the effect of porosity on the heat and mass 
transfers inside the porous medium. Results revealed that the porosity and aver-
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age pore diameter have a significant influence on the phase change within the por-
ous medium and hence their optimal values allow for enhancing thermal perfor-
mances of the capillary evaporator considered in their study. 

Another important aspect of evaporation on a surface is to take into account 
the effect of thermal radiation on the phase change. Thus, Debbissi et al. [4] 
performed a numerical study that allows the coupling of heat and mass transfers 
during water evaporation in a vertical channel, under free convection, which is 
subjected to symmetrical and uniform heat density. Moreover, they also consi-
dered radiative heat transfer between the plates. Temperature, velocity and mois-
ture profiles were presented and the effects of various parameters (ambient con-
ditions, wall radiations, …) on heat and mass transfers are depicted. The result-
ing analysis shows that interfacial heat and mass transfer on the wet plate are 
dominated by the vaporization of water. However, convection near the dry wall 
plays an important role in the heat transfer process. Plates with high emissivity 
increase the amount of water evaporated which means that the optimal case of 
evaporation occurs when the channel surfaces are considered as a black body. 
Hossain et al. [11] examined numerically the influence of thermal radiation on 
free convection flow along a vertical semi-finite porous plate uniformly heated 
with a constant rate of suction. The working fluid has variable dynamic viscosity, 
Prandtl number Pr = 1, and it is also assumed to be a gray, emitting and absorb-
ing, but non-scattering medium. In addition, the radiative heat flux was esti-
mated using the Rosseland approximation. The governing equations of a proposed 
mathematical were numerically solved using three different methods. It was con-
cluded that the radiation viscosity parameters have a significant effect on the local 
skin friction coefficient and the local Nusselt number for different local suction 
parameters. In 2012, the effect of thermal radiation on 2D steady-state laminar 
free convection of transparent incompressible fluid along a vertical flat plate has 
been studied by Sabri et al. [12]. They numerically solved heat transfer equations, 
and showed the effect of surface radiative flux on the characteristics of heat and 
mass transfers (velocity, temperature and heat flux density). The existence of a 
threshold value of the thermal resistance, for which average variations of surface 
temperature are significant, was proven. As for average variations of fluid density, it 
takes a constant value depending strongly on the emissivity of the plate. Further-
more, increasing the surface emissivity provokes a slight decrease in convective 
heat flux density while radiative heat flux density increases. 

This literature review shows that several research studies have dealt with eva-
poration in a porous medium by focusing on the flow conditions of evaporated 
liquids. Nevertheless, research investigations regarding the effect of radiative proper-
ties of porous media on convective evaporation are rare. 

This paper reports a numerical study of the evaporation of saturated water, by 
free convection coupled with thermal conduction, inside a vertical (or slightly 
sloping) porous plate. Additionally, it should be noted that natural convection is 
driven by thermal and mass buoyancy forces; and the proposed model is validated 
by experimental measurements. Its originality lies in highlighting how surface 
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radiation influences heat and mass transfers between the system and its envi-
ronment. Besides, the effects of different parameters such as ambient humidity, 
thermal resistance and surface emissivity, on these transfers were revealed too. 

2. Mathematical Formulation 
2.1. System Configuration 

A vertical (or slightly sloping) porous plate of height L and thickness E is consi-
dered in this study and the system of coordinates is sketched in Figure 1. The 
surrounding environment has a temperature (ta) and a relative humidity (Wa) 
which are uniform. The back surface of the plate is maintained at the given tem-
perature te whereas the front one is saturated with moisture. The plate is suffi-
ciently wide that transverse transfers due to edge effects are neglected. 

2.2. Hypotheses 

Heat and mass conservation equations are subject to the following assumptions: 
‒ The flow is steady-state, laminar free convection and two dimensional; 
‒ The fluid properties are assumed to be constant except the density variation 

which is given by Boussinesq approximation in the momentum equation; 
‒ The pressure gradient and the viscous energy dissipation are negligible; 
‒ The fluid is transparent to thermal radiation; 
‒ The longitudinal conduction in the plate is neglected as shown by Miyamoto 

et al. [13] in the case of the imposed temperature. 

2.3. Dimensionless Equations 

Based on the previous assumptions, the dimensionless equations governing the 
conservation of mass, momentum, energy and concentration are:  
 

 

Figure 1. Flow configuration and coordinate system. 
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Dimensionless numbers that appear in Equations (2) to (4) are defined as fol-
lows: 
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Heat and mass transfers are quantified by dimensionless numbers namely, 
classical Nusselt number, radiative Nusselt number and Sherwood number. Their 
local quantities are respectively defined below: 
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2.4. Dimensionless Boundary Conditions 

The boundary conditions are given in dimensionless form. Thus, 
‒ At the wall, Y = 0 and 0 ≤ X ≤ 1: 

0U =                            (11a) 

0

1
1

e a

Ye

C C CV
Sc C Y =

− ∂
= −

− ∂
                    (11b) 

( )s sC C T=                          (11c) 

https://doi.org/10.4236/epe.2022.1412039


A. Sabri, M. Asbik 
 

 

DOI: 10.4236/epe.2022.1412039 724 Energy and Power Engineering 
 

( )( )4 4

0 0

1 0s ar ar s
Y Y

T CA F B T T T T
Y Y= =

∂ ∂
+ − + − − + =

∂ ∂
        (11d) 

‒ X = 0 and Y ≠ 0  

0U = ; 0T = ; 0C =                    (12a-c) 

‒ 0 ≤ X ≤ 1 and Y → ∞ 
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The fact that the porous plate is saturated with water and (te − ta) < 25˚C 
(temperature difference not excessive) implies that the effective thermal conduc-
tivity is constant [12] [13] and also the temperature profile is linear in it: 
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3. Numerical Analysis 

Dimensionless Equations (1) to (4) and boundary conditions (11) to (13) were 
numerically examined using a fully implicit difference method [14] [15]. These 
equations were discretized on rectangular mesh chosen to be uniform in each 
direction, with constant steps ∆xi and ∆yj. Axial convection terms were ap-
proached by the upwind scheme whereas the diffusion term was treated with 
second-order central difference one. Besides, nonlinear terms of these equations 
were linearized using Newton method. The calculation were carried out at the 
node ‘‘i + 1’’ and coupling terms ‘‘T and NA.C’’ were evaluated at ‘‘i’’. The veloc-
ity V was computed from the continuity equation in order to be injected in the 
momentum, energy and concentration equations. Obtained algebraic systems of 
equations were solved using the Thomas algorithm. An iterative procedure has 
been performed to make necessary corrections to velocities, temperature and 
concentration values. 

On the other hand, Equation (11d) was employed to compute iteratively sur-
face temperature, and convergence is reached when the following criterion is sa-
tisfied: 
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Physical properties of humid air [16] were calculated for temperature and 
humidity values of reference condition (tr, cr). Lin et al. [17] suggested that the 
contribution of surface and ambient conditions are respectively 2/3 and 1/3. This 
suggestion is accepted in this paper and we also assume that:  
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So,  
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( )1
3r e e at t t t= − −                       (18a) 

( )1
3r e e ac c c c= − −                      (18b) 

4. Experimental Study 
4.1. Experimental Model Description 

Figure 1 shows the scheme of the 2D physical model. It consists of a rectangular 
parallelepiped form (enclosure) having a porous face made of a thin terracotta 
plate with a thickness of 8 mm in the first experimental test. In another test 
we’ve used a plate of Volvic Lava with a thickness of 2 cm and in both tests, a 
height of 15 cm, and a width of 40 cm. The enclosure, made from copper, has 
been insulated with polystyrene and two holes were drilled through lower and 
upper faces to allow thermostated water circulating. At both sides of the porous 
plate, the fluid was at temperature ta and te respectively. A LAUDA type ther-
mostat was used to keep the water temperature constant. This should not be 
high to ensure the saturation condition and to keep water in its liquid state at the 
plate outer surface. 

4.2. Instrumentation and Measurements 

The holographic interferometry method has been chosen to perform tempera-
ture measurements because of the imposed temperature ranges (te around am-
bient temperature). Furthermore, a classical interferometer (Mach-Zehnder type) 
has been utilized to experimentally quantifying the index of refraction in a trans-
parent medium [18]. This instrument was associated with a data acquisition sys-
tem to record and analyze the obtained interferograms as shown in Figure 2, for 
example. 

Interferogram analysis is done at a horizontal straight line. Thus, the first curve 
gives the light intensity in the form of a frequency-modulated sine wave corres-
ponding to the succession of bright and dark fringes (Figure 3). 
 

 

Figure 2. Interferogram to be analyzed. 
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Figure 3. Intensity curve. 
 

Applying a filter to the Fast Fourier Transform (FFT) of the intensity spec-
trum eliminate undesirable frequencies corresponding to the speckle. Then, the 
filtered intensity, which corresponds to the real part of the complex signal, was 
obtained using the inverse fast Fourier transform. The phase which depends on 
the variation of the index of refraction could be directly computed from the real 
part and the imaginary part of the complex signals [19]. As a result, Figure 4 ex-
hibits the profile of the refractive index in the boundary layer on the surface of 
the previously defined line (see Figure 2). 

According to the reference [20], the refractive index is a single equation with 
two unknown variables, namely temperature and humidity which are to be de-
termined. To overcome this difficult, an original approach has been used for 
their evaluation. Indeed, this approach is based on the similarity between Equa-
tions (3) and (4) by assuming that the enthalpy diffusion is not predominant and 
also the two dimensionless numbers (Pr and Sc) have almost the same value in 
the case of the water vapor. The induced error remains within the range of the 
experimental error (1/10) for the interfering distance in the interferogram. 

At the surface of the plate, the saturated vapor pressure depends only on the 
temperature, which is given by Bertrand’s law also called Dupré’s formula: 

( )10
279517.443 3.868log

760.10
s

s
t

t
sf

 
− − 

 =                 (19) 

ts and fs are respectively expressed in K and Torr. 
In 1967, OWENS [20] conducted a detailed theoretical study based on the 

formula of LORENTZ-LORENTZ and also on precise experimental measure-
ments carried out using the laser. In its study, he considered air to be a mixture  
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Figure 4. Profile of the refractive index. 
 
of dry air with 0.03% of CO2, water vapor and carbon dioxide. It resulted in a 
formula which expresses the refractive index with a precision of 10−9 for temper-
ature, pressure relative humidity and wavelength visible radiation values belonging 
to the following intervals [−23˚C, 47˚C], [0, 4 atm], [0%, 100%] and [3650 Å, 
6328 Å] respectively. 
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f is the vapor partial pressure (in Torr) which can be expressed in term of 
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The experimental measurements by holographic interferometry provide the 
deviation (Δn) of the refractive index from that of the ambient atmosphere. Am-
bient temperature and humidity will be measured and na too. Thus, the equation 
to be solved is: 
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This equation was solved using Newton’s iterative method [14] [15] to obtain 
the surface temperature at the analyzed line and the corresponding saturation 
concentration is also deduced. Besides, the equality of temperature and concen-
tration dimensionless profiles leads to the following results: 

( ) a
s a a
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c c c c

t t
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= − +
−
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In the boundary layer, equation to be solved becomes: 
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The same algorithm described above was used to solve this equation. The 
procedure consists in giving an arbitrary solution at the beginning of each cal-
culation plane. It was taken equal to the exact solution of the neighboring point. 
This choice is astute because the temperatures between two neighboring nodes 
are close to one another. As a result, convergence towards the final solution is 
thus assured and fast and hence temperature and humidity profiles are respec-
tively obtained.  

4.3. Validation of the Numerical Method 

In the case of the Volvic, lava plate which has a thermal resistance with an equiva-
lent conductivity λs; Figure 5(a) and Figure 5(b) show the temperature and hu-
midity profiles at a distance x0 from the bottom edge of the plate, and under the 
physical conditions listed below.  

In another experimental test, a thin terracotta plate was used. It has a low 
thermal resistance which allows having an isothermal surface. This result, con-
sidered as a hypothesis of numerical simulation, was confirmed by temperature 
measurements using thermocouples. Figure 6(a) and Figure 6(b) show the fit-
ted experimental profiles for which uncertainties were considered. The uncer-
tainty calculation was developed based on the error of 1/10 of the interfringe in 
the interferogram. This allows us to estimate Δt and Δc mentioned in Figure 6(a) 
and Figure 6(b). It clearly appears that the theoretically calculated temperature 
profiles are ranging within the experimental uncertainty interval and the relative 
deviation does not exceed 5%. Additionally, it is obvious that there is a net dif-
ference between the theoretical and experimental concentration profiles, espe-
cially inside the boundary layer. This is due to the experimental measurement 
method proposed above, which is based on the similarity of dimensionless tem-
perature and concentration profiles. Nevertheless, the deviation is less than 20% 
in the worst case. 

To the best of our best knowledge, it is important to point out that there are 
no similar results to which this work could be compared. 
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(a) 

 
(b) 

Figure 5. Comparison between measurement values and theoretical temperature and con-
centration profiles. E = 2 cm; L = 15 cm; x0 = 4 cm; α = 33˚; λs = 0.56 W/m˚C; εs = 0.9; ta = 
20.6˚C; Wa = 45%; te = 43.4˚C. 

5. Results and Discussion 
5.1. Thermal Behavior of Porous Plate Surface 

In this study, the following parameters have generally constant values: 
 

Pr Sc GrL NA Q A F L 
(cm) 

E/λs 
(m2∙K/W) 

Wa 
(%) 

te 
(K) 

ta 
(K) 

0.703 0.591 6.048 × 106 0.502 0.058 0.893 6.789 15 0.01 30% 313.15 298.15 

 
And B = 0 → 1.913 × 10−6. 

The surface is assumed to be gray and it is characterized by a constant emis-
sivity εs. According to the surface temperature, the porous plate can emit or ab-
sorb the radiative energy. Figure 7 and Figure 8 show the evolution of the tem-
perature and the heat flux density at the surface with respect to different emis-
sivity values. It is observed that the increase of εs favors the temperature drop 
(Figure 7) and hence the hence the heat evacuation (Figure 8). In the same con-
ditions, the thermal radiation emitted at the surface is exhibited in Figure 9. 

https://doi.org/10.4236/epe.2022.1412039


A. Sabri, M. Asbik 
 

 

DOI: 10.4236/epe.2022.1412039 730 Energy and Power Engineering 
 

 
(a) 

 
(b) 

Figure 6. (a): Comparison between measurement values and theoretical temperature. x0 = 
4 cm; α = 0˚; Wa = 24.7%; ts = 35.9˚C; (b): Comparison between measurement values and 
theoretical concentration. x0 = 4 cm; α = 0˚; Wa = 24.7%; ts = 35.9˚C. 
 

 

Figure 7. Emissivity effect on the surface temperature. 
 

 

Figure 8. Emissivity effect on the heat flux density through the porous medium. 
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Figure 9. Emissivity effect on the radiative flux density at the surface. 
 

The ambient relative humidity, Wa, is a very influential factor on the heat and 
mass exchanges between the porous plate and the external environment. Thus, 
Figure 10 depicts average heat density versus Wa for various emissivity values. 
These curves linearly decrease with relative humidity and they undergo a drop 
from 35% to 39%. As for the density <qs>, it increases by 10% to 20% if the emis-
sivity goes from 0 to 1. 

5.2. Heat and Mass Transfer  

Heat and mass transfer are evaluated in the following conditions (Figures 
11-15): 
 

Pr Sc GrL NA Q L (cm) Wa te (K) ta (K) 

0.706 0.598 2.213 × 106 0.680 2.642 × 10−2 15 40% 303.15 298.15 

 
And A = 6.808 × 10−4 → 1.362, B = 0 → 1.418 × 10−7, F = 7.157 × 10−3 → 14.313. 
The thermal resistance (E/λs) for heat conduction through the porous plate is 

impacting the heat balance at the surface (Equation (5d)), and it also plays an 
important role by coupling conduction and convection modes of heat transfer. 
To be sure, Figure 11 illustrates average dimensionless temperature as a func-
tion of this resistance for two extreme values of εs (0 and 1). It has been shown that 
the effect of (E/λs) becomes tangible from around the value of 10−4 (m2∙K/W). 
Therefore, the surface is no longer isothermal and its temperature decreases all 
the more so the evacuated heat radiation from the surface contributes and slightly 
lowers this temperature. Furthermore, Figure 12 shows increasing of evacuated 
heat with the emissivity and in this case, it goes from 16% to 7% if the emissivity 
varies from 0 to 1. For each εs value; it remains constant until a specific thermal 
resistance value where it starts to decrease. 

Figure 13 depicts the variation of the average classical Nusselt number as a 
function of the plate thermal resistance for different surface emissivity values. A 
significant growth of this number is seen when the plate is more resistive and 
becomes more sensitive to the radiation of the surface. 
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Figure 10. Average heat flux through the porous plate versus the ambient humidity. 
 

 

Figure 11. Average dimensionless temperature with respect to thermal resistance. 
 

 

Figure 12. Average heat flux density through the porous plate as a function of ther-
mal resistance. 
 

 

Figure 13. Average classic Nusselt number as a function of thermal resistance. 
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Figure 14. Average radiative Nusselt number as a function of thermal resistance. 
 

 

Figure 15. Average classic Sherwood number as a function of thermal resistance. 
 

Figure 14 illustrates the average radiative Nusselt number as a function of the 
thermal resistance of the plate for different values of surface emissivity. It ap-
pears to be insensitive to the thermal resistance of the plate and remains almost 
constant. However, on the other hand, it varies strongly in a linear manner with 
the emissivity of the surface. 

Figure 15 shows the average Sherwood number as a function of thermal re-
sistance for the extreme cases of the emissivity value. This number decreases ra-
pidly when the plate has more and more thermal resistance, this means that the 
mass exchange by convection decreases compared to the mass exchange by dif-
fusion when the surface temperature decreases. Note that Sherwood number is 
also sensitive to the value of emissivity and that the relative difference of this one 
can go up to 1.5% for the extreme cases of emissivity. This parameter is in the Equa-
tion (11d) which expresses the continuity of the heat flux at the surface. This equa-
tion contains the latent heat flux which is expressed as a function of the concen-
tration gradient. We know that Sherwood’s number depends on it, which leads 
to the influence of emissivity on this dimensionless magnitude. 

To compare involved heat flux, Figure 16 presents their evolution in term of 
the temperature at the enclosure bottom. Note that the latent heat flux is more 
important than other heat flux types (sensible and radiative heat fluxes). The  
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Figure 16. Comparison between various types of average heat fluxes. E/λs = 0.01 m2∙K/W, 
εs = 0.9, ta = 293.15 ˚K, Wa = 40%. 
 
latter is close to the sensible heat flux or even greater when the emissivity ex-
ceeds 0.8. 

For an ambient temperature of 20˚C and a relative humidity of 40%, water 
temperature has been varied in the chamber from 10˚C to 50˚C to examine con-
duction heat fluxes at the inlet/exit of the plate.  

There is an equilibrium point for which this flow through the plate is null, which 
is approximately 16˚C for the value of te. Regarding the cooling system in the 
ambient air under the aforementioned conditions, this last value corresponds to 
the equilibrium temperature of water in the enclosure. 

6. Conclusions 

The numerical model of the conduction-convection coupling allowed us to cal-
culate the distributions of the Nusselt and Sherwood numbers, temperature, hu-
midity, and velocity profiles within the boundary layer as well as the different heat 
fluxes exchanged between the plate and the surrounding environment. 

The thermal resistance of the plate has an important influence on the trans-
fers. There is a limit to this parameter for which the plate no longer has any re-
sistance, and the surface becomes practically isothermal. 

We can conclude that surface radiation, which is one of the modes of heat 
transfer between the plate and the surrounding environment, plays a very im-
portant role in the transpiration process. The heat flux by radiation is always 
comparable and sometimes more intense than the sensible heat flux for a real 
range of emissivity of the surface. As the emissivity of the surface increases, the 
radiative energy sent to the environment increases, which leads to a decrease in 
the surface temperature and an increase in the conduction flow within the plate. 

The present model provides a better understanding of the cooling process by 
natural evaporation. Water is the evaporated substance in the case of this study, 
but the model remains valid for any other material with phase change as long as 
the assumptions made are valid. Highlighting the influence of parameters such as: 
equivalent thermal resistance and surface emissivity, on this system could con-
tribute to the optimization of the system to reach the desired thermal and mass 
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exchanges. 
During the subsequent study, it would be interesting to take into account the 

heat and mass transfer in the porous medium to deal with the case of a no-saturated 
surface in moisture. 
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