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Abstract

In this work, we present numerical modelling of coupled heat and mass trans-
fer within porous materials. Our study focuses on cinder block bricks gener-
ally used in building construction. The material is assumed to be placed in air.
Moisture content and temperature have been chosen as the main transfer driv-
ers and the equations governing these transfer drivers are based on the Luikov
model. These equations are solved by an implicit finite difference scheme. A
Fortran code associated with the Thomas algorithm was used to solve the
equations. The results show that heat and mass transfer depend on the tem-
perature of the air in contact with the material. As this air temperature rises,
the temperature within the material increases, and more rapidly at the mate-
rial surface. Also, thermal conductivity plays a very important role in the ther-
mal conduction of building materials and influences heat and mass transfer in
these materials. Materials with higher thermal conductivity diffuse more heat.

Keywords

Numerical Modelling, Coupled Transfer, Building Materials, Luikov Model,
Finite Differences

1. Introduction

Heat and mass transfer in porous media are encountered in several natural or in-
dustrial phenomena, such as the infiltration of rainwater into soils and shrinkage.
In the field of housing, effective management of heat and mass transfer through
building materials is a fundamental element in guaranteeing the energy efficiency

of buildings and ensuring their durability. Building materials, such as cinder block
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bricks, have an important role in these transfers, having a direct impact on the
comfort of occupants and the overall energy consumption of buildings [1].

Faced with these challenges, numerical modelling is emerging as an essential
tool for accurately predicting heat and hygrothermal transfer phenomena in con-
struction materials. Numerical several works were realised to analyse the influence
of temperature and relative humidity of the ambient air on hygrothermal transfer
in porous media. The main models of transfer in these porous media include the
model by Crausse and al [2], which consists of calculating the spatial distribution
of temperature and humidity in a building wall, the model by Philip and De Vries
[3], which characterises heat and mass transfer in unsaturated porous media, the
model by Luikov [4], which describes coupled transfer in hygroscopic porous me-
dia by highlighting the phenomenon of thermo-diffusion. This model establishes
a gradient that causes moisture to move within the material. All these models have
been applied to several types of conventional building materials such as wood [5],
cement-mortar and sandstone [6], cork concrete [7]. This work is essential not
only for characterising materials but also for accurately assessing building perfor-
mance. Our study focuses on the development and application of numerical mod-
els to study coupled heat and mass transfer in a cinder block. In fact, cinder block
is one of the most widely used materials used in construction, but its thermal and
hygrothermal performance is highly dependent on various factors, such as its
composition its porosity, and the environment in which it is stored and used [8].
Thus, the main objective of this research is to provide an in-depth understanding
of the transfer mechanisms in cinder block, using numerical models based on the
Luikov equations. This approach will make it possible to assess the impact of dif-
ferent parameters on the thermal and hygrothermal performance of the brick,
paving the way to optimisation strategies aimed at improve the energy efficiency

and durability of building structures.

2. Modelling Coupled Heat and Mass Transfer

The physical model is composed of a cinder block brick assimilated to a porous
material of parallelepiped shape with dimensions (40 x 20 x 15 cm?) placed in air
(Figure 1). We assume that the height of the material is sufficiently greater than
the other dimensions for heat and mass transfer to be two-dimensional. The ver-
tical walls in contact with the air are subject to natural convection. The cartesian
reference frame (xoy) associated with the physical model is such that the abscissa
[ox) is counted positively from left to right; the axis [oy), perpendicular to [ox) is

oriented in the opposite direction to gravity.

2.1. Mathematical Formulation and Resolution Procedure

2.1.1. Simplifying Model Assumptions
To solve the problem, we make the following assumptions:
- Heat and mass transfer are two-dimension
- The temperature and relative humidity of the air in which the material is

placed are constant
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- The material is assimilated to a homogeneous porous medium
- The material does not undergo any deformation over time

- Heat transfer by radiation is negligible

N2
Air Air
L
L Tf1> @sz
HRf1
Hsz
" 0= *

Figure 1. Physical representation.

2.1.2. Mathematical Equations
Taking into account the simplifying assumptions formulated above, the heat and
mass transfer equations in the material, based on the Luikov model, can be written

as follows in the cartesian referential (Oxy):

2 2:
0w _ D, 0 sz L9 sz L Le oW, @
at o ) c, at

2 2 2: 2
WMo _p [V, Wy | 5y 5Ty O T @
at o oy x| oy

: coefficient of mass diffusion of water in the material
: coefficient of thermal diffusivity of heat in the material

: Thermo migration coefficient

J_ U’% —lU BU

: latent heat of vaporization
: Rate of phase change
C, : Specific heat

2.1.3. Initial and Boundary Conditions
o Initial conditions

At £< f; t (being the instant at which the interaction between the material and
the surrounding environment begins).

T, (X, y,t) =T, (Initial temperature of the material)

W, (X, y,t) =W, (Initial moisture content of the material)

e Boundary conditions

We assume that temperature and moisture content gradients are null on the
horizontal faces. Heat and mass transfer take place only on the vertical faces of the
material in contact with the surrounding environment.

For all ¢#< #: we have:

y=0; O<x<lI:
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ot
" 0 3)
y=0
oW,
vl - 0 (4)
y=0
y=L; O<xx<l:
ot
| - 0 (5)
y=L
oW,
| - 0 (6)
y=L

Air-material interface: Continuity of heat and mass flux densities
e X=0; 0<y<L and x=1; 0<y<L
» Heat flux density

ot aT W,
A =" =1 — —(1- D —
"Xl o, (1-2)Lpi Dy x|, ?)
aT,
Ay =ht, (T, =T, (0,y))+(1-2) p, L, (we —w, ) (8)
x=0

A, : Thermal conductivity of the material

A, : Thermal conductivity of the fluid (air)

p; + Density of the fluid (air)

w,, : Water vapour concentration or dry water vapour content at the surface of
the material

w, : Water vapour concentration or dry-base water vapour content of air

h: convective heat transfer coefficient

The convective heat transfer coefficient ht is determined from the following

corre lations [9]

Nu =0.59- Ra¥*

Nu-4, 0.59-Ra**-2

h = f_ f
L L

Nu: Nusselt number, Ra: Rayleigh number, A.: Thermal conductivity of the
fluid (air)
*  Mass flow density

oW oT oW,
D o +0—" |=p;D
pm m|: 6x ) aX X:| pf f 6x ) (9)
D, : Water-vapour mass diffusion coefficient (n?*-s™)
oW, aT,
mem{ x x"‘5 x X:|:pfhm(wfs _Wf) (10)

In Equations (8) and (10), W, is determined from the Henderson-type sorption
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isotherm [10]: Hr =1—eXp(—k 'Tm 'Wr: ) where H, is the relative humidity, &
and n are characteristic constants of the material determined experimentally, W,

is the dry-base moisture content.

2.1.4. Dimensionless Heat and Mass Transfer Equations
Equations (1, 2) and their associated initial and boundary conditions are dimen-
sioned in order to generalize our results. These equations are dimensioned by the

following dimensionless variables:

T —T W
x*:i;y*=l;t+:D—;t?TnT:m—0?WnT:—m (11)
L L L T, =T, W,

Introducing the above dimensionless variables into the heat and mass transfer

equations leads to the following dimensionless equations:

+ 21+ 21+ +
oT, _ aTn; +6Trg +€.K06Wm 12)
ot* ot oyt t*
+ AN+ + 2T+ 2T+
6W+m =Lu 8W,2n +62W’2n +Lu-Pn %4_% 13)
a‘t ax+ ay+ ax+ ay+
Pn= E: Posnov number

0
The Posnov number characterizes the relative influence of thermal diffusion in
relation to the initial quantity of water present in the material. It can be used to
assess the efficiency of heat transfer in a system where evaporation plays an im-
portant role.
WO
AT -C,

: Kossovitch number

This Kossovitch number is used in heat transfer and thermodynamics to de-
scribe the efficiency of heat transfer in terms of phase change.

Lu =&: Luikov number
DT

Luikov number is used to describe the relationship between heat propagation
and mass propagation in a material.
Boundary conditions (3, 4, 5, 6, 8, 10) are written in dimensionless form:

x"=0;0<y" <L and x*:I—L;Og yr <L’

= Heat and mass flux density

oT! .
m =Bit(T  -1)-Ad(W,-W 14
i (T —2) - Ad (W, W, ) (19)
oW* ot .
n pninl =2 im(w, -w,) (15)
OX | o x|y o Wopn
L-h -p. -
Ad:(l_g)Lva
/1m (Tf _To)
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Bit = ﬁ: Biot number of heat transfer

m

. Lh .
Bim = —™ : Biot number of mass transfer

m
The convective mass transfer coefficient A, is determined from the following

correlations [11]

sh=0.59-(Gr, -Sc)*

Sh: Sherwood number
Dy mass diffusion coefficient water vapour
Gr.: Grashof number of mass transfer

Sc: Schmidt number

I |
T=0;0<x"<—and y"=L;0<x" <—
y L d L
= Heat and mass flux density
aT,
— =0 (16)
o |,
oW,
™~ =0 (17)
" |

3. Numerical Resolution

The heat and mass transfer equations and their associated initial and boundary
conditions were discretised using the implicit finite difference method and solved
using a Fortran code and the Thomas algorithm. The convergence criterion we
have adopted is equal to 1 x 107* and a sub-relaxation coefficient of 7 x 107,

4. Thermophysical Properties of the Material Studied

Most of the thermophysical properties (Table 1) of the material under study were

determined using the KD2-Pro device in our previous work [8].

Table 1. Thermophysical properties of the material.

Material A (W/m-K)
Cinder block 1.32

p (kg/m?) Cr (J/kg-K)
2150 1818

a (m?/s)

3.86 x 107”7

5. Results and Discussion
5.1. Validation of Results

To ensure that our program is valid, we compared our results with some results
from the literature. The temperature and water content distributions determined

numerically by the Luikov model, for a heat and mass transfer problem, are
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compared with those obtained by M. SAIDI ef al [12] in a biosourced building
material of the BTC type (compressed earth bricks). Figure 2 and Figure 3 show
the validation results.

34
324 e
£ 301 ====== :
L W
=]
-§ 28
2 26
£ ]
kS |
24__ center :M.SAIDI and al
22 surface :M.SAIDI and al
T — — center:our results
] — — surface:our results
204 T
0,1 1 10 100 1000
Time(h)

Figure 2. Temperature at the center and surface of cinder block specimen.
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Figure 3. Moisture content at the center and surface of cinder block speci-
men.

The agreement between our results and those of M. SAIDI and al assures us of
the validity of our code for the problems of estimating the temperature and water

content distributions in our porous material.

5.2. Mesh Sensitivity

A sensitivity study was carried out for three different mesh sizes 67x 101, 76 x 151,
51 x 101. The results of this study are obtained by comparing the values of tem-
perature and moisture content at the outer face (x = 0) and inner face (x= 1) of

the material, where the temperature and moisture gradients are greatest. The
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results obtained show that the maximum error between the temperature and wa-
ter content values is of the order of 10~ between these three meshes. Consequently,
we adopted the 51 x 101 mesh.

5.3. Values of the Initial Conditions for the Simulation

At the initial time, the temperature 7; and the water content of the material W,
are taken to be equal to 7p = 22°C and W, = 0.12 kg water/kg respectively. The
two vertical faces of the material are maintained at temperatures 7 = 40°C and
T» = 30°C. The relative humidity of the air in contact with these surfaces is 20%.
The thermo-physical properties and Henderson desorption isotherm coefficients

of the material used in the calculations are given in Table 1 and Table 2.

Table 2. Desorption isotherm coefficients according to the Henderson model.

Desorption isotherm coefficients k n
T7=35"C 1.5 1.047
T=40°C 0.718 0.813
T=50°C 5.199 1.533

5.4. Temperature and Moisture Content Profiles

Figure 4 and Figure 5 shows the temporal evolution of the temperature and mois-
ture content at the center and surface of the material. It can be seen that the tem-
peratures at the center and surface of the material increase over time until they
reach a constant value close to the temperature of the fluid (air). This change in
material temperature is due to natural convection between the fluids and the ma-

terial.

38-. —s— Temperature at the center
4| —e— Temperature on the surface

36
O 34-
o 324
> -
& 30-
5 307
Q 284
5 2.
S 261
24-
22+
1 10 100 1000 10000

Time(min)

Figure 4. Temperature at the center and surface of the cinder block speci-
men.
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Figure 5. Moisture content at the center and surface of the cinder block.

Figure 4 shows the evolution of the temperature at the center and at the surface
of the material. Over a period of 60 minutes (1 hour), the temperature at the center
and at the surface of the material are almost identical and equal to its initial tem-
perature. This is because the quantity of heat supplied by convection in sensible
form by the air, combined with the thermal inertia of the material, is not sufficient
to cause evaporation of the free water at the surface of the material, which could
have an impact on the evolution of the temperature. Over time, the temperatures
at the center and surface of the material change due to the effect of the latent heat
in the air, which causes the water to evaporate very quickly. Almost 5 days (7000
min) later, the temperatures at the center and surface of the material each reach
an almost asymptotic maximum value, marking the complete evaporation of the
free water. During this drying period, the porous material is in thermal equilib-
rium with the drying air. In this state, the material has fully hardened and is ready
for use in construction.

Figure 5 shows the evolution of moisture in the material over time, represented
at the center and at the surface of the material. It can be seen that at the start of
the process, the moisture content in the center of the material is slightly higher
(0.12 kg/kg) than at the surface (0.11 kg/kg). This can be explained by the fact that
water generally accumulates more in the center during the manufacture or storage
of the material. Before 60 min of drying, the moisture content in the center of the
material remains constant because the air temperature does not allow considera-
ble evaporation of free water, but it nevertheless has an impact on the surface of
the material. After 100 minutes, the addition of heat by convection from the air
causes the water to migrate from the center to the surface of the material, where
it evaporates, causing the moisture content in the center to fall. It can be seen that
throughout the drying process, the decrease in moisture at the surface of the ma-
terial over time is greater than that in the middle, because the evaporation of water

at the surface is mainly governed by the gradient in water vapour concentration
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between that at the surface and that of the air in which the material is placed.

5.5. Influence of Air Temperature on Temperature and Moisture
Content at the Center of the Cinder Block

Figure 6 and Figure 7 were obtained by considering different values of air tem-
perature (facel). We analyse the influence of the air temperature 74 (35°C, 40°C
and 50°C) on the spatio-temporal distributions of temperature and moisture con-
tent in the brick.

40
38+
36+
34
32
30+
281
264
241
224

—=—Tf=50°C
—e—Tf=40°C| A
——Tf=35°C

Temperature at the center (°C)

— 10 . 160 r .....1.6.00. ””1.(').000
Time(min)

Figure 6. Influence of air temperature on the temperature at the center of the
cinder block.

Moisture content at center (%)

4+ —=— Tf=50°C
i —e— Tf=40°C
2. —a— Tf=35°C
1 10 100 1000 10000
Time(min)

Figure 7. Influence of air temperature on moisture content at the center of the
cinder block.
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Figure 6 shows the temperature profiles at the center of the cinder block sample.
It can be seen that after each increase in outside air temperature, the temperature
at the center of the material tends to rise rapidly. This rise is due to heat transfer
by convection at the surface and by conduction within the material. This confirms
the effect of air temperature on heat transfer within porous materials. This phe-
nomenon was also observed in the work of [13] on wood, in which the material
was subjected to a very high temperature, which considerably affects the temper-
ature within the material and precipitates the drying time. It is therefore im-
portant to select a drying temperature that maintains the quality of the material,
as too high a temperature can degrade the material, affecting its final quality. This
is particularly important for heat-sensitive materials [14].

The curves in Figure 7 show the changes in water content at three different air
temperatures (35°C, 40°C and 50°C) in the center of the material. At the start of
drying (between 1 and 10 minutes), the water content is practically the same for
all three drying temperatures. This indicates that there is almost no migration of
water from the center to the surface of the material [15]. Analysis of the figure
shows that for three different drying temperatures, the water content in the center
of the material decreases over time. However, this decrease in water content is
more rapid for very high temperatures. According [16], the drying rate of a prod-
uct is proportional to the temperature difference between the material and the
surrounding air. After 100 min, the water content for an air temperature of 50°C
becomes lower, illustrating the effect of the drying temperature in accelerating
water evaporation. This could be due to the increase in thermal energy available

to break the bonds between the water and the material.

5.6. Effect of Thermal Conductivity on Temperature and Moisture
Content at the Center of the Material

Thermal conductivity plays a very important role in the thermal conduction of
building materials and influences heat and mass transfer in these materials. Figure
8 and Figure 9 show the influence of this parameter on hygrothermal transfer.
Figure 8 shows the temperature at the center of the material as a function of
time for different values of thermal conductivity. At the beginning (0 - 1000 min),
all three curves show a rapid increase in temperature. This phase indicates that
the material is heating up rapidly due to the evaporation of free water from the
surface of the material. After 3000 minutes, the temperature at the center of the
material for all three values of thermal conductivity stabilize, indicating that the
material has reached thermal equilibrium. Materials with high thermal conduc-
tivity heat up more quickly and reach a higher temperature, making them suitable
for applications requiring efficient heat transfer. This same phenomenon was ob-
served in the work of [17] for different types of concrete with different thermal
conductivity values. These materials are ideal for applications where rapid heat
dissipation is required [18]. Conversely, low thermal conductivity materials are

better suited to insulation applications.
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Figure 8. Effect of thermal conductivity on the temperature at the center of the
cinder block.

12 —=a— thermal conductivity=1 W/m.k
—e—thermal conductivity=1.5 W/m.k
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Moisture content at center (%)

0 . T
0 2000

] ] ]
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Figure 9. Effect of thermal conductivity on moisture content at the center of the
cinder block.

Figure 9 shows that for all three thermal conductivities, the moisture content
decreases over time, indicating a drying process where the material loses moisture
content over time. It can be seen that the moisture content decreases faster for
materials with a higher thermal conductivity and reaches a lower equilibrium
moisture content compared to those with a lower thermal conductivity. A similar
observation was made in the work of [19]. The authors mention that the improve-
ment in thermal conductivity facilitates faster evaporation of water thanks to more

efficient heat distribution. This could be due to the migration of liquid water from

DOI: 10.4236/0japps.2024.149156 2371 Open Journal of Applied Sciences


https://doi.org/10.4236/ojapps.2024.149156

B. Kiema et al.

the center to the surface of the material under the effect of the fluid temperature
[20]. In addition, materials with a higher thermal conductivity show a faster initial

drying rate and reach equilibrium more quickly [21].

6. Conclusion

We have carried out a numerical analysis of the thermo-hydric behaviour of ce-
mentitious construction materials. The heat and mass transfer equations are based
on the Luikov model. These equations were solved using an implicit finite differ-
ence method and the Thomas algorithm. The results show that heat and mass
transfer are strongly influenced by air temperature. The greater the temperature
of the air in which the material is placed, the greater the decrease over time in the
moisture content of the material. It should also be noted that air temperature and
thermal conductivity play a very important role in determining the drying effi-
ciency of materials. Higher temperatures reduce moisture content more quickly,
but this must be balanced against considerations of material quality and energy
consumption. Our study has been limited to the application of Luikov’s model to
cinder blocks, but we intend to extend it to other building materials, and we intend
to impose a heat flow on the surface of the material in order to analyze its influ-

ence on the hygrothermal parameters of the material.
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