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a b s t r a c t

Three-dimensional simulations have been carried out to examine the gas–particle flow behavior of
tobacco material in a fluidized bed dryer. The Euler–Euler model has been used to study the distribu-
tion of particles in the fluidized bed dryer. The simulation results indicate that tobacco particles usually
concentrate in the near-wall region, and there exists a maximum particle concentration in the feed pipe.
The predictions on the regions with high concentration of particles in the fluidized bed dryer agree well
with the experimental findings. Moreover, this kind of dynamic particle aggregation might lead to particle
clusters, and investigations of the particle motion and mixing behavior in the simulated systems indi-
cate that there are particle clusters during fluidization. The diverse nature of clusters enriches the flow
behaviors of particles and consequently leads to the macro-scale heterogeneity featuring fast fluidiza-
mprovements tion: dilute at the top and dense at the bottom in the axial direction as well as the core–annulus structure
in the radial direction. Therefore, the particle clusters is one of the key problems in drying processes,
which must be known for understanding the material distribution inside the dryer, as well as for the
system design of fluidized bed dryers. According to the results, some improvements on the fluidized bed
dryer have been brought out and the relative numerical experiments have been performed. The numeri-
cal experiments show that the improvements can realize better uniformity and lead to a decrease in the

hich p
particle concentration, w

. Introduction

Fluidized bed dryers are among the most used systems to dry
articulate solids, suspensions, pulps, and pastes, mainly due to the
dvantages of flexibility in routing, ease of maintenance and high
eat and mass transfer rates produced between solids and the hot
ir, leading to low drying times [1–5]. Therefore, fluidized bed tech-
ology is widely employed by the pharmaceutical, food, fertilizers,
nd many other chemical industries, where either wet granulation
r drying of solid materials is fundamental stage of many industrial
rocesses [6]. The fluidized bed dryers have also been in general
se for cut tobacco drying system in the tobacco industry because

f high heat transfer efficiency.

In order to meet stringent product quality specifications, bet-
er understandings of tobacco drying system are strictly necessary
or further optimization of the fluidized bed dryers and the stan-
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rovides useful ways to solve the clustering problem.
© 2009 Elsevier B.V. All rights reserved.

dard operating procedures. In drying process, the main concern for
quality assurance purposes is to ensure that the product is dried to
the desired moisture content, which is very much related to heat
and mass transfer between moist solids and gas [7,8]. And gas–solid
interactions are directly related to heat transfer between convey-
ing gas medium and solids [9]. Therefore, it should be a first step to
clarify the fluid dynamics of gas–solid flow in the dryer.

For gas–solid circulating fluidized bed systems, solid particles
are usually heterogeneously distributed across the riser bed in the
form of clusters, a kind of loose and dynamic aggregation. The parti-
cle clusters make the flow field less accessible and the flow changes
unstably in time and space [10]. The rheological characteristics of
the particle clusters are of fundamental importance for the drying
process of this kind of products, since these properties can deter-
mine the fluid dynamics, which must be known for the design of
drying systems, as well as for understanding the material distri-

bution inside the dryer [5,11]. Although the existence of clusters
(regions of locally higher solid fraction) in dense riser flow is well
accepted in the chemical engineering community, a clear definition
is still lacking [12]. It is reported that particle clusters are signif-
icantly associated with higher particle concentration. When the

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:gengfan0104@163.com
dx.doi.org/10.1016/j.cej.2009.03.035


582 F. Geng et al. / Chemical Engineering Journal 150 (2009) 581–592

Nomenclature

CD interphase drag coefficient
CDSP interphase drag coefficient of equivalent spheres
d diameter of the solid phase particles (m)
F force (N)
f drag function
K interphase momentum exchange coefficient
ṁ mass flow rate (kg s−1)
�R interaction force between phases
Re Reynolds number
Sq source term
V volume (m3)
�v overall velocity vector (m s−1)

Greek letters
˛ volume fractions
ˇ correction coefficient
� time scale (s)
� bulk viscosity (kg s−1)
� dynamic viscosity (kg s−1)
� physical density (kg m−3)
� stress-strain tensor (Pa)

Subscripts
l fluid phase
p particle phase
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oncentration of particles reaches a definite level, they associate
nto higher-order structures, that is, associates or clusters. Slow
uantitative changes (such as growth of the number of particles)
ead to a qualitative change in the structure and to the formation of
he so-called percolation clusters [13–16]. Due to non-uniformity
f shape and moisture content of tobacco particles [17], the par-
icles are easy to collide with each other in high concentration
egions, and then they can be held together by interactive forces
mong the particles [18]. Thus a cluster forms. Once a particle clus-
er forms in gas–solid two-phase flow, how it evolves has a close
elation with its motion state and may be directly dependent upon
ydrodynamic interaction between the cluster and its surrounding
19]. While many previous studies have considered the mean tem-
erature or moisture content of products, cluster formation in the
uidized bed dryers and their particle-scale behavior is difficult to

nvestigate experimentally due to the multi-scale complexity of the
ystem and the limitations of measurement techniques [20].

In this paper, the main purpose is to investigate particle distri-
ution of tobacco material in the fluidized bed dryer and predict
he regions with high concentration of particles, which might lead
o particle cluster formation. A numerical fluid simulation method
as been developed for the flow behavior. The details of three-
imensional Euler–Euler model have been presented and relative
imulations have been carried out for simulating the flow behavior.
t offers a way to investigate the flow behavior and particle clus-
er formation in the fluidized bed dryer. Moreover, we have set
p a cold flow fluidization bed of plexiglass to visually investigate
he gas–particle flow behavior of tobacco material in the fluidized
ed. The computational results are compared with experimental

ndings and show good agreements with the experimental ones.
herefore, this simulation model is valid to predict the fluid dynam-
cs of tobacco material in the dryer. According to the results, some
mprovements on the fluidized bed dryer have been brought out
nd the relative numerical experiments have been performed. It is
Fig. 1. The structure of the fluidized bed dryer.

found that the improvements can lead to a decrease in the parti-
cle concentration, and avoid the form of particle clusters to some
extent, which provide useful ways to solve the clustering problem.

2. Mathematical models

The typical sample of the fluidized bed dryer is shown in Fig. 1.
It consists of a fan, a riser, an inlet of tobacco material, an outlet
such as a separator and closed loop piping. Normal air and other
gases are used as operation gas. Since the riser is the main part of
the bed where heat transfer occurs between conveying gas medium
and particles, we only simulate the two-phase flow in the dryer.

This study is based on the following assumptions: (i) The par-
ticles are spheres with the corrected drag coefficient. (ii) Heat and
mass transfer are ignored in flow process [17,21]. The computer
simulation of gas–solid two-phase flow in the fluidized bed dryer
is based on the two-fluid approach, in which air and other gases are
defined as the continuous phase and tobacco material is assumed
as the continuous phase with consideration of the large amount of
cut tobacco particles in the dryer

It is difficult to predict the fluid dynamics of each particle indi-
vidually especially when the volume fraction of particle phase
is bigger than 10% to total volume [22]. A three-dimensional
Euler–Euler model is employed to evaluate the two-phase flows.
The Euler–Euler model is employed to solve the interaction
between the particles and the air [23–25]. The key features of these
models are briefly described as follows.

2.1. Euler–Euler model [23,26]

The Eulerian multiphase model allows for the modeling of mul-

tiple separate, yet interacting phases. The phases can be liquids,
gases, or solids in nearly any combination [26,27]. An Eulerian treat-
ment is used for each phase, in contrast to the Eulerian–Lagrangian
treatment that is used for the discrete phase model. With the
Eulerian multiphase model, the number of secondary phases is
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imited only by memory requirements and convergence behavior.
ny number of secondary phases can be modeled, provided that
ufficient memory is available.

This simulation is based on the two-fluid approach in which gas
nd solid are assumed to be continuous and fully interpenetrat-
ng in each control volume, so the conservative equations of mass
nd momentum originally derived from single-phase flow can be
xtended to describe the hydrodynamics of gas–solid two-phase
ow [28–30].

.1.1. Volume fractions
The description of multiphase flow as interpenetrating continua

ncorporates the concept of phasic volume fractions, denoted here
y ˛q. Volume fractions represent the space occupied by each phase,
nd the laws of conservation of mass and momentum are satis-
ed by each phase individually. The derivation of the conservation
quations can be done by ensemble averaging the local instanta-
eous balance for each of the phases or by using the mixed theory
pproach.

The volume of phase q, Vq, is defined by:

q =
∫

V

˛q dV (1)

here
∑n

q=1˛q = 1. The effective density of phase q is �̂q = ˛q�q,
here �q is the physical density of phase q.

.1.2. Conservation of mass
The continuity equation for phase q is:

∂

∂t
(˛q�q) + ∇ · (˛q�qvq) =

n∑
p=1

ṁpq + Sq (2)

here �vq is the velocity of phase q and ṁpq characterizes the mass
ransfer from the p to q phase, and these mechanisms can be spec-
fied separately. The source term Sq on the right-hand side is zero.

.1.3. Conservation of momentum
The momentum balance for phase q yields:

∂

∂t
(˛q�q�vq) + ∇ · (˛q�q�vq�vq) = −˛q∇p + ∇ · ¯̄�q+

n∑
p=1

(�Rpq + ṁpq�vpq)

+ ˛q�q(�Fq + �Flift,q + �FE,q) (3)

here ¯̄�q is the q phase stress–strain tensor.

¯̄ = ˛q�q(∇vq + ∇vT
q ) + ˛q

(
�q − 2

3
�q

)
∇ · vq

¯̄I (4)

ere �q and �q are the shear and bulk viscosity of phase q, �Fq is
n external body force, �Flift,q is a lift force, �FVm,q is a virtual mass

orce, �Rpq is an interaction force between phases, and p is the pres-
ure shared by all phases. �vpq is the interphase velocity, defined as
ollows. If ṁpq > 0 (i.e., phase p mass is being transferred to phase
), �vpq = �vq; if ṁpq < 0 (i.e., phase q mass is being transferred to
hase p), �vpq = �vq. Likewise, if ṁpq > 0 then �vpq = �vq, if ṁpq < 0 then
pq = �vp.

Eq. (3) must be closed with appropriate expressions for the
nterphase force �Rpq. This force depends on the friction, pressure,
ohesion, and other effects, and is subject to the conditions that

�
pq = −�Rqp and �Rqq = 0.
A simple interaction term of the following form has been used:

n

p=1

Rpq =
n∑

p=1

Kpq(vp − vq) (5)
Fig. 2. Cut tobacco and equivalent sphere [17].

where Kpq(= Kqp) is the interphase momentum exchange coeffi-
cient.

2.2. Fluid–fluid exchange coefficient

For fluid–fluid flows, each secondary phase is assumed to form
droplets or bubbles. This has an impact on how each of the fluids
is assigned to a particular phase. For example, in flows where there
are unequal amounts of two fluids, the predominant fluid should be
modeled as the primary fluid, since the sparser fluid is more likely to
form droplets or bubbles. The exchange coefficient for these types
of bubbly, liquid–liquid or gas–liquid mixtures can be written in the
following general form

Kpq = ˛q˛p�pf

�p
(6)

where f, the drag function, is defined differently for the different
exchange coefficient models (as described below) and �p, the par-
ticulate relaxation time, is defined as

�p = �pd2
p

18�q
(7)

where dp is the diameter of the bubbles or droplets of phase p.
Nearly all definitions of f include a drag coefficient (CD) that is

based on the relative Reynolds number (Re). It is this drag function
that differs among the exchange coefficient models. For all these
situations, Kpq should tend to zero whenever the primary phase is
not present within the domain. To enforce this, the drag function f
is always multiplied by the volume fraction of the primary phase q,
as is reflected in Eq. (6).

For the Morsi and Alexander model [23]

f = CDRe
24

(8)

Drag coefficient is of crucial importance for the simulation of
the heterogeneous gas–solid flow [8]. In such a general kind of sim-
ulation, a target is a spherical shape and a uniform size such as a
droplet, bubble, or very small particle which can be regarded as
spherical and uniform.

Unfortunately, cut tobacco is not spherical or uniform. Also the
drag coefficient, which dominates the momentum interaction, is
changed by shape and size of cut tobacco [9]. Therefore it is nec-
essary to modify the interphase drag coefficient for cut tobacco
through user-defined functions for the simulation. Since the inter-
phase drag coefficient for spherical particles is available, we image
a sphere which has the same volume as cut tobacco, as shown in
Fig. 2 [17], make a correction to the interphase drag coefficient for
spherical particles and apply it to cut tobacco as follows

CD = CDSPˇ (9)

where ˇ is the correction coefficient, as shown in Table 1 [31]. CD
is the interphase drag coefficient and CDSP is the interphase drag
coefficient of equivalent spheres. where the drag function has a

form derived by Dalla Valle [24]

CDSP =
(

0.63 + 4.8√
Res/vr,s

)
(10)
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Table 1
Correction properties of non-spherical particles.

Particle shape Correction properties

Sphere Particle 1.0
Sphere Particle with crude surface 2.42
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Table 2
The calculation parameters used in numerical calculation.

Parameter Value

Bed height (m) 6
Bed cross-section (m × m) 135 × 215
Air inlet (m × m) 60 × 160
Particle inlet (m × m) 138 × 200
Gas density (kg m−3) 1.225
Gas viscosity (m2 s−1) 1.7894 × 10−5

Gas velocity (m s−1) 6
Particle density (kg m−3) 800
Particle feeding rate (kg s−1) 0.05
Particle diameter (m) 0.002
Particle reversion coefficient 0.8
Time step (s) 0.001

uninterruptedly coming into the feed pipe, on the other hand, the
air velocity at the particle inlet is oppositely high, which can pre-
vent the particles from coming into the bed to some extent. So there
are a large amount of particles concentrating in the feed pipe.
Ellipse particles 3.08
Sheet particles 4.97
Anomalous particles 2.75–3.5

his model is based on measurements of the terminal velocities of
articles in fluidized or settling beds, with correlations that are a
unction of the volume fraction and relative Reynolds number

es =
�lds

∣∣�vs − �vl

∣∣
�l

(11)

here the subscript l is for the fluid phase, s is for the solid phase,
nd ds is the diameter of the solid phase particles.

The fluid–solid exchange coefficient has the form

sl = 3˛s˛l�l

4v2
r,sds

CD

(
Res

vr,s

)
|vs − vl| (12)

here �r,s is the terminal velocity correlation for the solid phase
23]

r,s = 0.5(A − 0.06Res +
√

(0.06Res)2 + 0.12Res(2B − A) + A2) (13)

ith A = ˛4.14
l and B = 0.8˛1.28

l for ˛l ≤ 0.85, and B = ˛2.65
l for ˛l >

.85.

. Simulation conditions

The numerical solution of the continuity and momentum equa-
ions for gas–solid continuous phase is obtained using Euler–Euler

odel of the CFD code, which is a vertex-centered code based
n the finite volume numerical method. Unsteady simulations are
erformed for tobacco particles passing through the fluidized bed
ryer. The dispersed turbulence model is the appropriate model

n the simulation. Select user-defined to use a user-defined func-
ion for the drag function. The restitution coefficient for particle
ollisions is specified. The finite volume method is employed to
olve a set of governing equations. All terms of the governing
quations are discredited using the second-order upwind scheme.
he Phase Coupled SIMPLE (PC-SIMPLE) algorithm is used for the
ressure–velocity coupling. The convergence criterion is set at 10−3

or all equations. All the walls are treated as non-slip boundaries
ith standard wall functions. A “velocity-inlet” boundary condi-

ion is used at the inlet, and the outlet uses the “pressure-outlet”
oundary condition. The inlet gas velocity and particle velocity are
f the same value.

The system examined in the simulations is loosely based on the
xisting test equipment. The physical properties of fluid and the
imulated particles and details of the system geometry are given
n Table 2. And flue-cured tobacco is used as operating particle,
s show in Fig. 3. In order to check the sensitivity of the simula-
ion result on the grid size, three grid spacing: 2, 1 and 3 cm are
elected. Comparison of the three cases shows no noticeable differ-
nce in simulation results. The distribution grid could be considered
o provide acceptable, grid independent solutions. Therefore, a grid
pacing of 2 cm is used throughout the rest of the calculations in
his paper, as show in Fig. 4.
. Results and discussion

Fig. 5 shows snapshots of the volume fraction field at various
ime points in the simulation at a superficial air velocity of 6 m s−1
Fig. 3. Tobacco materiel.

and particle feeding rate of 0.05 kg s−1. It shows that particle dis-
tribution in the fluidized bed dryer is not uniform: usually dilute
at the top and dense at the bottom in the axial direction as well as
dense at the feed pipe. The volume fraction of the feed pipe is far
bigger than that of the riser. On the one hand, there are materials
Fig. 4. Simulated physical model.
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Fig. 5. Snapshots of the volume fraction field at various time points in the sim

In addition, refluence is observed during the fluidization pro-
ess, as shown in Fig. 6(a). We take a typical refluence for
xample and exam its velocity vector distribution. The obvious
ddy flow can be seen in Fig. 6(b): the down-flowing particles
ear the wall of the upper dilute-phase region meet the up-
owing particles of the lower dense-phase region, and hence

orm eddy flow in the near-wall region. The eddy flow is essen-
ially high concentration of particles in particle volume fraction

eld.

The fluidized bed dryer is of rectangular cross-section. Due to
he wall effect, air velocity is lower in the near-wall region than
hat of the centre region. A typical cross-section with its air veloc-

Fig. 6. Refluence and velocity vector distributio
n at a superficial air velocity of 6 m s−1 and particle feeding rate of 0.05 kg s−1.

ity field and particle volume fraction field is shown in Fig. 7. This
kind of fluid velocity field might directly lead to the non-uniform
particles distribution. The computation results in three dimensions
is hard to study quantitatively, i.e., lateral or axial profile of solids
volume fraction [10]. To further investigate the particle distribution,
we choose some cross-sections at different heights to exam particle
volume fraction field. The particle volume fraction in the near-wall
region, especially the four angle regions, is bigger than that of the

other regions, as shown in Fig. 8. It is generally agreed (e.g., Refs.
[10,32]) that this region has a core–annulus structure, characterized
by a dilute rapidly rising core surrounded by a denser slowly falling
region adjacent to the riser wall. This kind of dynamic particle

n of particles in the fluidized bed dryer.
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F
ig. 7. Tobacco distribution of the cross-section in the fluidized bed dryer at different hei

Fig. 8. Air velocity field and tobacco volume field of on
ghts at a superficial air velocity of 6 m s−1 and particle feeding rate of 0.05 kg s−1.

e typical cross-section in the fluidized bed dryer.
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ggregation might usually lead to particle clusters, and investiga-
ions of the particle motion and mixing behavior in the simulated
ystems indicate that there are particle clusters during fluidiza-
ion. The diverse nature of clusters enriches the flow behaviors of
articles and consequently leads to the macro-scale heterogeneity

eaturing fast fluidization.
Furthermore, tobacco particles are not spherical or uniform

17]. Due to the moisture content of tobacco particles, tobacco
articles tend to collide with each other easily in the high con-
entration regions, then they can be held together and form
lusters by interactive forces among the particles. The existence
f such clusters has a profound influence on the performance
f a CFB unit as a chemical reactor. They can directly influence
as–solid interactions and flow behavior, and finally lead to influ-
nce the dryer efficiency and the quality of the product. It is
herefore of great importance to gain more insight into this phe-
omenon. Although the existence of clusters (regions of locally
igher solid fraction) in dense riser flow is well accepted in the
hemical engineering community, a clear definition is still lacking
12].

It is difficult to investigate cluster formation and their particle-

cale behavior in the fluidized bed dryers experimentally due
o the multi-scale complexity of the system and the limi-
ations of measurement techniques [20]. We have set up a
old flow fluidization bed, which is made of plexiglass with
35 mm × 215 mm × 6000 mm, as shown in Fig. 9. We can visu- Fig. 9. Present rectangular fluidized bed.

ig. 10. Comparison of tobacco distribution in the fluidized bed dryer between simulation and experimental results at a superficial air velocity of 6 m s−1 and particle feeding
ate of 0.05 kg s−1.
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ig. 11. Comparison of tobacco distribution of the particle inlet between simulation
f 0.05 kg s−1.
lly investigate the gas–particle flow behavior of tobacco material
n the fluidized bed. Experiments were carried out to verify the
ccuracy of the computational scheme. It is necessary to verify the
bove model before its application for further numerical experi-
ent. Consequently, the computation results were hard to compare

Fig. 12. Improvemen
xperimental results at a superficial air velocity of 6 m s−1 and particle feeding rate
quantitatively with certain experimental results, i.e., lateral or axial
profile of solids volume fraction [10]. After a series of simulations,
we based upon a visual comparison of snapshot images of both
experiment and simulation. Due to the big scale of the whole bed,
it is difficult to snapshot images of the gas–particle flow behavior

t on the riser.
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ig. 13. Tobacco distribution in the fluidized bed dryer before and after the improve-
ent at a superficial air velocity of 6 m s−1 and particle feeding rate of 0.05 kg s−1.

or the whole fluidized bed. We pay special attention to the main
arts: the riser and the feed pipe.

.1. Gas–particle flow in the riser

The riser is the main section of the fluidized bed dryer. In
rder to investigate the fluidization of tobacco particles in the
iser, some relative experiments are performed at a superficial
ir velocity of 6 m s−1 and particle feeding rate of 0.05 kg s−1.
napshots of the volume fraction field for numerical simulation
nd experimental investigation are shown in Fig. 10. The particle
istributions in the simulated process coincide with the exper-

ment results, in which the regions of high volume fraction are
arked with red curves. As can be seen from numerical simula-

ion and experimental investigation, particles tend to concentrate
ear the riser wall. Due to wall proximity, the flow is generally
ownward in the dilute-phase transport region and upward in
he dense-phase transport region. Therefore, near the riser wall,
he up-flowing particles will meet with the down-flowing parti-
les in the interface between dense- and dilute-phase transport
egions. This directly leads to high concentration of particles in

he near-wall region. Although this flow structure is based on
ur observations using a riser with a fixed inlet configuration for
he gas and solids, it agrees well with previous studies’ findings
10,32].
Fig. 14. Tobacco distribution of the cross-section in the fluidized bed dryer with
elliptic cross-section at different heights at a superficial air velocity of 6 m s−1 and
particle feeding rate of 0.05 kg s−1.

4.2. Gas–particle flow in the feed pipe

In most gas–solid fluidized beds, especially in the inlet sec-
tion, particles always accelerate or decelerate at random instead
of approaching a steady state because the drag force of the gas on
them rarely balances their effective gravity [18]. So the feed pipe is
a complex and important section of the fluidized systems for us to
study its fluid dynamics.

Fig. 11 shows the comparison between the simulation result and
relative experimental findings of the gas–particle flow in the inlet
region. The simulation results agree well with that of experimen-
tal ones. They all indicate that there is a large amount of particles
concentrating in the feed pipe. Because of the feeding system is con-
tinuous and the high air velocity at the particle inlet can prevent
the particles from coming into the bed to some extent.

According to the analysis above, the volume fraction of the
feed pipe is far bigger than that of the riser. And particle clusters
might probably form in the feed pipe, and then come into the riser
and travel concurrently with the air. Therefore, we propose some
improvements on the particle inlet for avoiding the form of particle
clusters in the feed pipe.
5. Improvements

The experimental and simulation results provide useful infor-
mation for us to improve the system design of fluidized bed dryer
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Fig. 15. Improvem

o realize better uniformity. And the accordance of the experimental
nd simulation results as well as the analysis above all indicate that
he numerical simulation based on the Euler–Euler model is valid to
redict the fluid dynamics of tobacco material in the dryer. There-
ore, we can use this model for simulated experiments to investigate
article distribution in the dryer with improvements. The detail
cale of the optimization improvements can be chosen and deter-
ined through a large amount of simulation experiments, which

an save time, money and manpower and have paved the way for
uture experimental research.
.1. Improvement on the riser

According to the analysis above, particles are always concentrat-
ng in the four angle regions. And the particle concentration might
irectly lead to particle clusters, which is not expected during the

Fig. 16. Tobacco distribution in the inlet section before and after the improvement
the inlet section.

drying process. So we tried to solve the problem with consideration
of the improvement on the riser.

To avoid the four angle regions, the rectangular cross-section
of the fluidized bed dryer can be changed to elliptic cross-section.
It can be realized by adding four arc boards as long as the riser,
as shown in Fig. 12. The above simulation method has been used
to predict the fluid dynamics of cut tobacco in the improved riser.
Fig. 13(a) shows the particle volume friction fields of the steady state
of the improved system: the particle distribution becomes more
uniform than that of the rectangular riser, as shown in Fig. 13(b). To
gain more insight into this phenomenon, we choose some cross-

sections according to Fig. 8 to exam the particle distribution in
the radial direction. As can be seen from Fig. 14, particle distribu-
tion in the improved fluidized bed tends to be more uniform when
compared to Fig. 8, in which obvious high concentrating regions
of particles in the fluidized bed dryer of rectangular cross-section.

at a superficial air velocity of 6 m s−1 and particle feeding rate of 0.05 kg s−1.
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herefore, the improvement of elliptic cross-section can reduce
article concentration in the four angle regions and realize better
niformity to some extent, which provides a reasonable way for the

ndustry.

.2. Improvement on the inlet section

There is a large amount of particles in the feed pipe, whose vol-
me fraction is far bigger than that of the riser. The high air velocity
t the inlet might prevent the particles from coming into the riser
o some extent. But it is infeasible to decrease the air inlet velocity.
ecause the particles cannot be fully fluidized and the time for dry-

ng increases with lower air velocity, which can directly influence
he quality of the final product. Therefore, we try to add some obsta-
les to the inlet when considering the change of the airflow and the
ecrease of the velocity at the particle inlet. After many tries, the

mprovement with three triangular prism plates is better to reduce
article concentration in the feed pipe, as shown in Fig. 15.

The simulated experiment has been performed after the
mprovement. As can be seen from Fig. 16, with the improvement,
articles can slide into the riser along the prism plate, and then
ravel up concurrently with the air. This improvement provides con-
enience for particle to come into the riser, and accordingly avoid
article concentration in the feed pipe. As a result, the volume frac-
ion in the feed pipe of the steady state is lower than that of the
riginal condition. Therefore, the improvement with three triangu-
ar prism plates can reduce particle concentration to some extent
nd is feasible for the industry to avoid material overstock in the
eed pipe.

The above improvements provide useful ways to solve the prob-
em of particle concentration and finally avoid cluster formation.
nd the simulation experiments on the improvements have indi-
ated significantly better uniformity of the particle distribution in
he fluidized bed dryer. However, further exploration for a more
igorous model and experiments are also needed before the appli-
ation of the improvements in the industry.

. Conclusions

A three-dimensional Euler–Euler model has been described in
etail, which was established for the flow behavior of gas–particle
ow systems in a fluidized bed dryer. The distribution of parti-
le concentration and the gas–solid separation characteristics were
nvestigated. The obtained results show that particle distribution
n the fluidized bed dryer is not uniform: usually dilute at the top
nd dense at the bottom in the axial direction. And there exists a
aximum particle concentration in the feed pipe. With rectangu-

ar cross-section of the riser, particles tend to concentrate in the
ear-wall region, especially the four angle regions. It is essentially
he core–annulus structure in the radial direction, characterized by
dilute rapidly rising core surrounded by a denser slowly falling

egion adjacent to the riser wall. These simulation results coincide
ell with the experiment findings as well as the previous studies’
ndings [10,32]. Therefore, this simulation model is valid to predict
he fluid dynamics of tobacco material in the dryer.

This study gives useful indications of particle distribution char-
cteristics in the fluidized bed. Due to non-uniformity of shape and
oisture content, tobacco particles are easy to hold together and

orm clusters in high concentration regions. These particle clus-
ers can directly influence the dryer efficiency and the quality of
he final product. Further optimizations of the system are needed

o develop to realize better uniformity and lead to a decrease in
he particle concentration. According to the experimental and sim-
lated results, we improved the system design of fluidized bed as
ollows: the rectangular cross-section of the fluidized bed dryer was
mproved to elliptic cross-section to avoid the four angle regions.

[
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And we added three triangular prism plates to the inlet to change
the airflow and decrease the velocity at the inlet. The simulation
results show that the particle distribution becomes more uniform
the improved system than that of the fluidized bed dryer with rect-
angular cross-section. And the added three triangular prism plates
can avoid particle concentration in the feed pipe to some degree,
which have paved the way for future experimental research. But it
is necessary to verify the improvements before its application in
the industry.

The present work on flow behavior of gas–particle flow systems,
especially the particle clusters, is still in the initial stage. Topics on
particle clusters that should be systematically investigated include
improved models of particles, the influence of particle sizes and
material properties, dryer loadings, dryer inclinations, other flow
regimes, appropriate processes with heat and mass transfer (e.g.,
heating by contact to the dryer wall, vacuum contact drying, mixing
of hot and cold particles, mixing of dry and wet adsorbent particles),
as well as respective experiments. Concerning the mentioned top-
ics, computational ability and experimental measurement are and
will remain intractable issues, so that improved models and new
way to deal with flow behavior of gas–particle flow systems will be
necessary.
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