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Abstract This chapter briefly focuses on the theory and applications of drying
process with particular reference to wet clay product. Herein, a modeling based on
the heat and liquid diffusion theories including dimensions variations and
hygro-thermal-elastic stress analysis, and the mathematical formalism to obtain the
numerical solution of the governing equations using finite-volume method are
presented. The model considers constant thermo-physical properties and convective
boundary conditions at the surface of the solid. Applications have been done to
ceramic hollow brick. Predicted results of the average moisture content, surface
temperature, and moisture content, temperature and stress distributions within the
porous solids are shown and analyzed, and for some drying situations they are
compared with experimental drying data of the average moisture content and sur-
face temperature of the brick along the continuous drying process.
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1 Introduction

Ceramic processing has traditionally been discussed in term of the material for-
mulation and industrial arts used in the production of commercial products that are
very different in size, shape, detail, complexity, material composition, structure, and
cost. Structural clay products include e.g. building bricks and tiles (traditional
ceramics) where in which structural intensity is very important [1, 2]. One
important concern in the application of ceramic materials is the fabrication tech-
nique. Clay minerals, when mixed with water, become highly plastic (hydroplas-
ticity) and it can be molded at different shapes easily without cracking. These
physical and chemical characteristics maintain the body shape during handling,
drying and firing. The water added to ceramic clay cover the surface of the clay
particle (forming a thin film around the clay particles), fills small capillaries and
porous, and causes a separation of particles inside it [3]. Then, the particles are free
to moving over another resulting in plasticity of the water-clay system.

After plastic forming and casting, products must be dried, in order, to removal of
the moisture prior for further processing and/or firing. If this moisture is not entirely
removed, the extreme temperature in the kiln will force out this water during firing,
causing cracking and until explosion of the product. In the case of argils, to promote
an understanding of the drying mechanism, a microscopic investigation in the state
of the moisture inside the product it is requested [4–6].

In this sense, some authors they affirm that during clay drying, the dominant
mechanism of moisture migration is the liquid transport [7–12], while another they
consider that exist liquid and vapor transport inside the solid [13–15]. On the basis
of their hypothesis several studies on clay drying have been reported in the liter-
ature [16–26].

Drying is a simultaneous of heat and mass transfer including dimension varia-
tions. As drying progresses and water is removed, the interparticle separation
decreases, a condition termed shrinkage [1, 2]. During the drying of ceramics
products, heat is transported to the liquid inside the solid, and simultaneously
moisture is transported to out of solid, generating dilation by heating and con-
traction by moisture removal.

Drying of ceramics is accomplished by evaporation of water. If the rate of liquid
water evaporation at the surface of the clay body is greater than the rate of liquid
water diffusion inside the solid, the surface will dry more quickly than the interior
by causing stresses and probable defects or perhaps revealing them.

These mechanisms of heat and mass transfer are more intense in ceramic
materials with high initial moisture content, mainly in products of fine granulation
and gives rise to hygro-thermal stresses on the product. The magnitude of these
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stresses will depend on the shape, thermo-physical and elastic properties, and
contraction and expansion coefficients of the material.

Different factors like area/volume relationships, initial water content, granul-
ometry (clay particle size) and shape of the formed body, and air-drying conditions
(temperature, relative humidity and flow rate) affect shrinkage phenomenon. Then,
it is critical to control the rate of water removal during clay materials drying [4–6].
These defects range from visible defects (such as cracks) to a reduction in physical
properties in fired clay products in areas such as strength, elastic modulus, color and
appearance (discoloration due to summing) [3]. Beside, drying represents a process
cost to the manufacturer in terms of handling and in terms of energy costs to
accomplish drying. Then, deformation and failure of clay drying are great problems
in a ceramic production. Therefore the stress control during drying process is
relevant for the quality of the product after drying and for energy saving.

2 Clay Drying

2.1 Foundations

Brick is a commercial ceramic product made of clay minerals and has been used in
worldwide for centuries in house wall and building constructions. The ceramic
product, during the manufacturing process, goes through the steps of product
shaping (molding), drying and firing [1–3]. The drying is the phase of the process
that precedes firing and needs an appreciable amount of thermal energy to evaporate
the water which was added during the molding process [1, 6]. The purpose of this
step is to reduce slowly and uniformly, the moisture of the products from 20–25 %,
after extrusion or pressing, to 3–10 % at the end of drying. Drying causes shrinkage
of product which can vary, in general, from 4 to 10 %. In case of the ceramic
products, where red clay is used, the drying stage has a great importance. In this
step most of the water contained in the product is eliminated. Consequently higher
shrinkage and dilation of material results and the product often gets rejected due to
its low quality. The published [3, 6] literature shows that if a special care is taken
during the drying step energy cost can be reduced and a better quality product can
be obtained.

When the ceramic product drying operation is natural, the pieces are stacked in
covered sheds, arranged on shelves (fixed or mobile) or simply piled on the floor.
The duration of drying depends on the material characteristics and state conditions
of atmospheric air (temperature and relative humidity) and of the ventilation of the
place, needing periods of up to 6 weeks. However, to reduce drying time, artificial
drying is carried out in drying chambers or ovens, using, as a rule, the residual heat
of the furnaces, while these are being cooled. The most common types of artificial
dryers are static, continuous or semi continuous. The period of artificial drying
depends on the characteristics of the raw material, the shape of the pieces to be
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dried and the type of dryer and air drying conditions. It has an average variation of
12–40 h. Artificial drying is carried out at temperature 80–110 °C, and precise
information about the relative humidity are practically non-existent in the literature,
though it can be said that this is very high [5, 27].

The choice of a particular type of dryer for a particular drying operation is a
complex task by virtue of the existence of many factors that affect the selection. In
particular, factors to be considered during the drying process includes the drying
technique, heating method and the mass and energy exchanges mechanisms
between the product and the drying air. Currently certain preference is given to
tunnel and batch (type oven) dryers for drying of ceramic materials, specifically red
ceramic one. Within this context, for the purpose of searching new technologies for
the sector, improvement of the product quality and rationalization of energy con-
sumption, several studies have been conducted [12, 28–32].

Because of the importance and cost of the drying procedure, mainly in industrial
scale mathematical models to describe the drying process of ceramic material have
been reported by many researchers [6, 7, 9, 10, 12–15, 24, 33–41].

Depending on the thickness of the material studied, these models can be clas-
sified into: drying in a thin layer (particle models) and drying in a thick layer (dryer
level models). The drying of a single particle individually or even of a layer of
material of small thickness, does not modify the drying conditions significantly as
the air past over the wet porous solid. The practical importance of thin layer drying
is very limited, because the materials are generally dried in thick layers: stationary
or moving. When the material is placed inside of a dryer, forming a thick layer, the
thermodynamic properties of the drying air are modified markedly as the air flows
through it. In virtue of this, the models of drying in thick layer, having more
complex equations that take into account the heat and mass transfer between the
product and the surrounding air, are more complete than the thin layer drying
model.

Despite of the importance on the dryer model in the chapter special attention
should be done to a robust particle model with particular reference to industrial
hollow brick drying.

2.2 Mathematical Modeling: Application to Hollow Brick

Drying characteristics of the particular materials being dried and simulation models
are needed in the design, construction and operation of drying systems. Several
empirical, semi-empirical, and theoretical models have been proposed to predict
drying process of different materials. For convective drying process, theoretical
models take into account both internal and external resistance while the
semi-empirical and empirical models (lumped models) take into account only
external resistance to heat and moisture transfer between porous solid and air
surrounding it (internal resistance is negligible). At present, there are very few
models that represent the batch drying of clay products specially brick. As
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shrinkage in clay brick is an observable phenomenon during drying process and
may have significant effect on mass diffusivity, it must be taken into account in
order to obtain reliable predictions of performance. Despite of the importance,
because the simplifications, the lumped models cannot give clear and accurate of
the fundamentals of the drying process, but they can used to complete mathematical
models at the level of the drying equipment.

Mass transfer during falling rate period is caused by liquid diffusion or capillary
flow. The former is commonly used to describe drying behavior in the falling rate
period of clay products. In the liquid diffusion theory [42–44], the rate of diffusion
is governed by moisture concentration gradient as the driving force. Fick’s law of
diffusion is widely used to model the drying behavior for this period.

Heat flux inside the wet clay porous product during drying process can be
modeled by considering heat conduction as unique mechanism of heat transfer. In
this case we can use the Fourier´s law to model this heating process.

To describe the liquid and heat transfer inside the clay brick, the following
assumptions were used:

• The thermo-physical properties are constant, during the whole drying process;
• Source term of energy and mass is neglected;
• The solid is homogeneous and isotropic;
• The moisture content and temperature distributions are uniform at the beginning

of the process;
• The phenomenon happens under convective condition at the surface of the body.
• The shrinkage of the solid is polynomial function of the moisture content;
• The solid is composed of water in liquid phase and solid material.
• The diffusion phenomenon occurs under falling rate.

Figure 1 illustrates a solid parallelepiped of dimensions 2R1 × 2R2 × 2R3. For
this case, the general partial differential equations that describe the unsteady dif-
fusion phenomenon in a three-dimensional situation it is in the way as follows

2.2.1 Mass Transfer Model

For mass transfer in the absence of mass source, the Fick´s law was used as follows:

@M
@t

¼ r � ðDrM) ð1Þ

where M (moisture content, dry basis), D represents mass diffusion coefficient and t
is the time.

Due to the symmetry in the solid, in the planes (x = 0, y, z), (x, y = 0, z), (x, y,
z = 0) it was considered 1/8 of the total volume of the solid. Therefore, the initial,
symmetry and boundary conditions are as follows:
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• Initial condition:

M(x, y, z, t ¼ 0Þ ¼ Mo ð2Þ

• Symmetry condition:

@M(x ¼ 0; y, z, t)
@x

¼ @M(x, y ¼ 0; z, t)
@y

¼ @M(x, y, z ¼ 0; t)
@z

¼ 0; t[ 0 ð3Þ

• Boundary condition:

�D
@M x ¼ R1; y, z, tð Þ

@x
¼ hm M x ¼ R1; y, z, tð Þ �Me½ � ð4Þ

�D
@M x, y ¼ R2; z, tð Þ

@y
¼ hm M x, y ¼ R2; z, tð Þ �Me½ � ð5Þ

�D
@M x, y, z ¼ R3; tð Þ

@z
¼ hm M x, y, z ¼ R3; tð Þ �Me½ � ð6Þ

Fig. 1 Geometrical parameters of a specific hollow brick
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where hm correspond to convective mass transfer coefficient and Me represents
equilibrium moisture content of the porous solid with the drying air.

For convenience, Fig. 2 illustrates better the initial, symmetry and boundary
conditions.

2.2.2 Heat Transfer Model

For heat transfer, in the absence of energy source term, the Fourier´s law was used
as follows:

@h
@t

¼ r � ðarhÞ ð7Þ

where h is the solid temperature and α = k/(ρcp) represent thermal diffusivity, being
k the thermal conductivity, cp the specific heat and ρ is the solid density.

The initial, symmetry and boundary conditions are as follows:

• Initial condition:

hðx, y, z, t ¼ 0Þ ¼ ho ð8Þ

• Symmetry condition:

@hðx ¼ 0; y, z, t)
@x

¼ @hðx, y ¼ 0; z, t)
@y

¼ @hðx, y, z ¼ 0; t)
@z

¼ 0; t[ 0 ð9Þ

Fig. 2 Scheme showing the
boundary conditions in the
hollow brick
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• Boundary condition:

�k
@h x ¼ R1; y, z, tð Þ

@x
¼ hc h x ¼ R1; y, z, tð Þ � he½ � ð10Þ

�k
@h x, y ¼ R2; z, tð Þ

@y
¼ hc h x, y ¼ R2; z, tð Þ � he½ � ð11Þ

�k
@h x, y, z ¼ R3; tð Þ

@z
¼ hc h x, y, z ¼ R3; tð Þ � he½ � ð12Þ

where hc correspond to convective heat transfer coefficient and θe represents
equilibrium temperature between the solid and drying air.

The average value of moisture content or temperature was obtained as follows:

�U ¼
Z

V

UdV ð13Þ

where Φ = θ (temperature) or Φ = M (moisture content, dry basis) and V is the
volume of the solid.

2.2.3 Volume Variations Model

During drying process, the wet porous solid surfer expansion (dilation) by heating
and contraction (shrinkage) by loss of water. Dilation phenomenon has few effect
on the dimension variation of the solid because the volumetric dilation coefficient is
smallest than the shrinkage coefficient. Thus, following equation was utilized to
obtain the changes in volume (shrinkage) in each time during the drying process:

Vt ¼ Vo b1M
3 þ b2M

2 þ b3Mþ b4
� �

ð14Þ

where Vo is initial volume of the brick and b1, b2, b3 and b4 are parameters to be
determined by fitting to experimental data.

The volume of the hollow brick is given by:

ðV)t ¼ 8½R1R2R3 � 2avahR3� ð15Þ

where av ¼ [2R2 � ð2a1 þ 3a3Þ�=4 and ah ¼ [2R1 � ð2a2 þ a4Þ�=2.
The surface area of heat and mass transfer of the solid during the drying process

was obtained by:
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As ¼ 8 R1R2 þ R2R3 þ R1R3 � 2avah þ 4avR3 þ 4ahR3½ � ð16Þ

For the calculation of the new volume and surface area of the brick during drying
process considers the Fig. 3. Based on this figure was assumed an isotropic
shrinkage. Thus, is possible to demonstrate that:

tan a2 ¼ ðR3Þt
ðR1Þt

¼ ðR3Þt¼0

ðR1Þt�0
¼ k̂1 ð17Þ

tan a1 ¼ ðR2Þtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR1Þ2t þ ðR3Þ2t

q ¼ ðR2Þt¼0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðR1Þ2t¼0 þ ðR3Þ2t¼0

q ¼ k̂2 ð18Þ

where k̂1 and k̂2 are constant. So by combining Eqs. (14), (17) and (18) the new
dimension of the porous body can be determined in each instant of the drying
process.

2.2.4 Stress Model

The governing equation in a stress field derived from force balance for static
equilibrium can be expressed as follows:

Fig. 3 Shrinkage of a solid parallelepiped during the drying process
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rrþ~F ¼ 0 ð19Þ

where σ is a stress tensor and ~F is a body force vector.
At the surface, the boundary conditions can be described as follows:

u ¼ ua andr �~n ¼ t ð20Þ

where ua is a prescribed displacement and t is a traction on the boundary.
The basic assumption of a constitutive model in a stress field is that a strain

tensor represents the sum of the strains caused by traction, temperature and
moisture as follows:

e ¼ 1
E

r� roð Þ þ cDhþ bDM ð21Þ

where e is a total mechanical strain tensor, σ is a total stress tensor, σo is an initial
stress tensor, E is an elastic coefficient, γ is a thermal expansion coefficient,
Δθ = θ − θo is a temperature variation, β is a moisture expansion coefficient
(effective shrinkage coefficient) and Δ M = M − Mo is a moisture content variation.
Stresses caused by thermal expansion (heating) are opposed those caused by drying
shrinkage (moisture removal).

In a hygro-thermal stress problem, the thermal and moisture effects may be
treated as that of an initial stress. The constitutive equation based in the Eq. (21) can
be defined as follows [45–47].

r ¼ E e� cDh� 0DMð Þ þ ro ¼ Eeþ r0
o ð22Þ

According to elasticity theory [48], there are three principal stresses formed at
any location in a strained body (Fig. 4). These stresses are oriented orthogonally to
each other, and unidirectional stresses (tensile or compressive stresses) are locally
maximum along these orientations [49]. Based on this theory, the following
assumptions were adopted:

• No initial stress σo are applied to the brick;
• Mechanical strain are neglected (εx = εy = εz = e = 0);
• Internal stresses (σx, σy and σz) are due to hygro and thermal strains due to

dilation and shrinkage;
• Hygro and thermal strain causes expansion and contraction and the change

volume element. No shear exists. This way the shape of the element is
unchanged. The body is unrestrained (free to expand and constrains).

• Because no shear stress occurs, the stresses (σx, σy and σz) are the principal
stresses (maximum normal stress in each location in the brick).

According to these considerations, the total stress inside the brick is the sum of
hygro and thermal stresses. So, by using Eq. (22), the normal stress in the x, y and z
directions can be calculated using the following equations:
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ð�ahxDh� aMxDMÞE ¼ ½rx � m ry þ rz
� �

] ð23Þ

�ahyDh� aMyDM
� �

E ¼ ry � m rx þ rzð Þ� � ð24Þ

�ahzDh� aMzDMð ÞE ¼ rz � m rx þ ry
� �� � ð25Þ

where v is the Poisson coefficient, αθx = αθy = αθz = αθ are the linear thermal
expansion coefficients and αMx = αMy = αMz = αM are the linear hydrical expansion
coefficients. Solving the linear equation system (Eqs. 23–25) σx, σy and σz can be
determined as follows:

rx ¼ ry ¼ �ahDh� aMDMð ÞEþ mrz½ �
1� m

ð26Þ

rz ¼ 2E �ahDh� aMDMð Þ
ð2m� 1Þ ð27Þ

2.3 Numerical Solution

Literature reports different exact (separation of variables, Laplace Transform,
Galerkin-based integral method, etc.) and numerical (finite difference, finite ele-
ment, boundary element, finite volume, etc.) methods to solve a partial differential
equation. In this chapter was used the finite-volume method to discretize the basic

Fig. 4 Principal stresses σx, σy, and σz applied in a location inside the brick
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equations. Now a three-dimensional grid is used to subdivide the domain. The cell
contain node P and six neighboring nodes identified as west, east, south, north,
bottom and top nodes. Figure 5 represents the differential volume of the physical
domain (Fig. 1), where the nodal points (W, E, N, S, F, T) and geometrical
parameters of the control volume are presented.

Assuming fully implicit scheme, where all terms are estimated in t + Δt, the
Eqs. (1) and (7) were integrated in the control volume of the Fig. 5, that correspond
to the internal points of the domain, and also in the time. As results of this
mathematical procedure the following discretization equation [50–52] in the short
form was obtained:

APUP ¼ AEUE þ AWUW þ ANUN þ ASUS þ ATUT þ AFUF þ B ð28Þ

The implicit method is recommended for general purpose transient calculations
because of its robustness and unconditional stability. Discretized equation must be
set up at each of the nodal points in order to solve a problem. Starting with initial
field for the potential U (mass or temperature) applied to all nodes the set of
equations is solved iteratively until a converged solution is obtained. Here the set of
equations are solved iteratively using the Gauss-Seidel method. The following
convergence criterion was used.

Unþ1 � Un
		 		� 10�8 ð29Þ

where n represents the n-th iteration in each time. Details about the numerical
procedure can be found in [9–11, 23, 27].

Fig. 5 Control-volume and grid used in this work
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2.4 Experimental Study of Hollow Brick

For the drying experiment, industrial hollow brick (clay) was dried in an oven under
controlled conditions of air (velocity, temperature and relative humidity). The
geometrical parameters and initial conditions of the material are show in the
Table 1. The sample was weighed and measured dimensions and surface temper-
ature at 10 min intervals during the drying process. Figure 6 illustrates a scheme of
the clay brick used in this work indicating the point where surface temperature was
measured. The continuous drying experiments ended when the mass reached
constant weight. In order, to obtain the balanced moisture content, the sample was
kept under the same temperature for 48 h inside the oven. The test was performed
under atmospheric pressure. Details about the experimental procedure can be found
in [23, 25].

2.5 Results Analysis

2.5.1 Experimental

The collected data of the chemical analyses of clay used for brick molding are show
in the Table 2. There data suggest that the clay of the Brazilian region is basically
rich in aluminum (Al2O3), Silica (SiO2), and iron oxide (Fe2O3).

In order to analyze the effects of drying air conditions on the moisture removal
and heating of ceramic bricks, experimental data of the dimensionless average
moisture content, dimensionless surface temperature (vertex) and volume variations
of the brick obtained during the drying were plotted for two drying conditions as
seen in the Figs. 7, 8, 9, 10, 11 and 12.

By comparing the data, one could see that the drying air temperature has
influenced strongly the drying rate as expected. When the temperature increases, so
does the drying rate increase too. However, this may give rise to high temperatures
and thermal and hydric gradients into the solid, which would induce thermal,
hydrical and mechanical stresses (Figs. 10, 11, 12 and 13). The highest moisture
content and temperature gradients occur at the surface of the solid mainly close to
the vertexes of the solid, rendering theses regions more vulnerable to cracks and
fissures. It can be seen that the stresses have produced serious cracks, fissures and
deformations in the brick contributing, as a result, towards a decrease in the quality
of the solid at the end of drying process. The mechanical behavior of clay is
generally described as elastic viscosity and plasticity depending on the moisture
content. Further, the drying rate can also be affected by the shape of the brick and
air relative humidity. For higher area/volume relationships and lower air relative
humidity we have, as expected, higher drying and shrinkage velocities. It was
observed that the y-axis shrink more than x-axis due to the fact of R2 > R1. The
shrinkage is proportional the dimensions of the solid, so, different deformations and
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shrinkage velocity occurs in the x, y and z directions. According to Figs. 9 and 10
can be verified that shrinkage is not linear and become more intense as increasing
air temperature. Volume variations closed to 13 and 22 %, were obtained close to
for temperatures 80 and 100 °C, respectively.

2.5.2 Simulations

As purpose to evaluate the robustness of the mathematical modeling presented
before, this one was used to predict hollow brick drying process. Simulations were
performed using a grid with 20 × 20 × 20 nodal points and Δt = 1 s. These
conditions were obtained by successive grid and time step refinements. The fol-
lowing data were used: D = 8.0 × 10−10 m2/s; α = k/ρcp = 1.0 × 10−7 m2/s;
hm = 1.0 × 1030 m/s; hc = 2.41 W/m2 K; αM = β/3 = 3.3 × 10−2; αθ = γ/
3 = 6.0 × 10−6 °C−1; θe = 80 °C; θo = 25 °C; v = 0.35; E = 70.0 MPa.

Herein, one comparison between numerical and experimental data of the
dimensionless average moisture content and dimensionless surface temperature of
the hollow brick obtained during the drying (T = 80 °C) are illustrate in Fig. 14. The
mass transport coefficients (D and hm) were estimated by using the least square
error technique. The error and variance obtained for moisture content and tem-

perature were ERMQM = 0.259069 (kg water/kg dry solid)2 and S
2
M = 0.181 % kg

water/kg dry solid and ERMQT = 0.259069 (oC/oC)2 and S
2
T = 0.181 % °C/oC,

respectively. The small error and variance indicates that the model presents good
agreement with the experimental data. Some discrepancies appear at lowest mois-
ture content and highest surface temperatures due to the fact that for longer drying

Fig. 6 The geometry of
industrial brick
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times the assumptions of constant thermal properties and polynomial shrinkage are
probably not a good choice for this physical problem.

The drying parameters distributions inside the solid play important role to study
the evolution of stresses, developed into the wet porous body during process. Then,
moisture content, temperature and normal stresses distributions inside the solid
obtained during drying (z ≅ R3/2) for elapsed times t = 300, 2000 and 8000 s are
illustrate in Figs. 15, 16, 17. It is verified that highest moisture content and tem-
perature gradients occurs at the surface of the solid mainly in the vertexes. So, these
regions are more susceptible to cracks, fissures and deformations that reduce quality
of the bricks.

It is verified that the drying induced stresses increased nonlinearly with the ΔM
and Δθ. The maximum stresses, therefore, may occur in the early stage of drying as
low initial moisture content of the brick and when higher air temperature and lower
relative humidity are used. In the beginning of the drying, because large

Fig. 7 Drying and heating kinetics of the industrial brick dried to the a T = 80 °C and b T = 100 °C
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temperature variations, the thermal stress are more than hydrical stress. For large
elapsed time, both the hygro and thermal stresses vanish to equilibrium, and total
stresses are of tensile in the center and surface. The maximum principal stress has
occurred inside the hollow brick by combination of the heating and moisture
migration effects.

According to literature [17], if the drying of molded clay is made to proceed too
quickly, the result is that the surface dries up immediately while maintaining a wet
state inside of product, the drying rate falls markedly and the product may develop
cracks. Then, drying must be carried out very slowly under air controlled conditions
(moderate temperature and high relative humidity) in order, to prevent undesirable
cracks and deformations during the process and thus, obtaining product with good
quality post-drying.

Research about strain and stress in clay during drying process has been reported
in the literature [4, 14, 17, 36, 53, 54]. For common brick [4, 20, 53, 54], the

Fig. 8 Dimensionless volume of the clay brick as a function of drying time. a T = 80 °C and
b T = 100 °C
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literature reports stress value at the external corner of approximately 0.45 MPa at
the ended drying process. Obviously, this value depends on the brick material,
process conformation, air and material conditions, etc. For comparison, at the
equilibrium condition the maximum stresses values at the surface obtained here
were σz = σx = σy = 1.105 MPa.

Fig. 9 Dimensionless volume of the clay brick as a function of the average moisture content.
a T = 80 °C and c T = 100 °C
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Fig. 10 View of the clay brick dried to the T = 80 °C. a Left, b Right, c Back and d Front

t = 40 min (θbrick = 37.1°C) t = 900 min (θbrick = 69.2°C) 

Fig. 11 View of the clay
brick dried to the T = 80 °C
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t = 20 min (θbrick = 36.0°C) t = 690 min (θbrick = 77.5°C) 

Fig. 12 View of the clay
brick dried to the T = 90 °C

Fig. 13 View of the clay
brick dried to the T = 100 °C
in the elapsed time t = 40 min.
a Back and b Front
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Fig. 14 Drying and heating kinetics of the industrial brick dried to T = 80 °C

300 s 2000 s

8000 s

Fig. 15 Dimensionless
moisture content [(M − Me)/
(Mo − Me)] at the xy plane
(z = R3/2)
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300 s 2000 s

8000 s

Fig. 16 Dimensionless
temperature [(θ − θe)/
(θo − θe)] at the xy plane
(z = R3/2)
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3 Concluding Remarks

In this chapter, a theoretical and experimental study has been presented.
A three-dimensional mathematical modeling to predict heat transfer and moisture
(liquid) migration in clay products with parallelepiped shape was developed, and
the finite-volume method was employed to solve the governing equations.
Formulation has been applied to predicted hollow brick drying process, and the
stress and dimensions variations both induced by drying due to temperature and
moisture changes has been investigated.

Based on the experimental results presented, the following conclusions can be
summarized:

300 s 2000 s

8000 s

Fig. 17 Dimensionless
principal stress [(σz − σmin)/
(σmax − σmin)] at the xy plane
(z = R3/2). a σmin = 0 and
σmax = 1,103,471 Pa,
b σmin = 0 and
σmax = 1,103,473 Pa and
c σmin = 0 and
σmax = 1,103,473 Pa
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(a) The influence of temperature and relative humidity of the air as main factors in
the drying rate is confirmed. As highest temperature and lowest relative
humidity of the air are used in drying, heating and shrinkage rates will be
higher, thus the total drying time becomes shorter.

(b) The areas near the internal and external surface (corner) of the brick present
the largest rates of heat and mass transfer and largest volume variation and
stresses, and so they are more susceptible areas to the cracks, fissures and
deformations and even contribute to total fracture of the material;

(c) Stress due to moisture migration and high temperature can have a significant
effect on the quality brick, mainly as high temperature and low relative
humidity of the drying air are used.

The study indicates that the proposed modeling can be useful in:

(a) Good estimation of process time to dry the product;
(b) Reduction in energy consumption by allowing the detection of the correct

processing time;
(c) Increased productivity of dried bricks, for allowing the withdrawal of the

bricks from the dryer at the right time;
(d) Verification and understanding of the effect of process variables on product

quality during drying and;
(e) Checking the appropriate process and dryer conditions, to improve product

quality.
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