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Abstract: Fluidized bed dryer has been widely used in chemical, food, ceramic, pharmaceutical,
agriculture, polymer, and waste management industries. The fluidized drying process is a
chemical or physical process affected by many factors such as fluidized velocity, particle size,
and system structure. Analyzing solid particle behavior during fluidization, heat and mass transfer
phenomena is essential for understanding and applying this technique. This work reviews the
classification of the fluidized bed dryer and mathematical models of different systems, state of
the art about modeling and simulation of the particle to predict the process and evolute the
performance of different systems. As a result of this review, some traditional system structures
and new hybrid systems are summarized; Zero-dimensional, one-dimensional, and CFD
mathematical models are listed, which is crucial for a better understanding of fluidized bed dryers
and the development of applications.

Keywords: fluidized bed; mathematical modeling; numerical simulation; drying; food industry;
heat and mass transfer; particle processing

or liquid flows through the void spaces between stationary
1. Fluidized bed particles in a fixed bed. As the flow rate increases, the
particles become suspended by the flowing gas or liquid,
when the frictional force between particle and fluid equals
the weight of the particles, the bed is considered to be in a
state of minimum fluidization, shown in Figure 1 (b). Once
the flow velocity increases above the minimum
fluidization velocity, a smooth, progressive expansion
occurs in the fluidized bed in a liquid-solid system, defined
as smooth fluidization, as depicted in Figure 1 (c). In
contrast, large instabilities with bubbling and gas

1.1. The Phenomenon of Fluidization

Fluidization is a process in which solid particles are
transformed from a solid-like state into a fluid-like state,
which occurs when a fluid (liquid or gas) is passed up
through a bed of granular material . When the gas or
liquid flow is introduced into the inlet of the bed of the
particles, it passes through the empty spaces between
particles. As shown in Figure 1, at low flow rates, inlet gas
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channeling are observed in the gas-liquid system. At these
higher flow rates, the movement of solids becomes more
vigorous called bubbling fluidization, as shown in Figure
1 (d). Under such bubbling fluidization conditions, if the
bed is deep enough and the diameter is small, the fine
particles flow smoothly down by the wall around the rising
gas void, called axial slugs (see Figure 1 (€)). On the other
hand, the coarse particles rain down from the slug and
eventually disintegrate while another slug forms at the
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same time, which is known as flat slugs, shown in Figure
1 (f). Once the flow velocity becomes sufficiently high, the
upper surface of the bed disappears with the terminal
velocity. Instead of the bubbles, a turbulent motion can be
observed in the fluidized bed, see Figure 1 (g) called
turbulent fluidization. With the further increase in the gas
velocity, solid particles are carried out of the bed by the
gas, this state is called lean phase fluidization, see Figure
1 (h).
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Fig. 1: Different forms of fluidization
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and density between 1.4 and 4 g/cm3. Which is

suitable for high gas flow rates with vigorous
bubbles.

3. Group C: These particles are difficult to flow with
atiny size (d <30 um).

4. Group D: Fluidization of this Group particles (d >
500 um) is difficult, usually observable, or large
and/or dense particles.

T key
H Group C properties

Fluidization can be significantly affected by the
characteristics of particles. The Geldart ? classification of
particles shown below is commonly used in many pieces
of research (Figure 2).
1. Group A: Small particles with a size between 30
to 150 um and low density (lower than 1.4
g/cm?). These solids fluidize easily, with smooth
fluidization at low gas rates.
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Fig. 2: The Geldart classification of particles 2

1.3. Solid particles size in the literature and research, different solid particles
usually need to choose a specific flow mode. The
following Table 1 summarizes the learning of some
different solid particles.

In the previous part, it was introduced that the
characteristics of solid particles have a significant impact
on the flow phenomenon of the fluidized bed. Therefore,

Table 1: Summary of different solid particles of Fluidized bed drying

Study Solid par_ticles size Bed type Ref.
material

Temple et al. 2000 Tea 0.8 mm Horizontal continuous plug flow mode
with 3 different temperature and 3)
pressure zones

Kaleta et al. 2013 Apple cubes 10 mm Vertical cylinder with a diameter of 5
0.12 m and height of 1.80 m

Silva et al. 2012 Soybean 6 - 20 Mesh Vertical acrylic tube with a diameter 5

(3.36 — 0.841 mm) of 0.089 m and height of 0.7 m

Bizmark et al. 2010 Paddy d>0.5mm Horizontal type with 0.3 m length and 6
0.05 m width

Barathiraja et al. 2021  Turkey berry 12.8 mm Vertical stainless-steel cone with a 7
diameter of 0.15 m and height of 0.9 m

Ziaforoughi et al. Potato slices 3,5and 7 mm PV-solar collector-assisted intermittent ¢

2016 infrared dryer

Nazghelichi et al. Carrot cubes 4,7 and 10 mm Vertical Plexiglas cylinder with a 9

2010 diameter of 0.15 m and height of 0.3 m

Tatemoto et al. 2016 Carrot cubes, Carrot: 20 mm Vertical glass tube with an inner

glass beads glass beads: 0.106 — diameter of 0.065 m and reduced 10)
0.125 mm pressure
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2. Fluidized bed drying

Fluidized bed has been applied to several fields, such as
catalytic cracking 'V, gasifiers @ and combustors 9,
chemical production and processing 4 9, coating 19,
granulation 17, and drying'®. Among those applications,
fluidized bed dryer (FBD) has been widely used in

industries such as chemical ', food 2%, ceramic 2,
pharmaceutical %2, agriculture 2, polymer 29, and waste
management industries 2. Fluidized beds have been
proven to be successful in commercial applications 29 27),
Table 2 compares the characteristics of fluidized bed dryer
with those of traditional drying methods.

Table 2: Characteristics of fluidized bed dryer

Advantages

Limitations

High drying rates due to the high heat and mass
transfer rates and smaller flow area.

High power consumption.

Higher thermal efficiency, especially if the heat source
was supplied by internal heat exchanger.

Waste heat from exhaust gas has not been utilized.

Lower capital and maintenance costs.

Low flexibility and potential of fluidization if the particles are too wet.

2.1. Classification of Fluidized Bed Dryer

The simplest and most common fluidized bed dryer is a
circular cross-section vessel, in which particles can be
dried in either batch mode or continuously. The
classification scheme of FBD available commercially was
summarized in Figure 3. For a typical fluidized bed dryer,
the most common operating pressure is near atmospheric,
and the particulate flow regime can be divided into: 2

a. Batch
Batch fluidized bed dryers are used for low throughput
(normally < 50 kg /h and suitable for < 1000 kg/h), and
multiproduct applications. Drying air is heated directly or
indirectly, usually to a fixed temperature. The drying gas
flow rate is also usually fixed.

b.  Well-mixed
In this type of dryer, the bed temperature is uniform and is
equal to the product and exhaust gas temperatures.
However, due to inherent product residence time
distribution, the product moisture content will span the
range from inlet moisture content to a lower value.

c. Plug-flow

In plug-flow fluidized bed dryers, the bed usually has a
length-to-width ratio in the range 5: 1 to 30: 1; the solids
flow continuously as a plug through the channel from the
inlet to the exit. This ensures approximately equal
residence time for all particles, regardless of size.

The thermal behavior of batch and continuous FBD differs
significantly. In batch systems, heating occurs
intermittently due to the need for loading and unloading
materials, typically involving heating, holding, and
cooling stages. Frequent start-ups and idle periods result in
higher specific energy consumption. However, the system
is relatively simple, allowing for more precise thermal
control and more uniform heat distribution across the
product. In contrast, continuous FBD operates with steady
feeding and heating, minimizing idle time and reducing
energy consumption per unit of product. Nevertheless, the
system is more complex due to continuous material flow
and potential back-mixing. Uneven residence times can

also lead to non-uniform heating, potentially
compromising product quality.
Continuous heat
input
Variable heat
input
adiabatic
Well-mixed
(residence time - :
distribution) _Nonadlabatlc
(immersed heat

| Batch (well-
mixed)
Fluidized bed
dryer (FBD)
{  Continuous

exchange surfaces)

Plug-flow adiabatic
(nearly constant ——
RT) Nonadiabatic

(immersed heat
exchange surfaces)

Fig. 3: A classification scheme of FBD
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2.2. System design of Fluidized Bed Dryer

2.2.1. Typical design of fluidized bed dryer

The design of conventional fluidized bed dryers is
illustrated in Figure 4, (a) shows the typical single-bed
dryer that is widely used in factories and laboratories for
drying inorganic materials, such as dolomite or blast
furnace slag. In this type of FBD, a significant fraction of
the solids bypass and stays only a short time in the vessel.
Figure 4. (b) provide an alternative for particles which
require nearly equal drying times. Multi-stage dryer
considerably narrows solid particle's residence time
distribution and eliminates bypassing. Researchers have
developed various mathematical models and carried out
experiments to optimize the FBD drying process. Khanali
et al. ® developed a new mathematical model for
predicting the plug-flow fluidized bed drying process
under dynamic condition based on the previous steady-
state model. Chen et al. 3% carried out several experiments
and determined the residence time distribution in a
continuously-operated horizontal fluidized bed. Khanali et
al. %Y used a plug-flow horizontal FBD to dry shelled corn
under steady-state condition by varying solid mass flow
rate, drying air temperature, and weir height. Soltani et al.
%2) developed an extensive experimental data set for the
drying of yeast and claimed that the model could be
broadly used for both laboratory and commercial scales.
Sozzi et al. ) applied a particular working condition for
blackberry in a vertical bubbling FBD and achieved a
drying time reduction of about 12-30 min in comparison
with conventional devices. Wang et al. 3 built a prototype
horizontal pulsed fluidized bed for continuous biomass
torrefaction and developed a modified axial dispersion
model. Table 3 summarizes the typica design of FBDs.

o

250 mm

G670 mm

Height of bed
430 mm

=1 01} um -

Inlet air heatar

@)

product inlet

gas outlet

T

internal baffle
s

le.| outlet weir

.
i) 1] 1)
gas inlet
(b)
Fig. 4: Typical design of FBD: (a) schematic of the
vertical fluidized bed dryer. 32; (b) schematic of the
horizontal fluidized bed dryer 30

o0

product outlet

Table 3: Summary of typical FBD design

Drying

Study material System design Features Ref.
Khanali et al. Rough rice horizontal Differential control volume method to plug-flow model for
2014 direction bed, dynamic condition with mean relative error 2.1% compared 29
plug-flow to experiment solid moisture content.
Chen et al. 2017 y —Al,03 horizontal The model can only simulate particle moisture content
particle direction bed distribution at the outlet due to current model uses given 30)
apparatus experimental data for RTDs.
Khanali et al. Shelled corn horizontal The solid moisture content decreased by increasing inlet gas
2018 direction bed, temperature and weir height, whereas it increased by 31
plug-flow increasing the inlet dry solid mass flow rate.
Soltani et al. 2020  Yeast Vertical direction  Model for biological materials developed in this study can
bed be broadly applied for both laboratory and commercial 32)
scales.
Sozzi et al. 2021 Blackberry vertical direction  Drying time reduction about 12-30 min in comparison with
wastes bed, bubbling conventional devices. 33
fluidized
Wang et al. 2022  Sawdust horizontal pulsed A modified axial dispersion model was developed. a)

bed
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2.2.2. Novel design of fluidized bed dryer

The design and operation of a fluidized bed dryer can
significantly affect the performance and efficiency.
Several novel designs and methods have been developed
to improve the performance and reduce energy
consumption. Solar-assisted FBD systems %), heat pump-
assisted FBD systems 3%, and microwave-assisted FBD
systems ") are some of the recent developments.
Solar-assisted FBD systems utilized the solar energy to dry
the products by heating up the inlet air, which can achieve
the required dried capacity in some areas that do not
provide sufficient sunlight. Mehran et al. 3® discussed two
working conditions: natural gas drying and solar assisted
drying. The result showed that solar-assisted systems have
great potential to reduce energy consumption. Majumder
et al. 3 investigated a novel solar assisted FBD system
integrated with a dehumidifier. A solar absorber was used
to regenerate the desiccant. Half an hour of the drying time
can be shortened by applying the dehumidification unit.
Girel et al. *9 proposed a solar assisted FBD which uses
flat plates and zigzag plates as the solar collector. This
study discussed hybrid FBD system performance under a
different solar collector structure.

The heat pump assisted fluidized bed dryer system uses the
thermal energy obtained from the condenser to dry the
product in the fluidized bed as the vapor compression or
adsorption heat pump can be operated by renewable energy

or waste heat, which can provide higher thermal efficiency.
In recent years, several heat pump-assisted FBD systems
have been proposed. Ceylan et al. Y invented a FBD
system that can switch to different working mode (solar
based, heat pump based, and parabolic-trough based),
system performance under different working mode had
been tested by simulation and experimentally. Yahya et al.
42) use the solar collector and biomass furnace to provide
heat resource and help the FBD system achieve the thermal
efficiency range of 8.4% to 25.6%. Another study *
modified the previous system by adding a multi-stage heat
exchanger in order to utilize the waste heat from biomass
furnace. In this study, with and without heat recovery
condition have been discussed, and the result showed that
thermal energy savings of 46.7% can be achieved by
applying the heat recovery unit.

Microwave-assisted FBD systems combine microwave
heating with conventional drying to achieve fast drying
and improve thermodynamic efficiency. Microwave-
assisted FBD systems have been learned by some
researchers: Ranjbaran et al. 4 proved that microwave
power could enhance the thermodynamic efficiency of
fluidized bed dryers by a validated mathematical model.
Nanvakenari et al. * investigate the effect of infrared and
microwave power, air velocity, and temperature on the
specific energy consumption, the moisture removal rate,
and the product’s quality in a hybrid dryer. The summary
of the novel design of FBD is given in Table 4.

Table 4: Summary of novel FBD design

Study n?;til::gl System design Features Ref.

Mehran et al. 2019 Paddy Solar assisted, 2 working condition have been discussed: natural gas
vertical direction drying and solar assisted drying. The result showed the 38)
bed potential of energy saving in the solar-assisted FBD.

Majumder et al. Ginger Solar assisted, Compared to continuous drying, intermittent drying

2022 integrated with reduced the active drying time (2-2.5 hrs.) and specific
liquid desiccant energy consumption (33.47-43.83 %) and fortified the 39)
dehumidifier. dried ginger by reducing shrinkage (11-12 %) and

increasing the Rehydration capacity (up to 22.15 %).

Gurel et al. 2022 Mint leaves Solar assisted, The overall efficiency of the system was found to be 64%.
vertical direction 40)
bed

Ceylan et al. 2016 Mint leaves Solar and heat Mixed-mode drying system. Switch between solar assisted
pump assisted, mode, heat pump assisted mode and parabolic-trough mode. a1)
vertical direction
bed

Yahya et al. 2018 Rice Solar, heat pump The dryer decreased the moisture content of rice from
and biomass 32.85% (dry basis) to 16.29% (dry basis) in 22.95 min, with  ,,
furnace assisted, a mass flow rate of 0.1037 kg/s at an average temperature 46)‘
vertical direction of 80.9 °C and average relative humidity of 8.14%.
bed, in Figure 5.

Yahya et al. 2022 Paddy Solar, heat pump Improve the system by using a multi-stage heat exchanger.
and biomass The system reduced the paddy moisture content from
furnace assisted, 28.52% dry basis to 16.28% with a mass flow rate of 43)
horizontal 0.10328 kg/s in 23.68 min, at average temperatures of

direction bed

70.3 °C.
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Ranjbaran et al. Soybean Hybrid infrared- Higher levels of air temperature led to a higher drying
2013 microwave efficiency and decrease the exergy destruction ratio for the 44
assisted. microwave-assisted FBD.
Nanvakenari et al. Paddy Hybrid infrared- The experiments proved that the new hybrid system
2022 microwave significantly increased the moisture removal rate (from 100
assisted. to 700%), head rice yield (from 5 to 40 %) and decreased 45)
the specific energy consumption (from 10 to 80%)
compared to the single fluidized bed dryer.
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Fig. 5: Schematic of solar assisted heat pump FBD system 42

2.3. Vibration fluidized bed dryer

The vibratory fluidized bed, due to its large drying capacity,
low minimum fluidization velocity, and ability to operate
continuously, is widely utilized in industrial-scale
fluidized beds. Therefore, it merits a separate discussion in
an additional section #7. To enhance fluidization, various
technologies were investigated, including pulsed air flow,
mechanical vibration, and magnetic field or combinations
of these technologies. The widely used technology on the
industrial scale is the vibration of the fluidized bed. In a
vibrating fluidized bed, the influence of vibration is
typically quantified by the dimensionless vibration
intensity A, which is also known as vibration strength or
vibration number. The acceleration caused by vibration is
determined using the frequency f and the amplitude Af
of vibration. Several experiments were conducted to
investigate the drying process and system performance of

the vibrating fluidized bed. Ma et al. *® mixed the dry
matter and inert particles together and learned the
fluidization characteristic experimentally. The results
showed that the increase in vibration intensity leads to a
rise in the drying rate of vinegar residue. Lehmann et al.
applied the Reaction Engineering Approach (REA) to
describe the drying kinetics with the assistance of
experimental data. A pilot plant scale experimental setup
was built by the same team 5%, several conditions were
carried, and the influence of parameters, including gas
velocity, vibration intensity, and powder moisture content,
on the fluidization characteristics of whole milk powder is
studied. Meili et al. >Dtested the glass beads in a fixed bed
and claimed that the fluid dynamic behavior of the bed is
very dependent on the combinations of the amplitude and
the frequency for the same vibration intensity. The
summary of vibration fluidized bed dryer is listed in Table
5.
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Table 5: Summary of vibration fluidized bed dryer

Fluidized bed

Stud .
y characteristic

Drying material

Study features Ref.

Ma et al. 2022 vinegar residue -

Experiment only, binary mixture included vinegar

residue and inert particle (plastic particles) was putted

into the bed in order to improve the fluidization. Results

show that the increase of vibration intensity leads to an 48)
increase of the drying rate of vinegar residue. The

addition of inert particles decreases the voidage of the

bed.
Lehmann et al. y — Al,04 Batch bed. Reaction Engineering Approach (REA) was used to
2020 particle; describe the drying kinetics with the material specific 29)

microcrystalline
cellulose particle.

curve. Porous particles of Geldart groups A, B and D
were experimentally tested.

Bubble fluidized
bed.

Lehmann et al.
2019

Milk powder;
glass beads.

A series of pilot plant scale experiments were carried, no
mathematical model was mentioned. The influence of

parameters including gas velocity, vibration intensity and 59
powder moisture content, on the fluidization
characteristics of whole milk powder is studied.

Meili et al. 2012 Glass beads Fixed bed

The results showed that the fluid dynamic behavior of

the bed is very dependent on the combinations of the 51)
amplitude and the frequency for the same vibration
intensity.

3. Theoretical models of FBD properties

3.1. Diffusion coefficient

In the longitudinal flow fluidized bed, the flow of particles
was assumed as plug flow in many cases®?, %9, 59, The
diffusion occurs due to the moisture content differences of
particles along the flow direction. Notice that the gas
diffusion along the vertical path was neglected since the

_1.49[0.01(H — 0.05) + 0.00165p, (u,, —

bed was very shallow. Nilsson et al. 5 investigated the
diffusion coefficient of particles via an experiment of sand
particles and apatite granules, finding that the coefficient
was affected by bed height, gas velocity, particle velocity,
and particle size. Meanwhile, their experiment revealed
that vibration did not significantly affect the diffusion
coefficient.

umf)]ug 0.23 "

m 1/3
Ut

Where H was the bed height, p was the density, and u was
the velocity. p, g, and mf denoted the particle, gas, and
minimum fluidization. For those bed heights lower than

371 x107*(up — Upyy)

m 1/3
U

While for conventional FBD systems with vertical
installation, well-mixed particles were laid on the
distributor without any horizontal movement. Only the

0.1 m, Eq. (1) was simplified by Mujumdar 5, where only
particle velocity was considered.

0]

diffusion between vapor and air along the vertical direction
was calculated %9, 4957 In these cases, the diffusion
coefficient was usually a function of temperature only 457
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3
T. \2

D,=26x10"5" <—”>
ref

Where T was the temperature and ref denoted the reference
point. Lehmann et al. recommended using Eq. (4), with the

2252 [Ty M

9
Dy P (273)

In biomass drying cases, the moisture transfer was
described by effective diffusivity based on experimental

E,
De = Do exP<_RGT)

Where D, was the diffusion coefficient at infinite
temperature, E, was the activation energy of diffusion,
and R; was the gas constant. According to frozen
material drying, sublimation within the material influences

D, = ¢

|1 (1= (/M) (B/P) | 1

D,

Where M was the molar mass, ¢ was the porosity, and
Kn was the Knudsen coefficient. w and a denoted the
water and the air.

3.2. Minimum Fluidization Velocity
Minimum fluidization velocity is the velocity of fluidized

_ df;pg (Pp - Pg)g

T

Ar

where dp was particle diameter based on screen analysis,
and it was more convenient to use intermediate particle
diameter to determine the particle size. u was the

®)

influence of pressure 9, 58

(4)

data, and the diffusion coefficient was correlated via
Arrhenius equation 59 €0,

®)

the drying characteristics. Ichise and Tatemoto suggested
that the diffusion coefficient should be modified, including
the extra effect of Knudsen diffusion and tortuosity 9.

-1

(6)
Kn

gas that made the whole bed suspend. The estimation was
related to a dimensionless particle called Archimedes
number, which is defined as the ratio of gravitational
forces to viscous forces 3959, 6263) 1),

U]

dynamic viscosity. In minimum fluidization velocity
calculation, Kunii and Levenspiel correlation was widely
applied in FBD systems .

Cite: H. Chen et a., "Mathematical Modeling of Fluidized Bed Drying System: Review and
State of the Art". Evergreen, 12 (02) 1336-1368 (2025). https.//doi.org/10.5109/7363513.

- 1344 -



EVERGREEN - Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 12, Issue 02, pp. 1336-1368, June, 2025

175, 150(1 —&pyf)

Repms+——5—5Repy = Ar ®)

‘grs;z,f bs Srilf ®e

where ¢, was called the sphericity of particle, which
defined as the ratio of the surface of sphere to the surface
of the particle. And the minimum fluidization velocity was

dplUmsPyg

Remf = 0
g

For engineering calculation, based on Eg. (8), more
simplified empirical equations were adapted in minimum
fluidization velocity calculation %, %3 Richardson

obtained from the minimum fluidization Reynolds
number:

©9)

correlation was described for spherical particles under
automorphic pressure as 6%:

1
Reps = [25.7% 4+ 0.0365Ar]z — 25.7 (10)

Paudel and Feng analyzed forty-five experiment data of
inert particles: sand, alumina, and glass beads and
generated a new empirical correlation . They also

Re,,r = [30.28% + 0.1084r]Y/2 — 30.28
mf

In some special cases, the minimum fluidization velocity
did not rely on Archimedes number. For vast particles,

_d3(pp —Pg)g EmsdE

tms = T 500,

For tiny particles, where the Rey¢ < 20, the minimum

Ul . = dp(pp — Pg)g &3 b
mf 1.75p, "™7F

Kusakabe et al. modified the minimum fluidization
velocity for reduced pressure FBD system depending on

1_€mf

indicate that the shape of the particle effect was less
significant in the correlation.

(1)

where the Repy > 1000, the minimum fluidization
velocity was defined as V:

(12)

fluidization velocity was simplified as »:

(13)

the pressure difference between the top and bottom of the
fluidized bed 9, &4,
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Piop + P, 32K
top bottom (1 + n) (14)

UmiPiop = U
mfltop mf 2 3

where P was the pressure, and Kn was Knudsen coefficient, 3.3. Mass transfer coefficient

the same variable in Eq. (6). . .
a- () The mass transfer coefficient of vapor in the FBD system

was derived by the Sherwood number, obtained from the relation of Reynolds number and Schmidt number %4969,

Sh = kdy (15)
D
11
Sh=2+ 0.6Re,2 Sc3 (16)
where Sc was the Schmidt number and was calculated as:
Hg
Sc=—= 17
pgD (17)

Gunn’s relation of Sherwood number contained the effect especially involved bubble phase 7, 9.
of void fraction, which was well applied in CFD simulation,

1 1
Sh=7—10¢g5 + 5¢5 + 0.7Re)?Sc3 + (1.33 — 2.4¢, + 1.2¢2 )Rep”Sc3 (18)

For cylindrical particles within the Reynolds number up to correlation®?, 9
1000, the Sherwood number could be calculated by Clift

Sh_ O68<1+—1 )R 046 19
=0. e’
Sct/s ReSc (9)
Lehmann et al. indicated that in the bubble phase FDB both laminar and turbulence items 49,

system, the Sherwood number was supposed to contain

Shiam = 0.664 - V/Sc\/Re;

(20)

0.037 - Red® - Sc
1+ 2.443 - Re; %1 - (Sc2/3 - 1)

Shyrp = 1)

Notice that the Ret was the Reynolds number of a single particle with terminal velocity.
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1
Rey=18| [1+5VAr|-1

The total Sherwood number was calculated as follows:

Shtotal =2+ "Shlzam + Shtzurb

Ichise and Tatemoto investigated spherical frozen material
drying at a low temperature under reduced pressure 59, The
temperature was lower than the melt temperature. Thus,

9.81RGTp)1/2

kist = 0( 2nM,,

where ¢ was an unknown accommodation coefficient,
determined by experiment only. The external mass transfer

2/3

k= o (Pr)
esl — hv Sc

where a; was the heat transfer coefficient at the
material’s surface, and h, was the latent heat. The Prandtl

Cp glig

kg

Pr =

where C, was the specific heat capacity.

3.4. Convective Heat transfer coefficient

Heat transfer in the FBD system was divided into three
parts, conduction, convection, and radiation 5. However,
only conductive and convective heat transfer had an

where a was the heat transfer coefficient, and A was the

(22)

(23)

the drying process was sublimation only. The sublimation
process was separated into internal and external 627, k;
was the rate coefficient of internal sublimation.

(24)

coefficient of sublimation was related to the Prandtl
number and Schmidt number:

(25)

number was

(26)

outstanding contribution. Hear transfer coefficient of gas
to particle was estimated by Nusselt number 58), 28), 69,

@7)

thermal conductivity. The Nusselt number was generated
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by Yang’s correlations 29:

Nu = 0.0282Rej*Pr;,*3%, 0.1 < Re, <50

Nu = 1.01 Re,***Pr,%%3, 50 < Re, <1 x 10*

Similar to Eq. (18), Gunn’s relation of Nusselt number
contained the effect of the porosity was approximated as

1
Nu =7 — 10g, + 5¢2 + 0.7Rep?Pr3 + (1.33 — 2.4¢, + 1.2¢2)Re)’ Pr

The conductive heat transfer coefficient depended on the
particle itself. The convective heat transfer is differed from

1 1

L 1
+ wall +

Toverall Awp  Awall  @loss

3.5. Drying rate

The drying rate is an essential factor in the mass transfer
equations. In many pieces of research, the drying was an
evaporation process driven by the humidity difference of
the gas phase®? ™). The unit was separated toward the

R = kpg(Ys — Your)a

where s and out denoted the particle surface and gas outlet.
k was the mass transfer coefficient. Y was the absolute
humidity, a was the specific surface area of the particle

4(1-r((Xo - X)/XO))2

a =
ppdpo(l - 5)

where X was the moisture content of the particle. x was
the particle shrinkage coefficient. The value was 0.3 for the
case of yeast. Toward inorganic particles, such as sand, the

(28)

(29)

follows 57, 69

1
3 (30)

wall to bed, convective heat transfer from fluidized phase
to particles, and heat loss ), ), 70);

(1)

computing method, such as the mass of vapor per second
per particle weight ([kg-water kg-dry particle-1 s-1]),
particle volume ([kg m-3 s-1]), or bed area ([kg m-2 s-1]).
Soltani et al. 3Jsuggested that toward the FBD of yeast, the
driving force was the humidity difference between the
external surface of the particle and the gas outlet.

(32)

and varies with particle diameter upon on moisture content
and was described by Eq. (33) - 72,

(33)

driving force became the humidity difference between the
saturated gas phase and the bulk gas phase ™.
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R =kpy(Ysqr —Y)a

Here, the specific surface area of the particle was obtained
by Eg. (35), depending on the critical moisture content of

X>2X,—>a=a

v ama(g)
< - a= —
cr a a Xcr

Until the moisture of the outer surface of the particle was
fully evaporated, did the shape of the particle start to
change, meanwhile affecting the specific surface area. For

R = K exp (K, X)

where K1, K2 were functions of gas temperature and are

K, = 107%(0.497T, — 159.40) (37)

K, = —0.236T, + 95.84 (38)

Rig1 = kis1a;(Xs _X)ppi

Where k;; was the drying rate of internal sublimation by
Eq. (24). Surface (external) sublimation drying rate was

Reg1 = ke slae(ys -Y)

where a, was the effective sublimation area affected by

{ae = 1.0,
a. = Xs/0.10,

3.6. Pressure drop

For upwardly and laterally directed flow in vertical FDB
systems, the pressure drop across the distributor must

X; = 0.10
X, < 0.10

(34)

the particle X, .

(3%)

the experimental analyzed drying rate, Khanali et al. 2% did
a series of batch FBD experiments of rough rice and
proposed an empirical equation, as Eq. (36):

(36)

defined as:

For the drying rate of sublimation, the interior drying rate
was calculated by Eq. (39), similar to Eq. (32), the drying
rate by evaporation ®9:

(39)

calculated as follows:

(40)

the moisture content of material surface 6

(41)

exceed 30% of the total pressure drop across the bed 29).
Along the direction of bed height, the pressure drop was
obtained by Ergun’s equation, as Eq. (42) 7:
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AP _ 150p4uy(1 — €)? N 1.75pgus(1 — ¢)

(42)

H ((Dsdp)z‘93

While Zarekar et al. suggested that for the FBD system
with bed height expansion, when the gas velocity increased
above the minimum fluidization velocity, the bed pressure

AP = Hyt (pp — pg)(1 = &ms)g

3.7. Moisture content

Moisture content is a property to evaluate the water
adsorption in particles. In mass transfer equations, surface

Psdye3

drop remained constant and equal to the particle weight
minus buoyancy so that the initial bed height was utilized
to estimate the pressure drop 7.

(43)

moisture content was included to obtain the moisture
difference. For measurable moisture content. Tu et al.
calculated the surface moisture content by gas pressure and
the moisture content 57:7>76):

Psat
X, =0.622———f(X (44)
s Po - Psatf( p)
5 5173
Pyt = 1.0 x 10%exp ( 13.869 — (45)
P
1, Xp > Xer )
fp)=4_ %
n ) Xp S XCT
(X5 +K3)

where Xcr was the critical moisture content of the particle.
n and K3 were constants and equal to 3 and 0.01
respectively 7.

For unmeasurable moisture content, Soltani et al. used
GAB isotherm to simulate the equilibrium moisture
content, related to relative humidity in the yeast drying
process 2. The GAB isotherm, derived from the Brunauer-
Emmett-Teller model, is used to describe multilayer
adsorption of water molecules. It incorporates three
experimentally determinable parameters that account for

¥ XmCckg RH

the strength of adsorption sites, interactions between
adsorbed layers, and surface adsorption capacity,
respectively. Unlike the Brunauer-Emmett-Teller model,
the GAB isotherm employs relative humidity as a variable,
making it more convenient for practical calculations. Due
to its superior accuracy under medium to high humidity
conditions, it is widely applied in the field of fluidized bed
drying. Van den Berg et al. ™® and Debaste et al. ™ also
proved that the GAB isotherm illustrated the water
adsorption in food quite well

where RH was the relative humidity. x,,, was correspond
to adsorption site of surface adsorption, ks was related to
the adsorption layers, and c; was concerned with the
surface interaction 8.

€4~ (1 — kg RH)(1 — kg RH + cokg RH)

(47)

3.8. Exergy Analysis

In the analysis of second law of thermodynamics, exergy
is an essential index for evaluating the maximum useful
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energy than can be obtained from a system when it reaches
equilibrium. The exergy is not conserved and can be
destroyed or consumed during the irreversible process. The
amount of destroyed exergy is proportional to the entropy
generation 8% 82, In the case of the FBD system, the exergy
efficiency during the dying process was relatively low due
to significant exergy losses caused by exiting air and the

d(ExZ - Exl)cv
dt

In drying, the exergy of heat contained two items: the
exergy changes via drying (include evaporation) and the
exergy loss to the surroundings. Meanwhile, the exergy

mpd(expz - expl)
At

To

utilization of only a small portion of the exergy by particles
83)'

The change in the exergy of the system includes three
parts: total exergy entering, total exergy leaving, and total
exergy destroyed. Ozahi and Demir analyzed the exergy
change of the particle in the FBD system as follows 89:

= EXneat — EXwork + EXmassiin — EXmass, out — E Xdestroyed (48)

destroyed was referred to as gas entropy generation.
Additionally, the exergy of work was not involved. The Eq.
(48) was extended as :

(49)

(o)
Tp,av ary Tb loss

+my (exmass,in - exmass,out) - TOSgen

where Q was the heat flux. av, b denoted average and bed.
mg was the air flow rate, and Sgen was the generated

ex = (h—ho) — To(s — so)

Combined with Eq. (50), Eq. (49) was transformed
into Eq. (51)

mpd(expz — expl)
At

entropy. ex was the specific exergy and was calculated by
Eg. (50):

(50)

(51)

Ty \ . To\ - ,
= - <1 - _O> ery - (1 - T_Z) Qloss + mg(hgl - hgz)

Tpav

—Tomy (sgl — ng) — Tosgen

Equations for every item were concluded in Table 6.
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Table 6: Equations of items in exergy calculation

_ d(mp(Upz B Up1) + sz UWz B le UW1)

ma(hgl - th) = mgcpg,av(Tl —Tp) + 1y (wlhgl - “)Zhgz)
‘ : I3 P\ |
ma(sgl - ng) = —my (cp w7 —Rgln —) + mg(oulsg1 - wzsgz)
g Ty Py
Qloss ery . T, P,
Sgen = T, + T aw +my (Cpg,avln T_1 — R¢ln P_1 + wysy, — w15g1)

The exergy efficiency was defined as the exergy output to
the exergy input. During the drying process, the exergy

(1 - :11:_2) ery

output was the drying item. While the exergy input was the
exergy rate of drying air 8.

(52)
EXmassiin — EXmass, out
(a) s « particle masses = 0.7 kg (b) s a 264K
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Fig. 6: Variation of exergy efficiency with respect to (a) ambient

Gas flow rate (kg/s)

temperature with different particle masses, (b) gas flow rate

with different ambient temperatures.

Figure 6 shows the effect of ambient temperature, particle
masses, and gas flow rate on the exergy efficiency using
the proposed model for the corn drying process 8.
Figure 6 (a) indicated that the exergy efficiency decreased
with an increase in the ambient temperature, while an
increase in particles mass substantially improves the
exergy efficiency. Figure 6 (b) illustrates that the exergy
efficiency dropped sharply when the gas mass flow rate
increased. However, the change in exergy efficiency had
almost the same characteristics at different ambient
temperatures. Thus, it can be concluded that the effects of

gas mass flow rate and particle masses are more significant
than the effects of ambient air temperature on exergy
efficiency.

3.9. Energy Analysis

Energy analysis, especially the energy efficiency provides
an intuitive indication of the FBD system performance.
Based on the first law of thermodynamics, the energy
efficiency of the system is defined as the ratio of the energy
transmitted to the particle to the energy input to the drying
gas .
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_Mp lhv(Xl —X;) + Cp,p(sz - Tpl)J

(83)

mg(hg1 — hyo)At

4. Mathematical model of FBD systems

The numerical simulation model of fluidized bed is based
on classical heat and mass transfer, momentum equation,
and the behavior between phases is based on experimental
correlations or empirical formulas. The models of
hydrodynamic can be described in two different
approaches: Euler-Euler approach and Euler-Lagrange
approach. For numerical simulation of fluidized beds,
there are two types: one is the mathematical model
established by theoretical analysis, and the other is the use
of CFD tools to analyze the behavior in fluidized beds.

In order to verify the feasibility of the simulation,
experimental data are indispensable. This section
summarized the experimental conditions and results of the
above models, combined with experimental data from
other literatures to illustrate the FBD system performance.
Sozzi et al. ® explored blackberries' drying characteristics
and fluidization behavior in a bubbling fluidized bed dryer
at three inlet air temperatures of 50, 60, and 70 °C under
the inlet air velocity of 6 m/s. The drying rate increased
with the air temperature and drying time, with lower
moisture content and better flowability particle. However,
the optimal temperature was 60 °C, where the dried
particle had high polyphenol content, high dietary fiber
content, and high antioxidant capacity.

Mohseni et al. #) also utilized the DEM-CFD method to
analyze the drying process of beechwood in a horizontal
vibrating fluidized bed dryer. The Lagrangian-Eulerian
approach was used to investigated heat, mass, and
momentum transfer between particle to the gas phase. The
experiment was developed on an industrial scale vibrating
dryer, which evaluated the moisture content, residence
time, size distribution, and density. The experiment was
repeated three times and the results agreed well with the
simulation results. The production showed that increasing
the inlet air temperature and velocity resulted in a higher
drying rate. In addition, the vibration effect accelerated the
particle's promotion, leading to the residence time and the
final particle temperature. Regarding particle size
distribution, smaller particles dried faster than the larger
ones due to the faster heat transfer from the core to the
surface.

In Taheri’s study &7, the drying of red lentil seeds and the
effect of botrytis selective media (BGM) were evaluated in
a microwave fluidized bed dryer at four microwave powers
of 0, 300, 400, and 500 W, with inlet air of 50 and 60 °C.
The results showed that the diffusivity of the water inner
the red lentil increased with the increase of microwave

power and inlet air temperature. By applying the specific
combinations of microwave power and temperature of
300W and 60 °C or 400W and 50 °C, the BGM infection
ratio could be reduced by 30 % without significant loss of
seed bioactivity.

In Das et al.’s work ), the drying performance of paddy
was investigated using two conical bubble fluidized beds
with a cone angle of 5° and 10°, and the result was
compared with a conventional one with a cone angle of 0°.
The experiment was conducted at three air velocities (1.1,
1.6, 2.1 m/s) and three inlet air temperatures (55, 60, 65 °C),
with bed inventories of 1 and 3 kg. The experimental study
showed that the paddy drying in the conical fluidized bed
dryer with a cone angle of 10° exhibited less pressure drop,
less drying time, and higher nutritional contents than the
other two dryers.

Saniso et al. > applied a microwave assisted FBD to
produce steam-free parboiled rice and compared it with a
conventional type. In their study, the drying rate of rice
concerning moisture content was divided into two stages.
The first stage was proportional, while the second stage
was exponential. Microwave assistance was found to
accelerate moisture diffusion only in the first stage. while
also contributing to the gelatinization of the starch inside
the rice kernel, resulting in a higher head rice yield. This
improvement was challenging to achieve by conventional
FBD.

Yan et al. 8 estimated the drying kinetics of corn in a 2D
bubbling fluidized bed with a new approach that combined
digital imaging techniques and electrostatic sensing to
measure moisture contents, moisture diffusivities, and
mass transfer coefficient of corn at different bubble
locations. According to the result, the mass transfer
coefficient at the interior and boundary of the bubble was
higher compared to the exterior. Furthermore, increasing
inlet air temperature and velocity resulted in a higher mass
transfer coefficient. However, this result was unsuitable
when the bubble flow transformed into a plug or slug flow.
Zhu et al.  explored the ultrasound technique coupled
with a fluidized bed in the drying process of Ascophyllum
nodosum. The drying kinetics and product quality were
estimated among five methods: oven drying, conventional
fluidized bed drying, airborne ultrasound-assisted
fluidized bed drying, fluidized bed drying with ultrasound
pre-treatment, and fluidized bed drying with hot water
blanching pre-treatment. The experiment of fluidized bed
drying proceeded at the inlet air temperature of 50°C, and
velocity of 6.7 m/s. Based on the result, all the fluidized
bed drying methods outperformed oven drying in terms of
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drying time, product quality, and energy consumption.
Among fluidized bed drying methods, airborne ultrasound-
assisted fluidized bed drying exhibited the best product
quality in the retention of total phenolics, while
conventional fluidized bed drying obtained a higher
production yield.

A scaling method was used in Chen’s research °? to predict
the drying profile of pharmaceutical excipients, dibasic
calcium phosphate anhydrous (DCPA), in a medium-
scaled fluidized bed drying unit, based on the available
experimental data of a small-scaled unit under different
operating conditions of initial moisture content, inlet
airflow, air temperature, and load., According to their
results, the initial moisture of DCPA particles did not cause
a significant effect on the drying rate. Using the
normalization scaling factor in inlet air temperature and
velocity predicted the experiment data of the medium-
scaled unit well. Still, due to the different entrance
geometry, the factor via loading change gave a higher
prediction than the experiment.

Perazzini et al. ) investigated the drying Kinetics of
alumina particles in a vibrating fluidized bed dryer, which
was mainly governed by convective mass transfer, with
different amplitudes and frequencies but the same
dimensionless number T. The empirical Page model was
utilized to describe the observed drying kinetics data. In
conclusion, this study found that the drying kinetics was
not only depended on the dimensionless number but also

on the combination of inlet air temperature, velocity,
vibrating amplitudes, and frequencies.

Lan et al. % developed a DEM-CFD method to simulate
the drying process of oil shale in a bubbling fluidized bed
and a pneumatic conveying bed, where the immersion
boundary method was adopted to calculate the slip-free
boundary conditions of the gas phase. The drying model
was at a single particle scale, where the physical properties
were uniform inside the particle. The bubbling FBD model
had a significant agreement compared to the experimental
data. While for the pneumatic conveying bed dryer, the
maximum relative errors of the particle temperature, outlet
gas temperature, and moisture content in the pneumatic
conveying bed were 2.2%, 2.2%, and 7.9%.

Si et al. % studied the drying characteristics of lignite in
the microwave fluidized bed dryer in both experiment and
simulation ways. The experiment was carried out in a
three-stage microwave fluidization system at microwave
powers ranging from 1500 to 2700 W, inlet air velocity
ranging from 1.6 to 2.2 m/s, and inlet air temperature
ranging from 40 to 80 °C. The simulation was based on the
Euler-Euler flow method and solved by Fluent, including
the drag model. The result showed that the simulation
agreed with the experimental data well. Besides,
increasing microwave power and air velocity would
increase the drying rate and heat transfer coefficient. The
summary of the case study of FBD is given in Table 7.

Table 7: Dying conditions and features of different FBD technologies

Study System type Product Approach Conditions Comment Ref.
Sozzi et Bubbling Blackberry Experiment Gas temperature: 50,  Fluidization under the bubble 33)
al. 2021 FBD and 60, 70 °C regime gave better heat and

simulation Gas velocity: 6 m/s mass transfer, with drying time
reduction.
The product had excellent
physicochemical characteristics
and nutrition content.
Mohseni Horizontal Beechwood Experiment Gas temperature: The vibration and drag force of 8
etal. 2019 vibrating FBD and CFD 210 °C the gas phase generated particle
simulation Gas velocity: 1.6 m/s  fluidization.
Vibrating frequency: The DEM-CFD simulation was
11 Hz applied in industrial-scaled wet
Vibrating amplitude; ~ biomass vibrating FBD, where
3 and 6 mm in two operation and efficiency were
horizontal and optimized.
vertical directions
Taheri et Microwave Red lentil Experiment Gas temperature: 50,  Drying and disinfection were 87)
al. 2020 FBD seed 60 °C done simultaneously by

microwave FBD
BGM was reduced up to 30%

Gas velocity: 3.2 m/s
Microwave power:
0, 300, 400, 500W.
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Dasetal.  Conical Paddy Experiment Gas temperature: 55,  High gas velocity reduced the 88)
2020 bubbling FBD 65,75 °C drying time.
Gas velocity: 1.1, Conical bubbling FBD
1.6,2.1 m/s narrowed the drying time and
Cone angle: 0, 5, consumed less energy than the
10°. conventional one.
Nutrition content decreased
with the increasing trying time.
Saniso et Microwave Paddy Experiment Gas temperature: The microwave FBD, as a 59)
al. 2020 FBD and CFD 111, 130, 149, substitute method for providing
simulation 169 °C steam-free preboiled rice, had a
Gas velocity: 4.6 m/s faster drying rate and better
Microwave power: starch generation.
800W.
Tuetal. Bubbling Semolina Experiment Gas temperature: CFD simulation of wet particle, 57
2023 FBD and CFD 65 °C coupled with two-fluid model,
simulation Gas velocity: 2.1, was developed to investigate
2.4mls drying rate and bubble phase.
Yanetal. Bubbling Corn Experiment Gas temperature: 45,  The drying kinetics and mass 60)
2022 FBD 52, 60, 67,75 °C transfer of biomass in bubble
Gas velocity: 0.31, phase was evaluated. The
0.37,0.43,0.49, 0.56  activation energy was varied in
m/s different bubble region.
Zhuetal.  Ultrasound Ascophyllum  Experiment Gas temperature: The drying kinetics, yield, 94)
2023 FBD nodosum 50 °C energy consumption, and total
Gas velocity: 6.7 m/s  phenolic content was assessed
Air-born ultrasound  among five FBD method.
power: 170W
Chen et Conical FBD  DCPA Experiment Gas temperature: 60, A scaling equation was 90)
al. 2018 and 80, 100 °C developed to predict the
simulation Gas flux of small- experiment data and had good
scaled:14, 18 m3/h.  consistency in low
Gas flux of medium-  normalization scaling factor.
scaled 40, 54 m3/h. Initial moisture of DCPA
particles did not affect the
trying rate significantly.
Perazzini  Vibrating Alumina Experiment Gas temperature: 40,  The same value of T' accounted %9
etal. 2017 FBD and 80 °C. for different drying kinetics.
simulation Gas Velocity: 0.8,
1.2 Umf.
dimensionless
number T: 4
Lan et al. Bubbling Oil shale CFD Gas temperature: The DEM-CFD simulation of 9)
2022 FBD simulation 116 - 350 °C these two bed dryers, involved
Pneumatic Gas velocity of with immersion boundary
conveying bubbling FBD: 1.6 method, had good performance
bed dryer m/s in predicting fluid flow, heat
Gas velocity of and mass transfer in industrial-
pneumatic scale FBD.
conveying dryer:
10.44 m/s
Sietal. Microwave Lignite Experiment Gas temperature: 40, The CFD simulation was based %9
2019 FBD and CFD 60, 80 °C on Euler-Euler model and had
simulation good agreement with

Gas velocity: 1.6,
1.8,2.0,2.2m/s
Microwave power:
1500, 1700, 2300,
2700W.

experiment.

Heat transfer coefficient,
Nusselt number and particle
volume fraction was discussed.
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4.1. Zero-dimensional model

Figure 7 showed the proposed configuration for a vertical
parallel flow fluidized bed dryer. As well known, the dry
air was introduced into the drying chamber from the
bottom of the fluidized bed dryer, raised to the drying
region, and left the chamber from the top of the dryer
through the outlet pipe. The solid particles, however, were
supplied from the upper part of the dryer and accumulated
at the base of the fluidized bed dryer. Once the dry air was
input into the fluidized bed, the solid particles with a
specific humidity entered the fluidized state. The humidity
difference between the solid particles and the air led to
mass transfer between the two, the moisture content of the
solid particles, which was carried away by the continuous
input of dry air, thus, as to achieve the purpose of drying.

DC

A
he o oo [
7 \% ,
Y ... .. y HD
\ S oo % e

Fig. 7: Schematic diagram for a vertical fluidized bed
dryer.

From a macroscopic point of view, this model took the
whole of gas and solid particles as the object, and analyzed
the change of its humidity and temperature with time,
which was used to discuss the drying process of the
fluidized bed and analyze the performance of the system.
To simplify the calculation, several assumptions were
given below:

1. Particle shrinkage and water diffusion within the
particles were negligible.

2. The solid particles and gas mass flow rate was
constant during the drying process.

3. The fluidized bed dryer behaved as a perfect
mixing ideal vessel, which was considered that all
the particles had the same moisture content and
temperature at any time.

4. The model considered the humidity and
temperature of the gas at the inlet and outlet,
whereas the solid particles remained in the bed
during the drying process.

The system consisted of two objects, the solid particles,
and the gas. The mathematical model of the zero-
dimension was established and modified based on the work
by Sukunza et al. ™. The scheme of the zero-dimensional
fluidized bed dryer at dynamic conditions is outlined in
Figure 8, and related equations was listed in Table 8.

h’p,t+At . hg,tmt
m. A A m A
pT Xp,t+At 9] I Yg,t+at
Ry, L Ry
solid gas
< — »
dg-» 4g-p
A A
) | |
o g
hpe Xp.e hge Yo

Fig. 8: Schematic diagram for the zero-dimensional
fluidized bed dryer at dynamic condition.

Table 8: Zero dimension thermodynamic model of fluidized bed dryer ™

Item Equation

Comment

Mass balance of
moisture in gas

. dy} P .
my— L =g (Y] = ¥j) + R’

Regard to some simulation
of non-biconical particles,
item of drying rate was

i — oyl
mg = ¢&'V'ip,

ignored 59, 49, 84) %),

Mass balance of dxi
moisture in dt
particle

my S = iy (K] ) ~ R

For batch fluidized bed
dryer, mass flow rate of
particle is zero. Thus, only

= (- <)V,

item of drying rate was left
on the right hand side 32,
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Energy balance in o d

the gas

my (R V{R) = g () + V)R = b = Vjh) = atamb (T} ~ T4
+ Rih{i - ala/all(Tgi - Tamb)

Here the energy loss was
not considered, but that

item was widely adopted
56) 32) 84)  96)

hi + YinG = (Cpg + Xj5Cpy)TE + ViR

Energy balance in d . .
9 ! mb = (kb + Xihi,)

Mass flow rate of particle

the particle ' o was removed for batch
= Thp(h{, + Xéhjw) — m,,(h;, + X{,hf”) fluidized bed dryer. 3
+ alamh (T} — T}) — R'A},

hl + Xihi, = (Cop + XpCpw )T + X)RE,

Drying rate Refer to Eq. (34)

Surface area Refer to Eq. (35)

Thermal T\’

conductivity Ag = Ar, (T_0>

Air dynamic ay (T, 3/2

viscosity Hg = Ho (E) <T_o)

Specific heat _ 2 s, E

capacity Cp,=A+BT,; +CT? + DT; + 7

Solver ODE by stiff method

4.2. One-dimensional model

A longitudinal plug flow FBD model was proposed by
Khanali et al. 2, ). which based on differential equations

mass and energy balance of the gas in the minor control
volume were considered. Assumptions were listed as
follows, and main equations were concluded in Table 9.

L . . . . 1. Particles were dispersed plug flow along the
dividing the drying bed into horizontal and vertical control . re disp piug Tic g
| f icl q Fi 9. sh H horizontal direction, combined with a constant
Vo umes_ or partlce_an_ gas. Flgure 9. shows the bulk flow and horizontal dispersion.
schematic of the Iongltudlnal-plug .row FBD.- Mass and 2. Gas was an ideal plug flow along the vertical
energy balances of the particles in the major control direction
volume based on axial diffusion were developed to derive 3. Particles were well mixed in the vertical direction.
the axial dlstrlbutlo_n of partlFIg moisture coptent and 4. The moisture content and temperature of the
temperature. To derive the _varlat_lon (_)f gas m0|stur_e _and particles were uniform.
temperature glong_ thfa ve_rtlcal dlret_:tlon of thg fluidized 5. Fluidization and physical properties were
bed, the axial distribution of exit gas moisture and constant along the horizontal direction.
temperature, the plug flow of the gas in the bed, and the
_,| dx |« Gas outlet Tyz+dz Ygz+dz
w Xin hp.in Xout hp.uut
Moisture or encrgy Moisture or energy ¥ Change in moisture and energy of
entering by bulk fow leaving by bulk flow gas flow in respect of time
H dz "
z :‘:ﬁ:::;eh? Ii»:cgiﬁdinul diffusion lewving by Iw::::ltll::l ::ﬂmu::cﬂ' |.. dx ..i
x 4

x Heat and mass transfer between gas and particle _)
Change in moisture and energy of particle in respect of time

(@

Gasinlet T, Y,

(®)

Fig. 9: Schematic diagram for the one-dimensional fluidized bed dryer at dynamic condition. (a) major control volume, (b) minor
control volume
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Table 9: One dimension thermodynamic model of horizontal fluidized bed dryer 29 7,

Item Equation Comment
Mass balance aY Re  0Y
of moisture in “95‘5 T
gas
Mass balance %X X X Wang et al. developed

of moisture in ax2 Wy NT ¢ a dispersion model in
particle 2-D3
Energy Here ag was the

balance in the
gas

oh
“UgPyg a_zg - asa(Tg - Tp)

+ Re (Cp(Ty = Tret) + hy + Gy (Ty = T,))
dhy
=l
hg = (Cpg + CppY)(Ty — Trer) + Yhy

specific surface area
of the stagnant bed.
While applied in the
expansion bed, ag
should be replaced by
a,. please find it on
the same table.

Energy 0%h, oh, asa(Tym—Tp) There is another
balance in the axz W ox T & model for the
particle = R (Cops (Ty = Tret) + by + Cop(Tyin = T)) Ejgg‘;r::t'f,efgf;

_Ohp as apatite 59,

at
hy = (Cp,p + GpwX ) (Tp ~ Trey )

Drying rate Refer to Eq. (36)-(38)
Diffusion Refer to Eq. (1)
coefficient
Minimum 1.7 m/s by experiment
fluidization
velocity
Heat transfer Refer to Eq. (27)-(29)
coefficient
specific surface of all particles _6(1-¢) Here the unit is [m2

surface area

%= Ttotal volume of particles in the bed ~ sdspn

m-3] Y

Latent heat h, = 2.503 x 10° — 2.386 x 103(T, — 273.16),273.16 < T,
<338.72K
hy = (7.33 x 1012 — 1.60 x 107T2)"°,338.72 < T, < 533.16K
Thermal Ag =4 x1075T, + 0.0246 (Tgin°C)
conductivity
Viscosity g = 1.691x 1075 + 4.984 x 1078T, — 3.187 x 1071172 (Tgin°C)
+1.319 x 10717}

Specific heat Cpg = 1009.26 — 0.0040403T, + 6.1759 x 107*T¢ (Tgin°C)
of gas —4.097 x 1077T3
Gas density pg = 353.05/(T, + 273.16) (Tgin°C)
(kg/m3)
Specific heat Cpy = 1883 — 1.6737 X 1071T, + 8.4386 x 107*T2 (Tgin°C)
of vapor —2.6966 x 1077T;
Relative )
humidity A

Peqr = 100exp (27.0214 —6887/(T, +273.16) (Tgin"C)

— 531 ((T, + 273.16)/273.16))
idi RH P,

Gas humidity Y = 0622 sat
(kg water/kg Patm — Psar
dry gas)
Solver MATLAB
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4.3. CFD model

Tu et al. 57 developed a CFD simulation with a two-fluid
model to investigate the particle drying process in a
bubbling fluidized bed, where the mass and heat transfer
were divided into two phases: dense solid phase and bubble
phase. The schematic was similar to Figure 7, with the 3D
geometry meshed into 275,639 cells, and the 2D geometry
meshed into 4,905 cells. They indicated that the drying rate
was separated into a pre-heating period, a constant-rate
period, and a falling-rate period. An experiment of
semolina drying was established to estimate the simulation,
and online electrical capacitance tomography was utilized
to measure the particle concentration. Moisture content
was recorded by an offline moisture meter. In their study,
the particle's low moisture content increased the bubble’s
rising velocity. The main equations are included in Table

w

™~

10, and other assumptions were as follows:
1.
2.

The bubble phase was a plug flow.

The cloud cover around the rising bubble was
fragile.

The bubble phase exchanged mass and energy
only with the emulsion phase.

The emulsion gas and solid particles were well
mixed.

The internal mass and heat transfer of solids were
negligible.

The particle's shape was uniform, and its physical
properties were specific.

Collisions or agglomerations among particles
were neglected.

The wall was adiabatic so that the heat loss was
neglectable.

Table 10: CFD thermodynamic model of vertical fluidized bed dryer based on three-phase theory 57

Item Equation Comment
Mass balance of 0ggpg v-( i) =i In right hand site the m
gas ot + EgPglg) =M is mass transfer rate. For

continues conditions it
was replaced by zero %

Mass balance of
particle

9¢ppp
at

+ V- (eppypily) = —mit

Mass balance of
moisture in gas

6(sgng,,)

o (ggpgugXy) = V- (DypyegVX,) + 10

Mass balance of
moisture in
particle

a(spp,,Xp)

ot + V- (eppptpXp) = V- (DyoppepVXp) — 1

Momentum
balance of
moisture in gas

a(sgpgﬁg)

3t + V- (egpglgliy) = —,VP + V- Ty + £5pG — B(Ty — Uy) + iy

Zarekar et al. involved

sub-atmospheric pressure
74)

Momentum
balance of
moisture in
particle

3 =
% + V- (epppliptly)

= —VP, — &, VP + VT, + &pp, g — B, — TUy) — il

Collision model was
widely applied 99 94 100)

Energy balance
in the gas

d h
% +V- (ggpgughg)

oP
= =V ggdgVTy + he(Ty —Tp) + 74 - Ve uy + &4 [E + ugVP]
+ ,B(ug - up)ug + Ahm

In molten salt fluidized
bed, energy dissipation
was considered 100

Energy balance
in the particle

a(sppphp)

At +V: (5pppuphp)
P
= Vg, VTy + he(Ty — Ty) + 1, - Vo, + g, [E + upVP]
+ ,B(ug - up)up — Ahm

Convective heat
transfer rate

q= NpAp.sa(Tg - Tp)

Convective
mass transfer
rate

m = NpA, sk(Xs — Xg)

Lan et al. differed the
mass transfer into
constant drying rate
period and falling drying
rate period 92
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Momentum e2u £,p

— g pFg
transfer Brgn = 150—€gd§ + 1-75W|ug —upy| &, > 08
coefficient

(gas-solid drag)

3 . &5&pPyg

Buen v, = 7 Ca 4, lug — u,|eg%%5 &, < 0.8
Granular 3 [(eppy0) ~ .o
kinetic 2 ot +V: (gpppeup)] &= (_Ppl + Tp) Vi, + V- (kpV0) =¥ + ¢
temperature
Moisture Refer to Eq. (44)-(46)

content on the
particle surface

Diffusion Refer to Eq. (3)
coefficient
Nusselt number  Refer to Eq. (30)
Sherwood Refer to Eq. (18)
number
Solver Fluent
(a) Saniso et al. [37] (b Tu et al. [35]
— 25.0 1
45 FB111
o 25
40 - -
g — MWFB111 | § 20.07
= MWFB149 Pt
35
3 MwFBl69 | 3 17
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2 31254
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Fig. 10: CFD simulation results of moisture content with respect to drying time for (a) paddy in microwave FBD, (b) semolina in
bubbling FBD, (c) oil shale in bubbling FBD, (d) beechwood in horizontal vibration FBD.
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To investigate the CFD performance, four CFD simulation
results of the FBD system is listed in Figure 10. Saniso et
al. % developed an isotropic single paddy particle model
using COMSOL, which was meshed into 5328 elements.
The drying process was simulated using microwave FBD
and ordinary FBD. Water diffusion controlled by Fick’s
second law, and the diffusion coefficient was related to the
Arrhenius-type equation. Additionally, the deformation of
the paddy during the drying process was negligible.
Despite the lower operation cost, the model showed good
agreement with experimental results. Tu et al. 59
conducted simulations for semolina, as shown in Figure 10
(b), with certain modifications to the assumptions and
equations introduced in 2.2. They proposed two kinds of
simulation in their work. The 2D CFD simulation
generated the continuous drying profile of the moisture
content and derived the drying rate. While 3D CFD
simulations for several specific moisture values were
developed to investigate the fluid dynamics, including the
bubble properties and the heat and mass transfer in the
whole bed. Lan et al. ®? added a linear spring-damping
model in the governing equation of particles to consider
the collision between particles. Figure 10 (c) printed their
DEM-CFD result toward the oil shale, which showed the
profile consistent with the two-stage drying rate theory.
Moreover, they analyzed the Stefan Reynolds number to
the drag coefficient and concluded that the Stefan effect
does not influence the drag force, as well as the mass and
heat transfer in the bubbling FBD system. Figure 10 (d)
illustrated the drying of beechwood by vibrating FBD,
based on DEM-CFD simulation using OpenFOAM.
Mohseni et al. ) applied the Hertz-Mindlin model to
describe the collision impact between particles. Compared
to the linear spring-damping model, the Hertz-Mindlin
model was able to describe the non-linear elastic collision,
which was closer to the actual condition. The simulation
involved non-homogenous particle sizes, and conductive
heat transfer was considered in the drying mechanism.

4.4. Experimental result

Figure 11 presented twelve experimental results of the
moisture content profiles for discussing the drying process,
with drying time ranged mainly from 30 min to 2 hours.
For the verification experiments of CFD simulation, the
experimental drying time ranged up to 6 min depending on
the simulation time.

According to the profiles, the drying process could
generally separate into two stages. During the first stage of
the drying process, the moisture content decreased shapely,
exhibiting a constant drying rate stage that appeared

linearly with the drying time. For organic particles, in
Figure 11 (1)-(8), this stage would last until the moisture
content approaches critical moisture content, where the
moisture on the particle surface is totally evaporated, and
the second stage starts. In the second stage, the moisture
inside the particle was transferred from the kernel to the
surface. The resistance interior was not homogenous in
respect of the time that slowed down the drying process,
where moisture content exhibited a logarithmic
relationship. This process was considered a falling drying
rate stage. During the drying process under low moisture
conditions, convective mass transfer from the particle to
the gas phase gets weaker, but the convective heat transfer
domain the process. The particle temperature increases
significantly and approached the gas temperature in
Soltani’s research 2, For inorganic particles in Figure 11
(9)-(12), Lan et al. ° indicated the two-stage drying rate
in the oil shale drying, while others tended to believe the
drying rate was constant. Tu and Yan suggested that the
drying process could divide into three stages: with a
preheating stage being a period before the constant drying
rate stage. Tu’s experiment 57 on semolina drying was
drawn in Figure 11 (6). The preheating stage was defined
as the drying rate raised from 0 to the constant value which
lasted for 4 min, accounting for only 10% of the total
drying period. In Yan’s experiment % on corn drying,
Figure 11 (7), the moisture content was almost a horizontal
line at the beginning, called the preheating stage. This
stage lasted for 40 mins before constant drying started with
the low inlet gas velocity lower than 0.5 m/s. The
preheating stage lasts for a short time in fluidized bed dryer
with high inlet air temperatures and velocities, while it
lasts for a longer time in low inlet gas velocity conditions.
In Figure 11 (1), increasing the inlet air temperature and
velocity increases the drying rate and reduces the drying
time. High inlet air temperature accelerated the heat and
mass transfer of particles and gas. While high inlet air
velocity caused a bubble phase in the fluidized bed that
extended the interaction surface between particle and gas
to strengthen the convective mass transfer. However, in
Yan’s experiment %), increasing the air velocity
continuously would make the bubble phase airflow turn to
plug flow or slug flow, which was hostile to convective
mass transfer again. Figure 11 (4) indicated that the
increasing of the cone angle of the fluidized bed also
benefits generating the bubble phase.
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Fig. 11: Experimental result of particle moisture with respect of drying time for (1) blackberry in bubbling FBD, (2) beechwood

in horizontal vibrating FBD, (3) Lentil in microwave FBD, (4) paddy in conical bubbling FBD, (5) paddy in microwave FBD, (6)

semolina in bubbling FBD, (7) corn in bubbling FBD, (8) Ascophyllum nodosum in ultrasound FBD, (9) DCPA in conical FBD,
(10) alumina in vibrating FBD, (11) oil shale in bubbling FBD, and (12) lignite in microwave FBD

Meanwhile, smaller particle sizes, shallower bed height,
and lighter particle mass enhance the drying process. For
small-size particles, the moisture evaporation distance
from the kernel to the surface became shorter, so the
constant drying rate period domain the drying process
makes the drying process faster. Moreover, initial moisture
content did not significantly affect the drying rate at the
constant drying rate stage.

Conventional fluidized beds coupled with other techniques
optimize fluidization conditions. Microwave-assisted
fluidized bed drying was widely applied in biomass and
lignite drying which was proved in Figure 11 (3), (5), and
(12), where the microwave would enhance the moisture
diffusion and accelerate the drying only in the constant
drying rate stage. Moreover, for biomass particles, the
microwave could improve the nutrition content and
suppress seed disease. The vibrating fluidized bed would
enhance the mass transfer and reduce ;. However, the
drying kinetics with vibrating amplitudes and frequencies
require further study. The ultrasound-assisted fluidized
bed shows advantages in nutrition retention, drying time,
and energy consumption.

5. Conclusion

Fluidized bed drying, characterized by efficient heat
transfer, economical energy consumption, uniform drying,
excellent product quality, and the ability to handle a wide
range of materials, is a promising technology over the
traditional drying method.

This review systematically introduces the principle and
phenomenon of fluidization, as well as the classification of

solid particles in the fluidized bed.

Mathematical models was proposed to describe the flow
behavior of FBD under different operating conditions,
laying the foundation of heat and mass transfer. The flow
phenomena in fluidized beds are influenced by both the
structure of the fluidized bed and the size of the solid
particles. Therefore, this review discusses both
conventional and innovative designs of fluidized bed dryer
structures, as well as the size and characteristics of the
solid particles used in different studies. Additionally, a
method for enhancing fluidization was introduced.

In the theoretical models of fluidized bed drying (FBD),
The parameters including the diffusion coefficient,
minimum fluidization velocity, and drying rate, are
significant indicators of thermodynamic properties. The
diffusion coefficient varies depending on the type of FBD
used.

Raising the gas velocity until the bubbling phase could
enhance the mass transfer and reduce drying time.
However, the high gas flow rate requires extensive energy
input. In some case of biomass particle cases, increasing
the gas velocity may result in the bubble phase reverting to
the plug or slug phase again, thereby weakening the mass
transfer.

Another essential parameter highlighted in this review is
drying rate. The two-stage drying rate theory was widely
accepted, especially for biomass particles. However,
particle diameter changes' effect on the drying rate was not
deeply studied. Besides, for drying kinetics, the Page
model has shown good agreement with experimental data
in many studies 7, %9,

For hybrid FBD systems, the vibrating FBD has the
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advantages such as efficient particles mixing, reducing the
minimum fluidization velocity and lowering energy
consumption. Microwave-assisted FBD can accelerate the
moisture diffusion and narrow the drying time.
Ultrasound-assisted FBD shows good performance in
preventing nutrition loss in a limited number of studies and
require further exploration.

As highlighted in the reviewed literature, one of the most
persistent challenges in fluidized bed dryer modeling is
bridging the gap between theoretical models and practical
engineering conditions:

1. The mechanisms of moisture diffusion interior of
the particles still need to be unraveled. In different
drying temperatures, the situation is divided into
evaporation and sublimation.

2. The collision effect is difficult to be evaluated in
simulation, especially the mass and conductive
heat transfer in turbulence flow (bubbling phase).

3. Only a few measurement techniques can record
the FBD experiment dynamically, and the
experiments are not equipped with feedback
control.

Thus, there still room for improvement in the design of
fluidized bed dryers, which should take into account the
characteristics of different materials, geometry
configuration, and optimize the fluidization conditions
accordingly. The drying process can also be improved by
implementing feedback control systems to adjust the
operating parameters based on real-time measurements of
temperature, humidity and velocity. In terms of the system
efficiency, several technologies can be integrated into the
fluidized bed drying system such as waste heat recovery
systems, which can reduce the energy consumption and
operating cost. Overall, there are still challenges such as
improving the accuracy of theoretical model and
optimizing the design of fluidized bed dryer require further
research and development.
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Nomenclature

a Specific surface area [m?kg'] or [m? m2] or
[m?m-~]

Cp Specific heat capacity [J kgt K]

d Diameter [m]

dsph Diameter of sphere having the same volume as
the particle [m]

D Diffusion coefficient [m? s1]

ex Exergy [J]

E, Activation energy [J mol]

G Gravitational acceleration [m s

h Enthalpy [J kg™]

hy, Latent heat [J kgt K]

H Fluidized bed height [m]

k Mass transfer coefficient [m s7]

ki Mass transfer  coefficient of internal
sublimation [m s%]

ke Mass transfer coefficient of external
sublimation [kg m2s]

K1 Assistant function [-]

K2 Assistant function [-]

K3 Assistant constant [-]

Kn Knudsen coefficient [-]

L Thickness [m]

m Mass [kg]

m Mass flow rate [kg s]

M Molar mass [kg mol]

n Assistant constant [-]

P Pressure [Pa]

Q Heat flux rate [kKW]

R Drying rate [kg-water kg-dry particle s or
[kg m2s1] or [kg m?s1]

R; Internal sublimation drying rate [kg m2 s?]

R, External sublimation drying rate [kg m=3s?]

R; Gas constant [J mol? K]

RH Relative humidity [-]

s Specific entropy [kJ kgt K]

Y Entropy rate [KW K]

t Time [s]

T Temperature [K] or [°C]

u Velocity [m s]

U Internal energy [kJ]

\% Volume [m?]

X x direction [m]

X Moisture content [kg-water kg-dry particle™]
Y Absolute humidity [kg-water kg-dry air?]

Xm Parameter of adsorption site of surface [-]
ce Parameter of surface interaction [-]
ke Parameter of adsorption layers [-]
z z direction [m]
Greek symbols
a Heat transfer coefficient [W m?2 K]
A Thermal conductivity [W m K]
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T Ratio of circumference to diameter
o Accommodation coefficient
s Sphericity of particle [m? m2]
p Density [kg m™]
£ Porosity (void fraction) [-]
u Dynamic viscosity [kg m™ s?]
K Shrinkage factor

Subscripts
a Air
atm Atmosphere
b Bed
bottom  Bottom of the fluidized bed
cr Critical
e Effective
eq Equilibrium
es External sublimation
g Gas
gen generation
i Updated node
in Inlet
j Previous node
sl sublimation
loss Heat loss
lam Laminar
m Moisture of particle
mf Minimum fluidization
S Surface
Sat Saturated
p particle
q Heat flux [W s]
ref Reference point
out Outlet
t Terminal velocity
top Top of the fluidized bed
tur Turbulence
total Include laminar and turbulence
Y Vapor of gas
w Water
wb Wall to bed
wall Wall of vertical fluidized bed equipment
0 Initial, reference point
1 Previous state
2 Final state

Dimensionless number
Ar Archimedes number
Nu Nusselt number
Pr Prandtl number
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
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