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ABSTRALTS

A novel drying appearatus, based on the con-
fined fluidization technique, is presented. It
consists of a fixed bed of coarse particles
whose interparticle voids, filled with the fine
powder to be dried, constitute the fluidization
environment. This system, particularly suitable
for heat-sensitive products, can be consid-
ered as an alternative to fluid bed dryers with
immersed heating surfaces. Drying experi-
ments were performed on two food pow-
ders, semolina and corn flour, and the effect
of different variables on the drying kinetics was
investigated. The experimental results ob-
tained show that confined fluidized bed dryers
are very efficient units in which the drying time
is reduced also with respect to conventional
fluid bed dryers. More work is needed [0 ex-
tend the application of this drying technigue
to food powders with high initial moisture
content and small particle size,

INTRODUCTION

Many raw materials as well as inter-
mediate and finite products of agricul-
ture and food industry are produced in
form of powders. An important role in
their processing is played by drying,
which ailows the foodstuff storage life
0 be extended, to enhance quality and
to improve packaging, handling and
transportation stages.

Indeed, due to the drying process, the
residual moisture content in foods and
agricultural products is lowered and,
consequently, water activity decreases.

Itis well known that the rate of bac-
teria, yeasts and moulds growth, enzy-
matic and non-enzymatic reactions and
lipid oxidation, which cause food spoil-

age, are Inhibited or reduced at low
water activity, l.e. at low maisture con-
tent. The shelf life of dried foods is thus
assured, provided that materials im-
permeable to external atmosphere are
used for packaging.

Drying also improves some character-
istics of foods like palatability and di-
gestibility. As a side effect, the colour,
flavour and the aspect of foods also
change as a consequence of the pro-
Cess. Moreover, packaging, handling
and transportation of dried products
are easier and cheapey, due to the re-
duction of weight and volume of prod-
ucts with respect to wet materials, al-
S0 because of the improvement in their
flowability. Finally, further processing
stages on dried products, like milling,
take far less energy than that required
Lo process wet products.

In recent years, the utilization of fluid-
ized beds has been recommended for
drying of granular agricultural and food
products, due to the excellent heat and
mass transfer rates attainable, to the re-
liable thermal control of the drytng pro-
CESS5 consequent to the rapid mixing of
sclids and to the low maintenance costs
of the apparatus having no mechanical
moving parts't 2,

In fluid bed dryers, rapid heat and
mass transfer between particles and
gas allows the overheating of products
Lo be avoided, so that volatite and heat
sensitive components are retained in
the products. That increases the senso-
I'y and nutritional properties of dried
foodstuffs. Moreover, fast solid particle
mixing leads to nearly isothermal con-
ditions throughout the fluidized bed,

thus avoiding uneven treatments or
overprocessing of foods.

However, relatively few industrial
scaie drying units are presently in op-
eration, due to the poor fiuidization
properties exhibited by foods and ag-
rcultural products, which are general-
Iy characterized by very fine or coarse
sizes and irregular shapes. Very fine
solids are cohesive and tend, when
fluidized, to undergo channeliing and
slugging if the gas velocity is kept low
10 prevent excessive elutriation of fines.
On the other hand, coarse and odd-
shaped particles require high gas veloc-
ities to be sustained and, when fluidized,
give rise to irregularities in gas permea-
tion as well as in solid circulation which
dampens the aforementioned excel-
tent transfer properties of fluidization.

Different kinds of fluid bed dryers
have been devised: conventional plug-
flow, vibrofluidized units, two-compo-
nent fluid beds, fluid bed dryers with im-
mersed heating surfaces.

In plug flow fluid bed units, the res-
idence time distribution of particles is
uniform, so that homogeneous pro-
cessing of powders is achieved. Due to
their flow characteristics, very low mois-
ture contents can be obtained even
theugh the thermal efficiency of the
apparatus is not very high, as most of
water release takes place near the gas
distribuzor. Furthermore, the gas flow
rate flowing across the bed in the form
of bubbles bypasses the contact with
the solids, lowering further the ther-
mal exchange efficiency of the process.

In vibrofluidized beds, particles are
maintained in the fluidized state by the
combined action of air flow and vibra-
tion. These units are used to dry cohe-
sive and sticky powders, which tend to
form agglomerates that would block
dryers employing unassisted fluidiza-
tion. Powders with a wide particle size
distribution and fragile or abrasive ma-
terials can be treated in such systems
as well, '

The treatment of coarse particies, as
in the case of most agricultural products,
can be conducted in two-component
fluid bed dryers (3). Coarse particles
undergoing drying are immersed in 3
fluidized bed of fine solids in which
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they can move freely. The difference of
density between the granular products
and the fluidized bed is such that they
undergo no segregation effect. The heat
and mass transfer coefficients between
the dense phase ¢f fines and the im-
mersed particles are of the same order
of magnitude as those measured
between gas and particles in conven-
rional Auidization (4).

Fluidized bed dryers equipped with
immersed heating surfaces are very
suitable for drying heat-sensitive food-
stuffs, when severe limitations in gas ve-
locities and temperature levels in the
bed have to be accepted to prevent
thermal damages. In this case, if the
heat needed to dry the products is
supplied with just the air inlet, an ex-
cessively large distributor would be re-
quired. To overcome this difficulty, part
of the heat is transferred to the pow-
der by means of external heating sur-
faces immersed in the solid bed.

In addition to the several fluidiza-
tion modes used in the powdered feod
drying operations mentioned above,
this paper aims at presenting some pre-
fiminary experimental results obtained
by a different technique, the confined
flutdization.

THE CONFINED
FLUIDIZATION TECHNIQUE

In the conventional fluidization tech-
nigue, when the system is operated at
3as velocities much higher than the
minimum fluidization value, a large part
of the gas fiow rate finds its way
through the bed in form of bubbiles,
which promates mixing within the par-
ficulate mass: the bubble flow ¢consti-
wees @ way through which much of
‘he gas bypasses the fluidized bed, thus
outting a limit on the heat and mass
ransfer efficiency of the operation.

To rise the effectiveness of the con-
‘act between gas and particles an alter-
ative fluidization technigue has been
roposed, with the abjective of sup-
ESSING or at least minimizing the pres-
‘nce of bubbles in the parrticulate
system whilst allowing a certain circu-

lation of fine solids (5, 6; it consists of
fluidizing a bed of relatively fine parti-
cles within the voids of a fixed bed of
a coarser spherical materiai, which acts
as a confining envirecnment. For that
reason the technique is called “con-
fined fluidization".

The basic principies of confined fluid-
ization are illustrated in fig. 1.

Provided that the size ratio between
the two components of the system is
high encugh te allow free percolation,
the fluidizable material forms a fixed
layer at the bottom of the coarse pack-
Ing as soon as it is poured into the col-
umn {A). By admitting and subsequent-
ly increasing the gas flow rate through
the bed, a superficiat gas velocity U,
Is reached at which the fine particles at-
tain their incipiently fluidized state (B);
this can be calculated as'®:

P g el d? e (1 - gl
Uppe = K — (1)

150 1, [e(1-g i) %F

and for any higher vetocity the con-
fined fluidized bed undergoes a pro-
gressive expansion (Q), described by a
power law of the type

U=og" (2}

that can make its voidage assume
values even higher than 0.9. Equation
{2) is maintained also after the fluid-
ized bed has exceeded the packing

increasing gas velocity

S»

Firg. 1 - Behaviour of a fine particle bed
ot particles undergoing confined fluid-
tzation.
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height forming a segregated bubbling
layer on the top of it (D), but that is not
a desirabie mode of operation.

Altogether, the distinctive feature of
& canfined fluidized bed is that it reacts
Lo any gas flow rate increase past min-
imum fluidization with its expansion,
rather than with bubbie formation.
Compared with the conventicnal fluid-
ization technique, where the interstitial
velocity within the dense phase is prac-
tically unchanged by a velocity increase,
the prevention of bubbling is accompa-
nied by an unusuai increase of the gas-
particie slip velocity. This can easily
grow, al constant total pressure drop,
up to levels that can greatly accelerate
any process whaose kinetic is deter-
mined by the velocity of mass transfer
phenomena occurring between particle
surface and gas phase. This is the case
of drying processes that operate on
particulate solids for which the fluidiza-
tion technigue is advisable, especially
when the drying mechanism is con-
trolled by the superficial heat transfer
and the rate of moisture removal is
constant. In such a situation, a secon-
dary benefit provided by the confining
sphere packing is that of acting as a
thermat flywheel for the fluidized par-
ticulate mass.

EXPERIMENTAL SET UP
AND PROCEDURE

The experiments reported in this
paper were performed in different types
of dryers: a natural convection oven a
forced convection oven with tempera-
ture and humidity control, a convention-
al fluidized bed and a confined fluidized
bed. Food powders subjected to the
drying treatment were semaolina and
corn flour, whose physical properties are
reported In table 1. The drying temper-
ature was maintained hetween 40 and
60 C to avoid starch gelatinization.

The fluidized bed drier consists of a
perspex colurmn 70 mm ID and 600 mm
high. A porous plate at the base of the
column, made of sintered brass, pro-
vides a uniform distribution of the gas
flow throughout the bed cross section.
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Table 1 - Properties of food powders,

Material -4, r
(ym) (kg/m

Semoling 344 1,450

Corn flour 393 1,540

U, X
(cm)s] (kg Hzﬂﬂ:g dm.)
5.50 0.103

4.60 0.134

The fluidizing gas is air, preheated
to the test temperature by an electri-
cal heatr exchanger, which in turn is
regulated by a PID controiler. The air
flow rate is measured by a set of rotam-
eters and the column is insulated with
glass wool. The temperature of the in-
let gas and of the bed is Mmeasured with
thermocouples, one of which drives the
temperature controller. A water ma-
nometer, fitted to a pressure tap at the
base of the column Just above the gas
distributor, is used to measure the pres-
sure drop across the ped.

The same apparatus is used in the
confined fluidization drying experi-
ments. The confining packing is made
of stainless stee| spheres 10 mm in di-
ameter. An external ryle aside the col-
umn allows the height of the confined
bed of fines to be read.

Fluidization experiments are prelim-
inarly made to determine the mini-
mum fluidization velocities of the two
powders in both the unconfined and the
confined condition,

Subsequently, fluid bed drying ex-
periments are carried out batchwise as
folows: a predetermined weight of
powder, of known initial moisture con-
tent, is introduced into the fuidized
bed at ambient lemperature. Every ten
minutes, powder samples are taken
from the fluid bed drier and introduced
inan oven, operating at a temperature
of 105 ¢, to determine, by differential
weighing, the residyal moisture con-
ent. The same experimental proce-
dure is used to determine the drying ki-
- Netics in the confineq fluidized bed dri-
er.

For the sake of comparison, drying
experiments are also performed in 3
hatural convection oven and in a tem-
berature and humidity controlled oven,
Which simulate the drying conditicns in
Lenventional dryers. The test temper-

ature is set at the same value as in the
fluid bed experiments and the refative
humidity in the climatic chamber is al-
ways kepr at 3%,

RESULTS AND DISCUSSION

The effects of some of the principal
variables influencing the drying pro-
CESs were investigated by carrying out
a set of experiments on the two solids
in the drying systems previously de-
sCribed,

Fig. 2 shows typical drying curves for
S€molina at 45 Cin different appara-
tus. It can be observed that in the
confined fluidized bed drier, the dry-
ing kinetics in the first drying period,
. €. the constant rate period, are very
fast compared with those measured in
the natural convection oven and in

the fluid bed drier. In the second dry-
ing period, the falling rate period. dry-
iNg rates become very slow and the
process is controtled by the rate of
moisture diffusion inside the particles.
This means that the reduction of the
external resistance to heat and mass
transfer, which is one of the important
characteristics of the fluidization op-
eration, does not play any roie in this
cdse. The drying kinetics measured in
the confined fluid bed drier angd in the
fluid bed drier in the falling rate peri-
od are similar and even faster than
those measured in the hatural convec-
tion oven,

The performance comparison
between conventional and cenfined
fluidized bed dryers is made both at
equal superficial and incerstitia| gas
velocity. In the first condition, i.e.
at equal gas throughput and tora!
ENergy expense, the confined system
appears to be much more efficient,
owing to the higher gas-particie slip
velocity, which is expected to be
the key variable when the external
resistance is the one controlling the
heat and water transfer rates. This
circumstance s confirmed when the
WO systems are operated at the
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Fig. 2 - Curves of moisture content of semolina {wet basis) vs. fime in different dryers.

22

Italian Food & Beverage Technology - XI (1998} March

n



DRYING

1
i
¢ fluid bed (1000 Nl/h)
O oven
0.8 | o A conf, fluid bed
— o fluid bed (1500 Ni/h)
. o
~ 06 | =
e
. °
o
= °
S04} a g
) o
> o
02 t ° ¢ °
“ © 8 8 0 o
8 A o =
O 1 1 H e 9 &
0 30 60 90 120 150
t , [min]

Fig. 3 - Dimensionless moisture reduction vs. time for semoling in different dryers.

same interstitial gas velocity: in this
case the drying Kinetics in the two
dryers are nearly coincident.

When reported in terms of the ra-
tio of residual over initial free mois-
ture content, as in fig. 3 for semolina,
the influence of process equipment
and operating conditions on drying
Kinetics can more easily be evaluat-
ed.

The advantage of fluidization and
the role of operative velocity on drying
kinetics in the two fluidized bed dryers
can again be observed, and a specific
feature of the confined technique of
fluidization, affecting the first minutes
of the constant rate period of drying is
highlighted: due to thermal flywheel
action of the coarse packing constitut-
ing the confining environment, the fresh
material entering the fluidized bed unit
undergoes a heating action which is
much faster than in conventional fluid-
ization, where the fiuidizing medium is
the only heat source available for the
solid.

Though not reported here, experi-
ments confirmed the well known result
that temperature affects the drying
rate. As the temperature of the bed in-
creases, the drying rate in the fluid bed

drier increases. The same trend is also
observed in the confined fluid bed dri-
eras well as in the natural convection
and in the forced convection oven. Anal-
0gous resuits obtained with corn flour
are illustrated in fig. 4. The higher effi-
ciency of the confined fluidization tech-
nigue is more evident here, even when

the conventional fluid bed is operated
at the same interstitial gas velocity.
Drying is much faster in the first peri-
od, whereas the efficiency of the pro-
cess decreases in the subsequent pe-
riod of velocity fall.

CONCLUSIONS

Experimental results obtained thus
far allow the following condlusions to be
drawn:

aj confined fluidization is a promising
technique which can be used to dry
particulate foodstuffs. In particular, it
appears to provide a decrease in the
drying time compared with that meas-
ured in conventional fluidization, at
least in the period of constant drying ve-
locity;

b) the practical absence of bubbies,
through which the excess gas flow rate
tends to bypass the fluidized bed,
seems to be the reason for its enhanced
thermat efficiency, as the gas/particle
contact is improved:

C) the presence of the confining
spheres reduces the bed section avail-
able for the gas flow. Thus, at the same
gas flow rate, a higher interstitial veloc-
ity is reached compared with a con-
ventionat flutdized bed unit of the same

i
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Fig. 4 - Dimensionless moisture reduction vs. fime for corn flour in different dryers.
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Cross section. A faster particle circula-
tion and a better contact between gas
and solid, which are promoted by the
increase of gas velocity, determine a
parallel increase of drying rates.

More work is needed to clarify oth-
er fundamental aspects of dynamics
and of heat and mass transfer in con-
fined fluidized beds, together with the
drying characteristics of various types
of food and agricultural products, in or-
der to predict drying kinetics of food-
stuffs in these fluidized systems.
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SYMBOLS

d fine component diameter

D coarse component diamerer

cIp mean particle diamerter

B gravity acceleration

k parameter in Eq.ly

N expansion index

ttime

U superficial gas velocity

U minimum fluidization velocity
Unne - minimum fluidization velocity in the
confined state

X maoisture centent of the solid

X, Initial moisture content

X final moisture content

4 parameter in £q.(2)

e fluidized bed voldage

&, e_voidage of fine, coarse particles
€my Minimum fluidization voidage

Mg gaslwscosaty‘

I, Particle density
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