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1. INTRODUCTION 
     The fluidized bed technology has been widely used in 
many industrial processes. The minimum fluidization 
velocity, umf, and the pressure drop across the bed, ∆p, 
are the major input data for designing an atmospheric 
non-circulating fluidized-bed system. Together with the 
terminal velocity, ut, which is an important parameter in 
the designing of a circulating fluidized bed system, these 
fluidization characteristics are basically used for 
determining the reactor’s dimensions, selecting auxiliary 
equipment (e.g. blower) and predicting the range of 
major operating variables for the system to be developed.  

By present time, a large number of research works 
devoted to modeling the fluidization characteristics of a 
gas-solid fluidized bed have been carried out on 
cylindrical and prismatic devices, or columns, operating 
under “cold” (ambient) conditions [1–4]. For different 
particle and fluidizing agent properties/characteristics, 
the behaviors of solid particles in the fluidized bed are 
represented by corresponding fluidization patterns 
(bubbling, slugging, channeling and jetting). In practical 
fluidized bed systems, the group-B and group-D particles 
are generally used with the aim of securing the bubbling 
fluidization mode in the particular device, as follows 
from the Geldart’s particle classification [1]. Accordingly, 
umf and ∆p are affected by the fluidization pattern, the 
latter being dependent on the particle size. Hence, for the 
selected bed material, the particle size seems to be 
another important parameter for the proper designing of 

fluidized bed systems and, accordingly, for simulation of 
the fluidized bed.  

A large group of the fluidized bed systems include the 
reactors (devices) with cone-shaped and tapered beds 
[5–9]. As shown by different authors, the bed geometry 
affects significantly both the fluidization mode (e.g. 
causing the bed spouting at large cone angles) and the 
fluidization characteristics [1], particularly, for coarse 
particles [5]. With the use of the same bed material, one 
can observe different fluidization modes occurring at 
different cone angles. Moreover, the effects of the static 
bed height of the conical bed become more apparent 
compared to those in columns. As concluded in some 
references, in addition to the above characteristics, the 
minimum velocity of full fluidization, umff, should be 
involved for more complete characterization of the 
conical and tapered fluidized beds [5,6]. 
     The models for predicting umf, umff and ∆p (the latter 
being the function of the superficial velocity) have been 
proposed and applied for the cases of liquid fluidizing 
agent as well as for reactors with coarse particles (of 
about 1.8 mm diameter) of the bed material [5,6]. 
However, there is a lack of reliable data on fluidization 
characteristics for the bed materials with medium 
particle size, typical for fluidized bed combustion 
systems including those with the conical bed [10,11].      

This work was aimed at modeling umf, umff and ∆p for 
the conical bed filled in with the quartz sand, of 300–500 
µm in size, passed by the flow of air under ambient 
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conditions. Effects of the cone angle and static bed height 
on these characteristics were the focus of study. 
Validation of the computational models was also among 
the main objectives of this study. 

 
 

I : Fixed bed region
II: Partially fluidized bed region
III: Fully fluidized bed region
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Fig 1.  Effect  of  the  superficial fluid velocity on the 
pressure drop across the conical (or tapered) bed [5,6]. 

 
2. METHODS AND MATERIALS 
2.1 Computational Models 

A typical relationship between the pressure drop 
(across the conical/tapered bed) and the superficial 
velocity in the bed (basically, related to the bottom 
section) is shown in Fig. 1. Apparently, this dependence 
can be subdivided into three regions corresponding to 
different modes: (I) fixed bed mode (occurring at u < umf), 
(II) partially fluidized bed mode (at umf ≤ u < umff), and 
(III) fully (turbulent) fluidized bed mode (at u ≥ umff) 
[5,6]. For a spouted bed, ∆p may reduce in Region III 
with higher u [1]. 

In accordance with the work objectives, a conical 
fluidized bed system is the focus of the study. The 
schematics diagram of the conical bed prototype is 
shown in Fig. 2. 
     Fixed bed mode (Region I). In such a mode, solid 
particles of the bed material are fixed (in contact with 
neighboring particles) forming the static bed of height h 
as shown in Fig. 2. 

 

 
Fig 2. Schematic diagram of the conical bed filled 

in with the bed material (fixed bed mode). 

For determining the superficial velocity range for this 
region, the value of umf is required. The equation for 
quantifying umf is derived based on the assumption that 
for u = umf (occurring at the bed voidage ε =εmf  [1]) the 
buoyancy force acting on the entire bed is in equilibrium 
with the net gravitational force of all the bed particles [6]:  
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In Region I, laminar air flow may likely occur 
between the bed particles, especially when the particle 
size is relatively small. In such a case, basically taking 
place at Remf < 20, the viscous effects in the air flow 
crossing the bed become predominant, and all the term 
with u2

mf in Eqs. (1) can be omitted, hence simplifying 
the determining of  umf [2]. 

For the conical bed at u < umf, i.e. when ε =εo, the 
pressure drop across the bed is determined for various u 
by the modified Ergun’s equation [6]: 
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where A and B are calculated by Eq. (2) and Eq. (3), 
respectively, replacing εmf  by εo.  
     As follows from analysis of Eq. (4), the pressure drop 
approaches the maximum (∆pmax) at u = umf. 
 
Partially fluidized bed region (Region II). When the 
partially fluidized bed mode occurs, some part of the bed 
of a height hb (hb < h) with the particles near the air 
distributor shows the fluidization mode, whereas the 
particles in upper bed layers remain to be static as 
illustrated in Fig. 3.  

For determining the upper velocity limit for this 
region (umff), basically occurring at ε =εmff, the condition 
of the equality of the buoyancy force acting on the upper 
layer of the fluidized bed (with an infinitesimal 
thickness) to the gravity force acting on that layer must 
be satisfied. Such a conditions results in the following 
equation suitable for quantifying the minimum velocity 
of full fluidization [6]: 
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 where A and B are calculated by Eq. (2) and Eq. (3), 
respectively, replacing εmf  by εmff.  

 

 
 

Fig 3. Schematic diagram of the conical bed filled in 
with the bed material (partially fluidized bed mode). 
 

     In this work, it was suggested to estimate the value of 
hb as the function of the current superficial velocity:  
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Hence, the radius of the top plane of the fluidized part, rb, 
is then readily found to be: 
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In the fixed part of the partially fluidized bed, the bed 

voidage is characterized by the same, as in Region I, 
value, i.e. ε =εo. Meanwhile, in the bed part with the 
fluidization (of height hb), the bed voidage is proposed to 
correlate with the current superficial velocity by: 
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The pressure drop across the bed for this region of   

umf ≤ u < umff is then calculated to be [6]: 
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     where A and B are calculated by Eq. (2) and Eq. (3), 
respectively, replacing εmf  by ε, the latter being found by 
Eq. (8).  

Note that the contribution of the last term in Eq. (9) 
(related to the kinetic energy change) is quite negligible 
and can be omitted in practical applications.  
     With higher u, the pressure drop in the partially 
fluidized bed region is reduced approaching a minimum 
at u = umff, i.e. when h = hb. Under such a condition, the 
terms with A and B in Eq. (9) are turned to be zero.   
 
Fully fluidized bed region (Region III). In accordance 
with the above analysis, the pressure drop across the bed 
in this region is represented by the third term on the right 
site of Eq. (9) whose value is independent of u. Assuming 
that the bed voidage to be constant value in Region III (ε 
≈εmff), the pressure drop is then estimated by: 
                  

                  ( ) ghp )(1 fsmff ρρε −−=∆             (10) 
 
2.2 Essential Input 
     For validation of the computational models, all 
calculations in this work were carried out for the same, as 
in Ref. [11], bed material (quartz sand) and fluidizing 
agent (air, under ambient conditions). Properties and 
characteristics of both quartz sand and air used in this 
computational study are shown in Table 1. The voidage 
of the fixed bed was assumed by Ref. [1] for the loosely 
packed bed; meanwhile, the values of εmf  and εmff were 
selected based on the reference experimental data [11]. 
 
 

Table 1: Properties and characteristics of quartz sand 
and air used in the computational study 

 
 

Property/characteristic Value 

SiO2 content in the quartz sand  89.9% (by wt.) 

Diameter of sand particles, dp 400 µm 

Density of sand, ρs 2650 kg/m3 

Sphericity of sand particles, φs 0.86 

Density of air, ρf 1.165 kg/m3 

Viscosity of air, µf 1.86⋅10-5 N⋅s/m2 

Voidage of the fixed bed, εo 0.46  
Voidage of the bed at the minimum 
fluidization velocity, εmf   

0.46  

Voidage of the bed at the minimum 
velocity of full fluidization, εmff 

0.49 

 
     In accordance with the work objectives, the 
computations of the fluidization characteristics were 
carried out for the conical prototype, as shown in Fig. 1, 
with different cone angles (30, 44 and 60°) but fixed 
bottom base diameter (25 cm). For each prototype, the 
computations were repeated for three values of the 
(static) bed height: 20, 30 and 40 cm.  



© ICME2005  TH-18 4

3. RESULTS AND DISCUSSION 
     Figures 4 and 5 show the predicted dependencies of 
the pressure drop on superficial air velocity for the bed 
heights of 20 and 30 cm, respectively, for distinct cone 
angles. 
     As seen in Figs. (4) and (5), in Region I, the predicted 
∆p = f(u) seems to be rather linear than of the second 
order, especially for the smallest bed height (20 cm). This 
fact indicates the predominance of the viscous effects at 
relatively low superficial velocities of air flow.  

The value of umf was found to depend on the cone 
angle showing stronger effects with higher bed heights.    
Thus, for the bed height of 20 cm, the predicted umf were 
found to be  0.29, 0.34 and 0.42 m/s  (see Fig. 4) for  the 
cone angles of 30, 44 and 60o, whereas  they  were  0.35, 
0.45 and 0.56 m/s (see Fig. 5), respectively, when the bed 
height was 30 cm. Apart from this, the computational 
results showed the influence of the cone angle on the  
∆pmax  which increased with higher cone angles, and this 
effect was more apparent for higher bed heights.  
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Fig 4.  Predicted  pressure  drop  across  the conical bed 
versus superficial air velocity for the static bed height of 
20 cm at different cone angles 
 

However, the experimental work on the conical 
prototypes with the particles of 0.3–0.4 mm in diameter 
[11] provided the conclusion on the independence of umf 
on the cone angle. For the bed height of 20 cm, the 
experimental umf was found to be about 0.34 m/s and was 
apparently regardless of the cone angle, whereas for the 
bed height of 30 cm, the experimental umf ranged from 
0.34 to 40 m/s when the cone angle was varied from 30 to 
60o. These differences in umf could be explained by the 
conditions of the sand packing (loosely packed particles).  

Meanwhile, the experimental results with coarse (1.8 
mm diameter) particles proved the substantial effects of 
the cone angle on both umf and ∆pmax [5], corresponding 
qualitatively to the above conclusions. 

In addition, Figs. 3 and 4 show quite strong effects of 
the cone angle on the characteristics of Region II, 
particularly, on umff. Again, this fact has found the 
qualitative confirmation for the coarse particles [5]. 
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Fig 5.  Predicted  pressure  drop  across  the conical bed 
versus superficial air velocity for the static bed height of 
30 cm at different cone angles. 

 
Figures 6, 7 and 8 depict the predicted and 

experimental dependencies ∆p = f(u) for the conical 
prototypes with the 30, 44 and 60o cone angles, 
respectively, for two static bed heights, of 20 and 30 cm. 
Because of loosely packed sand particles in the tests [11], 
the predicted and empirical dependencies (for the same 
operating conditions) seen to be quite far, particularly, in 
Region II. Despite these differences, one can observe 
some certain trends in data compared.  
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Fig 6.  Comparison of predicted and experimental data on 
the pressure drop across the conical bed with the 30° 
cone angle for different static bed heights 
 

For all the cases (under above operating conditions), 
the predicted and experimental ∆p were found to be in 
good agreement for low superficial velocities of air flow 
(u < 0.2 m/s). This fact points at the correct selection of 
the εo which is, in effect, an important parameter in the 
models. 

Since the model for Region I, i.e. Eq. (4), provides a 
solution “for the tightly packed bed”, the predicted and 
experimental dependencies are diverged at 0.2 ≤ u ≤ umf, 
the most significant differences being observed at u = umf. 
These differences have the trend to enhance with higher 
static bed heights. Despite the difference in the pressure 
drop, the predicted and experimental umf were found to 
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be in good (for the 30o cone angle) or fair (for greater 
cone angles) agreement.  
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Fig 7.  Comparison of predicted and experimental data on 
the pressure drop across the conical bed with the 44° 
cone angle for different static bed heights. 
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Fig 8.  Comparison of predicted and experimental data on 
the pressure drop across the conical bed with the 60° 
cone angle for different static bed heights. 
  
 The fluidization characteristics of Region III are of 
the highest interest since they are used in the criteria for 
developing the reactor’s design. Thus, for providing 
secured fluidization for wide range of the reactor loading, 
the actual operating velocity should be selected as high 
as (6–10)umff. Based on this value and taking into account 
the air distributor geometrical characteristics, the ranges 
for the air volume flow rate can be then estimated. The 
pressure drop for this region is also one of the factors 
affecting the selection of the blower(s). 
 As seen in Figs. 6–8, for the bed height of 20 cm, the 
predicted umff and ∆p (for u > umff) were found to be in 
rather good agreement with the corresponding 
experimental results, remaining within 10–20% band 
(depending on the cone angle). However, with higher bed 
height and/or cone angle, relative computational errors 
for umff and ∆p become substantially higher. For instance, 
for the cone angle of 44o, both errors approach 
approximately 30%. 
 

4. CONCLUSIONS 
     Computational models were successfully applied for 
predicting the fluidization characteristics, the minimum 
fluidization velocity (umf), the minimum velocity of full 
fluidization (umff), as well as the dependence of the 
pressure drop (∆p) on the superficial air velocity (u) for 
the conical bed filled in with quartz sand. The models 
have been validated by comparison the predicted results 
with reference data for various cone angles of the conical 
prototype at different static bed heights. 
     For the fixed bed mode (occurring at u < umf), the 
modified Ergun’s equation used in this work provided the 
reliable predictions for low superficial air velocities (u < 
0.2 m/s). Meanwhile, the minimum fluidization velocity 
obtained from the experiment was found to be higher. 
     For the partially fluidized bed mode (at umf ≤ u < umff), 
the predicted and experimental results were found to be 
quite different because of loosely packed bed in the 
experimental tests. These differences became stronger 
with higher bed height (showing major effect) and cone 
angle (showing minor effect). 

For the fully fluidized bed mode (for u > umff), the 
predicted umff and ∆p were found to be in rather good 
agreement with the corresponding experimental results, 
remaining within 10–20% band (depending on the cone 
angle). However, with higher bed height and/or cone 
angle, the relative computational errors for umff and ∆p 
became substantially higher.      
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6. NOMENCLATURE 
 

Symbol Meaning Unit 

A Constant in the modified 
Ergun’s equation (N⋅s/m4) 

B Constant in the modified 
Ergun’s equation (kg/m4) 

dp Diameter of sand particles (m) 
g Gravity acceleration  (m/s2) 
h Static bed height (m) 

hb 
Height of the fluidized region in 
the partially fluidized bed (m) 

∆p Pressure drop across the bed  (kPa) 

∆pmax 
Maximum pressure drop across 
the bed (at u = umf) 

(kPa) 

Remf 
Reynolds number determined at 
the superficial velocity umf  

(-) 

ro 
Radius of the lower base of the 
conical bed  (m) 

r1 
Radius of the upper base of the 
static bed (m) 

rb 
Radius of the upper base of the 
fluidized bed (for the partially 
fluidized mode) 

(m) 

u 
The fluidizing velocity through 
the entrance of the particle bed 
(i.e. at the lower bed base) 

(m/s) 

umf Minimum fluidization velocity (m/s) 

umff 
Minimum velocity of full 
fluidization  (m/s) 

α Cone angle (o) 

ε Current bed voidage (for the 
partially fluidized mode) (-) 

εo 
Bed voidage for the fixed bed 
mode (-) 

ε mf 
Bed voidage at the minimum 
fluidization velocity (-) 

εmff 
Bed voidage at the velocity of 
full fluidization (-) 

φs 
Sphericity of bed material 
(sand) particles  (-) 

ρs Density of the bed particles (kg/m3) 

µf 
Viscosity of the fluidizing agent 
(air) (N⋅s/m2) 

ρf 
Density of the fluidizing agent 
(air) (kg/m3) 

 
 


