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Fluidization of biomass particles is an important process in the gasification, 

pyrolysis and combustion in order to extract energy from biomass. Studies on the 

fluidization of biomass particles (corn cob and walnut shell), inert particles (sand, glass 

bead, and alumina), which are added to facilitate fluidization of biomass, and 

biomass/sand mixture were performed. Experiments were carried out in a 14.5 cm 

internal diameter cold flow fluidization bed to determine minimum fluidization velocities 

with air as fluidizing medium. On the of basis of experimental data from both present 

work and those found in the  literature, new correlations were developed to predict 

minimum fluidization velocity for inert particles as well as biomass particles. It was found 

that the proposed correlations satisfactorily predict minimum fluidization velocities and 

was in well agreement with experimental data.  

Furthermore, effect of weight percentage of biomass in the biomass/sand 

mixtures was studied.  The weight fraction of biomass particles in the mixture was 

chosen in the range of 0 ~ 100 wt. %. The results show that minimum fluidization 

velocity of the mixtures increases with an increase in biomass content. Using the 

present experimental data, a new correlation was developed in terms of mass ratio for 

predicting values of minimum fluidization velocity of these mixtures. However, the 

validity of the proposed correlation should be further studied by conducting more 

experiments using the biomass/sand mixtures of different particle size, shape, and 

density.  
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NOMENCLATURE 

A    Cross-sectional area of the cylindrical bed [m2] 

Ar    Cross-sectional area of the rectangular bed [m2] 

Ar    Archimedes number [-] 

D    Diameter of the cylindrical bed [m] 

di   Aperture size [mm] 

dp    Mean particle size [μm] 

g    Acceleration of gravity [m/s2] 

H    Average bed height at superficial velocity [cm] 

Ho   Static bed height [cm] 

Hmf   Bed height at minimum fluidization [cm] 
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N   Total number of grid holes 

Nor   Number of orifices per unit area of the distributor 

Remf    Reynolds number at minimum fluidization [-] 

U   Superficial velocity [m/s] 

Umb    Bubble velocity at minimum fluidization [m/s] 

Uc    Velocity at which transition to turbulence starts [m/s] 

Uk   Velocity at which turbulent fluidization starts [m/s] 

Umb    minimum bubbling velocity [m/s] 

Umf    minimum fluidization velocity [m/s] 

Ut   terminal velocity [m/s] 

Utr   transport velocity [m/s] 



 

x 

V    volume of particles [m3] 

Vbulk    volume of particles within the bed [m3] 
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∆P b   pressure drop across fluidized bed [Kpa] 

∆P d   pressure drop across distributor [Kpa] 
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ρp   particle density [kg/m3] 
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εm    bed voidage [-] 

εmf    bed voidage at Umf [-] 

μ    dynamic  viscosity of fluidizing air [kg/m·s] 

 

Subscripts 

b   biomass particles 

m   mixture 

mf   minimum fluidization 

mf,m   minimum fluidization of mixture 
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CHAPTER 1  

INTRODUCTION 

Fluidization is a well-known engineering process by which a bed of particulate 

solids, lying on an air distributor, is made to behave as in a liquid-like state as it is mixed 

with gas, liquid, or both. Because of the enhanced of heat and mass transfer and/or 

chemical reaction between particles and fluid medium, fluidization finds broad industrial 

applications in many engineering processes, such as in reforming and cracking of 

hydrocarbons [1, 2].  At present, the use of fluidized bed technology in thermo chemical 

conversion processes such as pyrolysis, gasification processes, has increased because 

of its economic and environmental advantage. It also provides an opportunity for the 

processing of solid wood, municipal wastes and, agricultural residues which are very 

difficult and costly to manage can be converted into clean energy. Gasification 

decomposes biomass to syngas (a gas mixture of CO and H2) at temperature greater 

than 700 °C with a controlled amount of oxygen. Pyrolysis is the thermal decomposition 

of biomass into liquid (bio-oil), solid (Charcoal) and gaseous products, by heating the 

biomass in the absence of air at around 500 °C where the aim is to collect the volatile 

fraction and condense them to produce a liquid fuel or bio oil. Many of these processes 

are based on the fluidization of biomass; however, biomass particles are difficult to 

fluidize due to their peculiar shapes, sizes, and densities [3]. Inert particles such as 

sand can be used to improve fluidization of biomass particles which in turn acts as a 

good heat carrier or heat transfer medium in the reactor.  

Fluidized bed has a number of advantages regarding temperature control and 

heat transfer. Fluidized bed is a better candidate for thermo chemical process of 
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biomass as well as for the industrial and chemical reactor application as it facilitates 

many particles of varying sizes inside the bed to behave just like fluid resulting efficient 

mixing between solid particles and fluid. The efficient mixing in a fluidized bed promotes 

good temperature control and high reaction rates with very efficient heat transfer. 

Furthermore, fluidized beds are simple in construction and operation and it produce 

good quality of bio-oil with a high liquid product yield [4, 5].  

In spite of the above-mentioned advantages, fluidized beds have also a number 

of disadvantages. The hydrodynamic characteristics of a fluidized bed are complex, like 

channeling, pressure fluctuation and uncontrolled bed expansion due to the formation of 

bubbles and their subsequent collapsing, and slugging. Therefore, the modeling and 

scale up of fluidized beds are difficult [4]. Elutriation of fines particles and erosion of bed 

due to collision of particles are another ineviTable. Besides that, segregation due to 

agglomeration influences the fluidization quality to a considerable extent [6]. 

Even if there is still some drawback, the main advantages described above make 

fluidized bed very suitable for many industrial applications because of their economical 

and environmental advantages. 

 

1.1 Motivation of the Thesis 

The minimum fluidization velocity is one of the most important design parameters 

of a given gas-solid system. It sets the lower limit to the flow rate  for the fluidization and 

is necessary when modeling of fluidized processes required [7]. The minimum 

fluidization velocity depends upon the properties of the particles such as density, size, 

shape, etc., fluidizing gas properties [8-9], bed diameter and geometry [7, 10], 
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distributor design such as aspect ratio and geometry [7, 10-12]. These influence 

parameters allow that empirical equations are applicable in specific cases, but cannot 

be generalized. 

Physical properties of bed particles are the important factor in the fluidization 

behavior. Biomass particles, especially irregularly shape, are difficult to fluidize because 

of their peculiar shapes, sizes and densities (e.g. large in sizes, low in densities and 

extreme in shape) [13]. In order to improve fluidization and processing in the reactor, a 

second fluidization medium, typically inert materials (silica sand, aluminum oxide, and 

continental flood basalt (CFB) cinder) can be used to facilitate fluidization of biomass as 

well as acting as a good heat transfer medium in the reactor [13]. 

Fluidized bed has been applied widely in dealing with thermo chemical processes 

such as pyrolysis, gasification, and combustion of a wide range of particulate biomass 

particles and their mixtures with inert particles. Experimental determination of Umf for 

biomass as well as for biomass/sand mixtures would be useful for designing and 

optimizing configuration of thermo-chemical process such as pyrolysis, gasification. 

Many valuable experimental studies have been conducted to determine minimum 

fluidization velocity of inert particles. However, earlier experimental studies and reviews 

shows that limited work have been performed on the investigation of biomass and its 

mixtures with inert particles, in most cases sand and there is no satisfactory correlations 

reported to predict minimum fluidization velocity [3, 14-15]. 

The cold model fluidized bed reactor employed in this work was selected to be 

used in a biomass pyrolysis/gasification and the experimental data and new developed 

correlation presented in this thesis are expected to be useful for the design and 
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selection of fluidized bed configuration especially for the biomass binary mixture 

differing in both particle size and density. 

 

1.2 Objective 

The key objectives of this thesis are: 

• To design and fabricate a lab scale gas-solid fluidized bed with air 
distributor which ensures uniform distribution. 

• To determine the minimum fluidization velocity for the biomass, inert 
particles and biomass/sand mixtures at different mass ratio. 

• To develop new correlations particularly for biomass and inert particles 
and validate purposed correlation with present and literature experimental 
data. 

• To study hydrodynamic characteristics like minimum fluidization velocities, 
fluidization pattern, mixing characteristics, bed expansion, pressure drop 
for biomasses/sand mixtures. 

This thesis is arranged as a manuscript-based thesis. Therefore, each of the 

experimental studies is presented as a chapter, with a relevant literature review, 

experimental conditions along with results and discussions, and a references list. 

 

1.3 Organization of the Thesis 

Chapter 2 begins with a brief review of selected literature pertaining to 

phenomenon of fluidization, particles classification, design of distributor, and 

experimental studies on fluidization behavior of biomasses and inters particles and their 

respective mixtures. 

Chapter 3 describes bed material selection and particles characterization, and 

the experimental equipment used in this study in detail. Details on calculations of mean 

diameter of particles, selection of the fluidized bed reactor, and distributor selection and 
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design unfold in this chapter. The experimental procedure and uncertainty are also 

covered in this chapter. 

Chapter 4 evaluates the suitability of several minimum fluidization velocity 

correlations reported in literature for biomass and inert particles with results and 

discussion. Comparisons of experimental Umf values from present work and literature 

with the predicted Umf values using the purposed correlation and other correlations 

reported in literature are also included in this chapter. 

Chapter 5 describes experimental study on the fluidization behavior of 

biomass/sand mixtures along with extensive literature reviews. This chapter also 

discusses fluidization pattern, effect of biomass weight on minimum fluidization velocity, 

and prediction of minimum fluidization velocity for biomass/sand mixture. 

Finally, the main conclusions drawn from Chapter 4 and 5 and some 

recommendations for possible future extension of this work are presented in chapter 6. 

Next are the appendices of selected reference materials, equipment, and table. 
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CHAPTER 2 

LITERATURE REVIEW 

This chapter gives a brief overview of useful topics in understanding the 

subsequent research. Section 2.1 explains phenomena of fluidization with an emphasis 

on fluidization regimes, Geldrat’s classification, bed pressure drop, bed expansion ratio, 

and minimum fluidization velocity. Section 2.2 provides function, design and selection 

criteria for air distributor. 

 

2.1 Phenomena of Fluidization 

2.1.1 Fluidization 

Fluidization is a well-established fluid-solid contacting technique. It is a process 

whereby solid particles are transformed from a static solid-like state to a dynamic fluid-

like state through contact with fluidizing medium (e.g. air). This process occurs when 

fluidizing medium vertically enters the fluidized bed (a collection of solid particles), 

through the windbox and distributor. 

 

2.1.2 Fluidization Regimes 

The understanding of fluidization regimes is a fundamental aspect of fluidization 

research. By increasing fluidization velocity, several distinct flow pattern/regime have 

been encountered [1, 2, 3], as shown in Fig. 2.1. 

At very low gas velocities, fluid simply percolate through the voids in the 

assemblage of particles without affecting the voidage or the bed porosity. Increasing the 
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gas velocity will eventually result in a state in which the drag induced by the upward 

flowing gas will balance out with the weight of fluid and particles.  

 

Fig. 2.1. Flow patterns in gas-solid fluidized beds. 

 

This fluidization state is commonly referred to as incipient or minimum fluidization; the 

point at which the particles are just fluidized. The gas velocity associated with minimum 

fluidization is referred to as the minimum fluidization velocity. This velocity determines 

transition point between the fixed bed and the fluidized bed [2]. At gas velocity less than 

the fluidization velocity, the bed is fixed bed and there is no movement of particles. 

Further increasing the gas velocity above minimum fluidization will result in excess gas 

being introduced into the fluidized bed.  The excess gas will coalesce to form bubbles 

causing greater instability in the bed. This regime, as its name implies, is known as the 
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bubbling regime. In bubbling fluidization, the bed consists of an emulsion phase (dense 

particulate phase) and a bubble phase (lean particulate phase). 

In gas-solid fluidized bed, the bubbling is predominant. The minimum bubbling 

velocity is the superficial velocity at which bubbles first appear above the distributor. 

For bubbling fluidization, it is difficult to describe the flow of gas due to random 

bubble generation and eruption. Moreover, bubble size can affect fluidization 

performance. For example, for large bubbles, gas solid contacting decreases. 

With the narrow and sufficiently high bed height (H/D >2), the bubbles will 

coalesce in to bigger ones and form slug that covers almost 2/3 of the bed diameter. 

This is called the slugging regime. In this regime, gas-solid contact becomes poor. 

As the velocity is increased further still, bubble and slug structure break and the 

bed become turbulent with absence of large bubbles and voids. In a turbulent bed, there 

is no upper surface of bed and, instead of bubbles; one observes a turbulent motion of 

solid clusters and voids of gas of various sizes and shapes. Above the turbulent region 

is often termed fast fluidization. Rhodes et al. [4] defined fast fluidization as s state 

where dilute phase region on top and dense phase region on bottom coexist and 

particles are transported out of bed where replacement of particles is required to 

operate the fluidized bed. With further increase in fluidization velocity far from transport 

velocity, Utr, the system moves into the pneumatic conveying region. In this regime, one 

may observe all particles fed are transported out in dilute phase with particles 

concentration varying over a most of bed height.  

In fast fluidization and pneumatic conveying regime, with the gas velocity past 

the terminal velocity of the particles, this corresponds to the onset of significant particle 
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entrainment by the gas flow stream. These of types regimes are employed in operations 

where solids flow through are desirable (e.g. circulating fluidized bed). 

Table 2.1  

Summary of fluidization regime. 

Fluidization regime Velocity range Fluidization features and appearance 

Fixed bed 0 ≤ U <  Umf 
Particles are quiescent, gas flow through void 
spaces  
 

Particulate regime Umf ≤ U < Umb 
Bed expands smoothly, bed surface is well 
defined;  
 

Bubbling regime Umf ≤ U < Ums 
Gas bubbles coalesce and grows they rise, gas 
bubbles promote solids mixing  
 

Slug flow regime Ums ≤ U < Uc 

Bubbles size spread across the bed cross section, 
bed surfaces rises and falls with regular frequency 
with corresponding pressure fluctuation 
 

Turbulent regime Uk  ≤ U < Utr 
Small gas voids and particles clusters, bed surface 
is diffused and difficult to distinguish 
 

Fast fluidization U > Utr 

Particles are carried out of the bed with gas, 
normally has a dense phase region at bottom with 
a dilute phase region on top, no bed surface 
 

Pneumatic 
conveying U > Utr 

Usually a once through operation; all particles fed 
are transported out, no bed surface 

 

A comparison of key hydrodynamic features of different fluidization regimes has 

been described with comparisons elsewhere [5-7]. 

 

2.1.3 Geldart’s Classification of Particles 

Geldart’s classification system has been widely used for the design of fluidized 

beds. The fluidization phenomenon of gas-solids system depends mostly upon the 

types of particles employed. Geldart [8] was the first to classify powders into four 
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different groups and designated them by letters A, B, C, and D based on the mean 

particle size, dp and the density difference between the particles and fluidizing medium, 

(ρp - ρg)  to account for the observed behavior in a fluidized bed. The Geldart 

classification of particles is shown in Fig. 2.2.The classification is valid only for air 

fluidized bed at ambient conditions. These groups are, in order of increasing particle 

sizes. 

 
Fig. 2.2. The Geldart classification of particles. 
 

A comparison with detailed characteristics of particles that belong to four groups 

has been presented elsewhere [1]. Geldart, Wang et al. and Kunii et al. [2, 8-9] have 

summarized the characteristic of each group as the following: 

Group C (cohesive or fine): These particles are cohesive and very fine of mean 

particle sizes less than 30 μm and density less than 1.4 g/cm3 which are extremely 
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difficult to fluidize because of their higher inter-particle forces than forces exerted by 

fluid on the particles and strong electrostatic charges in small diameter beds. Group C 

particles easily give rise to channeling. Typically these particles result in plug flow in 

small-scale fluidized beds and channeling in larger scale fluidized beds. Talc, flour and 

starch are examples of group C particles.  

Group A (AeraTable). These particles are quite and sensitive to external forces 

having mean particle size (dp< 30 μm) and/or low particle density, ρp (<~1.4 g/cm3). 

These particles fluidize easily, with smooth fluidization at low gas velocities without the 

formation of bubbles. At higher superficial velocity, bubbles appear even before Umf, 

Umb>Umf. Typical example is the FCC catalyst. 

Group B (Sand-like): Most particles of this group have intermediate size (40 μm 

to 500 μm) and density ranges from 1.4 to 4 g/cm3. Bubbles appear at incipient 

fluidization Umf, i.e.Umb = Umf. Bubbles in a bed of group B particles can grow to a large 

size. Typical examples of group B particles are glass beads and coarse sand. 

Group D (SpouTable): These particles are large and/or dense which are difficult 

to fluidize in deep beds. Most particles of this group have means size, dp>500 μm and 

high particle density, ρp> 1.4 g/cm3that results in severe channeling or large exploding 

bubbles due to rapid coalescence. Examples of group D particles are lead shot, drying 

grains, peas, roasting coffee beans, gasifying coals and some roasting metal ores.  

Geldart’s classification is clear and easy to use for air fluidization at ambient 

pressure and temperature and for Umf less than about 10 Umf [2]. Yang [10] modifies and 

reinterprets the Geldart’s classification for the gas fluidized bed other than air at 

elevated temperature and pressure. 
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The numerical criteria for boundary line are given by [8]: 

(ρp - ρg) dp ≤ 225  for Group A        2. 1  

Eq. (1) is the boundary between Group A and Group B particles. 

(ρp - ρg) d2
p ≥ 106 for Group D       2. 2 

Eq. (2) is the boundary between Group B and Group D particles. No numerical 

criteria for the boundary line between Group A and Group C has been purposed [1]. 

 

2.1.4 Minimum Fluidization Velocity 

The minimum fluidization velocity is an important variable in the design of 

fluidized bed. It is a condition in which the particles are just suspended by the upward 

flowing fluid. Various methods reported in the literature to predict theoretical minimum 

fluidization velocity for the particles can be broadly classified into four groups [1]. These 

methods are derived from: pressure drop method, dimensional analysis, drag force 

method, and terminal velocity method.  

At the onset fluidization, drag force by upward moving gas on the whole system 

of particles must be equal to the weight of particles of the bed [2]. This can be 

expressed by flowing relationships: 

∆pb = (1 − εmf)�ρs − ρg�gHmf       2. 3 

1.75
Φ3εmf

3 Remf2 + 150(1−εmf)
Φ3εmf

3 = Ar         2. 4 

Where, Reynolds number at minimum fluidization state, Remf =  dpUmfρg
µ

 and Archimedes 

number, Ar = dp3ρg�ρp−ρg�g
µ2
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In special case of very small particles, Eq. (2.4) simplifies to 

Umf = dp2�ρp−ρg�g
150µ

 εmf
3 Φ2

1−εmf
  Remf < 20      2. 5 

For very large particles, 

Umf
2 = dp�ρp−ρg�g

1.75ρg
  εmf

3 Φ  Remf > 1000       2. 6 

To calculate minimum fluidization velocity, Ergun equation can be expressed as:  

Remf = ��42.857 C1
C2
�
2

+ Ar
1.75C1

�
0.5
− 42.857 C1

C2
     2. 7 

Where 

C1 = 1
Φ3εmf

  and  C2 = (1−εmf)
Φ3εmf

 

This Ergun equation requires the determination of sphericity and bed voidage at 

minimum fluidization conditions [2]. Wen and Yu purposed a simplified form of Ergun 

equation based on the experimental data. This equation does not need to determine the 

values of Φ and εmf. 

Remf = [K1
2 + K2Ar]0.5 − K2       2. 8 

Number of values for the constant K1 and K2 in Eq. (2.6) purposed by several 

authors are given in Table 2.2 

Table 2.2  

Values of two constants in Eq. (2.6). 

Author (s) K
1
 K

2
 

Wen and Yu 33.7 0.0408 
Grace 27.2 0.0408 
Richardson 25.7 0.0365 
Chitester et al. 28.7 0.0494 
Saxena and Vogel 25.3 0.0571 
Babu et al. 25.3 0.0651 
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Several correlations for calculating minimum fluidization velocity are summarized 

in chapter 4. Many of them apply only to specific systems over a limited operating 

range.  

 

2.1.5 Pressure Drop 

As the bed remains static due to the low air flow, the pressure drop increases 

with increasing velocity up to incipient fluidization. With a further increase in flow rate, a 

point is reached where the upward drag force exerted by the fluid on the particles just 

counterbalances the weight of particles in the bed [2]. The bed is referred to as an 

incipiently fluidized bed. The force balance across the fluidized bed pronounces that the 

bed pressure drop is equal to the apparent weight of the particles per unit area of the 

bed. Thus: 

Pressure drop =
Weight of particles − Upthrust on particles

cross sectional area of bed
 

∆pb =
LA(1 − εmf)�ρp − ρg�g

A
 

∆pb = Lmf(1 − εmf)�ρb − ρg�g ≈ ρbLmfg      2. 9 

Where  

εmf is the bed voidage at Umf 

ρb is the bulk density of bed 

Lmf is height of bed at Umf 

Since ρg is much less than ρp then 

∆𝑃𝑏 = 𝑀𝑔
𝐴

          2. 10 
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In order to determine pressure drop across a fixed bed for any flow condition, 

Ergun equation can also be used to determine pressure drop. 

∆𝑝𝑏
Lmf

= 150µUmf(1−εmf)2

Φ3εmf3dp2
+ 1.75(1−εmf)ρgUmf

2

Φεmf3dp
      2. 11 

 

2.1.6 Bed Expansion  

The presence of bubbles during fluidization leads to expansion of the bed 

expansion. Bed expansion can be defined as the ratio of the average height of a 

fluidized bed to the bed height at minimum fluidization, H/Hmf, or expansion ratio (H – 

Hmf)/H. It is an important parameter for fixing the height of fluidized bed required for a 

particular service. It can be measured by the simplest way, visual observation of the 

expanded bed surface, at ambient conditions and low fluidizing velocity [11].  

Bed expansion depends on excess fluidization velocity (U - Umf), properties of 

particles, and geometry of bed [12]. 

 

2.2 Design of Distributor 

An important component of any fluidized bed is the gas distributor. The 

performance of the gas distributor often determines the efficient operation of a fluidized 

bed. Gas fluidized bed fails to sustain good quality fluidization if the distributor 

malfunctions [13]. The distributor type, aspect ratio and operating velocity influence the 

quality of fluidization [14].  

The ideal distributor must fulfill the following functions [13-15]:  

• Support the weight of bed materials 

• Distribute gas uniformly over the cross-sectional area 
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• Prevent or minimize backflow of solid particles into the wind box below 

• Resist thermal stresses, corrosion, erosion and blockage 

• Give a minimum pressure drop consistent with 1-4 

• Provide a constant pressure drop during operation 

• Simple in design and fabrication and inexpensive particularly for large 
scale units 

The perforated plate distributor with vertical holes can be used widely for many 

industrial processes. Although it is easy to construct and cheap, the perforated plate 

can develop dead zones between its orifices, give rise to poor bed utilization and result 

in uneven air distribution across the bed if it is not designed properly [2]. Bauer et al. 

[16] studied the effect of gas distributor designs on Gas-Solid fluidized bed. Their results 

showed that the porous distributor provides a better fluidization quality as compared to 

the perforated plate design. Garncarek et al. [4] supported this result; they also reported 

that the porous plate distributor design provides more even air distribution as compared 

to the perforated plate. 

Kunii et al. and Reddy et al. [2, 18] have discussed many possibilities in the 

design and selection among different types of distributor along with their relatives’ 

merits and drawbacks. 
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CHAPTER 3 

EXPERIMENTAL SETUP 

This chapter outlines the description of particles selection and their 

characterization, experimental equipment, setup and procedure used in this study.  

Section 3.1 describes particles size measurement and other physical properties such as 

density, bed voidage of bed materials. Section 3.2 explains the fluidized bed developed 

for present study including bed columns, air distributor, plenum chamber, air supply 

system, and instrumentation used to measure flow rates and pressure. Next, section 3.3 

highlights the experimental procedure. 

 

3.1 Particles Selection and Their Characterization 

A major component of this thesis is to study fluidization behavior of particles 

which differ in density, sizes and shapes. Therefore, the selection of particles’ physical 

properties need careful attendance as all types of particles can’t be fluidized properly 

[1].  

In most fluidized bed applications, Geldart group B inert materials like sand 

particles are used to facilitate the fluidization of biomass particles which are better 

candidate for the fluidization because of their uniform density, and high spericity [1], are 

used. In this experiment, the biomasses (corn cob or walnut shell), inert particles (sand, 

glass bead, and alumina) which differ in density as well as sizes, and biomass/sand 

mixtures were considered as bed materials. Images of the particles used in the 

experiments are shown in Fig. 3.1. 
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Fig. 3.1. Samples of different particles. 
 

Particle characterization is the critical parameter for a variety of operation in a 

fluidized bed. Characterization of particles may include size distribution, density, shape 

and voidage.  

 

3.1.1 Measuring Particle Size Distribution 

The particle size is an important factor for the good fluidization. The particulate 

materials or granular solids, whether manufactured or naturally occurring, can vary in 

wide ranges of sizes and shapes [2]. Generally, most of the bed materials consist of 

inhomogeneous particles that differ in size over a wide range and are irregular in shape. 

According to the Geldart Classification of particles, three groups were used in this work. 

A sieve analysis was performed to determine the mean particle diameter. These 

particles were sieved using Tyler Rao-Tap sieve shaker.  

Tyler standard mesh sizes were used for the characterization of particles sizes 

[3]. The Sauter mean diameter is then calculated by equation recommend by [4].  
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dp = 1
∑�xi di� �

         3. 1 

Here xi is the mass fraction of particles within an average screen aperture size of di. 

Table 3.1 

Calculation of Sauter mean diameter. 

a. Glass beads 
Mesh 
Number 

Aperture, di 
(mm) 

Retain weight, 
wi (g) 

Weight 
fraction, xi 

xi/di, (1/mm) 

30 0.71 0.31 0.00398 0.0056 
40 0.388 71.37 0.91641 2.3619 
50 0.3255 6.2 0.07961 0.2446 
    ∑w=77.88   ∑xi/di =2.612 
     b. Alumina 
Mesh 
Number 

Aperture, di 
(mm) 

Retain weight, 
wi (g) 

Weight 
fraction, xi 

xi/di, (1/mm) 

30 0.71 45.13 0.4603 0.648 
40 0.388 52.92 0.5397 1.391 
    ∑w =98.05   ∑xi/di =2.039 
          
c. Corn cob 
Mesh 
Number 

Aperture, di 
(mm) 

Retain weight, 
wi (g) 

Weight 
fraction, xi 

xi/di, (1/mm) 

12 1.4 32.71 0.46044 0.3289 
20 0.853 38.33 0.39555 0.6325 
    ∑w = 71.04   ∑xi/di = 0.962 
          
d. Walnut  shell 
Mesh 
Number 

Aperture, di 
(mm) 

Retain weight, 
wi (g) 

Weight 
fraction, xi 

xi/di, (1/mm) 

12 1.4 2.5 0.04415 0.0315 
20 0.853 52.75 0.93149 1.092 
30 0.5495 1.38 0.02437 0.0443 
    ∑w = 56.63   ∑xi/di = 1.168 
     e. Walnut (fine) 
Mesh 
Number 

Aperture, di 
(mm) 

Retain weight, 
wi (g) 

Weight 
fraction, xi 

xi/di, (1/mm) 

50 0.3255 62.13 2.44799 7.52071 
70 0.231 12.8 0.50433 2.1832 
100 0.152 1.21 0.04767 0.3136 
    ∑w = 25.38   ∑xi/di = 10.02 
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The size distribution curve for the sand particles is shown in Fig. 2. The mean 

size is found to be about 240 micron. 

Fig. 3.2. Particle distribution of sand particle. 

 

3.2 Measurement of Density 

Particle density is defined as the mass of a particle divided by its hydrodynamic 

volume. The densities of particles were determined by water displacement where a 

known mass of particles was slowly added to a graduated cylinder containing a known 

quantity of water. Since corncob and walnut shell absorb water, these materials were 

weighed and dried until most of the water has evaporated. The volume of absorbed 

water was then determined to calculate actual volume of displaced water. The amount 

of displaced water was used to determine the volume of particles added. Several 

measurements were repeated to find average densities for all particles.  
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Bulk density is defined as mass of particles in the bed divided by volume 

occupied by the particles and voids between them. To determine bulk density, particles 

were poured partially into a graduated cylinder of known weight, without packing down 

the particles. The volume was measured and therefore bulk density was calculated. 

Several measurements were repeated to calculate average bulk density.  

 

3.1.2 Bed Voidage 

Knowledge of voidage at minimum fluidization velocity is essential for predicting 

in the onset of fluidization. 

The bed voidage is defined as [3]: 

ε =
Volume of bed − Volume of particles

Volume  of bed
 

That is: 

ε = 1 −  
M

Vbρp
 

or 

ε = 1 −  ρb
ρp

         3. 2 

All particles are nonporous. As a result inter particle voidage of the particles was 

determined by using Eq. (3.2). Bed height at minimum fluidization velocity was 

determined and bed voidage at minimum fluidization velocity was also calculated. 

The key physical properties of these particles are summarized in Table 3.2. 
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Table 3.2. 

Physical properties of particles 

Properties Sand Glass bead Alumina  Walnut(fine) Walnut shell Corn cob 

Shape  spherical spherical angular spherical angular angular 
Mean particle 
size, d p(µm) 240.8 383 490 100 856 1040 

Particle density, 
ρb (g/cc) 2.63 2.5 3.94 1.2 1.2 1.08 

Bulk density, ρb 
(g/cc) 1.56 1.4 1.87 0.72 0.63 0.52 

Bed voidage, εm 0.406 0.44 0.52 0.4 0.475 0.518 
Geldart Group B B B C A A 

 

 

3.3 Experimental Equipment 

The important design parameters for fluidized bed are: the minimum fluidization 

velocity, expansion bed height, and pressure drop across distributor and bed. For 

designing a fluidized bed system there is no single universal approach exists [5]. At 

present study, a lab scale fluidized bed set up is designed and built based on the 

previous experiment and literature. 

A photograph of the experimental set up developed and used in this study is 

illustrated in Fig. 3.3. The main component of experimental set up consists of bed 

column, air distributor, plenum, compressor, air flow meter, digital manometer, and bed 

materials. 
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Fig. 3.3. Photograph of experimental set up. 

 

3.2.1 Fluidized Bed Reactor 

Fluidized beds are vessels in which the fluidization of particles (mono-disperse, 

poly-disperse or both) occurs with fluidizing medium (e.g. air). Material consideration is 

an important factor in the bed design as the bed requires strength to withstand the 

maximum pressure of the flow system (up to 100 PSI). Therefore, all components are 

fabricated from either acrylic or polycarbonate which was highly transparent and clear in 

order to visualize the fluidization pattern and movement of particles in the bed. Bed 

reactor mainly consists of bed column, distributor, and plenum chamber.  
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3.2.2 Bed Column 

A circular shaped bed column was selected in this study. The photograph of 

columns is provided in Appendix A  

Cylindrical fluidized bed column was made of acrylic Plexiglas with 14.5 cm in ID 

and 100 cm in height. All of the experimental study was conducted in cylindrical bed. 

 

3.2.3 Plenum Chamber 

It is the chamber immediately below the distributor [6], also known as wind box. 

Plenum chamber, made of clear acrylic Plexiglas tube, had an internal diameter of 14.5 

cm and a height of 15.2 cm. The plenum configuration is vertical as recommend by [6]. 

The air is supplied to the plenum by a rubber hose of inner diameter 12.5 mm with 

appropriate fittings which one end is connected to the main air supply system. 

 
Fig. 3.4. Plenum chamber with flange. 
 

Air from a compressor entered at ambient temperature through a wind box and 

through a distributor. An images of plenum chamber is shown in Fig. 3.4. 

 

3.2.4 Flange 

Two square flanges, 17.8 × 17.8 cm in dimension, were fabricated from 

polycarbonate sheet to connect the bottom part of bed column and the top part of 



 

28 

plenum chamber together.  Each flange was attached to the bottom part of bed column 

and the top part of plenum chamber. Each flange had four 0.635 cm ID holes around 

the corner of flanges at radius of 16.5 cm from center of the flange. Image of flange 

connecting bed column and plenum chamber is shown in Appendix A. 

 

3.2.5 Distributor Plate 

Experiments have shown that the fluidization quality of a fluidized bed is 

influenced by the types of the distributor plates [6] as discussed in chapter 2. Therefore, 

it is essential to have prior knowledge of the distributor type, its selection criteria, and its 

careful design.  

Selection and design of distributor is the first step to the successful application of 

a fluidized bed. Among the different types of distributor, a porous plate was used.   

Although the perforated plate is cheap and easy to construct, it can develop dead 

zones between its orifices, give rise to poor bed utilization and result in uneven air 

distribution across the bed if it is not designed properly [2]. Bauer et al. [16] studied the 

effect of gas distributor designs on Gas-Solid fluidized bed. Their results showed that 

the porous distributor provides a better fluidization quality as compared to the perforated 

plate design. Garncarek et al. [4] supported this result; they also reported that the 

porous plate distributor design provides more even air distribution as compared to the 

perforated plate. 

In this study, the porous distributor was selected using a criterion recommended 

by references [4, 7]. Distributor, constructed of plastic plate, had an opening size of 150 

µm and thickness of 6.35 mm. 
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Fig. 3.5. A photograph of porous distributor used in this study. 
 
 

3.2.6 Flow Meter 

Flow meter is mounted vertically to plank wood at ambient condition. In our 

study, two types of King flow meter were used: Flow meter with range of 2- 40 SCFM 

was used for high flow applications, and other flow meter with  range of 1 – 1- SCFM 

was used in lower air flow applications. Images of two types of flow meter are given in. 

The flow meters were connected to an air supply system with appropriate fittings. 

Flow meter reads the flow rate of air controlled by valve as required to fluidizing 

particles. The flow meter was calibrated at SATP. To get an actual flow rate at ambient 

condition, we applied the following equation. 

CFM = SCFM × �Ps
Pa

× Ta
Ts

       3. 3 
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Fig. 3.6. Images of flow meter used in present study. 
 
 Superficial air velocity during fluidization process was calculated by dividing the 

volumetric air flow rate (CFM) by the cross sectional area of the bed. 

   

3.2.7 Manometer 

Two digital manometers (Omega, Model# HHP-401-5) are used to measure 

pressure drop along bed and distributor. One end of manometers is connected to 

different pressure taps, which are fixed in bed, while other end to manometers. Bed 

pressure drop were recorded at different air flow rate by digital manometers during 

fluidization. 

Two pressure taps are installed along the height of the column at 150 mm above 

distributor and other two are at 365 mm and 590 mm which are connected to differential 

digital manometers to measure bed pressure drop. One pressure taps is fixed in the 

plenum chamber 10 mm below the distributor to measure distributor pressure drop. 

Images of manometer are provided in Fig. 3.7 
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Fig. 3.7. Digital manometer. 
 

3.2.8 Air Supply System 

Due to ease of availability, compressed air from the building’s air supply system 

was used as the fluidizing gas. Compressed air from compressor (regulated at 100 psi 

pressure) was issued into the bed through wind box and distributor from a circular silt of 

diameter 12.5 mm fixed at center on the air inlet plate. 

 

3.4 Experimental Procedure 

• All experiments were conducted at ambient conditions.  

• In each experiment, particles under study were poured into the bed up to 
the desired bed height/weight of particles.  

• Bed heights were measured visually using a scale attached along the 
height of column.  

• Compressed air from compressor (set at 100 PSI) was issued into the bed 
through wind box and distributor and flow rate was regulated using flow 
meter. 

• The experiment entailed these measurement data: pressure drop, air flow 
rate, bed height and visual observation.  

• The superficial air velocity was calculated by dividing the volumetric air 
flow rate (CFM) by the cross sectional area of fluidized bed. 
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• The minimum fluidization velocity was determined using conventional 
method [3] by measuring the pressure drop across bed as a function of 
fluidizing velocity along with visual observation. 

 
 
 

3.5 Experimental Uncertainty 

Experimental uncertainty is depending upon temperature variation, and accuracy 

of flow meter. Experimental determination of the minimum fluidization velocity is subject 

to uncertainty since it is measured by flow meter of ± 3 % accuracy along with visual 

observation. The experiment error on the value of minimum fluidization velocity and bed 

expansion height was calculated from the known uncertainty of experimental data using 

standard deviation. 
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CHAPTER 4  

PREDICTION OF MINIMUM FLUIDIZATION VELOCITY FOR BIOMASS AND INERT 

PARTICLES 

4.1 Introduction 

The fluidization phenomenon of gas-solids system depends mostly on the types 

of particles employed. A minimum velocity is needed to a fluidized bed. If the velocity is 

too small the bed stays fixed and operates as a fixed bed. 

Minimum fluidization velocity has been intensively studied for both inert particles 

and biomass particles in the last few decades, mainly due to the increasing application 

of fluidized bed to biomass pyrolysis, and gasification as well as to other industry 

process as discussed in chapter 1.  In the onset of fluidization, the relationship between 

the Reynolds number and the Archimedes number is given by the Ergun equation [1]. 

1.75
Φ3εmf

3 Remf2 + 150(1−εmf)
Φ3εmf

3 = Ar        4. 1 

Here, we define the Reynolds number at minimum fluidization state, Remf =

 dpUmfρg
µ

 and Archimedes number, Ar = dp3ρg�ρp−ρg�g
µ2

. 

To calculate minimum fluidization velocity, Ergun equation can be expressed as  

Remf = ��42.857 C1
C2
�
2

+ Ar
1.75C1

�
0.5
− 42.857 C1

C2
      4. 2  

Where, 

C1 = 1
Φ3εmf

andC2 = (1−εmf)
Φ3εmf

 

Wen and Yu [2] were the first who purposed a simplified form of the Ergun 

equation giving Remf as a function of Archimedes number based on the experimental 

data.  
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Remf = [K1
2 + K2Ar]0.5 − K1       4. 3 

The values of K1 and K2 stay nearly constant for different kinds of particles over a 

wide range of Reynolds numbers at minimum fluidization conditions. There are a 

number of values for the constants K1 and K2 purposed by several authors [7-26].  

Many valuable studies have been carried out to determine minimum fluidization 

velocity for inert particles. However, limited work has been done on biomass fluidization 

which mainly treats the minimum fluidization velocity.  

Forty-five correlations previously published in the literature [2-37] were employed 

to predict minimum fluidization velocity for the biomass and inert particles. Comparisons 

of predicted and experimental values of minimum fluidization velocity are given in Table 

4.1 – 4.3. It has been found that most of the correlations underestimate/overestimate 

the value of minimum fluidization velocity for all the six different biomass and inert 

particles belong to different Geldarts. 

 

4.2 Experimental Condition 

The detailed description of gas-solid fluidized bed and physical properties of bed 

materials has been described in chapter 3. For better fluidization, the ratio of bed height 

to diameter of bed (H/D) was kept between 1 to 2. 
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Table 4.1  

Correlations derived from pressure drop principles. 

S.N. Author (s) Constants values Minimum fluidization velocity (cm/s) 
K1 K2 Sand Glass Alumina Walnut-F Walnut Corn cob 

1. Present Study Experimental 9.21  38. 0.75 55.3 60.8 
2. [2] 33.7 0.0408 4.97 11.58 27.51 0.40 24.06 29.50 
3. [3] 25.46 0.0382 6.11 14.0 32.05 0.49 27.44 32.90 
4. [4] 27.2 0.0408 6.12 14.05 32.34 0.49 27.78 33.41 
5. [5] 25.7 0.0365 5.79 13.30 30.61 0.46 26.29 31.62 
6. [5] 25.28 0.0571 9.12 20.44 45.0 0.74 37.84 44.52 
7. [6] 25.25 0.0651 10.37 23.05 50.12 0.84 41.84 48.95 
8. [7] 25.83 0.043 6.77 15.44 35.08 0.54 29.92 35.73 

9. [8] 25.18 0.0373 6.04 13.82 31.65 0.48 27.10 32.50 
9.88 0.0297 11.42 23.1 44.53 0.98 35.47 39.79 

10. [9] 19.9 0.03196 6.50 14.65 32.61 0.52 27.53 32.54 
11. [10] 28.7 0.0494 7.01 16.04 36.67 0.56 31.37 37.59 
12. [11] 31.6 0.0925 11.80 26.4 57.98 0.96 48.63 57.12 
13. [12] 24 0.0546 9.17 20.48 44.86 0.74 37.59 44.11 
14. [13] 22.1 0.0354 6.50 14.74 33.12 0.52 28.10 33.38 
15. [14] 48 0.045 3.87 9.14 22.43 0.31 20.04 20.20 

16. [15] 
30.3 0.0546 7.34 16.8 38.4 0.58 32.9 39.43 
36.8 0.650 7.22 16.67 38.80 0.57 33.52 40.58 
33.6 0.0598 7.27 16.71 38.6 0.58 33.20 40.0 

17. [16] 33.3 0.0333 4.11 9.63 23.13 0.33 20.37 25.17 
18. [17] 23.785 0.0413 7.04 16.0 35.87 0.57 30.42 36.12 

19. [18] 
25.2 0.0672 10.71 23.76 51.47 0.87 42.90 50.11 
29.5 0.0357 4.96 11.51 27.10 0.40 23.57 28.73 
32.1 0.0571 7.26 16.66 38.33 0.58 32.91 39.57 

20. [19] 32.2 0.0382 4.86 11.33 26.9 0.38 23.48 28.77 
21. [20] 33.95 0.0465 5.62 13.05 30.76 0.44 26.74 32.66 
23. [21] 16 0.037 9.18 19.98 41.73 0.75 34.3 39.53 
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Table 4.2  

Correlations derived from dimensional analysis method. 

S.N. Author(s) Equation(s) 
Minimum fluidization velocity (cm/s) 

Sand Glass Alumina Walnut-F Walnut Corn cob 

1. Present 
Study Experimental values 9.21 22.1 38.7 0.75 55.3 60.8 

2. [22] 𝑈𝑚𝑓 =
0.0093𝑑𝑝1.82�𝜌𝑝 − 𝜌𝑔�

0.94

µ0.88𝜌𝑔0.06  5.86 13.01 31.24 0.57 28.19 36.4 

3. [23] 𝑈𝑚𝑓 =
𝑑𝑝1.8�𝜌𝑝 − 𝜌𝑔�

0.934
𝑔0.934

1111µ0.87𝜌𝑔0.066  4.84 10.63 25.35 0.48 22.78 29.31 

4. [24] 𝑈𝑚𝑓 =
0.000701𝑑𝑝2�𝜌𝑝 − 𝜌𝑔�𝑔

µ
 5.82 14.0 36.13 0.46 33.56 44.58 

5. 

[25] 𝑈𝑚𝑓
0.00125𝑑𝑝2�𝜌𝑝 − 𝜌𝑔�

0.9
𝜌0.1𝑔

µ
 4.81 11.63 28.68 0.41 30.01 40.28 

[26] 𝑈𝑚𝑓 =
7.39𝑑𝑝1.82�𝜌𝑝 − 𝜌𝑔�

0.94

𝜌𝑔0.06  0.31 0.70 1.65 0.03 1.5 1.93 
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Table 4.3  

Correlations derived from drag force principles. 

S.N. Author(s) Equation(s) 
Minimum fluidization velocity (cm/s) 

Sand Glass Alumina Walnut-F Walnut Corn cob 

1. Present Study Experimental values 9.21 22.1 38.7 0.75 55.3 60.8 

2. [28] 𝑅𝑒𝑚𝑓 = 0.00078𝐴𝑟 6.48 15.58 40.2 0.51 37.34 49.60 

3. [29] 𝑅𝑒𝑚𝑓 = 0.001065𝐴𝑟 8.85 21.27 57.89 0.70 50.98 67.73 

4. [30] 𝑅𝑒𝑚𝑓 = 0.00061𝐴𝑟 5.07 12.18 31.5 0.40 29.20 38.79 

5. [31] 𝑅𝑒𝑚𝑓 = 0.0081𝐴𝑟 67.29 161.8 417.5 5.29 387.7 515.1 

6. [32] 𝑅𝑒𝑚𝑓 = 0.0019𝐴𝑟0.87 6.19 12.5 27.62 0.76 24.09 30.07 

7. [33] 
𝑅𝑒𝑚𝑓 = 0.0195𝐴𝑟0.66 14.0 21.34 36.7 3.52 28.91 32.63 

𝑅𝑒𝑚𝑓 = 0.000754𝐴𝑟0.98 5.40 12.63 31.81 0.45 29.56 38.50 

8. [34] 
𝑅𝑒𝑚𝑓 = 0.0022𝐴𝑟0.818 4.93 9.28 19.27 0.72 16.40 19.96 

𝑅𝑒𝑚𝑓 = 0.0052𝐴𝑟0.777 8.67 15.46 30.57 1.46 25.49 30.43 

9. [35] 𝑅𝑒𝑚𝑓 = 0.0279𝐴𝑟0.63 16.14 23.63 39.20 4.5 30.44 38.88 

10. [36] 𝑅𝑒𝑚𝑓 = 0.00108𝐴𝑟0.947 6.13 13.71 33.22 0.58 30.08 38.96 

11. [37] 
𝑅𝑒𝑚𝑓 =

𝐴𝑟
1502

 5.53 13.3 34.31 0.43 31.87 42.34 

𝑅𝑒𝑚𝑓 =
𝐴𝑟

1650
 5.03 12.01 31.23 0.40 29.01 38.5 
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4.3 Results and Discussion 

4.3.1 Prediction of Umf for Inert Particles 

Determination Experimental minimum fluidization velocity was carried out in 

cylindrical fluidized bed for the inert particles as discussed in section 3. In this study, 

forty five experimental data from present work as well as from literature [41-52] were 

reviewed and the studied on the fluidization of inert particles: sand, glass bead and 

alumina. All the Umf experimental data along with physical properties of inert particles is 

provided in Appendix B. Using these data, a new empirical correlation was purposed to 

predict Umf in terms of two constant correlations, K1 and K2. Fig. 4.1 shows the 

relationship between the Archimedes number, Ar and the Reynolds number, Remf at the 

minimum fluidization for inert particles. It was found that the experimental data could be 

nicely correlated by the following equation: 

𝑅𝑒𝑚𝑓 = [30.282 + 0.046 𝐴𝑟]1 2 � − 30.28         4. 4  

 
Fig. 4.1. Relationship between Ar vs. Remf for inert particles. 
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Predictions of Umf values by using the purposed equation was then validated by 

comparing experimental data from Chiba et al. [49]. In Table 4.1, the experimental 

values of Umf are compared with predicted Umf values using the well-known equations 

reported by Wen and Yu [2], Chitester et al. [11] and purposed Eq. (4.4). The results 

show that predicted values are well agreement with the experimental data.  

Table 4.4  

Verification purposed correlation.  

Exp. Umf values 
Prediction of Umf values 

Wen and Yu Chitetser et al. Purposed 
2.75 2.39 3.1 2.76 
3.2 3.34 4.4 3.8 
14.4 12.84 16.31 14.55 

 

 

4.3.2 Prediction of Umf for Biomass Particles 

The suitability of new developed correlation (equation 4.4) for inert particles to 

predict minimum fluidization velocity for biomass particles has been analyzed and 

compared with experimental Umf values from present study and previous study reported 

in literature. Table 4.2 summarizes the bed sizes and types of biomass particles used in 

the experimental study on fluidization of biomass particles at ambient conditions. 

Table 4.5  

Types of biomass particles and bed size.  

Author (s) Biomass Particles Bed size (D) 
Present Study  walnut (fine), walnut shell, corn cob  14.5 cm 
Abdullah et al.  saw dust, rice husk, peanut shell  6 cm 
Escudero et al.  walnut shell, corn cob  10.2 cm 
Reina et al.  forest, demolition, palettes  5.1 cm 
Who et al.  palm kernel cake (PKC)  4.6 cm 
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The experimental data obtained from present study and literature reviews [39, 

46-48] for Umf are presented in the graph of the relationship between Ar and Remf as 

shown in Fig. 4.2. This graph shows  that prediction of minimum fluidization velocity for 

biomass particles are  under estimated and data are more spread because of their 

peculiar shapes, sizes and densities (e.g. large in sizes, low in densities and extreme in 

shape) [50]. In particular,  peanut shell and saw dust used in the study of  Abdullah et 

al. [39], and walnut shell, and corn cob used in the present study have consistently 

higher minimum fluidization velocities; they don’t fit very well with Eq. (4.4) derived for 

inert particles.  

However, for the biomass particles used in other studies, such as the corn cob 

and walnut studies by Escuedero et al. [39] and PKC particles studies by Who et al. 

[48], the Eq. (4.4) correlates the data reasonably well. 

A better correlation for biomass particles that correlate well for present 

experimental data as well as with some data of Abdullah et al. [39] can be correlated as 

follows: 

𝑅𝑒𝑚𝑓 = {30.282 + 0.108 𝐴𝑟}1/2 − 30.28          4. 5 

 
Fig. 4.2. Ar vs. Re at the experimental Umf for biomass particles. 
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CHAPTER 5 

EXPERIMENTAL STUDY ON FLUIDIZATION OF BIOMASS/SAND MIXTURE 

5.1 Introduction 

Energy is the most important parameter for human life. Biomass, chiefly in the 

form of wood, is the oldest form of energy used by human beings. Biomass such as 

wood waste, agricultural residues and municipal solid wastes can be converted into 

useful forms of energy using a number of techniques in an efficient and environment 

friendly manner. The main conversion technologies are chemical, biochemical and 

thermo-chemical. The Thermo-chemical processes include combustion, gasification and 

pyrolysis. At present, the interest of fluidized bed technology for biomass conversion 

into fuels, such as pyrolysis, and gasification processes [1], has been increased 

because of their economical and environmental advantages. Many of these processes 

are based on fluidization of biomass and their mixtures with inert particles like sand [2]. 

Biomass is known as renewable energy resources which got a lot of attention due to the 

increase in fuel prices and issues like global warming. Thus, the study of hydrodynamic 

of fluidization behavior of biomass/sand is demanding to improve design and 

optimization of biomass thermo chemical processes [2].  

Abdulaah et al. [3] experimented on minimum fluidization velocity for various 

biomass residues (sawdust, coal bottom ash, coconut shell, rice husk, and palm fiber) of 

different sizes and densities. He observed that only Geldart type B biomass 

satisfactorily fluidized and concluded bulk density and voidage as the main factors 

contributing to the fluidizing quality. Reina et al. [4] proposed a new correlation to 
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predict apparent minimum fluidization velocity of a polydisperse system of scrap-wood 

particles. The proposed correlation was in good agreement with experimental values. 

A number of studies have been carried out on the minimum fluidization velocity of 

biomass-sand mixtures of particles in fluidized bed [5 -12]. Noda et al. [5] determined 

Umf experimentally, when both components of binary mixture were completely fluidized; 

fluidization was also visually observed. Pilar et al. [8-9] experimentally determined the 

Umf for biomass-sand mixtures and investigated that the existing correlations [5-7] for 

binary mixtures are lacking due to their limitations. They also suggested that the 

minimum fluidization velocity of binary mixture should be estimated from the physical 

properties of this mixture, such as composition, particle density, and particle diameter, 

instead of measuring the minimum fluidization velocity of each component.  Rao et al. 

[10] proposed a new correlation for biomass/sand mixtures based on effective density 

and an effective diameter of mixture using a standard equation to calculate Umf. The 

proposed correlation satisfactorily agreed with the experimental Umf values up to 15 % 

weight of biomass particles in mixtures. Zhong et al. [11] developed a new correlation 

for minimum fluidization velocity of biomass sand mixtures using the general equation 

proposed by Coltters et al. [13], based on the individual particle size, densities, and 

mixture composition.  

There are limited number of studies [5-12] have been carried out to determine Umf 

of binary mixture consisting of biomass. Ramakers et al. [14] study reported that 

correlations reported in the literature did not predict the minimum fluidization velocity 

very well for the specific wood/sand mixtures in their study. Therefore, further 
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investigation is still needed experimental study to determine minimum fluidization 

velocity [2] and new correlations for biomass/sand mixtures. 

 

5.2 Experimental Condition 

The biomass-sand mixtures are initially loaded in layers and thoroughly mixed by 

fluidization at higher velocity than minimum fluidization velocity before starting 

experiments. In all experiments, the well-mixed arrangement of particles is used as the 

initial particle bed. The mass fractions of biomass particles in the mixture range from 0 

to 100 wt%. In all experiment, bed weight of biomass/sand mixtures was 2.6 kg. Visual 

observations of the pattern of fluidization were captured at different values of superficial 

air velocity by using camera.  

The minimum fluidization velocity can be defined as the point of intersection of 

constant bed pressure drop versus gas velocity at complete fluidization during the fixed 

bed state along with visual observation. 

 

5.3 Result and Discussion 

5.3.1 Fluidization Behavior 

Biomass/sand mixture has great differences in material physical properties 

(particle density, size and shape). A series of experiment were done in which 30% by 

weight biomass was initially well mixed with sand. Fluidization was then performed at 

several superficial air velocities while particle mixing is observed and recorded. Fig. 5-1 

shows the fluidization pattern of observed in the experiment of 30 % wt. of biomass at 
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different velocity in the biomass/sand mixture. Fig. 5-1 (a) is for Corn cob/sand mixture 

and Fig. 5-1 (b) for Walnut/sand mixture. 

At low velocities, particles mixtures rest on the distributor and the bed is in the 

fixed bed region. When superficial gas velocity reaches the minimum fluidization 

velocity, the bubbles are formed in the beds that are moved to the upper part of the bed. 

With further increasing velocity, the intensity of bubble formation and collapse increases 

sharply. The experiments indicated small bubbles near the bed bottom; the bubbles 

grow as they rise to the top surface with coalescence. The elongation of the bubbles is 

due to wall effects and interaction with other bubbles.  

During the fluidization processes, sand particles tend to sink near the bottom of 

bed, and the biomass particles float at the upper end of the column because of their  the 

density difference. From the visual observation, it was also noted that the bed remains 

well mixed when the superficial gas velocity reached 3-4 times minimum fluidization 

velocity. 

 
Fig. 5.1. Fluidization pattern observed in the experiment. 
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5.3.2 Bed Expansion  

Bed expansion is an important parameter for fixing the fluidized bed height 

required for a particular industrial operation of fluidized bed. Bed height fluctuates more 

in higher velocity than in low velocity due to the enhancement of bubbles grow and 

coalescence in the top surface of bed (Hilal et al.). Bed expansion was measured by 

visual observation from two scale attached to the column of bed. The average values 

were taken to predict the bed expansion as adopted by [3]. 

 
Fig. 5.2.  Effect of superficial velocity on Bed height ratio. 
 

Fig. 5.2 indicates that bed expansion ratio depends on the effective particle 

density of mixture as well as superficial velocity. The error bars on the graphs represent 

the uncertainty on the value bed expansion. Uncertainty was calculated from the known 

uncertainty of experimental data using standard deviation. 

Bed expansion ratio increases linearly with the increase in superficial velocity 

while it decreases with increasing effective particle density of the biomass/sand mixture. 
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This is due to the increased weight of bed material. It is also noted that increase in 

particle density has greater influence than particle size on the bed expansion.  

 

5.3.3 Bed Pressure Drop 

The measurements of bed pressure drops were recorded by decreasing 

superficial air velocity. Fig. 5.3.a and Fig. 5.3.b show the curves of the recorded bed 

pressure drop versus superficial gas velocity for biomass alone and walnut/sand mixture 

at various weight fractions of walnut respectively.  

 
Fig. 5.3. Curves of pressure drop versus superficial velocity. 
 

It can be seen that the weight percentage of biomass in the mixture has an effect 

on the bed pressure drop. With the increase of the biomass percentages from 30, 50, to 

70%, the bed pressure drop decrease as shown in Fig. 5.3.b. The minimum fluidization 

velocity was determined from the plot of bed pressure drop versus superficial air 

velocity. 

 

5.3.4 Effect of Weight Percentage of Biomass in the Mixture 

The fluidization experiment of biomass/sand binary mixtures was conducted 
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using different percentages of biomass. Mass fraction of the biomass particle in mixture 

ranges from 0 to 100 wt. %.  

Fig. 5.4 shows the measured minimum fluidization velocity as a function of 

weight percentage of biomass for corn cob-sand and walnut-sand mixtures. The error 

bars on the graphs represent the uncertainty on the value of minimum fluidization 

velocity calculated from the known uncertainty of experimental data using standard 

deviation. 

From Fig. 5.4, it was observed that the mixtures with lower concentrations of 

biomass materials have lower minimum fluidization velocity than higher ones. Similar 

behavior has been reported by previous investigators [10, 11]. This is due to effective 

particle diameter, density, and voidage of the mixture increase with increasing 

concentration of biomass in fixed weight of mixture. The minimum fluidization velocity of 

the mixture was close to the minimum fluidization velocity of sand for low concentration 

of biomass. 

 
Fig. 5.4. Influence of weight percentage of biomass in the mixture on Umf,m. 
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5.3.5 Prediction of Minimum Fluidization Velocity for Biomass/Sand Mixtures  

Knowledge of minimum fluidization velocity is essential for the successful design 

and operation of a gas-solid fluidized bed, especially for the binary mixtures 

encountered in most industrial applications. If the particles of various size and density 

are present in the mixture, the fluidization behavior becomes very complex. As 

mentioned earlier, there were limited correlations available in the literature to predict 

Umf,m of biomass/sand mixtures.  From a practical stand point, it seems to be more 

reasonable to define Umf,m for the mixture from physical properties (such as composition 

ratio, particle density and diameter) of the mixture rather than measuring the Umf of each 

component [8-9,15]. This method was also adopted by Rao et al. [10] and Zhong et al. 

[11]. The effective density and diameter of the biomass/sand mixtures can be calculated 

by Goosens et al. [16] equations, which can be used in Reynolds-Archimedes 

correlations. 

1
ρpe

= wb
ρb

+ ws
ρs

          5. 1 

dpe =  dbds �
wbρs+ wsρb

wbρsds+ wsρbds
�        5. 2 

The mixture is treated as a new single component, and the Archimedes number is 

calculated from effective diameter and effective density. 

Ar = dpe3 ρg�ρpe−ρg�g
µ2

          5. 3 

Literature reviewed of three studies of Rao et al., Rao and Reddy, and Chongjin 

et al. [10, 17-18] along with present experimental data for the biomass/sand mixtures 

were carried out. Table 5.1 summarizes types of biomass particles weight percentage in 

the mixtures along with bed sizes. 
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Table 5.1   

Summary of biomass particles and bed sizes 

Author (s) Biomass Particles Bed size(D) Biomass wt. 
% 

Present Study  Walnut shell, corn cob  14.5 cm 10-90, in 10 % 
increment 

Chongdin et al.  Wheat stalk, sawdust  5.3 cm 20, 30, 40, 50 
Rao et al.  Rice husk, saw dust, groundnut shell  10.2 cm 2, 5, 10, 15 
Rao and Reddy  Rice husk, saw dust, groundnut shell  9 cm 13, 5, 12 

 

 All the experimental data are provided in Appendix B.3. Using these data the 

plot of Relationship between Remf,m at minimum fluidization velocity of biomass/sand 

mixtures  vs. Ar was obtained which is  given in Fig. 5.5.  

 
Fig. 5.5. Relationship between Remf and Ar for biomass/sand mixture. 
 
  

The results shown in Fig. 5.4 indicate that the minimum fluidization velocity of 

biomass/ sand mixture depends on the mass ratio (defined as the ratio of mass of 

biomass to the mass of total mixture). Based on our experimental data collected for the 

biomass (corn cob and walnut)/sand mixture, a new correlation is   proposed which 
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holds well for both single component inert particles/or biomass particles and 

biomass/sand mixture which is given in Eq. (5.3). 

𝑅𝑒𝑚𝑓 = �30.282 + [0.046(1 − 𝑥) + 0.108𝑥1/2] 𝐴𝑟�
1/2

− 30.28    5. 4 

At x=0, this equation reduces to the one that is derived for inert particles (Eq. 4.4); at 

x=1, it corresponds to 100% of biomass particle (Eq. 4.5) 

Comparisons of present experimental Umf,m values with predicted values by 

purposed correlation for  corn cob/sand mixtures and walnut shell/sand mixtures are 

given in Table 5.2 and 5.3 respectively.   

Table 5.2  

A comparison of the predicted and experimental Umf,m values. 

Corn cob wt. % dpe (cm) ρpen(g/cc) 
Umf,m (cm/s) 

Experimental Predicted 

0 0.0241 2.63 7.4 6.21 
10 0.0288 2.30 13.82 12.5 
20 0.0340 2.04 16.59 17 
30 0.0396 1.84 19.35 21.6 
40 0.0459 1.67 23.04 26.7 
50 0.0529 1.53 33.18 32.2 
60 0.0607 1.41 40.56 38 
70 0.0695 1.31 47.93 44.3 
80 0.0794 1.22 55.3 50.82 
90 0.0908 1.15 57.3 57.70 

100 0.1040 1.08 60.84 64.93 
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Table 5.3  

A comparison of the predicted and experimental Umf,m values. 

Walnut 
wt. % dpe (cm) ρpe (g/cc) Umf,m (cm/s) 

Experimental Predicted 
0 0.024 2.63 7.4 6.20 

10 0.028 2.35 11.98 12.1 
20 0.032 2.12 14.74 16.03 
30 0.037 1.94 17.51 20.07 
40 0.042 1.78 21.2 24.35 
50 0.048 1.65 29.5 28.9 
60 0.054 1.53 35.95 33.74 
70 0.060 1.43 42.4 38.87 
80 0.068 1.35 47.93 44.27 
90 0.076 1.27 54.3 49.93 

100 0.086 1.20 55.3 55.85 
 

From these tables, it is observed that prediction of Umf,m values by purposed 

correlation are in good agreement with present experimental values.  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Experimental studies on the fluidization of biomass, inert particles, and 

biomass/sand mixtures were conducted to determine minimum fluidization velocities in 

a 14.5 cm diameter cylindrical fluidized bed at ambient condition. Biomass particles 

used in this study were corn cob and walnut shell; inert particles were sand, glass 

beads, and alumina. An improved empirical correlation was developed for inert particles 

to predict minimum fluidization velocity based on forty-five sets of experimental data 

found in literature as well as from our present work. It has been found that the purposed 

correlation satisfactorily predicts the values of minimum fluidization velocity, which were 

in good agreement with the experimental data reported in the literature.  

The suitability of purposed correlation has been investigated to predict minimum 

fluidization velocity for the biomass particles studied in both present work and 

literatures. The results showed that the predicted values are underestimated for the 

most of the biomass particles. This is due to the peculiar shapes, sizes and densities 

(e.g. large in sizes, low in densities and extreme in shape) of biomass particles. A new 

empirical equation was developed to predict minimum fluidization for biomass particles; 

comparisons and validations between the predicted values and experimental data were 

also made.  

Additionally, the minimum fluidization velocity of biomass (corn cob and walnut 

shell)/sand mixtures at different mass ratio of biomass was experimentally determined. 

The percentage of biomass particles in the mixtures were ranges from 0 to 100 % by 
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weight.  It is found that the minimum fluidization velocity for the biomass/sand mixtures 

increases when the mass fraction of biomass increases. We reviewed three relevant 

studies found in the literature on fluidization of biomass/sand mixtures. We analyzed the 

relationship between Reynolds number at minimum fluidization velocity (Remf) and 

Archimedes number (Ar) based on the experimental data from these studies as well as 

our own data. Significant differences and wide discrepancies were found when 

comparing these experimental data. Present experimental data were used to correlate a 

new equation in terms of biomass mass ratio to predict minimum fluidization velocity for 

the biomasses/sand mixtures. We believe the proposed correlation could provide better 

predictions of   minimum fluidization velocity for biomass/sand mixtures. However, 

further experimental studies will be required for the verification of purposed correlation 

of biomass/sand mixtures. 

 

6.2 Recommendations 

The following are a list for the possible future work that can be done in this study. 

• Different sizes of bed diameter should be investigated to study the effect 
on minimum fluidization velocity. 

• Fluidization for varieties of biomass particles with wide range in density 
and size should be carried out. 

• Study of high temperature effect on the fluidization of biomass particles 
with inert gas like nitrogen can be carried out. 

• High temperature effect on the fluidization of biomass particles with inert 
gas like nitrogen can be considered. 
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APPENDIX A 

EXPERIMENTAL STUDY 
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Appendix A provides a collection of images relating to the experimental study 

shown in chapter 3.  

 
Fig. A.1. Bed column used in fluidized bed.  
 
 

 
Fig. A.2. Connection of plenum chamber and bed column by flange. 
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Fig. A.3. Measuring amount of corn cob.
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APPENDIX B  

MINIMUM FLUIDIZATION VELOCITY EXPERIMENTAL DATA FOR USED 

PARTICLES  
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Appendix B provides a collection of experimental data from the present study and 

literature of  inert, biomass particles and biomass/sand mixtures. .  

Table B.1  

Experimental data for Remf and Ar of inert particles. 

Author (s) Particles dp (cm) ρp (g/cc) Umf (cm/s) Remf Ar 

Present study 
Sand  0.0241 2.63 7.40 1.19 1339.17 
Glass beads 0.0383 2.50 22.21 5.69 5121.98 
Alumina 0.0490 3.80 38.70 12.69 16305.91 

Fan et al. Glass beads 0.0352 2.70 15.00 3.53 4294.46 

Formisani et al. Glass ballotini 
0.0499 2.53 21.10 7.05 11463.74 
0.0271 2.53 6.50 1.18 1836.25 
0.0172 2.53 3.50 0.40 469.47 

Escudero et al. Glass beads 0.0550 2.60 21.30 7.84 15775.06 

Gunn and Hilal 
Glass ballotini 

0.0100 2.95 2.10 0.14 107.59 
0.0275 2.95 8.63 1.59 2237.45 
0.0325 2.95 15.72 3.42 3693.22 
0.0500 2.95 28.50 9.54 13448.25 
0.1000 2.95 63.73 42.66 107585.97 

Sand 0.0196 11.37 18.35 2.41 3123.16 
0.0550 11.37 85.40 31.44 69010.24 

              

Solimene et al. Sand 

0.0125 2.60 2.30 0.19 185.19 
0.0328 2.60 11.10 2.44 3345.84 
0.0333 2.60 11.30 2.52 3501.19 
0.0510 2.60 19.70 6.73 12577.48 

Gauthier et al. Sand  

0.0283 2.60 6.00 1.13 2137.66 
0.0450 2.60 12.00 3.62 8640.14 
0.0900 2.60 58.00 34.95 69121.09 
0.1425 2.60 92.00 87.76 274364.34 
0.1800 2.60 112.00 134.96 552968.74 

Chen et al. Sand  

0.0338 2.64 11.00 2.49 3717.64 
0.0446 2.64 15.50 4.63 8541.25 
0.0806 2.64 39.00 21.04 50410.59 
0.0925 2.62 43.00 26.63 75620.19 

Glass 0.0925 2.64 50.00 30.96 76197.71 

Grewal et al. 
Glass beads 

0.0265 2.49 5.90 1.05 1689.81 
0.0357 2.49 10.60 2.53 4131.47 
0.0427 2.49 16.30 4.66 7069.42 

Alumina 0.0259 4.02 10.40 1.80 2544.28 
Silica sand 0.0451 2.67 15.10 4.56 8932.15 

Mathur et al. Sand  

0.0559 2.67 22.00 8.23 17008.33 
0.0757 2.67 33.00 16.72 42239.03 
0.1225 2.45 96.00 78.73 164237.28 
0.3788 2.45 124.00 314.45 4856164.45 

Dijk et al. 
Glass beads 0.0495 2.80 23.00 7.62 12385.05 

Sand  0.0925 2.60 40.00 24.77 75042.67 
0.1200 2.60 55.00 44.18 163842.59 
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Table B.2  

Experimental data for Remf and Ar of Biomass particles. 

Author (s) Particles dp (cm) ρp (g/cc) Umf (cm/s) Remf Ar 

Present Study 

Walnut(fine) 0.0100 1.200 0.750 0.050 43.738 

Sand 0.0241 2.630 7.400 1.193 1339.175 

Walnut(medium) 0.0856 1.200 55.300 31.689 27433.250 

Corn Cob 0.1040 1.080 60.800 42.330 44274.125 

Escudero et al. 
walnut 0.0550 1.300 19.980 7.357 7883.875 

corn cob 0.0550 1.000 14.200 5.228 6062.831 

Abdullaha et al. 
sawdust 0.0786 0.570 22.000 11.576 10082.389 

rice husk 0.1500 0.630 37.000 37.154 77439.575 

Abdullaha et al. 

Coal 0.0519 1.450 51.000 17.713 7381.046 

peanut shell 0.0613 0.567 29.000 11.908 4762.642 

coal bottom ash 0.0475 1.400 58.000 18.443 5469.479 

Woh et al. PKC 

0.0855 1.000 34.000 19.461 22776.435 

0.0655 1.000 20.500 8.989 10240.268 

0.0363 1.000 8.000 1.944 1743.040 

Reina et al. 

Forest 0.1140 0.621 25.000 19.079 33502.226 

Demolition 0.1480 0.759 32.000 31.705 89628.871 

Slot machines 0.1630 0.529 34.000 37.101 83394.830 

Furniture 0.1570 0.621 33.000 34.684 87510.078 

Palettes 0.1690 0.505 26.000 29.415 88720.710 
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Table B.3  

Experimental data for Remf.m and Ar for biomass/sand mixtures. 

Author (s)  
Biomass wt. 

% dpe (cm) ρpe (g/cc) Umf,m (cm/s) Remf,m Ar 

Present Study 

Corn cob/sand mixture 

0 0.0241 2.63 7.4 1.1929 1339.17 
10 0.0288 2.30 13.82 2.6637 2001.7 
20 0.0340 2.04 16.59 3.7709 2916.63 
30 0.0396 1.84 19.35 5.1341 4173.25 
40 0.0459 1.67 23.04 7.0818 5896.11 
50 0.0529 1.53 33.18 11.749 8261.3 
60 0.0607 1.41 40.56 16.482 11521.4 
70 0.0695 1.31 47.93 22.296 16044.9 
80 0.0794 1.22 55.3 29.412 22379.6 
90 0.0908 1.15 57.3 34.847 31357.4 
100 0.1040 1.08 60.84 42.358 44274.1 

Walnut/sand mixtures 

0 0.024 2.63 7.4 1.1929 1339.17 
10 0.028 2.35 11.98 2.2475 1886.02 
20 0.032 2.12 14.74 3.1868 2608.72 
30 0.037 1.94 17.51 4.3299 3560.2 
40 0.042 1.78 21.2 5.9608 4811.18 
50 0.048 1.65 29.5 9.3891 6456.97 
60 0.054 1.53 35.95 12.909 8627.51 
70 0.060 1.43 42.4 17.136 11502 
80 0.068 1.35 47.93 21.771 15331.1 
90 0.076 1.27 54.3 27.701 20470.4 
100 0.086 1.20 55.3 31.689 27433.2 

Chongdian et al. 

wheat stalk/sand 

20 0.0348 2.344 12.5 2.9151 3613.63 
30 0.0403 2.201 13.5 3.6391 5239.92 
40 0.0463 2.058 14.5 4.4964 7458.49 
50 0.0531 1.915 15.5 5.5115 10463.6 

saw dust/sand 

20 0.0328 2.423 13.75 3.0193 3118.2 
30 0.0371 2.3095 15.3 3.8043 4315.24 
40 0.0421 2.196 19.2 5.4072 5961.65 
50 0.0477 2.0825 21.5 6.8663 8244.23 
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Author (s)  
Biomass wt. 

% dpe (cm) ρpe (g/cc) Umf,m (cm/s) Remf,m Ar 

Rao et al. 

small sand/saw 

2 0.0449 2.4692 16.3 4.898 8143.33 
5 0.0472 2.423 17.5 5.5352 9319.41 

10 0.0519 2.346 24.1 8.366 11928.1 
15 0.0575 2.269 24.2 9.3213 15759.8 

dust 

2 0.0287 2.6652 9 1.732 2309.04 
5 0.0308 2.613 9.8 2.0196 2779.88 

10 0.0349 2.526 12 2.8001 3900.98 
15 0.04 2.439 28.2 7.5604 5712.8 

medium sand/ground nut 
shell powder 

2 0.0455 2.46134 16.6 5.0529 8437.78 
5 0.0488 2.40334 17.2 5.6244 10214.2 

10 0.0556 2.30668 18 6.7032 14479.8 
15 0.0643 2.21002 21.4 9.2158 21452.7 

small sand/ground nut 
shell powder 

2 0.0291 2.65734 9.7 1.891 2393.09 
5 0.0318 2.59334 10.2 2.1732 3048.61 

10 0.0374 2.48668 11.1 2.7786 4741.22 
15 0.0448 2.38002 18 5.3954 7790.91 
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