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"leaking valve"). A model of the column ,which includes

pressure fluctuations in each fluidized bed, was used to

design a control law based on proportional feedback control

with some logic statements to compensate for interactions.

Both simulated and actual performances in setpoint and

disturbance rejection experiments were obtained with solids
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mixtures of iron and sand. In all cases the gas stream was

air.

The leaking valve approach was found to be more

efficient in terms of average power consumption and in some

experiments was found to yield better performances.
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solids through the fluidized bed. This is also the first

study of a process where multiple fluidized bed stages are

used and interactions are analyzed. The study of the staged

fluidized beds when not all the solids are magnetic yielded

new results on particle segregation within a bed as well as

modifications needed in the control law.
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NOMENCLATURE

GREEK SYMBOLS:

APf The Filtered Pressure Drop Signal.

AP Pressure Drop Across the Stage.
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APi Initial Pressure Drop Across the Stage (psi).
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epb Voidage of Closely Packed Bed.

4 Gas Viscosity.

lieff Effective Magnetic Permeability of the Material.

Magnetic Permeability of a Vacuum.

ei The Angle Between the Force Acting on a Certain
Particle and the Horizontal.

8 The Thickness of the Layer Close to the Grates.

Pg Density of the Gas

Ps Density of the Solids.



ENGLISH SYMBOLS:

a Acceleration.

Acs

Af

Aft

B

dP

The Cross-Sectional Area of the Bed.

Cross-Sectional Area Available for Solids
Flow.

The Amplitude of the Pressure Fluctuations.

Magnetic Field Intensity.

Particle Diameter.

E The Error Between the Setpoint and Measured
Value.

f

FR

The Fundamental Frequency of the Pressure
Fluctuations.

Fraction Open (top/T).

F(r) Magnetic Force Pointing Radially Towards the
Grate.

Fd Drag Force.

Fg Gravity force.

FHT Horizontal Component of the Magnetic Force.

Fm Magnetic Force.

Fptl, Fpt2 Tangential Forces to the Magnetic Flux Line.

FRoutf The Final Value of the Fraction Open
(Manipulated Variable).

FRouti The Initial Value of the Fraction Open
(Manipulated Variable).

g The Gravitational Acceleration.

Gci The Controller's Transfer Function of the ith
Stage.

Gd The Load Transfer Function.

Gf The Filter Transfer Function.

GP The Process Transfer Function.
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h Bed Height.
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Conditions.

hi Initial Settled Height.
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I av Average Current.

Ih The Holding Current (No Solids Flow Through the
Stage).
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Ms Solids Holdup on a Stage.
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MODELING AND CONTROL STUDIES OF A MAGNETICALLY

STAGED FLUIDIZED BED

T. INTRODUCTION AND PREVIOUS WORK

I.1 Introduction

Figure (1) shows the behavior of a bed of fine parti-

cles when a gas is passed upward through it. At low flow

rate,the gas passes through the void space between the

stationary particles. As the flow rate increases the bed

expands until a certain limit is reached which represents

the minimum fluidization conditions. The portion of the

curve up to the minimum fluidization conditions (AB)

represents the fixed bed. At the minimum fluidization

conditions the particles are suspended in the gas. In the

case of a gas-solid system, when the flow of the gas

increases, large bubbles of gas begin to form and channeling

of gas is observed. The portion (CD) of the curve repre-

sents this region which is called the bubbling region. The

pressure drop increases only slightly in this region and is

often considered constant. The bed is called a dense phase

fluidized bed. When the flow rate of gas is increased above

the terminal velocity of the particles, we have a lean phase

fluidized bed with pneumatic transport of solids (curve DE).
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when the velocity of the gas is decreased from a high value

corresponding to that at point C to zero, the pressure drop

follows a different path (CFA) than the one when the

velocity is increased (ABC).

The quality of fluidization is determined by many

factors such as the properties of the solids and gasses, bed

geometry, gas flow rate and type of gas distributor.

1.1.1 Single Stage Fluidized Bed

A single stage fluidized bed is still the most common

type used in industry [26, 27, 67, 105, 122, 133]. Their

applications cover a large range of processes such as heat

transfer processes, mass transfer processes, gas-solids

reactions and others. Some of the main features of the

fluidized bed can be summarized as follows: [67, 133]

Temperature uniformity

Good contacting between the gas and solids phases

More efficient and economical for processing large

quantities of solids than other methods.

In spite of these attractive features, some problems

may appear when a single stage fluidized bed is used. They

are summarized as follows: [10, 39, 67, 78, 81, 85, 94, 95,

105]
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1) Efficiency is sometimes too low. One example is the

heating of solids with high temperature gas where the

gases leave the bed still at high temperature, which

is a waste of energy.

2) The solids product is not uniform. The sketch of the

RTD of the single fluidized bed (Figure 2) confirms

this. The RTD is not uniform, so, a single stage bed

is not efficient for high conversion in the case of

chemical reactions.

3) Bypassing, and channeling have been reported to be a

problem in the single stage fluidized bed.

These unattractive features of single stage operations

are the motivation for multistage contacting.

1.1.2 Multistage Fluidized Bed

1.1.2.1 Advantages

1) Higher efficiency. [10, 67, 81, 85, 93, 94, 122]

This results in reducing the axial mixing of phases

which prevents the formation and growth of large

bubbles.

2) Reduced bypassing and channeling. [10, 67]

3) Higher capacity. The capacity has been



5

reported to be several times larger than that

of a single stage. [67, 122]

4) Improved RTDs of one, two and three stages are

shown in figure (2). As the number of stages in-

creases, the RTD approaches a normal distribution

and the product is more uniform. So, a piston flow

condition is approached by using a multistage

fluidized bed [39, 66, 81, 85, 90, 93, 94, 95,

122].

1.1.2.2 Applications

Multistage fluidized bed adsorbers with activated

carbon have been used for the recovery of organic vapors as

part of air pollution control (87). A five stage fluidized

bed adsorber, 38 feet in diameter was built to recover

carbon disulfide from a lean air mixture (.1%) [102]. Avery

and Tracy [6] described a similar unit 40 feet in diameter

used for the recovery of acetone. They reported [6, 102]

that some other solvents such as ethanol, ethyl acetate and

mixed hydrocarbons are being recovered by the same method.

A multistage fluidized bed was developed to pyrolyze

volatile bituminous coals. A multistage fluidized bed was

used to activate charcoal [93]. They have been used to

collect particles from effluent gases [89]. The efficiency

of collection is reported to be very high [89]. Extensive
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studies on producing iron and steel from fines of high grade

ores by direct reduction with hydrogen using fluidized beds

were conducted by Hydro Research Corporation and Bethlehem

Steel Company. They found that the optimum conditions,

where the conversion and utilization of hydrogen is high,

can be achieved by using semi-batch operation with a

multistage fluidized bed of ID = 1.7 m and a height of 29 m

[67, 102]. Armco used a two stage bed for direct reduction

of iron with hydrogen [67]. Multistage fluidized beds are

used to recycle heat in the following endothermic reaction

in a calcination process [67].

CaCO3 000°C
3 CaO + CO2 AH = 42.9 cal/mole (1)

Both solids and gas leave at 1000°C. The New England

Lime Company built the first of these reactors in New

England in 1949. A three stage fluidized calcination system

with a 5 meter diameter reactor was built by Dorr-Oliver

Engineers for upgrading phosphate rock.

Russian engineers built [67] a multistage fluidized bed

to efficiently recover heat of the product gases from a

rotary kiln treating cement clinkers. Because of their

thermal efficiency, multistage fluidized beds are used in a

variety of drying applications, such as salt drying [49, 67]

and the drying of wet polymer particles [67, 117]. Those
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examples show only some of the applications of multistage

fluidized bed.

There are two kinds of commercial multistage fluidized

beds:

1) Without downcomers, but with perforated plates

(Figure 3a).

2) With downcomers and perforated plates (Figure 3b).

Both systems have been studied by many investigators.

The studies were done in the areas of design [35, 53, 85,

90, 104, 105, 122], RTD behavior, [67, 85, 94, 95, 114,

122], number of stages necessary for certain operations [67,

91, 94, 95], dynamics of the bed [15, 18, 30, 35, 39, 67,

85, 87, 90, 104, 105, 122], and the effect of many other

variables on the behavior of the bed.

1.1.2.3 Operational Problems

However, some problems with multistage fluidized beds

have been reported [67, 87, 90, 94, 95].

1) Stability problems. It is reported [35, 67, 95,

104, 105, 122] that sometimes the whole solids

suspension collapses to the bottom of the bed. The

down flow of solids is hard to control [35] or

maintain stable [81, 67]. This will cause poor
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distribution of solids among the stages and is

the most serious problem in a multistage fluid-

ized bed.

Plugging of either the downcomer or the holes in the

perforated plates with solids [67, 105, 122].

Typical problems of a single stage fluidized bed

still exist in the multistage fluidized bed such as

shortcircuiting, channeling, bypassing, dead regions

and growth of large bubbles [85, 90, 93, 94, 104,

122]

The pressure drop across several perforated plates

(with or without the downcomer) and the pressure

drops cross each bed may contribute to a large

pressure drop across the bed and high compression

costs. [67, 122]

Some of the problems stated previously can be reduced

or eliminated by the use of magnetism either to stabilize

the bed in the case of a single fluidized bed or to use it

in a more reliable operating distributor-downcomer for the

multistaged fluidized bed. Such a distributor-downcomer is

the subject of this thesis.
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1.2 Previous Work

Previous relevant research can be divided into two main

categories. The first is the use of magnetic phenomena for

stabilization of a fixed bed of particles. The particles

are frozen in place through the use of magnetic field while

the gas flows through the voidage homogeneously. These

kinds of beds are called magnetically stabilized beds (MSB).

The application of magnetic phenomena in other fields like

magnetic separators, zeroxing, etc. is similar to this

category.

The second category involves the use of the magnetic

phenomena to control the flow of particles in a continuous

process and the design of the distributors and the down-

comers in a multistage fluidized bed. This thesis treats

problems of the second category. Previous work in both

categories that has influenced this thesis is briefly

reviewed in this chapter.

1.2.1 Use of Magnetic Field for Stabilization

The theory of using the magnetic field to stabilize a

bed of partially magnetic particles has been studied by many

investigators [1, 3, 4 22, 31, 56, 72, 98, 99, 100, 101,

107, 108, 111, 134]
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1.2.1.1 Stabilization Diagram

Figure (4) shows a characteristic stabilization

diagram. The line which separates the region of bubbling

bed and stabilized bed represents the velocity required for

minimum fluidization at different field strengths.

In the stabilized region the particles are frozen in

place by the action of a magnetic field. As the gas

velocity increases the bed expands until the minimum

fluidization velocity is reached, after which bubbles begin

to appear.

This kind of stabilization is achieved by placing the

conductor, which carries the current, around the bed. Dif-

ferent designs exist for the conductor but the most common

one is the coil design. Researchers have reported [31, 56,

134] that screens placed inside the bed and below the coil

improve the performance and reduce the current needed.

1.2.1.2 Applications

There are three uses for this kind of arrangement:

1) To prevent fluidization by suppressing the bubbles

and eliminating turbulence [72, 98, 99, 100]. The

particles are held in place by the magnetic field
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within a stabilized region. The different kinds of

operations are shown in figure (5). Continuous

downflow [21, 108] as well as crossflow [107, 108]

of particles in continuous operations have been

reported. The flow rate in either case is control-

led by the strength of the magnetic field.

2) To stabilize a fluidized bed. This kind of

stabilization promotes uniform fluidization [1, 3,

15, 22, 98, 100, 101, 107, 108]. This is accom-

plished by designing the magnetic field to prevent

the growth of large bubbles [24]. Again, the

crossflow magnetically stabilized fluidized bed

[22, 107, 108] and the usual downflow magnetically

stabilized fluidized bed [3, 21, 98, 100, 101, 108,

etc.] have been used in continuous operation. A

reliable control of solids flow can be achieved by

using the coil design as was the case in controll-

ing the feed of solids into the bed in this work.

The applications of these kinds of beds are reported in

the following areas:

Gas- solid catalytic reactions where good contact

is needed [72].

Chromatography [107, 21].
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The collection of solid particles from gases [1,

72].

Some investigators [4, 72, 134, etc.] reported that

beds which consist of mixtures of magnetic and non-magnetic

particles can be stabilized in the same way as those which

contain only magnetic particles.

1.2.1.3 Associated Problems

However, there are some problems with using magnetic

fields with fluidized beds:

1

2

3

4

)

)

)

)

The air velocities needed for minimum fluidization

are higher than those without the presence of a

magnetic field. This means high pumping energy

cost.

In the magnetic stabilized bed, (MSB), the lack of

bubbles causes a lack of temperature homogeneity.

The controllability of solids flow rate through a

large duct is not good, especially with a mixture

of magnetic and non-magnetic particles.

The existence of a layer of magnetic particles at

the inside wall of the bed is another drawback.

It results in poor contact between this layer and

the gas. This affects the product uniformity.
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1.2.1.4 Operation with Mixtures

Some investigators [4, 72, 134, etc.] reported that

beds which consist of mixtures of magnetic and non-magnetic

particles can be stabilized in the same way as those which

contain only magnetic particles. The different methods of

making the mixture will be described later in this chapter.

According to item (4) above, most of the magnetic particles

are attracted to the wall of the bed, thus non-magnetic

particles will flow through the center. This makes the

control of the solids flow rate through the tube difficult.

High current levels (more energy) must then be used to

achieve better control over the flow rate of solids. The

other problems associated with magnetic solids are still

present when operating with the mixtures.

1.2.2 Use of Magnetic Field for Regulating the Flow Rate of

Solids and the Design of Distributor and Downcomer

The difficulties which arise in using a magnetic field

to stabilize a fluidized bed motivated the building of a bed

where an internal grid (instead of the wall) is subjected to

the magnetic field [55, 56, 57, 130]. In this design,

parallel conductors (the grate) are placed horizontally in

the bed as described in chapter two and shown in figure (9).
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A copper screen placed under the conductor was found to

reduce the current needed for the operation.

This design utilizes the magnetic forces between par-

ticles, and serves as:

1) A gas and solids distributor for the bed. The

stage valve consists of parallel copper tubes as

well as a copper screen placed below it which

helps in supporting the solids as well as in

distributing them to the next stage. The layer of

solids which is attracted to the copper tubes

because of the magnetic field, serves as an

excellent distributor for the gas entering the

bed. The porous nature of the layer helps

introduce very small bubbles to the main bed which

results in better fluidization.

2) A regulator for the flow of solids down from the

stage. This is done by controlling the on-time

(on/off operation) or the level ("leaking" valve

operation) of the current flowing through the

conductor as shown in figure (6).

The design parameters involved can be listed as

follows:
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Figure (6) Shape of the Current Signal Flowing Through the
Grates:
a) Current Signal Associated with ON/OFF Opera-

tion.
b) Current Signal Associated with "Leaking"

Valve Operation.
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1) Screen aperture

2) Grate spacing

3) Diameter of the grate

4) The distance at which the screen is placed under

the grate

Extensive studies have been made on these design

parameters [55, 57, 130], but were done for non-fluidization

conditions. All previous studies are based on an on/off

operation of the bed (pulsed flow). In this type of

operation, the current is either equal to zero or equal to

the working current (Iw). The corresponding flow of solids

is either zero or maximum. In the presence of fluidization,

drag forces increase significantly and the holding and

release currents are different from those without fluidiza-

tion. However, previous studies serve as a guide in this

work. The design parameters were chosen so that a maximum

flow rate, of about 1.6 kg/sec of iron, through the bed

could be achieved.

Other studies have been done [55, 57, 130] in non-

fluidization conditions on the following:

1) Effect of height of solids in the stage on the

mass flow of solids through the bed at fixed

on/off-times of the current.
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2) Effect of off-time of the current on the mass flux

of solids when on-time is held constant.

3) Effect of on-time of current on the mass flux of

solids when off-time is held constant.

4) The effect of working current on the mass flux of

solids through the bed.

5) The effect of the weight fraction of magnetics in

the solids on both the current needed for opera-

tion and the mass flux of solid through the bed.

Values of the holding current (Ih) and release current

(Ir) have been reported [55, 57, 130] for a non-fluidizing

bed which are different than those in the case of fluidiza-

tion.

The effect of superficial gas velocity on mass flux

through the grates is studied [57], where the time the

current is "on" is equal to one second and the time the

current is "off" is equal to 0.5 second. The effect of the

current level on the mass flux of solids through the bed is

studied at the same fixed on/off-time of the current and at

constant gas velocity of 84 mm/sec. Both of these studies

are done at high working currents. These experiments showed

the following:

1 ) The mass flux of the solids decreased linearly

with the increase in gas velocity until the

minimum fluidization conditions are reached.
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After that the mass flux stays almost constant

over the range of velocities studied.

2) The mass flux decreases when the current in-

creases. However, the study does not show a

strong relation between them.

There is not much said about how the experiments were

conducted. The study of geometrical parameters of the bed

is the part which was useful to this study Completely

different approaches from those done before in the operation

of the bed are undertaken in this thesis.

The multistage operation using the grate valve design

is completely new in all its operational aspects. The exact

design parameters chosen, the magnetic forces involved and

the operation of the bed will be described in subsequent

chapters.

1.2.2.1 Applications

The applications of the magnetically staged fluidized

bed can include all those mentioned previously. The only

requirement is that the solids must contain some magnetic

material. Such mixtures can be prepared in two ways:

1) Mix known quantities of magnetic and non-magnetic

particles. This is the way the mixtures were

prepared in this thesis.
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2) Make composite particles where the magnetic

material is imbedded in the non-magnetic par-

ticles. The cost of making composite particles is

high, so these are not used widely.

Depending on the magnetic constituent of the solids to

be treated, there are two possible kinds of applications:

1) The particles to be treated in the fluidized bed

are themselves partially magnetic. Examples of

these are iron ores and some kinds of coal where

the percentage of iron is high. Alloys which

contain some magnetic metals are another kind of

particle that can be used in this kind of opera-

tion. A direct application is in gas-solid

reactions where the catalyst is iron or another

magnetic material. The process of the reduction

of iron oxides by hydrogen is most suitably done

in this kind of bed. Filtration of particulates

from gases is another type of process that can be

done. The particulates can be filtered by the

beds in different stages and the percentage of

particulates in the exit gas is low. The opera-

tion can be continuous with the magnetic particles

separated from the non-magnetic particles and

recycled to the top of the multistage fluidized

bed.
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2) The particles to be treated are non-magnetic. In

this case some magnetic particles have to be added

to the non-magnetic particles for satisfactory

operation of the bed. The multistage fluidized

bed could thus be used in all the applications

listed previously for the conventional fluidized

bed.

1.2.2.2 Advantages

The following is a summary of the additional advantages

of the magnetically multistaged fluidized bed:

1) The flow rates of solids between the stages are

completely controllable. The operation of the

distributor-downcomer for the fluidized bed is

reliable. The layer of solids attracted to the

grates serves as an excellent distributor for the

gas.

2) No gross bubbling or gas bypassing occurs. There

is no dead region of solids detected during the

operation of the bed.

3) There are no moving parts required for the opera-

tion of this kind of bed.
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1.2.3 Organization of the Thesis

Chapter II covers the description of the equipment used

in this work. The detailed design of the multistage

fluidized bed is discussed in that chapter.

Chapter III covers the open-loop studies done to

understand the basic dynamics of the process.

Modeling solids flow rate through the stage valve,

comparisons between the "leaking" and on/off operation and

the effect of solids holdup in the stage on the solids flow

rate out of the stage are discussed in chapter IV.

Chapter V contains detailed studies of the fluctuations

of the pressure drop across a stage valve.

The closed-loop control simulations and experiments are

covered in chapters VI, VII, and VIII, for solids with iron

weight fractions of 100%, 50%, and 25% respectively. Each

chapter covers the results for both "leaking" and on/off

operations. Chapter VI introduces the overall model for the

process and discussion of simulation methods. Detailed

studies on the composition of solids on a stage versus time

and the related studies are covered in chapter VIII.

Chapter IX contains recommendation for future work as well

as conclusions of the present study.
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II. EXPERIMENTAL EQUIPMENT

The equipment used in this project, shown in figure

(7), can be classified as follows:

The Multistaged Fluidized System

The Interface

II.1 The Multistage Fluidized System

The multistage fluidized system is the physical process

part of the equipment. It consists of the following parts:

Three stage fluidized bed

Feed system

Recycling system

11.1.1 The Three Stage Fluidized Bed

Each stage consists of the following parts:

1) The Bed Chamber:

The bed chamber consists of two Plexiglass tubes of

different lengths with the same diameter of 15 cm, as

shown in figure (8). The lower tube is 5 cm
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Figure (7) The Complete Layout of the Experimental Equip-
ment:
1) Tube for Ventilation 2) Hopper 3) Metallic
Sheet for Solids Impact 4) Three Screens with
1.27 cm Spacing 5) The Grates 6) Gas Distribu-
tor 7) The Recycle Tube 8) Plenum Chamber for
Solids Holdup 9) Copper Coil 10) Recycle System
11) The Square Plexiglass Sheets 12) A Copper
Screen 13) Four Plexiglass Square Sheets to Hold
the Screens.
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high and is embedded at both ends into a square sheet

of plexiglass (22.2 cm in side length and 1.27 cm in

thickness) with a circular opening of 15 cm drilled

in the middle. The lower end has the grids embedded

in it and the upper end is connected to the other

tube through the square sheet. The height of the

upper part of the chamber is 28 cm. Also, it is

embedded at both ends into similar square plexiglass

sheets as is the lower tube. The total length of the

lower part including the square ends is 7.62 cm and

that of the upper part is 30.48 cm. The square ends

are designed for flexibility in changing the height

of the upper part while the lower part's height is

kept constant. The square ends have four small holes

in the corners to connect the tubes to the other

parts of the bed by means of screws. The pressure

and sampling taps are also shown in figure (8).

2) Magnetic Valves:

Figure (9) shows the details of the stage

valve. Each magnetic valve consists of a current

carrying copper tube (6.5 mm I.D.). This tube is

embedded in the square end of the lower tube. The

tube is run across the square plexiglass sheet length

then bent and run again across the square sheet.
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This is continued until the cross section of the

circular opening in the square sheet is covered with

tubes with 19.00 mm center-to-center spacing. A

circular copper screen 16.25 cm in diameter with an

aperture of 6.4 mm is placed under the copper tubes.

A 3 mm thick circular rubber seal with an inside

diameter of 15.0 cm and an outside diameter of 16.25

cm is placed between the copper tubes and the screen

to prevent direct contact between them.

11.1.2 Feed System

Figure (10) shows the various parts of the hopper. The

body is made from 38 cm I.D. PVC cut at an angle of 23° and

capped. The outlet is put at the longest point, so that

when the pipe is vertical all the solids can be drained. A

pipe of 3.5 cm I.D. and 10 cm in length is attached to the

bottom of the hopper. The tube is attached so that when it

is in the vertical position the rest of the hopper makes an

angle of 73° with the horizontal. This is to ensure a rapid

draining of solids from the hopper. A 500-turn copper coil

is positioned around the tube at a distance of 7 cm below

the hopper. A 3.8 cm I.D. screen with 6.4 mm square

apertures is placed inside the tube directly under the coil

to help reduce the current needed to control the flow rate

of solids. Three 16.5 cm I.D. screens with 6.4 mm apertures
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Figure (10) The Hopper.
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are placed 4.45 cm below the discharge end of the tube and

1.27 cm apart to help disperse the solids entering the top

stage.

11.1.3 The Recycle Solids System

The recycle solids system consists of a SCH 80 TEE

tube as shown in figure (11). The solids flow through the

vertical opening via a 3.8 cm I.D. tube which is connected

permanently to a larger tube of 13.75 cm I.D. which is cut

at an angle of 45 degrees to allow complete draining of

solids. This tube is connected to the plenum chamber via a

rubber seal 7.6 cm high. A 500-turn copper coil is posi-

tioned around the bottom part of the 3.8 cm tube to allow

the control of the solids level in the plenum chamber. The

current in the coil is manipulated by an on/off controller

which uses an optical device embedded in the wall of the

plenum chamber to regulate solids level.

Figure (12) shows the air supply system. Air supplied

by a Sutorbilt 3 HV-B blower is first passed through a water

cooled 1-2 shell and tube heat exchanger. Part of it is

then passed through a 1.9 cm PVC tube fitted with a nozzle

end. The tube is positioned in the center of one of the

horizontal openings of the "T" tube. This part of the air

is used to recirculate solids through the other horizontal
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opening with 1.9 cm I.D. duct positioned in the center which

leads to the hopper 2.83 meters above.

The other part of the air is fed via one of the two

calibrated rotameters to the plenum chamber located below

the bottom stage. The air is introduced to the chamber via

a square gas distributor pointing downward.

The air exits through two openings located on the top

part of the walls of the multistage fluidized bed and the

hopper respectively, as shown in figure (7). The air is

then vented to the atmosphere via a system which recovers

elutriated solids.
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1) Heat Exchanger 2) Bypass Valve 3) Valve to
the Lower Range Flowmeter (5) 4) Valve to the
Larger Range Flowmeter (6) 7) Valve to Air
Distributor 8) Valve to Recycling System.

Figure (12) Air Supply System
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11.2 The Interface

Figure (13) shows the main components of the interface.

The interface consists of the following parts:

1) IBM data acquisition and control adapter

2) The timer

3) The current control card

4) The differential pressure cell

11.2.1 IBM Data Acquisition and Control Adapter:

The data acquisition and control adapter manual gives

all of the information required for the operation of the

board. A 640 KB IBM-XT computer was used for data acquisi-

tion and control. The second and third parts of the

interface are described briefly.

11.2.2 The Timer:

The timer has three channels for inputs and three

corresponding outputs. The input to each channel is an

eight digit binary number from the computer representing the

time during which the current flowing through the stage

valve is "off". The corresponding output for each channel

is a square wave with the high voltage limit equal to 5.0
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volts and the lower limit equal to 0 volt. These levels

result in the current through a grate to be "on" or "off"

respectively. The period of oscillation (T) can be adjusted

by setting a rotary switch located in the front of the

timer. This switch runs from 1 to 99 with each count

representing 25.6 milliseconds.

The eight digit binary number for each stage valve is

sent consequently to the corresponding channel by sending an

additional three signals via the computer to the timer, two

of which are for the channel selection. The status (high or

low) of both signals specify the channel to be selected.

The third signal has to be set low then high at the begin-

ning and the end of transmission of the binary number to the

chosen channel. The output will continue to oscillate until

another number is sent again. The conversions involved can

be summarized as follows:

N = dial setting on the counter for all channels

T = N * 25.6 msec

T = period = top + tc1

where top = control action or manipulated variable

0 5 top 5 T



tc1 = T top

top T - binary number (ms)
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( 1)

A similar timer with a single channel was used to

control the flow rate of solids from the feed hopper to the

bed.

Both of these timers can be operated manually or

automatically. The choice is made via a three position

switch located on the timer. The voltage output of the

timer is zero or 5 volts for the switch at the upper or the

lower position respectively. The middle position is for

automatic operation. More information about the two timers

is supplied in appendix (A-1).

11.2.3 The Current Control Circuit Card:

Three auxiliary circuit cards were used in this project

to control currents. They are used either to control the

current level of the power supply, ("leaking" valve), or to

send a square signal to the power supply. In the second

case, the current output of the power supply is either on or

off depending on the high and the low limits of the square

wave.

Each circuit card has two input channels and one

output. The first input channel is connected to the timer.
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When the input to the channel is less than 2 volts, the

output of the card is 5 volts, which corresponds to no

current output by the power supply. When the input is

greater than 2, the output of the card is zero volts, which

corresponds to a current output of the power supply equal to

the working current, Iw. This input channel was used for

the on/off operation.

The second input channel is used to vary the current

level of the power supply when in the automatic mode. The

input to the channel is a continuous voltage supplied by the

computer. The output current of the power supply varies

linearly between 0 and 200 amps as the input voltage to the

second input channel changes between 0 and 5 volts. This

channel is used for "leaking" valve operation.

Alternatively, the output current can be adjusted

manually by a potentiometer located in the front panel. A

three position switch on the front panel allows a choice of

operating the card in manual or automatic mode. More

information about the circuit card is given in appendix (A-

3 ) .

11.2.4 The Differential Pressure Cell:

The cell converts the pressure drop across the stage

linearly to a continuous voltage. More details about the

cell will be presented in appendix (A-4).
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III. DYNAMIC BEHAVIOR OF THE PROCESS

The following studies were done on the process without

feedback control in order to study the dynamic behavior of

the process.

III.1 Definitions of Input /Output Disturbances

Input Load Disturbance:

An input disturbance can be made by introducing a step

change in the flow rate of solids out of the hopper to

the top stage. The step change in the solids flow rate

can be achieved by increasing or decreasing the

fraction open of period during which the current

flowing through the coil is off via the computer and a

timer. Increasing the fraction open results in

increasing the flow rate (positive step change) while

decreasing the fraction open results in decreasing the

flow rate (negative step change).

Output Disturbance:

The output disturbance results from changing the

fraction open of period during which the current

flowing through the copper grates is off. Increasing
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the fraction open results in an increase in the flow

rate of solids through the stage valve while decreasing

the fraction open results in a decrease in the flow of

solids through the stage valve. The change in the

fraction open can be achieved through the use of a

computer, the three channels, current control circuit,

and the power supply.
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111.2 Operation at Different Values of Fraction Open

with Constant Period

Procedures:

1) The bed is first filled with solids to the desired

height, hi.

2) The data acquisition program is then started.

After about half a minute, the gas flow rate is

started. The process is run for a minute with no

solids flow through the stage.

3) The flow rate of the solids (mi) into the stage is

set to 62.14 gm/sec and the outlet flow rate is

started by the program. The process is run for

another eight minutes.

This experiment is repeated for different values of the

fraction open of period the valve is open, (different solids

flow rates out of the valve), and for different initial

solids inventory in the bed.

For the same initial bed inventory of solids, the

pressure drop either increased, decreased, or remained

nearly constant, depending on the fraction open of period

the valve was open. Figures (14) and (15) show the his-

tories of pressure drop in the bed for different initial

heights of 5 inches and 7 inches respectively. The frequen-

cy of pressure fluctuations are less in figure (14), hi = 7"
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Figure (15) Histories of Pressure Drop Across the Bed at
Different Fractions open.
mi = 62.17 gm/sec and hi = 7"
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than in figure (15), hi = 5", and the change of pressure

with time is more gradual.

The other conclusion that can be drawn from this

experiment is that the value, if there is any, of the

fraction open required for steady state is near the value of

0.549. This result is used later in other open-loop

studies.

Other experiments were done under different conditions

than those above and for longer durations. Figure (16)

shows pressure drop histories when the flow rate of solids

into the bed was 80. gm/sec and the fraction open of the

valve was equal to 0.588. The process appears to have

multiple steady states and the plots for two similar experi-

ments done under the same measured conditions can be

completely different.
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111.3 Step Change in the Flow Rate of Solids into the Bed

Procedures:

1) The bed is filled with solids to the desired level.

The gas flow rate is started. The process is

operated for five minutes.

2) The flow rate of the solids in and out of the valve

is started from within the data acquisition program

and the process is run for about one minute. The

fraction open of the stage valve is chosen as 0.549

so that the the input and output flow rates are

approximately equal .

3) The step change in the flow rate of solids into the

bed is implemented by the program by changing FRin

and the operation is continued for two minutes.

Figure (17) shows the plots of pressure drop with

time. As expected, the height increases when AFRin is

negative, but decreases when AFRin is positive, where :

AFRin = new FRin - old FRin
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111.4 Step Change in the Flow Rate Out of the Bed

Procedures:

1) The stage is filled with the solids to the desired

level. Then the gas flow rate is started for

fluidization.

2) The flow of solids into and out of the stage is

started by the data acquisition program. The corre-

sponding fraction of the period the valve is open is

again 0.549, because then the bed height dosn't

change rapidly during the time of operation.

3) A step change in the fraction of period open (FRout)

of the stage valve is introduced and the bed is opera-

ted for 4.65 minutes. The flow rate of solids into

the bed is kept constant at 62.14 gm/second. The

steps are made in two directions:

A. Step up where

AFRout > 0

B. Step down where

AFRout < 0

where AFRout = new FRout - old FRout
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The results are shown in figure (18). As expected, the

pressure drop in the bed increases with time for the

negative step in FRout, while it decreases for the positive

step.

111.5 Conclusions

The following conclusions can be drawn from the

previous experiments:

1) The process is not open-loop stable in the bounded

input/bounded output sense. The use of some kind

of controller to stabilize it is necessary for its

operation.

2) Initially, with no solids flow, the pressure drop

is nearly constant across the fluidized bed. When

the flow rate of solids starts, the operation is

greatly disturbed. This can be observed from the

large decrease in the pressure drop with time. The

pressure then increases, decreases, or doesn't

change that much with time.

3) The rate of change of the pressure in the bed is

the same for positive or negative steps in the

flow rate of solids through the stage valve as

long as the pressure drop across the bed is

greater than 0.20 psi. When the pressure drop
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is below 0.2 psi, its behavior with time is not

predictable. It might increase again, decrease or

stay constant for some time and then change.

4) The rate of change of pressure with time is more

gradual when the pressure drop is greater than 0.2

psi. For longer operations of the process more

than one steady state can occur.

5) For the same measured operating conditions the

pressure drop may follow different trajectories.

6) The previous discussion of the experimental results

indicates strongly that the process has integrator

type characteristics. The modelling and simula-

tions in the subsequent chapters will be based on

this conclusion.

The pressure fluctuations associated with the fluidized

bed as well as the change of the geometry of the solids

layer attracted to the conductor will affect the flow of air

as well as the flow of solids from the stage. These effects

may be responsible for conclusions (2) and (5).
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IV. MODELING SOLIDS FLOW THROUGH A STAGE

IV.1 Simple Fundamental Model

The following simple fundamental material balance

around a single stage can be made:

accumulation = input - output

dAM
- -. m

dt
m 1 o

M = solids holdup in the stage

mi = solids flow rate into the stage

mo = solids flow rate out of the stage

Which can be expressed also as:

(2)

d AP q- (mi mo) (3)dt Acs gc

where Acs *AP = M * -211-

gc

AP = pressure drop across the stage
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The following two cases depend on mi and mo:

case 1:

mi = mo, then dAP
dt = 0 then AP = constant

Using the initial condition at t = 0, AP= APi gives

AP(t) = APi, a constant (4)

Case 2:

mi 4 mo, then dAP
(mi mo) g---dt gc

by integration it becomes:

AP = g-- (mi - mo) + APi
gc (5)

a) mi > mo the pressure will increase with time

without bound or until physical constraints

are active.

b) mi < mo the pressure will decrease with time

until it reaches zero.

Figure (19) is a sketch of the pressure behavior for

these two cases and shows the characteristics of an inte-

grator type process. This model is an idealized model and

does not take into account the pressure fluctuations or

spatial dependence of some variables involved. However, it

does describe the behavior of the bed as a function of the

solid flow rate in and out of the bed.



55

S )0

S =0

S (0

S = ( ni- n0)*(1)

Figure (19)

Copper

Tubes

Tine

Behavior of the Pressure Drop for Different
Values of mi and mo in the Simple Fundamental
Model.

Air

Fluidized

Region

Grid

Region

Figure (20) Regions Inside the Stage Valve.
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IV.2 Regions Inside the Stage Valve

The bed chamber is divided into two regions, figure (20),

in order to model the flow rate of solids out of a stage.

IV.2.1 Fluidized Region

This region is so far away from the magnetic grid that

the effects of magnetic forces are negligible. This region

is fluidized by air so that the solids are well-mixed in

this region. Making a force balance around this region

gives: [67]

[drag force by upward = weight of particles
moving gas

AP * Acs = Fg = (1 ef) [(Ps Pg)] (t) * Acs * h

AP
hf

(1 - ef) [(Ps - pg)] ( __A_ )
gc

where: of = the voidage at the fluidization conditions

Ps = density of the solids

Pg = density of the gas

Asc = the cross-sectional area of the bed

(6)
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hf = the height of the bed at the fluidization

conditions

IV.2.2 The Non-Fluidized Region Close to the Magnetic

Valve Grid

In this region, magnetic forces play an important role.

Because of these forces the solids are not fluidized and

behave like a moving packed bed. This region is similar to

a magnetically stabilized bed in which an external coil

around a tube with the current flowing through it is used to

hold a certain amount of solids in place. To fluidize this

region, the air velocity has to be much higher than the

velocity range used in this thesis. In this region the

Ergun equation, which is used to describe the drag forces in

packed beds, can be used. It is assumed that the average

width of this region is constant and equal to S. A force

balance can be made around this region. The sheer stress

between the solids and the bed wall is negligible due to the

small thickness of the layer S.

Fg + Fd + Fm = 0 (7)

Fm = The total force resulting from the magnetic field

acting on the region
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Fd = drag forces resulting from upward flow of air

F
g = combined gravity forces on all particles in the

region

The drag and gravity forces are well known, so only a

brief discussion of them will be given.

IV.2.2.1 Gravity Forces (Fgl

F = volume of the fraction of space specific weight
fixed region * occupied by the of solids

solids

Fg = (ACS * 8) * (1 - e) * ps (8)

Some solids also exist between the grates and between

the grates and the copper screen. It is assumed that the

volume of the solids between the bottom of the grate and the

copper screen is equal to the volume of the grates. There-

fore, 6 is measured from the bottom of the grate.

IV.2.2.2 The Drag Forces

The Ergun equation [67]which describes the drag force

for a fixed bed has the following form:



Fd -

gc E3 dp 2 Pg

150 (1 - e), A AU 6
+ P1.75 (1 - E) (AU 6

gc 63 d p
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(9)

In our case the solid particles are small and the

ranges of the flow rates of solids and gas are not high.

Therefore, the second term of equation (9) can be omitted

without appreciable error. For counter-current gas-solid

flow:

AU = Ug - (-Us)

AU = Ug + Uss

Ug = magnitude of time averaged superficial velocity of

the gas > 0

Us = magnitude of time averaged superficial velocity of

the solids > 0

A = gas viscosity

E = voidage of layer close to the grid

dp = particle diameter

Equation (9) can be reduced to the following form:

F
150 ( 1 - e) 2 A U * 6d -

gc 63 dip' Pg

150 (1 - e)
2

_A * SLet Al -gc
* 6i * ci-p* Pg

Equation (10) can then be written as:

(10)



since:

Fd = Al Ug + Al Us

mo = Ps Af Us, Us =
mo

ps Af

60

Therefore, the final equation has the following form:

Fd = Al Ug + _ha_ mo (11)

Where: mo = time averaged solids flow rate out of the
stage valve

Af = maximum cross-sectional area available for

solids flow

Af = Acs (the projected area of the grates)

IV.2.2.3 Magnetic Forces

The magnetic forces acting within this region are not

well understood and many different theories to explain them

have been suggested since 1819, when Oersted first observed

the magnetic effect of a current carrying wire. The follow-

ing explanation is extracted from many theories published in

books and papers and is believed to describe the magnetic

stage adequately. [3, 4, 11, 12, 20, 22, 32, 33, 34, 38,

40, 48, 52, 54, 55, 57, 60, 62, 64, 65, 86, 98, 100, 101,

107, 108, 111, 112, 115, 131, 133].

When ferromagnetic particles are placed in a magnetic

field they become magnets and can be considered as a

collection of elementary dipoles. As a result they align

along the field flux lines and form chains. The length and
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stiffness of the chains depend upon the magnetic forces on

the particles. A rigorous calculation of the magnetic

forces from the solution of the Maxwell equations that

describe forces involved in magnetic fields is extremely

complex and may be impossible for a complicated boundary

like a chain of particles. If more than one chain are

involved, which is the case in magnetic valves, the exact

solution of Maxwell's equation is impossible. The following

description and analysis are therefore greatly simplified.

The magnetic flux lines around the conductor carrying

the current are curved (figure 21-a). The following

assumptions are made:

The field is uniform (if it is not uniform the

chains will not form in the first place).

The particles are spherical in shape. Each

particle will have its own magnetic field since it

is considered to be a magnet.

For simplification, only magnetic forces between

neighboring particles aligning in a single chain will be

considered. The interparticle forces (figure 21-b) can be

resolved into two kinds of forces:

1) Tangential forces to the magnetic flux lines

2) Normal forces to the magnetic flux lines
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The tangential forces (Fptl, Fpt2, in figure 21-c) on

any single particle are assumed to cancel. The normal force

(F(r) in figure 21-c) points always towards the region of

higher flux density which is towards the conductor. This

force can be resolved into horizontal and vertical component

with respect to the stage valve. As will be discussed

later, the horizontal forces are used for regulating the

flow rate of solids flowing through the valve. The vertical

component will point either downward or upwards depending on

the position of the particle with respect to the conductor.

In the lower half of the conductor, it helps hold the solids

in place while in the upper half, it helps attract the

magnetic solids to the conductor. It is observed during the

operation that the particles do not form perfect chains.

Instead, they form clumps which follow the magnetic lines.

The intensity and flux of the magnetic field increase

as the conductor is approached. Therefore, the vertical and

horizontal forces follow the same behavior. The variation

of the magnetic field within a particle diameter is assumed

to be negligible.

The flux lines of the magnetic field around the copper

tubes (the grates) are represented in Figure (22-a).

In the case of the stage valve, the magnetic material

is introduced to one side of the grates carrying the

current.
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Fv(r)

(d)

Figure (21) Orientation of the Magnetic Particles in the
Magnetic Field and the Various Forces
Involved.

Magnetic Flux line

(a) (b)

Figure (22) Magnetic Field Flux Lines Around the Copper
Tubes:
a) Without the Presence of Magnetic Material
b) With the Presence of the Magnetic Materi-
als.
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Generally the introduction of magnetic material increases

the magnetic flux intensity by a factor gr, where gr is

the material magnetic permeability. This is a result of the

magnetization of the particles which produces an additional

current called an amperian current. The overall current is

thus increased to an effective value called Leff The

result of this is a stronger and larger region of magnetic

flux on the side of the grate containing magnetic material.

A sketch of the magnetic flub( lines in the presence of

magnetic material is shown in Figure (22-b) .

IV.2.2.3.1 Derivation of the Magnetic Force Equation

The general expression of the magnetic force on a

particle Fm in vacuo is given by :

Fm = 1/2 f AM * H dVP (12)

where M is the magnetization of the particle in a magnetic

field of strength H and dVp = differential particle volume.

For a particle in a medium, neither the magnetization

of the particle nor that of the medium is large compared to

H. The direction considered to be important is the radial

direction pointing towards the conductor, figure (21). The

variation of the field across the particle is also assumed

to be negligible. Thus equation (12) reduces to:



Therefore:

F(r) = y3 M(r)[-dHirl I
dr
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(13)

B(r)M(r) = µo re H (ampere/meter) (14)

B(r) = Aeff * H (Web/m2) (15)

F(r) m magnetic force pointing radially towards

the grate

Ao = magnetic permeability of a vacuum

(Web/amp m)

r = the distance from the grate (m)

Aeffm effective permeability at that particular

field strength. Figure (24) shows the

plots of B versus H and a procedure to

calculate Aeff. For high H, as is the

case in this work, Aeff is inversely

proportional to H which results in a

constant B.

B
= Km

Ao

Equation (13) can then be rewritten in the following form:

F(r) = (Km - H) 2P- I
(16)

The field strength H at a distance (r) away from a straight

line conductor carrying a current (I) is given by:

H (17)2r r



dH_ I

dr 2rr'

So the equation becomes:

F(r) = - V [3- Km - I ] * [ - I
2rr 2rr2 I

F(r) = - Vp_ (K* - I) I

87r2 r3

where K* = 2rrkm
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(18)

It was noted previously that it is the horizontal com-

ponent of this force that is effective in blocking the flow

channel of the bed due to friction between the facing

particles. There are many of those forces (as many as the

number of particles). The effective combined resultant

force can be approximated as :

FHT =
1

8r2

n
(K* I) * E Vpl

i=1

cos Ai

3
3.r

where: FHT =- the total horizontal component of the

magnetic force in the non-fluidiized region

n a number of particles in the non-fluidized

region

Ai is the angle an individual particle makes with a

horizontal plane and ri is the distance which separates an

individual particle and the conductor. The resultant
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friction force between the particles is assumed to be

proportional to FHT. The following equation represents the

final expression for the resultant force which is due to

magnetic field.

Fm = K FHT =
1

870

n
(K* I) * E Vpi

i=1

cos ei

r3.

Further, it is assumed that the overall orientation and

position of the particles with respect to the conductor is

constant so that:

n - cos ei
Kl = E Vpi

i=1 r3i

Also, it is assumed that Vpi = Vp = constant so that:

Vp K2
Fm - (K*- I)

872

where: K2 = K1 * K

IV.2.2.4 Ferromagnetic Material Hysteresis

(20)

(21)

The magnetization curve for ferromagnetic materials

exhibits hysteresis behavior. A typical curve is shown in

figure 23. The curve (oa) shows that as H increases, B also

increases. The path can be reversed up to point L, after
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which the path is not reversible. When H decreases from its

value, which corresponds to point a, the curve (ac) is

followed. (oc) represents the residual magnetization in the

material and indicates the possibility to create a permanent

magnet, which is called remanence. The area closed by the

region (oab) represents the total absorbed energy while the

area (cab) represents the restored energy. The difference

between them, which is the area (oac), represents lost

energy. To demagnetize the material a negative field equal

to (od) must be applied to the material. Because of the

curve symmetry around the x-axis, half (negative B) of the

curve is the same but opposite in sign to that of the first

half. Since we are using DC current, only the plot in the

first quadrant is of importance to us which is shown in

figure (24). [20, 112, 33]

When H is less than that at point (a), the effective

material permeability, geff, in equation (15), is constant

and equal to the slope of the tangential line to the curve

at the point of inflection. For H greater than that at

point (a), B is essentially constant, but Jeff is variable

and equal to the slope of the line connecting the origin to

the point at which the geff value is desired. In this

region /Leff is inversely proportional to H.

The residual magnetism actually improves the response

of the valve. When the valve opens in the on/off operation,
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Figure (23) Typical Curve of Magnetization Curve for
Ferromagnetic Materials with Hysteresis.

Region of
Constant uelT

moons T:,

ueff 4lop o< 1
H

Region of Uaryirg
ueff

H (AHPAO

Figure (24) Magnetization Curve of Magnetic Materials when
Using a D. C. Current.
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H goes to zero but B, the magnetization in the particle,

does not. When the circuit is closed again, the time needed

to close the valve is small since the change in B from point

c to b is smaller than the change in B from o to b. The

residual magnetization (oc) may become larger when a screen

of magnetic material is used. Such a screen further

constrains the flow rate of solids. The screen also has a

residual magnetism which, when combined with the particle's

residual magnetism, blocks the flow channel. In fact, it

has been observed that some solids will stay in the stage

valve after the current is completely turned off. For low

flow rate operations, a magnetic screen may be useful. The

screen used in this project is made of non-magnetic material

(copper), since a moderate flow rate of solids is desired.

More information can be found in references [38, 33, 112,

20, 130].

The operation of the "leaking" valve lies on the curve

where H is greater than that at point a. Although, the

current goes to zero in the on/off operation, the average H

is greater than that at point a. Therefore, the average

magnetization (B) is assumed to be constant. Figure (25)

shows a plot of B versus H obtained experimentally [38].

The lowest average current in this project was equal to 22

amps which gave 350 amps/meter as a value of H. The figure

shows that B is constant even for this low current.
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Figure (26) Graphical Presentation of the Forces Acting
on Solids Close to the Grates.
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IV.2.2.5 Mechanism of Valve Operation

The flow of solids through the stage valve is assumed

to be continuous. This is because of the short periods used

in this research. During on/off operation with short peri-

ods, the current would not step immediately to zero because

the response time of the power supply is close to top. (For

more details see section IV.3). When the particles are mov-

ing downward between the grates, the horizontal component of

the magnetic force causes friction between the neighboring

particles which increases as they get closer to the grate

due to the increase in the horizontal magnetic forces.

Therefore, the flow rate of solids decreases as the distance

from the grate decreases. Actually, it is observed experi-

mentally that a layer of magnetic particles remains continu-

ously around the conductor. The layer's outside radius is a

strong function of top (Iavg) and period (tcl + top) . The

radius of the layer was found to vary between zero and one

half the distance between the neighboring grates, depending

on top.

The direction of the friction force between the

particles is upward since the particles are moving downward

with varying speeds which approach zero as the grate is ap-

proached. The friction force is assumed to be proportional

to the magnetic force in this research.

The other forces, i.e. the drag force caused by the

flow of gas which is in the direction of the friction force
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and the gravity force which points downward, are constant in

this work. Therefore, the flow is regulated by changing the

friction force (magnetic force) by either changing top (Iav)

in the on/off operation or changing the current directly in

the "leaking" valve operation.

A similar mechanism also applies in the "leaking" valve

operation. The radius of the layer surrounding each grate

is strongly affected by the current. The existence of an

opening between two neighboring grates has been observed

experimentally. The width of the opening depends on the

level of the current through the grates. Therefore, the

flow through the valve is regulated by adjusting the width

of the opening and by the magnetic force (which decreases as

the distance from the grate increases) which affects the

solids flowing through the opening.

The discussion above shows that the flow through the

valve varies across the area and also with time. Therefore

time averaged values of the flow and all the other variables

associated with it are used throughout this work.

IV.2.2.6 Model Equations for Solids Flow Rate

Figure (26) shows the whole process (the big box).

This box can be partioned into three small boxes which

describe the process adequately. The current and solids

flow rate, as well as the gas flow rate, can be measured
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flow rate, as well as the gas flow rate, can be measured

experimentally. However, there are some lumped parameters

in the previous expressions for the forces such as K2, K*

and 6. Those parameters are hard to measure directly and

are believed to vary with the current. The strategy is thus

to determine the unknown lumped parameters from available

experimental data. Combining all the force expressions

gives:

Vp K2 Al mo
*(K *-I)I+ Al Ug + (Acs*6)*(1 6) * Ps8 r2 Af PS

Let Vp K2
= K3 (22)

8 r2

Al mo
-K3* I2+K3*K I+ Al tie (Acs * 6)*(1 6)* x's

Af Ps

which can be written in the following form:

K3 12 - K4 I + K5 = mo (23)

K5
Ps Af

Al
(Acs * 6) * (1 6) Ps Al Ug)

K4 = K3 K* K3 = K3* Ps Af
Al

By fitting the data to the form of the above equation the

constants K3, K4, K5, can be obtained from which the
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parameters K*, K2, 6, can be substituted into equation (22)

which can then be used for simulation and analysis.

When mixtures of magnetic and non-magnetic solids are

used, the model would still be valid if the assumption is

made that essentially all the material in the fixed region

is magnetic material (ie, Wiron = 1). During the operation

with 25% iron and 75% sand, two separate layers in each bed

are observed:

1) A very dark region close to the copper tubes

2) A light colored region away from the

copper tube. This layer is completely

fluidized.

There are still some traces of non-magnetic particles

among the magnetic particles as a result of sheer forces

between the particles. The effect of the non-magnetic par-

ticles on the other parameters will be assumed to be

negligible. However, the thickness of this layer(6) will

depend on the intensity of the current through the copper

tubes(I), the weight fraction of the magnetic particles in

the second region (main bed), (Wm), and the gas flow rate

(Ug).

6 = F (I, Wm, Ug) (24)

The trend is that 6 increases with an increase in the

weight fraction of the magnetic material in the fluidized

region or with an increase in the current and decreases with

an increase in the gas flow rate. A complete study of this
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region done with 25% magnetic particles will be presented in

chapter VIII.

IV.3 On/Off Valve Operation vs. "Leaking" Valve Operation

There are two ways in which the stage valve can be

operated:

on/off operation

"leaking" valve operation

Figure (7) is a sketch of the current which flows through

the stage valve for both kinds of operation. This figure

presents the ideal situation of perfect square waves.

IV.3.1 On/off Operation

In this kind of operation, the flow of solids through the

valve is regulated by controlling the on/off time of the

current flowing in the copper grids.

When the current is on, the solids line up along the

magnetic flux lines, hence, blocking the flow of solids.

For stable operation, the level of the current has to be

greater than the holding current (Ih). The actual current

used is called the working current (Iw). When the current

is less than the release current (Ir), the solids will flow
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through the valve at a flow rate which is greatest when the

current is zero.

IV.3.1.1 Characterization of the Operation

There are three types of flow of solids through the stage

valve:

1) glob flow

2) continuous flow

3) pulsed flow

Figure (27) shows the regions of each of the above flow

types. The boundaries between the regions shown in figure

(27) were based on the following:

a) visual inspection of the flow of solids

from the stage valve.

b) Measurements of the minimum and

maximum current actually achieved

by the power supply and the

fraction open of the period, if

any, during which the current is

equal to zero. The data were taken

at different periods and at fixed

working current (Iw) of 148 amps.

The procedures above involve some error, but will give

an approximate diagram for the different regions of
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Figure (27) Flow regions of solids flow through the stage

valve. 1w = 148 amps.
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operations. The following parameters are important in

explaining the existence of the different regions:

Tup = Time needed for the power supply output to

change from 0 to Iw

Tdn = Time needed for the output of the power

supply to change from Iw to 0

For the power supplies used in this project and Iw of 148

amps,the constants were found to be:

Tup = 41.5 milliseconds

Tdn = 40.6 milliseconds

Depending on Tup and Tdn the following cases can arise:

case 1)

top < Tdn; tcl Tup

The current oscillates between some lower limit current ILL

and Iw.

case 2)

ILL / Iw

top Tdn; tcl < Tup



80

The current oscillates between zero and some upper limit

current Itm

0 5 I 5 IuL

case 3)

top = Tdn; tcl = Tup; T = Tup Tdn

The current oscillates continuously between zero and Iw.

0 < I 5 Iw

The oscillation is sinusoidal with amplitude equal Iw

and frequency equal 1 .

T

case 4)

top < Tdn; tcl <Tup

2

The current oscillates between an upper limit and a lower

limit:

case 5)

< I < Iul

top > Tdn; tcl > Tup

The following two subcases occur:
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5a) The top and tol are large enough so that Tup

and Tdn can be neglected. In this case the

current oscillates between 0 and Iw in a

square wave fashion.

I
= Iw during tol

= 0 during top

5b) The top and tol are about 1 - 3 times as

large as Tup and Tdn respectively. The

current decreases gradually to zero where it

stays for a short time then it increases

gradually to Iw.

IV.3.1.2 Glob Flow Region

The solids are detached from the stage valve at different

locations in clumps. The solids rain from the stage valve

continuously. This type of flow is observed for small

opening time of the stage valve.

This region is represented by case (1), (3), and (4).

Case (4) represents this region if tol > top and I'LL Ir

(i.e. the release current). In this region, the current

never goes to zero. Small periods (T < 81 milliseconds) and

small fractions open of larger periods, as shown in figure
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(27), result in this kind of flow. This kind of operation

is not suitable for large flow rates of solids.

IV.3.1.3 Continuous Flow Region

The region representing this type of flow arises from

cases (2) and (5b). In case (5b) the flow is observed to be

continuous over a large range of fraction open of period

which are bounded by: 85 < T < 205 milliseconds. Case (2)

represents continuous flow over all the periods. The flow

of solids in case (5b) is moderate while it is high in case

(2). A period of 5 counts (128 milliseconds) was used in

subsequent experiments for two reasons:

1) The flow is observed to be more continuous than

with larger periods.

2) A wide range of flow rate can be

achieved.

The boundary between the glob and the continuous regions

is drawn for completeness. Those regions are nearly

indistinguishable except at very small opening times, to.

IV.3.1.4 Pulsed Flow Region

This region arises for case (5a) and occurs for long

periods (T > 209 milliseconds). In this kind of operation

the solids flow rate through the valve switches between zero

and maximum flow. The current through the valve is close to
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a square wave with values fluctuating between zero and the

working current (Iv).

F
= 0 when I = Iw

Fmax when I = 0

during tol

during top

The periodicity of the flow rate of solids from the stage

valve adds an additional undesirable oscillation which can

cause control problems. At high flow rate of solids the

pressure drop across the valve exhibits large low frequency

oscillations which are a result of solids flowing onto the

stage during the closing time of the valve.

This kind of operation would not be suitable in a multi-

stage fluidized bed since the output flow of each valve is

the input to the stage below it. The following problems are

characteristic of this flow regime:

1) Serious bed vibration.

2) Mixing from fluidization is reduced during

long periods of maximum flow. The layer

attracted to the stage valve is released at

the beginning of each period. This layer

serves as a good distributor for the fluidiz-

ing air. Losing it will cause a large

disturbance to the fluidizing air and will

cause the formation of large bubbles which

tend to shift the fluidization towards the

slugging regime and will increase elutriation
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of the fine particles. Product non-unifor-

mity will be the result of all of the above

reasons.

Figure (28) shows the actual current through the stage

valve at four different fraction open values. Figure (28-a)

represents the glob flow region while figure (28-b) is the

transition between glob and continuous flows. Figures

(28-c) and (28-d) represent the continuous flow region. The

period was 128 milliseconds and working current was 148

amps.

Similar experimental data were taken for the same

fraction open but with different periods. The data are

shown in figures (29-a, 29-b, and 29-c) for glob, continu-

ous, and pulsed flows respectively. A fraction open of 0.55

was used and the working current was again 148 amperes.

IV.3.1.5 Calculation of Average Current from a Fraction

Open Specification

Equation (23) for leaking valve is expressed in terms

of current, so obtaining the flow as a function of average

current is needed for comparison. The output of the power

supply is recorded at a sampling rate of 1000 samples/second

for several values of the fraction open. The fraction open
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The fraction open is varied between zero and one, while the

working current (Iw) is fixed. The same data is obtained

for other working currents. The time average current is

then plotted versus the fraction open for different working

currents and a linear relationship was found to represent

the data:

Iavg = Iw (1 - FR) (25)

The correlation is based on linear regression. The

correlation coefficient is found to be 0.999 indicating a

very good fit. Figure (30) shows the plots of fitted lines

as well as the experimental data at different levels of

working currents (Iw). Since equation (23), which predicts

flow of solids out of the stage, depend only on the current,

the flow of solids out of the stage during on/off operations

should depend only on average current. To obtain the desired

fraction open for a given average current , one goes

horizontally along the desired average current and inter-

sects a line representing the working current. The fraction

open needed for a certain average current increases as the

working current increases. Therefore, since the average

current is the same there is no saving of the amount of

energy by choosing a lower working current level.

The above conjecture was verified by running the

process (closed-loop) at different working currents. The
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average fractions open, as well as the average pressure, of

each experiment are calculated. Their values, as well as

the standard deviation, are listed in table (1). It can be

concluded from table (1) that the average current shown in

the last column yielded the same closed-loop steady state

using different combinations of working current and fraction

open. This confirms the previous statement about the

absence of energy savings by simply operating at low working

current level. However, the response of the stage valve is

much faster and more reliable when a high current is used.

Table (1) Average Fractions Open and Pressure Drops
Across the Stage at Different Working Currents
(100% Iron).

Iw

(Amps)

Pav St. Dev. Fraction

(psi) (psi) Open

St. Dev. Iav

(Amps)

148 0.495 0.02 0.52 0.02 71.0

148 0.492 0.03 0.53 0.02 69.5

148 0.498 0.02 0.54 0.02 68.1

112 0.497 0.01 0.37 0.01 70.6

112 0.495 0.01 0.38 0.01 69.4

80 0.497 0.007 0.13 0.009 69.6

80 0.510 0.011 0.14 0.01 68.8

An expression of the flow rate of solids out of the

stage in terms of fraction open can be obtained by sub-
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stituting equation (25) which expresses the average current

as a function of the fraction open, into equation (23). The

following equation is the result:

mo = K3 Iw2 FR2 - (2 K3 Iw2 - K4 Iw) FR + K3 Iw2 + K5 (26)

However, the average current in on/off operation has a

much larger standard deviation than that of the "leaking"

valve operation. Therefore, the values of the coefficients

in the above equation are not as certain as those predicted

by the "leaking" valve operation. Also, in on/off operati-

on, the assumptions made to derive the flow expressions in

section IV.2.2.3 are not as convincing as in the "leaking"

valve operation.

IV.3.2 "Leaking" Valve Operation

In this operation the flow rate of solids through the

stage valve is manipulated by adjusting the power supply

output current. The current level must be between the

holding current (Ih) and the release current (Ir). In this

range of currents, the solids can be considered leaking

between the grates, thus, the valve is called a "leaking"

valve. The operation of the valve is reliable as long as no

large positive step in error for solids level occurs. For

example, a negative setpoint change in the operation of the
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valve shows hysteresis behavior, figure (31). To achieve

the new lower setpoint, the current goes down to a value at

C that is equal to or below the release current where the

flow of solids is large. However, to go back to normal

operation, the current has to be raised to a value larger

than the holding current through a different path (i.e. ca),

then decreased to the steady-state value on the curve (ab).

The hysteresis behavior becomes stronger as weight fractions

of magnetic particles in the solids decreases. The gap

between the holding current and release current, figure

(31), increases as the weight fraction of magnetic particles

on the stage decreases.

Figure (32) shows the plot of the release and the

holding current versus the weight fraction of magnetic

particles in the bed. At lower weight fractions (W < .25)

the current needed for satisfactory operation is higher and

the hysteresis behavior becomes worse. For low fraction of

magnetic particles in the solids, the steady-state operation

might be acceptable. It has been found that steady-state

operation for solids with irons weight fraction of 0.25 is

acceptable with some special type of control strategy. The

details are discussed in chapters VI to VIII in this thesis.
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IV.4 Effect of Solids Holdup on the Flow Rate of Solids

Out of the Stage Valve

The analysis which was done previously did not take

into account the effect of solids holdup on solids flow rate

out of the stage valve. However, some experiments were done

to investigate that effect. The solids flow rate into the

stage is kept constant and the holdup is varied by changing

the pressure setpoints during the closed-loop operation.

The controller gain is chosen so that the fluctuations of

the control signal (fraction open or current), as well as

the pressure drop across the stage, are small. Under this

condition the operation is steady and the time average

values of the pressure drop across the bed (i.e. solids

holdup) and the controller output are obtained.

Figure (33) shows the plot of fraction open for on/off

operation versus the average pressure drop across the bed

while figure (34) shows the plot of current for leaking

valve operation versus the pressure drop across the bed.

The flow rate of solids (62.17 gm/sec) into the stage valve

is the same in both figures. From the figures, the fraction

open of period the valve is open and the current are

constant when the pressure drop is greater than 0.2 psi.

When the pressure is less than 0.2 psi, the fraction open

increases linearly with decreasing pressure drop . In the
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case of "leaking" valve operation, the current decreases

linearly with decreasing pressure drop.

At low pressure drop (i.e. solids holdup) the whole bed

is shifted to the fixed bed region although the surface of

the bed is spouting. When the surface of the bed is

spouting, the average thickness of the fixed region is

larger than that of uniform fluidization (uP > 0.2 psi). As

a result, the number of particles facing each other is

larger which requires less current (larger fraction open) to

maintain the same solids flow rate. Also, the amperian

current is larger because the amount of magnetic materials

is larger. When the bed is completely fixed, the drag and

gravity forces decrease linearly with the decrease in the

fixed layer thickness. Accordingly, the magnetic forces

should decrease linearly. The smaller number of particles,

as well as the decrease in current, contribute to the

decrease of magnetic force. From the previous analysis,

(IV.2) the layer thickness increases as the current in-

creases so the current needed for certain thickness is

adjusted by the controller to meet this requirement.

For P > 0.2 psi, the layer thickness is assumed to be

constant. The whole analysis in this project is done for uP

> 0.2 psi since this is the region of interest in most of

the applications.
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V. PROCESS MEASUREMENT

V.I Relation Between Bed Height and Pressure Drop

Figure (35) is an illustration of the pressure measure-

ment locations with respect to that stage valve. The

general equation for pressure drop across the fluidized bed

(P3 - P2) is given by the following equation:

g * hf

P2 P3 = (1 Ef) (Ps Pg)

and,

hf = a* hs

P2 P3 = S1 * hs
g

Where Si = (1 ef) (PS Pg) gc * cc

(27)

Measurement of the height of the fluidized bed (hf) is very

difficult. So hf will be assumed to be proportional to the

settled height (hs). Also, the voidage of the fluidized bed

changes very little from the one at the minimum fluidization

condition (Emf). Therefore, it will be assumed to remain

constant.

The total pressure drop between point (1) and (3) is

given by:

P1 P3 = ( P1 P2) (P2 P3) = APT (28)

APT = APs S1 * hs (29)

APT = Total pressure drop.

APs = The pressure drop across the stage valve.
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Figure (35) Illustration of the Pressure Measurement
Locations in Equation (27).

Table (2) Regression Analysis Result for Pavg vs. Hs.

% of Iron in Solids APs (PSI)

100

50

25

0.012

0.008

0.008

K (PSI/FT) R2

0.8461 0.9780

0.6922 0.9697

0.6427 0.9664
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Thus, the plot of the total average pressure drop (APT)

versus the settled height (hs) should be a straight line

with slope equal to k and intercept corresponding to APs.

Figure (36), shows this kind of plot for beds which consist

of 100%, 50%, and 25% by weight iron where the remaining

percentages are sand particles. The data is obtained by

measuring the pressure drop across the total bed at differ-

ent settled heights. Table (2) contains the best slope and

intercept for the straight line through the data which is

obtained by linear regression. Table (2) shows that the

slope of the fitted straight line decreases as the weight

fraction of iron particles in solids decreases. This is due

to the decrease in the effective density of the mixtures as

the weight fraction of iron decreases. From the table and

the plots, the pressure drop across the stage (APs) is so

small that neglecting it would not cause significant error.

Therefore, the final correlation between the average

pressure and settled height can be written in the following

form:

APav = K * hs (30)

This equation can be used for conversion of pressure

data, to settled height values (ie. weight of the solids).
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V.2 Pressure Fluctuations

V.2.1 Motivation for Characterization of Pressure Fluctua-

tions

V.2.1.1 Fluidization Quality

The frequency of pressure fluctuations can be used to

determine fluidization quality which is interpreted as a

measurement of the bubble size. The following correlations

are often used for the calculations of the bubble sizes.

a) Tamarin's equation [72]:

- 8.3 * Dp1.5 * [U - Umf] 0.275
DB

f Umf

b) Kunii and Levenspiel [67]:

DB:----

1.5

f

(31)

(U - Umf) (32)

f = the frequency of the fluctuations (cycles/sec-

ond)

U = gas velocity (cm/second)
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Umf = gas velocity at minimum fluidization (cm/sec-

ond)

D
P = particle diameter (cm)

DB = average size of the bubble (cm)

V.2.1.2 Influence on the Choice of Sampling Frequency for

the Controller

From the discussion presented previously, the fastest

sampling frequency for continuous throughputs of solids we

can achieve with the experimental equipment is equal to 7.8

samples/second. To eliminate aliasing problems, the follow-

ing relation has to satisfy (Nyguist criterion from the

Shannon sampling theorem, Astrom and Wittenmark [5]).

fs > 2f (33)

fs = sampling frequency

f = pressure fluctuation frequency

Generally, the above maximum possible sampling frequen-

cy imposes the following limit on the continuous process

because of the frequency of pressure fluctuations:



6'Pavg > 0.18 psi
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(34)

This results in a lower limit on solids holdup in the

stage which can be adequately controlled.

V.2.1.3 Determining the Filter Time Constant

There are two types of dynamics of the pressure drop

during the continuous process.

1) Slow dynamics:

These changes are related to the time averaged

holdup of solids on the stage. Changes in the

average flow of solids into and out of the stage

result in changes of solids inventory. These

kinds of disturbances can be controlled.

2) Very fast dynamics:

These changes are the result of fluctuations due

to bubbles formation which are periodic in

nature. The eruption of gas bubbles at the

surface of the fluidized bed is the prime reason

for the occurring fluctuations. These dynamics

are hard to model, since many variables play

important roles. The control of the average

pressure drop would be impossible without some

form of filtering of these effects.
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The strategy is to attenuate the fast dynamics as much

as possible without affecting the slow dynamics. The

following equation represents the effect of the filter time

constant and the amplitude of the fast fluctuations:

T

where:

f

d Yf (t)

dt
+ Yf (t) = X(t) (35)

f = the filter time constant (seconds)

X(t) = the unfiltered pressure fluctuations =

A sin (w * t) (psi)

A = the amplitude of the pressure fluctuations (psi)

Yf = the filtered pressure fluctuations (psi)

Solving the above equation by first taking the Laplace

transform, then taking the inverse Laplace transform, the

following equation for Yf can be obtained:

Afi SIN (wt + 0 )
Yf (t) -

/ T f2 j2 + 1

output amplitude 1

(36)input amplitude .1 T f2 W2 +

The ratio Af/A is desired to be as small as possible

without affecting the response of the slow dynamics. In the
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subsequent chapters, the slow dynamics restriction on the

choice of the filter time constant will be discussed.

V.2.2 Previous Work in Gas Flow Systems

Many investigators have studied the pressure fluctua-

tions in a fluidized bed. Some of those [50, 51, 123], have

proposed detailed models to describe the pressure fluctua-

tions in a fluidized bed. Some of these models [50, 51],

are difficult to apply and are mathematically complicated.

Nevertheless, their predictions of the pressure fluctuation

may be inaccurate. Other investigators [7, 9, 17, 71, 123,

129] were mainly concerned with the experimental determina-

tion of the characteristics of pressure fluctuations in the

bed even in the absence of external disturbances. Still,

others [7, 129] have compared the pressure fluctuations at

the bottom and in the plenum of a fluidized bed with

imposed changes in the inlet gas flow rate. The majority of

the investigators agreed upon the existence of a fundamental

frequency of fluctuation. This fundamental frequency has

been shown to be related to the emergence of gas bubbles at

the surface of the bed. Verloop et al. [123], reported that

pressure fluctuations in shallow fluidized beds are sinusoi-

dal. Broadhurst et al. [17] and Baskakov et al. [9]

proposed correlations for predicting the amplitude and

frequency of the pressure fluctuations. Their analysis is
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based on the spectral analysis of the pressure signal from

the fluidized bed. Some of the previous investigators

confirmed the strong relationship between the pressure

fluctuations and the fluidized bed height. Others did not

find such a relationship and attribute pressure fluctuations

to changes in gas flow rate and porosity in the dense phase

of the bed caused by the action of bubbles.

All of these previous studies were done for the batch

fluidization process. No studies were found of the case

when continuous solids throughput was taking place. Because

of the absence of data on pressure fluctuations during the

continuous process and conflicting previous results, a study

of pressure fluctuations was performed.

V.2.3 Sampling

Tracking the pressure fluctuations in a batch fluidized

process was not a problem because the equipment used could

measure 20,000 samples/second. However, the situation is

different in the case of the continuous solids throughput

process. As shown previously, this process is not open loop

stable, therefore, some kind of controller to stabilize it

is necessary. This means that some time will be taken by

the computer to do the computations required for the

controller parameters. From experiments, it is found that

the minimum time required for these computations is 115
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milliseconds. However, the period settings on the timer can

be set only as a multiple of 25.6 milliseconds. This

imposes the use of a period of 128 milliseconds which makes

the use of two IBM-PC computers at the same time with two

different sampling frequencies necessary. The first

computer is used for controlling the process with a sampling

frequency of 7.8 samples/second, while the other one is used

to sample the pressure fluctuations with sampling frequency

of 100 samples/second. This sampling rate was found to be

rapid enough to fully capture the pressure fluctuations in

the fluidized bed. This conclusion was reached by conduct-

ing a series of experiments during which the sampling

frequency is varied from 20,000 samples/second to 100

sample/second. More information is presented in appendix D-

1. At least 1000 data points (78 cycles) were collected at

each value of solids holdup. The experiments were repeated

at various solids holdups to study its effect on the

amplitude and frequency of the pressure fluctuations.

V.2.4 Spectral Analysis Fluctuation Data Sets

The statistical properties of the pressure fluctuations

were analyzed. The two most important properties are:

1) Autocorrelation

2) Power Spectrum
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The first is a measure of the degree of correlation

between neighboring values of the pressure fluctuations,

while the second is a measure of the distribution of energy

versus frequency. The studies are conducted for the

following cases:

1) Without solids throughput

2) With solids throughput at two different

controller sampling frequencies of 7.8 samples

per second and 3.9 samples/second. The fast

sampling frequency is the same in both cases and

is equal to 100 samples/second.

Figure (37-a) shows the plot of the pressure signal versus

time for the case where there are no solids throughput.

Figure (37-b) shows that the autocorrelation functions damp

to zero almost immediately, indicating a low degree of

correlation between neighboring values of pressure fluctua-

tions. This behavior is characteristic of a random time

series. The resulting spectrum [figure (37-c)] is almost

flat indicating a uniform energy distribution with frequen-

cy. In this type of operation, a large number of small

bubbles are bursting in a completely random fashion at the
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bed surface which results in very smooth fluidization.

However, for gas solids fluidization, the smooth regime is

hard to achieve. Figure (38) shows another plot of pressure

versus time without solids throughput at various solids

holdups. In this case, the autocorrelations plots in figure

(39) have a pronounced slow oscillation indicated by the

peak in the spectrum plots in figure (40). In this kind of

experiment the random small bubbles have coalesced to form a

small number of large bubbles which is sufficient to remove

the gas in excess of that required for incipient fluidiza-

tion. The large bubbles burst at the bed surface with

frequency equal to that at which a peak in the spectrum plot

occurs. Similar plots are shown in figures (41), (42), (43)

for continuous solids throughput and for control sampling

frequency of 7.8 samples/second (T = 128 milliseconds). It

is found that if the settled height of the bed or gas

velocity is increased above certain limits, the slugging

regime is approached. This can be deduced from figure (38-

c) which is for a settled bed height of 11.5 inches. The

pressure fluctuations are non-stationary (the time average

is not constant) indicating the approach of the slugging

fluidization region.
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V.2.5 Determination of Dominant Amplitude and Frequency of

Fluctuation Data Sets

The computational procedure for the autocorrelation

coefficients and the pressure power spectrum are described

in references [58] and [92]. The amplitude (Afi) and

frequency (f) of the pressure fluctuations are determined

from the pressure spectrum. The amplitude is related to the

peak height while the frequency is equal to the peak

frequency. Measurment of the average pressure fluctuation's

amplitude and frequency was also done by plotting all

experimental data versus time then counting the cycles and

determining the average amplitude to check those determined

from the spectral analysis. The values were found to be

nearly identical.

Tables [3] through [5] show values of the fundamental

frequencies and amplitudes of the pressure fluctuations for

different solids composition. The frequency of the pressure

fluctuations is nearly constant and the amplitude slightly

increases as the weight fraction of magnetic particles is

varied from 1 to .25.
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Table (3) Amplitudes and Frequencies Data Obtained From
Spectral Analysis for 100% Iron.

Average Pressure Drop
(PSI)

Amplitude
(PSI)

Frequency
(Cycles/sec.)

0.144 0.068 3.526

0.160 0.071 2.867

0.319 0.100 2.324

0.363 0.107 2.693

0.411 0.114 2.276

0.481 0.123 2.102

0.589 0.136 1.858

0.684 0.147 1.792

Table (4) Amplitudes and Frequencies Data Obtained from
Spectral Analysis for 50% Iron.

Average Pressure Drop
(PSI)

Amplitude
(PSI)

Frequency
(Cycles/sec.)

0.141 0.075 3.925

0.176 0.082 3.312

0.264 0.100 2.931

0.331 0.119 2.541

0.404 0.125 2.246

0.498 0.139 2.096

0.586 0.151 1.779
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Table (5) Amplitudes and Frequencies Data from Spectral
Analysis for 25% Iron.

Average Pressure
(PSI)

Amplitude
(PSI)

Frequency
(Cycles/sec.)

0.120 0.073 4.55

0.170 0.088 3.57

0.250 0.106 3.12

0.330 0.122 2.41

0.390 0.132 2.13

0.500 0.150 2.02

0.560 0.158 1.83
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V.2.6 Correlating Dominant Amplitude and Frequency

Measurements With the Average Pressure Drop Across

the Stage

Correlations for frequency and amplitude of the

pressure fluctuations in the fluidized bed were obtained at

different solids compositions (i.e. different densities)

using linear regression after taking the log of each side

of the equation. The correlations chosen have the following

standard form used by other investigators: [9, 17 ,123]

1) frequency:

2

f

amplitude:

N1

= Cl Pavg

Afl = C2 Pavg
N2

(37)

(38)

values of C1 and N1 are shown in table (6) while those of C2

and N2 are shown in table (7).

Plots of the experimental data as well as the estimated

model for the frequency of the pressure fluctuations versus

the average pressure drop are shown in figures 45-a, b, and

c, for magnetic weight fractions of 1, 0.5, and 0.25,

respectively. Similar plots for the amplitude are shown in

figures 46-a, b, and c. The correlations are obtained for

the continuous solids throughput case at a controller
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Table (6) Coefficients for Equation (37) at Various
Weight Fractions of Iron in Solids.

Weight Fraction C2 N2 R2

1.0 1.538 -0.415 0.988

0.5 1.429 -0.509 0.984

0.25 1.291 -0.591 0.987

Table (7) Coefficients for Equation (38) at Various
Weight Fractions of Iron in Solids.

Weight Fraction C2 N2 R2

1.0 0.178 0.500 1.00

0.5 0.197 0.496 0.99

0.25 0.211 0.498 1.00
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sampling rate of 7.8 samples/second. Similar results at a

controller sampling rate of 3.9 samples/second, as well as

for the batch case, are presented in appendix D-4 and D-3,

respectively. A comparison between these experimental

frequencies and amplitudes to the theoretical values

developed from a model is presented in appendix D-2. Also,

the effect of gas velocity and the solids density on the

pressure fluctuations are discussed in appendix D-2.

Figure (38) shows that the pressure fluctuations are

actually unmodelled dynamics of the fluidized bed. If it is

only noise then the curve wouldn't be smooth; instead some

disturbances which are characteristic of the noise will

appear along the curve. However, some noise, which is very

small compared to the fluctuations, exists. That may be the

reason of the fluctuations of the amplitude of the signal.

The reproducibility of the pressure fluctuations over a

large number of runs is further evidence of its dynamic

characteristics, since if it were only random noise , the

reproducibility would be very bad.

Modeling pressure fluctuations is not an easy task. It

involves complicated mathematical procedures and even then

may not describe the pressure fluctuations successfully. A

very simple model of the pressure fluctuations is presented

in appendix (D). In this model the pressure fluctuations

are assumed to be sinusoidal. The frequencies and amplitu-
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des calculated before are used to describe the fluctuations

as follows:

P Pavg + Afi * COS (W * t)

where P = simulated pressure signal and

(39)

Pav = average pressure drop

w = frequency (radians/second)

The model does not describe individual pressure fluctua-

tions, however for controller design the model is adequate.

The model has been used in simulations for estimating the

filter time constant and other control parameters.
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VI. SIMULATION PRELIMINARIES AND CLOSED-LOOP

STUDIES FOR 100% IRON

VI.1. Introduction:

Most of the work in this thesis is done with pure

magnetic solids. The dynamic behavior of the process and

the other related variables (chapters III and IV) were

studied using pure magnetic solids. The qualitative results

are applied to the operation with mixtures (chapters VII and

VIII) .

The first part of this chapter will be a discussion on

the control related topics such as the interactions among

the stages and the various control parameters. The results

and discussion of this section could be applied to mixtures

(chapters VII and VIII). However, some minor differences

exist and will be noted in the proper chapter.

The second part of this chapter is about the controller

design, the performance simulation and the experimental

performance. This part is for 100% iron only.
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VI.1.1 Preliminary Studies for the Closed-Loop Simulation

Possible Problems:

From the previous studies, the following possible

problems arose:

The process is open-loop unstable

The existence of the interaction among the stages

Input (manipulated variables) constraints leading to

non-linear behavior

Results:

The choice of manipulated variable, filtering of

process measurement, discrete time sampling system

and control algorithm were found to give stable

steady-state operation of the staged fluidized bed.

Step disturbances in solids feed flow to the staged

fluidized bed and setpoint changes to individual

stages were found to require different actions

depending on the direction of the change. Inter-

actions in the worst case required coordination of

the controllers on all three stages controllers.
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The worst case upsets to the staged fluidized bed

were determined and incorporate non-linear control

elements were incorporated to compensate for input

constraints.

VI.1.2 The Equations Used in the Simulation

Material balance:

Top stage

d APav (1) = a (mi mo (1) )

dt

Middle stage

dAPav (2) = a (mo (1) - mo (2))

dt

Bottom stage

dAPav (3) = a (mo (2) mo (3)

dt

where:

a =
g

(40)

(41)

(42)

Acs gc

m. = solids flow rate from the hopper into the top

stage

mo(i) = solids flow rate from ith stage



mo has the following general forms:

In terms of fraction open:

mo = C * 1 + C* 2 * FR + C* 3 * FR'
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(43)

In terms of current:

mo = K3 12 K4 I + K5 (44)

The constants K3, K4, K5, C *
I, C * 2, and C * 3 are determined

by linear fitting of the experimental data. Those constants

are functions of the solids' physical and magnetic proper-

ties, the fluidizing fluid's physical properties, etc. The

different expressions with the determined constants will be

presented in the subsequent chapters.

The relations between the pressure drop across the

bed and the settled height (hs).

AP = S1 * Hs (45)

where S1 is determined experimentally
. It has different

values for different weight fractions of magnetic particles.

The simulated pressure signal



P = Pav Afl * COS (Wt)
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(46)

This signal is to be filtered then used for calculating

the controller output which is either the fraction open or

current depending on the type of manipulated variable. The

controller output is then used in the expression for the

flow rate of solids from the stage valve (m0). The mass

balance equations are integrated to give an average value of

the pressure drop across the stage.

The frequency and amplitude of the pressure

fluctuatidnn are calculated vuling equatinnr, that-

hive tho foll(ming gonor.11 di:;cit::::od in

chapter V.

A = Cl * APavNi

f = C2 * APavN2

(47)

The constants N1, N2, Cl and C2 are calculated by non-

linear curve fitting to experimental data.

VI.1.3 Interactions Between the Stages

Equations (40), (41), and (42) can be rewritten in the

following form:



Pav = a A ino + a B Ini
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(48)

Where :

-1 0 0

_ -
1

A = 1 -1 0 ; B = 0

0 1 -1 0

d Pav (1)

- _

dt

d Pav (2)

ino (1) mi (1)

Pav = ; MO = mo (2) ; mi = mi (2)
dt

d Pav (3) mo (3) mi
_

(3)

dt

The structure of the matrix A shows a one-way

interaction between the stages. Figure (46) is the closed

loop block diagram and clearly shows the one way interac-

tion.
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Figure (46) The Clcsed-loop Block Diagram of the Multi
Staied Fluidized Bed.



GP = process transfer function

a
Gd =

s

a
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(49)

(50)

1

Gf = (51)
Tf s + 1

s = Laplace transform variable

According to control theory, a proportional controller

can control an integrator type process adequately and

requires the least amount of calculation. It was mentioned

previously that the sample time for the controller should be

as small as possible. The objective was to determine the

simplest controller in order that a minimum sampling time

could be used to control the process adequately. Propor-

tional control, when augmented with some simple logic

statements, was found to be adequate to control the average

pressure drop ('Way)

Therefore:

values of the staged fluidized bed.

Gci = Kci = Ki, the same gain for all three

controllers.
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Interactions between the stages were found to be worse

when a large setpoint change or large disturbance in the

feed flow rate of solids onto the top stage is made. A

negative change in the setpoint in the top stage causes

nearly a sharp pulse disturbance to the middle and bottom

stages. The height and width of the pulse depends on how

large the change is in the top stage's setpoint. The

negative change in the setpoint of the middle stage similar-

ly upsets the bottom stage, but, has little effect on the

top stage. Positive change in any setpoint could be done

without significant interactions using only proportional

controllers.

VI.1.4 Decoupling

In order to further reduce the interactions observed

between the stages, a logic-based decoupler was developed.

The conventional analysis based on relative gain array (RGA)

does not apply in this work because the process is open-loop

unstable.

The decoupler performs a feed forward-like function. A

stage is considered to be critical whenever the error on

that stage is negative and larger than a certain size. The

decoupler then overrides controllers on stages below the

critical stage and attempts to match all outlet flow rates

to the outlet flow rate from the critical stage. Ideally,
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this would prevent the upset to the critical stage from

affecting any others. In practice, this override was found

to be needed only when the critical error is large. Once

that error is reduced, individual controllers again provide

good control.

From equations (40), (41), and (42), the average

pressure drop across the bed can be kept constant at the

setpoint value by setting the derivative to zero.

dtPav (1)

dt

d'61Dav (2) dAPav (3)

dt dt

This gives the following equations:

= 0 (52)

mo

mo

mo

(1)

(2)

(3)

= mi

= mo

= mo

(1)

(1)

(53)

In the absence of large positive errors, each stage is

controlled individually for the following reasons:

All of the modeling is done on the basis of the

average values of all the variables involved.

However, with fluidization taking place, the actual
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process, the flow rate of solids out of the stage,

the average pressure drop across the bed, the flow

rate of solids into the top stage, and the flow of

air into the bed are not constant but fluctuate

with time. In addition, the air flow profile along

the cross section of the bed is not uniform. It

changes when the flow rate of solids changes and it

may be different from one stage to another.

Dependency of the frequency and amplitude of the

pressure drop fluctuations on the average pressure

drop across the bed.

The desire to be able to manipulate the pressure

drop across each individual stage independently.

Load and setpoint changes to each stage were investi-

gated. It was found that the most difficult situations to

control were the following:

Negative setpoint change in top stage

Set

mo (2) = mo (1)

when Pavlsp Pavim < -0.05

mo (3) = mo (1)

Negative setpoint change in the middle stage

(54)



Set

mo (3) = mo (2) when Pavisp Pavim < -0.05

136

(55)

Values of the limit greater than -.05 psi were found to

cause undershoot while values smaller than -.05 did not

promote adequate decoupling.

While the decoupler was found to work well in all

situations with pure magnetic particles, additional problems

with mixtures of low magnetic particles content required

further modification of the control algorithm. The discus-

sion of these problems and controller modifications are in

chapter VIII.

A simple analogy can be made of an individual stage

with the liquid level control of a tank when the outlet flow

is manipulated by a constant displacement pump (figure 47).

The level of the liquid in the tank will be maintained at a

certain value as long as Fo = Fi. However, if a small

change in the flow rate of the liquid into the tank is

introduced the level will either go down to zero or increase

until the tank is flooded.

The open loop studies done in chapter III exhibit such

an open-loop behavior. Therefore, control of each stage is

necessary to maintain constant solids inventories.The

closed-loop block diagram is shown in figure (47). The

closed-loop transfer functions have the following forms:
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K KKc p
(56)

Ysp s + Kc Kp

Kd

d s + Kc Kp Kp = Kd (57)

For a unit step change in the set point

Y
K K 1Kc p

*

s + K KKc p

From the final value theorem:

Lim s y = 1
s 0

Therefore, the offset = ysp - Lim sy = 1 - 1 = 0

For a load unit step change

Y=
Kd 1

*

s + K KKc p

Kd 1
and Lim s y -

s 0 Kc Kp Kc

1 -1
Therefore, offset = 0 = # 0

Kc Kc
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The last analysis indicates that the pressure drop

across each stage can be controlled effectively with

proportional control for changes in the set point. For load

changes, the offset l/kc may be acceptable for some Kc.

To eliminate the offset completely:

Kd
Kc =

KP
(58)

but values of Kd and Kp were not estimated for the process

of this thesis because the process is open-loop unstable and

non-linear.
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Figure (47) Pure Integrator Process and the Corredponding
Closed-loop Block Diagram.

0.3 1 1 Li1 i111111111111
8 7 8 9

TIME (SECONDS)

10 12 13 14

Figure (48) Average Pressure Drop Across a Stage v.s. Time
for Different Values of Filter Time Constants.
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VI.1.5 Design of Control System Parameters via Simulation

The following control system parameters are determined

through the use of simulation:

1) On/off Operation:

2 )

Kc The controller gain which is the same for

all the stages (psi/millisecond)

rf Filter time constant (seconds)

top max The upper limit on the manipulated

variable (the time during which the

current should be zero, milliseconds)

top min The lower limit on the manipulated

variable (milliseconds)

"Leaking" Valve Operation

Kc The controller gain which is the same for

all the controllers (psi/ampere).

Tf Filter time constant (seconds).

Ih The upper limit on the manipulated variable

(the current flowing through the valve,

amperes).
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Ir The lower limit on the manipulated vari-

ables (amperes).

A negative step change in the setpoint of -0.2 psi was

introduced to the top stage and caused disturbances to the

middle and bottom stages which can be assumed to have sharp

pulse characteristics.

A series of simulations each of which has a simulation

time of 4.1 minutes, which was found to be adequate to reach

a new steady state, were made. One of the control parameter

was changed by an increment in going from one simulation to

another, while keeping the others constant. The integral

square error of the pressure drop across the stage (ISQERR)

and the integral square error of the manipulated variable

(current or t op, ISQMAN) were calculated for each simula-

tion. At the beginning of this work, none of the control

variables were known. Therefore, the value of Tf of 1.8

seconds used in the simulation is based on preliminary

studies, figure (48). The upper and lower limit values of

the manipulated variables were chosen to be equal to 128 and

zero milliseconds for the on/off operation and Ih and Ir for

the "leaking" valve operation. Kc was the first parameter

incremented.
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Figure (49) shows a block diagram of the simulation

program used for the closed-loop performance and the

calculations of ISQERR and ISQMAN versus control system

parameters.

Figure (50) shows the plots of ISQERR and ISQMAN versus

time. The area under each curve represents one point on the

plot of ISQERR or ISQMAN versus the control parameter.

ISQERR and ISQMAN are calculated according to the following

equations:

ISQERR = f E2 dt (59)

ISQMAN = f ( u _ us2 ) dt (60)

Which can be rewritten in the following discrete form:

ISQERR = ISQERR + E2 * Tsamp (61)

ISQMAN = ISQMAN + (U Uss)2 * Tsamp (62)

Tsamp = Sampling time

APf = filtered pressure signal



Choose either Performance
Kcomv=1 or Cont. Design Kcomp=

Choose on/off lop=1 or L. V. lop=

Read init. cond.,t of samp. ,Nst
(Nst),Control Param.,time=0,Tss=0

I

Read mi,A..,g,g.,Dec. &Over. 0

Tss=Tss+Ts

Calculate m.

1L

Integrate M. B. equations

4

[

Calculate frequency & amplitude
then approx. the pressure L.ignal

1
Filter the pressure signal

IF Nst > 1
4

Compute the controller action
tss=0 ,time=time+T.amp
Calculate ISQERR & ISQMAN
If there is decoupling U(1)=U(2)1
=U(3),If there us cwerride STOP
u(1)=up6. limit

Figure (49) The block diagram for the simulation.
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The value of the controller output at

the initial steady state value which

can be calculated from equations (43),

(44), by setting mo = mi and solving

the quadratic equation.

The values of the previously mentioned control parame-

ters were determined based on a trade-off between the

performances of the process and the required input which is

the controller output. The process input (controller

output) is considered in the trade-off for the following

reasons:

The non-linear behavior of the process becomes

stronger as the (1U Uss I) increases. The

on/off control is approached as (U Uss)

increases. Accordingly, the undesired pulse flow

regime is approached.

For mixtures that have low fraction of magnetic

particles, the process might become unstable for

large (U - Uss). Large (U Uss) will cause the

release of the solids layer attracted to the

grates. The replacement of this layer is very

slow because of the low weight fraction of the

magnetic particles in the main bed.
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The wear-out of the power supply is more likely

to happen for large (U - Uss)

First, linear combinations of ISQERR and ISQMAN were

considered, but the computations for any linear combination

was found to have equivalent multiple local minimums.

Therefore, the determination of the control system paramet-

ers was based on the careful inspection of plots and data of

ISQERR and ISQMAN versus the control parameter in hand. The

control parameter was selected so that the pressure perform-

ance (ISQERR) does not improve significantly by an increase/

decrease of the control parameter. ISQMAN affected the

decision on how improved the ISQERR was.
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VI.2 Closed-Loop Studies for 100% Iron

Figure (51) shows the experimental data as well as the

theoretical model obtained. The constants in the model of

the solids flow rate through the valve written in terms of

fraction open were first determined by linear regression of

the experiment data to the form suggested by the fundamental

model of section IV.3.1.5 (equation [26]). The following

equation is the result of the fitting:

mo = 1.39 - 5.81 * FR + 6.20 * FR2

R2 = 0.93

(63)

Comparing the above equation to the flow rate model out of

the stage (equation [26]) results in the following:

K3 * I2w = 6.20 K3 = 2.83 * 10-4 (Iw = 148 amps)

2 K3 I2W K4 Iw = 5.81 K4 = 0.0445

K3I2w - K4 Iw + K5 = 1.39 K5 = 1.78

The values of the constants are substituted in the

expression relating them with the different parameters of

the solids, the gas, and the bed.
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The following are expressions after the substitution of
the constants:

vp K2

8 7r2

(Ps Af)

Al

K3 K* = 0.0445

cos Af

[(Acs 15) (1 - e) Ps - Al Ug] = 1.78
Al

= 2.83*10 -4

By doing some algabriac substitutions and manipulations

the following equations can be obtained:

(Vp K2) * (Ps Af)

r B

Ps Af

Al

Al

= 25.03

= 0.0223 (64)

(65)

[(Acs 45) (1 E) Ps Al Ug] = 1.78 (66)

Af = the average cross-sectional area of the opening

through which the solids flow

The fit of experimental data to the model is not

particularly good (R2 = 0.92). Therefore, the above results

may have appreciable error and serve only as an order of

magnitude estimate. Also, in the on/off operation, the
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above value is an average value with a large standard

deviation.

The following model for the solids flow rate through

the stage is obtained by curve fitting of the experimental

data using non-linear regression. The model is used in the

simulation program for evaluation of controller parameters

and simulation of the pressure and controller output

performances.

Mo = 0.119 + 2.096 * FR8.503

R2 = 0.98 and,

FR 0.32

(67)

VI.2.1 Design of the Control System Parameters via

Simulation

VI.2.1.1 Controller Gain

Figure (52) shows the plots ISQERR and ISQMAN versus

the controller gain for the top, middle and bottom stages

respectively. Each plot has two curves representing the

error in pressure drop across the fluidized bed and the

process input (fraction open).

The plots of ISQERR of the pressure drop versus the

control gain are similar to each other for the three stages.

For Kc greater than -200 ms/psi, ISQERR decreases rapidly
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with decreasing controller gain. Then, ISQERR decreases

slowly as Kc increases until a value of Kc reaches -450

ms/psi after which the decrease of ISQERR with Kc is neg-

ligible. The plots for the middle and bottom stages show a

minimum at a value of kc of -550 ms/psi.The corresponding

curves for the required controller output (fraction open)

shows an inflection point at a Kc value of-500 ms/psi. The

change of ISQERR with respect to Kc decreases as Kc decrea-

ses until it reaches zero at the inflection point after

which the rate of change increases rapidly. The rate of

change of ISQERR for the top stage stays almost constant for

Kc between -250 ms/psi and -500 ms/psi.

The choice of the controller gain was based on a trade-

off between the performance of the controller and process

inputs as discussed in section VI.1.4. Based on this cri-

teria, a value of -300 ms/psi was chosen to be used in both

the closed loop simulation and the real process control.

VI.2.1.2 Filter Time Constant

Figure (53) shows the plots of ISQERR and ISQMAN versus

the filter time constant. All the plots exhibit a minimum

at filter time constant value of 1.8 seconds. The curves

for the plots of ISQERR are smoother than those correspond-

ing to the ISQMAN because of the wider range over which the

controller output oscillates which is maximum when the

setpoint change is introduced. Figure (48) shows the
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experimental plots of the pressure versus time for different

values of the filter time constant. It shows that as the

value of the filter time constant increases the response of

the control system becomes more sluggish and the filter dy-

namics dominate. It shows that a choice of 1.8 seconds for

the filter constant is effectively an optimal value.

Substituting this value in equation (36) for the attenuation

of pressure fluctuations gives:

Afi

A
= 0.01

Thus, the attenuation is satisfactory and a value of 1.8

seconds was chosen for the filter time constant.

VI.2.1.2 Input Constraints

Figure (54) shows the plots of ISQERR and ISQMAN versus

the upper limit of the time during which the current is off

(topmax) ISQERR for the top stage decreases gradually as

the upper limit of top increases. The rate of change of

ISQERR with respect to the top max is large until top max

reaches a value of 106 milliseconds. The rate then de-

creases until a value of 116 ms, after which the ISQERR

stays essentially constant.

The plots for the middle and bottom stages show differ-

ent trends. However, the value of ISQERR and ISQMAN in
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those plots are small compared to that of the top stage. The

ISQERR and ISQMAN both increase monotonically with increase

in top max. The rate at which ISQERR increases is high

until top max reaches a value of 96 ms, then the rate de-

creases until it reaches zero at topmax = 112 ms. There-

fore, the selection of the upper constraint of top will be

based on the top stage. A value of 128 ms (FR = 1) was thus

chosen as the upper constraint. This value was used in the

closed-loop simulations and the experiments. The behaviors

of the plots of the middle and the bottom stages are due to

the interactions between the stages. The disturbances to

the middle and bottom stages are pulses whose duration in-

creases as top max increases. This causes the ISQERR and

ISQMAN of the middle and bottom stages to increase as

topmax increases. Figure (55) shows simillar plots for

topmin for three stages. The lower constraint does not

affect the performance of either the controller or the

pressure drop except at top min less than 2 msec., where the

ISQERRS increases very slightly. The figures show that

ISQERR and ISQMAN decrease in going from the top stage to

the bottom stage. This is further evidence that top min has

little effect on the performances of the controller and the

pressure drop. The values of ISQERR and ISQMAN shown in

figure (55) reflect those that would have been obtained

without the existence of the lower constraint. Therefore, a

value of 30 ms (which corresponds to zero flow of solids
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of the stage valve) was taken to be the lower constraint of

top-

VI.2.2 Simulated Closed-Loop Performance

VI.2.2.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (56) shows the simulated closed loop performance

of the three stages. A negative setpoint change (A(AP)sp =-

.20 psi) is introduced in the top stage. The control

parameters used in the simulation are those determined

previously and no decoupling was used. The pressure drop in

the middle stage jumps from the setpoint value of 0.5 psi to

a value of 0.64 psi. The disturbance to the pressure on the

lower two stages can be assumed to be pulses. The pulse dur-

ation in the bottom stage is larger than that of the middle

stage (sluggish behavior). The response of the pressure drop

to the setpoint change in the top stage is very fast. The

manipulated variables (fraction open) shown in the bottom

part of the figure have pulse characteristics similar to

those for the pressure. The valve is completely opened for

the top stage when the step is introduced. Fraction open

reaches a maximum value of 0.83 and 0.77 for the middle and

the bottom stages respectively. The frequencies of the

oscillations in the manipulated variables are similar to

that of the pressure, but with larger amplitudes since the

control enlarges them by a factor equal to the controller

gain. Figure (57) shows the result of the simulation with
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the same operating conditions as the last case except with

decoupling implemented. The pressure performances for all

the stages are excellent. The pressure in the middle and

bottom stages is never more than 0.52 psi. Similar plots

are shown in figure (58), when the negative setpoint change

is introduced to the middle stage. The performance for the

middle and the bottom stages are excellent. The performance

for the top stage is not affected by the changes in the

middle and bottom stages, as expected from the one-way

interactions.

VI.2.2.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (59) shows the closed loop performance when a

positive step change in the feed flow rate (a disturbance)

is introduced to the top stage. The pressure upset reaches

a maximum value of -0.04 psi. According to the analysis

done in section IV.1.3, some offset will result from the

load changes. The amount of the offset predicted by the

analysis is 0.12 psi. The simulated results show that the

offset never exceeds 0.04 psi and it actually decreases very

slowly with time with an offset of .03 at the end of the

simulation.

It was mentioned previously that the steady-state value

for the controller output can be determined by using
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equation (67) with mo = mi. The values of the steady-state

controller action before and after the step disturbance is

introduced are:

Ussit < is = 0.57 old steady state

Ussl t is = 0.65 new steady state

is = the time at which the step change is started

= 2 minutes

This suggests the change of Uss to the new steady-state

value using the model of the solids flow rate.

VI.2.3 Closed-Loop Experiments

VI.2.3.1 Negative Step Change in the Pressure Drop Across a

Stage

Figure (60) shows the experimental closed loop perform-

ances using the same control parameters as those used for

the simulation part without decoupling. The experiment was

similar to that of simulation, figure (56). The pressure

drop across the middle stage has a maximum value of 0.68

psi, while that of the middle stage has a value of 0.72 psi.
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The disturbance to the middle stage is nearly a pulse while

the disturbance to the bottom stage is similar but, is wider

and larger in height.

Figure (61) shows the experimental results with

decoupling. The disturbances in the pressure drop of the

middle and bottom stages are significantly reduced and the

controller outputs have less fluctuation than the case with-

out the decoupler. Figure (62) shows the experimental

results when the setpoint is introduced in the second stage

with decoupling. The pressure performances are good for all

three stages. The pulse upset in the pressure drop across

the bottom stage is significantly decreased. The perform-

ance of the top stage, as expected, is not influenced by the

change of the pressure drop of the middle stage.

VI.2.3.2 Positive Step Change in the Feed Flow Rate

Figure (63) shows the experimental results for the

closed-loop experiments when a step in the feed rate (AP =

30 gm/sec) is introduced in the top stage after two minutes

of operation. The response of the pressure drop across each

stage is a broad pulse. The response is more sluggish in

going from the top to the bottom but in all the stages, the

pressure eventually reaches the setpoint. No offset was

noticed for a time greater than four minutes. It is also

noticed that the disturbances caused by the step in the flow
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of solids into the bed is delayed in going from the top to

the bottom stages.

VI.2.4 Comparison Between Experimental and Simulated

Performances

The previous two sections demonstrated good agreement

between the experimental and the simulated performances.

However, the simulated pressure performance does not show

the slow oscillation of the experimental pressure drop. The

proposed model contains many assumptions and simplifications

which may affect its accuracy. The flow of air through the

stages is assumed to be uniform in the model when actually

it is not. The flow of air through the stage valve and its

effect on the flow rate of solids out of the stage may be

the prime reasons for the slow fluctuations in the pressure

drop performance. In the actual process, there are many

sources of noise that are not included in the model. Also,

the pressure fluctuations are modeled as sinusoidal oscilla-

tions while the experimental data shows them as non-station-

ary time series which have a fundamental frequency.

In spite of all the assumptions, the model does predict

the interactions between the stages as well as the pulse

heights, widths, attenuation and the progressively more

sluggish performance from the top to the bottom stages.
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The controller handled the positive setpoint change in

the flow rate of solids into the top stage much better than

that of the simulation. The offset due to the step in the

load approaches zero in the experimental pressure perform-

ance while that of the simulation shows an offset of -0.03

psi. The difference between the two performances could be

due to the same reasons mentioned at the beginning of this

section.
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VI.3 "Leaking" Valve Operation

VI.3.1 Design of the Control System Parameters via

Simulations

The following equation is obtained from the model for

the flow rate of solids for the "leaking" valve operation ad

described in chapter IV. The constants have been determined

through the use of linear regression:

mo = 3.16 - 0.14 I + 0.0016 12 (68)

R2 = 0.974

Going through the same calculations as in section V.2, the

following equations result:

( Vp K2 ) * ( Ps Af )

r * B

110

Al
= 0.13 (69)

= 13.93 (70)

(Ps Af) L (Acs 6) (1-0 Ps Al ug ]

= 3.16 (71)
Al

Figure (64) shows the plots of the experimental flow

data along with the theoretical model. The fit of experi-

mental data was very good (R2 = 0.974). The relations

between the various gas and solid properties and the bed

geometry, and the determined model constants is more
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reliable than those in the on/off operation. The standard

deviation of the measured current has a maximum value of 4

amps. This tight distribution in the current justifies some

of the assumptions made in chapter IV to derive the flow

expression.

VI.3.1.1 Controller Gain

Figure (65) contains plots similar to those for the

on/off operation, however, the behavior of the curves are

different. The ISQERRS for the pressure decrease monotomic-

ally with Kc and reach a constant value for Kc = 250 amps/

psi. The curves for the middle and the bottom stages show

some fluctuation for values of Kc > 260 amps/psi. The fluc-

tuations are more pronounced for the ISQMAN. At high Kc

value, the control becomes an on/off control and the

pressure undershoots, which causes more fluctuations in the

controller output. The ISQMAN has a nearly linear depend-

ence on Kc for values of Kc less than 260 amps/psi. A value

of 228 amps/psi was chosen for Kc based on the performance

ISQERR, which does not improve appreciably for greater Kc

values.
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VI.3.1.2 Filter Time Constant

Figure (66) shows the plots of ISQERR and ISQMAN as a

function of the filter time constant for the three stages.

The plots exhibit a similar behavior to that in the on/off

operation Figure (53). The minimum for the curve of the top

stage, however, does not occur at Tf = 1.8 seconds, as

found in the on/off operation but at a larger (about four

seconds) filter time constant not shown in the plot.

However, the rate of change of ISQERR is very small for Tf

> 1.8 seconds.

A value of 1.8 seconds was thus chosen for the closed-

loop experiments simulations using the "leaking" valve

operation.

VI.3.1.3 Input Constraints

In the "leaking" valve operation, the input constraint

is determined by the holding current for the upper con-

straint and the release current for the lower input con-

straint. The corresponding values are 49 amps and 22 amps.

These values will give the best performance and reduce the

energy consumption. Figure (67) shows the plots of ISQERRS

and ISQMANS. The plots of the top stage show that the

ISQERRS drops quickly as the lower limit decreases to 22

amps (Ir). ISQERR decreases slightly for a lower limit less
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than (Ir). This suggests the use of zero current would be

possible as the lower constraint. However, as the lower

constraint is decreased, the pressure drop response remains

fast, but undershoots. The undershoot is very large and

upsets the lower stages considerably. Therefore, the lower

constraint was chosen as 22 amps. The corresponding plots

for the upper constraint of ISQMAN is shown in figure (68).

The ISQMAN for the top stage is constant for controller

output upper constraints greater than 49 amps. The plots

for the other stages show constant ISQERR for all values of

the controller output upper limit greater than 39 amps.

VI.3.2 Simulated Closed-loop Performances

VI.3.2.1 Negative Setpoint Change in the Pressure Drop

Figure

Across a Stage

closed-loop response to a(69) shows the

negative setpoint change p(AP)sp = -0.2 psi) in the

pressure drop across the top stage without decoupling. The

pressure performances show the same behavior as those for

on/off operation. However, the pressure response as well as

the controller output show oscillatory behavior. The

oscillation has a slower frequency (z 6 cycles/minute) than

the pressure fluctuation (z 110 cycles/minute). The fre-

quency became higher at low pressure drop (z4P = 0.3 psi)
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while the amplitude has a constant value of 0.01 psi for the

pressure and 1.5 amps for the controller. Increased distur-

bance attenuation and sluggishness going from the top stage

to the bottom stage is also observed. The pressure drop

across the top stage undershoots the desired value (LP =

0.3 psi) by 0.03 psi. The pressure drops across the middle

and bottom stages undershoot the desired value (= Psp = .5

psi) by the same amount at the end of the disturbance.

Figure (70) shows the results of a similar simulation

when decoupling is taking place. The effect of the disturb-

ance to the middle and bottom stages are effectively elimin-

ated. The undershoot in the middle stage is about 0.04 psi

and that of the bottom stage is about 0.02 psi. The under-

shoot in the middle stage happens only for a very short

time. Hence, it does not cause a serious problem to the

controlled process. The oscillatory behavior is also noticed

here.

Figure (71) shows a similar simulation result to the

last one with the step introduced in the middle stage. The

pressure drop across the top stage is not affected by the

changes introduced to the other stages. The pressure drop

of the middle stage undershoots to a lower value (0.25 psi)

than the last two cases. This is because the flow rate of

solids into the top stage has a constant value 62.14 gm/

seconds while the flow of solids into the middle stage is

the same as that out of the top stage, which is fluctuating.
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There is a good possibility that the flow rate of the top

stage is at its lowest value at the time when the setpoint

change is introduced. The controller parameters used in all

the simulations are those found in the last section.

The controller output hit the lower constraint (I = 22

amps) in all the previous cases, then it hit the upper con-

straint (I = 47 amps) as a result of the undershoot. In

some other cases it does not hit the upper limit, instead it

reaches an intermediate value between the steady state and

the upper limit.

VI.3.2.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (72) shows the pressure drop and the controller

output performance when a step change in the feed rate (AF =

35 gm/seconds) is introduced to the top stage. The effect

on the pressure drop is negligible and the controller

handled the disturbance well. The maximum offset happened at

t = 2 minutes and was equal to 0.01 psi. The slow oscilla-

tions are not observed in this case which is due to the low

pressure drop across the stages (0.32 psi) where the freque-

ncy of the oscillations are much faster and the amplitude is

smaller. The disturbances to the pressure drop response was

delayed in going from the top to the bottom stages.
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VI.3.3 Closed-Loop Experiments

VI.3.3.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figures (73), (74), (75), show similar cases to those

shown in section VI.2.3.

Figure (73) shows the case without a decoupler. The

pressure drop shows slow fluctuations around the setpoint.

The average amplitude of the pressure fluctuations has a

standard deviation of .03 psi. The undershoot of the

pressure drop is observed in all the stages. Its value

ranges from .03 psi in the top stage to 0.07 psi in the

bottom stage. The pressure performance for the top stage is

good. The slow fluctuation's amplitude increases in going

from the top stage (.02 psi) to the bottom stage (0.05 psi).

Therefore, the performance gets worse especially after the

step in the setpoint change in going from the top to the

bottom stages but the average pressures in all the three

stages have the same value as the setpoint.

The disturbances in the pressure drops of the middle

and the bottom stages show similar behaviors to those of the

simulation.

The controller output performance differs from that of

the simulation. It hits the lower constraint (Ir = 22 amps)

when the setpoint is introduced and it hits the upper
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constraint (Ih = 47 amps) many times as a result of large

pressure fluctuations.

Figure (74) shows the case where decoupling is imple-

mented. The responses of all the stages have less fluctua-

tions than the non-decoupling case. The undershoot in the

top stage (P.: 0.05 psi) is larger than that of the last

experiment while it has the same value as for the other

stages. Similar controller output behavior is observed as

in the last case.

Figure (75) shows a similar case to the last figure

when the setpoint is introduced to the middle stage. The

performances of all three stages are good. Similar types of

fluctuations are observed as in the last experiment. The

top stage performance is very good with the fluctuations

looking very similar to those of the simulation. The

pressure undershoots in the middle and bottom stage are the

same as those for non-decoupling experiments. The control-

ler output performance is similar to the last two cases.

VI.3.3.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (76) shows the pressure performance for a step

change in the feed flow of solids of 35 gm/seconds. The

pressure drop shows a slight increase (0.01 psi) after the

step is introduced. The desired pressure value (0.32 psi)
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is attained in less than half a minute. The offset was

eliminated after half a minute which did not agree with the

analysis of section VI.1. The performance of the pressure

drop looks very good in all the stages and the manipulated

current did not hit either constraint.

VI.3.4 Comparison Between the Simulated and Experimental

Performances

The results of the last sections show that the simula-

tions using the proposed model predict some of the real

process' behavior. They predict the occurrence of the un-

dershoot, the disturbance in pressure drop as a result of

the setpoint change, and the pressure fluctuations around

the desired value. However, the simulations show the

fluctuations are sinusoidal oscillations while the real

process fluctuations are more complex. The differences

between those two types of fluctuations is due to the fact

that the fast pressure fluctuations are modelled as sinusoi-

dal oscillations. The same reasons mentioned previously in

the on/off operation (sec. 6.2.4) contribute to the differ-

ence observed between the experimental and simulated

performances in the "leaking" valve operation. The control-

ler outputs hit both of the constraints more frequently in

the experimental results than the simulation results because
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of the larger fluctuations observed in the experimental

response of the pressure drop.

The greatest differences between experimental and

simulated pressure drop responses are for the non-decoupled

cases and especially for the stage/stages which lie below

the stage at which the setpoint change is introduced. The

other cases show good agreement with the simulated results.

The simulation and experimental results show a very

good agreement in handling the disturbances which result

from a change in the feed flow rate of solids.

The above observations indicate that the proposed

model, with few restrictions, is adequate for designing the

controller and predicting the responses of the pressure drop

across each stage to both disturbances and setpoint changes.
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V1.4 Comparison Between On/Off and "Leaking" Valve

Operations

Figure (77) shows the plots of the solids flow rates

versus the calculated average current for the on/off opera-

tion and "leaking" valve operations. From the figure,

"leaking" valve operation is more efficient than on/off

operation when the solids flow rate is less than 0.85

(lb/seconds), (386 gm/seconds). For larger flow rates, the

efficiency is about the same for both operations.

The general behavior of the pressure responses are

similar in both cases. The slow fluctuations associated

with the "leaking" valve operation have larger amplitude

than those for on/off operation. Sometimes, a small

undershoot occurs when a change in the setpoint of the

pressure drop across the stage is introduced in the "leak-

ing" valve operation. This is due to the low level of

current used in the operation (I Pi 35 amps) and to the

hysteresis characteristics of the "leaking" valve operation

(section V.3.2). The pressure fluctuations associated with

the pressure during the on/off operation have a higher

frequency than that for the "leaking" valve operation. This

is because on/off operation adds some fluctuations to the

pressure response which results from the fluctuation in the

solids and gas flow rates. The magnetization of the solids

during the on/off operation is larger than that for
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"leaking" valve operation because of the difference in the

average currents used in each operation (Iav [on/off] = 66

amps, Iav [leaking] = 35 amps. This reason could be used to

explain the sluggish response of the pressure drop to a step

in the feed flow associated with on/off operation. The

corresponding one for "leaking" valve operation is very

fast.

Generally, the pressure performances are similar for

both of the operations. The "leaking" valve operation is

preferred because the energy consumption is lower and

failure of the power supply is less likely to occur because

of the relatively smaller changes required in the power.
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VII. CLOSED-LOOP STUDIES FOR SOLIDS CONTAINING 50% IRON

This chapter will also be divided into two main parts.

The first part will cover the studies related to the on/off

operation while the second part will cover those related to

the "leaking" valve operation. The design of control system

parameters, the closed-loop simulations and experimental res-

ults, and the comparison between them will be covered in each

part. Comparison between on/off operation and "leaking" valve

operation will be presented at the end of the chapter.

The analysis done in section VI.1 will be applied in this

chapter. The modeling and control studies done in this

chapter are believed to be more accurate and better than those

done for other solids' weight fractions. This may be due to

the weight fraction (.5) used in this operation. Very high

weight fraction causes residual magnetism problems while low

weight fraction causes strong valve hysteresis.

VII.1 On/Off Operation

Figure (78) shows the experimental data as well as the

theoretical model obtained. The following equation is ob-

tained by fitting the proposed model of chapter IV to the

experimental data via linear regression:
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mo = 0.0327 + 0.555 * FR + 4.909 * FR2 (72)

R2 = 0.992

FR > 0.043 (top = 5.5 ms << Tdn)

It is found experimentally that the flow rate is very

small (z 0) when the top is less than 5.5 ms. The following

equations are obtained by following the same procedures

described in IV.2.1.

(Vp K2) * (Ps Af )
= 0.018 (73)

Al

r * B
= 49.77 (74)

110

(Ps Af)
I (Acs 5) (1 - 0 Ps - Al ug ] = 5.431 (75)

Al

The working current used in this operation is the same

as that used in the operation with 100% solids (Iw = 148 a).

VII.1.1 Design of the Control System Parameters via

Simulation

The various controller parameters are determined in a

similar way to those of 100% iron (Chapter VI.).
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VII.1.1.1 Controller Gain

Figure (79) shows the plots of ISQERR and ISQMAN versus

the controller gain (Kc). The plots of the two variables

follow different trends where ISQERR increases when the

controller gain increases while ISQMAN decreases when the

gain increases. The rate of the change in the former with

Kc is much higher than the later one.

A value of -100 ms/psi is chosen for the proportional

gain. The value is chosen on the basis of the criteria

discussed in section IV.1.4.

VII.1.1.2 Filter Time Constant

Figure (80) shows the plots for ISQERR and ISQMAN

versus the filter time constant for all three stages. All

the plots show minimums around a filter time constant of 1.8

seconds. The minimums are more clearer for the plots of the

middle and second stages than that for the top stage.

Similar reasons to those given in section VI.2.1.2.2 could

be used to explain the occurrence of the minimums.

VII.1.1.3 Input Constraints

Figure (81) shows similar plots of ISQERR and ISQMAN

versus the upper limit constraint of top max as those
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presented for 100% iron (figure 54). ISQERR for the top

stage decreases with increasing upper limit of top max until

it reaches a constant value at top max = 36 ms while that of

the middle and bottom stages increase with the upper con-

straint on top until they reach a constant value at

top max = 32 ms. Therefore, a value of the upper limit of

top max is chosen to be equal to 36 ms.

The choice is mainly based on the results of the top

stage, since the ISQERR and ISQMAN for this stage are much

larger and more sensitive to the changes in the upper limit

of top max than the other stages. The explanation for the

behaviors of the other stages is similar to that given in

section VI.2.1.1.3

Figure (82) shows similar plots to the last one when

the lower limit (constraint) of top max is varied. The

plots show that ISQERR and ISQMAN are not affected by

changing the lower limit of top max when top max is less

than 14 ms. Therefore, a value of zero is chosen to be the

lower limit on top max
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VII.1.2 Simulated Closed-Loop Performance

VII.1.2.1 Negative Step Change in the Pressure Drop Across

the Stage

Figure (83) shows the pressure drop and the fraction

open (controller output) responses for the three stages when

a step change of -0.2 psi is made in the pressure drop of

the top stage. The disturbances, which are due to the

setpoint change in the top stage, in the pressure drops of

the middle and bottom stages show irregular behavior when

the change is introduced. The pressure drops fluctuate

before the pulse occurrence. The duration of the disturba-

nce increases from the middle to the bottom. The attenua-

tion in the disturbances' height in negligible. The

response of the top stage to a step in the setpoint is not

as fast as those in chapter VI (figure 56). This is due to

the lower value of Kc used in this chapter. The fractions

open (controllers outputs) have much lower values than those

in chapter VI. They never hit the constraints (FRup = 0.28,

FRdn = 0). This low fraction open is due to the fact that

solids flow rate through the stage is a strong function of

the fraction open when partially magnetic solids are used

(50% by weight). The setpoint in this case is equal to 0.5

psi. Similar plots are shown in figure (84) when decoupling

is implemented. The fluctuations as well as the disturban-

ces are greatly reduced. The disturbances in the pressure
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drop of the middle and bottom stages have maximum values of

0.53 psi and 0.52 psi respectively. The values of the

fractions open of the middle and bottom stages, when the

setpoint change is made, are equal to that of the top stage

(FR = 0.28).

Figure (85) shows the results of a similar simulation

with the setpoint change introduced to the middle stage.

The height of the pressure drop disturbance across the

bottom stage has a maximum value of 0.53 psi which can be

considered as a good decoupling (APmax = 0.61 for non-

decoupling case). The pressure drop response across the top

stage is not affected by the pressure drop levels or dis-

turbances across the stages located below.

VII.1.2.2 Positive Step Change in the Feed Flow of Solids

Figure (86) shows the plots of pressure drop across the

stage and controller output performances when a step in the

feed rate of solids (AF = 32.3 gm/second) is introduced to

the top stage at t = 1.5 minutes. The offset in the

pressure drop has an average value of -0.03 psi as discussed

in section VI.1.4. The response to the setpoint is more

sluggish in going from the top stage to the bottom stage.

Also, the response to the change is delayed from the top to

the bottom stages.
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VII.1.3 Closed-Loop Experiments

VII.1.3.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (87) shows the experimental results correspond-

ing to that of the last section (figure 83). The perform-

ances of the pressure drop and the controller output are

very good and are similar to those of the simulation (figure

83). There is no undershoot in any of the stages. However,

the disturbances in the pressure drops of both the middle

and the bottom stages have maximum values of 0.67 psi and

0.62 psi respectively. The disturbance for the bottom stage

has wider distribution than that for the middle stage. The

controller outputs of all the stages did not hit any of the

constraints.

Figure (88) shows similar plots with decoupling.

Again, the performance of the pressure drops across each

stage is very good. The disturbances in the pressure drops

across the middle and bottom stages are reduced to values of

0.6 psi and 0.57 psi respectively.

Figure (89) shows the results of a similar experiment

to the last one with the setpoint change introduced to the

middle stage. Good pressure drops and controller output

performances are observed. The disturbance in the pressure

drop across the middle stage is completely eliminated.
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eliminated. From the figures, the setpoint change in the

pressure drop of the middle stage (changing the solids

inventory) does not affect the performance of the top stage.

The value of the controller outputs (fraction open) for the

middle and bottom stages, when the step is introduced, is

higher than the last case. This is due to the fluctuations

in the flow rate of solids into the middle stage where the

change in pressure drop setpoint is introduced.

VII.1.3.2 Positive Step Change in Feed Flow Rate of Solids

Figure (90) shows plots corresponding plots to those of

section VII.1.2.2. The pressure drop across each stage

rises to a value of 0.33 psi then slowly comes back to the

desired value 0.3 psi in less than half a minute. This

shows that the changes in the feed of solids to the column

don not impose a serious control problem on the performance

of the process.

VII.1.4 Comparison Between the Simulated and Experimental

Performances

The response of the real process was close to the

response obtained by the simulation using the proposed

model.
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The heights of the disturbances in the experimental

responses of the pressure drop across the middle and bottom

stages are larger than those of the simulation. This is due

to the faster experimental response of the pressure drop

across the stage to the setpoint change. The pressure drop

across the stage to which the step is introduced comes to

the desired value in about 25 seconds for the experimental

response and in about 35 seconds for the simulation re-

sponse. The model for the flow rate of solids through the

valve is based on the data taken for closed-loop steady-

state operation which has a very good performance. The model

does not properly describe the flow exactly during the

transition from one pressure drop setpoint to another. The

use of mixtures of magnetic and non-magnetic solids is one

reason for this discrepancy between the simulation and

experimental results. For large positive errors, the

thickness of the layer close to the grate becomes very small

and the flow of solids is large. Accordingly, the efficiency

of the decoupling decreases. The simulation predictions

were in very good agreement with the experimental results

when the setpoint change is introduced to the middle stage

and when decoupling is implemented. The response of the

simulated closed-loop to a step change in the feed flow rate

shows, as expected, an offset of about -0.03 psi. However,

the experimental response to the same change in the flow

rate is a pulse-like disturbance where the pressure drop
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across each stage rises slightly then comes back to the

desired value in a short time. The slow fluctuations of the

experimental pressure drop across the stages differ from

those in the simulation. The former are slower, more

irregular, and less in amplitude than the latter. Similar

reasoning, as those mentioned in the beginning of this

section, as well as those mentioned in section VI.2.4 could

be used to describe the discrepancy between the simulated

and experimental results.

Generally, the agreement between the experimental and

simulated pressure drop performance are good and better than

that observed for 100% iron. No undershoot is observed in

the simulated and experimental responses. This is partially

a result of the use of the proper upper constraint predicted

by the model.
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V11.2 "Leaking" Valve Operation

The following correlation is obtained in a similar way

to those in chapter VI.2.2.

mo = 6.844 - 0.140 * I + 0.00071 * 12 (76)

R2 = 0.981

The following relations are obtained by the same

procedure described previously for 100% iron.

(Vp K2) (Ps Af)

r B

110

Al
= 0.0561 (77)

= 31.38 (78)

(Ps Af) [ (Acs 6) (1-6) Ps Af ug
= 6.844 (79)

Al

Figure (91) shows the plot of flow rate of solids

through the stage and experimental data along with the

theoretical line obtained by the non-linear regression.

VII.2.1 Evaluation of the Control System Parameters via

Simulation

The control system parameters can be determined by

following the previous procedures described in chapter

VI.1.4.
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VII.2.1.1 Controller Gain

Figure (92) shows similar plots of ISQERR and ISQMAN

versus Kc (amps/psi) to that of section VI.2.3.1.1 (figure

52). The ISQERR for each stage increases sharply for values

of Kc less than 190 (amps/psi). The increase in ISQERR for

Kc > 190 (amps/psi) is small. ISQERRS of the controller

outputs increase linearly and have relatively large slopes

(z .01 volts2 * psi/amps = 14.44 amps/psi). As Kc in-

creases, the controller behaves similarly to an on/off

controller which has larger ISQERR. A value of 190

(amps/psi) is chosen for Kc. The choice of the proportional

gain is based mainly on the results of the ISQERRS of the

pressure drop across each stages following the same guide-

lines as those of section VI.1.4.

VII.2.1.2 Filter Time Constraint

Figure (93) shows the corresponding plots for TF

(filter time constant) for all the stages. The plots show

minimums of ISQERR and ISQMAN for each stage at a filter

time constant of 1.8 seconds. Therefore, a value of 1.8

seconds is chosen for the filter time constant.
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VII.2.1.3 Input Constraints

As mentioned in section VI.2.3.1.3, the values of the

upper and lower constraints on the level of the current are

determined experimentally. The upper constraint (Ih) was

found to be equal to 100 amps. The value of the lower

constraint (IR) was found to be equal to 56 amps. Figure

(94) and (95) show the results of the simulations.They show

ISQERR and ISQMAN versus the upper and lower constraints

respectively. The figures show that the ISQERR and ISQMAN

of each stage are constants when the upper limit values of

the current are greater than 86 amps. Figure (95) shows

that ISQERR and ISQMAN for the top stage are constants for a

lower limit current value less than 60 amps. The plots for

the other stages show that ISQERR and ISQMAN are constant

for a lower current limit between 60 amps and 20 amps. They

increase sharply for a lower limit below 20 amps. The

ISQERR and ISQMAN of the top stage for a lower constraint

limit greater than 60 amps show a large increase. There-

fore, the results of the simulation support the values of

the constraints found experimentally.



4

3

G 2
(i)
H

1

0

100

80

Z 60

H40

20

0

82 92 102 112 122 132
UPPER LIMIT (CURRENT)

82 92 102 112 122 132
UPPER LIMIT (AMPS)

0.2

0

4

3.8

'13.4

3.2

3

82 92 102 112 122 132
UPPER LIMIT (AMPS)

82 92 102 112 122 132
UPPER LIMIT (AMPS)

0.15

0

4

a
H 3

2

82 92 102 112 122 132
UPPER LIMIT (AMPS/PSI)

82 92 102 112 122 132
UPPER LIMIT (AMPS)

Figure (94) ISQERR and ISQMAN for the Three Stages vs. the Upper Limit on Input
Constraint ("Leaking" Valve Operation and 50% Iron).



2

It1

Q
U)
H

60

40
z

H
20

O 20 40 60 80 180
LOWER LIMIT (AMPS)

O 20 48 60 80 100

LOWER LIMIT (AMPS)

0.2

0.16

0.86

0

5

4
z
E
U)
H

3

2

O 20 40 60 80 188

LOWER LIMIT (AMPS)

O 20 40 60 80 100

LOWER LIMIT (AMPS)

0.2
BOTTOM STAGE

0

4
z

H
3

2

O 20 40 60 80 108
LOWER LIMIT (AMPS)

O 20 40 60 80 100
LOWER LIMIT (AMPS)

Figure (95) ISQERR and ISQMAN for the Three Stages vs. the Lower Limit on Input tt:1)

Constraint ("Leaking" Valve Operation and 50% Iron).



229

VII.2.2 Simulated Closed-Loop Performance

VII.2.2.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (96) shows the plots of the pressure drop and

the current (controller output) versus time for a -0.2 psi

setpoint change in the pressure drop across the top stage.

The pressure drop across the top stage undershoots by 0.07

psi below the desired value (0.3 psi) as a result of the

setpoint change. The pressure drops across the other stages

undershoot by 0.03 psi below the desired value (0.50 psi) at

the end of the disturbances. The disturbances in the

pressure drop response are slightly attenuated in going from

the middle stage (APmax 0.65psi) to the bottom stage

(APmax 0.62psi). The response to the disturbances in the

pressure drop is more sluggish in going from the middle to

the bottom stages. The response of both the pressure drop

and the controller output are oscillatory. The characteris-

tics of the oscillation are similar to those of section

VI.2.2.2.1. The controllers output for the top stage hit

the lower constraint once. The controller outputs of the

other stages have minimum values that lie between the lower

constraint ( I = 56 amps) and the steady state value (I = 84

amps).
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Figure (97) shows a similar experiment, but with

decoupling. The response of the top stage is the same as

the last case. However, the disturbances in the pressure

drop across the middle and the bottom stages are completely

eliminated. The undershoots of the pressure drops across

each stage is the same as the last case. All of the con-

troller outputs hit the lower constraint (I = 56 amps)

because of the action of decoupling.

Figure (98) shows a similar experiment as the last one

with the setpoint change introduced to the middle stage.

The undershoots in the pressure drop have a value of 0.03

psi below the desired value of (0.3 psi). Similar reasoning

as that used in the similar case in section VI.2.2.2.1 could

be used to explain the difference in the behavior between

this case and the last one.

VII.2.2.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (99) shows the plots of the pressure drop and

current versus time. The pressure drops increase by 0.03

psi when the step is introduced. The pressure response to

the step change is sluggish. The disturbances in the

pressure drops are delayed in going from the top to the

bottom stages. The controller outputs drop to a lower value

of the current to increase the flow rate of solids through
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the valves. However, some offset (-0.03 psi) is observed,

as predicted by section VI.1.4. The plots of the pressure

drop across each stage show a very slight decrease from the

maximum value (.35 psi).

VII.2.3 Closed-Loop Experiment

VII.2.3.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (100) shows the corresponding experimental plots

to that of VII.3.2.1. The disturbances in the pressure drop

of the middle and the bottom stages are large (OPmax
:- 0.7

psi). The pressure drop across the top stage undershoots by

a value of 0.07 psi when the step was introduced. The

undershoots in the middle and bottom stages at the end of

the disturbances are 0.03 psi and .02 psi respectively. The

controllers of each stage hit the lower constraint (I = 56

amps) when the setpoint change was introduced. The occur-

rence of the relatively high peaks in the pressure drop was

the result of the fast pressure response of the top stage to

the setpoint change and the undershoot of the pressure drop

across the top stage below the desired value (0.3 psi).

Generally, the performances of both the pressure drop and

the controller output are good and their oscillations around

the setpoint are small.
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Figure (101) is a similar experiment with decoupling.

The pressure drop response across each stage is very good.

The disturbance in the pressure drop of the middle stage is

greatly reduced while it is completely eliminated for the

bottom stage. The oscillations of the pressure drop across

the stages and the current are small. The pressure drops

across the top and middle stages undershoot the desired

value by 0.05 psi and 0.03 psi respectively. The currents

(controller outputs) hit the lower constraint at the same

time when the setpoint change is introduced.

Figure (102) shows the same type of experiment when the

setpoint change was introduced to the middle stage. Similar

behavior is observed as the last case with the exception of

the lower undershoot of pressure drop across the middle

stage and no undershoot in the pressure drop across the

bottom stage.

VII.2.3.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (103) shows the experimental plots of the closed

loop performances of the pressure drop across each stage and

the current for a step in the feed flow rate of solids

(AF = 32.3 gm/sec). The pressure drop rose from the desired

value (0.35 psi) by approximately .02 psi when the step

change is introduced (t=2 minutes). The disturbances in the
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pressure drop are delayed in going from the top to the

bottom stages. The pressure responses fluctuate slowly

around the setpoint (0.35 psi). The fluctuations have larger

amplitude after the step change is introduced. This may be

as a result of using solids that are partially magnetic.

VII.2.4 Comparison Between Simulated and Experimental

Results

The simulation results agree with the experimental

results fairly well. The general behavior of the pressure

drop across the stage is accurately predicted by the simula-

tion.

Again, the disturbances in the pressure drop across the

middle and bottom stages show higher values than those for

the simulation. This case was for the step change in the

setpoint of the pressure drop across the top stage without

decoupling. The response of the pressure drop predicted by

the simulation and observed in the experiment to a step

change in setpoint is exactly identical. Similar reasons to

those mentioned in chapter VI. may be used to explain the

higher heights of the disturbances in the experimental re-

sponse. The pressure drops and controller outputs perform-

ances for the decoupling case looks similar in both the ex-

periment and the simulation with the exception of the occur-

rence of a small sharp peak disturbance in the middle stage
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pressure drop response of the experiment. This could be due

to the change in air profile entering the stage which is

accompanied with a change in the solids flow rate.

The results of a setpoint change in the pressure drop

across the middle stage, when decoupling is implemented,
...

look very similar in both the simulation and experimental

performances.

The performances of the pressure drop across the stages

to a step in the feed flow rate are different. The experim-

ental pressure drop response to the load change is better

and faster than that of the simulation. The simulation

shows an offset of -0.03 psi while the experiment shows no

offset for time greater than three minutes.

In addition to all of the above, the experimental

performances again show slow and irregular fluctuations.

The simulation does not show them. The same reasons as

those in chapter VI. can be used to explain this.

Generally, the agreement between the simulated and

experimental performances are good and better than the

on/off operation. The simulation predicted all the behav-

iors that are shown by experiment.
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VII.3 Comparison Between On/Off and "Leaking" Valve

Operations

Figure (104) shows the plots of the flow of solids

through the valve versus the average current for on/off and

"leaking" valve operations. The average current in the

on/off operation flow-data is obtained through the con-

version of the fraction open-based data to current-based

data using equation (25). It is to be noted that the

current in this case is an average current which has a large

standard deviation while the current in the "leaking" valve

operation has a small standard deviation. This large

standard deviation is due to the nature of the on/off

operation where the current oscillates between high and low

values. The figure shows that the "leaking" valve operation

is more energy efficient than the on/off operation. It also

shows that at low current the curves approach each other as

expected. The pressure response to a step change shows the

occurrence of an undershoot in the "leaking" valve opera-

tion. The corresponding response for the on/off operation

does not show any undershoot. When the step was introduced

the current goes down to 56 amps in the "leaking" valve

operation while the average current goes down to 98 amps in

the on/off operation. The lower level of current and the

hysteresis behavior (described previously in chapter IV)
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associated with the "leaking" valve operation explain the

occurrence of the undershoot in the "leaking" valve opera-

tion. These same reasons can be used to explain the larger

disturbance in the pressure response during the "leaking"

valve operation.

The response of the pressure drop during the "leaking"

valve operation is faster than that of the on/off operation

for the same reasons as those mentioned above.

The slow fluctuations of the pressure drop across the

stages are similar in both cases.

The "leaking" valve operation is recommended since it

is more efficient and has better agreement with the simula-

tion than the on/off operation.
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VIII. SEGREGATION AND CLOSED-LOOP STUDIES FOR

SOLIDS CONTAINING 25% IRON

The first part of this chapter will cover the segrega-

tion of magnetic and non-magnetic particles between the

regions close to the grates and the fluidizing region. The

mass of solids in the region close to the grates, as well as

its height, will be predicted using two different approach-

es. The rest of the chapter will be organized in a similar

way to that of chapter VII.

The segregation studies were undertaken because of the

modeling and control difficulties encountered when operating

with 25% iron. Also, the separation of the magnetic

particles from the mixture is easier and more accurate for

this low weight fraction of iron in the solids as will be

discussed in chapter VIII.1.1. Some control difficulties

and the mechanism of the valve's operation for this low

weight fraction will be discussed in the first part of this

chapter.

It was noticed also, that the interactions between the

stages and the valve hysteresis (especially in the "leaking"

valve operation) were the worst when using solids of 0.25

iron weight fraction. This makes the continuous solids

throughputs for solids feed with weight fractions of less

than 0.25 magnetic extremely difficult and requires higher
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currents than those used in this chapter (Iw = 168 amps for

on/off operation, Iav=105 amps for leaking valve operation).

An additional type of logic control was used in this

chapter. The need for this control arose because of the

problems mentioned previously (ie. strong hysteresis). This

logic is called an override control where the manipulated

variable [current or fraction open (top)] is set to be equal

to the value of the constraint corresponding to zero flow of

solids whenever the average pressure drop across the stage

drops below a certain limit. The logic will help minimize

the flow rate of solids through the valve. More details

will be given in the rest of the chapter.

VIII.1 Iron's Weight Fraction Behavior Inside a Stage

with Time

A series of experiments were conducted during which

solids samples from each stage were taken at certain time

intervals and then analyzed. The experiments were conducted

for different flow rates of solids which were either fresh

feed of solids or recycled solids.

VIII.1.1 Experimental Procedures

The power supplies were started and the output

current was adjusted to the desired working current.
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The stages were filled with solids from bottom to

top by first switching off the current going through

the top and middle stages so that the bottom stage

was filled with the solids to the desired level.

Then the current was allowed to flow through the

middle stage which is going to be filled with

solids to the desired level. The same was repeated

for the top stage.

The gas flow was started then operated for five

minutes. Solids flow rate into the top stage was

then started and the process was put under control.

The samples were drawn from the three stages at

certain times. The time interval between drawing

the solids samples from two stages was kept as small

as possible. The experiment's run time varies

between 16 minutes and 100 minutes. Most of the

experiments have a run time of 45 minutes. The

samples collected during a run were stored then

analyzed when the run time was over. The magnetic

solids (iron) were separated from the non-magnetic

solids (sand) by a permanent magnet and then weighed

individually. The procedure was repeated for each

sample. The weight fraction was calculated accord-

ing to the following formula:
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(80)
mass of iron + mass of sand

Figure (105) shows the plot of the weight fraction

determined by the separation procedure (WIN) versus the

actual weight fraction (WIA) obtained by mixing known

amounts of iron and sand. The figure shows that the

measured value is equal to the actual value for WIA < 0.3.

The amount of the sample affects the efficiency of separ-

ation. As the amount of the sample gets large, the magnetic

rod has to be stirred more thoroughly in the sample to

achieve good separation. However, the stirring of the

sample by the rod was roughly the same when WIN above was

determined. The samples drawn from each stage are assumed to

represent all of the solids in the stage because of the

thorough mixing of the solids in the stage as a result of

fluidization.

VIII.1.2 Using Recycled Solids as a Feed to the Top Stage

Figure (106-a, 106-b, 106-c) show the plots of weight

fraction of iron in solids versus the time at flow rates 29

(gm/second), 40 (gm/second) and 72 (gm/second) respectively.

Figure (106-a) shows that the weight fraction of iron

in each stage drops from the initial value (WI = 0.25) to a

lower value then fluctuates around a steady state value.

The weight fractions of the middle and bottom stages

fluctuate around WI = 0.2 while the weight fraction for the
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top stage has values lower than those for the middle and

bottom stages and fluctuates around WI = 0.16.

Figure (106-b) shows similar plots to figure (106-a)

when the flow rate of solids is 40 (gm/second). However,

the weight fractions of all the stages fluctuate around WI =

0.2.

Figure (106-c) shows the plots of the weight fraction

versus time when the feed flow rate is 72 (gm/second). The

curves fluctuate around three different values of weight

fraction which are WI = 0.25, WI = 0.23, WI =0.2 for the

top, middle and bottom stages respectively.

The above results show that the average weight fraction

of iron in the solids in each stage increases with increas-

ing the flow rate of solids into the top stage. The average

weight fraction of iron in the top stage fluctuates around a

steady-state value that increases from the lowest one among

the three stages when the solids flow rate is 29 (gm/second)

to the highest one among the three stages when the solids

flow rate is 72 (gm/second). The weight fractions of all

the stages fluctuate around the same value when the solids

flow rate have a value of 40 gm/seconds.

The solids were recycled after they passed through the

three stages. A dark layer (WI is large) followed by a

lighter layer (WI is small) were observed in the plenum (in

which solids were stored after they pass through the

stages). When the solids were recycled the weight fraction
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of the solids entering the top stage fluctuates because of

the difference in weight fractions of the different layers.

These fluctuations cause the weight fractions inside the

stages to fluctuate. However, the fluctuations of the

weight fraction are stationary.

The amplitude of weight fraction fluctuation decreases

as the feed flow rate of solids increases. It reaches a

very small value for high flow rate (72 gm/second). Also,

the amplitude of the fluctuations decreases as the time

increases until a steady-state value of the weight fraction

is reached after which the amplitude of the fluctuations

becomes almost constant. The time needed to reach the

steady-state operation decreases as the flow rate increases.

The time needed for all of the solids to pass through the

bed and be recycled (total pass time) is defined as follows:

Where

tT =
MT

mi

t = total pass time

MT = total weight of the solids

m.1 = flow rate of the solids into the top stage
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Recycling the solids causes some mixing between them until

the weight fraction reaches almost a steady-state weight

fraction. The total pass time (tT) decreases when mi

increases resulting in a faster occurrence of the steady-

state operation.

The average weight fraction of iron in the solids

flowing out of the stage is assumed to be equal to that in

the feed into the stage.

The fraction open of period, during which the current

is zero, is less than 0.15 (20 ms) in all the previous cases

discussed. Therefore, the current does not go to zero

(based on sections IV.2.2.6 and IV.3.1.5). The fraction

open increases from (0.118) for solids flow rate of 29

(gm/second) to 0.15 when the flow rate of solids is 72

(gm/second) which corresponds to an average current of 146

(amps) and 143 (amps) respectively. When the solids have

small weight fraction, as is the case in this chapter, the

operation is very sensitive to small changes in the fraction

open of period during which the current is zero (average

current). The amount of magnetic material attracted to the

grates increases when the fraction open (top) decreases

which explains the increase in the weight fraction as the

flow rate increases.

The residence time is defined by the following equa-

tion:



Ms

t -
Ms

mi

= solids hold up on the stage

m.1 = solids flow rate into the bed
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(81)

The residence time increases as the flow rate of solids into

the stage decreases which results in the attraction of more

magnetic materials to the grids as the flow rate decreases.

VIII.1.3 Fresh Feed of Solids

Figures (107-a, 107-b, 107-c) show the behaviors of the

iron weight fraction as a function of time when the feed is

fresh. Large amounts of solids having an iron weight frac-

tion of 0.25 were prepared. The solids that pass through

the stages were thoroughly mixed and their weight fraction

is measured and adjusted by adding sand or iron to them.

Figure (107-a) shows similar behavior to that when the

feed is recycled. The fluctuations in the weight fraction

are much less than that shown in figure (106-a). The weight

fraction of the top stage fluctuates around a steady- state
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value of WI = 0.15 while that of the middle and bottom

stages fluctuate around Wi = 0.20.

Figure (107-b) shows the plots when the flow rate of

solids is 40 (gm/second). All of the curves fluctuate

approximately around the same weight fraction value (Wi =

0.22).

Figure (107-c) shows the corresponding plots when

solids flow rate is equal to 72 (gm/second). The curves

representing weight fractions for the three stages fluctuate

around Wi =0.23. This case is different from the case where

the solids were recycled where the weight fraction curves

fluctuate around different weight fractions values.

The weight fraction fluctuations in all the previous

cases of fresh feed have smaller amplitudes than those of

the recycled solids. The uniformity of the feed composition

helps reduce the stage's weight fraction fluctuations.

However, some fluctuations still exist even for uniform feed

because the magnetic material was observed to flake-off in

clumps from the grid which is a feature of the on/off oper-

ation. Also, the fluidization of the bed may contribute to

the weight fraction fluctuations.

VIII.1.4 Effect of Stage Position on Weight Fraction

Figure (108) shows the results of two separate exper-

iments where the position of the stage with respect to the
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air distributor under the bottom stage is changed from one

experiment to another. The position is changed by using the

top stage in one experiment and the bottom stage in another.

The weight fraction for the bottom stage experiment fluctua-

tes around Wi = 0.19 while that of the top stage's experi-

ment fluctuates around Wi = 0.15. The experiment is done

using recycled solids. The fluctuations of the weight

fraction are smaller than the cases when three stages were

used.

When the top stage is used for the study the distribu-

tion of air is better than when the bottom stage is used.

In the former case the air passes through the bottom and

middle stages which have copper screens and copper tubes

(the grates) in addition to those of the top stage. In the

latter case, the air passes only through the copper screen

and the grates of the bottom stage.

However, the solids distribution is much better when

the bottom stage is used. The solids are distributed well

by passing through the three screens located below the dis-

charge of the hopper, the copper grids and screens of the

top and the middle stages. When the top stage is used, the

solids only pass through the three screens located below

solids discharge from the hopper.

The effect of stage position on the weight fraction may

contribute to the fluctuations of the weight fraction around
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different steady states in some of the previous cases dis-

cussed.

VIII.1.5 Effect of Current on Weight Fraction

Figure (109) shows the results of two experiments con-

ducted at different working currents using the bottom stage.

The weight fractions fluctuate around Wi = 0.19 and Wi =

0.12 for working currents of 168 (amps) and 192 (amps)

respectively. As the working current increases the at-

traction force between magnetic particles and the grates

increases. As a result, the thickness of the layer of mag-

netic particles close to the grates increases as the current

increases. Hence, the average weight fraction of magnetic

particles in the fluidized region decreases as the current

increases.

VIII.1.6 Determination of the Fixed Layer Thickness and

Height

Making a mass balance around the whole stage gives the

following equation:

WT Ms = W1 M1 W2 m2 (82)



261

W1 = Average weight fraction of iron in the region close to

the grates.

= Average weight fraction of iron in the fluidized

region.

= Average weight fraction of iron in both regions after

they are mixed together.

= The mass of magnetic and non-magnetic particles in the

region close to the valve.

= The mass of magnetic and non-magnetic particles in the

fluidized region.

W2

WT

M1

M2

Ms = The total mass of magnetic and non-magnetic particles

in the two regions (=M1 + M2).

The region close to the grate is mainly magnetic

material. Also, the weight fraction of the layer attached

to the grates is very hard to measure. Therefore, the

average weight fraction is assumed to be high and equal to

1.0. This assumption may introduce appreciable error to the

results. However, the results represent the minimum condi-

tions ,which are of interest to the operation.

The following equation can be obtained after some

algebraic manipulation and after the substitution for W1.

M1 =
(WT W2) MT

(1 - W2)
(83)
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WT, W2, and Ms can be measured experimentally and sub-

stituted into equation (83) to obtain a value for M1. If

the average thickness of the region close to the grate is

needed, the following equation can be used:

M1 = Ps Al 6 (1-) (84)

where e is the voidage of the layer close to the grates

Therefore:

M1
6 = (85)

Ps Al (1 E)

where 6 = average thickness of the region close to the

grates

Al can be taken to be approximately equal to the cross-

sectional area (see chapter IV.2.2.2).

The existence of the two regions was observed during

the experiment. A dark region is observed to exist near the

grates while a fluidizing light region was observed to exist

a distance away from the grates. The color difference is

due to the color of iron (dark) and the color of sand

(light). The average height of the region close to the

grate (dark region) was measured. The combined weight of

the two regions was obtained via a balance. The total

solids were then mixed and the weight fraction WT was de-
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termined. The weight of the region close to the grates

could be obtained via two ways:

Using equation (83) and equation (85).

Using equation (85) along with the measured average

height.

The voidage (e) at different weight fractions is dis-

cussed in appendix (C). The results shown in tables (8) to

(9) represent the end of run conditions for the recycled and

fresh feed respectively.

Both of the tables show that the mass of the solids in

the region close to the grates (column 5) calculated using

equation (83) is very close to that (column 7) calculated

using the observed height (Hobs) and equation (84). Also,

the calculated height (column 8) is very close to the

observed height (column 6). This good agreement between the

two methods for calculating the mass and height of the layer

close to the grates gives some confidence in the theory

developed here. Also, this good agreement indicates that

the assumption of taking the weight fraction of the magnetic

solids near the valve to be one is good.

There is no relation between the flow rate of solids

out of the stage or the position of the stage (top, middle

or the bottom) and the amount of solids present in the

layers close to the grates. This indicates the randomness

of the fluctuations of the thickness of the layer.
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Table (8) The Weight and Width of the Layer Close to the
Grates at Different Flow Rates of Solids. The
Recycled Solids are Used for Feed.

m.1 Stage MT WT W2 M1 Hobs 141 Hcl

(g/S) Position (kg) (kg) (cm) (kg) (cm)

Eq(83) Eq(84) Eq(85)

29 Top 4.25 0.23 0.14 0.44 1.12 0.46 1.10

Middle 4.89 0.26 0.21 0.31 0.82 0.34 0.80

Bottom 4.98 0.29 0.22 0.45 1.12 0.46 1.10

29 Top 4.71 0.21 0.14 0.38 0.92 0.38 0.92

Middle 4.53 0.27 0.16 0.59 1.52 0.62 1.40

Bottom 4.82 0.31 0.20 0.66 1.82 0.75 1.60

29 Top 5.40 0.24 0.14 0.63 1.82 0.75 1.50

Middle 5.15 0.25 0.20 0.32 1.02 0.34 0.80

Bottom 5.42 0.31 0.20 0.74 1.92 0.79 1.80

40 Top 4.68 0.26 0.19 0.41 1.02 0.42 1.00

Middle 5.30 0.30 0.20 0.69 1.82 0.75 1.70

Bottom 5.43 0.27 0.20 0.48 1.22 0.50 1.20

72 Top 4.40 0.29 0.23 0.34 0.82 0.34 0.80

Middle 4.73 0.28 0.21 0.42 1.12 0.46 1.00
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Table (9) The Weight and Width of the Layer Close to the
Grates at Different Flow Rates of Solids. The
Recycled Solids are Used for Feed.

Flow Stage MT WT W2 M1 Hobs M1 Hcl

Rate Position (KG) (KG) (CM) (KG) (CM)

(g/s) Eq(83) Eq(84) Eq(85)

29 Top 5.48 0.23 0.14 0.57 1.42 0.59 1.40

Middle 5.83 0.28 0.21 0.52 1.32 0.55 1.30

Bottom 5.46 0.28 0.20 0.55 1.32 0.55 1.30

40 Top 5.79 0.27 0.21 0.44 1.02 0.43 1.10

Middle 5.35 0.30 0.22 0.55 1.32 0.55 1.30

Bottom 5.41 0.32 0.21 0.75 1.92 0.80 1.80

72 Top 5.74 0.23 0.16 0.48 1.12 0.47 1.20

Middle 5.22 0.26 0.18 0.51 1.22 0.40 1.20

Bottom 5.19 0.31 0.17 0.88 2.32 0.97 2.10

29 Bottom 4.92 0.23 0.17 0.46 1.12 0.47 1.10

1=168 A

Bottom 5.42 0.23 0.11 0.73 1.82 0.75 1.80

1=192 A

29 Only TOP 4.98 0.23 0.14 0.52 1.32 0.55 1.30

Only ..)5.33 0.24 0.17 0.45 1.12 0.47 1.10

Bottom
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VIII.2 Control Difficulties

When the weight fraction of magnetic particles in the

solids (used for the operation of the staged value) is lower

than 0.30, additional problems in controlling the flow of

solids through the stage valves arise. The process gain

increases rapidly when the weight fraction of magnetic

solids decreases. It becomes more sensitive to the changes

in the fraction open of period during which the current is

zero. As a result, the flow of solids through the valve

which corresponds to a certain controller action (top or

current) is very large. There are two kinds of operations

that exist when then magnetic staged valve is used.

1) Steady-state operation

2) Operation in which the solids holdups or the

flow rate of solids into the top stage are

changed.

VIII.2.1 Steady-State Operation

Figures (110) and (111) show the plots of the pressure

and the controller outputs versus time for the on/off and

"leaking" valve operations respectively.

It was mentioned before that for a small fraction open

(FR .12) the average current in an on/off operation is

high and the open time (top) is much smaller than the re-
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sponse time for the power supply. Therefore, some solids

(mostly magnetic particles) will be always attracted to the

copper grates and not released. However, the outside radius

of this layer changes depending on whether the current is on

or off. Considering two copper grates next to each other,

there will be an opening between the two tubes (most likely

located in the center between them) the width of which

depends on the outside radius of the layers of the solids

attracted to the copper grates. The solids flowing through

this opening probably have the same average composition as

the solids in the stage. However, the average overall com-

position of the solids coming out of the stage is higher

than that flowing through the opening because of the release

of some of the highly magnetic solids attracted to the

grates when the controller action (top) is implemented. The

above discussion leads us to two possible factors which con-

trol the flow of solids through the valve:

A) The width of the opening between two neighbor-

ing grates which is a strong function of the

magnetic forces (average current).

B) The direct magnetic forces affecting the solids

flowing through the opening which have lower

magnetic composition than the layer attracted

to the individual grates.
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The effect of the factor presented in (a) is probably

more pronounced than the one in (b).

A similar discussion as that above can be used to

describe the "leaking" valve operation. In fact, the

discussion is much more clearer for "leaking" valve opera-

tion than on/off operation. The change of the thickness of

the layer attracted to the grates is more gradual than the

on/off operation where a clump of highly concentrated

magnetic particles is released when the current is set to be

off which leads to non-uniform thickness of the layer.

In both operations, there is a critical width of the

opening corresponding to a certain feed composition and flow

rate. If the pressure drop across the stage is more than

the setpoint, the average current will be decreased which

leads to a wider opening. However, due to the hysteresis

nature of the valve, which is more clear for "leaking" valve

operation, reducing the width of the opening is not as fast

as enlarging it. This will cause the flow of solids to

remain large, even after the setpoint requirement is satis-

fied, which leads to the decrease of the pressure drop to a

value below the desired value. As a result, the width of

the opening has to be reduced to a value smaller than the

critical width for the pressure drop to be the same as the

desired value. The cycle is repeated many times during the
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operation leading to an oscillatory response of the pressure

drop across the stage.

VIII.2.2 Dynamic Operation

When a big disturbance or setpoint change is

introduced, the layer attracted to the grate is either re-

duced below the critical width greatly or completely re-

leased depending on the size of the change. Therefore, the

problem is much worse than that in the last section and it

may lead to a complete depletion of the solids from the

stage or to a serious undershoot. Also, the performance

will continue to be bad for some time after the change is

introduced. The time needed for the opening to reach the

critical thickness is longer than the last case and the

oscillatory performance is much worse.

The above discussion leads to the necessary use of some

kind of control scheme that would make the time needed for

reducing the opening width as shorte as possiple. The simp-

lest way is to use an override control where the current is

raised to either the higher average current (in the on/ off

operation) or to the holding current ("leaking" valve opera-

tion) when the solids holdup (pressure drop across each

stage) drops below a certain limit. The flow of solids

through the valve in both of the cases is then very small

(;t: 0) .
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VIII.3 On/Off Operation

The parameters in the model of flow rate of solids

through the valve are determined by fitting the experimental

data using linear regression which gives the following

equation:

Mo = -0.040 - 0.30 * FR + 13.80 * FR2 (86)

R2 = .982

0.0658 < FR < 0.31

The inequalities correspond to no flow and maximum flow

respectively.

Figure (112) shows the plots of both the experimental

and theoretical flow rate of solids through the stage valve.

The figure shows a good fit of the model to the experimental

data. The following equation can be obtained in a similar

was as those in chapter VI.

(Vp K2) ( Ps Af)

r B

Al
= 0.0386 (87)

= 52.89 (88)

( Ps Af) [ (Acs (S) (1-0 Ps -A1 Ug = 13.46 (89)

Al
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VIII.3.1 Design of the Controller Parameters via Simulation

VIII.3.1.1 Controller Gain

Figure (113) shows the plots of ISQERR and ISQMAN

versus the controller gain for the three stages. ISQERR and

ISQMAN do not change significantly for values of Kc less

than 60 ms/psi. ISQERR and ISQMAN for the bottom stage

fluctuate for Kc values less than -200 ms/psi which indi-

cates an upper limit of Kc that can be used.

A value of -60 ms/psi is chosen for Kc and is based on

the criteria discussed in VI.1.4.

VIII.3.1.2 Filter Time Constant

The plots shown in figure (114) exhibit a minimum at a

filter time constant of 1.8 seconds. The minimum is more

clearly seen for the plots of the middle and the bottom

stages than that for the top stage. The same reasons as

those mentioned in section VI.2.1.1.2 can be used to explain

the occurrence of the minimums as well as the differences

between their shapes in going from the top to the bottom

stages.

A filter time constant of 1.8 seconds is chosen to be

used in these simulations and experiments.
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VIII.3.1.3 Input Constraints

Figure (115) shows the plots of ISQERR and ISQMAN

versus the lower limit of topmax. ISQERR and ISQMAN are

constant for values of t op between 1 ms and 14 ms. The

lower limit of top is chosen so that the solids flow rate

out of stage, ISQERR and ISQMAN are as low as possible. A

value of 8.4 ms is chosen as the lower limit. The choice is

based on the fact that the solids flow rate out of the stage

is equal to zero for topmax equal to 8.4 ms. The choice

took into consideration the override control which was used

for this kind of process operation with low magnetic solids.

Figure (116) shows the corresponding plots for the

upper limit. ISQERR for the top stage decreases as topmax

increases until topmax is equal to 26 ms, after which ISQERR

and ISQMAN reach constant values. ISQERR and ISQMAN for the

other two stages increase as t increases until topmax topmax

is equal to 26 ms after which they become constant.

However, ISQERR and ISQMAN for the top stage are much larger

than the other stages. The choice of the upper limit was

based on the performance of the top stage. A value of the

upper limit of topmax of 26 ms was chosen.
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VIII.3.2 Simulated Closed-Loop Performance

VIII.3.2.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (117) shows the pressure drop and the controller

output's (fraction open) responses for the three stages to a

-0.2 psi setpoint change in the pressure drop of the top

stage. The response of the pressure drop across the top

stage shows an offset which is less than 0.01 psi. The

responses of the pressure drops across the middle and bottom

stages are more oscillatory than that for the top stage.

The disturbances in the pressure drop - caused by the

setpoint change of the top stage - across the middle and

bottom stages have maximum values of 0.61 psi. The respons-

es to the disturbances are more sluggish for the bottom

stage than that for the middle stage. The frequency of

hitting the lower constraint of the fraction open (top)

increases in going from the top to the bottom stages. This

is because the feed to the top stage is assumed to be

constant while those for the middle and bottom stages are

fluctuating. Also, the flow through the valve is very

sensitive to the fraction open (top) as discussed previous-

ly. Those two reasons may be used to explain the more

oscillatory behavior and the larger frequency of hitting the

controller in going from the top to the bottom stages.
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Figure (118) shows the responses when decoupling is

implemented. The disturbances in the pressure drop re-

sponses of the middle and the bottom stages are greatly

decreased. The maximum values of the pressure drop across

the middle and bottom stages, when the disturbances are

introduced, are 0.54 psi and 0.53 psi respectively. The

pressure fluctuations are greatly reduced and the perform-

ance is generally much better than in the last case.

Figure (49) shows the results when the step change in

the setpoint is introduced to the second stage. The

pressure drop response across the top stage is not affected

by the stages below. The pressure drop responses show some

sudden dips which are due to the great sensitivity of the

flow rate of solids to the slight increase in the fraction

open.

The controller outputs (fraction open) in figures (118)

and (119) hit the lower constraint randomly many times. The

frequency of hitting the constraint is about equal in all

the stages.

VIII.3.2.2 Positive Step Change in the Flow Rate of Solids

Figure (120) shows the response of the pressure drop

across each stage to a positive step in the flow rate of

solids of 30 gm/second. The pressure across the top stage

jumps to a maximum value of 0.34 psi while those for the
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middle and bottom stages jump to values of 0.37 psi and 0.36

psi respectively. The pressure drop across the middle stage

is first decreased then increased because of the solids flow

rate fluctuations out of the top stage. The amplitude of

the slow pressure fluctuations increases in going from the

top to the bottom stages which is due to the flow rate

fluctuations out of each stage. The pressure drop across

each stage returns to the desired value with a response that

is more sluggish in going from the top to the bottom stages.

Also, the frequency of hitting the lower constraint in-

creases in going from the top to the bottom stages because

of the same reasons as those listed above.

VIII.3.3 Closed-Loop Experiments

VIII.3.3.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (121) shows the experimental results of the non-

decoupling case. The response of the pressure drop across

the top stage is very good. The responses of the middle and

bottom stages show very slow oscillation in addition to the

disturbances which are due to the setpoint change in the

pressure drop. However, the average pressure drop across

each stage is equal to the desired value. The disturbances

in the pressure drop across the middle and bottoms stage
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have maximum values of 0.70 psi and 0.6 psi respectively.

The disturbance in the middle stage is more narrow than that

for the bottom stage. This could be a result of the fast

response of the top stage which means the release of a large

amount of solids in a very short time which causes the

pressure to jump to a high value (dirac function). The

plots show the occurrence of faster oscillations which are

random and have very small amplitudes. The controller out-

puts of all three stages hit the constraint at approximately

the same frequency.

Figure (122) shows the results when decoupling is

implemented. The disturbances in the middle and bottom

stages are reduced to 0.6 psi and 0.57 psi respectively.

The pressure drops across the middle and the bottom stages

undershot the desired value after the disturbance as a

result of the large controller action which is equal to that

of the top stage. The large controller action leads to the

behavior described previously in sections VIII.2.1 and

VIII.2.2. The pressure drops across the top and bottom

stages (after and before the disturbances) show an offset

which is less than .01 psi. The pressure drop across the

middle stage shows slower fluctuations with an average

pressure drop close to the desired value. The controller

outputs hit the constraint in the top and bottom stages more

frequently than the middle stage which may be reason for
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the offset in the pressure drop as well as the smaller

fluctuations associated with the top and bottom stages.

Figure (123) shows the results of a similar type of

experiment when the change is introduced to the middle

stage. The response of the pressure drop across each stage

is very good. The fluctuations are very small and the

offset does not exist. The controller outputs show similar

behavior as those in the last case.

VIII.3.3.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (124) shows the results when a positive change

in the solids flow rate of 30 gm/second is made. The

response to the change is good in all three stages. The

amplitude and frequency of the fluctuations in the pressure

drop across the top stage is greatly reduced when the step

is introduced. The pressure response of the middle and

bottom stages have similar fluctuations before and after the

step is introduced. The fluctuations in the middle stage

are slower and have an amplitude which is larger than those

for the other stages. The average pressure drop shows a

slight increase above the desired value for each stage but

then returns to the desired value in a short time. The

controller of the top stage hit the constraint much more

frequently than the other stages, which might be the reason
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for the small fluctuations as well as the very good

response.

VIII.3.4 Comparison Between the Simulated and Experimen-

tal Performances

The experimental responses of the pressure drops (20

seconds) across the stage, to which the negative step in the

setpoint is introduced, is faster than that for the simulat-

ion (23 seconds). This might be the reason for the occur-

rence of the larger disturbances in the middle and bottom

stages that appear in the experimental results. The same

reason is responsible for the difference in decoupling

efficiency between the experimental and simulated perform-

ance. The fluctuations of the pressure drop in the simula-

tion performances are similar to those of the experiments.

The disturbances in the pressure drop across each stage, due

to a positive change in the feed rate, are larger in the

simulation than in the experiment. However, no offset is

observed in the simulation or the experimental performances.

This is due to the similar reasons discussed previously in

sections VIII.2.1 and VIII.2.2.

In general the experimental and simulated responses are

in good agreement which indicates that the model is rela-

tively good in describing the process.
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VIII.4 "Leaking" Valve Operation

The following equation is the result of linear fitting

of the experimental data by the solids flow rate model:

mo = 4.416 - 0.0688 * I + 0.000268 * 12 (90)

R2 = 0.988

Figure (125) shows the plot of the flow rate of the

solids out of the stage valve for both the experimental data

and the fitted model versus the current. The figure shows a

very good agreement between the experimental data and the

model predictions.

The following equation, relating the physical proper-

ties of solids and geometrical parameters, and the equip-

ment to the model constants, can be obtained by following

the same procedures described in section VI.2.1 and VI.2.2.

(Vp K2) (Ps Af)

r B

40

Al
= 0.0212 (91)

= 40.86 (92)

(Ps Af) C (Acs 6) (1-E) Ps -A1 ug] = 4.416

Al

(93)
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VIII.4.1 Design of Controller Parameters via Simulations

VIII.4.1.1 Controller Gain

Figure (126) shows the results of the simulation. The

general curve behavior is similar to those discussed before

in section VI.2.2.1.1. However, the curves for the pressure

are more sluggish in going from the top to the bottom

stages. ISQMANS increase as Kc increases. The curve for

the top stage shows an inflection point for Kc = 120 amps/

psi. ISQERR in each stage does not show appreciable de-

crease for Kc grater than 114 amps/psi. Therefore, a value

of 114 amps/psi was chosen for Kc based on section VI.1.4.

The choice depends mainly on the results of the top stage.

VIII.4.1.2 Filter Time Constant

Figure (127) shows the plots of the simulation results.

The curves for the top stage show the occurrence of the

minimums at a filter time constant of 2 seconds while those

for the middle and bottom stages show minimums at a filter

time constant of 1.8 seconds. Therefore, a value of 1.8

seconds was chosen for the filter time constants.
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VIII.4.1.3 Input Constraints

Figure (128) shows the plots for ISQERR and ISQMAN

versus the lower limit (constraint) for the three stages.

They reach constant values for a lower limit of 88 amps.

However, the trends of ISQERR and ISQMAN for the top stage

and the middle and the bottom stages are completely

different. In the former, the ISQERR and ISQMAN decrease

when the lower limit decrease while in the latter, they

increase as the lower limit decrease. However, ISQERR and

ISQMAN of the top stage are more sensitive to the low limit

changes than those for the other stages. Therefore, the

lower limit was chosen to be equal to 88 amps. The release

current (76 amps) was not chosen as the lower limit because

the valve hysteresis behavior for the low weight fraction of

the magnetic particles in the solids becomes worse when the

lower limit decreases. The performance will deteriorate if

the release current is used

Figure (129) shows the corresponding plots for the

upper limit. ISQERR and ISQMAN reach constant values at an

upper limit of 110 amps for all the stages. However, due to

the strong hysteresis behavior of the valve, a value cor-

responding to the holding current (132 amps) was chosen as

the upper limit. This value corresponds to zero flow of

solids through the valve.
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VIII.4.2 Simulated Closed-loop Performance

VIII.4.2.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (130) shows the simulated performances for the

three stages. The top stage response to a negative change

in the setpoint is good and relatively fast (z 28 seconds).

An offset which has a value of less than .01 psi occurs in

the pressure response of the top stage. The responses for

the middle and bottom stages show the occurrence of the

disturbances, resulting from the setpoint change in the top

stage, which have values of 0.58 psi and 0.56 psi respec-

tively. As before, the disturbances are delayed from the

middle to the bottom stages. The responses of the pressure

drops show larger fluctuations after the occurrence of the

disturbance. This supports the idea mentioned previously

(section VIII.2) which predicts the existence of control

difficulties when a disturbance is introduced to any stage.

Also, the fluctuations of the flow rate of solids into the

middle and bottom stages contribute to the occurrence of the

pressure drops' fluctuations. The controller hit the

constraints many times which gives an indication of the

strong hysteresis behavior of the valve.

Figure (131) shows the results of a similar simulation

run when the decoupling is implemented. The perform-
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ances of all stages are improved and the disturbances are

reduced in height to 0.57 psi and .55 psi for the middle and

bottom stages respectively. The duration of the disturban-

ces is greatly reduced because of the decoupling action.

The fluctuations in the middle and bottom stage are random

and have small amplitude (z.01 psi). The average pressure

is very close to the desired value (0.5 psi). The response

of the top stage is identical to that of the non-decoupling

case.

Figure (132) show the results for the case when the

step is introduced to the middle stage with decoupling. The

top stage performance is good and does not seem to be af-

fected by the changes in pressure across the stages below.

The occurrence of the slow fluctuations is due to the hys-

teresis nature of the valve. The response of the middle

stage is similar to that of the last case. However, the

pressure fluctuates slowly after the step is introduced,

which is due to flow rate fluctuations (section VIII.2.1),

to the stage. The disturbance across the bottom stage has a

maximum value of .55 psi. Similar to the last cases, the

pressure shows larger fluctuations after the disturbances

which are due to the same reasons mentioned previously. The

output of the controller behaves similarly to those mention-

ed in the last cases.
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VIII.4.2.2 Positive Step Change in the Feed Flow Rate of

Solids

Figure (133) shows the pressure response to a positive

step in the feed of 30 gm/second. The pressure drop across

the each stage increases to a value of 0.34 psi. The re-

sponses are delayed and are more sluggish in going from the

top to the bottom stages. The offset in the pressure drop

across each stage has an average value of -0.02 psi. The

controller outputs did not hit the constraint after the step

was introduced. This is because the pressure is greater

than 0.32 psi during the rest of the simulation.

VIII.4.3 Closed-Loop Experiments

VIII.4.3.1 Negative Setpoint Change in the Pressure Drop

Across a Stage

Figure (134) shows the controller output (manipulated

variable) and the pressure performances when a setpoint

change of -0.2 psi is introduced to the top stage without

the implementation of decoupling. The pressure drop re-

sponse of the top stage is fast (23 seconds). An average

offset of 0.01 psi exists in the pressure drop response of

the top stage. The fluctuations are small and have
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average amplitude of 0.01 psi. The pressure drop disturb-

ance in the middle and bottom stages have maximum values of

0.62 psi and 0.63 psi respectively. The durations of the

disturbances are small and equal in both stages (z 25

seconds). The pressure drop fluctuations are larger and

slower than those of the top stage. However, the average

pressure drop is equal to the desired value (0.50 psi). The

pressure drops across the middle and bottom stages under-

shoot at the end of the disturbance due to the reasons

mentioned in section VIII.2.2.

The frequency of hitting the constraint decreases from

the top to the bottom stages. This might explain the dif-

ference between the fluctuations in the pressure drop across

the different stages.

Figure (135) shows the result of a similar experiment

when decoupling is implemented. The pressure drop of the

top stage shows slow oscillations with an average pressure

drops offset of less than -0.01 psi. The disturbances in

the middle and bottom stages are reduced to a value of 0.55

psi. The fluctuations are faster and smaller than that for

the top stage and the average pressure is equal to the de-

sired value (0.5 psi).

The controller of the top stage hit the upper con-

straint limit less frequently than those of the other

stages. Again, this may explain the difference in the

performances of the different stages.
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Figure (136) shows the plots of the experimental

performance of the pressure when the setpoint change is made

in the middle stage with decoupling. The disturbance in the

pressure drop is reduced to 0.54 psi due to the decoupling.

The pressure drops across the stages show the occurrence of

fast fluctuations, which may be due to the very fast

fluctuations of the pressure drop discussed in chapter V.

and slow fluctuations which are due to the hysteresis nature

of the stage valve and the fluctuations of the flow of

solids out of each stage. However, the average pressure

drop across each stage is equal to the desired pressure (0.5

psi or 0.3 psi). The frequency at which each controller

hits the constraint increases in going from the top to the

bottom stages for reasons mentioned previously.

VIII.4.3.2 Positive Change in the Feed Flow Rate of Solids

The experimental performances of all three stages are

shown in figure (137). The pressure drops across the top

and middle stages increase to a value of 0.37 psi while that

of the bottom stages increases 0.33 psi respectively. The

response of the pressure drop across the top stage is fast

and it actually undershoots after the disturbance is intro-

duced because of the reasons mentioned in section VII.2.2
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which happens as a result of the difference between the

measured pressure and the setpoint. The effect of the

step change in the feed flow rate is delayed from the top to

the bottom stages. The response of the pressure drop be-

comes more sluggish from the top to the bottom stage. How-

ever, the average pressure returns to the desired value of

.3 psi. Also, the controller outputs hit the constraints

more frequently in going from the top to the bottom stages.

VIII.4.4 Comparison Between the Simulated and Experimental

Performances

The simulation results show good agreement with the

experimental results for the non-decoupled cases. It pre-

dicted the occurrence of the disturbances in the pressure

drops across the middle and bottom stages. However, the

heights of the disturbances are larger in the experimental

results while the durations are much smaller than those of

the simulation. The simulation predicted fluctuations

behavior in the performances of the middle and bottom stages

which were also seen in the experiments. The offset in the

pressure drop response across the top stage occurred in both

the simulation and the experiment. The decoupling cases

show very good agreements between the simulation and the

experimental results.
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The responses to the positive step in the feed show

less agreement between the simulation and experimental

pressure performances. The responses of the simulations are

very sluggish while they are fast in the experiments,

especially those of the top and middle stages. The average

pressure drops in the simulation results show an offset of-

.02 psi, while those in the experiments return to the

desired value in relatively short time.

In general, the agreements in all the cases are good

and the model can describe the dynamical behavior of the

process adequately.

VIII.5 Comparison Between On/Off and "Leaking" Valve

Operations

The response of the pressure drop to the load and

setpoint changes seem to be better if on/off operation is

used. The hysteresis behavior of the valve is more strong

when the "leaking" valve operation is used because of the

smaller average current used in operation (105 amps) com-

pared to that of the on/off operation (146 amps). The

efficiency of decoupling is about the same in both opera-

tions. However, the performance of the on/off operation

show less slow fluctuation than the "leaking" valve opera-

tion which is due to hysteresis nature of the "leaking"

valve operation.
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The simulation agrees more with the experimental re-

sults in the "leaking" valve operation than in the on/off

operation except for the case when a step in the feed is

made. Figure (138) shows the plots of the flow rate of

solids for both the on/off operation (after converting the

fraction open data to the current data) and, the "leaking"

valve operation. The experimental data (points) as well as

the fitted models (solid lines) are shown in this figure.

The figure shows that, to regulate at a certain flow rate,

the "leaking" valve operation is more efficient than the

on/off operation. However, the figure shows that the on/off

operation can be used to regulate solids flow rate as large

1.89 lbs/second (855 gm/second), while the "leaking" valve

operation can only be used to regulate solids flow rate less

than 0.5 lbs/seconds (227 gm/second). The operation of the

"leaking" valve shows very strong hysteresis for larger flow

rates which leads to an unstable operation. The on/off

operation uses larger average current than the "leaking"

valve operation to regulate the same flow rate of solids

through the valve. However, the range of the on/off

operation is larger and the regulation of the flow rate of

solids is better than the "leaking" valve operation. This

is because of the large average current used in the on/off

operation which results in a more stable operation.
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IX. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

IX.1 Conclusions

Process Gross Behavior:

This system behaves as an integrator type process.

The fluctuations of the pressure drop across a stage

as well as solids flow rates in and out of each

stage cause open-loop instability, multiple steady-

states and unpredictable behaviors. The use of some

kind of controller to stabilize the process is

necessary.

A continuous flow rate of solids through each stage

can be achieved with the interface and equipment used

in this work.

Pressure Fluctuations:

The measured pressure fluctuations have fast dynamics

and result from the eruption of the bubbles at the

surface of the bed. The fluctuations are found to be

close to sinusoidal oscillations with the fundamental

frequency and the amplitude as the two parameters

needed to characterize them. The frequency was

found to be a function mainly of the bed height. The

other parameters have little effect on the frequency.



320

The amplitude was also found to depend on bed height.

However, other variables which have an effect on the

amplitude are gas velocity and particle density.

A lower limit on the average solids inventory on a

stage, which can be inferred from pressure drop

measurements, can be determined on the basis of

pressure fluctuation studies.

Modeling of the Flow Rate of Solids:

The effect of the average pressure drop (solids

inventory) across the stage on the flow of solids out

of the stage was found to be more pronounced for

average pressure drops less than 0.2 psi. The

average pressure drop across the stage has no effect

on the flow out of the stage when the average

pressure drop exceeds 0.2 psi.

A linear relationship between the average pressure

drop across the bed and the settled height was found

to exist in accordance with the theory presented in

the literature.

During the operation of a stage, the existence of a

non-fluidizing region close to the grates and a

fluidizing region away from the grates was observed.

The existence of the two regions was more clear when

using a mixture of 25% iron (dark color) and 75% sand

(light color). A model based on the overall mass
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balance around the whole stage, the force balance on

the region close to the grates and the pressure

fluctuations was found to predict the behavior of the

process. Time averaged values of variables were used

since the instantaneous values cannot be obtained.

Alternative Manipulated Variables:

The choice of the level of working current in an

on/off operation is not critical as long as it is

greater than the holding current. The average

current needed for a specific operation is the same

for all choices of the working current.

The existence of three regimes for on/off operation

(glob, continuous and pulse) of the flow of solids

through the stage valve and the collar valve used to

control solids flow rate from the hopper was ob-

served. The regimes' boundaries were defined for

100% solids.

The "leaking" valve operation was found to be more

energy efficient and sometimes gives better pressure

drop performance than the on/off operation.

Control:

Proportional control augmented with logic control was

found to be sufficient to maintain the desired
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pressure levels and to overcome the large positive

errors resulting from the setpoint changes.

The interactions between the stages were found to be

one-way interactions from the top to the bottom.

Decoupling was found to be efficient in eliminating

the interactions between the stages.

Although the theory and simulation have predicted an

offset in the pressure drop across the stage as a

result of a step in the load, the experimental

results (especially those for "leaking" valve opera-

tion) show no offset in the pressure drop. The step

in the load results in disturbances in the pressure

drop that are attenuated and show sluggish behavior

in going from top to bottom stages. In some other

cases, such as "leaking" valve operation and on/off

operation for 25% iron in the solids, the step in the

load shows no effect on the pressure drop.

The agreement between the simulation and experimental

results is generally good. The proposed model is

adequate for controller design. The designed

controller parameters were found to perform

adequately when implemented experimentally. The

design of those parameters was based on the trade-

off between performance and size of controller

actions. Multiple equivalent minimums were found to

exist when the optimization was performed and the
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choice of the parameters was based on examining the

data and the plots of the results.

Effect of the Level of the Working Current:

The level of working current was found to have some

effect on the segregation of solids between the two

regions when solids consisting of 25% iron and 75%

sand were used in the operation. The thickness of

the region close to the grates increases as the

current increases. The position of the stage also

has some effect on the segregation process. The

thickness of the layer close to the grates increases

from the top to the bottom stages.

The minimum fluidization velocity increases as the

current increases. Also, the random noise resulted

from the fluctuations in the flow rate of the

fluidizing gas decreases as the current increases

because of the increase in the thickness of the layer

close to the grates which serves as a distributor.

The size distribution of solids reaches a steady

state after some operational time when the elutria-

tion and grinding rates of solids become equal. The

difference between the initial size distribution and

the steady-state size distribution was found to

increase as weight fraction of iron in solids

increases.
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IX.2 Recommendations for Future Work

Similar studies using composite particles, where the

magnetic material is embedded inside non-magnetic

materials, especially for low magnetic content, are

recommended.

Similar studies at different operational conditions

such as gas velocity, particle density, particle

size, valve and bed geometries and different magnetic

properties are recommended.

The speed of the computer was the limiting factor in

sampling the pressure drop signal. It is seen that

the pressure drop performance improves as the

sampling frequency increases. Repeating the previous

studies with a faster computer is recommended.

The pressure fluctuations in this work were modeled

as a sinusoidal signal. Actually, the signal is

sinusoidal augmented with some noise. Therefore,

some improvement in the modeling of the pressure

fluctuations is recommended for future work. The

improvements may result in a better agreement between

the simulation and the experimental results.

The modeling in this work was based on small par-

ticles and on some assumptions which may not hold for

other magnetic materials or different geometry. The
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improvement of the model to take into account such

variables is recommended for future work.

The interactions between the stages resulting from

the small to moderate load changes were not found to

be a problem. However, large changes in the load may

be a problem. To eliminate the effect of the load

changes the model developed in this work can be used

to predict the steady-state value of the controller

output corresponding to the new flow rate. This

feedforward scheme is proposed to take care of the

load changes.

Finally, an applications such as drying, elementary

gas-solid reactions or filtering of particulate

solids using equipment similar to that developed in

this work should be studied to demonstrate the

usefulness of staged fluidized beds.
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APPENDIX A: DETAILS ABOUT THE INTERFACE

A-1 The Three Channel 8-bit Programmable Timer

A-1.1 Introduction

The three channel timer was built by R. T. Chan of

Virginia Polytechnic Institute, Blacksburg, Virginia.

The block and timing diagrams of the three channels

programable timer are shown in figures A-1 and A-2. The

numbers shown in the small boxes in figures A-1 are the

integrated circuits manufacturing numbers used for labeling.

The standard electronics manuals have more information about

them.

This timer was used in this work as an interface

between the computer and the circuit card which controls the

output of the power supply. More information about the

timer and its operation can be found in section 11.2.1.

A-1.2 Description of the Three Channel Programmable Timer

On the front of the THREE CHANNEL 8-bit PROGRAMMABLE

TIMER are located a thumb operated push button switch, three

manual mode select switches, and three status LED in-

dicators. To use the TIMER, a suitable time base is selected

by adjusting the push button switch to give the proper time



r-

Power on Reset

+5V 'CRYSTAL

IAA.; 4518

240
CLO

r I IIPPRI Irdi11 dilip 1

1

'a
1111111 Ing

ho, I
MA*

ormi Priti 7240 00. mu
IBM

L

LE

1I
LEA

LEA

EE

DB25P I PUT
DATA INPUT. ADDRESS INPUT.

I S

OUTPUTS
1.1.

TIME BASE ADJUST

TIME=25.6 N mSec

CHANNEL 1 CONTROL

CHANNEL 2 CONTROL

CHANNEL 3 CONTROL

Figure (A-1) Three Channel 8-bit Computer Interfaced
Programmable Timer Block Diagram.



2

N STEPS
CRYSTAL DERIVED CLOCR
FREQUENCY 10 EN.

256

LILL _LULL

iL

STEPS

/11
M STEPS

.

PERIOD 25.6N ..S..

TRIGGEFfING

-I I

OUTPUT 0.1M ..S.91

TIME BASE
TIME 0.10 N mS.c

N PUN SUTTON SNITCH SETTING

OUTPUT COUNTER TRIGGERING PULSES
TIME 25.6 N oSc

OUTPUT INTERVAL <OUTPUT NCTIVE Lou)
TIME 0.1 M mSc

N COMPUTER SET 0 II. NUMBER

TIMING DIAGRAM OF THE PROGRAMMABLE TIMER

Figure (A-2) Timing Diagram of the Programmable Timer.



338

interval. For example, to obtain a pulse period of about

one second, actually, .998 second, the push button switch is

set to 39, (i.e. N = 39), and the time of 0.998 second is

obtained from 25.6xN mSecond. This gives an interval of one

second between pulses which are used to trigger the computer

controlled 8-bit counters. These counters count to the 8-

bit numbers set by the computer after they are triggered by

the time base interval counter and reset. The outputs,

active low state, are then functions of the binary values of

the 8-bit computer input to the counters and is given by

TIME OUTPUT = 0.1 M mSecond, where M is the 8-bit binary

number for the counter channel.

The three mode select switches allow the outputs to be

controlled manually to either an ON, OFF, or AUTOMATIC

(internal timer) state, which are indicated by the LED

status monitors.

On the rear panel are located the DB25P input connect-

or, the three BNC output connectors, and the power AC cord.

The input DB25P connector is configured with an 8-bit

parallel data input lines, two channel select lines, and a

data latch configuration as shown in table A-1.
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Table A-1 Connections to the Inputs of the Timer

1 data bit 0

2 data bit 1

3 data bit 2

4 data bit 3

5 data bit 4

6 data bit 5

7 data bit 6

8 data bit 7

9 ground

10 ground

15 channel select B

16 channel select A

17 data latch enable

A-1.3 The Timer Operation

The timing output of the counters is a function of the

8-bit computer word latched into the appropriate channel.

For example, if the 8-bit word latched into channel 1 is

logic 00000000, the output is disabled, giving a continuous

logic 1 for the channel, and if it is subsequently changed

to 00000001, the output will be of a length of [(1 * 25.6)/

(256)] * N mSecond. If then the input word of channel 2 is
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10000000, the output will be [(128 * 25.6)/(256)] * N

mSeconds, or 12.8 N mSeconds. The inputs are all tied to

logic 1 through a 1.0 kohm (Logic 0) at power on so that the

outputs are all at logic high initially.

The channel select lines are configured as below:

CHANNEL CHANNEL SELECT CHANNEL SELECT

A

0, not used 0 0
1 1 0
2 0 1
3 1 1

To access one of the three channels to adjust the

output timing of the channel, the appropriate channel select

address lines, A and B, must be brought to the correct logic

level. The data latch enable must be brought from a logic

low to a logic high only after the data lines and channel

select lines are set up and for a period of not shorter than

one microsecond, otherwise the data entered into the

counters may not be valid.

The outputs TTL logic level, active low for the duration

of top can drive a standard TTL load.

A-2 The One Channel Programmable 8-bit Programmable Timer

The electronics of this timer are similar to that

described in the last section. The diagrams and descrip-
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tions in the last section can be used here. However, this

timer has a built-in power supply that has a maximum output

of 11.8 volts and 1.6 amps. The timer is used to control

the time (off-time) during which the output current of the

power supply should be zero. The input to the timer is

similar to that described in the last section and to that in

chapter 11.2.1..

This timer is used for regulating the feed flow rate of

solids from the hopper by controlling the current off-time

which flows through the copper coil surrounding the outlet

tube connected to the hopper.

The various pin connections to the input of the timer

are similar to those in table A-1 with data latch enable as

pin 10 and pin 15 through 17 are eliminated.

A-2.1 The Current Controlling Circuit Card

The description of the card operation in connection

with the timer and the power supply was presented in section

1.2.2. The main purpose of the card is to produce a perfect

square wave which cannot be produced by the timer. The

schematic and the block diagrams of the current controller

circuit are shown in Figures A-2.1 and A-2.2.

The front and back panels layouts of the current

controller cards are shown in figure A-2.3. Also, this

circuit card was made by R. T. Chan.
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A-3 The Pressure Transducer

The pressure transducer used in this research is made

by Validyne Engineering Corporation, Northridge, California.

A-3.1 Specifications:

Name P305D

Range = 0.08 to 2 psi full scale

Accuracy = 0.01 psi

Over Pressure 4 psi

Operating temperature -65 to 250° F

Output noise S 5 my rms

Power input 10.8 to 32 VDC

Output range 0 to 5 VDC

The power input to the differential pressure cell used

in this work was 15 VDC.

Connector Wiring:

A (+) excitation (10 - 32 VDC)

B signal output

C signal return

D excitation return

E no connections

F no connections
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A-3.2 Calibration of the Differential Pressure Cell

The front cover of the cell is first removed. The

cell should be placed during the calibration in the

same position as that during the operation.

The positive end of the cell is connected to a

constant pressure source via a "T" valve. The

other end of the "T" valve is connected to a

manometer. The negative end of the cell is left

open to the atmosphere.

The 15 volts power supply for the cell is started.

The voltage output of the differential pressure

cell is connected to an accurate voltmeter. The

reading on the voltmeter should be zero since the

valve leading to the pressure source is closed. If

the reading is not zero, the pin on the front panel

of the differential pressure cell with a mark "Z"

is then adjusted until the reading is zero.

The T-valve connected to the pressure source is

then opened slowly and carefully until the reading

of the manometer is 2 psi. The pin marked as "o"

is then adjusted until the reading of the voltmeter

is exactly 5 volts. The positive end of the cell

is then disconnected from the pressure source and

the reading of the voltmeter is checked and

adjusted if it is not zero. The pin located in the
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middle between "z" and "o" pins should not be

touched.

The front cover of the cell is returned to its

place and the pressure signal to be measured is

connected to the positive end of the cell.
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APPENDIX B: CALIBRATION OF THE FEED FLOW

RATE FROM THE HOPPER

B-1. Calibration of Solids Flow Rate into the Bed

B-1.1 Calibration for Solids Containing 100% Iron

A valve for controlling the solids flow rate was

described by Levenspiel et. al. (31, 55, 56) and others (3,

4). This valve consist of a copper coil which slides

around the tube through which the solids flow. A copper

screen must be placed directly below the coil for a reliable

operation. The same principles as those for the grate

design are used to regulate the flow of solids through the

tube. In this thesis, a completed study is done for

defining all the flow rate regions of solids through the

coil valve. The boundaries of the regions of solids flow

are defined for 100% iron. Three regions were found to

exist. They are:

1) Glob Region

2) Continuous Region

3) Pulsed Flow Region

The boundaries are drawn on the basis of visual
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inspection. They are much clearer and easier to distinguish

from each other than those of the grate design.

Procedures:

A binary number representing the fraction of period

the current flowing through the coil should be zero

is sent to a timer connected to the coil. Upon

receiving the binary number, the timer will send a

square signal to the coil with an amplitude of 1.6

or zero amps.

The timer continues sending the signal and the

solids flowing through the valve is collected for a

certain time. The solids are weighed and the

procedure is repeated for different fractions open

and different periods. The periods are varied from

25.6 to 1230 milliseconds while the fraction open is

varied from 0 to 1. By varying the fraction open at

constant period, the flow pattern through the valve

is watched and the fraction open corresponding to

the boundaries for each region is registered. The

response of the timer is very fast, so the analysis

done before for the stage valve does not apply here.

This is due to the low current needed for the

operation of the valve. Therefore, the time needed

to bring the current down to zero and again to 1.6
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amps is so small that it can be considered neglible.

Figure (B-1.1.1) shows the boundaries for the three

regions, where, the flow rate is a function of the fraction

open at different periods. It shows the different regions

that exist in the operation of this kind of valve. The

solids flow rates used in the operation of the three-staged

fluidized bed lie in the continuous flow region. Because

the flow pattern of solids through the valve is somewhat

different from the grate design, a brief explanation about

the different flow regions is given:

1) Glob Flow Region:

Solids flow through the valve is very slow, and

continuous. The solids which is aligned along the

magnetic flux line below the coil, detached from

the solids, closer to the valve, in forms of

clumps. At the detachment point the gravity force

is greater than the magnetic and friction forces.

The distance at which this occurs is not constant.

A value of 3.8 cm may be taken as an average value

of this distance. The flow of solids in this

region may be divided into two types:
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Continuous through the valve (very slow)

Discontinuous at 3.8 cm away from the

valve. The discontinuation is represented

by the irregular detachment of the solids

in the form of clumps.

The flow in this region (Figure B-1.1.1) is a

characteristic of small periods T < 51.6 milli-

seconds and for small fraction open (Fr < .2) for

larger periods. Figure (B-1.1.2) shows that the

calibration curve is different for each period.

2) Continuous Flow Region:

In this region the flow of solids through the

valve is fast and continuous. The detachment of

clumps is so frequent that the flow out of the

tube is continuous. Therefore, the continuous

region is a glob region with flow through the

valve and dettachment of clumps at the end of the

tube happening at much faster rate. The flow in

this region is a characteristic of periods between

51.6 and 384.0 milliseconds and fractions open

greater than 0.4. Also, it is a characteristic of

fractions open greater than 0.8 for all periods.

The flow in the case of larger fraction open is

more constant because there is no formation of
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clumps. The solids flow pattern in the valve is

similar to that at the end of the tube. Figure

(B-1.1.2) shows that the calibration at each

period is represented by a different line than the

other periods.

Pulse Flow:

The flow in this region can be represented by the

following equation:

F = Fmax 1 = 0 for t = top
= 0 I = 1.6 amps for t = tcl

Because of the large open time, hence, the high

flow rate, there are no clumps formed. The flow

rate of solids is oscillatory. This causes large

disturbances to the fluidized bed. In the case of

mixtures, the operation in this region is unreli-

able. This operation is characteristic of periods

larger than 281.6 milliseconds. Figure (B-1.1.2)

shows that the data representing solids flow rate

versus fractions open scatter around one straight

line which has the following form:

F = S * FR

Where S is the slope of the line.



355

B-1.2 Calibration for Solids Containing 50% by Weight Iron

The calibration (Figure B-1.2) is done only at one

period (T = 102.4 milliseconds). The operation is continu-

ous for a fraction open greater than 0.2. For a fraction

open of less than 0.2, the flow is similar to a glob flow.

However, the flow of solids exhibit occasionally a periodic

nature which is due to the uncontrolled flow of non-magnetic

material. The formation of clumps is not as clear as that

of 100% iron. Only small clumps (some times no clumps) are

formed at the end of tube. In this case, the magnetic flux

lines are not as strong (due to the presence of non-

magnetic particles) as that of 100% iron.

The pulsed operation is not reliable and the flow rate

is not reproducible. A high current is needed for more

reliable operation.

B-1.3 Calibration of Solids Containing 25% by Weight

Magnetic

Figure (B-1.2) shows the calibration of solids flow

rate through the valve which is done at a period of 102.4

milliseconds. The operation is continuous when a fraction
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open is greater than 0.1.

The glob region is different from those at 100% and 50%

iron. No clumps are seen to be formed and the flow rate is

periodic because the flow of non-magnetic solids is also

periodic and depends on how much magnetic particles exist in

the value which oscillates according to the current being on

or off. No pulsed operation is observed in this case and

that is due to the high weight fraction of non-magnetic in

solids.
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B-2 Effect of Screen Location On the Flow Rate of Solids

Out of the Hopper

It is mentioned in chapter IV that placing a copper

screen some place inside the tube and close to the lower end

of the coil makes the operation of the coil valve more reli-

able. So, the question to be asked is: "What is the

distance at which the screen should be placed?". To answer

this question, a series of experiments are conducted during

which the vertical distance from the coil is varied.

Figures (B-2.1) and (B-2.2) show the plot of solids

flow rate through the valve as a function of the vertical

distance from the bottom of the coil which is considered to

be the origin. The data are obtained for a timer period of

.996 second. It can be concluded, from the figure, that the

flow rate is a weak function of the vertical distance. The

same type of experiments are conducted when a second screen

is placed at the very end of the tube below the coil to

help, as we thought, distributing the solids into the bed.

This screen is fixed in place. It is found that its

existence does not help to achieve that and the same pattern

of solids flow persist whether one or two screens are used.

However,in that case the solids flow rate through the valve

seemed to be more affected when the position of the first

screen is changed. It is believed that the presence of the

second screen affects the flux lines.
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Figure (B-2.1) shows that a minimum flow rate is reached

when the distance is 1 cm while figure (B-2.2) shows that

the minimum is reached at a distance of 0 cm.

The top plots which are shown in figures (B-2.1) and

(B-2.2) are obtained for a fraction open of 0.625, while the

bottom plots are done for a fraction open of 0.894.
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B-3 Effect of Solids Inventory in the Hopper On the Flow

Rate of Solids

Figure (B-3) shows the plot of the solids flow rate out

of the hopper as a function of the solids inventory in the

hopper. The total inventory of the solids is first weighed

and then transported to the hopper. Then the current

through the coil is allowed to oscillate between 1.6 and 0

amps according to the fraction open of period the current

should be on which is sent by the computer to the timer.

The solids are collected and weighed. The arithmetic

average of solids present in the hopper before the flow

started and after it stopped is taken to represent the

average solids inventory. The procedure is repeated until

the hopper is empty.

Mavg
2

From Figure (B-3), it can be seen that the flow rate of

solids out of the hopper is essentially constant for Mavg

4 kg. So, the solids inventory is kept always above this

limit.
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APPENDIX C: CHARACTERIZATION OF SOLIDS

C-1 Size Distribution of Solids

Figure (C-1) shows the particles size distribution of

the solids used in the operation of the stage valve. The

solids are 100% iron. Different size distributions of the

solids are shown in the figure. The samples are taken at

different times to see how the size distribution of the

particles change with time. The sample is obtained by

collecting the whole solids in the equipment in a large

container and mixing them thoroughly. Then, a large sample

of solids is drawn to determine the size distribution by

sieving them. The figure shows that the particles size

distribution reaches steady state as the operational time

increases. As the time increases, the fresh solids parti-

cles, which have larger amounts of big particles, experience

grinding and sheer stresses as a result of the friction

between them and the walls of the bed, copper grates,

screens, and the recycle tube. This results in more fine

particles. However, the fluidizing air will cause some

solids elutriation of those fine particles. Those two

opposing factors cancel each other after some time leading

to a steady-state size distribution, as shown by Figure (C-

1). Similar results are shown by Figure (C-2) which is the

plots of the size distribution of the particles that consist
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of 50% by weight magnetic particles. The curves are very

close to each other with little change between the size

distribution of the fresh solids and that of the steady

state.

The plots of the size distribution of solid that

contain 25% by weight iron are shown in figure (C-3). The

figure shows similar behavior to that of the 100% magnetic

particles.

The figures show that the average particles diameter

decreases in going from 100% by weight iron to 25% weight

iron. The figures show that the difference between the

particle size distribution of the fresh solids and the

steady state particle distribution increases as the weight

fraction increases. This is because the iron particles are

more porous than the sand, which results in more grinding of

the particles with large iron's weight fraction.

Tables (C-1), (C-2), and (C-3) show the size distribu-

tions data for 100%, 50% and 25% respectively. Some of the

data of those tables are used in plotting Figures (C-1) to

(C-3).
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Table

Dia.

(Am)

(C-1)

10 HR

Size Distribution of Solids Containing
Iron at Various Operational Time.

Dia. Dia. Dia.

0 HR (pm) 40 HR (pm) 30 HR (Am)

100%

20 HR

212 0.102 0.098 125 0.068 90 0.044 104 0.044

250 0.216 0.195 150 0.078 104 0.062 125 0.058

300 0.209 0.218 180 0.089 125 0.073 150 0.084

355 0.110 0.130 212 0.090 150 0.087 180 0.095

425 0.055 0.076 250 0.142 180 0.093 212 0.110

500 0.021 0.041 300 0.143 212 0.105 250 0.164

850 0.004 355 0.130 250 0.145 300 0.182

425 0.090 300 0.146 355 0.105

500 0.038 355 0.103 425 0.057

600 0.002 425 0.091 500 0.033

710 0.001 500 0.031 600 0.018

850 0.002 600 0.009 850 0.001



Table (C-2) Size Distribution of Solids, Containing 50% by W
Iron and 50% by Weight Sand, at Various operat
Times.

Dia. 10 HR 30 HR 0 HR 20 HR
(Am)

104 0.001 0.001 0.001 0.001

125 0.012 0.015 0.012 0.015

150 0.091 0.088 0.103 0.089

180 0.097 0.093 0.107 0.093

212 0.148 0.150 0.167 0.150

250 0.154 0.151 0.151 0.153

300 0.124 0.128 0.126 0.128

425 0.074 0.075 0.068 0.074

500 0.069 0.068 0.061 0.069

600 0.053 0.053 0.046 0.054

850 0.039 0.038 0.033 0.038 w
-..]

0



Table (C-3) Size Distribution of the Solids Containing 25% by
Iron and 75% by weight sand, at Different Times.

DIAMETER SIZE DISTRIBUTION

(gm) T=0.0 35 HRS 25 HRS 30 HRS 20 HRS 5 HRS

104 0.0030 0.009 0.0010 0.0011 0.001 0.0012

125 0.0174 0.0281 0.0115 0.0150 0.012 0.0173

150 0.2014 0.0510 0.0911 0.0880 0.103 0.1440

180 0.1416 0.0644 0.0973 0.0928 0.107 0.1606

212 0.1247 0.1016 0.1480 0.1499 0.167 0.1905

250 0.1362 0.1474 0.1537 0.1510 0.151 0.1282

300 0.0872 0.1286 0.1236 0.1283 0.126 0.1081

355 0.0813 0.0959 0.0787 0.0800 0.076 0.0622

425 0.0609 0.0908 0.0744 0.0746 0.068 0.0522

500 0.0487 0.0880 0.0688 0.0683 0.061 0.0436

600 0.0345 0.0481 0.0532 0.0532 0.046 0.0321

850 0.0262 0.0766 0.0393 0.0378 0.033 0.0240 w



372

C-2 Typical Properties of the Solids Used in the

Operation

C-2.1 The Magnetic Material

NAME: Pyron R-12 Iron Powder

Chemical Analysis, %

Total Iron > 97

Carbon 0.01

Sulfur 0.002

Phosphorus 0.002

Manganese < 0.6

Hydrogen Loss 1.75

Apparent Density = 1.3 gm/cm3

True Density = 7.85 gm/cm3

Curie Point = 770 °C (after this point the iron

turns to paramagnetic material)

Sand:

Apparent Density =

True Density

1.1 gm/cm3

= 2.55 gm/cm3

C-2.2 Bulk and Void Fraction

The void fractions for a bed of particles at minimum

fluidization conditions and for the closely packed bed are

determined as follows:

A small test bed 5 cm ID plexiglass tubing was

filled with known mass of the particles. Then the
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bed is tapped and shaken until the height of the bed

would not decrease. Then the height of the bed is

recorded. The process is repeated four times for

each kind of particles and the arithmetic average of

the packed bed height is determined.

The gas flow through the bed is started until the

minimum fluidization conditions is achieved and the

corresponding height of the bed is recorded. Again,

the experiment is repeated four times for each par-

ticle size and the arithmetic average height at min-

imum fluidization conditions is determined.

The void fractions are determined using the following

equations:

For packed be : Pb = ( 1 Eb )
ps (C-1)

b
2)

Mpb
( C

hpb Acs

where Pb, Epb = Bulk density and height of the packed bed

of solids.

At minimum fluidization conditions, the following equation

applies:

hmf (1 -Emf) = hpb (lEpb)

hmf, Emf = Height and voidage of the bed at minimum

fluidization conditions.

Emf

(1 - hpb)

hmf

(C-3)

(1- Epb) (C-4)
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The various values for the different variables are

listed below in table (C-4).

Table C-4 Physical and Geometric Properties of Solids
at Different Composition.

% wt. % wt. dp Pb "PbPs
P
mf Umf Current

Sand Iron M (gm/cm3) (gm/cm3) (cm/s) (Amps)

100 0 224 1.53 2.55 .4 .45 7.20 0

75 25 240 1.65 3.88 .57 .61 7.72 168

50 50 264 1.90 5.20 .63 .67 8.80 148

0 100 308 2.39 7.85 .70 .75 11.20 148
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APPENDIX D: PRESSURE FLUCTUATIONS STUDIES

D-1 Some Information About Sampling

In addition to the information chapter V, the following

sampling experiments were conducted in the early stages of

this research.

D-1.1 Very Fast Sampling Frequency

Five experiments were conducted at sampling frequencies

of 20,000, 10,000, 5,000, 3,000, 1,000, and 100 samples/

second. Figure (D-1.1) shows the experimental results for

the last three frequencies. The purpose of the fast

frequencies (20,000, 10,000, and 5,0000 sample/second) is to

be sure that no abnormal behavior in the pressure drop

signal are taking place. The other experiments done at the

last three frequencies show that the shape of the pressure

drop signal shape across each stage is the same for all the

three frequencies. Therefore, a sampling frequency of 100

samples/second is adequate for capturing the pressure drop

signal used for the different studies (i.e. autocorrelation,

power spectrum, etc.).
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D-1.2 Controller Sampling Rate

Some limitations are imposed by the computer speed and

the timer setting on the sampling frequency. More details

can be found in sections V.2.1.2 and V.2.3. Some experi-

ments are conducted to see the behavior of the pressure drop

signal which the controller sees during the solids flow at a

sampling rate of 7.8 samples/second. The signal is also

sampled at higher frequency (100 samples/second), to compare

it with the last signal, using a second computer. The

results are shown in Figure (D-1.2). The figure shows that

the controller sampling frequency of 7.8 samples/second is

adequate to capture the process behavior.

Figure (D-1.3) shows the pressure drop across (after

filtering) the stage for continuous operation at different

sampling rate. The pressure drop performance deteriorates

as the sampling time increases from 0.128 seconds to .512

seconds.
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D-2 Approximate Model for Pressure Fluctuations

The existence of the harmonic oscillations in the

pressure fluctuations can be deduced from the oscillatory

behavior of the autocorrelation as will as the appearance of

the large peak at a certain frequency in the spectral plot.

Gast

The major effect on the pressure fluctuations is exerted by

the bubbles that rise from the bed which cause the bed

surface to rise at the spots of their emergence. The height

adjacent to the spot varies. Figure (D-2.1.1) shows the

circulations of the material inside the bed and the most

probable sites for emergence in the bed. The fluctuations

in the bed are determined by the vertical displacement of

the materials in the bed. This picture is adopted from

Baskakov et al (9). The natural frequency of the fluctua-

tions can be obtained by assuming that it can be represented

by a U-shaped manometer filled with an ideal liquid.
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Making a force balance around the manometer gives:

F = m a

m= 2 hay A Pf

= average height at fluidization. Pf = density at

fluidization .

a -
d2 X

d t2

Assuming that the major force is that caused by hydrostatic

pressure in the tubes gives:

F= 2 Pf g X A

Then:

d2 X
2 Pf g X A + 2 hay A Pf - 0

d t2

Which gives

d2 X g x
= 0

t2 hav

This equation has a solution of the form:

X = A * COS (/ g ) t

hav

Making a force balance around the manometer shown in Figure

(D-2.1.2) gives an expression for the pressure at the

bottom:

2 F = Acs P ( hav X ) Acs Pf g



m a = Acs ( hay + X ) Pf

which can be simplified to :

P= hay Pf g+ Pf X
d t2

d2 X

d2 X

P = hay Pf g

Therefore :

W = 2 7r f = 2

d t2

A2 g
COS2 [ 2 (/ g ) t ]

hay hay

g
hay

D-2.1 Frequency_

From the last equation:

1 / g
r hay

assume that hay = hmf

also hmf = hpb
( 1 - emf )

( 1 Epb )

therefore:

f =
1 g ( 1 - emf)

7 ( 1 - Epb ) hpb

382

(D-2.1)
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The above equation shows that the dominant frequency of

the pressure fluctuations is a function of the average

packed bed height (settled height) across the bed to a power

of (-0.5). Figure (D-2.2) shows the theoretical line along

with the experimental data.

D-2.2 Amplitude

It has been reported (9,17,123,129) that the amplitude

of pressure fluctuations above the distributor (Afi) is a

function of the following variables:

1) The excess fluidization velocity (U - Umf)

2) g (gravitational acceleration)

3) p bed density

4) h bed height

The experiments done in this research on the above

variables influence on Afi agreed with the literature.

Doing dimensional analysis on the five dominant quantities

(Afi, U Umf, g, p, h), the following two dimensionless

groups result:

Afl ( U Umf ) 2

g hav g hav
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which can be rewritten in the following form:

Afi : [ Pmf ( U Umf) 2 ]

where

Pay Pay

Pav = Pmf g hay

385

It is assumed that P =Pmf (density of the bed at minimum

fluidization)

The following dimensionless relation can be written

based on the last equation.

Afi Constant * [ pmf ( U - Umf )2 n

Pav Pay

The values of the constant and the power (n) is ob-

tained from experimental data. A value of the constant of

0.061 and a value for the power of 0.5 are found by non-

linear regression of experimental data. The final equation

can be written in the following form:

Afi = 0.061 ,/ Pmf ( U Umf )2 Pay (D-2.2)

Figure (D-2.3) shows the theoretical line representing

equation (D-2.2 ) along with the experimental data.
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D-3 Pressure Fluctuations Without Solids Flow Through the

Stage (Batch Fluidizaion)

Some experiments are conducted to study the effect of

Pav (settled height) on the pressure fluctuations' frequency

and amplitude without solids flow from or into the stage.

The typical signal plot is shown in chapter V.2.4. The

signal shows an oscillation which is closer to harmonic

oscillation than the case of continuous solids flow through

the stage. The experimental procedure is similar to that of

section V.2.4. The first experiment begins with a small

amount of solids (i. e. average pressure). The amount of

solids then can be increased to other desired levels by

adding solids from the hopper. These experiments are done

for solids that are 100% magnetic. Again, the sampling time

is equal to 100 samples/ second. The following equations

are the result of curve fitting using non-linear regression

routines:

f = 1.583 * Pay-13'57 R2 = 0.98

Afl = 0.195 * pav0.498 :R2 = 0.99

The experimental data is shown in Table (D-3). The plots of

the experimental data as well as the fitted curve for the

frequency and amplitude are shown in figure (D-3).
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Table (D-3) Amplitude and Frequency Data Obtained from
Spectral Analysis for Batch Fluidization.

Average Pressure

Drop (PSI)

Amplitude

(PSI)

Frequency

(Cycles/sec.)

0.097 0.061 6.05

0.172 0.089 4.41

0.194 0.086 3.81

0.213 0.090 3.58

0.290 0.105 3.53

0.366 0.118 2.54

0.427 0.127 2.86

0.431 0.128 2.62

0.505 0.144 2.27

0.530 0.142 2.38

0.575 0.147 2.14

0.596 0.150 2.14

0.596 0.150 2.14

0.713 0.164 1.90

0.778 0.171 1.90
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D-4 Pressure Fluctuations with Solids Flow and 0.256

Second as a Controller in Sampling Time

The experimental procedures are exactly similar to

that of section V.2.4. Also, two computers were used where

one of them was used for fast sampling (100 samples/second)

and the other was used for the slow sampling for the con-

troller (Tc = 0.256 second). The study was done to see the

effect of the controller sampling rate on the pressure

fluctuations. The following correlations are obtained by

non-linear curve fitting:

f = 1.67 -0.4
* Pav

Afi = 0.202 * Pav°"99

R2 = 0.95

R2 = 1.0

The experimental data, as well as the fitted curves

for the frequency and amplitude, are shown in Figure (D-4).

The experimental data are shown in Table D-4. The above

results show that the frequency of the pressure fluctuations

at a controller sampling time of 0.256 seconds is larger

than when the controller sampling time is equal to 0.128

second. The amplitude at Tc = 0.256 second is slightly

larger than that at Tc = 0.128 second. This is partially

due to the larger change in the orientation of the solids

layer attached to the grates which serves as a distributor.

The air flow is influenced by the distributor orientation



5

z
O

4

0
J J 3

C.I

V

0

2

8

8.2

8.15

V

eal

3

1

a 8.85

8

Figure (D-4)

391

0 8.2 8.4

avERa PRESSURE (PSI)

8.6 8.8

8 8.2 8.4

NalAM FRESSWE (PSI)

8.6 8.8

Frequency and Amplitude the Fluctuations
vs.Average Pressure for 100% by Weight Iron
in Solids and Continuous Solids Throughputs.
Tc= 0.256 Second.



392

and larger bubbles start to evolve more frequently. The

study was done on solids that are 100% iron.

Table (D-4) Amplitude and Frequency Data Obtained from
Spectral Analysis for Continuous Solids
Throughputs and for Tc = 0.250 Second.

Average Pressure

Drop (PSI)

Amplitude

(PSI)

Frequency

(Cycles/sec.)

0.091 0.061 4.04

0.160 0.081 3.70

0.199 0.090 3.50

0.223 0.095 3.35

0.301 0.114 2.52

0.411 0.130 2.33

0.425 0.132 2.12

0.512 0.145 2.17

0.650 0.163 2.00

0.737 0.173 1.77
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D-5 Effect of Level of Current on the Minimum Fluidiza-

tion Velocity

Some experiments were conducted to study the effect of

working current on the fluidization velocity.

The current flowing through the grates is adjusted via

the current controller circuit card to the desired level.

Then, the stage is filled with solids, which are 100% iron,

to the desired level. The superficial gas velocity is

increased from zero to a value higher than the value used in

the normal operation (20 cm/sec). The increase in the

velocity was done at uniform increments with a time interval

which was always greater than 15 minutes between the

consecutive increments. The pressure drop across the stage

was recorded during the 15 minutes time interval. The

superficial gas velocities and the corresponding pressure

drops at different working currents are shown in Table D-5.

The same data are plotted in Figures D-5.a to D-5.c.

The figures, tables and other data support the follow-

ing conclusions:

1) The minimum fluidization gas velocity increases

as the working current increases.

2) The pressure fluctuations decrease as the working

current increases.
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Table (D-5) Superficial Gas Velocities and the
Corresponding Pressure Drops at Different
Working Currents.

CURRENT = 148 AMPS CURRENT = 192 AMPS NO CURRENT

VELOCITY PRESSURE VELOCITY PRESSURE VELOCITY PRES

(FT/SEC.) (PSI) (FT/SEC.) (PSI) (FT/SEC.) (PSI)

0.000 0.00 0.000 0.00 0.00 0.00

0.193 0.25 0.152 0.19 0.18 0.26

0.254 0.32 0.264 0.32 0.25 0.36

0.316 0.40 0.330 0.40 0.29 0.42

0.357 0.46 0.383 0.47 0.31 0.45

0.424 0.44 0.464 0.45 0.38 0.42

0.476 0.45 0.560 0.45 0.48 0.45

0.523 0.45 0.847 0.45 0.60 0.43

0.579 0.46 0.967 0.45 0.79 0.44

0.631 0.47

0.725 0.46

0.791 0.47

1.183 0.45
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The above conclusions support the previous postula-

tionse:

1) There are two regions in the stage which are the

fluidized region and the region close to the

grates.

2) The region close to the grates serves as a

distributor for the fluidizing gas. Therefore,

as the thickness of the layer increases (the

current increases) the pressure drop increases

and the distribution of the gas is improved.


