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Introduction

Drying is a ubiquitous operation found in technological processes used in the phar-
maceutical, paper, mineral, polymer, ceramic, textile, food and agricultural industries.
Depending on the particular sector and quality criteria of products, drying will be
managed in different ways by controlling its kinetics.

In the case of the ceramic industry, the drying step is necessary before firing ceramic
bodies at high temperature. This step is complicated due to simultaneous and coupled
heat and mass transfers, often accompanied by dimensional variations. It presents a
permanent challenge for manufacturers mainly due to two aspects. First, it requires
a significant consumption of energy. As an example, for manufacture of ceramic and
building materials in France and the United Kingdom, 11% of energy consumption is
due to the drying operation [1]. In this respect, according to the French law (number
2015-992) and various European directives, industry will be complied to reduce energy
consumption by 50% before the end of 2050 [2]. The second important point is that
mechanical stresses that occur within the material during drying may create damage in
the final product if the drying conditions are not carefully chosen and controlled. It is
worth mentioning here that most drying defects and cracks appear due to water removal
and the body shrinkage. However this is not necessarily due to a poor choice of drying
conditions, but also can be the result of other steps in the fabrication processes before
drying such as, raw material selection, blending and shaping.

In the building industry, for fabrication of clay bricks for example, water (ranging
between 15 and 30%) is added to aid forming the basic shape. Therefore, drying becomes
a necessary step in order to obtain products containing 1 to 2% of residual moisture before
final firing. In such a case, when drying conditions are not well controlled, several defects
can be created. They are summarized in the table below with their likely causes [3]:

Defect Cause
Warping Condensation of moist air on cold bodies dur-

ing initial drying
Cracks High drying rate resulting large moisture gra-

dients and heterogeneous shrinkage
micro-cracks Unsuitable drying rate, too dry body before

firing
Moisture spots on body surface Lack of air stream to sweep away vapour in

certain locations

Table 1: Defects related to the drying step for clay bricks [3].
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In certain other ceramic fabrication techniques, the drying step can occur during the
shaping method (tape casting, additive manufacturing) which makes the control of drying
more complicated. As an example, in tape casting, continuous large sheets are produced
by depositing a suspension on a supporting surface. Then because the tapes adhere
physically to the support, evaporation takes place only at the upper surface and shrinkage
occurs in the cross plane direction. Consequently, drying stresses occur and the prob-
ability of unwanted deformations, like edge cracks, warping or air bubbles, increases [4–6].

Investigating the physical drying phenomena in ceramic materials is then a necessity
to optimize this step and obtain high quality samples for industrial applications while
minimizing drying costs. In other words, one of the keys in development of ceramic
processing is to improve the drying step. In this respect, real-time control systems offer
potential since by monitoring drying parameters, they can detect abnormalities during
the process and provide corrective action. Indeed, by controlling the wet product state
in real time during drying, the drying air conditions (temperature, relative humidity and
airflow rate) can be adjusted. Therefore, an appropriate selection of drying conditions
should improve the quality of products and reduce operation time, thus saving energy.

Given this general motivation, the present work is based on two complimentary
parts as summarized in the following chart diagram (figure 1). The first part deals with
the measurement of the sample temperature, moisture content and dimension changes
which are very important to determine the drying behaviour of ceramic green bodies
in real time. Furthermore, the ultimate objective of the thesis work is to construct a
robust numerical model of heat and mass transfer, that will be able to predict the drying
behaviour of the ceramic green body. To this end, the model needs to inject realistic
physical properties of the ceramic in the green state. These depend strongly on the
moisture content. That is why a major part of this work is dedicated to an experimental
study to identify the evolution of physical properties with water content and distribution
as drying proceeds.

We focus the current study on two technologically important materials frequently used
in the ceramic industry which are alumina and clays. Alumina is one of most common raw
materials used in different domains, such as, abrasives, refractories, glass and advanced
or technical ceramics. On the other hand, for traditional ceramic products, clay minerals
like kaolin are typically used.

Drying behaviour of ceramic green bodies Page 20



Introduction

Figure 1: Schematic representation of the main topics examined in the current work.

This thesis is then organized as follows:

Chapter 1 reviews the state of art concerning drying of ceramic green bodies. First
a reminder of the different water forms that can exist within a ceramic porous body
and the mechanisms supplying heat to evaporate water are given. Then since drying
is a coupling of heat and mass transfers, a mathematical description of heat and mass
equations is made with particular emphasis on the involved physical properties. Based
on this knowledge, the particular case of drying porous ceramic green bodies is examined
through the mechanisms involved during the different stages including the initial
shrinkage. Finally, the effect of certain parameters such as the material composition,
external conditions, shape and size on the drying behaviour is reviewed.

In chapter 2, the raw materials used in this thesis (alumina, kaolin and montmoril-
lonite) and their shaping method are first presented. Then, in order to characterize the
macroscopic behaviour of our ceramic green bodies during drying: the drying rate, the
sample temperature and the dimensional changes are measured. Furthermore, for more
detail on the dimensional changes, an optical method based on tracking of marks was
developed to characterize materials with possible anisotropic shrinkage.

The main objective of the experimental work, described in chapter 3, is to understand
how the mechanisms of drying operate at different scales by using three different
techniques to observe how the spatial distribution of water evolves with time. These are
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simple mass measurements, magnetic resonance imaging and environmental scanning
electron microscopy .

In chapter 4, the variations of certain physical properties as a function of moisture
content are presented. First, water activity is assessed. Then based on results of chapter
3 the evolution of the diffusion coefficient for transport of water is estimated. After
this, calculations of heat capacity as a function of moisture content are made. Then
the evolution of the thermal conductivity of the ceramic green body during drying is
presented and explained using the results of chapter 3.

After having studied experimentally the physical properties involved during drying, a
numerical model, which takes into account the dependence of water diffusion coefficient,
heat capacity, and thermal conductivity on moisture content is developed in chapter 5.
This model based on coupling of heat and mass equations is solved using finite element
method (FEM). Thus, in order to validate the numerical model, predictions are compared
to the experimental results.
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Chapter 1 :

General background: drying of
ceramics
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Chapter context

The purpose of this first chapter is to introduce the reader to the general state of
the art concerning drying which has been established in the literature. In this respect,
since we deal with wet products, it is instructive to start by examining the different
forms of water that exist within a porous body and to describe the mechanisms supplying
heat to evaporate water. Then the heat and mass transfers involved during drying
are discussed more precisely. These transfers involve physical properties which depend
strongly on moisture content. The role of water on the relevant physical properties is
then discussed. Using this background, the particular case of drying porous ceramic
green bodies is described through a series of stages related to the mechanisms involved.
This insight into drying mechanisms helps to answer the questions as to how certain
parameters such as, the material composition, external conditions, shape and size, can
influence the drying behaviour.

1.1 General considerations
Except for a few methods, the fabrication of ceramic products, traditional or technical,

requires forming the basic shape of the body with a solid/liquid paste or suspension.
Therefore, removal of excess water within the body is necessary in order to obtain
products which are sufficiently rigid for firing at high temperature. In certain production
technologies, mechanical methods can be used to extract water from ceramic products
before the firing step, e.g. centrifugation and filter-pressing. For our purposes, these
methods will not be considered and the study will focus particularly on drying by sup-
plying heat. In that case drying can be considered as the removal of water by evaporation.

Two forms of water can be identified during drying: bound and unbound water [7].
Bound water corresponds to the layers of water molecules adsorbed at the body surface.
Unbound water is the moisture that moves through the solid pores during drying. This
unbound water is present within the pores in two distinguishable states: liquid and/or
vapour.

1.1.1 Defining the moisture content of a ceramic green body

Since the ceramic green bodies contain a liquid phase which is usually water in
addition to the solid, it is necessary to determine the proportion of the liquid phase. In
many situations, as for the work of this thesis, the moisture content can be defined as the
water mass divided by the dry mass of the sample after complete drying at 110 ◦C. It is
always accompanied by the designation DB which means dry basis. It can be expressed
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with the following relation:

X = w(t)− wd
wd

(1.1)

X is the moisture content on dry basis,
w(t) is the sample weight at time t during drying, and
wd is the sample weight dried at 110 ◦C until a constant weight is achieved.

There is another way to express the moisture content which is called wet basis (WB).
It is defined as the water mass divided by the initial total weight of the solid and water
(winit):

X ′ = w(t)− wd
winit

(1.2)

where X ′ is the moisture content on wet basis.

1.1.2 Heat transfer

The evaporation of water requires heat input. For example, the enthalpy of vaporiza-
tion at 0 ◦C is 2500 kJ kg−1. Three mechanisms can supply heat in order to evaporate
water: convection, conduction and radiation or mostly, by a combination of two or three
of these [8]. These are discussed in greater detail below:

• Heat transfer by convection: this involves a flow of hot air passing over the
moist surface of the body. The hot air flow supplies energy to evaporate the water
and also ensures the transportation of water vapour out of the drying zone. Two
types of convection are distinguished, depending on the external conditions. First,
forced convection with turbulent or streamlined flow of air driven by a fan. Then,
natural convection where the movement of air is induced due to density differences in
the gas phase caused by the temperature gradient present between the surrounding
medium and the wet surface.

• Heat transfer by conduction: a part of heat required for water evaporation
from the ceramic body can be provided through a temperature difference by direct
contact with a hot surface.

• Heat transfer by radiation: heat transfer from an outside source takes place
by radiation. It does not require direct contact with the moist body and concerns
essentially the surface zones.

The present study focuses particularly on convective drying due to its frequent use
in ceramic industry. Different mechanisms of convective drying involving evaporation are
now examined.
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1.2 Physical principles of drying

1.2.1 Evaporation of water

Figure 1.1: A schematic representation for the evaporation of water in given air conditions.

Consider first a body, constituted of uniquely water, exposed to air. The evaporation
rate depends on the relative humidity (RH) and air temperature (Tair). The relative
humidity can be defined by the following relation:

RH(%) = 100× pv
ps

(1.3)

where pv is the partial pressure of the water vapour present at a given temperature
and ps is the partial pressure of the water vapour present at saturation for the same
temperature. This pressure at saturation can be related to temperature by:

ps(T ) = 133, 322 exp(46, 784− 6435
T
− 3, 868 ln(T )) (1.4)

• If RH = 100%, the air is saturated in water vapour, i.e. the air is in equilibrium
with the liquid phase. Thus no evaporation takes place.

• If RH < 100% liquid water transforms into vapour and diffuses into air.

A way to determine the relative humidity is to measure the ambient air and wet tem-
peratures (Tair and Tw, respectively). From these temperatures, assuming an evaporation
with a constant enthalpy of the humid air, the partial pressure of water vapour can be
calculated and then the RH can be deduced from equation 1.3. The relative humid-
ity can also be calculated directly from the difference between these temperatures using
expressions found in the literature as for example [9]:

RH = 10−(23.5518+[−2937.4
Tair

])(Tair)4.9283[10(23.5518+[−2937.4
Tair

])(Tw)−4.9283

− (6.6× 10−4 + 7.57× 10−7Tw)p(Tair − Tw)] (1.5)
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The wet temperature or also called wet bulb temperature is the equilibrium tempera-
ture of the wet surface when the water evaporates by convection. The wet temperature
is lower than that of air, but if RH = 100% both temperatures are equal.

1.2.2 Heat and mass transfers

Figure 1.2: A schematic representation of the liquid transport out of the porous body
through heat and mass transfers.

Consider now a porous solid with pores entirely filled with water. Drying of the porous
solid involves a coupling of two types of transfer: heat transfer from the surroundings
towards the moist sample and mass transfer from the sample towards its surface and
then to the surrounding air (figure 1.2). These two transfers can be described using the
fundamental laws describing heat and mass transport:

• Heat transfer obeys Fourier’s law which corresponds to the conduction of heat in
the system. Its equation, which must be respected throughout the body, can be
written as [10]:

q = −λ∇T (1.6)

where q is the heat flux in W m−2,
T is the temperature in K, and
λ is the thermal conductivity in W m−1 K−1,

• Mass transfer obeys Darcy’s law and Fick’s law. The first law corresponds to liquid
flow through a porous medium and the second concerns the diffusion of water
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vapour. In fact, the transport of moisture through the body during drying can
occur by two mechanisms: liquid flow by capillarity and gas diffusion as water
vapour. The relative proportion of these mechanisms depends on the physical
structure of particles, pore shapes, pore size distribution and especially on the
actual liquid content of the system during drying.

At the beginning of drying, the system is assumed to be constituted uniquely
of solid particles separated by continuous water in liquid form. In this case the
dominant mechanism is liquid flow through the pores which can be described by a
gradient in pressure according to Darcy’s law as following [11]:

JL = −D
ηL
∇PL (1.7)

where JL is the flux of the liquid in units of volume per unit area of the porous
sample per unit time in m s−1,
D is the permeability in m2,
ηL is the viscosity of the liquid in Pa s, and
PL is the force per unit area of the liquid in Pa.

Then as drying progresses, and particularly for the case of a green body when the
particles stop approaching each other, liquid migrating out of the system is replaced
by air. The gas diffusion mechanism now comes into play to transport moisture as
vapour through the pores to the sample surface where it can be removed. This dif-
fusion can then be related to the concentration gradient according to Fick’s law [10]:

JD = −Dw∇C (1.8)

where JD is the diffusion flux in mol m−2 s−1,
Dw is the diffusion coefficient in m2 s−1, and
C is the concentration of water in mol m−3.

1.2.3 Exchanges with surrounding air

For convective drying, the porous body surface is directly in contact with air. The
relationship between the wet surface and the surrounding air must then be taken into
account. Generally, in this situation, a thin film called the boundary layer is always formed
close to the surface, and it can be described as a zone exibiting concentration gradients
of water. The thickness of the boundary layer is defined as the value of the height (H) for
which Cs−b.l−Cb.l

Cs−b.l−Cair
= 0.99, where Cs−b.l is the water vapour concentration in the boundary

layer just above the body surface in mol m−3, Cair is the water vapour concentration
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in the air, and Cb.l is the water vapour concentration in the boundary layer [12]. This
boundary layer controls the transfer of moisture from the body into water vapour in the
surrounding atmosphere and also conducts heat from the surrounding atmosphere to the
body surface (figure 1.3) [13].

Figure 1.3: A schematic representation of heat and mass fluxes at a moist surface drying
by convection.

The mass transfer (φC) can then be defined as proportional to the concentration
difference across the boundary layer:

φC = −k(Cair − Cs−b.l) (1.9)

where k is the convection mass transfer coefficient in m s−1.

Both concentrations can be related to the vapour pressures of water through the
ideal-gas law: Cair = RH Ps(Tair)

R Tair

Cs−b.l = aw
Ps(Ts)
R Ts

(1.10)

where RH is the relative humidity,
aw is the water activity, which will be defined in the next paragraph,
R is the ideal gas constant in J mol−1 K−1, and
Ps is the saturated vapour pressure of water in Pa.

Focusing now on the heat transfer, the heat exchanged by convection with the air
through the boundary layer (φT1) can be described as:

φT1 = −h (Tair − Ts) (1.11)
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where Tair is the air temperature in K,
Ts is the body surface temperature in K, and
h is the heat transfer coefficient in W m−2 K−1. This heat transfer coefficient depends
on the air flow velocity near to the boundary layer. For example with free convection in
air 2 < h < 25 and with forced convection 25 < h < 250,

Furthermore, since the evaporation occurs at the body surface, a second term of heat
transfer (φT2) which takes into account the heat of vaporization comes into play. This
term relates the enthalpy of vaporization to the mass transfer as following:

φT2 = Lw Mw φC (1.12)

where Mw is the water molar mass in kg mol−1, and
Lw is the latent heat of vaporization in J kg−1.

Since the mass and heat transfers both occur within the boundary layer and they
are governed by dimensionless equations of the same form, a relation between their
coefficients exists by analogy given by:

k = h

ρair Cpair Lef
(1.13)

where ρair is the air density in kg m−3,
Cpair is the air heat capacity in J kg−1 K−1, and
Lef is the Lewis number. Its value for air-water vapour mixture is usually assumed to be
equal to 1 to simplify the governing equations of heat and mass transfers [14].

1.2.4 Physical properties involved in drying

The physical properties involved in drying such as, the activity of water, heat capacity,
thermal conductivity and the diffusion coefficient depend strongly on the moisture content
within the body. Several studies have focused on modeling of mass and heat transport,
going from very simple models to more complex ones. However, for every model used
to describe drying, there is always the need to employ accurate values of the physical
properties. Available information in the literature for each property will be discussed
in the following paragraphs, since in chapter 4 we will report new results obtained for
ceramic green bodies of alumina and kaolin clay.

1.2.4.1 Water activity

Water activity (aw) in a body is a measurable property that depends on temperature
and moisture content. It represents the ratio between water vapour pressure at the body
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surface (Pv) and the saturation pressure above a free water surface (Ps) at the same
temperature T [13]:

aw = Pv
Ps

(1.14)

- If the moist surface behaves as a free water surface Pv = Ps, then aw = 1.
- If only bound water remains within the body (i.e. is held on the internal surfaces),
Pv < Ps and then aw < 1.

1.2.4.2 Diffusion coefficient

Several studies have been dedicated to obtain values for the diffusion coefficient during
drying. Certain methods are based on numerical modeling where the diffusion coefficient
is fitted to yield the correct distribution of water in the porous solid [15]. For instance, for
water evaporation from a porous alumina pellet the diffusion coefficient of water within
the pellet was deduced to be 5.10−8 m2 s−1 from the concentration profile evaluated by
Magnetic Resonance Imaging (MRI) measurements. More direct experimental techniques
based on weight measurements to estimate the diffusion coefficients for brick materials,
have shown significant dependence on moisture content during drying (figure 1.4) [16].
Van der Zanden and Wit have used for their modeling study an empirical relation for the
diffusion coefficient which varies between 10−5 m2 s−1 and 10−8 m2 s−1 depending on the
water content.

Figure 1.4: Measured diffusion coefficient (short lines indicating error bars) compared with
the diffusion coefficient described by an emperical relation (curved line) as a function of
the water concentration given in reference [16].
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1.2.4.3 Heat capacity

The heat capacity also depends on the moisture content within the product. It is
defined as the amount of energy required to raise the temperature of a system by one
kelvin. Since the water content can be determined during drying, the heat capacity of a
wet porous body can be calculated simply as a function of moisture content using the
rule of mixtures:

Cp = X Cpwater + Cpsolid
X + 1 (1.15)

where X is the moisture content on DB.
Cpwater is the heat capacity of water in J kg−1 K−1, and
Cpsolid is the heat capacity of the solid in J kg−1 K−1.

The heat capacity of water is equal to 4210 J kg−1 K−1 at 20 ◦C, more than 4 times
the value for many ceramic oxides. For example alumina has a value of 780 J kg−1 K−1.
Consequently the incorporation of water into a porous solid has a strong effect on the
overall heat capacity.

1.2.4.4 Thermal conductivity

The role of water on the thermal conductivity has been widely investigated, for ex-
ample for soils, or more recently, for containers of radioactive waste and in materials for
buildings [17, 18]. All these studies show that the thermal conductivity increases with
increasing water content. In the case of compacted bentonite, the thermal conductivity
increases from 0.5 to 1 W m−1 K−1 when the volume fraction of water in the pores is
increased from 30 to 90% [19]. For zirconia samples, the thermal conductivity increases
from 0.2 to 0.8 W m−1 K−1 when the volume fraction of water in the pores is raised
from 4 to 80%. Changes in the thermal conductivity can be explained using an approach
based on a mixture of phases by replacing a volume of air with a thermal conductivity
of 0.026 of W m−1 K−1 by a volume of water with a higher thermal conductivity: 0.61
W m−1 K−1. Several models have been proposed and tested in literature to describe
the behaviour of the thermal conductivity with water content [17, 20, 21]. More recently,
in the case of granular materials, it has been shown that variations in the thermal con-
ductivity with water content cannot be explained solely by the contribution of water as
an additional phase in the material [18]. The authors have reported an increase in the
thermal conductivity of packed silica sand from 0.4 W m−1 K−1 for the dry state to 1.8
W m−1 K−1 with just 2 vol% of water. They explain this increase by reduction of the
thermal resistance at contact interfaces between solid grains. In all of these studies the
overall volume of the material which consists of solid, water and air did not vary when
the water content was changed or this is not mentioned by the authors. In the case of
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drying a green body, the volume of the sample may vary when the water is removed. In
the present study we will report new results obtained for thermal conductivity variation
during drying including dimensional changes.

1.3 Drying mechanisms

1.3.1 Drying stages

Given that the principal aim of drying is the extraction of water from a body, one of
the first means used hitherto for the description of the drying process is to examine the
weight loss over time as shown in figure 1.5.

Figure 1.5: A plot of weight loss of a green body against the drying time.

Drying of a ceramic green body under constant conditions (temperature, relative hu-
midity and air velocity) is a process which goes through different stages. These are clearly
distinguished in figure 1.6 which represents the drying rate derived from the weight curve
as a function of moisture content [8]. First, the moisture content decreases linearly at
the beginning of drying. This period is called the constant rate period (CRP), because
the slope of the weight curve is essentially constant (A to B in figure 1.5). Then at some
definite moisture content, the drying rate decreases, entering a regime called, the falling
rate period (FRP). Furthermore, in most cases, depending on the material type and the
conditions of drying, the falling rate period can be divided into two periods. The first
falling rate period exhibits a proportionality between the rate of drying and the moisture
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content (B to C in figure 1.6). Then the second falling rate period corresponds to extrac-
tion of the last vestiges of moisture content in the body. In this situation the drying rate
is no longer a linear function of moisture content (C to D in figure 1.6).

Figure 1.6: Drying rate as a function of moisture content for the different stages of drying.

Schematic representations of the water distribution in a porous body during drying are
shown in figure 1.7. These are related to the changes in drying rate discussed in greater
details in the next paragraphs.

Figure 1.7: Schematic representations of drying stages within a porous body (adapted
from [11]).

Drying behaviour of ceramic green bodies Page 34



General background: drying of ceramics

• The constant rate period (CRP)

During this first period the surface is covered by a continuous film of water
and the evaporation of water occurs at the body surface (figure 1.7 a). Conse-
quently, the drying rate is assumed to be independent of both the water content
and the type of the material. In the case of drying with only convection to bring
heat for removing water from the surface, the surface temperature of the body
should strictly be the wet bulb temperature of the surrounding air which is lower
than the temperature of the atmosphere. This difference in temperatures is related
to the rate of evaporation. Furthermore, when water is evaporated from the
surface, capillary forces ensure the flow of water from the interior of the body to the
surface. Therefore, the liquid films surrounding particles decrease in thickness and
particles approach to each other. In this situation, the volume of water evaporated
is directly accompanied by a significant decrease of the apparent volume of the
body. Figure 1.8 illustrates a simplified green body-water system during the first
stage of drying.

Figure 1.8: Schematic representation of particles-water system during shrinkage.

• The first falling rate period (1stFP)

This period is characterized by a proportionality between the evaporation
rate and the drying time (B to C in figure 1.6). Shrinkage has stopped but a part
of the evaporation still occurs at the surface even if this is no longer behaving as
a free water surface. From now on until the end of drying, the temperature at the
body surface rises. Evaporated water is replaced by air, as shown in figure 1.7 b.
Consequently, water evaporates, in addition to the surface evaporation, within
unsaturated pores and the vapour is transported by gaseous diffusion. Furthermore,
in some cases, an evaporation front can develop during this period, i.e. there is a
liquid/vapour interface with a strong gradient of moisture content which separates
wet zones from the drier zones.

• The second falling rate period (2stFP)
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During this final stage, the relationship between drying rate and moisture
content is no longer linear (figure 1.6). The liquid phase becomes discontinuous
(figure 1.7 c). Thus the residual water is evaporated at greater depth in the porous
body so that it is transported to the surface only by vapour diffusion.

This summary of drying stages, which has been broadly discussed in the literature [7,
8,11,22–24], gives a a good general picture for understanding the drying process. However
because of the importance to mechanical strength and control of body dimensions, the
next section examines green body shrinkage in more detail. Particular attention to this
aspect is also made in the experimental part of the thesis.

1.3.2 Shrinkage

1.3.2.1 Driving forces for shrinkage

The liquid migration through the pores during the CRP causes a reorganization of
particles and changes in dimensions of the pores through which the liquid flows. Scherrer
has examined the interaction between migration of water and dilatation of bodies in terms
of the driving forces for shrinkage, especially in the case of gels. But the principles also
apply to other ceramic green bodies. These forces include capillary pressure, osmotic
pressure and disjoining pressure which are briefly described below [11]:

• Capillary pressure: given that water evaporates from the surface, the liquid film
surrounding particles decreases. Thus, the liquid/vapour interface tends to form
curved menisci within the pores. The capillary pressure (P) ensures the migration
of water from the interior to the surface. From a theoretical point of view, it can
be defined as the difference between the pressures of water and air.

P = 2γ
Rc

(1.16)

where γ is the liquid/vapour interfacial energy, and
Rc is the radius of curvature of the meniscus which can be related to the radius of
the pore (r) and the contact angle (θ) by Rc = r

cos(θ) .

• Osmotic pressure: consider as an example pure water diffusing through a semiper-
meable membrane to dilute a salt-rich solution. Osmotic pressure corresponds to
migration of a solvent from the zones with lower salt concentration to the zones with
higher salt concentration through a semipermeable membrane without any change
of phase. In the case of the present thesis, osmosis is not taken into account since
all mixtures which have been studied are constituted only of water and solid.

Drying behaviour of ceramic green bodies Page 36



General background: drying of ceramics

• Disjoining pressure: the disjoining pressure characterizes the state of a liquid
or gas film trapped between two surfaces of the solid. In other words, owing to a
particular organization of water molecules close to the solid surface, the stability
and the wettability of liquid film is governed by the disjoining pressure.

• Moisture stress: called also the moisture potential, corresponds to the free energy
of water in a porous body. It includes all the driving forces mentioned above and
can be obtained by measuring the vapour pressure.

1.3.3 Linear shrinkage and Bigot curve

For at least 100 years, in the literature [25–28], drying shrinkage has mostly been
expressed as change in length over time. A popular and useful method of investigating
the behaviour of a ceramic paste consists of monitoring simultaneously the length and
mass during drying with slow kinetics to ensure a uniform shrinkage. Thus, the time
dependence can be removed by plotting the water content on a dry basis as a function
of the linear shrinkage to obtain the well-known Bigot curve. This is presented in
figure 1.9 [29]. Such an approach to representing the drying behaviour of ceramic green
bodies with linear shrinkage and the water content in the same graph was also proposed
by Kingery [30]. These curves are used to illustrate drying behaviour, which can vary
depending on raw materials, mixtures, additives or drying conditions.

The linear shrinkage (Sh) is calculated with the following relation:

Sh = L(t)− Ld
Ld

(1.17)

where L(t) is the length of the sample at time t, and
Ld is the length of the sample at the end of drying.

To summarize the important information which can be extracted from the curve,
three distinct zones can be distinguished [31]. These are now listed with mention of any
particular limitations to the interpretation:

• (1) At the beginning (zone between points A and B), shrinkage is directly related to
the moisture content. The decrease in dimensions simply corresponds to the volume
of liquid evaporated. Furthermore, the linear zone is known to be large for clay
materials and less extended for non clay materials (e.g. sandy material).

• (2) Between points B and C, shrinkage is no longer linear. During this period par-
ticles begin gradually to be in contact with each other which decreases the overall
amount of shrinkage [32]. The moisture content MBC (between B and C in fig-
ure 1.9) is called the critical moisture content because it separates the period with
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Figure 1.9: Schematic representation of a typical Bigot’s curve.

major shrinkage from that with negligible shrinkage. The green bodies are called
leatherhard at this point. In practice, before that point is attained drying has to be
performed carefully to avoid defects. Then when this point is reached the ceramic
green body can be handled without fear of distortion [7].

• (3) In the last stage (zone between points C and D), where shrinkage is negligible,
the particles are all in contact with each other and, the water located in the pores
is progressively replaced by air.

1.3.4 Air penetration and distribution of water

In the first stage of drying the evaporation of water takes place essentially at the body
surface and water migrates from the interior to replace it. Then, when the shrinkage
becomes negligible, air penetrates the system. A recent study of the drying process for a
suspension with particle size of approximately 1.1 µm was made in order to observe the
invasion of air within a porous media [33]. It was shown through micrographs obtained
with confocal microscopy that the transition between regimes causes an abrupt invasion
of air into the body (figure 1.10).
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Figure 1.10: Image of one large burst. An area of size corresponding to 800 particles (the
highlighted area) is invaded within 0.07 s [33].

Given that the large pores present greater volume for less surface area interacting
with and holding the liquid phase, it is likely for porous media that air first penetrates
the large pores before the small ones. However, as evaporation takes place firstly at the
surface, the water in small pores tends to evaporate but the menisci formed in these small
pores yields reduced pressure and draws liquid from menisci in large pores placed at a
greater depth within the body. In figure 1.11, we observe this phenomenon in a system
with different pore sizes. The small pore at the top of the image (indicated by the upper
arrow in the second image) fills with water while the bottom pore is emptied (indicated
by the lower arrow in the same image).

Figure 1.11: liquid redistribution due to penetration by a burst of air. The 1st image is
before the burst and the 2nd is after. An invasion occurs at the lower arrow spot, resulting
in an obvious meniscus readjustment at the upper arrow spot. The 3rd picture traces the
air/liquid interface of the first two images. The dotted curve is before the burst and the
solid one is afterwards. It shows menisci readjustments at several positions [33].

The question about where the liquid is located during drying was also investigated in
a simpler case (without considering the shrinkage of the material) using Nuclear Magnetic
Resonance (NMR) imaging [34]. The water distribution along the diameter of an alumina
pellet with a bimodal distribution of pore sizes is presented in figure 1.12. The alumina
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pellets contains agglomerate of clusters with mesopores inside and macropores between
clusters as shown in figure 1.13. According to figure 1.12 c, the air penetrates first the
macropores close to the external surface at first (figure 1.13, 1st schematic). This yields
a rounded profile at the sample edges (profiles 1 and 2 in figure 1.12 b). Due to capillary
flow of liquid a redistribution of water takes place and the mesopores stay filled until
all macropores become empty (figure 1.13, 2nd schematic). This implies a rectangular
concentration profile shape (profile 3 in figure 1.12 b). Then mesopores close to the
surface of the sample are drained before those at greater depth as shown in the 3rd
schematic of figure 1.13. This results again in pronounced round profiles (profiles 6 to 10
in figure 1.12).

Figure 1.12: The profiles for water distribution along the diameter of an alumina pellet
in the course of its drying. (a) Original profiles and (b) those corrected for the relaxation
effects. (c) Cumulative pore size distribution of the alumina II sample. Horizontal lines
show the average height of the corresponding profiles. [34].

Figure 1.13: Schematic representation of liquid distribution at the various stages of drying
in a sample representing an agglomerate of clusters of primary particles [34].
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1.4 Management of drying behaviour
Thus far we have only described the mechanisms which occur during drying, in general

terms. These mechanisms have a strong dependence on different parameters such as
material composition, shape, size and the external conditions. The dependence of each
parameter on the drying behaviour will be discussed in the following paragraphs.

1.4.1 Material formulation

For the ceramic industry, successful drying must respect two main criteria: minimized
energy consumption and final product appearance (absence of defects or deformation).
Indeed, one method used to improve the quality of dried products while optimizing
energy consumption consists of choosing the composition of the material in order to
influence the drying behaviour in a certain specific way. This can be illustrated by two
examples of additives incorporated in ceramic materials. Each type of modification to
the composition influences the overall shrinkage and the drying rate.

First, one of the cures in traditional ceramics for reducing drying shrinkage and
making the green body more resistance to defects is by adding grog, shale or other
nonplastics [7]. For example, in the brick industry, the typical starting formulation is a
mixture of clay powder with quartz particles (nonplastic material) [35, 36]. The quartz
particles hardly interact with water and exhibit a large grain size (> 100 µm). However,
clay powders with smaller particles exhibit plasticity and also a significant shrinkage
on drying that increases the probability of inducing defects. Based on this difference in
behaviour the overall shrinkage of a clay/sand mixture is less and consequently helps
to improve the quality of products after drying. Furthermore, the amount of water
added to the mixture depends on factors, such as the proportion and the particle size
of constituent powders. In practice, up to 30% of quartz is added on a dry basis which
typically decreases the amount of water required for shaping [35].

Another possible way to change the drying behaviour is to modify the water activity.
Fuks et al. studied alumina foams which crack under certain conditions of drying [37].
They tested several cosolvents with low volatility in order to alter the drying behaviour.
Results show that reducing the volatility of the liquid phase yields a decrease in the
total amount of evaporated liquid as shown in figure 1.14. Consequently the transport
mechanisms are affected since the migration of liquid is dominated by gaseous diffusion
and not by capillary pressure.
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Figure 1.14: Total weight loss versus time. Filled symbols represent the onset of the
first crack formation in case of pure water and propanediol(PD)/water and ethylene gly-
col (EG)/water systems or separation from walls in case of glycerol/water system. The
alcohol/water ratios were 1:5 in all cases [37].

1.4.2 Product shape and size

In the ceramic industry, the shape and size of the ceramic bodies vary significantly,
depending on the type of products. Generally, the generation of defects increases with
sample shape and size. Consequently, the production of large and complex parts is dif-
ficult. Starting with the effect of shape, the evaporation rate of water from different
positions in a body with complex shape is not necessarily uniform. In other words, as
certain zones of the surface are not exposed to free air, the surrounding relative humidity
of air next to these surface zones differs. Consequently, the corresponding shrinkage is
not uniform. Simply, from a point of view of body dimension, drying is slower for larger
parts. During the constant rate period, where evaporation takes place on the surface, the
drying rate is independent of the thickness. Since the body is larger, containing more
water, drying will take longer. Then during the falling rate periods, gaseous diffusion
within the sample becomes a limiting factor and the drying rate becomes linked to the
thickness of the product increasing the drying time.

1.4.3 External conditions

The manner in which the drying behaviour undergoes changes due to surrounding
external conditions expressed by parameters such as temperature, humidity and the flow
of air, is clearly important. The following table summarizes the effect of each parameter
on shrinkage and the drying rate.

Drying behaviour of ceramic green bodies Page 42



General background: drying of ceramics

Parameters Shrinkage Drying rate
↗ Temperature Formation of a crust at

zones close to surface which
prevents a uniform shrink-
age. Accordingly, the over-
all shrinkage appears to be
reduced.

The drying rate increases and the
time required for complete drying
becomes shorter.

↗ Relative humidity Uniform shrinkage occurs
with high relative humidity

The difference in vapour pressure
between the moist surface and air
decreases with increase of the rel-
ative humidity of the ambient air.
As a consequence of this the dry-
ing rate decreases.

↗ Flow of air Shrinkage is more rapid at
positions close to the sur-
face than the interior of the
sample which may modify
the overall shrinkage

When air flows across the surface
of the moist sample, it helps to
sweep away the evaporated water
and replaces it by dry air. The
rate of evaporation is then accel-
erated. For example, according
to Ford the rate of evaporation
is proportional to V 0.8 where V
is the air velocity. Furthermore,
with a flow perpendicular to the
drying surface, the degree of tur-
bulence at the surface is greater
than with a flow parallel to the
drying surface. This gives higher
coefficients of mass transfer and
heat transfer and consequently in-
creases the drying rate [8].

Table 1.1: Description of the effect of external parameters (temperature, relative humidity
and flow of air) on shrinkage and drying rate.

1.5 Conclusion
Drying is the operation of removing water from the porous material by evaporation.

This moisture can be present within a porous ceramic body in liquid and/or vapour
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states. Then to evaporate it, heat is required which can be supplied by convection,
conduction and radiation or by a combination of two or three of them. The present thesis
focuses particularly on convective drying.

From a theoretical point of view, drying can be described as a coupling of heat and
mass transfers. Such description dealing with heat and mass transfer equations involves
different properties: water activity, diffusion coefficient, heat capacity and thermal
conductivity. All these properties vary significantly with the moisture content remaining
within the porous solid during drying. Thus in the present work, we focus particularly
on the role of water for each specific property.

By looking at the particular case of drying ceramic green bodies, the process can
be divided into two or three stages, depending on the material nature and conditions
of drying. The first stage which is called the constant rate period corresponds to the
removal of liquid from the body surface by evaporation. Capillary forces ensure the
flow of water from inside to the surface. In most cases, this period is accompanied by
shrinkage which has been the topic of many investigations in the literature due to its
close relation to drying difficulties such as cracking. The second and third periods called
the falling rate periods, start after the end of shrinkage. A second transport mechanism
is involved during these periods which is vapour diffusion within the porous body.
Finally, it has been shown that these mechanisms are variable and sensitive to differ-
ent parameters such as the wet body formulation, shape , size and the external conditions.

This first chapter has briefly described the state of the art concerning drying of ceramic
green bodies and the different relationships between the ceramic green body to be dried
and the surrounding atmosphere. On the basis of this knowledge, practical interpretation
of two technologically important materials is discussed in the next chapter in order to
identify their macroscopic drying behaviour.
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Chapter context
The second chapter discusses variations in the drying behaviour for different ceramic
pastes. Three materials were selected for this study: alumina, kaolin and montmoril-
lonite. First a brief description of materials and samples preparation is presented. Then
characterization of drying behaviour has been made by the simultaneous measurements of
sample dimension, mass and surface temperature of the green body to identify the stages
of drying. Thus the effect of external conditions, i.e temperature and relative humidity, on
the evaporation rate is examined. By concentrating on shrinkage during drying, the final
part of the chapter presents a new approach with an optical camera to simultaneously
determine bigot curves in two orthogonal directions, in order to investigate materials ex-
hibiting anisotropic shrinkage. Such information is relevant to identifying difficulties in
the ceramic processing.

2.1 Raw materials

2.1.1 Alumina

An α-alumina powder, denoted P172SB and supplied by the company Alcan, was used
in this study.

Figure 2.1: Particle size distribution measured by laser light scattering of alumina powder
(P172SB) in an aqueous medium and SEM micrograph of the same powder.

This chosen alumina powder is suitable for the shaping process of casting due to
its small grain size, represented by a median size of 0.4 µm. However, the median
grain size measured using laser light scattering is 1.5 µm which is higher than the in-
dicated value (figure 2.1). This difference can be explained by an agglomeration of grains
which was confirmed after observation of alumina powder using the scanning electron
microscope (SEM) (figure 2.1). It is clear that the grain size is smaller than the value
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obtained using laser light scattering. Furthermore, the SEM micrograph reveals that
grains are not perfectly spherical. The surface area of this alumina powder, measured
using the Brunauer–Emmett–Teller (BET) method, is 7.5 m2 g−1. The true density of
3.96 g cm−3 was measured with a helium pycnometer and is close to the theoretical den-
sity of 3.98 g cm−3 which is deduced from measurements of lattice parameters by X-ray
diffraction [38] .

2.1.2 Kaolin

A kaolin clay powder, called BIP kaolin, was supplied by Imerys Ceramic France after
extraction from the Beauvoir site.

• Chemical and mineralogical compositions: the chemical composition in
weight percentage of BIP kaolin, deduced from measurement by the inductively
coupled plasma (ICP) method, is given in table 2.1 which reveals that the major
oxides constituting this clay powder are silica and alumina with a SiO2/Al2O3 ra-
tio of 1.3. This value suggests the presence of silica in another form for example
quartz, since the ratio for kaolinite is 1.18. Indeed, using X-ray diffraction (XRD),
three main phases were identified: kaolinite, muscovite and quartz with the mass
percentages given in table 2.2.

Chemical
composition

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Li2O

Mass % 48.1 36.9 0.26 <0.20 0.17 <0.20 1.90 <0.05 0.27

Table 2.1: Chemical composition in weight percentage of BIP kaolin.

Mineralogical composition Kaolinite Muscovite Quartz
Mass % 78 17 4

Table 2.2: Mineralogical composition in weight percentage of BIP kaolin.

The distribution of particle sizes in BIP kaolin was measured using laser light scattering
(figure 2.2) and the median grain size is 5.1 µm. Its specific surface area measured by
BET method is 10 m2 g−1 and the true density is 2.6 g cm−3.
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Figure 2.2: Particle size distribution measured by laser light scattering of BIP kaolin
powder in an aqueous medium and SEM micrograph of the same powder.

2.1.3 Montmorillonite

The third raw material used in this study is a montmorillonite clay powder, denoted
ABM.

• Chemical and mineralogical compositions: its chemical composition given by
the supplier and the mineralogical composition are summarized in tables 2.3 and 2.4.

Chemical
composition

SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O P2O5

Mass % 56.6 17.9 0.36 4.2 2.6 5.9 1.2 <0.2 0.08

Table 2.3: Chemical composition in weight percentage of montmorillonite.

Mineralogical composition Montmorillonite Quartz Other phyllitic clay minerals
Mass % 95 < 1 < 5

Table 2.4: Mineralogical composition in weight percentage of montmorillonite.

The median grain size of this powder is 7.4 µm. As can be seen in figure 2.3 a bi-
modal distribution of particles is revealed. The D10 is 2.2 µm and the D90 is 49.9 µm.
However, the specific surface area of this powder measured with BET is 88 m2 g−1 which
is high with respect to the average grain size. This suggests that the grains are consti-
tuted of smaller clay particles which have agglomerated. The density of this powder is
2.3 g cm−3. The physical structure of montmorillonite is in the form of sheets and layers
with the particularity that water can insert itself between layers to cause swelling of the
particles [39, 40].
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Figure 2.3: Particle size distribution measured by laser light scattering of montmorillonite
clay powder in an aqueous medium and SEM micrograph of montmorillonite clay powder.

2.2 Pastes preparation
Initially, each powder was mixed with water according to the mass quantities in Ta-

ble 2.5. The mixture was stirred in a jar mill (FAURE Equipement) for 75 minutes with a
rotation speed of 35 rpm (figure 2.4 step 1), in order to obtain a homogeneous slurry with-
out any clumps. With the aim of manipulating the mixture and obtaining a homogeneous
ceramic paste, the mixture was cast manually on a porous plasterboard and maintained
there for approximately 20 minutes to absorb a part of the initial water, (figure 2.4 steps
2 and 3). The paste was cut into samples with the desired dimensions (figure 2.4 step 4).
This step proved to be difficult for smaller dimensions; in which case a removable mold
was then used to shape samples. Finally, to avoid any premature evaporation before the
drying study, the samples were covered with a hermetic plastic film and placed in an
atmosphere saturated in water vapour (figure 2.4 step 5). As the plaster absorbed a part
of the slurry water, the obtained samples have a liquid weight percentage which is less
than that of the initial composition. The shaped samples final composition before drying
is given in Table 2.5. It can be noted that the montmorillonite retains a larger amount
of water compared to kaolin and alumina.

Water content on DB (mass %w)
in the initial suspension

Water content on DB (mass %w)
in the wet pastes

Alumina 100 ∼ 30
Kaolin 186 ∼ 40

Montmorillonite 186 ∼ 100

Table 2.5: Water content in weight percentage in the initial suspensions and in ceramic
paste samples.
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Figure 2.4: Representation of the different steps in sample preparation.

2.3 Characterization of drying behaviour
Measurements of the sample mass and dimensions as a function of time enables the

drying rate, total duration and shrinkage to be assessed. Surface temperature measure-
ment also gives useful information on the progression of drying of the ceramic green body.
These characteristics are sensitive to the conditions of the surrounding atmosphere. Con-
sequently, experiments have been made in the controlled atmosphere of a climatic cham-
ber.

2.3.1 Experimental methods

2.3.1.1 Climatic chamber

An instrumented climatic chamber (MPC) was used to measure simultaneously the
sample’s weight and the dimension changes in one direction at a given temperature
and relative humidity (figure 2.5). The temperature can be controlled between ambient
temperature and 80 ◦C. The air humidity is controlled by using two temperature probes
placed in the chamber which measure the dry and wet bulb temperatures. The difference
between these temperatures allows the relative humidity to be calculated using the
relation 1.5 presented in chapter 1. In order to increase the air humidity, the required
water vapour is supplied by a boiler filled with water. When the relative humidity
exceeds the set point, it is reduced by using a cooling unit connected to the chamber.

To investigate the length and weight variations of samples during drying, the climatic
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chamber was instrumented with a Sartorius balance which has a sensitivity of 1 mg, and
a Linear Variable Differential Transformer (LVDT) sensor 12K 006 supplied by Sensorex
with an accuracy of ± 5 µm and a measuring range of 3 mm. Samples were placed on a
support connected to the balance. The LVDT sensor was placed on the sample. Given
the sensitivity of this measurement, the length sensor and the balance were connected
along the same vertical axis (figure 2.5). In addition, an oil bath was used to seal the
climatic chamber from the bottom part with the balance in order to maintain constant
temperature and humidity. It is also worth noting that the oil bath allows some freedom of
movement along the horizontal plane which can accommodate sample shrinkage without
affecting the measurements of sample weight and length.

Figure 2.5: A schematic representation of the climatic chamber.

2.3.1.2 Non-contact temperature measurement at the sample surface

Monitoring of surface temperature during drying was performed using a IN-
FRATHERM IN5 pyrometer which was placed within the climatic chamber (figure 2.6).
Its accuracy in drying experiments was estimated to ca. ±1 ◦C. Indeed, the pyrometer
measures the radiated flux emitted by the sample in a range of wavelengths from 8 to
14 µm. Then by introducing the emissivity value of the material to be measured in the
appropriate software, the surface temperature can be recorded. For the current study,
the emissivity was determined for alumina and kaolin using the following method: a dry

Drying behaviour of ceramic green bodies Page 51



Chapter 2: Macroscopic drying behaviour of green bodies

sample was heated up to a known temperature measured with a thermocouple and the
surface temperature was measured with the pyrometer using the emissivity as an ad-
justable variable until the output temperature was set to the known one. An emissivity
value of 95% was estimated for alumina and 90% for kaolin.

Figure 2.6: A schematic representation of temperature measurement at the sample surface.

2.3.2 Drying behaviour for alumina and kaolin pastes

Using the climatic chamber, similar cubic samples of 20 mm × 20 mm × 20 mm
made from alumina and kaolin pastes were dried in the same conditions (30 ◦C and
63% of relative humidity). For each material, the sample weight, length and surface
temperature changes over drying time were simultaneously measured. Then each sample
was placed in an oven at 110 ◦C until a constant value is achieved in order to assess
the dry weight. The moisture content and the shrinkage were then calculated using
respectively the relations 1.1 and 1.17 presented in chapter 1.

The experimental results, plotted as a function of time, are shown in figure 2.7 and
examined in the context of the different stages of drying described in the literature (chap-
ter 1). The first stage called the constant rate period (CRP) is characterized by a constant
rate per unit area of exposed surface and is clearly identified in the moisture content curves
during the initial 5-6 hours for both alumina and kaolin. The transition to the subsequent
stages of drying is pinpointed with more difficulty. However, during this period, where the
exposed body surface behaves as a free water surface, the heat flow and the latent heat
requirements of the evaporating water tend to establish a state of equilibrium witnessed
by a constant temperature of the sample surface (Ts). For convective drying as in our
case, this corresponds to the wet bulb temperature (approximately 26 ◦C). Before this
is established, a brief transient regime is noticed which can be explained by the initial
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sample preparation temperature (20 ◦C) which is less than either the oven temperature
(30 ◦C) or the wet bulb temperature. Then when the drying rate slows down disrupting
the evaporating surface equilibrium, a strong increase in Ts is observed. The surface tem-
perature measurements thus give a valuable marker of the end of the CRP. This occurs
at a moisture content of approximately 10% in the alumina sample and 12% in the kaolin
sample.

Alumina

Kaolin

Figure 2.7: Moisture content, surface temperature and linear shrinkage as a function of
time for alumina and kaolin samples dried at 30 ◦C and 63% of the relative humidity.

The drying rate per unit area of exposed surface (φC−exp−m) can be calculated from
the mass loss-time data using the relation:

φC−exp−m = − 1
S

∆m
∆t (2.1)

where S is the surface area exposed to drying, ∆m is the change in mass incurred in
time interval ∆t (30 min). Based on the curves in figure 2.7, the values for S have
been corrected for shrinkage during the initial 2-2.5 hours. Plotted as a function of
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moisture content in figure 2.8, similar drying rates are revealed for both the alumina and
kaolin samples, especially during the CRP corresponding to moisture contents down to
approximately 10%. This is consistent with drying of a free water surface, independent
of the type of material and yields a value of 0.14 g m−2 s−1. In the initial period of 2-2.5
hours, shrinkage is involved (down to approximately 25% of moisture content). In fact, a
slight decrease in drying rate is detected during the later part of the CRP between 25%
and 10% moisture content for kaolin, possibly imputed to slower transport of water to
the evaporating surface. This aspect will be investigated further in chapter 4 with the
evaluation of effective hydric diffusion. Furthermore, certain authors indicate that the
end of shrinkage coincides with the end of the CRP [7,32]. However, curves in figure 2.7
show clearly that shrinkage stops before the CRP is completed. This is explained by
Suzuki and Maeda who proved that the drying rate tends to be constant even after the
end of shrinkage when the distance between grains (∼ pore size) is small compared to the
thickness of the boundary layer [41].

Figure 2.8: Drying rate as a function of moisture content for alumina and kaolin samples
dried at 30 ◦C and 63% of humidity.

During the falling rate periods, the moist surface behaves no longer as a free water
surface, and consequently the temperature of the body surface rises back up to the air
temperature until the end of drying. The drying rate now decreases sharply towards zero
for both alumina and kaolin. If drying of alumina and kaolin is similar during the first
stage, this second period seems to present differences in behaviour. To illustrate, based on
figure 2.8 the beginning of this period corresponds to different moisture contents within
the green body. Thus if we conveniently consider drying to be complete when just 2% of
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the residual water remains within the body, this FRP takes 4 hours for kaolin and 2h for
alumina. This difference could be ascribed to the material nature. Ford explained that
particles of ceramic oxides like alumina are considered as inert and do not interact with
water during drying. That means the layers of water molecules around the particles are
easier to remove. But with clay materials water molecules form a thick and stable film
around the particles which slows down the evaporation of moisture [8]. However, Worrall
in his book indicates that kaolin type clays can adsorb between 1 and 2% by mass of
water which makes then difficult to associate differences in drying rates between alumina
and kaolin only to the particles/water interactions [42]. Other factors which could play a
role include: the granulometry, particle morphology and the pore fraction, pore size and
shape. It can be noted that the original kaolin powder exhibits a higher specific surface
area than the alumina powder, potentially promoting retention of water in the green body.
The role of the material nature is explored in the next section with a study on drying of
montmorillonite.

2.3.3 Drying behaviour of montmorillonite clay

Montmorillonite is known for its strong interactions with water and was chosen in
order to investigate possible variations in drying behaviour. For this purpose, similar
experiments as those performed for alumina and kaolin were made on montmorillonite
paste. The drying was performed at 30 ◦C and the relative humidity was controlled at
68%. The sample moisture content, surface temperature and shrinkage as a function of
drying time are presented in figure 2.9. Although alumina and kaolin samples respect
the description of drying stages in the literature, results for the montmorillonite sample
show different behaviour. First it can be noted that the CRP is more difficult to distin-
guish during the initial part of the moisture content-time plot due to greater fluctuations.
However the surface temperature measurements suggest that this period lasts 9 hours.
Second the initial moisture content of the montmorillonite paste is much greater (∼90%)
than alumina or kaolin. Furthermore, shrinkage is now a continuous process throughout
the entire drying duration (25 hours), including the falling rate period. It does not stop
before the end of the CRP. These differences can be related to the nature of interactions
between montmorillonite and water. The water is not only located between particles
but also within particles, causing the perpendicular distance between equivalent planes
(called the basal spacing) to increase from 10 to 15 Å. On drying this results in greater
shrinkage (33% for montmorillonite compared to 10% for kaolin) [42]. The extraction of
water through drying is then more difficult and slower compared to alumina and kaolin.
Using the convenient definition of 2% residual water for complete drying, this takes 25
hours in montmorillonite compared to 9.5 hours for kaolin and 8 hours for alumina. It
can be concluded that although in most cases, the shrinkage stops during the first stage
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of drying (case of alumina and kaolin), particular materials like montmorillonite interact
more strongly with water. Then it becomes hard to relate shrinkage in a simple way to
the different stages of drying.

Figure 2.9: Moisture content, surface temperature and linear shrinkage as a function of
time for montmorillonite sample dried at 30 ◦C and 68% of the relative humidity.

2.3.4 Influence of the external conditions on the drying rate

In order to investigate the influence of drying conditions on the evaporation rates of
alumina and kaolin materials, drying was examined for samples of the same geometry
(cubes of 20 mm × 20 mm × 20 mm). These were dried at three different temperatures
(30 ◦C, 40 ◦C and 50 ◦C) with a constant water vapour pressure of approximately 2100 Pa
which corresponds to different relative humidities (respectively 50%, 29% and 17%). Five
faces were directly exposed to the drying atmosphere. The sample moisture content and
the surface temperature as a function of time are presented in figure 2.10.
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Alumine

Kaolin

Figure 2.10: Normalized moisture content and surface temperature as a function of time
for alumina and kaolin samples. Experiments were performed at different temperatures
and relative humidity.

As stated earlier, the end of the CRP coincides with the increase of the surface
temperature. Thus by extracting the duration of this period from the surface temperature
curves, it can be noted on the moisture content curves that for the different conditions
the end of the CRP corresponds to the same moisture content remaining within the
samples (approximately 10% for alumina and 12% for kaolin).

Simple calculations of the drying rate during the CRP can be made using two differ-
ent methods. First an experimental drying rate (φC−exp−m) can be deduced from mass
loss measurements using the relation 2.1. Then, since the surface temperature is mea-
sured, the drying rate (φC−anal−T ) during the CRP can be calculated re-expressing equa-
tions 1.9 and 1.10:

φC−anal−T = −k(Cair − Cs−bl) = −k(RHPs(Tair)
R Tair

− aw
Ps(Ts)
RTs

) (2.2)
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where aw = 1 since during the CRP the surface behaves as a free water surface. As
mentioned in chapter 1 the mass transfer coefficient k is related to the heat transfer
coefficient h. A value of 40 W m−2 K−1 was experimentally estimated for the heat
transfer coefficient within the climatic chamber. The mass transfer coefficient can then
be calculated using the relation 1.13.

On this basis, the drying rates for alumina and kaolin should be similar during the CRP
and increase with surrounding air temperature. This trend is confirmed in the comparison
of experimental values with calculated values in figure 2.11. As can be observed the drying
rate increases linearly with temperature. The calculations base on equation 2.1 yield
increases of drying rate by a factor of 1.8 between 30 ◦C and 50 ◦C. However, theoretically
speaking, the increase of the drying rate during the CRP when ambient conditions are
varied can be calculated simply from the difference between air temperature and the wet
bulb temperature. With this third calculation, the drying rate should increase by a factor
of 2.5 from 30 ◦C to 50 ◦C. This higher value compared to experimental results could
be attributed to inaccuracy in the temperature measurement by the optical pyrometer
or in the control of the relative humidity in the climatic chamber. In fact, the climatic
chamber is sometimes unable to respect the set point conditions making the relative
humidity difficult to control. The value of the water vapour of 2100 Pa was hard to
maintain at 40 ◦C and 50 ◦C. The data monitored by the climatic chamber for 40 ◦C and
50 ◦C are 32% and 24% respectively which correspond to water vapour pressure of 2350
Pa and 2940 Pa.

Figure 2.11: Drying rate as a function against temperature of drying for alumina and
kaolin samples.
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2.4 Evaluation of shrinkage
Maintaining dimensional control of the final ceramic object and avoiding the presence

of defects is one of the main aims for industry. Thus, taking into account the shrinkage of
green bodies during drying is of a strong importance since in some processing technologies
like tape casting, as an example, a deviation from isotropic shrinkage occurs [5,6]. For that
purpose, this part presents first the traditional Bigot curve representation for previous
results (section 2.3.2) and then focuses on the assessment of anisotropic shrinkage in
different orthogonal directions.

2.4.1 Bigot curve

The results of section 2.3.2 on the characterization of alumina and kaolin pastes are
presented in the form of Bigot curves. As can be seen in figure 2.12, alumina and kaolin
present two typical regimes as described in the literature (chapter 1). First, the initial
weight loss is accompanied by major shrinkage. Then the second regime corresponds to
the weight loss with minor shrinkage until the end of drying. This type of presentation is
useful to identify graphically the change from one regime to another which is considered
as a critical moment (leatherhard moisture content). This leatherhard moisture content
is achieved when particles are in contact, herein it corresponds to ca. 23% for alumina
and 25% for kaolin.

Figure 2.12: Bigot curves for alumina and kaolin samples dried at 30 ◦C and 63% of the
relative humidity .

At the end of the major shrinkage it can be assumed that the pores are completely
saturated with water, which means that the volume of water at this moment corresponds
to the volume of air at the end of drying. Thus the leatherhard moisture content can be
an indicator of the porosity for the dry body. To illustrate briefly this idea, the Bigot
curves can be used to investigate the behaviour of a paste when the formulation is varied.
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For example, in traditional ceramics, it is usual to add grog particles to reduce the overall
shrinkage of the paste. That is why two kaolin formulations were blended with water: BIP
kaolin and a mixture of BIP kaolin and quartz (70% of kaolin and 30% mass of quartz)
with larger grains (250 µm). The choice of quartz is due to its frequent use in formulations
for traditional ceramics like bricks. The moisture content and the shrinkage of similar
samples were followed in the same conditions of drying. The comparison in figure 2.13
shows that the overall shrinkage is reduced in the sample containing quartz particles (6%
compared to 7% for pure kaolin). It can also be noted that the leatherhard moisture
content for the sample with quartz particles is lower, approximately 20% compared to
25% for kaolin , which indicates that the sample containing quartz should have the higher
density. In this respect, an estimate of the apparent density of each green body from the
dry weight and measurement of the sample dimensions was made. The porosity was then
deduced and was indeed lower for the mixture of kaolin and quartz (40%) compared to
kaolin with 46%.

Figure 2.13: Bigot curves for kaolin and kaolin + quartz samples dried at ambient tem-
perature (20 ◦C) without controlling the relative humidity.

2.4.2 Shrinkage in different directions

Considering now the shrinkage in different directions, we develop in addition to
standard shrinkage characterization, a new optical method based on tracking of marks
to measure shrinkage, simultaneously in two dimensions during drying. In fact, similar
methods in the field of mechanics, have been developed to measure displacement
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or strain field of a surface from digital images obtained using optical cameras. For
example methods based on tracking of marks or on digital image correlation have been
reported [43]. Furthermore, optical cameras have already been used to investigate drying
of ceramics, for example to study crack formation in clay materials or to determine
shrinkage in concrete samples [44,45].

In this respect texturing of the ceramic green body was achieved by pressing the
ceramic pastes (alumina and kaolin) in one preferential direction. Furthermore, for kaolin
material extrusion was used as a second forming method. This method is well adapted
for shaping plastic mixtures.

2.4.3 Verification of the sample shape influence

Before going further, a simple test of the effect of sample shape on the drying behaviour
was made since we plan to deal with shapes other than cubes. Two simple geometries of
alumina and kaolin pastes were examined: a cube of 20 mm × 20 mm × 20 mm and
rectangular parallelepiped of 40mm× 20mm× 5mm. Drying was performed in the same
conditions (30 ◦C without controlling the relative humidity) and for both geometries the
surface area with 5 faces exposed to drying was the same (20 cm2). According to figure 2.14
which presents Bigot curves (a) and drying rates as a function of moisture content (b)
for alumina material, we deduce that even if the volume to be dried is different for both
shapes, the samples dry in a similar way in terms of overall shrinkage and evaporation
rate. Drying behaviours were also similar for kaolin samples.

(a) (b)

Figure 2.14: a) Bigot curves for alumina samples with different geometries (cube and
rectangular parallelepiped) dried at 30 ◦C without controlling the relative humidity. b)
Corresponding drying rate as a function of moisture content.
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2.4.4 Shaping methods to investigate anisotropic behaviour

2.4.4.1 pressing method

Before each measurement, a portion of the paste was extracted from the ceramic
paste and pressed in one direction. Then the samples were cut with the dimensions of
20 mm × 20 mm× 7 mm as illustrated in figure 2.15.

Figure 2.15: Schematic description of the different steps of sample shaping by pressing.

2.4.4.2 Extrusion method

In this method, the kaolin paste was extruded in a cylindrical form (diameter of
20 mm) with a piston extruder as illustrated in figure 2.16. The kaolin paste was placed
in a reservoir and then was pushed through a die by a piston. Furthermore, a vacuum
pump was connected to the die in order to remove air bubbles. After extrusion, the paste
was cut into cylinders with 20 mm of height. These were then cut into half cylinders in
order to measure simultaneously the height and diameter.

Figure 2.16: Schematic of the sample shaping by extrusion.

2.4.5 Experimental methods

Monitoring the variation of sample dimensions in different directions simultaneously
with measurement of the weight loss as a function of time during drying was performed
using two different methods.
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2.4.5.1 1D measurement

The first method is the standard one using a BC220M Precisa balance which has a
sensitivity of 1 mg and Linear Variable Differential Transformer (LVDT) sensor similar
to that one used in the climatic chamber. The device used in these experiments has a
measuring range of 6 mm with a resolution of 5 µm. The experimental set-up is illustrated
in figure 2.17. With this equipment, three experiments were performed with different
sample orientations, to obtain shrinkage in three orthogonal directions.

Figure 2.17: Schematic representation of the experimental setup for shrinkage measure-
ment in 1D.

2.4.5.2 2D measurement: optical method

The measurements were performed with the use of a similar BC220M Precisa balance,
and a uEye SE camera supplied by IDS with a resolution of 2590 × 1920 pixels. With this
method, the variation of sample dimensions was identified simultaneously in two directions
during drying. Schematic representation of this experimental set-up is given in figure 2.18.
The sample was placed on a support which was lubricated with oil to avoid mechanical
stresses resulting from adhesion with the support during drying. For pressed pastes,
each material, alumina and kaolin, was measured with two different sample orientations
in order to monitor the variation of dimensions in three directions (figure 2.19 a). For
extruded samples only one configuration was used (figure 2.19 b). Several colored full
circles were marked on the sample surface before starting the measurement as shown in
figure 2.19. Then the images and the sample weight were recorded every 5 minutes.
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Figure 2.18: a) Experimental setup for shrinkage measurement in 2D.

(a) (b)

Figure 2.19: Schematic representation of experiments to measure shrinkage in all direc-
tions (with full circles on the observed face). (a) for pressed samples and (b) for extruded
samples.

In order to accurately determine the sample dimension changes in two directions, the
distances between the full circles of images were evaluated with the use of a program writ-
ten in python. Image analysis typically involves different steps. The first step corresponds
to cropping of images in order to focus the analysis on the sample surface (figure 2.20 a
and b). Then as the images were taken at different times during drying and the sample
state changes with water removal, the lighting conditions were not the same. For that
reason, a specific adaptable threshold was used. Then a blur function was applied to the
images in order to detect the full circle contours and their centers (figure 2.20 c and d).
Based on the distance values between the pairs of the full circles for each image during
drying L(t) and those of the last image which corresponds to the dry sample Ld, the
shrinkage (Sh) in two orthogonal directions was calculated using the relation 1.17. For
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each direction, the shrinkage was evaluated by taking an average value over all the pairs
of full circles. Furthermore, since the sample shrinkage is in three orthogonal directions,
the resolution of the pixels per unit length number changes slightly. A correction was
made to take this effect into account. According to the obtained sample mass m, the
water content X was calculated with the relation 1.1 of chapter 1.

(a) (b) (c) (d)

Figure 2.20: Representation of the different steps of image analysis for square shaped
samples of kaolin. a) Raw image. b) Image cropped to the sample surface. c) Contour
detection at the beginning of drying. d) Contour detection at the end of drying.

2.4.5.3 Microstructure observations

A Scanning Electron Microscope (SEM), type FEI Quanta 450 FEG, was used to
observe the microstructure of the samples. Before the observations, samples were dried
in an oven at 110 ◦C for 24 hours to ensure complete water removal. Then they were
fractured in order to observe two cuts: the perpendicular and the parallel cuts to the
pressing direction or the extrusion direction.

2.4.6 Results

For all measurements, the drying of samples was evaluated in similar conditions, i.e. at
room temperature (20 ◦C), and ambient relative humidity with the same surface exposed
to drying. Then after complete drying in an oven at 110 ◦C, shrinkage Sh and water
content X were calculated using equations 1.17 and 1.1, respectively.

2.4.6.1 Shrinkage of alumina samples

The Bigot curves in x, y and z directions were established for drying of alumina
samples. It can be noted that from the beginning of drying, the shrinkage for each
direction decreases linearly with water loss down to 24% of water content within the
sample and then exhibits a negligible variation until the end of drying. Also based on
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figure 2.21, we can distinguish different amounts of shrinkage depending on directions. It
is identical in x and y directions (ca. ∼ 4%) but increases in the z direction (ca. ∼ 5%)
for both the LVDT and optical measurements. This difference in the overall shrinkage as
a function of water content, corresponding to a factor of 1.2 between the z direction and
the other directions can be explained by the nature of the raw material and the sample
preparation. In fact, pressing a paste of isometric grains should not yield any preferential
orientation. Accordingly, shrinkage in the three orthogonal directions should be similar.
This is not quite the case here, since alumina particles are not strictly isometric as shown
in figure 2.1. Therefore, to investigate further the preferential orientation, we present
in figure 2.22 two SEM images corresponding to cuts perpendicular (figure 2.22 a) and
parallel (figure 2.22 b) to the pressing direction. The observations confirm that grains
are not perfectly isometric and seem to be oriented as shown in figure 2.22 a with larger
surface area of grains compared to figure 2.22 b. This may explain a slight anisotropy in
shrinkage for these alumina samples.

Figure 2.21: Bigot curves for pressed samples of alumina dried at room temperature and
in conditions of ambient relative humidity for three orthogonal directions obtained with
the LVDT sensor (left) and the optical method (right).
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Figure 2.22: SEM micrographs on fractures of the alumina samples completely dried in
at 110 ◦C. a) observation of the perpendicular cut to the pressing axis. b) observation of
the parallel cut to the pressing axis.

Anisotropic shrinkage behaviour is an interesting feature to elucidate and that can be
investigated on materials with more anisometric grains. The next step is then studying
kaolin clay with tabular grains.

2.4.6.2 Shrinkage of kaolin samples

Both methods were also used to establish Bigot curves in three orthogonal directions
for kaolin samples (figure 2.23). Initially the water content within samples is the same
(44%). Results show that the mass loss is linear with shrinkage until the water content
reaches approximately 24%. Shrinkage then becomes negligible in the three directions
simultaneously. The main difference compared to curves obtained for alumina samples
is that variation in the overall shrinkage for the three directions yields a wider interval,
between 6% and 11%. This corresponds to a factor of 1.8 between the z direction and
the other two directions. Similar to alumina samples, greater shrinkage is still observed
in z direction. Indeed, since the kaolin grains have a tabular form, we assume that a
preferential orientation of grains due to pressing could correlate with the higher shrinkage
value in the z direction.
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Figure 2.23: Bigot curves for pressed samples of kaolin dried at room temperature and
in conditions of ambient relative humidity for three orthogonal directions measured with
the LVDT sensor (left) and with the camera (right).

In order to investigate further the preferential orientation of kaolin platelets due to
the pressing step, we present two SEM images corresponding to cuts perpendicular (fig-
ure 2.24 a) and parallel (figure 2.24 b) to the pressing direction. In figure 2.24 a, tabular
shaped grains can be observed without noticeable preferential orientation which is in
accordance with similar shrinkage values measured in x and y directions. However, in
figure 2.24 b, stacking of the kaolin platelets along the z direction can be observed with
basal planes oriented perpendicular to this direction. Based on these observations, the
higher shrinkage revealed in z direction can then be explained by this preferential orien-
tation with a higher number of grains/water interfaces per unit length in this particular
direction. At the beginning of drying the platelets are surrounded by liquid water as
illustrated in figure 2.25 a. The number of water layers per unit length is higher along
z than in the other directions and consequently the removal of the water layers leads to
greater shrinkage along z (figure 2.25 b). Based on a grain size of 4 µm in x-y plane,
a simple estimate of the starting water film thickness, in case of perfect orientation, is
200 nm. This is consistent with earlier work by Ford who discussed the anisotropy in
shrinkage behaviour of clay materials, explaining that when the number of water films
per unit length is different in the two directions, the shrinkage is also different [8]. In
the real situation, the distribution of particle sizes and orientations should be taken into
account.
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Figure 2.24: SEM micrographs on fractures of the kaolin samples previously dried at
110 ◦C. a) observation of the perpendicular cut to the pressing axis. b) observation of
the parallel cut to the pressing axis.

Figure 2.25: Schematic arrangement of grains with the same number of grains. a) At the
beginning of drying. b) At the end of major shrinkage.

Given that kaolin clay is frequently used in plastic mixtures and exhibits particles
with tabular form, it was of strong interest to follow the evolution of the shrinkage using
a second common shaping method in ceramic processing which is extrusion. Since the
samples with this shaping method had a cylindrical shape, the shrinkage was determined
for the radial direction and along the extrusion axis (figure 2.26). It was noted that due
to a preferential orientation of grains which is observed in SEM images (figure 2.27), the
amount of shrinkage along a radial direction is similar to the shrinkage in the z direction
for the pressing method. Whereas the direction that corresponds to the extrusion axis
exhibits fewer grain/water interfaces. A possible arrangement of particles is presented in
figure 2.28.
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Figure 2.26: Bigot curves for extruded samples of kaolin dried at room temperature and in
conditions of ambient relative humidity for the radial and z (height) directions measured
with the camera.

Figure 2.27: SEM micrographs on fractures of the kaolin samples previously dried at
110 ◦C. Observation of the perpendicular and parallel cuts to the extrusion axis.

Figure 2.28: Schematic of a possible arrangement of grains for extruded cylinders.
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2.5 conclusion
Using an experimental approach, the macroscopic drying behaviours of three dif-

ferent ceramic pastes: alumina, kaolin and montmorillonite were examined in this chapter.

In the first part, surface temperature, moisture content and the length changes have
been monitored for samples of similar dimensions in the same air conditions (constant
temperature and relative humidity). Referring to the different stages of drying described
in the literature, no difference was observed in the drying rate between alumina and kaolin
during the CRP. However the second stage of drying, known as the FRP took more time
in the case of kaolin clay compared to alumina. This can be related to the interactions
between clay particles and water as explained in the literature by Ford [8]. In order to
investigate this further, the drying behaviour of a third material ’montmorillonite’ was
characterized in the same conditions. In the case of montmorillonite, which is a swelling
clay, water interacts strongly with the particles. It is located between particles and also
within the particle itself. As a consequence, its extraction from the green body during
drying is slower and takes longer time. Shrinkage can not be related in a simple way to
the different stages of drying. Finally an increase of the surrounding air temperature was
shown to increase the evaporation rate, and as expected reduce the overall drying time.

The second part was dedicated to the assessment of shrinkage in different directions
during drying of ceramic pastes. An optical method based on tracking of marks was
developed to measure linear shrinkage simultaneously in two dimensions. To illustrate
the interest of such a method in the field of ceramics, kaolin and alumina pastes were
characterized. Results obtained with this method are found to be in good agreement with
those obtained with a LVDT sensor which is the more conventional method. We have also
shown that pressing or extruding a ceramic paste could lead to strong anisotropic shrink-
age. For instance, the overall shrinkage of kaolin in the pressing or extrusion direction
is 1.8 times greater than in the other directions, while for alumina it is significantly less.
The anisotropic shrinkage is related to the orientation and morphology of grains induc-
ing a larger water/solid ratio along one direction compared to the other two orthogonal
directions.
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Chapter context
The mechanisms controlling the drying rate of ceramic green body discussed in the chap-
ter 2 imply that changes in the concentration and distribution of water occur during the
process. A fundamental question is then: where is the liquid physically located during
drying? To answer, the present chapter characterizes the distribution of water within the
ceramic green bodies during drying at different scales. First, experimental measurements
using a simple weighing technique gives data at the cm scale. Then modern techniques
such as Magnetic Resonance Imaging (MRI) and Environmental Scanning Electron Mi-
croscopy (ESEM) were used in order to examine the spatial distribution and the localiza-
tion of water at the mm and grain scales. Such information is useful for the construction
and testing of a robust numerical model to describe the drying behaviour of a ceramic
green body. Most of the results presented in this chapter have been published in the
paper: "Distribution of water in ceramic green bodies during drying" by S. Oummadi et
al. Journal of the European Ceramic Society 39 (2019) 3164–3172

3.1 Experimental methods

3.1.1 Macroscopic scale (∼ cm): weight loss measurements

Figure 3.1: Representation of the sample divided into 4 blocks.

The evolution of moisture content in alumina and kaolin green bodies was followed
at different positions as a function of time with the following procedure. Drying was
performed in an oven at temperatures of 40 ◦C and 70 ◦C. The partial pressure of water
was measured in the room using the wet bulb temperature and was assumed to be the
same in the oven at both temperatures. The relative humidity was then estimated at 15%
for 40 ◦C and 5% for 70 ◦C. The sample (15 mm × 15 mm × 40 mm) was placed in
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the oven. Only one face (15 mm × 15 mm) was exposed to drying and the other faces
were covered with polyvinyl film in order to ensure water transfer in one direction. Then
the sample was removed at a precise time t and cut into four sub-samples (figure 3.1).
Afterwards, the weights of the different sub-samples were measured before the sub-samples
were placed in the oven for 24 hours at 110 ◦C. Their weight was then measured again
after complete drying. The moisture content of each sub-sample at time t was calculated
with respect to the dry basis using the relation 1.1.

3.1.2 Macroscopic scale (∼ mm): Zero Echo Time (ZTE) Mag-
netic Resonance Imaging (MRI)

Figure 3.2: A schematic representation of the MRI machine.

As a complement to the weight analysis, Magnetic Resonance Imaging (MRI) mea-
surements offer further information at a smaller scale with better than mm resolution.
This approach is able to provide useful information about water distribution at different
depths inside the ceramic body. In the present study carried out at the University of
Bremen with the supervision of Prof. Wolfgang Dreher and Prof. Kurosch Rezwan,
MRI measurements were conducted by an optimized Zero Echo Time (ZTE) MRI pulse
sequence [46–48] implemented on a 7-Tesla preclinical MRI system (Biospec 70/20,
Bruker Biospin GmbH, Ettlingen, Germany (figure 3.2)). The ZTE method was chosen
for the MRI study of water in ceramic samples because of the very short effective
transverse relaxation times (T2*) involved. Background signals originate from NMR
hardware components (e.g., supporting material and electronic parts of the RF coil)
outside of the Field-of-View (FOV) and thus unwanted wave-pattern image artefacts were
removed by applying an Outer Volume Suppression (OVS) module prior to RF excitation
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of the sample [49]. In ZTE-MRI, for a series of measurements with short repetition
time TR, data are acquired from the whole sample but with different orientations of
the applied magnetic field gradient, allowing the reconstruction of a 3D image. In this
study, ZTE MRI was performed with a FOV of 48 × 48 × 48 mm3 and a matrix size
of 128 × 128 × 128, yielding a voxel size of 375 × 375 × 375 µm3. Using a TR
of 11.3 ms and 51896 data acquisitions, the total measurement time per 3D image was
about 10 minutes.

Image reconstruction was performed on the MRI console using the software Paravi-
sion 5.1 provided by the manufacturer. The 3D MR images were reconstructed by a
gridding algorithm to determine the data on a Cartesian grid from the radially sampled
k-space data, followed by a 3D Fast Fourier Transformation. It is important to note
that some intensity distortions may occur in ZTE images, i.e. a non-uniform intensity
distribution may be reconstructed for a uniform object. These image artifacts can be
caused by experimental problems (missing or distorted signals near the k-space center
acquired immediately after switching from transmission to reception mode [48]; influence
of OVS [49]) or by data reconstructions (aliasing artifacts or incomplete deapodization to
suppress aliasing artifacts) [50, 51]. In MRI applications that focus on the detection or
delineation of objects or structures, such intensity distortions are of minor importance.
However, for quantitative data evaluation performed in this study, an intensity recali-
bration was used assuming a uniform signal distribution at the beginning of the drying
process.

3.1.3 Microscopic scale: microstructure observations by ESEM

In order to obtain information on the location of water during drying at the grain
scale, observations were made on alumina and kaolin samples using an Environmental
Scanning Electron Microscope (ESEM), model Quanta 450 FEG, supplied by FEI. The
relative humidity was controlled close to the sample surface, and reduced step by step
from 100% to observe the effect of drying. The temperature of the sample holder was set
to 2 ◦C, and the water vapour pressure in the chamber to 700 Pa which corresponds to
100% relative humidity. Reducing the pressure below 700 Pa then decreases the relative
humidity.
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3.2 Results

3.2.1 Alumina P172SB samples

3.2.1.1 Weight loss

• Drying at 40 ◦C and 15% RH:

Based on the macroscopic scale measurements, the moisture content for each sub-sample
of the alumina P172SB samples as a function of time are shown in figure 3.3.

Figure 3.3: Water content of alumina P172SB sub-samples after different drying times,
at 40 ◦C and 15% RH.

The situation and mechanisms described in chapter 1 can explain the distribution
of the water within the ceramic green body during drying. At the beginning of drying,
the material should be constituted uniquely of the solid and water. It can be seen that
the water distribution is uniform throughout the sample as shown in the first profile
of figure 3.3 (0 h). Two periods of drying can be distinguished: the first one lasts
approximately 3 hours which coincides with the major shrinkage (down to approximately
23%) and the second corresponds to the rest of the drying time. In the situation of
slow drying, involving higher relative humidity and temperatures close to ambient, a
continuous layer of water covers the surface of the sample throughout the shrinkage
period. Then the water evaporated from the surface and physical movement of the
liquid/air interface leads to a redistribution of the water/particle system to maintain a
uniform water concentration. In our study with one side exposed to drying, it is observed
in figure 3.3 that even after 3 hours of drying, the water content in the four sub-samples
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remains the same. However for drying duration of 4 hours or more, a gradient in water
concentration occurs. We have shown in chapter 2 that the CRP ends for water content
of approximately 10%. Concentration gradients then appear during the CRP after the
end of major shrinkage. The concentration gradient reaches a maximum after 10 hours.
There is a difference of 3.2% in the water content between sub-samples 1 and 2 while
sub-samples 3 and 4 reveal only a small difference (0.5%). As the outer part of the
ceramic green body becomes completely dry, the steepest part of the gradient (drying
front) moves towards the interior as shown by the curve obtained after 52 hours.

The next series of experiments tested this general picture of water distribution for
faster drying at higher temperature on a similar set of alumina samples.

• Drying at 70 ◦C and 5% RH:

Figure 3.4: Water content of alumina P172SB sub-samples after different drying times,
at 70 ◦C and 5% RH.

Figure 3.4 reveals similar but faster drying behaviour at 70 ◦C as at 40 ◦C. Only
15 hours of drying were required to reduce the moisture content to < 2% versus 52
hours at 40 ◦C. It can be noted that the maximum difference in water contents between
sub-samples 1 and 2 is the same at 70 ◦C as at 40 ◦C (approximately 3.2% after 6 hours
of drying). However, it is stated in the literature that a "faster" evaporation of water
at the body surface yields larger concentration gradient, since the surface is supplied
slowly by water migrating from deep below the surface. In fact, a study on drying of
large plastic bodies (18 cm) shows that differences in water concentration become more
and more pronounced within the sample when the rate of evaporation from the surface
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is increased by a factor of 3 [8].

The next series of trials examine the distribution of water during drying with the
higher spatial resolution of MRI.

3.2.1.2 ZTE Magnetic Resonance Imaging

In the present section MRI images of the materials at various stages in drying are
presented in figure 3.5. Three slices were chosen in order to illustrate how water is
distributed within materials at different positions (from the top to the bottom). In this
sample, only one face is exposed to the drying atmosphere while the others are covered
with a plastic film. So in this situation the water migration should principally be in
one direction. The first observation shows that the pixel intensity in the images for the
top, middle and bottom positions, is greatest at the beginning of the drying process (1st
column in figure 3.5). Then as drying progresses, the gray levels decrease, meaning that
the amount of water decreases. Moreover, the images clearly reveal the phenomenon of
shrinkage by the reduction of area of the squares during drying. For example, the square
size at the beginning is about 4 cm2 reducing to 3.69 cm2 after drying is achieved. It
corresponds to approximately 4% of linear shrinkage,which is close to the value obtained
in the second chapter using the LVDT sensor and the optical method.

Figure 3.5: Magnetic Resonance Images of an alumina P172SB sample, at different posi-
tions for total water contents of 27%, 18%, 5% and 1%.

For further insight, results obtained by MRI were subsequently analyzed using an
open-source software ParaView.5.4.1, to calculate averaged pixel concentration profiles,
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which should depict the water distribution. A vertical profile is chosen along the central
axis of samples for the entire length, with averages made for cross sectional dimensions
of 4 mm × 4 mm (figure 3.6). These profiles of average pixel intensities are shown in
figure 3.7 at different times in the drying process. In this set of trials, the drying was
accelerated by placing the sample on a hot plate at 50 ◦C and exposing the remaining 5
faces to the atmosphere.

Figure 3.6: Representation of the parallelepiped cut using Paraview software.

Figure 3.7: Profile curves of the parallelepiped cut as a function of sample height for
different drying times. Sample placed on a hot plate at 50 ◦C and with 5 faces exposed
to air.

The first observation is that the overall concentration in water decreases with time as
expected. However, the first profile recorded after one hour of drying shows a reduced
pixel intensity towards the top and bottom faces of the sample. Even if the drying con-
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ditions are different, this result is surprising since the distribution of water should be
initially uniform as witnessed by the weight measurements of sub-samples (figure 3.3).
Two possible explanations are considered. The forming process by casting could yield a
crust towards the exterior of the sample but this does not seem consistent with the weight
measurement of sub-samples discussed previously. Secondly, probing of water concentra-
tion by NMR measurements is less sensitive towards the outside of the sample chamber.
It is indeed known that ZTE-MRI images of objects with constant spin density will often
exhibit non-constant signal intensities across the object, with a trend of decreasing signal
intensity with increasing distance from the image center. This problem arises from the
specific way of data acquisition and reconstruction as described in 2.3. However, since the
distribution of water in the sample is assumed to be uniform for the profile obtained after
one hour of drying, the subsequent profiles can be recalibrated in relation to it, as shown
in figure 3.8. The visualization of the behaviour then seems clear in the profile taken after
7 hours of drying with the appearance of a gradient in water concentration for the top
half of the sample (drying front) while the concentration remains uniform in the bottom
half. It can be noted in the third profile that the local fluctuations of water content have
increased, consistent with complete emptying of some but not all of the pores in a given
volume element. Finally a uniform baseline signal of almost zero intensity is obtained for
the dry sample (59 hours of drying).

Figure 3.8: Recalibrated profile curves of the parallelepiped cut as a function of sample
height for different drying times.
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3.2.1.3 ESEM observations

The environmental scanning electron microscope was used to observe the surface
of the samples at the micron scale of the grains and pores during drying. Though the
experimental conditions inside the microscope chamber in terms of temperature and
vapour pressures are some what different to the other two methods as explained in 1.1.3,
the basic situation of progressively extracting water out of the ceramic green body is
retained. Compared to the starting conditions of 2 ◦C and 700 Pa, this was achieved by
progressively reducing the pressure to 500 Pa. Likewise, a sample dried beforehand in an
oven at 110 ◦C for 24 hours was also observed in the same ESEM.

Observations of the drying process for alumina-P172SB surface are presented in
figure 3.9 and figure 3.10. Micrographs of figure 3.9 show the evacuation of water in the
same zone of the sample. The different phenomena visible on the surface can be related
to the different stages of drying. As one can see, in the first micrograph, water is the
dark phase and it forms a continuous film around the grains. This is in agreement with
the idea that in the early stages of drying, water evaporates from the surface (liquid-air
interface) leading to shrinkage of the ceramic green body. Within the body, initially only
solid-liquid interfaces exist. The micrograph b) corresponds to an advancement in the
drying process, compared to the first micrograph, where the area occupied by the dark
phase is reduced, meaning that the water level has decreased. It can also be noticed that
grains are closer to each other which is directly related to shrinkage. In practice, the end
of shrinkage is observed during the ESEM experiment when grains stop moving across the
field of vision. This occurs between micrographs b) and c) of figure 3.9. After the shrink-
age step, water starts first to evaporate from the larger pores and then the smaller pores
are emptied later on during the drying process figure 3.9 (c and d). These observations
are consistent with literature in the description of relations between the driving forces
during drying and the tension in the liquid [11], which is strongly related to pore size.
Capillary action ensures that the small pores near to the surface stay filled until all larger
pores of the sample are drained. Then in figure 3.10 a) when all of these pores are essen-
tially empty, some remaining moisture can be found located next to grain-grain interfaces.

Comparing the dried sample at 110 ◦C, presented in micrograph b) of figure 3.10 to
the sample dried in the ESEM atmosphere (micrograph a) of figure 3.10), it can be clearly
seen that water located at interfaces between grains has been completely removed.
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Figure 3.9: ESEM micrographs of a chosen zone on the surface of an alumina-P172SB
sample at various stages of drying. Micrographs a) and b) correspond to the CRP of
drying with a continuous film of water surrounding grains. c) Corresponds to the falling
rate period with water evaporating from the large pores (marked by black lines). d)
Represents also the falling rate period, later in drying, with water emptying from the
small pores (marked by black lines).

Figure 3.10: ESEM micrographs of alumina-P172SB. a) Sample at the end of drying in
ESEM chamber. b) Sample completely dried in an oven at 110 ◦C for 24 hours.
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3.2.2 Kaolin samples

In the previous section, using three different techniques, the investigation of water
distribution has been well established for alumina. But the way the water is transported
out of the green body may be affected by the material nature and grains morphology
because of stronger interactions of water with particles. These factors could influence the
distribution of water and its localization within the body as drying proceeds. Therefore,
a similar study on kaolin clay with platelet grains was made.

• Weight loss: Drying at 40 ◦C and 15% RH:

At first, the profiles of water concentration obtained by weight measurements of sub-
blocks at 40 ◦C and 15% are presented in figure 3.11.

Figure 3.11: Water content of kaolin sub-samples after different drying times, at 40 ◦C
and 15% RH.

Despite the difference of morphology between the two materials, i.e. spherical form of
grains for alumina and platelets for kaolin, many aspects of the general behaviour during
drying of kaolin samples are similar to alumina. During the initial period of drying
accompanied by shrinkage (for water content above 25%), which takes place in the first
5 hours of drying, no gradient in water content within samples is detected as shown in
figure 3.11. Later on in the drying process, a gradient in water concentration develops,
reaching a maximum value after 8 hours with a difference of 3.7% in the water content
between sub-samples 1 and 2. After this duration of drying, since the overall amount of
moisture content remaining within the sample does not exceed 10%, the gradient in water
concentration decreases which can be explained by an evaporation of water at greater
depth and then a transportation of the vapour to the surface by gas diffusion.
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• Weight loss and linear shrinkage: Drying at 70 ◦C and 5% RH:

Figure 3.12: Water content of kaolin sub-samples after different drying times, at 70 ◦C
and 5% RH.

For drying experiments carried at 70 ◦C, again the drying behaviour of kaolin sub-
samples presents similarities with the behaviour obtained for alumina as can be observed
in figure 3.12. It can be noted that the main effect produced by increasing the drying
temperature is the decrease of the drying duration.

• ZTE Magnetic Resonance Imaging:

The MRI observations also reveal the progression of a drying front once the shrinkage
stage is completed. A notable difference for the kaolin samples with the MRI technique
is that even at the end of drying quite a strong signal remains as shown in figure 3.13.
This 1H signal is expected because of the presence of OH groups in kaolinite which give
rise to a residual signal [52]. Furthermore, the presence of this strong baseline (> 50) is
clearly seen in the graphs of the averaged pixel concentration and recalibrated profiles in
figures 3.14 and 3.15, respectively.

Drying behaviour of ceramic green bodies Page 84



Chapter 3: multi-scale study of the moisture distribution

Figure 3.13: Magnetic Resonance Images of an alumina P172SB sample, at different
positions for total water contents of 43%, 22%, 5% and 0.2%.

Figure 3.14: Profile curves of the parallelepiped cut as a function of sample height for
different drying times. Sample placed on a hot plate at 50 ◦C and with 5 faces exposed
to air.
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Figure 3.15: Recalibrated profile curves of the parallelepiped cut as a function of sample
height for different drying times.

• ESEM observations:

Observations of a kaolin sample during drying using the ESEM are presented in fig-
ure 3.16. As for alumina samples, during the first stage of drying (first and second
micrographs), the grains are surrounded by water. Only liquid/solid and liquid/gas inter-
faces exist. Then during the falling rate period, water starts to evaporate from the larger
pores before the smaller ones, similar to the observations for alumina.
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Figure 3.16: ESEM micrographs of a chosen zone on the surface of a kaolin sample at
various stages of drying. Micrographs a) and b) correspond to the CRP of drying with
a continuous film of water surrounding grains. c) Corresponds to the falling rate period
with water evaporating from the large pores. d) Further drying reveals emptying of water
from the small pores.

Figure 3.17: ESEM micrographs of alumina-P172SB. a) Sample at the end of drying in
ESEM chamber. b) Sample completely dried in an oven at 110 ◦C for 24 hours.
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3.3 Conclusion
In this chapter, the spatial distributions of water within alumina and kaolin green

bodies have been investigated at different scales during drying. Three distinct techniques
were used. At the macroscopic scale, the evolution of water content was estimated
by a simple weighing of blocks with 1 cm of height which had been cut from samples
with a total height of 4 cm. As a complement, on a smaller scale, Magnetic Resonance
Imaging (MRI) measurements were conducted with a spatial resolution of 0.4 mm.
Thirdly, observations have been made of a surface exposed to drying in an Environmental
Scanning Electron Microscope (ESEM).

This work brings new information but basically confirms the general picture of drying
established in the literature. For “slow” drying corresponding to removal of water by
natural convection, during the first stage involving shrinkage, the distribution of water
in the ceramic body is uniform. Then during the second stage of drying, when the
body volume is fixed and water evaporates from the pores in the interior of the body,
the distribution of water within the sample varies with position. A gradient in water
concentration is revealed between emptied zones next to the drying face(s) and the body
interior where water is removed more slowly. At the grain scale, it was noticed that the
water starts to evaporate from the larger pores first, then the smaller pores later during
the drying process. Then in the final stage of drying, the residual water is localized in the
zones next to the solid–solid contacts between particles. This information will be useful
in the next part of this study in order to help to explain how physical properties vary
with moisture content, particularly the effective thermal conductivity and water diffusion
coefficient.
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Chapter context
Since the final objective of this work is the construction of a robust numerical model which
describes the drying behaviour of a ceramic green body, there is the need to have reliable
values of the physical properties. That is why this chapter is devoted to the experimental
evaluation of physical properties involved during drying. First, the evolution of water
activity for alumina and kaolin materials during drying is presented. Then, values for
the effective diffusion coefficient are calculated using the experimental results for water
distribution obtained by weighing which have been presented in the previous chapter.
Finally, variations in the heat capacity and thermal conductivity of the green body are
assessed for both materials during drying. Some of the results presented in this chapter on
the assessment of the thermal conductivity have been published in the paper: " Thermal
conductivity of ceramic green bodies during drying" by B, Nait-Ali et al. Journal of the
European Ceramic Society 37 (2017) 1839–1846.

4.1 Mass transport

4.1.1 Water activity

4.1.1.1 Experimental set-up

Figure 4.1: A schematic representation of the water activity measurement.

In a controlled environment with constant temperature and relative humidity, a wet
green body loses water until an equilibrium state is achieved with a constant mass. At
this stage, the water vapour at the sample surface is the same as that of the exterior
atmosphere and the temperature at the body surface is equal to the air temperature.
There are no heat and mass transfers. Considering equations 1.9 and 1.11, Cair = Cs−b.l

and Tair = Ts. As a consequence, the water activity aw is equal to the relative humidity
fixed in the chamber. The relationship between the equilibrium moisture content (X) and
water activity (aw) of a body is known as the water sorption isotherm [53, 54]. Moisture
sorption isotherms can be obtained for adsorption or for desorption processes. In our
case, since we deal with drying, only desorption was examined for alumina and kaolin
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pastes. Saturated salt solutions were used to fix the relative humidity according to [55].
Different salts were chosen as shown in table 4.1. The samples were placed in closed boxes
containing the saturated solutions, as illustrated in figure 4.1, until the mass has reached
a constant value (ca. one month). Afterwards, the sample was completely dried in an
oven for 24 hours at 110 ◦C. The moisture content (X) of each sample was calculated on
a dry basis using the relation 1.1 of chapter 1.

Lithium
chloride
(LiCl)

Potassium
carbonate
(K2CO3)

Sodium
chloride
(NaCl)

Potassium
chloride
(KCl)

Potassium
sulfate
(K2SO4)

RH at (20 ◦C) 12 % 43.2 % 75.5 % 85.1 % 97.6 %
RH at (40 ◦C) 11.2 % 43.2 % 74.7 % 82.3 % 96.4 %

Table 4.1: Saturated salt solutions used with the corresponding relative humidities at
20 ◦C and 40 ◦C [55].

4.1.1.2 Results

Using the experimental set-up, moisture desorption of kaolin and alumina materials
was evaluated at ambient temperature (ca. 20 ◦C) and 40 ◦C. The results obtained for
the different relative humidities are plotted in figures 4.2 and 4.3.

Figure 4.2: Desorption isotherms equivalent to moisture content as a function of water
activity for alumina samples measured at 20 ◦C and 40 ◦C.
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Figure 4.3: Desorption isotherms equivalent to moisture content as a function of water
activity for kaolin samples measured at 20 ◦C and 40 ◦C.

As can be observed, we deduce that during drying the water activity is close to 1 until
the moisture amount at the sample surface falls to less than 3% for alumina and 4% for
kaolin. Then the activity strongly decreases down to 0.11 for 0.13% of moisture content
within alumina and 0.16% in kaolin samples. Furthermore, in terms of temperature, it
should be noted that a small difference between values at 20 ◦C and 40 ◦C is observed.
This difference is explained in the literature by the higher energy provided at 40 ◦C to
desorb water molecules [53,56].

4.1.2 Estimation of the diffusion coefficient

As discussed in the first chapter in section 1.2.4.2, some of the studies on the
dependence of the diffusion coefficient with moisture content have been based on weight
measurments [15, 16]. Similarly in this section, order of magnitude estimates of the
diffusivity values for water transport in the drying body are made using the results
obtained by weighing (Chapter 3 section 3.1.4.1).

As a useful simplification, the situation of one dimensional transport after the
shrinkage stage is considered. From a mass balance made at the sample face exposed to
air at x = 0, the outgoing water flux Jx=0[mol m−2 s−1] can be written as [12,57]:

Jx=0 = −Dw
∂C

∂x
(4.1)
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where Dw is the diffusion coefficient in m2 s−1, C is the water concentration in mol m−3

in the volume element next to the interface and x is the position coordinate in m. This
is similar to an expression for Fick’s law within the body. An approximate value for the
upper limit of the diffusion coefficient Dw can then be given by the relation.

Dw = Jx=0
∆C
∆x

(4.2)

where ∆C
∆x refers to the difference in water concentration of the first two sub-samples per

unit length next to the drying face in figure 3.1 and the sign has been dropped. In reality
the local concentration gradient may be steeper next to the interface. The diffusion flux
corresponds to the amount of evaporated water per unit area of exposed drying surface
during a given time period described by the relation :

Jx=0 = 1
S

∆C
∆t (4.3)

where ∆C refers to the change in average concentration of the complete sample over
time ∆t and S is the area of the exposed face.

In the case of the alumina-P172SB samples, shrinkage is essentially finished after 3
hours of drying. Using equations 4.2 and 4.3, diffusion coefficient values were calculated
from 3 hours to 21 hours of drying, since a concentration gradient in the first two sub-
samples is revealed during this stage, as can be observed in table 4.2. The evaporation rate
from the drying surface was evaluated over a time difference of 2 hours by interpolation
of the average mass values for the complete sample.

Time (hours) Jx=0(mol m−2 s−1) ∆C
∆x (mol m−4) Dw(m2 s−1)

3 4.9× 10−2 2.1× 104 2.3× 10−6

4 4.8× 10−2 1.3× 105 3.8× 10−7

5 ∗3.6× 10−2 2.7× 105 5.7× 10−8

7 ∗2.5× 10−2 3.6× 105 3.5× 10−8

10 1.1× 10−2 3.6× 105 3.1× 10−8

14 4.9× 10−3 3.1× 105 1.6× 10−8

21 3.7× 10−3 2.6× 105 1.4× 10−8

Table 4.2: Estimation of the diffusion coefficient values of water through an alumina
P172SB sample at different times during drying. (∗ indicates interpolated values).

First, it can be noted that the values of the diffusion coefficient of water lie between a
value of 2.3×10−6 m2 s−1 just after the end of shrinkage and a value of 1.4× 10−8 m2 s−1
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after 21 hours of drying when 5% of water still remains within the sample. These estima-
tions are in rough agreement with values found in literature. As an example, for water
evaporation from a porous alumina pellet the diffusion coefficient of water within the
pellet was deduced to be 5 × 10−8 m2 s−1 from the concentration profile evaluated by
MRI measurements [34]. Second, the initial large value of the diffusion coefficient should
come as no surprise given that, at high water amounts within the material, capillary
forces are the main mechanism transporting water. The progressive decrease in diffusion
coefficient value, with drying time and water amount, is then consistent with a change in
the dominant transport mechanism towards diffusion of water vapour through the pores
to the outside surface.

A simple attempt was made to test this explanation by altering the microstructure
of the drying ceramic and hence modify the two transport mechanisms. Two alumina
powders were compared: P172SB with small grains(0.4 µm) and P152SB with larger
grains (1.3 µm). Presumably the presence of smaller pores and particles is promoted in
P172SB compared to P152SB. First of all the total mass losses of the alumina samples
were followed in the same conditions of drying, i.e. at the same humidity and at similar
temperatures. The drying rates were then calculated from water loss over time per unit
of area exposed to drying and are plotted as a function of moisture content in figure 4.4.

Figure 4.4: Rate of drying as a function of the moisture content for two alumina powders
at 40 ◦C and 30% of relative humidity.

Despite the increase in particle size between the alumina powders (P152SB three
times larger than P172SB), no significant difference in drying behaviour is revealed,
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especially after the constant rate period is completed (moisture content less than 8%).

Furthermore, the estimation of diffusion coefficients for P152SB, via the weighing of
sub-samples yields again a strong dependence on moisture content as shown in figure 4.5.
The two data sets can not be distinguished within uncertainty, suggesting reproducibility
and that the two pore size distributions are not sufficiently different. More refined
evaluation might yield differences at the lowest moisture contents, corresponding to the
emptying of the smallest pores.

Even if no particular effect due to grain size difference in the alumina powders was
detected, these simple estimations of diffusion coefficient represent an interesting start in
the comprehension of the role of this parameter in drying of ceramic bodies. It should be
possible to obtain more refined values of the diffusion coefficient by constructing a numer-
ical model for the drying of a green ceramic body, which predicts internal concentration
profiles to compare to experimental data.

Figure 4.5: Estimated diffusion coefficient as a function of the moisture content for two
alumina powders P172SB and P152SB.

As already mentioned, drying is a coupling of two transfers: mass and heat transfers.
Therefore, after determining the mass transport properties involved during drying, the
next step is to investigate the thermal ones as well.
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4.2 Thermal properties

4.2.1 Heat capacity

Unlike transport properties (diffusion coefficient of water and the thermal conduc-
tivity), heat capacity is independent of the microstructure involving particles and pore
distribution/sizes. Variation in this property is controlled by the mass fraction of the
solid and water as drying proceeds. Therefore, in the case of alumina and kaolin sam-
ples, the overall heat capacity can be calculated using the relation 1.15 in association
with heat capacity values available for each phase in the literature. The value for alu-
mina is Cpalumina = 780 J kg−1K−1, for kaolin containing hydroxyl groups, as in our
case, the value is Cpkaolin = 949 J kg−1K−1 [58, 59]. The value for water at 20 ◦C is
Cpwater = 4210 J kg−1K−1 which is more than 4-5 times the values for alumina and
kaolin [58]. Figure 4.6 shows increases for the wet samples compared to the dry green
bodies which can be explained by the high heat capacity value of water. Moisture contents
up to 30% for alumina and 40% for kaolin yield a strong increase in heat capacity by a
factor of 2 (1600 J kg−1K−1 and 1930 J kg−1K−1, respectiviely).

Figure 4.6: Calculated values for heat capacity as a function of moisture content for
alumina and kaolin materials. Cpalumina = 780 J kg−1K−1, Cpkaolin = 949 J kg−1K−1

and Cpwater = 4210 J kg−1K−1.

note: this value will be reduced on firing to approximately 780 J kg−1K−1 with the
removal of hydroxyl groups.
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4.2.2 Thermal conductivity

4.2.2.1 Thermal conductivity measurement

Transient plane source method: The thermal conductivity of the samples was
measured using the transient plane source (TPS) method, operating at room temper-
ature. This technique, developed by Gustafsson, uses a thin probe constituted of a nickel
spiral wire in a disk shaped sandwiched between two films of an insulating material (fig-
ure 4.7.a) [60]. The probe is placed between two blocks made of the material to be
measured as shown in figure 4.7.b. The nickel wire is used, first, as a heat source using
Joule’s effect and, second, as a sensor to monitor the temperature increase by measur-
ing the electrical resistance of the wire. The two sample blocks enclosing the probe are
considered to be an infinite medium during the experiment as well as homogeneous and
isotropic. At t < 0, the material should be in thermal equilibrium with the environment
at the temperature T0 (uniform in the solid). The measurement consists of recording the
increase in temperature after applying a constant heat flux from time t = 0. The thermal
conductivity is determined from the time dependent temperature response. The prob-
ing depth of heat penetration is typically of the same order of magnitude as the probe
diameter, which was 6.3 mm in our case. Typical measuring time was 80 s.

(a) (b)

Figure 4.7: (a) Schematic representation of a hot disk probe (b) Thermal conductivity
measurement.

Measurements as a function of water content: as already stated above, before
each thermal conductivity measurement the temperature should be in thermal equilib-
rium and the samples have to be homogeneous and isotropic. However, during drying
the temperature in the sample varies strongly, depending on the water evaporation
rate. Furthermore due to coupled heat and mass transfers, the temperature and water
distribution are not spatially uniform in the material. Thus to ensure a constant and
uniform temperature and water distribution in the sample before each measurement,
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samples were first dried at ambient temperature and relative humidity (ca. 20 ◦C and
40%) for a given time, then weighed and covered by a polyvinyl film to stop the drying
process, for a duration of 4h.

The choice of this duration was decided after two additional tests which enabled us
to check the uniformity and stability of the temperature as well as water distribution
before measurements. Samples for both tests were carried out in the same way as samples
prepared for the thermal conductivity measurement.

• Temperature test

At first, we placed three thermocouples in different positions within the covered sample
as can be seen in figure 4.8.a. Temperatures were recorded every 15 minutes after stopping
drying. Figure 4.8.b shows similar increases in temperature for the three thermocouples
to reach room temperature after 3 hours. Therefore, a delay of 4 hours is sufficient to
reach a constant and uniform temperature in the sample.

(a) (b)

Figure 4.8: (a) Temperature monitoring at three sample positions (b) Temperature as a
function of time for the three sample positions after stopping drying.

• Water distribution test

The second test consists of cutting, from the appropriate sample, smaller specimens
in order to check at different moments in the progression of drying (before and after the
shrinkage stage) that water content is uniform after the delay of 4 hours (figure 4.9).
For that, drying was stopped for 4h. Then the weights of the different specimens were
measured before and after they were completely dried in the oven at 110 ◦C. The calculated
moisture contents for each block were close to each other with a difference of ± 0.5%. It
confirms that 4 hours is a sufficient duration to attain a uniform water distribution.
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Figure 4.9: Representation of the sample divided into small blocks.

Finally, to measure the completely dry green body, some samples were dried at 40 ◦C
until the mass had reached a constant value. The thermal conductivity was then measured
after cooling down to room temperature. Samples were dried at 40 ◦C instead of 110 ◦C
to avoid cracks.

4.2.2.2 Evolution of thermal conductivity during drying of alumina green
bodies

In order to follow and analyze the thermal conductivity of an alumina green body dur-
ing the different stages of drying, thermal conductivity and linear shrinkage are plotted
as a function of moisture content in figure 4.10. Thermal conductivity variations reveal
3 distinct regimes. At the beginning of drying, the value increases from 2.5 W m−1 K−1

to reach a maximum value of 3.1 W m−1 K−1. Then the thermal conductivity decreases,
weakly at first down to 1.5 W m−1 K−1 and strongly at the end of drying to yield a value
of 0.25 W m−1 K−1. These changes in the effective thermal conductivity as a function of
the drying progression, corresponding to a factor of 12 between the maximum value and
the endpoint, were examined in comparison to the linear shrinkage data. The thermal
conductivity increases when the shrinkage occurs and the maximum conductivity value
matches the end of strong linear shrinkage which then remains almost constant with
further weight loss.

Note: it is worth mentioning here that the end of shrinkage for the alumina sample in
this study corresponds to 19% of moisture content which is lower compared to the previous
studies. This may be explained by the use of a different P172SB alumina batch for these
experiments. Shrinkage experiments were repeated for this batch with different sample
sizes and all give an end of shrinkage for approximately 20%.
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Figure 4.10: Thermal conductivity and linear shrinkage as a function of moisture content
for alumina samples.

Focusing on the first thermal conductivity variation (the increase), and relating it to
the first stage of drying with strong shrinkage, down to ca. 19% of moisture content,
the material is assumed to be constituted of uniquely the solid and water, meaning
that the decrease in the apparent volume corresponds to the volume of water which has
been evaporated [8]. As a consequence, the volume fraction of solid, which has a higher
conductivity than water, increases. Furthermore solid particles, which at the beginning of
drying are separated by stable films of water, evolve towards a closer packing increasing
the overall grain-grain contact area. These two aspects, schematically illustrated in fig-
ure 4.11, are responsible for the thermal conductivity increase when the shrinkage occurs.
More insight into the role of each of these contributions is given by a simple model where
the effective thermal conductivity can be calculated using the Maxwell-Eucken relation
for a mixture of solid and water [61]. For this, the material is assumed to be consti-
tuted of isolated solid inclusions surrounded by water described by the following equation:

λeff = λwater
λsolid + 2λwater + 2vsolid(λsolid − λwater)
λsolid + 2λwater − vsolid(λsolid − λwater)

(4.4)

where λwater is the thermal conductivity of water, λsolid is thermal conductivity of the
solid, vsolid is the volume fraction of solid. Equation 4.4 is also equivalent to the Hashin-
Shtrikman lower bound for an isotropic mixture of alumina particles and water [62].
Values calculated, with a solid phase thermal conductivity of 35 W m−1 K−1 and a value
of 0.61 W m−1 K−1 for water [63, 64], are 2.08 W m−1 K−1 at the beginning of drying
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and 2.39 W m−1 K−1 at the end of the shrinkage stage (figure 4.12). The analytical
model assumes that there is no contact for the heat flow between particles, which is
probably not strictly the case in the real material and can explain the slightly greater
experimental values compared to the predictions. Based on the water and solid volume
fraction changes, the calculated difference of 0.3 W m−1 K−1 is less than the measured
difference of 0.6 W m−1 K−1 between the initial wet state and the end of shrinkage. This
suggests that an additional factor, change in the particle-particle contact area, influences
the thermal conductivity values during the first stage of drying.

Figure 4.11: Schematic arrangement of solid grains and water at: (a) the start of drying
and (b) the end of the shrinkage. The volume fraction of solid has increased as well as
the overall contact area between grains.

Figure 4.12: Schematic of thermal conductivity as a function of weight loss indicating
4 characteristic points (1, 2, 3, 4) in the drying behaviour. Calculated values using the
Maxwell-Eucken relation with water (1, 2) or air (4) as the continuous phase.
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Now by looking into the second period once the major shrinkage is achieved, at
ca. 19% of moisture content,further drying gives a decrease in thermal conductivity.
The effect has already been described in literature and is explained by the volume of
water which is replaced by air with a lower thermal conductivity: 0.026 W m−1 K−1

or even less for small pores (< 0.5 µm) if the Knudsen effect is operating [65, 66].
However, the final stronger decrease in the thermal conductivity seems to indicate
that other mechanisms can be involved at the end of the drying process. After a
complete drying at 40 ◦C, the material is constituted of only the solid and air. Using
the Maxwell-Eucken model, i.e. assuming that the material is constituted of isolated
solid inclusions surrounded by air, the predicted value from equation 4.4 on replacing
water with air, is 0.1 W m−1 K−1, which is below the measured thermal conductivity
(figure 4.12). Again the difference between experimental and calculated values can be
attributed to the contacts between particles which are not taken into account in the model.

To investigate further the roles of particle-particle contacts and water distribution,
we have made a series of calculations at points 2, 3, and 4 of figure 4.12 illustrating the
importance of information on the distribution of water in the solid-pore system during
drying and in particular in relation to the grain-grain contacts. Below 19% of moisture
content, the material exhibits an almost constant volume with a stable continuous phase
of joined particles, termed here as the solid matrix. This solid matrix is associated with
a second continuous phase occupying the intervening space (or “open porosity”) which
can be water, air or a mixture of both of them. The effective thermal conductivity (λeff )
of this type of system can be estimated using effective medium percolation theory in
the form of Landauer’s relation since the 2 phases are continuous with volumes close to
50% [67,68]. To calculate values corresponding to an equivalent solid matrix, Landauer’s
relation can be solved to give:

λsolid matrix = 2λeff 2 − λeffλsecond phase(2− 3vsolid)
λsecond phase + λeff (3vsolid − 1) (4.5)

where λsecond phase is the second phase thermal conductivity value, and vsolid is the volume
fraction of the solid. We have assumed that:

1. at point 2, the material is only constituted by solid and water,

2. at point 4, after a complete drying at 40◦C, the material is only constituted of the
solid and air,

3. at point 3 when the slope in the thermal conductivity decrease changes, the
material is constituted of the solid, water and air. A value for λsecond phase was
calculated by assuming that layers of water line the pore contours on the solid

Drying behaviour of ceramic green bodies Page 102



Chapter 4: Physical properties involved in heat and mass transfers

surface. Due to this specific distribution of the water inside the pores, with paths
to vehicle heat across the pore, the Maxwell-Eucken model was chosen to estimate
the thermal conductivity of the second phase.

λsecond phase = λwater
λair + 2λwater + 2v′air(λair − λwater)
λair + 2λwater − v′air(λair − λwater)

(4.6)

where λwater and λair are the thermal conductivities of water and air, v′air is the volume
fraction of air or also known by the degree of saturation in the second phase, i.e. in
the pores. This corresponds to a situation described successively in previous studies on
porous zirconia ceramics in humid atmospheres [20,69].

The calculated values of λsolid matrix are given in table 4.3 and are significantly
less than 35 W m−1 K−1, which is the characteristic value of the intrinsic thermal
conductivity of alumina.

A first aspect of explanation can be attributed to the presence of interfaces in the
equivalent solid matrix since the alumina phase is polycrystalline and originates from a
compacted powder. From a pragmatic engineering point of view with respect to heat
flow,we can treat the “solid matrix” as resistors in series, representing the particles
(intrinsic thermal conductivity) and the thermal resistance at the interface regions. This
can be written as:

1
λsolid matrix

= 1
λgrain

+ nRcontact (4.7)

where λsolid matrix represents the thermal conductivity of the equivalent solid matrix
(matrix = grains + interfaces), λgrain is the thermal conductivity of a grain and Rcontact

is identified as a thermal resistance representing an interface plane with macroscopic
dimensions (i.e. sample dimensions in the case of 100% dense material).

In the case of a “green body”, the effective thermal conductivity is not only modulated
by the pore volume fraction in the range 40–50%, but also by reduced contact area between
grains. In the present work, even if somewhat arbitrary, the effect of reduced contact area
has been incorporated into the conductivity of the solid matrix. Compared to the dense
sintered body with a grain boundary network extending across the entire sample, the value
of Rcontact for the green body is significantly amplified by the small solid-solid contact area
between particles. The interface plane, described by Rcontact considered at the macroscopic
scale of the sample cross section, represents both zones of solid-solid contact and narrow
gaps of empty space. In fact the attribution of a negligibly small volume of pore fraction
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in the term Rcontact has very strong effect. A representation of these different situations is
given in figure 4.13. It should be noted that the schematic in figure 4.13.b remains very
idealized since the grain-grain contacts in a real ceramic green body will actually be at
multiple levels. A value for n is obtained from the inverse median grain size of the powder
(0.4 µm).

Figure 4.13: (a) Dense sintered body approximated by flat slabs separated by interface
planes. (b) Green body represented as an idealised cubic arrangement of pores and par-
ticles with small solid-solid contact area. (c) Equivalent solid matrix for the green body
where interface planes exhibit both solid-solid contacts and narrow gaps of empty space.

Hence from equations 4.5 and 4.7 the thermal contact resistance (Rcontact) has been
estimated at 3 characteristic points in the drying behaviour shown in figure 4.12. These
values are also given in table 4.3 which can now be reviewed.

Point 1 Point 2 Point 3 Point 4
Volume fraction of solid 0.47 0.52 0.52 0.52
Volume fraction of water 0.53 0.48 0.07 0
Volume fraction of air 0 0 0.41 0.48
Experimental effective conductivity
(W m−1 K−1)

2.5 3.1 1.6 0.25

Calculated solid matrix thermal conductivity
(W m−1 K−1)

7.8 5.1 0.7

Thermal contact resistance (m2 K W−1) 4× 10−8 6.6× 10−8 5.3× 10−7

Table 4.3: Data for analytical calculations, calculated values for equivalent solid ma-
trix thermal conductivity and thermal resistance of planes representing the grain-grain
contacts.

The calculated values of solid matrix thermal conductivity on applying volume fraction
changes of air and water to equations 4.5 and 4.6, decrease between points 2 and 4 from
7.8 W m−1 K−1 to 0.7 W m−1 K−1. This suggests that the description of the behaviour
with fixed values of intrinsic thermal conductivity and thermal contact resistance is not
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sufficient. It is necessary to vary the value of Rcontact with water content to find agreement
between prediction and experiment. In particular, between point 3 and point 4, the strong
decrease in the value of solid matrix thermal conductivity could be explained by the
location of water in the system. Just before the end of the drying process, residual water
is located in the neck regions between grains as revealed in the ESEM observations (figure
3.10). The action of water like a “thermal grease” in a mechanical contact is illustrated in
figure 4.14.a. The removal of water (with a higher thermal conductivity than air) in the
neck region leads to the situation shown in figure 4.14.b, explaining the strong increase
in Rcontact, by a factor of 10 from point 3 to point 4. Although this analysis may not take
into account all the physical details of the green body, it points out the important roles
of particle-particle contacts and the localization of water. In particular, the transition to
a steeper dependence of thermal conductivity on moisture content can be ascribed to the
interruption of the continuous liquid phase within the ceramic green body which takes
place after the end of the first falling rate.

Figure 4.14: Interface between grains with (a) water located in the neck region and (b)
after a complete drying. Water with a higher thermal conductivity than air decreases the
thermal resistance of the interface region (contact) between grains.

4.2.2.3 Results analysis: Kaolin samples

Despite the much lower thermal conductivity of the solid phases, many aspects of
the general behaviour during drying of kaolin samples are similar to alumina. Thermal
conductivity and linear shrinkage as a function of weight loss are plotted in figure 4.15
for 3 sets of kaolin samples. As for alumina samples, 3 distinct regimes are observed. The
situations for the two materials are compared. At the beginning of drying, the volume
fractions of water in the samples are very close (53% for alumina and 51% for kaolin).
Then the higher initial value of thermal conductivity for alumina samples can be easily
understood by the higher value of the intrinsic conductivity of alumina (35 W m−1 K−1)
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compared to kaolin clay (< 2 W m−1 K−1). After a complete drying at 40 ◦C, we can
assume that the volume fraction of water is negligible and the material is only constituted
by solid and air, with pore volume fractions of 48% for alumina and 44% for kaolin. At this
stage, the conductivity value for alumina sample is lower than for kaolin (0.25 W m−1 K−1

and 0.5 W m−1 K−1 respectively). As stated earlier, the thermal resistance for contacts
between alumina grains can be responsible for a strong decrease in the equivalent solid
matrix conductivity and consequently for the low effective value. Indeed, after a complete
drying, alumina grains are very weakly bound, which results in a very brittle material in
comparison with clay samples which can be easily handled without damage. The greater
value of conductivity in kaolin samples can then be explained by more efficient contact
between clay particles compared with alumina grains.

Figure 4.15: Thermal conductivity and linear shrinkage as a function of moisture content
for kaolin samples.

4.3 Conclusion
This chapter has evaluated the properties involved in the heat and mass transfers

for drying. These are the water activity, diffusion coefficient, heat capacity and thermal
conductivity.

First, the water activity has been assessed at two drying temperatures using different
atmospheres with constant relative humidity. Results have allowed us to quantify at the
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end of drying the residual amount of water that remains in the samples. We have found
that kaolin material is able to retain more water than alumina when they are dried under
the same conditions. The water distribution profiles within green bodies during drying,
obtained in chapter 3, have been used to estimate the evolution of the effective diffusion
coefficient of water in the ceramic green body during drying. A strong dependence of this
coefficient on moisture content has been observed. It decreases from 2.3 × 10−6 m2 s−1

for ca. 22% of moisture content down to 1.4× 10−8 m2 s−1 for ca. 5%. These values are
in rough agreement with values found in literature.

For the thermal properties, the heat capacity has been calculated as a function of the
moisture content using the rule of mixtures. This property decreases as drying proceeds
because of the high value of the water heat capacity compared to that of alumina and
kaolin (more than four times higher). Finally, the thermal conductivity of alumina and
kaolin has been described in detail. Results show that this property evolves strongly with
the moisture content and exhibits 3 distinct regimes. First, the thermal conductivity
increases at the beginning of drying and reaches a maximum value at the end of the
shrinkage. Second, a decrease is observed, when water which evaporates is replaced by
air. Finally, at the end of drying, the thermal conductivity strongly decreases as a function
of weight loss. To a first approximation, the behaviour can be described by a simple model
based on the Maxwell-Eucken relation but this does not take into account the role of grain-
grain contacts. The thermal resistance for an equivalent plane of grain-grain contacts at
different stages of drying was estimated using analytical relations. A strong increase in
the calculated values is observed at the end of drying that we can attribute to the removal
of water located next to the solid grain-grain contacts.
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Chapter context
This final chapter presents the construction of a numerical model that is based on coupling
of heat and mass transfers involved in the drying of a ceramic green body. The aim is to
predict the changes of moisture content and temperature of the body enabling optimiza-
tion of the drying process. In this respect, the drying problem is first described in the
form of partial differential equations. Then, since heat and mass transfers involve physi-
cal properties (thermal conductivity, heat capacity, water activity and effective diffusion
coefficient), their changes with water content in the green body, discussed experimentally
in chapter 4, are taken into account in construction of the model. To solve the equations,
the finite-element method (FEM) is used. The predictions are then tested for accuracy
in comparison to experimental results.

5.1 Introduction to numerical modeling of drying
Contributions in numerical modeling to predict drying behaviour become more and

more important in many industrial sectors because of the cost and time invested in
experimental studies. Providing relatively precise dimensions for the green body are
calculated, this approach should be a good alternative to the optimization of the drying
process via trial and error [13,70–75].

As previously stated, convective drying is the most used type of drying in the ceramic
industry. It involves coupling of two types of transfer: heat transfer from the surroundings
towards the moist sample and mass transfer from the sample towards its surface and then
to the surrounding air. Furthermore, in most cases, drying is accompanied by shrinkage.
Taking into account all the mechanisms without any simplifications in such a complex
system makes finding a satisfactory solution more complicated. Therefore, most modeling
works have used simplifying hypotheses such as considering the transfers in one or two
dimensions and ignoring variations of physical and thermal properties during drying [70–
72]. These models do not take into account the dimension changes. For example, in the
case of an exposed surface to a stream of flowing air, Kaya et al. created a 2D numerical
model of heat and mass transfer with variable surface transfer coefficients (heat and
mass) for a rectangular moist object [70]. They predicted the more favorable aspect ratio,
inlet and outlet locations of a rectangular cavity for optimum heat transfer and drying
rate. Lallemant et al. used a numerical model in three dimensions to predict the drying
behaviour in terms of the evaporation rate of laboratory-scaled transparent ceramic oxide
samples [13]. The model was then applied to larger industrial-scaled samples in order to
optimize the drying process. With similar concerns Chandra et al. chose to predict the
transient temperature and moisture distribution in a rectangular moist body for convective
drying [73]. In both models, shrinkage and variations of certain physical and thermal
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properties are not taken into account. In another approach, Khalili et al. developed a
numerical model to calculate stresses induced during shrinkage, based on the measured
values of dimensions of a green clay body. Then, using this model, they predicted the
occurrence of defects (deformation and cracks) [74]. Other numerical studies were made
to predict values of certain physical properties during drying, for example the effective
diffusion coefficient [76]. No studies to our knowledge have tackled the numerical modeling
of drying with consideration of the dependence of physical properties on moisture content.
Indeed, constructing a numerical model with such input can be used for a predictive
control of drying which could serve in practical applications.

5.2 Mathematical description of the model and sim-
ulation

One of the most common methods to describe a physical situation such as drying of
a body is the Finite Element Method (FEM) which is a numerical technique based on
solution of the Partial Differential Equations (PDE). This method consists of dividing
the domain where the continuous physical equations are defined into an assembly of
discrete subdomains of finite elements, then approximating solutions of each partition to
couple them in an overall solution. For that, an open-source computing platform named
FEniCS was used to solve the PDEs using Python programming [77]. Indeed, to tackle
the physical situation of drying a body with FEniCS, different steps should be followed:

1) Specify the PDEs and their boundary conditions.
2) Reformulate them into variational forms.
3) Define the input data such as the initial parameters, formulas in the variational

form and the mesh for the studied domain,
4) Code the whole in Python programming language.
5) Solve the equations and output the results in the form of relevant physical param-

eters.
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5.2.1 Definition of the problem

Figure 5.1: A schematic representation of heat and mass fluxes at a moist surface exposed
to drying by convection.

Since taking into account all aspects involved in drying of a ceramic green body is
complicated, some assumptions are made for simplification: (1) the solid is homogeneous
and isotropic (2) the gravitational effect is neglected; (3) the evaporation of water takes
place only at the body surface; (4) the shrinkage is neglected but its effect on the mass
loss will be quantified.

Based on these assumptions, heat and mass transfers by diffusion within the porous
body can then be described using the Fourier and Fick equations:

∂T
∂t

= λ(C)
ρ(C)Cp(C)∇

2T in Ω
∂C
∂t

= Dw(C)∇2C in Ω
(5.1)

where the domain Ω corresponds to the wet body, T is the body temperature in K, and
C is the water concentration in mol m−3. ρ(C) is the density of the wet body which can
be expressed as following:

ρ(C) = ρdry−bulk + C Mw (5.2)

where ρdry−bulk is the dry bulk density in kg m−3, and Mw is the water molar mass in
kg mol−1.

The thermal conductivity λ(C), heat capacity Cp(C) and diffusion coefficient Dw(C)
are functions which depend on the water concentration C, following chapter 4 where
we identified the dependence of these properties on the moisture content. It is worth
noting that the moisture content X is related to the water concentration by the following
expression:

X = C ×Mw

ρdry−bulk
(5.3)
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At the body surface, the solution requires the boundary conditions corresponding to
exchanges with the surrounding air. The general situation has been discussed earlier in
the first chapter (1.2.3), but nevertheless the useful equations are given below.

The relations are:φC = −k(Cair − Cs−b.l) = −k(RH Ps(Tair)
R Tair

− aw(C)Ps(Ts)
R Ts

) in ∂Ω1

φT = −h(Tair − Ts) + LwMwφC in ∂Ω1
(5.4)

The boundaries illustrated in figure 5.1: ∂Ω1 corresponds to the surface in contact with air
and ∂Ω′′ concerns the isolated part (no exchanges with air) where the fluxes are assumed
to be equal to zero.

5.2.2 Variational formulation

The system of equations above represents a strong formulation of the problem (cou-
pling of the heat and mass transfers), which is assumed to be simultaneously a nonlinear
and time-dependent problem. Turning this PDE problem into a weak formulation goes
then through different steps developed below:

First, the equations are multiplied by the test functions Ttest and Ctest, which
correspond to the mathematical finite element literature [77, 78]. These equations are
integrated over the domain Ω, using integration by parts with the second derivatives:

∫
Ω

∆C
dt

Ctest dx =
∫
∂Ω1

φC(C) Ctest dS − Dw(C)
∫

Ω
∇C.∇Ctest dx (5.5)

ρ(C) Cp(C)
∫

Ω

∆T
dt

Ttest dx =
∫
∂Ω1

φT (T ) Ttest dS − λ(C)
∫

Ω
∇T.∇Ttest dx (5.6)

Then the time derivative of the heat and mass equations are discretized using the
backward Euler method. This method has been chosen owing to its suitability with
large time discretization dt which is necessary in our case because of the long duration
of drying. The time derivative for concentration (C) and temperature (T) can then be
approximated to the forms:

∆Cn+1

dt
≈ Cn+1 − Cn

dt
= Dw(Cn+1)∇2Cn+1 (5.7)
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∆Tn+1

dt
≈ Tn+1 − Tn

dt
= λ(Cn+1)
ρ(Cn+1)Cp(Cn+1)∇

2Tn+1 (5.8)

where n is an integer counting time intervals, which means for example that Cn

corresponds to the variable values at time interval n. Then by inserting 5.7 and 5.8 in
the integrated equations 5.5 and 5.6 we obtain:

∫
Ω

(Cn+1−Cn) Ctest dx = dt (
∫
∂Ω1

φC(Cn+1) Ctest dS−Dw(Cn+1)
∫

Ω
∇Cn+1.∇Ctest dx)

(5.9)

ρ(Cn+1) Cp(Cn+1)
∫

Ω
(T n+1 − Tn) Ttest dx = dt (

∫
∂Ω1

φT (Tn+1) Ttest dS

− λ(Cn+1)
∫

Ω
∇Tn+1.∇Ttest dx) (5.10)

Finally, coupling the equations 5.9 and 5.10 yields:

ρ(Cn+1) Cp(Cn+1)
∫

Ω
(T n+1 − Tn) Ttest dx+

∫
Ω

(Cn+1 − Cn) Ctest dx =

dt (
∫
∂Ω1

φT (Tn+1) Ttest dS − λ(Cn+1)
∫

Ω
∇Tn+1.∇Ttest dx)

+ dt (
∫
∂Ω1

φC(Cn+1) Ctest dS −Dw(Cn+1)
∫

Ω
∇Cn+1.∇Ctest dx) (5.11)

5.2.3 Input data used in the model

• Values of parameters/properties used for calculations:
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Parameter Symbol Value Unit
Water density ρw 1000 kg m−3

Air density ρair 1.2 kg m−3

Alumina density ρsolid 3986 kg m−3

Kaolin density ρsolid 2600 kg m−3

Pore volume fraction vp 0.5
Dry bulk density for a
given porosity

ρdry−bulk ρsolid(1− vp) kg m−3

Ideal gas constant R 8.314 J mol−1 K−1
Water molar mass Mw 0.018 kg mol−1

Alumina heat capac-
ity

Cpsolid 780 J kg−1 K−1

Kaolin heat capacity Cpsolid 949 J kg−1 K−1

Water heat capacity Cpw 4180 J kg−1 K−1

Air heat capacity Cpair 1000 J kg−1 K−1

Lewis coefficient Lef 1
Water vaporization la-
tent heat [79]

Lw(T ) 1000(2501 − 2.43(T −
273.15))

J kg−1

Saturation vapour wa-
ter pressure [79]

Ps(T ) 133.322 exp(46.784− 6435
T
−

3.868 ln(T ))
Pa

Table 5.1: Input parameters for calculations.

Given that the model deals with various physical properties which depend on the
moisture content and the distribution of water within the body during drying, these will
determine final accuracy of the predictions. That is why the results obtained experimen-
tally in chapter 4 were fitted and included as a parameter in the model. In this respect
the following relations expressed in terms of the water content (X) were used.

• Water activity:

Experimental points of water activity were fitted using the Oswin equation which is
expressed as follows [80]:

aw = 1
1 + ( a

X
)b (5.12)

where a and b are constants determined for each material and both temperatures (fig-
ure 5.2).
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Figure 5.2: Experimental points and fitted curves of water activity as a function of mois-
ture content for both alumina and kaolin at 20 ◦C and 40 ◦C.

• Effective diffusion coefficient:

The effective moisture diffusion coefficient is a parameter that describes migration of
water through the body to be evaporated at the surface. In our study, different stages can
be identified related to the kinetics for transport of water yielding variation in the value
of moisture diffusion coefficient. During a first period, involving shrinkage, the system is
assumed to be constituted of liquid and solid. In other words there is no vapour diffusion
within the body since a uniform water distribution was observed during this period in
chapter 3. Thus, we can attribute a high value of the diffusion coefficient. Based on
this, using the same sample dimensions and drying conditions, we reduced the diffusion
coefficient value until a gradient in water concentration appeared. The last value which
gives a uniform water concentration was used in the model (6× 10−5 m2 s−1). However,
when the body volume is fixed and water evaporates from the pores in the interior of the
body, the distribution of water within the sample varies with position. Consequently, the
process of vapour diffusion becomes limiting and the variation of Dw must be taken into
account in the model. As for water activity, the experimental values of diffusivity were
fitted to an analytical relation. The relationship between Dw and moisture content is of
the form:

D2(X) = 2× 10−9exp(0.3X) (5.13)

The transition between the two periods of drying is modeled by a cumulative
distribution function which is related to the error function as given in equations 5.14 and
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5.15. The evolution of the diffusion coefficient is shown in figure 5.3.

Dw(X) = D2 + 1
2(1 + erf(X −Xf.p

dX
√

2
))(D2 −D1) (5.14)

whereXf.p is the moisture content for which the first drying period is completed, dX is
the deviation, and erf is the error function which can be expressed as follows:

erf(x) = 2√
π
×

∫ x

0
exp(−t2) dt (5.15)

Figure 5.3: Experimental points and the fitted curve of effective diffusion coefficient as
a function of moisture content for alumina. The zoom, shows the curve fitted to the
experimental points using equation 5.13.

• Thermal conductivity:

Since experimental measurements of thermal conductivity show three distinct regimes as
a function of moisture content (X), they were each fitted by using a linear equation of
the form (figure 5.4):

λ = a X + b (5.16)

where a and b are constants. Three sets of coefficients (a, b) were used.
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Figure 5.4: Experimental points and fitted curves of thermal conductivity as a function
of moisture content for both alumina and kaolin.

Now, as the problem is established in variational form and all useful parameters have
been defined, the next step in the construction of the model is to create the sample
geometry. This was created and meshed using Salome software (version 7.8.0). Then
equation 5.11 was solved with the Newton-Ralphson method, to take into account the non
linearity. To summarize the computer simulation steps and the corresponding iterative
process a schematic overview using a flowchart diagram is given in figure 5.5.

Figure 5.5: Schematic representation of the computer simulation steps of heat and mass
equations.
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5.3 Results

5.3.1 Model validation

Before presenting comparisons between numerical and experimental results, it is
necessary to evaluate how correct is our mathematical modeling. To do that a simple
situation can be assessed to predict the drying rate and surface temperature during
the first stage of drying. Then, these predictions are compared with analytical results
obtained by simple calculations.

For that purpose, a situation of pure convective drying where the surface temperature
of the body should be the same as the wet bulb temperature of the surrounding air is
considered. A geometry of 20 mm × 20 mm × 20 mm was created and a tetrahedral
mesh was attributed (figure 5.6). The boundary conditions presented in equation 5.4 were
applied on the 5 surfaces of the cube exposed to drying. The heat and mass fluxes were
considered to be equal to zero for the bottom surface since there is no exchanges with air.
Simulations were performed using a time step of dt = 300 s with constant values of the
temperature and relative humidity as initial conditions for the calculations. The wet bulb
temperature was deduced from the analytical relation 1.5 presented in chapter 1, since
the relative humidity and air temperature were fixed. Then based on this temperature,
the evaporation rate was calculated using equations 1.9 and 1.10. Table 5.2 summarizes
the analytical results and the numerical predictions for several chosen temperatures and
relative humidities. Only a small difference in calculated values between the two methods
is noticed. This simple verification validates the data by numerical predictions.

Figure 5.6: The geometry and the three dimensional mesh created with Salome-Meca
software of a sample of 20 mm × 20 mm × 20 mm.
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Temperature
of drying
(◦C)

Relative
humidity
(%)

Wet bulb
temperature
(◦C)

Numerical
model surface
temperature
(◦C)

Analytical
evapora-
tion rate
(g m−2 s−1)

Numerical
model dry-
ing rate
(g m−2 s−1)

30 50 22.0 21.9 0.13 0.13
30 45 21.1 21.0 0.15 0.15
30 40 20.1 20.0 0.16 0.16
40 29 24.9 24.8 0.25 0.25
50 17 27.3 27.2 0.38 0.38

Table 5.2: Comparisons of evaporation rates and surface temperatures between analytical
and numerical calculations for different temperatures and relative humidities.

5.3.2 Effect of dimensional changes on the model predictions

The numerical model as described above considers a body with invariable geometry
for calculations. However, the experimental study has shown that our materials (alumina
and kaolin) undergo shrinkage during drying. Thus we were interested to quantify the
effect of dimensional changes on the model predictions. To this end, a verification was
made by simulating in the same situation as the previous paragraph (convective drying in
an environment T = 30 ◦C and 50% relative humidity) a cubic sample that undergoes 11%
of shrinkage. The choice of this value was based on the maximum shrinkage revealed in
the experimental study. Two simulations were then performed. The first one corresponds
to simulating a fixed geometry and in the second one the initial dimensions of the cube are
reduced in several steps to 11% of shrinkage. In other words, we have divided the period
for shrinkage into five intervals and during each interval the calculations are made for a
new set of cube dimensions. As a result, curves observed in figure 5.7 show the moisture
content as a function of time for both simulations. It can be deduced that reducing the
dimensions of our geometry during drying has only a small effect on moisture content. The
maximum difference reached after 8 hours of drying is approximately 1.2%. To conclude,
all geometries will be invariable in the next calculations since we consider this difference
as sufficiently negligible.
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Figure 5.7: Comparison of moisture content predictions as a function of drying time for
variable and invariable geometries dried in the same conditions (T = 30 ◦C and 50%).

5.3.3 Comparisons with experimental macroscopic behaviour
for alumina and kaolin

Comparisons of experimental results for the drying rate and surface temperature to
numerical predictions have been made. A first simple comparison of the CRP character-
istics was made with results reported in section 2.3.4. For that, a body with the same
dimensions as for experiments was created virtually for calculations and the same dry-
ing conditions were applied. As an example, figure 5.8 illustrates a comparison between
moisture content and surface temperature for drying kaolin at 30 ◦C and 40%. The
model presents good agreement with experimental data either in terms of moisture con-
tent or surface temperature, except for the temperatures at the beginning of drying and
the changeover from the first to the second stage of drying. The first discrepancy at the
beginning of drying can be related to the experimental preparation of the sample at am-
bient temperature (20 ◦C) before drying it at 30 ◦C which slows down the establishment
of an equilibrium. The second discrepancy can be ascribed to water transport that should
be transferred in vapour form within the body in addition to liquid form at this stage.
However, the evaporation in the numerical model takes place only at the surface.
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Figure 5.8: Numerical and experimental comparisons of moisture content and surface
temperature as a function of drying time for kaolin sample of 20 mm × 20 mm × 20 mm.
Experiments and calculations were carried out at 30 ◦C and 40% humidity.

Further support to the graph is given by calculations of the drying rates and surface
temperatures for the three drying conditions which are summarized in table 5.3. It can be
concluded that the the values obtained by numerical simulations are close to experimental
results.

Temperature
of drying
(◦C)

Relative
humidity
(%)

Experimental
surface tem-
perature (◦C)

Numerical
surface tem-
perature
(◦C)

Experimental
drying rate
(g m−2 s−1)

Numerical
drying rate
(g m−2 s−1)

30 40 20.7 20.0 0.15 0.16
40 29 25.1 24.8 0.23 0.24
50 17 28.9 27.2 0.34 0.37

Table 5.3: Calculations of evaporation rates and surface temperatures based on numerical
predictions and experimental results for three drying conditions.

In the situation of convective drying, there is no significant difference in behaviour
for alumina and kaolin green bodies. However, these two materials exhibit a difference
in thermal conductivity which could play a role in drying where heat is also supplied
by conduction. In such a situation, the surface temperature should lie above the wet
bulb temperature during the CRP related to heat conduction through the material
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controlled by its thermal conductivity. Then as the saturation vapour pressure of water
increases with temperature, the concentration of water vapour in the boundary layer
should increase. Consequently, the drying rate will increase too. To investigate this
type of situation an experimental study was first performed with drying of alumina and
kaolin samples with identical dimensions (15 mm × 15 mm × 40 mm). Only one face
(15 mm × 15 mm) was exposed to drying with air at 20 ◦C. The opposite face was put
on a heating plate at 50 ◦C, and the other faces were surrounded with polyvinyl film to
prevent vapour loss along the bar. Therefore mass transfer takes place approximately in
one dimension.

To simulate this situation, we consider in addition to boundary conditions corre-
sponding to exchanges with air (∂Ω1 of figure 5.9), the Dirichlet boundary condition at
the surface in contact with the heating plate (∂Ω3). This boundary is attributed with a
constant to maintain surface temperature of 50 ◦C. Furthermore, to take into account
the convective heat flux along the lateral surface (∂Ω2), the boundary condition can be
written in the variational form as follows and added to equation 5.11:

φ =
∫
∂Ω2

h(Tn+1 − Tair) Ttest dS (5.17)

Figure 5.9: Representation of a drying experiment in air at 20 ◦C with the sample placed
on a heating plate at 50 ◦C, yielding the boundary conditions used for calculations. Only
the upper surface is exposed to the drying atmosphere and the other faces are surrounded
by a plastic film.
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Figure 5.10: Numerical and experimental comparisons of weight loss for alumina and
kaolin samples, with similar dimensions, as a function of time. In addition to drying by
convection with air at 20 ◦C, samples were put on a heating plate to supply heat by
conduction.

Figure 5.10 shows numerical and experimental weight loss as function of time during
the CRP. Based on these results evaporation rates were calculated and are reported in
table 5.4. As can be seen results are coherent for both materials. It can be noted that
the evaporation rate of the alumina sample is approximately 15% higher than for kaolin.
This can be explained by the contribution of heat supplied by conduction along the
bar, which should be greater in alumina than kaolin related to the higher value of the
thermal conductivity during the CRP. The values vary between 2.5 and 3.1 W m−1 K−1

for alumina compared to 1.4 and 1.6 W m−1 K−1 for kaolin. Based on the numerical
predictions, the temperature at the surface exposed to drying for alumina is 4 ◦C higher
than for kaolin (21 ◦C for alumina and 17 ◦C for kaolin). We concluded that depending
on the drying conditions, the thermal conductivity can affect the drying rate during the
CRP.

Experimental drying rate (g m−2 s−1) Numerical drying rate (g m−2 s−1)
Alumina 0.31 0.34
Kaolin 0.26 0.29

Table 5.4: Calculations of drying rates for alumina and kaolin using experimental results
and numerical predictions.
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5.3.4 Distribution of the moisture content and temperature

In this section simulations were made with respect to experimental results of moisture
distribution obtained in chapter 3. The same drying situation as section 3.1.1.1 was
considered for the calculations, i.e. only one face was exposed to drying and the other faces
were covered with a plastic film. An additional experimental study of the temperature
distribution within the body, was performed for alumina samples exposed to drying in
the same conditions. Four thermocouples were inserted in the sample at different height
as can be observed in figure 5.11.

Figure 5.11: Representation of a drying experiment at 40 ◦C with four thermocouples
placed within the sample at different heights in order to record temperature evolution
during drying. Only one face was exposed to drying and the other faces were surrounded
by a plastic film.

Figure 5.12: The geometry and the mesh created with Salome-Meca software of a sample
with dimensions of 15 mm × 15 mm × 40 mm.

For calculations, the boundary conditions (∂Ω1) for mass exchanges with the sur-
rounding air were applied only on the face exposed to drying while the other faces were
considered as hermetic. However equation 5.17 was added as a boundary condition (∂Ω2)
to take into account the heat exchanged with the surrounding air by convection along
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the lateral surface. For the bottom surface, heat and mass fluxes were considered to be
equal to zero (no exchanges with air). A geometry of 15 mm × 15 mm × 40 mm was
created from 4 sub-geometries of 15 mm × 15 mm × 10 mm superimposed on each other
(figure 5.12). Then this volume was meshed by three dimensional tetrahedral elements as
shown in figure 5.12.

Figure 5.13: Numerical and experimental comparison of the moisture content distribution
as a function of sample height for alumina, at 40 ◦C.

Figure 5.14: Numerical and experimental comparison of the temperature at four positions
within the body as a function of drying time for alumina, at 40 ◦C.
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Figures 5.13 and 5.14 compare the distributions of water and temperature within
the alumina sample. First, the simulations show that the water distribution is uniform
during the three first hours of drying which is assumed to be accompanied by shrinkage.
These results are in agreement with the experimental points, since we have fixed the
diffusion coefficient to get uniform concentrations. Then after 4 hours a difference in
concentration as a function of position in the porous body appears. The model is able
to reproduce water concentration gradients observed experimentally. On the other hand,
the temperature curves show the same profile of evolution for the four thermocouples. A
significant thermal gradient is revealed which transports heat to the evaporating exposed
surface. All profiles maintain a constant value during approximately 4 hours which is
longer than the experimental observations. Then, the temperature of the body rises to
reach that of the surrounding air at the end of drying. It can also be noted that during the
CRP, the temperature differences between the thermocouple positions are not constant,
which means that the thermal gradient is not uniform along the z direction (height). This
is explained by the heat convection exchanges with the lateral surface.

5.4 Conclusion and discussion
In this final chapter a macroscopic three dimensional numerical model has been

developed in order to predict temperature and concentration in a ceramic green body.
This model based on a coupling of heat and mass equations presents a simplification of
the drying behaviour of such complex systems (ceramic bodies), but its strength is that
the changes of the governing physical properties with moisture content are taken into
account. Resolution of these equations has been made using the finite element method
(FEM). First a comparison is made with analytical calculations of a simple situation
of convective drying. The close agreement in values enabled us to validate the model.
Then, in order to evaluate the influence of shrinkage on moisture content as drying
proceeds a second comparison between predictions for variable and invariable geometry
has shown a small difference. In a working approximation, this can be neglected. After
these verifications, comparisons with experimental results have shown that in the case of
only convective drying, the evaporation rates and surfaces temperatures during the first
stage of drying (CRP) are independent of the material properties but can be controlled
by drying conditions such as, temperature, relative humidity and velocity of air currents.
The evaporation rate can also be increased by supplying heat through conduction in
addition to convection. For this, the sample is placed on a hot plate. Furthermore, in
this situation, as thermal conductivity of alumina is higher than kaolin during the CRP,
the heat transfer is greater which leads to a faster drying. Finally, predictions of moisture
content and temperature distributions within the body were compared to experimental
studies. Providing accurate values for the diffusion coefficient are used as input data,
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good predictions of moisture content distribution are achieved.

From the examination of numerous situations of drying we concluded that the proposed
model has practical applications such as, determination of the time needed to dry the green
body in order to reduce the energy consumption, evaluation of the influence of the process
variables (drying conditions) on temperature and moisture distributions. Furthermore,
monitoring parameters such as sample temperature and moisture content in real time can
be a good means to assess progress in the drying step with eventual feedback in process
control.
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The drying step in fabrication of ceramic products is a complicated operation primarily
due to the simultaneous heat and mass transfers involved accompanied by dimensional
variation of the body. Future innovations for greater efficiency of processing could exploit
a computer controlled feedback loop with input of data indicating progress of the drying
step. A procedure to monitor in real time the drying parameters of sample temperature,
moisture content and dimension changes was developed as well as a macroscopic numerical
model. In order to refine the numerical model, studies were made of the distribution of
water in the green body and the dependence of physical properties on moisture content.
This approach is summarized in the following schematic presentation:

Figure 5.15: Schematic representation of this work context and the procedure followed to
satisfy the main objective.

Using an experimental approach, the macroscopic drying behaviour of two different
materials: alumina and kaolin was examined. First the surface temperature, the moisture
content and the length changes have been monitored for similar samples in the same
conditions (constant temperature and relative humidity). Results for these two materials
have been analyzed in the context of the different stages of drying described in the
literature. No difference related to the first stage named the CRP has been noticed.
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Furthermore, the shrinkage for both materials ends during the CRP. However the
second stage of drying known by the FRP takes more time in the case of kaolin clay
compared to alumina. This can be related to the interactions between clay particles
and water as explained in the literature by Ford [8]. In order to further investigations
on this topic, the behaviour of a third material ’montmorillonite’ dried in the same
conditions as for alumina and kaolin has been analyzed and some differences were
indeed found. In the case of montmorillonite, water interacts strongly with the particles.
It is located between particles and also within the particle itself. As a consequence,
transport of water out of the body during drying is more difficult. Furthermore,
shrinkage can not be related in a simple way to the different stages of drying. Finally
in this section, it is shown that for standard materials like alumina and kaolin the
evaporation rate, especially in the first stage, is controlled by temperature and rela-
tive humidity. This will determine the duration of the drying step in an industrial process.

In order to characterize the shrinkage of ceramic pastes in different directions has
been assessed in real time during drying . An optical method based on tracking of marks
has been developed to measure linear shrinkage simultaneously in two dimensions. To
illustrate the interest of such a method in the field of ceramics, kaolin and alumina pastes
were characterized. Results obtained with this method are found to be in good agreement
with those obtained with a LVDT sensor which is a one dimensional method. We
have shown that pressing or extruding a ceramic paste could lead to strong anisotropic
shrinkage. For instance, the overall shrinkage of kaolin, obtained by pressing or by
extrusion, can be 1.8 times greater depending on the direction, while for alumina it is
significantly less. The anisotropic shrinkage is related to the orientation and morphology
of anisometric grains inducing a larger water/solid ratio along one direction compared to
the other directions.

Following the investigation of the macroscopic drying behaviour of alumina and
kaolin, we then examined the spatial distributions of water within the green body at dif-
ferent scales during drying. This work brings new information but basically confirms the
general picture of drying established in the literature. For “slow” drying corresponding
to removal of water by natural convection, during the first stage involving shrinkage, the
distribution of water in the ceramic body is uniform. Then during the second stage of
drying, when the body volume is fixed and water evaporates from the pores in the interior
of the body, the distribution of water within the sample varies with position. A gradient
in water concentration is revealed between emptied zones next to the drying surface
and the body interior where water is removed more slowly. ESEM observations show at
the grain scale that the water starts to empty from the larger pores first and that the
smaller pores empty later on during the drying process. Then in the final stage of drying,
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the residual water is localized in the zones next to the solid–solid contacts between
particles. This information helps to explain how physical properties vary with moisture
content, particularly the effective thermal conductivity and the water diffusion coefficient.

The properties involved in the heat and mass transfers for drying including water ac-
tivity, water diffusion coefficient, heat capacity and thermal conductivity were examined.
First, the water activity has been assessed at two drying temperatures using different
atmospheres with constant relative humidity. Then the effective diffusion coefficient of
water was estimated from macroscopic weight measurement during drying. A strong
dependence of this coefficient on moisture content has been observed. It decreases from
2.3× 10−6 m2 s−1 for ca. 22% of moisture content down to 1.4× 10−8 m2 s−1 for ca. 5%.
These values are in rough agreement with values found in literature.

For the thermal properties, the heat capacity has been calculated as a function of the
moisture content using the rule of mixtures. This property decreases as drying proceeds
because of the high value of the water heat capacity compared to that of alumina and
kaolin (more than four times higher). Finally, the thermal conductivity of alumina and
kaolin has been described in detail. Results show that this property evolves strongly with
the moisture content and exhibits 3 distinct regimes. First, the thermal conductivity
increases at the beginning of drying and reaches a maximum value at the end of the
shrinkage. Second, a decrease is observed, when water which evaporates is replaced
by air. Finally, at the end of drying, the thermal conductivity strongly decreases as
a function of weight loss. To a first approximation, the behaviour can be described
by a simple model based on the Maxwell-Eucken relation but this does not take into
account the role of grain-grain contacts. The thermal resistance for an equivalent plane
of grain-grain contacts at different stages of drying was estimated using analytical
relations. A strong increase in the calculated values is observed at the end of drying
that we can attribute to the removal of water located next to the solid grain-grain contacts.

Finally, a macroscopic three dimensional numerical model has been developed in
order to predict temperature and concentration in a ceramic green body. This model
based on a coupling of heat and mass equations presents a simplification of the drying
behaviour of such complex systems (ceramic bodies), but its strength is that the changes
of the governing physical properties with moisture content are taken into account.
Resolution of these equations has been made using the finite element method (FEM).
Before investigating comparisons with experimental studies on kaolin and alumina
samples, verification of the reliability of predictions was made. First a comparison is
made with analytical calculations of a simple situation of convective drying. The close
agreement in values enabled us to validate the model. Then, in order to evaluate the
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influence of shrinkage on moisture content as drying proceeds a second comparison
between predictions for variable and invariable geometry has shown a small difference.
In a working approximation, this can be neglected. After these verifications, comparisons
with experimental results have shown that in the case of only convective drying, the
evaporation rates and surfaces temperatures during the first stage of drying (CRP) are
independent of the material properties but can be controlled by drying conditions such
as, temperature, relative humidity and velocity of air currents. The evaporation rate
can also be increased by supplying heat through conduction in addition to convection.
For this, the sample is placed on a hot plate. Furthermore, in this situation, as thermal
conductivity of alumina is higher than kaolin during the CRP, the heat transfer is greater
which leads to a faster drying. Finally, predictions of moisture content and temperature
distributions within the body were compared to experimental studies. Providing accurate
values for the diffusion coefficient are used as input data, good predictions of moisture
content distribution are achieved.

From the examination of numerous situations of drying we concluded that the proposed
model has practical applications such as, determination of the time needed to dry the green
body in order to reduce the energy consumption, evaluation of the influence of the process
variables (drying conditions) on temperature and moisture distributions. Furthermore,
monitoring parameters such as sample temperature and moisture content in real time can
be a good means to assess progress in the drying step with eventual feedback in process
control.
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