
Fine particle flow pattern and region delimitation in
fountain confined conical spouted beds

Mikel Tellabide∗, Idoia Estiati, Aitor Atxutegi, Haritz Altzibar, Roberto
Aguado, Martin Olazar

Department of Chemical Engineering, University of the Basque Country UPV/EHU, P.O.
Box 644, E48080 Bilbao (Spain).

Abstract

A novel borescopic technique together with the monitoring of pressure fluctu-

ation signals (Power Spectral Distribution, PSD) has been used to track fine par-

ticles and characterize solid flow dynamics in fountain confined conical spouted

beds. Radial and axial particle velocity profiles have been obtained for different

configurations, and spout-annulus and fountain core-periphery interfaces have

been delineated. The downward particle velocities in the annulus peak at inter-

mediate positions in this zone, whereas the upward velocities in the dilute zones

(spout and fountain core) peak at the axis or close to this position. Among the

different configurations analysed in this work, the system without draft tube

shows the greatest vertical particle velocities in almost all the different radial

and axial positions. The evolution of the spout size along the bed depends on

the configuration used, but all of them differ from those commonly reported in

the literature. Thus, the spout expands from the bed bottom to the surface,

without any neck at a intermediate bed level. Furthermore, the cross-sectional

spout shape has been delineated in the systems with open-sided draft tube, and

significant spout expansion is observed due to air percolation from the spout

into the annulus through the opened faces. Finally, the average spout diameters

of the systems without draft tube and with open-sided draft tubes have been
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compared with those predicted by literature correlations. Those proposed by

San José et al. and Volpicelli et al. provide the best fit for the configurations

without draft tube and with open-sided draft tube, with their relative errors

being 9.83% and 8.88%, respectively.
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1. Introduction

The spouted bed regime is well-known as an alternative gas-solid contact

method to fixed and fluidized beds, which has been successfully applied to sys-

tems where fluidization yielded unsatisfactory performance. Moreover, its main

characteristic feature is the cyclic movement of the particles in the reactor,

which differs from other gas-solid contact regimes. This technology was orig-

inally designed to operate with coarse granular particles (greater than 1mm),

as fluidized beds may only operate with very shallow beds with these particles.

Thus, wheat drying was the first spouted bed application [1].

Since its discovery, different variants of spouted beds have been developed,

as are: conical [2], cylindrical [3], mechanical [4], two-dimensional [5] or slot-

rectangular [6]. Conical spouted beds combine the features of cylindrical spouted

beds (such as small pressure drop or cyclic movement of particles) with those

inherent to their geometry, such as stable operation in a wide range of gas flow

rates [7].

The conical spouted bed has been successfully applied in different applica-

tions, such as drying of different solids [8], pyrolysis [9], coating [10], combus-

tion [11] or steam gasification [12]. Many of these operations involve the use

of fine particles and the study of their hydrodynamic behavior is essential in

order to determine the ranges of the operating conditions for a suitable per-

formance. Nevertheless, a crucial parameter delimiting stable operation is the

ratio between the gas inlet diameter and particle diameter, D0/dp, which must
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be smaller than 20− 30 to attain spouting regime [13, 14].

Use of different internal devices, such as draft tubes, fountain confiners or

both, is essential for stable operation with fine particles. Nevertheless, as re-

ported in a previous paper [15], the evolution of pressure drop with air velocity

(characteristic curve) depends on the configuration used (without tube, or with

open-sided or nonporous tubes). Therefore, a more detailed knowledge of bed

performance is required for an optimum design and use of this equipment in

industrial applications. Among the parameters requiring study, particle veloc-

ity and spout shape are especially relevant for the development of gas and solid

flow models.

Nowadays, a range of particle tracking techniques can be found in the liter-

ature and all of them are classified into two groups, as are: intrusive (isokinetic

sampling, fiber-optic methods, and so on) and non-intrusive methods (Magnetic

Resonance Tomography (MRT), Radioactive Particle Tracking (RPT), Positron

Emission Particle Tracking (PEPT), Electrical Capacity Tomography (ECT),

Particle Image Velocimetry (PIV), X-ray tomography, and so on). Certain au-

thors defend non-intrusive methods against intrusive ones arguing that the probe

causes local disturbances of the gas-solid flow and, furthermore, do not provide

full flow field measurements [16, 17, 18, 19, 20, 21, 22, 23].

However, some non-intrusive methods, such as X-ray tomography or MRT,

rely on very expensive measurement techniques and they do not allow moni-

toring single particle trajectories. Techniques such as RPT and PEPT allow

direct monitoring of tracer particle trajectories with high spatial resolution for

particles moving at velocities of up to 20m/s, but the particle tracer has to be

activated by radioactive radiation and can only be used for a given time (around

75 minutes) due to the radioactive decay [24]. Furthermore, the handling of

these particles requires special safety procedures, which involve additional com-

plexity in the experimentation. ECT technique is a simple and low cost method,

but does not allow 3D particle trajectories and electrostatic interference may

influence measurements [25].

Among all the mentioned measurement procedures, optical ones are the most
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used, i.e., those based on optical fibers and PIV techniques. Although the

former is an intrusive method, and therefore may involve flow disturbance, it

has been extensively used for the hydrodynamic characterization of spouted bed

systems [26, 27, 28, 29, 30]. This method is suitable to measure particle velocity

and bed voidage in dilute zones, but the results obtained in dense flow regions

are questionable due to the weak light transmission between the emitting and

detecting fiber tips [18, 3, 25].

Furthermore, the PIV method allows mapping out the entire solid flow field

and measuring particle velocity [5], spout shape [31] and fountain height [32];

that is, it allows ascertaining the hydrodynamic behavior [33] and the solids

mixing index in the bed [34]. However, this method involves the use of two-

dimensional or half-column transparent spouted beds, and therefore the internal

particle motion cannot be recorded, but only that on the transparent surface.

According to certain authors [24], the hydrodynamic behaviour of these beds

differs from that of full column ones due to the wall effect.

An interesting aspect involving the modelling of solid flow in spouted beds is

the solid cross-flow rate from the annulus into the spout. Accordingly, attempts

have been made to measure the spout geometry and different correlations have

been proposed for estimating the average spout diameter. Table 1 shows the

correlations reported in the literature for calculating the average spout diam-

eter. Most of them have been proposed with data obtained from conical base

cylindrical or semicircular columns. In the latter, measurements have usually

been made on the flat transparent face assuming the wall effect is negligible.

Moreover, the experiments have been conducted with coarse regular particles

(glass beads) or granular ones (wheat, millet, seeds, peas, and so on), except the

one proposed by Wu et al. [35], who operated with sand at high temperatures.

Therefore, different spout shapes have been reported in the literature, as well

as several different correlations have been proposed. Overall, these correlations

relate the spout diameter with the column diameter, fluid velocity and particle

density, and the one by Abdelrazek [36] also includes the stagnant bed height.

Previous papers show the effectiveness of the fountain confiner for attaining a
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stable spouting regime with fine particles in conical spouted beds either without

draft tube or equipped with draft tubes [37, 38, 15]. Furthermore, new operat-

ing regimes with different hydrodynamics patterns from those in conventional

spouted beds have been characterized when the fountain confiner is used with

fine particles. Thus, the main aim of this study is to delve into the knowledge

of the gas-solid hydrodynamics of fine particles in a fountain confined conical

spouted bed. Accordingly, particle velocities have been measured by a novel

borescopic technique [39], which allowed determining the radial and axial parti-

cle velocity profiles, and therefore clearly delineating the interface between the

spout and the annulus, as well between the fountain core (particle ascending

zone) and periphery (particle descending zone).

2. Experimental

2.1. Equipment and materials

Experimental runs have been carried out in a pilot plant unit described in

previous papers [49, 15]. A conical contactor made of polyethylene terephthalate

has been used and its main dimensions are shown in Figure 1a.

(a)

(0.36 m)

(0.45 m)

(18º)

(0.06 m)

(0.04 m)

(b)

(0.07 m)

(0.04 m)

(c)

DF LF

HF

(d)

(0.20 m)

(0.07 m)

(0.20 m)

(0.04 m)
(0.50 m)

(0.20 m)

(0.06 m)

Figure 1: Geometric factors of the (a) conical contactor, (b) open-sided draft tube, (c) non-
porous draft tube, and (d) fountain confiner.
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Table 1: Literature correlations for calculating the average spout diameter.

Author Equation

Malek et al.
[40]

Ds =
(
4.36 · 10−3 logDC + 9.1 · 10−3

)
G0.5 (1)

Mikhailik [41] Ds = (1.67 logDC + 2.22)

(
G

ρs

)0.5

(2)

Volpicelli et al.
[42]

Ds = (0.13 logDC + 0.1793) G0.5 (3)

Lefroy and
Davidson [43]

Ds = 1.07D0.75
C d0.33p (4)

Abdelrazek [36]

Regular
particles Ds = 0.315DC

[
u

(g H0)
0.5

]0.33

(5)

Irregular
particles Ds = 0.346DC

[
u

(g H0)
0.5

]0.5

(6)

McNab [44] Ds = 2D0.49
C

D0.68
C

ρ0.41b

(7)

Bridgwater and
Mathur [45] Ds = 0.384G0.5 D0.75

C

ρ0.25b

(8)

Green and
Bridgwater [46] Ds =

(
2 +

DC

2

)
G0.49 D0.68

C

ρ0.41b

(9)

Wu et al. [35] Ds = 5.61G0.433 D0.583
C µ0.133

(ρb ρf g)
0.283 (10)

San José et al.
(2001) [47] Ds = 6.6

(
G0.4 D0.68

C

ρ0.41b

) (
D0

DC

)
γ−0.15 (11)
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Table 1: Continued.

Author Equation

San José et al.
(2005 shallow

spouted beds) [30]

Ds = 1.89

(
G0.49 D0.68

C

ρ0.24b

) (
D0

DC

)
γ−0.15 (12)

San José et al.
(2005 conical

spouted beds) [48]

Ds = 0.52G0.16 D0.41
0 γ−1.19 D0.8

b

(
u

ums

)0.8

(13)

This contactor allows fitting draft tubes at the inlet of the conical section.

Thus, particle velocity has been measured in three different configurations, as

are: without draft tube, with open-sided draft tube and with nonporous draft

tube. The different draft tubes are made of stainless steel and have a cylindrical

shape (Figures 1b and 1c). Their main characteristic factor is the aperture

ratio (AR), i.e., the fraction of the lateral surface area opened for gas and

solid interchange, which is 57% for the open-sided draft tube. Accordingly, the

aperture ratio of the configuration without draft tube is 100% and of that with

nonporous draft tube 0%.

All the runs have been carried out at the minimum spouting velocity us-

ing fine siliceous sand (ρs = 2390 kg/m3) of 0.246mm average particle di-

ameter. This size has been obtained by sieving in a CISARP 200 N sieve

shaker using mesh sizes of 0.2 and 0.3mm, with the result being confirmed in a

Mastersizer 2000 laser diffraction particle size analyser. The particle size dis-

tribution of the sand can be found in the supplementary material. The particle

density has been determined in an Autopore 9220 mercury porosimeter from

Micromeritics.

Given the small size of these particles, a fountain confiner must be used

to attain steady and stable spouting. The body of this internal device is a

cylindrical tube made of polyethylene terephthalate with the upper end closed

to avoid gas and solid leaving the contactor through its top. Additionally, this

device is provided with a cone shaped cap on the outer top surface to avoid solid

deposition, Figure 1d. The confiner dimensions for stable and efficient spouting

7



of these solids were determined in previous studies [15, 50], with a distance

between the lower end of the device and the bed surface (HF ) of 0.06m being

the optimum to avoid unstable spouting and solid elutriation.

2.2. Experimental procedure

Particle velocity has been measured by a high speed camera fitted to a

borescopic system. The camera is an AOS S − PRI (AOS Technologies AG)

with a maximum recording resolution of 900×700 pixels and a maximum frame

rate of up to 16500 frames per second with reduced resolution. Moreover, the

borescope optical fiber is connected to a continuous light source and the whole

optical system is displaced by a set of sliders, Figure 2a. The use of sliders

enables positioning the borescope measuring tip anywhere in the contactor, as

shown in Figure 2b. Given that particle velocities differ greatly depending

on the zone in the bed, their profiles have been analysed separately, with the

axial one corresponding to the axis along the spout and fountain core, and the

radial ones to several bed levels, in which solid velocity changes from positive

to negative values. It should be noted that all the velocities correspond to

the vertical components in both the spout and the annulus. In order to avoid

probe perturbations in the bed, this technique has been designed to make the

measurement in front of the borescope tip, leaving any perturbation behind the

device. The only case in which the measured value may be affected by the rod is

the region at the very bottom of the bed, in which the contactor cross sectional

area is of the same order as that of the probe. More details about the optical

and borescopic systems are provided in a previous paper [39].

The measurements have been carried out in the radial direction at four

different heights in each spouted bed region, i.e., spout, annulus and fountain.

Therefore, measurements have been carried out at the following heights from

the bed bottom to the fountain top: 0.03, 0.11, 0.15, 0.20, 0.24, 0.30, 0.53

and 0.73 m, for an initial bed height, H0, of 0.2 m. Runs have been carried

out at the minimum spouting velocity, i.e., at 3.86, 3.42 and 2.54 m/s for the

configuration without draft tube and those equipped with open-sided draft tube
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and nonporous draft tube, respectively. The tip of the borescope is placed at the

first measuring point (contactor or confiner wall, depending on the height) and

is subsequently displaced step-by-step in the radial direction every centimetre.

A total of four recordings have been carried out at each measuring point and

all the runs have been repeated at least twice in order to obtain reliable results.

200 m
m

o 10 mm

(a) (b)

Figure 2: Description of (a) the borescope assembly with its main dimensions and (b) locations
in which the vertical component was measured.

Solid velocities are obtained through the detection of the solid optical flow,

Figure 3, for which the aforementioned borescope is used. Subsequently, these

images are fed into a solid detection algorithm in which particle locations are

identified for consecutive frames. Based on a minimization of the total solid

displacement, particles are paired in the frames and the optical displacement is

obtained. Considering that spouted beds mainly have vertical solid displacement

in the annulus, spout and most of the fountain region, this optical displacement

has been related to the solid velocity based on pixel distances and frame record-

ing rates. The most challenging aspect of this algorithm lies in the identification

of the solids, given that it depends on their shape and packing conditions. Thus,

different codes for image treatment have been used depending on the spouted
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bed region. On the one hand, in the dense zone (annulus), particles descend in

a moving bed and individual particle rotations are negligible. Thus, Farneback

pyramidal algorithm [51] from OpenCV has been found to be especially suitable

to average edge movements. On the other hand, in the dilute regions (spout and

fountain), particles have been tracked using a dynamic histogram equalization

and a canny edge detection, which identifies closed regions as individual parti-

cles. Finally, the code locates and stores the centroids and surface projections

of each region. This routine is repeated at each frame and the velocity of each

particle is calculated. Thus, the average vertical particle velocity is calculated

for each recording. The algorithms have been validated by comparing their out-

put values with specific calibration measurements, which allowed confirming an

error below 10% of the nominal value [39].

Solid Velocity

Figure 3: Graphical representation of the solid velocity capture method.

Furthermore, pressure fluctuation signals have been sampled at 1 kHz using

a differential pressure sensor (type PD23, Keller) with the probes inserted at

the contactor inlet and outlet. Based on the data obtained by both the high

speed camera and the pressure sensor, the analysis of fluctuation signals and

spectral analysis (power spectral analysis) have been carried out to compare

the information of both techniques and describe the dynamic behaviour of the

different configurations.
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3. Results

Experimental runs have been carried out using a high speed camera fitted to

a borescopic system in a fountain confined conical spouted bed. Fine particles

inside the contactor have been recorded at different axial and radial positions,

which has allowed determining their flow pattern in the different spouted bed

zones, i.e., spout, fountain, and annular zones. Using a custom particle tracking

algorithm [39], mean vertical particle velocities have been determine at each

location, and therefore the radial and axial particle velocity profiles in the bed.

Based on the radial velocity profiles at all heights, spout-annulus and fountain

core-periphery interfaces have been defined for each configuration. This infor-

mation allowed delineating the spout shape and calculating the average spout

diameter for each configuration.

3.1. Particle flow dynamics

The operation of fine particles in a fountain confined conical spouted bed

is characterized by a pulsating pattern due mainly to temporal changes in the

incorporation of particles from the annulus into the spout [15]. Accordingly, the

particle movement in both the annulus and the spout is not uniform, but follows

a pulse trend. Figures 4a-4c show as an example the evolution of the vertical

particle velocity with time in the annular zone for different configurations at

0.20m height and r/R = 1 radial position (contactor wall).

As shown in Figures 4a-4c, particle velocity has an oscillatory evolution

with time on the wall of the contactor at the upper surface of the annular zone,

especially in the configurations without draft tube and with the open-sided

draft tube (Figures 4a and 4b). Thus, particles accelerate until a maximum

downward velocity is reached, and they then decelerate to reach again zero

velocity. At this moment, they rest for a very short time and begin a similar

trend, but upwards, i.e., they accelerate and decelerate upwards and, finally,

the cycle ends with a short solid stop. Albeit this oscillatory nature of the

solid movement in the annular zone, the net solid movement is downwards, thus

enabling solid circulation in the contactor.
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Liu et al. [5] observed a similar solid motion trend in a two-dimensional

spouted bed using dp = 2mm glass beads. They reported that particles in

the annulus showed a periodical downward movement (acceleration, decelera-

tion and stagnation) due to incoherent spouting [52]. This regime produces

periodical changes in the spout shape, as well as periodical particle movement

in the annulus. In the configurations analyzed in this paper, the spout seems

to undergo periodical contraction-expansion, which is responsible for the trend

observed in the annulus.

Similarly, bed pressure drop measurements have been registered for each

configuration. As shown in Figures 4a-4c, an analogous oscillatory dynamics

is observed for all the configurations. The oscillations in pressure drop in the

configurations without draft tube (Figure 4a) and with open-sided draft tube

(Figure 4b) are more pronounced than in the one with nonporous draft tube

(Figure 4c). This fact is explained by both the low percolation of air into the

annulus and the dilute spout due to limited solid transfer from the annulus into

this zone.

Based on the power spectral density (PSD), dominant frequencies have been

determined in both particle velocity and pressure drop time-series signals, Fig-

ures 4d-4f. A similar main signal harmonic is observed for pressure drop and

particle velocity signals, and this applies to all configurations (Figures 4d-4f),

which means velocity and pressure fields are related. The main harmonic in

the configuration without draft tube is detected at 6.96Hz, whereas it shifts to

7.12 Hz and 7.24 Hz in the configurations with open-sided and nonporous draft

tubes, respectively. The fact that the nonporous configuration has the highest

oscillation frequency is related to its higher spouting stability, whereas similar

oscillation frequencies for the three configurations evidence a similar spouting

dynamics.

Figure 5 shows the evolution of particle velocity with time at the same bed

height (0.20m), but at an intermediate position in the annulus (r/R = 0.64, i.e.,

40mm from the contactor wall), for the three configurations analyzed. Similarly

as on the wall, particle velocity in the inner of the annulus is fluctuating in
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Figure 4: Vertical particle velocity and pressure drop fluctuation vs. time in the annulus for
the configurations (a) without tube, (b) with open-sided tube, and (c) with nonporous tube;
and signal intensity vs. frequency for the configurations (d) without tube, (e) with open-sided
tube, and (f) with nonporous tube, at 0.20m height and r/R = 1 radial position.
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the three configurations. Nevertheless, the amplitudes of the signals are much

greater than those in Figures 4a-4c, which means particles move faster than on

the wall. This applies especially to the configurations without draft tube and

with open-sided draft tube, which is due the spout effect (particles incorporation

into the spout). However, the oscillation frequency does not change with bed

position, which means that this parameter is characteristic of the system.

0.0 0.2 0.4 0.6 0.8 1.0
-400

-200

0

200

400

(a)

v s
 (m

m
/s)

Time (s)
0.0 0.2 0.4 0.6 0.8 1.0

-150

-100

-50

0

50

100

150

(b)

v s
 (m

m
/s)

Time (s)

0.0 0.2 0.4 0.6 0.8 1.0
-35

-30

-25

-20

-15

-10

-5

0

5

(c)

v s
 (m

m
/s)

Time (s)

Figure 5: Vertical particle velocity vs. time for the configurations (a) without tube, (b) with
open-sided tube, and (c) with nonporous tube at 0.20m height and r/R = 0.64 radial position.

This oscillatory solid movement is much more significant than in the case of

coarse particles and greatly enhances heat and mass transfer rates in the annulus

of the spouted bed. Therefore, it is a point of high relevance that should be

considered in the design and application of these contactors.

Furthermore, particle velocity fluctuations also occur in the spout and foun-
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tain core zones, as shown in Figure 6a. Unlike the annulus, particles in these

zones show mainly upward movement, in which each cycle consists of particle ac-

celeration to a peak velocity, deceleration to zero and a short period with almost

zero velocity. This fact is explained by the bubbling-like nature of the spouting

regime of this material, with particles moving as clusters and being accelerated

by bursts of air that periodically expand and contract the spout. In the case of

the fountain region, the amplitude of the oscillations is significantly lower due to

the lower air velocity in this zone. Concerning the frequency of the oscillations,

Figures 4d and 6b show that particles oscillate under the same frequency in the

different zones of the spouted bed (annulus, spout, and fountain).
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Figure 6: (a) Evolution of vertical particle velocity vs. time in the spout and fountain core and
(b) their respective power spectral distribution vs. frequency, for the configuration without
draft tube.
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3.2. Radial and axial particle velocity profiles

Based on particle velocity fluctuation data, average solid velocities have been

calculated at the different positions in the bed. Figure 7 shows an example of

the radial particle velocity profiles for different configurations at the minimum

spouting velocity. They correspond to a height of 0.20m in the bed and 0.30m

in the fountain, both from the bottom of the bed.
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Figure 7: Radial particle velocity profile in the (a) spout (H = 0.20m), (b) annulus
(H = 0.20m) and (c) fountain (H = 0.30m) for the different configurations at the mini-
mum spouting velocity.

As shown in Figure 7, the radial profile greatly changes depending on the

spouted bed region. Figure 7a shows the radial particle velocity profile in the

spout region for the three configurations studied. In this zone, the particles

move upwards and the velocity decreases from its maximum value at the axis to

zero at the spout-annulus interface. It should be noted that this peak velocity
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was slightly off centered from the axis in certain systems [53, 28]; that is, the

velocity at the axis is slightly lower than that the maximum observed around

the axis. Overall, there is a velocity plateau around the axis, which is evidence

of spout uniformity around the axis. At radial positions further this plateau,

there is a sharp decrease in velocity, and close to the spout-annulus interface

the velocity and its gradient get reduced, becoming zero at the interface itself.

Therefore, the shape of the radial profiles in the spout region are much closer

to a Gaussian shape [53, 5, 52] than to a parabolic one [13, 54].

Solid velocities in the annulus are downward and much lower than in the

spout, thereby the radial profile being significantly smoother (Figure 7b). Fur-

thermore, given the great expansion of the spout in the open-sided draft tube

configuration, the annular region gets significantly reduced. Nevertheless, it

should be noted that the probe was inserted from the contactor wall towards

its axis through the opened surface of the draft tube wall. Therefore, the men-

tioned spout expansion is a consequence of the opened section of the draft tube.

The remaining two configurations have a greater annulus size, with the one

for the nonporous draft tube configuration being slightly larger, as this device

strictly limits the separation between annular and spout regions. This limitation

hinders solid transfer from the annulus into the spout (except at the bottom

section in which there is the entrainment zone), and therefore hinders spout

expansion. Furthermore, given that the configurations without draft tube and

with open-sided draft tube are those with the highest solid circulation rate, their

maximum downward velocities in the annulus (inverse peaks in Figure 7b) are

much more pronounced than for the nonporous draft tube configuration, and are

located at a higher radial position (closer to the contactor wall, which is a conse-

quence of the higher expansion of the spout. Regardless of the configuration, the

maximum downward velocity is located at intermediate position in the annu-

lus (approximately half way between the contactor wall and the spout-annulus

interface [55]). Nevertheless, several authors found the maximum downward

velocity close to the annulus-spout interface [56, 53, 29, 5, 57, 58, 52, 54, 59].

Details on this interface (spout size and shape) will be discussed in the next sec-
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tion. In all cases, the low velocity at the wall is a consequence of the solid-wall

friction.

Finally, Figure 7c shows the radial particle velocity profiles in the fountain

region for the different configurations at the height of 0.30m from the bottom.

It should be noted that the radial profile at this height is delimited by the wall of

the fountain confiner. The particles in the fountain core travel upward, whereas

those in the fountain periphery do it downward. Furthermore, the solids com-

ing from the spout decelerate due to the expansion of the dilute zone in the

fountain and the lower gas velocity. The magnitude of the upward and down-

ward velocities is of the same order. As observed in Figure 7c, the radial profile

in the fountain decreases according to a quasi-linear fashion, with the maxi-

mum upward velocity being at the axis and the maximum downward velocity

at the confiner wall. An interesting fact concerning the configuration with the

open-sided draft tube is that almost the entire velocity profile corresponds to

downward velocities, i.e., the volume of the fountain periphery is approximately

6 times greater than the volume of the core region. This trend has been ob-

served in all configurations with the open-sided draft tube. This explains the

much lower fountain heights obtained with coarse particles when this draft tube

was used without fountain confiner [60].

Figure 8 shows the profile of particle velocity along the contactor axis. As

observed, particles accelerate from the bottom to approximately the top of the

spout, i.e., the solids attain their maximum velocity close to the height corre-

sponding to the static bed (H0 = 0.20m) [61], especially in the configurations

without draft tube and with open-sided draft tube. Nevertheless, when the non-

porous draft tube is used, particles start to decelerate in the upper zone of the

spout due to the lower minimum spouting velocity required in this configura-

tion. That is, the air does not have enough momentum to keep accelerating the

solids. Furthermore, once the particles reach the height of the static bed (H0),

a sharp velocity decrease occurs because they leave the spout and are dispersed

in the fountain region.

Although a highly non-uniform axial profile has been observed in this study,
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Figure 8: Particle velocity profile along the axis in the three configurations at the minimum
spouting velocity.

different trends have been reported in the literature. Thus, more uniform profiles

have been obtained based on the experimentation in two-dimensional spouted

beds [5, 52, 54, 62]. These authors observed that particles are rapidly accelerated

near the inlet zone, and they then follow an almost flat or slightly increasing

trend, with the maximum solid velocity being attained at end of the spout.

Other authors found the maximum particle velocity close to the inlet orifice,

with particles decelerating from this point to the top of the fountain [28, 63].

Therefore, the location of this peak velocity is a consequence of several system

properties, as are: static bed height, particle properties (particle diameter and

solid density) and air flow rate [53].

As mentioned in the radial profiles in the dilute zones (Figures 7a and 7c),

the highest particle velocities are attained when the configuration without tube

is used, whereas the lowest are attained with the open-sided draft tube, which

is explained by the the formation of a low and dense [60] fountain in the latter

configuration. Finally, the configuration with the nonporous tube leads to ve-

locity values in the bed (up to the bed surface) that are half way between the

other configurations. Furthermore, this configuration is known because most of

the air flow rate in the feed is driven through the draft tube, which leads to

high particle velocities in the upper zone of the fountain, i.e., higher than those

in the configuration without draft tube.
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3.3. Spout and fountain geometry

Based on the radial measurements conducted at different heights, the spout-

annulus and fountain core-periphery interfaces have been delineated. In order

to find the transition surface, the radial positions at which particle velocity is

zero have been determined in both the bed (spout-annulus) and the fountain

(core-periphery) [3, 64, 59]. Figure 9 shows the spout-annulus and the fountain

core-periphery interfaces for the configurations studied at the minimum spouting

velocity.

As shown in Figure 9, both spout and fountain core shapes are different

depending on the configuration. In the case of the configuration without draft

tube (Figure 9a), a great expansion is observed at the bottom of the spout

and at the upper zone in the fountain. In the remaining positions in the spout

and fountain, there is a slight and steady expansion. In general, the shape

of the spout found in the literature has a neck at an intermediate bed level

[28, 13, 55, 47, 65, 30, 48], but the trend found in this study is similar to that

reported by Mukhlenov and Gorshtein [3, 66].

Moreover, Figure 9 shows the radial particle velocity profile at different

heights. In the case of the configuration without draft tube (Figure 9a), at the

bottom of the spout (H = 0.03m) there is a sharp increase in velocity from the

interface to radial positions around the axis of the spout. In fact, the maximum

velocity is located around the axis. This fact shows that particles accessing the

spout at this height are being accelerated, which leads to this highly non-uniform

solid velocity profile. Nevertheless, as particles move up along the spout, the

velocity profile flattens, especially above the bed surface [28, 29, 55, 63]. Finally,

the velocity of the particles descending through the fountain periphery is higher

as they approach the bed surface [3, 28, 58].

The shapes of the spout and fountain core are significantly different when

open-sided tubes are used. As shown in Figure 9b, in the lower half of the bed,

the spout expands steadily as particles are moving upward, but there is a sudden

sharp expansion in the upper half of the bed, until the bed surface. It should be

noted that this expansion corresponds to the open fraction of the tube wall (the
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Figure 9: Spout-annulus and fountain core-periphery interfaces, and the radial particle velocity
profiles at different heights in the spout and fountain for the configurations (a) without tube,
(b) with open-sided tube and (c) with nonporous tube operated at the minimum spouting
velocity.
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remaining fraction cannot expand due to the wall of the tube). From the bed

level to the top of the fountain, the core gets narrower as particles ascend along

the fountain. Due to the stability provided by this tube, a great number of

particles circulate through the spout, which results in a low and dense fountain.

Finally, the spout and fountain core geometries have been analysed in the

configuration with a nonporous draft tube. As shown in Figure 9c, the wall of

the tube defines the spout zone, and so there is no expansion along the bed.

Nevertheless, a slight expansion is observed at the bottom of the spout (H =

0.03m), but it contracts to the size of the tube as particles move upward. Once

the particles enter in the fountain zone, a sudden great expansion is observed

until the core attains a considerable size, which keeps approximately constant

up to the top of the confiner. The radial velocity profile at the bottom of the

spout is almost flat, which suggests a uniform particle velocity. As particles rise

through the spout and undergo collisions and friction with the draft tube wall,

this uniformity changes to a pointed distribution with a maximum value located

at the axis of the spout. In the fountain core, particle velocity reduces as the

solids approach the top of the confiner, and those that are descending along the

fountain periphery are accelerated due to gravity and air leaving the confiner.

The cross-sectional spout shape is symmetric to the axis for the configura-

tions without draft tube and with nonporous draft tube, i.e., the radial particle

velocity profile does not change around the central axis. However, open-sided

draft tubes have a fraction of the wall opened, which allow solid and gas cross-

flow between annulus and spout regions. In the same way, the non-opened

fraction of the tube partially supports the bed, promoting stable operation with

different types of solids. Furthermore, particles descending in the annulus are

somewhat influenced by the air that trickles through the opened faces of the

open-sided draft tube. In order to study the effect of the openings on the

shape of the spout, the cross-sectional shape has been determined at various

bed heights, Figure 10.

As shown in Figure 10, a three-pointed star spout shape is observed when

an open-sided draft tube is used. As the air moves up along the spout, this zone
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Figure 10: Cross-sectional spout shape in the configuration with the open-sided draft tube
operated at the minimum spouting velocity.

expands through the opened faces of the tube. The shape of the spout shown in

Figure 9b is obtained measuring across the opened face of the tube. However,

the particles move downward on the outside of the non-opened fraction of the

tube. Therefore, at the minimum spouting velocity, the shape of the spout along

the non-opened fraction is delimited by the tube wall.

Therefore, depending on the configuration used, the spout shows a different

shape and expansion zones. The average area of the spout has been measured

at different heights to calculate the average spout diameter for the configura-

tions studied. It should be noted that, as the main part of the spout in the

configuration with the nonporous draft tube is delimited by the tube wall, the

average spout diameter is very similar to the diameter of the internal device.

Accordingly, the average spout diameter has been calculated for the rest of

the configurations at the minimum spouting velocity. Table 2 shows the error

obtained for the literature correlations listed in Table 1.

As shown in Table 2, the average spout diameter obtained for the config-

uration without draft tube is 1.36 times greater than what obtained for the
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configuration with the open-sided draft tube. In the latter case, the tube par-

tially hinders air diversion into the annulus and solid cross-flow from the annulus

into the spout, which have an influence on spout expansion. In the case of the

configuration without draft tube, the absence of internal device to support the

bed and drive the particles along the spout involves the highest air velocity re-

quirement for minimum spouting, which then results in a greater bed expansion.

Most of the correlations listed in Table 1 under-predict the average spout

diameter for the configurations studied in this work. These correlations have

been developed mainly with data from experiments carried out with coarse

granular materials [36, 46, 43, 40, 44, 41], but also with different configurations

(cylindrical [47, 48] and semicircular [43, 40, 44]) and operating conditions [35] to

those used here. In this work, fine particles have been used, which lead to a great

expansion of the spout. This suggests that the poor prediction of the correlations

in the literature are mainly attributed to the low average diameter of the sand

particles used, which is well below the range used to propose the aforementioned

correlations. In fact, operation with these particles is not feasible in a standard

spouted bed, but a fountain confiner is required, which was not the case in any

of the correlations proposed.

The correlations proposed by San José et al. [48] and Volpicelli et al. [42] are

the ones of best fit to the experimental results for the configurations without

draft tube and with open-sided draft tube, respectively. In the case of San

José et al., they used a similar contactor geometry (conical spouted bed) to

that used in this work and, furthermore, Equation 13 is the only one that

takes into account the upper diameter of the bed (Db) instead of the column

diameter (DC). Finally, the correlation by Volpicelli et al.[42] provided the best

fit for the configuration without draft tube and, although they operated with

a rectangular faced two-dimensional contactor, they also reported gas bubbling

and solid clustering that moved in a ripple like fashion from the bottom of the

bed to the fountain region, thus creating several necks and expansion zones in

the spout, resulting in an increased average spout diameter.
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Table 2: Comparison of the experimental average spout diameters with those predicted by
the literature correlations.

Correlation Configuration
Ds

(m)
Ds,exp

(m)
Error
(%)

Malek et al. (1963)
Without 0.003 0.061 95.08

Open-sided 0.003 0.045 93.33

Mikhailik (1966)
Without 0.017 0.061 72.13

Open-sided 0.016 0.045 64.44

Volpicelli et al. (1967)
Without 0.055 0.061 9.83

Open-sided 0.052 0.045 15.55

Lefroy and Davidson
(1669)

Without 0.032 0.061 47.54

Open-sided 0.032 0.045 28.88

Abdelrazek (regular
particles) (1969)

Without 0.159 0.061 160.65

Open-sided 0.152 0.045 237.77

Abdelrazek (irregular
particles) (1969)

Without 0.207 0.061 239.34

Open-sided 0.195 0.045 333.33

McNab (1972)
Without 0.023 0.061 62.29

Open-sided 0.021 0.045 53.33

Bridgwater and
Mathur (1972)

Without 0.013 0.061 78.68

Open-sided 0.012 0.045 73.33

Green and Bridgwater
(1983)

Without 0.025 0.061 59.01

Open-sided 0.023 0.045 48.88

Wu et al. (1987)
Without 0.023 0.061 62.29

Open-sided 0.021 0.045 53.33

San José et al. (2001)
Without 0.017 0.061 72.13

Open-sided 0.017 0.045 62.22

San José et al. (2005,
shallow)

Without 0.015 0.061 75.41

Open-sided 0.014 0.045 68.88

San José et al. (2005,
conical)

Without 0.050 0.061 18.03

Open-sided 0.049 0.045 8.88
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4. Conclusion

The fountain confiner allows operating with fine particles, but the gas-solid

contact is characterized by a pulsating regime. In this situation, an oscillatory

trend is observed in the spout and fountain dynamics. Moreover, particles that

are going down through the annulus also show an oscillatory movement, i.e., they

are moving downwards and upwards. Due to this oscillatory movement, gas-solid

contact is greatly improved in the annulus, which is a fact to be considered when

designing applications based on conical spouted beds.

The shape of the radial particle velocity profiles differs depending on the

spouted bed region. In the annulus, the radial profile shows a parabolic trend

and the maximum downward velocity is located at intermediate positions (ap-

proximately half way between the contactor wall and the spout-annulus inter-

face) in all the configurations studied. In the spout, the velocity profiles follow

a Gaussian-like curve, with the maximum upward velocity being located at the

axis or close to it, which is also the case in the fountain core. Furthermore, parti-

cles accelerate in the spout and they then decelerate along the fountain. Among

the three configurations studied, the highest particle velocities are observed in

the configuration without tube.

The air is driven along the spout in different ways depending on the con-

figuration used. In the configurations without draft tube, a great expansion

occurs at the spout bottom, which is then further expanded above the bed sur-

face. The spout cannot expand along the bed in the configuration with the

nonporous draft tube, as the tube wall hinders gas and solid interchange, but

expansion beyond the limits of the tube wall occurs in the entrainment height

and fountain region. Finally, a great expansion is observed in the upper half of

the bed when a configuration with open-sided draft tube is used, but, once the

spout ends, the fountain core narrows and a low and dense fountain is obtained.

Moreover, the draft tube openings enable air trickling to the annulus, which

leads to a three-pointed star shaped spout. Most of the literature correlations

for estimating the average spout diameter under-predict the results obtained in
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this work and those by San José et al. [48] and Volpicelli et al. [42] provide the

best fit in the configurations without draft tube and with open-sided draft tube,

respectively, with their relative errors being 9.83% and 8.88% respectively.
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