
 

 
Abstract— In order to design the conical spouted beds with a 

non-porous draft tube, the solid cross-flow from the annular 
zone to the entrainment zone has been analyzed by carrying 
out the study with beds consisting of solids of different density 
and shape. Solid cross-flow has been determined from the 
variation of the solid circulation rate along the entrainment 
zone calculated by the experimental mass flow of particles 
determined by means of an optical fibre probe at a given 
longitudinal position at the entrainment zone. The effect of the 
height of the entrainment zone on solid flow as well as on solid 
cross-flow is analyzed. 
 

Index Terms— conical spouted beds, draft tube; solid 
circulation rate; solid cross-flow; solid flow rate 
 

I. INTRODUCTION 

HE spouted bed technology in conical geometry of the 
contactor is very useful for applications where a 

vigorous movement of the solids is required, as happens in 
the handling of solids that are sticky, of irregular texture and 
with a wide particle size distribution [1-7]. Moreover, the 
conical spouted bed is successful for wastes treatment, 
especially biomass wastes, [3, 5-8] mainly because avoids 
the stickiness, particle segregation. This technology has 
been successfully proven for treatment of coarse and sticky 
particles with a wide particle size distribution and low 
segregation [1-2]; with great particle distribution with low 
segregation [4]; for biomass treatment [9-12], for cork 
wastes [13]; for sawdust and wood wastes [3] and for drying 
of sludge from paper industry [14]. 

The knowledge of solid flow pattern in spouted beds 
with a draft tube is of great interest for the design, scaled up 
and optimizing of this equipment, because solid trajectories 
should fit the requirements of the process carried out. A 
further interesting aspect in solid flow modelling combined 
with a model proposed for gas flow [15] is the solid cross-
flow rate from the annular into the spout zone. The potential 
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interest relies in knowing the adequate operating conditions 
for a given application, in which a defined solid trajectory in 
the contactor is required. 

Aiming in widening applications of spouted beds, 
modifications such as the insertion of internal devices in the 
contactor have been developed in the literature. The use of a 
draft tube decreases gas flow [16]; uniformizes particle 
trajectories, narrows the frequency distribution of cycle 
times of particles and reduces energy consumption [17]. 

Several authors have determined the solid cross-flow in 
conventional spouted beds without a draft tube by means of 
a model applied into the spout in the lower conical section at 
the base of cylindrical beds [18]; by a mechanism of 
interparticle collisions at the interface [19] and by means of 
mass and momentum conservation equations in cylindrical 
spouted beds of flat bottom [17, 20]. There are some studies 
in the literary regarding to solid flow in spouted beds with a 
draft tube. Saadevandi and Turton [21] determined solid 
flow mass by using a computer-based video imaging 
technique in a semicircular semicircular spouted bed with a 
draft tube. Zhao et al. [22] calculated solid circulation rate 
from the particle velocity at the annular zone of cylindrical-
conical spouted bed with a draft tube. Li et al. [23] 
determined solid circulation rate in a flat-based spouted bed 
with a draft tube by simulation with a Eulerian-Eulerian 
granular kinetic model.  

In previous papers, the effect of the operating variables 
on the solid circulation rate along the spout and on the solid 
cross-flow from the annulus into the spout zone has been 
studied in conical spouted beds without draft tube with beds 
consisting of uniform beds of glass spheres of different 
particle diameter [24] and with beds consisting of solids of 
different density and shape [25] by means of mass 
conservation equation.  

In this paper, the solid flow rate in conical spouted beds 
with a draft tube with beds consisting of solids of low 
density is calculated by the experimental mass flow of 
particles determined by means of an optical fibre probe at a 
given longitudinal position at the entrainment zone. From 
the experimental measurement of solid flow rate along the 
entrainment zone, the solid cross-flow rate from the annulus 
into the entrainment zone in conical spouted beds with a 
draft tube is determined. Furthermore, the effect of the 
height of the entrainment zone on solid flow and on solid 
cross-flow is analyzed. 

II. EXPERIMENTAL 

The experimental unit, Figure 1, designed at pilot plant 
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scale [1] consists basically of a blower, two mass-flow 
meters for flow rate measurement, both controlled by 
computer, and probes for measurement of static and 
dynamic pressure connected to a computer. 

Conical contactors made of PMMA 
(polymethylmethacrylate), Figure 2, have been used whose 
dimensions are shown in Table I. The draft tube, shown in 
Figure 2, is a cylindrical tube made of PMMA inserted 
centrally at the bottom of the contactor, locating the top of 
the draft tube at the same level that the upper bed surface 
[16-17], whose geometric factors are summarized in Table I. 
The thickness of the used draft tube has been chosen in 
order not to affect the hydrodynamics. The minimum value 
of the height of the entrainment zone has been determined 
experimentally for a viewpoint of the clogging of solid 
particles used and the length of the draft tube, ld, has been 
calculated as ld= Ho –hd [16]. Different tube lengths and 
entrainment zone heights have been used. 

 

 
The study has been carried out with beds consisting of 

materials of lower density: high-density polyethylene 
(HDPE), polypropylene (PP), and two types of polystyrene 

(PS), extruded and expanded. Table II shows the properties 
of the plastic materials, which have been used as supplied 
by Dow Chemical. The stagnant bed heights studied are 
between 0.05 and 0.35 m. The experimental study has been 
carried out at stable spouted bed regime at minimum 
spouting velocity, ums, and at velocities 20% and 30% above 
this value. 

 

 
The probe used for determining the geometry of the 

entrainment zone and for counting the number of ascending 
particles in the entrainment zone was described in previous 
papers [24-27] and consists of a casing of stainless steel 
which contains three optical fibres in parallel, Figure 3. The 
reflected light is collected in succession by the two fibres 
located at the extremes. A vertical displacement device 
positions the probe in front of the contactor hole, at the level 
at which the measurement is to be carried out. The probe is 
manually placed in the radial position in the bed, through 
holes made in the contactor wall (every 20 mm height). 
Grooves marked on the probe allow for setting the radial 
position in the bed within a maximum error of 1 mm. The 
interface between the entrainment zone and the annulus is 
delimited by the differences in the signals of the optical 
probe. When the tip of the probe is in the annulus, the signal 
is formed by wide peaks, corresponding to particles moving 
downward slowly, whereas in the entrainment zone the 
signal is formed by narrow and pronounced peaks 

TABLE I 
GEOMETRIC FACTORS OF THE CONTACTOR AND OF THE DRAFT TUBE 

Parameter Symbol Value 
Conical contactor (PMMA)   
Column diameter Dc (m) 0.36 
Diameter of the contactor base Di (m) 0.06 
Angle of the dryer base  (deg) between 28 and 45 
Height of the conical section,  Hc (m) from 0.60 to 0.36 m 
Gas inlet diameter Do (m) 0.03, 0.04 and 0.05 
Draft tube (PMMA)   
Inside diameter dd (m) 0.03, 0.04 and 0.05 
Thickness td (m) 0.002 
Height of the entrainment zone hd (m) from 0.04 to 0.20 
Length ld (m) from 0.01 to 0.31 
Draft tube to effective particle 
diameter ratio 

dd/de between 5 and 50 

Height of the entrainment zone 
to particle diameter ratio 

hd/de  10 

 

 
Fig. 2. Geometric factors of the conical contactor and of the draft tube. 
 

TABLE II 
PHYSICAL PROPERTIES OF THE SOLID PARTICLES 

Solid properties 
Material s (kg/m3) dp (mm)  o 
Extruded PS 1030 3.5 0.80 0.36 
  2.5 0.80 0.35 
  1.5 0.80 0.34 
HDPE 940 3.5 0.92 0.36 
LDPE 923 3.5 0.95 0.34 
PP 890 3.5 0.90 0.36 
Expanded PS 65 3.5 0.95 0.32 

 

 

Fig. 1. Schematic diagram of the experimental unit. 
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corresponding to particles ascending at high velocity. These 
measurements have been carried out at 20 mm intervals of 
the bed level and at 2.5 mm intervals for radial positions of 
the probe with an experimental error of 1.25 mm [27]. The 
high bed voidage (< 0.95) obtained in the entrainment zone 
allows for counting of the number of particles rising within 
a time range, given that each peak corresponds to one 
particle. Particles are identified with peaks in the signal of 
the optical fibre [24] and each measurement has been 
repeated five times at each position with the average relative 
error of 2%. 

 

III. RESULTS 

A. Hydrodynamics of conical spouted beds with a draft 
tube 

The spouted bed regime in conical spouted beds with a 
non-porous draft tube is characterized by different regions: 
the spout, the draft, the annulus and the fountain. Particles 
move upwards in the spout and in the draft zones up to the 
fountain where are spread over the upper surface of the 
annulus, subsequently particles descend through the annulus 
up to the entrainment zone from which return to the spout 
zone. In spout and draft zones exists a gas-solid concurrent 
contact, whereas in the annular region around the draft tube 
a countercurrent contact occurs which improves both mass 
and heat transfer. Although this transfer is lower than in 
systems without a draft tube due to both gas and solids can 
not cross draft tube wall, the improvement in bed stability 
[16] and the energy-saving [17] overcomes this 
disadvantage. 

An outline of the evolution of particle population in the 
different regimes is shown in Figure 4. Beginning in the 
fixed bed, Figure 4a, as gas velocity is increased stable 
spouted bed regime is obtained, Figure 4b, increasing gas 
velocity, both annular and spout zones become 
progressively confused (transition zone), Figure 4c, and 
increasing gas velocity jet spouting regime (dilute spouted 
bed) [28] is reached, Figure 4d. 

B. Solid cross at the spout zone 

The solid mass flow at a given longitudinal position in the 
entrainment zone, Q(z), has been calculated by means of the 
number of ascending particles counted by the optical fibre 
probe as:  

 
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where nz is the number of ascending particles by unit time 
and unit surface at a given radial position in the spout. 

 
The values of Q(z) at different longitudinal positions 

have been calculated by solving of eq. (1) as the addition of 
the nz values measured by means of the optical fibre at 
radial positions every 1 cm. At each bed level, the number 
of measurements depends on the diameter of the spout at 
this level. 

The longitudinal profile of the solid flow in the 
entrainment zone is shown in Figure 5 for a system taken as 
an example (γ = 33º, Do = 0.03 m, Ho = 0.15 m, u = ums, 
extruded PS of dp = 3.5 mm, hd = 0.05 m, ld = 0.10 m, dd = 
0.04 m) together with the values reported by Zhao et al. [24] 
in a cylindrical-conical spouted bed with a draft tube. 
Taking into account that at a given bed level in the solid 
flow ascending through the entrainment zone is equal to the 

Fig. 4. Diagram of the equipment of optical fibre probe. 

 
Fig. 3. Diagram of the equipment of optical fibre probe. 
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one descending through the annular zone, Figure 5 gives 
information on solid circulation throughout the entire bed. 

From these results, it is determined that at the entrainment 
zone the solid flow rate increases from the contactor base 
with bed level below the draft tube and subsequently 
remains constant inside the non-porous draft tube due to the 
non solid cross-flow through the tube. 

 
The effect of the height of the entrainment zone is shown 

in Figure 6, in which the solid flow at the entrainment zone 
is plotted for the experimental system γ = 33º, Do = 0.03 m, 
Ho = 0.15 m, u = ums, LDPE dp = 3.5 mm, dd = 0.04 m, with 
different values of the height of the entrainment zone hd = 
0.04, 0.06 and 0.08 m and ld = Ho - hd. As can be seen in this 
Figure the increasing in the height of the entrainment zone 
gives way to an increasing in solid flow at the entrainment 
zone. The values of solid flow obtained in the experimental 
systems studied are consistent with the values of solid 
circulation rate reported by Saadevendi and Turton [23], by 
Zhao et al. [24] up to height corresponding to the conical 
section cylindrical-conical spouted bed with a draft tube and 
by Li et al. [25]. 

C. Solid cross-flow at the entrainment zone 

The variation of the circulation rate along the entrainment 
zone, dQ(z)/dz, is due to the solid cross-flow from the 
annular zone into the entrainment zone through the 
interface.  

 

 

In Figure 7 the longitudinal profile of the solid cross-flow 
rate from the annulus to the entrainment zone is plotted for a 
system taken as an example (γ = 33º, Do = 0.03 m, Ho = 0.15 
m, u = ums, extruded PS of, dp = 3.5 mm, hd = 0.05 m, ld = 
0.10 m, dd = 0.04 m). As can be observed, solid cross-flow 
increases from zero value at the base of the contactor, 
subsequently passes through a maximum value and 
descends to zero value at the height corresponding to the 
lower edge of the draft tube.  

 
 

0

0.02

0.04

0.06

0.08

0.1

0 0.05 0.1 0.15 0.2

z (m)

Q
(z

) 
(k

g
/s

)

ht= 0.04 m

ht= 0.06 m

ht= 0.08 m

Fig. 6. Longitudinal profiles of solid flow rate in the spout zone. 
Experimental system:  = 33º, Do = 0.03 m, Ho = 0.15 m, u = ums, dd = 
0.04 m, hd= 0.04, 0.06 and 0.08 m, ld= Ho - hd, LDPE of dp = 3.5 mm. 
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Fig. 7. Longitudinal profile of solid cross-flow. Experimental system:  = 
33º, Do = 0.03 m, Ho = 0.15 m, u = ums, hd=0.05 m, ld= 0.10 m, dd = 0.04 
m, extruded PS dp = 3.5 mm. 
 

0

0.02

0.04

0.06

0.08

0.1

0 0.1 0.2 0.3 0.4

z (m)

Q
(z

) 
(k

g
/s

)

exp

Zhao et al. [24]

Fig. 5. Longitudinal profile of solid flow rate in the spout zone.
Experimental system:  = 33º, Do = 0.03 m, Ho = 0.15 m, u = ums, hd=0.05 
m, ld= 0.10 m, dd = 0.04 m, extruded PS of dp = 3.5 mm. 
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Therefore, there is only one incorporation place whereas 
in conical spouted bed without draft tube solids crosses 
along the whole spout-annulus interface with two 
preferential incorporation zones near the contactor bottom 
and at an intermediate longitudinal position in the spout [19-
20]. 

Figure 8 shows the effect of the height of the entrainment 
zone on the solid cross-flow from the annular zone to the 
entrainment zone, for the experimental system γ = 33º, Do = 
0.03 m, Ho = 0.15 m, u = ums, LDPE dp = 3.5 mm, dd = 0.04 
m, with different values of the height of the entrainment 
zone hd = 0.04, 0.06 and 0.08 m and ld = Ho - hd. It is 
observed that although as the height of the entrainment zone 
is increased the value corresponding to the maximum solid 
cross-flow decreases, the zero value is reached at upper 
longitudinal 
positions.

 

IV. CONCLUSION 

In conical spouted beds with a non-porous draft tube with 
uniform beds consisting of materials of different density the 
solid flow rate has been calculated from the counting of the 
particles in the entrainment zone by means of an optical 
fiber probe. This solid flow increases from zero value at the 
bottom of the contactor with the bed level at the entrainment 
zone below the draft tube and maintains constant inside the 
draft tube due to the lack of incorporation from the annular 
zone. An increasing in the height of the entrainment zone 
increases the solid flow at the entrainment zone. The values 
of solid flow obtained agree with those reported by 
Saadevendi and Turton [23], by Zhao et al. [24] and by Li et 
al. [25]. 

The solid cross-flow from the annulus into the 
entrainment zone, calculated as the variation of the solid 

flow along the entrainment zone, takes place only at the bed 
levels corresponding to the entrainment zone of the non-
porous draft tube. Solid cross flow increases from zero at 
the contactor base, passes through a maximum and 
decreases up to the at the entrance to the draft tube. The 
increasing in the height of the entrainment zone decreases 
the maximum value, but enlarges the length of the curve. 

These results of the solid cross-flow are of great utility 
for modelling applications of conical spouted beds with a 
draft tube with uniform beds consisting of solids of low 
density and different shape. 
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NOMENCLATURE 

Db, Dc, Di, Do, upper diameter of the stagnant bed, of 
the column, of the bed base and of the 
gas inlet, respectively, m 

dd diameter of the draft tube, m 
de effective distance between the two 

receiving fibres, mm 
dp particle effective diameter and particle 

diameter, respectively, m 
H, Hc, Ho height of the contactor, of the conical 

section of the contactor, and of the 
stagnant bed, respectively, m 

hd height of the entrainment zone, m 
ld length of the draft tube, m 
Q(z) solid flow rate of the spout, kg s-1 
r, z cylindrical coordinates, m 
rs spout radius at level z, m 
S cross sectional area of the column, m2 

Greek Letters 
 bed voidage
 contactor angle, deg 
s density of solid, kg /m3 

r, z components of particle velocity in the 
directions r and z, ms-1 
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