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Abstract

The purpose of the present study was to develop a model to describe the heat and mass transfer during the drying of carrot cubes in a
spout-fluidized-bed drier. The model took into account the non-homogeneous shrinkage of the material. The Arbitrary Lagrange–
Eulerian (ALE) formulation was applied to enter the problem with moving boundaries. Three phases of drying were distinguished
according to the behavior of changes in percent local error of estimation: an initial phase of warming up the material – characterized
by a low level of error of moisture content prediction, a second phase – characterized by an increase in the error of moisture content
prediction and a phase of decreasing error. A simple test of the sensitivity of the model to the changes in heat transfer coefficient was
performed in order to improve the ability of the model to predict the changes in moisture content and temperature of dried carrots. The
predicted changes in both the moisture content and the temperature of carrot cubes during drying in a spout-fluidized-bed drier indicate
that the model can be successfully applied to describe moisture content, temperature and deformation of dried particles in cases when the
very high accuracy of moisture content and temperature prediction is not a crucial element of investigation of the drying process.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Drying is an important method of preservation of wet
materials and is applicable to a wide range of industrial
and agricultural products, including foodstuffs. Various
methods of drying have been developed for particulate
materials, including fluidized-bed and spouted-bed drying
techniques. Considering the thermal efficiencies of the dry-
ing process, fluidized bed dryers are extensively used in par-
ticulate foods drying because they ensure high intensities of
heat and mass transfer [1] accompanied by high rates of
drying. Fluidized-bed drying has found many applications
in chemical, metallurgical and pharmaceutical industries.
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They have also been investigated as a potential method
for obtaining high-quality dried foodstuffs, including fruit,
vegetables and grain [2,3]. A combination of two distinct
hydrodynamic regimes observed during particulate foods
drying in a spouted-bed drier (pneumatic transport in the
spout and a moving bed in the downcomer) permits uni-
form drying and minimizes the risk of material getting
degraded [4]. Another option is to apply a spout-fluid-
ized-bed drying technique which combines the main fea-
tures of fluidized-bed and spouted-bed drying techniques
[5].

Drying of biological materials, like fruit and vegetables,
in a spouted or spout-fluidized bed is an extremely compli-
cated process due to the simultaneous phenomena of heat,
mass and momentum transfer which occurs inside each
particle in the bed and transfer phenomena between solid
and gas phases of the circulating bed being the mixture
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Nomenclature

A, a, b, c constants in equations, –
cp specific heat, J kg�1 K�1

dE equivalent diameter of a solid, m
D effective mass diffusion coefficient, m2 s�1

err local percent error of estimation, %
hm mass transfer coefficient, m s�1

hT heat transfer coefficient, W m�2 K�1

k turbulent energy, m2 s�2

L dimensional characteristics (hydraulic diame-
ter), m

M moisture content of raw material dry basis,
kg kg�1

n direction normal to surface S, –
Nu Nusselt number, –
P pressure, Pa
Pr Prandtl number, –
r sorpion heat of pure water, J kg�1

Re Reynolds number, –
Sc Schmitt number, –
Sh Sherwood number, –
Simul simulated value, –
t time, s

T temperature, �C
u displacement of surface, m
U average velocity, m s�1

X moisture content of raw material (wet basis), –
v velocity of drying air, m s�1

VE equivalent volume of a solid, m3

Greek letters

k thermal conductivity, W m�1 K�1

l viscosity, Pa s
q density, kg m�3

e dissipation rate of turbulence energy, m2 s�3

Subscripts

a ambient
AB gas phase
e equillibrium
f film
s dry substance
S surface of a body
w water
0 initial value
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of dried granulated material and air. Moreover, the parti-
cles of wet material undergo significant shrinkage which
affects changes in both the shape and dimensions of the
solid. Hot air drying of fruit and vegetables usually pro-
vokes changes in physical, chemical, nutritional and bio-
logical properties and modifies the characteristics of food
products. In most cases these changes are dependent on
moisture content, temperature and time of exposition.

An understanding of the transfer phenomena taking
place during the drying of fruit and vegetables in rotating
beds would result in the formulation of adequate mathe-
matical models to optimize the process – leading to
improved product quality and a reduction in process costs.
Numerous analytical and numerical models have been pro-
posed by various authors to study heat and moisture trans-
fer analysis during drying of different solid objects.
Reviews of several different mathematical models have
been published [6,7]. In most cases, the authors employed
the finite element method (FEM) for studying temperature
and moisture distributions within the wet solids during the
drying and control volume (CV) technique to study hydro-
dynamics and transfer phenomena in fluidized and spouted
beds. All drying models described in the literature were
derived under different simplifying assumptions, which
strictly limit the application of these models.

One of the most common oversights in the modeling of
the drying of solid foodstuffs is to neglect the shrinkage
phenomenon. However, it should be underlined that one
of the most important physical changes in the material that
occurs during drying is the reduction of its external vol-
ume, in some cases also accompanied by changes in its
shape. The above is caused by significant stresses affecting
the cellular structure of the material being dried which
occur when the moisture loss is significant and the material
is anisotropic, which is the case during the drying of fruit
and vegetables [8]. During the drying process, fruits and
vegetables suffer great alterations to their original form
(even up to 90%) due to significant shrinkage. The shrink-
age phenomenon also affects the length of the diffusion
path in dried material, influencing the moisture diffusion
coefficient of the material and, as a result, influences the
rate of drying. Knowledge of the shrinkage mechanism,
and the influence of the process variables on shrinkage, will
improve the understanding of drying kinetics. Therefore, as
shrinkage in fruits and vegetables is an observable phenom-
enon, it must be taken into account in mathematical simu-
lations of the drying process of these materials.

The evolution of deformation resulting in shrinkage of
biological materials during drying, averaged over the vol-
ume of dried body and expressed as a function of water
content, has been the subject of several studies. Most of
the authors showed the linear shrinkage profile versus
moisture content as a typical profile valid for fruit and veg-
etables [9,10] but others suggested an exponential or qua-
dratic function to describe the shrinkage versus water
content [8]. The most important disadvantage of the aver-
aged shrinkage models which are usually applied for simu-
lation is their inability to describe the local changes in the
position of any given point inside a dried body. The ability
of the shrinkage model to describe both the local values of



Fig. 1. Schematic diagram of the experimental apparatus: 1 – fan; 2 – air
flow regulating valve; 3 – heaters; 4–7 – thermocouples, 8 – drying
chamber, 9 – heat control unit.
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shrinkage vs. the local moisture content, as well as the dry-
ing time-dependent positions of any given point inside the
dried material, is very important and enables the use of
such a model for quality optimization of dried material.

Much research has been conducted in recent years to
develop accurate mathematical models to simulate the
behavior of heat and mass transfer processes and to define,
over a wide range of drying conditions and different types
of foods, the optimal set of operating conditions [4,6,
11–15]. In most cases, the models developed had the ability
to predict changes in temperature and moisture content in
non-shrinking or homogeneously shrinking materials only.
Therefore, the purpose of the present study was to develop
a model describing the heat and mass transfer during the
drying of particulate materials, taking into account the
non-homogeneous shrinkage of the material. A bed of
carrot cubes dried in a spout-fluidized-bed drier was
used as the exemplary material. The Arbitrary Lagrange–
Eulerian (ALE) formulation was applied to build the
shrinkage model dependent on local moisture content of
the material. The model was applied to describe changes
in moisture content and temperature as well as in particle
shape and dimensions during the drying of carrots. Exten-
sive experiments were performed using cut carrots as a
sample to compare the simulation and experimental results
for validation purposes.

2. Mathematical model

Mathematical models describing flow of a mixture of a
particulate material and a gas can be classified in two dif-
ferent categories. In a continuous model (Eulerian–Euleran
formulation), particles of a solid phase are considered as a
continuous phase, which is mixed with the gas phase. In
such a formulation, the equations formulated for solid
phase are in a form adequate for the continuous phase.
Constitutive equations are usually built using not only
the theory of mixtures, but also based on the kinetic theory
of gases. The other option is the Lagrange–Eulerian formu-
lation, in which solid particles are considered as a discrete
phase. In this model, the gas phase is described with the
equations as for fluids, while the motion of particles of a
solid phase is described by Newton’s second law of motion.
If the concentration of particles is low, then it can be
assumed that the motion of solid particles is determined
by the velocity field of the gas phase and the particles do
not disturb the motion of the gas. However, in the case
of higher concentration of particulate material phase, the
equations describing the motion of both phases contain
terms describing the interfacial momentum exchange,
which ensures the coupling of the motion of gas and solid
phases.

The problem under investigation is the forced convec-
tion of the air through a wet spout-fluidized bed of carrot
cubes circulating in the vertical cylinder. The solid phase of
the bed is discontinuous. In a cylindrical-shaped fluidized
bed, the solid phase is usually nearly-uniformly distributed
in the bed. In a spouted bed, whose domain is the sum of a
cone and a cylinder, several zones of different volume frac-
tions of the solid phase are observed and the highest value
of the volume fraction is usually concentrated at the bot-
tom part of the bed [4]. In the spout-fluidized bed driers,
the material is located only in the cylindrical part of the
drying chamber. If the height of the static bed is lower than
the diameter of a cylinder, then nearly all of the solid phase
of the gas–solid mixture is distributed near the bottom of
the cylinder with the maximum of the mass fraction of
the solid phase of the mixture observed near the cylinder
wall and minimum near its axis [5]. This can be seen in
the schematic diagram of the spout-fluidized bed under
investigation shown in Fig. 1.

Several assumptions are made in order to obtain a
closed set of governing equations of heat and mass transfer
in cut carrots:

� The motion of the solid particles in the mixture do not
disturb the motion of the air phase, i.e. the concentra-
tion of the solid phase in the mixture can be neglected
during simulation of the velocity field of the air inside
the drying chamber. As a consequence of this assump-
tion in the govern equations modeling air flow there
are no mass, momentum, energy sources terms. That
is, water vapor evaporated from carrots has negligible
effect on the humidity and temperature of the drying air.
� The average velocity of the air flowing round a single

solid particle in the mixture of particulate material and
the air do not differ significantly from the velocity of
the air simulated for the air flowing through the empty
apparatus and averaged in that domain inside the drying
chamber in which the dried material is located during
drying (Fig. 1).
� A single particle being dried is the regular cube. Heat

and mass transfer inside each particle is three-
dimensional.
� Convection-type boundary conditions are valid for the

drying of a single particle.
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� The initial distributions of moisture content and temper-
ature inside each particle are uniform.
� Water evaporation takes place only at the surface of a

particle.
� A particle of carrot to be dried is considered as a binary

system containing solid and liquid phase components.
� Heat and mass transfer as shrinkage of dried particle are

also interrelated.
� Shrinkage of a dried body can be described by an empir-

ical model of changes in the volume of dried particle
coupled with the theoretical model of displacement of
its surface and interior.
� A dried particle shrinks, but its shape does not change

during drying.

The macroscopic equations applied to describe simulta-
neous heat and mass transfer in a typical shrinking wet car-
rot cube subjected to convection boundary conditions were
applied and written in 3D Cartesian coordinates, which
were fixed in the geometric center of the cube.
2.1. Air flow distribution

Computer simulations were performed to determine
the average relative velocity of the air flow around a single
solid particle during drying in the mixture of carrot
cubes and the air flow through the empty drying chamber.
The simulations were performed using continuity and
momentum equations in the form (1)–(7). The standard
j–e dispersed turbulence model was used during sim-
ulations
r �U ¼ 0; ð1Þ
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where Cl is a model constant equal to 0.09. Turbulence en-
ergy and dissipation were found by solving (3) and (4),
respectively
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where the model constants Ce1, Ce2, rk and re are equal to
0.1256, 1.92, 1.0 and 1.6, respectively. Eqs. (1)–(4) were
solved for 2D axial symmetry model using boundary
conditions:
� at the inflow:

U ¼ U0;

k ¼ 3I2
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C0:75
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where turbulent length scale, LT, was equal to 0.01 and
turbulent intensity scale, IT, was equal to 0.05;
� at the outflow:

t �U ¼ 0; n � ½�P Iþ ðlþ lT ÞðrUþ ðrUÞT Þ�n ¼ 0;

n � rk ¼ 0; n � re ¼ 0:

ð6Þ
� at the side surface:
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lnðdþw Þj
þ 5:5

" #
U;
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C0:75

l k1:5

jdw
;
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dwqC0:25

l k0:5

l
;

ð7Þ

where 2dw was equal to the step height, h, and the Kár-
mán’s constant, j, is equal to 0.42.

2.2. Mass transfer

A three-dimensional Fickian diffusion model [16] of
moisture transfer was applied to simulate the time evolu-
tion of the spatial distribution of the local moisture content
of carrot during drying:

oM
ot
¼ r � ðDrMÞ: ð8Þ

A convection-type boundary condition of the following
form was applied at the air-product interface

�ðDrMÞjS ¼ hmðM s �M eÞ; t > 0; ð9Þ

where equilibrium moisture content, Me, was derived from
the empirical formulas based on the results of measure-
ments of drying kinetics of carrot cubes.

The initial condition had the following form:

M ¼ M0 ¼ const; t ¼ 0: ð10Þ
2.3. Heat transfer

The model of heat conduction in a carrot cube can be
described by the Eq. (11) [17]:

oðqcpT Þ
ot

¼ r � ðkrT Þ: ð11Þ



4708 I. Białobrzewski et al. / International Journal of Heat and Mass Transfer 51 (2008) 4704–4716
The convection boundary condition in the following
form was applied to solve the heat transfer equation:

�k
oT
on






S

¼ hTðT s � T aÞ � r D
oðqsMÞ

on

� �
; ðt > 0Þ; ð12Þ

where the term on the left side of the condition (12) refers
to heat conducted from the outer surface to the inside of
the body, the first term on the right side is heat penetrating
from the environment to the solid body by means of con-
vection, and the second term on the right side denotes heat
of evaporation. The initial condition has the following
form:

T ¼ T 0 ¼ const; t ¼ 0: ð13Þ
2.4. Shrinkage

The model of shrinkage was described using Poisson’s
equation in the form:

�r � ðruÞ ¼ 0; ð14Þ
where u is displacement of a point of a body. The boundary
condition (displacement of the surface of dried cube) at the
air-product interface was assumed as described by the fol-
lowing equation [11]:

ujS ¼
L0 � ðV Þ

1
3

2
: ð15Þ

Boundary condition (15) describes time dependent dis-
placement of external wall of dried cube.

The initial condition has been assumed in the following
form:

u ¼ 0; t ¼ 0: ð16Þ
The change in volume of a solid particle dried in a spout-
fluidized bed is described by linear function of moisture
content (17) while the effect of drying temperature is as-
sumed as negligible.

V
V 0

¼ a
M
M0

þ ð1� aÞ: ð17Þ

It can be deducted from Eq. (14) that the displacement,
u, of any given point inside dried and shrinking body is a
linear function of Cartesian coordinates. And, as a conse-
quence, the displacements of points situated closer to the
external surface of dried body are higher than displacement
of points situated closer to the sample center.

2.5. Density

The local density at any point inside of carrots particle
was calculated by the following formula:

q ¼ qw þ qs; ð18Þ
where

M ¼ qw

qs

ð19Þ
and

qs ¼ q0s

V 0

V
ð20Þ

which gives

q ¼ q0s

V 0

V
ð1þMÞ: ð21Þ

Eq. (20) was derived based on an analysis of changes in
the density of a dry substance while Eq. (21) was derived
from Eqs. (18)–(20).
3. The Arbitrary Lagrange–Eulerian formulation

A system of partial differential equations describing
simultaneous heat and mass transfer in a single carrot
cubes representing a typical particle of the material dried
in spout-fluidized bed drier was solved using the weak form
of these equations. The Arbitrary Lagrange–Eulerian
(ALE) formulation was used to enter a problem with dis-
placing boundaries. In the ALE method, the variables
and their test functions were transposed to the original (ini-
tial) mesh reflecting the shape of the drying body [18]. The
heat transfer Eq. (11) written in the weak form wasZ

X
qmcp

oT
ot

T test dX ¼
Z

X
r � ðkrT ÞT testdX: ð22Þ

In Eq. (22) T is the solution of the differential equation (11)
and T_test is an arbitrary test function satisfying the Eq.
(22). By integrating the right side of Eq. (22) by parts
(i.e., using Green’s formula) one can obtain following
equation:Z
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Z
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�
Z
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Considering the boundary condition (12), we obtain (24)Z
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Mass transfer Eq. (8) in its weak form obtains the form (25)Z
X

q
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�
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while the shrinkage Eq. (14) the form (26)Z
X
�ru � ru test dX�
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n � u test doX ¼ 0: ð26Þ
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The equations were solved on the original mesh, and the re-
sults were transferred to a movable mesh. The ALE meth-
od may be applied for large-scale deformation modeling
[19,20]. An attempt to describe the drying processes of
shrinking bodies, taking into account the stress distribution
in the material, leads to quite complicated mathematical
models [21]. If the information on stress evolution during
drying is disregarded, then the application of the ALE for-
mulation provides relatively simple models.

4. Experiments

Experiments were conducted to validate the simulation
results of changes in carrot moisture content and tempera-
ture during drying in a spout-fluidized bed drier.

Experiments with carrot drying were conducted using a
spout-fluidized bed drier as shown on Fig. 1. A pilot-scale
dryer with the conical section underneath (0.25 m in
height), was a vertical cylindrical column (0.2 m diameter
and 1 m height) equipped with a supporting grid, as a gas
distributor. Air was supplied to the conical section by a
pipe 0.065 m in diameter. The cone part of the drying
chamber was made of stainless steel and the cylinder part
was made from perspex. Hot air was distributed to the bot-
tom of the chamber through an air distributor plate. Air
was heated by electric heaters with a total capacity of
15 kW. The inlet air temperatures were automatically con-
trolled by a PDI temperature controller, with an accuracy
of ±1 �C. Temperatures were measured by J-type thermo-
couples with an accuracy of ±1 �C. Air velocity was mea-
sured using an LCA30VA (Test-Therm, Cracow, Poland)
anemometer with an accuracy of ±5%. The moisture con-
tent of the sample during drying was determined by weigh-
ing the sample together with the drying chamber for about
5 s every 10 min using an AXIS B15W electronic balance.
The accuracy of the weighing was ±1 g.

The carrots (Daucus carota cv Macon F1) were used as
the drying product. In order to ensure reproducible
results, the material was obtained from the experimental
plots of the Agricultural Research Institute in Skierniewice
in Poland, and kept refrigerated at 3 �C for one month.
After stabilizing at room temperature prior to use, the
carrots were washed, peeled, cut into 10 mm cubes and
dried using a spout-fluidized bed drier. The initial mois-
ture content of carrots (8.2 kg kg�1) was determined by
drying in a laboratory dryer at 105 �C for 24 h. The
experiments were carried out using four different operat-
ing temperatures of 60, 70, 80 and 90 �C. The inlet air
temperature, the air temperature in the bed and material
temperature were registered by a PC with a 30-s time step.
A temperature controller was used for regulating the tem-
perature of drying air within ±3 �C. The temperature of
the center of the sample was measured with a thermocou-
ple fixed near the geometric center of one of the dried
carrot cubes set about 10 cm above the supporting grid.
Several samples for each run were taken during drying
to measure the effect of operating conditions on material
shrinkage. Indirect measurements of volume shrinkage
were applied [22].

The initial height of stationary layer of cut carrots was
about 0.1 ± 0.01 m. Since a significant shrinkage took
place during drying process, the demands of the air-flow
required to maintain a fountain at a constant height were
diminishing. Therefore, the experiments were conducted
under a step-wise decreasing air flow velocity.

5. Results and discussion

5.1. Calculation of the air velocity profiles

Computer simulations were performed using COMSOL

MULTIPHYSICS 3.3a (Comsol AB, Sweden) with the
CHEMICAL ENGINEERING MODULE and HEAT

TRANSFER MODULE extensions. The packages used
numerical algorithms based on the finite element method.

In order to perform computer simulations of heat and
mass transfer in carrot cubes during drying in a spout-flu-
idized bed drier, the velocity of the air flowing round a sin-
gle cube should be known. The value of this quantity was
estimated using a model (1)–(7) describing the motion of
the air through the empty drying chamber and was calcu-
lated as the velocity of the air averaged over the domain
in which the material resided during drying, and was then
used for calculation of heat and mass transfer coefficients
based on Eqs. (32) and (33). The domain containing most
of the material during drying was axi-symmetric and its
axial section was marked as polygon ABCD, as shown in
Fig. 2a. The AB segment of the line as marked in Fig. 2a
is placed at the same level of the cylinder as the grid sup-
porting the dried material.

The geometry of the drying chamber, process parame-
ters and the physical parameters of the material used dur-
ing simulations were the same as those observed during
the experiments. The temperature, viscosity and density
of the air used during the simulation were 80 �C,
2 � 10�5 Pa s and 1.06 kg m�3, respectively. The measured
inlet air velocity was 41 m s�1 during the initial phase of
drying and 27 m s�1 in the final drying phase. Fig. 2a also
shows simulated air velocity profiles on the region of axial
section drying chamber which is located close to the orifice
supporting the material. It can be found from Fig. 2a that
the velocity of the air averaged over the domain in which
the material resided during drying was close to 41 m s�1,
and that value was used during simulation.

5.2. Experimental validation

Coupled heat and mass transfer processes accompanied
by the shrinkage of the material during drying were calcu-
lated using Cartesian coordinates OXYZ, in which point O
was fixed to the center of a carrot cube. For simulation
purposes, in order to reduce the number of finite elements
applied, the symmetries of a dried particle were used. As
OXY, OYZ and OXZ were the symmetry planes of a cube,



Fig. 2. Profiles of air velocity at 80 �C: (a) fragment of section along the symmetry axis of the cylinder and (b) section perpendicular to an axis along the
AB segment of the line.

Fig. 3. Meshing of 1/8 of part of sample with a used regular refinement
method at 559 number of elements distribution.
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only a quarter of the upper half of a cube was used during
simulation, as can be seen in Fig. 3. On the same figure
three characteristic points inside of a carrot cube were
selected: point A – located in the middle of one of the sides
of a cube; point B – located in the middle of one of the ages
of the cube, and point C – located along one of the cube’s
vertices. Furthermore, Fig. 3 shows additional four points:
A1, A2, A3, A4, located on the interval OA in such a way
that the interval is divided by those points into five inter-
vals of equal length. Before the simulation, the dried carrot
cube was divided into 559 finite elements using the regular

refinement method and the model was solved for 5558
degrees of freedom. The Laplace smoothing method was
used during simulation. The model parameters and
thermo-physical properties of gas and solids determined
experimentally or calculated based on the results presented
in professional scientific literature are presented in Table 1.
All the Cartesian co-ordinates used were referenced to the
original (initial) shape of a sample.

Typical changes in the mean value of water content, as
well as the local error of estimation calculated for drying
of carrot cubes (in %) are shown in Fig. 4. It was observed
that the shapes of characteristics received for all tempera-
tures applied were similar. Therefore, Fig. 4 shows only
the characteristics received for drying at 60 �C and 90 �C.
It can be observed in Fig. 4 that the predicted moisture
content during drying decreased faster than the measured
moisture content. Three phases of drying were distin-
guished according to behavior of changes in percent local
error of estimation. The percent local error of estimation
of moisture content during the initial phase of carrots dry-
ing at 60 �C was relatively low and its value oscillated in a
range between �10% and +10%, while for drying at 90 �C
the oscillations of the error ranged between �5% and 10%.
The material lost a significant amount of water during the
initial phase of drying – moisture content decreased from
the initial value of ca. 8.2 kg kg�1 to ca. 2 kg kg�1. During
the second phase of drying, the percent local error of esti-
mation increased rapidly to receive a maximum of 82% for
air temperature 60 �C and 98% for 90 �C. During the third
phase of drying, the percent local error of estimation
decreased monotonically to reach 30% for drying at
60 �C and 59% for drying at 90 �C. The measured and pre-
dicted moisture contents in carrots after 180 min of drying
at 60 �C were 0.132 kg kg�1 and 0.094 kg kg�1, respec-
tively, while 0.082 kg kg�1 and 0.034 kg kg�1, respectively,
after 120 min of drying at 90 �C. The acceptable agreement
between the measured and predicted values can be noted
for the initial phase and final phases of drying when the
shrinkage of the material and the moisture loss were very
pronounced, but the model tended to underestimation the
moisture content in carrots during the second phase of dry-
ing. The discrepancies between measured and predicted
values of moisture content observed for the second drying
phase may have been caused by the linear type of the
shrinkage Eq. (14) which describes only isotropic deforma-
tions of the being dried materials. The additional errors
could have been caused by the assumptions made for
formulating Eq. (21). The assumptions of porous and



Table 1
Thermo-physical properties of air and carrots used in model solutions

Specific heat of carrots [24]:

cp ¼ 1000ð1:4þ 3:22 � X Þ ð27Þ

Thermal conductivity of carrots [24]:

k ¼ 0:148þ 0:493 � X ð28Þ

Sorption heat [25]:

r ¼ 2889:4� 103 1� ð273þ T Þ
647:13

� �ð0:3199�3:276�10�4ð273þT Þþ6:1596�10�7ð273þT Þ2Þ

ð29Þ

Effective mass diffusion coefficient in gas phase [26]:

DAB ¼ 1:87� 10�10ðT f þ 273Þ
P

2:072

; where T f ¼
T S þ T a

2
; P ¼ 1 atm ð30Þ

The Nusselt, Prandtl, Sherwood, Schmidt and Reynolds numbers [27]:

Nu ¼ hTdE

k
; Pr ¼ cpair

gair

k
; Sh ¼ hmdE

DAB

; Sc ¼ gair

qairDAB

; Re ¼ dEvqair

gair

ð31Þ

Correlation equation used for evaluation of heat transfer coefficient [27]:

Nu ¼ 2:0þ 0:6ðPrÞ1=3ðReÞ1=2 ð32Þ

Correlation equation used for evaluation of mass transfer coefficient [27]:

Sh ¼ 2:0þ 0:6ðScÞ1=3ðReÞ1=2 ð33Þ

Parameters of air [28]:

qair ¼ �3:510101� 10�8T 3
f þ 1:583982684� 10�5T 2

f � 4:6995202202� 10�3T f þ 1:29213571428571; ð10 �C < T f < 80 �CÞ ð34Þ

lair ¼ 1:7676768� 10�13T 3
f � 5:541125541� 10�11T 2

f þ 4:983297258297� 10�8T f þ 17:1964285714285� 10�6; ð10 �C < T f < 80 �CÞ ð35Þ

kair ¼ 6:8181818� 10�10T 3
f � 1:474025974� 10�7T 2

f þ 8:029112554113� 10�5T f þ 0:0240835714285714; ð10 �C < T f < 80 �CÞ ð36Þ

Pr ¼ �2:272727� 10�8T 3
f þ 4:1991342� 10�6T 2

f � 3:5335497835� 10�4T f þ 0:719; ð10 �C < T f < 80 �CÞ ð37Þ

Effective moisture diffusivity of carrot [29,30]:

D ¼ 2:779� 10�4 exp �0; 97� 3459:8

T
þ 0:059M

� �
ð38Þ

The diameter of a sphere equivalent to a particle of volume[31]:

dE ¼
ffiffiffiffiffiffiffiffiffiffi
6

V E

p
3

r
ð39Þ
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homogenous structure of the material seem to be true for
non-organic samples but they are not necessarily true for
organic matter which is colloidal, capillary and, in nature,
shrinks non-uniformly.

In order to improve the ability of the model to predict
the changes in temperature of dried carrots, a very simple
test of sensitivity of the model on the changes in heat trans-
fer coefficient was performed. Figs. 5 and 6 show measured
and predicted changes in temperature of the central point
of the sample. Both the measured and simulated results
of changes in temperature at the central point of carrot
sample during drying, as presented in Figs. 5 and 6, were
obtained for three different values of heat transfer coeffi-
cient: i.e. the first one, hT, was derived from Eq. (32), the
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local error of prediction: (a) drying at 60 �C and (b) drying at 90 �C.
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second one, 2*hT, was duplication of the first one and the
third one, 5*hT, was fivefold of the first one. The air veloc-
ity around the dried carrot cube used in Eq. (32) was
assumed to equal 4 m s�1, which is in the agreement with
the results of simulated air velocity profiles in a drying
chamber as shown in Fig. 2. As can be seen in Figs. 5
and 6, the best prediction of the sample temperature was
received using the second variant of heat transfer coeffi-
cient. It was also found that the changes in heat transfer
coefficient, as applied in this study, did not affect the pre-
diction of changes in the moisture content in dried carrots.
The following explanation of differences observed between
measured and predicted temperatures in dried carrot cubes
can be given. In order to measure the instantaneous parti-
cle temperature, one sample carrot was fixed about 10 cm
above the supporting grid and its center temperature was
measured, while in the real case of spouted-fluid bed, par-
ticles (carrots) moves up and then rain down. On the other
hand the difference between the measured temperatures
and predicted ones in the case of 1 � hT may not be caused
by a low heat transfer coefficient calculated from Eq. (32).
On the contrary, the difference may be caused by the ther-
mal conductivity of carrots calculated from the empirical
Eq. (28), which may be lower than practical one.
The predicted results of both moisture content and tem-
perature of the sample indicate that if a very high accuracy
of moisture content and temperature prediction is not a
crucial element of investigation into the heat and mass
transfer during drying of particulate materials in a spout-
fluidized bed drier, then the model can be successfully
applied for describing moisture content, temperature and
deformation of dried particles.
5.3. Simulation of shrinkage, moisture content and

temperatures of dried carrots

Simulated displacements of selected points (as described
in Fig. 3) of a shrinking carrot cube dried at 60 �C are
shown in Fig. 7. It can be observed on Fig. 7 that the exter-
nal layers of a dried cube are characterized by much greater
deformations than the layers located near center of a par-
ticle. According to the model of shrinkage described by
Eqs. (14)–(17) deformation of any region of a dried body
occurs immediately after the start of the process. It was a
simplification because it is expected that points near the



time / min

0 20 40 60 80 100 120

0 20 40 60 80 100 120

te
m

p
er

at
u

re
 / 

ο C
 

20

30

40

50

60

70

80

90

measurment
simulation: 5 * h T

simulation: 2 * h T

simulation: h T

time / min

lo
ca

l e
rr

o
r 

/ %
  

-60

-40

-20

0

20

40

5 * h T

2 * h T

h T

a

b

Fig. 6. Measured and predicted changes in temperature of the center point
of a single carrot cube dried at 90 �C, (a). Local percent error of
prediction, (b).

time / min

0 20 40 60 80 100

x 
/ m

 

0.000

0.001

0.002

0.003

0.004

0.005

O
A1
A2
A3
A4
A

Fig. 7. Simulated displacements of selected points of shrinking carrot
cube dried at 60 �C. Points A1, A2, A3, and A4 divide the interval OA into
five intervals of equal length (see Fig. 3).

0 20 40 60 80 100

ve
lo

ci
ty

 o
f 

sh
ri

n
ka

g
e 

/ (
m

 m
in

-1
)

0.0

2.0e-5

4.0e-5

6.0e-5

8.0e-5

1.0e-4

1.2e-4

1.4e-4
O
A1
A2
A3
A4
A

time / min

Fig. 8. Rate of deformation simulated at selected points of carrot cubes
inside the specimen during drying at 60 �C. Points A1, A2, A3, and A4

divide the interval OA into five intervals of equal length (see Fig. 3).

I. Białobrzewski et al. / International Journal of Heat and Mass Transfer 51 (2008) 4704–4716 4713
center of a sample do not move immediately after the start
of the process [23]. However, if it is considered that heat
and mass transfer processes are very intensive (as during
drying in a spout-fluidized bed) this simplification does
not influence the results significantly.

Fig. 8 shows the rate of deformation of a dried carrot
cube at several points on segment OA of the specimen
(see Fig. 3) which occurred during drying at 60 �C. The
profiles of the rate of deformation shown in Fig. 8 indi-
cated the existence of the initial phase of simulated drying
process characterized by the steep decrease in velocity of
displacement of given points inside the specimen followed
by the phase of almost constant rate of deformation. The
final phase of the process was characterized by slow
decrease of the deformation velocity. This means that the
rate of deformation of carrot cubes dried in a spout-fluid-
ized bed drier was non-linear vs. time and its magnitude
depended on the position inside the particle being dried.

Changes in simulated local values of water content
inside the dried carrot cube at several points on segment
OA of the specimen (see Fig. 3) were shown in Fig. 9. It
can be seen in Fig. 9 that the surface of the cube (point
A) achieved its equilibrium water content almost at the
very beginning of the drying process. It means that the
external resistances of drying were low from the beginning
of drying. On the same figure, it can be observed that the
higher the distance of the point being analyzed from center
of the dried particle, the lower the local moisture content
was at that point. The above observations are in agreement
with the observations of Zielinska and Markowski [5] who
found that heat and mass transfer coefficients during spout-
fluidized bed drying of carrot cubes were in the ranges from
13 to 38 W m�2 K�1 and from 7 to 17 m s�1, respectively,
while the Biot number for the mass transfer exceeded the
value of 100 quickly – which means that internal resistances
in mass transfer had an crucial influence on the carrot cube
drying process in a spout-fluidized bed drier. The sudden
increase of moisture content in the internal points of dried
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cube at the initial stage of drying, which exceeds the initial
moisture contents of carrots can be explained by the
shrinkage of the material during drying.

Changes in temperatures simulated at selected points of
a sample dried at 60 �C are shown in Fig. 10. After a very
short phase of a steep decrease, the simulated temperatures
at all points of the cubes raised to reach a level close to the
temperature of the air. It can be observed that the temper-
atures simulated at the middle point of the edge of a cube
(point B in Fig. 3) and at its the vertex (point C in Fig. 3)
were lower than the temperature of each internal point sit-
uated on the segments OB and OC, with highest tempera-
ture received at point O, as can be seen in Fig. 10b and c.
This situation is typical for the process of heating a solid
cube by conduction under the absence of a coupled mass
transfer of liquid moisture inside the solid and moisture
vaporization at the cube’s surface. When the heating is
accompanied by mass transfer (liquid moisture diffusion
inside the body and vaporization at its external surface)
the situation is different – as can be observed in Fig. 10a.
It can be noted in Fig. 10a that the temperature of a cube
simulated at the middle point of the lateral face of a cube
(point A on Fig. 3) was lower than the temperature at
the cube’s center. The energy consumption necessary for
intensive moisture vaporization at point A of a cube in
comparison with the relatively low intensity of moisture
vaporization at points B and C can be an explanation of
the above phenomena. The sudden decrease of the sample
temperature at the initial stage of drying observed in
Fig. 10 can be explained by intensive moisture evaporation
during the initial stage of the drying.
6. Concluding remarks

This paper presents the mathematical model of drying
kinetics of carrots dried in a spout-fluidized bed drier.
The study was carried out using a numerical solution of
a system of three linked equations. The Arbitrary
Lagrange–Eulerian (ALE) method was applied to enter
the problem with moving boundaries. It was found that
the velocity of the air averaged in the domain containing
carrot cubes during drying was ca. 4 m s�1. Three phases
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of drying were distinguished according to behavior of
changes in percent local error of estimation: i.e. the first
phase described by low error of prediction, the second
phase characterized by an increase in error of moisture
content prediction followed by the phase of decreasing
error of moisture content prediction. A simple test of sen-
sitivity of the model to the changes in heat transfer coeffi-
cient was performed in order to improve the ability of
the model to predict the changes in the temperature of
the dried carrots. It was found that the highest accuracy
of carrot temperature prediction was observed if the value
of heat transfer coefficient applied during simulation was
two times higher than the value calculated based on Eq.
(32). It was also found that the external layers of dried
and shrinking carrot cubes were characterized by much
greater deformations than the layers located near the center
of a particle. The results of the simulation showed that the
rate of deformation of convection dried carrot cubes was
non-linear vs. time and its magnitude depended on the
position inside the particle being dried and that the external
resistances of drying were low from the beginning of dry-
ing. It was also observed from the simulation results that
after a very short phase of steep decrease, the simulated
temperatures at all points of the cubes rose to reach a level
close to the temperature of the air, however, the tempera-
tures simulated in the middle of the wall of a cube increased
slower than at other points. The results obtained for both
moisture content and temperature of the sample indicate
that if a very high accuracy of prediction of moisture con-
tent and temperature of the bed of a particulate material
dried in a spout-fluidized-bed drier is not a crucial element
of investigation, then the model can be successfully applied
as a tool describing moisture content, temperature and the
deformation of dried particles.

In a spouting bed the disperse phase concentration has a
pronounced inhomogeneity which in principle should affect
gas phase distribution as well as the heat and mass transfer
processes. In the present model differences in the coeffi-
cients of heat and mass transfer in the core and the periph-
ery zone are not taken into account. This is a limitation of
the model that needs to be examined in further research.
Further experimental studies are needed to verify defini-
tively the validity of the one-phase model of hydrodynam-
ics in the description of an inherently two-phase flow with a
high concentration of the dispersed phase. This is further
complicated by the simultaneous heat and mass transfer
processes and the significant shrinkage phenomenon occur-
ring in the dispersed phase.
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