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Abstract

Numerical simulation of grain drying in a vertical cylindrical bed has been carried out with speci®c boundary

conditions: evaporation, which occurs with forced air ¯owing through the bed, is intensi®ed with a conductive heat
¯ux from the wall. We consider two mathematical models of heat and mass transfer through granular medium: two
temperature model (No Local Temperature Equilibrium Model: NLTEModel) and one temperature model (Local
Temperature Equilibrium Model: LTEModel). The air±grain mass transfer is expressed with a drying rate equation

outcome from experiments. The resolution of the equations set is carried out, using a ®nite volume method.
Di�erent e�ects, such as the e�ect of the porosity variation on energy and mass transport, are discussed. Sensitivity
to external conditions is determined. Finally, validity of local thermal assumption is examined. 7 2000 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Drying of grains is an operation of great interest in
the industrial and agricultural sectors. The optimiz-

ation of the cost of this operation and the preservation
of the quality require a study of heat and mass transfer
during drying. Considerable work has been done, in
the past decades on the development of theory and

mathematical models for grains drying. Comprehensive
reviews of these models and simulation methods are
available in the literature [1±6].

In many granular medium models of ¯ow, the prin-
cipal hypotheses used by the authors are:

. the medium is at local thermal equilibrium;

. the two-dimensional e�ect is negligible;

. the e�ect of porosity variation is negligible.

To our knowledge, the validity of these hypotheses is

not yet completely studied.

In this paper, we consider here the case of a static

bed (cylinder bin) with two drying factors: a forced

convective air ¯ow through the bed (axial ¯ow) and a

heat ¯ux from the lateral wall (Fig. 1). This process

that can be encountered in storing silos where external

walls are submitted to solar energy, is not studied.

The model used here is adapted from the general

porous medium theory of Whitaker [7]. The air±grain

mass transfer is described with a kinetic equation

based on experimental data, which expresses the evap-

oration (or condensation) ¯ow rate in relation to the

characteristics of air and the state of grain along the

drying. The solution of the system of the presented
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equations has been solved numerically by the ®nite
volume method [8].

The time and space evolutions of the states variables
are presented and analyzed. The sensitivity to external
conditions is determined and the validity of the local
thermal equilibrium assumption is examined.

2. Analysis

The problem under investigation is forced convec-
tion of the air through a vertical cylindrical packed

bed (Fig. 1) of wet porous particles. The medium is
discontinuous. The macroscopic equations, which
govern heat and mass transfer, are generally

obtained by changing the scale [7,9,10]. One passes
from the microscopic view, in which the averaging
volume is small compared to the pores, to the

macroscopic view in which the averaging volume is
large with regard to the pores. This scale changing
enables us to convert the real discontinuous medium

to a ®ctious continuous equivalent one. Each

macroscopic term is obtained by averaging the

microscopic one. The macroscopic di�erential

equations are obtained by taking the average of the

microscopic equations over the averaging volume,

which holds a lot of grains, and by using closing

assumptions. The microscopic equations are the

equations of momentum, mass and energy conserva-

tion in all considered phases and at the interfaces.

These equations are obtained by using thermodyn-

amic and mechanic laws of continuous media.

Several assumptions are made in order to obtain a

closed set of governing equations at macroscopic scale:

. the porous medium is homogeneous and isotropic;

. the porous particles are incompressible;

. the compression work and viscous dissipation are

negligible;

. the inter-particle radiation heat transfer is neglected;

. the dispersion terms and the tortuosity terms can be

modeled as di�usive ¯uxes;

Nomenclature

Cp speci®c heat (J kgÿ1 Kÿ1)
De di�usion coe�cient (m2 sÿ1)
dp mean particle diameter (m)

hgs heat transfer coe�cient between solid and
gas (W mÿ2 Kÿ1)

hs heat transfer coe�cient between solid and

the ambience (W mÿ2 Kÿ1)
h0 heat transfer coe�cient at the entrance (W

mÿ2 Kÿ1)
L height of the bed (m)
m
.

evaporation rate (kg mÿ3 sÿ1)
P pressure (Pa)
Pr Prandtl number

q heating ¯ux (W mÿ2)
R ray of the bed drying (m)
Re Reynolds number

r radial coordinate (m)
r� radial adimensional coordinate (r�=r/R )
S lateral area (m2)

T temperature (K)
Twb wet bulb temperature (K)
T� dimensionless temperature (T�=TÿTi/

DTref)
t time (s)
t� dimensionless time (t�=t/t )
Vg gas velocity (m sÿ1)
W absolute humidity of air
X moisture content (kg per kg of solid)
X� relative moisture content (X�=X/Xi)

z axial coordinate (m)

z� axial adimensional coordinate (z�=z/L )

Greek symbols

DH latent heat of evaporation (J kgÿ1)
Dr depth increment (m)
Dz depth increment (m)

Dt time increment (s)
e bed porosity
l thermal conductivity (W mÿ1 Kÿ1)
l� e�ective thermal conductivity (W mÿ1

Kÿ1)
r density (kg mÿ3)
f humidity

t drying time (s) (t=((1ÿe )rsDX/raVgDW )
L when the wall is adiabatic)

m dynamic viscosity (kg mÿ1 sÿ1)
o volume (m3)
x solid±gas transfer area (m2 mÿ3)

Subscripts
a air
cr critical

eq equilibrium
g gas
i initial
m, n spatial index

s solid
sat saturation
v vapor

wb wet bulb
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. the forced convection dominates the packed bed, i.e.
natural convection is negligible;

. the air velocity is constant � ~Vg � Vg~ez�;

. the axial vapor di�usion in air and the counter di�u-
sion for air are taken negligible;

. the axial conductive heat ¯ux in the gas is negligible
before the convective one.

2.1. Governing equations

When the transfers are two dimensional and depend
on the r and z axes, the governing equations become:

2.1.1. Vapor mass conservation equation

e
@rv

@ t
� @

@z
�rvVg� � _m��1

r

@

@ r

"
rrgDe

@

@ r

�rv

rg

�#
�1�

where De is the e�ective di�usivity. In the radial direc-

tion De has the following expression [11]:

De � 0:7D� 0:01DPe0:9 �2�
D is the molecular di�usion of vapor in air and Pe is

the Peclet number:

Pe � dpVg

D

dp is the averaging grains diameter and Vg the velocity.

2.1.2. Air mass conservation equation

e
@ra

@ t
� @ �raVg�

@z
� 0 �3�

The air and vapor density are tied with ideal gas

equations as:

Pv � rv

R

Mv

Tg; Pa � ra

R

Ma

Tg �4�

Partial pressure Pa and Pv are part of the total press-
ure P:

P � Pa � Pv �5�

2.1.3. Gas energy equation

ergCpg

@

@ t
�Tg� � rgCpgVg

@

@z
�Tg�

� hgsx�Ts ÿ Tg� � _mCpv�Ts ÿ Tg�

� 1

r

@

@r

�
relge

@

@ r
�Tg�

�
�6�

The thermal dispersion e�ect was treated as a di�usive

component added to the gas e�ective thermal conduc-
tivity [12]:

elge � elg � 0:1Pr

 
rgVgdp

mg

!
lg �7�

2.1.4. Solid energy equation

�1ÿ e�rs�Cps � XCpe�@Ts

@ t

� hgsx�Tg ÿ Ts� ÿ _mDHvap � @

@z

�
�1ÿ e�lse

@Ts

@z

�

� 1

r

@

@r

�
�1ÿ e�rlse

@Ts

@ r

�
�8�

where m
.
is the evaporation rate and DHvap is the latent

heat of vaporization.Fig. 1. Sketch of the ®xed bed.
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DHvap � Hv�Ts� ÿHe�Ts�

� DH 0
vap � �Cpv ÿ Cpe�Ts �9�

Ts and Tg are the average intrinsic temperatures of the
solid and the gas, respectively. lse and lge are the e�ec-

tive thermal conductivities of the solid and the gas. ra,
rv, rg and rs are, respectively, the average intrinsic
densities of the air, vapor, gas and solid phases. Cpa,

Cpv, Cpg and Cps are the speci®c heats of the air,
vapor, gas and solid, respectively. Hgs and x are the
heat transfer coe�cient and the solid±gas transfer
area, respectively. De and e are the e�ective di�usivity

and the bed porosity, respectively. Vg is the gas vel-
ocity.
The speci®c surface area of the packed bed, which

appears in the energy equations, is [13]:

x � 6�1ÿ e�
dp

�10�

The heat transfer coe�cient between solid and gas is
given by [14]:

hgs � lg

dp

�2� 1:8Pr0:33Re0:5� �11�

Pr is the Prandtl number and Re is the Reynolds num-
ber.

2.1.5. Energy equation when LTE is valid
One of the assumptions made in many studies con-

sists in considering Tg equal to Ts at any point (the

medium is considering at local thermal equilibrium
LTE). Then, a single equation is su�cient to determine
the temperature ®eld in the dryer. To avoid transfer

terms, this equation is obtained by adding Eqs. (6) and
(8).

��1ÿ e�rs�Cps � XCpe� � ergCpg��@T
@ t

� rgCpgVg
@T

@z

� ÿ _mDHvap � @

@z

�
�1ÿ e�lse

@T

@z

�

� 1

r

@T

@ r

�
rl�

@T

@ r

�
�12�

where l�=(1ÿe )lse+elge.
The model formed by Eqs. (1), (3), (6) and (8) on

one hand and by Eqs. (1), (3) and (12) on the other
hand will be denoted in the continuation of this paper
as NLTEModel and LTEModel, respectively.

2.1.6. Porosity variation
In most theoretical and numerical studies the vari-

ations of the bed porosity were approximated by an
exponential function of the form [18,19]:

e � e0
�
1� C exp

�
ÿN

r

dp

��
�13�

where dp is the particle diameter, C and N are empiri-
cal constants chosen so that the porosity approaches
unity near the wall while it decreases to e0 about four

particle diameters away from the wall.

2.1.7. Kinetic equation
The mass rate of evaporation (or condensation) is:

_m � ÿ�1ÿ e�rs

@X

@ t
� ÿ�1ÿ e�rsX �14�

where X
.
is dependent on the moisture content X, the

gas temperature Tg, the absolute gas humidity W and

the gas velocity Vg. Van Meel [15] proposed a standard
drying curve as:

_X

_Xin

f �X��; X� � Xÿ Xeq

Xcr ÿ Xeq

�15�

Xcr is the critical moisture content indicating the start
of the period of decreasing drying rate period. Xcr

depends on the initial drying rate Xin, the body thick-

ness, as well as other factors such as the temperature
and internal structure of the material.
Xeq is the equilibrium grain moisture. Xeq depends

on the gas humidity and temperature. The form of the

drying rate proposed by Van Meel [15] is adequate for
products, which show a ®rst period of constant drying
rate X

.
in. In this case the grain surface remains satu-

rated at a temperature equal to the wet bulb tempera-
ture. Most of biological products do not present such
an initial period and X

.
in is taken as the initial drying

rate.
The drying rate equation used in this study is

deduced from Muhlbauer's results [16] for corn:

f �X�� � 1 when X� > 1,

f �X�� � a1X� � a2X
2
� � a3X

3
� when X� < 1 �16�

where a1=0.97ÿ0.0018Tg, a2=ÿ3.73+0.0022Tg,
a3=3.76+0.002Tg

_Xin � XinV
0:5
g �Wsat�Ts� ÿW � f �Ts� �17�

where W=rv/ra, and Xcr=0.8Xin. f(Ts) is a correction
function given by:

f �Ts� � �0:1619Ts ÿ 2:427�10ÿ3 if Ts < 353 K
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f �Ts� � �0:2328Ts ÿ 8:102�10ÿ3 if Ts > 353 K

For corn, the moisture content at equilibrium Xeq is

given by the following expression [17]

Xeq � �61� 10ÿ5 � 0:685fÿ 1:202f2

� 0:888f3� exp

�
ÿ Tg

100

�
�18�

where f is the relative humidity (f=rv/rvsat(Tg)).

2.2. Boundary and initial conditions

2.2.1. Initial conditions
Initially, temperatures, gas densities and moisture

contents are constant:

Ts�0, r, z� � Tg�0, r, z� � Ti

rv�0, r, z� � rvi

ra�0, r, z� � rai

X�0, r, z� � Xi

2.2.2. Densities boundary conditions
At the inlet of the bed (z= 0) the density of air and

of vapor are assumed constant:

rv�t, r, 0� � rv0; ra�t, r, 0� � ra0 �19�
The lateral heated area is impervious, thus:

@

@ r
�rv��t, R, z� � 0;

@

@ r
�ra��t, R, z� � 0 �20�

Taking into account the symmetry about the z axis, we
can write:

@

@ r
�rv��t, 0, z� � 0;

@

@r
�ra��t, 0, z� � 0 �21�

2.2.3. Thermal boundaries conditions for the
NLTEModel
At the inlet (z = 0) the temperature of the gas is

assumed constant:

Tg�t, r, 0� � Tg0

The solid and gas temperatures are related by:

lse
@Ts

@z
�t, r, 0� � h0�Ts ÿ Tg� �22�

At the outlet of the cylindrical bed (z=L ), the trans-

fers are not well known and the ¯ow existing on the
porous surface is very complex. In order to solve this

problem correctly, it is necessary to extend the domain
of computation to take into account the ¯ow and the
heat transfer in the ¯uid near the upper surface, which

may complicate enormously this study. To avoid this
problem we have introduced a heat transfer coe�cient
hs:

ÿlse

@Ts

@z
�t, r, L� � hs�Ts ÿ Ta� �23�

The lateral area (r=R ) is heated at a constant heating
¯ux. Each of the individual phases at the wall surface

will receive the same heat ¯ux density q [11,20,21]. We
can write:

ÿlse
@Ts

@r
�t, R, z� � q; ÿ lge

@Tg

@r
�t, R, z� � q �24�

Taking into account the symmetry about the z axis, we

deduce that:

ÿlse
@Ts

@r
�t, 0, z� � 0; ÿ lge

@Tg

@ r
�t, 0, z� � 0 �25�

2.2.4. Thermal boundaries conditions for the LTEModel
Initially, the temperature is uniform: T(0, r, z )=Ti

At the inlet (z=0) we have:

lse
@T

@z
�t, r, 0� � h0�Tÿ T0� �26�

At the outlet of the cylinder (z=L ), considering Tg

equal to Ts we obtain:

ÿlse
@T

@z
�t, r, L� � hs�Tÿ Ta� �27�

At the lateral area (r=R ) we have also:

Fig. 2. Numerical grid.
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ÿl� @T
@r
�t, R, z� � q �28�

Taking into account the symmetry about the z axis, we
deduce that:

ÿl� @T
@r
�t, 0, z� � 0 �29�

3. Numerical solution

The system of the presented equations is solved nu-
merically by the method of control volume as

described by Patankar [8]. The advantage of this
method is that it ensures ¯ux conservation, and thus
avoids generation of parasitic sources. The method
consists of de®ning a grid of points Pn,m within the

calculated domain and then constructing around each
point a control volume (Fig. 2). The value of a
physical quantity c at any point Pn,m and at the time

t+Dt will be noted ci�1
n, m: The equations are inte-

grated over this control domain over an interval of
time [t, t+Dt ].
In order to discretize the resulting integral equations

back to algebraic equations tying together the solution
values at the nodes of the grid, we make the following

hypotheses:

. the ¯uxes are constant on the face of the control
volume which is perpendicular to them;

. the accumulation terms and the source terms can be
approximated by averages on the control volume
constructed around Pn,m.

To avoid numerical instabilities we adopted an implicit
scheme.
At the boundaries of the bed, the equations are dis-

cretized by integration over half the control volume

and by taking into account the boundary conditions.
At the corner we used a quarter of the control volume.
The terms of transport by convection are discretized

using an upwind scheme. This scheme assumes that the
values of the conserved quantities at the face of the
control volume are equal to their values at the grid

point situated upstream.
The ®rst derivatives, which are evaluated on the con-

trol volume faces, are approximated over two nodes
within the porous medium.

�
@C
@z

�i�1
n�1=2, m

� Ci�1
n�1, m ÿCi�1

n, m

Dz

Considering these assumptions, the general form of the

resulting algebraic equations becomes:

A0Ci�1
n, m � AwCi�1

n, mÿ1 � AeCi�1
n, m�1 � AsCi�1

nÿ1, m

� AnCi�1
n�1, m � A1

The resulting system of algebraic equation is solved
numerically by the iterative line-by-line sweeping
method. The choice of this method is justi®ed by its

rapidity of convergence compared to point by point
methods. Scanning along the r axis, we set:

A0Ci�1
n, m � AwCi�1

n, mÿ1 � AeCi�1
n, m�1 �D

where

D � AsCi�1
nÿ1, m � AnCi�1

n�1, m � A1

This solution method consists in the evaluation using

the predicted solution of A0, Aw, Ae and D. Then, the
resulting tridiagonal system of equations is solved by
the standard Gaussian-elimination method. If the

di�erence between the calculated and estimated sol-
utions is small, the convergence to the solution is
achieved, or else we repeat the procedure for the evalu-

ation of the coe�cients using the solution already cal-
culated until convergence is reached.

4. Numerical data

The cylinder is 0.50 m high and 0.10 m in radius.

This cylinder is ®lled with grains and opened from
both sides. It is crossed by an air ¯ow which has, at
the inlet, constant physical characteristics (tempera-

ture, humidity, and velocity). The cylinder lateral area
is heated by a constant heat ¯ux density q = 200 W
mÿ2

The physical characteristics of the medium (corn)
and the gas are [4]: e=0.4, dp=4 mm, De=2 � 10ÿ4

m2 sÿ1, rs=1260 kg mÿ3, l�=0.15 W mÿ1 Kÿ1,
elge=0.05 W mÿ1 Kÿ1, (1ÿe )lse=0.10 W mÿ1 Kÿ1,
Cps=1463 J kgÿ1 Kÿ1 and Cpg=1560 J kgÿ1 Kÿ1. The
initial conditions are: Tsi=Tgi=290 K (178C),
Wi=0.0125 and Xi=0.67 kg of water/kg of solid. The

characteristics of inlet air ¯ow are: Vg=0.1 m sÿ1,
Tg0=323 K (508C), W0=rv0/ra0=0.0074 and
Ta=178C. The characteristic values of variables, used

later are: t=L/C is a drying characteristic time. C is
the celerity of the drying front de®ned, when the wall
is adiabatic [3], as:

C � Vgra

�1ÿ e�ra

DW
DX

where
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DX � Xin ÿ Xeq, DW �Wsat�Twb� ÿW0

The heat ¯ux used for the drying is issued partly

from lateral wall and partly by air ¯ow. a is the
applied heat ¯uxes ratio de®ned by:

a � qS

pR2rg0VgCpgDTref

where S = 2pRL and DTref=T0ÿTwb(T0, W0), Twb is
the wet bulb temperature obtained from T0 and W0

through moist air chart. Ta=290 K (178C),
DTref=278C, DX = 0.60 kg of water/kg of solid and,
DW=0.0105 kg of water/ kg of air.
The sensitivity of coupled heat and mass transfer in

the porous bed to heat and mass transfer coe�cients
has been studied [20]. In the present study, we have
taken the following values: h0=hs=hg=20 W mÿ2

Kÿ1.

5. Results and discussion

5.1. Validation of the numerical simulation

The numerical simulation has been validated by
comparison with experimental global kinetic

_�X

�Tg ÿ Twb�
������
Vg

p � f �X �

for a thin bed obtained by Fornell published in Ref.
[22]. The numerical simulation is made by taking the

same conditions as those of the experiment
(Vg=0.85 m sÿ1, Tg0=333 K, and Twb=299 K). Fig. 3

shows that the experimental and the numerical model
results are identical.
As far as we know, there are no experimental

measures for thick corn beds. Yet this does not hinder
a theoretical study of heat and mass transfers from a
thick corn bed and so as to optimize the dryer.

5.2. General description

The results of the numerical simulation are presented
as a curve giving the spatial evolution of the relative
solid temperature (Fig. 4), and the relative moisture

content (Fig. 5) at di�erent times (t�=5.5 � 10ÿ5,
t�=3.2 � 10ÿ3, t�=0.039, t�=0.098, t�=0.196, and
t�=0.816, where t� is the dimensionless time).
In these ®gures, we can see a front of evaporation

that moves with time and divides the bed in two
regions (dried region and wet region) (Fig. 5). Evapor-
ation is essentially localized in the zone in which the

gradient of moisture content is high (front of evapor-
ation). The obtained results show that the region close
to the wall is rapidly dried. When time increases the

front of evaporation approaches the outlet of the med-
ium and the humid region contracts.
The numerical simulation shows that the grains

overheat at the inlet and near the heated surface

(Fig. 4). When time increases, the overheating propa-
gates inside the medium. The solid temperature, under
the chosen conditions, does not decrease from its in-

itial value in the medium (the initial temperature Ti is
less than the wet bulb temperature Twb). At the end of
drying, the solid temperature and the moisture content

tend to their ®nal values in all the medium, and the
evaporation ceases.
We can notice that when the air velocity and the

inlet temperature increase, the front evaporation
moves more quickly and, consequently the time necess-
ary for drying decreases (Figs. 6 and 7).
Fig. 8 shows the time space evolution of the relative

di�erence temperature

DT �s �
����Tg ÿ Ts

DTref

����
between solid temperature and gas temperature calcu-

lated during drying with the NLTEModel. At the
beginning, this di�erence is only important at the inlet
of the bed, because the inlet temperature is higher than

the initial medium temperature. After that there is a
di�erence only near the lateral area and in region
where the front evaporation is localized. This di�er-

ence is due to the di�erence between the thermal
characteristics of the solid and the gas. As has been
reported previously [23,24], the di�erence

Fig. 3. Experimental and calculated drying kinetics: all curves

of drying kinetics obtained by Fornell (1978) are situation

between C1 and C2 � �X�� 1=o� �oXdo �Tg�� 1=o� �o Tg do,
0.85<Vg< 1.8 m sÿ1, 60<Tg0< 1008C, 26<Twb< 38).
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Fig. 4. Time±space evolution of the relative solid temperature calculated by NLTEModel �T �s � �Ts ÿ Twb=T0 ÿ Twb�, Vg=0.1 m

sÿ1, q=200 W mÿ2).
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Fig. 5. Time±space evolution of the relative moisture content calculated by NLTEModel (X �=X/Xi, Vg=0.1 m sÿ1, q = 200 W

mÿ2).
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DT �s �
����Tg ÿ Ts

DTref

����
depends essentially on the lse/lge and decreases when
this ratio tends to unity.
After a large time this di�erence appears at the out-

let of the bed. We have observed that, the relative
values of the temperature di�erence are less than 2.4%
in the whole medium (see Table 1).

5.3. E�ect of applied heat ¯uxes ratio

Convective heat transfer is inherent in the pro-

blem since velocity and temperature are imposed at
the entrance conditions. In addition, a wall heat
¯ux is imposed to simulate external conditions such

as solar irradiation. This wall ¯ux increases the dry-
ing rate near the wall and therefore decreases the
drying time (see Fig. 9). When the ratio a=0, our

results agree well with the predictions of the adia-
batic wall [3].

5.4. E�ect of heat coe�cients h0 and hs

The e�ect of the heat transfer coe�cient hs on the

heat and mass transfer is localized only near the outlet

Fig. 6. In¯uence of the velocity on the total relative moisture

content � �X � � �X=Xi � 1=o
�
o X=Xi do). Fig. 7. In¯uence of the inlet temperature on the total relative

moisture content.

Fig. 8. Time±space evolution of the relative di�erence between

solid and gas temperature �D �T �s �j �Tg ÿ Ts=DTref � j,
Vg=0.1 m sÿ1, q=200 W mÿ2).

Table 1

t � maxv(TgÿTs/DTref)v (%) maxv(TÿTs/DTref)v (%) maxv(XNÿX/Xi)v (%)

0.006 2.4 4 0.6

0.036 1.1 9 2.9

0.183 0.6 24.5 10.5

0.515 0.9 6.6 3.1

0.727 0.9 8 0.25
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of the bed and after a large drying time. The results
are not sensitive to the inlet boundary conditions [20].

Consequently, the results of the total relative moisture
content are identical when we have varied the values
of heat coe�cients h0; we can notice that the di�erence

between the results of the relative moisture content
obtained for two values of the heat transfer coe�cients
hs, appears only at the end of drying process (Fig. 10).

5.5. Porosity variation e�ects

The results show that the region close to the wall

becomes dry faster when the bed porosity is variable
(Fig. 11). This explains the di�erence between the
values of the total moisture content obtained when the

Fig. 9. In¯uence of the heat ¯ux on the total relative moisture

content (DTref=278C, Vg=0.1 m sÿ1, q=200 W mÿ2).

Fig. 10. In¯uence of the coe�cient heat hs on the total relative

moisture content.

Fig. 11. Evolution of the moisture content X �(L/2, r ) at

di�erent times. (X �=X/Xi, z
�=0.5).

Fig. 12. In¯uence of the porosity variation on the total rela-

tive moisture content.
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porosity is constant and when the porosity is variable

(Fig. 12).

5.6. Comparison between LTEModel and NLTEModel

results

The relative di�erence

DT � �
����Tÿ Ts

DTref

����
between the solid temperature Ts obtained by the
NLTEModel and the temperature T obtained by the
LTEModel has been compared (Fig. 13). At the begin-

ning, there is a di�erence only important at the inlet of
the bed. After that there is a di�erence near the lateral
area and in region where the front evaporation is loca-

lized. At the end of drying, there is a di�erence only at
the bed outlet. This di�erence is due to the fact that
equilibrium pressure is very sensitive to temperature.
Fig. 14 shows the time space evolution of the di�er-

ence of the relative moisture content calculated by the
NLTEModel and by the LTEModel. We can notice
that the results obtained by the two models are di�er-

ent at the region where the front evaporation takes
place. Consequently, the total relative moisture content
obtained by the two models plotted in Fig. 15 shows a

di�erence during drying phenomena. At the end of
drying, the total moisture content tends to the same
value.

6. Conclusions

A numerical simulation of convective/conductive

drying in a cylindrical bed is undertaken. The heat and
mass transfer model used in these calculations takes
into considerations: either one or two temperature
model; drying by forced convection and conductive

heating at the wall, and higher porosity near the wall.
The results reveal that complementary drying by wall
heating is not e�cient as convective heating. The

higher porosity near the wall induces faster heating in
this region. On the other hand, the two temperature
model is not justi®ed except in certain particular cases

such as very high air velocities and fragile products of
which one has to control perfectly the temperature at
every instant.

Fig. 13. Evolution of the relative di�erence between solid tem-

perature Ts calculated by NLTEModel and temperature T cal-

culated by LTEModel (DT �=v(TÿTs/DTref)v a=0.4).

Fig. 14. Evolution of the relative di�erence between moisture

content calculated by NLTEModel and moisture content cal-

culated by LTEModel (DX �=v(XNLTEÿXLTE/Xi)v a=0.4).

Fig. 15. Evolution of the total relative moisture content

(a=0.4).
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