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Boulevard des Aiguillettes, 54506 Vandœuvre-lès-Nancy Cedex, France

3 Laboratoire d’Energétique et des Transferts Thermiques et Massiques, Faculté des Sciences de Tunis,
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Abstract – A numerical study for the modelling of porous particles packed bed drying in one and two dimensions
(1D and 2D) is presented in this work. This model is based on the averaging volume approach using two scale changes.
Taking into account the non validity of the thermal equilibrium between the gas phase and the porous particle, a two
temperatures model is then developed. The numerical resolution of macroscopic equations describing heat and mass
transfer during the drying of a packed bed is carried out by the method of finite volume. Experimental data for spherical
porous alumina particles reported in the literature were used for the validation of the model. A good agreement was
found. The influence of particles thermophysical properties and operating variables is tested. A set of time-space evo-
lution describes the progression of these variables with time, in the height and radius of the packed bed. The model
results allow a better understanding of the heat and mass transfer mechanisms involved in a packed bed drying process.
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Nomenclature

A Specific surface, m2/m3

Cpg Gas specific heat, J kg�1 K�1

CpS Solid specific heat, J kg�1 K�1

d Particle diameter, m
Fm Mass flux, kg m�2s�1

H Height of the packed bed, m
hsg Convective heat transfer coefficient at solid-gas interface,

W m�2 K�1

h0 Heat transfer coefficient at the inlet of the bed, W m�2 K�1

h1 Heat transfer coefficient at the outlet of the bed, W m�2 K�1

_m Evaporation rate (mass flow rate of water vapor per m3 of dry-
ing gas) kg m�3 s�1

mg Gas mass flux, kg m�2 s�1

n Unit normal vector
ngs Unit normal vector at the solid-gas interface

P Pressure, Pa
t Time, s
T Temperature, K
R Radius of the bed, m
X Absolute moisture content kg of water/kg of dry mass
Vg Gas velocity, m s�1

Z Axial coordinate, m

Greek symbols

Lv Latent heat of vaporization, J kg�1

q Density, kg m�3

l Dynamic viscosity, Pa s
k Thermal conductivity, W m�1 K�1

e Porosity

Subscripts

eff Effective
g Gas phase
s Solid phase
sg Solid gas interface
l Liquid phase
v Vapor phase

Superscripts

g Gas
s Solid
l Liquid
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Introduction

Solid-fluid contact technique is widely applied in agricul-
ture and chemical engineering in the form of packed bed dry-
ing. Indeed, modeling simultaneous heat and mass transfer
occurring between the particles and the drying medium during
the circulation through the packed bed, is complex. Because
of its great technological applications, packed bed drying
has been studied for many years. In fact, one of the first mod-
els for packed bed dryers, the one-phase model proposed by
Thompson [1] was significant at that time for dryer design.
Currently, a large variety of models has been developed for
describing the heat and mass transfer inside packed bed dry-
ers. Riede and Schlünder [2] described the mass transfer in
a single particle with a modified shrinking core model for dry-
ing of fixed beds. Many assumptions are used to simplify the
equations describing the transport mechanisms. Saastamoinen
and Impola [3] developed a fixed bed drying model for the
description of heat and mass transfer in a single particle con-
sidering the capillary pressure effects. Khan et al. [4] incorpo-
rated a front particle model into the modeling of a packed bed
of alumina porous particles during superheated steam drying.
This model has been validated with their experimental results.
They assumed that capillary action had no effect on moisture
transfer in the material and the drying process was controlled
by internal heat transfer. In the similar way, Hager et al. [5]
studied numerically and experimentally the steam drying pro-
cess of a bed of porous particles (ceramic and alumina). The
process is analyzed in terms of the hybrid model, that apply
the volume averaged transport equation for the fluid flowing
in the fixed bed and the local equations for heat and mass
transfer taking place in the particle. Chen et al. [6] integrated
a single particle model with a two-phase hydrodynamic to
simulate the drying of coal in a fluidized bed with superheated
steam.

Other studies investigated fixed bed steam drying of food-
stuff by dividing the bed in three zones (dry zone, drying zone
and wet zone) limited by two interfaces [7]. A dry front sepa-
rates the dry zones from the ones and a wet front partition
the drying and wet zones. The moisture content and tempera-
ture of the dry zone are equal to their equilibrium moisture con-
tent and steam temperature, respectively.

On other way, many researchers have developed mathemat-
ical models for humid air drying especially for low and average
temperature. Arnaud and Fohr [8] proposed a partial differential
equations model for the slow drying of a deep bed at low
temperature. They proved the existence of a drying front which
moves in the granular media without distortions. Sözen and
Vafai [9] studied the transient forced convective condensing
gas flux through a packed bed. The non validity of local thermal
equilibrium assumption between the solid and fluid phases is
assumed. They examined two different types of boundary con-
ditions. The condensation in vapor phase has been also studied.
Mhimid et al. [10] presented a two temperatures 2D-model for
the drying of a cylindrical and granular bed with imposed hot
air flux and conductive heat flux at the wall. The time-space
evolution of temperature has been also studied. Ratti and
Mujumdar [11] developed a model to simulate batch drying.

They studied numerically the effect of airflow reversal for the
batch drying of foodstuff in a deep bed. Wang and Chen [12]
proposed a model of fixed bed drying of moist porous particles.
They considered the distribution effects of moisture content,
temperature and gas pressure of the particle and the conjugate
effect between gas and particles. They divided the bed into ser-
ies of thin layers. Kato et al. [13] studied a packed bed dryer
using air as drying agent and developed a model of packed
bed drying. With combination of heat transfer data, they pre-
dicted the drying process of activated alumina.

Otherwise modeling of heat and mass transfer in 1D and 2D
configuration is also available in the literature. Izadifar et al.
[14] presented a 1D-model for packed bed drying using the
local volume averaging (LVA) approach, with local thermal
equilibrium in each elementary volume in order to derive tran-
sient heat and mass transfer equations, solved by means of an
implicit numerical method. Stakić et al. [15] developed a 1D-
model for the case of convective drying of hygroscopic material
in a packed bed. The assumption of local thermal equilibrium is
assumed. The drying rate of the specific product is calculated
by applying the concept of a drying coefficient, called a global
mass transfer and often used to characterize mass transfer in
chemical processes. Zili and Ben Nasrallah [16] developed a
2D-model to simulate forced convection air drying of granular
products at low and average temperatures. The authors pre-
sented a general model taking into account conduction, convec-
tion and diffusion using variable coefficients. The assumption
of local thermal equilibrium is not assumed. They demonstrated
the effect of variable porosity and intermittent flux on the dry-
ing process. Recent models by Sitompul et al. [17] and Istadi
and Sitompul [18] developed a 2D-model for spherical grains
deep-bed drying taking into account transport phenomena
within the bed. Moreover, the effect of air velocity distribution
(pressure field) on the drying process was studied. Mainly the
same model [19] was used for a different dryer geometry (large
diameter column). Boukadida et al. [20] developed a 2D model
to investigate heat and mass transfer during convective drying
of clay brick. The effect of gaseous pressure is taken into
account. The authors studied the effect of drying agent proper-
ties on drying kinetics and space-time evolution of drying
parameters.

In this work, we developed a 2D-model describing heat and
mass transfer during drying of a packed bed in superheated
steam. The important advantages of superheated steam drying
that are of interest to industries include the absence of oxidative
reactions due to the absence of oxygen and high drying rates in
both constant and falling rate periods [21–24].

The mathematical model is developed using two change of
scale. Convective heat transfer is assumed between the granular
bed and steam. To take into account the thermal non-equilib-
rium between the porous and the fluid phases a two-temperature
macroscopic model is used to describe heat transfer. The mass
transfer is introduced in the form of drying kinetics deduced
from a single particle model. The predicted results from the
packed bed model from the 1D and 2D models were compared
to the experimental data in the literature. The comparison of
time-space evolution of drying parameters shows the existence
of drying front for 2D model.
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Mathematical model

Knowledge of the heat transfer characteristics and spatial
temperature distribution in packed beds is of great importance
to the design and analysis of the packed beds dryers. Hence,
an attempt is made to develop a model based on the averaging
approach tacking into account the non validity of the thermal
equilibrium. The packed bed is made of an inert and rigid solid
matrix phase (spherical porous particles) and a gaseous phase
(drying agent). Thus, the bed is a discontinuous medium. The
theoretical formulation of heat and mass transfer in the packed
bed is obtained by a change of scale [25–28]. At microscopic
scale, the size of the representative volume V is small with
respect to the pore sizes (Figure 1). At macroscopic scale the
size of the representative volume is large with respect to the
pore sizes. The change of scale allows converting the real dis-
continuous medium to an equivalent fictional continuous one.

Governing equations of heat and mass transfer

The macroscopic differential equations are obtained by tak-
ing the average of the microscopic equations over the averaging
volume and using closing assumptions. Several simplifying
assumptions are made in order to obtain a closed set of macro-
scopic governing equations:

d the porous medium is from a macroscopic point of view
homogeneous and isotropic,

d non validity of the thermal equilibrium,
d the bed porosity is uniform in all the directions,

d the compression work and viscous dissipation are
negligible,

d the dispersion and tortuosity terms are modeled as diffu-
sion fluxes,

For an arbitrary a-phase scalar or tensor variable wa, we
note:

Superficial average:

wah i ¼
1

v

Z
vaðtÞ

wadv: ð1Þ

Intrinsic average:

wah i
a ¼ 1

va tð Þ

Z
vaðtÞ

wadv: ð2Þ

The superficial and intrinsic average are related by:

wah i ¼ ea wah i
a
; ð3Þ

where ea = Va/V is the a-phase volume fraction or porosity.
The macroscopic equations governing heat and mass trans-

fers in the packed bed are:
Energy conservation equation in the gas phase:

Cpge qg

� �g o T g

� �g

ot
þ qg

� �g
V g

� �
Cpgr T g

� �g

¼ r � kgeffr T g

� �g� �
� m
�

Cpg T g

� �g � T sh is
� �

� hgsA T g

� �g � T sh is
� �

: ð4Þ

Energy conservation equation in the solid phase s:

1� eð ÞCps qsh i
s o T sh is

ot
¼ r: kseffr T sh isð Þ � m

�
Lv

þ hgsA T g

� �g � T sh is
� �

; ð5Þ
m
�
is the evaporation rate defined as: m

� ¼ AFm A is the spe-
cific surface (defined as the ratio apparent surface of the par-
ticle divided by the apparent volume of particle), kseff and
kgeff are respectively the effective thermal conductivity of
solid and gas phases and hgs is the gas-particle convective
heat transfer coefficient.

hgs ¼
Nukgeff

d
; ð6Þ

where Nu = 2 + 0.66Re0.52 Pr0.33 [28]
Initial Conditions
Initially, temperatures and moisture contents are constant:

T g

� �g
0; r; zð Þ ¼ T sh is 0; r; zð Þ ¼ T i; ð7Þ

X 0; r; zð Þ ¼ X i: ð8Þ

Thermal boundary conditions
Several simplifying assumptions are made in order to obtain

a closed set of macroscopic governing equations:

H

R 

z 

r 

Representative
volume V 

Superheated steam (gas) 

Figure 1. Geometrical configuration of the fixed bed and averaging
volume of the bed.
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d The lateral surface of the bed is adiabatic.
d At the inlet of the cylinder defining the volume of the
fixed bed, the temperature of the gas is assumed constant,
the solid and gas temperatures are related by:

�kseff
o T sh is

oz
t; r; 0ð Þ ¼ h0 T sh is � T g

� �g� �
: ð9Þ

d At the outlet of the cylinder, a heat transfer coefficient is
introduced to describe the transfer:

solid phase

�kseff
o T sh is

oz
t; r;Hð Þ ¼ h1 T sh is � T g

� �g� �
; ð10Þ

h0 and h1 are the heat transfer coefficients at the entry of the
cylinder and that of the wall to bed, respectively.

The main difference between 1D and 2D models is the
boundary conditions. In fact, for the 1D model, the heat transfer
coefficients at the entry of the cylinder and that of the wall to
bed are null. Thus, radial transfer is not taken into account.

Dying kinetics

In a previous paper [29], mathematical model for the super-
heated steam drying of a single porous particle was developed
and compared with experiment. The single particle model is
integrated to simulate the continuous drying of a porous parti-
cles packed bed with superheated steam. Hence, the mass flux
calculated from the single porous particle model is incorporated
in the bed model. In fact, the phenomenon of water evaporation
and mass transfer in a solid particle and the surrounding gas
phase is expressed by drying kinetic. The evaporated rate m

�

is given by:

� 1� eð Þ qsh i
s oX

ot
¼ m
�
; ð11Þ

m
� ¼ AF m: ð12Þ

A is the specific surface, as mentioned above Fm is the mass
flux obtained by the numerical resolution of a single particle
model [29, 30].

The correlations of mass flux are obtained from a set of
numerical tests carried out for various values of temperatures
and steam velocity of a single particle model. These correlations
are incorporated in the bed model.

The parameters that influence the mass flux in the constant
rate period are the gas temperature (Tg) and the gas velocity
(Vg) [29]:

F max ¼ F max T g; V g

� �
: ð13Þ

Fmax is the mass flux value in the constant rate period
(CRP).

First, correlation of maximum mass flux and moisture con-
tent are deduced as function of steam temperature for a given
steam velocity. Then, the steam temperature is constant, we

vary the steam velocity. Different correlations are also obtained
according to the steam velocity for a given steam temperature.
Different correlation parameters are illustrated in Figure 2:

F max ¼
a1T g � b1

� �
c1V g

d1
� �

e1
: ð14Þ

F1max, is the mass flux corresponding to the point of inter-
section of two under-periods of the falling-rate period (FRP)
given by:

F 1max ¼
a2T g � b2

� �
c2V g

d2
� �

e2
: ð15Þ

The equilibrium moisture content Xeq is independent of
steam velocity. Its expression is given according to the steam
temperature:

X eq ¼ a3 T g

� �
b3: ð16Þ

Xcr the critical moisture content indicating the start of the
falling-rate period is given by:

X cr ¼
a4T g � b4

� �
c3V g þ d3

� �
e3

; ð17Þ

X1 is the moisture content which corresponds to the point of
intersection of two under-periods of the falling-rate period:

X 1 ¼
a5T g

b5
� �

c4V g þ d4

� �
e4

; ð18Þ

ai, bi, ci, di and ei are coefficients which depend of the med-
ium used.

The values of different constants are listed in Table 1.
Final correlations of different parameters are:

X > X cr ���! F m ¼ F max; ð19Þ

X 1 < X < X cr ���! F m ¼ F max � F 1maxð Þ
X � X 1

X cr � X 1

	 

þ F 1max;

ð20Þ

X eq < X < X 1 ���! F m ¼ F 1max
X � X eq

X 1 � X eq

	 

: ð21Þ
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Figure 2. Different parameters of mass flux correlation.
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These correlations of mass flux are integrated on the scale
of the granular bed.

Numerical resolution

The system of equations is solved by a finite volume
method based on the notion of a control domain [31] with a
no regular mesh. To insure the convergence, an upwind scheme
is used to evaluate convection terms on faces of the control
domain. The discretization of the conservation equations leads
to a system of algebraic equations. This system is strongly cou-
pled and is solved numerically by the iterative method of Gauss
Seidel.

Validation

The validity of the model to predict the evolution of temper-
ature and drying rate throughout the granular bed during con-
vective superheated steam drying is confirmed by using sets
of data available for the drying of porous particles [28]. The
authors investigated experimentally superheated steam drying
of porous alumina and ceramic particles packed bed with a
diameter of 9.5 and 10 mm, respectively. A high-resolution
load cell continuously registered the weight of the entire test
section, and the steam inlet and outlet temperatures were mon-
itored as well as the centre temperature of a varying number of
spheres. The internal bed vessel is a cylinder with a diameter of
0.3 m. The bed height was varied from 100 to 200 mm. All the
experiments were performed at atmospheric pressure. Figures 3
and 4 illustrate the comparison of the model calculations with

experimental data of the drying rate and the steam outlet tem-
perature for varying height and steam mass flux. The curves
indicate that the bed depth affects the amount of drying time.
The bed having the thinnest depth (0.1 m) reaches the gas tem-
perature and the equilibrium drying rate more quickly. Whereas,
when we increase the steam mass flux for the same bed depth
Reynolds number increases and consequently the convective
heat transfer coefficient also increases. Thus we accelerate
transfers and then the drying time decreases. As can be seen
the agreement is good between predictions and experimental
data, even though there is slight discrepancies that can be attrib-
uted to the position of thermocouples and errors in the measure-
ment. Figures 3 and 4 show also the comparison of the present
model in 1D and 2D configurations with the model of Hager
et al. [28]. We note that there is a difference between the two
models especially for the value of evaporation rate during the
constant rate period. A possible explanation for discrepancies
between the two models this is the approach used for commu-
nication between the particle and the packed bed. Indeed, Hager
et al. [28] developed the so called hybrid model. The particle
tortuosity is the only adjustable parameter. They showed that
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Figure 3. Comparison of experimental and numerical data of drying
rate (a) and outlet steam temperature (b) of alumina particles packed
bed for various operating parameters.

Table 1. Values of constants for drying kinetic with
superheated steam.

Constants Values

a1 2.257 · 10�5

a2 8.76 · 10�6

a3 27.83 · 10�3

a4 1.92 · 10�4

a5 0.449 · 102

b1 8.483 · 10�3

b2 0.3294 · 10�2

b3 �48.83 · 10�2

b4 5.381 · 10�2

b5 �140.9 · 10�2

c1 13.448 · 10�4

c2 0.050872 · 10�4

c3 6.592 · 10�3

c4 �1.418 · 10�3

d1 27.28 · 10�2

d2 14.14 · 10�2

d3 2.56 · 10�2

d4 1.0886 · 10�2

e1 10.04 · 10�4

e2 5 · 10�4

e3 30 · 10�3

e4 9 · 10�3
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the variation of this parameter does not affect the drying pro-
cess. The particle model is incorporated in the bed model by
the temperature and the evaporation rate at the porous particle
surface. The porous particle model of Hager et al. is based on
the thermodynamic approach [32]. This model takes into
account the effect of gravity and pressure gradient. The phe-
nomenological coefficients involved in the transfer equations
were determined experimentally or numerically. This is the dis-
advantage of this model since the determination of these coef-
ficients is very complicated. Our porous particle model is based
on the volume averaging approach. We used an iterative
method (dichotomy) to calculate the mass flow while satisfying
the boundary conditions [29, 30]. Thus, in our model, we need
only physical properties of the porous medium. Experimentally,
these parameters are easily accessible. The main difference
between our model and that of Hager et al. is the incorporation
of new correlations of mass flux and moisture content in the
packed bed. These correlations are calculated from the drying
of a porous particle, parameters are calculated during the con-
stant rate period and the falling rate period.

The comparison of the 1D and 2D models shows that the
2D model fits experimental data better than the 1D model. In

subsequent section, more explanation of differences between
the two models is detailed.

Sensitivity analysis

Knowledge of the parameters that have significant impact
on drying behavior is useful in designing drying operations.
Figure 5 illustrates the effect of particle diameter on the drying
process. We noted that particle diameter exerts a significant
influence on the drying behavior. Larger particles require a
much longer time to reach the equilibrium moisture content
due to the fact that more energy is needed to heat them up.
We also note that for the same drying temperatures and steam
velocities, the predicted moisture content decreases much more
rapidly when the diameter decreases. This is due to the fact that
the Reynolds number and thus the heat transfer coefficient
increases with smaller particles. As we would expect, when
we increase the gas velocity, for the same drying temperature,
the Reynolds number increases and consequently the convec-
tive heat transfer coefficient increases (Figure 6) leading to a
reduction of the drying time. To analyze the effect of drying
temperature on drying curves, we represented the evolution of
the drying kinetics for four values of the gas temperature (Fig-
ure 7). As can be expected, at lower temperatures the moisture
content decreases more slowly. While the temperature
increases, the medium reaches the drying temperature more
quickly. This is because the higher temperature gradient in
the medium resulted in a higher heat flux [33].

Time-space evolution of particles temperature
and moisture content

The temperature field evolution within the medium is the
key to the drying phenomenon. The time-space evolution of
drying parameters allows a better understanding of the heat
and mass transfer mechanisms. Figure 8 shows the time-space
evolution of the moisture content of the granular medium dur-
ing superheated steam drying. We note the existence of a drying
front which moves from the outlet to the inlet of the cylinder in
the direction of fluid flow drying. This front divides the granu-
lar medium into two regions: wet and dry regions. As the dry-
ing process progresses, the dry region widens and the moisture
content decreases to the equilibrium value. Indeed, an increase
in the temperature of the solid during drying results in an
increase of the evaporation rate which leads to a decrease in
the moisture content. Figures 9 illustrates the time-space evolu-
tion of the temperature of the particle (solid phase of the packed
bed) during superheated steam drying. Initially, the drying agent
temperature is greater than that of the granular medium. There-
fore, the temperature increases from the inlet of the cylinder
(z = H) to the outlet (z = 0) and from the wall to the center, fol-
lowing the direction of the gas flow. Moreover the time-space
evolution of temperature indicates the existence of the two clas-
sic drying periods: the constant rate period (with a level of
100 �C) and the falling rate period (when the temperature
exceeds 100 �C). Drying process is achieved when moisture
content and particle temperature reach the equilibrium moisture
content and the drying agent temperature, respectively.
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Comparison of 1D and 2D models

2D model is relevant in understanding real heat and mass
transfer phenomena. Compared to 1D model, 2D model is used
to study the transverse processes of heat and mass transfer. This
model has the advantage of being more realistic, but some con-
trol mechanisms are retained. Figure 10 shows a comparison of
these two models. We note from the curves of bed moisture
content and temperature that the effect of taking into account
2D modeling, appears especially at the end of drying which
show the influence of the internal process. Because the initial
temperature is equal to that of steam saturation, the condensa-
tion phase is absent for the two models. The disadvantage of

the condensation phase is the increase of the product moisture
content which emphasizes the importance of preheating the
product to be dried. This procedure is also used in the experi-
mental study of Hager et al. [28]. Furthermore, the equilibrium
moisture content for the 2D model is lower than that of 1D
model which accentuates the importance of taking into account
the lateral transfer for modeling packed bed drying. Figures 11
and 12 illustrate a comparison of the time space evolution of the
moisture content and bed temperature for both models. We
immediately note the existence of drying front for 2D model.
The time-space evolution of 1D model shows the absence of
a drying front. This is just a distribution of the moisture content
and temperature within the medium. Indeed, the elevation of the
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Figure 5. Effect of particle diameter on bed moisture content and temperature during superheated steam drying: Vg = 1.5 m s�1,
Tg = 140 �C.
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Figure 6. Effect of gas velocity on bed moisture content and temperature during superheated steam drying: d = 10 mm, Tg = 140 �C.
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Figure 8. Time-space evolution of bed moisture content during
superheated steam drying: d = 10 mm, Tg = 140 �C and
Vg = 1.5 m s�1.
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Figure 9. Time-space evolution of bed temperature during super-
heated steam drying: d = 10 mm, Tg = 140 �C and Vg = 1.5 m s�1.
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evaporation rate leads to an increase of bed temperature. Con-
sequently, the moisture content decreases. At the beginning, we
note that the bed temperature is more important near the cylin-
der inlet and the wall in regard to its value at the cylinder mid-
dle (Figure 12). This is due to the drying agent (superheated
steam) effects. In fact, superheated steam temperature is greater
than that of the granular medium. Moreover, this temperature
increase can be attributed to the wall heat flux application. Next
the temperature decreases from the cylinder inlet to the outlet
and from the wall to the center. Figure 11 presents the time-
space evolution of the bed moisture content. In fact, the front
movement follows the drying fluid blowing direction. Therefore
the drying front moves from Z = H to Z = 0.

Conclusion

A comprehensive heat and mass transfer model was devel-
oped for a packed bed drying process with superheated steam as
drying agent. This model is based on the averaging volume
approach. Taking into account the non validity of the thermal
equilibrium hypothesis, a two temperatures model is presented:
particle temperature (solid phase) and the gas temperature. The
mass transfer is introduced by drying kinetics deduced from the
particle model. The correlations of mass flux and moisture con-
tent, deduced from the numerical resolution of the single parti-
cle model, were incorporated in the bed model. The predicted
results compared to the experimental data, indicated good
agreements despite few discrepancies. The constructed numeri-
cal tool enabled us to predict the time-space variations of the
bed temperature and the moisture content. We have also com-
pared 1D and 2D models. Results show that the 2D model is
more realistic. Indeed, time-space evolution of temperature
and moisture content illustrates the existence of drying front
for 2D model.
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