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Many industrial gas-fluidized beds are operated under conditions in which the bed 

material tends to agglomerate due to the cohesive nature of the particles comprising the 

bed. This cohesiveness may be an inherent property of the bed particles at some 

temperature, or may be due to the addition of a liquid to the bed forming a sticky 

coating on the particles. 

In many gas-fluidized processes, the particulate bed material is contacted with a Liquid 

feed stream. If the liquid feed rate is sufticiently high, the liquid coated particles may 

stick together resulting in process upset due to bed agglomeration and defluidization, a 

condition commonly known in industry as "boggingy'. Bogging is an important concern 

in the operation of fluid coking units for upgrading oil sands bitumen. The 

consequences of bogging can be severe, possibly requiring complete unit shut-down and 

clean-out It is therefore imperative that the onset of bogging be detected and eliminated 

in order to prevent unit upset and shut-down. 

A fundamental experimental study was undertaken in order to investigate the bogging 

phenomena and to find an effective method of detecting the onset of bogging prior to a 

complete loss of fluidization. Experiments were carried out in an air fluidized bed- 



Different sizes of Geldart group A and B materials were studied. The effect of bed 

agglomeration and bogging on fluctuations in the bed pressure were measured. 

The bed pressure data were analyzed using several common si& analysis techniques 

including the standard deviation function, the power spectral density fhction and the 

autocovariance function. Of these techniques, the standard deviation function was found 

to be the best method for detecting the onset of bogging. The results of this work may 

be applied to the development of a process sensor for detecting bogging in industrial 

scale units, 
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CHAPTER 1 

Introduction 

1.1 Introduction 

Fluidization is an operation involving a bed of particulate solids suspended in a fluid 

media in which the net drag force caused by the flow of the fluid balances the effective 

weight of the particles. Fluidization technology dates back over 100 years to the 

fluidized calcining fiunace in 1879 (Pugsley, 1995). However, the first large scale and 

commercially significant application is generally recognized as  being the W i e r  coal 

gasifier (Winkier, 1922). Fluidization as a unit operation has achieved widespread and 

long lasting success in physical, chemical, petrochemical and biochemical processing. 

Fluidization systems provide high macromixing, yielding large axial dispersion of 

phases and high reactant conversion for reaction kinetics favoring completely mixed 

flow patterns. 

Many industrial fluidized beds are operated under conditions in which the bed material 

tends to agglomerate due to the stickiness of the bed material. This stickiness may be an 

inherent property of the particles at some temperatures, or may occur if a liquid is 

deposited upon the bed material. The formation of particle aggregates due to 

agglomeration can result in uneven, partial or even a total loss of fluidization. 

Defluidization may occur even though the bed is operated at gas velocities much higher 



than the minimum fluidization conditions of the initial bed material, Therefore, 

determination of minimum fluidization conditions based on the initial feed particles in 

an agglomerating fluidized bed is not very meanin@. Other limiting conditions on the 

fluidization velocity such as the bed temperature or the amount of liquid added to the 

bed can have a critical effect on the operation of the unit, 

1.2 Background 

In many gas-fluidized processes, the particulate bed material is contacted with a liquid 

feed stream. If the liquid feed rate is saciently high, the liquid coated particles may 

stick together resulting in process upset due to bed agglomeration and defluidization, a 

condition commonly hown in industry as "bogging". For example, bogging is an 

important concern in the operation of fluid coking units for upgrading heavy petroleum 

feedstocks such as oil sands bitumen. 

Fluid coking is a continuous fluid bed process for upgrading residual petroleum stocks to 

gas oil, naphtha, gas and coke. The first commercial fluid coker went on-stream in late 

1954 (Busch, 1970). Figure 1.1 is a schematic flow plan of a fluid coker. Fluid coking 

uses two major vessels; a reactor and a burner. The residuum feed is injected into the 

reactor where it is thermally cracked to vaporized products and coke which is deposited 

on fluid coke particles. Fluid coke circulates between the vessels to provide heat to the 
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to Fractionator 
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Reactor B m e r  

Figure 1.1 Schematic Flow Plan of a Fluid Coker 



reactor. Steam is introduced into the bottom of the reactor to fluidize the coke particles 

and to strip residual hydrocarbon vapor fiom the coke. 

Vapor products leave the reactor bed and pass through cyclones which remove most of 

the entrained coke. The cyclones discharge the vapor into a scrubber in which the 

remaining coke dust is removed and the products are cooled to condense the heavy tar. 

The resulting slurry is recycled to the reactor. The scrubber overhead vapors are then 

sent to a bctionator where they are separated into wet gas, naphtha, and various gas oil 

fkactions. The wet gas is compressed and further fiactionated into the desired 

components. 

In the reactor the coke particles flow down through the vessel into the stripping zone. 

The stripped coke then flows down a standpipe and through a slide valve which controls 

the reactor bed level. A riser carries the cold coke to the burner. Air is introduced to the 

burner to burn part of the coke to provide heat for the reactor. The hot coke from the 

burner flows down a standpipe through a slide valve which controls coke flow and thus 

the reactor bed temperature. A riser carries the hot coke to the top of the reactor bed. 

Combustion products from the burner bed pass through two stages of cyclones to 

recover coke fines and return them to the burner- 

Coke is withdrawn from the burner to keep the solids inventory constant. To keep the 

coke from becoming too coarse, large particles are selectively removed in a quench 



elutriator drum and coke fines are returned to the burner. The product coke is quenched 

with water in the quench elutriator drum and pneumatically transported to storage. The 

typical properties of fluid coke are shown in Table I. 1. 

Table 1. I Typical Fluid Coke Properties ( Kett et al., 1 974) 

Economics dictate that the feed rate of bitumen to the nuid coker be as high as possible 

without causing the bed to bog. If the feed injection rate exceeds the vaporization rate 

for an extended period of time, the thickness of the tacky oil film on the particles will 

increase until the particles rapidly agglomerate, causing the bed to lose fluidity. When 

fluidization is lost, the heat transfer rate is greatly reduced, fixther aggravating the 

condition, and coke circulation cannot be maintained. 

Fluid coke 

Bogging is also a concern in a number of metallurgical and polymerization processes in 

which fluidized beds of solid particles are operated at temperatures very close to the 

melting point. The consequences of bogging can be severe, possibly requiring complete 

unit shut-down and clean-out. It is therefore imperative that the onset of bogging be 

detected and eliminated in order to prevent unit upset and shut-down. 

Bulk density 

kg/m3 

950 

Particle density 

kg/m3 

1500 

Average particle size 

Pm 

170-240 

Surface area 

m21g 

4 2  



13 Objective 

In spite of the fact that the existence of the bogging phenomena has been known since 

the invention of the fluid coker, a complete understanding of the behaviour of 

agglomerating particles in fluidized beds is Iacking. Previous studies of agglomerative 

fluidization which mention methods to detect bogging are few. 

The main objective of this work is to conduct a fundamental investigation of the bogging 

phenomena and to develop a method for detecting the onset of bogging in fluid coking 

units and other large scale fluidized beds which can be implemented in a process control 

scheme to prevent unit upset and shut-down. 

The following chapter will provide an overview of previous studies of particle 

agglomeration, including agglomeration due to high temperature and liquid deposition. 

The effect of agglomeration on pressure fluctuations in a fluidized bed and the methods 

used to analyze pressure fluctuations will also be presented in this chapter. Chapter 3 

will discuss the experimental apparatus employed in this thesis. The theory related to 

bogging including minimum fluidization velocity, bubble diameter and bubble rise 

velocity in fluidized beds will be presented in Chapter 4. The operation of the 

agglomerating fluidized bed apparatus and an analysis of the experimental results will be 

examined in Chapter 5. Finally, the conclusions and recommendations of the study will 

be summarized in Chapter 6. 



CHAPTER 2 

Literature Review 

The scope of this research was limited to gas fluidized beds operating at ambient 

temperature which agglomerate due to the addition of a liquid. However, bed 

agglomeration due to high temperature as well as agglomeration due to liquid deposition 

are both reviewed in this chapter in order to give a complete perspective. The second 

section in this chapter d l  discuss the mathematical methods used to analyze pressure 

fluctuation signals in this study, including the standard deviation, power spectral density 

and correlation hctions. 

l'he behavior of fluidized beds in which the size and/or the properties of the fluidized 

particles change during the process, either due to high temperature or the addition of a 

liquid to the bed, has not been extensively reported in the fluidization literature. 

Nevertheless, in many industrial applications, fluidized beds are operated under 

conditions of pressure and temperature which result in structural or chemical changes on 

the surface of the fluidized particles which can cause the formation of agglomerates. 

FIuidized beds of fine solids are particularly susceptible to the formation of larger size 

agglomerates if the feed particles are potentially sticky. Commercial fluidized beds tend 



to be operated with small sized solids because of their large specific surface area, 

aIlowing higher contacting rates. However, this creates problems once stickiness occurs. 

The stickiness depends on the initial particle size and size distribution, gas pressure, bed 

geometry, gas humidity, particle surface composition, distributor geometry, and 

especially the mode of agglomerate formation in the bed. The effect of these conditions 

on the behavior of the bed is not well understood and has received relatively little 

attention in the nuidization literature. The basic knowledge in the area is so limited that 

industry relies mostly on empiricism to avoid defluidization of beds containing sticky 

particles. Some of the solutions involve changing the operating conditions in the bed to 

avoid stickiness altogether or adding inert materials to reduce the agglomeration 

tendency (Tardos et al., 1985). 

2.1.1 Defluidization Due to High Temperature 

Langston and Stephens (1 960) demonstrated how the phenomenon of agglomeration can 

be h e s s e d  to improve the reduction of iron ore fines to granular metallic iron particles 

in fluidized beds. Although they did not elaborate on the limits of defluidization, they 

recognized that the defluidization tendency or the stickiness of the particles is directly 

proportional to the area of contact, the adhesive property of the particles and inversely 

proportional to their momentum. 



One of the earliest citations of an operating boundary for a bed which could defluidize 

due to softening and adhesion of  the particles at high temperature, a phenomenon known 

as s i n t e ~ g ,  was obtained by Goldenberger (1967). He operated an ash agglomerating 

burner which required successively higher fluidizing velocities to sustain operation at 

higher temperatures. 

In order to study the behaviour of agglomerating beds, Gluckman ef al. (1976) and 

Siegell(1976) conducted bench scale experiments at elevated temperatures in which the 

operating limits of beds of particles that tend to agglomerate by sintering were 

investigated. In a typical experiment, the bed was fluidized at a given velocity, and the 

temperature was then increased until defluidization occurred. Defluidization data for a 

number of solids including copper shot, glass beads, polymeric beads and coal ash were 

obtained, These investigators found that for a given particle there is a certain gas 

temperature below which the bed can be fluidized at the minimum fluidization velocity, 

bf . Above this threshold temperature, the so-called minimum sintering temperature, 

T,, stable fluidization requizes correspondingly higher velocities. The velocity and the 

temperature are in a linear relationship as shown in Figure 2.1. 

Gluckman et al. (1976) and Sigell (1984) suggested a method to measure the minimum 

sintering temperature using a dilatometer. This method was further developed and 

refined by Tardos er al. (1984). The particles are placed in a cylindrical sample holder 

and compressed with a piston. A constant force is applied to the piston and the sample 



Superficial 
Gas Velocity 

Temperature 

Figure 2.1 Defluidization Limits along with Temperature 

(Adapted fkom Gluckman et al., 1976) 



in the cylinder is heated at a programmed rate of temperature rise. The change in length 

of the sample in thr r- linder is plotted as a function of temperature as shown in Figure 

2.2. Initially, the particles increase their length linearly with temperature due to thermal 

expansion. The coefficient of thermal expansion for a particle can be calculated fiom 

the slope of the linear portion of the curve before the sintering temperature- At some 

temperature, which is different for each particle type and size, the slope of the length 

change curve begins to decrease. This indicates the onset of sintering that is competing 

with thermal expansion. From this point the slope of the length change curve decreases 

rapidly until it becomes zero and then continues to decrease and becomes negative. 

When the slope of the length change curve is zero, the expansion due to thermal effects 

is just balanced by the contraction due to sintering. .s point is the initial sintering 

temperature Ts, 

Gluckman et al. (1976) indicated that Ts can also be obtained fiom the point at which the 

high temperature defluidization curve intersecl the minimum fluidization velocity line, 

as shown in Figure 2.1- 

Gluckman et al. (1976) and Siege11 (1976) also found that at temperatures above Ts the 

point of bed defluidization may be determined by observing the pressure drop through 

the bed. When the bed defluidizes, the material clumps together on the gas distributor 

blocking the flow of the fluidizing air. Since the forces holding the individual particles 

together are small compared to the pressure forces of the flowing gas, "rat holes" or 



Change in 
Length 

Temperature 

Figure 2.2 Dilatornetry Studies on Particles 

(Adapted from Gluckrnan e t LIZ-, 1 976) 



'%hannels" are developed in the bed The pressure drop through the bed with "rat holes" 

is substantially less than that of the original fluidized bed, so that bed defluidizattion is 

indicated by a sudden decrease in the pressure drop through the bed, as shown in Figure 

2.3, 

A study by Basu (1982) presents data obtained fiom an Indian coal ash. Dilatometry 

measurements were reported and operating boundaries for two different ash samples in 

the velocity-temperature plane were established. Basu7s data confirms the 

phenomenological picture reported by Sigell(1976) and Gluclanan et al. (1 976). 

Liss et al. (1983), using the experimental data of Siegell(1976), proposed an expression 

to compute the limiting gas velocity u, at high temperature, which is given by: 

where: 

% b constants determined from experiments 

TS minimum sintering temperature, K 

u, superficial gas velocity, m/s 

u,f minimum fluidization velocity, m/s 
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Figure 2.3 Bed Pressure vs. Time for a Defluidization Experiment 

(Adapted fiom Gluckman et al., 1 976) 



Tardos et al. (1985) proposed a theoretical model to predict the limiting gas velocity 

according to a force balance. At temperature above Ts, besides drag, buoyancy and 

gravity forces, the adhesive force due to sinkring was included in his analysis. This 

model combined different parameters, including bubble diameter, bed diameter, particle 

diameter and density, gas density and surface viscosity. Tardos also did experiments to 

verifjf his theoretical model. 

Other similar models by Harada (1972), Pulvermacher and Ruckenstein (1975) and 

Kapur (1978) are very usefid to predict size distributions, feed and production rates once 

the predominant mechanisms for particle growth are h o w n  and the rate constants 

required in the models have been measured in pilot scale experiments. These modeis, 

however, do not allow for the on-line prediction of agglomerative conditions at which 

fluidized beds become unstable and defluidization may occur. 

2.1.2 Defluidization Due to Liquid Deposition upon the Bed Material 

The literature related to defluidization due to liquid deposition is even more scarce than 

that of defluidization due to high temperature sintering. 

Gluckman et al. (1976) demonstrated that a nicely fluidized bed suddenly slumped when 

the quantity of sticky matter added to it exceeded a certain amount It was observed that 

the adhesive force between the particles, which is a function of the ratio of the mass of 



sticky matter to that of bed material, caused the bed to defluidize as soon as it overcame 

the momentum of the particles. Therefore, the greater the mass of sticky matter added to 

the bed, the higher the defluidization tendency, and hence the minimum fluidization 

velocity. 

For bed material, Gluckman used four size cuts of gravitating-bed thermal cracking 

catalyst and carbon tablets of a single uniform size. As the sticky matter, he used Ace 

Plastic Coating, #3 100 (Ace Glass Vineland, New Jersey). He depicts the defIuidization 

limits for the above particles. 

Gluclanan concluded that defIuidization is a sudden phenomenon - the bed is well 

fluidized one moment and completely defluidized the next. As the bed defluidizes, the 

particles become loosely stuck together, and the fluidizing gas blows a hole through the 

mass of particles to escape. As the hole appears the bed pressure drop decreases 

dramatically, as shown before in Figure 2.3, 

Tardos et al. (1 985) developed a model which predicts limiting gas velocities necessary 

to maintain a potentially agglomerating fluidized bed in which a liquid is injected in the 

bed. He also performed experiments to vdidate the model. 

In his experiments, Tardos used four sizes of TCC catalyst and a liquid coating material 

(Ace Plastic Coating, #3 100, Ace Glass, Vineland, New Jersey) which was sprayed onto 



the bed. The total amount of fluid sprayed by the nozzle onto the bed was metered and 

pressure drop data at a given velocity was recorded until defluidization occurred. 

Defluidization was observed when the pressure drop through the bed decreased suddenly 

at which point the particles were no longer supported by the gas stream. He indicated 

that the limiting velocity was dependent on the amount of liquid added as well as 

measurable bed and fluid properties. 

Most previous studies of bogging have been based on visual observations. The onset of 

bogging, however, is sometimes very difficult to determine visually. Although Glukman 

and Siegell indicated that bed defluidizattion could be detected by a sudden decrease of 

pressure through the bed, no independent verification of this method has been reported 

in the literature. 

In this study, pressure drop due to bogging was tested by visual observations. As well, 

different data analysis methods were used to analyze pressure fluctuattion~ in order to 

find an effective method to detect bogging. 

2.2 Analytical Methods of Pressure Fluctuation 

The motivation for studying pressure fluctuations is that they give information on the 

flow of gas in the fluidized bed. As mentioned before, the pressure drop will decrease 

dramatically due to bogging. 



Pressure fluctuations have been used to define an index for the quality of fluidization 

(Shuster and Kislialc, 1952; Fiocco, 1964; Sutherland, 1964; Winter, 1968). The nature 

of the pressure fluctuations in a fluidized bed is a complex function of particle 

properties, bed geometry, pressure and flow conditions of the fluidizing fluid. 

A study of the pressure fluctuations in a fluidized bed with on-line measurement and 

data processing has been found to be efficient with respect to computational effort and to 

give sufficiently accurate results ftom the statistical point of view. Pressure fluctuation 

signds can be employed for calculating bubble size (Lirag and Littman, 1971) and 

measuring bubble rise velocity (Swinehart, 1966). The analysis of pressure fluctuations 

for determining their amplitude and frequency could also be a usefid way of monitoring 

changes in bed conditions and for diagnosing abnormalities in bed operation (Fan et al., 

198 1). 

2-2.1 Standard Deviation 

The standard deviation of a fluctuating pressure signal is a convenient measurement of 

fluctuation amplitude. 

Some investigators (Cai et 01-, 1985; Bi and Grace, 1995) used standard deviation to 

demarcate the onset of the turbulent fluidization regime. Figure 2.4 shows the results of 

Bi and Grace (1995) for fluid catalytic cracking (FCC) particIes of mean size 60 pm. 



Superficial Gas Velocity (m/s) 

Figure 2.4 Relationship between Standard Deviation and Superficial Gas Velocity 
(Adapted from Bi and Grace, 1995) 



The static bed height was 60 cm and the differential pressure was measured between 

3-20 cm. 

At low gas velocities, the bed was operating within the bubbling fluidization regime. As 

the gas velocity was increased, the bubbles grew and coalesced, As a resulf the 

magnitude of pressure fluctuation signal and the calculated standard deviation increased 

rapidly. 

When the gas velocity exceeded a critical point, due to the bubble size and the highly 

increased break up fkequency of the bubbles, the bed was transformed from the bubbling 

to the turbulent fluidization regime. At this time, it could be noted that the standard 

deviation of signals was reduced gradually, and a maximum appeared in the curve of 

standard deviation versus gas velocity. This peak corresponded to the transition from 

bubbhg to turbulent fluidization. 

2.2.2 Correlation Function and Power Spectral Density Function 

Among the various statistical parameters associated with random processes two stand 

out as being of significant importance, namely, the correlation function and the spectral 

density fiulction (Bendat, 1977). The correlation function gives the degree of coherence 

of two time series and the spectral density function is the Fourier transform of a 

correlation hction.  



Pressure fluctuation analysis has been used in three-phase fluidized systems by Fan et al. 

(1986) and Jakher (1998) as an effective technique for flow regime identification. This 

technique requires the use of transducers with fast response times and an evaluation of 

the statistical properties of the wall pressure fluctuations, specifically the power spectral 

density h c t i o a  The power spectral density firnction (PSDF) expresses the distribution 

of energy with frequency and is calculated by the Fourier transform. It was observed by 

Fan et al. (1986) that the PSDF has a distinct pattern for each flow regime. 

The equations and explanations of the above hctions will be presented in the next 

chapter. Details of the statistical analysis of random functions can be found in Bendat 

(1977), Brown and Nilsson (19621, Crandall and Mark (1963), Davenport and Root 

(1958), Lee (1960) and Steams (1975). 

It is postulated that the bogging phenomena is similar to a regime transition to some 

extent. Therefore, in this study, all of the above methods were used to analyze bed 

pressure drop to discern the variations in pressure fluidizations due to particle 

agglomeration fiom those due to gas bubbles and turbulence. 



CHAPTER 3 

Theory 

This chapter gives an overview of the basic theory related to agglomerative fluidization. 

As mentioned in Chapter 2, the bed pressure drop decreases due to particle 

agglomeration. In fluidized beds, the pressure fluctuations are related to bubble size and 

movement. In this chapter, the minimum fluidization velocity, bubble diameter, bubble 

rise velocity and analytical methods will be described in detail. 

If a fluid is passed upward through a bed of h e  particles at a low flow rate, the fluid 

merely percolates through the void spaces between stationary particles. This is the fixed 

bed regime. With an increase in flow rate, particles move apart and a few vibrate and 

move in restricted regions. This is the expanded bed regime ( K d  and Levenspiel, 

1991). 

At a still higher velocity, a point is reached where a l l  the particles are just suspended by 

the upward flowing fluid. At this point the fkictional force between particles and fluid 

just counterbalances the weight of the particles, the vertical component of the 

compressive force between adjacent particles disappears, and the pressure drop through 

any section of the bed about equals the weight of fluid and particles in that section. The 

bed is considered to be incipiently fluidized, a condition referred to as minimum 

fluidization (Kunii and Levenspiel, 199 1). 



For gas-solid systems, with an increase in flow rate beyond minimum fluidization, large 

instabilities with bubbling and channelling of gas are observed. At higher flow rates, 

agitation becomes more violent and the bed does not expand much beyond its volume at 

minimum fluidization. This conditionis called the bubbling fluidization regime. Gas 

bubbles coalesce and grow as they rise (Kunii and Levenspiel, 1991). 

3.1 Solids with a Distribution of Sizes 

If fluid beds contain solids of different sizes, it is convenient to use a mean diameter d, 

to evaluate the behaviour of particles. 

where: 

xi weight fhction of material in size interval i 

dpi particle diameter in size interval i, m 



3.2 Minimum Fluidization Velocity, u,f 

u~ is the superficial gas velocity at minimurn fluidizing conditions. It is the most 

important measurement needed for design. Numerous correlations have been proposed 

for its prediction, the most famous being the Ergun Equation (1 952). 

For small particles, the Ergun Equation can be simplified to the following equation. 

where: 

4 particle diameter based on screen analysis, m 

Ps, Pg density of solids and air, kg/m3 

Ps air viscosity, k g h  s 

Em/ void fraction in a bed at minimum fluidizing condition, 

dimensionless 

sphericity of particles, dimensionless 

minimum fluidization velocity, d s  



Toomey and Johnstone (1952) proposed an elegant two-phase model that successfully 

accounted for the movement of both gas and solids and the pressure distribution about 

rising bubbles. This model is a significant breakthrough because of its simplicity and 

essential correctness. In this model the fluidized bed is considered to consist of two 

distinct phases; the bubble phase containing little or no solids, and the emulsion or dense 

phase containing the majority of the solids. 

The two-phase model shows that in bubbling beds roughly all gas in excess of that 

needed to just fluidize the bed passes through the bed as bubbles, and the emulsion 

phase remains close to minimum fluidizing conditions. There is also an interchange of 

gas between the bubble and dense phase in fluidized beds. 

These findings show that a bed at minimum fluidizing conditions can be treated as a 

liquid of low or negligible viscosity. At higher velocity the excess gas goes through the 

bed as bubbles, which rise as in an ordinary liquid of low viscosity. The voidage of a 

bed, not counting bubbles, remains close to At minimum fluidizing conditions, the 

soIids are relatively quiescent. At higher gas velocities the rising bubbles cause the 

observed churning, mixing and flow of solids. 



An equation describing the bubble diameter just above the distributor is given by Kunii 

and Levenspiel (I99 1). 

where: 

dbo bubble diameter just above the distributor, m 

u, superficial gas veIocity, m/s 

Werther (1978) gives the following expression for bubble size at any height z in a bed. 

where: 

db bubble diameter, m 

3.4 Bubble Rise Velocity 

On the basis of simpIe two-phase theory, Davidson and Harrison (1963) proposed the 

following rise velocities. 



For single bubbles: 

- 0.71 ~ ( ~ d ~ ) o '  Ubr - 

For bubbles in bubbling beds: 

where: 

ubr bubble rise velocity with respect to the emulsion phase, m/s 

u b  bubble rise velocity, m/s 

Based on the above equations, Werther (1983, 1986) did extensive experimental work 

and proposed the following equations which also account for the vessel size. 

For Geldart A solids 

u, = 1.55[(4, - urn,)+ 14.1(d6 + 0.005)~(03' + u,, 

For Geldart B solids 

uh = l1.6[(q, - ~ , / ) + 1 . 1 3 d , " ~ ~ ~ ~  + uhr 



where: 

dt bed diameter, m 

From Equation 3.2, it is shown that as the particle diameter or particle density increases, 

the minimum fluidization velocity will increase. The effect of particle diameter is much 

greater than that of particle density because the minimum fluidization velocity varies 

asthe square of the particle diameter. 

When u~ increases, the above equations indicate that both bubble diameter and bubble 

rise velocity will decrease. The bubbles in the bed will be smaller and vibrate slighly. 

Therefore the amplitude of pressure fluctuation through the bed is expected to decrease. 

3.5 Standard Deviation 

Standard deviation describes the deviation of each individual pressure measurement 

fiom the average pressure. Standard deviation reflects the amplitude of pressure 

fluctuation directly. 

The mean value, mean s q w e  value and variance of a random process x(t) are given as: 



where: 

p meanvalue 

q2 mean square value 

c2 variance 

T period of sampling, s 

The positive square root of the variance is called the standard deviation. 

3.6 Correlation and Spectral Density Functions 

The covariance function assesses the degree of linear dependence between two random 

variables, x(t) and y(t). It is the average product of x( t )  -pxand  y(t) -p,, . The 

covariance function between x(t) and y(t) for any time delay 7 is given by: 



where: 

Cx, cross-covariance function 

Rw cross-correlation hction 

For the special case where y(t)-(t), the auto-covariance function is: 

where: 

GX auto-covariance fimction 

RXX auto-correlation hct ion 

z time shift variable 

T period of sampling, s 

x(t), Y (0 random variables 



From Equations 3-9 to 3.1 1, the value of the auto-correIation bction and auto- 

covariance function at z 4 is the mean square value of the data and variance of the data 

respectively. 

The spectral density function between two time history records x(t) and y(t) is defined 

as follows: 

For the general case where x(t) and y(t) represent different data, S,(f) in Equation 3.18 

is called the cross-spectral density function, or more simply the cross-spectrum, between 

x(t) and y(t). For the special case where y(t)=x(t): 



where S,(f) is called the autospectral density function or autospectrum of x(t). This 

function is also commonly known as the power spectral density bction because of its 

historical origin and use in communications engineering applications (Bendat and 

Piersol, 1993)- 



CHAPTER 4 

Experimental Apparatus and Methods 

This chapter outlines the experimental apparatus and verification of experimental 

methods. Figure 4.1 shows a photo of the experimental apparatus and Figure 4.2 is a 

schematic diagram. 

4.1 The Column 

The column was made of Plexiglas to aid in visual observation of the phenomena in the 

bed. A diagram of the column with dimensions is given in Figure 4.3. The section 

above the distributor was made of Plexiglas of 15 crn I.D. and 150 cm length. One 

pressure transducer was c o ~ e c t e d  to the very bottom of the bed in order to measure the 

total bed pressure drop. Another pressure transducer was placed near the top of the 

column to detect the pressure fluctuations in the air above the bed. A grounded iron coil 

with aluminium foil was wrapped around the bed to prevent the build up of static 

electricity. The pressure ports were equipped with size 200 stainless steel wire mesh 

located inside the column wall to prevent the pressure transducers fiom being clogged 

with particles. An experiment was conducted that showed the pressure drop through 

mesh to be very small, and of the order of resolution of the data acquisition board. The 

efkct of the mesh on the pressure signal can therefore be neglected. 



Figure 4.1 Photo of Experiment Apparatus 
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Figure 4.2 Schematic Diagram of Experimental Apparatus 
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Figure 4.3 Column with Dimensions 



The section below the distributor was 15 crn I.D. and 15 cm length. A baffle was 

located at the bottom of the tube in order to distribute the air. The perforated plate 

distributor had 90 orifices of 1 mm diameter on a square pitch. A layer of 200 stainless 

steel wire mesh was used above the distributor to prevent particle leakage. The entire 

distributor arrangement was connected to the bed by flanges to facilitate removal for 

cIeaning. 

The disengagement section was a 30 cm I.D., 30 cm length Plexiglas pipe located at the 

top of the column which allowed the gas and particles to separate. An automotive air 

filter was placed on the top of disengagement section in order to prevent the emission of 

fine particles. 

4.2 Air Supply 

Air was obtained from the building supply at 550 kPa pressure. The air was filtered to 

remove oil, water and small particles and regulated using a combined filter-pressure 

regulator (supplied by Century Sales & Senice Ltd., ARO-P2924 1-1 00). A pressure 

gauge was placed upstream of the filter-regulator to read the supply pressure. The air 

flow rate was monitored using an Omega FL-7918 air rotameter. The rotameter was 

calibrated using a "bell prover" consisting of a large bell shaped float immersed in an oil 

bath. Building air was passed through the rotameter and into the oil bath, displacing the 

float- The rate at which the float rises indicates the volumetric flow of the gas into the 



oil bath, and hence the volumetric flow of air at the particular rotameter setting. The 

calibration diagram of rotameter is given in Appendix A. A brass valve was placed at 

the rotameter outlet to control the air flow being fed to the column. Half-inch nycoil air 

line (Century Sales & Senrice Ltd.) was used before and after the rotameter. 

4 3  Water Supply 

Water was sprayed into the bed in order to cause bed agglomeration, Experiments using 

different particles with water -7:ere done to observe and investigate bogging phenomena, 

A brass 5 mm I.D. flowline was connected from the lab supply to the centre line of the 

bed. A spray atomizing nozzle (John Brooks Co. Ltd. model 1/4 LN 18) was located at 

the end of the flowline. The tip of the nozzle was located approximately 10 cm above 

the static bed. When the bed fluidizes, the nozzle merges into the fluidized particles. 

This minimizes water vaporization into the air and particle adhesion on the bed wall. 

The water flow rate to the column was measured with a calibrated needle valve. A 

calibration curve for the needle valve is included in Appendix B. After each experiment, 

the flow of water was stopped and the bed was fluidized until the bed material was 

totally dry. 



4.4 Pressure Transducers and Data Acquisition System 

Two SRP Control Systems pressure transducers (model PT 420) were used during the 

experiments. These pressure transducers have a 2 kHz response time, 5 0.2% accuracy, 

and a range of 0-34.5 kPa. Acquisition of the pressure signals was performed using a 

12-bit National Instruments board (PC-LMP-16), connector block (CB-SOLP) and cable 

(NBI). Power for the pressure transducers was supplied by an Omega power supply 

(LJ24Y101). The software package LabView was used to record the raw pressure 

fluctuation data on the computer. 

4.5 Solid Particles 

Different particles were used in this work According to the Geldart Classification of 

particles, three groups were included: 

Group A: FCC (Fluid Catalytic Cracking) catalyst 

Group B: two kinds of sand and polystyrene 

Group D: glass beads 

A sieve analysis was perfarmed to determine the mean particle diameter of the different 

kinds of particles. The cumulative mass fiaction distribution curve for different particles 

can be found in Appendix C .  The partide density was determined fiom a standard 



procedure whereby the volume of water displaced by a known mass of particles was 

measured. Thc bulk density was determined fiorn the weight of a dry sample of 

particles in a graduated cylinder. The packed bed voidage is simply one minus the ratio 

of the bulk density to the particle density. The bed height at minim= fluidizing 

conditions was measured and the minimum fluidization voidage was calculated. A 

sphericity of one was assumed for all particles. The Ergun Equation (1952) was used to 

calculate the minimum fluidizing velocity umf (Equation 3.2). Finally, the terminal 

velocities of different particles were calculated fiom the correlation of Haider and 

Levenspiel (1989), Equations 4.1 to 4.3. The physical properties are summarized in 

Table 4.1. 



Table 4.1 Physical Properties of Particles 

Mean Diameter (p) 

Particle Density 

@g/m3) 

Bulk Density 

@dm3) 

Packed Bed 

Voidage 

Minimum 

Fluidization Velocity 

( d s )  

MXnimum 

Fluidization Voidage 

Terminal Setting 

Velocity (mfs) 

FCC 

91 

1343 

990 

0.26 

0.0017 

0.3 1 

0.28 

Smailer 

Sand 

28 1 

258 1 

1650 

0.36 

0.0789 

0.40 

2.47 

Larger 

Sand 

574 

2555 

1719 

0.33 

0.2456 

0.37 

4.76 

Glass Beads 

5000 

2524 

1486 

0.41 

37.93 

0.45 

17.02 

Polystyrene 

1319 

974 

635 

0.3 5 

0,5974 

0.39 

4.95 



where: 

4 particle diameter based on screen analysis, m 

Ps, Pg density of solids and air, kg/m3 

r u g  air viscosity, kg/m s 

(A sphericity of particles, dimensionless 

Ut te& settling velocity, m/s 

4.6 VeM~cation of Experimental Methods 

Accurate measurement of pressure fluctuations was critical in the experimental 

investigations. A number of different techniques have been used and tested to determine 

the accuracy of the pressure fluctuation measurements. 

4.6.1 Sampling Frequency 

Many previous investigators have used a sampling frequency of 100 Hz to record 

pressure fluctuations in fluidized beds (Satija and Fan, 1985; Fan ef al., 1986; Bi and 

Grace, 1995; Jakher, 1998). In this work, 100 Hz was used in all experiments. A TEK 

224 digital storage oscilloscope was used to determine if this sampling fkequency was 

sufficiently high. With the bed in operation, the oscilloscope sampled the signal fiom 

the lower pressure transducer at a fiequency of 7.5 MHz. This oscilloscope trace was 

then compared to the pressure fluctuation signal gathered using the data acquisition 



board at 100 Hz sampling fiequency. The results were very similar except for a low 

amplitude noise signal, codinning that no important information was lost at a sampling 

fiequency of 100 Hz 

4.6-2 Response Time 

In order to accurately measure the rapidly fluctuating pressures in the fluidized bed, the 

response time of the pressure transducer must be very short. Accordkg to the 

manufacturer's specifications, the pressure transducers used in this study have a response 

time of 2 kHz. As the sampling frequency of 100 Hz is much less than 2 kHz, the 

acquired pressure signal was assumed to be equal to the pressure signal at the wall of the 

column. The response time of the pressure transducer is rapid enough so as not to limit 

the accuracy of the instantaneous pressure fluctuation data. 

4-6.3 Noise Fluctuation 

An experiment was performed using FCC particles. The static bed height was 30 cm, the 

superficial gas velocity was 0.04 d s  and the run time was 60 seconds, Two pressure 

transducers were connected to the fluidized bed; one at the very bottom of the bed to 

measure the total bed pressure drop, and another at the top of the bed to measure the 

pressure fluctuation due to air leaving the bed. From Fig 4.4, it is indicated that the 

amplitude of the upper transducer is much less than that of lower transducer. The 
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Figure 4.4 Pressure Fluctuations Measured by Top and Bottom Pressure Transducers 



average value of bottom transducer was 2.42 kPa while the top one was 0.01 kPa 

Therefore pressure measured at the lower transducer was assumed to be sufficient for 

characterizing the pressure fluctuations occurring the bed 

4.6.4 Experimental Comparison 

An experiment was done with FCC particles with a static bed height of 26 cm. With the 

bed operating in the bubbling regime, the signal fkom the lower pressure transducer was 

recorded for 60 seconds and the average standard deviation calculated. The average 

standard deviation as a function of the superficial gas velocity is shown in Figure 4.5. 

Comparing this figure with the data of B i  and Grace (1995) of Figure 2.4, it is shown 

that the pressure signals have the same trend and similar value. The standard deviation 

value in Figure 4.5 is slightly lower than that of in Figure 2.4 because FCC particles in 

Bi and Grace experiments have smaller mean diameter. In this study, the air supply was 

insufficient to cause the transition from the bubbhg to the turbulent fluidization regime, 

so the curve in Figure 4.5 does not display a maximum value observed by Bi and Grace. 

However, the data within the bubbling regime is similar in both studies, Therefore, we 

have confidence that our apparatus provides similar data to that produced by other 

researchers. 
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Figure 4.5 Relationship between Standard Deviation and Superficial Gas Velocity 



Chapter 5 

Results and Discussion 

In this study, Group A (FCC) and Group B (sand) particles were used during 

experiments to observe bogging phenomena for different solids. Pressure fluctuations 

were measured in a fluidized bed. The measurements were made very close to the 

distributor, and were therefore equal to the total pressure drop across the fluidized bed. 

The standard deviation function, power spectral density function and autocovariance 

h c t i o n  were used to analyze pressure fluctuation signals in order to detect the onset of 

bogging- 

Two main sets of experiments were performed. In the first set, particle agglomeration 

was achieved by wetting the bed material with water. Water was sprayed fkom the 

nozzle onto particles to simulate agglomerative fluidization behavior of units such as a 

fluid coker. Bogging phenomena were visually observed and pressure signals were 

analyzed. The second set of experiments utilized large diameter solids which were 

introduced into a bed of smaller particles to simulate particle agglomeration. 

Table 5.1, Table 5.2 and Table 5.3 give the summary of all the experiments conducted- 

Five typical experiments will be explained in detail in the following sections. 



Table 5.1 Summary of Experiments Using FCC 

1 

2 

3 

4 

5 

6 

7 

8 

Date 

99-12-22 

99-12-20 

99-12-17 

99-09-18 

99-09-17 

Static 

Bed 

Height 

(cm) 

30 

30 

30 

30 

30 

Superficial 

Gas 

Velocity 

(m/s) 

0.04 

0.07 

0.04 

99-09-15 

99-09-14 

99-09-12 

Water 

Rate 

(g/s> 

4 

3 

Experiment Content 

Use 906g polystyrene 

instead of FCC 

e20s  sprayed water 

e20s sprayed water 

0.04 

0.04 

Total 

Run 

Time 

(9 

60 

200 

200 

MOS sprayed water, 

t d O ~  stopped water and 

L-100s sprayed water 

again 

+20s sprayed water, 

t=60s stopped water and 

F80s sprayed water 

again 

t=25s sprayed water 

P25s sprayed water 

+20s sprayed water, 

w O ~  stopped water and 

t=100s sprayed water 

again 

3 

3 

2 

2 

30 

30 

250 

250 

250 

250 

250 

0.04 

0.04 

30 0.04 3 



Table 5.2 Summary of Experiments Using Smaller Sand 

1 

2 

3 

4 

5 

30 

30 

30 

Date 

99-1 1-29 

99-11-26 

99-11-24 

99-11-21 

99-11-09 

Static 

Bed 

Height 

(cm) 

30 

30 

30 

30 

30 

Superficial 

Gas 

Velocity 

(m/s) 

0.16 

0.25 

0.25 

0.25 

0.25 

0.25 

Total 

Run 

Time 

(s) 

120 

120 

90 

60 

60 

Use 810g glass beads 

instead of smaller 

sand 

Water 

Rate 

W s )  

2 

2 

1 

60 

Experiment Content 

t=20s sprayed water 

t=20s sprayed water 

L-20s sprayed water 

Use 1680g larger sand 

instead of smaller 

sand 

Use 193g glass beads 

instead of smaller 

sand 

60 

60 

0.25 

0.25 

Use 1217g glass beads 

instead of smaller 

sand 

Use 1777g glass beads 

instead of smaller 

sand 



Table 5.3 Summary of Experiments Using Larger Sand 

1 

2 

3 

Date 

99-09-27 

99-09-25 

99-09-23 

Static 

Bed 

Height 

(cm) 

12 

12 

12 

Superficial 

Gas 

Velocity 

(m/s) 

0.43 

0.61 

0.61 

Water 

Flow 

Rate 

0.54 

0.54 

Experiment Content 

~ 6 0 s  sprayed water 

0-60s, no beads 

60-90s, lOOg beads 

90-120s, 200g beads 

120-1 50s, 500g beads 

150-1 80s, 800g beads 

L-uOs sprayed water 

Total 

Run 

Time 

(s) 

200 

180 

200 



5.1 Defluidization of Group B Materials 

In this section, the results of three main experiments are presented. The first set of 

experiments examined sand agglomerated with water, the second involved a mixture of 

sand having different particle sizes, and the third involved a mixture of sand and large 

diameter glass beads. Pressure fluctuations were recorded and analyzed respectively. 

5.1.1 Sand Agglomerated with Water 

Sand having a mean particle diameter of 281 pm was used in this experiment. The static 

bed height was 30 cm, and the superficial gas velocity was 0.25 4 s .  The computer 

recorded the pressure fluctuation signals. After 20 seconds of operation, the needle 

valve was opened and water was sprayed onto particles at a rate of 2 g/s. The raw 

pressure data was sampled at a rate of 100 Hz continuously until 120 seconds total 

operating time. 

Fig 5.1 shows the pressure fluctuation with time. It is clear that the total pressure drop 

decreases, and the amplitude of pressure fluctuation decreases as well. 

The moving average pressure drop was calculated using an interval of 100 data points. 

Each point on Fig 5.2 represents the average value of last 100 pressure measurements. It 

is shown that between 0-20 seconds, pressure fluctuates normally, representing fluidized 
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Figure 5.1 Pressure Fluctuation with Time for Sand-Water System 
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Figure 5.2 Average Pressure with Time for Sand-Water System 



dry sand; between 20-60 seconds, the pressure increases continuously due to the 

increased mass of the bed caused by the introduction of the water- In a well-fluidized 

bed, the pressure should be proportional to the total mass in the bed, the more water, the 

higher the pressure. Table 5.4 shows that the observed pressure increase is 

approximately equal to the mass of water added up to the point at which the bed bogs 

and fluidization is lost. Therefore, water loss due to evaporation and adhesion to the 

column wall is virtually negligible. 

Table 5.4 Water Balance for Sand-Water System 

G (water weight) w F (pressure increase measured by pressure transducer) 

Water sprayed between 20-60 s, g 

Total water weight G = mg, N 

Average Pressure at 20 s, kPa 

Average Pressure at 60 s, kPa 

Pressure increase between 20-60 s, kPa 

F = PxA (bed cross section area), N 

After about 60 seconds, the pressure decreases dramatically. This observation agrees 

with that of Gluckman. As the bed defluidizes the particles become looseIy stuck 

80 

0.7848 

4.2928 

4.3376 

0.0448 

0.7919 



together, and channels develop in the bed material allowing the fluidizing gas to escape. 

As the channels appear, the bed pressure drop decreases dramatically. Gluckrnan (1976) 

concluded that the bed pressure drop decrease is a good indication of the "sharpness" of 

the defluidization. However, ftom visual observations it was apparent that some 

channels had developed after only approximately 40 seconds. After 60 seconds a large 

number of channels were observed indicating that the wetted sand had already 

undergone substantial agglomeration. It is therefore concluded that the pressure drop 

decrease took place only after substantial bogging had occurred and that the pressure 

decrease cannot be used as a reliable indication of the onset of bogging. 

While the total bed pressure drop did not provide an indication of the onset of bed 

agglomeration, it is possible that changes in the pressure fluctuation signals can provide 

a more reliable indicator of the onset of bogging. 

In Figure 5.1, it is shown that the amplitude of the pressure decreases as more and more 

water is sprayed into the bed. The standard deviation function provides a direct 

indication of the change in pressure fluctuation amplitude. Figure 5.3 shows the change 

in the moving standard deviation function with time. The standard deviation was 

calculated over an interval of 100 points, or 1 second operating time. It is shown that 

after about 40 seconds, the standard deviation decreases continuously, corresponding to 

the visual observation of the first appearance of channels in the bed. Therefore the 



Figure 5.3 Standard Deviation of Pressure with Time for Sand-Water System 



standard deviation function gives a more reliable indication of the onset of bed 

agglomeration than the overall bed pressure drop. 

The power spectral density hc t ion  (PSD) has been shown by other researchers to be a 

good method of identifying flow regimes for liquid fluidized systems. It is therefore 

sensible that the PSD may also provide an indication of bed agglomeration. In this work 

the software package Matlab was used to calculate the PSD of the pressure signal. The 

MatIab PSD routine employed a Hanning window in order to provide a more accurate 

estimate of the actual underlying spectrum. The ensemble average PSD was calculated 

using 256 points and the length of the Hanning window was 256 points. Three curves 

are presented in Figure 5.4; the PSD for the dry fluidized particles prior to the 

introduction of water to the bed (0-20s), and the PSD for wetted particles for the time 

periods 20-40s and 40-60s. After 60 seconds operating time, the bed became completely 

defluidized, therefore the PSD of the pressure signal after 60 seconds operating time was 

not included in this figure. From Figure 5.4, it is shown that all three curves are almost 

the same, showing that the PSD h c t i o n  does not give any indication of bogging. It is 

apparent that the change in the behavior of the bed due to particle agglomeration is not 

the same as that which occurs during the transition between flow regimes. 

Figure 5.5 shows the PSD fhction over Z second. The calculation period (100 point) is 

the same as that of the moving average pressure and moving standard deviation. As 

shown in this figure there is no apparent difference before and after bogging. 
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Figure 5.4 Power Spectral Density Function of Different Time Zone 

for Sand-Water System (20 s calculation period) 
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Figure 5.5 Power Spectral Density Function of Different Time Zone 

for Sand-Water System (1 s cdculation period) 



Comparing the results of Figures 5.4 and 5.5 shows that the length of the time interval 

over which the ensemble average PSD fimction was calculated did not significantly 

affect the spectrum, 

The autocovariance function was also employed in this work, and was also calculated 

using Matlab. The results are shown in Figure 5.6. As mentioned in chapter 3, the 

autocovariance function at I = 0 is the variance of random data Although the moving 

standard deviation decreases, there is no regularity for the peak value of the 

autocovariance. The reason is that the average value increases for these three different 

cases due to the additional mass of water added in each case. 

5.1.2 Mixed Group B Materials 

In this experiment, sand of diameter 28 1 pm was utilized. The static bed height was 30 

cm. The super£icial gas velocity was 0.25 m/s and total run time was 1 minute. Figure 

5.7 shows the pressure fluctuation curve of dry bed. The average pressure during one 

minute is 4.14 Wa. 

1680g of sand was then removed fkom the bed and replaced with an equal mass of large 

sized sand of diameter 574 pm so that the total mass in the bed remained constant. The 

larger sand had the same particle density as smaller sized sand. The larger sand was 

introduced to simulate the effects of particle agglomeration and bogging. The air flow 
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Figure 5.6 Autocovariance Function of DifTerent Time Zone for Sand-Water System 
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Figure 5.7 Pressure Fluctuation with Time for Smaller Sand 



rate and run time were maintained at the values used in the previous experiments. 

Figure 5.8 shows the pressure fluctuation of the mixed bed. The average pressure of aIl 

the points is 4.20 kPa This shows that the total pressure drop is equal to the total weight 

in the bed. 

In order to check ifthere is segregation of the mixed sand, sieve analysis was performed. 

A sample of the mixed sand was taken fiom the surface of the fluidized bed- Table 5.5 

shows the result of the sieve analysis and Figure 5.9 gives the mass fbction curve as a 

fimction of the particle diameter. The actual mass ratio of larger sand to smaller sand in 

the bed was 0.23. From Figure 5.9, the mass hct ion of two areas (representing 

different sand sizes) was 0.82 and 0.18 respectively and the ratio of the mass hctions 

was 0.22. This indicates that there was no segregation of the sands in the bed. The 

larger sand was therefore well mixed in the bed and did not deposit on the bottom of the 

bed. 

Figure 5.10 and Figure 5.11 give the standard deviation h c t i o n  of the pressure signals 

for the small sand and the mixed sand, respectively. The moving standard deviation was 

calculated in the same manner as the previous experiment. For just small sand, the 

average standard deviation was 0.655 kPa, and the average standard deviation for mixed 

sand was 0.586 kPa. This shows general agreement with the experimental results of 

sand with water. The formation of particle agglomerates leads to an increase in the 

effective particle diameter and results in a lower standard deviation of the pressure 
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Figure 5.8 Pressure Fluctuation with Time for Mixed Sand 



Table 5.5 Sieve Analysis of Mixed Sand 

Diameter 
-- 

~ v e k ~ e  mass (g) with sand net mass 

dpi(CLrn) original Cg) (g) mass (g )  
106 361.82 361.88 0.06 0.06 
115.5 363.75 363.82 0.07 0.13 
137.5 381.12 381.93 0.81 0.94 
165 391.69 398 6.3 1 7.25 

cumulative 
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Figure 5.9 Mass Fraction with Particle Diameter for Mixed Sand 
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Figure 5.10 Standard Deviation of Pressure with Time for Smaller Sand 



0.00 

0 10 20 30 40 50 60 

Time (s) 

Figure 5.1 1 Standard Deviation of Pressure with Time for Mixed Sand 



signal. Increasing the average particle diameter by the addition of larger sand shows the 

same effect. 

The PSD function curves are shown in Figure 5.12. It is shown that there is no 

significant difference between the smaller sand and the mixed sand. 

Figure 5.13 shows the autocovariance function of pressure signal for the smaller sand 

and the mixed sand. The peak value of the mixed sand is lower because the average 

pressures of these two experiments are the same, while the amplitude of the pressure 

fluctuations of mixed sand is smaller. 

5.1.3 Group B Materials (Sand) with Group D Materials (Beads) 

The first section of this experiment was the same as that of the previous experiment. A 

3Ocm static bed height of smaller sand was used. The superficial gas velocity was 0.25 

m/s and the run time was 60 seconds. Figure 5.14 shows the pressure signal. The 

average pressure was 4.40 Wa. 

Glass beads having a larger diameter but the same particle density were introduced into 

the bed in order to simulate particle agglomeration. Four experiments were conducted. 

In each case a mass of sand was removed from the bed equal to that of the bead added in 

order to maintain the overall mass of the bed constant. The experiments were conducted 
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Figure 5.12 Power Spectral Density Function for Smaller Sand and Mixed Sand 
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Figure 5.13 Autocovariance Function for Smaller Sand and Mixed Sand 
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Figure 5.14 Pressure Fluctuation with Time (Smaller Sand) 



with glass bead additions of 193 g, 8 10 g, 1217 g and 1777 g beads respectively. 

Figures 5-1 5-5-18 show the pressure fluctuation data for these four experiments. The 

average value of each curve was 4.40 kPa, 3.93 kPa, 3.79 kPa and 3.3 1 kPa respectively. 

During the experiments, the glass beads were observed to settle at the bottom of the bed. 

From above pressure data, it also shows that the beads deposited on the bottom of the 

bed are supported by the distributor resulting in an overall reduction in the bed pressure 

drop. 

Figures 5.19-5.23 show the moving standard deviation function for different beads 

concentrations. The average values were 0.65 kPa, 0.59 kPa, 0.56 kPa, 0.56 kPa and 

0.45 kPa respectively. It is clear that the standard deviation decreases as more and more 

beads were added. 

The PSD h c t i o n  curves are shown in Figure 5.24. It is shown there is no significant 

difference between smder sand and sand with different concentrations of glass beads. 

Figure 5.25 shows the autocovariance function of the smaller sized sand and the sand- 

bead. The peak value decreases continuously with increasing bead concentration. 
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Figure 5.1 5 Pressure Fluctuation with Time (Smaller Sand with 193 g Beads) 
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Figure 5.16 Pressure Fluctuation with Time (Smaller Sand with 8 log Beads) 
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Figure 5.17 Pressure Fluctuation with Time (Smaller Sand with 12 17g Beads) 
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Figure 5.18 Pressure Fluctuation with Time (Smaller Sand with 1777% Beads) 



1.20 

1-00 

n 

0.80 
5 - d C, 

a - d 
0.60 

B 
a 
2 

0.40 3 
3 j  

0.20 

0.00 

0 10 20 30 40 50 60 

Time (s) 

Figure 5.19 Standard Deviation with Time (Smaller Sand) 
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Figure 5.20 Standard Deviation with Time (Smaller Sand with 193g Beads) 
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Figure 5.2 1 Standard Deviation with T i e  (Smaller Sand with 8 10g Beads) 
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Figure 5.22 Standard Deviation with Time (Smaller Sand with 1217g Beads) 
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Figure 5.23 Standard Deviation with Time (Smaller Sand with 17778 Beads) 
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Figure 5.24 Power Spectral Density Function for Different Beads Concentration 
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Figure 5.25 Autocovariance Function for DBerent Beads Concentration 



5-1.4 Conclusions for Group B Materials 

For mixed sand and sand with different concentration beads, the average particle 

diameters were calculated according to Equation 3.1. and tabulated in Table 5.6 along 

with the standard deviation of the pressure signal for each average diameter. The scatter 

points in Figure 5.26 show the data and the straight line was a best-fit line for these 

points. It is clear that the standard deviation decreases linearly with increasing particle 

diameter. 

To summarize the conclusions for Group B materials: 

1. Moving standard deviation function is a good indication of particle 

agglomeration. 

2. Power spectral density hc t ion  is not a useful method to detect bogging. 

3. Autocovariance fimction can detect bogging if the total weight in the bed 

remains constant. 

5.2 Defluidization of Group A Materials (FCC) 

Two experiments were performed in this section; one with FCC agglomerated with 

water, the other with FCC and polystyrene beads. Polystyrene was used to simulate 

particle agglomerates in a similar manner to the experiments of the previous section. 



Table 5.6 Standard Deviation with Different Average Particle Diameter 

Smaller Sand 

With 193g beads 

With 8 10g beads 

With 1680g larger sand 

With 12 17g beads 

With 1777g beads 

Average Particle Diameter (p.11 

28 1 

287 

308 

3 12 

321 

348 

Standard Deviation @Pa) 

0.6536 

0.5943 

0.5599 

0-5888 

0.5619 

0.4489 



Average Particle Diameter (p) 

Figure 5.26 Standard Deviation with Different Particle Diameter 



5.2.1 Group A (FCC) Materials with Water 

30cm static bed height of FCC was used with a superficial gas velocity of 0.07 d s .  For 

the first 20 seconds of operation no water was introduced After 20 seconds, 4 g/s of 

water was sprayed into the bed. The total run time was 200 seconds. Figure 5.27 shows 

the pressure fluctuation data and Figure 5.28 shows the moving average pressure value 

with time. The behavior is very similar to that observed with sand and water. Before 20 

seconds, the pressure fluctuates normally. Between 20s-185s, the pressure increases due 

to the mass of water added- 

As shown in Table 5.7, the observed pressure increase is again approximately equal to 

the water mass sprayed into the bed. After 185s, the pressure decreases due to bogging. 

Visual observation indicated the appearance of channels after about 200 seconds 

operation, far before the onset of drop in the bed pressure at 185s. Therefore, the drop in 

bed pressure cannot be used to detect bogging. 

Figure 5.29 gives the standard deviation fimction of the pressure signal, and show 

standard deviation to be approximately constant. No substantial change in the standard 

deviation before and after bed agglomeration is indicated. Although the bed pressure 

drop decreased after bogging as shown in Figure 5.27, the amplitude of the pressure 

fluctuation remained about the same. Therefore, the standard deviation cannot detect 

bogging for FCC. 



Time (s) 

Figure 5.27 Pressure Fluctuation with Time for FCC-Water System 
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Figure 5.28 Average Pressure with Time for FCC-Water System 
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Figure 5.29 Standard Deviation of Pressure with Time for FCC-Water System 



Table 5.7 Water Balance for FCC-Water System 

Figure 5.30 and Figure 5.31 give the PSD and autocovariance function of the pressure 

fluctuation. Similar behavior is observed to that for the sand-water system. No apparent 

change in the PSD and autocovariance function occurred. 

Water sprayed between 20- 1 80 s, g 

Total water weight G = mg, N 

Average Pressure at 20 s, kPa 

Average Pressure at 180 s, kPa 

Pressure increase between 20- 180 s, kPa 

F = PxA (bed cross section area), N 

5.2.2 Group A (FCC) Materials with Group B (Polystyrene) Materials 

640 

6 -27 

2.34 

2.70 

0.36 

6.22 

1 

In this set of experiments a 30cm static bed height of FCC was used with a superficial 

gas velocity of 0.04 m/s. The pressure signal was recorded for 1 minute. The results are 

shown in Figure 5.32. The average value of pressure was 2.41 Wa. 
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Figure 5.30 Power Spectral Density Function of Different Time Zone 
for FCC-Water System 
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Figure 5.3 1 Autocovariance Function of Different Time Zone for FCC-Water System 
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Figure 5-32 Pressure Fluctuation with Time for FCC 



906g of FCC was then removed fkom the bed and replaced with an equaI mass of 

polystyrene particles, keeping the total mass in the bed constant. Figure 5.33 shows the 

pressure data for the mixed particle system- The average value of pressure is 2.40 kPa, 

approximately the same value as for the experiment without polystyrene. After the 

experiment, a sample was taken fiom the d a c e  of the fluidized particles- The FCC 

and polystyrene were separated using a sieve and weighted separately. The mass ratio of 

two types of particles was equal to the ratio of total mass of particles in the bed 

indicating that the bed was well mixed. Unlike the experiments with sand and glass 

beads, no particle segregation was observed and no particles were deposited on the 

distributor- 

Figure 5.34 and Figure 5.35 show the standard deviation function of the two 

experiments. The average value of the standard deviation was 0.13 kPa and 0-1 I Wa, 

respectively. As before, the larger average particle diameter results in a lower standard 

deviation. 

The PSD function curves are shown in Figure 5.36. Again, there is no discernable 

difference between FCC and FCC with polystyrene. 

Figure 5.37 shows the autocovariance function of FCC and FCC with polystyrene. The 

peak value of FCC with polystyrene decreased because the amplitude decreased while 

the average pressure remained constant. 



Time (s) 

Figure 5.33 Pressure FIuctuation with Time (FCC with Polystyrene) 
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Figure 5.34 Standard Deviation with T i e  for FCC 
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Figure 5.35 Standard Deviation with Time (FCC with Polystyrene) 
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Figure 5.36 Power Spectral Density Function with Time 
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5.23 Conclusions for Group A Materials 

When the water was sprayed onto FCC, it was supposed that most water was absorbed 

into particles because FCC is very porous, and highly absorbant. Addition of water to 

the bed does not result in particle stickiness, and partide agglomerates do not form. The 

average particle diameter remains constant, although the increased particle density 

changed the minimum fluidization velocity. However, the effect was not as dramatic as 

the increase in effective particle diameter due to the formation of particle agglomerates 

in the sand-water system. When a small amount of FCC was wetted, channels appeared 

and the bed pressure drop decreased. The remaining dry FCC still fluidized resulting in 

constant pressure fluctuation amplitude. 

In the experiment with FCC and polystyrene, polystyrene was used to simulate FCC 

aggregates, and h e  standard deviation of the mixed particles decreased compared with 

that of FCC alone. It is conjectured that if group A particles are non-porous, the 

standard deviation will also decrease due to bogging. 

To summarize the conclusions for the Group A material: 

1 - If particles are very porous, no method was found to detect bogging. 



2. Standard deviation and autocovariance functions may provide an indication of 

bogging for FCC in the presence of agglomerates. 

3. The power spectral density function is not a useful method to detect bogging. 



Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

The experiments conducted in this study indicated that the standard deviation of the 

pressure signal decreases with increasing particle diameter. As mentioned in chapter 3, 

the two-phase theory of fluidization would indicate that when particle diameter 

increases, the minimum fluidization velocity will increase, and both the bubble size and 

rise velocity will decrease. As the bubble size decreases the amplitude of pressure 

fluctuation would be expected to decrease, consistent with observation, 

When water is sprayed onto sand, the water will coat the surface of sand, resulting in 

the formation of particle agglomerates. The effective diameter of the particle increases, 

and the standard deviation of the pressure fluctuation decreases. 

When the water was sprayed onto FCC, it was assumed that most of the water was 

absorbed into the porous FCC particles. Particle agglomeration is therefore negated and 

the effective particles diameter is unchanged. Although the particle density due to the 

absorbance of water can change the minimum fluidization velocity, the two-phase theory 

would predict that the effect would be smaller than that due to changes in the particle 

diameter. When a small amount of FCC was wetted, channels appeared and the pressure 



drop across the bed decreases. The unwetted FCC remained fluidized and the pressure 

fluctuation amplitude remained constant- 

In the experiment with FCC and polystyrene, polystyrene was used to simulate the 

formation of FCC aggregated, The standard deviation of the mixed particles decreased 

compared with that of FCC alone. It is therefore conjectured that if group A particles 

are non-porous, the standard deviation will also decreases due to bogging. 

The following summarizes the conclusions of this work. 

I) For sand, the moving standard deviation function is an effective method to detect 

bogging. The autocovariance f ic t ion can detect particle agglomeration if the 

total mass in the bed stays constant- 

2) For FCC, no method was found to detect the onset of bogging. Additional 

research should be conducted to examine the bogging behavior of these 

materials. 

3) The power spectral density function is not a usefhl method to detect bogging. 

6.2 Recommendations 

Further work is required to elucidate the agglomerative behavior of FCC in the presence 

of water. It is also recommended that future studies should be on laboratory scale fluid 



coking units to examine the agglomerative behavior of the fluid coke-bitumen systems 

to confirm that the standard deviation of the pressure signal may be used to detect the 

onset of bogging. This information would be required to implement a control system to 

detect the bogging in an industrial f l ~ d  coking unit. 
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Appendix A 

Rotameter Calibration 

4 6 8 10 

Rotameter Reading, SCFM 

Figure A Rotameter Calibration Using Bell Prover 



Appendix 13 

Needle Valve Calibration 
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Figure B Needle Valve Calibration Using Stop Watch 



Appendix C 

Cumulative Mass Fraction C w e  for DifSerent Particles 
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Figure C- 1 Cumulative Mass Fraction Curve for FCC 
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Figure C.2 Cumdative Mass Fraction Curve for Smaller Sand 
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Figure C.3 Cumulative Mass Fraction Curve for Larger Sand 
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Figure C .4 Cumulative Mass Fraction Curve for Polystyrene 




