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This paper presents an attempt to optimize fluidized bed drying of wet and adhesive
particles (with an initial diameter of about 580 mm) with the use of stirring, and discusses the influence of stirring on the total drying time. The goal was to demonstrate the
positive effect of stirring a fluidized bed to the drying time, to find the optimal parameters (stirrer design, speed, and size). Experiments were conducted on a drying chamber
in batch operation. The objective was to evaluate the effect of stirring on the total drying
time. The drying chambers were 85 mm, 100 mm, and 140 mm in diameter. An optimal
stirrer shape and speed were specified. Our arrangement of the fluidized bed resulted in
a decrease in drying time by up to 40 %.
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Introduction
This paper deals with a search for a way to decrease a fluidized bed drying time of particles in
batch mode. Drying is an extremely energy-demanding process, and so it is important – especially
now that energy prices are at high levels – to find
ways to achieve energy savings. Fluidized-bed drying is a drying process in which intensive heat and
mass transfer occurs between particles that are present in a fluid state, and the air flowing through the
bed. The drying method is very widely used in various branches of industry1,2.
However, when sticky particles are being dried,
there are problems with the formation of the fluidized bed. The surface tension of the liquid that covers the dried particles at the start of the drying
process produces strong stickiness between the particles, and between the particles and the walls of the
drying chamber. Instead of flowing uniformly
through the layer of wet particles, the drying air
flows in several channels. As a result, the drying
time is rather long and there is high energy consumption.
A solution may be found in drying with a fluidized bed layer that is stirred3–6,21–29, in which the particle clusters are continuously disintegrated and the
particles adhering to the walls of the drying chamber are swept off by the stirring process (see Table 1).
The aim of this work was to reduce the drying
time and improve the drying process of the regener*
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ated ion exchanger particles, i.e. to shorten the process and at the same time improve the homogeneity
of the moisture of the particles.

Dried material
The goal was to dry the very adhesive spherical
particles of an ion exchanger. Ion exchangers are
mostly synthetic high-molecular-weight organic
compounds, largely based on styrene, polyacrylate,
phenol formaldehyde resins, etc.7,8 The Marathon-A
cation exchanger, consisting of spherical particles
450–580 µm in diameter9, was selected as the model material. The maximum permitted temperature is
120 °C, in order to avoid thermal stress resulting in
structural degradation of the particles10. The dry
particles have density 1440 kg m–3.
The particles are very sticky, due to the surface
tension of the water that covers them (Fig. 1). The
initial moisture of the particles was about 65 – 68 %.
By centrifuging, it was possible to decrease the
moisture only down to 52 %, but a centrifuge is
rather expensive equipment.

Experimental dryer
An experimental dryer for fluidized-bed drying
with a stirred layer and various fluid chamber diameters was designed to evaluate the development of
the drying process of adhesive particles. The layout
of the experimental equipment is shown in Fig. 2.
Pressurized air at a known temperature and humidi-
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F i g . 1 – Wet particles of the ion exchanger before drying
Fig. 1 - Wet particles of the ion exchanger before drying

ty is fed in from the main air distribution line (Fig.
2, Item 1). The air flow is controlled by the pressure
control valve (Fig. 2, Item 2), and is measured using a rotameter (Fig. 2, Item 3). The drying air velocity was usually 2.1 m s–1, but it was tested in the
range from 1.9 to 2.5 m s–1. The velocity was sufficient for the proper process of fluidization, and the
drying air source and heater were able to prepare
the drying air with the necessary flow rate and temperature for dryers with the largest diameter. Downstream from the flowmeter, the air is heated by a
heating device with resistance wires, and the output
of the unit is controlled manually by changing the
voltage, using a transformer (Fig. 2, Item 4).
The temperature of the
heated air is measured
65
in the upstream of the fluid chamber, using a contact thermometer with accuracy of ±0.1 °C. We tested drying air temperatures from 100 to 130 °C. The
fluidized bed chamber (Fig. 2, Item 5) consists of a
duct made of a galvanized zinc sheet, which is thermally isolated. This main part is 1 m in length, and
then the diameter is expanded from 85 mm, 100
mm, 125 mm or 140 mm to 250 mm. A sensor for
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measuring the humidity of the drying air (accuracy
±0.1 %) and the temperature of the drying air (accuracy ±0.1 %) after passing the fluidized bed layer
was positioned at a constant height of 300 mm
above the fluidized-bed chamber grid. This sensor
is designed to determine the properties of the drying
air at the output (part C in Fig. 4). An adjustable-speed stirrer unit is positioned above the chamber (Fig. 3, Item 7).
A schematic drawing of the wire stirrer is shown
in Item 6 of Fig. 2, and its dimensions are indicated
in Fig. 3. Fluidized-bed chambers with four basic
diameters (Ddch = 85 mm, 100 mm, 125 mm, and
140 mm) were designed to enable the development
of the model drying process to be precisely monitored.
Firstly, it was necessary to develop an optimal
design of the stirrer. Classic stirrers with blades
were not efficient, as their mixing effect was insufficient (sticky content of wet particles rotated together with the stirrer like one piece). The main requirement for the proposed stirrer was that it should
be able to disrupt existing or forming clumps of
sticky dried ion exchanger particles, and to wipe
stuck particles off the wall of the dryer. The second
goal was to minimize the area of the adhesive layer
of sticky particles while minimizing the degradation
of the particles. There must be no negative influence of the stirrer in the first and second period of
the fluidized drying. The stirrer must not interfere
with the fluidized bed, must not prevent an ideal
contact between the particulate and the drying air,
and must not have an adverse effect on heat transfer
and mass transfer.
Further experiments were conducted with various sizes and shapes of the mesh of the mixer. We
tested the mesh with following holes: squares

Fig. 3 - Sketch of the wire stirrer

F i g . 2 – Sketch of the experimental dryer (A, B, C = drying
air states – see Fig.  4)

F i g . 3 – Sketch of the wire stirrer
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F i g . 4 – Drying air parameters in the h – X diagram of wet
air for the adiabatic drying process; A – B drying
air heating; B – C particle drying

Fig. 4 - Drying air parameters in the h – X diagram of wet air for the adiabatic drying
process A – B drying air heating; B – C particle drying
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F i g . 5 – Change in particle diameter during the drying process
Fig. 5 - Change in particle diameter during the drying process
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in the stirrer had no significant effect on the disintegration of the clusters. The optimum mesh size for
these particles was found to be h0 = 10x10 mm (see
Fig. 3).
On the basis of a series of experiments, it was
shown that the most suitable stirrer was that presented in Fig. 3. This stirrer is made of stainless
steel wire, having a diameter of 0.4 to 0.6 mm. It is
designed for a centric arrangement, and the ratio of
its diameter to the diameter of the fluidizing chamber dst/Ddch is 0.95 to 0.97. The height of the stirrer
hst is 2.8–5 times greater than the resting height of
the layer of material. We tested a wide range of stirrer speeds from 5 to 200 min–1. The expected optimal speed is approx. 50 min–1. As follows from Table 1, similar speeds were used by other authors. At
this speed, the peripheral speed of the blade tip is in
the range from 0.225 to 0.26 m s–1.

Results of the experiments
The height of the layer hlayer0 of wet dried particles in all the experiments was about 50 mm (see
Fig. 2). Preparation of the layer of the dried material was the same for both unmixed and mixed layers.
In the dryer, the wet particles were filled with the
needed amount. The load of wet particles depended
on the chamber diameter, and was about 0.35 kg for
diameter 85 mm, and 0.90 kg for diameter 140 mm.
At time 0, the drying air began to flow into the
dried material. For unmixed layer, there was no
mixer; for the mixed layer the mixer started to rotate at the same moment. Fig. 4 shows typical parameters of the drying air. The states of the fresh
drying air A, the air after heating B (inlet to the drying chamber), and at the outlet from the drying
chamber C, are also shown in Fig. 2.
Change in the diameter of the particles

F i g . 6 – Ion exchanger particles during and after drying

Fig. 6 - Photos of ion exchanger particles during and after drying
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2.5x2.5 mm, 10x10 mm and 25x25 mm, and rectangles 25x2.5 mm and 25x10 mm, in vertical or horizontal position. The experiments show clearly that,
for the small mesh size, the stirrer does not sufficiently disrupt clusters of wet particles, and the
cluster of the ion exchanger in the fluid-bed chamber dryer rotates simultaneously with the stirrer.
When the mesh size was large, large clusters of particles were disrupted regularly, but small clumps
were not. The orientation and the shape of the holes
25

Samples were taken from the dryer every 5
minutes to determine particle moisture, and their diameters were determined under microscope. Figs. 5
and 6 show examples of how the diameters of dried
particles changed during the drying process. Firstly,
the particles are covered with a thin layer of water,
which is separated during the 1st drying period (0 –
1). During this time, the diameter of the particles is
constant (see Fig. 7). During period (0 – 1), their
moisture decreases from approx. 65 – 68 % to about
45 %. When the free water is evaporated, the diameter starts to decrease from about 0.58 mm to about
0.46 mm. During period (1 – 2), their moisture decreases from about 45 % to approx. 12 – 15 %. In
further drying (2 – 3), and with a corresponding reduction in moisture, the diameter of the particle
does not change (see Fig. 7).
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assuming that the experimental results can be applied to devices operating in industry for drying of
these and similar particles.
Typical parameters of the drying process

F i g . 7 – Dependence of the change in particle diameter on
the relative moisture of the particles

Typical parameters of the drying process that
were measured in the course of numerous experiments are shown in Fig. 8. The figure shows that
there are typical changes in some important measured parameters during the three periods of drying.
In the first drying period (0 – 1), the particles
are very wet and sticky. For this reason, the drying
rate is low. When their moisture reaches about 45
%, the dried particles are no longer sticky, and they
fluidize with no problem. In this period (1 – 2), the
drying rate is high (their moisture decreases more
rapidly – see Figs. 8 and 10).
Determining the porosity of a layer

The initial conditions for the drying process of
particles of the regenerated ion exchanger were
identical for all tested sizes of the fluid drying
chambers. There was a constant drying air velocity

F i g . 9 – Fluid layer porosity e (–) vs. moisture content of the
particles Xp (kg water kg–1 DM)

F i g . 8 – Time dependence parameters of particles and drying
air throughout the drying process (point C – see
Figs. 2 and 4)

Fig. 7 compares the changes in diameter of the
particles depending on their relative moisture. These
changes were measured in experiments with columns of various diameters. Fig. 7 illustrates that the
diameter of the column has virtually no effect on
the dependency of the change in the diameter of a
particle on its moisture content during the drying
process. Based on this finding, we are justified in

F i g . 1 0 – Resulting drying curves for mixed and unmixed

fluid
beds (fluidized-bed
dryer
85 mm; 100
Fig.
10 - Resulting
drying curves for mixed
andchamber
unmixed fluiddiameters
beds
85 mm; 100
mm;=
125prescribed
mm, and 140 mm;
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140 diameters
mm); Dotted
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moisture
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Dotted of
linethe
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uA and temperature tA1 in all sizes of the tested columns. The Reynolds number was determined from
the known drying air velocity uA_B, according to the
equation
u A _ B · d p · rA
Re =
(1)
mA
where µA is dynamic viscosity and rA is the density
of the drying air. These values are determined according to11. dp is the mean value of the particle diameter in the studied period. The relationship between porosity e and drying air velocity uA_B, or
between porosity and the Reynolds number Re, is
expressed12 by an equation valid for fine particles:
Ar ⋅ e4.75
Re =
		(2)
18 + 0.6 Ar e4.75
The Archimedes criterion Ar is determined according to the equation13
d 3p ⋅ ( rSW − rA ) ⋅ rA ⋅ g
		(3)
Ar =
m2A
where g is the acceleration of gravity, rA is the density, and µA is the dynamic viscosity of the drying
air, determined according to14,15. The density of the
wet particles rSW for the given drying period (0 – 1,
1 – 2 or 2 – 3) is determined using the equation
 m 
rSW rS ⋅ 1 + W 
=
		(4)
 mS 
where rS represents the density of the dried material, ms is the mass of the dry matter of the measured
sample, and mw is the mass of the liquid component
of the corresponding moisture of the measured material at a given point in the studied process.
Determining the drying rate

The drying rate is thus determined for the given
interval according to the equation16,17

m DX
		(5)
− S⋅ W =
NW
AS Dt
where DXW is the difference in material moisture
content between the initial point and the final point
of the studied interval, and Dt represents the drying
time in the given period. The total surface of all
particles in the layer was determined according to
the formula
(6)
AS = VP as ,
where the total particles volume VP is calculated
from the formula
m
		(7)
Vp = S
rSW

7

where ms is the mass of the dry matter of the measured sample, and rsw is the density of the wet particles for the given drying period (0 – 1, 1 – 2 or 2
– 3). The specific surface area of particles layer as is
determined according to the formula valid for monodisperse systems of spherical particles18
6 ⋅ (1 − e )
		(8)
aS =
dp
where e is the porosity in the studied period. The
dependence of the porosity for these three investigated periods of drying is shown in Fig. 9.
Comparison of results for drying
wet sticky particles with a mixed layer
and an unmixed layer

Fig. 10 compares the results of experiments for
drying chamber diameters of 85 mm, 100 mm, 125
mm, and 140 mm for a mixed layer and an unmixed
layer.
It follows from the data that the effect of layer
mixing does not depend on the diameter of the drying chamber. The effect of layer mixing is very high
in the period 0 – 1. The drying rate is much higher,
and therefore the drying time is shortened to 25 %.
In the period 1 – 2 (the region of particle fluidization), the mixing effect is very low. This is due to
the high turbulence in the fluidized bed, which is
practically unaffected by the stirring.
A comparison of these curves shows clearly
that there is a positive effect of the stirrer on the
adhesive layer, and there is a significant decrease in
the drying time. Simultaneously, the stirrer causes
the particles to move in a fluid state at about 50–55
% relative moisture, instead of the original value of
45 % relative moisture. The required final relative
moisture, depending on the drying air parameters,
was usually about 3 %. The moisture was set from
a technological point of view. During some experiments, we reached the final relative moisture of less
than 1 %.
The existence of the stirrer has a positive effect
on the first period of fluid drying (0 – 1), because it
shifts wet particles adhering to the walls back into
the fluidized bed, where the transfer phenomena are
intensive. The adhesive layer of particles is disturbed, causing a more uniform flow of drying air
through the layer. The result is a substantial reduction in drying time in the entire drying period. Similar experiments were also conducted at various
drying air temperatures. The results were as estimated, i.e., the higher the temperature the shorter
the drying time, but problems with the layer stickiness were the same. Table 1 presents important parameters of other authors’ experiments with mixed
fluidized-bed driers. Stirrers used by cited authors
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experimental results of Gupta, Todos19 and Wilke,
Hougen20. Each point represents the mean value
from a number of measurements. It follows from
the comparison that the Sherwood numbers specified according to our experiments are similar to
those mentioned here. However, these experiments13,19,20 were performed under different conditions from ours (drying air velocity, temperature,
dried particles).
The criteria equation derived from our experiments, valid for the mixed layer, is
Fig. 11 - Comparison of our results with the experimental results of other authors17,19,20

F i g . 1 1 – Comparison of our results with the experimental
results of other authors

b⋅dp
		
(9)
=
Sh
= 1.01 ⋅ Re0,60 ⋅ Sc1/3 ,
Da ,b

where Sh is the Sherwood number and Sc = n/Da,b
is
the Schmidt number. This criteria equation gives
Pavel Hoffman: Effect of fluidized bed stirring on drying process of adhesive particles
had blades but our stirrer had a quite different deresults similar to those for criteria equations13,19,20
Hoffman
Pavel
Hoffman: Effect of fluidized bed stirring on drying process of adhesive particles
sign.
(see Table 2). Although we derived it under quite
different conditions (dried material and especially
It follows from our experiments and their results
different stirrer shape), our relation (9) can also be
30
that, e.g., for the drying
air temperature of 120 °C, the
used in practice for designing similar dryers.
drying rate30 in the first period (0 – 1) of the porous
stationary layer was 8.58·10–5 kg m–2 s–1 ± 5 %, and
after the stirrer had been introduced, the drying rate
Conclusion
increased to 2.81·10–4 kg m–2 s–1 ± 16 %, which represents an increase of 30
220 %. In this period, no fluIt has been demonstrated that, for such sticky
idization was observed as the particles were very
material, the stirrer made from a wire mesh is better
sticky. In point 1, the particles were not sticky and
than a stirrer with blades.
began to fluidize.
It has been demonstrated that our designed stirIn the second (1 – 2) and third period (2 – 3) of
rer
had
a positive effect on the wet and sticky layer
fluidized-bed drying (the character of the layer in
of
dried
particles during the first period (0 – 1) of
these 2 periods was bubbling bed), the stirrer did
the
drying
process in the fluidized-bed layer. The
not disturb the fluidized bed layer that had formed.
stirrer regularly disturbed the stationary sticky less
It intensified the process to some extent, and the adhered wet particles were swept off the walls of the
porous layer that had formed, and thus intensified
drying chamber into the fluidized bed. This resulted
the rate of the heat and mass transfer. The total dryin a small increase in the drying rate in the second
ing time to reach the required moisture content of
period of fluidized-bed drying, from 2.29·10–4
the material was found to be 100 minutes, which
kg m–2 s–1 ± 12 % to 2.84·10–4 kg m–2 s–1 ± 17 %, i.e.,
corresponds to a 63 % shorter drying time than for
it corresponds to an increase of 17 %.
the case with no stirrer. The effect of the stirrer in
the second (1 – 2) and third (2 – 3) periods, (for the
Fig. 11 compares the criteria equation determined from the results of our experiments with the
bubbling bed) was found to be negligible.
Fig. 11 - Comparison of our results with the experimental results of other authors17,19,20
Pavel Hoffman: Effect of fluidized bed stirring on drying process of adhesive16,17,19
particles

Fig. 11 - Comparison of our results with the
experimental results of other authors17,19,20
1
1
Comp

l

Ta b l e 2 – Equations describing heat and mass transfer in mixed fluidized bed dryer
Source

Equation

Gupta, Thodos, AICHE Journal 8 (1962)

Sh = Re ∙ Sc ∙ (0.01 + 0.86/(Re0.58 – 0.483))

Wilke, Hougen, New York, Trans. Am. Chem. Eng. 194520

Sh = 1.82 ∙ Re0.49 ∙ Sc1/3

Wang, Chen, Chemical Engineering Science 55 (2000)13

Sh = 0.989 ∙ Re0.59 ∙ Sc1/3

Reyes et al., Drying Technology 19 (2001)21

For n = 0     Nu = 0.2 – 1.7
For n = 90 – 120      Nu = 1.0 – 3.0

Reyes et al., Drying Technology 22 (2004)24

Nu = 0.03 ∙ Re1.56
Nu = const ∙ Re(0.5 – 0.8)

19

Average value from our experiments
(for all tested diameters of chambers were these ranges:
For constant: 0.98 – 1.04; for exponent: 0.58 – 0.62)

1/3

Sh = 1.01 ∙ Re0.60 ∙ Sc1/3
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List of symbols

as
As
d
dst
Ddch
Da,b
g
h
h0
m
n
Nw
p
p''

–
–
–
–
–
–
–
–
–
–
–
–
–
–

R
S
t
T
u
V
.
V
X
b
e
j

–
–
–
–
–
–
–
–
–
–
–

m
n
r
t

–
–
–

Specific surface of particles
Total surface of particles
Diameter
Stirrer diameter
Drying chamber diameter
Diffusivity
Acceleration of gravity
Height
Mesh size
Mass
Amount of substance
Drying rate
Pressure
Pressure of saturated water
vapours
Universal gas constant
Cross-section
Temperature
Thermodynamic temperature
Velocity
Total particle volume
Volumetric flow rate
Absolute humidity (moisture)
Coefficient of mass transfer
Porosity
Relative humidity
(moisture)     
Dynamic viscosity
Kinematic viscosity
Density

– Drying time

m–1
m2
m
m
m
m2 s–1
m s–2
m
m
kg
mol
kg m–2 s–1
Pa
Pa
J K–1 mol–1
m2
°C
K
m s–1
m3
m3 s–1
kgW kgDM–1
m s–1
–
% RH (RM);
kgW kg–1
Pa s
m2 s–1
kg m–3
s

Criteria numbers

Ar
Nu
Re
Sc
Sh

–
–
–
–
–

Archimedes number,
Nusselt number,
Reynolds number,
Schmidt number,
Sherwood number,

Subscripts and superscripts:

A
A_B
layer
W
SW
S
P

–
–
–
–
–
–
–

Air
Air at state B
layer of particles
Water (humidity, moisture)
Wet material
Dry matter
Particle

–
–
–
–
–

st
K
0
1

–
–
–
–

2

–

A
B
C

–
–
–

WALL

– Wall

9

Stirrer
Column
Initial point
Transition point between the period of the
porous layer and the first period of fluidized-bed drying
Transition point between the first and the
second period of fluidized-bed drying
Zone of cold air
Zone of heated air
Zone of chilled wet air
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