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Figure 5.66: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 118 
gas-solid fluidized bed with E=0 kV. at t=0.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.67: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 119 
gas-solid fluidized bed with E=0 kV. at t=0.6 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.68: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 120 
gas-solid fluidized bed with E=0 kV. at t=1.5 s 
(grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.69: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 121 
gas-solid fluidized bed with E=0 kV. at t=2.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.70: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 122 
gas-solid fluidized bed with E=0 kV. at t=3.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.71: Contour plot of air void fection of two inserted bubbles in 123 
gas-solid fluidized bed with E=0 kV. at t=0.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.72: Contour plot of air void firaction of two inserted bubbles in 124 
gas-solid fluidized bed with E=0 kV. at t=0.1 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.73: Contour plot of air void fraction of two inserted bubbles in 125 
gas-solid fluidized bed with E=0 kV, at t=0.2 s 
(grid size 0.5X0.7 cm, U=Unif=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.74: Contour plot of air void fraction of two inserted bubbles in 
gas-solid fluidized bed with E=0 kV. at t=0.3 s 
(grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure 5.75: Contour plot of air void fraction of two inserted bubbles in 
gas-solid fluidized bed with E=0 kV. at t=0.4 s 
(grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 

Figure B. 1: Root estimation in Newton_Raphson Method 

Figure C. 1: K-Fix FORTRAN Computer code organization 

Figure C.2: Problem setup for computation 

Figure D. I: Secant method used to speed up the convergence 
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NOMENCLATURE 

The variables used in this dissertation are listed below. Where appropriate, some symbols 

may have more than one meaning. 

At Cross section area of fluidized bed. m" 

Cd Drag coefficient 

dp Diameter of solid particles, cm 

E Electrical field strength. V/m(or kV/m) 

EQ Reference electrical field strength, kV/m 

En,t, Electric field strength of minimum bubbling, kV/m 

En,ax Breakdown electrical field strength between particle contact. kV/m 

Fj-dc Electrical force due to the DC current effect. N 

Fj-ac Electrical force due to the AC current effect, N 

Van der walls force, N 

Pel Electrical force. N 

g Gravitational force per unit mass, cm/sec" 

G( S ) Modulus of elasticity. N/m" 

J Current density 

Constant due to electrical force, N 

Ka permittivity constant^ 8.85x10"'" F/m 

Kb Ratio of permittivity 

M Mass of particles in the bed, kg 
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P Pressure, pa 

AP Pressure across the fluidized bed, pa 

Res Solids Reynolds number 

Rc Particle contact resistance, ohm 

R, Surface contact resistance, ohm 

t Time, sec 

T Temperature, k 

U Superficial velocity, cm/s 

u„ Lateral gas velocity, cm/s 

U5 Lateral solid particle velocity, cm/'s 

Uh Bubble rise velocity, cm/s 

U^,- Minimum fluidized velocity, cm/s 

\ „ Vertical gas velocity, cm/s 

Vertical solid particle velocity, cm/s 

X Co-ordinate in lateral direction, cm 

y Co-ordinate in vertical direction, cm 

Minimum bubbling velocity, cm/s 

L'mb.E Minimum bubbling velocity under electric field, cm/s 

L'o Gas velocity, cm/s 

L' Superficial gas velocity, cni/s 

Y Elasticity of the fluidized bed under electric field, N/m" 
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Yn,b Elasticity of the bed under minimum bubbling. N/m" 

Yvdvv Elasticity due to van der walls force. N/m" 

Yvdw.ei Elasticity due to van der walls force with electrical. N/m' 

c Velocity of soimd in gas phase m/s 

dp Particle diameter, cm 

g Acceleration of gravity. 9.81 m/s" 

k Constant from the Richardson-Zaki relationship 

n Constant from the Richardson-Zaki relationship 

Pb Pressure inside the bubble. N/m 

r Radius coordinate, cm 

tb Bubble radius, cm 

t Time, s 

u Velocity' of fluid phase, m/s 

Ub Relative fluid/particle interstitial fluid velocity- far. cm/s 

from the bubble, m^s 

v Velocity of disperse (or panicle) phase, m/s 

X Distance between two particles, m 

Greek 

a Resistivity of the bed. Ohms 
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Po(s) Permeability constant 

^ d p ]  2 , 2  
' cm /s 

P Y Fluid-particle friction coefficient in the x direction 

P y Fluid-particle friction coefficient in the y direction 

8 ^ Fluid void fraction 

8s Solid void fraction 

Wo Permittivity of free space. 8.854x10''" F/m 

^mf Voidage of the fluidized bed under minimum fluidization 

^mb Voidage of the fluidized bed under minimum bubbling 

^packed Voidage of the packed bed 

(p Electrical field potential. V 

(j). Particle sphericity 

u Viscosity. N.s/m" 

y Constant 

X Eigen value of the characteristic equation 

p, Fluid density, gm/cm^ 

pp Particle density, gm/cm" 

cj Stress of the fluidized bed. N/m" 

Time constant for particle contact resistance, s 

Tj Time constant for surface contact resistance, s 
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XX 

CO Angxilar velocity, radian/s 

5/ Time Step, s 

5r.5z Mesh size, cm 
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1. INTRODUCTION 

The objective of the study is to simulate numerically the behavior of a fluidized bed 

with and without an electric field. The effects studied include bed circulation in particulate 

(bubble-firee) fluidization, bubble development, and jet propagation. Fluidization is an 

operation which involves the flow of solids in contact with a gas. liquid, or both a gas and 

liquid. Fluidization technology has been applied in chemical, petrochemical, metallurgical, 

mineral, and bio-chemical operations. Classical applications of gas-solid fluidized beds can 

be exemplified by the following: synthesis reactions such as the production of phallic 

anhydrite, polyethylene, acrylonytrite. and hydrocarbons such as fluid catalytic cracidng 

(FCC), thermal cracking, fluid coking, the reduction and oxidization reactions of ores such as 

roasting of sulfide ores, reduction of iron ores, and carbonization and gasification process 

such as coal and coke gasification and activated carbon production. State-of-the-art 

applications of gas-solid fluidized beds include material processing such as the production of 

silicon, silicon carbide, tungsten carbide and particles with metallic coatings, clean fossil fuel 

technology such as control of No^ . Sot . Nt O. air toxins, liquid and solid wastes, and other 

emissions resulting from coal use as well as high pressure circulating fluidized bed 

incineration of solid waste (Fan. 1996). 

Fundamental research on gas bubbles and fluid dynamics associated with bubble 

flows in gas-solid fluidization was the focus of considerable research carried out in the 60 "s. 

and 70's. Since the beginning of the 80's. substantial research (Fan. 1996) has been shifted 

to high velocity fluidization. Examples of fundamental topics of current research interest in 
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gas-solid fluidization include the elasticity behavior of particulate phase or solid stress, 

fluidization stability analysis, flow behavior in the bubble wakes and voidage distribution 

around the bubbles in the analysis of gas flow division. Other topics of interest include 

bubble coalescence and break up. gas kinetics theory (Gidaspow. 1994) in the dilute and 

dense phase pneumatic transport simulation, mechanisms of the cluster formation and 

dynamics of the solids flow in the core and annular regions of fluidized beds and their 

interaction in fast fluidization. characterization of fluidization with fine powders, scale-up 

criteria and fluidization at high temperatures and pressures. 

A hydrodynamic approach to fluidization was developed by Davidson (Davidson. 

1985) in 1961. Davidson's model accurately predicted many features of bubble motion in a 

fluidized bed. He analyzed a single bubble motion in an infinite fluid bed using two 

continuity equations and an expression for relative velocities in terms of Darcy's law for flow-

in porous media. Davidson assumed that the flow of solids around a bubble was irrotational 

He predicted the existence of a spherical surface of zero velocity , called a cloud. Shortly after 

his prediction, the existence of a cloud was verified experimentally by inserting into a 

bubble injected into a fluidized bed near minimum fluidization. The concept of a cloud is so 

important that one actually denotes it to be a phase in the transfer coefficient models of 

Levenspiel and others (Ettehadieh. 1982). 

The modeling of fluidized beds using hydrodynamic equations also started with the 

Davidson model in 1961. During the following years several investigators attempted 

hydrodynamic modeling of a fluidized bed (Jackson. 1963. Murray. l965.Pigford and Baron. 
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1965. Soo. 1967. Ruckenstein and Tzecuiescu, 1967). The models became more detailed and 

hence analytically uitractable. 

In recent years, extensive experiments were conducted in Mechanical Engineering at 

ISU to observe the bubble control phenomenon by applying both ac and dc electric fields 

across the two-phase fluidized bed (solid-gas). It was reported that the electric field has 

strong effects on the dynamics of a bubbling fluidized bed. For example, heat and mass 

transfer can either be decreased or increased as a result of ac and dc fields. Experiments have 

confirmed that bubble formation and calming of a gas in a fluidized bed (reduced circulation) 

can be attained with fields (e.g. Colver and Bosshart.1979). Work previously carried out in 

this laboratory shows that expansion of a bubbling bed to 15% (compared to 1-2% for a field 

free bed) is possible with ac fields. Bed control with electric fields depends on the dynamic 

conditions of the bed. the properties of the material as well as the strength and frequency of 

the applied field. It was observed that with increased particle size, bubble control is 

diminished probably as a result of the increase in the ratio of fluid dynamics and gravitational 

forces to electrostatically induced forces. 

•An attempt has been made to predict the bed behavior with electric field forces. A 

new model for cohesive force between particles leads to the concept of the bed modulus of 

elasticity. This modulus of elasticity has been added to the existing solids stress term in the 

code. The effects of the stress of solids on bed circulation, bubble growth, and jet propagation 

with field is investigated. The relevant bed parameters including pressure, velocity, and void 

fraction for each phase have been calculated numerically using the modified K-FIX 
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muitiphase FORTRAN computer code. In this study the transient dynamics of rwo-

dimensional. two phase flow with interfacial exchange are calculated. The program solves a 

set of partial differential equations to describe the flow of a gas-solid mixture. Each phase is 

described in terms of its own density, velocitv*. and voidages. The program allows the 

description of the flow of solid particles of different sizes. Each size of particle is treated as a 

continuum - a particulate phase with a characteristic diameter. 
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2. DESCRIPTION OF PHYSICAL MECHANISMS 

Gas fluidization is the levitation of a mass (bed) of solid particles by an upward 

flowing gas. In this state, the particle mass behaves like a fluid in that it tends to establish a 

level and flow in response to pressure gradients. In this state, this there is a balance between 

the hydrodynamic drag force and the gravitational force acting on the particle. The gas 

velocity required to achieve this state is known as the minimum fluidization. The pressure 

drop through any section of the fluidized bed equals the weight of the solid particles and the 

gas divided by the cross-sectional area of the bed. Different regimes of gas-solid two phase 

fluidization may include particulate, bubbling, turbulent, and fast fluidization. 

A velocity higher than the critical velocity causes the formation of bubbles. The 

velocity at which bubbles first appear is called the minimnm bubbling velocity. The fluidized 

bed is now divided in to two regions, one region containing bubbles, while the other is a 

mi.xture of fluid and particles in a state of minimum fluidization. Further increases in the 

superficial velocity move the fluidized bed into a fast transporting regime where slugs 

dominate in the bed. In the limit that the superficial velocity' exceeds the terminal velocity of 

the largest particle in the fluidized bed. all the particles in the fluidized bed would be carried 

out of the bed. 

Formation of Bubbles 

Gas flow in excess of the minimum bubbling velocity, forms voids called bubbles. 

Bubbles grow, diminish or coalescence with other bubbles as they move up fi-om the bottom 

of the bed. There is intense mixing and gas solids contact as the particles are carried and 
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released by the bubbles. This intense mixing makes it easy to have an isothermal system with 

good mass transfer. When bubbles reach the free surface of the bed. they erupt and throw 

particles into the freeboard (the level of the solids is the bed height and the vertical space 

above the bed height is called the freeboard). Smaller particles are carried out by the gas. 

while larger particles drop back into the bed. This carry-over behavior is called elutriation. 

When the superficial velocity of the fluidized bed exceeds the terminal velocity of a particle, 

the particle is elutriated out of the fluidized bed. 

Previous Studies 

The formation of bubbles in a fluidized bed depends primarily on the properties of the 

particles and the fluid (Geldartl986). 

Katz and Sears (1969). and Johnson and Melcher (1975) reported bed expansion 

without bubble formation with a electric field, using gel particles and sand particles. Dietz 

and Melcher (1978) reported that an electric force was required to gain bubble control after 

investigating interparticle electrical forces in packed and fluidized beds. 

In the case of an electric field. Dietz (1977) studied the fields and forces on a 

microscopic sphere above a ground plane in a sinusoidal varying electric field. He found that 

there were three regimes of interest; conduction, polarization and intermediate cases. He also 

showed that the electric force is a function of frequency. Moissis and Zahn (1986) carried out 

a theoretical approach to an electrofluidized bed that responded to a small ac electric fields. It 

was concluded that bed expansion would occur in a co-flow condition. However, they 

reported no effect on the fluidized bed for the cross flow condition. 
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Colver (1979) showed that the best stabilization could be achieved by using smaller 

diameter particles (e. g. smaller than 100 |J. m) and a horizontally directed alternating electric 

field in a fluidized bed. Also he reported the superiority of an ac electric field over a dc field 

in controlling bubble formation. 

Colver and Basshart (1980) reported up to 30% expansion in bed heigiit without 

bubbling for a bed of 60 |im particles in a field alternating at 20 Hz and an rms field strength 

of 9.05 kilo-volt per centimeter, kV/cm. It was also reported that high relative humidity could 

dramatically increase the conductivity and reduce the effect of bubble control. 

Colver (1976) found that an electric field strength of order kV/cm was required to 

control bubble formation and was effective on a variety of particulate materials including 

both good conductors and semiinsulators. Donahoe and Colver (1984) conducted 

experiments by injecting a single bubble into an electrofluidized bed. It was found that 

applying an electric field altered the bubble volume and rise velocity*. In the dc case, the 

bubble could easily be immobilized by the field. Also, the required electric field strength to 

gain bubble control was higher for the ac than for the dc electric field due to charge 

relaxation. 

Mechanism of Bubble Control 

To gain an insight into the mechanism of bubble control, the interparticle and 

hydrodynamic forces on particles must be investigated. Colver (1976) first conducted a series 

of experiments to understand the dynamics and stationary charging of heavy metallic and 

dielectric particles against the conducting wall in the presence of a dc applied electric field. 
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9 
He reported that the charge had the form Q =47rEgin^o^~^ • where k=1.64. Colver 

(1980) investigated different interparticle forces, including Van der Waals. capillary, 

electrostatic contact dipole. and electrostatic. Different charge relaxation time constants were 

also determined for 62 nm glass beads at 30% relative humidity. 

Colver (1983) also proposed equations for estimating different charge relaxation time 

constants. From this time constant the void fraction of an electrofluidized bed could be 

predicted. 

Rietema (1991) proposed a criteria for the minimum bubbling velocity using 

perturbation analysis for the bed elasticity modulus. Xie and Geldart (1992. 1993) examined 

the effect of Van der Waals force on the fluidized bed without an electric field. It was 

reported that the voidage of minimum bubbling decreased with the increasing particle 

diameter and temperature. 

Gidaspow (1994) derived a relationship for the particle drag force from kinetic energy 

dissipation analysis. He developed the same fimction as the well known Ergun equation. 
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3. THEORETICAL STUDIES 

In a field-free fluidized bed, the independent variable is the gas throughput 

(superficial velocity) for given conditions in the bed of particle size, temperature, etc. 

However, for a given superficial velocity, the dynamics of the bed, as reflected in bubble 

formation and particle circulation, heat transfer, and mass transfer, etc., can also be readily 

altered by varying the intensity and frequency of the electric field. The role of the field is thus 

seen to be an independent variable along with the superficial velocity. Fields must be applied 

in a balanced way so that an acceptable state of fiuidization is maintained. Thus, previous 

investigators attempting to use dc fields on a fluidized bed often reported conditions of bed 

freezing, spouting, and generally poor quality of fluidization. It seems clear that for a bed to 

maintain a state of fiuidization, particle forces cannot overwhehn other stabilizing forces in 

the bed. This is precisely what can happen with dc fields if not carefully controlled. However, 

with ac fields, locking and unlocking of particles (or simply relaxing interparticle forces) 

apparently accommodates adjustments of the particles to normal fluidization forces of fluid 

drag and gravity is such a way as to maintain good fluidization Colver. 1977b). 

Inter-Particle Forces and Bed Expansion 

Limited bed expansion in field-free gas flmdized beds is observed for small particles. 

An equation representing this expansion as reflected as an increase in bed viodage S with 

superficial gas velocity U is the Richardson-Zaki equation (Davidson and Harrison, 1971), 

— = s" where Uj is approximately the free fall velocity of the particles. With ac fields, bed 

expansions of an additional 5-15% are possible beyond field free expansions depending on 
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particle size and superficial velocity. This expansion is accompanied by a reduction in 

circulation in the bed and diminished bubble formation. 

One might have anticipated another effect with fields, such as a contraction of the 

particle packing resulting in a decrease volume of the fluidized bed. This might in fact be 

expected in beds with negligible wall effects and with U(U mb, but to date the effect has not 

been reported in smaller beds except perhaps with dc fields where contraction of particles 

into a spouting bed can readily be observed. The additional bed expansion observed with 

external fields is simply explained by the decrease in gas by passing with a corresponding 

increase in interstitial gas velocity leading to greater particle drag. These events lead to a 

distribution and increase in the bed viodage until a balance between particle drag and gravity 

is again established. Bed expansions of up to 15% and more are observed with small 

particles, say (50pin. 

Forces on Particles 

To begin to model the observed behavior of an electrofluidized bed. it is necessary to 

gain an understanding of the possible types of forces that act on particles as a consequence of 

an applied electric field. The forces acting on particles in a gas fluidized bed are summarized 

in Table 3.1 (Colver, 1980). 

Dipole forces in Table 3.1 can be usually be neglected compared to induced 

electrostatic forces for slightly conductive particles. We will not consider the permanent 

forces of Van der Waals, capillary or electrostatic contact here. To be consistent with the 
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Table 3.1: Electrostatic forces between particles 

Types of Equation Functional Relationships 

Van der Waals 

Capillary 

Electrostatic Contact 

Dipole 

Electrostatic 

Vdw ~ ^1 
d id i  

di + d-L^ l  

Fvdw = K2d 

Fe l=Ke iA  1 
VZo .  

F d =Kd-E-

F j=Kad-
e'-

-Kv  
V CT y 

P  

assumption of no free charge in the bed. the first term of the electrostatic force Table 3.1 is 

taken as zero.The electrostatic force equation due to current in the fluidized bed takes the 

form. 

Fj-dc = -KaKbd* 
V a 

P  
(3.1) 

where the K's and [3 are constants and J. d. and G are the current density, particle diameter, 

and bed electrical conductivity respectively. The "dc" subscript has been added to eqn. (3.1) 

to remind us that this was developed for a dc field current. 
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An extension of the Davidson field-free model was proposed for the hydrodynamic 

behavior of bubbles formed in the fluidized bed (Colver et al.. 1992b). In this model a 

spherical bubble was assimied already to be formed in the bed. It was then postulated that 

electrostatic forces must be of the same order of magnimde as particle-fluid forces for 

effective control. For an incipiently fluidized bed, gravitational forces acting on the particles 

were just balanced by the forces of fluid drag. In this regime (U^f < U< Umb), applied electric 

fields had little effect on the overall bed behavior except to induce oscillations if it is an ac 

field. But in a bubbling bed (U > Umb), the mechanism was different. Two bubble models 

would be incorporated, one was for the fluid dynamics and another for the electrostatics. The 

well known Davidson model was used for an isolated spherical bubble since it offered a 

closed form solution of the pressure distribution as well as the fluid and particle velocity 

distributions around the bubble. For the electrostatic model, the maximum electric field 

induced particle-particle force would be determined by a similar spherical bubble. Bubble 

control would be postulated to be effective when the maximum electrostatic forces were 

made comparable to the maximum fluid dynamic forces. In this case, only the electrostatic 

force was important by comparing it to the hydrodynamic forces. The following assumptions 

and equations describe the Davidson bubble model (Davidson. Clift, and Harrison, 1985). 

Assumptions: 

• spherical bubble 

• incompressible flow for the particle and fluid phases 

• negligible particle-particle friction (potential flow of 



www.manaraa.com

13 

particle phase) 

• pre-determined particle path around the spherical bubble 

• uniform pressure inside the bubble 

• incipient fluidization far from the bubble (constant 

pressure gradient) 

The equations of motion to be solved were: 

The particle continuity: 

V- s  v  =  s  V-v  =  0  (3 .2 )  

The fluid phase continuity: 

V-eQ  =  sV .Q  =  0  (3 .3 )  

The fluid phase momentum: 

VP + p„(s)[u-v] = 0 (3.4) 

Only the solution for the pressure distribution was needed to determine the force on a particle 

from eqn. (4.4). The solution of the pressure distribution P(r): 

P = Pb-p„(e)u„cose(r-\) (3.5) 
r" 

where is the permeability constant as in a Darcy law type expression for the drag on a 

particle such that PQUQ is the pressure gradient dp/dy far from the bubble in the vertical 

direction, pb is the pressure inside the bubble, rb is the radius of the bubble, and u^, is the 

relative fluid/particle interstitial fluid velocity far from the bubble. A contour plot of lines of 
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constant pressure gradient (magnitude) was shown in Fig. 3.1. Figure 3.1 was obtained using 

eqn. (3.5) and the definition of VP. The maximum pressure gradient was found to be three 

times greater than the pressure gradient in the far field of the bubble (see Fig. 3.2) 

i ^ !  _ /  
\d)\ 

•' I max 
f] 

M o t i o n  

Maximum Pre««ure 
3 cp/dY, 

Figure 3.1: Contour plot of constant pressure gradient lines showing maximum pressure 
gradient on a spherical bubble of unit radius 
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Figure 3.2: Pressure gradient on surface of bubble of unit radius (with the vertical z axis) 

The following assumptions and equations are for the proposed bubble model with 

electrostatics. 

.Assumptions: 

• spherical bubble with field axial symmetr\' 

• uniform electrical conductivity throughout the particle 

phase (infinite resistivity in the bubble region) 

• constant dc (horizontal) electric field far firom the bubble 

• no free charge 

• negligible polarization forces 

• negligible magnetic field effect from current in the bed 
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The equations of electricity are; 

conservation of charge 

V- J  = 0 (3.7) 

Ohm's law 

1=CE (3 .8 )  

Definition of scalar potential 

E = -V(j) (3.9) 

Combining eqns. (3.7)-(3.9) lead to the Laplace equation for constant electrical conductivity-

^ outside the bubble as follows (Nayfeh and Brussel. 1985): 

V-(j)=0 (3.10) 

The boundary conditions are: = 0 and E„ = 0 at bubble interface. Therefore, the solution 

for the field potential, (j). is 

(i) = -E„rcos0[K:^] (3.11) 

The r and 0 components of current around the bubble are 

J , =CE . c ose [ l - 4 l  (3 .12 )  
r' 

J,=.CE.sine[l + ̂ I (3.13) 
2r 

Figure 3.3 shows eqns. (3.12) and (3.13) as a vector field plot (length of arrow represents 

relative magnitude of current density or electric field strength). 
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Figure 3.3 Vector field plot of current density magnitude and electricfield strength near 
bubble (0 =0), current density inside bubble =0 

The current density is zero at the vertical surfaces of the bubble (0=0.it). Inside the 

bubble the current is zero while the electric field strength is non-zero. The tangential 

component of the electric field must be continuous through the bubble interface since the free 

charge was zero. In the likely event of charged particles occurring at the bubble interface, the 

internal electric field would circulate these particles. Fig. 3.4 shows the flow direction of 

current around a bubble of unit radius. 

The current density reaches its ma.ximum value at the top and bottom of the bubble 

(0=7t/2, 37c/2) and was zero at the sides (0=O.7c). This means that the particle-particle forces 

due to the current would be greatest at the top and become zero at the sides of the bubble. 

From eqns. (3.12). (3.13) the maximum current at the interface is 3/2 times the far field 

current. 
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The resulting relations for current density and electric field strengths with the far field 

and EQ are 

•^max ^ "^o 

E„. =-E„ 

2 50 T 

2 00 

C  u r r  

2 50 2 00 • 50 ' 00 -0 50 0 00 

(3.14) 

(3.15) 

Figure 3.4 Lines of constant ^ showing current path and direction of electric field past 
bubble of unit radius (largest current concentration at the top of the bubble) 

The catena tor bubble control was that the ratio of the forces acting on the particles due to 

the electric field stresses and pressure gradient. This ratio is given as 

F ,.0C d =  
VP. 

6(1-E)1 

87rd 
(3.16) 

The following relationship for the pressure gradient can be obtained using eqns. (3.6). (3.8). 

(3.14). and (3.15). and the relationship for the far field pressure gradient as 
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(3.17) 

Substituting eqn. (3.17) into eqn. (3.16) gives the criteria for bubble control as (Colver and 

Wang, 1993) 

where the voidage, £(U). can be found using the Richardson-Zaki eqxiation given in eqn. 

(3.14). The n and u, in eqn. (3.14) could be found from the experimental data. 

As a numerical example, consider the Microbeads glass spheres which have the following 

values: Ka=een,o=8.85x10''". Kb=Eeni/£em.o~7.0. BCc=l (typically 1-20). (3=2 (typically 1-2). 

typical of the field strength required for bubble control as measured in the experiment. 

Assuming that only the current constriction force was important in dc electric field. Then 

the force equation is given by Dietz and Melcher (AIChE Symp.. 1978b) is 

where K and y (=0—>2) were experimentally or theoretically derived constants, and £em.o, d. 

Eniax? and E. were the permitivity of free space, the particle diameter, the breakdown electric 

field strength between particle contacts, and the average electric field strength in the bed. 

respectively. Dietz and Melcher (1980) found that K=0.1. y=0.8 and En,ax~30 kV/cm. From 

the results of scale-up parameters . a further relation can be written as 

(3.18) 

P p =2500 kg.m'^, g=9.81 m.s"". and d=62jj.m. From the above equations, the far field strength 

is calculated to be Eo=1.8xl0^ V/m for bubble control in the fiuidized bed. This value was 

Fj-DC=K^47ts^_„D-E;,,E (3.19) 
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(3.20) 
n 

where n was a constant of the Richardson-Zaki eqtiation. By substituting eqn. (3.20) into eqn. 

(3.19). eqn. (3.18) is rewritten as 

Equation (3.21) implies that increasing the superficial velocity, particle diameter, and particle 

density can lead to an increase in the required electric field strength in the far field (£„) in 

order to suppress bubbles. These predictions are consistent with experimental results. 

A model describing the inter-particle forces with an ac field has been studied. Fig. 3.5 

shows the two particle model. The capacitance (C(.) between the two particles was determined 

in large part fi-om the close separation distance of the surfaces, as could be seen fi:om the 

definition of capacitance (i.e.. C = SemA/x. where x was the separation distance and A was 

some appropriate effective area). For ac fields, inter-particle forces exist between two 

particles even if the particles are separated and the contact resistance is infinitely large 

because of the mutual capacitance. This is in contrast to the usual dc current related 

electrostatic particle forces listed in Table 3.1 where electrical contact between the particles 

was assumed. Thus, particles need not be touching for induced electrostatic forces to exist 

with ac fields. The differential equation for the voltage across two particles can be obtained 

by applying KirchhofFs law (Colver and Wang, 1993b) 

>0(1) (3.21) 
e(U)dPpg 

AC Electrical Field Model 



www.manaraa.com

21 

dt T, T, 
(3.22) 

where the time constants for the particle contact (tc) and surface contact resistance (xg) are 

R,R. T = C 
'  Rs^Rc  ^  

T, = R,C, 

(3-23) 

(3.24) 

R  / 2  
s  

-WH 

Cg =surface capacitance 

= surface resistance 

>w>-
J  

R-j. = contact resistance 

Figure 3.5 Equivalent circuit for particles with mutual capacitance, including contact 
resistance and surface conductivity 

There are two limiting cases which depend on the relative position of the particles and the 

magnitudes of the surfaces and contact resistance. 

(I) R,»Rc (e.g. particles touching, DC/AC field) 

(II) R,«R<. (e.g. particles not touching, AC field only) 

The steady periodic solution for eqn. (3.22) is 



www.manaraa.com

= P e > (3.25) 

[l + (T ^co)" J 

where tan5=C0T(.. The force magnitude per unit area between the plates of the capacitor is 

given by the relation 

F,.AC " " ° U . A x J  

A - 2 -

The value for could be calculated if the resistivity of the bulk bed was known (Colver. 

1980). For the 44-74 glass spheres. T5=0.44 s when the bulk bed resistivity was 2xl0'" Q-

m at 25°C. For the FCC (2-A). TS=0.12 sec when the bulk bed resistivity equaled 5.4x10^ Q-

m at 25°C. If it was assumed that TC=T5=0.44 sec and ignoring the variation in the particle 

separation distance (x) as the bed volume decreased, die experimental (Wang, 1995) results 

showed good agreement with the theoretical model. By comparing eqn. (3.26) with Fj.q^ eqn. 

(3.19). a possible expression for the ac electric force can be written as 

F j  A C  = ^ (3.27) 
1 + (TC03)-

for which die zero frequency limit is satisfied. 

Using eqn. (3.26) and assuming XC=TS, is found to be 0.25 sec. Comparing the 

calculated values with the result found previously of TC=0.12 sec. it can be seen that the 
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calculated value is of the same order. However, the dc limit is not well fitted to this model. 

This is possibly due to the different mechanism between dc and ac electric fields. 

Stability Analysis 

The perturbation method was applied to the governing equations of both fluid and 

dispersed phases giving the stability analysis of the bed expansion (Rietema, 1991). A bed 

modulus of elasticity (Y) was proposed to account for observations of cohesive behavior in a 

field-free bed such as bed expansion and tilting of beds which both resulted from interparticle 

forces. As the bed expanded with superficial velocity, particle contact remained but the 

number of contacts (k) was reduced as particles shifted into a less dense formation, retaining 

a chain-like structure. 

The procedure for applying the perturbation method is as follows: 

1. Added a disturbance to the basic equations. 

2. Subtracted out steady solution from basic equations. 

3. Linearized the disturbance equation (the eigenvalue 

should be homogenous with homogenous boundary 

conditions). 

4. Assumed a form for disturbance such as traveling wave 

with attenuation/growth term. 

5. Solved for certain values of parameters (eignvalues). 

6. Examined eignvalues for growth, neutrality, or decay of 

disturbance (into bubbles). 
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The form of the modulus equation is 

(3.28) 

The purpose for extending this continuum concept was to include interparticle forces 

resulting from electric fields in Y so that Y=Y(E,k...). Such a bed structure, as shown in 

Fig.3.6. allowed for conducting paths of current along chains of contacting particles through 

the bed. Because Y^i, is a measure of the bed interparticle forces, the lower the Yn,b, the 

easier it is for bubbles to form. 

The criteria for bubble control was obtained based on perturbation theory utilizing 

continuum equations for the conservation of mass and momentum of the solids and gas 

phases was obtained (Wang 1995"). The Kozeny-Carman (K&C) (which was used to derive 

Ergun equation) and Richardson-Zaki (R&Z) relationships were used to derive the particle 

drag force. 

E 

( C u r r e n t )  

I  

Figure 3.6 Conception of particle contacts during fluidizatio 
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Using the Kozeny-Carman relationship, /(e) = e'/ k(l-8) where k is a constant, the 

theoretical criteria for bubble control was given (Colver and Wang. 1993) as 

PpCPp-P f J rC ^ ' ^p )*  

m b  

150(1-8.,) 
(3.29) 

An experimental relationship for the bubble control criteria is given as 

Y n , b  = P r  (3-2s..) 
U  mb 

'  m b  _  

(3.30) 

The Ergun constant, 150. and sphericity (j)^ in eqn. (3.29) were chosen to fit the bed expansion 

data. The values also satisfied the momentum equations for the solids and gas phases. It 

should be noted that in the theoretical derivation of eqn. (3.29). a constant of 180 was 

obtained (Wang, 1995). However, the value of 150 for the constant had also been used by 

Davidson (1985) and Levenspiel (1991). A way to check the validity of the assumed values 

for the constants was to compare the drag force to the hydrodynamic force from the 

momentum equation. The following ratio should yield a constant value of I. 

( p p  - P f ) g ( ' t ) s d p ) ' £  

150(1 -£)|j,U 
(3.3i; 

The effect of the electric field needed to be explicitly included in the theory. This could be 

accomplished by relating Y^b to using either the empirical relationships or particle force 

theory. An empirical relationship from the experimental data is given as 

Y„b (N / m) = + cE^b (kV / m) (3.32) 
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where is the Van der Waals and electronic contribution to the modulus and c is a 

constant. Equations (3.29)-(3.32) formed a complete set of relationships for the bed stability-

analysis. The value of constant c for modulus of elasticity for the 44.1 fim n.w.p. Microbeads 

glass particles in different electrical field with Ar and Ni, respectively has been reponed by 

(Wang. 1995). 

If the Richardson-Zaki type relationship is used for bed expansion. 

/(s)= ke" 

the theoretical result is given as 

Pp C Pp-P f J^ 'C ^sdp ) '  

j . j j )  

mb 

(3.34) 

and the experimental result is given as 

= P, C-S m bXl  +  n )  
U mb 

' mb 

(3.35) 

the values of k and n were derived from experimental data using superficial velocity and 

voidage at minimum bubbling and were chosen to fit the bed expansion data f(s) and satisfy 

the momentum equation for the solids and gas phases. The constants k and n can be 

calculated from the plot of log(U) v.s. log(8 ) (Wang, 1995), where the interception of the 

first order regression fit was coordinated to k and the value of the first order of the regression 

was coordinated to n. A method to check the validity of the assimied values for the constants 

is to compare the drag force to the hydrodynamic force from the momentum equation. The 

following ratio should yield a constant value of unity. 
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(pp -pfK^sdp]rg/(g) 

The summary results for the bed modulus and the Richardson-Zaki fit for different materials 

used in the tests are listed in Table 3.2. In the numerical simulation second term of the bed 

modulus has been used along the modulus of elasticity which is a funtion of bed voidages. 

Table 3.2: Summary results for bed modulus and Richardson-Zaki fit for 
different materials ( Wang, 1995). 

Material Bed Modulus n Bulk Comment 
Fluidized of elasticity and Powder on 
in Argon k Resistivity ohm- Particle 

(Waddle Ymb (N/m") m(Packed) Fluidization 
diameter) En,b(kV/m) 
Glass A =0.177 n= 1.585 2.5x10'" Good Fluidized 
beads 44 [1 m 8=8.854x10"' k=0.010I (spherical;) Large 

2.2x10^ 
Expansion 

FCC Kaolin A =0.262 n=5.287 2.2x10^ Moderate 
( l -B)  8=6.753x10"' k=0.0272 Fluidized 
45.5 |J. m (irregular;) 

wi l l  ̂  
channehsmall 
expansion 

FCC A =0.258 n=4.304 1.1X10*^ VIoderate 
Zeelitic(spent) (1- 8=2.89x10"* k=0.0357 Fluidized 

A) 35 |I m (near spherical;) A) 35 |I m 
wi l l  
channel; 
small expansion 

FCC A=0.250 n=3.891 5.4x10^ Good 
Zeolitic(fresh )(2- 8=1.860x10"' k=0.0099 Fluidized(near 
A) 58.8 )J. m spherical;) 

moderate 
expansion 

FCCAluminum can not can not 7.5x10^ Poorly Fluidized. 
o.xide(3-A)66.7 be calculated be calculated channeling. 
|I m(Avg. Large irreguiar(many 

size) fines) 
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From eqn (3.35) it is evident tiiat Y^b depends on air voidage, onset bubbling velocity and 

the constant n. In eqn (3.36), to maintain the ratio of drag force to hydrodynamic force as 

unity, again the parameters involved are gas voidage, particle diameter, and the viscosity of 

the fluidizing gas as controlling factors. In addition to these variables the most important 

parameter needed to keep the bed stable is electric field. The effect of all the abovementioned 

variables have experimentally verified and included in an empirical relationship (Wang. 

1995). For numerical simulations of electrofluidized bed behavior, appropriate modulus of 

elasticity equations has been used. 
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4. MULTIPHASE HYDRODYNAMICS 

From a macroscopic viewpoinL the solid phase in a Quidized bed behaves like a kind 

of fluid. Thus, most numerical simulations of fluidized beds are based on theories assioming 

that the solid phase is a continuum. Many such simulations have used a two-fluid model, 

which regards a solid fluid mixture as consisting of two kinds of fluids. For example. 

Prictchett et al (1978) simulated a fluidized bed using the two-fluid model and showed the 

formation of bubbles. It is necessary in the two fluid-model to assume constitutive equations 

for the solid phase. The problem of the method is that parameters included in the constitutive 

equations lack generality. If good agreement with experiment is required, some parameters in 

the constitutive equations should be determined empirically, some times even firom 

experiments similar to the simulation to be done. 

The Governing Equations 

A multiphase system consists of particles and a gas. Separate sets of field equations 

govern the gas and liquid phase dynamics. The following differential equations are written in 

a form suggested by Soo (1967). The continuity and momentum equations are written for the 

gas phase and particulate phase. For an isothermal, two-dimensional transient two-phase flow 

bed there are six nonlinear coupled partial differential equations for six dependent variables. 

The variables to be computed are the void firaction. s, the pressure P. the velocity components 

u„. Vg. and the solid velocity components u^, and v, in the r and z directions respectively. 

The siun of the solids and gas momentum equations gives the mixture momentum 

equations. These mixture momentum equations and the continuity equations in cylindrical 
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coordinates and for Cartesian coordinates r=l. dr=dx and dz=dy .are generally accepted by 

the majority of the two phase flow investigators. 

Continnuitv Fquations 

Gas Phase 

Solid Phase 

^ ^ ^ 

Gas Momentum in r-direction 

—^gPg^gy-^^g9gUgrUgy—^gPgUgVgy= 

-^g^ + ̂ r^s-^g) 

Solids Momentum in r-direction 

c c c 

ct rcr ̂  cz ^ 

(4.3) 

dp ^ / \ dz 
-y "'"Pry^g J -< 
cr ^ ^ cr 

Gas Momentum in z-direction 

—  ^ g P ^ v ^ ) +  — ) + —  

(4.4) 

(4.5) 



www.manaraa.com

31 

Solids Momentum in z-direction 

- ^ (£5p5V_yr« j )+  ^ (£ jP jV jV^)  =  

3 t 
-6 j^+  Pr (vg  -  v j ) -  e jP j j  -

Fluid-Particle Friction Coefficient 

The friction coefficients are obtained for different states of the fluidized bed from 

standard correlation with negligible acceleration. Neglecting gravity and with no acceleration 

the gas momentum balance is 

s "P g dz 
-  P - (vg  -  v^)=  0  (4 .7 )  

The coefficient is now obtained by comparing eqn. (4.7) to the Ergim equation, as 

for example given in Kunii and Levenspiel's book ( 1991 ) 

— =1 50^ ^  (4 .8 )  

where Uq i s  t he  supe r f i c i a i  ve l oc i t \ '  L 'q =S ^(vg ~ ^'5^ 

8g+8^ =1 .0  (4 .9 )  

A comparison of eqns. (4.7) and (4.8) shows that 

P- = 150-^ ^ ° +1.75 ^ (4.10) 
e ^ ( d p ( p s y  ( ^ s ^ p )  

where 02 ̂  £ g (0-8 
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= (4.11) 

where 0.8 ^ £ g >1.0 

where f^ g S (4.12) 

C d  =  — +  0 . 1 5  R e  
^ Re ^ ^ 

Re<1000  

= 0.44, Re >1000 (4.13) 

(4.14) 

Solid-Stress 

The terms t and x ^ are the normal components of the solid phase stress tensor. 

The solid stress terms are function of porosity, pressure and the displacement tensors of 

solids velocity', gas velocity and relative velocity. In the absence of such terms the local 

\'alues of the void fraction in the fluidized bed become unrealistically low. Rietema and 

Musters (1973) have included such a term in ±eir solid equation of motion. Kos (1977) has 

measured such a stress for settling and found it to be quite small compared with the 

hydrostatic pressure. In view of the previous theory and measurements, the constitutive 

equation for the normal component of the stress, t  is t  =  t  ̂ g ) -

Then bv the chain rule. 
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di dx 

Pritchett et al. (1978) use the nomenclature, G(8) for the modulus of elasticity or particle-

dx dx 
particle interaction coefficient — i.e. G( S p.) = 

d z  g  ^  d Z g  

In this study . the modulus o f elasticity is fitted to the experimental data by Colver and Wang 

( 1993 ). by the equation. 

Y ( N/m~) = Yvdw.ei + c E ( kV/m ) (4.16) 

where Yvdw.ei is the Van der Waals and electronic contribution to the modulus and c is a 

constant. 

The modulus of elasticity has been used by Syamlal ( 1985), 

G( e  )  =  g ,  exp [g2 (S^ -S i ) ]  (4 .17 )  

where g| = 1.5 x 10" dynes/cm " and gj =500 and S may be varied according to the void 

fraction at the maximum packing expected. A typical value would be 0.4. For the purpose of 

numerical simulation with electric tleld the following composite model is used which 

satisfies both conditions such as with and without electric field. 

0 ( 8  )  =  g , exp [g2 (e^ -E i ) ]  +  C E  (4 .18 )  

where c =8.845*10 N/m-kV (for dp=49 micron). Addition of electric field to eqn. (4.17) 

not only enhance the bed stability but also enhance the existing numerically stable scheme 

more by converting the imaginary characteristics into real values. 



www.manaraa.com

34 

Numerical Analysis 

Separate sets of field equations govern the gas and liquid phase dynamics. The field 

equation sets are coupled through the condition of pressure equilibrium between phases and 

through exchange of mass and momentum. The set of nonlinear partial differential equations 

is solved for , Ug. . Vg . g and P using the K-Fix program (Rivard and Torrey. 1977). 

Figure. 4.1 shows typical computational cell and the relative spatial locations of the variables 

that appear in the finite difference equations. Velocities of each phase are centered at the 

boundaries. Quantities such as density, porosity and pressure are centered at the center of the 

mesh. Flux terms in continuity and momentum eqimtions are full donor-cell differenced. 

When we apply the momentum principle to a control volume, the momentum storage or 

depletion is evaluated within the control volume, but the pressiu-e force, shear force, and 

momentum flows are evaluated at the control surface. If the control volvime is selected to be 

the computational celL the pressure force must be computed at the cell faces even though the 

pressure is a cell-centered quantity. Similarly, computation of the shear forces is based on 

conveniently located variables. Consider an alternative control volume for the x-momentum 

equation centered on the l-l. j face of the computational cell as shown in Fig 4.1. The net 

pressure force acting in the x-direction is readily expressed in terms of the variables 

associated with the staggered-grid convention Similarly the net pressure force acting in the y-

direction can be expressed in terms of the variables associated with the same staggered grid 

convention. In this case control volume for the y-momentum equation centerded on the I. j-1 

face of the computational cell. 
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z.y 

5z 

Vg.V, 

Pi 

p/ i,j i+I/2. j Ug,U3 

to 

-8r 

r.x 

Figure 4.1: Locations of variables in the finite difference equations for a typical cell 

The "shifted" control volume of Fig. 4.2 allowed accurate and convenient expressions 

for the stress, pressure, gravity, and momentum storage terms, but computation of the flow-

of-momentum term requires variables at locations other than where they are defined. One 

idea is to use linear interpolation to obtain values at the desired locations, and there are sound 

mathematical arguments for doing so. Unfortunately, the algorithm produced by this idea is 

numerically unstable. To obtain a simple stable formulation, we use a technique called 

upwind differencing or donor-cell differencing. In this formulation, we asstune that 

convection of momentum far outweighs viscous diffiision of momentum in the flow 

direction. We approximate the momentum-per-unit-mass at the control volume boimdary by 

the nearest value "upwind" firom the boundary. 
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j+l/2 

Continiiity 

j-I n x-Mon lentiim 

i-I/2 I.j-1/2 i+l/2 i+1 i+3/2 

j+3/2 

j+1 

j+I/2 

j-1/2 

i-1/2 

v-Momentum 

Continuitv" 

i+l/2 

Figure 4.2: Shifted computation cells for momentum calculations 
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For instance, Ujj is approximated by Uj.y if the flow is in the positive direction but by 

Uj+ij if the flow is in the negative direction. Although the velocity associated with the 

momentum is assigned an "upwind" value, the velocity associated with mass flow rate is still 

computed from a linear interpolation. The upwind formulation has two shortcomings: it 

burdens the computer code with the logic required to select the upwind values, and it 

introduces "'artificial viscosity", which reduces the accuracy of the solution. The donor cell 

differencing (Rivard and Torrey. 1977) helps to prevent a cell from getting drained 

completely giving negative volume fractions and also aids computational stability. 

Convective terms in the momentum equations are advanced in time explicitly, where as all 

exchanges of mass, and momentum, when occur they, are treated implicitly. 

The continuity equation is differenced fiilly implicitly as follows. 

5^ n+\ 
(4.19) 

The angular brackets represent a donor cell differencing as shown below. 

if < , . , • 1  ( " .  

if \ , -

-) 
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and 

{ ( ^ k P k y k ) -  = ( v ^ ) - 2 J if 
( v j ; - o o  

(^/t )/ 
^ 2 J (e*por' 

(e.p J/ 
if O ' j r o o  

( v . ) r ^ < o  

The momentum differenced equations are given below: 

«+l 

f+- /+- /+-Z-l— 
1 

H— 1 

5'Z -v.x- ^B,r' -(s J) 

All the explicit temis have been lumped into the tilde quantities as shown below; 

(4.21) 

(£;P.".Xi-"(^*p*"*)lI ~"((e,p,, (4.22) 
2 2 2 '*•» 

^ k P k ^ k  ( ^ k P k ^ k ) i  ~  { ( ^ k P k ^ k r y k ) ^  " -

1 ' (4.23) 

: ^ " { { ^ k 9 k ^ k y ' k ) i  - - ^ k P k g  
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As explained before the angnlar brackets represent the donor cell differenced 

quantities. 

// \. \J / f 
. 1 = r 
i+- i+-

7 

if 
(v. );r)0 

( v j  " r ( 0  

1 

-(vi), r 
z+-

if 
(v.):: 

) 

) 0  

( 0  

" ( ( s . P , v , K )n= ( v .rr;;;;J: 

-(v.X '•J (s*P*v,p 
if 

(v.P>0 

(vj(0 

x-Component; 

!( Y. Z' V ] 

i+- 'i+l (s,p,«,r)S 

.  w  I  ( £ » P . " » 0 , - 1  

v' if 

y-component: 
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. 1 /+! r, Y-i [(«J'l>o 

'"4 l(®.p.''.''X-7 ("J^c 

The resulting finite difference equations are solved by a combination of point 

relaxation. Newton's and secant iteration method, without any linearization. The entire 

problem is complicated by the fact that pressure does not appear as a variable in the 

continuity equation. Although this lack may not seem troubling at first as only a few 

unknowns typically appear in each equation of any system of equations. It is a significant 

feature that severely restricts the numerical tools that can be used successfully to solve this 

particular problem. To find the velocities at current time level we have to assume some 

pressure values, and the solved velocities to be checked whether it satisfies continuity 

equations or not. Pressure does not appear as a variable in the continuit}' equations, and 

apparently we do not have anyway to compute . The heart of a solution procedure based 

on a pressure correction algorithm is to recast the continuity equation so that the pressure 

does appear as a variable in the equation that represents conservation of mass. In the 

momentum equations the pressure, the drag and the solid stress terms are implicitly 

differenced. Also note that the drag terms are linearly implicit which is necessary for the 

particular method of solution adopted here in matrix form. There are no other restrictions on 
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the form of the drag relations. In calculations involving dense beds it is necessary to have the 

solids stress term may be differenced explicitly to save computational time. 

The Solution Technique 

A Gauss-Jordan iterative technique is used to solve the finite difference equations 

given in previous section. To facilitate the particular method of solution the equations are 

recast in the following form. The momentum equation could be collected together in matrix 

form. 

Thus eqn. (4.20) gives 

|3;.5r + 8g.p^ 

— ( 3 ^ 5 ^  +  £ ^ P y  

u g 

M. 

(Pi+l 
(4.24) 

and eqn. (4.21) gives 

— ( 3 ^ 5 ^  — +  

V g 

^ g p g ^ g ) -1^? - p ' )+1 J"' - ̂ g i  
(4.25) 

The gas continuity equation can be written as 
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(4.26) (4.2( 
5 r « + i / /  \  \ J  
^  \ ( ^ g p g } g ) i  

where Dj  is the residue of the gas continuity equation, which should be equal to 

zero for absolute convergence. To solve the finite difference equations the pressure in each 

continued till the convergence criterion is met in all the computational cells simultaneously. 

The details of this iterative procedure are given below. 

1. Calculate the tilde quantities using eqns. (4.22) and (4.23). 

2. Calculate the drag coefficients using eqns (4.10) through (4.14). 

3. Estimate the new time level velocities solving eqns. (4.24) and (4.25). 

4. Calculate P/ . approximately given (Rivard and Torrey. 1977) by 

5. Correct die pressure iteratively. Refer to Fig. D.l which gives the details of this 

procedure in terms of FORTRAN variables. The computations start with the left-bottom 

comer fluid cell. Pressure corrections are carried out in a cell till convergence is obtained or 

cell is corrected iteratively such that Dj . meets the convergence criterion. The iterations are 

(4.27) 
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the number of iterations exceed an inner iterations limit. Then the computations proceed from 

left to right and from bottom to top till the entire computational regime is covered. At the end 

of such a computational sweep, if convergence was not obtained in any of the cells, the 

sweeps are repeated. The number of such sweeps are restricted by an outer iterations limit. 

The iterative procedure for a single cell involves the following steps. 

a. Calculate eqn. (4.26). using the velocities from eqns. (4.24) and (4.25). If 

go to step e 

b. If the pressure in the cell needs to be adjusted. Initial adjustments are done 

using Newton's method. 

(4.28) 

where co is a relaxation parameter near unity. Newton's method is continued till Z>/ 

changes sign. After changes sign the next pressure correction is done using a secant 

method (Appendix B). where 

There after the pressure corrections are done using a constrained two sided secant 

method as illustrated in Fig. D. 1. Given the three points 1, 2. 3 of which I and 2 bracket the 

desired pressure and 3 lies between them, the presser P, and are determined by straight 

line extrapolation and interpolation, respectively. The new estimate of the advanced time 

pressure is then computed as If the presser P^ should lie outside the 
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interval to P3 , it is given the value + /*,). After is estimated. point 2 is 

discarded and points 1 and 3 are retained as improved bounds for the next pressure estimate. 

c. Calculate the velocities using eqns. (4.24) and (4.25). 

d. Calculate the gas mass fluxes. 

e. Solve the solids continuity equations for s, . 

f Using eqn. (4.9) find the new value of . 

g. If go to step a. 

Mathematical Classifications of Governing Equations 

With r=l. replacing dr by dx and dz by dy the governing equations with one 

dimension could be written in the following manner. 

In the (t. x) plane 

A ? . B ^  =  D  
oi dx 

(4.30) 

where 

A = 

Pg -> 
c~ 

0 0 

-p^ 0 0 0 

0 0 0 

0 0 0 P5^5_ 

U = 

Sg 

P 

l"s j  

Pg"g 
^g"g 

1 
c~ 

^gPg 0 

B = ~P 0 0 P 5 
0 ^g pg^g"g 0 

ipx + ^ x )  ^5 0 Ps^s^s 

and D = 

0 

0 

Pa("^ -"g) 

_pA("g -"5) 
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In (t y) plane . equations are followings 

A ^ . C ^  =  E  
ot dy 

where 

A and U C = 

E = 

0 

Gy +  E  

0 

0 

^g^g 
1 ^g^g 0 

c~ 
0 0 

^g ^g^g^g 0 

^ s 0 

-P(v5 - Vg)-e^Ap^^ 

[C -A .A]=0  

After simplification 

2  ~ ^ )  ~ ^ )  ~  ̂  s y  g  ~  ̂  J  
c~ 

("«-
-(Cy + Ey^ g -  I = 0 

For the fluidized bed at the inflow and outflow boundaries 

£  g  —^ 1 .0 ;  £  T  —^ 0 . 0  ;  G  —^ 0 . 0  3J i c l  E  —>•  0 . 0  

(4-31) 

(4.32) 

Hence the eigenvalues are 
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A, 12 = Vg ± c and X 3 4 = 

Again with all the pressure drop in fluid phase (Gidaspow, 1994) 

P g ^  C  
0  

c  =  - P v ^ v  0  0  E v P v  

0  1  D  £  V  g  K  0  

-(G. + E,) 0  0  P v ^ v V  

with this matrix C |C'-XAJ=0 (4.33) 

2 
£ p- P £ /" 

c~ 

2 
S P p- / 

9 ~~ ^ g p g  
c~ 

and J tllhL 
V Ps 

Since all eigenvalues are real the system of governing equations are hyperbolic in (t. x) and 

(t. y) plane. 

Stability Analysis 

We can rewrite the system of equations (Anderson, Fletcher, and Tarmehill, 1984) 

(4.34) 
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Where [l] is the identity matrix. The stability of the difference equation can be evaluated by 

applying the Fourier or von Neumann method. If a typical term of a Fourier series is 

substituted into above equation, an expression is obtained 

e°^^(k)=[G(At,k)^'^(k) (4.35) 

where [G] = [ijcos P - / — [A]sin P 

and e" represents the Fourier coefficients of the typical term. The [G] matrix is called the 

amplification matrix. This matrix is now dependent upon step size and frequency or wave 

number, i.e.. [G]=[G(Al.k) For a stable finite-difference calculation, the largest 

eigenvalue of [G J G jjjgx • niust obey 

'^maxi —^ (4.j6) 

This leads to the requirement that 

i, 
max . I — ^ (4.37) 

1 Axl 

where X jj^^x largest eigenvalue of the [A] matrix. 

A.max = max(A,i,A.2.A,3.A4) 

Considering both the coordinates in x and y direction the time step constraint could be 

found 
^max 
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5. RESULTS AND DISCISSION 

The two-dimensional two-phase flow numerical calculations based on the formulation 

of Harlow and Amsden (1975) was subsequently used in the K-Fix program (Rivard and 

Torrey. 1977). This led to significant details of development during the transient period. The 

calculated flow variables for the phases are the components of the velocities, pressure, and 

the void distributions in the fluidized bed. The coordinate system for the numerical 

simulation of the fluidized bed is rectangular with the cell flags designated in such a way that 

it approximately simulates two-dimensional (typically 21x45 grid cells) fluidized 

experimental bed shown in Fig. C.2. The finite difference governing equations are solved for 

an appropriate number of computational cells comprising the region of interest. The 

computing mesh is subdivided as shown in Fig. C.2 into a number of cells by a grid system. 

The coordinates of the center of the cells are denoted by the indices i and j. The center of the 

grid lines are denoted by half indices i+l/2 or j+l/2. The distributor plate is the boundary 

between cell I. I and 1. 2 where 1=2. IB 1. The gas velocity and the pressure of the incoming 

flow are assigned to this cell row and never re-calculated or altered during the course of 

computation. Mass fliLxes of gas into the bed are fixed. In the K-Fix code these type of cells 

are referred to as. "specified flax" inflow cells and are given cell type flag number 5. The 

pressure drop is shown to be very close to that at minimum fluidization. A solid wall is 

assigned by cell flag number 3. There are no fluxes of mass or momentum through a wall. 

This type of boundary condition is achieved by setting the normal components of the 

velocities are equal to zero. For solid walls the tangential velocities in the fictitious cells are 
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set by reflection for a free-slip wall, and by reflection with a change in sign for no slip walls. 

The bed is assumed to be open to atmosphere. Thus the pressure at center of cells I. JB2 (1=2. 

IBl) is one atmosphere and normal solid velocity at locations i. JB1+1/2 (1=2, IBl) is set to 

zero. For all cases the overall dimension of the bed is constant. The grid size for a single 

donor cell of the bed is taken as 0.5 cm x 0.7 cm. The electric field is incorporated into the 

program through the solids stress term using previous results from an perturbation theory, 

eqn. (4.16). 

Bubble Free Bed 

Figures 5.1 and 5.2 show the time sequences of bubble-free fluidization following the 

startup of a packed bed of 49 i^m glass particles. Differences in circulation and voidage 

patterns are apparent with (E = 100 kV/m ) and without (E=0) the applied electric field . 

Figures 5.1 and 5.2 show that the bed expansion, i.e.. the bed from an initial height 28 cm to 

over 30 cm. 

Bed with a Single Bubble 

In a 21 X 45 grid cells (0.5 cm x 0.7 cm), the middle three cells of the second, third, 

and the fourth rows are initially set with the unity air void fraction at the minimum 

fluidization velocity . Umf =0.49 cm/s. Figure 5.3-5.44 are the shading, contour, and vector 

plots with an inserted bubble at t=0 s with and without an electric field, followed by different 

time levels. These figures show the propagation, growth, and diffiision of the bubble in a 

two-dimensional fluidized bed. The inserted bubble retains its shape until the time t=0.6 s 

since its inception. The shape of the bubble voids are elliptical in shape immediately after 
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switching on the flxiid velocity into the bed. All hydrodynamic phenomena occxirring are 

shown in Fig. 5.3-5.4 in the absence of external applied electric field. 

To observe the effect of electric field on hydrodynamic behavior of the fluidized bed 

with an inserted bubble, a strong electric field is applied across the bed. The strength of the 

electric field is taken as 100 kV (i.e., an electric field strength of 100 kV/m). The electric 

field and the initial voidage in the fluidized bed begin at t=0 s. Figures 5.4. 5.6. 5.8. 5.10. and 

5.12 show the effect of the electric field on the bubble propagation, growth, and lateral 

diffusion in the bed. It is evident firom the computation as well as fi-om the experimental 

evidence that to control the bed stability the electric field plays a definite controlling 

mechanism since hydrodynamic actions of the bubble are the main cause of instability. 

The contour plots of Fig. 5.19-5.34 at different time levels reveals that the spreading 

tendency of the bubble is elliptical, which is a consequence of the application of the electric 

field in x-direction. As a bubble propagates toward the upper part of the bed. it spreads out 

more towards the boundaries and eventually looses its previous shape and is dispersed in the 

bed. It follows fi-om Fig. 5.34 that there is a bed expansion from 19.6 cm static bed height to 

22 cm. From Figs. 5.34 and 5.35 it is also evident by observing the void distributions that the 

electric field does have a definite influence on bed hydrodynamics. The concentration of 

solid particles are relatively high towards the bottom part of the bed. In the middle sections of 

the bed. the distribution of concentration of both solid and air is more or less even. Figures 

5.34 and 5.35 show that the computed results are in good agreement with the experimental 

results. It is noticeable form these figures that the top surface of the bed has a small bulging 
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effect without an electric field and a small depressing effect with an electric field. Figures 

5.36-5.40 are vector plots of air with a single inserted bubble, which creates circulation that 

spread out with time in the bed as well as propagates toward the top surface. 

Bed with a Jet 

To simulate the effect of jet in a fluidized bed. at time zero a central jet is turned on. 

The shading, contour, and void plots of the bed with and without an electric field show that 

the nature of jet penetration at different stages in the bed. In Fig. 5.45 (without an electric 

field) the distribution of the contour more or less is mushroom in shape, but in Fig. 5.46 the 

effect of electric field effect is hardly noticeable. The field strength is 100 kV/m. Within 0.4 s 

of startup of the jet. the middle part of the free surface of the bed swells in the direction of the 

jet. Figs. 5.58 and 5.59. These two figtires show the bed expansion and the effect of electric 

field. In Fig. 5.59, because of the application of the electric field the outward protrusion is 

suppressed and the contour lines are more smooth and spread ua the direction of field. Figures 

5.60 and 5.61 show that the bed expansion exceeds the computational free board region and 

thereby some of solid particles carried out by the air. Figures 5.60- 5.65 show that near the jet 

origin the concentration of the solid particles are higher than those of air. Figures 5.66-5.70 

show die vector plots of an air jet in a gas solid fluidized bed. The jet creates some 

circulation around its origin and causes the bed to expand in its own direction. 

Bed with Two Bubbles 

In an another attempt to investigate the capability of the code, two bubbles are 

incorporated at the bottom and upper layer. The time history plot is given in Figs. 5.71 - 5.75. 
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They are eqxial in size, having 9 cells (3x3) each, and square in shape with a 10 cells apart 

vertically. From Figs. 5.72 and 5.73 it is observed that in the middle of the top most layer has 

an outward protrusion. Figure 5.75 at t=0.3 s shows that the upper bubble erupts into the free 

board zone. The top most surface of the bed gets depressed. Comparing Fig. 5.26 with a 

single bubble without an electric field at t=0.4 s with that of Fig. 5.75 it is observed that the 

presence of more bubbles in a fluidized bed alter the hydrodynamics of a bed. The conditions 

used for nimierical simulation for a bed for all three cases are summarized in Table 5.1. 

Table 5.1 Fluidization of glass beads (input data for K-Fix Code) 

Width of bed 
Static bed height 
Superficial velocity 
Grid size in x direction 
Grid size in y direction 
Bubble size 
Jet opening 
Jet velocity 
Electric field 
Particle diameter 
Time step 
Number of cells 
Initial voidage (Packed bed) 
Constant g, ( Page 33) 
Constant gj (Page 33) 
Constant c ( for dp = 49 p. m 
Stress electric field ( Colver and 

Stress ( Sayamlal, 1985) G(8g. 

= 19.5 cm 
= 19.6 cm 
= 0.49 cm/s 
= 0.5 cm 
= 0.7 cm 
= 0.5*0.7*9 = 3.15 cm-
= 3*.5 = 1.5 cm 
= 49.49 cm/s 
= 100 kV/m 
= 49 fjjji 

= 1.0 x 10"* sec 
= 21x45 
= 0.47 
= 1.5x10'^ dynes/cm" 
=500 
= 8.845x10"' N/m-kV 

Wang, 1993) =cE N/m" 
* -I 

) = gi exp[g2 (8 g -8 g.)] N/m" 
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Figure 5.1: Contour Plots of Air Void Fraction in Gas-solid Fluidized Bed with 
and without electricfield (E=100 kV/m , E=0, U=Umf=0.49 cm/s, 
dp= 49 micron, bed static height 28 cm, bed width 9.5 cm) 
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Figure 5.2; Vector plots of Air in a Gas-Solid Fluidized Bed with and without 
electricfield ( E= 100 kV/m, E=0. U=Umf=0.49 cm/s, dp=49 noicron. 
bed static height=28 cm. bed width 9.5 cm) 
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Figure 5.3: Shading plot of Air Void fraction of an isened single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.1 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm ) 
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Figure 5.4; Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.1 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.5: Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm ) 
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Figure 5.6; Shading plot of Air Void fraction of an isened single bubble in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.2 s 
( Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.7: Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.3 s 
(Grid size 0.5X0.7 cm. U=(jmf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.8: Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=IOO kV. at t=0-3 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.9; Shading plot of Air Void fraction of an isened single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at 1=0.4 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 em's. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.10: Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.4s 
{Grid size 0.5X0.7 cm. U=Unil=0.49 cm/'s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.11; Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.12: Shading plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Um^0.49 cm/'s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.13; Shading plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV. at t=l .5 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cni/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.14: Shading plot of air void fraciion of an Inserted single bubble in 
gas-solid fluidized bed with E=100 kV. at t=l.5 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.15: Shading plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV, at t=2.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.16: Shading plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=IOO kV. at t=2.0 s 
(grid size 0.5X0.7 cm. U=Umf=G.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.17: Shading plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV. at t=3.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.18: Shading plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=100 kV. at t=3.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Fiexire 5.19: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.0 s 
(Grid size 0.5X0.7 cm. U=Umf^0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.20: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=O.I s 
(Grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.21: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=IOO kV. at t=0.1 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.22; Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV, at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Um5=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.23: Contour plot of Air Void firaction^of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Um^.49 cmy's. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.24: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.3 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/'s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.25: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=IOO kV. at t=0.3 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.26: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure :?.27: Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=IOO kV. at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.28: Contour plot of Air Void fraction of an isened single bubble in 
Gas-Solid Fliiidized bed with E=0 kV. at t=0.5 s 
(Grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.29; Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.5 s 
(Grid size 0.5X0.7 cm. U=UinfM).49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.30; Contour plot of Air Void fraction of an iserted single bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 



www.manaraa.com

83 

30-

25-

0.964 

2 3 - 5 6 ~ 5 9 10 

Figure 5.31; Contour plot of Air Void fraction of an isened single bubble in 
Gas-Solid Fluidized bed witii E=IOO kV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cnvs. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.32: Contour plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV. at t=I .5 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.33: Contour plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=100 kV. at t=l .5 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/'s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.34: Contour plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV. at t=2.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.35: Contour plot of air void fraction of an inserted single bubble in 
gas-solid fluidized bed wdth E=100 kV, at t=2.0 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 



www.manaraa.com

88 

35 r 

30i-

25 r 

20-

15-

10^ 

5-

0' 
0 2 4 6 8 10 12 

Figure 5.36: Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV. at t=0.0 s 
(grid size 0.5X0.7 cm, U=Unif=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.37: Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV. at t=0.1 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.38; Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV, at t=0.2 s 
(grid size 0.5X0.7 cm, U=Uni^0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.39: Vector plot of air velocity of an inserted single bubble in 
gas-soUd fluidized bed with E=0 kV, at t=0.3 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.40: Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV, at t=0.4 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.41: Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV, at t=0.6 s 
(grid size 0.5X0.7 cm. U=Unif=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.42: Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV, at t=1.5 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.43: Vector plot of air velocity of an inserted single bubble in 
gas-solid fluidized bed with E=0 kV, at t=2.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.44: Vector plot of air velocity of an inserted single bubble in 
gas-solid fiuidized bed with E=0 kV, at t=3.0 s 
(grid size 0.5X0.7 cm, U=UrrLf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.45: Shading plot of Air Void flection of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV, at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.46: Shading plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.47: Shading plot of Air Void fraction of a jet velocity' = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV, at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.48; Shading plot of Air Void firaction of a jet velocitv' = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=100 kV, at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.49: Shading plot of .^ir Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cnvs. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.50: Shading plot of Air Void fraction of a jet velocity = 49.49 cnvs in 
Gas-Solid Fluidized bed with E=1001cV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.51: Shading plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV. at t=1.5 s 
(grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.52: Shading plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=100 kV. at t=I.5 s 
(grid size 0.5X0.7 cm, U=Unif=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.53: Shading plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV. at t=3.0 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.54: Shading plot of air void fraction of a jet veIocit>- = 49.49 cm/s in 
gas-solid fluidized bed with E=100 kV. at t=3.0 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.55: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.0 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.56: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.57: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=100 kV. at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Limf=0.49 cm/s. dp=49 micron, static bed 
heigiit 19.6 cm. bed width 9.5 cm) 
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Figure 5.58: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Um^0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.59: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=100 kV, at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.60: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=LJmf=0.49 cm/s. dp==49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.61: Contour plot of Air Void fraction of a jet velocity = 49.49 cm/s in 
Gas-Soiid Fluidized bed with E=IOO kV. at t=0.6 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.62: Contour plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV. at t=l .5 s 
(grid size 0.5X0.7 cm, U=Unif=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.63: Contour plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=100 kV. at t=l.5 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 



www.manaraa.com

116 

n c:ac: 
0359 

0.719 

r-v 0.772 \ 

i 0.612 

0.612 

0.559 

Figure 5.64: Contour plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV. at t=3.0 s 
(grid size 0.5X0.7 cm, U=Utnf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.65: Contour plot of air void fraction of a jet velocity = 49.49 cm/s in 
gas-soIid fluidized bed with E=100 kV. at t=3.0 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figiire 5.66: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 
gas-solid flxaidized bed with E=0 kV, at t=0.0 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.67: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV. at t=0.6 s 
(grid size 0.5X0.7 cm. U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.68: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV, at t=1.5 s 
("grid size 0.5X0.7 cm, U=Umf^.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.69: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV, at t=2.0 s 
(grid size 0.5X0.7 cm, U=Uni^0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 
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Figure 5.70: Vector plot of air velocity of a jet velocity = 49.49 cm/s in 
gas-solid fluidized bed with E=0 kV, at t=3.0 s 
(grid size 0.5X0.7 cm, U=Umf=0.49 cm/s, dp=49 micron, static bed 
height 19.6 cm, bed width 9.5 cm) 



www.manaraa.com

123 

30-

25-

0.9 
20 

0.5 

• 2 3 4 5 5 7 8 9  1 0  

Figure 5.71; Contour plot of Air Void fraction of two insened bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.0 s 
(Grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
heiglit 19.6 cm. bed width 9.5 cm) 
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Figure 5.72: Contour plot of Air Void fraction of two inserted bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.1 s 
(Grid size 0.5X0.7 cm. U=Unif=0.49 cm/s. dp=49 micron, static bed 
heigiit 19.6 cm. bed width 9.5 cm) 
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Figure 5.73; Contour plot of Air Void fraction of two inserted bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.2 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.74: Contour plot of Air Void fraction of two inserted bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.3 s 
(Grid size 0.5X0.7 cm, U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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Figure 5.75: Contour plot of Air Void fraction of two inserted bubble in 
Gas-Solid Fluidized bed with E=0 kV. at t=0.4 s 
(Grid size 0.5X0.7 cm. U=Umf=0.49 cm/s. dp=49 micron, static bed 
height 19.6 cm. bed width 9.5 cm) 
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6. CONCLUSIONS 

A modified two-dimensional, unsteady state hydrodynamic computer code K.-Fix is 

used to incorporate an electric field as an interparticle force effect to calculate the gas and 

solids velocities and pressure and void fraction in a solid-gas rectangular fiuidized bed. The 

cases studied are those of a bubble free bed, single and multiple bubbles, and a bed with a 

central jet. It is found that the electric field is an independent variable in controlling the bed 

stability. The effect of the electric field is graphically illustrated by the alteration of voidage 

contour lines in the bed. The empirical relation for the interparticle force caused by the 

electric field as developed by Colver and Wang, (1994c) can be utilized to predict the 

stability of the bed through observation of the bubble dynamics. These particle forces help 

solidify the numerical stability of the code through the existence of real eigenvalues. 

Theoretically, the inclusion of the interparticle force term makes the ill posed set of equations 

well posed at low porosities by ensuring that the eigenvalues are always real. The solid 

pressure was essential to the stability of the hydrodynamic model. In the available literature 

the solid stress modulus is given only as a function of porosity. A general formulation of this 

term should show a fimctional relationship to pressure, porosity, gas velocity, and relative 

velocity. In addition to the developed modulus equation which incorporates a void fraction 

and electric field, variables such as temperature and particle diameter should be included to 

predict more accurately the bed behavior. Subsequently the Code will provide us with the 

capability to predict unsteady operation of the fiuidized bed including following the 

development of a single bubble or a jet as well as the detailed bed circulation without 
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bubbles. The latter effect will be significant in heat and mass transfer studies with electric 

fields. However, the nimierical simulation of a fiuidized bed of fine semi-insulating particles 

subjected to an ac applied electric field appears to confirm observations made on actual beds 

with the ac electric fields as follows; 

i) Bed circulation is reduced (particulate fiuidized) 

ii) Bubble rise velocity is decreased 

iii) Bubbles are elongated in the direction of the electric field and dispersed 

iv) Jet penetration is slowed and narrowed in the bed 

Of these effects, the behavior of the jet remains to be confirmed experimentally, 

although bed spouting is well known to be initiated with the application of ac and dc fields of 

high electric field strength. 
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APPENDIX A: VELOCITY 

Single Particle Terminal velocity 

For a single particle falling through a fluid, the balance between 

buoyancy due to gravity and drag force on the particle (e. g. sphere ) is known as the 

terminal velocity. Two examples given below is terminal velocities of two 

different particles (Gidispow,1994). 

I) 

dp = 0.127 cm 

g= 980 cm/s" 

p s = 2.61 gm/cm'' 

T=293 k (Air) 

P=1.0129X lO^pa 

Cd = 0.44 

P 1.0129x10' . 3 
p o -— = 0.00120 gm/cm 

= RT 2.87 X 10'X 293 

Ut= 1.74 ^pg(pv P>:) =905_09cm/s 

II) 

dp =0.0571 cm 

g=980 cm/s" 
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p,=l.11 gm/cm^ 

P=1.0129X lO^pa T= 293 k Cd = 0.44 

Using the above formula. 

Ut= 395.65 cmJs 

m 

Minimum Fludization Velocity of a Fluidized bed 

The minimum fluidization velocity is determined empirically by the 

intersection of the pressure drop versus the superficial velocity curve and the 

pressure drop equals the weight of the bed. At minimum fluidization the velocity of 

the solids is taken to be the velocity in the packed bed region, that is zero. The 

following equation (Gidispow, 1994 ) is used to estimate the minimnm fluidization 

velocity .The porosity at minimum fluidization is determined firom the height of 

the bed at minimum fluidization. 

mf 

dp= 0.127 cm 

g= 980 cm/s" 

p,=2.61 gm/cm^ 

=0.0012 gm/cm^ 
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|i=1.8x 10~* gm/cm-s 

cp,=1.0 

Umf= 220.15 cm/s 
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APPENDIX B: NUMERICAL METHODS 

The Newton-Raphson Method 

Perhaps the most widely used of all root locating formulas is the Newton-Raphson 

equation Figure B.l. If the initial guess at the root is Xj , a tangent can be extended from the 

point [Xj, f(Xj)]. The point where this tangent crosses the x axis usually represents an 

improved estimate of the root. 

The Newton-Raphson method can be derived on the basis of this geometrical interpretation. 

As in Figure B. 1, the first derivative at X; is equivalent to the slope: 

which can be rearranged to yield 

f(x) A 

X 

Figure B.l: Root estimation in Newton-Raphson Method 
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Xj.i = Xj -
f(Xi) 

which is called the Newton-Raphson formula. 

The Secant Method 

A potential problem in implementing the Newton-Elaphson method is the evaluation 

of the derivative. Although this is convenient for polynomials and many other flmctions. 

there are certain flmctions whose derivatives may be difficult to evaluate . For these cases . 

the derivative can be approximated by a finite divided difference, as in Figure B. 1 

This approximation can be substituted into previous formal to yield the following iterative 

equation: 

The above equation is the formula for ±e secant method. Notice that the approach requires 

two initial estimates of x. However, because f(x) is not reqiured to change signs between the 

estimates, it is not classified as a bracketing method. 

Stopping craters for the two methods are as follows: 

V =v 
^-'-^•"f(x...)-f(x.) 

X ~  X-
< e and for the Secant Method 



www.manaraa.com

135 

Gauss-Jordan Method 

In this method for solving simultaneous equation the elements above the diagonal 

elements are made zero at the same time that zeros are created below the diagonal elements 

also. Usually the diagonal elements are assigned unity at the same time that the reduction is 

performed, this transforms the coefficient matrix into the identity matrix. When this has been 

accomplished, the column of the equation matrix has been transformed into the solution 

vector. Pivoting is normally employed to preserve arithmetic accuracy. For example, for the 

system of equations, 

2x1 "'"X4 = 0. 

2xi + 2x2 -i- 3x3 + 2x4 = -2, 

4xi -3x2 ''"X4 = -7. 

6x1 + Xt -6x3 -5X4 = 6. 

The augmented coefficient matrix is 

0 2 0 1 0 

2 2 3 2 -2 

4 - 3  0  1 - 7  

6  I  — 6 — 5  6  

After doing some algebraic operations of rows . the solution form becomes 

1 0 0 0 -0.49999 

0 1 0 0 1.00010 

0 0 10 033326 

0 0 0 1 -1.9999 
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APPENDIX C: PROGRAM ORGANIZATION 

The K-Fix FORTRAN code used for numerical bubble simulation are organized in 

following Figure C.l: . The program is in modular fomi. The input files in this program are 

GCOM and Multim.dat. GCOM file contain all the global declared variables for each 

module. Multim.dat file contains all the input values for numerical simulation. 

;FLIC 

GCOK 

MAIN 
I :Kcra9s 

^ ^ ^ V V* IKdargl 
; nasi 

'•CnTrr - Msa9& 

•1 r 

TZRATZOK 
TILDE UCTiomf 

\vymuiur i M&CS 
'nasr^a M&St? Masf JC& 

Vexsic 
tM&csa uvdxaoli 

VelsJc2 

Figure C.I: K-Fix FORTRAN Computer code organization 
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Figure C.2 represents the rectangular divisions of computing regions of interests with 

cell indices and cell flags. Cell flags are designated to the computing cells to identify the cell 

types. The cell flags used in this numerical simulation work are I. 3, 5, and 7. These numbers 

are identified by the code as Fluid, Solid cell with no-slip boundaries. Specified influx 

inflow, and Specified outflow pressure cells. 
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i IJB 
1 

! 1 ^ 
omputifig Mesji j 

: !.4 
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Figure C.2: Problem Semp for Computation 
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APPENDIX D: SECANT METHOD 

The pressure corrections are done using a constrained two sided secant method as 

illustrated in figure D.l. Given the three points 1, 2, and 3 of which 1 and 2 bracket the 

desired pressvire and 3 lies between them, the pressure , and Pb are determined by straight 

line extrapolation and interpolation, respectively. The new estimate of the advanced time 

pressure is then computed as P^i =0.5 ( + Pb )• If the pressure P^ should lie outside the 

interval P, to P3, it is given the value 0.5 ( Pj + P3). After P'j is estimated, point 2 is 

discarded and points 1 and 3 are retained as improved bounds for the next pressure estimate. 

(Pl.Di'i 
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PRESSURE 

?2. D Z  1  
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Figure D. I: Secant Method used to speed up the convergence (Rivard and Torrey, 1977) 
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