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Abstract

The global behaviour of a deep bed dyer is studied. The system is considered as a porous media at the macroscopic scale. A model
based on heat and mass balance is applied to the different components of the system and coupled to the drying kinetic, which is based on
experimental data. Moreover, the local thermal equilibrium (LTE) hypothesis is used. It allows reducing the obtained set of differential
equations, which is resolved numerically. The studied system obliges to use variable thermo-physical properties of the heated air. Also,
shrinkage effect is taken into consideration; it makes diameter of the product, bed porosity and air velocity changes during all the process.

Simulation permits to follow the evolution of humidity and temperature variations of the dried product and the drying air with respect
to time and space. The results show that drying is performed with non-homogeneous and different manners; as first layers are yet dried
and have attained the temperature of the heated air; last ones are still at ambient conditions. The pick up efficiency gives more informa-
tion about the performance of the dryer and the distribution of the obtained energy inside it. Temperature and humidity of the air influ-
ence considerably the results and then the behaviour of the presented drying system.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Transfers in porous media are subject of intensive
research activity because of their important and large prac-
tical applications in industries, such as chemical reactors,
heat exchangers, thermal insulations, electronic cooling,
food industries and so many other applications. Two
approaches can be distinguished to study transfers in por-
ous media. The first one, as presented by Erriguible et al.
[1], Prat [2], Quintard and Whitaker [3], Quintard et al.
[4] and Whitaker [5], studies the media at the microscopic
scale. The porous media is supposed to be constituted of
three phases; solid, liquid and gas. In this case, transport
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phenomena are described using heat, mass and momentum
equations written for each phase. The second approach
supposes the media at the macroscopic scale. Packed beds
of spheres [6–8] or cylinders [9,10] are studied.

Convective transfers in porous media are widely used to
study drying process of packed or deep beds and generally
the second approach is adopted. Mhimid et al. [11] studied
the variations of temperature and moisture of the dried
product, using experimental data for the drying kinetics.
The results show that varying porosity and coefficient of
heat transfer have no influence on the total relative mois-
ture content. Also, a comparison, between non-local ther-
mal equilibrium hypothesis (NLTE) and the local thermal
equilibrium (LTE), is done. Contrary to the NLTE, the
LTE hypothesis supposes that there is no temperature dif-
ference between the air and the product. A small difference,
tending for the same values at the end of drying, is
observed by these authors. Johnner et al. [12] add in their
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Nomenclature

A surface of contact air-product (m2)
C moisture content of the product (it is equal to

M1) (kg kg�1)
D coefficient of diffusion (m2 s�1)
E activation energy (J mol�1)
H latent heat of vaporisation (J kg�1)
h coefficient of exchange by convection

(W m�2 �C�1)
K,K0 drying constants (s�1)
k coefficient of exchange by conduction (W m�1

�C�1)
L characteristic length of the drying chamber (m)
M constituent proportion relative to the dry mass

of the product (kg kg�1)
m mass of the product (kg)
n number of particles putted on the dryer tray
P pressure (Pa)
R universal gas constant (J mol�1 �C�1)
r radius (m)
T temperature (�C)
t time (s)
V velocity (m s�1)
w humidity ratio (kg/kg)
X relative moisture content of the product
y coordinates (m)

Greek letters

e bed porosity
l dynamic viscosity (kg m�1 s�1)

q density (kg m�3)
r mass transfer factor (kg m�3 s�1)
/ relative humidity of the air
g efficiency

Superscripts and subscripts

ah wet air
app apparent
as dry air
atm atmosphere
dry dry matter
eff effective
eq equilibrium
f fluid
i component
inf entrance of the drying chamber
s dried product
sat saturation
v vapour
vsat saturated vapour
* dimensionless value
0 initial value

Dimensionless numbers

Re Reynolds number
Pr Prandlt number
Pe Pecklet number
Sc Schmidt number
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study of deep bed grain drying, the use of Navier–Stokes
momentum equations and in order to validate the model
a large diameter column was designed and built. Various
ranges of inlet velocity and temperature of the drying air
are tested. A good agreement with experimental data is
founded. Srivastava and John [13] modelled deep bed dry-
ing of cereal grains using NLTE hypothesis and show the
variations of the different drying parameters, which are
grain moisture, air humidity, grain temperature and air
temperature, with time and bed height. It is found that
more moisture from the grain is vaporised, when the height
of bed increases. The bed porosity does not have much
effect on air and grain temperature. However the effect of
the air velocity is more important. Aregba and Nadeau
[14] present a comparison between two non-equilibrium
models. They have neglected the accumulation term in
the first one. The numerical results show that the predic-
tions of both models may differ strongly. The transfer time
(defined as the ratio of the bed height and the drying air
velocity), the temperature and humidity of the drying air
are the main parameters which affect the behaviour of the
derivation between the predictions of these models. In a
second paper, Aregba and Nadeau [15] effectuate a com-
parison between a non-equilibrium model, where they
neglect the accumulation term, and a logarithmic model
based on Hukill’s theory. This second model is interpreted
as the propagation of the boundary conditions along char-
acteristic lines throughout the bed. It is found that transfer
time is a relevant parameter that can strongly influence the
behaviour of the logarithmic model. It is shown that there
is no difference between the two modes if the transfer time
is lower than 0.1 s. This difference increases with the trans-
fer time parameter. Chauhan et al. [16] studied the drying
characteristics of a deep bed dryer coupled to a solar air
heater and a rock-bed storage unit. Almost 3 days are nec-
essary to reduce the moisture of grains from 28.2% (dry
basis) to 11.4% (dry basis). Nevertheless, around 2 days
are necessary when the rock-bed storage unit is added.
The process is affected by the grain bed depths, while they
have found that the air mass velocity has no significant
effect on the moisture content of the dried product.

The majority of the presented research papers dealing
with deep bed drying study grain products (cereal, wheat,
corn, etc.), where shrinkage phenomenon is neglected and
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than the porosity is considered to be constant. Also, only
few works treated other products; Zanoelo et al. [17] stud-
ied leaves of mate and Wang and Chen [18] cubes of apples.
Ratti and Mujumdar [19] have studied deep bed of carrots,
apples and potatoes. They used mass and energy balances
for gas and solid phases with airflow reversal and they sup-
posed that heat transfer is purely convective. Shrinkage is
incorporated into this model and the study is concentrated
on the behaviour of the drying kinetics. Profiles of the
product moisture are more uniform when the airflow rever-
sal is applied sooner (the drying kinetics are still affected by
the external conditions). The duration of the reversed flow
appears to be one of the main adjustable parameter to
obtain best results. The obtained results are compared to
experimental ones and good agreement is founded.

The aim of this work is to investigate through numerical
simulation, the global behaviour of a dryer, working in
forced convection mode, as well as the influence of the
external conditions, on both the product (which is fig fruit
putted on multiple layers) and the air parameters. Heat and
mass balances are applied to these two components (the
product and the air). The variability of thermo-physical
characteristics of the drying air and the shrinkage are taken
into account. This last leads to the change of many product
parameters such as its density and diameter; also it has an
effect on bed porosity and velocity within the dryer.
2. Mathematical formulation

Arnaud and Fohr [20] and Daguenet [21] obtained the
basic equations of mass and energy conservation for deep
bed drying. These equations can be written as follows:

Mass balance in gas phase:

eqf

ow
ot
þ qf

~V f
~rw� qf Dr2w ¼ rf ð1Þ

Mass balance in solid phase:

ð1� eÞqs

oC
ot
þ ð1� eÞqs

~V s
~rC ¼ rs ð2Þ

Energy balance in gas phase:

½ðqCpÞapp�f e
oT f

ot
þ ~V f

~rT f

� �
� kr2T f

¼ �hAðT f � T sÞ ð3Þ

Energy balance in solid phase:

½ðqCpÞapp�s
oT s

ot
þ ~V s

~rT s

� �
¼�hAðT s� T fÞþHqsð1� eÞoC

ot

ð4Þ

with

rs ¼ �rf ð5Þ
2.1. Governing equations

The investigated problem is considered to be non-station-
ary and one-dimensional, with known inlet air characteris-
tics (temperature, velocity and humidity). Nevertheless,
before writing the governing equations, some simplifications
are made. Thus, the following hypotheses are considered:

� The media is isotropic.
� Transfers by radiations are neglected.
� Natural convection is neglected.
� Concentration and temperature gradients between the

surface and the kernel of one particle are negligible.
� Conduction and contact diffusion from particle to parti-

cle are negligible.
� The walls of the dryer are supposed adiabatic.
� The product is immobile.

Considering these simplifications Eqs. (1) and (2) can be
combined into only one equation written:

e
ow
ot
þ V f

ow
oy

� �
¼ D

o
2w

oy2

� �
� ð1� eÞ qs

qf

oC
ot

ð6Þ

Similar equation is used by Nield and Bejan [22] and Mhi-
mid et al. [11].

As there is no difference between the two hypotheses of
NLTE and LTE, also Chauhan et al. [16] found the same
values for air and product temperatures; the use of the
LTE hypothesis is adopted. Considering the two last
hypotheses putted for the energy balance; Eqs. (3) and
(4) can be rewritten in one equation:

ðqCpÞeff

oT
ot
þ ðqCpÞf V f

oT
oy

� �
¼ keff

o2T
oy2

� �
þ Hqs

oC
ot

ð7Þ

Nield and Bejan [22] give the form of (qCp)eff and keff

ðqCpÞeff ¼ eðqCpÞf þ ð1� eÞðqCpÞs ð8Þ

and

keff ¼ ekf þ ð1� eÞks ð9Þ

The initial and boundary conditions are

t ¼ 0 :
T ¼ T 0

w ¼ w0

�
ð10Þ

y ¼ 0 :
T ¼ T inf

w ¼ winf

�
ð11Þ

y ¼ L :

oT
oy ¼ 0

ow
oy ¼ 0

(
ð12Þ

The governing equations with initial and boundary condi-
tions are rewritten in dimensionless form using the follow-
ing parameters:



Table 1
Composition of fig fruit (Source: USDA National Nutrient Database for
standard Reference, release 19, 2006) and their density (Source: May &
Perré, [25])

i Components Percentage (%) Density (kg/m3)

1 Water 79.11 1000
2 Carbohydrate 19.18 1500
3 Fat 00.30 930
4 Protein 00.75 1400
5 Ash 00.66 1850
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Fig. 1. Variation of the product characteristics (Tinf = 50 �C, Vinf = 1 m/s,
/inf = 40%).
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w� ¼ w
winf

; T � ¼ T
T inf

; V � ¼ V
V inf

; y� ¼ y
L
;

t� ¼ V inf

L
t; C� ¼ C � Ceq

C0 � Ceq

ð13Þ

The mass balance equation becomes

e
ow�

ot�
þ V �

ow�

oy�

� �
¼ 1

ReSc
o

2w�

oy�2

� �
� ð1� eÞqs

qf

C0 � Ceq
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ot�

ð14Þ
However, energy balance equation is written in the follow-
ing form:

oT �

ot�
þ rat V �

oT �

oy�

� �
¼ 1

ðPeÞeff

o2T �

oy�2

� �

þHð1� eÞqsðC0�CeqÞ
T infðqCpÞeff

oC�

ot�
ð15Þ

where

ðPeÞeff ¼ Re � Pr ð16Þ

and

rat ¼ ðqCpÞf
ðqCpÞeff

ð17Þ

The initial and boundary conditions become

t� ¼ 0 :
T � ¼ T 0

T inf

w� ¼ w0

winf

(
ð18Þ

y� ¼ 0 :
T � ¼ 1

w� ¼ 1

�
ð19Þ

y� ¼ 1 :

oT �

oy� ¼ 0

ow�

oy� ¼ 0

(
ð20Þ

As it is shown in Eqs. (6) and (7) or (14) and (15), knowing
drying kinetics is necessary to perform the computation.

2.2. Drying kinetic and product characteristics

The literature review has shown that deep bed drying
occurs with variation of the air characteristics. In this
way, an empirical model based on the work presented by
Babalis and Belessiotis [23] is chosen, the different param-
eters of the model depend on the air temperature and its
velocity. The model treats fig fruit drying; this process is
largely practiced in Mediterranean countries. The kinetic
is written under the following form:

dC
dt
¼ �KðC � CeqÞ ð21Þ

where (K) is the drying constant presented as function of
air temperature. It is written as

K ¼ K0 exp
�E

R � ðT inf þ 273Þ

� �
ð22Þ

K0 and E are respectively a coefficient and the activation
energy. These parameters are functions of the air velocity.
(The values of these parameters are given by Babalis and
Belessiotis [23].)

The equilibrium moisture is calculated using the formula
presented by El-Sebaii et al. [24]:

1� / ¼ expð�2:0108� 10�2T sX 1:1714
eq Þ ð23Þ

The product is assumed having a spherical shape with a
diameter of about 0.04 m, an initial density around
1074 kg m�3, a conductivity of about 0.509 W m�1 �C�1

and a specific heat equal to 3607 J kg�1 �C�1.
These parameters are depending on the nutritional com-

position of the fruit, in particular its water content. As the
moisture content changes during the overall drying process;
it is then important to study the variation of these param-
eters. The initial composition of fig fruit is given in Table 1.

The variation of the density is calculated using the fol-
lowing equation [25]:

qs ¼
P5

i¼1 MiP5
i¼1

Mi
qi

ð24Þ

Mi is the constituent proportion relative to the dry mass.
Also, the mass can be easily calculated:

ms ¼ ðM1 þ 1Þmdry ð25Þ

The dry mass can be calculated from the initial composi-
tion. (It is important to note that M1 has the same sense
as C.)

Some of the product characteristics variations are shown
in Fig. 1. It shows the variation of diameter, bed porosity and
product density calculated at y* = 0.1, under Tinf = 50 �C,
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Vinf = 1 m/s and a relative humidity /inf = 40%. A decrease
of the specific heat to 2175 J kg�1 �C�1, after 100 h of drying
time is registered. The product becomes more concentrated
and for this reason its density increases. Alike results are
obtained by May and Perré [25], Bennamoun and Belhamri
[26] and Baik and Marcotte [27]. The calculus gives a
decrease of the conductivity to a value of 0.311 W m�1 �C�1,
for the same drying time.
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Fig. 2. Effect of shrinkage on the calculus of air humidity and media
temperature (Tinf = 50 �C, Vinf = 1 m/s, /inf = 40%).
2.3. Shrinkage phenomenon

Shrinkage is an important phenomenon that occurs
especially during food drying; it consists on the reduction
of the product size because of the loss of its water. Fre-
quently, this phenomenon is neglected during the develop-
ment of drying models.

Eqs. (24) and (25) show that the mass and the density of
the product change during the process and they are pre-
sented as functions of the moisture content. In this fashion,
its radius can be calculated, without difficulty (as it is con-
sidered as a sphere) using the following equation:

rðCÞ ¼ 3

4p
msðCÞ
qsðCÞ

� �1=3

ð26Þ

The obtained results are represented in Fig. 1; the size of
the product decreases with time and then shrinkage phe-
nomenon is introduced.

Bennamoun and Belhamri [26], Ramos et al. [28] and
Simal et al. [29] insist on the importance of this phenome-
non and its effect on the obtained results. They show that
neglecting it would bring to results far from experimental
reality. Rahman and Kumar [30,31] show methods for
determination of the heat and mass transfer coefficients
of shrinking bodies during drying process. Their experi-
mental works reveal that there is significant influence of
shrinkage on the two coefficients.

We have performed two calculus operations; one with
introducing shrinkage phenomenon and the second with-
out. The results are presented in Fig. 2. The difference
between the two operations is clear; it increases with time.
It can be deduced that neglecting this phenomenon brings
to false results.

While shrinking effect is introduced, bed porosity within
the dryer is affected. Generally the bed porosity is defined
as the fraction of pore volume (occupied by the air) to
the total volume. It is a function of product diameter and
number of particles putted on the trays of the dryer.

For one tray the porosity is calculated using the follow-
ing mathematical equation:

e ¼ 1� n
4

3
pr3 1

1 � 1 � ð2rÞ ð27Þ

The width and length of the dryer are considered equal to
the unity.

As the particle shrinks, as shown in Fig. 1, the volume
occupied by the product is reduced and then the bed poros-
ity increases. This approach is different from one presented
by Herman-Lara et al. [32], where they suppose that the
product size changes without affecting the bed porosity.

In the major papers dealing with deep bed drying, in
forced convection mode, the velocity is considered to be
constant [11,13–15,20,33]. In this work, the air velocity
which is in the contact of the bed, is supposed to be vari-
able and depends on the bed porosity. It is calculated using
the formulas proposed by Belghit et al. [34] and Benna-
moun and Belhamri [35]. It is written in the form:

V ¼ V inf

e
ð28Þ

The characteristics of the wet heated air, such as viscos-
ity and density, are changing, during the process, and they
are presented as functions of temperature, humidity and
pressure. The used formulas are presented in the Appendix.

The obtained set of differential equations is resolved
numerically using an iterative method and for a relative
error less or equal to 10�4%.

3. Results and discussion

The product is put within the drying chamber under
trays, where the distance between them is equal to the
product diameter. In this way, although the shrinkage is
happening the height is kept constant. However, the poros-
ity of the media is touched by this phenomenon (shrink-
age). Moreover, the product is put into seven layers
giving 0.28 m height of fig fruit to dry. The mean value
of the fig weight is 36 g and each tray can support 625 par-
ticles, this gives a total mass to dry, in the drying chamber,
of around 157 kg.

The following results show the existence of a drying
front which is moving through the media.

Fig. 3 shows the variation of the moisture content, with
time, during deep bed drying process and the influence of
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the bed height on the behaviour of the kinetic. The evapo-
ration front appears and first layers are dried before last
ones as it is expressed in the figure (moisture content of
top layers is more important than bottom layers). This
result is in agreement with experimental and simulation
results obtained by Azharul Karim and Hawlader [36], Bih-
ercz and Beke [37], Bennamoun and Belhamri [38], Ratti
and Mujumdar [19], Chauhan et al. [16], Aregba and
Nadeau [14] and Johnner and Sumardiono [12]. Further-
more, the curves show that there is no clear constant drying
rate period. Many experimental studies, such as those pre-
sented by Piga et al. [39] and Karathanos and Belessiotis
[40], confirmed the inexistence of this constant rate period
during fig drying.

Figs. 4 and 5 show respectively the variation of humidity
ratio of the air and temperature of the media for different
heights of the bed. For first drying times, an important
increase of the humidity is observed. It represents the adap-
tation from initial conditions, giving by a temperature
T0 = 30 �C and a relative humidity / = 40%, which gives
a humidity ratio of around w = 0.01 kg/kg, to the drying
conditions, represented by a temperature Tinf = 50 �C and
a relative humidity / = 40%, giving a humidity ratio of
about w = 0.032 kg/kg. The examination of Fig. 4 at
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Fig. 4. Variation of the humidity ratio of the air (w*) (Tinf = 50 �C,
Vinf = 1 m/s, /inf = 40%).
t = 10 h reveals the increase of the humidity ratio with
height of the bed. This is not related to the important evap-
orates quantities for last layers but rather due to the accu-
mulation of the evaporated water from last layers. It can be
seen after y* = 0.7 that the humidity ratio is still in the
same range (from 2.8 to 3.3). The heated air is going to sat-
uration and looses its evaporation capacity. It is shown in
Fig. 4, that just after t = 30 h; as first dried layers has
attained their final humidity, last ones are in the same
range of 2.8–3.3. It is deduced that energy profits to first
layers and only small part is going to last dried layers. As
the water quantities of the different layers are decreasing,
the humidity ratio is following this and decreases with time.
Similar results are obtained by Azharul Karim and Hawl-
ader [36], Bennamoun and Belhamri [38] and Chauhan
et al. [16].

For first layers, the energy serves both to evaporation of
the water product and to increase the media temperature,
as it is shown in Fig. 5, such as at y* = 0.1. Ten hours are suf-
ficient, for bottom layers, to reach the temperature of the
heated air. Fig. 5 shows, in general, an increase of the media
temperature with time in order to attain at the end of the pro-
cess the temperature of the heated air. A special and a careful
treatment of the results must be given to top dried layers. For
first times and due to the important evaporated quantities
from last layers, the energy decreases. In consequence, the
temperature of the media is going under the initial tempera-
ture, this is the illustration presented in Fig. 5. Top layer goes
beyond the initial temperature after almost 40 h of drying
time. The received energy is not sufficient and serves only
for the evaporation of the water product. Ziegler and Richter
[41] in an experimental work, Bennamoun and Belhamri [38],
Arnaud and Fohr [20], Aregba and Nadeau [14,15], using
NLTE hypothesis, have found similar results, for different
dried products, with the going under the initial temperature
for top dried layers in first times. Afterwards, the tempera-
ture of the media is reaching progressively the one of the
heated air.

The external conditions affect the behaviour of the dry-
ing kinetic, especially for foods. Fig. 6 shows the effect of
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the air temperature and the relative humidity, at the begin-
ning of drying process (at t = 10 h). It demonstrates that
increasing the temperature of the air (giving more energy)
leads to elevate the evaporation of the layers. In spite of
that, this augmentation has no effect on the first layer. This
is may be of the sufficient required energy. It is seen that
humidity ratio is kept almost in a constant state. The effect
and the difference in humidity ratio are observable after
that, where the humidity ratio increases considerably. This
Fig. 6 confirms the results obtained in Fig. 4, it is seen that
the gradient of humidity ow�

oy�

� �
decreases along the bed

height. Bennamoun and Belhamri [38] founded, in a similar
treated problem, that the saturation of the air disappears
with time because, as bottom layers are dried, more energy
is then delivered to top ones, leading to the increase of the
evaporated quantities.

Generally in studies dealing with the drying kinetics, the
effect of the humidity is neglected (as the experimental
work presented by Kiranoudis et al. [42]). The presented
model is function of temperature and velocity. However,
for deep bed drying and for the studies of the behaviour
of dryers, the effect of the humidity is important even more
than the air temperature. Humidity decrease allows the
energy having more evaporative power and then more
water can be evaporated. As the same precedent remarks,
this augmentation has an effect in particular for top layers,
where the humidity ratio increases considerably with limi-
tation of air saturation. Fortes [43] and Bennamoun and
Belhamri [38] found the same effect in their works.

Fig. 7 shows the variation of the pick up efficiency of the
dryer for different bed heights. Shanmugam and Natarajan
[44] and Augustus Leon et al. [45] give the definition of the
pick up efficiency as the parameter which allows determin-
ing the efficiency of moisture removal by the drying air
from the product. It is given by the following equation:

g ¼ w� winf

wsat � winf

ð29Þ

The represented results in Fig. 7 are similar to those ob-
tained by Shanmugam and Natarajan [44] and Tiris et al.
[46]. At the beginning of the process the whole energy is
used to evaporate product water of top layers; this is the
reason that the efficiency is attaining the unity. On the
other hand and for bottom layers, the energy serves both
to evaporate product water and to increase the temperature
of the media. So, the pick up efficiency is less than top lay-
ers. After that and as shown in Fig. 2; the product moisture
decreases leading to the decrease of the pick up efficiency.
So, these results are confirming those obtained before.

4. Conclusion

The global behaviour of a deep bed food dryer is stud-
ied, as a porous media at the macroscopic scale, with
respect to shrinkage effect. It is demonstrated that neglect-
ing this effect can lead to false results. Shrinkage makes
changes of many parameters of the dried product, such
as its diameter, specific heat, conductivity also some
parameters of the air such as its velocity.

Drying process is effectuated with a non-homogeneous
manner; a front of evaporation is then observed. As it is
shown by the pick up efficiency; whole of the received
energy is used for the evaporation of the product water,
at the beginning of the process. However, for bottom lay-
ers, it also allows the increase of the temperature of the
media. On the other hand and for top layers, as the energy
is not sufficient, it serves only to the evaporation of the
water of the product. The media reaches progressively the
temperature of the heated air and the equilibrium moisture
content.

The external conditions affect widely the deep bed dry-
ing. This effect is more important for top layers than bot-
tom ones.

A rigorous choice of the temperature and humidity of
the drying air improves the process quality.

Appendix

The characteristics of the wet air are calculated using the
following equations (the temperature is given in Kelvin):

Daguenet [21] gives
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qas ¼
qah

1þ W
ð30Þ

W ¼ 0:622
/P vsat

P ah � /P vsat

ð31Þ

P and Pah are, generally, equal to the atmosphere

qvap ¼ qah � qas ð32Þ

P vsat ¼ 10
17:433�2795

T f
�3:868 logðT f Þ ð33Þ

The viscosity of the wet air is calculated using the following
equations [47]:

lah ¼
lasqas þ lvapqvap

qas þ qvap

ð34Þ

las ¼
1:448

ffiffiffiffiffi
T f

p

1þ 110:4
T f

10�6 ð35Þ

lvap ¼ ð0:0361T f � 1:02Þ10�6 ð36Þ

Its density is calculated [48]:

qah ¼
348:3

T f

pah � /pvsat

131:6

T f

ð37Þ

Here the pressure is in atmosphere.
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[39] A. Piga, I. Pinna, K.B. Özer, M. Agabbio, U. Aksoy, Hot air
dehydration of figs (Ficus carica L.): drying kinetics and quality loss,
International Journal of Food Science and Technology 39 (2004) 793–
799.

[40] V.T. Karathanos, V.G. Belessiotis, Sun and artificial air drying
kinetics of some agricultural products, Journal of Food Engineering
31 (1997) 35–46.

[41] Th. Ziegler, I.-G. Richter, Analysing deep-bed drying based on
enthalpy-water content diagrams for air and grain, Computers and
Electronics in Agriculture 26 (2000) 105–122.

[42] C.T. Kiranoudis, Z.B. Maroulis, D. Marinos-Kouris, Drying kinetics
of onion and green pepper, Drying Technology 10 (4) (1992) 995–
1011.
[43] M. Fortes, Second-law modeling of deep bed drying processes with a
simulation study of wheat air-recirculated fluidized-bed drying, in:
A.S. Mujumdar (Ed.), IDS, vol. A, 2004.

[44] V. Shanmugam, E. Natarajan, Experimental investigation of forced
convection and desiccant integrated solar dryer, Renewable Energy 31
(2006) 1239–1251.

[45] M. Augustus Leon, S. Kumar, S.C. Bhattacharya, A comprehensive
procedure for performance evaluation of solar food dryers, Renew-
able and Sustainable Energy Reviews 6 (2006) 367–393.

[46] C. Tiris, M. Tiris, I. Dincer, Investigation of the thermal efficiencies of
a solar dryer, Energy Conversion and Management 36 (3) (1995) 205–
212.

[47] M.J. Lampinen, K.T. Ojala, Mathematical modeling of wab drying,
in: A.S. Mujumdar, Mashelkar (Eds.), 1993.

[48] W. Maake, H.J. Eckert, J.L. Cauchepin, Manuel technique du froid:
bases-composant-calcul, PYC, France, 1993.


	Mathematical description of heat and mass transfer during deep bed drying: Effect of product shrinkage on bed porosity
	Introduction
	Mathematical formulation
	Governing equations
	Drying kinetic and product characteristics
	Shrinkage phenomenon

	Results and discussion
	Conclusion
	 blank 
	References


