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with adjustable width and depth. The following bubble

characteristics were determined as function of lateral

position in the bed and particle size: bubbling frequency,

inter-arrival time, rise velocity, bubble volume fraction and

bubble size distribution. The variations of the properties

investigated lead the to following qualitative results:



(1) The curves showing the lateral distribution of

bubble frequency and void fraction occupied by the bubbles in

the bed have similar shape.

(2) The bed showed a pronounced non-uniform structure

with preferred flow paths for rising bubbles and descending

solids.

(3) A number of circulation cells exist across the bed;

their number seems to be dependent on particle size.

(4) Particles, pushed up by a rising bubble, descend on

both sides of that bubble after it bursts at the surface of

the bed.

(5) Bubble size distribution shows an asymmetry with

positive skewness, suggesting the existence of a preferential

bubble size at a given location in the bed.
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USE OF AN OPTICAL PROBE TO STUDY THE
HYDRODYNAMICS OF A GAS-SOLID FLUIDIZED BED

INTRODUCTION

The design of a gas fluidized bed for most industrial

purposes requires knowledge of the principal characteristics

of bubbles (shape, size, rise velocity, frequency, volume

fraction) and their behavior (formation, dynamics of

coalescence and breakup).

The literature includes an abundance of experimental

techniques to detect the local presence of bubbles in

fluidized beds. Most of these techniques use the local

electrical properties of the fluidized bed (conductivity,

capacitance, inductance and impedance probes). These

properties depend on the type of particles used, the

fluidizing gas and the operating temperature and pressure.

The use of an optical probe, however, has the advantage that

it is independent of all these parameters and therefore is

appropriate for a wide range of fluidized beds and operating

conditions.

Most previous research on the hydrodynamics of gas

fluidized beds was based on small particles, indicating a
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need for additional investigations of large particle

systems. Large solid particles are used, for example, in

gas-solid systems designed for fluidized bed combustion of

coal. In addition, operation with large particle size is

also desirable so that high gas velocities may be used,

which in turns helps to limit the required size of the

equipment.

While a number of studies have been done on bubble

properties in the vertical direction, very few results are

available related to properties in the lateral direction.

The use of a two-dimensional bed allows direct visual

observation of the bubbles in the bed and gives valuable

qualitative information.

This research has investigated some questions of

interest in the fluid mechanics of large particle gas-solid

fluidized systems using a two-dimensional bed.
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CHAPTER I

FLUIDIZATION CONCEPTS AND LITERATURE REVIEW
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FLUIDIZATION FUNDAMENTALS

This section describes the basic principles of

fluidization, its different stages and the properties and

classification of particles.

Basic description

Fluidization is the mechanism that transforms solid

particles into a fluidlike state through contact with a gas

or liquid.

A fluidized bed typically consists of a rectangular or

cylindrical enclosure partially filled with solid particles

as shown schematically in Figure I-1.

When a gas or liquid ,introduced through a distributor

plate at the bottom of the enclosure, is forced to flow

through the porous bed of solid particles, a pressure drop

is created across the bed. The diagram representing the

idealized relationship between bed pressure drop,AP, and

fluid velocity, u9, is illustrated in figure 1-2. At low

fluid flow rates, the particles remain undisturbed. This is

called a packed or fixed bed . During this phase the

pressure drop across the bed is approximately proportional

to the gas velocity.

As the flow rate is gradually increased, the bed starts
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expanding (figure 1-3) and reaches a phase where the drag

forces applied on the particles balance the weight of the

particles. The particles then become separated and can move

Solid particles

Distributor piste

Air

Figure I-1. Schematic representation of a fluidized bed.

freely. The pressure drop across the bed then matches the

weight of the particles. The surface of a fluidized bed

levels itself just like a liquid. For this reason the bed

is said to be fluidized, since it manifests liquid-like

behavior. This transition is called the point of incipient

fluidization, or minimum fluidization.

Once the bed is fluidized, the pressure drop across the

bed remains constant even as the fluid flow rate is further

increased. This can be explained by the fact that once the
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Packed
bed

Fluidized regime

Incipient fluidization

Solids
transport

Fluid flow rate

Figure 1-2. Pressure drop across the
bed as function of the fluid flow rate.

Fixed

Fluidized

Minimum fluidization
velocity

SUPERFICIAL VELOCITY

Figure 1-3. Variation of the height of
a fluidized bed with superficial
velocity.
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bed is "unlocked", it can be deformed easily without

appreciable resistance.

With the exception of fine particles, if the fluid is a

gas, the uniform expansion behavior is lost rapidly, the

process becomes unstable and cavities containing few solids

are formed and intensive mixing of the bed begins. A large

portion of the excess flow over that needed for incipient

fluidization passes through the bed in the form of

"bubbles° of fluid practically without any particles.

These cavities look like the bubbles of vapor in a boiling

liquid, however there is no real phase boundary separating

the gas inside the bubble from that within the fluidized

bed. The bed has then reached the bubbling regime ("boiling

bed").

Over the flow range between the incipient fluidization

and the bubbling regimes, the bed is said to be in the

quiescent state. Beyond the quiescent state, the condition

is called that of aggregative fluidization.

At high flow rates, the solid particles are conveyed out of

the bed, and this is known as hydraulic or pneumatic

transport. The corresponding regime is known as fast

fluidization.

The different stages described above are shown

schematically in figure 1-4.

Also called "gas pockets" or "voids".



Fixed bed

(a)

L

Incipient
fluidization

(b)

Lf

Bubbling Hydraulic
fluidization transport
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Figure 1-4. Different stages of fluidization [21]. 03
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A fluidized bed has additional liquidlike behavior and

flow properties beyond those already stated. Some examples

are as follows [21]:

(a) A large light object will float on the surface

of the bed.

(b) The upper surface of the bed remains

horizontal when the enclosure is tipped.

(c) Solids will gush from a hole in the container.

(d) When two beds of different levels are

connected, their levels equalize.

(e) The pressure difference between any two points

in the bed is approximately equal to the static head

between theses two points.

Properties (a), (b) and (c) are shown schematically in

figure 1-5.

Particle properties

The method of fluidization can generally be used with

granular materials (size between 10 Am and 3 mm) which

includes the two major categories of *powders and granular

solids.

A powder is composed of particles with nominal

diameters up to 100 gm with the following subdivisions :

ultra-fine (0.1 - 1.0 Am), super-fine (1.0 - 10 Am) and

granular (10 - 100 Am).
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Figure 1-5. Liquidlike behavior of gas fluidized beds [21].
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A granular solid is consists of particles from about 100 to

3,000 gm [2].

The particle properties of interest in hydrodynamics

are size, shape, roughness and density. Appropriate average

values for these properties need to be determined for a

group of particles.

Size

Particle size is usually determined by sieve

analysis. For non spherical particles, it is often assumed

that the sieve's opening size approaches the diameter of the

sphere of volume equal to that particle. Particles for

industrial use, which are manufactured using a grinding

process will have a distribution of particle sizes. The

size distribution of the particles usually has a log-normal

profile [40]. For hydrodynamic studies, a suitable mean

particle size can be found by the surface-mean size method

[20,13]. The mean particle diameter is evaluated using the

results of a sieve analysis procedure, involving several

screen sizes, by the following expression:

dP
1

Xi

d
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where Xi is the mass fraction in a given particle-size range

and d is the average size in that range.

Shape factor

In order to quantitatively define the shape of a

nonspherical particle, several particle shape factors have

been proposed.

The sphericity of a particle, 0s, is defined as the

ratio of the surface area of a sphere equivalent to the

volume of the particle to the actual surface area of the

particle [30], as follows:

0.

(surface area sphere)

(surface area particle)

The advantage of this definition is that the sphericity is

directly related to the specific surface (surface area per

unit volume). For a packed bed [28],

S = specific surface -
6

(1

$s dp

where d is the mean diameter and e is the void fraction.

Another approach uses a volumetric shape factor, kp,

defined as the ratio of the particle volume to the cube of



an equivalent diameter based on projected area [16], as

follows:

V 4

da = ( A )1/2

da3

13

where A is the projected area of the particle when viewed

in a direction perpendicular to the plane of greatest

stability; this quantity may be estimated from microscopic

examination of individual particles. The advantage of this

particular definition is that the drag coefficient for a

particle involves projected area and may be expressed in

terms of k and de

Roughness

The surface roughness of the particles has two

major effects on the behavior of the bed. It leads to a

decrease in the hydraulic resistance of the bed,iSP, in all

regimes of flow and an increase in the resistance

coefficient in the transitional and turbulent flow regimes

(starting at Re P.; 10) [39].

When filling the bed, rough particles have a tendency

to come to rest more quickly than smooth particles, and a

less dense packing results, since friction between the
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particles stops the settling of the bed.

Density

For nonporous materials, the particle density, ep,

is that of the solid material. For porous materials an

accurate particle density must take into account the volume

of the pores.

Particles classification

Gas fluidized beds behave differently depending on the

size, shape and density of the particles.

Particles can be classified into four general types

according to their fluidization characteristics [13] and

correlations that define these groups can be found in the

literature [2]. All the correlations, relating the density

difference (Pp - eg) and the mean particle size dp, are

defined for fluidization by air at room temperature and

pressure.

The four groups presented by Geldart [13] are as

follows:

Type (A) : particles of low density (less than 1,400

kg/m3 ) and having a mean diameter between 20 and 100 Am .

Type (B) : powders with a mean size between 40 and

500 gm and a density in the range 1,400 to 4,000 kg/m3. This
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region is defined by :

ks
Cfr

p
e

g,
1.17 d

P
> 906,000

with the densities expressed in kg/m3 and particle diameter

in gm.

Type (C) : small particles having a mean size less

than 30 gm for which the effect of interparticle forces is

important.

The separation between groups (A) and (C) is purely

empirical.

Type (D) : large particles ( > 600 gm) and/or dense.

This region is delimited by:

(ep - eg) dp2 > 109

The plot in figure 1-6 illustrates the classification given

above.

Group (A) particles display extensive bed expansion before

reaching the bubbling regime; the bed collapses very slowly

(at the rate of 0.5-1 cm/s) after the air supply is

interrupted and all bubbles rise faster than the fluidizing

gas velocity. In group (B), the bed expansion is much less

stable, and free bubbling starts at or a little below the

minimum fluidization velocity; bed expansion is small and

the bed collapses very quickly when the air supply is cut

off; most bubbles rise faster than the fluidizing gas

velocity.

Groups (A) and (B) are the two groups most usually used
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Figure 1-6. Powder classification diagram for
fluidization by air (ambient conditions).[2]

in fluidized beds. In the third group (C), surface forces

become overwhelmingly important; particles show a strong

tendency to agglomerate and it is usually very difficult to

achieve fluidization.

The fourth group (D) generally fluidizes unstably. All but

the largest bubbles rise slower than the fluidizing gas.

It should be noted that results obtained with particles

in one group, do not necessarily apply to the other groups.

In this thesis, we will be dealing with particles from

the group (D).
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Bed porosity

The porosity of the bed depends on many factors: the

method of loading, the size, shape and roughness of the

particles and the ratio of the particle diameter to the bed

diameter. Each of these factors is discussed below.

Method of loading

The method of loading of the bed has some effect

on the packing of the particles. The density of the bed

increases with the height from where the bed is filled.

Size effect

In polydisperse beds, the smaller particles fill

the gaps between the larger ones. Therefore, the porosity

of such a bed is smaller than that of a bed with a unique

particle size.

Shape effect

It is obvious that the shape of the particles will

have an influence on the porosity of the bed. When randomly

loaded, particles of spherical shape will give the least

free volume.
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Roughness effect

The effect of roughness on the porosity of the bed

has been discussed in a previous paragraph.

Diameter ratio

The effect of the particle diameter to bed

diameter is directly related to proximity of the bounding

walls. The packing of the particles in the rows near the

walls differs from that in the middle of the bed [39].

Usually, the packing near the walls is less dense.

For large values of dp/Db, the effect of the walls

is considerable, since only a few rows of particles are far

enough from the walls to be unaffected by the walls.

Characteristic velocities

For given particle properties (dr, Op and/or kp, and

ep ) and gas properties (eg and it it is possible to

estimate two characteristic velocities of the fluid-particle

system, the superficial velocity at minimum fluidization,

umf, and the terminal or free-fall velocity of a single

particle in the quiescent fluid up.
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Minimum fluidization velocity

The minimum fluidization velocity is reached when

the upward force due to pressure drop across the bed equals

the weight of the bed. It represents the transition between

packed and fluidized states. It can be determined

experimentally by extrapolating the plot of pressure drop

for a fixed bed until it reaches the horizontal line

corresponding to the weight of the bed per unit area. For

design purposes, many correlations to evaluate the minimum

fluidization velocity are available in the literature.

Terminal velocity

The terminal velocity can be determined at the top

of the bed from fluid mechanics. When a particle at rest

starts falling, it is subject to the resistance of the

surrounding medium. This resistance increases as the

particle velocity increases up to the point in time when the

accelerating force (difference betwen gravity and buoyancy

forces) and resisting force (drag force) are equal. From

this point on, the particld continues to fall at a constant

maximum velocity, called the terminal velocity. This

velocity is given by



4 g dp (Cp
uP = [

3 eg Cd

e9 )
]

1/2
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The range of fluidizing gas velocities , to avoid

carry-over of solids from the bed, extends between these two

characteristic velocities Umf and up.

Dimensionless 'parameters

Dimensionless values of particle diameter and velocity can

also be defined by [281:

1/3

g ( Cp )

d = [ ] d

U = [
e g2

A g ( tp eg

and we can note that,

Re -

Flow regimes

e U d
- U

*
d

1/3

] U

A wide range of flow phenomena and system behavior can
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be observed in gas-solid fluidized beds.

The possible flow regimes for vertical flow in a gas-

solid system are bubbly, slug2, turbulent and fast

fluidization3. In fluidized beds, these flows are usually

modeled as involving two pseudo-phases, the bubble phase and

dense phase.

The following map (Figure 1-7), shows the definition of

these flow regimes.

h/D

50

10

5 Turbulent

Fluidization

.01 .05 1 5 1 6 10

(U Umf) /\L-13

Figure 1-7. Flow-regime map for bubbly and slug
flows in fluidized beds without internals.[28]

2 Flow condition at which the bubble size is nearly equal to
the bed diameter.

3 Fluidization achieved at a higher gas velocity than for
hydraulic transport with a continuous feed of solids supplied at
the bottom of the bed.
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The distinct flow-regime boundaries shown are only an

idealization; actual flow-regime transitions develop

gradually. These boundaries are generally independent of

fluid and particle properties.

The term (u - umf) represents the excess gas

superficial velocity, which is the velocity above that

needed for incipient fluidization.

The term (h/D), where D is the bed diameter and h the

expanded bed height, is called the aspect ratio of the bed;

h/D greater than 5 corresponds to a deep bed and h/D lower

than .5 represents a very shallow bed.
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This section describes how the particles move, and how

bubbles are developed in a fluidized bed.

The circulation of solid particles in a gas fluidized

bed is directly caused by the passage of bubbles through the

bed, which disturbs the motion of these particles.

It has been suggested (Rowe, 1962), that the mixing of

particles in a gas-solid fluidized bed is the result of

basic process followed by each bubble rising through the

bed. However, the overall particle circulation due to a

swarm of bubbles, quickly becomes very complex and near-

random.

The following sections describe the different stages of

particle motion as a bubble is formed, rises, and finally

erupts at the surface. An illustration of this process is

shown in figure 1-9.

Bubble formation

Gas bubbles are created at the bottom of the bed, just

above the distributor. They are formed as a result of



penetration and expansion of a high velocity jet at a

distributor opening [41] as shown in figure 1-8.

u9 > u riff

Uo > U mp

(a)

U g = U !if

(b)

24

(c)

Figure 1-8. Stages of bubble formation at the distributor
plate openings.

Since the superficial velocity at the distributor is

larger than ue, the aerodynamic drag force will be larger

than the gravitational force acting on the particles

adjacent to the distributor opening and the particles will

be levitated. As the jet expands and pushes up the solid

particles, the jet velocity decreases until the velocity of

the gas at the boundary becomes ue. As the void becomes

larger, the interface velocity becomes insufficient to
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support the walls of the void and particles come from the

side and close the void forming a roughly spherical bubble.

Bubble rise

As the bubble rises through the bed, particles move out

of its path and are displaced upwards. Most of the particles

then flow around the bubble in streamlines, but some will be

caught in a turbulent wake.

Each bubble carries a wake of particles, and causes a

drift of particles to be drawn up as a spout below each

bubble.

Bubble eruption

As the bubble approaches the upper free surface of the

bed, a dome is seen to rise ahead of the bubble. The bubble

then erupts at the surface resulting in a splashing and

ejection of particles into the freeboard. The particles,

then descend in bubble-free regions.
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Figure 1-9. The stages of particle motion caused by a rising bubble.
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CHAPTER II

EXPERIMENTAL STUDY OF BUBBLE PHENOMENA
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INTRODUCTION

The objective of this thesis was to study the use of an

optical probe to evaluate the hydrodynamics of a cold

bubbling two-dimensional gas-solid fluidized bed and to

examine the effect of some operating variables on these

characteristics.

As mentioned earlier, a bubbling fluidized bed is

usually composed of two phases: a bubble phase ( bubbles and

gas clouds surrounding them ) and a dense phase. This work

dealt only with the properties of the bubble phase.

Using established computing techniques along with some

new ideas, several programs were developed to analyze the

probe output and determine the following bubble properties

as a function of particle size and lateral position within

the bed:

a) Frequency distribution : distribution of the mean

number of bubbles striking the probe per unit time.

b) Inter-arrival time : distribution of the average

time interval between two successive bubbles.

c) Size and size distribution

d) Interface rise velocity : velocity of bubbles rising
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through the bed.

e) Local volume fraction occupied by gas bubbles

Depending on the information needed, either a single

probe or two probes were used. This consideration will be

explained later.

Still photographs using a very fast film and a video

recording were also used to help in the analysis of the

results.

In all experiments, solids were fluidized at room

temperature and atmospheric pressure, and the bubble

development was observed at a fixed height above the

distributor.

The following section gives a complete description of

the experimental apparatus and accompanying equipment, probe

design and operation, experimental and numerical

methodology, and results of using the optical probe to

determine the properties outlined above.
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EXPERIMENTAL APPARATUS

The experimental apparatus used (excluding the

measuring equipment) is shown in Figure II-1 and is

described below. A schematic overall view of the

experimental facility which consisted of a fluidized bed

assembly and a measurement assembly is illustrated in Figure

11-2.

BED FRAME

OPTICAL PROBE

18"

DISTRIBUTOR PLATE

Figure II-1. Drawing of the two-dimensional fluidized bed
used for the experiments.
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Optical
probes

Plenum

chamber

Signal
conditioning

unit

Oscilloscope

Distributor

HManometer

Or- f ce

Screw
terminal

Blowers

PC

Figure 11-2. Schematic overall view of the entire
experimental apparatus.

Air

The experiments were carried out in a two-dimensional

rectangular fluidized bed, with adjustable width and depth

(Table 1). This choice was made so that the bubbles almost

filled the entire depth of the bed, and therefore were

easier to observe.
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The front section of the bed was made of flint glass to

permit visual observation. The distributor was a flat

perforated plate with a fine mesh screen laid over it, to

prevent the solid particles from falling into the plenum

chamber. The plate used was thicker and had fewer openings

than the screen. The objective of this arrangement was to

reduce the pressure drop across the distributor close to the

minimum value necessary to achieve equal flow through the

openings. This was required since the compressor used had

limited capacity.

A summary of the bed dimensions, distributor details

and solid particles properties is given in table 1.

The required air flow was provided by two centrifugal

fans connected in series. The fan outlet was connected to a

1-foot diameter duct where a thin-plate orifice used for

flow measurement was placed concentrically. After exiting

the orifice plate, the air was directed into a calming

section and into the bed through the distributor plate.

The measurement assembly included an optical probe, a

signal conditioning unit, a personal computer, an

oscilloscope and a manometer.

The pressure drop across the thin-plate orifice was

measured using an oil-filled manometer. This differential

pressure (upstream minus downstream) was then related to the

volumetric flow rate. The velocities were then calculated by

dividing the volume flow rate by the area of the test
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Table 1. Experimental conditions

Bed :

Width : 8 1/2 " (adjustable up to 18")

Depth : 2 " (adjustable up to 6")

Height when packed : 3"

Distributor :

Hole diameter : .5 cm

Pitch :

Lateral : 1.7 cm Longitudinal : 1 cm

Particle :

Type : Silica - Alumina

Size range (mm): 1.70 - 2.00

Mean diameter (mm): 1.85

Density (kg/m3): 2,700

Group :

Fluid :

Air at room temperature and pressure

Constant velocity

11

2.00 - 2.36

2.18

2,700

D

chamber.

The probe was clamped securely in place with an

adjustable support bracket mounted on a stand. The mounting

system moved the probe vertically and laterally to the
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desired measuring point within the bed.

OPTICAL PROBE DESIGN

An optical system was used to detect the presence of

the bubbles. It only requires that the particles be opaque

to the light used and that the fluidizing gas be optically

clear at least for distances of a few millimeters.

Figure 11-3 gives a detailed drawing of a typical probe

construction (dimensions may vary). The probe has been

designed to be mounted either vertically or horizontally.

This probe consists of two identical vycor glass rods of 2-

mm diameter used as light guides. One tip of the rod was

ground flat and fire polished while the other was ground to

form a 45°-angle-surface on one side and a flat surface on

the other side, and then polished. The vycor rods are

encased in a stainless steel tubes.

The operating principle of this probe is illustrated by

figure 11-4. Infrared light (880 nm spectral peak) produced

by a high intensity LED (Light Emitting Diode) is

transmitted down one rod. When the light beam strikes the

surface at an angle of 45°, it is reflected toward the flat

side, according to Snell's law, then it goes across the gap

to the other 45° angle where it is reflected up through the

The optical probe was designed by Dr. Alan H. George, Dept.
of Mechanical Engineering, Montana State University.
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Figure 11-3. Detail drawing of the optical probe used (not to scale).
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other vycor glass rod to a sensing element which is a

silicon infrared phototransistor.

The photodetector employed is chosen to match the light

source used for proper probe operation.

Since the particles used are optically opaque, when the

dense phase fills the gap, there is no transmission of light

From the light source To the phototransistor

Vycor rod

Light path

Figure 11-4. Light path through the vycor rods.
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across the gap. However, the bubble phase is optically

clear, and when pierced by the probe, light will be

transmitted across the gap to the photodetector.

For operation in a high temperature bed, a water

cooling port is included to avoid damage to the electronic

components (LED and phototransistor) by excessive heat.

METHODOLOGY

For all experimental runs, the probe was placed 1 inch

above the screen distributor and the bed was filled with

solid particles to a static height of 3 inches.

Measurements were made at several locations across the

bed. Starting at a distance of one inch from the left wall,

data were taken for lateral increments of one inch each

moving toward the right wall.

The outputs from the probes were directed to a signal

conditioning unit where they were filtered to remove any

unwanted components and then amplified to an appropriate

level. The amplification was such that high-level voltages,

which correspond to full transmission across the gap, were

close to 2 volts, and low-level voltages remained close to

zero.

The analog voltages associated with these outputs were

then recorded by a digital data acquisition system, using

the real-time software package, PCLAB, at a sampling



38

frequency of 1,000 Hz, giving an accurate digital

reproduction of the output.

An oscilloscope was also used to monitor the signal

output from the probes.

Because the development of bubbles has a random

character (bubbles rise at random times and grow by random

coalescence), the recorded signal from the optical probe was

stochastic and still required appropriate statistical

treatment and interpretation to obtain the desired bubble

properties.

2.5

2

1.5

0.5

LAI

- 0. 5
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00

Time (sec)

Figure 11-5. Typical voltage output when the probe
is placed in the bubbling bed.
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The presence of the probe disturbs somewhat the local

flow of bubbles in the bed causing some particles to fall

through the air bubbles which attenuates the light

transmission across the gap. This attenuation causes the

output voltage of the probe to be lower than the open gap

condition. The trace of the signal obtained from the probe

is also different from the ideal rectangular pulses.

A voltage threshold Up was set at 75% of the high level

voltage of the amplified signal, after some preliminary

visual observation of the output signal from the probe for

different cases. All traces above this threshold value

indicated a bubble phase at the probe tip and all the ones

below it belonged to the dense phase.

Use of a single probe: with a single probe, the

following quantities were obtained:

a) the local average bubble pulse duration.

b) the local inter-arrival time distribution and

corresponding average.

c) the total number of bubbles and the average

number of bubbles striking the probe per unit

time.

Use of two probes: With two probes placed next to each

other with a vertical displacement between them, the

following properties were determined:
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a) local mean bubble rise velocity.

b) local bubble chord length distribution and an

approximation for the actual bubble size

distribution.

A summary of the various quantities that can be

obtained and the relation between them is shown

schematically in the flowchart of figure 11-6.

A brief description of the computer programs

developed to evaluate the properties stated above is given

in appendix E.

BUBBLING FREQUENCY

Introduction

The frequency of appearance of the bubbles is of

interest in investigating the uniformity of bubble

development over the bed cross-section. This distribution of

bubbles is controlled by the uniformity of gas distribution

and the distribution of orifices in the distributor.

Methodology

The bubble frequency, kb, that is the mean number

of bubbles detected by the probe per unit time, was obtained

by counting the number of nonattenuated signal peaks over a



--br number of
bubbles

bubbles
frequency

pulse averageProbe durations pulse duration

averageinter-arrival
times

inter-arrival
times
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Probe
In.
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F.-
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pierced length

local bubble
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bubble size
distribution

Figure 11-6. Flowchart for the properties of the bubbles determined.



specified time interval T, and dividing the result by that

time interval.

nb

T
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Measurements were made for several.locations in the bed

and for two different particle sizes.

A computer program was written to achieve this task.

From the original digital form of the signal stored in a

file, a modified version was created with only the part of

the signal lying above a discrimination voltage, UD, being

kept. A sequential reading of the modified form was then

done until a voltage increase above Up was found. Such a

voltage increase corresponds to a peak in the signal. A

counter was then incremented by unity for each peak found.

The final value recorded by the counter then corresponded to

the total number of bubbles detected by the probe at a given

location in the bed.

Results and conclusions

Figure 11-7 shows the bubble frequency profiles as

functions of lateral position for two different particle

sizes. The bubble development is obviously non-uniform

across the bed for both particle sizes used. This
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observation is justified by the fact that if there is an

upward circulation of solids at one location, there must be

a downward circulation somewhere else in the bed.

In both cases, there is a zone of increased bubble

development near the wall. This observation could be caused

by solids motion in the middle of the bed that deflects

bubbles toward the walls. This finding is in agreement with

the results of Werther (1973).

The region in the middle shows some fluctuations that

0.)

14.00

12.00

10.00

8.00

6.00

LL

BUBBLES FREQUENCY

4.00

2.00

0.00

Particle size :

+1.70 -2.00 mm

x 2.00 2.36 mm

Probe location :

1 above distributor

1.00 2.00 3.00 4.00 5.00

Distance from left wall

(inches)

6.00 7.00 8.00

Figure 11-7. Local mean number of bubbles striking the
probe per unit time versus the lateral displacement from
the left wall (probe located at 1" above the distributor).



44

could be explained by the fact that descending particles in

regions adjacent to zones of rising bubbles slow down the

formation of bubbles.

INTER-ARRIVAL TIME DISTRIBUTION

Introduction

The waiting periods between the arrival of

successive bubbles gives, to some extent, a representation

of the spatial arrangement of the rising bubbles.

Methodology

The inter-arrival time of bubble formation is

obtained by measuring the time interval between two

successive peaks in the recorded signal.

A computer program was developed for this purpose.

It scans the digital form of the signal, finds the peaks and

record their time of occurrence. The inter-arrival times are

then obtained by evaluating the difference between any two

successive bubble appearance times.
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Results and conclusions :

The plots of the probabilities of the inter-

arrival times of bubble formation for different locations in

the bed and for two different particle sizes are shown in

appendix B.

Figure 11-8 shows the variation of the average

bubble inter-arrival time as a function of the lateral

displacement from the left wall.

Particle size :

+1.70 -2.00 mm

x 2.00 2.36 mm

Probe location

T' above distributor

0.10

1.00 2.00

T

3.00 4.00 5.00

Distance from left wall

(inches)

6.00 7.00 8.00

Figure 11-8. Average bubble inter-arrival time versus the
lateral displacement from the left wall (probe located at
1" above the distributor).
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As expected a maximum value on the inter-arrival

time curve corresponds to a minimum value on the bubble

frequency curve and vice-versa. This is because,

over the same period of time, large waiting periods between

the appearance of bubbles means a small number of bubbles.

In regions close to the wall, bubbles appear at smaller

time intervals. This means that there is a concentration of

bubbles at the wall, as was found from the bubble frequency

variations curve.

Individual bubble inter-arrival times scatter widely

about the mean for the two particle sizes used as shown on

the scatterplots of Figures 11-9 and II-10. This observation

confirms the fact that bubbles appear at random times in the

bed. The overall averages ,over the cross section of the

bed, of the bubble inter-arrival times are also shown on the

same plots.
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Figure 11-9. Scatterplot of the bubble inter-arrival
times as function of the lateral position in the bed for
particles in the size range 1.70 - 2.0 mm.
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Figure 11-10. Scatterplot of the bubble inter-arrival
times as function of the lateral position in the bed for
particles in the size range 2.0 - 2.36 mm.
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RISE VELOCITY

Introduction

The measurement of bubble rise velocities is much

more difficult when many bubbles are present because they

interact by splitting and coalescing.

Furthermore, previous studies have shown that the

instantaneous bubble velocity is significantly affected by

the following random factors: concentration, spacing and

size of close neighbors. Therefore, a statistical

determination of the average rise velocity is required.

Methodology

As indicated in figure II-11, two identical2

probes A and B, were mounted vertically one next to the

other with a small vertical displacement between them, L.

The rising bubble traveled from probe A (upstream) to probe

B (downstream) and was detected sequentially by the two

probes at times tA and tB respectively.

The time necessary for a bubble to travel the distance

L is then

tAB tA tB

2 not necessarily of the same dimensions but based on the same
operating principles.



The shape of the leading and trailing edges of the

pulses in the trace of the signals often showed small

Probe A

Lpi

x<t)

y(t)

Probe B

Vertical displacement

Rising bubble
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Figure II-11. Measurement of the bubble rise velocity
using two optical probes.

variations, making it difficult to measure tAB for each

individual bubble without significant error, as

pointed out by Werther (1973).

A more meaningful quantity is the mean rise velocity,

vb, of the bubbles detected by the probes over the measuring

time, T. This is computed from a determination of the mean

time delay, E[tAB), using the cross-correlation of the two



output signals by

= L / E[tm]

50

The average time delay, E[tAB], is determined using the

correlation technique. This technique has been used

extensively by several authors [24,34] for the purpose of

measuring bubble rise velocities. It has many other

applications in other fields.

The cross-correlation can be expressed as:

1 r+T
Rxy (td) = XA (t) yB(t+td) dt

T-+D 2T -T

but, by definition of the two signals we have:

yB(t) = xA(t-tAB)

by substituting,

1 r-pi

R,w (td) = lim xA (t) XA (t +td-tm) dt
T-0 2T j-T

= Rm (td-tAB)

Since the auto-correlation function, Rm, reaches its

maximum at the origin, td=0, the cross-correlation function,

Rxy, of these particular two signals, xA(t), and, yB(t), will

have its maximum at the time td = tAB

Thus, the time delay needed was determined by

numerically evaluating the cross-correlation of the two

signals and determining the time at which the maximum was

reached.
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Results and conclusions

Figure 11-12 shows the variation of the average rise

velocity across the bed. There is an alternation between

high and low rise velocity values, which suggests the

presence of different circulation cells.

This observation might suggest that the eruption of the

bubbles at the surface of the bed causes the particles to

descend on both sides of those bubbles.

3.50

3.15

2.80

2.45

110

1.75

1.40

0.70

0.35

0.00

AVERAGE BUBBLE RISE VELOCITY

Probe location :

1" above distributor

1.00 2.00 3.00 4.00 5.00

Distance from left wall

(inches)

T

6.00 7.00 8.00

Figure 11-12. Variation of average bubble rise velocity
with the lateral displacement from the left wall (probe
located 111 above the distributor).
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The number of circulation cells seems, on the basis of

the two particle sizes used, to be dependent on the particle

size. It could also be time dependent and function of the

bed dimensions as well.

BUBBLE VOLUME FRACTION

Introduction

The bubble volume fraction is evaluated at a given

location in the bed. The variations of this quantity are

directly associated with the bed circulation.

Methodology

The bubble volume fraction is the fraction, eb, of

gas bubbles, on a time-averaged basis, contained in a volume

element of the fluidized bed at the location of the probe.

This fraction is the ratio of the time during which the

probe detects bubbles, to the total time measurement, T.

Thus,

1

eb = lim E tbi
T-K:o T i=1

1

E
b

lim n t
b

T-K* T



i.e. Eb k tb

Results and conclusions

Figure 11-13 shows the variation in the local

fraction of gas as bubbles in the bed as a function of the

LOCAL MEAN BUBBLE VOLUME FRACTION

+ t70 2.00 mm

x 2.00 2.36 mm

Probe location :

1.00 2.00 3.00 4.00 5.00

Distance from left wall

(inches)

6.00 7.00 6.00
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Figure 11-13. Variation of the local bubble volume
fraction with lateral displacement from the left wall
(probe located 1" above the distributor).
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distance from the left wall for two different particle sizes

at a constant height above the distributor.

The regions of high bubble phase voidage

correspond to locations in the bed with an upward

circulation.

As might be expected, the general shape of the

curves is quite similar to those for bubble frequency given

the relation used to compute the bubble volume fraction.

SIZE AND SIZE DISTRIBUTION

Introduction

In bubbling fluidized beds, bubble diameter is one

of the important parameters which affects the performance of

the bed. It is also one of the most difficult

characteristics to determine accurately.

The bubbles present in the bed, over a period of time,

can have different sizes and shapes, however it is necessary

to assume a common shape for all the bubbles as an

approximation to describe this variety of bubbles. A

spherical geometry has been assumed in this thesis. At low

levels in the bed, bubbles have just been formed and are

flat. They then grow to become larger and more spherical.

The optical probe used will give only a measurement of the

vertical dimension of the bubbles. This will be sufficient
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because of the shape assumed.

Methodology

The probe response and the knowledge of the bubble rise

velocity, give a direct measure of the approximate bubble

diameter only when a rising bubble in the fluidized bed

strikes the probe diametrically. We have no way to know when

this ideal situation (i.e. diametrical intersection of the

bubble and the probe) occurs given the stochastic nature of

this phenomenon. During the bed operation, the probe could

pierce the bubble at any point on the bubble surface and the

measured pierced length would not correspond to the actual

bubble diameter. Therefore, a statistical method is required

to analyze the measured vertical dimensions of the bubbles.

The first step of bubble size analysis is to classify

the bubbles according to their pierced length (vertical

dimension). The pierced length of a bubble is defined in

figure 11-14. The classification was done as described

below.

Step 1

The bubble pierced length distribution was

determined directly from the recorded signal by the

following method:
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x(t)

Probe

Bubble

Pierced
length

Figure 11-14. Bubble pierced
length definition.

(a) Determine and store all pulse durations

found in the signal and let n be their number.

(b) Multiply these durations by the average

bubble rise velocity to obtain the bubble pierced

lengths.

(c) The pierced lengths obtained are grouped

into k n) classes [li,li4.1] (i=1,...,k) of equal

width and of mid-value xi. If n1 is the number of

pierced lengths falling into class i, the resulting

frequency distribution is:



Class value
1

x2
X

k

Frequency

k
with E n1 = n

i=1

n1 n2 n
k
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As a rule of thumb, the number of groups should be

chosen to be close to the square root of the number of

values.

(d) The probability mass function was then

determined from the results obtained in (c) according

to

Pi = Pr (1=x1)
n.

i = 1,...k
n

(e) The probability density was also obtained by

dividing the probability mass function by the interval

size.

pi = Pi / (li+i - li)

The determination of these frequency distributions and

their plots were performed using the commercial spreadsheet

software package Quattro.
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Step 2

This step consists of using a correspondence

between the distribution of pierced lengths and bubble size.

This statistical derivation was done by Werther (1974) and

all the details and discussion of this procedure can be

found in reference [34]. A different approach was taken,

however, to solve the equation relating the actual bubble

diameter to the measured pierced bubble length.

The following is a summary of this procedure, followed

by the proposed method of solution.

If we let

g(1) dl = probability that if at some time, t, the

probe is immersed in a bubble, the

corresponding pierced length lies in the

interval [1,1+d1].

f(Dv) SIDv = probability that the struck bubble

belongs to the size class [Dv,Dv+8Dv] .

p(Dv,1) dl = probability that the measured pierced

length lies in the interval [1,1+dl]

if a bubble in the class [Dv,Dv+8Dv]

is struck.

The product f(DO p(Dv4) then gives the probability that a
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pierced length in the interval [1,1+dl] results from a

bubble in the size class [Dv,Dv-F6Dv].

Thus,

g(1) = p(Dv,1) f (Dv) 8Dv

1/2

Figure 11-15. Schematic representation of a
spherical bubble when penetrated by the probe.

This is the equation to be solved for the function, f.

First, an expression for the quantity, p(Dv,1), defined

above, must be determined.

By examining figure 11-15, it is clear that the

probability for the pierced length to fall in the interval

[l,l +dl] when the actual bubble diameter is Dv, can be

obtained by dividing the shaded area shown on the sketch by

the total area of the cross-section. Following this approach



we have

Shaded area =
Dv 1

) 2 (-) 2 )

2 2

Dv l +dl

{ )2 ) 2 )

2 2

Total area =

Thus,

p(Dv,1) dl =

Dv
) 2

2

shaded area 2 1 dl + (dl)2

total area Dv2

i.e. p(Dv,1)
2 1

D2

Therefore, the following relation relates the chord

length distribution to the bubble size distribution:

g(l) =

I Dv, max

j 1

Differentiating with respect to 1,

g'(1) =

g'(1) =

IDv,max

2 1

D2
f (Dv) 8Dv

2 f(1)
f (Dv) &Dv - 2 1

J 1 Dv2 12

g(1) f(1)
- 2 1

1 12

60



Thus,

1

f(1) = [g( 1) - 1 g'(1)]
2
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Using this relation, the bubble size distribution

was obtained directly from the measured chord distribution.

The derivative of the function, g, was approximated by a

finite difference scheme.

Results and conclusions

The results of the measurement of the bubble chord

length distribution are shown, for different bed locations

and particle sizes, in appendix C.

These distributions show a narrow spread and

asymmetry with a positive skewness. This type of profile

suggests the existence of a preferential bubble size in the

bed, over a period of time. Considering the gap distance

used for the probe and the numerical values obtained for the

bubble chord length, it appears that the bubbles detected

are in fact flat (horizontal dimension larger than vertical

dimension).

The actual bubble vertical dimension was computed

from the equation derived above. This equation had the

disadvantage of giving, occasionally, some negative values
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because of some scattering of the observed data, however

this situation happened only for bubble chord lengths with

very small probabilities, and, therefore, were not of major

importance. In addition, the method used is only an

approximation to statistically describe an array of bubbles

of different shapes and sizes. Thus only the most probable

bubble size, on the statistical average, is of interest.

All the plots of the probability density of the

bubble diameter as function of the lateral position in the

bed and for two different particle sizes are shown in

appendix D. They show a less narrower spread, but are still

positively skewed. As expected, the most probable diameter

is found to be larger than the most probable chord length.
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CONCLUSIONS AND SUGGESTIONS

(1) The curves showing the lateral distribution of

bubble frequency and void fraction occupied by the bubbles in

the bed have similar shape.

(2) Bubble size distribution shows an asymmetry with

positive skewness, suggesting the existence of a preferential

bubble size at a given location in the bed.

(3) The bed showed a pronounced non-uniform structure

with preferred flow paths for rising bubbles and descending

solids. However, these flow paths seemed to be dependent on

the particle size used and might also be time dependent.

(4) Particles, pushed up by a rising bubble, descend on

both sides of that bubble after it bursts at the surface of

the bed.

(5) A number of circulation cells exist across the bed.

Their number seems to be dependent on the particle size used.

It is unknown if bed dimensions affect the number of these

cells or if they are time dependent. Further investigations

are, then, still needed in this area.
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APPENDIX A

BUBBLE PROPERTIES DATA



Particle size range 1.70 2.00 mm

Probe location above the distributor 1"

Probe location from the left wall

1" 2" 3" 4" 5" 6" 7" 8"

Number of
bubbles
recorded

87 76 36 59 55 65 65 143

Frequency
of bubbles

(1/sec)
7,25 6,33 3 4.916 4.583 5.416 5.416 11.92

Average
Inter-
arrival

time (sec)
.1348 .1594 .2914 .2 .2125 .1618 .185 .0821

Average
bubble rise
velocity
(ft/sec)

1.953 2.232 1.42 3,125 1.042 1.2 2,232 1.563

Mean
bubble
volume
fraction

.0569 .061 .0353 .0463 .0475 .0399 .0525 .1083



Particle size range 2.00 2.36 mm

Probe location above the distributor 1"

Probe location from the left wall
1 2 3 4 5 6 7 8

Number of
bubbles
recorded

112 95 70 74 54 93 62 163

Frequency
of bubbles

(1/sec)
9.33 7,916 5.83 6,16 4.5 7.75 5.16 13.58

Average
inter-
arrival

time (sec)
.106 ,127 .171 .1635 .2248 .1276 .195 .0737

Average
bubble rise
velocity
(ft/sec)

7812 .5787 2.232 2.232 1,42 .71 1,116 .9765

Mean
bubble
volume
fraction

.096 .0753 .0728 .068 .0645 .0828 .0834 .15
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APPENDIX B

PROBABILITY OF THE INTER-ARRIVAL TIMES
OF BUBBLE FORMATION
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APPENDIX C

DISTRIBUTION OF THE BUBBLE CHORD LENGTHS

AS FUNCTION OF PARTICLE SIZE AND LATERAL POSITION
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APPENDIX D

DISTRIBUTION OF THE BUBBLE DIAMETERS

AS FUNCTION OF PARTICLE SIZE AND LATERAL POSITION
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APPENDIX E

COMPUTER PROGRAMS DESCRIPTION
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PROGRAM I

Purpose

This program computes the following properties

(a) The number of bubbles

(b) The frequency of bubbles

(c) The inter-arrival times and their average

(e) The pulse widths and their average

Method

The program starts by modifying the original

signal and keeping only the part of the signal above a

specified discrimination voltage. It then finds and stores

the time of appearance of the leading edge of a bubble at

the tip of the probe and that of its trailing edge. Each

appearance of a leading edge is considered as a bubble. The

pulse width is determined from thetime difference.

Usage

The program prompts the user for the necessary

inputs which are as follows,

- The filename for the digital signal

- The filename for the pulse widths (output)
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- The filename for the inter-arrival times

(output)

- The voltage threshold desired

- the sampling frequency used

The distributions are saved in user specified files and

their averages and the total number of bubbles are displayed

on the output screen.

Source code

The source code is not included here.
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PROGRAM II

Purpose

This program estimates various statistics between

two digital signals:

- Auto-spectrum values (Gm and Gw).

- Cross-spectrum values (Gxy).

- Auto-correlation values (Rm and Ryy)

- Cross-correlation values (Rxy) .

- Magnitude squared coherence (MSC)

Method

The estimation technique uses the weighted

overlapped segmentation fast Fourier transform (FFT)

approach. A 50-percent overlap is highly recommended with

this method and was used.

Usage

The program prompts the user for the following

*
This program is a modified version of the code written

by G. Clifford and J. F. Ferrie of the Naval Underwater
Systems Center and published in: Programs for Digital Signal
Processing, IEEE Acoustics, Speech, and Signal Processing
Society .
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informations:

- filename for first digital time serie

- filename for second digital time serie

- length of time series

- the sampling frequency

- length of each segment (<=1024 and power of 2)

- percentage of overlapping desired

In output, the results are written to specified

files for plotting purposes and further analysis.

Source code

The source code is not included here.


