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ABSTRACT 

The goal of this research is to determine how spectral analysis of pressure fluctuations 

can be used as a diagnostic and design tool for both bubbling fluidized beds (BFB) and 

circulating fluidized beds (CFB). Static pressure fluctuations are measured from two BFB 

models, two CFB models, and two Pyropower CFB boilers located at the ISU power 

plant/cogeneration facility. Analyzing the fluctuations using spectral analysis shows that the 

structure of pressure fluctuations is governed by multiple phenomena. Similarities and 

differences between the nature of fluctuations in bubbling, turbulent, and fast fluidization 

regimes are discussed. 

The Bode plots of pressure fluctuations under bubbling/turbulent fluidization exhibit 

the characteristics of an oscillatory second order system. This system is governed by a 

combination of voidage oscillations and surface eruptions. A theoretical model is developed 

to predict the frequency of oscillation in fluidized systems, and to explain the second order 

behavior. A comparison of pressure fluctuation behavior in two geometrically similar BFBs is 

conducted, which validates previously derived fluidized bed similitude parameters under most 

operating conditions. 

Multiple second order phenomena acting concurrently also govern CFB pressure 

fluctuations. Phenomena similar to that proposed for BFBs governs pressure fluctuations in 

the lower dense regions of the CFB. A siuface wave phenomena is hypothesized to govem 

CFB fluctuations above the lower dense bed. Similar pressure dynamics and axial voidage 

profiles are not observed when currently proposed similitude parameters are matched m two 

CFBs. By replacing the dimensionless soUds flux with a dimensionless riser loading 

parameter, this modified set of similitude parameters can be used to establish similar 

hydrodynamics in CFBs . Primarily due to the periodic operation of the coal feed system in 

the industrial scale CFB Boiler, pressure fluctuation analysis did not result in any definitive 

hydrodynamic information. 



www.manaraa.com

1 

CHAPTER 1. INTRODUCTION AND MOTIVATION 

All technology and science come about through a distinct himian activity in which the 

direction of the design or research reflect, in some way, the world view of the engineers or 

scientists involved. The dkection of technological innovation mirrors societies predominant 

world view [1-4], At the same time, the activity of technology and the products of technology 

shape our social interactions and our perceptions of the world. Technology is never neutral. 

Technology will always embody cultural ideologies while simultaneously augmenting the 

predominant systems of values and beliefs [5-9]. Understanding this symbiotic relationship 

between technology and society, it is important that the engineer attempt to recognize the 

values that motivate a project and evaluate how the end result will benefit society. 

The underlying motivation for developing fluidized bed combustion technology is 

threefold. Fluidized bed combustion can significantly reduce coal combustion emissions 

harmfiil to the environment, without the addition of expensive pollution control equipment. 

Secondly, fluidized bed combustors have unique characteristics that allow for cheaper, more 

compact construction and lower fiiel preparation costs than pulverized fuel boilers. Finally, 

fluidized bed combustors have the capability to effectively combust (or gasify) a wide variety 

of fuels fi-om solid waste to biomass. Fluidized beds provide an excellent means of converting 

waste to energy and utilizing renewable solid fuels such as biomass. Exercising a concern for 

the enviroimient, and practicing stewardship of finite energy resources are important as we 

respond to our calling as caretakers of creation. Additionally, our eflforts to promote 

economic stewardship m power plant design should be motivated by an understanding that 

engineers bear partial responsibility for providing energy to the pubUc at a justifiable and 

reasonable cost. 

Currently, there are many unanswered questions concerning the operation of fluidized 

bed processes. This study will provide a better understanding of fluidization systems by 

focusing on the nature of BFB and CFB .static pressure fluctuations. Pressure fluctuations 

provide hydrodynamic information on how the fluidized bed is operating, and can be used as 
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an easy to implement diagnostic tool in the hot reactive environment of fluidized bed 

combustors. Secondly, since pressure fluctuations provide important hydrodynamic 

niformation about the fluidized system, the analysis of pressure fluctuations can provide a 

dependent parameter for validating similitude relations m fluidized beds. The design of 

industrial scale fluidized bed combustors would be aided by the development of a valid set of 

dimensionless parameters that describes fluidization. 

Measurements of static pressure fluctuations are commonly used to characterize flow 

regimes in fluidized beds. For example, probability density fimctions and power spectral 

density functions of pressure fluctuations have previously been employed as dependent 

parameters in similitude studies of BFB and CFB scale models [10-15]. Analysis of pressure 

fluctuations has also been the basis for claims that fluidized beds are chaotic hydrodynamic 

systems [16-21], However, the origin of these pressure fluctuations has never been fiiUy 

explained. Until a mechanistic model for this phenomenon is estabUshed, the useiuhess of 

pressure measurements in describing CFB hydrodynamics is problematic. The goal of this 

research is to first relate these pressure fluctuations to fundamental physical processes in the 

bed. Using spectral analysis, a linear model of the system can be estimated that characterizes 

the multiple phenomena observed in bubbling fluidized bed models and in the upper and lower 

regions of a cold-flow CFB riser. Both mechanistic models and qualitative system 

descriptions are proposed to explain the pressure dynamics. From this understanding of the 

phenomena governing pressure fluctuation in fluidized beds, experiments are conducted to 

determine if pressure fluctuations verify the validity of previously proposed BFB and CFB 

similitude parameters. 



www.manaraa.com

J 

CHAPTER 2. FLUIDIZATION BACKGROUND 

Definitions and Regime Descriptions 

Fluidization occurs when a fluid flows up through a bed of particles. This process gets 

its name from its ability to transform the bed into a fluid-like gas-solid suspension. This 

suspension has many of the same properties that we associate with liquids, fii fluidized beds, 

as shown in Figure 2.1, light objects will float, the upper bed surface will remain horizontal 

the bed can "leak" out of containment, and the bed will produce a hydrostatic head that 

depends on the weight of the bed. The onset of this suspension is a result of the balancing of 

gravitational and drag forces on the particles. 

The establishment of fluidization provides a number of unique characteristics. Of 

particular interest to the engineer is the excellent gas-solid contacting and gas-solid mixing 

associated with fluidization. In addition to these hydrod^Tiamic advantages, the heat transfer 

rates both within the bed and from the bed to any immersed surface are also very high. These 

high heat transfer coefficients are primarily due to the large bed surface area exposed to the 

fluidizing gas, allowing the bed to maintain excellent temperature uniformity. The enhanced 

bed-to-surface heat transfer coeflBcients allow for smaller heat exchangers and better control 

of the reactor temperature. Because of these characteristics, fluidized beds are usefiil for a 

number of chemical engineering processes such as gasification, synthesis reactions, fluid 

catalytic cracking, solids drying, and industrial coating methods as described in detail by 

Kunni [24]. Recent interest has also increased in the use of fluidized beds for a variety of 

combustion applications with an emphasis on solid fliels such as coal. 

Fluidization can be categorized by a number of regimes which are flmctions of the fluid 

velocity (superficial velocity), as illustrated m Figure 2.2. As the superficial velocity is slowly 

increased through a fixed bed, the pressure drop will increase linearly until the bed reaches a 

state of minimum fluidization typically accompanied by some degree of bed expansion as 

shown in Figure 2.2b. This point of mcipient or rriTnimiim fluidization is defined as the point 

at which the gravitational force balances the drag force on the particles. At this point, the 
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pressure drop across any section of the bed nearly equals the weight of the particles within 

that section for gas fliudization. Increasing the superficial velocity beyond the state of 

miniTniim fluidi22tion will not significantly change the average pressure drop in a section fi'om 

this incipient value. In gas fiuidization, the increase of superficial velocity beyond the point of 

minimiim fiuidization will cause the bed to either channel expand, or begin to bubble. Bed 

behavior at this incipient state is the basis for characterization of fluidized particles. 

Geldart's classification of fluidized particles into four groups (A, B, C, and D) based 

on particle size, particle density, and the fluidizing gas density is shown in Figure 2.3. Group 

C particles are very fine particles that are generally cohesive and very di£5cult to fluidize. In 

many cases, rather than fluidizing the bed, the gas will create vertical jets above the distributor 

or will tend to develop channels through group C particles. With an increase in superficial 

velocity, a bed of group A particles expands significantly before the bed reaches a more 

unstable bubbling regime. In contrast, a bed of group B particles will typically start bubbling 

immediately afiier minimum fiuidization is reached and will not result in a bed expansion. 

Large group D particles exhibit a spouting behavior in fluidization which for most applications 

is not advantageous. Figure 2.4 shows some of these characteristics of bed behavior that may 

occur after minimum fiuidization. 

The bubbling regime, illustrated in Figure 2.2d, is observed umnediately following 

minimum fluidization for type B particles,. The magnitude of static pressure fluctuations in 

the bubbling regime increase significantly compared to conditions of smooth fiuidization, as 

illustrated by Figure 2.2c. As the height of the bed increases, bubbles will grow larger as they 

rise to the upper bed surface due to bubble coalescence. As the superficial velocity is 

increased, this coalescence may increase until a bubble extends across the entire cross-section 

of the bed. This creates a single periodic disruption of the bed surface rather than a boiling 

motion across the surface. This stage of fluidization is called slugging (Figures 2.2e and 2.2f). 

For larger particles and higher flow velocities, a portion of the bed above a large bubble will 

lift up in a piston-like manner. This flat-slug behavior comprises a highly unstable osciliatcry 

motion in the bed. 
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At gas flow rates approaching the terminal velocity of the particles, bubbling and 

slugging phenomena disappear and a turbulent bed appears as illustrated in Figme 2.2g. 

Irregular voids and solid clusters violently mix in this regime, while finer particles may become 

entrained in the gas flow, leaving the bed surfece. The upper surface of a turbulent bed is not 

well defined. Increasing the flow fiuther for group A or B particles, a large percentage of 

particles become entrained in the flow and elutriate fi-om the bed. Under these conditions, the 

bed can be described by one of two regimes depending on the solids loading. With a small 

concentration of particles in the bed, the velocity of the mdividual particles will be nearly 

equal to the difference between the single particle terminal velocity and the superficial 

velocity. This mode of fluidization is termed pneumatic transport (Figure 2.2h). If the solids 

loading is increased under these high velocity conditions, the particles will continuously form 

clusters or loose agglomerates in which single particles will remain inside the wake of 

preceding particles [26]. This group of fluidized particles has a higher terminal velocity, thus 

mcreasing the particle residence time within the bed. This fluidization regime is known as fast 

fluidization. which is the normal operating regime for circulating fluidized beds. A plot of the 

dimensionless velocity versus the dimensionless particle diameter, illustrated in Figure 2.5. 

provides an approximate description of these fluidization regimes. In Figure 2.5: 

A means of collecting' the elutriated particles and returning them to the bed for 

recirculation is necessary for circulating fluidized bed operation. The primary components of 

a CFB are the riser, the gas-solid separator, the downcomer or standpipe, and a means of 

transferring particles in the standpipe back into the riser. Most methods to remove entrained 

particles fi-om the gas flow of a circulating fluidized bed utilize some type of cyclone or other 

inertial separator. The sohds recycle device is typically a non-mechanical valve system such as 

3 

Circulating Fluidized Beds 
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a L-valve, V-valve, J-vaive, loop seal, or pot seal device. Solids recycle and solids separation 

devices are described in detail by Basu [26], As in bubbling fluidized beds, there are many 

chemical conversion appUcations of circulating fluidized beds. Of growing interest is the 

utilization of circulating fluidized beds for combustion and gasification. Circulating fluidized 

bed boilers in coal based power production are becoming a viable alternative to conventional 

stoker and pulverized boilers as a result of strict environmental regulations. 

Circulating fluidized bed boilers have a nimiber of advantages as summarized by Basu 

[26]. The first advantage considered by Basu is fiiel flexibiUty. The soUd fiiel in a CFB boiler 

is typically a small fi-action of the total solids concentration in the bed. As long as the bed can 

be sustained at a temperature higher than the ignition temperature of the fiiel, the addition of 

the solid fiiel will not decrease the temperature of the bed. The solid fiiel will almost 

instantaneously reach its ignition temperature due to excellent mixing and heat transfer. Any 

fuel that has a heating value sufficient to raise the fluidiziu^ air and the solid fuel above its 

ignition temperature could be used in a CFB without a secondary fiiel or additional 

modifications. CFB boilers have a higher combustion efiBciency than many conventional and 

bubbling fluidized bed combustors. This is due to higher burning rates, better gas-solids 

mixing, and the ability to recycle unbumed carbon particles back into combustor. Typically a 

CFB boUer will combust 97 to 99 percent of the fuels carbon content. The eflBcient reduction 

of sulfiir dioxide emissions is also a characteristic of CFB boilers. Conventional boilers 

require addition of wet scrubbers to react with the SO, in the combustion gases. Fluidized 

bed combustors allow the introduction of dry sorbent for the removal of sulfur dioxide. Sulfur 

removal rates of up to 90% can be achieved in fluidized beds. To achieve this rate, bubbling 

beds require twice as much calcium sorbent as circulating fluidized beds, since finer particles 

can be eflfectively utilized m a CFB [27]. NO^ emissions are also kept low in CFB 

combustors due to relatively low bed temperatures (800 - 900 C) that remain below the 

temperature at which combustion air is oxidized. Good load-turndown and load-following 

capabilities in circulating fluidized beds along with excellent heat transfer coefficients (CFB: 

200-250 W/m^K, BFB: 300-500 W/m^K) are additional advantages of fluidized bed 
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combustors [28], A comparison of coal-based boilers is shown in Table 2.1. There are also 

alternative conceptual methods of complex cycles that combine CFB combustion and CFB 

gasification in a power production process which could theoretically yield overall eflBciencies 

greater than 50% [29], 

Table 2.1: Comparison of coal based boilers [19] 

Characteristics: Stoker 

Height of burning zone 0.2 

Superficial velocity (m/s) 1.2 

Excess air (%) 20-30 

Heat release rate (MW/m^) 0.5-1.5 

Coal size (mm) 6-32 

Tum down ratio 4:1 

Combustion efficiency (%) 85-90 

NOx emission (ppm) 400-600 

SO, capture in fiimace (%) none 

Bubbling Circulating Pulverized 

1-2 15-40 27-45 

1.5-2.5 4-8 4-6 

20-25 10-20 15-30 

0.5-1.5 3-5 4-6 

0-6 0-6 <0.0001 

3:1 3-4:1 

90-96 95-99 99 

300-400 50-200 400-600 

80-90 80-90 small 

Circulating Fluidized Bed Hydrodynamics 

As discussed previously, increasing the superficial velocity in a fiuidized bed system so 

that it reaches the terminal velocity of the particles results in particle elutriation. With 

sufficient solids loading at this increased velocity, the bed does not behave as expected. For a 

single particle in a gas flow, an mcrease in the superficial velocity beyond its terminal velocity 

should equal the increase in the particle velocity. This behavior does not occur in fast 

fluidization since groups of particles are able to sustain a terminal velocity higher than that of 

individual particles. The concept of slip velocity is another way to present this important 
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characteristic of fast fluidization. The slip velocity is the local velocity of the gas relative to 

the particle. It is defined as: 

UsUp = U/8-Us (2.1) 

where U is the superficial velocity of the gas, s is the voidage, and Ug is the mean solids 

velocity. The mean solid velocity can be calculated fi'om the mean solids concentration m the 

riser, pgc, and the solids flux, G: 

U s  =  G / p g c  ( 2 . 2 )  

Fluidization regimes can be qualitatively described in terms of their slip velocities as is shown 

in Figure 2.7 [30]. 

For a constant solids loading, fast fluidization is bounded by the transition to 

pneumatic transport and the transition to a turbulent bed (choking) as described by Takeuchi 

Transport 

"riser" reactor 

Slip velocity 

Fast fluidized bed 

Turbulent 
fluidized 

bed 

Transport 
velocity 

Transition to 

turbulent 

fluidization 

Bubbling 

fluidized 

bed 

1 - € ,  mf 

Figure 2.7: The relationship between slip velocity and fluidization regimes [30] 
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[31] and illustrated in Figure 2.8. The distinction between the pneumatic transport and &st 

fluidization regimes can be qualitatively described by changes in the static pressure. If the 

CFB is held at a given solids loading, the bed can maintain pneumatic transport at a 

significantly high superficial velocity. As this superficial velocity is decreased, the static 

pressure drop across a section of the riser will also decrease due to fiictional eflFects. just as 

the longitudinal pressure drop decreases in a water pipe with a decrease m fluid velocity. If 

the superficial velocity is further reduced at constant solids loading, the solids suspended in 

the bed will increase and the pressure drop of a section will also increase due to the static head 

of the particles (the weight of the particles between pressiu-e taps). As defined by Reddy-

Karri and Knowkon. this point at which the pressure drop across a section of the bed begins 

to increase with decreasing superficial velocity is the point that distinguishes fast fluidization 

fi-om pneumatic transport [32]. Decreasing the superficial velocity even fiirther at this 

constant solids feeds rate, a very steep rise in the pressure drop across a lower section will 

occur once the velocity is no longer sufficient to carry the solids up the column. This point is 

the onset of choking. At this transition, the bed will either change to a slugging bed (in small 

diameter beds) or a turbulent bed. This change produces an increase in the magnitude of the 

pressure fluctuations. 

The hydrodynamics of a CFB operating under fast fluidization are very complex and 

not fiilly understood. It is common for researchers to describe the circulating bed in two 

parts: a dense lower section and an upper dilute phase. This distinction has been verified by 

researchers who have studied axial density or voidage distributions [24, 33], Figure 2.9 

shows the axial density profiles for a variety of fluidized beds. In the lower dense phase, the 

bed operates in a regime similar to the turbulent regime. Some researchers have even 

compared the lower CFB to a bubblmg bed. From visual observation of the cold laboratory 

scale circulating fluidized beds, the lower regions appear turbulent with random sheets and 

particle packets mixing violently, with no evidence of distinct bubble formations. Only under 

conditions of high solids loading can non-homogeneous upward moving air pockets be 

observed in the lower riser. Some researchers, such as Werther [34], claim that the lower 
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bed in a fiiU-scale CFB does not change from a bubbling regime to a turbulent regime. 

Werther claims that the existence of the turbulent regime as observed in pressiu'e fluctuation 

records is a characteristic of small-scale models only. He cites a number of researchers who 

have characterized the lower CFB in terms of bubble properties using pressure fluctuation 

data and optical probe signals. 

The upper dilute region is seen to operate m a much smoother and consistent manner. 

Researchers such as Bader. Findlay, and Knowkon [35] claim that this dilute region contains 

two phases, namely, a dilute core and a dense annulus. They have verified this distinction by 

measuring radial density profiles in this CFB region. Observation of an upper section of a 

CFB model shows that solids travel up m the dilute phase and down in a relatively thin 

annulus at the wall. Further observation shows this upper bed moving in a oscillating manner, 

as particle clusters break up, drop down the annulus. and reform in the core. Parabolic radial 

distributions of the solids density in this dilute region, with the highest solids concentration at 

the wall have been observed by a number of researchers [36-38], While the radial density has 

been shown to vary significantly fi-om the center of the bed to the wall, the radial pressure 

distribution has been shown by Weinstein and Chen [39] to exhibit a more constant gradient. 

In their study, the pressure at the wall is at most only 0.5 inches of ItO (120 Pa) different 

from the pressure in the center of the bed. Due to the ease of obtaining the static pressure 

measurement at the wall most work assumes the fluctuations at this location to be 

characteristic of the overall hydrodynamics. 
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CHAPTERS. LITERATURE REVIEW; 

PRESSURE FLUCTUATIONS IN FLUIDIZED BEDS 

In addition to cliaracterizing fluidized bed hydrodynamics by changes in static pressure 

drop across the bed, fluidized beds can also be characterized by changes m the relative 

magnitude of the pressure fluctuations. At a constant superficial velocity, the static pressure 

drop across a fixed bed will remain constant with very little variation. Static pressure 

fluctuations begin to appear at the onset of fluidization. The transition fi-om the bubbling 

regime to the turbulent regime is characterized by an increase in the magnitude of the pressure 

fluctuations. The static pressure variation during this transition to the turbulent regime is 

typically larger than any other regime of tioidization [26]. Changing fi'om a turbulent bed to 

fast fluidization will result in a decrease in the amplitude of the pressure fluctuations. Data 

presented by Yerushahni [30] in Figure 3.1 shows this phenomena for various particle types. 

These fluctuations continue to decrease as the bed approaches pneumatic transport. Many 

studies have attempted to fiirther relate the pressure fluctuations to features of fluidization 

hydrodynamics. A large amount of research has focused on the fluctuations of bubbling 

fluidized beds. 

Pressure Fluctuations in Bubbling Beds 

Bubblmg fluidized beds were developed industrially before a complete description of 

their governing mechanisms was developed. Determming the operating conditions necessary 

for good fluidization was usuaUy done by a combination of visual observation and trial and 

error. The need for better techniques for determining "fluidization quality" led to research on 

bubbling bed pressure fluctuations. Early researchers used techniques that measiu-ed changes 

in the local solids density of the bed. These measiued fluctuations were believed to appear 

due to the random propagation of bubbles. Fluctuations in the local bed voidage were sensed 

by "capacitance probes" measuring changes in the dielectric constant of bed material between 

probe plates [40]. Probes that sensed the magnitude of the particle impacts were also used 
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[41]. In both studies it was necessary to disturb the bed flow in order to record bed 

fluctuations. 

Shuster and Kisliak were among the first to proposed the use of static pressure 

fluctuation measurements as an indicator of "fluidization quality" [42]. By measuring the 

static pressure fluctuations at the walL, any flow disturbances arising uoiii an immersed probe 

were eliminated. These researchers constructed a strain gage pressure recorder for measuring 

differential pressure fluctuations at any height in the bed with respect to the plenum, hi each 

of these studies the overall quality of fluidization was related to the magnitude of these 

fluctuations and quantified by a fluidization index. The fluidization index is the ratio of the 

fluctuation magnitude to the fluctuation fi-equency. Good fluidization is achieved when this 

index is kept small (i.e. low fi-equency fluctuations of low amplitude). While providing a 

general indicator of fluidization quality, Shuster does not attempt to explain the processes that 

govern pressure fluctuations in fluidized beds. 

Subsequent studies by several other researchers attempted to correlate pressure 

fluctuations to bubble properties. These studies were motivated by the work of Davidson, 

who proposed a theoretical model for the propagation of a single bubble in a fluidized bed. 

This work described the pressure field that surrounds a bubble [43]. In a related study, Rueter 

experimentally measured the pressure field of a single bubble [44]. Researchers such as 

Tamarin and Wmter assumed the fi-equency of the static pressure fluctuations in fluidized beds 

to originate fi-om bubble propagation. The characteristic low fi-equency (less than 10 Hz) of 

bubble phenomena is used by Tamarin to define a modified Froude number. He used this 

number to develop an empirical relationship to quantify bubbling bed hydrodynamics [45]. 

Winter utilized the probability density flmction of the pressure fluctuation signal to 

characterize overall bed hydrodjuamics [46]. 

Kang [47] was one of the first to use spectral analysis tools, such as the power spectral 

density function, to analyze bubbling bed pressure fluctuations. Lirag [48] extended this 

analysis by utilizing not only the power spectral density, but also the auto-correlation, and 

cross-correlation functions to analyze fluctuations in bubbling beds. Lirag used these tools to 
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develop relationships for the average bubble size and bed height as fiinctions of the pressure 

fluctuation frequency. He concluded that pressure fluctuations are caused by bed height 

fluctuations resulting from the eruption of bubbles at the bed surface. He clearly showed that 

pressure fluctuations in bubbling fluidized beds are periodic. Sitnai [49] conjBrmed Lirag's 

results with further research that related the pressure fluctuation signal to important bubble 

properties. In similar work. Fan. Ho. and Walawender [50,51] investigated pressure 

fluctuations using both statistical and spectral methods. They concluded that pressure 

fluctuations are solely due to bubbles. They related bubble propagation and pressure waves to 

the pressure fluctuations. To date, one of the most extensive studies on the behavior of 

pressure fluctuations in fluidized bed systems is by Dhodapkar and Klin zing [52]. While this 

study describes the eflfect of particle size, particle density, bed height, bed diameter, superficial 

velocity, and the location of the pressure taps on the dominant frequencies, it does not 

propose an explanation of pressure tliictuations. 

Until the recent work completed by Kage et al. [53], researchers neglected the 

complexity of the frequency spectrum and have tried to relate a single phenomenon to the 

dominant frequencies obsen'ed. Kage et al., study pressure fluctuations in the plenum of a 

bubbling bed. They observe multiple frequency phenomena and relate the numerous dominant 

frequencies to the natural frequency of the entire bed, the bubble generation frequency, and 

the bubble eruption frequency at the bed surface. While this study is the first to address the 

issue of multiple frequency phenomena, the study is lacking the broad range of spectral data 

needed to adequately support their physical explanations of fluidization frequency phenomena. 

While most bubbUng bed studies have assumed pressure fluctuations to be the 

manifestation of a local phenomena (i.e. the propagation of bubbles past the measurement 

instrument) periodic phenomena have also been observed m non-bubbling fluidization systems. 

Researchers such as Hiby and Verloop studied pressure fluctuations in mcipiently fluidized 

beds [54.55]. To maintain a homogeneous (non-bubbling) bed, the bed must be shallow and 

have a height less than the critical length proposed by Verloop. Under this homogeneous 

condition, periodic pressure fluctuations can occur as the entire bed oscillates in phase. This 
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periodic phenomena is attributed to the system establishing an equilibrium between the 

gravitational and the fiictional forces on the particles. In a similar study, it has been shown by 

Roy and Davidson [56] that compression waves are observed in deep mcipiently fluidized 

beds. These waves are similar to the acoustical waves generated in an organ pipe. These 

wave phenomena studies consider pressure fluctuations to be a global phenomena. 

It is evident from the literature reviewed that there is no consensus as to the origin of 

pressiu-e fluctuations in fluidized beds. Roy and Davidson [56] provide an excellent sunmiary 

of the proposed theories by grouping the theories into the five categories below: 

1) Entire incipiently fluidized bed oscillates in phase [54,55] 

2) Vertical oscillations observed in fluidized beds with low resistance 

distributors [57,58] 

3) Oscillations ofbed surface analogous to surface water waves [59.60] 

4) Fluctuations caused by bubbles rising past a pressure probe [51] 

5) Fluctuations caused by a slugging frequency that periodically lifts the 

surface of the fluidized bed [61,62] 

In this outline, only 1) and 3) are unportant for this study. Phenomena 2) is not 

observed in our work since high resistance distributor plates are used. Phenomena 4) and 5) 

are not dealt with in this study since our research has indicated that fluctuations are due to a 

global phenomena. As discussed previously, Hiby [54] and Verloop [55] propose essentially 

the same global mechanism although their derivations differ slightly. While Verloop maintains 

that the entire incipiently fluidized bed oscillates in phase, Hiby proposes a system of 

oscillating layers being "pulled into time." The changes in bed voidage as the bed expands and 

returns to its initial position result in the fluctuations of static pressure drop across the bed. 

While Verloop focuses on shallow incipiently fluidized beds, Hiby speculates that bubble 

production may coincide with these voidage oscillations of a BFB. 

Baskakov [60] takes a different approach to fluidized bed dynamics. He proposes a 

direct analogy between fluidized bed dynamics and a hydraulic pendulum (i.e. U-tube 

manometer). For Baskakov, the changes in voidage (or pressure) are due to changes in the 
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height of the surface caused by the rise of a single large bubble. As the bubble rises through 

the bed, it carries along particles, causing the bed surface to rise. The solids return downward 

along the sides of the bed to restore the bed to its equilibrium condition. This cyclic 

movement of solids up the center of the bed via bubbles and back down the sides via annular 

flow constitutes Baskakov's oscillatory pendulum. The primary weakness of Baskakov's 

theory lies in the validity of the hydraulic pendulum analogy. The simplifying assumptions that 

go into this analogy are not convincing. The relationship between unbalanced forces in a U-

tube and the undulating surface of a fluidized bed is not made explicit. 

Noting the many liquid-like characteristics of fluidized beds. Sun et. al [59] propose 

that surface waves, analogous to surface waves in water, govem fluctuations in fluidized bed 

systems. In this theory, it is necessary to have an estimate of the wave length (A.). Sun 

assumes the bubble size at the surface determines the wavelength. For deep beds, the bubble 

size approaches the diameter of the bed and the wavelength is defined by the bed diameter. 

The use of bubble diameter to determine wavelength raises numerous questions as to how 

such a surface wave can be sustained amidst random bubble eruptions at the surface. Not all 

experimental data agrees well with Sun's hypothesis. 

The relations derived for the fluctuation fi"equency of the bed proposed by the authors 

above are simimarized below: 

Hiby(1967) (3.1) 

Verloop(1974) (3.2) 

Baskakov (1986) (3.3) 

Sun(1988) (3.4) 
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Using BFB pressure fluctuations to verify hydrodyriamic similitude 

While pressure fluctuations in bubbling beds have been used to characterize 

fluidization quality, bubble properties, and wave phenomena, only recently have they been 

used in similitude and scale-up studies. Glicksman [14,63] derives a set of dimensionless 

parameters for fluidization from non-dimensionalized equations of motion and the 

Buckingham Pi theorem. Most researchers have attempted to verify the validity of these 

parameters by comparing pressure fluctuations after matching dimensionless parameters in 

two geometrically similar beds of dififerent scales. Many compare the autocorrelation, power 

spectral density, and probability density functions of the pressure fluctuations in both beds 

under conditions of similitude. If these statistical and spectral profiles match, it is assumed 

that the appropriate dimensionless parameters have been used [63-66]. In bubbling beds, use 

of pressure fluctuations to validate hydrodynamic similitude has been justified on the grounds 

that bubble phenomena are a fimction of the hydrodynamic conditions in the bed. However, 

many of these previous studies have either used an inadequate method of analysis, or have 

oversimplified the observed dynamics by trying to characterize fiuidized bed dynamics with a 

single fi-equency. 

Pressure Fluctuations in Circulating Fiuidized Beds 

In contrast to the wealth of research dealing with the pressure fluctuations in bubbling 

beds, only recently have pressure fluctuations in circulating fluidized beds been studied. 

Schnitzlein and Weinstein [67] use the probabiUty density fimction to distinguish between the 

dilute and dense regions in the circulating fluidized bed. They also utilize a cross-correlation 

fimction to determine the pressiue wave speed in the dense region of the bed. In this work, 

the wave speed was recorded as the superficial velocity was increased. This wave speed was 

then related to the bubble or slug velocity. In the turbulent and fast fluidization regimes, this 

wave speed no longer varied with superficial velocity. 

Currently there is no adequate explanation for the origin of pressure fluctuations in 

circulating fluidized beds. Some research has been done in an attempt to describe pressure 
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fluctuations as chaotic systems [16-21]. Others have applied spectral analysis methods to 

characterize CFB hydrodynamics [13,15,68-72], These studies have noted dominant 

frequencies in these pressure fluctuations but have been unable to relate these frequencies to a 

governing phenomena m circulating fluidized beds. Some of these studies have produced 

inconsistent results due to improper appUcation of spectral analysis techniques. 

Using CFB pressure fluctuations to verify hydrodynamic similitude 

Increasing use of industrial circulating fluidized bed combustors has led researchers to 

work on the relationships needed for proper scale-up. Glicksinan extended his development 

of similitude parameters for bubbling fluidized beds to circulating fluidized beds [68]. In this 

work, the profiles of the power spectral density, probability density fimction, and axial density 

distribution were compared in runs imder conditions of similitude [11,68-70]. In a related 

scale-up study, Louge [12] presented a similar set of dimensionless parameters and utilizes a 

probability density fimction of dimensionless pressure to verify that similitude had been 

achieved. All these similitude studies have assumed that periodic pressure fluctuations 

characterize the overall bed hydrodynamics. However, it has never been explained why 

pressure fluctuations should correlate with the hydrodynamic state of the system. To date, no 

research has been published that definitively validates the CFB similitude parameters proposed 

by Glicksman. 

An important objective of this research is to qualitatively describe the physical 

processes that govern static pressure fluctuations in circulating fluidized beds using properly 

applied spectral analysis. The phenomena governing fluctuations in fluidized bed systems 

must first be understood before pressure fluctuations can be used to validate similitude 

parameters in bubbling and circulating fluidized beds. 
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CHAPTER 4. METHODS OF ANALYSIS 

Statistical Methods 

A variety of statistical and spectral techniques have been used to analyze pressure 

fluctuations. Early researchers simply used mean and variance to describe fluctuation signals. 

Others have used the probability density function, which provides a more descriptive 

representation of the variation (or spread) of the signal from its most probable values. The 

probability density function is estimated for finite data sets as a histogram. A histogram plots 

how often the signal yields a value between a given range for all signal values. For a more 

complete presentation of probability theory and the probability density function, see Jenkins 

and Watts [73]. 

Both the probability density function and mean/standard deviation methods are 

statistical approaches which present similar information. Both methods are the primary tools 

of analysis for purely random signals. For periodic signals, spectral analysis methods provide 

a more complete description of the structure of a correlated signal. 

Spectral Analysis Methods 

Correlation fimctions are used frequently to characterize periodic signals. A 

correlation function is described by considering two signal realizations as fimctions of tune. 

Assuming two fimctions x(t) and y(t) which are sampled such that x^, and y^, occur 

simultaneously from m = 0 to m = N (total number of data points), the discrete correlation 

fimction is: 

(4.1) 
• " M 

This value represents the correlation at the discrete point m. It is evident that for two zero-

mean signals, the correlation will be the greatest if the signals are identical. For two dissimilar 

signals, the sum of the products will be smaller since some are positive and some will be 

negative. 
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Just as correlation can be applied to two different signals, correlation can also be 

performed on a single signal. TTiis analysis is termed the autocorrelation. Autocorrelation is a 

method of determining the periodicity of a signal by correlating the function value y(t) to a 

subsequent fimction value y(t + x). The auto-correlation fimction can then be calculated as a 

function of the time shift t. The autocorrelation function, Ryy(T), of a continuous system is 

defined as the average product of the signal value and its time shifted value and can be 

represented by: 

1 r"-
/?„.(r)= Im-f y i t ) - y ( t - ¥ r )d t  (4.2) 

r-*«o y J-r/2 

where T is the total length of the time record. For a sainpled data set the discrete 

representation is: 

( r )  =  l im  I X-V". (4.3) 

where k is an index, such that x„, and are separated by k-T seconds, with T being the total 

sampling time. The auto-correlation fimction is symmetric about i - 0 with a maximum 

always at this point. Purely random or white noise signals will yield an autocorrelation 

fimction with a sharp peak only at zero since they exhibit no correlation at any other point. 

The power spectral density (PSD) fimction is defined as the Fourier transform of the 

autocorrelation fimction. It is the equivalent of the autocorrelation fimction in the firequency 

domain. For a stationary process, m which the probability density fimctions are invariant with 

time, the power spectral density, Syy(i(o), can be related to the autocorrelation fimction by the 

Weiner-Khinchin relation; 

S^^{ i co )  = (r)} = £ R „(r )  • (4.4) 

with (0 representing the angular fi-equency in radians per second. In many cases, instead of the 

autocorrelation funaion, only a finite zero-mean data set, T, is available. An estimate of the 

PSD can be obtained fi-om the following relationship: 

(4.5) 
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where 

y^|3(M0)r} (4-6) 

is known as the periodogram and E is the expected value operator. The estimated PSD 

fimction is equal to the average periodogram. Ignoring this expected value operator in the 

definition of the PSD can produced mconclusive results. To calculate a PSD, the Fourier 

transform of the time domain signal must be obtained. As a continuous fimction. the Fourier 

transform is defined as: 

3{j(0} = £l.y(0 (4.7) 

For a sampled data set, a very eflScient means of computing the discrete Fourier transform is 

through the use of the FFT (fast Fourier transform) algorithm; 

FFnn) = '^y{k)-e~^ (4.8) 
*=0 

for N data points where n = 0, 1, 2 .... N-1. The FFT can be used, provided that N = 2" 

where m is an mteger greater than one. Many computational packages such as Matlab. 

Mathcad, and Mathematica, have built in FFT algorithms. In short, a power spectral density 

periodogram can be calculated as; 

1 1 
PSD{ n)  =  —E\^FFI{n ) [ \  =  ̂ E [F F nn)  •  FFT*{n ) ]  (4.9) 

Where FFT*(n) denotes the complex conjugate of the FFT(n). The PSD will represent the 

fi-equency spectrum fi'om zero to N/2. The variable n can be converted to a fi-equency in 

Hertz by dividmg by the number of samples and multiplying by the sampling fi'equency. While 

the autocorrelation can determine whether a signal is periodic, the power spectral density 

function will provide a better description of the dominant fi'equency or fi'equencies of the 

periodic components. For a complete derivation of correlation and spectral relations see Lynn 

and Komo [22,23]. 
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System Identification Methods 

While the auto-correlation fiinction and tlie PSD function have many applications in 

characterizing periodic systems, these techniques find an extended application in system 

identification studies. Linear systems can be described in the firequency domain by a transfer 

flmction. Knowledge of the output and the input signals will provide the transfer function for 

a given system. The transfer flmction, H(s), of a linear system will be described with input 

X(s) and output Y(s). The relationship between the system transfer function and the power 

spectral density fimction of the output is shown in equation 4.10: 

S ^ . { s )  =  \ H ( s f - S ^ ( s )  (4.10) 

where s = i co. For a white noise input S-^s) = where a is the statistical variance in the 

input signal. The relationship between the PSD and the transfer function for a white noise 

input is simply: 

5:vy(5) = |//(5)|'-cr- (4.11) 

System transfer fimctions can be represented as Bode plots, which are a convenient 

graphical means of determining the order and time constants of systems [74.75]. The Bode 

plot is created by plotting 20-Iog |H(s)| (decibels) versus the log of the angular fi-equency 

(radians/second). The asymptotic slopes of the plot at -20 dB/decade intervals indicate the 

system order, while the intersection of asymptotes denote the characteristic system time 

constants. From the above definition of the Bode plot and equation 4.11, the Bode plot for a 

system with a white noise input can be defined in terms of the PSD. By simple algebraic 

manipulation the relationship is: 

20 •log|//(5)| = 10-log(iSxv(5))-20-logcr (4.12) 

Knowledge of the natme of the input signal is not necessary for defining the profile of 

the Bode plot since changes in the variance of the input signal correspond only to a gain m the 

fi-equency response plot. The analysis of systems with white noise input is presented by Lynn 

and Komo [22,23]. 
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To better understand how Bode plots describe linear systems and to demonstrate the 

experimental approach of this study, consider a simple first order system in the time domain 

which can be represented as follows: 

+ = (4.13) 
dt 

where u(t) = 5(t), the unit impulse or Dirac delta fimction. This differential equation has the 

following exponential solution: 

v(0 = e'*' (4.14) 

as shown in Figure 4.1 where k is arbitrarily assigned a value of 5 s*'. Moving firom the time 

domain to the fi'equency domain using the Laplace transform, this exponential response to an 

impulse forcing fimction is represented by the following transfer fimction: 

H(ico) = —5— (4.15) 

k 

As a Bode plot presented as 20 log |H(i(B)|, this first order system assumes the profile 

of Figure 4.2. The nvo important system characteristics can be determined fi-om this plot. 

First, the plot has an asymptotic slope of -20 dB per decade indicative of a first order system 

Secondly, the 0 dB per decade and the -20 dB per decade asymptotes intersect at the 

characteristic time constant k. Higher order systems would roll-oflf at -40 dB, -60 dB. and -80 

dB per decade for second, third, and fourth order systems respectively. 

The experimental approach of this study can be demonstrated using this same first 

order system example. Using a Matlab simulation, a randomly generated signal (white noise) 

is used as the system input. The corresponding output is shown in Figure 4.3. Taking the 

FFT of this signal and multiplying by its complex conjugate, a single PSD periodogram can be 

produced. This single PSD periodogram is presented as a Bode plot in Figure 4.4. It is 

evident that no definitive system information can be gained fi-om the spectral analysis of this 

single realization. In order to observe the important system hiformation, adequate realization 

averaging is a necessity. Averaging eight realizations fi-om this same first order system and 

averaging the PSD periodograms results in the Bode plot shown in Fig. 4.5. Although lacking 
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the clarity that would result from averaging additional realizations, the characteristic slope of -

20 dB per decade is evident in this Bode plot, along with the cornering frequency of 5 s*'. 

The importance of signal averaging and adequate sampling times when analyzing 

pressure fluctuations in fluidized bed systems cannot be overemphasized. Without signal 

averaging, system characteristics cannot be accurately estimated from the resulting spectrum. 

If the sampling frequency is too high and the time period not long enough, there will be too 

few data points to represent low frequency phenomena on the Bode plots. An example of the 

inconclusive results that can result when these two analysis guidelines are not observed is 

shown in Figures 4.6 and 4.7. Using only 1024 data points sampled at 100 Hz and averaging 

only 4 sets of 256 point realizations as other researchers have done. Figure 4.6 compares the 

Bode plots of two diflFerent runs in the same CFB under identical operating conditions 

(similitude). Figure 4.7 compares the Bode plots of the same CFB under two completely 

different modes of operation (non-similitude). By using this insufScient method of analysis, 

no conclusions can be drawn from similitude studies, since it is evident that the Bode plots 

yield nearly identical profiles under all operating conditions. None of the important low 

frequency CFB characteristics can be distmguished in these Bode plots. In the chapters 

following, it will be apparent that the structure of pressure fluctuations is significantly different 

under the two different conditions described in Figure 4.7. 

In this study of the CFB hydrodynamic system, pressure fluctuations are assumed to be 

correlated noise arising from white noise input to the system. The origin of this white noise 

might be random pressure perturbations as air flows through the distributor. Pressure 

fluctuations between selected pairs of pressure taps were typically recorded at sampling 

frequencies of 20 Hz for CFBs (40 Hz for BFBs) to obtain 70,000 data points for each run. 

This sampling rate provided the frequency response information in the range 0-10 Hertz. 

Computer memory constraints on both the analysis program and data acquisition system 

limited the total number of data points that could be taken each nm. Data was analyzed by 

dividing the data set into 15 realizations and taking the FFT of each realization. The PSD 

periodogram for each segment was found from the product of the FFT and its complex 
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conjugate. These 15 periodograms were averaged to create a smooth characteristic PSD for 

the run. A Bode plot is produced from this PSD. 

The use of Bode plots in combination with the PSD fiinctions has two advantages in 

this study. While underdamped frequencies are more accurately determine quantitatively on 

the non-log scale of the PSD, the relative magnitude of the peaks (i.e. the damping of the 

system ) is much easier to visualize from Bode plots. Secondly, the frequency of overdamped 

peaks is impossible to determine accurately from the PSD alone. The Bode plot brings out 

these important system characteristics. 
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CHAPTER 5. EXPERIMENTAL SET-UP AND OPERATION 

CFB Models 

This study was performed in two geometrically similar cold-flow CFBs, illustrated in 

Figure 5.1. The riser of the larger unit (prototype) is 10.2 cm in diameter and 3.00 m tall. 

This unit is fluidized with 0.2, 0.3, and 0.4 mm diameter glass beads. Pressure taps are 

located at 25.4 cm intervals along the riser, with two additional pressure taps spaced evenly 

between the first 25.4 cm interval. Each pressure tap is threaded mto the CFB so that the tap 

is flush with the inner wall. The riser, cyclone, and L-valve of both circulating fluidized beds 

are constructed of aluminum to reduce electrostatic effects. The downcomer and soUds flux 

meter are constructed of Plexiglas to allow visual observation of bed operation. The 10.2 cm 

diameter CFB has two small Plexiglas sections in the riser to observe soUds circulation. This 

large CFB is designed to be operated only at atmospheric pressure, using air as the fluidizing 

gas. The smaller unit is a one-half scale model of the larger unit with an inside diameter of 

5.08 cm and a height of 1.50 m. The smaller CFB (model) is fluidized with 0.1. 0.15, and 0.2 

mm diameter steel shot, for the purpose of conducting hydrodynamic similitude studies 

between the two beds. Since the fluidizing gas density must be greater in the small bed in 

order to achieve simihtude, it is fluidized with pressurized air (0-200 kPa gage). The range of 

operatmg conditions used in this study is shown in Table 5.1. 

Table 5.1: Experimental operating conditions 

Solids Flux (kg/m^s) Superficial Velocity (m/s) 

Large CFB (0.4 mm glass beads) 

Small CFB (0.2 mm steel shot) @ 0 psig 

Small CFB (0.2 mm steel shot) @ 28 psig 

20 -50  

15 - 50 

5 -29  3 - 5.5 

3 - 8 

2 -4  
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Figure 5.1: Cold-flow model CFB 
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Electrostatic effects 

A problem common to many CFB cold models is buildup of electrostatic charge in the 

bed. This eftect cannot be ignored with small glass and plastic beads. Initially, an anti-static 

powder (trade name Larostat 513) was added to the large CFB when operating with glass 

beads. As shown in Figure 5.2, the addition of Larostat changed the observed axial voidage 

profile significantly. The lower CFB became more dense with the addition of Larostat. This 

result is exactly the opposite of what Louge observed in CFBs with the addition of Larostat 

[12]. The reason for this inconsistency may be rooted in two significant of problems that were 

encountered during the use of this anti-static powder. The first problem noticed was that the 

Larostat had the tendency to absorb any humidity in the laboratory air. This absorption made 

the Larostat powder sticky and cohesive. Under these conditions particles within the bed 

would agglomerate as a result of the addition of Larostat, and not fiuidize homogeneously.. 

The Larostat did reduce electrostatic eflfects in the CFB significantly under dry room 

conditions, but it would gradually lose its effectiveness as it elutriated fi-om the bed during the 

course of the experiment. By the end of a single run, electrostatic effects would again be 

pronounced. To solve the problem of elertrostatic efferts without the use of Larostat. both of 

the CFB risers were reconstrurted using aluminum rather than Plexiglas. By grounding the 

aluminum riser, most of the static electricity could be dissipated. 

Solids Jinx measurement 

Experimentally, the greatest diflBculty encountered was the measurement and control 

of solids flux. A common method for measuring solids flux is the "time of descent" method 

[77], Tliis method assumes that all the particles are moving uniformly down in the standpipe. 

By timing how long it takes for a particle to travel down a measured height hp the solids flux 

G, can be calculated as follows: 

=  ( 5 . )  
Vp <4^ 

where A^ is the cross sectional area of the downcomer, A^ is the cross-sectional area of the 
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For both cases: 
D = 10.2 cm 
dp = 0.4 mm 
Gs = 10 kg/m2s 
LI = 4.0 m/s 

X • 

X a 

0.8 0.85 0.9 

Voidage 

w/ Larostat - anti-static 
^ w/o Larosiat 

0.95 

Figure 5.2: The efifect of addmg anti-static powder to the CFB 
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riser, Pb is the fixed bed density of the particles, and tp is the time it takes for the particle to 

descend a height hp. This method is suitable for properly designed L-valves in which the 

particles in the downcomer remain unfluidized. If the L-valve aeration is increased so as to 

approach incipient fluidization in the downcomer, this method will be inaccurate due to non

uniform particle motion and a non-homogeneous bed. The L-vah/es on both the large and the 

small bed were initially designed with a large minimum aeration rate [26]. Consequently, the 

CFBs. as initially constructed, would operate only when the downcomer was at or near 

minimiiTn fluidiiation. Even when the L-valve was redesigned to operate in a non-fluidized 

manner, the measured solids flux was always significantly lower than the solids flux measured 

using the solids flux meter discussed below. This suggests that the particles near the wall of 

the downcomer are not moving as fast as those in the center due to fiictional or electrostatic 

effects caused by the wall. 

Since the accurate measurement of solids flux is very important for similitude studies, 

a meter was constructed that, when activated, would captiure particles as they exited the 

cyclone. A schematic of this solids flux meter is shown in Figure 5.3. The time it takes for 

this meter to fill is recorded and converted to a solids flux in kg/m^s. The design of this meter 

involved a trade-off. If the meter was constructed too small, the time at which it filled would 

be to short for high accuracy measurements. If it was built too large, the particles removed by 

the meter would significantly reduce the height of the particles in the L-valve. This change in 

downcomer bed height reduces the solids circulation rate of the system during measurement. 

Designing a valve to release the particles fi-om the meter after measurement proved to be 

difficult. In the end. a simple plug suspended from a fine nylon line that extended down 

through the top of the cyclone worked surprisingly well. The meter measured the solids flux 

with an overall accuracy of around ± 10%, which is good considering the variation in the 

solids flu.x inherent in bed operation. 
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Air holes 

Plug Activation Line 

Plexigias Tube 

P!o>:!g!as Tube 

Plexigias, Sleel plug 

Dimensions given are for the small CFB solids flux meter 

Figure 5.3: Solids flux meter 
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Bubbling Fluidized Bed Models 

Two geometrically similar bubbling bed models were also used in this study. Both 

beds were constructed of Plexiglas tubing with an inside diameter of 10.2 cm and 5.08 cm for 

the prototype and model respectively. The colunm height is 64 cm and 32 cm for the large 

and small beds respectively. Both 36 hole and 72 hole distributor plates were used on the 

bubbling beds with a 75 |im screen fastened to the plate. This screen not only kept particles 

from entering the plenum, but also increased the pressure drop across the distributor plate 

such that even distribution was insured. Pressure taps in the small bed were located at 2.54 

cm intervals along the height of the column, between the heights of 3.8 and 8.8 cm. Pressure 

taps in the large bed were located at 2.54 cm intervals up the column, between the heights of 

3.8 and 21.3 cm. The small bed was designed to run at pressures up to 200 kPa gage. 

Pressure Measurement 

Pressure fluctuations are measured using a Schaevitz P3061-20WD (0-5.0 kPa) and a 

Schaevitz P3061-20WD (0-2.5 kPa) pressure transducer. The range of the P3061-20WD 

transducer is more than sufBcient to measure the maximum pressure drop across the height of 

the large CFB with glass beads (2.0-3.8 kPa) and adequate to measure the largest pressure 

drop across the small bed operating with steel shot at atmospheric pressure (3.0-5.0 kPa). 

The Schaevitz P3061- lOWD is used for smaller differential pressures such as would be 

measured between two adjacent taps in the CFB models (0.1-0.4 kPa). The transducers 

require a 12 V (1.2 mA) electrical input from the computer power supply and produce 0-5 V 

output proportional to the diflFerential pressure. These transducers have a combined static 

error (non-linearity, hysterisis, and non-repeatability) of ± 0.5% of the fiill scale deflection. 

This translates to an accuracy of ± 0.03 kPa. and ± 0.01 kPa for the P3061-20WD, and 

P3061- lOWD respectively. The 12 bit -5 V to +5 V Analog to Digital conversion on the data 

acquisition board has a resolution of 0.002 V or 0.003 kPa and 0.001 kPa for the P3061-

20WD and the P3061- lOWD respectively. Even more important for this study is the time 

response of the transducers which is less than one millisecond. The transducers will not fail 
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unless the differential pressure measured exceeds 20 kPa. The Schaevitz transducers are 

constnicted to withstand a 1300 kPa line pressure, which is important for our studies in the 

gmall pressurized CFB. To keep particles out of the pressure lines, fine screens (<50|im) were 

welded on to the pressure taps of the small and large CFB. 

A MetraByte DAS-8 plug-in data acquisition board is used in a IBM compatible PC. 

The DAS-8 has a 12 bit A/D with 8 channels that can sample at rates up to 4000 Hz. To 

observe fi-equency behavior across the entire bed during experiments, up to eight pressiu-e 

transducers can be used. A QBasic program was written to initiate the A/D conversion and 

store the pressure fluctuation data. Figiu-e 5.4 shows the pressure data acquisition system 

Dekoron® tubing of varying length was used to connect the transducers to the fluidized bed. 

Numerous changes in the length, diameter, and configuration of the pressure lines throughout 

the study had no effect on the pressure fluctuation frequency response. Even complete 

changes in the data acquisition system (i.e. new data acquisition boards, and numerous 

different computers) did not change the resulting Bode plots. 

Data Acquisition System 

Gas Exit Differential Pressure Transducers 

Pres. (indws of water) •> votts (0.5\/) 

A/D 

Converter 

. =(f!l Computer 

Air  ̂

Air 

Figure 5.4: CFB pressure data acquisition system 
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ISU Power Plant CFB Boiler 

A number of experiments were completed to determine the nature of industrial scale 

CFB Boiler pressure fluctuations. These tests were developed to determine whether CFB 

pressure fluctuations can be used as diagnostic indicators in industrial scale CFB boilers, and 

also whether these signals can be related to similar pressure fluctuations observed in small-

scale cold-model CFBs. Two 170,000 Ib/hr steam Pyrcpower CFB boilers are located on die 

campus of Iowa State University. ISU's CFB Boiler #1 and CFB Boiler #2 both had two 

transducers installed along the CFB wall to monitor absolute pressure. All four transducers in 

the two boilers had an output of 1 to 4 vohs. The transducers that measure what was referred 

to as the bed pressiue record static pressure fluctuations immediately above the gas 

distribution plate. These transducers have a range of 0 to 60 inches of HjO. The transducers 

in the combustion chamber measure the static pressure fluctuations at an elevation of 60 feet 

above the distributor plate. These transducers have a range of -3 to 17 inches of H2O. The 

boilers have a square cross-section of 4.3 x 4.3 meters (I4'xl4'), and a height from distributor 

to top of CFB riser of around 20 meters (65 feet). Under standard operating conditions, the 

boiler operates with 137.000 Ib/hr fluidizing air and 74,000 Ib/hr secondary air. The bed 

material (ash, limestone, and coal) consists of particles which predominantly range between 

100 and 1000 micrometers in diameter. The pressure measured at the bottom of the bed 

under these conditions approximately ranges from 15-25 inches of H2O, and the bed 

temperatiu-e is maintamed between 1400-1600 °F. The fluctuation data was sampled at 20. 

50. 90, 200, 400, and 1000 Hz, with data set sizes ranging from 70,000 to 620,000 data 

points to insure adequate Bode plot resolution. Using a portable computer with a 12 bit A/D 

(0-5V) board, the output voltage from the boiler transducers was recorded and stored. 



www.manaraa.com

44 

CHAFFER 6. THEORETICAL BACKGROUND 

This chapter is organized into three subsections: theoretical description of second 

order phenomena m fluidized beds; similiiude theory for bubbling fluidized beds; and 

similitude theory for circulating fluidized beds. A principle goal of this research is to examine 

the characteristics of pressure fluctuations in circulating fluidized beds in order to assess their 

usefiilness as a design tool (e.g. model scale-up) or diagnostic tool (e.g. boiler control) in 

industrial scale CFB combustors. In order to achieve this objective, it is necessary to 

understand pressure fluctuations in bubbling fluidized beds prior to studying similar 

fluctuations in CFBs for a number of reasons. Fhst, the majority of previous research on 

pressure fluctuations has been conducted in bubbling fluidized beds. This body of published 

data and proposed theories provides a basis for comparison to our experimental results and 

subsequent hypotheses. Secondly, there are similarities in the siracture of pressure 

fluctuations in bubbling fluidized beds and circulating fluidized beds. The fluctuations in the 

lower dense region of the CFB exhibit a similar frequency response profile as those observed 

in bubbling fluidized beds. Oscillatory second order system dynamics are observed in the 

pressure fluctuations of all fluidization systems. Finally, fluidized bed simiUtude relations were 

first appUed to bubbling beds and then extended to CFBs. Before the relations for CFB 

similitude can be validated using pressure fluctuations, the validity of using fluctuations to 

verify simihtude in bubbling beds must be addressed. 

Despite the wealth of published research dealing with bubbUng fluidized bed 

fluctuations, there is still no consensus as to the phenomena that govemp pressure 

fluctuations. The following section will develop two possible models for pressure dynamics in 

fluidized beds. 

Evaluation of the Global Theories of Fluidized Bed Oscillations 

It is hypothesized that two global fluidization phenomena are partially responsible for 

the structure of fluctuations. These two oscillatory phenomena can be generally referred to as 
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voidage fluctuations and surface waves. When evaluating potential theories that describe 

fluctuations in bubbling beds, two requirements must be considered. The first requirement is 

that the theory must be able to account for the second order system behavior observed in 

fluidized bed systems. The Bode plots of all fluidized bed systems exhibit a final asymptotic 

slope of-40 dB/decade. Figures 6.1 and 6.2 show examples of simple second order systems, 

hi many cases, a single second order system is not sufficient to describe fiuidization 

hydrodynamics. Experiments suggest that the dynamics of fiuidization can be described by a 

model that assumes multiple second order systems acting concurrently within the fiuidized bed 

system. Second order systems acting in parallel will also yield -40 dB/decade final Bode plot 

roll ofiF(as shown by example in Figure 6.3). Secondly, the theory must be able to predict the 

observed dominant fi-equencies accurately and explain why at low bed heights they appear to 

be inversely proportional to the square root of bed height. Using a similar approach as Hiby 

[54], and making some important modifications in his derivation, a theory for voidage 

fluctuations can be developed that satisfies these two criteria in shallow, low velocity BFBs. 

Derivation of a Modified-Hiby Model for Bubbling Fluidized Bed Dynamics 

While Hiby's research provides the most plausible theory and rigorous derivation to 

date, he makes a fundamental error m the assumptions used in his theoretical derivation. By 

correcting this error, a more accurate relation can be developed to both predict the fi-equency 

of voidage fluctuations and make expUcit why second order dynamics are observed in the BFB 

pressure fluctuations. Hiby begins his derivation by considering a single particle suspended in 

a fluidized bed [54]. If this particle is displaced fi'om rts equilibrium position (either upwards 

or downwards), the forces on the particle are altered in such a way to bring it back to its 

equilibrium position. As the bed expands fi'om its state of equilibrium, the voidage increases, 

decreasing the interstitial velocity. This decrease m interstitial velocity reduces the upward 

acting fiictional force resulting fi'om the gas flow on the individual particle. Using h, to 

denote the vertical elevation of an individual particle, Newton's second law on a single 

particle in a fluidized bed system (neglecting damping mechanisms) can be written as: 
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CQ -o 

-40 

frequency (rad/s) 

Figure 6.1: Example - simple 2nd order underdamped system Bode plot {cOn=20 s"', g=0.3) 

frequency (rad/s) 

Figure 6.2: Example - simple 2nd order overdamped system Bode plot (co„=6 s"', q=l. 1) 

frequency (rad/s) 

Figure 6.3: Example - Bode plot of the above second order syrtems acting in parallel 
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(6.1)  

where BCR is a constant analogous to the spring constant in a spring-mass system. It is the 

quantitative measure of how the restoring force changes with changes in the particle height. 

This linear estimate of system behavior can be used for small changes in the elevation of a 

single particle: 

dF = ̂  (6.2) 
dh, 

To develop an expression for Kr, a force balance on a single particle is required. The force 

acting on a single particle is the sum of rts weight and the fiictional force exerted by the gas 

flow (neglecting buoyancy forces which are typically very small in gas fluidization systems). 

The average force on an individual particle can be estimated by dividing the total lifting force 

acting on the bed (Ap-A) by the total number of particles (N). 

= (6.3) 
N 

The number of particles in a fluidized bed can be defined as: 

(f)'< 
Combining 6.3 and 6.4: 

K -b^p -  A -

Substituting A/V = 1/H: 

F = -mg + 
H 

(6.6) 
6-{1-4  

Under fluidization conditions the pressure drop can be estimated using the Ergun equation at 

minimum fluidization velocity (Umf). Hiby uses superficial velocity U rather than the constant 
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Umf to estimate the pressure drop in an incipiently fiuidized bed. This is Hiby's fundamental 

error. From the Ergun equation at minimum fluidization: 

H 

Therefore: 

(6.7) 

F = -mg + 
f , 3^ / 

V 6 y 

150 
(1 -^ )  

d; 
+  1 7 5 - ' ^ ' - 4  (6.8) 

The assumption is made that individual particles oscillate such that at every moment all 

particles show the same relative vertical displacement from their equilibrium position. The 

bed voidage is only a function of time, and is independent of the height in the bed. The 

amplitude of an individual particle i is then proportional to its height h; and, 

h , ~  H  

relating s to the bed height, 

V - V . V. 

(6.9) 

E -
V 

- L = l - -
A-H 

solving for H. 

H = F 

From equation 6.9 

dh, h, 

Differentiating equation 6.10, 

de _ y, 

IH' A-H-

Combining equations 6.13, 6.12, and 6.11, 

de ds dH V, \ - e 

dk dH dh A-H-h h, 

(6.10) 

( 6 . 1 1 )  

(6.12) 

(6 . i ;  

(6.14) 
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Diflferentiating equation 6.8, 

dF. ^ t 
ds 

7 I - d ^  
150 

U . - ^ i  2 - 1 - s  • m f  +L75  A 
d, ' 

(6.15) 

Combining equations 6.14 and 6.15. 

dh " 

f J A ^ 
^ • d p  

6 -A  
150 

U„ , -u  ( l - g ) - (3 -2 -g )  
(6.16) 

As in a mass-spring system the frequency of oscillation can be predicted by: 

V 

R 3 ^ 
150 

( l - g ) ( 3 - 2 - g )  

S-g"* 
+ L75-

1 - ,  

Therefore 

/-I » -0.5 co, = C,-h, 

For small changes in the equilibrium voidage (e = Cmf), Ci is a constant equal to: 

C,= 150 "f .i— 
J - f -

(6.17) 

(6.18) 

( 6 . 19 )  
' m f  p  ' ^ m f  J  

This shows that the natural frequency of a particle depends on its height in the bed. The entire 

bed will tend to oscillate at an overall mean frequency of the particles, as the bed is "pulled 

mto tune". Hiby estimates this mean frequency by summing up a weighted average based on 

the amplitude of oscillation of each level of particles. 

= 
\ " ( C , - h - ^ ' ) - h d h  4 __ Jo V ' f r iLT-O 5 

el! ^ 
\ f u i h  
Jo 

(6.20) 

therefore. 

4 CO = — 
• 3^ P . H  

150-
P , -U j  1 -g ,  

+ L75 mf 

mf 

(6.21) 
••mf J 

and converting to cycles per second (Hz), 
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V' = • 150 J P% '^mf ^ £i 
d^ 3-£„/ " d^ £, : > - n ^ p ^ - H  

For Rep < 20 the first term within the bracket dominates and Un^-can be estimated. 

mf 

4 

mf J 

(6.22) 

d : - p , - g  £ „ f  

150-/^ \-£„f 

For (E = SMF)The natural frequency from equation 6.22 would reduce to: 

•) 

(6.23) 

V .  =— 
(3-2 -g„ , )  

'mf 

(6.24) 

For Rep > 20 the second term within the bracket dominates and Umf can be estimated. 

J J  _  \ ^ P  "  P '  "  S  '  ̂ m f  
L75-P, 

Again, assuming Emi = 8. the natural frequency from equation 6.22 would reduce to: 

(6.25) 

V' = • 
m my 

J ' 

3 -g  1 - s mf 

V £mf J 
(6.26) 

i - ; r ] l  H  

Equation 6.26 is identical to the relation that Hiby derives. In bubbling beds. Rep is 

significantly less than twenty and equation 6.24 should predict the frequency of oscillation for 

shallow fluidized beds. 

In addition to establishing a modified Hiby relation (equation 6.24) to predict the 

observed natural frequency of the bed, it is evident from the derivation of this dynamic model 

that pressure fluctuations will exhibit second order behavior. From Newton's second law on a 

single particle with u(t) as the white noise forcing fimction and neglecting damping 

mechanisms: 

d h M t )  , 
• + — /2,(/) = «(/) 

at' m 
(6.27) 

Knowing that the change in position is proportional to the change in voidage, and the change 

in voidage proportional to the change in pressure drop: 
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= (6.28) 
dr m 

The modified Hiby relation satisfies the two important criteria for a global dynamic 

model of shallow fluidized bed systems. It not only predicts the dominant firequency, but also 

provides an explanation for the second order pressure fluctuation response observed. 

Surface Waves in Fluidized Bed Systems 

Another second order phenomenon that may be responsible for pressure fluctuations in 

fluidized beds is surface waves analogous to surface waves observed in water. As proposed 

by Sun et. al [60], since the hydrodynamics of fluidized bed systems exhibit many of the 

characteristics of liquid, siuface waves are expected in a fluidized bed. Water waves are 

classified according to the ratio of water depth (H) to wave length (X,) [78]. For H/X < 1/20, 

the waves are termed shallow waves and the frequency is dependent on both the water depth 

and wave length. For shallow waves, the governing wave equation (presented by Sun [60]) 

reduces to a simplified relation that can be used to estimate the wave frequency: 

= (6 29) 
A 

For intermediate depth waves 1/20 > H/X < 1/2, the wave equation catmot be reduced 

to a simple expression for wave frequency, and must be estimated as: 

1 
CO = 

2 - ; r  ] J  
tanhf —•/¥ 

A - 2 -  T T  
(6.30) 

For deep waves (H/?t > 1/2), the wave equation can be again be simplified and the 

frequency is only dependent on the wavelength and can be estimated as: 

For surface waves in a cylindrical container the wavelength is determined by the container 

diameter: 
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(6.32) 
7 

where n is an integer greater than zero. The fimdamental frequency is represented by n = 1, 

with overtones represented by higher integer values. Assummg that a half-wave is established 

in the bed OJl = D) the deep wave frequency in a fluidized bed could be estimated as: 

As will be shown in the following chapter, both the modified-Hiby and a wave phenomena 

provide insight into the pressure dynamics of both bubbling and circulating beds. 

The most extensive research on the subject of similitude in fluidized bed systems has 

been done by Glicksman [63, 14]. Using both the Buckingham Pi theorem and derivations 

based on fimdamental equations of motion, Glicksman proposes a set of similitude parameters 

that govern fluidization. Glicksman assxmies that if the PSDs or PDFs of pressure fluctuations 

match betwetn model and prototype, then the fluidized beds are in hydrodynamic simiUtude. 

However, he does not distinguish the important characteristics of the PSD that must match in 

order for two beds to be govemed by similar dynamics. Particularly in CFBs, GUcksman's 

data does not show the important spectral characteristics in the PSD due to inadequate data 

sampUng. Furthermore, Glicksman never questioned whether pressure fluctuations were 

correlated to the hydrodynamic state of a fluidized bed. After relating Bode plot 

characteristics to physical phenomena in fluidized beds, this study will reassess whether 

pressure fluctuations can be used to validate proposed BFB and CFB similitude parameters. 

BFB Similitude 

The Buckingham Pi theorem will be used to develop the important non-dimensional 

fluidized bed parameters. Using the frequency of pressure fluctuations as the dependent 

parameter, all independent variables important for bubbling fluidization can be defined: 

S (6.33) 

The Use of Pressure Fluctuations to Validate Similitude Parameters 
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Q } =  f { U , g , D M . d , , p „ p ^ , H , < i > )  

The dimensions are as follows: 

[ o ] = I / T  [ U 1  =  1 7 T  [ g ]  =  L / T '  [ D ]  =  L  

[H] = L [dp] = L [p,] = M/L' [pg] = Myl.' 

[H]=IVL1,T [(t)] = l 

If we choose U. dp, and pg as the dimensionally independent parameters the remaining 

variables can be non-dimensionalized based on these variables. 

D^ — 

(O-^03 • — 

Recognizing the dimensionless g and ^ as the inverse of the Froude number and Reynolds 

number respectively the fliU set of dimensionless parameters as Glicksman defines them is: 

Fr.JlL a R EL 
g - d ,  d ,  p ,  '  f i  

Also, it is more convenient to modify the dependent fi^equency spectnun parameter by 

multiplying by other dimensionless groupings as shown below. 

d „  d  U / '  \ H  \ H  > c o - — y .  X  — = > c y -  —  
u  u  ] j d ,  u  

By matching the dimensionless parameters in a 10.2 cm BFB and a 5.1 cm pressurized BFB. 

the corresponding non-dimensionalized Bode plots can be compared. 

Another important dependent variable that should be compared in fluidized bed 

systems is the pressure drop per unit length. Non-dimensionaUzing this dependent variable via 

the same Buckingham Pi approach used above yields: 

^  =  p ^ . ( l - s ) - g = > p ^ - ( l - £ ) - g - — ^ —  =  - ^ ( l - £ ) - F r = > ( l - £ )  
^  ^  - P f  P f  
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In addition to the Bode plot profiles of pressure fluctuations being similar, the local voidage 

measured in the fluidized bed should be equal. 

CFB Similitude 

For CFB hydrodynamics, Glicksman [15] adds an additional independent variable, Gs 

[kg/m"s], to the list previously described for bubblmg fluidized bed systems. Using the 

Buckingham Pi theorem, the fiill set of independent dimensionless parameters for circulating 

fluidized beds is summarized as follows; 

i r e .  ^ 
g - d ,  d ^  d ^  p. I d  p ^ - U  

As will be shown in the following chapter, the reactor loading or total mass of 

particles in the entire CFB system is another independent variable that must be considered in 

CFB systems that use L-valves. Under identical conditions, changing the reactor loading will 

significantly change the resulting axial voidage profile. This additional non-dimensional 

reactor loading variable was matched in this similitude study. The fiiU set of CFB 

dimensionless parameters used in this study is; 

Fr = -^ ^ ^ Re J±-
S - d ^  d ^  d ^  p ^  "  M  P r U  P , - D ^  

where M is the total mass of particles within the CFB system. 
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CHAPTER 7. RESULTS AND DISCUSSION 

This section is organized into three subsections: bubbling regime fluctuations; 

tiirbulent regime fluctuations; and fast fluidization fluctuations. The first section provides a 

general description of BFB fluctuations and compares experimental data to the theoretical 

models that are hypothesized to govern pressure dynamics. FoUovving this discussion, the 

results of a BFB similitude study are presented and discussed. The principle objective of the 

turbulent bed section is to provide the link between BFB fluctuations and CFB fluctuations. 

The similarities between fluctuations in these two difiFerent regimes are discussed in this 

section. The final fast fluidization regime section will follow the same general outline as the 

BFB section. The nature of fluctuations are discussed, and the results of a similitude study are 

presented. Most previous studies have focused on only one of these regimes. By addressing 

the similarities observed in the fluctuations of each regime, this study attempts to provide 

greater insight into the phenomena governing fluctuations. From this better understanding of 

pressure dynamics, the analysis of fluctuations can be used as a tool for verifying that 

similitude has been achieved. 

Bubbling Regime Fluctuations 

General characteristics 

In most cases, fluidized bed systems cannot be described by a single fi'equency peak in 

the Bode plots of pressure fluctuations. In addition, these multiple peaks are not always 

observed as well defined peaks. Typically they are made up of a broad distribution of 

firequencies. Because of the presence of multiple phenomena and the appearance of broad 

peaks in the spectrum, accurate quantitative descriptions of the fluctuations can be difficult to 

develop. However, a number of trends in BFB pressure fluctuations can be observed. 

The first important characteristic of BFB pressure fluctuations is that they exhibit the 

dynamics of a second order system The Bode plots of all BFB fluctuations show a final 

asymptotic slope of -40 dB/decade, indicative of second order behavior. The Bode plots do 
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not suggest that a single second order system is sufficient to describe BFB dynamics. The 

results suggest that more than one second order system acting concurrently within the bed 

may be responsible for pressure fluctuations. The final asymptotic slope of -40 dB/decade and 

the multiple fi-equency phenomena are shown in the BFB Bode plot in Figure 7.1. There are 

three predominant peaks that may be observed in BFB systems. These three peaks will be 

termed ai, a:, and as as shown in Figure 7.1. Occasionally, as will be seen in the results of 

the similitude study, an additional peak (ao) is observed at a fi-equency lower than ai under 

high velocity conditions. 

Under conditions of low to moderate velocity bubblmg fluidization, particle size does 

not significantly effect the overall dynamic character of the fluctuations. Figures 7.2 - 7.4 

show three Bode plots of fluctuations taken fi'om similar beds of 0.2 mm, 0.3 mm, and 0.4 mm 

glass beads fluidized at U/Umf= 1.4. The profiles are identical for these different particle sizes. 

Any slight variations in the dominant fi"equency, are likely due to variations in bubble 

properties or bed voidage. For further verification that particle diameter does not strongly 

influence the fi-equency of the system see Figures 7.5 - 7.8. 

As shown in Figures 7.5-7.8, for UAJmf > 1.2, changes in the superficial velocity do 

not effect the dominant fi-equency in the bubbling fluidization regime. At the onset of 

fluidization, the dominant fi-equency increases only slightly and then levels off as the 

superficial velocity is increased for U/Umf > 1.2. It should be emphasized that although the 

superficial velocity does not change the characteristic period of oscillation of the system, it 

may effect the damping (or relative magnitude) of the observed fi-equencies in the spectrum. 

Bed diameter will also affect the relative magnitude of the frequencies observed in the 

spectrum, although it will not (in the bubbling regime) affect the position at which the 

dominant system fi'equencies are observed. Figures 7.9 and 7.10 show the Bode plots of the 

5.1 and 10.2 cm diameter beds respectively. In both beds the particle size, bed height, tap 

height and spacing, and superficial velocity are identical. It is evident that changes in the bed 

diameter can significantly effect the appearance of the resulting Bode plot. Despite 

differences in the relative magnitude of peaks, the dominant fi'equencies at which the bed 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 20.0 ± 0.2 cm 

Particle diameter 0.30 ±0.01 mm Pressure measurement differential 
Particle density 2600 ± 100 kg/m^ Pressure tap position Lower-2.5 cm/Upper-7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.48 ± 0.06 
Superficial velocity 12.7 ± 0.6 cm/s (UAJrf= 1.4) Experiment number 6-21-1995-14.1 
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Figure 7.1; PSD and Bode plot of BFB fluctuations 
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Elxperimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 
Particle diameter 0.20 ±0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 kg/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg, voidage bwt. taps 0.49 ± 0.06 
Superficial velocity 5.7±0.6cm/s(U/Urf= 1.4) Experiment number 6-30-1995-11.1 
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Figure 7.2. PSD and Bode plot of 0.2 mm glass bead BFB fluctuations 
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ExDerimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 ram Pressure measurement differential 

Particle density 2600 ± 100 kg/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.49 ± 0.06 
Superficial velocity 12.7 ± 0.6 cni/s(U/U™f= 1.4) Experiment number 6-22-1995-16.4 
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Figure 7.3; PSD and Bode plot of 0.3 mm glass bead BFB fluctuations 
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ExDerimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ±0.2 cm 

Particle diameter 0.40 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 kg/m-' Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.50 ±0.06 

Superficial velocity 19.6 ± 0.6 cm/s (UAJmf = 1.4) Experiment number 7-3-1995-8.4 

= 10 

frequency (Hz) 

' r'"' III. •'•Virt.iJi. ^ 

10 

frequency (rad/s) 

Figure 7.4: PSD and Bode plot of 0.4 mm glass bead BFB fluctuation 
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SJ 4 

dp = 0.2 mm 
^ dp = 0.3 mm 

dp = 0.4 mm 

U/Umf 

Figure 7.5: Fluctuation frequency versus U/Umf for 10.0 cm bed height 
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Figure 7.6: Fluctuation frequency versus UAJmf for 20 cm bed height and dp = 0.2 mm 
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U/Uraf 

Taps @ 1" & 3 first peak 
Taps @ 1" & 3" - second peak 
Taps @ 5" & 7" 

Figure 7.7: Fluctuation frequency versus U/Umf for 20 cm bed height and dp = 0.3 mm 

U/Umf 

Taps @ 1" & 3 " - first peak 
Taps @ 1" & 3" - second peak 
Taps @5" & 7" 

Figure 7.8: Fluctuation frequency versus U/Umf for 20 cm bed height and dp = 0.4 mm 
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Experimental operating conditions 
Bed diameter 5.08 ± 0.01 cm Bed height 12.0 ± 0.2 cm 
Particle diameter 0.20 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± lOOkg/m^ Pressure tap position Lower - 3.8 cm/Upper - 6.4 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.48 ± 0.06 
SuperficiaJ velocity 5.6±0.6cm/s(UAJ„tf= 1.4) Experiment number 11-21-1995-11.8 
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10 
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Figure 7.9: PSD and Bode plot of BFB fluctuations in 5.1 cm diameter bed 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 12.0 ± 0.2 cm 

Particle diameter 0.20 ± O.Ol mm Pressure measurement differential 

Particle density 2600 ± 100 kg/m^ Pressure tap position Lower - 3.8 cmAJpper - 6.4 cm 
Gas density (air) 1.20 ± 0.04 ka/m^ Avg. voidage bwt. taps 0.48 ± 0.06 
Superficial velocity 5.6±0.6cm/s(UAJrf= 1.4) Experiment number 11-21-1995-11.8 
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Figure 7.10: PSD and Bode plot of BFB fluctuations in 10.2 cm diameter bed 
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oscillates do not change. In both figures, dominant fi-equencies appear at 3.1 and 5.5 Hz. 

although the higher (5.5 Hz) firequency dominates as the bed diameter decreases. 

Experiments suggest that global phenomena govern pressure fluctuations in bubbling 

fluidized beds. In previous work, static pressure measurements in a BFB were simultaneously 

recorded fi-om the center of the bed and at the bed wall. The Bode plot profiles of the 

fluctuations at these two locations were identical. If the passage of local bubbles was solely 

responsible for pressure fluctuations, the hydrodynamics at the center of the bed would 

produce a different fluctuation structxire, since the majority of bubbles rise to the surface 

through the center of the bed. Further evidence of the global nature of pressure fluctuations 

was obtained fi'om an experiment in which two different distributor plates were tested under 

identical operating conditions. The two distributor plates had the same flow area, but one had 

72 holes while the other had only 36 holes. Since bubbles form at the distributor plate holes, 

the 72 hole plate would produce more bubbles than the 36 hole plate. As is shown in Figures 

7.11 - 7.12. the Bode plots of the pressure fluctuations fi'om the two different distributor plate 

cases are identical suggesting that random bubble passage in the vicinity of the region of 

pressure measurement is not a sufficient explanation for the observed fluctuations. 

Discussion of arfreqiiency phenomena 

It is hypothesized m this study that the modified-Hiby relation for fluidization can be 

used to predict oscillatory behavior in non-homogeneous systems. The derivation of this 

model neglects any bubble phenomena and uses assumptions valid only for homogeneous 

(non-bubbling) systems. Because of these assumptions in the model development, previous 

studies [54,55.60] have only compared this model to incipiently fluidized bed data. Our 

results suggest that this relation not only govems incipiently fluidized beds, but is also the 

mechanism that dictates bubble production in bubbling fluidized beds. Using £„!•= 0.48 at 

U/Umf = 1.4. Figure 7.13 compares the BFB ai-fi'equency to previous models and to the 

modified Hiby model proposed in this study. For bed heights less than 10 cm it is evident that 

the modified-Hiby relation best predicts the observed fi'equency. In shallow beds, the 
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ExDerimentiil operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height lO.O ± 0.2 cm 

Particle diameter 0.40 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 ks/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.50 ± 0.06 

Superficial velocity 19.6 ± 0.6 cm/s (TJ/Umf = 1-4) Experiment number 7-7-1995-11.6 
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Figure 7.11 PSD and Bode plot of BFB fluctuations with 36 hole distributor 
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Exnerimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 
Particle diameter 0.40 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± lOOkfi/m^ Pressure tap position Lower - 2.5 cmAJpper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.50 ± 0.06 
Superficial velocity 19.6 ± 0.6 cm/s aJAJrf= 1.4) Experiment number 7-3-1995-8.4 
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frequency (Hzl 
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Figure 7.12; PSD and Bode plot of BFB fluctuations with 72 hole distributor plate 
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0 5 10 15 20 25 30 

bed height (cm) 

Modified Hiby (for Rep < 20) 
Hiby(1967) 
Verloop & Heertjes (1974) 
Baskakov(1986) 
0.2 mm glass beads 

® 0.3 mm glass beads 
° 0.4 mm glass beads 

Figure 7.13: Comparison of proposed models to experimental data (D = 
a [-frequency vs. bed height 

10.1 cm) 
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frequency is inversely proportional to ^fH, as is shown in the log-log plot of frequency versus 

bed height (see Figure 7.14). This good correlation is expected at low bed heights, since the 

bed height under fluidization is nearly equal to the fixed bed height (i.e. bed expansion is 

minimal) Effects of bubble coalescence are also miaimized as bed height decreases. The 

bubbles produced in shallow beds remain relatively small. Under such conditions, the 

fluidized bed operates in a near homogeneous manner and the bed will continue to be 

dominated by voidage fluctuation phenomena. These voidage fluctuations facilitate the 

periodic production of bubbles in layers. It is the passage of these bubble layers (governed by 

voidage fluctuations) that results in the observed pressure fluctuations. 

The deviation of experimental data from theory in deep beds may be due to the fact 

that as bed height increases, the amount of bed expansion from the fixed bed height also 

increases. The frequency data in Figures 7.13 and 7.14 is plotted versus the fixed bed height. 

The increased bed height would lower the observed frequency from the predicted value. 

Bubble coalescence also increases as the bed height increases. Under increased bubble 

coalescence, the bed can no longer be consider a quasi-homogeneous system (an assumption 

necessary for the modified Hiby relation). Increased coalescence interferes with the voidage 

fluctuations, augmenting this dominant frequency to a lower frequency (as observed in Figures 

7.13 and 7.14). More research must be done to show how bed expansion and bubble 

coalescence affect the voidage fluctuations in bubbling fluidized beds. 

Discussion of ayfrequeticy phenomena 

In Figure 7.15 the aj-frequency is plotted versus the bed height for the 10.2 cm 

diameter BFB at UAJmf = 1.4 for three particle sizes. It is hypothesized that this frequency is 

the result of the BFB surface eruptions. As expected, this frequency decreases with increasing 

bed height, since bubble coalescence results in fewer (but larger) bubbles erupting at the 

surface. The magnitude of these surface fluctuations increases as the bubble size at the 

surface increases. For very shallow beds, the a2-frequency does not appear in the spectrum 
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0.6 0.8 
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Hiby(1967) 
Verloop & Heertjes (1974) 
Baskakov (1986) 
0.2 mm glass beads 
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Figure 7.14: log-log comparison of proposed models to experimental data (D = 10.1 cm) 
Iog(ai-£requency) vs. log(bed height) 
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Figure 7.15: Comparison of proposed models to experimental data (D = 10.1 cm) 
ai-fi-equeucy vs. bed height 
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since the magnitude of the small bubble eruptions is not large enough to be measured 

throughout the bed. 

Discussion of a} & Uo -frequency phenomem 

As shown previously in Figure 7. U a third low magnitude frequency (as) occasionally 

appears in the spectrum of deep bed fluctuations. This peak always appears at a frequency 

twice that of the a r frequency, suggesting that as is a harmonic of this flmdamental frequency. 

The Oo-frequency phenomenon that only rarely appears under conditions of high superficial 

velocity at 0.4-0.5 Hz in the prototype bed, and 0.6-0.7 Hz in the model bed is also observed 

m turbulent and fast fluidization. This phenomenon will be discussed in more detail in the 

turbulent bed section. 

Summary of BFB phenomena 

In simmiary, it is hypothesized that bubbling bed pressure fluctuations are governed by 

voidage "'avp'-, interacting simultaneously with bubble eruption/coalescence effects. The 

various characteristics observed in BFB fluctuations suggest that: 

• For shallow beds and beds operated at or near incipient fluidization. the natural bed 

frequency (ai-frequency) dominates the pressure fluctuations, dictating the bubble 

production frequency (in layers). Bubble coalescence is not significantly present at 

shallow bed heights to affect the observed frequency. 

• As the bed gets deeper, increased bed expansion and increased bubble coalescence may 

explain the deviation of experimental data from the frequency predicted for voidage 

waves. 

• The a2-frequency represents surface eruptions which become more dominant as the bubble 

size at the surface increases. The frequency of eruptions decreases with increasing BFB 

height as fewer bubbles erupt at the surface due to bubble coalescence. 

Although more research must be conducted to definitively support these hypotheses, 

this study provides a qualitative description of what the Bode plots of BFB fluctuations 
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exhibit under a variety of conditions. From this better understanding of pressure fluctuations 

in bubbling fluidized beds, it is possiTjle to reassess the use of pressure fluctuation analysis as a 

tool to verify the validity of proposed similitude parameters. 

Validation of BFB similitude parameters 

Tabic 7.1 summarizes the re?iilts from a similitude study on the prototype and mode! 

bubbling fluidized beds over a broad range of operating conditions. The table indicates which 

experiments resulted in similar Bode plot profiles in the prototype and model. For 

hydrodynamics to be considered similar, the voidage must be equal in the two beds. Also, the 

dimensionless frequency and damping of the observed peaks in the fluctuation spectrum must 

match. The damping coeflBcients and system frequencies were quantitatively estimated by 

fitting multiple second order systems (acting in parallel) to the BFB Bode plots, as was done 

in previous work [76]. Table 7.1 rates the degree of similarity between the important 

dependent parameters in the prototype and model BFB under similitude The rating for each 

observed frequency (ai, az, ao) includes both a comparison of the damping and a comparison 

of the dimensionless frequency. The table includes the complete set of independent 

dimensionless parameters used in each run. The percent height at which the pressure 

measurement is taken is also given (see Appendix A for a detailed summary of these 

experiments), lin general, matching dimensionless parameters in two BFBs results in similar 

pressure dynamics. The average voidage matches well in both beds under all conditions. 

The only exception is that under conditions of relatively high superficial velocity, when 

pressure fluctuations are measured m the upper regions of the bed, the peaks that result from 

surface phenomena (a^ & ao) do not always show similar damping or dimensionless 

frequency. Evidently, the nature of bubble coalescence in the model and prototype differ as 

the surface eruptions begins to dominate the spectrum. Visual observation of the bubbling 

bed surfaces confirm the differences. The surface of the small bed is noticeably lifted by large 

single bubble emptions, while the prototype surface exhibits multiple bubble eruptions across 

a more stationary surface. 
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Table 7.1. Summary of BFB similitude study 

Exp. # U/U„tf Rsp Fr pjpa H/D D/dp %H s ai 0.2 ao 

1 1.1 4.1 5.9 2.2 1.06 254 100 N/A 4c 4c 
-

2 1.1 4.0 5.9 2.2 1.06 254 100 N/A 4t4t 
-

J 1.4 5.4 10 2.2 1.06 254 100 N/A ** 4c 4e 
-

4a 1.1 4.2 5.9 2.2 1.48 254 68 - -

4b 1.1 4.2 5.9 2.2 1.48 254 100 ** * 4e4e 
-

5a 1.4 5.3 10 2.2 1.48 254 68 * 4c 
-

5b 1.4 5.3 10 2.2 1.48 254 100 N/A • 4c 
-

6a 1.8 6.9 16 2.2 1.48 254 68 ** - -

6b 1.8 6.9 16 2.2 1.48 254 100 N/A 4e 4c 4c 
-

7a 1.1 4.2 5.9 2.2 1.97 254 25 • 4c 4c 4c 
-

7b 1.1 4.2 5.9 2.2 1.97 254 50 ** 4c 
-

8a 1.4 5.3 10 2.2 1.97 254 25 4c4c 4c 4c 
-

8b 1.4 5.3 10 2.2 1.97 254 50 ** - -

9a 1.8 6.9 16 2.2 1.97 254 25 ** ** - -

9b 1.8 6.9 16 2.2 1.97 254 50 - -

10 1.1 2.0 J.J 2.2 1.06 339 100 N/A * 4c 4e 
-

11 1.4 2.6 5.5 2.2 1.06 339 100 N/A 4c 4c 
-

12 1.8 3.3 9 2.2 1.06 339 100 N/A * 4c 
-

13 2.2 4.0 13 2.2 1.06 339 100 N/A * no -

14a 1.1 2.0 ^ -t J.J 2.2 1.48 339 68 ** ** 4c 
-

14b 1.1 2.0 3.3 2.2 1.48 339 100 N/A 4c 
-

15a 1.4 2.6 5.6 2.2 1.48 339 68 4c 
-

15b 1.4 2.6 5.6 2.2 1.48 339 100 N/A * 4c 
-

16a 1.8 3.3 9 2.2 1.48 339 68 ** • * 4c 
-

16b 1.8 3.3 9 2.2 1.48 339 100 N/A no 4c no 

Rating system: 

** Dependent parameter identical in prototype and model 
* Dependent parameter is approximately the same in prototype and model 
no Dependent parameter does not match in prototype and model 
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(Table 7.1 continued) 

Exp. # U/Untf Rep Fr p j p a  H/D D/dp %H s a, 0.2 Oo 

17a 2.2 4.0 13 2.2 1.48 339 68 ** * ** * 

17b 2.2 4.0 13 2.2 1.48 339 100 N/A no * no 

18a 1.1 2.0 3.3 2.2 1.97 339 25 * ** 
-

18b 1.1 2.0 J.J 2.2 1.97 339 50 * ** 
-

19a 1.4 2.6 5.5 2.2 1.97 339 25 ** ** ** 
-

19b 1.4 2.6 5.5 2.2 1.97 339 50 ** * ** 
-

20a 1.8 3.3 9 2.2 1.97 339 25 ** ** ** 
-

20b 1.8 J.J 9 2.2 1.97 339 50 ** * ** 
-

21a 2.2 4.0 13 2.2 1.97 339 25 ** ** no no 
21b 2.2 4.0 13 2.2 1.97 339 50 ** * * no 
22a 1.1 0.6 1.0 2.2 1.48 508 68 ** * no -

22b l.I 0.6 1.0 2.2 1.48 508 100 N/A no * 
-

23a 1.4 0.7 1.6 2.2 1.48 508 68 4c Dt * * 
-

23b 1.4 0.7 1.6 2.2 1.48 508 100 N/A * no -

24a 1.8 1.0 2.7 2.2 1.48 508 68 ** * no -

24b 1.8 1.0 2.7 2.2 1.48 508 100 N/A * no -

25a 1.1 0.6 1.0 2.2 1.97 508 25 ** ** - -

25b 1.1 0.6 1.0 2.2 1.97 508 50 ** ** 
- -

26a 1.4 0.7 1.6 2.2 1.97 508 25 ** *• * -

26b 1.4 0.7 1.6 2.2 1.97 508 50 ** :<C!tE sK 
-

27a 1.8 0.6 2.7 2.2 1.97 508 25 * ** * 
-

27b 1.8 0.6 2.7 2.2 1.97 508 50 ** ** no -
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Transition Regime Fluctuations 

Pressure fluctuations in the transition regime provide an important link between the 

nature of fluctuations in bubbling and circulating beds. Depending on the diameter of the bed, 

this regime can be described as a slugging or turbulent bed. The Bode plots throughout this 

regime continue to represent the output of multiple second order systems (i.e. a -40 

dB/decade asymptotic slope). As previously shown, the a rfrequency observed in BFB 

pressure fluctuations stays relatively constant as the superficial velocity increases. This holds 

true in the transition regime even as the bed approaches the fast fluidization regime (U/Umf > 

20.0 for the prototype BFB). This is shown in Figure 7.16 which plots the observed 

frequencies versus U/Umf for the transition regime. The a^-frequency phenomena observed in 

bubbling fluidized beds is also observed m the transition regime. This surface eruption 

frequency approaches the a rfrequency as the superficial velocity increases. At high velocities 

near fast fluidization, these two frequencies become nearly impossible to differentiate. 

An interesting result observed in Figure 7.16, is that the ao-frequency, that is nearly 

non-existent in BFBs. begins to appear in the spectrum of transition regime beds at a 

frequency of 0.9 Hz m the prototype. This frequency (although significantly damped) is seen 

first in the pressure fluctuations recorded immediately above the bed surface as the bed moves 

from bubbling to fast fluidization (see Appendix B for the complete presentation of transition 

regime Bode plots). At U/Umf > 18 this frequency is observed in the bed fluctuation 

measurements as well. This suggests that the ao-frequency phenomena is not solely a 

characteristic of fast fluidization. As the superficial velocity increases in the transition regime, 

a well defined bed surface is no longer observed. While some bubbles are still observed 

propagating through the system, the predominant motion of the bed is the sloshing motion at 

the surface. This sloshing motion increases in magnitude until, near the fast fluidization 

regime, some particles are projected 1-3 m above the original surface of the bed. Visually it is 

easy to relate such a motion to the wave behavior of a liquid. 

According to surface wave theory, deep beds should exhibit a wave frequency 

inversely proportional to the -yfo . For the prototype BFB, the predicted frequency for 
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Figure 7.16: Dominant frequencies observed in turbulent bed pressure fluctuations 
(measured at 50% bed height) 
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surface waves is 0.45 Hz for the fundamental and 0.9 Hz for the &st harmonic. For the 

model BFB. the predicted frequency is 0.65 Hz for the fundamental and 1.3 Hz for the first 

harmonic. These values correspond closely to the ao-frequency measured in fluidized systems 

approaching the fast fluidization regime for both the model and the prototype. 

hi siunmary, the apfrequency (voidage fluctuation phenomena) and a^-frequency are 

observed throughout the transition from turbulent to fast fluidization. The ao-frequency and 

corresponding harmonics can be observed near the onset of fast fluidization. This frequency 

phenomena suggests the presence of a wave phenomena analogous to deep water waves. 

Fast Fluidization Fluctuations 

General characteristics 

Two predominant phenomena are observed m the frequency spectrum of fast 

fluidization systems. Figures 7.17-7.19 show typical CFB Bode plots under different 

operating conditions. Under relatively dilute conditions (and in the upper regions of the bed) 

the ao-frequency phenomena appears along with its first harmonic in the spectrum (see Figiu-e 

7.17). hi the transition from dilute to dense conditions, the Bode plot of fluctuations appears 

highly damped as shown in Figure 7.18 (i.e. no distinct peaks are observed in the pressure 

dynamics). Under the dense conditions shown in Figure 7.19, the ai-frequency is evident in 

the Bode plot. This apfrequency phenomena is most dominant when fluctuations are 

measured at low elevations in the bed (5-10 % bed height). The CFB Bode plots under all 

conditions exhibit a final asymptotic slope of -40 dB/decade. 

Before examining the two predominant phenomena observed in fast fluidization, 

preliminary experiments were conducted to verify that fluctuations did not originate from local 

disturbances that occur only along the wall near the pressure tap. A probe was mounted 

down from the riser top-plate to measure static pressure fluctuations at the center of the riser 

cross-section. Simultaneously, the static pressure fluctuations at the wall were recorded at 

this same elevation. The Bode plots of the pressure fluctuations, at the wall and in the center 
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CFB Operating Conditions 
Gj = 13 kg/nis 

U = 4.7 m/s (air @ 1.0 atm) 
D = 10.2 cm 
dp = 0.4 mm (glass beads) 

Differential pressure measurement 
13 % bed height - 25.4 cm tap spacing 

(b) Power Spectral Density 

(a) Axial Voidage Profile 

?o.i 

100 

frequency (Hz) 

0.9 0.95 1 

Average voidage 

(c) Bode Plot 

frequency (rad/s) 

Figure 7.17: Dilute CFB operating conditions - a) axial voidage profile, b) PSD, c) Bode plot 
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CFB Operating Conditions 
= 17 kg/nfs 

U = 4.7 m/s(air @ 1.0 atm) 
D = 10.2 cm 

dp = 0.4 mm (glass beads) 

Differential pressure measurement 
@ 13 % bed height - 25.4 cm tap spacing 

(b) Power Spectral Density 
l o i  r  

(a) Axial Voidage Profile 

5 

_ 60 

frcqucncy (Hz) 

0.9 0.95 I 

Average voidage 

(c) Bode Plot 

^"10 

s 
trequencv (rad/s) 

Figure 7.18: Damped CFB operating conditions - a) axial voidage, b) PSD, c) Bode plot 
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CFB Operating Conditions 
= 23 kg/nfs 

U = 4.7 in/s (air @ 1.0 atm) 
D = 10.2 cm 

dp = 0.4 mm (glass beads) 

Differential pressm-e measurement 
@ 13 % bed height - 25.4 cm tap spacing 

(b) Power Spectral Density 

(a) Axial Voidage Profile 

•r- :o 

fixqucncy (Hz) 

(c) Bode Plot 

•s 0 

- 60 

0.9 0.95 I 

Average voidage 

100 

frecftiency (rad/s) 

Figure 7.19; Dense CFB operating conditions - a) axial voidage profile, b) PSD, c) Bode plot 
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of the bed two feet down from the top plate of the riser, are shown in Figures 8.20a and 

8.20b. The frequency response profiles are identical in each case suggesting that pressure 

fluctuations are a global phenomena, and not simply the result of local changes in the solids 

concentration along the wall. If the pressure fluctuations were solely the result of local 

behavior, distinctly different pressure fluctuation behavior would be expected from the 

upward moving dilute core, and the dense downward flowing aimulus. 

Discussion of aj-frequency phenomem in CFBs 

Pressure fluctuations in bubbling and turbulent beds provide insight as to the origin of 

the tti-frequency in circulating fluidized beds. By observing pressure fluctuations throughout 

the transition from bubbling to turbulent to fast fluidization, it is evident that the ai-frequency 

is present in all three regimes. This a rfrequency originates from the lower dense regions of 

the CFB. It appears only when a lower dense bed has been established (i.e. the axial voidage 

profile shows decreasing voidage at low bed heights). It is also most dominantly sensed at the 

lower elevations of the CFB. Figure 7.21 shows how the apfrequency is manifest in the CFB 

Bode plots of fluctuations measured at different elevations. Secondly, in addition to the 

observation of this phenomena throughout bubbling, turbulent, and fast fluidization regimes, 

the frequency of this phenomena can be predicted from the modified-Hiby model proposed for 

bubbling fluidized beds. The height of the lower dense bed can be estimated from the axial 

voidage profiles to be between 10-20 cm (in the 10.2 diameter CFB model). The theory for 

voidage oscillations under turbulent conditions predicts that this frequency should appear 

between 2-3 Hz. All Bode plots of lower dense bed pressure fluctuations confirm this (see 

Figures 7.19. 7.21 and Appendix C). 

As expected, this ai-frequency also exhibits an inverse square root dependence on 

dense bed height. When the two CFB models are operated such that similar axial voidage 

profiles are attained, the lower dense bed height in the large CFB will be twice the height of 

the small CFB dense bed. Consequently, the lower dense bed frequency in the model CFB 

appears at a frequency that is 1.4 (or 2"^) times the frequency that is observed in the 
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a) 80 % bed height, Gs = 19 ± 3 kg/m U = 3.0 ± 0.3 m/s, D = 10.2 ciru dp = 0.2 mm 

"10 

-40 
100 10 

firquency (rad/s) 

b) 80 % bed height, Gs = 19 ± 3 kg/m s\ U = 3.0 ± 0.3 m/s, D = 10.2 cm, dp = 0.2 mm 

-10  

•20 

-40 

-50 
O.l ! 10 100 

^qucncy (rad/s) 

Figure 7.20: Bode plot of static pressure fluctuations at a) center of bed, and b) bed wall 
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CF6 Operating conditions: 

U = 4.1 ± 0.2 m/s (air @ 1.0 atm) 
G, = 18 ± 4 kg/m"s 
D = 10.2 cm 
dp = 0.3 mm (glass beads) 

O.I 1 10 100 

frequency (rad/s) 

1.2 % CFB height 
30 % CFB height 

- 75% CFB height 

Figure 7.21: Appearance of dense phase phenomena at various bed elevations 
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prototype CFB. This is shown conclusively in the results of the similitude study that follow. 

This result suggests that pressure fluctuation measurements at one location could be used as 

an indicator of the height of the lower dense region in a CFB 

Discussion of ao-frequency phenomena in CFBs 

The tto-frequency phenomenon was previously hypothesized to be governed by an 

acoustical wave phenomena similar to that observed in an organ pipe [74]. Two tests have 

shown that this is not a correct hypothesis. Fu'st, if this ao-phenomenon was the result of an 

acoustical wave in the riser, varying the length of the riser would vary the observed frequency. 

Two extensions were used to modify the small CFB such that it could be operated at 1.5 and 

2 times the original bed height. The bed was fluidized with air at atmospheric pressure and 

0.2 mm steel shot as the bed material. The PSDs presented in Figure 7.22 show that the ao-

frequency observed in CFB pressure fluctuations does not change significantly with changes in 

the CFB height. Secondly, as seen in the transition regime, the ao-frequency begins to appear 

in the high velocity turbulent regime prior to fast fluidlzation. This suggests that ao-frequency 

results from a phenomena associated with the behavior of particles leaving and returning to 

the dense bed surface, rather than a phenomena associated with the structural CFB height. 

Visual observations in circulating fluidized beds and turbulent beds (as they approach 

fast fluidization) show clusters of solids leaving the dense bed surface at approximately 1 Hz, 

which corresponds to the ao-frequency observed in the Bode plots. Similar to the transition 

regime, this frequency of sloshing/cluster propagation at the lower dense region of the CFB is 

also hypothesized to be governed by a surface wave phenomena. 

This ao-frequency is independent of superficial velocity, solids flux, particle density 

and gas density, although these operating variables will also affect the observed magnitude (or 

damping) of this phenomena. Particle diameter has only a small effect on the observed 

frequency. The ao-frequency will mcrease slightly with increasing particle diameter. The bed 

diameter has the greatest effect on the frequency observed in this dilute phase. It appears that 

this frequency is inversely proportional to the square root of the bed diameter. All these 
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a) 2 X standard bed height (48" extension) - (0,= 34 ± 4 kg/m s", U = 5.5 ± 0.4 m/s) 

frequency' (tu) 

b) 1.5 X standard bed height (24" extension) - (Gs= 49 ± 5 kg/m s*, U = 6.2 ± 0.4 m/s) 

frequeocy (112) 

c) standard bed height (no extension) - (Gs= 38 ± 7 kg/m s", U = 5.6 ± 0.4 m/s) 

% 

frequency (til) 

Figure 7.22: Effect ofbed height on the dilute phase frequency a) 2 x H, b) 1.5 x H, c) H 
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observed characteristics fiirther support the hypothesis that the ao-frequency is governed by a 

deep wave phenomena. 

Discussion of the initial cornering frequency in CFBs 

Another observation that can be made from both the results of previous studies [76, 

79], and the results presented in Appendix C is that there appears to be an initial break 

frequency (as) at around 0.15 Hz in the CFB Bode plots. This initial roll-oflfis predominantly 

observed at high elevations in the bed and whenever the dilute phase phenomena is observed. 

The damping or location of this frequency does not change significantly with changes in 

operating conditions. This initial roU-oflF may be the result of a very slow component in the 

dynamics (on the order of 5 to 7 seconds), or it may be the result of the interaction of multiple 

phenomena within the CFB. Further study is needed to develop an explanation of the origin 

of this Bode plot characteristic. 

Summary of CFB pressure fluctuatiom 

CFB pressure fluctuations are indicative of CFB hydrodynamics in two ways. First, 

the ai-frequency that is observed in the lower regions of the CFB under conditions of high 

solids loading is the result of lower dense bed voidage oscillations as observed m bubbling and 

turbulent beds also. Oiu' results suggest that a surface wave phenomena (ao) inversely 

proportional to the square root of the bed diameter is also be observed in CFB pressure 

fluctuations under most conditions. Knowing how pressure fluctuations reflect CFB 

hydrodynamics, it is possible to use the analysis of pressiu-e fluctuations to vaUdate proposed 

similitude parameters. 

Investigation of CFB similitude parameters 

Prior to testing the similitude parameters proposed by Glicksman, it was discovered 

that the total mass of solids loaded into the CFB (M) must also be used as an additional 

mdependent parameter for CFBs with L-vah^e soUds re-circulation systems. While holding all 
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other dimensionless parameters the same, the hydrodynamics of the bed can be altered 

measurably by changes in the reactor loading (see Figure 7.23). For this reason the addition 

of a dimensionless reactor loading term has been added to the set of similitude parameters 

matched in this study, as was proposed in Chapter 6. 

The results of the CFB similitude study are summarized in Table 7.2. In Table 7.2 the 

degree of similarity between the hydrodynamics in the model and prototype CFB is presented. 

The Bode plots from this study are shown in Appendix C. Under these proposed conditions 

of similitude, a number of characteristics can be noted. The Bode plot profiles in the upper 

bed (75% bed height) match relatively well in the model and prototype CFB under most 

conditions. This occurs even when the axial voidage profiles do not match weD. This is to be 

expected from the present understanding of the ao-frequency phenomenon, which dominates 

in the upper CFB elevations. The ao-frequency is primarily a fimction of bed diameter and is 

not expected to vary with changing operating conditions. The ao (dimensionless) frequency 

will match in two CFBs as long as the bed diameters are scaled properly. Consequently, it 

cannot be assumed in similitude studies that pressure fluctuations in the upper regions can by 

themselves verify similitude relations. Upper bed fluctuations must be used in conjunction 

with lower bed fluctuations and axial voidage profiles before any valid conclusions regarding 

CFB similitude can be made. 

In contrast to upper CFB Bode plots, the lower dense bed fluctuations and axial 

voidage profiles are rarely similar in prototype and model under Glicksman's conditions of 

similitude. The ai-frequency in the prototype and model CFB rarely exhibit similar 

dimensionless frequency and damping. The pressurized model shows a significantly higher 

voidage in the lower bed than the prototype. This distinct difference was overlooked in the 

small model results published by Glicksman [11]. He minimizes this dramatic difference by 

plotting the voidage axis on a logarithmic scale. Louge [80] also observed similar behavior in 

the axial voidage profiles of pressurized CFB models, and attributes it to the shorter 

acceleration region in the pressurized models. Only under dilute operating conditions were 

approximately similar hydrodynamics occasionally observed. 
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CFB Operating conditions: 

U = 2.8 ± 0.2 m/s (air @ 28 psig) 
Gs = 30 ± 4 kg/m's 
D = 5.1 cm 
dp = 0.15 mm (steel shot) 

^ 40 

0.94 0.95 0.96 0.97 0.98 0.99 

voidage 

-o- 800 mL 

650 mL 

500 mL 

figure 7.23; CFB axial voidage profiles at different reactor loadings 
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Table 7.2. Simimary of CFB similitude tests using Glicksmans parameters 

Dependent parameters compared: AVP - axial voidage profiles 
5 % - Bode plots fi-om 5 % total bed height 
21 % - Bode plots fi'om 21 % total bed height 
75 % - Bode plots fi'om 75 % total bed height 

H/dp 
(xlO-*) 

D/dp 
(xlO--) 

Pi/P. 
(xlO-*) 

Rep Fr 
(xlO-^t 

Gyp.U 
(xlO^) 

M/p^' AVP 5% 21 % 75% 

I 1.5 5.1 4.7 40 4.6 1.3 2.1 * no ** 

2 1.5 5.1 4.7 40 4.6 1.9 2.1 • no no * 

J 1.5 5.1 4.7 47 6.3 1.7 2.1 no no « * 

4 1.5 5.1 4.7 47 6.3 2.1 2.1 no no no ** 

5 1.5 5.1 4.7 47 6.3 2.8 2.7 * no * ** 

6 1.5 5.1 4.7 54 8.2 1.9 2.1 no * * * 

7 1.5 5.1 4.7 54 8.2 2.4 2.7 * no no * 

8 1.1 3.4 4.7 71 4.2 1.1 2.1 no no no * 

9 1.1 3.4 4.7 71 4.2 1.7 2.1 NP NP NP NP 
10 1.1 3.4 4.7 81 5.4 1.4 2.1 no no no • 

11 1.1 3.4 4.7 81 5.4 1.9 2.7 no no no * 

12 1.1 3.4 4.7 81 5.4 2.4 2.1 NP NP NP NP 
13 1.1 3.4 4.7 110 11 1.4 2.1 no no • ** 

14 1.1 3.4 4.7 110 11 1.7 2.7 no no • 

15 0.8 2.5 4.7 108 4.1 1.0 2.1 no no no ** 

16 0.8 2.5 4.7 108 4.1 1.4 2.1 NP NP NP NP 
17 0.8 2.5 4.7 126 5.6 1.2 2.1 no no •* ** 

18 0.8 2.5 4.7 126 5.6 1.6 2.7 * no ** 

19 0.8 2.5 4.7 148 7.7 1.4 2.1 no * * ** 

20 0.8 2.5 4.7 148 7.7 1.7 2.7 no no * ** 

Rating system: 

** Bode plots match well in both models 
* Not all Bode plot characteristics are similar in prototype and model 
no Bode plots are not similar in prototype and model 
NP Experiment not possible since chosen similitude parameters resulted in choking 

conditions in the protoype 
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It is also important to observe that the matching of Glicksman's similitude parameters 

does not guarantee that choking conditions in one bed will yield choking conditions in the 

other. There are three experiments in the model (shown in Table 7.2) that could not be 

duplicated in the prototype due to conditions of complete choking imder the prescribed 

similitude parameters. 

It is hypothesized from these experiments that soUds flux is not an appropriate 

independent variable for the establishing of similitude. Representing a measiu-e of the rate of 

particles leaving the riser, it is not fiindamentally an indicator of the total amount of solids 

suspended in the riser, which is more important for similitude studies. 

An alternative to dimensionless solids flux is suggested by these results. 

Dimensionless solids loading in the riser was substituted for dimensionless solids flux in the 

experiments illustrated in Figures 7.24-7.33. This was done by maintaining the appropriate 

level of solids (U) in the CFB downcomer. The full set of dimensionless similitude 

parameters used m this approach is: 

IL D ^ _J±_ k 
S - d ,  n  p , - D  D  

The pressure fluctuation Bode plots and the axial voidage profiles match very well when this 

fiill set of parameters is matched. In spite of these hydrodynamic similarities, there is one 

obvious diflFerence between the conditions in the two cases. The dimensionless solids flux 

(now used as a dependent parameter) is over 50% greater in the model than the prototype. It 

was hypothesized that this may be the result of differences in the elasticity of the solids m the 

riser; changing the dynamics of particle/particle or particle/bed collisions. 

Since the predominant collisions in the riser that take place between the particles and 

the riser top-plate, differences between the steel shot/aliunmum top-plate (model) collisions 

and the glass bead/Plexiglas top-plate (prototype) collisions were investigated. By measiuing 

the rebound height of steel and glass beads the coeflBcients of restitution were estimated: 
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Table 7.3. Operating conditions for 
similitude experiments (Figs. 7.24-7.28) 
Using riser loading as the independent 
solids parameter 

SMALL CFB 

u 23 ± 1 inches 
Reactor loading 750±25mL 
Superficial velocity 2.9 ±0.1 m/s 
Solids flux 30 ± 4 kg/m"s 

Rep 85 ± 12 
Fr 5700 ± 800 
G.yp,U 0.0014 ±0.0002 
H/dp 10200 ±1400 
D/dp 340 ± 50 

p«/p-. 2150±30 
M/pJD^ 3.15 ±0.08 

LARGE CFB 

U 45 ± 2 inches 
Reactor loading 6000 ± 200 mL 
Superficial velocity 4.1 ± 0.1 m/s 
Solids flux 10 ± 2 kg/m"s 

Rep 84 ±5 
Fr 5800 ± 500 
G7p,U 0.0009 ± 0.0002 
H/dp 10200 ±300 
D/dp 340 ± 10 

P«/Ps 2150 ±70 
M/pJD^ 3.15 ±0.05 

cn 0.4 

0.7 0.8 

voidage 

LCFB-D = 4.0" 

* SCFB - D = 2.0" 

Figiu'e 7.24: CFB axial voidage profiles 
(Using revised similitude parameters) 
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frequency X f̂H|g 
SCFB 
LCFB (shifted +10 dB for visualization) 

Figure 7.25: Bode plots of CFB under similitude conditions (1-2 % bed height) 
Using revised similitude parameters 
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Figure 7.26; Bode plots of CFB under similitude conditions (5 % bed height) 
Using revised similitude parameters 
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Figure 7.27: Bode plots of CFB under similitude conditions (13 % bed height) 
Usmg revised similitude parameters 
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Figure 7.28: Bode plots of CFB under similitude conditions (75 % bed height) 
Using revised similitude parameters 
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Table 7.4. Operating conditions for 
similitude experiments (Figs. 7.29-7.33) 
Using riser loading as the independent 
solids parameter 

SMALL CFB 

u 16 ±2 inches 
Reactor loading 750 ±25 mL 
Superficial velocity 3.2 ±0.1 m/s 
Solids flux 35 ±2 kg/m"s 

Rep 95 ±13 

Fr 7000 ±1000 

G,/psU 0.0014 ±0.0002 

H/dp 10200 ±1400 

D/dp 340 ± 50 

pu/ps 2150±30 

M/pJD^ 3.15 ±0.08 

LARGE CFB 

u 32 ± I inches 
Reactor loading 6000 ± 200 mL 
Superficial velocity 4.5 ±0.1 m/s 
Solids flux 13 ± 5 kg/m*s 

Rep 92 ±5 
Fr 7000 ± 500 

G,/PsU 0.0010 ±0.0004 
H/dp 10200 ± 300 
D/dp 340 ± 10 

Pn/Ps 2150 ±70 

M/pJD^ 3.15 ±0.05 

CQ 0.4 

0.6 0.7 0.8 

votdage 

L C F B - D  =  4 . 0 "  
* SCFB-D = 2.0" 

Figure 7.29: CFB axial voidage profiles 
(Using revised similitude parameters) 
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Figure 7.30: Bode plots of CFB under similitude conditions (1-2 % bed height) 
Using revised similitude parameters 

frequency X -jHlg 
SCFB 
LCFB (shifted +10 dB for visualization) 

Figure 7.31: Bode plots of CFB under similitude conditions (5 % bed height) 
Using revised similitude parameters 
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Figure 7.32: Bode plots of CFB under similitude conditions (13 % bed height) 
Usmg revised similitude parameters 
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Figure 7.33: Bode plots of CFB under similitude conditions (75 % bed height) 
Using revised similitude parameters 



www.manaraa.com

98 

where Hd is the drop height and hr is the rebound height. The resulting coefficient of 

restitution of glass/PIexiglas collision is over 50% higher than the coefficient of restitution of 

steel/aluminum collision. This being the case, the glass particles in the large CFB model are 

more Ukely to rebound off the top-plate and back down into the riser, rather than exiting the 

riser to the cyclone. As a result, the external recycle rate of steel shot will be much higher, 

yielding a higher solids flux in the model reactor. The axial voidage profiles in Figures 7.24 

and 7.29 support this hypothesis by showing a slightly denser upper region in the prototype. 

To definitively support this hypothesis that the top-plate collision strongly affects the 

measured solids flux, 26" and 13" extensions were added to the large and small CFBs 

respectively. These extensions allowed particles to progress beyond the riser exit, and change 

direction, without contacting the riser top-plate. The results of this experiment presented in 

Figures 7.34 - 7.38 confirms that the coefficient of restitution of particle^ed collisions is an 

important consideration in similitude studies. In this experiment, the dimensionless solids flux 

matches exactly in both beds, in addition to pressure fluctuations and axial voidage profiles. 

Complete hydrodynamic similitude was achieved in this test. 

A number of conclusions can be drawn fi-om this CFB simiUtude study. First, spectral 

analysis of pressure fluctuations, if properly applied, can be used to verify that similitude has 

been achieved. To do this, not only must the Bode plot characteristics important for 

hydrodynamics be identified, but the pressure fluctuation structure at all elevations of the CFB 

must be similar. The set of similitude parameters defined by Glicksman is not sufficient to 

establish hydrodynamic similitude. The overall reactor loading must also be considered in L-

valve systems. The solids flux as typically measured in the downcomer does not contain 

information on the solids hold-up in the riser, or the amount of solids that progress 

downwards in the annulus rather than exit the riser. It is better to use the total mass contained 

in the riser (using a measurement such as Lv) as the important "solids" parameter for the 

establishment of similitude, rather than the solids flux. This measurement of Lv can be made 

more accurately, monitored continuously, and is a much simpler measurement to perform m 

most CFB systems. Even with this new set of dimensionless parameters, the differences in the 
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Table 7.5. Operating conditions for 
similitude experiments (Figs. 7.29-7.33) 
Using dead-space extensions 

SMALL CFB 

u 23 ± 1 inches 
Reactor loading 750 ±25 mL 
Superficial velocity 2.9 ±0.1 m/s 
Solids flux 22 ± 3 kg/m*s 

Rep 85 ± 12 
Fr 5700 ± 800 

GypsU 0.0010 ±0.0001 
H/dp 10200 ±1400 

D/dp 340 ± 50 

Ptt/Ps 2150±30 
M/pJ)^ 3.15 ±0.08 

LARGE CFB 

U 46 ± 2 inches 
Reactor loading 6000 ± 200 mL 
Superficial velocity 4.1 ±0.1 m/s 
Solids flux 11 ± 2 kg/m"s 

Rep 84 ±5 
Fr 5800 ± 500 

G^PsU 0.0010 ±0.0002 
H/dp 10200 ±300 
D/dp 340 ± 10 

pn/ps 2150 ±70 
M/pJ)' 3.15 ±0.05 

m 0.4 

0.7 0.8 

voidage 

L C F B - D  =  4 . 0 "  

* SCFB - D = 2.0" 

Figure 7.34: CFB axial voidage profiles 
(Using dead-space extensions) 
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Figure 7.35: Bode plots of CFB under similitude conditions (1-2 % bed height) 
Using dead-space extensions 
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Figure 7.36: Bode plots of CFB under similitude conditions (5 % bed height) 
Using dead-space extensions 
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Figure 7.37: Bode plots of CFB under similitude conditions (13 % bed height) 
Using dead-space extensions 

101 

O.I 1 

— SCFB 
LCFB (shifted +10 dB for visualization) 

frequency X -jH/g 
10 100 

Figure 7.38: Bode plots of CFB under similitude conditions (75 % bed height) 
Using dead-space extensions 
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coefficient of restitution of pa^ticle^ed collisions may make a significant difference in the CFB 

hydrodynamics. The eflfeas of particle collisions with the riser top-plate must be considered in 

similitude studies. 

Pressure Fluctuations in Industrial Scale CFB Boilers 

The final phase of this study was to determine if the analysis of pressure fluctuations in 

industrial scale CFB boilers could provide similar information about fluidized bed operation as 

was observed in the laboratory scale models. 

Discussion of law elevation CFB boiler fluctuations 

Although there is some variation in the structure of the lower bed fluctuations, as seen 

in time domain plots of Figures 7.39 and 7.40, they always exhibit a signal similar to a 0.25 -

0.3 Hz square wave. It is evident that the lower bed signal has a dominant period, on the 

order of a cycle every 3 to 4 seconds. This dominant frequency at 0.25 - 0.3 Hz is very 

pronounced in the power spectral density of these signals shown in Figures 7.41 and 7.42. 

Examining the Bode plot of the bed pressure fluctuations in Figure 7,4 lb, the low frequency 

region of the Bode plot seemingly exhibits a system behavior that roUs-ofiF at around -40 

dB/decade (or greater). This does not lead to the definitive conclusion that the boiler 

fluctuations are governed by second order phenomena. The Bode plots are difficult to 

interpret due to the presence of strong harmonics as illustrated in the fiill spectrum of Bode 

plots (see Figure 7.41c). 

These strong harmonics can be explained by recognizing that the fluctuations in the 

time domain exhibit a square wave behavior. Subsequent harmonics observed in the PSD 

appear at odd multiples of the fimdamental frequency (see Figure 7.42). These harmonics are 

what is expected as the Fourier transform estimates a square wave with multiple sinusoids at 

odd multiples of the fundamental frequency. Before the conclusion can be made that the 

pressure fluctuations are indicative of CFB boiler hydrodynamics, the nature of the dominant 

0.25 - 0.3 Hz phenomena must be examined fiirther. 
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Figure 7.39: ISU CFB boiler lower bed pressure fluctuations (peak load - morning) 
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Experiments were conducted to better understand the nature of the 0.25-0.3 Hz 

dominant frequency measured at the bottom of the boiler. First, an analog anti-aliasing filter 

was used while recordmg data to insure that the dominant frequency observed in the spectrum 

was not simply the result of a frequency phenomena higher that the sampling frequency (e.g. 

60 Hz line frequency) being manifest in the low frequency spectrum. A 3rd-order 

Butterworth filter was designed and constructed with a 16 Hz (100 rad/s) cut-oflF frequency. 

Figure 7.43 compares the Bode plot of filter data to that of the unfiltered data. Although it is 

also evident that the filtered data begins to attenuate the signal slightly as the spectrum 

approaches 100 rad/s. as expected, there is no significant difference in the plots. It can be 

concluded from this result that the 0.25-0.3 Hz phenomena is not the result of aliasing. Data 

recorded at sampling frequencies of up to 1000 Hz confirms this conclusion, since no 

dominant frequency phenomena between 0-500 Hz (other than the 0.25 - 0.3 Hz phenomena) 

is observed in the spectrum. 

It was hypothesized that this dominant frequency was not the result of the CFB 

hydrodynamics but of a standard periodic operation of the CFB Boiler. It was believed that 

oscillations in the limestone or coal feed systems were the origin of the square wave signal. If 

this was the case, any dynamics resulting from fluidization fluctuations would be hidden within 

the dynamics of boiler operation. By analyzing only the part of the signal that resides between 

subsequent 0.25-0.3 Hz oscillations, this hypothesis was tested. The Bode plots that resulted 

from this analysis did not show any dynamic behavior that could be attributed to CFB 

hydrodynamics. The resulting plots were typical of the Bode plots of a white noise signal, 

containing no important dynamic information. It is assumed that all observed dynamics 

contained in the spectnun are related to the 0.25-0.3 Hz oscillation. 

The most likely explanation for this periodic behavior is the coal feed system. Coal is 

fed into the boiler at two locations; via the loop seal and directly into the bed on a cleated 

conveyor belt. Due to the spacing of the cleats and the typical speed of the conveyor, a cleat 

reaches the entrance of the boiler every 3 to 4 seconds. Assuming that the coal will have a 

tendency to pile up near the cleat, the rate at which coal enters the boiler will not be 
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www.manaraa.com

109 

continuous. Rather, the feeder will mput a batch of coal every 3 to 4 seconds. 

By observing boiler fluctuations under high and low loading conditions, this hypothesis 

is supported. Figure 7.40 shows bed fluctuations measured mid-aflemoon while Figure 7.39 

represents the fluctuations measure during peak operation 8:00-9:00 a.m. During this period 

of high load, the fluctuations appear less dommated by the "square wave" coal feed 

fluctuations. This is expected since an increased circulation rate increases the solids 

suspended in the bed and decreases the observed efifect of the coal feed directly into the CFB. 

The more dilute the operation of the CFB is, the more evident the periodic coal feed will be in 

the frequency spectrum. 

Discussion of upper CFB boiler fluctuations 

The combustion chamber pressure fluctuations di£fer from the lower bed fluctuations 

because the periodic nature of the coal feed no longer is sensed as strongly at the top of the 

bed (see Figure 7.44). At this elevation, the periodic batches of coal entering the combustor 

have been more evenly dispersed in the upward moving gas flow. The Bode plot of the 

combustion chamber pressure fluctuations shown in Figure 7.45 does seem to exhibit an initial 

roll-oflFof around -40 dB/decade. This characteristic frequency occurring at around 0.4-0.5 

rad/s (0.06 - 0.08 Hz) may be a highly damped ao-frequency phenomena similar to that 

observed in the CFB models. 

The equivalent diameter of the CFB boilers is 4.85 meters. This is 47.5 times greater 

than the 10.2 cm diameter CFB model. If the ao-frequency phenomena was observed in the 

CFB boiler, it would appear at a frequency inversely proportional to the square root of the 

diameter. Observing a frequency at around 0.5 Hz in the 10.2 cm CFB model (absolute 

pressure fluctuations), the predicted ao-frequency for the boiler would be 0.07 Hz, as is 

observed. It is difficult to asses how much of an effect the periodic coal feed has on the 

combustion chamber fluctuations, therefore this hypothesis that a dilute phase phenomena 

similar to that observed in the models is acting in the CFB boilers camiot be definitively 

supported. Additionally, this combustion chamber pressure is a controlled pressure. Exhaust 



www.manaraa.com

110 

a) S minute interval 

50.8 -

A 

tune (seconcu) 

b) 1.5 minute interval 

40 50 

time (seconds) 

50.8 -

c) 0.5 minute interval 

" ,  I  

50.4 

0.2 
10 15 

time (seconds) 

20 25 30 
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fans are used to keep this pressiu'e at acceptable levels. More must be known regarding the 

control s>'stem dynatnics before any definitive conclusions can be drawn regarding the relation 

of pressure fluctuations to fiuidization hydrodynamics in industrial scale CFB boilers. 
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CHAPTERS. CONCLUSIONS 

This study has shown that pressure fluctuations can be used as a diagnostic and design 

tool for fluidized beds if an appropriate method of analysis is applied. Adequate data sampling 

and averaging is necessary to achieve a valid system description. The numerous pressure 

fluctuation phenomena in fluidized bed systems are identified using a system identification 

approach. Using this approach, the differences and similarities between the pressiue dynamics 

of bubbling, turbulent, and fast fluidization are compared. This comparison results in a better 

understanding of the hydrodynamics in each of these regimes. As a diagnostic tool, the 

analysis of pressure fluctuations in CFBs can be used to estimate the solids hold-up in the 

riser, and the height of the lower dense bed. The ISU CFB boiler pressure fluctuations do not 

exhibit the dynamics seen m the CFB models. The boiler fluctuations are dominated by the 

effects of the coal feed system and other dynamics associated with boiler control. 

As a tool for fluidized bed design and scale-up, the spectral analysis of pressure 

fluctuations can be used as a dependent parameter in similitude studies. Pressure fluctuations 

in bubbling fluidized beds validate the similitude parameters previously derived by Glicksman. 

However, circulating fluidized bed similitude results show that matching Glicksman's 

parameters in two circulating beds does not guarantee that similar hydrodynamics have been 

established in the model and prototype. Using a revised set of similitude parameters that 

replaces the dimensionless solids flux with a dimensionless riser loading, the hydrodynamics in 

the model and prototype come closer to achieving similarity. Even with these revised 

similitude parameters, the results suggest that the coeflBcient of restitution of particle/top-plate 

collisions will significantly alter CFB hydrodynamics. 
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APPENDIX A 

BFB SIMILITUDE STUDY RESULTS 
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Table A. 1. Similitude tests for dp =0.4 mm and H = 10 cm prototype conditions 

Exp. # U/U„tf Rep Fr oJpgXlO'^ H/D D/dp %H e(avg.) ^nl 0)„2 ^2 
1 1.1 4.0 ±0.3 5.8 ±0.7 2.2 ±0.1 1.06 ±0.02 254 ±6 100 N/A 2.5 3.7 0.2 0.3 

1.1 4.2 ±0.3 6.0 ±0.6 2.2 ±0.1 1,06 ±0.04 254 ± 13 100 N/A 2.5 3,7 0.3 0,3 

2 1.1 4.0 ±0.3 5.8 ±0.7 2.2 ±0.1 1.06 ±0.02 254 ±6 100 N/A 2.5 3.6 0.3 0.4 
1.1 4.2 ±0.3 6.0 ±0.6 2.2 ±0.1 1.06 ±0.04 254 ± 13 100 N/A 2.4 3.7 0.3 0.3 

3 1.4 5.3 ±0.4 10± 1 2.2 ±0.1 1.06 ±0.02 254 ±6 100 N/A 2.7 3.8 0.3 0.4 

1.4 5.4 ±0.4 10±1 2.2 ±0.1 1.06 ±0.04 254 ± 13 100 N/A 2.6 3,7 0.3 0.4 

white - parameters for prototype BFB 
grey - parameters for model BFB 

0) - frequency of peak in BFB Bode plot 
C - damping coefficient of peak in BFB Bode plot 
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Table A.2. Similitude tests for dp =0.4 mm and H = 15 cm prototyi)e conditions 

Exp. U U/Un.f Re,, Fr ps/p„xl0'' H/D D/d„ %H e(avg.) (Onl tO„2 
4a 1.1 4.1 ±0.3 5.8 ±0.7 2.2 ±0.1 1.48 ±0.02 254 ±6 68 0.46 ± 0.03 2.4 - 0.3 -

1.1 4.3 ±0.3 6.1 ±0.6 2.2 ±0.1 1.48 ±0.04 254 ± 13 68 0.47 ± 0.04 2.3 - 0 4 

4b 1.1 4.1+0.3 5.8 + 0.7 2.2 ±0.1 1.48 ±0.02 254 ±6 100 N/A 2.3 4.7 0.3 0.7 

1.1 4.3 ±0.3 6,1 ±0.6 2.2 ±0.1 1.48 ±0.04 254 ± 13 100 N/A 2.4 4.7 0.6 0.7 

5a 1.4 5.3+0.4 10 ± 1 2.2 ±0.1 1.48 ±0.02 254 ±6 68 0.47 ± 0.03 2.5 3.5 0.2 0.3 

1.4 5.4 ±0.4 10 ±1 2.2 ±0.1 1.48 ±0.04 254 ± 13 68 0.50 ± 0.04 2.3 3.6 0.2 0.5 

5b 1.4 5.3 ±0.4 10± 1 2.2 ±0.1 1.48 ±0.02 254 ±6 100 N/A 2.4 3.8 0.4 0.5 

1.4 5.4 ±0.4 10 ±1 2.2 ±0.1 1.48 ±0.04 254 ± 13 100 N/A 2.0 4.1 0.6 0.6 

6a 1.8 6.7 ±0.4 16 ± 1 2.2 ±0.1 1.48 ±0.02 254 ±6 68 0.49 ± 0.03 2.5 - 0.2 -

1.8 7.0 ±0.4 15±2 2.2 + 0.1 1.48 ±0.04 254 ± 13 68 0.50 ± 0.04 2.5 0.3 

6b 1.8 6.7 ±0.4 16 ± 1 2.2 ±0.1 1.48 ±0.02 254 ±6 100 N/A 2.5 3.8 0.4 0.5 
1.8 7.0 ±0.4 15±2 2.2 + 0.1 1.48 ±0.04 254 ± 13 100 N/A 2.1 3,8 0,5 0,6 
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Table A.3. Similitude tests for dp =0.4 mm and H = 20 cm proloty|)e conditions 

Exp. # U/U„.r Re,, Fr Ps/puXlO"' H/D D/d„ % H E (avg.) W„i (0„2 
7a 1.1 4.1 ±0.3 5.8 ±0.7 2.2 ±0.1 1.97 ±0.02 254 ±6 25 0.44 ± 0.03 2.3 4.1 0.3 1.0 

l.i 4.3 ±0.3 6.1 ±0.6 2.2 ±0.1 1.97 ±0.04 254 ±13 25 0.46 ± 0.04 2.5 4.1 0.3 0.9 

7b 1.1 4.1 ±0.3 5.8 ±0.7 2.2 ± 0.1 1.97 ±0.02 254 ±6 50 0.46 ± 0.03 2.3 3.8 0.3 0.9 

1.1 4.3 ±0.3 6.1 ±0.6 2.2 ±0.1 1.97 ±0.04 254 ±13 50 0.46 ± 0.04 2.5 4.4 0.4 0.9 

8a 1.4 5.3 ±0.4 10± 1 2.2 ±0.1 1.97 ±0.02 254 ±6 25 0.45 ± 0.03 2.4 4.1 0.3 1.0 

1,4 5.4 ±0.4 10 ±1 2.2 ±0.1 1.97 ±0.04 254 ± 13 25 0.47 ± 0,04 2.4 4.1 0.2 1.0 

8b 1.4 5.3 ±0.4 10 ± 1 2.2 ±0.1 1.97 ±0.02 254 ±6 50 0.48 ± 0.03 2.5 - 0.3 -

1.4 5.4 ±0.4 10 ±1 2.2 ±0.1 1.97 ±0.04 254 ± 13 50 0.47 ± 0.04 2.3 - 0.4 -

9a 1.8 6.7 ±0.4 I6± 1 2.2 ±0.1 1.97 ±0.02 254 ±6 25 0.46 ± 0.03 2.4 - 0.3 -

1.8 7.0 ±0.4 16 ±1 2.2 ±0.1 1.97 ±0.04 254 ±13 25 0.4? ± 0.04 2.4 0.3 -

9b 1.8 6.7 ±0.4 16± 1 2.2 ±0.1 1.97 ±0.02 254 ±6 50 0.50 ± 0.03 2.4 - 0.3 -

1.8 7.0 ±0.4 16±1 2.2 + 0.1 1.97 ±0.04 254 ±13 50 0.49 ± 0.04 2.4 - 0.4 -
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Table A.4. Similitude tests for dp =0.3 mm and H = 10 cm prototyi)e conditions 

Exp. # U/U„r Rep Fr Ps/PgXlO'^ H/D D/dp %H E(avg.) (0..I ft)„2 
10 1.1 2.0 ±0.2 3.3 ±0.5 2.2 ±0.1 1.06 ±0.02 339 ± 11 100 N/A 2.6 3.8 0.2 0.3 

1.1 2.1 ±0.2 3.3 ±0.5 2.2 ±0.1 1.06 ±0.04 339 ±22 100 N/A 2.8 4.1 0.5 0.3 

11 1.4 2.6 ±0.2 5.6 ±0.7 2.2 ±0.1 1.06 ±0.02 339 ± 11 100 N/A 2.7 4.1 0.3 0.4 

1.4 2.6 ±0.2 5.4 ±0.7 2.2 ±0.1 1.06 ±0.04 339 ±22 100 N/A 2.8 4.1 0.4 0,4 

12 1.8 3.3 ±0.2 9± 1 2.2 ±0.1 1.06 ±0.02 339 ± 11 100 N/A 2.2 3.1 0.5 0.3 

1.8 3.4 ±0.3 9±1 2.2 ±0.1 1,06 ±0.04 339 ±22 100 N/A 1.9 3.5 0.5 0.6 

13 2.2 4.0 ±0.3 13 ± 1 2.2 ±0.1 1.06 ±0.02 339 ± 11 100 N/A 1.8 3.1 0.4 0.2 

2.2 4.1+0.23 13 ±1 2.2 ±0.1 1.06 ±0.04 339 ± 22 100 N/A 2.0 3.3 0.5 0.5 
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Table A.5. Similitude tests for dp =0.3 mm and H ^ 15 cm proloty|)e conditions 

Exj). U U/U„.r Rcp Fr pyp^xio' H/D D/dp %H e(avg.) Wnl Cl)n2 ^2 
14a 1.1 2.0 ±0.2 3.3 ±0.5 2.2 ±0.1 1.48 ±0.02 339± 11 68 0.45 ± 0.03 2.3 3.1 0.3 0.9 

1.1 2.1+0.2 3.3 ±0.5 2.2 ±0.1 1,48 ±0.04 339 ± 22 68 0.46 ± 0.04 2.3 3.8 0.4 0.8 

14b 1.1 2.0 ±0.2 3.3 ±0.5 2.2 ±0.1 1.48 ±0.02 339 ± 11 100 N/A 2.4 4.1 0.3 0.8 

1.1 2.1 ±0.2 3,3 ±0.5 2.2 ±0.1 1.48 ±0.04 339 ±22 100 N/A 2.6 4,1 0.4 0.4 

15a 1.4 2.6 ±0.2 5.6 ±0.5 2.2 ±0.1 1.48 ±0.02 339 ± 11 68 0.46 ± 0.03 2.5 3.5 0.3 0.7 

1.4 2.6 + 0.2 5.4 ±0.5 2.2 ±0.1 1,48 ±0.04 339 ±22 68 0.47 ± 0.04 2.5 3,8 0.4 0.6 

15b 1.4 2.6 ±0.2 5.6 ±0.5 2.2 ±0.1 1.48 ±0.02 339 ± 11 100 N/A 2.5 4.1 0.4 0.7 

1.4 2.6 ±0.2 5.4 ±0.5 2.2 ±0.1 1,48 ±0.04 339 ±22 100 N/A 2.7 4.1 0.5 0,3 

16a 1.8 3.3 ±0.2 9± 1 2.2 ±0.1 1.48 ±0.02 339 ± II 68 0.47 ± 0.03 2.8 4.1 0.3 0.7 

1.8 3.4 + 0.2 9 ± l  2.2 ±0.1 1.48 ±0.04 339 ±22 68 0.47 ±0.04 2.8 3.8 0.5 0,6 

16b 1.8 3.3 ±0.2 9± 1 2.2 ±0.1 1.48 ±0.02 339 ± 11 100 N/A 2.5 4.0 0.6 0.6 

1.8 3.4 ±0.2 9 + 1  2.2 ±0.1 1.48 ±0.04 339 ±22 ICQ N/A 
(third peak) 0.2 1.2 

0,8 

17a 2.2 4.0 ±0.3 13 ± 1 2.2 ±0.1 1.48 ±0.02 339 ± 11 68 0.48 ± 0.03 2.8 4.1 0.2 0.7 

2,2 4.1 ±0.3 13 ±1 2.2 ±0.1 1.48 ±0.04 339 ±22 68 0.49 ± 0.04 
(third peak) 

2.8 
u 

4.1 0.5 
0,8 

0,7 

17b 2.2 4.0 ±0.3 13 ± 1 2.2 ±0.1 1.48 ±0.02 339± 11 100 N/A 
(third peak) 

2.8 
1.8 

4.1 0.4 
0.7 

0.7 

2.2 4.1 ±0.3 13 ±1 2.2 ±0.1 1.48 ±0.04 339 ±22 100 N/A 
(third peak) 

2.2 
/./ 

3.8 0.7 
0.9 

0,7 
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Table A.6. Similitude tests for dp ^0.3 mm and H - 20 cm prototype conditions 

Exp. # U/U„.r Rcp Fr ps/p^xio' ll/D D/dp %H 6 (avg.) COnI W„2 ^2 
18a I.I 2.0 ±0.2 3.3 ±0.5 2.2 ±0.1 1.97 ±0.02 339 ± 11 25 0.44 ± 0.03 2.4 4.1 0.3 1.0 

l.l 2.1+0.2 3.3 ±0.5 2.2 ±0.1 1.97 ±0.04 339 ±22 25 0.47 ± 0.04 2.4 4.1 0.3 1.0 

18b I.I 2.0 ±0.2 3.3 ±0.5 2.2 ±0.1 1.97 ±0.02 339 ± 11 50 0.45 ± 0.03 2.4 3.8 0.3 1.0 

l.l 2.1 ±0.2 3.3 ±0.5 2.2 ±0.1 1.97 ±0.04 339 ±22 50 0.44 ± 0.04 2.4 4,1 0.7 1.1 

i9a 1.4 2.6 ±0.2 5.6 ±0.7 2.2 ±0.1 1.97 ±0.02 339+ 11 25 0.45 ± 0.03 2.4 3.5 0.3 1.0 

1.4 2.6 + 0.2 5.4 ±0.7 2.2 ±0.1 1.97 ±0.04 339 ±22 25 0.46 ± 0.04 2.5 3,5 0.3 1.0 

19b 1.4 2.6 ±0.2 5.6 ±0.7 2.2 ±0.1 1.97 ±0.02 339± 11 50 0.47 ± 0.03 2.4 3.5 0.3 0.5 

1.4 2.6 ±0.2 5.4 ±0.7 2.2 ±0.1 1.97 ±0.04 339 ±22 50 0.46 ± 0.04 2.4 3,5 0.5 0.6 

20a 1.8 3.3 ±0.2 9± 1 2.2 ±0.1 1.97 ±0.02 339 ± 11 25 0.46 ± 0.03 2.4 3.1 0.3 0.8 

1.8 3.4 ±0.2 9 ± l  2.2 ±0.1 1.97 ±0.04 339 ±22 25 0.46 ± 0.04 2.5 3.1 0.3 0,8 

20b 1.8 3.3 ±0.2 9± 1 2.2 ±0.1 1.97 ±0.02 339 ± 11 50 0.49 ± 0.03 2.4 3.3 0.3 0.5 

1.8 3.4 ±0.2 9 ± l  2.2 ±0.1 1.97 ±0.04 339 ±22 50 0.47 ± 0.04 2.4 3,5 0.5 0.6 

21a 2.2 4.0 ±0.3 13 ± 1 2.2 ±0.1 1.97 ±0.02 339 ± 11 25 0.46 ± 0.03 2.5 3.5 0.2 0.7 

2.2 4.1 ±0.3 13 ±1 2.2 ±0.1 1.97 ±0.04 339 ±22 25 0.47 ± 0.04 
(third peak) 

2.5 
IB 

3.1 0,2 
0.7 

0.3 

21b 2.2 4.0 + 0.3 13 ± 1 2.2 ±0.1 1.97 ±0.02 339 ± 11 50 0.51 ± 0.03 2.5 3.5 0.2 0.7 
2.2 4.1 ±0.3 13 ±1 2.2 ±0.1 1.97 ±0.04 339 ±22 50 0.49 ± 0,04 

(third peak) 
2.5 
L6 

3.1 0.5 
0.7 

0.6 
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Table A.8. SiniilitUi^e tests for dp =0.2 mm and H = 20 cm prototype conditions 

Exp. # U/U„.r Rep Fr pyp^xlO"' H/D D/dp %H E(avg.) M„l c. 
25a 1.1 0.6 ±0.1 1.0 ±0.3 2.2 ±0.1 1.97 ±0.02 508 ±25 25 0.45± 0.03 2.2 - 0.6 

1,1 0.6 ±0.1 i.0±0.3 2.2 ±0.1 1.97 ±0.04 508 ± 50 25 0.45 ±0,04 2.2 - 0,6 -

25b 1.1 0.6 ±0.1 1.0 ±0.3 2.2 ±0.1 1.97 ±0.02 508 ±25 50 0.44± 0.03 2.2 - 0.8 -

1,1 0.6 ±0.1 1.0 ±0.3 2.2 ±0.1 1.97 ±0.04 508 ± 50 50 0.43± 0,04 2.2 1,2 -

26a 1.4 0.7 + 0.1 1.6 ±0.4 2.2 ±0.1 1.97 ±0.02 508 ±25 25 0.45± 0.03 2.3 - 0.4 -

1.4 0.8 ±0.1 1.6 ±0.4 2.2 ±0.1 i.97±0.04 508 ± 50 25 0.47 ±0.03 2.3 3.8 0,4 0.9 

26b 1.4 0.7 ±0.1 1.6 ±0.4 2.2 ±0.1 1.97 ±0.02 508 ±25 50 0.46± 0.03 2.3 - 0.4 -

1.4 0.8 ±0.1 1.6 ±0.4 2.2 ±0.1 1.97 ±0.04 508 ±50 50 0.45± 0,04 2.3 3.8 0.6 0,8 

27a 1.8 0.6 ±0.1 2.7 ±0.5 2.2 ±0.1 1.97 ±0.02 508 ±25 25 0.45± 0.03 2.4 - 0.5 -

00 

0.6 ±0.1 2.6 ±0.5 2.2 ±0.1 1,97 ±0.04 508 ± 50 25 0.48 ±0.03 2.3 3,8 0.4 0.9 

27b 1.8 0.6 ±0.1 2.7 ±0.5 2.2 ±0.1 1.97 ±0.02 508 ± 25 50 0.47± 0.03 2.5 - 0.5 -

1.8 0.6 ±0.1 2.6 ±0.5 2.2 ±0.1 1.97 ±0.04 508 ± 50 50 0.45± 0,04 2.3 4.1 0,5 0.7 
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Table A.7. Similitude tests for dp =0.2 mm and H = 15 cm prototype conditions 

Exj). U U/U„.f Re,, Fr Ps/P^xio' H/D D/dp %H 8(avg.) (0„1 tl)„2 ^2 
22a I.I 0.6 ±0.1 1.0 ±0.3 2.2 ±0.1 1.48 ±0.02 508 ± 25 68 0.46 ± 0.03 2.1 - 0.4 -

1.1 0.6 ±0.1 l.0±0.3 2.2 ±0.1 1.48 ±0.04 508 ± 50 68 0.44 ± 0.04 2.0 3,5 0.7 0,7 

22b 1.1 0.6 ±0.1 1.0±0.3 2.2 ±0.1 1.48 ±0.02 508 ±25 100 N/A 2.2 3.1 0.4 0.8 

1.1 0.6 ±0.1 1.0 ±0.3 2.2+0.1 1.48 ±0.04 508 ± 50 100 N/A 2.2 3.5 1.0 0.5 

23a 1.4 0.7 ±0.1 1.6 ±0.4 2.2 ±0.1 1.48 ±0.02 508 ± 25 68 0.47 ± 0.03 2.4 - 0.3 -

1.4 0.8 ±0.1 1.6 ±0.4 2.2 ±0.1 1.48 ±0.04 508 ± 50 68 0.45 ± 0.04 2.4 3,5 0,5 0,7 

23b 1.4 0.7 ±0.1 1.6 ±0.4 2.2 ±0.1 1.48 ±0.02 508 ± 25 100 N/A 2.4 3.5 0.3 0.5 

1.4 0.8 ±0.1 1.6 ±0.4 2.2 ±0.1 1.48 ±0.04 508 ±50 100 WA 2.7 0.5 0.3 

24a 1.8 1.0±0.1 2.7 ±0.5 2.2 ±0.1 1.48 ±0.02 508 ±25 68 0.47 ± 0.03 2.5 - 0.3 -

1.8 1.0+0.1 2.6 + 0.5 2.2 ±0.1 1.48 ±0.04 508 ±50 68 0.47 ± 0.03 2.4 4,4;:.: 0.7 0.8 

24b 1.8 1.0 ±0.1 2.7 ±0.5 2.2 ±0.1 1.48 ±0.02 508 ±25 100 N/A 2.4 5.0 0.4 0.8 

1.8 1.0 +0.1 2.6 ±0.5 2.2 ±0.1 1.48 ±0.04 508 ±50 100 N/A 2.6 4.4 0,6 0.4 
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APPENDIX B 

TRANSITION REGIME BODE PLOTS 



www.manaraa.com

130 

Experimental operating conditions 
Bed diameter 10.16 ± 0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 kg/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kft/m^ Avg. voidage bwt. taps 0.50 + 0.1 

Superficial velocity 0.45 ± 0.05 m/s (U/U^5.0) Experiment number 12-29-1995-10.1 

10^ 

0 
0 4 5 6 7 3 8 9 10 

frequency (Hz) 

50 

40 

30 

20 

10 
10 100 

frequency (rad/s) 

Figure B. 1: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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ExperimcDtai operating conditions 
Bed diameter 10.16 ± 0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30+0.01 mm Pressure measurement absolute 

Particle density 2600 ± 100 kg/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 0.45 ± 0.05 m/s aJ/U„^5.0) Experiment number 12-29-1995-10.1 

0.6 

0.4 
Q 
C/3 a. 

0.2 

0 3 4 5 6 7 8 9 10 
frequency (Hz) 

' 10 100 

frequency (rad/s) 

Figure B.2: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operatins conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 imn Pressure measurement dififerential 

Particle density 2600 ± 100 kR/m^ Pressure tap position Lower - 2.5 cmAJpper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps 0.52 ±0.1 

Superficial velocity 0.63 ± 0.05 m/s CU/U™r7.0) Experiment number 12-29-1995-10.8 

6* 10"^ 

4- 10"^ 
Q V) 
c. 

2' 10"^ 

1 r "I r 

, -1-

4 5 6 7 

frequency (Hz) 

9 10 

03 •a 

i 

10 
frequency (rad/s) 

Figure B.3: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 + 0.01 mm Pressure measurement absolute 

Particle density 2600 ± lOOka/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 0.63 ± 0.05 m/s (U/U„a=7.0) Experiment number 12-29-1995-10.8 

Q 

0.5 

0 1 4 5 7 8 9 10 6 

frequency (Hz) 

-15 

-20 

-25 
10 100 

frequency (rad/s) 

Figure B.4: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 + 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 kfi/m^ Pressure tap position Lower - 2.5 cmAJpper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kR/m^ Avg. voidage bwt. taps 0.54 ±0.1 

Superficial velocity 0.81 ± 0.05 m/s aJ/U„i=9.0) Experiment number 12-29-1995-11.4 

,4 
6-10 

^4 
4-10' 

A 
MO" 

0 
0 4 5 6 7 8 9 10 

frequency (Hz) 

50 

45 

40 

35 

cc 
-3 

30 

25 

20 

15 
1 10 100 

frequency (rad/s) 

Figure B.5: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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ExDerimentai operating conditions 
Bed diameter 10.16 ± 0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ±0.01 mm Pressure measurement absolute 

Particle density 2600 ± 100 kg/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 + 0.04 ka/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 0.8! ± 0.05 m/s nJ/U™p9.0) Experiment number 12-29-1995-11,4 

0 1  2 3 4 5 6 7 8 9  1 0  

frequency (Hz) 

10 

5 

0 

10 

15 

25 
10 100 

frequency (rad/s) 

Figure B.6: PSD and Bode plot of bubbling/turbulent bed pressiu-e fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height lO.O ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 kg/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kR/m^ Avg. voidage bwt. taps 0.56 ±0.1 

Superficial velocity 0.99 ± 0.05 m/s (U/Urt=l 1-0) Experiment number 12-29-1995-12 

,4 
6-10" 

,4 
4-10" 

A 2-10" 

0 
0 3 4 5 6 8 7 9 10 

frequency (Hz) 

50 

45 

40 

35 

25 

20 

15 

10 
10 100 

frequency (rad/s) 

Figure B.7: PSD and Bode plot ofbubbling/turbulent bed pressure fluctuations 
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ExDeriinental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ±0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement absolute 

Particle density 2600 ± lOOkg/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 0.99 ± 0.05 m/s (U/U™,=11.0) Experiment number 12-29-1995-12 

401 ^ 1 1 \ 1 r 

0 1  2 3 4  5 6 7 8 9  1 0  

frequency (Hz) 

a: 
•a 

-30 
10 100 

frequency (rad/s) 

Figure B.8; PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operatins conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± lOOkg/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kfi/m^ Avg. voidage bwt. taps 0.57 ±0.1 

Superficial velocity 1.17 ±0.05 m/s aJ/U„a=13.0) Experiment number 12-29-1995-12.6 

4 

0 
3 5 0 4 6 7 8 9 10 

frequency (Hz) 

I 10 100 

frequency (rad/s) 

Figure B.9: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 + 0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ±0.01 mm Pressure measurement absolute 

Particle density 2600 ± 100 kfi/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 + 0.04 kg/m^ Avg. voidage bwt. taps N/A 

SuperficiaJ velocity 1.17 ±0.05 m/s(U/U„^13.0) Experiment number 12-29-1995-12.6 

looi 1 1 1 1 1 r 

0 1 2 3 4 5 6 7 8 9  1 0  

frequency (Hz) 

10 -

-10  

-20 

10 100 

frequency (raii/s) 

Figure B. 10: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 + 0.01 mm Pressure measurement differentia] 

Particle density 2600 ± lOOkR/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kft/m^ Avg. voidage bwt. taps 0.59 ±0.1 

Superficial velocity 1.35 ± 0.05 m/s (U/Urt=15.0) Experiment number 12-29-1995-13.1 

frequency (Hz) 

10 

frequency (rad/s) 

Figure B. 11: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ± 0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ±0.01 mm Pressure measurement absolute 

Particle density 2600 ± 100 kg/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kft/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 1.35 + 0.05 m/s (U/Umi=15.0) Experiment number 12-29-1995-13.1 

0 1 4 5 6 7 

frequency (Hz) 

zi •o 

I 

10 

frequency (nd/s)  

Figure B. 12; PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kR/m' Avg. voidage bwt. taps 0.60 ±0.1 

Superficial velocity 1.53 ±0.05 m/s(U/U„d=I7.0) Experiment number 12-29-1995-13.8 
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0 J 4 5 7 6 8 9 10 

frequency (Hz) 
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Figure B. 13: PSD and Bode plot of bubbling/txirbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± O.Ol mm Pressure measurement absolute 

Particle density 2600 ± lOOkg/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps N/A 

Superficial velcKity 1.53 ± 0.05 m/s (UAJ„j=17.0) Experiment number 12-29-1995-13.8 

1000 

3 0 4 5 6 7 8 9 10 

frequency (Hz) 

ca 
-a 

-10 

10 too 

frequency (rad/s) 

Figure B. 14: PSD and Bode plot of bubbling/turfaulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 + 0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement difTerential 

Particle density 2600 ± 100 kfi/m^ Pressure tap position Lower - 2.5 cm/Upper - 7.6 cm 

Gas density (air) 1.20 ± 0.04 kft/m^ Avg. voidage bwt. taps 0.62 ±0.1 

Superficial velocity 1.71 ±0.05 m/s (UAJ„rf=19.0) Experiment number 12-29-1995-14.4 
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0 
0 3 4 5 6 7 8 9 10 

frequency (Hz) 

10 100 

frequency (rad/s) 

Figure B. 15: PSD and Bode plot ofbubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement absolute 

Particle density 2600 ± 100 kg/m^ Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kft/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 1.71 ± 0.05 m/s (UAJ„rf=19.0) Experiment number 12-29-1995-14.4 
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Figure B. 16; PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

Particle diameter 0.30 ± 0.01 mm Pressure measurement differential 

Particle density 2600 ± 100 kg/m^ Pressure tap position Lower - 2.5 crnAJpper - 7.6 cm 

Gas density (air) 1.20 ±0.04 kg/m^ Avg. voidage bwt. taps 0.62 + 0.1 

Superficial velocity 1.89 ± 0.05 m/s CU/Unj=21.0) Experiment number 12-29-1995-14.9 
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Figure B. 17: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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Experimental operating conditions 
Bed diameter 10.16 ±0.01 cm Bed height 10.0 ± 0.2 cm 

{'article diameter 0.30 ± 0.01 mm Pressure measurement absolute 

Particle density 2600 ± 100 Pressure tap position 22.8 cm 

Gas density (air) 1.20 ± 0.04 kg/m^ Avg. voidage bwt. taps N/A 

Superficial velocity 1.89 ± 0.05 m/s (U/Unf=21.0) Experiment number 12-29-1995-14.9 
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Figure B. 18: PSD and Bode plot of bubbling/turbulent bed pressure fluctuations 
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APPENDIX C 

CFB SIMILITUDE STUDY RESULTS 
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CFB Similitude Experiments - Ethan Brue - ISU -1995 

Dimensionless parameters 
(1) danotos UCFB 
(2) denotes SCFB 

Frl=4575 

Fr2 = 4578 

Repl =40 

Rep2=4I 

Gstarl =0.0013 

Gstar2 = 0.0013 

Mstarl =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 = 2160 

Hdpl = 15240 

Hdp2 = 15240 

Ddpl =508 

Ddp2 = 508 

(+/- Uncertainty) 

UFr 1=400 

UFr2 = 941 

URepl =3 

[jRep2 = 8 

UGstarl =0.0003 

UGstar2 = 0.0003 

UMstarl =0.05 

UMstar2 =0.08 

Upratiol =73 

Upratio2 = 25 

UHdpI=762 

UHdp2 = 3048 

UDdpl =25 

UDdp2= 102 

0.8 

0.6 

2 0.4 
D 

0.2 

1 1 1 
•x 

-

ax 

- OlC. 

ax 
a 
ax 

1 1 1 0 
0.8 0.85 0.9 

voidiige 

LCFB-D = 4.0" 
« SCFB - D = 2.0" 

0.05 

CFB Bode plot (4.5 % height) 

SCFB 

LCFB 

1 10 

dimensionless frequency 
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CFB Bode plot (20.8 % height) 

SCFB 
LCFB 

dimcnsionlcss frcqucncy 

CFB Bode plot (75 % height) 

SCFB 
LCFB 

1 10 

dimcnsionlcss frequency 
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CFB Similitude Experiments - Ethan Brue - ISU -1995 

Dimensionless parameters 
(1) denotes LCFB 
12) denotes SCFB 

Frl=4575 

Fr2=4578 

Repl =40 

Rep2=41 

Gstar 1=0.0017 

Gstar2 = 0.0019 

Mstarl =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 =2160 

Hdpl =15240 

Hdp2 = 15240 

Ddpl =508 

Ddp2 = 508 

(+/- Uncertainty) 

UFrl=400 

UFr2 = 941 

URep 1 = 3 

URep2 = 8 

UGstar 1=0.0003 

UGstar2 = 0,0001 

UMstarl =0.05 

UMstar2=0.08 

Up ratio 1 =73 

Upratio2 = 25 

UHdp 1=762 

UHdp2 = 3048 

UDdpl =25 

UDdp2= 102 

0.8 

0.6 

a 0.4 
3 

0.2 

1 1 1 
a X 

-

a K 

-
a X_ 

B X 

1 

.-o 

1 

0.8 0.85 0.9 

voidaae 

LCFB-D = 4.0" 
x SCFB - D = 2.0" 

0.95 

60 
CFB Bode plot (4.5 % height) 

T 

50 -

V , I, 

T 30 -

0.1 

SCFB 
LCFB 

1 10 

dimensioniess frequency 

100 
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CFB Bode plot (20.S % height) 

T 

30 

:o -

O . I  

SCFB 
LCFB 

I 10 

dimenstoniess frequency 

CFB Bode plot (75 % height) 

100 

30 -

0.1  

— SCFB 

LCFB 

1 10 

difnenstoniess frequency 

100 
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CFB Similitude Experiments - Ethan Bme - ISU - 1995 

Dimensionless parameters 

(1) denotes LCFB 
(2) denotes SCFB 

Frl =6230 

Fr2 = 6356 

Rep 1=47 

Rep2=49 

Gstarl =0.0016 

Gstar2 = 0.0018 

Mstarl =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 = 2I60 

Hdpl =15240 

Hdp2 = 15240 

Ddpl =508 

Ddp2=508 

(+/- Uncertainty) 

UFrl = 541 

UFr2= 1299 

URep 1 = 3 

URep2 = 10 

UGstarl = 0.0002 

UGstar2 = 0.0002 

UMstarl = 0.05 

UMstar2 = 0.08 

Upratiol =73 

Upratio2 = 25 

UHdpI =762 

UHdp2 = 3048 

UDdpl=25 

UDdp2= 102 

= 0.4 

-a -

* 

0.9 

voidage 

LCFB-D = 4.0" 
SCFB-D = 2.0" 

CFB Bode plot (4.5 % height) 

SCFB 
LCFB 

1 10 

dimensionless frequency 
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CFB Bode plot (20.8 % height) 

SCFB 
LCFB 

I 10 

iiimensionlcss tixquency 

CFB Bode plot (75 % height) 

SCFB 
LCFB 

1 10 

dtmcnsionless firquency 
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CFB Similitude Experiments - Ethan Brue - ISU -1995 

Dimensionless parameters 
(1) denotes LCFB 
(2) denotes SCFB 

Frl=6230 

Fr2 = 6356 

Repl =47 

Rep2 = 49 

Gstarl =0.0021 
Gstar2 = 0.0023 

Mstarl =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 = 2160 

Hdpl=15240 
Hdp2 = l.'=240 

Ddpl =508 

Ddp2 = 508 

(+/- Uncertainty) 

UFrl=541 

UFr2=1299 

URep 1 = 3 

URep2=10 

UGstarl =0.0004 

UGstar2 = 0.0002 

UMstarl =0.05 

UMstar2 =0.08 

Upratio 1 = 73 

Upratio2 = 25 

UHdpl =762 

UHdp2 = 3048 

UDdpl =25 

UDdp2= 102 
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0.6 

;3, 
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• x 

-

ax 

- OX-
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CFB Bode plot (4.5 % height) 
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CFB Bode plot (20.8 % height) 

dtmenstonless frequency 

SCFB 
LCFB 

CFB Bode plot (75 % height) 

dimensionJess frrqucncy 



www.manaraa.com

157 

CFB Similitude Experiments - Ethan Brue - ISU - 1995 

Dimensionless parameters 
(1) denotes LCPB 

(2) denotes SCFB 

Frl =6230 

Fr2=6356 

Repl =47 

Rep2=49 

Gstar 1=0.0019 

Gstar2 = 0-0021 

Mstarl =2.73 

Mstar2 = 2.73 

pratiol =2147 
pratio2 = 2160 

Hdpl =15240 

Hdp2 = 15240 

Ddpl=508 

Ddp2=508 

(+/- Uncertainty) 

UFrl = 541 

UFr2=1299 

URep 1 = 3 

URep2= 10 

UGstarl =0.0005 

UGstar2 = 0.0003 

UMstarl =0.05 

UMstar2=0.08 

Upratio 1 = 73 

Upratio2 = 25 

UHdpl =762 

UHdp2 = 3048 

UDdpl =25 

UDdp2= 102 
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votdage 
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x SCFB - D = 2.0" 
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CFB Bode plot (4.5 % height) 
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I 10 
dimensionJess frequency 
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CFB Bode plot (20.8 % height) 

SCFB 
LCFB 

1 10 

tiimcmjonJcss frequency 

CFB Bode plot (75 % height) 

SCFB 
LCFB 

I 10 

•iimensionlcss frequency 
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CFB Similitude Experiments - Ethan Brue - ISU - 1995 

Dimensionless parameters 

(1) dsnotos LCFB 

(2) denotes SCFB 

Frl =8143 

Fr2 = 8060 

Repl =54 

Rep2 = 55 

Gstarl =0.0019 

Gstar2 = 0.0021 

Mstar 1 = 2.10 

Mstar2 =2.10 

prattol =2147 

pratio2 =2160 

Hdpl =15240 

Hdp2 =15240 

Ddpl =508 

Ddp2 = 508 

(+/- Uncertainty) 

UFrl = 703 

UFr2=1643 

URepl=4 

URep2 = 11 

UGstarl =0.0003 

UGstar2 = 0.0001 

UMstarl =0.05 

UMstar2 = 0.08 

Up ratio 1=73 

Upratio2 = 25 

UHdpl =762 

UHdp2 = 3048 

UDdpl =25 

UDdp2= 102 

= 0.4 

0.8 0.9 

voidage 

LCFB - D = 4.0" 
SCFB - D = 2.0" 

CFB Bode plot (4.5 % height) 

SCFB 
LCFB 

1 10 

dimensionless frequency 
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CFB Bode plot (20.8 % height) 

1 * I. I ^ 1 I 
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100 

CFB Bode plot (75 % height) 
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1 10 
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CFB Similitude Experiments - Ethan Brue - ISU - 1995 

Dimensionless parameters 
(1) denotes LCFB 

{2) denotes SCFB 

Frl=8160 

Fr2 = 8060 

Repl =54 

Rep2=55 

Gstarl =0.0023 

Gstar2 = 0.0025 

Mstarl = 2.73 

Mstar2 =2.73 

pratiol =2147 

pratio2 = 2160 

Hdpl = 15240 

Hdp2 = 15240 

Ddpl =508 

Ddp2=508 

(+/- Uncertainty) 

UFrl = 705 

UFr2=I643 

URepl=4 

URep2=l] 

UGstar I =0.0001 

UGstar2 = 0.0003 

UMstarl =0.05 

UMstar2=0.08 

Up ratio 1 =73 

Upratio2 = 25 

UHdp 1=762 

UHdp2 = 3048 

UDdpl =25 

UDdp2= 102 

= 0.4 

votd^ge 

LCFB-D = 4.0" 
SCFB - D = 2.0" 

CFB Bode plot (4.5 % height) 

'Li'YMi 

diinensionlcss frequency 

SCFB 
LCFB 
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CFB Bode plot (20.8 % height) 

i-in- iiv. 

SCFB 
LCFB 

«i(mensioniess frequency 

CFB Bode plot (75 % height) 

SCFB 
LCFB 

1 10 
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100 



www.manaraa.com

163 

CFB Similitude Experiments - Etfian Brue - ISU -1995 

Dimensionless parameters 
(1) denotes LCFB 

(2) denotes SCFB 

Frl =4098 

Fr2=4084 

Rep 1= 70 

Rep2 = 72 

Gstarl =0.0011 

Gstar2 = 0.0011 

Mstarl =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 =2160 

Hdpl =10160 

Hdp2 = 10160 

Ddpl =339 

Ddp2=339 

(+/- Uncertainty) 

UFrl=321 

UFr2 = 571 

URep 1 = 4 

URep2=10 

LTGstar1=0.0003 

UGstar2 = 0.0001 

UMstarl =0.05 

UMstar2 = 0.08 

Upratiol =73 

Upratio2 = 25 

UHdpl =339 

UHdp2= 1355 

UDdpl = 11 

UDdp2 = 45 

0.8 

voidagc 

LCFB-D = 4.0" 
•< SCFB - D = 2.0" 

CFB Bode plot (4.5 % height) 

I 10 

dimensionless frequency 

SCFB 
LCFB 
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CFB Bode plot (20.8 % height) 

20 -

=5 10 -

SCFB 
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I 10 

dimensionlcss frequency 
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CFB Bode plot (75 % height) 

— SCFB 
LCFB 

1 10 

dimensionJess frequency 
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CFB Similitude Experiments - Ethan Brue - iSU -1995 

Dimensionless parameters 

(1) denotes LCFB 

(2) denotes SCFB 

FrI =5493 

Fr2 = 5454 

Repl =81 

Rep2 = 83 

Gstarl =0,0012 

Gstar2 = 0.0014 

Mstarl =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 = 2160 

Hdpl=10160 

Hdp2= 10160 

Ddpl =339 

Ddp2 = 339 

(+/- Uncertainty) 

UFrI=428 

UFr2 = 758 

URep 1 = 5 

URep2=ll 

UGstarl =0.0002 

UGstar2 = 0.0002 

UMstarl =0.05 

UMstar2 = 0.08 

Upratio 1 = 73 

Upratio2 = 25 

UHdpl =339 

UHdp2= 1355 

UDdpI = 11 

UDdp2 = 45 

= 0.4 

0.7 0.8 

voidage 

LCFB-D = 4.0" 
SCFB - D = 2.0" 

CFB Bode plot (4.5 % height) 

50 

=5 30 

:o 

'i , • , I , 

O.I 1 10 

dimcmionless &equency 

100 

SCFB 
LCFB 
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CFB Bode plot (20.8 % height) 

SCFB 
LCFB 

I 10 

dimcnsionless Irequency 

CFB Bode plot (75 % height) 

SCFB 
LCFB 

I 10 

dimcnstonJcss frcqucncy 
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CFB Similitude Experiments - Ethan Brue - ISU -1995 

Dimensionless parameters 
(1) denotes LCFB 

(2) denotes SCFB 

Frl=5581 

Fr2 = 5057 

Rep I =82 

Rep2 = 80 

Gstarl =0.0017 

Gstar2 = 0.0019 

Mstarl =2.73 

Mstar2 =2.73 

pratiol =2147 

pratio2 = 2160 

Hdpl =10160 

Hdp2= 10160 

Ddpl =339 

Ddp2 = 339 

(+/- Uncertainty) 

UFrl=435 

UFr2 = 704 

URep I = 5 

URep2 = 11 

UGstarl =0.0003 

UGstar2 = 0.0002 

UMstarl =0.05 

UMstar2 = 0.08 

Up ratio 1=73 

Upratio2 = 25 

UHdpl =339 

UHdp2= 1355 

UDdpl = 11 

UDdp2 = 45 

= 0.4 

0.8 

voidage 

LCFB-D = 4.0" 
SCFB - D = 2.0" 

CFB Bode plot (4.5 % height) 

I 10 

dimensionless frequency 

— SCFB 
LCFB 
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CFB Bode plot (20.8 % height) 

I 10 

dimcnsionlcss frequency 

SCFB 
LCFB 

CFB Bode plot (75 % height) 

SCFB 
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I 10 

dimensionless frequency 
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CFB Similitude Experiments - Ethan Brue - ISU - 1995 

Dimensionless parameters 0.8 Dimensionless parameters 0.8 1 1 1 ! 
(1) denotes LCFB 

(2) denotes SCFB (+/- Uncertainty) 

Frl = 10810 

Fr2 = 10590 

UFrl=835 

UFr2=l455 0.6 - -

Repl = 114 

Rep2= 116 

URepl=7 

URep2=16 § 

Gstarl =0.0014 

Gstar2 = 0.0014 

UGstarl = 0.0002 

UGstar2 = 0.0002 

= 0.4 

n 

a X 

Mstarl = 2.10 

Mstar2 =2.10 

UMstarl =0.05 

UMstar2 =0.08 0.2 - • 

pratiol =2147 

pratio2 = 2160 

Upratiol =73 

Upratio2 = 25 
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1 c r"' 1 

a sc 
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Hdpl =10160 

Hdp2= 10160 

UHdpl =339 

LrHdp2 = 1355 
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CFB Bode plot (20.8 % height) 

J . .  

T :o -

SCFB 
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I 10 

(iimenstonJcss frequency 

CFB Bode plot (75 % height) 

1 10 
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CFB Similitude Experiments - Ethan Brue - ISU - 1995 

Dimensionless parameters 

(1) denotes LCFB 

(2) denotes SCFB (+/- Uncertainty) 

Frl=10650 UFr 1 = 823 

Fr2= 10590 UFr2=1455 

Repl = 113 URepl=7 

Rep2 = 116 URep2=I6 O 

Gstar I =0,0017 JGstarl = 0.0005 

Gstar2 = 0.0017 UGstar2 = 0.0002 

Mstarl =2.73 UMstarl =0.05 

Mstar2 =2.73 UMstar2 =0.08 

pratiol =2147 Upratiol = 73 

pratio2 = 2160 Upratio2 = 25 

Hdpl =10160 UHdpl =339 

Hdp2 = 10160 UHdp2= 1355 

Ddp 1 = 339 UDdpl = 11 

Ddp2 = 339 UDdp2 = 45 

0.8 0.9 

voidage 

LCFB-D = 4.0" 
SCFB-D = 2.0" 

CFB Bode plot (4.5 % height) 

1 10 

dimensionless frequency 

— SCFB 
LCFB 



www.manaraa.com

172 

CFB Bode plot (20.8 % height) 
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I 10 
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100 

CFB Bode plot (75 % height) 
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1 10 
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CFB Similitude Experiments - Ethan Bme - ISU - 1995 

Dimensionless parameters 
(1) denotes LCFB 

(2) denotes SCFB {+/- Uncertainty) 

Frl =4073 UFrl=304 

Fr2 = 3931 UFr2 = 422 

Repl = 108 URep 1 = 6 

Rep2 = 109 LrRep2=lI •f, u 

Gstarl =0.0010 UGstar I =0.0002 

Gstar2 = 0.0009 UGstar2 = 0.0001 

Mstarl =2.10 UMstarl =0.05 

Mstar2 =2.10 LTMstarZ = 0.08 

pratiol =2147 Upratiol =73 

pratio2 = 2145 Upratio2 = 25 

Hdpl =7620 UHdpl = 191 

Hdp2 = 7620 L^^dp2 = 762 

Ddpl =254 UDdp 1 = 6 

Ddp2 = 254 UDdp2 = 25 

0.7 0.8 

voidagc 

LCFB-D = 4.0" 
SCFB - D = 2.0" 

CFB Bode plot (4.5 % height) 

1 10 

(iimenstonlcss frequency 

— SCFB 
LCFB 
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CFB Bode plot (20.8 % height) 

SCFB 
LCFB 

t 10 
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CFB Bode plot (75 % height) 
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i 10 
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CFB Similitude Experiments - Ethan Brue - ISU - ""QOS 

Dimensionless parameters 
(1) denotes LCFB 

(2) denotes SCFB 

Frl =5639 

Fr2 = 5553 

Repl =127 

Rep2 = 130 

Gstar 1=0.0011 

Gstar2 = 0.0012 

Mstarl =2.10 

Mstar2 = 2.10 

pratiol =2147 

pratio2 = 2145 

Hdpl =7620 

Hdp2 = 7620 

Ddpl =254 

Ddp2=254 

(+/- Uncertainty) 

UFrl=419 

UFr2 = 590 

URep 1 = 7 

LrRep2=[3 

UGstarl =0.0003 

UGstar2 = 0.0001 

UMstarl =0.05 

UMstar2 = 0.08 

Upratio 1 = 73 

Upratio2 = 25 

UHdpl = 191 

UHdp2 = 762 

UDdp 1 = 6 

UDdp2 = 25 
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CFB Bode plot (20.8 % height) 
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CFB Similitude Experiments - Ethan Brue - ISU -1995 

Dimensionless parameters 

(1) denotes LCFB 

(2) denotes SCFB 

Frl =5699 

Fr2 = 5553 

Rep 1 =127 

Rep2=l30 

Gstarl =0.0012 

Gstar2 = 0.0016 

Mstarl =2.73 

Mstir2 =2.73 

pratiol =2147 

pratio2 = 2145 

Hdpl =7620 

Hdp2=7620 

Ddpl =254 

Ddp2 = 254 

(+/- Uncertainty) 

UFrl=423 

UFr2=590 

URep 1 = 7 

URep2= 13 

UGstarl =0.0003 

UGstar2 = O.OOOl 

UMstarl =0.05 

UMstar2=0.08 

Upratiol =73 

Upratio2 = 25 

UHdpl = 191 

UHdp2 = 762 

UDdp 1 = 6 

UDdp2 = 25 
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CFB Bode plot (20.8 % height) 
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CFB Similitude Experiments - Ethan Brue - ISU -1995 

Dimensionless parameters 
(1) denotes LCF6 

(2) denotes SCFB 

Frl =8075 

Fr2 = 7835 

Rep 1 = 152 

Rep2 = 154 

Gstarl =0.0011 

Gstar2 = 0.0014 

Mstari =2.10 

Mstar2 =2.10 

pratiol =2147 

pratio2 =2145 

Hdpl =7620 

Hdp2 = 7620 

Ddpl =254 

Ddp2 = 254 

(+/- Uncertainty) 

UFrl = 598 

UFr2 = 825 

URepl=8 

URep2=16 

UGstarI= 0.0003 

UGstar2 = 0.0002 

UMstarl =0.05 

UMstar2 = 0.08 

Upratiol =73 

Upratio2 = 25 

UHdpl = 191 

UHdp2 = 762 

UDdp 1 = 6 

UDdp2 = 25 
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CFB Bode plot (20.8 % height) 
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CFB Similitude Experiments - Ethan Boie - ISU -1995 

Dimensionless parameters 
(1) denotes LCFB 

(2) denotes SCFB (+/- Uncertainty) 

Fr 1=8075 UFrl = 598 

Fr2 = 7833 UFr2 = 824 

Repl=152 URepl = 8 

Rep2= 154 URep2= 16 

Gstarl =0.0012 UGstar 1=0.0002 
32 1 
n 

Gstar2 = 0.0017 UGstar2 = 0.0003 

Mstarl =2.73 UMstarl =0.05 

Mstar2 = 2.73 UMstar2 =0.08 

pratiol =2147 Upratiol =73 

pratio2 = 2145 Upratio2 = 25 

Hdpl =7620 UHdpl = 191 

Hdp2 = 7620 UHdp2 = 762 

Ddpl =254 UDdpl = 6 

Ddp2 = 254 UDdp2 = 25 
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CFB Bode plot (20.8 % height) 
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