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Abstract Cracking as a result of non-uniform deformation
during drying is one of defects that may occur during drying
and has to be dealt with by proper drying treatment. In the
current study the effect of initial condition has been investi-
gated on stress-strain induced by drying. The convective dry-
ing of a porous clay-like material has been simulated by using
a mathematical model. Mass and heat transfer along with the
mechanical behavior of the object being dried make the phe-
nomenon a highly coupled problem. The coupling variables
are the solid displacement, moisture content and temperature
of the porous medium. A numerical solution is sought and
employed to predict the influence of initial conditions of ma-
terial on the drying induced stresses, the moisture content, and
the temperature variations. Simulation results showed that in-
creasing the initial temperature is an effective way to reduce
the stresses induced by drying and to obtain products with
good quality without significant change in drying curve and
in comparison this is more effective than intermittent drying.

1 Introduction

Drying is a simultaneous mass and heat transfer processes in
which moisture from porous Clay-like material is removed.
Drying operation consumes about 20% of national industrial

energy [1]. Producing good quality products while maintain-
ing the energy consumption and cost at the lowest possible
level is the main objective of most industrial drying operation.
Long drying time and severe drying condition can significant-
ly decrease the product quality; e.g., by color change [2],
deformation (shrinkage) and cracks which are mainly caused
by non-uniform shrinkage [3]. Avoiding the problems men-
tioned necessitates establishment of a more realistic mathe-
matical model and precise design of drying condition.
Generally, the drying process modeling is composed of the
equations of mass, heat, and momentum conservation forming
a system of partial differential equations. Thermal, moisture,
and mechanical properties changes interaction with conserva-
tion equations make the drying process modeling complex [4].

Moisture transfer in porous materials can be accomplished
by several transport mechanisms, such as moisture diffusion
due to concentration gradients, Thermo diffusion, Knudsen
diffusion, capillary flow, evaporation and condensation [5].
Although all these transport mechanisms have a strong phys-
ical basis the moisture diffusion is the most important mech-
anism of mass transport [6]. The mass transfer rate by diffu-
sion is proportional to the moisture gradient of the moisture
content which is expressed by Fick’s equation.

Taking all of the transport mechanisms in the drying pro-
cess into consideration makes a very complex problem ren-
dering the solution infeasible. Furthermore, in many situa-
tions, it is not required/applicable to consider all mechanisms.
The most common approach in engineering applications to
overcome the problem and to take into account the relevant
mechanisms is to lump all effects of the transport mechanisms
onto the diffusion coefficient in Fick’s law.

Thus, the diffusion coefficient becomes an effective coeffi-
cient. In this study the diffusive model based on the phenome-
non of diffusion described by Fick’s law was used for the de-
scription of moisture movement. Fick’s law with an effective
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diffusion coefficient has already been used successfully by
many authors in mathematical model of drying process [6–10].

The material properties of the product may change during
drying. Considering the variation of physical and mechanical
properties of deformable media during drying is essential for
mathematical modeling. The added complexity of identifica-
tion and consideration of the material properties variations
obliged a wide range of study to use constant parameters in
the models dealing with drying [11–13]. Indeed, most prod-
ucts cannot really fit into this simple model and need complex
models which take into account the variation of many param-
eters (Youngmodulus, diffusion coefficient, density, etc.) with
moisture content and temperature. Thematerial properties var-
iation during drying has been considered in this study.

Non-uniform distribution of moisture and temperature are
not uncommon in most of material when drying. Gradient of
moisture and temperature from the surface to the core is respon-
sible for high tensile stresses. Usually the stresses are compres-
sive in the inner part of the material and tensional on the surface
layers. Numerical investigation of the drying stresses dates back
to 1970s [14]. If the stresses induced by drying process exceed
the critical strength of the material, the clay cracks. Crack for-
mation often, makes the dried products useless. Drying induced
stresses depends on many parameters which can be classified
into three major groups as follows: drying conditions, Material’s
properties, and initial condition of material.

There are a large number of research works studying the
effect of drying conditions on drying induced stresses
[15–17]. Banaszak and Kowalski have presented a study which
investigates the effect of drying condition on the stresses re-
sponsible for crack formation [18]. Musielak determined the
moisture, and temperature distributions, and stresses- strains
induced by drying for different drying conditions [19]. Using
a finite element method Manel et al. simulated intermittent
convective drying [20]. They showed that moisture stress fields
reduced when compared to continuous heating. Some authors
have suggested a stress base criterion which can be used to
predict the crack formation during the drying process. When
this criterion is introduced the drying conditions range can be
increased under which the materials cracking is avoided [21,
22]. Pourcel et al. investigated crack initiation time during dry-
ing and stated that it depends on the drying rate [23].

A number of studies can be found in the literatures dealing
with the influence of Material’s properties on drying kinetic
[2, 24] and drying induced stresses. Musielak and Sliwa
showed that the clay quartz content affects the severity of
cracking [25]. Surveying the literature reveals that there is
not published works on the effect of initial conditions on dry-
ing induced stresses.

The current study addresses the conjugate problem of heat
and mass transfer and the resulting stresses. The influence of
initial conditions on the stresses induced by drying is studied
in a clay sample. The results are analyzed and discussed.

2 Classical periods of drying

Convective drying process presents three classical pe-
riods as follow: preheating period, constant drying rate
period (CDRP) and falling drying rate period (FDRP)
(Fig. 1). In the preheating period the material with the
initial temperature (To) starts to heat up/down to the wet
bulb temperature (F-J or G-J) and consequently the dry-
ing rate starts to drop/rise (A-C or B-C) [26]. The CDRP
begins at time tw as shown in Fig. 1. At this point; the
material temperature is equal to the wet bulb temperature
(J) and remains constant (J-K). A film of water is avail-
able at the exchange surface during the CDRP hence it is
fully governed by the external heat and mass transfer
rates. The moisture migrates from the interior of the ma-
terial to the exchange surface by diffusion of liquid water
[27] and the moisture diffusion coefficient is almost con-
stant [28]. The drying rate remains constant as long as
the moisture transport rate from the interior of the mate-
rial to the exchange surface can withstand the evapora-
tion rate from the exchange surface (C-D).

The CDRP is almost independent of the material being
dried, however; many products, behave differently not
displaying the CDRP at all, since the rate at which water
becomes accessible at the exchange surface is determined by
internal mass and heat transfer rates [8, 29]. The ending point
of the CDRP is called the critical moisture content point (D).

The FDRP (D-E) begins from time tc during which time a
reduction in drying rate occurs. The internal moisture trans-
port rate specifies the drying rate of the FDRP.

The temperature of material surpasses the wet bulb temper-
ature and grows up to the drying air temperature (K-L).
Finally, the drying process stops when the equilibrium mois-
ture content (E) reaches.

Usually the maximum moisture and temperature non-
uniformity occurs at the end of the CDRP [30] hence material
cracking is most possible to happen at this stage of drying [6,

Fig. 1 dependence of moisture content and temperature on drying time
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20]. This is the reason why a large body of study are devoted
to the CDRP [31–33].

3 Dew point and wet bulb temperature

During the CDRP the material temperature is equal to the wet
bulb temperature [26]. influenced by the heat and mass trans-
fer rates [34]. It can be written by the following eq. [35]:

Tw ¼ Tatan 0:151977 RH%þ 8:313659ð Þ1=2
h i

þ atan T þ RH%ð Þ−atan RH%−1:676331ð Þ

þ 0:00391838 RH%ð Þ3=2atan 0:023101RH%ð Þ−4:686035

ð1Þ

If the sample’s initial temperature be lower than the dew
point temperature of the chosen air conditions, the water vapor
condenses onto the sample’s surfaces. Consequently, the
moisture content increases and material swelling occurs at
the beginning of drying.

4 Shrinkage effects on drying behavior

Most of materials shrink during drying. The amount and in-
tensity of material shrinkage depend on their properties and
drying condition [36]. Shrinkage or solid displacement is one
of the most important coupling variables in system of equation
described in next sections. Shrinkage has strong effect on
drying behavior of highly shrinkable porous media and causes
the change of the drying surface and as a consequent the
drying rate. Drying rate has direct effect on the drying time
and intensity of the non-uniform distribution of the moisture
content and temperature, and consequently on the intensity of
drying induced stresses.

Many studies assumed the shrinkage of the material being
dried is equal to the volume of the evaporated moisture (mois-
ture strain) during the two first phases of drying [7, 20, 37, 38]
and neglected mechanical strains (ideal shrinkage) [39] which
is introduced by drying induced stresses. To calculate mechan-
ical strains, the momentum balance equations need to be con-
sidered in mathematical model.

The shrinkage is the main aspect of drying process.
Although the shrinkage is a key coupling variable in system
of drying eq. [22] and must be incorporated in mathematical
model in order to accurately simulate the drying process, there
is a large body of literatures that neglect shrinkage [40].

In the current study the moisture and mechanical strains
which are generally the main strain constituents in drying
[41] are taken into account. Also the mean moisture content
evolution of material, with and without including the shrink-
age effect has been illustrated.

5 The mathematical model

Themathematicalmodel of the drying process is presented in this
section. The particularity of the model is that it considers the
strong coupling between heat transport, mass transport, and the
mechanical behavior of the material. The model takes into ac-
count the shrinkage through the mechanical behavior of the ma-
terial that is assumed to be and remain elastic. In the mathemat-
ical model, the following assumptions are taken into account:

& Clay is a homogeneous and isotropic porous material.
& Gaseous phase and gravitational effect are neglected.
& Local thermal equilibrium is assumed.
& The material assumed to behave elastic.

With regard to the assumptions, the equations which de-
scribe heat and mass transfer aspects of drying are taken into
account in the following form:

∂w
∂t

¼ ∇: D∇wð Þ ð2Þ

ρCp
∂T
∂t

¼ ∇: λ∇Tð Þ ð3Þ

The momentum balance equation is considered as follow:

∇:σ ¼ 0 ð4Þ

The volume variation depends on the changes of tempera-
ture and moisture content while the material deformation is
assumed to be small. Therefore, by subtracting the moisture
and thermal strains (respectively εH and εT) from the total
strain, mechanical strain can be obtained.

εM ¼ ε−εT−εH; εT ¼ α T−T0ð Þ; εH ¼ β w−w0ð Þ ð5Þ

Here α is the thermal expansion and β is the moisture
expansion coefficient. In the case of elastic behavior, the
strain–stress relation is given as fallow:

εx ¼ σx

E
−ν

σy

E
−ν

σz

E
þ αΔT þ βΔW ð6Þ

εy ¼ −ν
σx

E
þ σy

E
−ν

σz

E
þ αΔT þ βΔW ð7Þ

εx ¼ −ν
σx

E
−ν

σy

E
þ σz

E
þ αΔT þ βΔW ð8Þ

The above equations can be rewritten as fallow:

εx ¼ 1

E
σx 1þ νð Þ−ν σx þ σy þ σz

� �� �þ αΔT þ βΔW ð9Þ

εy ¼ 1

E
σy 1þ νð Þ−ν σx þ σy þ σz

� �� �þ αΔT þ βΔW ð10Þ

εz ¼ 1

E
σz 1þ νð Þ−ν σx þ σy þ σz

� �� �þ αΔT þ βΔW ð11Þ
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Consequently:

εx þ εy þ εz ¼ 1−2ν
E

σx þ σy þ σz
� �þ 3αΔT

þ 3βΔW ð12Þ

so it comes:

σx ¼ Eν
1−2νð Þ 1þ νð Þ εx þ εy þ εz

� �

þ E
1þ νð Þ εx−

E
1−2νð Þ αΔT þ βΔWð Þð Þ ð13Þ

σy ¼ Eν
1−2νð Þ 1þ νð Þ εx þ εy þ εz

� �

þ E
1þ νð Þ εy−

E
1−2νð Þ αΔT þ βΔWð Þð Þ ð14Þ

σz ¼ Eν
1−2νð Þ 1þ νð Þ εx þ εy þ εz

� �

þ E
1þ νð Þ εz−

E
1−2νð Þ αΔT þ βΔWð Þð Þ ð15Þ

The equation of 13, 14 and 15 can be simplifies as fallow:

σ ¼ λtr εð ÞI þ 2με−3Kβ w−w0ð ÞI−3Kα T−T 0ð ÞI ð16Þ

K ¼ E
3 1−2νð Þ ; λ ¼ Eν

1−2νð Þ 1þ νð Þ ; μ

¼ E
2 1þ νð Þ ð17Þ

Where K is the bulk modulus, μ and λ are the Lame
constants.

6 Initial and boundary conditions

The moisture content and temperature are initially uniform:

t ¼ 0; T ¼ T0 ð18Þ
t ¼ 0; w ¼ w0 ð19Þ

The values of the parameters used in the simulations are
given in Table 1. The mass and heat fluxes are expressed as
fallow at the exchange surface:

−Deff ∇w ¼ Fm ð20Þ
−k∇T ¼ h Ts−Tinfð Þ−hvFm ð21Þ

Where Deff is effective diffusion coefficient, hv is the latent
heat of evaporation, h and k are convection and conduction

heat transfer coefficient respectively. Fm is the vaporization
rate of themoisture at the exchange surface which is a function
of surface temperature and relative humidity. Fm can be cal-
culated by the following eq. [45]:

Fm ¼ 13* 10−3* Cinf−Csurf
� �

Cinf ¼ 0:622RH :Pvs;inf

Patm−RH :Pvs;inf

Csurf ¼ 0:622aw:Pvs;surf

Patm−aw:Pvs;surf

Pvs;inf ¼ exp 23:3265−
3802:7

Tinf
−

472:68

Tinf

� �2
 !

Pvs;surf ¼ exp 23:3265−
3802:7

T
−

472:68

T

� �2
 !

ð22Þ

The effect of dew point temperature on moisture evapora-
tion rate has been considered in the above equation. Thus; its
value will be negative if the temperature of material surface is
lower than the initial temperature.

The material deformation is due to moisture removal and
there are no external forces at the exchange surface:

σ:n ¼ 0 ð23Þ

7 Simulation

The numerical method used to solve this strongly coupled
and nonlinear system was the finite element method
(FEM). The heat, mass and momentum balances equa-
tions were implemented in a finite element solver and
solved simultaneously. The Arbitrary Lagrange-Eulerian
(ALE) formulation, as a method between the Lagrangian
and Eulerian systems which combines them to solve the
problem with moving boundaries such as drying process
was used. The ALE is a finite element formulation in
which the computational system is not a prior fixed in
space (e.g. Eulerian-based finite element formulations)
or attached to material (e.g. Lagrangian-based finite ele-
ment formulations). ALE-based finite element simulations
can alleviate many of the drawbacks that the traditional
Lagrangian-based and Eulerian-based finite element sim-
ulations have. When using the ALE technique in engi-
neering simulations, the computational mesh inside the
domains can move arbitrarily to optimize the shapes of
elements, while the mesh on the boundaries and interfaces
of the domains can move along with materials to precisely
track the boundaries. Simulation is carried out with a con-
stant time step (dt =50 s). The physical and mechanical
properties employed in simulation of the present study are
summarized in Table 1.
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8 Material and experimental procedure

8.1 Material

All the clay-like material used for the experiment were extract-
ed from clay deposit sites in Birjand -Iran. The chemical anal-
ysis and the Atterberg limits of the clay are given in Table 2
and Table 3, respectively.

8.2 Experimental equipment set-up

A laboratory chamber dryer was used for experimental study.
A schematic of the experimental setup is shown in Fig. 2. The
sample is located on a grid plate (holder) at the center of the
dryer chamber. The holder is placed on the A&D GF3000
digital balance with 0.01 g resolution.

The airflow generated by the blower passes through a con-
trolled heating zone, enters the dryer chamber. In order to
provide uniform drying conditions for all of the surfaces of
the sample, the airflow enters both from the top and bottom
and exits from the four vents located at the center of the all the
lateral sides of the dryer chamber.

The temperature and relative humidity of the chamber are
measured and logged in computer during drying by using a
humidity temperature sensor (SHT25) connected to the na-
tional instrument USB-6009 data acquisition card. The mea-
surement accuracy of the SHT25, is 0.2 °C and 1.8% for the
temperature and the relative humidity, respectively.

The temperature and humidity are kept at set levels using
feedback control. Also, the geometry variations of the sample
were captured by using a digital camera. The chamber dryer
equipped with two halogen lamps positioned at fixed location
illuminating the scene evenly.

8.3 Model application to clay drying

The model developed was validated by comparing the model
outputs (simulation results) with experimental results obtained
from two sets of experiments in which different geometries
and drying conditions are tested. The experiments were car-
ried out in the laboratory chamber dryer.

In the first experiment, a cubic sample of clay material,
with an approximate dimension of 7∗7∗5 cm was placed on
the holder and the airflow circulated over the samples surface.
The clay was mixed with water to make a workable paste with
approximately 33% (dry basis). Then the clay paste was stored
in an airtight container at room temperature (26 °C) for 48 h to
make sure that the water content is uniform throughout the
material providing a homogenized sample. The Cubic sample
was dried at 100 °C with a relative humidity of 10%.

Table 2 Chemical
analysis of the clay element percent

Si 59.5

Ca 7.83

Mg 4.20

Fe 4.50

Al 7.80

Ti, Mn <1

L.O.I 9.80

Table 1 Clay properties used in the simulations

Property Expression

Initial moisture content w0 = 0.33(kg/kgd . b)

Critical moisture
content

wcr =wsh = 0.12 (kg/kgd . b)

Equilibrium moisture
content

weq ≈ 0.01

Initial sample’s
temperature

T0 = 25
0C

Solid intrinsic density
ρss ¼ 2600 kg=m3ð Þ

Intrinsic water density
ρll ¼ 1000 kg=m3ð Þ

Solid specific heat Cps = 2000 (J/kg)

Liquid specific heat Cpl = 4220 (J/kg)

Solid thermal
conductivity

ks = 1 (W/m K)

Liquid thermal
conductivity

kl = 0.597 (W/m K)

Heat expansion
coefficient [32]

α = 3∗10−8

moisture expansion
coefficient [42]

β = 0.3

Poisson’s ratio [43] ν = 0.4

Young’s modulus [43]
E ¼ 0:96exp 1

0:061þ1:735w4:818

� �
Pað Þ

Specific heat
Cp ¼ wCplþCps

wþ1 J=kgð Þ
Density

ρ ¼ m0 1þwð Þ
V 1þw0ð Þ kg=m3ð Þ

Effective diffusion
coefficient [44] Deff ¼ D0

* T
T0

� �aT * T
T0

� �aw

D0 ¼ 7:36*10−9 m2=s
� �

;

T0 ¼ 303 kð Þ

aT ¼ 9:5; aw ¼ 0:5; w0 ¼ 0:4 kg=kgd:bð Þ

Table 3 Atterberg limits
of the clay Atterberg Limits moisture

Liquid limit 26%

Plastic limit 19%

Shrinkage limit (wsl) 12%
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The drying process was controlled by a PC provided with
the software and data acquisition card. During the experimen-
tal run the following parameters were controlled and recorded:
drying time, air temperature, air relative humidity, geometry
variations and mass of the sample. The mass evolution of the
sample was logged into computer every 10 s by the precision
digital balance.

During the experimental run, snapshots of the surface
shrinkage of the top surface and one of side surfaces were
taken every 15 min. Volumetric shrinkage of the sample was
calculated using image processing techniques (Fig. 3).

Fig. 4 shows the comparison between the experimental
results and the simulated values of the mean moisture contents
evolution for clay sample. The sample is dried after about
12 h. The water vapor condenses onto the sample’s surfaces
at the beginning of drying, since for the chosen air conditions
the dew point corresponds to 46 °C, which is greater than the
sample’s initial temperature of 26 °C. Consequently, the mois-
ture content increases and a swelling of the medium occurs

and continues until the dew temperature is reached when con-
densation stops. The points A, B, C and D in Figs. 4, 5, 6, 7,
and 8 corresponds to the end of the preheating period, the end
of the CDRP, the end of transition period and the end of FDRP,
respectively.

Fig. 5 illustrates the evolution of the mean temperature
inside the product. The temperature exhibits the classical evo-
lution that occurs during convective drying. The three phases
are clearly present: Phase 1 is the preheating period where the
material is heated until its temperature reaches the wet bulb
temperature (52 °C); Phase 2 is the CDRP, during which the
diffusion of water from inside of the sample keeps up with the
evaporation rate. The whole heat supplied by the air is con-
sumed by the water evaporation at the surface and the temper-
ature keeps constant. Phase 3, is the transition period and the
FDRP, during which the temperature begins to grow with the
time and trends to the drying air temperature.

According to the Atterberg limits in drying process, clay
shrinks only when the moisture content is above shrinkage
limit. In the current study the shrinkage limit and critical mois-
ture content are assumed to be the same; (wsh =wcr = 0.12kg/
kg, d . b). This assumption has been made in other works deal-
ing with clay material drying [46, 47]. Fig. 6 shows the

Fig. 2 Schematic of experimental setup

Fig. 3 Edge detection by image processing during the experiment run

Fig. 4 Average moisture content changes

Fig. 5 Average temperature changes
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comparison between the experimental results and the simulat-
ed values of the volumetric strain for clay sample. As seen
from Fig. 4 the clay sample shrinks mainly in the preheating
and constant rate periods, and during the falling drying rate
period, the volume is approximately constant. The volumetric
strain of the sample is about 17%.

The evaporation rate in the CDRP is supplied by the cap-
illary flow from the material depth to the evaporation surface
in porous clay-like material. During this period, evaporation
occurs at the surface. At the critical moisture content, which is
the end of the CDRP, evaporation rate starts to decrease be-
cause of the disconnection of the liquid meniscus from the
surface and this decreasing trend continues until all the liquid
meniscuses are disconnected. This period was termed as the
transition period. Detachment of the last liquid meniscus from
the surface marks the onset of the FDRP and changing the
vaporization plane to a level below the surface [48].

The experimental results and the simulated values of the
drying rate for clay sample are compered in Fig. 7. In the
preheating period because of increase in sample temperature,
drying rate increase until it reaches the wet bulb temperature;
(point A). The CDRP begins from point A and drying rate

remains constant. Moisture evaporation at exchange surface
occurs with higher rates and values at edges. As soon as the
first point moisture content of edge’s point arrive at the shrink-
age limits the transition period begins (point B) and because of
the disconnection of the liquid meniscus from the surface the
evaporation rate starts to decrease. At point C which is almost
the inflection point, all liquid meniscuses have been discon-
nected and FDRP begins. Following disruption of hydraulic
continuity between the sample depth and exchange surface
liquid menisci recede into the porous medium and form a
vaporization plane from which water vapor diffuses through
the overlying dry layer to the exchange surface and then to the
atmosphere [49].

Fig. 8 shows the comparison between the experimental
results and the simulated values of the density for clay sample.
It is important to note that the density increases at the begin-
ning of drying, reaches a maximum at the time of 11,000 s
which is almost the end of CDRP (point B) and then de-
creases. This evolution is the consequence of superposition
of two phenomena: mass reduction and volume reduction. In
preheating period and CDRP volume reduction is almost
equal to the mass reduction (moisture removed by evapora-
tion) from the sample (ideal shrinkage) [50]. Intrinsic clay
density is more than water intrinsic density hence; the density
increase until the end of CDRP. For moisture content below
the critical limit the movement of the clay particles becomes
more difficult and gradually the volume reduction stops.
Therefore the effect of mass reduction dominates a decrease
in the density. Similar results are reported in other works [46].

Fig. 9 shows the captured image of the sample surface
during drying. Fig. 11a corresponds to the time that the mois-
ture content at edge’s point is just at the shrinkage limit and the
CDRP has almost been ended. Fig. 11a corresponds to the
point B in Figs. 6, 7, 8, 9, 10, and 11b shows the captured
image of sample surface when it is in the transition period.
During this period some of the liquid meniscuses are discon-
nected. The domain of not disconnected liquid meniscuses is
approximately separated from other with a bound. Fig. 11c

Fig. 6 Volumetric strain changes

Fig. 7 Drying rate changes

Fig. 8 Clay density changes with time
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shows the image taken at the end of transition period and the
beginning of the FDRP when all the liquid meniscuses are
disconnected and almost the sample stops to shrink. Fig. 11c
corresponds to the point C Figs. 6, 7, 8, 9, and 10.

In the second experiment, a clay cylindrical sample of inside
and outside diameter of 110 mm and 200 mm respectively, and
thickness of 20 mm was used for experiment. The sample was
dried at relative humidity of 25% and temperature of 30 °C.
The volumetric and surface shrinkage of the dried product were
measured by using image processing techniques. Red line in
Fig. 10 shows the outside and inside edge of the dried product
found by image processing techniques through edge detection
algorithm. Table 4 compares the results of the volumetric
shrinkage and outside diameter change of the dried product
obtained experimentally with those obtained by simulation.

The experimental and numerical results for drying kinetic,
volumetric strain, drying rate and density show a good agree-
ment between each other. It shows that the developed mathe-
matical model is accurate for the overall drying process.
Therefor the simulation can be considered as a useful tool to
predict the stresses induced by drying and the quality of dried
product.

9 Initial condition effects on drying kinetic

In order to investigate the effects of material initial condition
on the drying kinetic of the clay cylindrical sample, two series
of simulation have been carried out. In the first series, the
effects of different initial moisture contents and in the second
series, the effects of different initial temperature on drying
kinetic have been investigated.

Fig. 11 presents the evolution of the mean moisture content
of a clay cylindrical sample with initial temperature of 25°C
and three different initial moisture contents of 20%, 30% and
40%. The temperature and relative humidity of the air in the
simulation are assumed to be 70°C and 20%, respectively. The
dew point temperature for the chosen air conditions is
about 36°C which is higher than the initial temperature of
the sample (25°C). Hence the water vapor condenses on the
surfaces of the sample. As a result, the moisture content of the
sample increases and the sample starts to swell. The conden-
sation phenomenon stops when the sample temperature
reaches to the dew temperature.

a) t = 9000s b) t = 10800s  t = 13500s c)
Fig. 9 the evolution of clay drying

Fig. 11 Mean moisture evolution of the samples with different w0Fig. 10 Dried part in laboratory
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Fig. 12 illustrates the evolution of the mean temperature of
the product which shows traditional periods of convective
drying. The CDRP time increases for samples with more ini-
tial moisture contents because they have more potential to
withstand the moisture evaporation rate from the exchange
surface.

The stresses induced by drying are the result of non-
uniform shrinkage. The evolution of drying induced stresses
for the sample with initial moisture content and temperature of
30% and 25 °C respectively, at six points are shown in Fig. 13.
The maximum stress happens in point 6 that is in the corner of
the inner surface. The evolution of stress for the sample with
different initial moisture content at point 6 is presented in Fig.
14. As one can see in Fig. 14, the maximum drying induced
stress reduces in sample with lower initial moisture content
since it faces less non uniform shrinkage.

The next series of simulation were carried out at afore
mentioned drying condition for the samples with initial
moisture content of 30% and five different initial tempera-
ture of 200C, 300C, 400C, 530C and 670C. Fig. 15 illustrates
the evolution of the mean moisture content. This figure
clearly shows the effect of initial temperature on material
swelling because of vapor condensation in preheating peri-
od. Condensation phenomena appears in samples with initial
temperature of 200C and 300C which are lower than the dew
point temperature of chosen air condition (36°C).The mean
temperature evolution of the samples are presented in Fig.

16, each of which shows the traditional periods that occur
during convective drying and reaches the wet bulb temper-
ature at CDRP. The heat and mass transfer rate are different
for each initial temperature; consequently the wet bulb tem-
perature is different in samples with different initial temper-
ature. Fig. 17 shows the evolution of drying induced stress
of samples at point 6. By increasing the initial temperature,
the maximum stress and the occurrence time decrease. The
maximum stress of samples with initial temperature of 200C
and 670C is about 602 KPa and 401 KPa, respectively
which is reduced by about 44%. Drying induced stresses
indicates the possibility of the material fracture. This is a
great value compared even with the newly developed tech-
niques, namely the intermittent drying in which claims of
29% reduction on stresses are reported [Manel et al. 2014].
Energy requirements for increasing initial temperature are

Fig. 14 Drying induced stresses of the samples with different w0

Fig. 13 Drying induced stress at six points

Table 4 Comparison of the experimental and simulation results

parameter simulation image processing error

external radius reduction 16.415 mm 16.646 mm 1.38%

volumetric shrinkage 30.136% 34.329% 12.21%

Fig. 12 Temperature evolution of the samples with different w0
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almost equal to the preheating period of drying process
which the sample temperature increases to the wet bulb tem-
perature. Preheating period often represents a negligible pro-
portion of the overall drying process [5, 51]. So it can be
concluded that energy requirements for increasing initial
temperature are negligible to the overall drying energy con-
sumption. Energy consumption of intermittent drying with
periodically air temperature is less than continuous drying.
But Energy consumption of intermittent drying with period-
ically air humidity is more [52]. It’s important to note that
intermittent drying is difficult to operate in comparison with
continuous drying and also need drying process modeling
and simulation in order to design operation schedule. Not
well designed schedule of application of the intermittent
condition may made the stress filed induced by drying worse
[53].hence; Increasing the initial temperature of the material
in comparison to the intermittent drying is easier either in

terms of design or in terms of implementation and can be
considered as an efficient method in order to reduce the
drying induced stresses.

The occurrence time of maximum stress of samples with ini-
tial temperature of 200C and 670C are about 2400 s and 650 s,
respectively. Decreasing the occurrence time of maximum stress
makes the application of more sever condition in the rest of
drying process possible, hence; decreased drying time.

The most important effect of the shrinkage on drying ki-
netic is the change of drying surface that changes the drying
rate. Fig. 18 shows both cases of considering and not consid-
ering the shrinkage in the mean moisture content evolution. It
can be seen that not considering the deformation at the early
stage of drying process reduces the drying rate (detail A) since
the condensation phenomenon described in previous section
causes swelling of medium and provides more evaporation
surface. As a result of material shrinkage, the evaporation

Fig. 15 Mean moisture evolution of the samples with different T0

Fig. 18 Effect of shrinkage on the drying behavior

Fig. 17 Drying induced stresses of the samples with different T0

Fig. 16 Temperature evolution of the samples with different T0
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surface reduces in CDRP. Consequently, not considering the
deformation increases the drying rate (detail B). The differ-
ence between the two curves remains approximately stable
since the start of FDRP. This is due to the fact that in FDRP,
the drying rate is fully governed by the internal moisture dif-
fusion rate and not by the evaporation rate (detail C). The
same results have been reported in other studies [30].

10 Conclusions

A fully coupled model was established to foresee the stress
and strain behavior of clay like material with respect to the
initial conditions of material. The numerical method used to
solve this strongly coupled and nonlinear systemwas the finite
element method. The experimental and numerical results for
drying kinetic, volumetric strain and drying rate show a good
agreement between to each other. It shows that the developed
mathematical model is accurate for overall drying process.

The comparison of drying induced stresses in samples with
different initial moisture content led us to conclude that reduc-
ing the initial moisture content reduces the generated stresses
within dried material without substantial change in drying
time. Also the investigation of drying induced stresses in sam-
ples with different initial temperature leads to the conclusion
that increasing the initial moisture content reduces the stresses
generated, making it possible to produce parts with less stress/
strain based defects such as cracks and deformation.

The amount of the maximum stress reduction by increasing
the initial temperature from 200C to 670C is almost equals to
the maximum stress reduction of well scheduled intermittent
drying in comparison to the stationary drying.

Also the influence of material shrinkage on drying kinetic
was studied. Predicted drying curves with and without includ-
ing the shrinkage effect show that not considering the shrink-
age at the early stage of drying reduces the drying rate how-
ever; the drying rate increases in the constant drying rate pe-
riod. The difference between the two curves becomes relative-
ly stable by starting the period of falling drying rate since in
this period, drying rate is governed by the internal moisture
diffusion rate and not by evaporation rate.

α, Thermal Expansion coefficient; β, Shrinkage coeffi-
cient; ε, strain; λ , μ, Lame constants; ν, Poisson’s ratio; σ,
Stress (Pa); Cp, heat capacity (J kg−1K−1); D, Diffusion coef-
ficient (m2s−1); E, Young modulus (Pa); Fm, Rate of moisture
vaporization (kg m−2s−1); h, Convection coefficient
(Wm−2K−1); hv, Latent heat of evaporation (J kg−1); k,
Thermal conductivity (Wm−1K−1); K, Bulk modulus; P, pres-
sure (Pa); RH, Relative humidity of air (kg kg−1); t, Time (s);
T, Temperature (K); w, Moisture content (kg kg−1 d . b).

inf, Ambient air; l, Liquid; s, Solid; surf, Evaporation sur-
face; vs, Saturated vapor.
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