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ABSTRACT 

 

 

CHARACTERIZATION OF LOCAL FLOW BEHAVIOUR  

IN CONICAL SPOUTED BEDS                

 

 

Yeniçeri, Ali 

M.Sc., Department of Chemical Engineering  

                                       Supervisor: Prof. Dr. Görkem Külah 

 

September 2019, 83 pages 

 

 

Conical spouted beds are used in various physical and chemical applications such as 

drying, coating, and pyrolysis of waste plastic and biomass owing to their effective 

feature of gas-solid contact. To design and operate these units in high efficiency, a 

complete understanding of the phenomena and detailed investigation of local flow 

structure are of paramount importance. In this study, the effects of bed design 

parameters (unit size, conical angle, spouting gas-inlet diameter) and operational 

conditions (particle density, axial position) on bed local flow structure were 

investigated in detail. Experiments were performed in small and large conical 

spouted beds by using light and heavy particles with varying density (2460 kg/m3 ≤ 

ρp ≤ 6050 kg/m3). To observe the effects on local flow structure, an optical probe 

system was used. Additionally, an empirical correlation was proposed to predict the 

solids hold-up at the spout center (r = 0) for light and heavy particles.  

The investigated parameters caused significant changes in spout region while the 

annulus region was found to be unaffected. The particle velocity decreased and solids 

hold-up and particle flux increased from the bed bottom to the bed surface. Using 

larger gas-inlet diameter decreased the particle flux in the spout. An increase in cone 
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angle caused a major decrease in particle flux. Introducing fluidizing gas through the 

conical section to the system caused minimal effect on particle flux, resulting in only 

8% increase in the spout region. Particle velocity and solids hold-up did not 

significantly change in presence of fluidizing gas.  

 

Keywords: Conical spouted bed, spout-fluid bed, optical probe, local flow structure, 

high-density particles 
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ÖZ 

 

 

KONİK TAŞKIN YATAKLARDA YEREL AKIŞ DAVRANIŞININ 

KARAKTERİZASYONU                

 

 

Yeniçeri, Ali 

Yüksek Lisans, Kimya Mühendisliği Bölümü  

                                       Tez yöneticisi: Prof. Dr. Görkem Külah 

 

Eylül 2019, 83 sayfa 

 

 

Konik taşkın yataklar, etkili gaz-katı temas özelliklerinden dolayı, kurutma, kaplama 

ve biyoyakıt ile plastik atıkların pirolizi gibi çeşitli fiziksel ve kimyasal 

uygulamalarda kullanılır. Bu üniteleri tasarlamak ve yüksek verimde çalıştırmak için 

olayın baştan sona anlaşılması ve yerel akış davranışının detaylı bir biçimde 

araştırılması çok önemlidir. Bu çalışmada, yatak tasarım parametrelerinin (ünitenin 

boyutu, konik açısı, taşkınlaşma gazının giriş çapı) ve işletim koşullarının (parçacık 

öz kütlesi, eksenel pozisyon) yatak içerisindeki yerel akış yapısı üzerindeki etkileri 

detaylı bir şekilde incelenmiştir. Deneyler küçük ve büyük ölçekli konik taşkın 

yataklarda çeşitli öz kütleli hafif ve ağır parçacıklar (2460 kg/m3 ≤ ρp ≤ 6050 kg/m3) 

kullanılarak gerçekleştirilmiştir. Yerel akış yapısındaki etkileşimi gözlemlemek için 

optik sonda sistemi kullanılmıştır. Ek olarak, bu deneysel veriler kullanılarak taşkın 

bölge merkezindeki (r = 0) hafif ve ağır parçacıkların konsantrasyonu için tahmin 

yapmak adına ampirik bir korelasyon oluşturulmuştur. 

İncelenen parametreler taşkın bölgede önemli ölçüde değişikliklere sebep olmuşken, 

parametrelerin halka bölgesi üzerinde ise etkisiz olduğu gözlemlenmiştir. Yatak 

içerisinde yatak tabanından yatak yüzeyine gidildikçe parçacık hızı azalmışken, 
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parçacık konsantrasyonu ve parçacık akısı ise artış göstermiştir. Taşkınlaşma gazı 

giriş çapını büyütmek parçacık akısını taşkın bölgede azaltmıştır.  Yatak konik 

açısındaki artış parçacık akısında büyük bir düşüşe sebep olmuştur. Sisteme konik 

kısımdan akışkanlaşma gazı beslemek parçacık akısı üzerinde, taşkın 

bölgedeki %8’lik artışı baz alarak düşük bir artışa sebep olmuştur. Parçacık hızı ve 

konsantrasyonu ise akışkanlaşma gazı varlığında kayda değer bir değişim 

göstermemiştir.  

 

Anahtar kelimeler: Konik taşkın yatak, taşkın akışkan yatak, optik sonda, yerel akış 

yapısı, yüksek öz kütleli parçacıklar 
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CHAPTER 1 

 

 

INTRODUCTION 

 

 

 

In most of industrial applications based on multiphase systems, the intimate contact 

of the phases with each other is aimed for a feasible outcome. Many different 

techniques have been developed in order to ensure this intimate contact between the 

phases.  

The phenomenon of fluidization is designated and utilized in multiphase systems due 

to its effective phase-interaction. Basically, this system forms when sufficient 

amount of fluid is upwardly passed through a bed filled with fine particles. By means 

of this fluid, all particles are fluidized. Despite several features of fluidized bed such 

as perfect mixing between the phases and circulation system availability, fluidized 

beds are seen to be inconvenient for handling dense or large particles. This type of 

particles (Type-D in Geldart’s categorization) require higher fluid flow rate in order 

to be fluidized. In gas-solid systems, this may cause gas bubbles to coalesce and to 

become larger whose diameter can reach even the size of the column diameter, and 

thereby slugging may occur. As they occupy big volumes inside the bed, the 

expected intimate contact can be precluded which results in poor reaction efficiency. 

Owing to inconsistent particle agitation, fluidized bed system becomes ineffective for 

fluid-solid contact for large and dense solid particles (Kunii and Levenspiel, 1991).  

Mathur and Gishler (1955) established a new technique in order to prevent this 

problem for coarse and dense particles. In this technique, the gas is vertically 

supplied through a small nozzle placed at the center. With the sufficient gas feed, the 
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flow is strong enough to aerate particles which are positioned at the bottom, and a 

small gas channel occurs in the axial direction. Upcoming particles together with the 

gas reach to surface and form a fountain. These particles are then scattered from the 

center depending on the trajectory that the gas follows and by means of gravity they 

fall down to the region between the gas channel and bed wall. The void formed by 

the particles repelling of the gas is occupied by new particles coming around the jet 

and are gone adrift. Particles at the surface have a slow downward-inward motion 

and ultimately affiliated to the flow. Such a flow pattern provides a toroidal-like 

circulation throughout the bed. This system is called Spouted Bed as shown in 

Figure 1.1. Aforementioned flow and particle pattern distinguish the overall bed into 

two different sections; spout and annulus. Spout region is the place where the 

internal jet is formed by gas feed that pushes the lean particle phase in upward 

direction with high velocity. Upcoming particles emerge to the surface, randomly 

scatter from the center and then rain back to the annulus region where the dense 

phase of particles slowly move down to the center. As the supplied gas rises up and 

particles fall down, the overall circulation is completed. By its unique flow behaviour, 

spouted beds are used in pyrolysis, catalytic reactions, granulation and coating 

(Epstein and Grace, 2011).  
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Figure 1.1 Conventional Spouted Bed (Ali et al., 2016) 

 

Since an efficient gas-solid contact is desired in applications, one of the essential 

factors is the residence time of the gaseous phase. In ultra pyrolysis as a fast reaction 

application for instance, selectivity is the conditioning factor and so optimum 

residence time of the gas can be down to milliseconds (Stocker et. al., 1989). Here, 

the gas residence time being long is a limitation factor for conventional spouted bed. 

Another disadvantage is limited gas-solid contact considering the dead zones in 

annulus. In order to overcome these problems, filling the particles up to conical 

section only is a reasonable option. By this way, the gas residence time can be 

shortened as its distribution becomes narrow. Furthermore, local mixing performance 

augments considerably due to less dead-zones in annulus. These systems are named 

as Conical Spouted Bed, shown in Figure 1.2, that have been used in applications 

such as drying, particle coating, polymerization and chemical vapor deposition 

(Epstein and Grace, 2011). 
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Figure 1.2 Conical Spouted Bed (Elordi et al., 2007) 

 

Conical spouted beds have a feature that the gas velocity at the inlet can be increased 

essentially without losing the characteristic cyclic movement of the solids. However, 

the flow rate of gas feed matters for the nature of flow regime in the bed. Figure 1.3 

shows the change of the total pressure drop with increasing and decreasing 

superficial gas velocity in a conical spouted bed. This curve indicates different flow 

regimes caused by different inlet gas flow rates. It starts with an almost linearly 

increasing line which corresponds to rising pressure drop in a packed bed as 

superficial velocity increases. At the instant that peak value is reached, the gas 

reaches to the bed surface and harshly emerges among the particles. It is followed by 

the step of incipient spouting, that is, the entrainment of particles with loosely-

packed state at the inlet by the inlet gas feed with high flow rate. The corresponding 

value of superficial gas velocity is designated as minimum spouting velocity, Ums. As 

the gas velocity further increases, the stable spouting regime is obtained, see Figure 

1.3 (a). The small range of fixed pressure drop corresponds to the period of stable 

increase in fountain height caused by higher gas velocities.  
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By further increasing the gas velocity, spout region gradually enlarges and 

intertwines with annulus. The gas burst at the surface becomes stronger and annular 

region is no longer observable from the bed surface. This state is called transition 

state which is illustrated in Figure 1.3 (b). Further increase in the gas velocity results 

in the disappearance of annular region completely and there becomes more likely one 

single region in the bed. Both of gas and particle distribution become almost uniform, 

leading to a new state called jet spouting regime, shown in Figure 1.3 (c). 
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Figure 1.3 Pressure drop − Superficial gas velocity curve and different flow regimes 

in conical spouted beds (Epstein and Grace, 2011) 

 

In spite of the narrow gas distribution in conical spouted beds, local mixing 

differences particularly in annulus section and the presence of dead zones constitute 

a problem. Packed nature in the annulus may cause incidents such as particle 

agglomeration, adhesion, sticking to bed wall or column base, which also depend on 
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the operation type and physical/chemical conditions (Epstein and Grace, 2011). To 

overcome these shortcomings, Chatterjee (1970) developed a new technique named 

Spout-Fluid Bed which is a unique fluid-particle agitated bed including the salient 

properties of fluidized beds and spouted beds (Chatterjee et al., 1983). In this 

technique, an auxiliary fluidizing gas in introduced through a perforated distributor 

(see Figure 1.4) which corresponds to the conical lateral surface of the column in 

addition to spouting gas entering from the central nozzle. Considering its properties, 

the spout-fluid bed is a successful modification to the conventional spouted bed with 

a potential of providing higher solid circulation. This is caused by the auxiliary flow 

through the spout region which increases the radial influx. Consequently, a better 

gas-solid contact and mixing in annulus region is expected to take place which 

results in decrease in agglomeration and sticking problems.  

 

 

Figure 1.4 Conventional spout-fluid bed (Yaman, 2017) 
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In order to achieve the highest possible reactor efficiency, it is crucial to understand 

the bed’s overall and local flow behaviour for optimum design and operating 

conditions. In this regard, many studies (Kmiec, 1980; Choi and Meisen 1992, 

Olazar et al., 1994; Wang et al., 2004; Duarte et al., 2008; Sarı et al., 2012) in 

spouted and conical spouted beds are conducted most of which investigated the 

pressure drop and minimum spouting velocity. As for local flow structure, although 

several studies (He et al., 1994; Olazar et al., 1995, 1998, 2001; San Jose et al., 

1998a, 1998b, 2005, 2006; Wang et al., 2009) evaluated the effects of bed geometry 

and operating parameters on local flow structure, their results enlightened the flow 

structure in conical spouted beds operating with light particles only (65 kg/m3 ≤ ρp ≤ 

2400 kg/m3). Particle density is a prominent parameter having salience influence on 

bed hydrodynamics. Therefore in order to design and operate high-performance 

conical spouted beds, it is essential that the effect of bed design parameters and 

operating conditions on local flow structure in the spouted and spout-fluid beds 

operating with both light and heavy particles is known in detail. The absence of local 

flow structure studies in conical spouted and spout-fluid beds operating with high 

density particles constitutes the keystone of this study. 
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CHAPTER 2 

 

 

LITERATURE SURVEY ON LOCAL FLOW STRUCTURE IN CONICAL 

SPOUTED BEDS AND SPOUT-FLUID BEDS 

 

 

 

The “local flow structure” term means particle flow characteristics in the bed and can 

be monitored by measuring particle velocity, solids hold-up (or particle 

concentration) and particle flux. Although there are many different techniques such 

as gamma-ray computer tomography (Ali et al. 2016) or scintillation counter (Van 

Velzen et al. 1974) to measure these quantities, optical probe system was used in 

most of the local flow structure studies (Olazar et al., 1995; San Jose et al., 1998; 

Wang et al., 2009; Santos et al., 2012; Kulah et al., 2016; Aradhya et al., 2017). Due 

to its design, the optical probe has the ability to simultaneously measure the local 

instantaneous particle velocity and local solids hold-up. Therefore, optical fibre 

probes were used in this study to measure both the particle velocity and solids hold-

up in conical spouted beds. The literature studies regarding the local flow structure in 

conical spouted beds are summarized in Table 2.1 and 2.2. 

Olazar et al. (1995), using glass beads in different sizes, investigated the effects of 

axial height (height at which the particle velocity is measured) and gas-inlet diameter 

on particle velocity in a conical spouted bed. They monitored that, an increase in 

axial height or gas-inlet diameter resulted in a decrease in particle velocity in the 

spout region. In their next study, Olazar et al. (1998) continued their investigation 

with the effect of conical angles and observed a direct proportional relation between 

the particle velocity in the spout region and conical angle. Furthermore, based on 
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their findings, they proposed a correlation predicting the particle velocity along the 

spouted bed. In this correlation, the particle velocity is dependent on spouted bed 

design criteria such as the ratios of dp/Do and Di/Do. Later, Olazar and co-workers 

(2001) further investigated the effect of conical angle by using 60°, 120° and 180° 

conical beds. They again used glass beads and recorded that the particle velocity 

decreases with increasing cone angle, when the cone angle is beyond 45°. Wang et al. 

(2009) evaluated the axial height effect on particle velocity and focused on spout and 

annulus regions together. Their results were similar to the ones obtained by Olazar et 

al. (1995) for the spout region. They additionally observed that although the particle 

velocity decreases with increasing axial height, the change is from -0.02 m/s to -0.01 

m/s in annulus region which is not significant considering the entire physical system. 

Santos et al. (2012) used relatively bigger sized (2.2 mm) glass beads in 60° 

cylindrical spouted bed and investigated the effect of presence of optical probe on 

fountain height. According to their observations, the insertion of the optical probe 

causes a disturbance decreasing the fountain height, especially when the optical 

probe is at the spout center. 

There are also studies on the measurement of solids hold-up (San Jose et al., 1998; 

San Jose et al., 2005; Wang et al. 2009) in the literature. To investigate the effect of 

particle diameter and cone angle on solids hold-up, San Jose et al. (1998) used 3, 4 

and 5 mm diameter glass beads in the same experimental setup of Olazar et al. (1995; 

1998; 2001). According to their results, the solids hold-up in the spout region 

increased with increasing axial height. They observed that the solids hold-up had a 

slight increase of 0.01 at the spout axis, as the cone angle increases from 33° to 45°, 

while the particle diameter demonstrated no significant effect on solids hold-up. 

Using the experimental data they obtained from the tests with glass beads, San Jose 

and co-workers (1998) proposed an empirical correlation which predicts the solids 

hold-up at the spout axis, at the bed wall and at any radial distance. To investigate 

the effect of particle density, San Jose et al. (2005) conducted experiments with 

expanded polystyrene (ρp = 65 kg/m3), polypropylene (ρp = 890 kg/m3), low-density 

polyethylene (ρp = 923 kg/m3), high-density polyethylene (ρp = 930 kg/m3) and 
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extruded polystyrene (ρp = 1030 kg/m3) together with glass beads (ρp = 2420 kg/m3). 

Although they observed that solids hold-up increased with increasing particle density 

in the spout region, there was no trend in the annulus region. In addition, they 

improved the earlier correlation for prediction of local solids hold-up (San Jose et al., 

1998) by including the lighter particles together with glass beads.  

Solid circulation inside the bed is one of the foremost parameters to check. In this 

regard, San Jose et al. (2006) measured the velocity of the same particles used in San 

Jose et al. (2005) to calculate particle cross-flow and determine their trajectories. 

They found that particle circulation in the spout region changes with particle density. 

However, this change does not follow a trend. In the annulus, the particle velocity is 

increasing with decreasing particle density. 

Although many different particles such as wheat, millet, silica sand, glass beads, 

polyethylene and polystyrene (Sutanto et al., 1985; Berruti et al., 1988; Nagashima et 

al., 2015; Pianarosa et al., 2000; San Jose et al., 2005) were used in the literature, 

they were all light particles, glass beads being the maximum. In order to have a 

broader perspective and also to be able to investigate relevant industrial applications, 

where high –density particles are used, studies should be expanded. This necessitates 

the examination of the effect of high-density particles on local particle flow in order 

to observe and evaluate the flow behavior throughout the bed from a broader 

perspective. In this respect, it will be possible to increase the yield.  

Regarding the high-density particles in cylindrical and conical spouted bed systems, 

Kulah et al. (2016) performed the first study investigating the local flow structure 

with zirconia particles (ρp = 6050 kg/m3). They reported that the particle velocity in 

the spout decreased with increasing axial height, but no change was observed with 

the change in conical angle. Solids hold-up was found to increase with increasing 

axial height, decreasing particle diameter, and decreasing cone angle. As for particle 

flux, it was found to be directly proportional to axial height and static bed height, 

while inversely proportional to cone angle and particle diameter. In another study 

conducted with heavy particles, steel beads were used by Ali et al. (2016) and 
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Aradhya et al. (2017) in a cylindrical spouted bed system. Rather than local flow 

structure, they focused on scale-up methodology in spouted beds. Therefore a direct 

comparison of glass and steel beads was out of the scope of their study. Although 

these studies shed some light to the local flow behavior for high-density particle 

systems to some extent, they were conducted in small-scale spouted beds (Dc = 76, 

152 mm). Therefore, this thesis was done as an extension of previous studies, by 

investigating local flow structures in both small and large scale (Dc = 250 mm) 

conical spouted beds operating with three different particles with varying densities 

(2460 kg/m3 ≤ ρp ≤ 6050 kg/m3). 
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Spout-fluid beds compared to spouted beds, have more vigorous flow especially in 

the annulus, caused by auxiliary fluidizing gas flow, benefitting it with higher solid 

circulation and mixing. As tabulated in Table 2.3, there are few studies conducted in 

spout-fluid beds in literature. Sutanto et al. (1985) published the pioneering work on 

investigation of fluidizing gas distribution in cylindrical spout-fluid beds and its 

influence on particle circulation by using particle tracking method. They found that 

different jet shapes formed with various auxiliary gas flows. In addition, the solid 

circulation was higher for beds with higher static bed heights, however the effect was 

opposite for low static bed heights. Berruti et al. (1988) used draft tube in the half-

cylindrical spout-fluid bed and studied the particle circulation. Draft tube presence 

showed a more homogeneous particle distribution. Pianarosa et al. (2000), on the 

other hand, used optical probe system to measure particle velocity and solids hold-up 

in cylindrical spout-fluid bed. They observed that the solids hold-up in spout region 

increased with fluidizing gas and was almost independent of particle size. Nagashima 

et al. (2015) used particle image velocimetry to measure particle velocity in 

cylindrical spout-fluid bed and accentuated that fluidizing gas presence increased the 

particle velocity in both spout and annulus regions. Although mentioned studies 

examined the effect of fluidizing gas in various conditions, all of the particles used 

were low-density particles (ρp < 2500 kg/m3), revealing that local flow structure 

investigation in spout-fluid beds operating with high-density particles is also absent. 

Therefore, the effect of fluidizing gas on particle velocity, solids hold-up and particle 

flux was studied in this work. 
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CHAPTER 3 

 

 

EXPERIMENTAL SETUP 

 

 

 

3.1 Conical Spouted and Spout-Fluid Beds 

The experiments for local flow structure investigation were carried out in small and 

large scale conical spouted beds. The small-scale conical spouted beds are illustrated 

in Figure 3.1. They are called small-scale because their conical section height (Hc) 

and cylindrical diameter (Dc) are relatively smaller than the beds designed and 

constructed afterwards. These small-scale beds were also used in previous studies 

(Sarı et al. 2012, Kulah et al. 2016). The small-scale beds are made of 

polyoxymethylene (also known as Delrin) which is a thermoplastic easily enduring 

the continuous hard impacts caused by particles without significant erosion. These 

systems are composed of 2 parts; bottom conical bed and upper transparent cylinder. 
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Figure 3.1 Photographs of (a) 45º and (b) 60º conical beds 

 

Since the small-scale beds are made of thermoplastic, it is inevitable that the beds are 

exposed to static electricity during the operation. It causes particles to stick to the 

lateral wall. Therefore the entire setup was grounded during each experiment. To 

avoid this phenomenon, the large-scale beds, shown in Figure 3.2, are made of 

carbon steel. By this way, the static electricity influence was removed. Furthermore 

its resistance against erosion and hard impacts provided better performance. A 

schematic view of conical spouted bed and geometric parameters of the beds are 

presented in Figure 3.3 and Table 3.1, respectively.  

 

(a) (b) 
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f  

Figure 3.2 Photographs of (a) 31º and (b) 66º conical beds 

 

  

Figure 3.3 Geometric illustration of conical-spouted beds (Kulah et al., 2016) 

 

(a) (b) 



 
 
 

20 

Table 3.1 Geometric dimensions of the conical spouted beds 

Parameters Small Scale Large Scale 

γ (°) 45º 60º 31º 66º 

Dc (mm) 150 150 250 250 

Do (mm) 25 25 40 40 

Di (mm) 12 , 15 12 , 15 15 15 

Hc (mm) 151 108 391 155 

Hb (mm) 140 100 235 144 

z1,2,3 (mm) 42, 82, 120 50 64, 128, 185 50, 72, 100 

 

Large-scale systems additionally have bottom fluidizing cylinder surrounding the 

conical base and a cylindrical plexiglass (polymethylmethacrylate) column on top, 

which provides visual observation of particle movement. This fluidizing cylinder is 

for introduction of the fluidizing gas to the system, acting the role of “wind box”, 

enabling these systems to be used also as spout-fluid beds. For this purpose, the 

conical section of beds were uniformly drilled with 1 mm diameter holes for the 

fluidizing gas to flow through lateral side of conical section, as illustrated in Figure 

3.4. Based on the design criteria of distributor plate that is used in fluidized bed 

systems and previous experiences in spout-fluid bed operations, the open area on the 

lateral surface was chosen as 0.4%. With this open area ratio, the fluidizing gas was 

evenly dispersed inside the bed and the pressure drop arising from the holes was 

small.  
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Figure 3.4 Photographs of conical spout-fluid beds with their holes on the lateral 

surfaces (a) 66° conical angle (b) 31° conical angle 

 

Compressed air at ambient conditions was introduced to the systems as the spouting 

gas and fluidizing gas. It was supplied from a screw type of compressor operating at 

8 bar and maximum flow rate of 3 m3/min. Two air tanks of maximum 30 L 

volumetric capacity were positioned in series between the main air line and the 

system in order to eliminate the possible fluctuations of the air flow rate. Two mass 

flow controllers (Alicat MCR- 1500SLPM-D/5M), having maximum capacity of 1.5 

m3/min, were utilized to adjust the air flow rate and send in a controlled manner. The 

entire experimental setup is sketched in Figure 3.5. 

 

(a) (b) 
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In this study, glass beads, alumina (zirconia toughened) and yttria-stabilized zirconia 

(YSZ) particles, as shown in Figure 3.6, were used. The properties of these particles 

are given in Table 3.2. All particles are spherical and have 1 mm diameter. These 

particles are especially chosen as their densities represent both light and heavy 

particles. Glass beads is regarded as light particles while alumina and zirconia are 

regarded as heavy particles. The loosely packed solids hold-up, εs,0, was calculated 

by a volumetric calculation in graduated cylinder. 

 

 

Figure 3.6 Photograph of the particles 

 

 

Table 3.2 Properties of the particles used in the experiments 

Particles dp (mm) φ ρp (kg/m
3
) εs,0 

Glass  Beads 1 1 2460 0.63 

Alumina (zirconia toughened) 1 ≥ 0.95 3700 0.60 

Zirconia 1 ≥ 0.95 6050 0.61 
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3.2 Optical probe measurement system 

Particle velocity, solids hold-up and particle flux are the main parameters giving the 

information about the local flow structure in conical spouted beds. For the 

measurement of these quantities, fiber optical probe system, which is illustrated in 

Figure 3.7, was used in this study. The Particle Velocity Analyzer (PV-6) system is 

designed by Fluidization Research Center of the University of British Colombia 

(Canada) and manufactured in China by the Institute of Process Engineering. It 

consists of optical probes and a data collection box.  

 

 

Figure 3.7 PV-6 Particle velocity and solids hold-up measurement system 

 

As it can be seen in the figure, the probes have two bundles of fibers inside. These 

bundles contain consecutively sorted light emitting and light collecting fibers. The 

optical probe can be inserted at any axial height and can measure particle velocity 

and solids hold-up simultaneously. 

The working principle of optical probe is based on luminary phenomena. As 

illustrated in Figure 3.8, the light is emitted from the fiber tips and when it arrives to 
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particle surface, it is reflected back to the probe and collected by the light collecting 

fibers. Collected light is sent to two photomultipliers belong to two distinct channels, 

providing two different signals. After that, the signals are loaded into computer as 

raw data, by virtue of high-speed data acquisition card. During this process, a 

software named LabVIEW® from National Instruments is used. Obtained raw data is 

processed by a MATLAB code which was developed by Kirbas (2004) and lastly, 

particle velocity, solids hold-up and particle flux are calculated. The working 

algorithm behind the MATLAB code is illustrated in Figures 3.9 and 3.10. 

 

 

Figure 3.8 Particle velocity, solids hold-up and particle flux calculation steps 
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Figure 3.9 Algorithm of the main code to calculate particle velocity, solids hold-up 

and particle flux (Kirbas, 2004) 

 

 

 

START 

Obtain the raw data 

Divide them into groups of N data points 

Perform Cross-Correlation for each group 

Calculate Cross-Correlation coefficient (Rxy) 

Determine the direction of particle and calculate maximum 

Cross-Correlation coefficient (Rxy,max) 

 

Calculate Particle Velocity  

Apply Elimination Criteria,                                                   

calculate solids hold-up and particle flux  E 

Calculate the time-mean values of particle velocity, solids 

hold-up and particle flux 

PRINT 

STOP 
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Figure 3.10 Algorithm of the sub code to run elimination criteria for calculation of 

solids hold-up and particle flux (Kirbas, 2004) 

 

 

Load the solids hold-up calibration equation  

Convert voltage signals to concentration values 

Calculate Particle flux  

 

 

 

RETURN 

E 

Eliminate 

Data 

NO 

NO 

Eliminate 

Data 

NO 
Eliminate 

Data 

Elimination 

 Criteria 

−𝑎𝜎𝜎𝑈𝑝 ≤ 𝑈𝑝 ≤ 𝑎𝜎𝜎𝑈𝑝 



 
 
 

28 

The velocity of a particle is calculated by the relation between the time and the 

distance the particle travels through the channels of the probe. When a particle passes 

in front of the channels of the optical probe, very similar two signals are obtained 

with a difference of time delay, τ. Time delay can be calculated by cross-correlation 

analysis using the MATLAB code, as shown in Figure 3.11. To calculate particle 

velocity, the effective distance (Le), a parameter which needs to be determined 

during optical probe calibration, must be known. The particle velocity is then 

calculated by using Eq. 3.1.  

 

                                                 𝑈𝑝 =  
𝐿𝑒

𝜏
                                                            (3.1) 

 

 

Figure 3.11 PV-6 particle velocity measurement method 

 

Cross-correlation method is a statistical analysis method and expressed by cross-

correlation functions. They are used to measure the similarity between two different 

data sets. This similarity is based on the time delay from the obtained data. Cross-

correlation function, ϕI1I2, can be calculated by Eq. 3.2. 
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where I1(t) and I2(t+τ) represent the voltage signals from two channels, that is 

obtained in time period of T while τ represents the time delay between I1(t) and 

I2(t+τ) signals. In this study, T period is limited by sampling time of the optical 

probe. As a degree of correlativity between the signals, cross-correlation coefficient, 

Rxy, is used which is defined as follows: 

                          𝑅𝑥𝑦(𝑘) =  
𝐶𝑥𝑦(𝑘)

𝜎𝑥𝜎𝑦
                                           (3.3) 

 

In Eq. 3.3, Cxy(k) represents the cross-covariance function which examines the effect 

of change between two variables, σx and σy are the variance of obtained data from 

first and second channel, respectively. The correlation coefficient varies between 0 

and 1. In a real system, two complicated signals are obtained. An example of signals 

obtained in 14.6 milliseconds period by two fiber bundles of optical probe is 

illustrated in Figure 3.12. After the signals are cross-correlated, the cross correlation 

coefficient is calculated and plotted with respect to the time delay between the 

signals of two channels. Here, τ represents the time delay at which the maximum 

cross-correlation coefficient was calculated. This value corresponds to average time 

that the particles pass between the two bundles of optical probe (Kulah et al., 2016). 
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Figure 3.12 (a) Measured voltage signals in 14.6 ms time period, (b) Plot of cross-

correlation coefficient vs. time delay between the signals (Sarı et al., 2011) 

 

In addition to time delay, the effective distance, Le, between two channels of optical 

probe must be known. The effective distance depends on particle properties, hence 

should be precisely calculated. Determination of effective distance is called “the 

calibration of optical probe for particle velocity”. Here, the important thing to 
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mention is that the effective distance may not always be equal to geometrical 

distance between the two channels. 

 

3.2.1 Calibration of optical probe for particle velocity and solids hold-up  

The experimental setup system of optical probe for particle velocity calibration is 

illustrated in Figure 3.13. To eliminate the influence of surrounding light, the setup 

system is covered and measurement box was closed by a black cardboard. Also, the 

optical probe is passed through the cardboard to fix its location such a way that the 

channels are perpendicular to each other.  

 

 

Figure 3.13 Experimental setup of optical probe for calibration of particle velocity 

measurements (1: PV-6 System, 2: Particle velocity analysis program, 3: Optical 

probe, 4: Chopper disc, 5: Optical chopper device) 

 

In Figure 3.14, the chopper discs that are used in the calibration are illustrated. 

Chopper discs of a, b, c and d are from Edmund Optics Company and special design 

choppers for this calibration method while chopper discs of e, f, and g are that 1 mm 

diameter of glass, alumina and zirconia particles are adhered onto, respectively. First 
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four chopper discs are adhered onto a white paper. In this way, the particle 

movement in front of the probe tip can be simulated with frequent high signal peaks. 

 

 

 

Figure 3.14 Chopper discs for velocity calibration, (a, b, c, d : Various indentation 

numbers of discs, e: Chopper disc with 1 mm glass beads, f: Chopper disc with 1 mm 

alumina, g: Chopper disc with 1 mm zirconia) 

 

Each disc was run with various angular velocities. The angular velocity of disc is 

calculated by the Eq. 3.4. 

 

                               𝑆𝑑 =  2𝜋𝑟𝑑𝑓𝑑                                                   (3.4) 
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Here, Sd, rd, and fd represent the angular velocity of chopper disc, the distance of 

optical probe tip to chopper disc center, and rotation frequency of chopper discs, 

respectively. For each angular velocity, time delay τ was calculated by MATLAB 

code. Then the effective distance was calculated and tabulated in Table 3.3 and 

Table 3.4. In this study, two different optical probes were used and their effective 

distances were calculated as 2.11 mm and 2.56 mm, respectively. 

 

Table 3.3 Averaged effective distances of chopper discs and their standard 

deviations (Probe #1) 

Chopper Disc 
Effective distance, Le 

(mm) 
Standard Deviation 

a 2.105 0.1959 

b 2.101 0.0417 

c 2.119 0.0196 

d 2.105 0.0945 

   e (Glass) dp = 1 mm 2.111 0.0383 

   f (Alumina) dp = 1 mm 2.116 0.0143 

   g (Zirconia) dp = 1 mm 2.112 0.0243 
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Table 3.4 Averaged effective distances of chopper discs and their standard 

deviations (Probe #2) 

Chopper Disc 
Effective distance, Le 

(mm) 
Standard Deviation 

a 2.52 0.095 

b 2.55 0.069 

e (Glass) dp = 1 mm 2.56 0.102 

f (Alumina) dp = 1 mm 2.56 0.101 

g (Zirconia) dp = 1 mm 2.56 0.091 

 

The optical probe has also the ability to measure the solids hold-up. Solids hold-up is 

a dimensionless value indicating the particle concentration in the system. It is the 

ratio of solid volume over the total volume, therefore it is the opposite of void 

fraction, the voidage. Optical probe measures the solids hold-up by using a 

relationship between voltage signals that optical probe collects and particle 

concentration in the measurement area. The determination of this relationship is 

called “the calibration of optical probe for particle concentration”. In literature, 

various calibration methods are presented. One of them is solid-solid mixture 

technique used by Kirbas (2004) and Wang (2006). This technique involves the 

mixtures of different mixtures of particles with black and standard color. In Kirbas 

(2004), different mixtures of FCC particles and coking coal were prepared. Coal was 

chosen because of its black color which has the ability to absorb the light.  

In this study, a similar calibration setup to the one used in Kirbas (2004), shown in 

Figure 3.15, was used. There are three parts of the setup: First part has 30 mm inner 

diameter pipe to contain the particles by the upper valve. When the upper valve is 

opened, the particles move to the second part with 12 mm inner diameter pipe where 

the optical probe is inserted. The third part is the black vessel that the particles are 
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collected. The calibration setup was painted to black in order to minimize the light 

effects from surrounding lights. All calibration measurements are done in LabVIEW 

software with 100 kHz sampling frequency and 10 seconds of sampling time.   

 

 

Figure 3.15 Calibration setup used for particle concentration measurement: (1) 30 

mm inner diameter vessel, (2) 12 mm inner diameter pipe, (3) optical probe, (4) 

Particle collecting vessel 

 

In this study, the same solid-solid mixture technique was used. Some portions of 

particles were painted to black, thus the black particles absorb the light and optical 

probe collects low voltage signals which correspond to void. On the other hand, 

original particles reflect the light and optical probe collects high voltage signals 

which correspond to particle detection. Different mixtures of particles were prepared 

based on their weight percentage to simulate every condition in the real bed system. 

Figure 3.16 shows alumina mixtures with different black particle concentration. The 

mixtures of all particles were prepared as follows:  
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 Glass : 0%, 25%, 50%, 75%, 100% 

 Alumina : 0%, 25%, 50%, 75%, 100% 

 Zirconia : 0%, 10%, 30%, 50%, 70%, 90%, 100% 

 

 

Figure 3.16 Alumina mixtures (a: 0%, b: 25%, c: 50%, d: 75%, e: 100%) 

 

Particle concentration calibration has two steps. In the first step, signal measurements 

are taken for 0% and 100% black mixtures when they are in loosely packed state. 

This is for determining the minimum and maximum voltage signals. In the second 

stage, the mixtures are poured through conical mouth, and flow is provided. By 

adjusting the lower valve, particles flow down slowly and signal measurements are 
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taken. This is for simulating the flow regime in loosely packed state. The inner 

diameter of part two is smaller for providing a slow particle flow. Obtained voltage 

measurements are averaged and plotted in Figure 3.17 for each particle. The figure 

shows that there is a linear relationship between the magnitude of voltage signals and 

particle concentration. 
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Figure 3.17 Correlated relation between the solids hold-up and the voltage for all 

particles (Le = 2.56 mm) 
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In Wang’s study (2006), this linear relationship is validated and expressed as 

follows:  

                                            𝑉 =  𝑋𝑏
𝑉𝑏

𝜀𝑠,0
+  𝑋𝑐

𝑉𝑐

𝜀𝑠,0
                                      (3.5) 

where V corresponds to measured voltage signal, Xb corresponds to volume fraction 

of the original particles, εs,0 is the loosely packed solids hold-up value of particles, Vb 

is the corresponding voltage of original particles at the loosely packed state, while Xc 

and Vc are the same terms for black particles. 

To define a mass fraction term Y, for original particles in the mixture, corresponding 

volume fractions can be expressed by Eq. 3.6 and 3.7. 

                                                  𝑋𝑏 = 𝑌𝜀𝑠,0                                             (3.6) 

                                               𝑋𝑐 = (1 − 𝑌) 𝜀𝑠,0                                       (3.7) 

From the equations above, the following expressions can be obtained, 

                                               𝑉 = 𝑌𝑉𝑏 + (1 − 𝑌)𝑉𝑐                                 (3.8) 

                                              
𝑉

𝑉𝑏
= 𝑌 + (1 − 𝑌)

𝑉𝑐

𝑉𝑏
                                    (3.9) 

Since there is no painted particle in experimental system, the volume fraction of 

original particles Xb, is directly equal to solids hold-up εs,0, leading to Eq. 3.10. Vb 

and Vc values correspond to voltage signals of loosely packed particle mixtures of 

0% and 100% black, respectively. Before each experiment, Vb and Vc values are 

measured in the calibration setup shown in Figure 3.15. By using the εs,0 and voltage 

signals of minimum Vc and maximum Vb, local  solids hold-up value can be 

calculated.  

                      𝜀𝑠 = 𝜀𝑠,0
𝑉−𝑉𝑐

𝑉𝑏−𝑉𝑐
                                       (3.10) 
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3.2.2 Data Processing 

The raw data obtained by optical probe system in the experiments were processed by 

MATLAB code, whose algorithm is shown in Figure 3.9 and Figure 3.10, and 

particle velocity, solids hold-up and particle flux were calculated. Total raw data was 

first divided into groups of N data number, and each group was cross correlated with 

a resulting cross-correlation coefficient, Rxy. During the analysis of each group, it 

was firstly assumed that the particles are moving in upward direction and calculated 

Rxy is called as Rxy,up. Then particles were assumed to be moving in downwards 

direction and Rxy,down was calculated. These coefficients were compared and code 

assigned the greater coefficient as maximum coefficient, Rxy,max and determined the 

direction of particles (Sarı et al. 2011).  

Particles in spouted beds may move in opposite direction or angular direction due to 

the flow structure which significantly affects the optical probe measurements. 

Because any particle passing in front of one channel of optical probe may not be 

detected by the second channel. Such cases decrease the similarity between two 

signals and hence a poor correlation is calculated leading to inaccurate time delay 

and particle velocity. Therefore it is better to eliminate low correlated data obtained 

in such conditions. In this context, the elimination criteria, proposed in Kirbas (2004), 

was applied. 

1) Elimination of values in this range,  ±|Up,min| =  
2𝐿𝑒

𝑇
  

2) Elimination of values for which Rxy > A, a certain lower limit for cross-

correlation coefficient 

3) Elimination of particle velocities for which is out of a limit determined by 

standard deviation,  −𝑎𝜎𝜎𝑈𝑝 ≤ 𝑈𝑝 ≤ 𝑎𝜎𝜎𝑈𝑝 

First criterion was used for the limitations of the measurement system and cross-

correlation. The lowest measurable absolute particle velocity depends on sampling 

time, T, used in cross-correlation. This value is equal to total data number divided by 

sampling frequency. For example, to make a group with 5000 data number with a 
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1000 Hz sampling frequency, 5 seconds must elapse. Time delay τ cannot be bigger 

than T/2. The particle velocity for this limit time delay is equal to |Up,min|, the lowest 

measurable particle velocity (Sarı et al. 2011). The second criterion is about the 

particle movement in the bed system. According to degree of similarity, low 

correlated groups are eliminated, while relatively high correlated groups are included. 

Third criterion is about particle velocity and standard deviation. A certain interval is 

obtained by multiplication of standard deviation with variance interval coefficient 

(Kirbas, 2004). If measured particle velocity is out of this interval, it is eliminated. 

The variance coefficient determines the degree of tolerance for particle velocity. 

These values were chosen in light of the findings of Kirbas (2004).  

As previously mentioned, there are two main regions in spouted beds: Spout and 

annulus. Since particle flow structure is different in these regions, they should be 

distinctly analyzed and sampling time and frequency should be chosen accordingly. 

Therefore, a sensitivity analysis was carried out to determine the parameters used in 

optical probe measurements. 

3.2.3 Sensitivity Analysis 

In order to catch the fast particle movement in the spout region, the measurements 

should be done with high sampling frequency. As for annulus region, there is no such 

requirement due to slow particle motion. However, sampling time should be long 

enough to have sufficient number of data to be analyzed. For these reasons, sampling 

frequency with sampling time were chosen as 100 kHz with 10 seconds and 1 kHz 

with 120 seconds for spout and annulus regions, respectively. 

As given in Figure 3.9 and 3.10, the whole data was firstly divided into groups of 

each having N data number. Cross-correlation was applied to each group. Therefore, 

each group must have sufficient number of data in order to catch the characteristics 

of the flow. On the other hand, as N increases, the correlation quality decreases due 

to more number of data are tried to be correlated with each other. An optimum value 

of N should be found based on these limitations. 
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During the cross-correlation analysis, there is a parameter limiting the number of 

data to be shifted to catch the similarity. This parameter is called max_lag. Briefly, it 

determines how many data in one group that the program is allowed to shift, so that 

the two signals can be correlated. This shifting process is the shifting of data 

belonging to only one channel while the other one is fixed. In each unit step, the 

program shifts one data and calculates the cross-correlation coefficient. For example, 

two different signals are divided into groups of 4000 data. In the first unit step, the 

interval between 0th and 4000th data belong to two signals are investigated. The next 

unit step analyses the similarity between the intervals of 0-4000 data of fixed signal 

and 1-4001 data of shifted signal. If max_lag value is 2000, this process continues 

until 2000-6000 data interval of shifted signal. The same steps are applied on the 

other groups (4001-8000; 8001-12000 etc.). Different values of max_lag are input 

into the code and resulting particle velocities are illustrated in the Figure 3.18.  

 

 

Figure 3.18 The effect of max_lag parameter on particle velocity (Zirconia, 31°, 

z2/Hb = 0.54) 
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From the figure, particle velocity profiles for zirconia were found to be identical 

when max_lag was equal to 1000, 2000 and 5000. However, when max_lag was 

equal to 10000, particle velocity decreased in the spout region. This is because the 

program calculated a higher Rxy value for which max_lag = 10000, than max_lag = 

2000. When the shifting data number is limited to 2000, it cannot calculate an Rxy for 

shifting any data beyond that point, which means to ignore any new maximum values 

of Rxy. This leads the program to calculate higher particle velocity, because the 

corresponding time delay is shorter.  

Because max_lag plays the role of giving the certain point at which the maximum 

similarity (Rxy_max) is observed, its determination is very delicate. Therefore, various 

max_lag values were tried to observe the effect on Rxy. In Figure 3.19, the relation 

between max_lag and Rxy is illustrated. It is seen that maximum Rxy was calculated 

as 0.51 when the program is allowed to shift up to 2000 data points. In the same case, 

the maximum Rxy was calculated as 0.70 when max_lag = 10000. Wang (2006) 

stated that there may be more than one maximum cross-correlation coefficients. In 

such cases, the coefficient which gives the minimum time delay must be chosen. The 

max_lag value in this study is chosen as 2000 based on this statement. 
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Figure 3.19 The plot of max_lag vs. Rxy (Alumina, 31°, z1/Hb = 0.27) 

 

The parameters decided in light of the sensitivity analyses and that were used in 

optical probe measurements are summarized in Table 3.5, for spout and annulus 

regions individually.  

 

 

 



 
 
 

45 

 

Table 3.5 Parameters used for optical probe measurements 

Parameters Spout Annulus 

Total sampled data number 1000000 120000 

Sampling Frequency 100 kHz 1 kHz 

Sampling Time 10 seconds  120 seconds 

max_lag 2000 

Number of data in each group, N 4000 

A 0.4 

aσ coefficient 3 
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CHAPTER 4 

 

 

RESULTS AND DISCUSSION 

 

 

 

This chapter presents the results of the experimental studies undertaken within the 

scope of this thesis. In this thesis study, firstly, operating conditions of the conical 

spout and spout-fluid beds (minimum spouting and fluidizing gas flow rates) were 

determined. Secondly, effects of operating conditions and the bed geometry on the 

local flow structure are investigated. Some parts of the results obtained in this study 

were used in an international conference (Golshan et al., 2017). Lastly, an empirical 

correlation for the solids hold-up at the spout center in conical spouted beds was 

proposed based on the experimental outcome.  

4.1 Bed Pressure Drop Measurement and Determination of Minimum Spouting 

Velocity 

In spouted and spout-fluid bed applications, minimum spouting velocity (Ums) is an 

operational parameter occupying an essential place. In order to have a clear 

observation of the influence of the bed geometry and operating parameters during the 

operation, a well-settled, stable flow must be present in the bed. Therefore, a certain 

gas velocity, named as superficial gas velocity, that is higher than minimum spouting 

velocity must be provided to the system. Thus, the aspects of any instability in flow 

such as change in fountain height, pulsative jet flow or collapse of the spout can be 

removed. Nevertheless, the superficial gas velocity has also an upper limit beyond 

which the flow regime becomes jetting. All these make the determination of the 

minimum spouting velocity a crucial work. 
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The minimum spouting velocity can be determined by measuring the bed pressure 

drop while ascending or descending superficial gas velocity. The minimum spouting 

velocity point is located around the region where the bed pressure drop becomes flat 

beyond the peak pressure. However to detect the exact point, visual observations 

must also be made. A hysteresis is observed between pressure drop measured in 

ascending and descending case.  

In all conditions, the observed Ums value during ascending is higher than descending 

case. This is caused by a resistance of the stationary-state particles against spouting 

before the onset of spouting, leading to an extra force requirement to set the particles 

into motion. Moreover, due to randomly packing configuration of the particles, ΔP 

curve in ascending case is not consistent while the descending case curve is always 

fixed. Therefore, in the determination of minimum spouting velocity, descending Ums 

values were used for experiments. It is also known that the pressure drop values in 

ascending experiment is time dependent which results in different pressure drop 

values in different runs of experiments. Descending experiment, on the other hand, 

gives the same results with other runs of experiments because there is no effect of 

initial particle packing state.  

In Figure 4.1 and 4.2, a typical change in spouting gas velocity with bed pressure 

drop for alumina and glass particles is illustrated. As illustrated in these figures, the 

bed pressure drop firstly increases with superficial gas velocity to a peak value which 

corresponds to the minimum internal spouting condition. Further increase in the gas 

velocity causes a sudden decrease in the bed pressure drop until external spouting 

condition is reached approximately where the pressure subsides and remains almost 

constant afterwards. It is observed that the pressure drop across the bed for the cases 

illustrated in Figure 4.1 and 4.2 increases to approximately 4200 Pa and 5400 Pa, 

respectively, until the peak point is reached. After this point, since the jet is formed 

and onset of spouting occurs, the bed pressure drop diminishes significantly to 2200 

Pa and 3000 Pa. The values of peak pressure drop and stable flat region pressure 

drop are different for two different cases. Because the bed pressure drop is affected 
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by particle density and static bed height. The minimum spouting velocities are 

calculated from determined gas flow rates by dividing it to the area of the inlet 

nozzle. Calculated minimum spouting velocities are given in Table 4.1. During the 

local flow measurements, spouting gas velocity was set to 1.25 and 1.1 times higher 

than the minimum spouting velocity in small and large scale systems, respectively, to 

ensure that experiments were performed during stable spouting operation. Before the 

measurements, the bed was operated for 15 minutes in order to remove the effect of 

unsteady flow. The sampling frequency is set to 1 kHz, and the sampling time is 10 

seconds.  

 

 
Figure 4.1 Bed pressure drop for alumina particles (Hb = 235 mm, γ = 31º) 
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Figure 4.2 Bed pressure drop for glass beads (Hb = 144 mm, γ = 66º) 

 

Table 4.1 Observed and recorded minimum spouting velocities (Ums) in conical 

spouted beds 

Particle ρp (kg/m
3
) γ (º) Di (mm) Hb (mm) Ums (m/s) U0/Ums 

Alumina 3700 45 12 140 56.40 1.25 

Alumina 3700 45 15 140 36.80 1.25 

Zirconia 6050 45 12 140 68.15 1.25 

Zirconia 6050 45 15 140 45.31 1.25 

Alumina 3700 60 12 100 44.64 1.25 

Alumina 3700 60 15 100 30.20 1.25 

Zirconia 6050 60 12 100 53.57 1.25 

Zirconia 6050 60 15 100 38.07 1.25 

Glass  2460 31 15 235 43.4 1.1 

Alumina 3700 31 15 235 56.6 1.1 

Zirconia 6050 31 15 235 64.6 1.1 

Glass  2460 66 15 144 37.7 1.05 

Alumina 3700 66 15 144 50.4 1.05 

Zirconia 6050 66 15 144 57.5 1.05 
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4.2 Local flow structure measurements 

In this thesis study, particle velocity and solids hold-up were measured in small and 

large-scale conical spouted beds with different cone angles operating with three 

different particles with varying densities (2460 kg/m3 ≤ ρp ≤ 6050 kg/m3) utilizing an 

optical fiber probe. The optical probe used in this study, allows the simultaneous 

measurement of local particle velocity and solids hold-up and thus local particle 

fluxes can be calculated. Particle flux is designated as the mass of particles passing 

per unit time and per unit area normal to the flow. It provides noteworthy 

information on particle flow dynamics (Kulah et. al. 2016). The following equation 

can be used for particle flux calculation:  

         𝐺𝑠 = 𝑈𝑝𝜀𝑠𝜌𝑝                                             (4.1) 

In order to ensure that experiments were performed in stable spouting operation, the 

spouting gas velocity was set to superficial gas velocity (U0) which is higher than 

minimum spouting velocity (Ums). The ratio of spouting gas velocity over minimum 

spouting velocity was set to 1.25 for small scale beds (45º and 60º) while for large 

scale beds (31º and 66º), it was 1.1 and 1.05, respectively, to ensure that the jet 

regime was not observed in the large scale spouted bed. 

The experiments were carried out three times to conduct a reproducibility analysis, 

and the final data was obtained by taking average. The reproducibility analysis is 

discussed in detail in Appendix. For all measurements, the optical probe is inserted 

horizontally parallel to the conical base and radially moved along the particular port. 

In virtue of such settlement of optical probe, the measured particle velocity and flux 

can be termed as axial particle velocity and axial particle flux. In various operating 

conditions and using different bed materials, the particle velocity, solids hold-up and 

particle flux were measured by means of fiber optical probe. 
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4.2.1 Effect of Axial Position 

In all the experiments, when the spouting gas was supplied to the system, it vertically 

accelerated the particles from the bed bottom. Accelerated particles gained their 

maximum velocity at the spout axis. As they rose up towards the bed surface, their 

velocity gradually decreased. From the spout center to the spout-annulus interface, 

particle velocity gradually decreased down to zero. Solids hold-up, on the other hand, 

gradually increased from spout center to the interface. At the interface, it sharply 

increased as the particles were suspended between the surrounding particles which 

were moving oppositely. In annulus region, a relatively more passive behaviour was 

observed. Particles moved downwards with a slow velocity generally between -0.01 

m/s and -0.001 m/s. Solids hold-up fluctuated around loosely-packed solids hold-up 

value. Figure 4.3 illustrates the significant change of the local flow structure in spout 

and annulus region. In the figure, there are two different y-axes indicating the 

parameter for spout and annulus regions individually. The arrows in each graph point 

the axes for corresponding regions. The error bars given on Figure 4.3 indicate the 

variation in three experiments and show that the measurements were reproducible. 

As illustrated in the figure, the magnitude of the fluctuation in annulus measurements 

was higher compared to spout measurements. 
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Figure 4.3 Radial profiles of local particle velocity, solids hold-up, and particle flux 

for alumina (γ = 31°, z2 = 128 mm, Hb = 168 mm, Uo = 1.1 Ums) 
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The effect of axial position on local flow structure is illustrated in Figures 4.4 and 

4.5. In the figures, it is clearly seen that in the spout region, the particle velocity 

decreased, solids hold-up and particle flux increased for both zirconia and glass 

particles from bed bottom to bed surface. This trend is in accordance with the 

profiles observed in previous studies (San Jose et al., 1998; Wang et al., 2009; Kulah 

et al., 2016). The solids hold-up and particle flux increases along the bed height due 

to entering of particles from the annulus to the spout. It can also be seen in Figure 

4.5 that the maximum particle velocity and flux were not measured exactly at the 

spout center for zirconia. This displacement of maximum particle velocity and flux 

position can be attributed to the radial movement of particles and their inter-

collisions with each other in the spout (Krzywanski, 1992) This type of behaviour 

was also observed by He et al. (1994). The effect of axial position on local flow 

structure in the annulus was found to be insignificant. The increase in particle flux 

with axial height indicates an increase in lateral solids flow from the annulus to the 

spout.  



 
 
 

55 

 

 

 

Figure 4.4 Effect of axial positions on local particle velocity, solids hold-up, and particle 

flux for glass (a) γ =31°, Hb =235 mm, Uo =1.1 Ums, (b) γ =66°, Hb =144 mm, Uo =1.05 Ums 
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Figure 4.5 Effect of axial positions on local particle velocity, solids hold-up, and 

particle flux for zirconia (a) γ =31°, Hb =235 mm, Uo =1.1 Ums, (b) γ =66°, Hb =144 

mm, Uo =1.05 Ums 
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4.2.2 Effect of Inlet Diameter 

The effect of inlet diameter on particle normalized velocity, solids hold-up and 

particle flux is illustrated in Figure 4.6. Two different inlet diameters, 12 mm and 15 

mm, were used in this study. Absolute particle velocities are higher for smaller inlet 

diameter because of that the Ums values are higher for 12 mm inlet diameter (53.57 

m/s and 44.64 m/s) than 15 mm inlet diameter (38.07 m/s and 30.20 m/s) for zirconia 

and alumina respectively. The reason why the Ums is higher for smaller inlet 

diameters at the same gas flow rate can be addressed to that the jet formed in the 

spout is smaller and narrower but stronger, pushing the particles in upward direction 

with higher velocity. From the figure, it can be observed that the normalized velocity 

was higher for larger inlet diameters at this axial position for both zirconia and 

alumina particles. As for annulus, the changes were very minimal in terms of 

magnitude, similar to the finding of Olazar et al. (1998). Solids hold-up was not 

significantly influenced by the inlet diameter in spout and annulus regions despite 

small differences. Particle flux at the spout center was observed to be higher for 

smaller gas inlet nozzle mainly due to higher absolute particle velocity. As Spreutels 

et al. (2016) also recorded, particle circulation rate dropped with increasing gas-inlet 

diameter in parallel with the particle flux profile in the spout region demonstrated 

here. Through the spout-annulus interface and beyond of it, there was no substantial 

change in particle flux.  



 
 
 

58 

 

 

 

Figure 4.6  Effect of gas-inlet diameter on particle velocity, solids hold-up, and 

particle flux (γ =60°, z/Hb =0.5, Uo =1.25 Ums, (a) Zirconia, (b) Alumina) 
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4.2.3 Effect of Cone Angle 

Effect of conical angle on local time-mean particle velocity, solids hold-up and flux 

is illustrated in Figures 4.7 and 4.8. Owing to the design of two different spouted 

beds with different cone angles, the probe measurement heights are not equal to each 

other. In order to be able to make a comparison, the ratio of the measurement height 

to the static bed height (z/Hb) was set close to each other. Furthermore, since the Ums 

values change with conical angle, the particle velocity was normalized by Ums. 

As can be seen in Figure 4.7, normalized velocities in spout region were higher for 

31° bed for both glass and zirconia particles at the bottom section of the beds (z/Hb  

0.3). Annular region, on the other hand, was unaffected by the change of cone angle, 

as expected. No significant effect of cone angle on solids hold-up was observed in 

both spout and annulus regions. On the other hand, the particle flux increased with 

decreasing conical angle, due to higher local particle velocities measured at low 

conical angles. This effect was more pronounced for lighter particles compared to 

heavier particles. As illustrated in Figure 4.8, at upper axial positions of the bed 

(z/Hb  0.5), no significant effect of cone angle on normalized particle velocities and 

solids hold-up was observed for both glass and zirconia particles. On the other hand, 

the particle flux increased with decreasing conical angle, due to higher local particle 

velocities measured at low conical angles. This effect is more pronounced for lighter 

particles compared to heavier particles. 

 



 
 
 

60 

 

Figure 4.7 Effect of conical angle on radial profiles of local particle velocity, solids 

hold-up, and flux (z1/Hb = 0.27 for γ = 31°, z1/Hb = 0.35 for γ = 66°, (a) Glass (b) 

Zirconia) 
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Figure 4.8 Effect of conical angle on radial profiles of local particle velocity, solids 

hold-up, and flux (z2/Hb = 0.54 for γ = 31°, z2/Hb = 0.50 for γ = 66°, (a) Glass (b) 

Zirconia) 
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4.2.4 Effect of Particle Density 

Particle density is a prominent parameter having salient influence on bed 

hydrodynamics. As the Ums values which are tabulated in Table 4.1 are different for 

particles with varying density, to be able to make a comparison in common basis, 

normalized velocity term is plotted. In addition, the same measurement locations in 

31° and 66° beds are chosen to eliminate the axial position effect. In Figures 4.9 and 

4.10, the effect of particle density on the normalized particle velocity, solids hold-up 

and particle flux radial profiles are displayed.  

Although the absolute particle velocities were higher for high-density particles, 

because of higher Ums values, their normalized velocities were close to ones with 

low-density particles at the spout center. As for annulus, particles were in very slow 

downward motion, which is expected because of the nature of the flow in this region, 

therefore a tangible comparison was not possible. Solids hold-up profiles were found 

to be very similar in the spout for both light and heavy particles. Although the 

absolute particle velocities are different for different type of particles, due to 

different minimum spouting velocities, the internal jet is strong enough to prevent a 

significant lateral solid motion from annulus to the spout, which leads to very similar 

solids hold-up values for all particles at the spout center. Beyond the spout-annulus 

interface, solids hold-up values fluctuated around their loosely-packed solids hold-up 

values which are 0.63, 0.60 and 0.61 for glass, alumina and zirconia, respectively.  

Particle flux is the most noticeably changed property by the particle density in the 

spout. The figure demonstrates that particle flux greatly increased as particle density 

increased in both 31° and 66° beds. This is caused by increase in Ums as particle 

density increases. The results of this study are inconsistent with the literature study 

that was carried out with light particles (65 kg/m3 ≤ ρp ≤ 2500 kg/m3) where no trend 

in the change of solids circulation with particle density was observed evaluating the 

solid circulation (San Jose et al. 2006).  



 
 
 

63 

 

Figure 4.9 Effect of particle density on radial profiles of local particle velocity, 

solids hold-up, and flux ((a) γ = 31°, z1/Hb = 0.27, U0/Ums = 1.1, (b) γ = 66°, z1/Hb = 

0.35, U0/Ums = 1.05) 
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Figure 4.10 Effect of particle density on radial profiles of local particle velocity, 

solids hold-up, and flux ((a) γ = 31°, z2/Hb = 0.54, U0/Ums = 1.1, (b) γ = 66°, z2/Hb = 

0.50, U0/Ums = 1.05) 
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4.3 Empirical Correlation 

As discussed in previous sections, there are two clear regions in a spouted bed: 

Annulus and spout. The particles in the annulus region are in nearly loosely-packed 

state, and do not get affected significantly by the operating conditions and axial 

position. However, solids hold-up in the spout region is responsive to the changes in 

operating conditions. Therefore, the prediction of the change of solids hold-up in the 

spout region for various operating and design conditions is crucial. The only 

empirical equation for voidage profile prediction was proposed by San Jose et al. 

(2005). In this study, voidage correlations individually for spout center, bed wall and 

overall radial distribution (Eq. 4.2, 4.6 and 4.7, respectively) were developed. 

           𝜀(0) = 𝜀(0)𝑧=0.02 − 𝐸(
𝑧

𝐻𝑏
)2                         (4.2) 

          𝜀(0)𝑧=0.02 = 1                       for ρp ≥ ρg               (4.3) 

         𝜀(0)𝑧=0.02 = (
ρp

ρ𝑔
)0.2          for ρp ˂ ρg               (4.4) 

         𝐸 = 1.20 (
𝐷𝑏

𝐷𝑖
)−0.12(

𝐻𝑏

𝐷𝑜
)−0.97(

𝑈0

𝑈𝑚𝑠
)−0.71𝛾−0.19                 (4.5) 

Here ε(0) indicates the voidage at the spout center (r = 0). According to their 

experimental observation, at z = 0.02 m, a height very close to the bed inlet, the bed 

voidage is unity. This is caused by solid cross-flow from annulus to spout and valid 

only for particles whose density is equal to or higher than glass beads, ρg, such as 

zirconia (6050 kg/m3) or steel (7400 kg/m3). It is, however, not unity for the particles 

lighter than glass beads because of solid cross-flow occurrence below z = 0.02 m 

(San Jose et al., 2005). The parameter E in Eq. 4.5 was defined as a functional 

parameter that represents hydrodynamically important parameters such as bed 

diameter, bed bottom and bed inlet diameters, static bed height, ratio of superficial 

gas velocity-to-minimum spouting velocity and cone angle (San Jose et al. 1998). Eq. 
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4.6 and 4.7 are the correlations to predict the voidage at bed wall and at any radial 

distance, respectively. 

         𝜀(𝑤) = 𝜀0 (1 +
𝐻𝑏−𝑧

𝐻𝑏
)0.5                                              (4.6) 

         𝜀 =
𝜀(0)−𝜀(𝑤)

1+exp ((𝑟−𝑟𝑠)/27.81𝑟𝑠
2.41)

+ 𝜀(𝑤)                        (4.7) 

It must be noted that San Jose et al. (2005) developed these correlations by using 

only light particles with varying densities (65 kg/m3 ≤ ρp ≤ 2420 kg/m3). Therefore, 

in this study, a new correlation is developed to predict solids hold-up at the spout 

center for both light and heavy particles. The data set used and the procedure is 

explained below. 

4.3.1 Correlation Development  

This proposed correlation was developed by utilizing all the experimental data 

obtained in this study and the ones reported in the literature. Experimental conditions 

of literature data that were used in this correlation are given in Table 4.2. Only the 

solids hold-up values at the spout center were used. From this data set, 51 data out of 

60 were arbitrarily chosen to develop the correlation. Remaining 9 data (15%) was 

saved for usage in the validation of the correlation. 
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Table 4.2 Literature studies and corresponding conditions for correlation 

development  

Study Particle Type Bed geometry z/Hb 

Olazar et al. 

(1995)  

Glass (dp = 4 mm, ρp 

= 2420 kg/m3) 
γ = 33°; Dc = 0.36 m 0.11, 0.28, 0,45, 0.67 

San Jose et 
al.(1998) 

Glass (dp = 3, 4, 5 

mm, ρp = 2420 

kg/m3) 

γ = 33, 36, 45°; Dc = 
0.36 m 

0.11, 0.28, 0,45, 0.67 

San Jose et al. 

(2005) 

Glass (dp = 3.5 mm, 

ρp = 2420 kg/m3) 
γ = 33°; Dc = 0.36 m 0.11, 0.28, 0,45, 0.67 

Aradhya et al. 

(2017) 

Glass, Steel (dp = 

1.09 mm, ρp = 2500  
kg/m3, 7400 kg/m3) 

γ = 60°; Dc = 0.076, 

0.152 m 
0.37 

 

The term ε(0)z=0.02 is set to unity in this study because the densities of all particles are 

equal to or higher than the density of glass beads (2420 kg/m3). Considering the 

conversion from voidage to solids hold-up, the solids hold-up will be exactly equal to 

the absolute value of the second term in Eq 4.2. For simplification, the term E in Eq. 

4.5 was substituted in Eq. 4.2 and the entire correlation system was reduced to a one 

single expression as follows. 

  𝜀𝑠(0) = 0.043 (
𝐷𝑏

𝐷𝑖
)0.169(

𝐻𝑏

𝐷𝑜
)0.435(

𝑈0

𝑈𝑚𝑠
)0.890(

𝑧

𝐻𝑏
)0.816𝛾−0.646           (4.8) 

Similar to the study done by San Jose and co-workers (2005), non-linear regression 

method was used to develop the correlation. Figure 4.11 shows the comparison of 

the predicted and experimentally measured solids hold-up values for both the original 

correlation of San Jose et al. (2005) and correlation developed in this study. It should 

be noted that for comparison in the figure 9 data points, which were not included in 

the correlation development, were used. The experimental conditions of these data 

points are given in Table 4.3.  
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As far as new correlation is concerned, calculated values of solids hold-up display an 

acceptable level of prediction with an average deviation of 40%. The correlation 

brings more accurate center solids hold-up predictions compared the original 

correlation.  

 

 

Figure 4.11 Comparison of experimental and calculated values of solids hold-up at 

the spout center 
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Table 4.3 Experimental conditions of validation data 

  Reference Particle γ(°) Di (mm) z/Hb 

a This study Zr 45 15 0.85 

b Aradhya et al. 2017 Glass 60 19 0.37 

c Olazar et al. 1995 Glass 33 30 0.28 

d This study Zr 45 12 0.3 

e San Jose et al. 1998 Glass 36 30 0.28 

f This study Zr 66 15 0.5 

g San Jose et al. 2005 Glass 33 30 0.11 

h San Jose et al. 1998 Glass 36 30 0.11 

i San Jose et al. 1998 Glass 33 30 0.11 

 

 

Figure 4.12 shows the comparison of the calculated and measured radial solids-hold 

up distribution in a conical spouted bed. The experimental data was retrieved from 

the study of Wang et al. (2009). For New Correlation curve, to predict the solids 

hold-up for intermediate radial points and at bed wall, the Eq. 4.6 and 4.7 were used, 

as proposed by San Jose et al. (2005). The figure shows that new correlation gives 

more accurate prediction than the one developed by light particles only. 
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Figure 4.12 Comparison of experimental and correlated local solids hold-up values 

(γ = 45°, dp = 1.16 mm glass beads, z/Hb = 0.61) 
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rate was chosen according to the criteria, for which spouting stability should not be 

affected and bubble formation in the annulus should not be observed. 

The experiments were carried out based on increase of total gas flow rate (Qt). 

During the experiments, the spouting gas flow rate (Q0) remains constant, while the 

fluidizing gas flow rate increases. The increase in fluidizing air is shown as Qf/Qt, the 

ratio of fluidizing air flow to total air flow. In Table 4.4, the experimental conditions 

and corresponding spouting gas together with fluidizing gas flow rates are given.  

 

Table 4.4 Fluidizing gas flow rates used in spout-fluid bed experiments 

γ (°) Particle Qms (m
3
/min) Q0 (m

3
/min) Qf (m

3
/min) Qtotal (m

3
/min) Qf/Qt 

31 Al 0.45 0.49 Qf,min = 0.16 0.65 0.25 

  

0.45 0.49 Qf,max = 0.38 0.87 0.44 

66 Al 0.54 0.57 Qf,min = 0.17 0.74 0.23 

  
0.54 0.57 Qf,max = 0.35 0.92 0.38 

66 Zr 0.61 0.64 Qf,min = 0.15 0.79 0.19 

  
0.61 0.64 Qf,max = 0.40 1.04 0.38 

 

In Figure 4.13, particle velocity, solids hold-up and particle flux measurements in 

spout-fluid operation are illustrated for alumina and zirconia. During the zirconia 

experiments, it was observed that when the optical probe was approached near the 

spout center (r = 0 and 2 mm), the stable spouting regime was ceased by exhibiting a 

pulsative behaviour, which led optical probe unable to take measurements. The 

figure demonstrates that the particle velocities are not significantly affected by 

fluidizing gas flow in the spout region. The solids hold-up is observed to be slightly 

lower compared to spouted bed operation where there is no fluidizing gas (Qf = 0). 

Since the fluidizing gas pushes the particles at the wall to the center, the annulus 

region is considered to be slightly more dynamic resulting in lower solids hold-up. 

However, solids hold-up does not further decrease as the fluidizing gas flow rate 

changes from Qf,min to Qf,max. As for particle flux, it has a slight increase in spout 

region and the overall change is not remarkable. 
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Figure 4.13 Effect of fluidizing gas on local particle velocity, solids hold-up and 

particle flux (γ = 66°, z1 = 50 mm, Hb = 144 mm, U0/Ums = 1.05 (Qt = Q0 + Qf), (a) 

Alumina (b) Zirconia 
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CHAPTER 5 

 

 

CONCLUSIONS 

 

 

 

This study was conducted as an investigation of local flow structure in conical 

spouted and spout-fluid beds operating with low- and high-density particles. The 

experiments were performed in small-scale (Dc = 150 mm) and large-scale (Dc = 250 

mm) bed systems with various cone angles (31°, 45°, 60° and 66°). An optical probe 

was used to measure particle velocity, solids hold-up and particle flux as an 

indication of local flow structure. 1 mm sized low- and high-density particles (glass 

beads, alumina and zirconia) were used. The effects of bed design parameters (such 

as inlet diameter and conical angle) and operating conditions (such as particle density, 

axial height of measurement and fluidization gas flow rate) on the local particle flow 

characteristics were investigated in detail. An empirical correlation was proposed for 

solids hold-up prediction at the spout center based on the findings of experimental 

outcome of this work and literature studies. The following conclusions can be stated 

based on the experimental analysis carried out in this work: 

 Spout and annulus regions  show different  flow behaviour in terms of 

particle velocity and solids hold-up under the effects of investigated 

parameters The flow in the annulus is characterized by loosely packed bed 

with slight particle down-flow whereas the spout region has an upward gas-

solid flow with decreasing particle velocity and increasing solids hold-up 

along the axis. Particles acquire a maximum velocity at the spout axis with a 
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radially decreasing trend towards the spout-annulus interface, finally reaching 

zero and negative (downwards direction) values in the annulus. 

 Particle velocity, solids hold-up and particle flux are significantly affected by 

the change in axial position for spout region only. In bottom spout area, 

higher particle velocities are measured with lower solids hold-up whereas top 

spout area has relatively slower particles in a denser solid medium. 

Regardless of bed material and bed cone angle, noticeably more solid 

circulation is observed in higher axial positions due to lateral motions of 

solids from the annulus to the spout. 

 Cone angle does not significantly affect the solids hold-up. Particle flux on 

the other side, decreases with increasing cone angle and it is more influential 

for glass beads as the lightest particle used in this work. 

 Particle density has no pronounced effect on solids hold-up in both spout and 

annulus regions. Normalized velocities are observed to be close to each other 

in 31° and 66° beds. As for particle flux, it is significantly increased with 

increasing particle density in the spout region.  

 Introduction of fluidizing gas, an operating system in spout-fluid mode, does 

not change the local flow structure significantly. The increase in total gas 

flow in spout-fluid beds, i.e. further increase in fluidizing gas flow does not 

change the flow properties, regardless of particle density. 

 

In the light of these findings, one can conclude that using low conical angles can be 

more feasible for an industrial scale spouted bed reactor design in order to achieve 

higher particle circulation and thus reaction efficiency. The gas-solid flow dynamics 

in spouted beds operated with high density particles is found to be similar to that 

operated with relatively light particles. With the spout-fluid bed operation, although 

the total gas flow rate through the bed increases substantially, no significant change 

is observed in the gas-solid flow behaviour.  
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5.1 Suggestions for Future Work 

This study involves the local flow structure of high-density particles having 1 mm 

diameter. In this respect, the particle size can be a parameter to investigate. 

Considering Geldart’s classification, the particle size and density can be investigated 

in a wider range, which is applicable in spouted bed systems. 
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APPENDIX 

 

 

 

A.1 Reproducibility of Local Flow Structure Measurements 

The experiments were performed three times and the measurement results were 

plotted as radial profiles of particle velocity, solids hold-up and particle flux in 

Figures A.1 and A.2. 
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Figure A.1 Particle velocity, solids hold-up and particle flux distributions (a) 

Alumina, 31°, z1/Hb = 0.27, (b) Zirconia, 31°, z2/Hb = 0.78) 
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Figure A.2 Particle velocity, solids hold-up and particle flux distributions (a) Glass, 

66°, z2/Hb = 0.50, (b) Glass, 66°, z3/Hb = 0.70) 
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