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Abstract
In porous media, heat and mass transfer is a classical model of transport and it is one of the most energy-intensive 
industrial processes with a wide variety of applications. This present paper is developed in order to explain the 
coupled heat and mass transfer that arise during drying process. A free mesh generator Gmsh is used and a 3-D 
unstructured Control Volume Finite Element Method (CVFEM) is employed to simulate the transport phenomena 
with a convective drying. Several simulation results, that depict the transport phenomenon inside a porous brick are 
presented and analyzed. Indeed, thanks to this numerical model, we can observe the three-dimensional distribution 
of temperature, liquid saturation and pressure during double partition brick drying.
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Introduction
Simultaneous heat and mass transfer in porous media is one 
of the most important industrial processes and it is central 
to many applications involving industrial devices (heat 
transport, chemical engineering, heat exchangers, etc.). Also, 
the theoretical and experimental study of the heat and mass 
transfer in porous media has been the target of a lot of important 
research work. Most of the time, the cost and the time depicts 
a problem for experimental studies. However, the numerical 
modelling is widely used to analyze the coupled heat and mass 
transfer. Based on the theory of Luikov [1] and Whitaker [2], 
a mathematical system for transfer in porous media has been 
established with dynamic variables (temperature, gaseous 
pressure and liquid saturation). 

The method of solution for the own problem is based on 
the control volume finite element approach which has been 
shown to be particularly well suited for a fast and efficient 
implementation of the linearization technique. Moreover, the 
finite difference solution has been widely used in the simulation 
of heat and mass transfer in porous media [3, 4]. Consequently, 
the Control Volume Finite Element Method (CVFEM) has 
been used [5]. 

A review of the literature exhibits that the unstructured mesh 
control volume methods have been developed to study the 
physics of coupled transfer (heat and mass) in porous media. 

The intensification of transport in porous media has attracted 
many researches. Considerable researches have been developed 
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more and more efficient methods (acoustic [6] and ultrasonic 
[7]). Recently, the employment of vibration technology in 
porous media has been an interesting subject and it has been 
found to enhance the coupled heat and mass transfer [8, 9].

At the last years, various research indicates the modelling of 
heat and mass transfer inside a porous exchanger. In those 
references, Sun et al. have explained the theoretical and the 
experimental study on heat and mass transfer of a porous 
ceramic tube [10]. Also, Chien et al. [11] have studied the 
heat and mass transfer of evaporative cooler with elliptic tube 
heat exchangers. An experimental and numerical study on heat 
and mass transfer characteristics in direct-contact total heat 
exchanger for flue gas heat recovery had developed by Wei et 
al. [12].

More and more recently, Yang et al. have studied the coupling 
effect of heat transfer in plate heat exchanger filled with porous 
media [13]. Also, Pourrahmani and Van Herle have developed 
an evaluation criterion of proton exchange membrane (ECPEM) 
fuel cells considering inserted porous media inside the gas flow 
channel [14]. An insight into CO2-CH4 hydrate exchange in 
porous media using magnetic resonance has presented by Li et 
al. [15]. Also, a solid–liquid model based on lattice Boltzmann 
method for phase change material melting with porous media 
in cylindrical heat exchangers is explained by Chen et al. [16]. 
Recently, such et al. have studied an enhancement of 3D mass 
and heat transfer within porous ceramic exchanger by Flow-
induced vibration [17].
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The aim of the present paper is to develop a numerical code 
that can explain the heat and mass transfer that arise inside 
a ceramic double partition brick. Moreover, we put the 
evolutions of parameters (temperature, liquid saturation, 
pressure) for coupled heat and mass transport during brick 
drying process. Also, a three-dimensional numerical code is 
employed to describe the transfer phenomena that arise during 
drying: temperature (T), saturation (S), pressure (P).

Several numerical results prove the efficiency of our code to 
study the coupled transfer of heat and mass during the drying 
of a complex geometry (double partition brick).

Numerical Study
The present problem is a numerical study of heat and mass 
transfer during double partition brick drying (porous medium). 
The geometry of the brick is a complex geometry defined by 
following figure:

Figure 1: Double partition brick dimensions.

Equations System
The equations system is defined by Whitaker’s theory [2]. A 
numerical system of heat and mass transfer is established for 
unsaturated porous media with the following assumptions:
•	 The porous medium is homogenous and isotropic 

and the three phases (solid, liquid and gas) are in local 
thermodynamic equilibrium.

•	 We negligee the radiative heat transfer, the viscous 
dissipation and the compression-work.

•	 The gaseous phase is ideal and the tortuosity and dispersion 
terms are used as diffusion term.

The macroscopic equations of heat and mass transfer in porous 
media are:

Generalized Darcy’s Law
With Darcy’s law, the average velocities (liquid phase  and 
gaseous phase ( ) are:

Liquid Phase

        		  (1)

with  presents the capillary pressure.

   				    (2)

Mass Conservation Equation

Liquid Phase
The equation of mass conservation for liquid phase is (liquid 
density is constant):

    				    (3)

And m ̇ is the rate mass of the evaporation.
εl is the fraction volume of liquid.

Gaseous Phase
The equation of mass conservation is:

  			   (4)

And is the average density intrinsic of gaseous phase (this 
phase is considered as an ideal mixture of perfect gases).

Vapor Phase

   			   (5)

           		  (6)

And Deff presents the effective diffusion coefficient of vapor 
in porous medium. Also, this coefficient takes into account 
the resistance to the diffusion due to the constriction and the 
tortuosity effects.

Energy Conservation Equation
The energy conservation equation is defined as bellow:

   (7)

With ΔHvapis the heat latent of vaporization at temperature T 
(K).
And λeffis the thermal effective conductivity of porous 
medium.	

Also Cpρ is the heat capacity of the porous medium defined as 
bellow:

    (8)

Which ñ Cs ps , ñ Cl pl , ñ Cv pv  and ñ Ca pa  presents the mass heat 
capacities of three phases: solid, liquid and gas.
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Thermodynamic Relations
The vapor pressure (partial pressure) is defined as bellow: 
	 Pv=Pveq (T,S)
With S is the liquid saturation explained by:

	 lS
ε

ε
= 					     (9)

For the gaseous phase, the pressure is defined by:

          ñiP = RT ;i=a,vi Mi
				   (10)

  P =P +Pg a v  ñ =ñ +ñg a v
For the vapor phase, the pressure is:

  2. .M
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. . .
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 			   (11)

Boundary Conditions
For our equations system, the boundary conditions are defined 
as bellow: the temperature, saturation and pressure are uniform 
inside the brick (Figure 2).

Figure 2: Boundary conditions.

The boundary conditions for our model are:
The exchanging faces: right, left and up faces and cavities:

 ( )T H V n h T Tvap tieff l lXi
λ ρ
 ∂〈 〉

+ ∆ 〈 〉 = 〈 〉 −  ∞∂  
		 (12)

The mass flow (evaporation and evacuation):

 
( )gV V n h C Cv v m vs vil l

ρ ρ 〈 〉 + 〈 〉 〈 〉 = −  ∞    	 (13)
On exchanging faces, the pressure is considered as the 
atmospheric pressure:
 gP Pg atm 〈 〉 = 

				    (14)

The bottom face is considered as adiabatic and impermeable 
face.

  0T H V nvap ieff l lXi
λ ρ
 ∂〈 〉

+ ∆ 〈 〉 = 
∂  

 			   (15)

   0gV V nv v il lρ ρ 〈 〉 + 〈 〉 〈 〉 =                           (16) 

  0
gPg

Xi

 ∂〈 〉
  =

∂   				            (17)

The convective coefficients (heat and mass transfer) are 
explained in Table 1.

Table 1: Heat and mass transfer coefficients.
With: 
ht : is the convective coefficient of heat transfer [W⁄(m2 oC)]
hm: is the convective coefficient of mass transfer [m⁄s]
DA,B: presents the vapor diffusion in air defined as bellow:
DA,B=Dvap,air = 0.26×10-4  [m2⁄s]               
LC = 0.1 m : is the characteristic length of the exchanger.

Numerical Solution
The Control Volume Finite Element Method (CVFEM) is used 
to solve our system of equations [20, 21]. Moreover, the control 
volume is composed of triangular elements which implies 
the grid flexibility. Also, this numerical method ensures the 
conservation of flux.
To describe the mesh generation, we use the free mesh 
generator Gmsh [22] (Figure 3).

Figure 3: Gmsh.

For our simulation, we develop a numerical code (FORTRAN) 
and to validate our results, our model is validated by a 
convective heat and mass transfer experiment developed by 
Saber Chemkhi [23]. 

The conditions of validation are listed in Table 2.
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Table 2: Validation conditions.

In Figure 4, we present the validation of our code with the 
evolution of water content.

Figure 4: Validation code (water content).

However, we can say that there is a great agreement between 
our numerical simulation and the experimental results.

Results and Discussions
In this section, we present the numerical results obtained from 
the compilation of our code which is applied to the heat and 
mass transfer during double partition brick drying.

This numerical study is composed of temperature, saturation, 
pressure and water content evolutions.

To simulate the 3D heat and mass transfer phenomenon that 
arise during drying process, we use the free mesh generator 
Gmsh. (Figure 5).

Figure 5: Brick meshing.

The numerical parameters used in this code are presented in 
Table 3.

T(oC) S(%) V(m/s) Po (%) CVamb Pamb(atm)
100 50 10 30 0,0001 1

Table 3: Numerical code parameters.

The simulation results are established for three nodes aligned 
on the z axis:
•	 Z = 0
•	 Z = Lc/4
•	 Z = Lc/2

Temperature Evolution
In this part, we present the time evolution of temperature 
(Figure 6).

Figure 6: Temperature evolution.

Referring to Figure 6, we can note that the evolution of 
temperature is more rapid for the node closest to the exchange 
surface (Z = 0 > Z = Lc/4 > Z = Lc/2) which promotes the heat 
exchange during the drying process.

Saturation Evolution
In this part, we present the time evolution of saturation during 
drying process (Figure 7).
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Figure 7: Saturation evolution.

Figure 7 presents a comparison of the evolution of liquid 
saturation for three nodes placed on the brick. This figure 
shows a decrease over time and this decrease is slower for the 
nodes inside the brick.

Pressure Evolution  
For this part, we depict the pressure evolution in time (Figure 
8).

Figure 8: Pressure evolution.

Based in Figure 8, we can conclude that the great peak of 
pressure is linked to the node inside the brick with a large 
amount of water.

Water Content Evolution
Also, we have studied the time evolution of water content 
during the drying process (Figure 9). 

Figure 9: Water content evolution.

In Figure 9, we observe that water content decreases over time 
and it approaches to the zero value.
Our numerical model verifies the four classic drying phases:
•	 Preheating period: During this first period, the mass and 

heat fluxes are initiated. The heat transfer is related to the 
supply of energy from the drying air to the porous material 
to evaporate water on the surface.

•	 Period at constant speed: This phase is characterized 
by a thermal equilibrium and the transport of free water 
in the material is fast enough to feed the surface which 
is the place of evaporation. The porous material remains 
saturated with water in the case of highly deformable 
media. This involves a contraction of the solid structure 
to fill the voids left by the evaporated water: This is the 
volume shrinkage of the material.

•	 First slowing period: The beginning of this period 
corresponds to the entry of the surface of the porous 
material into the hygroscopic field. Then, a drying front 
is created corresponding to the place of evaporation of 
the water which separates the medium into two zones 
(saturated and unsaturated).

•	 Second slowing period: The drying rate decreases sharply 
when all the free water has been evaporated. The removal 
of bound water requires an additional energy input: This 
energy is the binding energy of adsorbed water.

To better understand the mechanisms that arise during heat and 
mass transfer during porous brick drying, we have shown:
•	 The spatiotemporal evolutions of temperature, saturation 

and pressure for three time of drying (Figures 10-12): 
Beginning (5 Min); Middle (40 min); End (2 h).

•	 The slice’s view to represent the distribution of three 
parameters (T; S; P) (Figures 13-15).
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Figure 10: Three-dimensional distribution of temperature, 
saturation and pressure at the beginning of drying.

Figure 11: Three-dimensional distribution of temperature, 
saturation and pressure at the middle of drying.
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Figure 12: Three-dimensional distribution of temperature, 
saturation and pressure at the end of drying.

Referring to those results (Figures 10-12), we can note that:
•	 The heat and mass exchange is more intense for the 

cavities and the exchange faces and less rapid inside the 
brick (the temperature gradient had place to supply the 
energy necessary for the evaporation).

•	 The exchange faces force the evaporation of liquid.
•	 The lower side is characterized by a slow and less intense 

drying given the amount of water that accumulates on this 
side.

Figure 13: Slice’s view distribution of temperature.

Figure 14: Slice’s view distribution of liquid saturation.

Figure 15: Slice’s view distribution of gaseous pressure.

Based in Figures 13-15, we can note that the exchange faces 
(faces and cavities) are characterized by a faster and more 
intense drying process. Moreover, the temperature profile is 
more important for these faces and the amount of liquid is 
greater inside the brick. Also, the pressure distribution is more 
intense in the vicinity of the middle and in the bottom of double 
partition brick.

Conclusion
In the present study, a 3-D numerical model is established to 
analyze the coupled heat and mass transfer that arise during 
double partition brick drying process. This numerical code 
highlights the understanding of phenomena occurring within 
the porous drying. The mesh is generated by the free mesh 
generator Gmsh and a numerical code has been developed 
for three-dimensional simulation of the convective transfer of 
porous brick drying.

The numerical code simulates the evolution of temperature, 
liquid saturation and gaseous pressure during the drying 
process. Moreover, the present model explains the coupled heat 
and mass transport that arise inside a complex geometry. Also, 
the drying is well established after 4 hours and the physical 
analysis in this paper proves the importance and the originality 
of this code.

Nomenclature
Ca	 specific heat of the air [kJ ⁄ kgK]
Cp      	 specific heat at constant pressure [kJ ⁄ kgK]
Cv      	 specific heat of the vapor [kJ ⁄ kgK]
Cw    	 specific heat of the water [kJ ⁄ kgK]
DA,B   	 diffusion coefficient [m2/s]
g        	 gravitational acceleration [m/s2]
hm     	 convective mass transfer coefficient[m⁄s]
ht       	 convective heat transfer coefficient[W⁄m2oC]
K        	 intrinsic permeability [m²]
Lc       	 characteristic length of brick [m]
Ma        	 molar mass of air [kg/mol]
Mv      	 molar mass of vapour [kg/mol]
m	 evaporation rate [kg/s]
ni       	 outward normal vector
P        	 pressure [Pa]
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Pc       capillary pressure [Pa]
Po       Exchanger porosity [%]
PVs      partial pressure of saturated vapour [Pa]
R        gas constant [kJ⁄(kmol K)]
r       characteristic magnitude that represents the average radius 
of curvature of the menisci if the retention forces of the liquid 
are of capillary origin
S       liquid saturation [%]
T       temperature [K]
t        time [s]
wa     air velocity [m⁄s]

Greek Symbols
ε	 porosity
εl        	 volume fraction of liquid phase
μ        	 dynamic viscosity [kg/ms]
ϑ        	 kinematic viscosity [m2⁄s]
ρ        	 density [kg/m3]
λ         	 conductive transfer coefficient [W⁄moC]

σ           	surface tension [N⁄m]
ΔHvap 	 vaporisation latent heat [J / Kg]

Subscripts
0	 initial condition
a	 air
eff	 effective
g	 gas
l	 liquid
v	 vapor
vs           vapor saturated

Dimensionless groups
Re          Reynolds number
Pr           Prandtl number
Sc           Schmidt number

Appendix
Characteristics of double partition brick and air used are:

Double partition brick:
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Air
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