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Abstract: This work aims to study the drying of clay ceramic materials with arbitrary shapes
theoretically. Advanced phenomenological mathematical models based on lumped analysis and
their exact solutions are presented to predict the heat and mass transfers in the porous material and
estimate the transport coefficients. Application has been made in hollow ceramic bricks. Different
simulations were carried out to evaluate the effect of drying air conditions (relative humidity and
speed) under conditions of forced and natural convection. The transient results of the moisture
content and temperature of the brick, and the convective heat and mass transfer coefficients are
presented, discussed and compared with experimental data, obtaining a good agreement. It was
found that the lower the relative humidity is and the higher the speed of the drying air is, the higher
the convective heat and mass transfer coefficients are at the surface of the brick and in the holes,
and the faster the moisture removal material and heating is. Based on the predicted results, the
best conditions for brick drying were given. The idea is to increase the quality of the brick after the
process, to reduce the waste of raw material and energy consumption in the process.

Keywords: drying; ceramic materials; industrial brick; lumped model; simulation

1. Introduction

The need for investment in improving quality and productivity is a growing concern
for the ceramics sector worldwide. Currently, the industrial ceramics sector is well diver-
sified, consisting of several segments, such as red ceramics, coating materials, refractory
materials, electrical porcelain insulators, tableware, artistic ceramics, ceramic filters for
domestic use, technical ceramics and thermal insulation.

Red ceramics are a class of material with a reddish color. This raw material has
been used in civil construction to manufacture products of different geometries, such as
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bricks, blocks, tiles, floors, hollow elements, slabs, tubes, decorative vases, household and
adornment artifacts, among others.

The red ceramic sector only uses common clay as a raw material for the manufacture
of its products. The clays contain a wide variety of mineral substances of a clay nature,
such as quaternary alluvial clays, mudstones, siltstones, shales and rhythms, which burn in
reddish colors, at temperatures between 800 and 1250 ◦C. These clays generally have a very
fine granulometry, a characteristic that gives them, with the incorporated organic matter,
different degrees of plasticity when added with certain percentages of water, and the
workability and resistance to green, dry and after the firing process, which are important
aspects for the manufacture of a wide variety of ceramic products [1].

As it is a sector that produces solid and pierced bricks, structural blocks, tiles and
floors, which has great application in civil construction, the production of red ceramic
products, also known as structural ceramics, is considered a basic activity, due to the fact
that it can be applied to construct homes, buildings, etc. Thus, due to its importance, in
terms of energy and environmental impact, it is necessary to know the manufacture of
products originated from clay.

The manufacturing process of clayey ceramic products comprises several stages, such
as the exploration of deposits, the pre-treatment of raw materials, homogenization, drying,
firing and dispatch [2]. After being extracted from the soil, the clay is sieved and then
moistened with water. These procedures give the material greater plasticity [3], which
facilitates the molding of wet clay in the shape of the desired piece and increases its
mechanical resistance, still in the green state, to be subjected to drying.

Drying is a thermodynamic process whereby the moisture in the solid is reduced by
providing a large amount of thermal energy to evaporate the water and heats the humid
solid. This drying occurs due to the transport of moisture from the center to the surface
of the material, and heat conduction from the surface to the center of the material, when
it comes to convective drying, for example. Moisture transport can occur in the form of
liquid and/or vapor, depending on the type of the solid, their characteristics in terms of
material (shape, composition, porosity, granulometry, etc.) and the percentage of moisture
present in them.

Drying is the stage of the process that precedes firing. In the industry, convective
drying is the technique usually employed. It is an artificial drying that is carried out
in drying chambers or oven. In this type of drying, temperature, relative humidity and
air speed (the thermodynamic state of the drying air) and the characteristics of the raw
material, the shape of the pieces and the type of dryer are essential conditions for the
duration of drying.

In general, the water is evaporated in drying chambers at temperatures ranging from
approximately 38 to 204 ◦C. The total drying time is usually between 24 and 48 h. Although
heat can be generated specifically for the drying chambers, it is usually supplied from the
exhaust heat of the kiln used to fire ceramic products, with the aim of maximizing the
thermal efficiency of the plant.

In any physical situation, heat and moisture must be carefully regulated to avoid or
minimize drying problems, such as cracks in the brick. During the drying stage, shrinkage
affects the mechanical strength and shape of clay bricks. Cracks can be seen when very
rapid drying has been allowed, causing high mechanical stresses within the brick that can
produce cracks or local breakage.

The mechanisms of moisture migration and heating in the material during drying
can be affected by internal and external conditions and are not yet well known. In this
sense, some authors [4–9] state that during the drying of clayey material, the main moisture
migration mechanism is liquid diffusion. However, other researchers such as the authors
of [10,11] consider that a diffusive transport of liquid and vapor occurs, predominantly in
certain moments of drying.

With the drying performed incorrectly, the removal of water from the piece is left
uncontrolled, which can cause structural damages such as cracks, deformations, warping
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and, consequently, a great loss of products. That is why drying operations are important
industrial processes and knowing the mechanism of moisture and heat transfer is of
fundamental importance for the ceramic industry. Additionally, this can be conducted
through refined and precise experimental and theoretical studies, in order to determine the
process parameters and their effects on the quality of the final product.

Therefore, control of the drying process and knowledge of the main mechanism of
moisture migration inside the material play important roles. Further, since with simulation
and/or experimental data, the best conditions of the process (minimum product losses and
energy consumption) can be verified, an improvement in the product quality and a less
expensive product can be obtained.

Drying experiments, although not less important, require a lot of time to perform
and require infrastructure (well-equipped laboratories), which is not always used by the
industrial sector. On the other hand, numerical simulation requires little infrastructure for
its realization, which makes it less expensive and makes it possible to obtain quick results,
which is desirable for the industrial sector.

Mathematical modeling and numerical simulation present a series of useful aspects
from a scientific point of view. Depending on the material studied, its shape and arrange-
ments, mathematical models applied to drying can be divided into lumped or distributed
models [12–17]. The lumped models describe the rates of heat and mass transfer of the
material, ignoring the internal resistance of heat and mass transfer, that is, the effects of
temperature and moisture variation inside the material are neglected. In contrast, the
distributed models describe the rates of heat and mass transfer as a function of the position
within the material and the drying time. Thus, it is clear that these models consider the
external and internal resistances to the transport of heat and mass inside the product.

The distributed models based on the diffusion of liquid and/or vapor within the solid
describe the rates of heat and mass transfer as a function of the position within the solid
and the drying time, thus considering the resistances (external and internal) to the heat
and mass fluxes. When applied to the drying of ceramic materials, the following works
related to the diffusive model are reported in the literature [9,18,19].

Lumped models can be classified as empirical, semi-empirical and theoretical. In
the empirical model, the moisture content is expressed only as a function of the drying
time, while the semi-empirical model considers that the drying rate is proportional to
the difference between the moisture content of the product and its respective equilibrium
moisture content. On the other hand, theoretical models are derived from the distributed
models when severe considerations are previously established [17].

In this context, some research related to the drying models applied to ceramic materi-
als, based on a lumped analysis, is reported in the literature. In some of these works, drying
experiments are carried out, empirical models are proposed and a linear or non-linear
regression is performed to predict the removal of moisture and heating of the product and,
subsequently, to estimate the convective mass and heat transfer coefficients on the surface
of the product using distributed models [20]. In others, the authors develop a lumped
phenomenological mathematical modeling and use previously established heat and mass
transfer coefficients to perform simulations and evaluate the effects of these parameters on
the drying process [21,22].

Thus, the need to develop more complete (phenomenological) lumped models that
involve external and internal parameters to the porous and humid solid was perceived,
aiming to make a greater contribution in the prediction of the phenomena of heat and mass
transport that occur during the drying of a ceramic material. Then, some researchers have
published studies related to predictions of moisture adsorption and desorption in building
material under isothermal condition using lumped model, such as the effective moisture
penetration depth model [23] and the moisture buffering model [24]. The effective moisture
penetration depth model is not suitable when the hygroscopic material is thin and limited,
while the moisture buffering model considers that the mass of moisture buffering of the
materials is in balance with the room humidity. These assumptions reduce the accuracy
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of the models provoking deviation between predicted and experimental data. Moreover,
these models are commonly applied for physical situations at room temperature.

In view of the above, this work aims to study the heat and mass transfer in porous and
arbitrarily shaped solids using the method of lumped analysis with particular reference to
the drying of industrial hollow ceramic bricks. The idea is to show the development of a
new and advanced phenomenological mathematical model and its analytical solution to
predict the drying process and estimate the convective heat and mass transfer coefficients
at different process operational conditions, without the need to perform linear or non-linear
mathematical regression from experimental data and apply for an arbitrarily shaped body.
It is, therefore, an innovative formulation that will certainly help engineers, industrialists,
academics and people interested in the subject in making decisions aimed at improving
and optimizing the drying process, with regard to energy savings, product quality and an
increase in industrial competitiveness. Furthermore, the model has great potential to be
applied in predicting moisture adsorption and desorption at room temperature without
restrictions or modifications.

2. Methodology
2.1. The Physical Problem and Geometry

To assist in understanding the lumped approach, consider a porous body of arbitrary
and hollow shape, as shown in Figure 1. The material can receive (or provide) heat and/or
moisture fluxes per unit of area on its surface and has an evenly distributed internal
generation of mass and/or energy per unit of volume. The lumped analysis method [25]
admits that the moisture and/or temperature of the solid have a uniform distribution at
any time, in such a way that the moisture and/or temperature gradients of the solid are
negligible. Therefore, the moisture content and temperature of the material vary only with
time. Therefore, it is a transient physical problem.
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2.2. Mathematical Modeling

In order to mathematically model the drying process of arbitrary-shaped porous
material (Figure 1), the following assumptions were adopted:

(a) The solid is homogeneous and with constant thermophysical properties;
(b) Moisture content and temperature distributions inside the brick are uniform along

the drying process;
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(c) Drying process occurs by heat and mass diffusion inside the solid and heat and mass
convection and evaporation occur on its surface;

(d) Dimensions of the brick are constant along the drying process.

2.2.1. Mass Conservation Equation

To predict the transfer of mass in the holed porous product and with arbitrary shape,
based on the adopted considerations, the following mass conservation equation is proposed
for all physical domain presented in Figure 1:

V
d M
dt

= −hm1S1
(
M−Me

)
− hm2S2

(
M−Me

)
+

.
M V (1)

Using the initial condition M (t = 0) = M0, separating the variables from Equation (1)
and integrating it from the initial condition, we have the following as a result:(

M−Me
)
−

.
M V

hm1S1+hm2S2(
M0 −Me

)
−

.
M V

hm1S1+hm2S2

= Exp
[(
−hm1S1 − hm2S2

V

)
t
]

(2)

where, in Equations (1) and (2), M is the moisture content on a dry basis (kg/kg); hm1 and
hm2 are the external and internal convective mass transfer coefficients (m/s), respectively;
V is the volume of the homogeneous solid (m3); S1 and S2 are the external and internal
surface areas of the homogeneous solid (m2), respectively;

.
M is the generation of moisture

(kg/kg/s); Me is the equilibrium moisture content on a dry basis (kg/kg) and t is the
time (s).

2.2.2. Thermal Energy Conservation Equation

For the analysis of heat transfer, mass transfer analogy can be made and we can
assume that on the surface of the solid thermal convection, the evaporation and heating of
the produced vapor occur simultaneously. Therefore, the following energy conservation
equation is valid for all the physical domains presented in Figure 1:

ρuVcp
dθ
dt

= hc1S1
(
θ∞ − θ

)
+ hc2S2

(
θ∞ − θ

)
+ ρsV

dM
dt

[
hfg + cv

(
θ∞ − θ

)]
+

.
qV (3)

where ρu is the specific density of the wet solid (kg/m3); cp is the specific heat (J/kgK); θ is
the instantaneous temperature of the solid (K or ◦C); θ∞ is the temperature of the external
medium (K or ◦C); θ0 is the initial temperature of the solid (K or ◦C); hc1 and hc2 are the
external and internal convective heat transfer coefficients (W/m2K), respectively; ρs is the
specific density of the dry solid (kg/m3); cv is the specific heat of the vapor (J/kgK); hfg is
the latent heat of water vaporization (J/kg) and

.
q is the heat generation per unit volume

(W/m3).
Equation (3) is an ordinary differential equation of the first order, it is non-linear and

inhomogeneous; therefore, it cannot be solved analytically. Thus, for the simplification of
Equation (3), the energy needed to heat water vapor from the temperature on the surface
of the solid to the temperature of the fluid is disregarded. Thus, after simplifying and
replacing Equations (1) and (2) in Equation (3), the result is as follows:
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ρVcp
dθ
dt = (hc1S1 + hc2S2)

(
θ∞ − θ

)
+ρshfg

{
(−hm1S1 − hm2S2)

[[(
M0 −Me

)
−

.
MV

hm1S1+hm2S2

]
Exp

[(
−hm1S1−hm2S2

V

)
t
]

+
.

MV
hm1S1+hm2S2

]
+

.
MV

}
+

.
qV

(4)

or yet
dθ
dt

=

(
(hc1S1 + hc2S2

ρVcp

)(
θ∞ − θ

)
+ (5)

ρshfg

ρVcp

{[
(−hm1S1 − hm2S2)

(
M0 −Me

)
+

.
MV

]
Exp

[(
−hm1S1 − hm2S2

V

)
t
]}

+

.
q
ρcp

(6)

Assuming y = θ∞ − θ, then dy
dt = −dθ

dt . Thus, Equation (5) can be written as follows:

y′ + a = −be−ct − d (7)

where

a =
(hc1S1 + hc2S2)

ρVcp
(8)

b =
ρshfg

ρcp

[
(−hm1S1 − hm2S2)

(
M0 −Me

)
+

.
MV

]
(9)

c =
hm1S1 − hm2S2

V
(10)

d =

.
q
ρcp

(11)

Using the initial condition, θ(t = 0) = θ0, and solving Equation (6), we obtain as a
result the following:

θ = θ∞ −
[(

θ∞ − θ0
)
+

(
b

a− c
+

d
a

)]
e−at +

(
b

a− c
e−ct +

d
a

)
(12)

Equation (11) describes the transient behavior of the temperature of the solid through-
out the drying process. It is important to note that Equation (1) and (3) incorporate several
thermophysical parameters of the heating fluid and the material, in such a way, that the
model proposed to describe the drying of the material can be considered as phenomeno-
logical, differently from the models commonly used in the literature, for such purpose.

2.3. Applications to Drying of Industrial Ceramic Bricks
2.3.1. Volume and Surface Area of the Brick

The research was applied to describe the drying of industrial ceramic bricks (Figure 2).
For this solid, the equations for determining the surface area of the brick are defined by the
following:

AC = AL + AI (13)

where
AL = 2

[
(RxRZ) +

(
RxRy

)
+
(
RyRz

)
− 8(ahav)

]
(14)

AI = 16[(ahRz) + (avRz)] (15)

ah =
Rx − 2a2 − a4

2
(16)

av =
Ry − 2a1 − 3a3

4
(17)
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where AC is the total surface area of the brick, AL corresponds to the lateral area (faces) of
the bricks, AI is the internal surface area (internal faces determined by the holes) and ah
and av are the height and width of a hole, respectively.

The calculation of the volume of the brick was made based on the value of its dimen-
sions, width (Rx), height (Ry), length (Rz) and the dimensions that characterize the brick
holes, a1, a2, a3 and a4, using the following equations:

V = VT −Vf (18)

where
VT = RxRyRz (19)

VF = 8avahRz (20)

where V is the total volume of the brick, VT is the volume of the solid brick (with the holes)
and VF is the volume of the holes.
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2.3.2. Thermophysical Properties of Air and Water

Specific heat of the air, latent heat of water vaporization, air density, absolute tem-
perature, universal air constant, relative humidity, saturation vapor pressure and local
atmospheric pressure [26,27], are determined by the following:

cpa
= 1.00926× 103 − 4.04033× 10−2T + 6.17596× 10−4T2 − 4.0972× 10−7T3 (21)

ka = 2.425× 10−2 + 7.889× 10−5T− 1.790× 10−8T2 − 8.570× 10−12T3 (22)

µa = 1.691× 10−5 + 4.984× 10−8T− 3.187× 10−11T2 + 1.3196× 10−14T3 (23)

ρa =
PatmMMa

RaTabs

(
kg/m3

)
(24)

Tabs = Ta + 273.15 K (25)

Ra = 8314.34 (J/kmol K) (26)

RH =
Patm xa

(xa + 0.622) Pvs
(27)
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hfg= 352.8× (374.14− T)0.33052 (kJ/kg) (28)

Pvs = 22105649.25 Exp
{[
−27405.53 + 97.5413Tabs − 0.146244Tabs

2 + 0.12558× 10−3Tabs
3 − 0.48502× 10−7Tabs

4] /[
4.34903Tabs − 0.39381× 10−2Tabs

2]
}

(Pa)
(29)

Patm = 101325 Pa (30)

where, in these equations, xa is the absolute humidity of the air, RH is the relative humidity
of the air, MMa = 28.966 kg/kmol is the molecular weight of the gas, Ra is the universal
constant of the gases, Tabs is the absolute temperature in Kelvin and P is the pressure on
Pascal.

The specific heats of water in the liquid and vapor phases are determined by the
following [26]:

cw = 2.82232 + 1.18277× 10−2Tabs − 3.5047× 10−5Tabs
2 + 3.6010× 10−8Tabs

3 (31)

cv = 1.8830− 0.16737× 10−3Tabs + 0.84386× 10−6Tabs
2 − 0.2696610−9Tabs

3 (32)

2.3.3. Estimation of Convective Heat and Mass Transfer Coefficients

In this research, the brick was considered to be in a lateral position to the fluid that
flows on the material surface, as illustrated in Figure 3. For this situation, depending on
the speed of the drying air, the drying process can occur by natural, forced convection or
a combination of them on all external faces of the brick and by natural convection in the
internal walls of the hole.

In forced convection, the tendency of a particular system is based mathematically on
the Reynolds number (Re) of the fluid, which is the ratio of the inertial forces to the viscous
forces. This dimensionless parameter is defined as follows:

ReLc =
ρavaLc

µa
(33)

where Lc represents a characteristic length of the porous solid.
In natural convection, the tendency of a particular system is based mathematically on

the Grashof number (Gr) of the fluid, which is the ratio between the buoyancy and viscous
forces. This dimensionless parameter is given as follows:

GrLc =
gβ(Ts − T∞)L2

c
2 (34)

where g is the gravitational acceleration, β = 1
Tf

is the thermal expansion coefficient,

Tf =
Ts+T∞

2 is the film temperature on the absolute scale, Ts is the plate temperature, T∞ is
the fluid temperature and ν = µ

ρ is the kinematic viscosity.
The product of the Grashof number by the Prandtl number (Pr) is called the Rayleigh

number (Ra) of the fluid. Thus, the Rayleigh number is given by the following:

RaLc = GrLcPr =
δβ(Ts − T∞)Lc

3

2 Pr (35)

where Pr = Caµa
ka

.
The relative magnitudes of the Grashof and Reynolds numbers determine which form

of convection dominates the phenomenon. For example, if Gr
Re2 � 1, forced convection can

be neglected, whereas if Gr
Re2 � 1, natural convection can be neglected. For other situations,

both forced convection and natural convection must be considered in a combined manner.
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The average Nusselt number of the fluid on the surface of the porous solid can be
determined as follows:

Nu =
hcLc

ka
(36)

Looking to Figure 3, it can be seen that the brick is composed of vertical and horizontal
plates, upper and lower, both on the external surface and in the holes, all at a lower
temperature than the drying fluid. Thus, based on this geometry, one can determine the
Nusselt numbers for heat transfer and, thus, determine the convective heat and mass
transfer coefficients for each physical situation, under air flow regime [25,28].
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Natural Convection

For natural convection on flat surfaces, the following empirical correlations for the
average Nusselt number are given:

(a) Vertical plate

Nupvt =

0.825 +
0.387RaL

1/6[
1 + (0.492/Pr)9/16

]8/27


2

(37)

where, in the calculation of the number of Rayleigh (RaL), Lc = Ry, for the front and rear
plates.

Nupvl =

0.825 +
0.387RaL

1/6[
1 + (0.492/Pr)9/16

]8/27


2

(38)
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where, in the calculation of the Rayleigh number (RaL), Lc = Ry − 4 ((Ry − 2a1 − 3a3)/4),
for the side plates.

(b) Horizontal plate (Top surface)

Nuphs = 0.27(GrLPr)1/4, 105 < GrL Pr < 1011 (39)

where, in calculating the number of Rayleigh (RaL), Lc = RxRz/(2Rx + 2Rz).

(c) Horizontal plate (bottom surface)

Nuphi = 0.54 (GrL Pr)1/4, 104 < GrLPr < 107 (40)

Nuphi = 0.15 (GrL Pr)1/3, 107 < GrLPr < 1011 (41)

where, in calculating the number of Rayleigh (RaL), Lc = RxRz/(2Rx + 2Rz).

(d) Vertical Plate (Hole)

Nupvf =

{
576

[RaL(Lc/Rz)]2
+

2.873

[RaL(Lc/Rz)]0.5

}−0.5

(42)

where Lc = (Rx − 2a2 − 2a4)/2.

(e) Horizontal plate (Hole)

Nuphf =

{
576

[RaL(Lc/Rz)]2
+

2.873

[RaL(Lc/Rz)]0.5

}−0.5

(43)

where Lc = (Ry − 2a1 − 3a3)/4.
From Equations (34)–(40), the convective heat transfer coefficients were calculated on

the flat external surfaces and on the brick hole, using the following equation:

hc =
Nuka

Lc
(44)

With Equation (41) applied to each of the outer flat surfaces and the brick hole, the
average external and internal convective heat transfer coefficients were obtained, as follows:

hc1 = hc ext

∣∣∣
nc

=


(

2hcpvt + 2hcpvl + hcphs + hcphi

)
6


nc

(45)

hc2 = hc int

∣∣∣
nc

=


(

hcpvf + hcphf

)
2


nc

(46)

where the nc sign indicates free convection.
Once the external and internal convective heat transfer coefficients were determined,

the convective mass transfer coefficients were determined on the flat outer and hole surfaces
of the brick, using the Chilton–Colburn analogy for heat and mass transfer, as follows:

hm =
hcDvaLe1/3

ka
(47)
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where Le = α
Dva

= ka
Dvaρacpa

is the Lewis number, α = ka
ρacpa

is the thermal diffusivity of the
air and Dva is the diffusion coefficient of water vapor in the air, given by the following:

Dva = 1.87× 10−10 T(K)2.072

P(atm)
(48)

With Equation (44) applied to each of the external flat surfaces and the brick hole,
the average external and internal convective mass transfer coefficients were obtained, as
follows:

hm ext

∣∣∣
nc

=


(

2hmpvt + 2hmpvl + hmphs + hmphi

)
6


nc

(49)

hm int

∣∣∣
nc

=


(

hmpvf + hmphf

)
2


nc

(50)

Since the convective heat and mass transfer coefficients, determined by Equations (45)
and (46), are calculated with the drying air parameters, and these same parameters that are
present in Equations (2) and (11) are dependent on the brick parameters, it is necessary to
recalculate these parameters for this new physical situation. This is performed using the
following equations:

hm1 =
ρa
ρs

(xbu − x0)

(M0 −Me)
hm ext

∣∣∣
nc

(51)

hm2 =
ρa
ρs

(xbu − x0)

(M0 −Me)
hm int

∣∣∣
nc

(52)

where ρs is the density of the brick, xo is the absolute humidity of the air at the drying air
temperature and xbu is the absolute humidity of the air at the wet bulb temperature of the
drying air, given by the following:

xbu =

(
Pvwb

Patm − Pvwb

)(
MMv

MMa

)
(53)

where Pvwb is the vapor pressure in the air at the wet bulb temperature of the air (which is
equal to the saturation pressure of the water vapor at the wet bulb temperature) and MMv
is the molecular weight of the water vapor.

Forced Convection

For forced convection on the external walls of the brick, depending on the air flow
regime, the Nusselt number can be determined as follows:

(a) Laminar flow (Re < 5 × 105)

Nui = 0.664ReLc
0.5Pr1/3 (54)

(b) Turbulent flow (5 × 105 < Re < 1 × 107)

Nui = 0.037ReLc
0.8Pr1/3 (55)

where subscript i refers to pvt, pvl, phs and phi. In calculating the Reynolds number, Lc =
Ry for the front and rear plates; Lc = RxRz/(2Rx + 2Rz) for the upper and lower plates and
Lc = Ry − 4 [(Ry − 2a1 − 3a3)/4] for the side plates.
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In the hole, the condition remains natural convection, the Nusselt number being
calculated as defined in Equations (34) and (40). From Equations (34), (40), (50) and (52),
the convective heat transfer coefficients were calculated on the flat external surfaces and
on the brick hole, using Equation (41). From these coefficients, the average external and
internal convective heat transfer coefficients were obtained, as follows:

hc1 = hc ext

∣∣∣
fc
=


(

2hcpvt + 2hcpvl + hcphs + hcphi

)
6


fc

(56)

hc2 = hc int

∣∣∣
nc

=


(

hcpvf + hcphf

)
2


nc

(57)

where the subscript fc indicates forced convection.
Once the external and internal convective heat transfer coefficients were determined,

the convective mass transfer coefficients were determined on the flat outer and surfaces of
the brick hole, using the Chilton–Colburn analogy for heat and mass transfer, as defined by
Equation (43). From these coefficients, the average external and internal convective mass
transfer coefficients were obtained, as follows:

hm ext

∣∣∣
fc
=


(

2hmpvt + 2hmpvl + hmphs + hmphi

)
6


fc

(58)

hm int

∣∣∣
nc

=


(

hmpvf + hmphf

)
2


nc

(59)

Since the convective heat and mass transfer coefficients, determined by Equations (54)
and (55), are calculated with the drying air parameters, and these same parameters that are
present in Equations (2) and (11) are dependent on the brick parameters, it is necessary to
recalculate these parameters for this new situation. This is performed using the following
equations:

hm1 =
ρa
ρs

(xbu − x0)

(M0 −Me)
hm ext

∣∣∣
fc

(60)

hm2 =
ρa
ρs

(xbu − x0)

(M0 −Me)
hm int

∣∣∣
nc

(61)

Combined Natural and Forced Convection

In case both natural and forced convection are important, the Nusselt number is given
by a combination of effects as follows:

Nui =
[
Nui, nc

3 + Nui, fc
3
] 1

3 (62)

where subscript i refers to pvt, pvl, phs and phi for external surface plates and pvf and phf,
for hole plates.

From the Nusselt numbers calculated using Equation (58), the convective heat transfer
coefficients on the flat external surfaces and the brick hole were calculated, using Equation
(41). In turn, from these coefficients, the average external and internal convective heat
transfer coefficients were obtained, as follows:

hc1 = hc ext

∣∣∣
cc
=


(

2hcpvt + 2hcpvl + hcphs + hcphi

)
6


cc

(63)
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where the cc subscript indicates combined convection.
Once the external and internal convective heat transfer coefficients were determined,

the convective mass transfer coefficients were determined on the flat outer and hole surfaces
of the brick, using the Chilton–Colburn analogy for heat and mass transfer, as defined by
Equation (43). From these coefficients, the average external and internal convective mass
transfer coefficients were obtained, as follows:

hm ext

∣∣∣
cc
=


(

2hmpvt + 2hmpvl + hmphs + hmphi

)
6


cc

(64)

hm int

∣∣∣
cc
=


(

hmpvf + hmphf

)
2


cc

(65)

Since the convective heat and mass transfer coefficients, determined by Equations (61)
and (62), are calculated with the drying air parameters, and these same parameters that are
present in Equations (2) and (11) are dependent on the brick parameters, it is necessary to
recalculate these parameters for this new situation. This is performed using the following
equations:

hm1 =
ρa
ρs

(xbu − x0)

(M0 −Me)
hm ext

∣∣∣
cc

(66)

hm2 =
ρa
ρs

(xbu − x0)

(M0 −Me)
hm int

∣∣∣
cc

(67)

2.3.4. Cases Studied
Validation

Silva [8] developed an experimental study on the drying of industrial clay bricks. To
carry out the drying experiment, the following procedures were adopted:

• Initially, dimensions, mass, brick temperature, ambient temperature and relative
humidity were measured.

• Following that, the bricks were placed inside the oven where drying was carried out.
In this process, air temperature inside the oven was established at 100◦C through the
temperature controller.

• At previously established time intervals, the brick was withdrawn from the oven,
making it possible to measure its temperature, mass and dimensions. In principle,
measurements were made every 10 min for up to 30 min. Then, the measurements
were made every 30 min, with the next measurements being made every 60 min until
the mass was approximately constant.

• Soon after, the sample was subjected to drying for 24 h to obtain the equilibrium mass,
and then for another 24 h, to obtain the dry mass.

Figure 4 illustrates the specimen model used by the author of [8], the positions where
the measurements of temperature, width (Rx), height (Ry), length (Rz) and the dimensions
that characterize the holes in the bricks (a1, a2, a3 and a4) were obtained.

From the data obtained of the average moisture content throughout the drying process,
it was possible to verify that in the initial period, the moisture loss rates are higher, requiring
the researcher to read these data in shorter intervals, which can be expanded, as the process
developed. From the physical point of view, this methodology is extremely satisfactory,
as it allows the description of the phenomenon with great precision, especially at the
beginning of the process. However, it is statistically more appropriate to perform parameter
comparisons from a more uniform distribution of points throughout the process. Thus,
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the author proposed to fit an exponential equation with 2 terms and 4 parameters to these
experimental data, as follows:(

M−Me
Mo−Me

)
= A1Exp(k1t) + A2Exp(k2t) (68)

where t is given in minutes. The estimation of parameters A1, A2, k1 and k2 in Equation
(65) was performed using the numerical method of Rosembrock and quasi-Newton using
the Statistica® Software, with a convergence criterion of 0.001. Table 1 summarizes the
values of these estimated parameters.

Similar to the procedure adopted by the author of [8], Lima et al. [15] proposed fitting
an exponential equation with 2 terms and 4 parameters to the experimental data of the
surface temperature of the brick, as follows:

θ = B1 + B2 Log10

(
tk3 + B3

)
(69)

where t is given in minutes. The estimation of parameters B1, B2, k3 and B3 was performed
using the Quasi-Newton numerical method using the Statistica® Software, with a conver-
gence criterion of 0.0001. Table 2 summarizes the values of these estimated parameters.

Table 1. Parameters of Equation (65) obtained after fitting to experimental data of average moisture
content [8].

T
(◦C)

Parameters
R Proportion of

VarianceA1 (-) k1 (min−1) A2 (-) k2 (min−1)

100 4.875507 −0.008383 −3.827964 −0.007881 0.998297496 0.996597890
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Figure 4. Brick model with the dimensions that characterize the brick and holes, and the location of
the brick temperature measurement.

With the equations adjusted, instants of “data taking” were fixed along the process in
which the average moisture content and temperature could be determined. This procedure
allowed that uniform distribution of these points was reached. Following that, these equa-
tions were used in the computer program, to ensure that the predicted and experimental
results of these process parameters could be compared.
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Table 2. Equation (66) parameters obtained after adjustment to experimental moisture content
data [15].

T
(◦C)

Parameters
R Proportion of

VarianceB1 (◦C) B2
(◦C/Log10(min)) B3 (min) k3 (-)

100 −2.86969 15.41788 118.38213 2.234665 0.984632771 0.969501694

Tables 3 and 4 show, for the experiment, the geometric information, temperature
and moisture content of the brick and the drying air conditions used in the oven. Table 5
summarizes the thermophysical properties, external and internal surface areas and brick
volume, at the beginning of the process. To obtain the predicted results of the average
moisture content and temperature at the vertex of the brick, a computational code was
developed in the Mathematica®software. The quadratic deviations between the experi-
mental and calculated values and the variance for the average moisture content and surface
temperature were obtained as follows:

ERMQM =
n

∑
i=1

(
Mi,Num −Mi,Exp

)2 (70)

S2
M =

ERMQM
(n− n̂)

(71)

ERMQθ =
n

∑
i=1

[(
θi,Num − θi,Exp

)
(θe − θ0)

]2

(72)

S2
θ =

ERMQθ

(n− n̂)
(73)

where n = 56 is the number of experimental points and n̂ = 0 is the number of fitted
parameters (number of degrees of freedom) [29].

Table 3. Experimental parameters of air and dimensions of hollow ceramic bricks used in the
experiments [8].

Air Brick

T
(◦C)

RH
(%)

v
(m/s)

Rx
(mm)

Ry
(mm)

Rz
(mm)

a1
(mm)

a2
(mm)

a3
(mm)

a4
(mm)

100 1.8 0.10 92.8 198.0 202.0 11.7 9.41 8.74 8.0

Table 4. Experimental parameters of air and brick for drying test [8].

Air Brick
t (h)

T (◦C) Mo (d.b.) Mf (d.b.) Me (d.b.) θ0 (◦C) θf (◦C)

100 0.16903 0.00038 0.00038 26.1 93.2 12.3

Table 5. Thermophysical and geometric parameters of the brick used in the simulation.

Brick

k
(W/mK)

ρu
(kg/m3)

ρs
(kg/m3)

cp
(J/kgK)

S1
(mm2)

S2
(mm2)

V
(mm3)

0.833 1754.88 1889.95 545.00 134,651.775 226,514.720 1,734,026.095
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Studied Cases

To verify the application of the mathematical model to the drying of industrial bricks,
11 cases were defined for simulation (Table 6). The aim is evaluating the effect of the
following different process parameters: temperature and relative humidity of the drying
air, in the removal of moisture and temperature of the brick during drying. In all cases
studied, the dimensions, initial and equilibrium moisture contents, initial temperature and
thermophysical properties of the brick are reported in Tables 3–5.

Table 6. Air and brick conditions used in drying simulations.

Case
Air

T∞(◦C) RH (%) v (m/s) Twb (◦C) x0 (kg/kg)

1 100 20 0.1 62.46 0.15550

2 100 30 0.1 70.48 0.26660

3 100 40 0.1 76.76 0.41470

4 100 50 0.1 81.98 0.62210

5 100 60 0.1 86.45 0.93330

6 100 70 0.1 90.38 1.45200

7 100 70 0.5 90.38 1.45200

8 100 70 1.0 90.38 1.45200

9 100 70 3.0 90.38 1.45200

10 100 70 5.0 90.38 1.45200

11 100 70 8.0 90.38 1.45200

3. Results and Discussion
3.1. Validation

Figure 5 illustrates a comparison between the predicted and experimental results [8]
of the average moisture content of the brick during the drying process. An analysis of
this figure shows a good agreement between the results. From the comparison with
the experimental data obtained from Equation (50), ERMQM = 0.00509741 (kg/kg)2 and
S2

M = 9.10252 × 10−5 (kg/kg)2 were obtained. For this physical situation, the follow-
ing convective mass transfer coefficients were obtained hm1 = 6.46958 × 10−7 m/s and
hm2 = 6.13473 × 10−7 m/s.
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Figure 5. Comparison between the predicted and experimental average moisture content during the
drying process of industrial hollow ceramic bricks.
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Figure 6 illustrates a comparison between the predicted and experimental results [8,15]
of the temperature at the vertex of the brick during the drying process. An analysis of
this figure shows a good agreement between the results. From the comparison with the
experimental data obtained from Equation (51), ERMQθ = 0.346251426 (◦C/◦C)2 and
S2
θ = 0.006183061 (◦C/◦C)2 were obtained. For this physical situation, the following con-

vective heat transfer coefficients were obtained: hc1 = 6.89281 W/m2K and hc2 = 6.53606
W/m2K. These low values of the convective heat transfer coefficient are typical of a physical
situation of natural convection. In fact, for this case, a ratio Gr/Re2 = 10705.4 was obtained,
which is much greater than 1.0, justifying that the effect of natural convection is much
higher than forced convection.
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3.2. Analysis of the Drying Process
3.2.1. Effect of Relative Humidity of Drying Air

Figure 7 shows the drying kinetics of the industrial ceramic brick, in different relative
humidities of the drying air, with the air temperature and speed kept constant (Cases 1 to 7,
from Table 6). An analysis of this figure shows that the lower the relative humidity of the
drying air, the faster the solid dries and, with that, there is a reduction in the drying time,
to reach a previously specified moisture content. To give an idea, in t = 500 min (8.33 h) of
the process, the average moisture content of the brick is 0.01433 and 0.05341 kg/kg (dry
basis), for the relative humidity of 20% and 70%, respectively.

Figure 8 shows the heating kinetics of the industrial ceramic brick, in different relative
humidities of the drying air, keeping the temperature and air speed constant. An analysis
of this figure shows that the lower the relative humidity of the drying air is, the faster the
solid heats up. To give an idea, in t = 500 min (8.33 h) of the process, the brick temperature
is 95.49 and 89.09 ◦C for the relative humidity of 20 and 70%, respectively.

It is worth mentioning that higher drying and heating rates can cause problems in
the brick structure and reduce the quality of the product at the end of the drying process.
Therefore, it is preferable to have a process with a higher relative humidity, thus preventing
defects from the drying process, such as cracks, deformations and fractures in the brick.
However, the process time is longer, which reduces the productivity of this type of ceramic
product.
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Figure 7. Average moisture content of industrial ceramic brick as a function of time for different
relative humidity of the drying air.

Table 7 summarizes the values of the convective heat and mass transfer coefficients
obtained under different drying conditions (Cases 1 to 6). An analysis of this table shows
that both the convective mass transfer coefficient and the convective heat transfer coefficient
decrease with an increase in the relative humidity of the drying air. Its values are small,
typical of a natural mass and thermal convection problem. This can be confirmed by the
high values of the relationship between the Grashof and Reynolds numbers ( Gr

Re2 � 1), in
such a way that the effects of forced convection are negligible. Similar to the effect of the
drying air temperature, the convective heat and mass transfer coefficients in the hole of the
brick are slightly lower than those on the outer surface of the brick.
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Figure 8. Temperature at the vertex of the industrial ceramic brick as a function of time for different
relative humidity of the drying air.
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From the above, it can be said that for the drying situation with a lower relative
humidity, there is slightly longer drying time, which leads to slightly lower productivity,
but with products with good quality. This is because the removal of moisture is controlled
and the temperature of the brick, throughout the process, is lower, reducing the thermo-
mechanical effects of moisture and thermal gradients inside the brick. Moreover, we can
mention the fact that the energy cost is much lower when drying with a low relative
humidity (20%) compared to drying with relative humidity 70%, which reduces the final
cost of the product.

Table 7. Heat transfer coefficients and convective mass for different relative humidity of the drying air.

Drying Air Condition Mass Transfer Coefficient Heat Transfer Coefficient
Gr/Re2

(-)T (◦C) RH (%) v (m/s) hm1
(m/s)

hm2
(m/s)

hc1
(W/m2K)

hc2
(W/m2K)

100 20 0.1 4.10 × 10−7 3.92 × 10−7 5.91 5.66 6037.75

100 30 0.1 3.46 × 10−7 3.32 × 10−7 5.53 5.31 4694.73

100 40 0.1 2.94 × 10−7 2.83 × 10−7 5.19 4.99 3663.88

100 50 0.1 2.59 × 10−7 2.50 × 10−7 4.85 4.67 2820.57

100 60 0.1 2.22 × 10−7 2.14 × 10−7 4.50 4.34 2107.97

100 70 0.1 1.89 × 10−7 1.83 × 10−7 4.13 3.98 1488.59

3.2.2. Effect of Drying Air Speed

Figure 9 shows the drying kinetics of the industrial ceramic brick, at different speeds
of the drying air, keeping the temperature and relative humidity of the air constant (Cases
6 to 11, from Table 6). Analyzing this figure, it can be seen that, the higher the speed of the
drying air is, the faster the solid dries and, with that, there is a reduction in the drying time,
to reach the previously desired moisture content. In addition, it can be seen that for low
speeds (up to 0.5 m/s), the drying kinetics is independent of the value of this parameter,
substantially modifying the behavior of moisture loss for higher speeds. To give an idea, in
t = 500 min (8.33 h) of the process, the average moisture content of the brick is 0.05341 and
0.00091 kg/kg (dry basis), for air speeds of 0.1 and 8.0 m/s, respectively.
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Figure 9. Average moisture content of industrial ceramic brick as a function of time for different
drying air speeds.



Energies 2021, 14, 4294 20 of 25

In Figure 10, it is possible to observe that the heating kinetics of the industrial ceramic
brick, at different speeds of the drying air, keeping the temperature and relative humidity
of the air constant. From the analysis of this figure, it can be seen that the higher the speed
of the drying air, the faster the solid heats up (higher heating rates). The explanation for
this fact is related to the dependence of the convective heat transfer coefficient on the speed.
To give an idea, in t = 500 min (8.33 h) of the process, the brick temperature is 89.09 and
99.89 ◦C for the air speeds of 0.1 and 8.0 m/s, respectively.

As previously mentioned if the drying and heating rates are higher, it can cause
problems in the brick structure and reduce the quality of the product at the end of the
drying process. Therefore, it is preferable to have a process with a lower air speed, thus
preventing defects from the drying process, such as cracks, deformations and fractures in
the brick. However, the process time is longer, which reduces the productivity of this type
of ceramic product.
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Figure 10. Temperature at the vertex of the industrial ceramic brick as a function of time for different
drying air speeds.

Table 8 shows the values of the convective heat and mass transfer coefficients obtained
under different drying conditions (Cases 6 to 11). Analyzing the results of this table, it
can be seen that both the convective mass transfer coefficient and the convective heat
transfer coefficient increase with an increasing drying air speed. For speeds up to 0.5 m/s,
the values of hm1, hm2, hc1 and hc2 are small, typical of a natural mass and a thermal
convection problem. This can be confirmed by the high values of the relationship between
the Grashof and Reynolds numbers ( Gr

Re2 � 1), in such a way that the effects of forced
convection are negligible. However, for a speed between 1.0 and 8.0 m/s, the process occurs
by combined natural and forced convection, confirmed by the values of the relationship
between the Grashof and Reynolds numbers that are in the range of 0.23 ≤ Gr

Re2 ≤ 14.89.
Since the convective effects are more intense on the external surface of the brick, the

values of the mass transfer coefficients (hm1) and heat (hc1) are much higher than the
values of these parameters in the holes, where natural convection predominates.

Comparing the values of these parameters with those obtained when analyzing the
effects of the relative humidity of the drying air, it can be observed that drying at a higher
speed (Case 11) has a much higher convective mass and heat transfer coefficients. For
example, for drying at T = 100 ◦C, RH = 70% and v=8.0 m/s, at t = 1000 min (16.67 h),
the average moisture content of the brick was 0.00038 kg/kg (dry basis) and its vertex
temperature reached 100 ◦C. For drying at T = 100 ◦C, RH = 20% and v = 0.1 m/s, at that
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same time, the average moisture content of the brick was 0.0015 kg/kg (dry basis) and its
temperature at the apex reached 99.62 ◦C.

Table 8. Convective heat and mass transfer coefficients for different drying air speeds.

Drying Air Condition Mass Transfer Coefficient Heat Transfer Coefficient
Gr/Re2

(-)T (◦C) RH (%) v (m/s) hm1
(m/s)

hm2
(m/s) hc1 (W/m2K)

hc2
(W/m2K)

100 70 0.1 1.89 × 10−7 1.83 × 10−7 4.13 3.98 1488.59

100 70 0.5 1.89 × 10−7 1.83 × 10−7 4.13 3.98 59.54

100 70 1.0 7.44 × 10−7 2.30 × 10−7 16.22 5.02 14.89

100 70 3.0 12.81 × 10−7 2.30 × 10−7 27.93 5.02 1.65

100 70 5.0 16.53 × 10−7 2.30 × 10−7 36.02 5.02 0.59

100 70 8.0 20.90 × 10−7 2.30 × 10−7 45.55 5.02 0.23

It is worth noting that in the industry, the average moisture content found in the
ceramic bricks, at the end of the drying stage, reaches values between 3 and 4% (wet basis)
and the process time is around 24 h, for drying being carried out in a crossflow tunnel
dryer. In this type of dryer, the length of the equipment can reach 100 m, the temperature
varies from 25 to 120 ◦C and the relative humidity ranges from 60 to 90%, but in some
equipment of shorter length (35 m, for example), the value of this parameter can reach 10%.
In general, after drying, due to the low moisture content, the brick absorbs water (either
in the form of vapor, contained in the air, or in liquid form, from rain or soil, during the
storage phase, before firing), which causes slight degradation due to volumetric expansion.

Table 9 summarizes the results that meet the conditions of the final moisture content
established by the industrial sector for each drying condition studied. Thus, evaluating the
results obtained in the analyzed cases, considering the maximum final moisture content
of 3 to 4% (dry basis) and the temperature of the brick, the position of the brick with a
hole perpendicular to the air flow, the drying time in these moisture content conditions, as
well as the experimental results (in terms of brick quality during drying) presented by the
author of [8], T = 100 ◦C, RH = 50% and v = 0.1 m/s are suggested as the optimal drying
conditions.

Table 9. Brick conditions at the end of the drying process.

Case
Air Brick

T∞(◦C) RH (%) v (m/s) M (kg/kg) θ (◦C) t (min)

1 100 20 0.1 0.03239 89.65 333.33

2 100 30 0.1 0.03385 90.34 383.33

3 100 40 0.1 0.03398 91.31 450.00

4 100 50 0.1 0.03502 91.60 500.00

5 100 60 0.1 0.03502 92.30 583.33

6 100 70 0.1 0.03644 92.58 666.67

7 100 70 0.5 0.03644 92.58 666.67

8 100 70 1.0 0.03825 92.21 283.33

9 100 70 3.0 0.03167 93.56 216.67

10 100 70 5.0 0.03782 92.30 158.33

11 100 70 8.0 0.03024 93.86 150.00
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3.3. Limitations of the Proposed Model

Despite the advantages presented by the proposed mathematical model, it fails in
some points, such as:

(a) In physical situations involving the effect of moisture removal on solid heating
(simultaneous heat and mass transport);

(b) In physical situations involving heterogeneous solids;
(c) It does not allow for the determination of temperature gradients and the moisture

content inside the material; therefore, analysis of internal hydric and thermal stresses
during the drying process is not possible.

4. Conclusions

In this work, the physical problem of industrial clay brick drying using a lumped
approach has been analyzed. From the results obtained, it can be concluded that:

(a) The phenomenological mathematical modelling based on a lumped analysis to predict
the mass and heat transfers in hollow ceramic bricks, was adequate, with small devia-
tions from the experimental data on the average moisture content and temperature of
the product over the process;

(b) The lower the relative humidity is and the higher the speed of the drying air is, the
faster the brick loses moisture and raises its temperature, which can cause defects in
the post-drying product, reducing its quality for the firing step;

(c) The heat and mass transfer coefficients on the external surface and on the brick
hole are different, being higher on the external surface, especially under a forced
convection condition;

(d) The convective mass transfer coefficient on the external surface of the brick varied
from 1.89 × 10−7 m/s in the drying condition at 100 ◦C, 70% and 0.1 m/s (natural
convection) up to 20.90 × 10−7 m/s at 100 ◦C, 70% and 8.0 m/s (combined and
natural convection). The convective mass transfer coefficient in the brick hole varied
from 1.83 × 10−7 m/s in the drying condition at 100 ◦C, 20% and 0.1 m/s (natural
convection) up to 2.30 × 10−7 m/s at 100 ◦C, 70% and 8.0 m/s (natural convection).

(e) The convective heat transfer coefficient on the external surface of the brick varied from
4.13 W/m2K in the drying condition 100 ◦C, 70% and 0.1 m/s (natural convection) to
45.55 W/m2K at 100 ◦C, 70% and 8.0 m/s (combined and natural convection). The
convective heat transfer coefficient in the brick hole varied from 3.98 W/m2K in the
drying condition 100 ◦C, 70% and 0.1 m/s (natural convection) to 5.02 W/m2K at
100 ◦C, 70% and 8.0 m/s (natural convection).

(f) Based on the maximum final moisture content of 3 to 4% (dry basis) after drying,
commonly used in the industry, the temperature of the brick, the position of the brick
with a hole perpendicular to the air flow, the drying time in these moisture content
conditions and the experimental results (in terms of brick quality during drying)
presented by the author of [8], T = 100 ◦C, RH = 50% and v = 0.1 m/s are proposed as
the optimal drying conditions.
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Nomenclature

Latin Letters
a1, a2, a3, a4 Dimensions of the brick holes (m)
AC Total surface area (m2)
AL Lateral area (m2)
AI Internal surface area (m2)
ah Height of a hole (m)
av Width of a hole (m)
cp Specific heat of the brick (J/kgK)
cv specific heat of the vapor phase (J/kgK)
cpa

Specific heat of the air (J/kgK)
cw specific heat of water in the liquid phase (J/kgK)
Dva diffusion coefficient of water vapor in the air (m2/s)
ERMQM Quadratic deviations for moisture content (kg2/kg2)
ERMQθ Quadratic deviations for temperature (◦C2/◦C2)
Gr Grashof number (—)
g Gravitational acceleration (m/s2)
hfg Latent heat of water vaporization (J/kg)
hc1 External convective heat transfer coefficients (W/m2K)
hc2 Internal convective heat transfer coefficients (W/m2K)
hm1 External convective mass transfer coefficients (m/s)
hm2 Internal convective mass transfer coefficients (m/s)
Le Lewis number (—)
Lc Characteristic length (m)
MMv molecular weight of the water vapor (kg/kmol)
.

M Generation of moisture (kg/kg/s)
Me Equilibrium moisture content (kg/kg, d.b)
M0 Initial moisture content (kg/kg, d.b)
M Average moisture content (kg/kg, d.b)
MMa Molecular weight of the gas (kg/kmol)
n Number of experimental points (—)
ˆ
n Number of fitted parameters (—)
Nu Nusselt number (—)
Pvwb Vapor pressure in the air at the wet bulb temperature (Pa)
Pr Prandtl number (—)
Pvs Saturation vapor pressure (Pa)
Patm Atmospheric pressure (Pa)
P pressure (Pa)
.

q Heat generation per unit volume (W/m3)
Ra Universal constant of the gases (J/molK)
Ra Rayleigh number (—)
Re Reynolds number (—)
Rx Width (m]
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Ry Height (m]
Rz Length (m]
RH Relative humidity (%]
S1 Internal surface area (m2]
S2 Enternal surface area (m2]
S2

M Variance for moisture content (kg2/kg2)
S2
θ Variance for temperature (◦C2/◦C2)

t Time (s or min)
Tabs Absolute temperature (K)
Tf Film temperature (K or ◦C)
Ts Plate temperature (K or ◦C)
T∞ Fluid temperature (K or ◦C)
VT Volume of the solid brick (with the holes) (m30
VF Volume of the holes (m3)
V Volume (m3)
xa Absolute humidity of the air (kg/kg)
xo Absolute humidity of the air at the drying air temperature (kg/kg)
xbu Absolute humidity of the air at the wet bulb temperature (kg/kg)

Greek Letters
α Thermal diffusivity of the air (m2/s)
β Thermal expansion coefficient (K−1)
ν Kinematic viscosity (m2/s)
ρs Specific density of the dry solid (kg/m3)
ρa Air density (kg/m3)
ρu Specific density of the wet solid (kg/m3)
θ Instantaneous temperature (K or ◦C)
θ∞ Temperature of the external medium (K or ◦C)
θ0 Initial temperature of the solid (K or ◦C)
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