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a b s t r a c t

Soybeans (Glycine max) contribute to healthy nutrition because of the high proportion and quality of
proteins. In this work, a bed-level model was developed from kinetic studies carried out earlier, for
simulating the dryingetoasting of presoaked soybean in a fluidised bed at air temperatures between 100
and 160 �C. The predicted average bed moisture contents and temperatures were validated with
purpose-measured experimental data. The air humidity decreased and temperature increased with time
at the dryer outlet, approaching the inlet conditions. By using the validated model the thermal efficiency
was calculated for bed heights between 0.1 and 0.3 m, considering a systemwhere 90% of the exhaust air
was recirculated. The efficiency increased from 9 to 39% at 0.1 m and from 24 to 63% at 0.3 m, indicating
that the energy consumption can be substantially reduced. This model is considered useful both for
product development and equipment design.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The drying of biological materials is a complex process where
the changes in moisture content and product temperature with
time are accompanied by variations of other phenomena as quality
and particle structure and size (Akpinar, 2006; Sander, 2006). The
trend towards consumption of high-quality foods requires a careful
design, simulation and further optimization of the process to reach
high energy efficiency as well as to retain quality attributes
(Bialobrzewski et al., 2008; Di Scala and Crapiste, 2008).

Soybean (Glycine max) is a valuable resource for healthy nutri-
tion due to its elevated content of high quality protein. In view of
this potential and considering the growing consumer demand for
the intake of dehydrated ready-to-eat snacks (Sun-Waterhouse
et al., 2010), a process, by which presoaked soybeans were dried-
toasted leading to a stable, low moisture, crispy product, was
studied (Torrez Irigoyen and Giner, 2014). The fluidization is a
process of contact that takes place between a solid and a fluid (gas
rgentina.
r).
or liquid) in which the bed comprising solid particles is agitated by
a rising stream of fluid whose pressure drop through the bed is
sufficient to support it (Yang, 2003). Fluidised bed technology is
increasingly used in the food industry because of its inherently high
degree of mixing, which leads to fast and uniform heat transfer in
the bed (Alaathar et al., 2013).

Giner and Calvelo (1987) modeled wheat drying in fluidized
beds with an analytical solution of the diffusion equation for con-
stant diffusivity and volume coupled with macroscopic heat
transfer, combined with macroscopic water and energy balances to
calculate the changes of air humidity and temperature. This model
has suitably interpreted the experimental data, though a very low
thermal efficiency was predicted. Based on this model, Giner and
De Michelis (1988) further developed the simulation program to
consider air recirculation; they found that the fluidisation process
had a high potential for energy recovery.

Madhiyanon et al. (2006) and Markowski et al. (2010) have
noted that the modeling of fluidised bed requires the analysis
and understanding of the distribution of moisture and temperature
inside the grain. Some authors as Jha (2005) and Khalloufi et al.
(2010) have pointed out that it is also important understand
the changes in drying air absolute and relative humidity,
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Notation

Cp Specific heat, in J/(kg �C)
H Enthalpy, J/(mol kg)
Lw0 Latent heat of water vaporization at a reference state, J/

kg
Lg Heat of desorption of water in the grain, J/kg
mSB Mass of dry solid in the bed, kg
n Number of data points
S Bed cross sectional area, m2

t Time, s
td Total dryingetoasting process time, s
T Temperature, in �C
v Superficial air velocity, in m/s
W Bed moisture content, kg water/kg dry matter
x Absolute humidity, kg water vapor/(kg dry air)
Zmax Bed height, under fixed conditions, m

Greek symbols
D Delta

ε0 Bed void fraction
r density, kg/m3

Subscripts
0 Initial
1 Inlet
2 Outlet
a air
da Dry air
ds Dry solid
f Final
M Mixed
s Solids
w Water
wv Water vapor
exp Experimental
pred Predicted
m Average
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as well as temperature through the bed. On the other hand,
Prachayawarakorn et al. (2006) and Martinez et al. (2013) studied
hot air fluidisation as an inactivation process although they have
not included an interpretation and modeling of the heat and mass
transfer phenomena in the bed. However, there are few studies that
investigated the energy efficiency of fluidised bed drying and no
research dealing with the hot air fluidisation of presoaked soybean
was found. Furthermore, regarding to the energy consumption
associated with food drying, there is scarce literature dealing with
the interplay between mass transfer and heat transfer in the
presence of particle shrinkage (Donsí and Ferrari, 1995; Parmar and
Hayrust, 2002).

Torrez Irigoyen et al. (2014) has proposed a considerably
improved mathematical model of dryingetoasting kinetics for
presoaked soybean at grain level or thin layer. Local mass transport
and variable diffusion coefficient (Deff) were considered, together
with variable domain, predicted with a well-founded shrinkage
model, relating grain radius with moisture content. The transient
temperature curve was predicted by a coupled macroscopic energy
balance for this shrinkingmaterial. The objectives of this workwere
(1) to build a bed-level model, by utilizing the grain-level model in
the context of an equipment model that simulates fluidized (thick)
bed drying toasting, using macroscopic mass (water) and energy
balances for drying air around the bed, (2) to validate the predicted
bed moisture contents and temperatures as a function of time with
purpose-measured experimental data and (3) to carry out simula-
tion exercises to explore the effect of air recirculation on energy
consumption for this process.
2. Theoretical considerations

2.1. Model formulation

A mathematical model of fluidised bed drying must be able to
predict four fundamental variables as a function of time: the
average bed moisture content (Wm), the mean bed temperature
(Tsm), the air temperature (Ta) and absolute humidity (xa) at the bed
outlet, as a function of time. For this purpose the following as-
sumptions were made:
1) Spherical geometry for the particle;
2) Heat losses from the fluidised bed to the outside are negligible

compared with air-grain transfer;
3) Grains are perfectly mixed in the bed;
4) The air leaves the bed in thermal equilibrium with the solids;
5) The superficial air velocity in the bed cross section is uniform.
2.2. Mathematical modeling of dryingetoasting in fluidised bed

2.2.1. Microscopic mass balance in the grains
The average grain drying rate (�dWm/dt) is calculated with a

local mass balance assuming spherical geometry of soybeans and
radial diffusion, variable diffusivity and shrinkage (Torrez Irigoyen
et al., 2014). This grain-level average drying rate is converted to a
bed-level drying rate by using the following expression

m*
W ¼ mSB

�
� dWm

dt

�
(1)

where
mSB ¼ rS0ð1� ε0ÞSZmax
2.2.2. Macroscopic balance of water in the bed
The increase in absolute humidity of air as it passes through the

bed is due to moisture evaporation from grains; this is represented
by the equation:

rav0Sðxa2 � xa1Þ ¼ mSB

�
� dWm

dt

�
(2)

In Eq. (2) the evaporation rate in the whole bed was computed
by multiplying the drying rate and the bed dry mass.
2.2.3. Macroscopic energy balance in the bed
In previous work (Torrez Irigoyen et al., 2014) the analysis was

carried out at grain-level (thin layer) without considering modifi-
cations in the air phase. Now the bed is thick enough to cause
measurable variations in the air conditions. For this reason, the
following energy balance across the bed was proposed



Table 1
Parameters of the model.

Model Relationships Source

Mathematical model for volume shrinkage V
V0

¼ 1� a r0ðW0�WÞ
rwð1þW0Þ Torrez Irigoyen and Giner (2011a)

Operating fluidisation velocity v0 ¼ 1:5ð2:646ð�expð�0:490WmÞÞ þ 1:189ÞÞ
Torrez Irigoyen and Giner (2011b)

Sorption isotherm model (modified Halsey)
W ¼ 0:01

�
�expðAHMÞ

ln aw

�1=RHM

AHM ¼ 1.595, RHM ¼ 1.117

Torrez Irigoyen and Giner (2014)

Heat of desorption of water in the grain
Lg ¼ Lw þ RgT2

k
Mw

�
vðlnðawÞÞ

vTk

�
w

Torrez Irigoyen et al. (2014)

Diffusion coefficient as function of grain temperature and moisture content
Deff ¼ D∞ expð�Ea=ðRgTkÞÞ

�
1� a r0ðW0�WÞ

rwð1þW0Þ

�2=3

Ea ¼ 51.9 kJ/mol, D∞ ¼ 0.0237 m2/s
Specific heat Moisture content below 0.7 kg water/kg dry matter

Cp ¼ 1638:08þ 3566:19Wm

For Wm above 0.7
Cp ¼ 837:4þ 4187Wm
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½rav0S�DHa þmSB
dHs

dt
¼ 0 (3)
dTsm
dt

¼ �½rav0S�
�
CpasðTsm � TaÞ þ LW0ðxa2 � xa1Þ þ CpvðTsmxa2 � Taxa1Þ

	
mSB

�
Cps þ CpwWm

� þ CpwTsm�
Cps þ CpwWm

�
�
� dWm

dt

�
(5)
½rav0S�
j
CpdaðTa2�Ta1ÞþLW0ðxa2�xa1ÞþCpwvðTa2xa2�Ta1xa1Þ

k

þ :::mSB

��
CpsþCpwWm

�dTsm
dt

�CpwTsm

�
�dWm

dt

��
¼0

(4)

When solving the energy balance for each time, the specific heat
was evaluated using the bed moisture content at that instant. Eq.
(4) indicates that the energy transferred by forced convection from
the air is utilized partly as latent heat of water evaporation and
partly as sensible heat, which increases bed temperature.

Assari et al. (2013) suggest that mathematical modeling of
fluidised beds requires two steps: the first one is composed by the
description of the mathematical model, which has been done
already, and the second, implies the description of all properties
and parameters utilized for solving the model. They are shown in
Table 1.

These relationships were developed in a previous research and
are supported by a theoretical background with fitting parameters
bearing physical meaning.
3. Numerical solution

3.1. Bed drying rate

The microscopic mass balance with variable diffusivity and
shrinking particle volume was solved for a prescribed boundary
condition (W¼We) (Torrez Irigoyen and Giner, 2014). Here, a time-
varying equilibrium moisture content was calculated, a conse-
quence of the variation of outlet air conditions.
3.2. Heat transfer rate in the bed

Assuming that a perfect mixing of the grains takes place in the
fluidised bed and that the air leaves the bed in thermal equilibrium
with the solids, Ta2 ¼ Tsm so the following expression can be
deduced from Eq. (4)
This is an ordinary differential equation (ODE) with variable
coefficients relating the variation of the mean grain bed tempera-
ture with time. A similar equation was proposed by Robbins and
Fryer (2003) who, by studying the fluidised bed roasting of
barley, have analyzed the heat and mass transfer phenomena. The
initial conditions for Eq. (5) were the following:

Tsm ¼ T0 t ¼ 0 (6)

The coupled macroscopic energy balance was integrated by the
Euler method because very short time steps were utilized, for
which it was sufficiently accurate. The variation of outlet air hu-
midity can be computed by solving Eq. (2)

xa2 ¼ xa1 þ

�
� dWm

dt

�
mSB

raV0S
(7)

The equations presented here (1e7) constitute the bed level
model for dryingetoasting of soybean in a fluidised bed. The main
steps of the calculations flow are summarized below, which were
implemented in MATLAB 7.0 (The MathWorks Inc., USA):

0. From the initial values of the soybean,W0, T0, R0, and the air
temperature Ta1, start calculations at t ¼ △t.

1. Obtain the positions of radial nodes within the grain.
2. Solve the microscopic mass balance.
3. Calculate the average grain moisture content and thus the bed

drying rate (- dWm/dt).
4. Solve the macroscopic mass balance of water in the bed to find

xa2.
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5. Solve the macroscopic energy balance in the bed to find Tsm.
6. Update the soybeans radius using the average moisture content

and the shrinkage relationship.
7. Update time, t ¼ t þ △t
8. If the final time of 60 min is reached, then stop calculation,

otherwise return to step 1.
3.3. Model validation

The prediction capability of the model developed here are
evaluated by using the absolute average deviation (ADD), in order
to compute prediction errors in the same units as the dependent
variable:

AAD ¼ 1
n

Xn
i¼1




yexp;i � ypred;i



 (8)

a form of percentage error was calculated dividing ADD by the
time-averaged experimental value

% Error ¼ ADD
average value

(9)
4. Thermal efficiency

Giner and De Michelis (1988) found that the possibility of
adopting fluidised bed dryers in food technology is strongly
dependent on an efficient use of energy. The most representative
definition of thermal efficiency for a drying process is perhaps the
following

Ef ¼
Latent heat required to evaporate grain moisture

Heat supplied to the drying air
(10)

This can be expressed in terms of the operation parameters as

Ef ¼
rS0ð1� ε0ÞZmax

�
W0 �Wmf

�
Lg

ravmCpaðTa1 � TaMÞtd
(11)

where vm is the average superficial air velocity during the process.
5. Material and methods

5.1. Materials

Soybeans variety Don Mario 5.5 i were provided by Don Mario
Semillas (Don Mario Seeds Company), Chacabuco, Provincia de
Buenos Aires, Argentina. Moisture content of raw soybean at
reception was 0.113 (±0.001) kg water/kg dry matter.
Table 2
Validation of the fluidised bed dryingetoasting model. Comparison betweenmodel-
predicted values and experimental data.

Dryingetoasting temperature, �C

100 120 140 160

Prediction capability
ADD
W 0.023 0.043 0.022 0.035
T 3.4 3.6 2.5 4.8

%Error
W 4.3 11.2 6 10.5
T 3.6 3.2 1.9 3.2
5.2. Experimental procedure

5.2.1. Preliminary operations
Grains were cleaned carefully and then immersed in drinking

water using a water to soybean mass ratio of 2:1, and allowed to
soak for 24 h at 10 �C. To facilitate fluidisation of particles at the
beginning of dryingetoasting, the soaked soybeans were previ-
ously surface-dried at 50 �C for 10 min by utilizing an automatically
controlled, mechanical convection oven (Torrez Irigoyen and Giner,
2014).
5.2.2. Dryingetoasting in fluidised bed
The dryingetoasting experiments were conducted in a purpose-

built fluidised bed dryer with automatic control of inlet air tem-
perature and air velocity (Torrez Irigoyen and Giner, 2011a). The
dryingetoasting process was carried out with air inlet temperatures
between 100 and 160 �C, at variable air velocities ranging from 3.9 to
1.8 m/s which allows the bed to maintain a high degree of mixing
and, therefore, uniform treatment of the bed while reducing energy
expenditure (Torrez Irigoyen and Giner, 2011b). The fixed bed height
of products was 0.10 m in all experiments. The bed thermal history
was recorded using a non-contact infrared thermometer Testo 830
T2 (Testo AG, Germany). Each point was an average of three readings,
carried out every two minutes along the process.

5.2.3. Determination of moisture content
Moisture contentwasmeasured in triplicate byanoilseed-specific

wholegrainmethodatatmosphericpressure (AOCSAc2-41,130 �C for
3 h). With this purpose, an automatically controlled, mechanical
convection oven (air velocity, 0.25 m/s) Sanjor Model SL30SDB,
Argentinawasutilized. Forweighing the samples, anOhaus analytical
balance was utilized with an accuracy of 0.0001 g. All samples were
extracted from the bed at several times, from 0 to 60 min. Moisture
content results were expressed in kg water/kg dry matter, units that
are often referred to as “decimal dry basis” or “dec., d.b”.

5.2.4. Statistical analysis
Triplicate experiments were carried out for each fluidisation

condition, measuring moisture content and temperature as a
function of time. The different conditions were compared by the
Tukey's test (Montgomery, 1991), at a confidence level of 95%.

6. Results and discussion

6.1. Validation of model

The Tukey's test revealed non-significant differences (at a con-
fidence level of 95%) between the experimental moisture content
and temperatures in all cases. The accuracy of modeling was
determined by comparing model-predicted values with the
experimental data. The Fig. 1, shows the experimental bedmoisture
content as a function of time, for all dryingetoasting treatments.

Moisture content is observed to decrease faster at first, then
more slowly until reaching almost an equilibrium value. Thomas
and Varma (1990) who studied the fluidised bed drying of gran-
ular foods in a temperature range close to boiling point of water
have observed a similar behavior.

Fig. 2 shows the variation of the average bed temperature with
dryingetoasting time. The grain temperature increased approach-
ing near equilibrium with the drying air temperature after some
30 min in coincidence with Robbins and Fryer (2003), who studied
the spouted-bed roasting of barley at high temperatures.

As can be seen in Table 2 the comparison was found to be quite
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Fig. 1. Validation of the dryingetoasting model in fluidised bed for presoaked soybean. Model-predicted moisture contents (solid line) and experimental data (symbols) are plotted
for various inlet air temperatures: (a) 100 �C, (b) 120 �C, (c) 140 �C and (d) 160 �C.
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satisfactory considering that the range of variation of both bed
moisture content and temperature were large in each experiment.
6.2. Evolution of the absolute humidity at the bed outlet

The outlet humidity is difficult to measure because of instru-
ment limitations at the high outlet air temperatures. Therefore,
they were calculated as a function of time by solving Eq. (7) and
plotted in Fig. 3.

The outlet air humidity changed considerably during drying
toasting due to the presence of a bed 0.1 m deep. In the first mi-
nutes, a small increase in bed drying rate is predicted as a conse-
quence of bed heating, leading to a maximum in the outlet air
absolute humidity. Then, as bed drying rate decreases, so does the
outlet air absolute humidity until reaching an asymptote defined by
the inlet air humidity. As can be observed in Fig. 3, the curves at
100e120 �C have a lower initial increase in absolute humidity and a
higher final value compared with those from the hotter curves at
140e160 �C. Although these changes are to be expected few studies
have analyzed the variation air conditions in a fluidized bed of
foods. For instance Markowski et al. (2010) studied the drying of
barley in an spouted-bed but at lower temperatures and narrower
moisture content range.

The Fig. 4 shows the variation of air relative humidity in a
semilog-form with time at the dryer outlet. Here the maximum is
not observed, so this variable diminishes almost from the begin-
ning of the process, towards the air inlet value.

This behavior of the dryingetoasting process is the result of the
air passing through an initially wet bed of grains. As the product
experiences loss of moisture, the drying rate decreases and the air
was carrying less and less water out of the system per unit time,
tending towards the inlet air conditions at the end of the process.
Therefore, the outlet air was becoming drier and hotter with the
progress of dryingetoasting, and these conditions may favor en-
ergy recovery by recirculating a fraction of this air.
6.3. Simulation of dryingetoasting at different bed heights

The model developed was utilized for simulating the dry-
ingetoasting curves and grain bed temperature for an inlet air of
140 �C at different bed heights between 0.1 and 0.3 m, in order to
corroborate the consistency of predictions. This inlet air tempera-
ture was selected upon previous results (Torrez Irigoyen and Giner,
2011b). Bed moisture content and temperature were plotted as a
function of time in Fig. 5.

As expected, by increasing the bed height, bed drying and
heating rates are lowered and all curves tend to the same asymp-
totes, thus demonstrating model robustness. This enable us to
further develop and explore the use of the model in that range of
bed heights in order to evaluate thermal efficiency.
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Fig. 2. Validation of the dryingetoasting model in fluidised bed for presoaked soybean. Experimental (symbols) and model-predicted grain temperatures (solid lines) as a function
of dryingetoasting time of presoaked soybean, for inlet air temperatures of: (a) 100 �C, (b) 120 �C, (c) 140 �C and (d) 160 �C.
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Fig. 3. Model-calculated outlet air absolute humidity as a function of time for the
fluidised bed drying-toasting of soybean at all treatments.
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function of time for the fluidised bed dryingetoasting of soybean at all treatments.
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Fig. 5. Simulated moisture content (a) and grain temperature (b) curves as a function of time, for an inlet air temperature of 140 �C and bed heights from 0.1 to 0.3 m.

Table 3
Thermal efficiency of the fluidized bed dryer toaster at different bed heights without
air recirculation. Inlet air temperature ¼ 140 �C; inlet air absolute
humidity ¼ 0.01 kg vapor/kg dry air.

Zmax

m
Wmf

kg water/kg dry matter
Tmf
�C

Ef
%

0.10 0.009 140.0 9.1
0.15 0.010 140.0 13.1
0.20 0.010 139.8 16.9
0.25 0.012 139.1 20.5
0.30 0.016 136.8 23.9
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6.4. Evaluation of the thermal efficiency

6.4.1. Simulating the effect of different bed heights with no air
recirculation

By using the validated mathematical model, the thermal effi-
ciency of the fluidised bed dryer was evaluated at different bed
heights by using Eq. (11). For this purpose an inlet air temperature
of 140 �C was considered with an inlet absolute humidity value of
0.01 kg water vapor/kg dry air, while several bed heights between
0.1 and 0.3 m were simulated for 60 min processes. Table 3 shows
the final bed moisture content and temperature predicted with the
drying model, as well as the calculated thermal efficiency.

An increase in the bed height from 0.1 to 0.3 m leads to a rise in
thermal efficiency from 9.1 to 23.9% while the increase in the final
bed moisture content was very small. While the simulation in-
dicates that higher bed depths increases the efficiency, their values
are still low and higher bed depths are normally not used in food
fluidisation. Therefore, a system with air recirculation has to be
examined.
6.4.2. Simulating different bed heights with air recirculation
In order to explore the potential of recirculated air it is conve-

nient to conceptually transform the batch operation tested into an
equivalent steady-state continuous system. To this end, a fraction of
the outlet air will be discarded (purged) to recirculate the rest. In
order to satisfy the mass balance of dry air, a dry mass of ambient
air per unit time equal to that purged is incorporated. As seen on
Fig. 4, very low outlet relative humidities are predicted for most of
the process, so, 90% of the outlet drying air was considered for
recirculation (in a 60min process this implies to purge the outlet air
from the first six minutes and recirculate that from the remaining
54 min). This approach is in agreement with Wiriyaumpaiwong
(2002) who, by studying the drying of soybeans in a spouted bed
has recommended a recirculation range to be between 80 and 90%
of the outlet airflow. The concept proposed in this work is shown in
Fig. 6.

The recirculated stream is mixed with ambient air (Tamb ¼ 20 �C
and xamb ¼ 0.01 kg water/kg dry air) to create a current that is
heated to the inlet air temperature (Ta1) of 140 �C. The air tem-
perature entering the heater (TaM) is now above than the ambient
value as a result of recirculation (Fig. 6). Then, the increase towards
the inlet air temperature Ta1 would involve a lower energy input.
Stable inlet conditions of ambient humidity for the equivalent
steady-state process with air recirculation was reached after
several iterations with mass and energy balances in the whole
dryer. Stable conditions were assumed to be achieved when the
absolute humidity of the mixed air in two successive iterations had
a difference lower than 1� 10� 4 kg water vapor/kg dry air. Fig. 7
shows the thermal efficiencies of the process for different steady-
state conditions compared with the process without air
recirculation.

From the results shown in Fig. 7, by recirculating 90% of the
exhaust air, thermal efficiency was observed to rise from 9.1 to
39.3% for a bed height of 0.1 m and from 23.8 to 62.7% 0.3 m.
Therefore, air recirculation and higher bed heights increase thermal
efficiency. However, the latter condition has to be weighted with
caution, since thicker beds demand more ventilation power and
higher initial investment, leading to more noisy operation. Some
authors as Ozari and Demir (2015) who studied the effect of mass of
bed in the energy efficiency during drying grains in spouted bed
reported a similar increase in thermal efficiency for higher bed
heights. Regarding the final bed moisture content, the results were
plotted for conditions with and without air recirculation in Fig. 8.

The increase in bed height leads to higher final moisture con-
tents of the bed. Torrez Irigoyen and Giner (2011a) have found by
experiment that the final moisture content should not be higher
than 0.02 kg water/kg dry matter to keep the crispy nature of the
snack. Therefore, bed heights below 0.3 mwould be recommended
for this process.

The dependence of recirculated air temperature and absolute
humidity was evaluated as a function of bed height. As shown in
Table 4, an increase in bed height leads to a decrease in the recir-
culated air temperature and to an increase of the absolute hu-
midity. This behavior is a consequence of the air traversing a higher
depth of moist grain: more heat has to be transferred and more
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Fig. 6. A schematic drawing of dryingetoasting fluidised bed systemwith air recirculation: values of humidity (xa) and temperature (Ta) are identified by subscripts: P for purged, R
for recirculated, amb for ambient and M for mixed.
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water is received and carried away by the air. This fact also affects
the conditions of the mixed air flow since the recirculated flow is
colder and more humid.

In view of the data presented in Table 4 and considering Eq. (11),
it would be possible to conceive that thermal efficiency can be
improved at constant Zmax for decreasing differences between Ta1
and TaM. Torrez Irigoyen and Giner (2011b) have found that the
drying toasting process can be carried out at decreasing fluidisation
velocity with time; this procedure is another factor that reduce the
demand of fan power and thermal energy which, coupled with the
possibility of air recirculation contributes greatly to reduce energy
consumption.
7. Conclusions

A previously developed mathematical model of the dry-
ingetoasting of presoaked soybean which considers local mass
Fig. 7. Thermal efficiency values obtained from the simulation of an equivalent steady-
state process with air recirculation as a function of the bed heights (solid line),
compared with the process without recirculation at the same inlet air temperature
(dashed line).

Fig. 8. Variation of final bed moisture content as a function of bed height for the
equivalent steady-state process with recirculation (solid line) and the process without
energy recovery (dashed line).
transport with shrinkage and variable diffusion coefficient at grain
level was combined with macroscopic mass and energy balances in
the drying air to develop a model at bed level and simulation
program for fluidised beds.

Values of bed moisture content and temperature thus predicted
were validated with the corresponding experimental data
measured in a wide range of grain moisture contents and
Table 4
Effect of bed height on absolute humidity (xaR) and temperature (TaR) of recirculated
air, as well as on the absolute humidity (xaM) and temperature (TaM) of mixed air
flow.

Zmax

m
xaR
kg water/kg dry air

TaR
�C

xaM
kg water vapor/kg dry air

TaM
�C

0.10 0.024 132.9 0.021 109.4
0.15 0.035 127.7 0.030 105.8
0.20 0.047 122.2 0.040 102.0
0.25 0.061 116.5 0.051 98.1
0.30 0.075 110.8 0.063 94.1
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temperatures (1.5e0.02 kg water/kg dry matter, and 20 �Ce160 �C,
respectively).

The outlet air relative humidity was then considerably low
during the process, in the absence of recirculation so the need of
using high airflows for supporting the bed during fluidization
implied an underutilization of air as drying agent.

By simulating a system with recirculation of the outlet air cor-
responding to the last 90% of the process duration, the efficiency
increased from 9 to 39% at 0.1 m and from 24 to 63% at 0.3 m, so the
specific energy consumption during drying toasting can be sub-
stantially reduced.

This fluidised bed model is considered useful for product
development as well as for equipment design, since dry-
ingetoasting times and energy consumptions were predicted for a
wide range of operating conditions.
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