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ABSTRACT

This research work was undertaken in order td

study the rate of thermal decomposition of pyrite and

limestone particles in the fluidized bed. The over-

all decomposition rate of these pa~ticles in the fluid­

ized bed is thought to be affected by the fluidization

quality and by the heat transfer characteristics of the

fluidized bed.

Prior to the thermal decomposition study of pyrit~

and limestone particles, therefore, the mean, pc' and

the variance, ~~, of the local particle concentration

in the fluidized bed were studied by using a capacitance

probe method. The particle concentration in_~he

-
bubbles and the dense phases, CL_and Cu' and the fre-

quency, f, the vertical thickness, y,and the rise

velocity, ub ' of bubbles were obtained from the traces
-

on an oscillogram of the output signal from the probe.

From the surveys on the regression of a; upon CL, Cu'

f, y and ub ' it was revealed that <5"; is a measure repre-
/

senting the nonuniformity in a fluidized bed in terms

of the difference in particle concentration between

bubble and dense phases.

The overall heat transfer coefficient between the

reactor wall and the fluidized bed, he' was measured



oat the temperature of 500

ii

And the radiative

heat transfer coefficient, h , was calculated by Stefan-r . "

Boltzmann's law. By subtracting hr from he' th~film

coefficient of heat'transfer, hw' was obtained.

Measured h was found to be in good coincidence with
w

,
those by the previous workers obtained at lower tempe~- .'

\

atures where the radiative heat transfer can be omitted.
i

The particles of pyrite and limestone were decom-

posed in the fluidized bed. The fluidized bed tem--·-...... ----

perature was maintained at 6500 to 7500 C for pyrite and
o 0'at 825 to 875 C for limestone. From the batch process

experiment, it was found that the overall decomposition

rate of these particles is determined by the rate of

heat transfer from the reactor wall to the fluidized

bed. The film coefficient of heat transfer, hw'

estimated from the rate constant coincides well with

that obtained in this work. It was clarified by the

previous workers that the overall rate of thermal decom­

position of limestone at a temperature below 9000 C is

controlled by the rate of interfacial reaction when a

small amount of limestone is decomposed ina large space

of furnace and this seems to be somewhat different from

the result obtained in this work. The rate of heat

transfer from the surroundings to the unit surface area

of limestone particles present in fluidized bed was
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found to be extremely lower than that in the case where

a small amount of limestone is decomposed. This may

be the reason why the heat transfer controlling model ,
i

is applied to the thermal decomposition of limestone

particles in fluidized bed at a temperature below 900oC.

For the continuous process experiment, two rate

equations, Eqs. (4.19) and (4.22), were derived by

assuming the complete mixing and the upward piston flow

of the particles in the fluidized bed. In the thermal

decomposition of pyrite, the flow rate of nitrogen gas

was kept at about three times that of the minimum fluid-

:lZati6n. The mean fraction of decomposed pyrite in

the overflow deviates from Eq. (4.19) and it approaches

to Eq. (4.22) at higher feeding rates of pyrite particles

because of the possible segregation of particle~ at the

surface of fluidized bed. On the other hand, this
~

deviation becomes minor at lower feeding rates because

the difference in the fraction decomposed between the

bulk and the surface of fluidized bed is so trivial.

In the experiment of thermal decomposition of

limestone, the flow rate of air was kept ata relatively,

higher value of 8.5 times that of the minimum fluidi-

zation. Eq. (4.19) was found to be satisfactory at

higher feeding rates of limestone particles because the

overflow pipe is buried within the bulk of fluidized'
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bed where the particles are completely mixed with each

other. At lower feeding rates, on t~e other hand,

the mean fraction of decomposed limestone in the over-
----

flow deviates from Eq. (4.19) because of the possible

segregation of particles at the level of overflow pipe.
--,
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CHAPTER 1 INTRODUCTION

1

\

The first commercial fluidized bed reactor was

built in Germany in 1921 (1).

the Winkler gas generator.

It was installed in

Since then, the fluidizing
)

technique has been widely applied to the various indus-

trial processes; such as classification and drying of---i------~
,! '

the particles, catalytic cracking of petroleum, synthesis

of hydrocarbon, and so on.

In metallurgical industry, the fluidizing technique

is being applied to the roasting of sulfide ores (2,3),

to the reduction of oxide ores (4,5), calcination (14,15),

and so on. Previously, sulfide ores were roasted in

the flash roasters and in the multiple hearth roasters

such as Herreshoff and Wedge furnaces. However, these

roasters were replaced and more than 60 fluidized bed

roasters are being operated in Japan (6). The features

of the fluidizing technique mentioned below are thought

to cause this evolution; its extensive adaptability

exploits various "applications in the chemical and metal-

lurgical industries.
I

On the other hand, however,

there still remains many problems to be clarified in

order to better understand and to improve the flUidizing
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techniques.

Features of fluidized bed reactor in metallurgical

processes where solid particles are treated can be

summarized as follows:

1) Fluidization permits the ready charge and dis-

charge of bed with solid particles. This enables

the continuous operation and reveals a possibility

of controlling the residence time of solid particles

in the bed.

2) ~ecause of the high effective thermal conductiv-

ity in the bed and of the high heat transfer coeffi-

cient between the reactor wall and the bed, temper-

ature profile throughout the bed ?ecomes much more

uniform than that realized in the fixed bed. And

thus, this feature made it possible to control the

bed temperature precisely even when a large amount

of heat is evolved or consumed during the reaction

occurring in the fluidized bed.

3) Since the solid particles of smaller size can

be treated with higher efficiency, the fluidized bed

is profitable for the treatment of flotation concen-
.
trate.

4) The size of particles fed to the fluidized bed

is usually smaller than that fed to the fixed bed

type reactors, and consequently, the effective SUr-

face area of particles is larger and the resistance

\
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to heat- and mass-transfer within particles can be

omitted. This may also be profitable for the

chemical reactions. -.-'

And, on the other hand, the following items can

be mentioned which are sometimes thought to be disad-

vantageous for the fluidized bed.

1) Because of the vigorous agitation of particles

within the bed, complete mixing of particles can be

realized in a well-fluidized bed. . Under this

condition, some of the unreacted particles happen

to be included in the overflow and some of the

reacted particles happen to remain in the bed for

a long time. This may lower the overall fraction

of reacted product in the overflow.

2) When the fine particles are fed into the fluid~

ized bed, an amount of particles is often carried

out of the bed by fluidizing gai. This is known

as elutriation. In order to avoid this elutriation,
i

some installations are required for recovering the

fine carry-over. The residence time of these fine

particles carried out by the gas is much shorter than

that of the overflow particles. This may also

lower the overall fraction of reacted product.

Thus, it is indispensable for designing the fluid­

ized bed reactor, for obtaining the optimum conditions

of operation and for improving the technique, to study
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not only the reaction rate and the heat- and mass-

transfer rate but also the behavior of the particles

in the bed.

Among the chemical reactions carried out in the

fluidized bed reactor in metallurgical industry, oxida~

tion, reduction and thermal decomposition of mineral

particles are thought to be important.

The purpose of this work is to study the thermal

decomposition. Thermal decomposition of solid par~

ticles is represented by,

(Solid) ~ (Solid) + (Gas)

It is usually an endothermic reaction. This reaction

is composed of the following three sequential steps:

·1) Transport of heat from the surroundings to the

reaction interface within parti~~es.

2) Thermal decomposition which occurs at the inter-

face.

3) Escape of the gas evolved at the interface to

the surroundings.

Rate determining step of this reaction may be

varied by the conditions. In the case that the ther­
I

mal decomposition of the particles is carried out at

higher temperature and the decomposed product is porous,

the reaction rate at the interface is relatively high

because of its higher activation energy, and the diffu-

sion rate of gas evolved at the interface through the



5

shell of decomposed product is rather high because of

its porosity. Consequently, it is reasonable to

presume that the overall rate of the decompositio~~is

mainly controlled by the rate of heat transfer from the

surroundings to the interface. It is of basic inter- /

est in pyro-metallurgical processes to clarify the over­

all rate of the thermal decomposition of particles in

the fluidized bed.

Pyri te and limestone particles were chosen as th~__ "

feed for the fluidized bed. Interest in the thermal

decomposition of pyrite with inert gas stream increased

recently, because of possible elimination of arsenic

from pyrite in processing highly purified iron oxide

pellets and of producing elemental sulfur from pyrite

instead of sulfuric acid. The thermal decomposition

of limestone, on the other hand, has been studied by

many workers (9-13) and basic information on its mech-

anism is easily available. From this, the thermal
.

decomposition study of limestone particles in the fluid-

ized bed is destined not only to study its kinetics

but also to clarify the characteristics of high temp-er---­

ature fluidized bed.

It is known that the enthalpy changes in the ther-.
mal decomposition of pyrite and limestone are about 37

and 43 kcal/mole, respectively, and that the decomposed

products of these materials are very porous (7-9).
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And thus, the overall rate of thermal decomposition of

these solid particles at higher temperature is revealed

to be determined by heat transfer rate from the surround­

ings to the decomposing interface within particles (8,9).

When the fluidization tube is heated from the out­

side and the heat is supplied to the bed through the

reactor wall, the heat transfer rate between the reactor

wall and the fluidized particles in the bed plays a very

important role. Moreover, this heat transfer rate is

affected by the fluidization characteristics. There-

fore, the fluidization characteristics and the heat­

transfer rate are indispensable for understanding the

endothermic reaction in a fluidized bed whose overall

rate is controlled by heat-transfer rate~ This is

the reason why the fluidization characteristics 'and the

heat transfer: rate were studied in this work prior to

the kinetic studies on the thermal decomposition of

pyrite and limestone perticles in a fluidized bed.

Fluidization quality is a complex function of con­

centration and properties of the fluidized particles,

bed 'geometrY, and properties and flow rate 6f the fluid-

izing gas. In Chapter 2 of this paper, mean, fc ,

and variance, ~l, of local particle concentration in

a fluidized bed were chosen as the measures of fluidi­

zation quality and they were studied in relation to the

flu~dizing conditions, such as the bed height and the



flow rate of gas.
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fSC
2 is a measure representing the,

nonuniformity of local particle concentration ,in the

bed. The correla tionship between cr-Z and fluidi-

zation characteristics, such as, the size, the frequency, \

and the rise velocity of gas bubbles and the particle

concentration in the bubble and dense phases were also

pursued.

In Chapter 3, the heat transfer coefficient between

the reactor wall and the fluidized bed was studied at·--------.-

the temperature range of 5000 to 8000 c. Although

many works have been published on the heat transfer

phenomena in the fluidized bed, most papers pursued

the heat transfer coefficient at lower temperature below

200°C where the radiative mechanism of heat transfer

can be omitted in comparison with those by conduction

and convection. Heat transfer coefficient obtained

in this work was compared with those measured at lower

temperatures. And the correlationship between the

heat transfer coefficient and the fluidization charac-

teristics studied in Chapter 2 was also discussed.

Finally, in Chapters 4 and 5, the thermal decom-

position rate of' pyrite and limestone particles in a
•

fluidized bed was studied. Assuming that the heat

transfer rate from the surroundings to the fluidized

particles controls the overall decomposition rate,

the rate equations for the batch process and for the



continuous process were derived.

8

These rate equations

were evaluated by comparing them with the experimental

results. And the heat transfer coefficient estimated

from the rate constant was compared with that obtained

in Chapter 3. Moreover, the decomposition rate of

limestone in the fluidized bed was discussed by com-

paring it with the results obtained by the previous

workers.
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CHAPTER 2 PARTICLE CONCENTRATION AND THE

NONUNIFORMITY IN FLUIDIZED BED

2.1 Introduction

It was clarified by many research works (1-3) on

the gas fluidized bed that the bulk of excessive gas

stream above its minimum fluidization passes through

the bed in the form of bubbles and that the fluidized

bed is essentially composed of two phases, pubble and

dense phases. This nonuniformity of fluidized bed

affects the rate and mechanism of heat- and mass-transfer

and of chemical reaction occurring In the bed. .' It

is also recognized that the movement of particles in

the bed is chiefly caused by the ascending bubbles

through the bed (5-7). Many of the recent works

were directed to the study on the behavior of bubbles,

such as their size, rise velocity and frequency, par­

ticle concentration in bubble and dense phases and

cross-flow of gas and solid particles between the

two phases (2-7).
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Behavior of particles in a fluidized bed is

thought to affect the rate of heat transfer to the

particles. Thus, the overall rate of reaction,-such

as thermal decomposition, which is usually controlled

by the heat transfer rate, is affected by the fluidi-

zing conditions, such as bed height, particle size, /'
./

flow rate of gas and so Dn. However, many reports -

which concentrated on the behavior of bubbles limited

the local movement of particles around a single bubble----

(7-11) • And reports on the overall movement of

particles in the fluidized bed are scarcely available.

Some of the earlier works pursued the correla-

tionship between the nonuniformity of fluidized bed

and the fluidizing conditions; Morse and Ballou (12)

measured the local particle concentration in a fluidized

bed by means of the capacitance probe method and calcu­

lated the uniformity index proposed by themselv~s.
, i

Their uniformity index was defined in a form of;

variation in density
uniformity index = x JOO

frequency of density fluctuation

Variation of density in this equation was calculated

by measuring the area between the curve and a base
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line representing the average density on a oscillogram

and by dividing this area by the average density.

They studied the correlationship between the uniformity

index and the fluidizing conditions, such as particle

size distribution, flow rate of gas, bed height and

type of distributor. Shuster and Kisliak (13) obtained

the same uniformity index by measuring the pressure

fluctuation across the horizontal section of fluidized

bed by using a -thin flat aluminum diaphragm to which
~.

wire strain gauges were attached. Dotson (14) al~o

discussed the nonuniformity of fluidized bed by using

similar index which was obtained by measuring the local

particle concentration in the bed. Although these

uniformity indices proposed by different workers can

be applied to the qualitative evaluation of nonuni­

formity in fluidized bed, correlationship between these

indices and the fluidization charactristics, such as

the behavior of bubbles and the particle concentration

in bubble and dense phases, could not be obtained in

a clear form .

. The local particle concentration in a fluidized

bed varies with time and it can be represented by two

measures, its mean and variance. The latter measure

of particle concentration is proposed to represent the

nonuniformity of fluidized bed. It is intended in



13

this work, therefore, to measure the mean and variance

of local particle concentration in a fluidized bed,

and to correlate them with the fluidizing conditions

of bed height and flow rate of gas. Efforts are
. -.

also directed to combine these measures with fluidi-

zation characteristics which include the size, rise

velocity and frequency of bubbles and the particle
I

concentration in bubble and dense phases in the fluid-

ized bed.

2.2 Experimental

2.2.1 Apparatus

Fig. 2.1 demonstrates a schematic illustration

of the fluidization apparatus. The fluidization

column was made of 106 mm I.D. and 1218 mm long i

transparent Panlite resin tube. The distributor

consists of a 300-mesh brass screen sandwitched between

two 1.0 mm thick aluminum plates perforated with 1.0 mm

D. hol~s spaced on a 7~O mm ~rianglar pitch. The

flow rate of air is metered through rotameters or

through an orifice meter.



co
(\J-

11 ~ I~ ~·.ll

:
'd~B
,~ E.'.•.~ _~ '. '.

. ""'.'

~ 'J

5) 6

Fig.2.1 Apparatus

"

G) Two - impeller type rotary blower

@ Rotame"ter (40-200 cm3/sec )

® Rotameter (200-1000 cm3/sec)

@ Orifice meter (1000-5000 cm3/sec)

®@ (j) Ma~ometer

® Distributor

® Probe

@ Pressure ta p

@ Fluidization tube

@ Oscillator and detector



, 15

Details of capacitance probes are shown in Fig. 2.2.

The tips of lower and upper probes were designed to be

separated 24 mm from each other. The tips are essen~

tially 1.5 mm D. brass wire condenser and their cross­

sectional areas are sufficiently small so as to minimize

the disruption of the fluidized bed in the vicinity.

By means of an oscillator and detector circuit shown in

Fig. 2.3, the change of capacitance of the probes are

linearly converted into D.C. signals and their traces

on a 2-channel synchroscope are filmed. The scanning

speed of the synchroscope was chosen at 0.1 second per

em. The D.C. signal is also transmitted to an inte­

grator and a vacuum tube thermocouple to measure their

mean and variance, respectivily. The time constant

of the integrator was chosen at 10 seconds.

2.2.2 Material

Spherical glass beads of two different sizes were

used as fluidized material. Most of the measurements

were performed on the glass beads whose size distri­

bution-and physical properties are summarized in

Fig. 2.4 (A). The size distribution of other glass

beads is illustrated in Fig. 2.4 (B).
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Measures representing the fluidization

characteristics

2Mean, Pv' and variance, ~v, of the D.C. signal,

v, are defined by the following equations.
(I .

fv= +f vd9 (2.1)
o

,,~~ +rlf-f'"fd8~ ~f.:'dhf'~ (2.2)
o 0

flv in Eq. (2.1) is obtained as output voltage, vI ,

from the integrator •. The first term on the right-

hand side of Eq. (2.2) is obtained as output voltage,

vz ' from the vacuum tube thermocouple. Mean, Pc'

and variance, ~;, of particle concentration in dimen­

sionless form are calculated as fAvand t>; divided by

2fs and fs ' respectively;

fc =

(j,2
C

where fs is

oJ
= fit
the output voltage from the integrator at

zero air velocity.

An example of oscillogram of the signals from the

detector is shown in Fig. 2.5. Peaks in these osillo-

grams represent the passage of bubbles through .the probe

tip. The average peak and valley heights of traces
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are represented by vL and vu' respectively, and they

are converted into dimensionless particle concentra-

tions by,

c =L

and

c=u (2.6)

where Vo and Vs are the heights of traces filmed on

empty column and on settled bed, respectively.

Interpretation of these osillograms offers the

characteristics of bubbles, such as their size, rise

velocity and frequency. Rise velocity of bubbles,

Ub' is represented by the ratio of distance between

lower and upper probes to average time lag of signal

waves on the osillogram. The width of signal wave

provides the passing time of bubbles through the probe

tip. The average thickness of bubbles in vertical

direction, y, is calculated by the average width of

signal waves, S, and the rise velocity of bubbles, as,

The frequency of bubbles r f, is determined by counting

the number of signal waves and dividing them by the

time elapsed.
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Experimental conditions

The bed height and flow rate of air were chosen

as the independent factors. The levels of these

factors are listed in Table 2.1.

size were also partially tested.

Effects of particle

Table 2.1 The factors and their levels at which

experiments were carried out

Glass beads A

Relative bed height:

Air velocity

CD = 125 u , u f= 1.29 em/sec)p r m .

Lc/D t = 1.0, 2.5, 4.0 (-)

u = 1.70, 3.40, 5.67, 11.34,20.86,

28.91, 40.14 (cm/sec)

Glass beads B (Dp= 482f, umf= 18.40 em/sec)

Relative bed height: Lc/Dt = 2.0, 3.0 (-)

Air velocity u = 22.68,27.44,31.75,43-65

(em/sec)

Experimental procedure

The fluidization column was charge~ with a pre­

scribed amount of glass beads and the height of the



23

settled bed, L , Was measured by decreasing graduallyc

the flow rate of air to zero from a flowing rate above

its minimum fluidization velocity. Prior to making

a run, the electric circuit shown in Fig. 2.3 was

energized and allowed to be warmed up. Output volt-

ages of the integrator and the vacuum tube thermocouple

were then adjusted to zero with the probe tip placed

above the bed surface. A prescribed amount of air

was blown in and the probe tip was immersed into the

bed. Output voltages of integrator and vacuum tUbe

thermocouple, v 1 and v2 ' were measured five times at

60 seconds' intervals, and their means were used to

calculate fv and ~; shown in Eqs. (2.1) and (2.2).

On the other hand, traces on 2-channel synchroscope

were filmed three times at 30 seconds' intervals from

which CL, Cu' ub ' y and f were obtaind.

fs was measured by placing the probe tip 5 cm

below the surface of settled bed which was established

after gradually decreasing the flow rate of air to

zero.
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2.3 Experimental Results

Mean of particle concentration

Mean, fie , of particle concentration in a fll1id-'

ized bed of Lc/Dt = 4.0 and u = 5.67 cm/sec is illustrated

in Fig. 2.6. Examining this and many other similar

illustrations indicates the following:

1) Pc around the central axis of the bed is lower

than those in the vicinity of column wall.

2) In the lower part of the bed, Pc increases

towards its maximal value with elevating probe level,

and it remains unvaried in its upper part or it

decreases slightly in the case of higher air veloc-

ities.

Thus, it may be said that the bubbles tend to rise

around the central axis of the bed and that the fluid-

ized- particles are floating above the distributor

because of low Pc at the bottom of the bed. Fig. 2.7

illustretes the relationship between the mean of fc~

in the upper part of the bed, pem, and the excessive

superficial air velocity, (u-umf). It is seen in

this figure that the effects of LclDt and Dp are scarcely

followable and that fern decrases linearly with increase
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of (u-umf ). This tendency coincides with the results

obtained by Bakker and Heertjes (15).

Variance of particle concentration

An example of variance, ~~, of particle concen-

tration in a fluidized bed is shown in Fig. 2.8. By

examining this and many other similar illustrations,

it is revealed that:

1) ~: around the central axis is higher than those

near the column wall.

2) ~: increases with the probe level up to a

considerably higher portion of the bed and it varies

scarcely there.

Though 6; varies in the lower part of the bed,

its variation becomes so slight in the upper part,

and their mean, 6c~ , in this part is thought to repre-

sent the fluidization quality under the fluidizing

conditions concerned. Fig. 2.9 represents the effect

of (u-umf ) on ac~. Though the measuring precision

of crc~ is rather poor probably because of the two

variables present in Eq. (2.2), it may be seen in this

figure that ~~ increases with the (u-umf ) up to about

10 em/sec and that further increase in air velocity

seems to yield a significant effect of Lc/Dt on 6c~
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-2especially, at the lower bed height of Lc/D t =1.0, <lcm

tends to decrease.

To confirm this, a statistical technique of ~

analysis of variance was employed. Data with glass

beads A shown in Fig. 2.9 were analysed, regarding

them as a factorially designed experiment with two

factors. Lc/Dt and (u-umf ) were chosen as the factors

with their number of levels being 3 and 7, respectively.

The result is shown in Table 2.2. It reveals, over

It was mentioned above that

the range analysed, that the effect of air velocity

Table 2.2 Analysis of variance (1)

s.v. s.s. d.f. m.s. Fo
.

Lc/Dt 0.004707 2 0.002353 1 .764
u-umf 0.035338 6 0.005889 4.414~

Error 0.016011 12 0.001334

Total 0.056056 20

F (2, 12 ; 0.05) =3.89 , F (6, 12 ; 0 . 05) := 3.00
~ significant at 5 %significance level.

-2on o-em is statistically significant and that the effect

of L /Dt is not detected.c .

the effect of Lc/Dt becomes evident.at higher air veloc-

ities. Another analysis of variance was tried in

order to verify it ; the two lower levels of air veloc-
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ity, (u-umf )= 0.41 and 2.11 em/sec, were discarded and

only the data at five higher levels were employed.

The result is summarized in Table 2.3. This demon-

Table 2.3 Analysis of variance (2)

s.v. s.s. d.f. m.s. Fo

Lc/Dt 0.011082 2 0.005541 5.724 ;t:

u-umf 0.016109 4 0.004027 4.160):

Error 0.007748 8 0.000968

Total 0.034939 14

F (2, 8 ; 0.05) = 4.46 , F (4, 8 ; 0.05) = 3.84

X : significant at 5 %significance level.

strates that, in the range thus limited, the effects

of both factors are. significant at -5 %significance

level.

From these statistical analyses, it can be said
-2

that <rem is affected chieflY by the air velocity and

that the bed height also becomes another significant

factor at higher air velocity, or,

Lc/Dt at higher air velocity.

- 2 .
~m 1ncreases with

2·3.3 Frequency, vertical thickness and rise

velocity of bubbles
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(A) Bubble frequency

.-'

Bubble frequency, f, measured in the fluidized

bed of u::: 5.67, 11.34, 20.86 and 28.91 cm/sec and

Lc/Dt =1.0 and 4.0 is shown in Fig. 2.10. Effects

of bed height and air velocity upon f are not detecta~le~

and only the probe level was found to affect f over the

range investigated; f decreases when the probe level

is raised.

(B) Vertical thikness of bubbles

Data of vertical thickness of bubbles, y, are

shown in Fig. 2.11. At smaller excess air velocities

above the minimum fluidization, that is, at (u-umf )::: 0.41

and 2.11 em/sec, y keeps almost unvaried during the

passage of bubble through the bed. y tends to "increase

with probe level when additional air velocity is supplied.

These tendencies of yare consistent with those found

by Toei et ale (16). ~~en y is larger than about ~

10 em, it is thought that slugging occurs in the fluid-

ized bed because y exceeds the diameter of fluidization

column. The tendencies of f decreasing with probe

level and of y increasing with probe level at higher

air velocity may be attributed to coalescing bubbles
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during ascending through the bed.

At (u-u
rnf

) above 10 em/sec, y increases remarkably

with the probe level, and it may be of interest that

~c~ increases also with Lc/Dt in this range of air

velocity. Fig. 2.12 represents the correlationship

between a:c~ and y in the upper part of fluidized bed.

It is seen in this figure that o-c~ increases with y in

the upper part of the bed when y is less than about

10 em and that o=,~ decreases with further increase of

y. This tendency will be discussed in 2.4 in relation

with the particle concentration difference between

bubble and dense phases.

(c) Rise velocity of bubbles

Rise velocity of bubbles, ub ' in the fluidized

bed of u::: 5.67 em/sec and Lc/Dt := 1 .0, 2.5 and 4.0

are summarized in Fig. 2.13. Though they appear

dispersed owing to various error sources, it seems to

be reasonable from this fi~ure that the bed height has

nO,significant effect on ub and that the bubbles rise

through the bed at a fixed velocity. Logarithm of

their mean, ub ' are plotted against logarithmic air

velocity in Fig. 2.14. From this, ub is found to be

determined by air velocity and the following empiri~al
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equation can be obtained.

(2.8)

The correlationship between ub and y is illus­

trated in Fig. 2.15 and it is seen in this figure that

ub agrees well with the equation, ub = 0.732 Jgy, obtain~d /

by Toei et al. (16).

2·3.4 Particle concentration in bubble and dense

phases

Fig. 2.16 illustrates an example of dimensionless

particle concentration, CL and Cu' calculated by

Eqs. (2.5) and (2.6), respectively.

It was observed by Toei et al. (17) that the

fluidized particles rain through the ascending bubble

either in the form of smaller aggregates or of individ­

ual particles when a bubble passes through the probe

tip. On the other hand, when the probe tip is immersed

in ·the dense phase, the particle concentration measured

may be affected by the presence of the tip and the

measured concentration is supposed to be different from

those in its vicinity. It is thought, therefore,

that CL and Cu measured may deviate from the true par­

ticle concentration in bubble and dense phases, respec-
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However, they can be used as a measure, or

relative value, representing particle concentration

iIi these phases.

The difference between CL and Cu was found minor

at the bottom of the bed, and the difference becomes

evident with increase of probe level ; CL and Cu
converge to their specific values of eLm and CUm'

respectively. These CLm and CUm are plotted in

Fig. 2.17 against (u-umf ). As shown in this figure,

the effects of bed height and particle size on CLm and

CUm are not evident. Over the range studied, CUm

was found to be nearly equal to 1.0 ; it is very close

to that measured in the settled bed. In the ranges

of (u-umf ) below 2 em/sec and above 30 em/sec, however,

CUm is belo~ 1.0. These results are consistent with

those obtained by Lanneau (18).

2.4 Discussion

, Mean, fie' and variance, CYc'2., of local-particle

concentration in the fluidized bed were proposed as the

parameters representing fluidization quality, and

their relationship to,the fluidizing conditions was

studied. Moreover, the fluidization characteristics,

such as bubble frequency, f, bubble thickness, y, rise
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velocity of bubble, ub ' and the relative particle con­

centration in bubble and dense phases, CL and Cu' were

also measured. It is intended in this section to-~

correlate fc and ~; with the fluidization characteris­

tics above mentioned.

fc defined by Eqs. (2.1) and (2 .3) is expected

to be a linear function composed of a product of par­
I

ticle concentration in bubble phase, Cb , multipied by

time fraction of bubble phase covering the probe tip

and another product of particle concentration in dense

phase, Cd' multiplied by time fraction of dense phase

covering the tip. A measure representing the former

time fraction is yf/ub , and that of the later is (l-yf/ub).

On the other hand, ~; defined by Eqs. (2.2) and

(2.4) is supposed to be zero when the local particle

concentration remains unchanged during the measuring

time. In addition, ~; is a function of difference

in particle concentration between bubble and dense

phases, (Cd - Cb)·

Keeping these features of fc and tSc
2 in mind, the

following equations for fc and ~! were introduced where

the oscillogram of particle concentration is replaced

by a rectangular wave of Fig. 2.18.
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e

Pc :: -t-Lede

Sf Cb -t ( 1- sf) Cd
"'-.""

::

:: RC + (I-J.L)C (2.9)u" b ub d
6

0"2 := +f (C-t'c)2d8c
0

- I ffO
I J8 •- 8 (4 - Pc.fde + e (Cd - fc ) de

o ~fe

:: SfCI-Sf)(Cd-Cbr

';If ( 'Jf)( •:: - 1-- C - Cb) (2.10)Ub Ub d

pc and ~~ were calculated with Eqs. (2.9) and
.'

(2.10) by using y, ub ' f, CL and Cu in place of Cb and

Cd' respectively. They were compared with measured

fc and (); in Figs. 2.19 and 2.20. In Fig. 2.19, it

is seen that fc thus calculated are consistent with

the measured values of pc' However, the calculated

values of 6; deviate from measured (Sf; calcusl ted C5l
in'Fig. 2.20 are several times larger than the measured

2-
~c. This deviation arises from overestimating the

terms (C - fle)2 in Eq. (2.10) by replacing the smooth

oscillograms by rectangular waves. The consistency
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of calculated Pc with the measured values, on the other

hand, are understood because both side deviations, pos­

itive and negative, of rectangular wave from the oscil-

logramcancel themselves.

To pursue further <fc
2 , a measure of nonuniformity,

a function of CL, CU' y, ub and f in the following

form is presumed;

In trying to estimate the constants A, Band C in this

equation the least squares method was used; data of 55

sets on ~i, Cu' CL, y, ub ' and f were applied and the

resulting regression equation was,

(2.12)

And hence, the statistical interpretation of Eq. (2.12)

and its individual terms are to be discussed.

Total sum of squares of log~; and its degrees of

freedom are,

crT = 55 -I = S 4-
)

Residual sum of squares from the regression and its

degrees of freedom are,



SE =1: [.0090;,2 - RoSa. 72{:f~ (,- ~!.)t(Cu-CJ8T

:= 8.3844

Pe ~ !i5-3 = 52

50

(2 •.14)

and the sum of squares due to the regression and its

degrees of freedom are,

SR = ST - SE == 4.04-22

fR = fT - fE = 2 }
With these Sand <f ' F-ratio for testing the

statistical significance of Eq. (2.12) is calculated

as,

(2.16 )
where

F(2, 52; 0.01) < f(2,4-0; 0.01) =5./8

Thus, Fo is larger than its critical value of

F(2, 52; 0.01) which means that Eq. (2.12) is statisti­

cally significant to represent Cfc
2

•

Contributions of the terms of {~~ (1 - ~~)} and

(Cu,- CL) in Eq. (2.12) on tS/ are tested by likelihood

ratio test in the next step. The term { ~: (1 - ~: )}
is a variable which changes with time fraction of

bubble phase covering the probe tip, and the term

(Cu - CL) represents the difference in particle concen-
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tration between bubble and dense phases.

In order to test the significance of t~~ \1 ~_.~~ )},

B in Eq. (2.11) is presumed to be equal to zero.

On this statistical hypothesi~, residual sum of squares

and its degrees of freedom are,

term of {~~ (1 - ~~)} and

SE(B=O) :=. r{ lo~(jc'2 - .i.o~A(CU-CL)C12

== 8.+6Cf/

epE(B"'O) =55- 2 ;:::;53

Sum of squares due to the

1

its degrees of freedom are,

Sa = SE(B:O) - SI: ==0.084-7

fa = cfE(FJ=O) - 16 = I

and the F-ratio .is

} (2.18)

Sa / tJL __f o = 0.53
Se / CPs

FC', 52;0.0$» F(I,60;O.OS)==4. 00

Fo is less than its critical value and the contribution

of 1~~ (1 - ~~ )J on cr-l is not significant at 5 % signif-

where

icance level. A similar test on the term of (Cu - CL)

was tried and it gave Fo = 21.64. The critical

Summarizing the above statistical analyses, it is
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concluded that 6; represents the nonuniformity in a

fluidized bed mainly in terms of particle concen­

tration difference between bubble and dense phases.

Fig. 2.21 represents the .correlationship between

(CU - CL ) and ~G~. From this figure, it is seen. m m

that crc~ increases with the particle concentration

difference between bubble and dense phases and that

the effect of Lc/Dt on o:c~ is scarcely followable in

this figure. On the other hand, it was shown in

Fig. 2.12 that ~c~ increases with y in the upper part

of the fluidized bed when y is below about 10 em.

From these relationships between ~c~and y and between

G'~ and (CUm - CLm ) , it can be summarized that fSc
2

increases when large bubbles of low particle concen-

tration ascend through the fluidized bed.

also be said from Figs. 2.12 and 2.21 that

It can

- 2. •
(fern lS

minor when the air velocity is considerably high and

Y is larger than about 10 em in the upper part of the

bed, because particle concentration differe.nce between

bubble and dense phases is rather small.

2.5 Summary

As a measure of nonuniformity in a fluidized bed,
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variance, 6:, of local particle concentration in the,

bed was proposed. In addition to this, the mean

local particle concentration, fe' was also studied'.

They were measured with the capacitance probe method

by using a vacuum tube thermocouple and an integrator,

respectively. On the other hand, the change of capaci--

tance of-th~ probes was linearly converted into D.C.

signal and its traces on a 2-channel synchroscope were

filmed. From these oscillograms, the fluidization

characteristics of the bed, such as rise ~~locity of

bubble, ub ' vertical thickness of bubble, y, and bubble

frequency, f, were measured. Moreover, the dimension-

less ,particle concentration, CL and Cu' corresponding

to the peak and valley height of traces on the oscil­

logram were measured and these concentrations were used

as the measures representing the particle concentration

in bubble and dense phases, respectively.

From the measurement of Pc , it was found that fc

in the bulk of the bed remains at a constant value, fern'

which is determined by the fluidizing conditions.

fern decreases with increasing excessive air velocity

above the minimu~ fluidization. ~; increases with

probe level and it becomes unvaried in the upper part

of the fluidized bed. o:c~, mean 0 f cY't in this part

of the bed, increases with bed height and excessive air
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velocity.

At the bottom of the fluidized bed, the particle

concentration difference, (CU - CL), is minor, and

this suggests that the bubbles are just born there and

are not yet grown in size. On rising the probe level,

CL and Cu converge to their specific values, eLm and

CUm' respectively. CUm were found at around 1.0,

very close to those in the settled bed.

Effects of the bed height and of the probe level

on the rise velocity of bubbles, ub ' were not followable

and the bubbles rise through the bed at a fixed velocity.

The mean Ub is determined chiefly by air velocity and

the following empirical equation was obtained.

Ub = 2/. 7 U (). 377

Vertical thickness of bubble, y, increases witn raising

probe level at higher air velocity and bubble frequency,

f, decreases with probe level. These tendencies of

y and fcan be attributed to the coalescence of bubbles

during their rise through the bed.

Mean local particle concentration, Pc' is well

represented by CL' Cu' y, ub and f in the form of

Ltc = ..1i- C + (I --lL) c
f Ub L ub U

On the other hand, ~Z' a measure of nonuniformity

in the fluidized bed, can not be explained by Eq. (2.10)

•



which assumes the rectangular waves.

of a~ is expressed by,

56

The regression

From statistical tests on this equation, it was

0-: 2
,

found that varies mainly with the term (CU - CL) andc

the effect of term {~~ (1 - ~~)} on 0-: 2 is not signifi-c

cant. And it was also found that -2 increases withO"c.m

y in the upper part of the bed.
.-.' - . -

From these results;

it can be concluded that ~; represents the nonuniformity

in the fluidized bed in the term of particle concentra-

tion difference between bubble and dense phases and

that 6~ increases when large bubbles of low particle

concentration exist in the fluidized bed.

Notation in Chapter 2

f bubble frequency (l/sec)

u . air velocity (em/sec).
ub rise velocity of bubble (em/sec)

umf u at minimum fluidization (em/sec)

v output D.C. signal from detector (mV)

v v from the empty column (mV)
0

vL v from bubble phase (mV)



to the valley height on oscillogram (-)

mean of Cu in the upper part of bed (-)

internal diameter of fluidization column (em)

CUm

Dt

Lc

SE

SR

ST

b

e

fAc

fern

fls

fv
cr'.l

C

-2­
Oem

(j2
V'

··

··
••

·•
··
··

··

·•

v from dense phase

v from settled bed

vertical thickness of bubble

particle concentration in bubble phase

particle concentration in dense phase

particle concentration corresponding

to the peak height on oscillogram

mean of CL in the upper part of bed

particle concentration corresponding

settled bed height

residual sum of squares

sum of squares due to regression

total sum of squares

width of peak on oscillogram

time

mean .of particle concentration

mean of pc in the bulk of bed

v from settled bed (= v s )

mean of v

variance of particle concentration

mean of ff; in the upper part of bed

variance of v
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(mV)

(mV)

(em)

(-)

(-)

(-)

(-)

(em)

(,;,.)

(-)

(- )

(sec)

(sec)

(-)

(-)

(mV)

(mV)
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~ degrees of freedom of SE (-)

~ degrees of freedom of SR (-)

~
degrees of freedom of ST· (-)
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CHAPTER 3 HEAT TRA}TSFER RATE BETWEEN REACTOR

WALL AND FLUIDIZED BED

3.1 Introduction

61

The rate of heat transfer in the fluidized bed

plays an important role on various aspects of-oper-

ation. When a large amount of heat is evolved or

consumed within a fluidized bed along with the

progress of reaction occurring in the bed, the corre-

sponding amount of heat should be removed or supplied

in order to maintain the fluidized bed at a fixed

temperature. When a heat exchanger is to be equipped

with a fluidized bed reactor, proper estimation of the

heat transfer area is important. In some cases of

roasting sulfide ore, on the other hand, an amount of

water is added to the ore. An amount of heat which

is evolved by the oxidation of sulfide ore is consumed

by the evaporation a£ this water. And the tempera-
,

ture of the fluidized bed is controlled by adjusting

the amount of water added to the ore. In this case,

the simultaneous transport of heat and mass from the
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fluidized particles to the gas phase becomes important.

Although many works (1, 4, 5, 22, 25) have been

published which contributed to the heat transfer 'in

. the fluidized bed, the consistency among the results

of those experimental works is rather poor, and this

is thought to be due to the differences in their ex-'

perimental conditions and the measurement.

Concerning the gas fluidized bed, the following

two mechanisms of heat transfer are important:

a) Heat transfer between fluidized bed and the

reactor wall.

b) Heat transfer between fluidized particles and

gas.

Wen and Leva (2) tried to correlate the data of

heat transfer between the fluidized bed and the reactor

wall obtained by four groups of workers (3-6).

Conventional plotting technique was applied on the

assumption that heat is transferred through a laminar

gas film whose thickness is influenced by the movement

of solid particles along the wall. And the follow-

ing dimensionless equation was derived.
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where ~ is defined by

(
superficial gas velocity for)

u - uniform expansion of bed
? ;;: -------------

u

In some cases, however, it is observed that the

measured heat transfer coefficient deviates widely

from that estimated from Eq. (3.1). Frantz (7)

also endeavored to correlate the data of heat transfer

between fluidized particles and gas obtained by

Heertjes and Mckibbins (8) and by Walton, Olson and

Levenspiel (9) by using the similar technique and

derived the following expression;

( \.6 ~ y.76
~ 0.0/5 {~G;/ '\~: /

.-

In the case that a large amount of heat is con-

sumed by the reaction occurring within the fluidized

particles in the bed and that the required amount of

heat is supplied to the particles through the fluidi-

zation tube wall, heat transfer rate between the tube

wall and the fluidized bed becomes an important factor

in the reaction rate. Thermal decomposition of

pyrite and limestone particles in the fluidized bed

which will be described in Chapters 4 and 5, respective-

ly, can be regarded as the examples of such a reaction.
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Consequently, quantitative knowledge on the heat

transfer rate between the reactor wall and the fluid-

ized bed is thought to be indispensable for the an~ly­

sis of thermal decomposition rate ~f these mineral

particles.

Fluidized bed reactors are operated in metallur-,

gical processes at higher temperatures ~here the heat i

transfer by radiation can not be omitted. However,

almost all of the works (1, 4, 5, 24) contributed to
.

the heat transfer in fluidized bed were carried out at

temperatures below 200 0 C where the radiative heat

transfer can be omitted; heat is transferred by conduc-

tion and convection. It is required in this work,

therefore, to grasp the heat transfer coefficient at

higher temperatures in order to analyse the reaction

rate in metallurgical processes.

In this chapter, the heat transfer coefficient

between the fluidized bed and the tube wall was

measured at the temperature between 500° and 800°C, and

the results were compared with those obtained at lower

temperatures by .previous workers.

It is said that the major resistance to heat

transfer exists in a laminar gas film on the wall and

its thickness is influenced by the fluidization quality

(2, 4, 5). And.the correlationship between the
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experimental results on heat transfer coefficient and

on the fluidization characteristics discussed in Chapter

2 is also pursued.

3.2 Heat balance

Fig. 3.1 represents the heat flow diagram between

the tube wall, the fluidized particles and the gas.

Heat is supplied to the fluidized particles from the

tube wall by conduction and radiation and, on the other

hand, an amount of heat is transferred from the fluid­

ized particles to the gas blovm into the fluidized bed

from the bottom. In addition to this, heat is

supplied to the gas directly from the tube wall_ and

thus the gas temperature is raised from t at thego

bottom of the fluidized bed to t f in the upper part of

the bed.

To obtain the heat balance between the tube wall;­

the fluidized particles and the gas, the following

assumptions were made.
J

1) Heat transf-er from the distributor and from

the portion of the tube wall above the surface of

the fluidized bed to the fluidized particles is

neglected.
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2) Size of fluidized particles is so small that

the temperature profile within the particles is

uniform.

3) Gas blown into the fluidized bed from the

bottom is heated rapidly in the lower part of the

bed and the gas and particles are in thermal equi7

librium with each other in the upper part of the

fluidized bed. Temperature at this portion of

the bed is denoted by t f (= t g = t p).

4) OWing to the vigorous agitation of fluidized

particles, temperature of the particles are uniform

in both radial and axial directions throughout the

bed.

Heat balance concerning the fluidized particles

is represented by,

And the heat balance concerning the gas is,

It t .

~plAp(tp- 13ldL+-{;l~(tw-t~) -j~t;C}dt =: 0:LfE/; r; ~~a
o ~o

At the steady state, Eqs. (3.3) and (3.4) are,



(3.6)
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J
Lf

~wFw(tw-tp) + f?(FrCtw-tp) - ftp ApCtp- ta)dL =0

f.pJ;p(tr-taldl +~F~(V ~l -l~f$ C~dt =0

o ~o

Concerning the left-hand side in Eq. (3.6), the magni-

tude of the second term is compared with that of the

first term. hg represents the heat transfer coef-

ficient between the tube wall and the gas. Because

no information on hg in the fluidized bed is available,

the film coefficient of heat transfer between the wall

of an empty tube and the flowing gas through the tube,

h, was estimated instead of hg • Haximal values of

air velocity and of bed temperature in this work are

850 cc!sec and 800°C, respectively, and h at this air

velocity and temperature can be estimated as follows.

Specific heat, Cg' and thermal conductivity, kg' of air

at 800°C and 1 atm are given at Cg =0.2756 kcal!kg.oC

kcal!m.hr.oC
.. ,

(10) and kg =0.06 (11), respectivelyo

Thus the Graetz number, GZ, becomes

:= /4.2

In the calculation of GZ, the length of tube, L, was

chosen at 1.28 m which is the length of fluidization

tube used in this work. The diameter of the tube,
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Dt , is 61 mm and the Reynolds number (Re = DtUf~? )

is calculated at 534. Under this Reynolds number,

gas velocity profile in the cross-section of tube can

be assumed to be parabolic. On this assumption,

Nusselt number (Nu = hDt/kg) corresponding to Gz = 14.2

is equal to 4.2 (12). From this value of Nu, h can

be estimated at L~.3 kcal/m2• hr. °C. This value of :

h is about one fifth of the heat transfer coefficient

between fluidized particles and gas, hp ' ootained by

Kettenring, Manderfield and Smith (1) and by Walton,

Olson and Levenspiel (9). The thickness of gas film

on the wall of the fluidization tube is thought to be

thinner than the film thickness on the wall of an empty

tube, because of rapid movement of particles along the

wall. Consequently, it is thought that hg in Eq.

(3.6) is larger than h estimated above, and yet hg is

not Widely different from h in the first term of this- p

equation.

Besides, the surface area of the tube wall, Fg ,

which contributes to the heat transfer to the fluidiz­

ing gas is about 3.0 x 10-2 m2 • On the other hand,

rLf
the surface area, ) ApdL ,of fluidized quartz and

- 0

fused alumina particles whose amount is 500 and 800 g,

respectively, is dependent on the particle size and it

is 1.5 and 5.8 m2 in both particles of 16-28 and.60-l00
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f
t f

Thus ••.. ApdL in Eq. (3.6) is
o

about 100 times larger than F in the same equation.g

From the above study on the heat transfer coef-

ficient and on the heat transfer surface area. it is

reasonable to presume that the second term on the

left-hand side of Eq. (3.6) can be omitted by comparing

it with the first term. And the following equation

is obtained instead of Eq. (3.6).

(3.8)

From Eqs.(3.5) and (3.7). we have.

tt

£wFw(t,,-tp)+ f(rfr(t,,-tp) =IVt;c~dt
~o

F and F in Eq. (3.8) represent the inner surfacew r .

area of the fluidization tube through which heat is

transferred from the wall to the fluidized bed by

conduction and radiation, respect~vely. and they are

represented by,

The overall heat transfer coefficient. hc ' is defined

as,
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(3.10)

And, by using Fc and hc ' Eq. (3.8) can be rewritten as,

{ ==c

On the other hand, the heat transfer rate from the

tube wall to the fluidized bed by radiation is estimated

by the Stefan-Boltzmann's law:

(3.12)

From the facts that the particle concentration in

the vicinity of tube wall is rather high and that the

size of fluidized particles is sufficiently larger than

the wave length of infrared ray, the heat transfer by

radiation from the tube wall to the fluidized bed can

be regarded as the heat transfer between two concentric

tubes (13).

is given by

On this assumption, r in Eq. (3.12)

-'-=-' +-'--1ep £w Ef

Eq. (3.12) is equal to the second term in the left-hand

side of Eq. (3.8), and we have
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This equation yields the following expression of hr ,

() 1> (Tw
t - T/)

t w - t p

The temperature of particles which adjoin to the tube

wall and are supplied with heat from the tube wall by

radiation is thought to be somewhat higher than that

of the particles in the bulk of the fluidized bed.

However, since it is difficult to evaluate the temper-

ature of the particles which are adjoining to the tube

wall, T in Eq~ (3.15) is assumed to be equal to thep

temperature of particles in the bulk of the bed.

On this assumption T
p

= T
f

, radiative coefficient of

heat transfer can be rewritten as,

The film coefficient of heat transfer between the tube

wall and the fluidized bed can be obtained by subtract-

ing Eq. (3.16) from Eq. (3.11) as,
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3.3 Experimental

Apparatus

Fig. 3.2 demonstrates a schematic illustration of

the fluidization apparatus. Fluidization tube is ;

made of 61 mID I.D. and 1280 mm long 18-8 stainless steel

tube which provides two fluidized beds, the upper and

the lower beds. The upper or main fluidized bed is

used for the measurement of heat transfer coefficient

and the lower bed is to realize uniform air flow which

is sent to the main fluidized bed. It also serves

for measuring the gas temperature, t ,which can bego
regarded as the temperature of air blown into the main

fluidized bed.

The distributor of the main fluidized bed consists

of 300-mesh stainless steel screen sandwiched in between

two 1.0 mm thick 18-8 stainless steel plates perforated

with 3.5 mm D. holes spaced on a 7.0 mm triangular

pitch. The distributor of the lower fluidized bed

has a similar construction except for the 2.0 mm diame-

ter of holes perforated through the stainless steel

plates.

The flow rate of air is metered with a rotameter

or with orifice meters. The fluidization tube is
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installed within a furnace whose lower, middle and

upper parts are energized and controlled separately in

order to realize the desired temperature profile along

the tube.

The temperature of tube wall, t , and of the upperw

and the lower fluidized beds, t f and t go ' respectively,

is measured by the 1.6 mm O.D. Aeropak chromel-alumel

thermocouples. Four thermocouples for measuring t w
ar.e inserted into LI-.O mm wide and 2.5 mm deep grooves

which are spaced on the outer surface of the fluidiza-

tion tube at a right angle with each other. These

grooves are covered with a 1.0 mm thick 18-8 stainless

steel plate in order to intercept the radiation from

the furnace to the thermocoupl~s. The inlet gas

temperature, t ,was measured with a thermocouplego
inserted into the lower fluidized bed through.a side

tube welded to the. fluidizatiop tube. Another

thermocouple is inserted from the top of the tube into

the main fluidized bed to measure the bed te~perature,

t f , and its e.m.f. is measured with a potentiometer.

The thermocouples measuring t w and t go are differential­

ly connected to the thermocouple of t f and their

differential e.m. f. were measured by using a micro-

voltmeter.
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Material

For the study on the heat transfer rate in a-

fluidized bed, it is desirable that the fluidized

particles of known thermal properties be used and- that

the particles be stable both chemically and physically /

at elevated temperatures. And thus, quartz was

firstly chosen as the fluidized material in this work.

It is said that the high heat transfer rate to and

from a fluidized bed is caused by vigorous agitation

of particles in the vicinity of the tube wall (5).

And it is supposed that the specific heat and thermal

conductivity of particles may affect the heat transfer

rate. In order to see whether these effects are

significant or not, fused alumina particles were also

chosen as the fluidized particles whose heat content

per one particle is about 1.5 times larger than that

of quartz particles of the same size. Physical

properties of quartz and fused alumina are summarized

in Table 3.1. These particles were fluidized by air

flow in the main fluidized bed.

The minimum fluidization velocity, umf ' of the

particles at 20°C was determined experimentally and

the results were listed in Table 3.2.

Since itis difficult to determine umf at elevated
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Table 3.1 Physical properties of fluidized particles

temperature 5000 e 6500 e 8000 e

specific heat quartz (18) 773.1 705.3 741.4
Cp

(kca1/m3.ok) I fus ed a1(~~)a 1097.5 1160.2 1218.8

ratio of C (alumina)
specific heat p . 1.42 1.64 1064

(-) Cp(quartz)

emissivity quartz (19) 0.831 0.764 0.698

(-) fused alumina 0.419 0.346 0.273
(20)

specific gravity (21):

quartz: 2.64 (g/cm3), fused alumina: 3.99 (g/cm3)

Table 3.2 Minimum fluidization velocity

umf umf (em/sec)

particles size at 20°C
(mesh) (em/sec) 5000 e 6500 e 8000 e

quartz 16-28 26.5 5.02 3.78 2.89

35-42 21.2 L~.02 3.02 2.32

w 60-100 .·4.6 0.87 0.66 0 050

fused 35.42 36.0 6.82 5.14 3093

alumina 60-100 12.0 2.27 1.71 1 031
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temperatures experimentally, they were estimated as

follows. Among evaluation of umf proposed by many

workers (15-17), the following equation is frequently

used when the particle size is rather small (14).

3
Emf

(- Emf
(3.18)

in comparison with that of particles,

In this equation, the density of gas,

be omitted. The change of density

fg' is so small

f p ' that it can

of particles with

temperature is negligible. Consequently, umf is to

be proportional to the reciprocal of gas viscosity,

l/~ , and umf at the bed temperature, Umf(t
f
)' can be

estimated as,

where umf (20) is the minimum fluidization velocity

determined at 20°C. Air velocity at 20°C corre-

sponding to umf(t
f

) in the above equation is calculated

by the following equation:

293
Umf == Tf

at 500° 650°umf ,-

f1 (20)
tJ Umf(20)
I (tf)

and 800°C estimated with Eq. (3.19)

are also summarized in Table 3.2.
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Activated alumina and fused alumina particles are

used as the fluidized particles in the lower fluidized

bed when quartz and fused alumina particles are fluidi-

zed in the main bed, respectively. The size of

particles fed into the lower fluidized bed are shown

in Table 3.3. The minimum fluidization velocities

of these particles are slightly lower than or equal to

that of particles in the main fluidized bed.

Table 3.3 Size of fluidized particles

main fluidized bed r lower fluidized bed

particles size (mesh) particles size (mesh)

16- 28 28- 32

quartz 35- 42 activated 28- 32

60-100 alumina 42- 48

fused 35- 42 fused 42- 48

alumina 60-100 alumina 60-100

Experimental conditions

Effects of particle size, bed temperature and

flow rate of air on the heat transfer coefficient were
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studied. The levels of these variables are listed

in Table 3.4. The possible differences in the heat

transfer coefficient due to the kind of particles were

also studied.

Experimental conditions

Fluidized particles: 500 g of quartz

800 g of fused alumina

Particle size:

quartz

fused alumina

Bed temperature

Flow rate of air

16-28, 35-42 and 60-100 mesh

35-42 and 60-100 mesh

5000, 650° a~d 8000 e
2.74-27.4 em/sec (at 20oe)

Experimental procedure

The main fluidized bed is charged with 500 g of

quartz particles or with 800 g of fused alumina parti-

cles. The electric furnace is engergized and the

fluidization tube is heated to the temperature

mentioned in Table 3.4. Air is blovm into the

fluidization tube from the bottom at a fixed flow rate



81

for about 30 min and the main and the lower fluidized

beds are allo'wed to remain in their steady states.

Temperatures of the main fluidized bed, t f , and

of the tube wall, t w' are measured at 1 cm intervals

in vertical direction from the bottom of the main

fluidized bed. An example of the measured tempera-

ture profile is illustrated in Fig. 3.3. The vari-

ation of wall temperature, t f , was kept almost un-

changed throughout the bed. Mean values of t f and

of t were inserted to Eqs. (3.11) and (3.16) and hw c
and h were calculated.r Temperature of the lower

fluidized bed, t go ' was also measured and it was used

in the calculation of h c by Eq1 (3.11).

Height of the main fluidized bed, Lf , was estimated

from the relationship between the height from distribu~

tor and the pressure difference. Pressure differ-

ence was measured by inserting a 10 mm O.D. quartz tube

pressure detector from the top of the fluidization tube

into the main fluidized bed. This tube was perfo-

r0ted with a 3.5 mm D. hole at a position of 20 mm

apart.from the closed top. This hole was covered.

with a 300 mesh stainless steel screen. The other

end of this tube was connected to a manometer.

Fig. 3.4 illustrates an example of the pressure differ-

ence. It is seen in this figure that the pressure



18 .."

16

-EI4
u

!t.. 12
o
-+­
::J

.0

~ 10
-+­
(j)

-0

~ 8
o

..0
o

+- 6
.c
en
<J)

J:
4

2

Particles: Fused alumino

Particle size:
35-42 mesh

Bed temperature:
650°C

Flow rate of air:
24.0 em/sec (ot 20°C)

Fluidization tube

Posi t i on of thermocouples

--o----"'tll-- tVIl
-0---4- tW2
-e---O- tW3
-0-----0- tw 4

O'-----L..--'--...-.l.-~------------
645650655660

lTemperature (OC )

Fig. 3.3 An example of temperature profile
along the bed height



Particles: Fused alumina

30

25
o

N
J:
E
u

........ 20

Co
0
\-

u 15
Q)

"-
.:3
(/)
(/)

Q)
~ 10Cl.

5

Particle size

Bed temperatur

Flow rate of air

: 35 - 42 mesh­

: 650°C

: 24.0 em/sec

E
u

II-....J
-.c
0'

Q,)

.c

-0
Q,)

co

5 10 15
Height above distributor

20
(em)

Fig.3.4 An example of estirnation of bed
height



84

difference decreases linearly with the height above the

distributor and the extrapolated straight line to zero

gives the bed height, Li.

3.4 Experimental results

Figs. 3.5 and 3.6 represent the film coefficient

of heat transfer between the tube wall and the fluidized

Fluidized particles were quartz and fused

alumina, respectively. It is seen from these

figures that the effects of particle size and of bed

temperature on hw are scarcely observed and that hw
increases with the flow rate of air. Baerg, Klassen

and Gisher (22) and Bartholomew and Katz (23) mentioned

that h increases as the air velocity increases and itw

decreases with further increase in air velocity.

This tendency of hw can not be clarified in the range

of air velocity adopted in this work. Any difference

in hw was not found between quartz and fused alumina.

Radiative heat transfer coefficient, hr , was

calculated by using Eq. (3.16). Effects of air

velocity and of particle size on hr were scarcely

detected, and the bed temperature remarkably affects

h • The values of h at each bed temperature were
r r
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within the following range.

Quartz:

500°C 60- 70 (kcal/m2.hr.oC)

6500 e 108-110 ( /I )

80aoe 159-162 ( II )

Fused alumina:

5000 e 35-36 (kcal/m2.hr.oe)

6500 e 51-52 ( II )

Boooe 64-65 ( II )

Their means were also demonstrated in Figs. 3.5 and 3.6,

respectively.

It can be said from these figures that h is lowerw
than hr at lower air velocities and that h exceeds hw r

at higher air velocities. This tendency indicates

that the mechanism of heat transfer by radiation

becomes very important at elevated temperatures, es-

pecially when air velocity is lower. It is said that

the film coefficient of heat transfer between tube wall

and fluidized bed is usually at about 100 to 600

/
20kcal m ·hr. e (30). However, it is seen in Fig.

3.5 that h was measured at a value lower than, w

'10 kcal/m2. hr.oe at lower flow rate of air. This

lower value of hw may be caused by the overestimation

of h which was calculated with Eq. (3.16) on the as­
r

sumption that Tp = Tfo
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3.5 Discussion

As mentioned in 3.1, most of the previous works

(1, 4, 5, 24) on the heat transfer problem in the flu-

idized bed were carried out at a lower temperature

below 200oC, wpere the radiative heat transfer can be

omitted. In this work, on the other hand, film

coefficient of heat transfer, hw' was obtained at

elevated temperatures of 500° to 800°C by subtracting

the radiative heat transfer coefficient, hr , .from the

overall heat transfer coefficient, hc • It is of

basic interest to compare the magnitude of hw obtained

in this Vlork with those obtained by many workers at

lower temperature. Since each worker carried out

the measurement under different conditions, it may not

be a reasonable way to compare the values of hw itself.

Many workers transformed their data into dimensionless

numbers and the correlationship was investigated.

Among them, the Reynolds number (Re = D G/ J.i) and thep

Nusselt number (Nu = h D /k ) were frequently used.
VI p g

Fig. 3.7 represents the correlationship between

Re and Nu calculated from the data obtained in this

work. From this figure, the following regression

equation can be obtained by the least squares method.
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(3.20)

The regression lines calculated from the data obtained

by Mickley and Trilling (1), Dow and Jakob (5),

Heerden and Krevelen (4) and Leva (24) are also illus-

trated with broken lines in the same figure. Al-

though the coincidence between the regressions of these

workers is rather poor, it may be said that the regres-

sion obtained in this work coincides fairly well with

theirs.

In addition to these results, the correlationship

between Re and Nu obtained from the thermal decompo-

sition study of pyrite and limestone particles in a

fluidized bed which will be described later are also

illustrated in this figure.

It is said that the heat transfer rate between the

tube wall and the fluidized bed is affected by the

fluidization quality (26). u/u f and (u-u ~)/u fm m~ m
are often used as the measure of fluidization quality

(2, LJ-). And h obtained in this work were plottedw
These

figures indicate a segregation of the data of h due
VI

to the particle size and hw for the smaller particle

size are lower than those for the larger particle size
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As pointed out by Dow and Jakob (5), the heat

transfer between the tube wall and the fluidized bed

is accelerated by vigorous circulation of fluidized

particles. On the other hand, the excessive air

above the minimum fluidization passes through the bed

in the form of bubbles and the circulation of particle

is mainly caused by these ascending bubbles (27).

Keeping these facts in mind, hw were plotted in Figs.

3.10 and 3.11 against the linear velocity of air above

the mi.nimum fluidization at the bed temperature,

In these figures, segregation of

data on hw is scarcely found, though the variation in

hw seems to be somewhat larger than that in Figs. 3.5

and 3.6.
In Chapter 2, mean, fc' and variance, ~Z, of local

particle concentration in the fluidized bed were

studied in addition to the size and frequency of bubbles,

y and f, respectively. It is of interest to pursue

the correlationship between heat transfer coefficient

and these fluidization characteristics.

Among these characteristics, cr~ is a measure of

nonuniformity in fluidized bed in terms of particle

concentration difference between bubble and dense

phases. It was mentioned in Chapter 2 that ~: in-

creases with the height above the distributor and its'
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variation becomesso slight in the upper part of the
. .

bed. This was demonstrated in Fig. 2.8. Mean

2-of ~ in the upper part of the fluidized bed was de-
-2noted by (fern. crc~ are estimated and correlated

with hw as follows.

In this study, the height of settled bed, L , and
c

tube diameter, Dt , are 10.0 and 6.1 cm, respectively,

and thus Lc/D t = 1.64. Fig. 3.12 (a) represents

the relationship between 0:,; and Lc/Dt at each level

This figure was reproduced from Fig.

2.9 in Chapter 2. ~(m at Lc/D t = 1.64 shown in

this figure was plotted against (u-umf) in Fig. 3.12 (b).

This is for estimating ~~ from (u-umf ) under the ex-

perimenta1 conditions. The abscissa of Fig. 3 0 12

(b) given by (u-u f) at room temperature is to bem

modified into the linear velocity of air at the bed

temperature, Tf , which is. given by (u-umf )Tf /293.

Thus, in estimating Cfc~ from this figure, o:c~ corre-

sponding to the value of (u-umf )T f/293, instead of

(u-umf), was read. Fig. 3.13 represents the corre-

lation between hw and ~~ thus' estimated. Most of
. -2

the estimated ~m is less than 0.12. It is seen in

this figure that hw is widespread at a given value of

- 2
()cm • This variation of hw is thought to be caused

by the curved form of Fig. 3.12 (b) and it is thought
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-2that ~cm may not necessarily be a useful measure of

fluidization quality which represents the heat transfer

coefficient.

Another measure of fluidization quality is the

mean of local particle concentration, Pc, in the fluid-
;

ized bed. As shown in Fig. 2.6, Pc varies scarcely./-
J

throughout· the bed except in the vicinity of the dis"7
I .

tributor. f/cm' mean of fe' decreases linearly with

increasing excessive air velocity above the minimum ~-: ...

fluidization. This was shown in Fig. 2.7. It

is supposed, therefore, that the relationship between

hw and fcm on logarithmic scales will become a linear

one with negative slope because hw increases linearly

with (u-umf)T
f
/293 on logarithmic scale, as shown in

Figs. 3.10 and 3.11.

Mickley and Trilling (1) and Wender and Cooper

(28) mentioned that the heat transfer coefficient in-

creases with air velocity when it is lower but the

coefficient decreases with further increase in air

velocity. They suggested that the decrease in heat

transfer coefficient at higher air velocities is caused

by the lowered particle concentration. Thus, 'the

lowered fem may cause the decrease of hw' according to

them. However, hw increases with decreasing fcm in

the range of air velocities studied in this work which
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corresponds to the lower air velocity region of the

above-mentioned workers. In this region of air

velocity, it is thought that the increase of air ve-

locity causes intensified circulation of particles

rather than the decrease in effective surface area for

hea~ transfer.

To verify this further, the circulation rate of

particles in the fluidized bed is discussed.

Movement of particles in.the fluidized bed is caused

by the ascending bubbles (27). It is suggested by

Woolard and Potter (29) that the amount of particles,

associated with an ascending bubble increases with the

bubble size. And thus the size and frequency of

bubbles become important factors in the circulation

rate of particles. Among them, the bubble rrequency

is scarcely affected by air velocity as shown in Fig.'

2.10. And consequently, it is of interest to in-

vestigate the correlationship ofhw with the bubble

size.

Correlation between the vertical thickness of

bubbles, y, and the height above distributor, z, was

\

shown in Fig. 2.11. y at z =15 em which is ~he

height of fluidized bed in this work was estimated

from Fig. 2.11 and they are plotted against (u-umf) in

Fig. 3.14. It seems that y increases linearly with
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excess air velocity on logarithmic scales, and the

following regression was obtained.

(3.21)
\

Excessive air velocity at the bed temperature is

expressed by (u-umf)Tf /293 and, instead of Eq. (3.21), _
1/

the following expression is to be used for estimating!

y in the upper part of the fluidized bed.

[
Tf }O.568

~ = I. 1'I (u - Umt) -_
293 (3.22)

Fig. 3.15 demonstrates-the correlationship between hw
and y thus estimated. It is seen in this figure

that the segregation of hw due to the kind and size of

particles and to the bed temperature is scarcely ob-

served and that hw increases with y. It can be

said from this figure that, in the range of air veloci­

ty studied, the heat transfer coefficient, hw' in­

creases with air velocity because of intensifying parti-

cle circulation which is caused by ascending ,bubbles

through the fluidized bed.

Finally, it is of interest to correlate the data

of heat transfer in the form of dimensionless number

with dimensionless fluidization characteristics.

Fluidizing conditions studied in this work include the
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size, specific heat and density of the fluidized parti­

cle, air velocity, and bed temperature, and the follow-

ing dimensionless expression is presumed.

The constants, a, b, c, d and e in this equation were

estimated by the least squares method by using 88 sets

of data for quartz and fused alumina particles and the

resulti~g regression equation is,

f 77 r. S208Sr. '\032 f. ro

"

Nu' O.OOOI4-R; \ ~:} \~ } \ ~: }

statistical significance o~ this equation and of

its individual components were tested. Total sum

of squares of logNu and its degrees of freedom are,

2 (1: log Nu)2
ST = r( l0'i Nu) - 88= 28. q6

<fT = ~8 - I = 8'7
}

\

Residual sum of squares from Eq. (3.24) and its degees

of freedom are,
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J
and the sum of squares due to regression and its d~grees

of freedom are,

SR== S,. - Ss := 24-.40

1'R == f-r - 1'e = 4 I
/ .

F-ratio for testing the statistical Significan~e of

Eq. (3.24) was calculated as, .....----------

(3.28)

Fo is larger than its critical value of F(4, 83; 0.01)

(<F ( 4 , 60 ; 0 .01) = 3. 65) • This means that Eq.

(3.24) is significant to express Nu.

Sum of squares due to the -individual terms in Eq.

(3.24) are,

Re: 9.517

C/Cg: 0.185

flfg : 0.085

Dp/D t : 0.934

and the degrees of freedom of each of these terms are

1. Among these four terms, the contribution of

fp/ fg on Nu is minimum and its significance was tested•

•
0.0 f?S

Fo := / - 1.5'5
'1-.5"6 83



(3.30)

from Eq. (3.23) gives
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Fo is less than its critical value of F(l, 83; 0.05)

()F(l, 120; 0.05) =3.92). And the term of fplfg
,in Eq. (3.24) is not significant and it can be dis­

carded from Eq. (3.23).

Excluding the term of fplfg

Wu= a'Re"u~r~~r
The constants a', b', c' and e' in this equation were

estimated by the least squares method and the follow-

ing regression was obtained.

" ,
\_..

SR and SE and their degrees of freedom are,

SR = 24.40 - 0.085 :: 24.3/ , fRo =3

SE = 4.56 + 0.085 = 4.65 , crE =84
}

F-ratio for testing the significance of Eq. (3.31) is,

which is larger than its critical value of F(3, 84;0.01)

(<F(3, 60; 0.01) = 4.13). This means that Eq. (3.31)

is statistically significant.

Sum of squares due to the individual terms in Eq.
\

(3.31) are,
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Re: 9.514

C/Cg: 0.118

Dp/Dg: 0.889 .~

A similar test of significance on the term of Cp/Cg \

whose contribution to Eq. (3.31) is minimum reveals

that Cp/Cg is not significant at a significance lever,

of 5 per cent. Further exclusion of this term from.

Eq. (3.30) gives

No. = aHR/
H

~ ~:r
By using the least squares method, the constants aU,

b", and en were estimated and the following regression

was obtained.

1.71 ( D Y'·04
Nu = 0.0°3/ Re. -ff;)

SR and SE and their degrees of freedom on Eq. (3.35)

are,

Se = 4-.65+ 0.//8= 4.77 , 1e =85 )
By ~ similar test of significance, Eq. (~.35) was found

to be statistically significant. Sum of squares due

to the individual terms in Eq. (3.35) are,

Re: 9.512

Dp/D t : 0.837
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Contribution of the term of D /Dt to Nu is less than
P .

that of Re and the F-ratio for.testing its significance

is calculated as,

Fo =
0.837 *.t

---- = /4.q2
4.77/8S

Fo is larger than its critical value of F(l, 85: 0.01)

«F(l, 60; 0.01) = 7.08), which means that the term

DplDt can not be discarded from Eq. (3.35).

From these statistical investigations, it was

concluded that Eq. (3.35) can be adopted as a dimension-

less expression of Nu. Fig. 3.16 illustrates the

correlationship between the observed Nu and the calcu-

lated Nuwith Eq. (3.35). It is seen in this figure

that any segregation of Nu(obs.) due to the fluidizing

condi tions are not observed and that the calculated Nu

coincides well with the observed values.

Summary

Film coefficient of heat transfer between the wall

of fluidization tube and the fluidized bed, hw' was

measured at the temperatures of 5000, 6500, and 809°C;

the overall heat transfer coefficient, h , was measured
c \

and the radiative heat transfer coefficient, hr , was

\
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Quartz and fused alumina particles were

chosen as the fluidized material. Fluidizing vari-" .

abIes studied in this work include the particle size, •

the bed temperature and the flow rate of air.

Measured hw was compared with the results obtai~ed

/'

by previous workers measured at the temperature belowj

200oC. The results were summarized in the form of
I

regression of Nusselt number upon Reynolds number.

It was found that hw in this work obtained at elevated:,

temperatures coincides fairly well with those obtained

at lower temperatures.

In the range of air velocity studied in this work,

hw increases with the air velocity. hw for the

particles of smaller size is lower than that of larger

size at a fixed (u-umf)/umf • Difference of hw
between quartz and fused alumina particles could

scarcely be found. Moreover, the effect of bed

temperature on hw was not significant.

Radiative heat transfer coefficient, hr , was calcu­

lated by using the Stefan-Boltzmann's equa~ion.

Any effects of particle size and flow rate of air on

h were not detected and the mean values of h at each·r r

bed temperature was as follows:



quartz

fused alumina

I

III

bed temperature mean of hr
500°C 67.5 (kcal/m2.hr.oC)

650°C 109.2 ( II '. )

8000 c 160.8 ( II )

500°C
2 .

35.9 (kcal/m .hr.oC)

650°C 5,1.6 ( /I )

800°C 64.7 ( " )

hw was found to be correlated with the fluidi-

zation characteristic discussed in Chapter 2. First-
-2ly, the correlation between hw and OCm was studied.

-2 2-
~m, mean of~. in the upper part of the fluidized bed,

is a measure of nonuniformity in the bed in terms of

particle concentration difference between dense and
-2bubble phases. It was concluded that O"cm is not

'necessarily a useful measure of fluidization character-

istics to predict the heat transfer coefficient.

Secondly, the size of bubbles ascending through the flu­

idized bed was studied, because it is supposed that the

bubble size has important effects on the circulation

of particles and that the heat transfer rate is affected

by the size of bubbles., The vertical thickness of

bubbles, y, was estimated and the correlation between

hw and y was pursued. It is fo~nd t~at hw increases

with y. From these investigations, it was summarized

that h increases with air velocity because of intenki-
w
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fied particle circulation caused by the ascending

bubbles.

In order to express the heat transfer coefficient

in a form of dimensionless terms, an expression of

. ,/'
I

was presumed and the constants a, b, c, d, and e in the

equation were estimated by the' least squares method.

Statistical significance on the individual terms of .,_c~~-

this equation was tested by likelihood ratio test and

the contributions of the terms of (Cp/Cg) and (~/fg)

to Nu were found not to be significant. The re-

sultant dimensionless equation was,

(
D ~-' 04

t-Ju. = 0.0031 Re'·71 rJ:.).

Notation in Chapter 3

g · acceleration of gravity (m/hr2)·
he · overall heat transfer coefficient (kcal/m2• hr .oC)·
hp

• heat transfer coefficient between•

particles and air (kcal/m2.hr.oC)

hr
• radiative coefficient of heat•

transfer (kcal/m2.hr.oC)
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(oe)

(oC)

CoC)

(m/hr)

(m/hr)

(m)

(m2/m)

(kcal/kg.oC)

(kcal/m2.hr.oC)

(kcal/m.hr.oC)

(oC)

temperature of g~s blown into. the main

fluidized bed

between tube wall and particles

: b~d temperature

: thermal conductivity of air

t p : temperature of particles

t w : wall temperature

U : air velocity

.
h •• film coefficient of heat transferw

/

umf : minimum fluidization velocity

y : vertical thickness of bubbles

Ap : surface area of fluidized particles

per unit bed height

Cg : specific heat of air

Cp : specific heat ot particles

(kc~l/kg.oC or kcal/m3.oC)

D • particle diameter (m)p •
,

Dt :,inner diameter of fluidization tube .(m)
-,

Fg • area of heat transfer surface between \•

tube wall and air (m2)

Fr ' • area through which heat flows by radiation (m2)•

F ' · area through which heat flows by conduction (m2)w •

G, • mass air velocity (kg!m2.hr)•

Gz • Graetz number (->•

L • height of settled bed (m)
c •



? : viscosity of air

Lf height of fluidized bed

Lmf bed height at minimum fluidization

Nu : Nusselt number

Re : Reynolds number

SE residual sum of squares

SR : sum of squares due to regression

ST total sum of squares

Tf : absolute temperature of fluidized bed

Tp absolute temperature of particles

Tw absolute temperature of tube wall

V : volumetric air velocity

W total weight of particles

S : void fraction in fluidized bed

Emf : c. at minimum fluidization

Ep emissivity of particles

Ew : emissivity of tube wall

e : time

fie

fem

fs­

fp

mean of particle concentration

. mean of Pc in the upper part of bed.
density of air

density of particles

114

(m)

(m)

--- (-)
(-)

(-)
,

(-), ~/
j

(-)

(ok)

(ok)~---·

(ok)

(m3/hr)

(kg)

( -)

( -)

( -)

( -)

(hr)

(kg/mohr)

( -)

( -)

(kg/m3)

(k'g/m3)

Stefan-Boltzmann's constant

(= 4.88 x lO-8kcal/m3.hr.oK4)

~2
C

variation of particle concentration (-)
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-2 mean of, (j; in t~e upper part of bed (-)O'cm

fe • degrees of freedom of SE (-)•

fR • degrees of freedom of SR ( ..:)•

1T • degrees of freedom of ST (-)•
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CHAPTER 4 THERMAL DECOMPOSITION OF PYRITE

4.1 Introduction

Thermal decomposition of solid particles represented

by

(Solid)~(Solid) + (Gas)

is known to proceed through the following three major

sequential steps (5, 6).

1) Heat transfer to the reaction interface within

solid particles,

2) Chemical reaction at the interface, and

3) Outward transfer of gas evolved at the interface

through the decomposed outer shell of the particle. ,
\

It was indicated in many previous works (1-3) on

the kinetics of thermal decomposition of solid materials

that the progress of reaction at the interface is com­

posed of the processes of nucleation and growth of the

decomposed phase, and that the rate of the interfacial

reaction increases with temperature. When the tem-
\

perature is high enough so that the equilibrium partial
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pressure of evolved gas is almost 1 atm, the reaction

rate at the interface is relatively high and the rates

of heat transfer and of gas transfer begin to have­

important effects on the overall rate of thermal decom-

posi tion. Regarding the diffusion rate of gas

evolved at the interface, Gafner (4) assumed that the
I

preferred sites where nucleation occurs are randomly ;
--.

disposed throughout the particles, and suggested that
\

appreciable delay between gas evolution and its escape·~--­

will not occur when the diffusion coefficient is beyond

10-9 cm2/sec. In the case that the decomposed phase

of the particles is porous and that a large amount of

heat is consumed by the decomposition, on the other

hand, the overall reaction rate is to be determined by

the heat transfer rate from the surroundings to the

interface (5, 6).

Thermal decomposition of pyrite is represented by

Eq. (4.". The equilibrium pressure of diatomic

sulfur gas reaches 1 atm at about 690°C and the enthalpy

change in this reaction is about 37 kcal/mole FeS2 •

The thermodynamics (7) and the kinetics (8, 9) of

the decomposition and the composition and properties
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(9-11) of the decomposed product of pyrite have been

studied. Schwab and Philinis (8) measured the

thermal decomposition rate of pyrite particles whose

size is 0.01 to 0.1 mm in diameter at 6000 to 6500 C

by means of thermogravimetric analysis. This reac-

tion proceeds rapidly in this temperature range and

the overall rate of reaction is not affected by the

flow rate of carrier gas in the range of gas velocity

of 40 to 70 cm3/min CO2 , They indicated from these

experimental results that the overall reaction rate is

not affected by the diffusion rate of sulfur gas through

the decomposed shell of pyrite particles. Nishihara

and Kondo (9) also studied on the thermal decomposition

of pyrite particles of 200 to 250 mesh, size. They

found that the ratel 6f decomposition satisfies the first

order rate equation and that the rate of reaction
, 0

becomes very rapid at a temperature above 700 C.

From the experimental works mentioned above, it is
~,

supposed that the decomposed product of pyrite is very ,

porous and the diatomic sulfu~ gas evloved can easily

esc~pe through the layer of decomposed product.

This work will, firstly, pursue the rate of thermal

decomposition of pyrite particles of 60 to 100 me~~ size

in a fluidized bed at the temperature of 650 0 to 7500 C
,

and, secondly, to discuss a few characteristics of the
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fluidized bed based upon the experimental results

obtained. Under these conditions of fluidization,

it is supposed from the results obtained by the p~e­

vious workers (8, 9) that the overall rat~ of decom-

position occurring at the interface within pyrite par-
_.

ticles is so rapid and the resistance to diffusiono~

diatomic sulfur gas through the decomposed shell can
\

be omitted.
\

And thus the rate of heat transfer from

the reactor wall to the interface within pyrite par- _~-~

"
ticles is presumed to play an important role in'the

overall reaction rate. From this point of view, the

rate equations assuming the heat transfer controlling

model are derived and they are verified by the experi­

mental results.

4.2 Rate equation

Rate equation in batch process

It is intended in this section to introduce the

rate equation for thermal decompositi~n of pyrite par­

ticles in a batch type fluidized bed reactor by assum-

ing that the overall rate is determined by the heat

transfer from the surroundings to the fluidized particles.
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This model is illustrated in Fig. 4.1.

To obtain the rate equation, the following addi-

tional assumptions were also made.

1) Shape of particles is spherical.

2) Decomposition starts at the outer surface of

the particle and proceeds toward the center.

At any given time during "decomposition, undecomposed

pyrite remains in the core at a temperature of t d •

The decomposed shel~ is composed of FeS,+x whose

outer surface is kept at t f ·

3) The temperature of preheated inert gas blown

into the fluidized bed is kept equal to"the temper-

ature of the fluidized bed, t f . And thus, no

heat exchange occurs between the gas and particles

in the fluidized bed and only the heat trans"fer from

the reactor wall kept at t to the fluidized par-w

ticles is to be concerned.

"4) At any given time during decomposition, the
~

temperature of the fluidized bed,t f , the temperatur~
i

of reactor wall, t w' and the decomposition temper-
- \

ature, t d , remain at the fixed values, respectively.

5) Diatomic sulfur gas evolving at the interface

is ~eated to t f during its escape through the outer

decomposed shell of pyrite particles.
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With the above-mentioned assumptions, we have,

.-"

Each term of Eq. (4.2) can be written as,

~ = 7tDtLt flc (tw- tf) = 4n:Ri'N~e ( ~~ ~)
dw -2 df

dB:= - 4nfr r N de

371. fp f2 Dl Lf (1- E) d f
4R 3 de

AH f in Eq. (4.2) is composed of the enthalpy change of

thermal decomposition at the temperature of t d and the

heat required to raise the temperature of FeS 1+x and

Thus,

t
f 1tt

MFeS \ 1-152
AHf = ~Hd + 1"1 CFeSdt + 2M Cs dt

FeSz t
d

Fe52. t
d

2.

Since we can relate the fraction decomposed, x,

f ::: R( I - X )1/3

to r by

(4.6)

Eq. (4.2) can be rewritten as a function of x b~ using

Eqs . ( 4 .3) to (4.6) :

_' fJDCI-e)AHtdX _ t w - td.
4- p t; d& - -'--4-R-2-{I---(-,---;;c-il-3-}-

- + ----=---:-;-----='-
~c 3Dt (1- X)Y3( I-E) i e

Integration of Eq. (4.7) with the initial condition of

x = 0 at e = 0 gives,
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/

(4.8)

This is the rate equation for thermal decomposition in

a batch type fluidized bed. - If the particle size

is small and the resistance to heat transfer within

particles is neglected, Eq. (4.8) becomes,,
TfpDt('-E)AHtX = !JcCtw-td)e

This rate equation demonstrates a zero-order reaction.

4·2.2 Rate equation in continuous process

In order to obtain the rate equation in a fluidized

bed continuously operated, the resistance to heat trans-

fer within particles is omitted. This assumption

is thought to be valid with smaller particle sizes and

it helps to simplify the situation.

Among N particles present in the fluidized bed,

n part.icles are assumed to be partially decomposed at

the temperature t d . The remaining (N-n) particles

are assumed to be completely decomposed and remain at

the temperature of tf~which is realized in the batch
\

fluidized bed toward the end of reaction. A sche-

\
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matic temperature profile is illustrated in Fig. 4.2.

The temperature of the fluidized bed which was measured,

t f , may be considered to be their weighted mean, if the

difference of specific heat is neglected, \

I ~/'

I
In this model, heat transferred from the reactor:

\

wall to the fluidized bed is consumed by decomposing

(4.1J )

and the heat balance expression per particle under

decomposition is,

(4.12)

Integrating Eq. (4.12) with the initial condition of

r = Rat e = 0 gives ,

Inserting Eq. (4.6) to this equation, we have,

x=
and
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Eq. (4.14) demonstrates the relationship between the

fraction decomposed of one particle present in the.

fluidized bed, x, and its residence time, e, in the

bed. It should be noted here that xd in Eq. (4.14)

varies according to the variable composition of decom-

posed product due to its decomposition temperature

(9, 10).

Under the condition of complete mixing in the flu~·

idized bed, the probability density function of the

residence time, f(e), (12) of particles in the bed

is 'given by,

tee) = : €Xp (- ~ a)
The mean fraction, X, of decomposed pyrite in the

~

overflow from the bed is obtained by using Eqs. (4.14)

and (4.15) as,

ad

X == f x fceJde
o

= (4.16)

Replacing Wand n in this equation by,

and
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(4.18)

Eq. (4.16) becomes,

where

8 ==
rc Dt Lf Pte ( t w- t d )

AHt
(4.20)

Eq. (4.19) thus derived is the rate equation for ther-

mal decomposition in a continuous fluidized bed in

which the complete mixing of particles is assumed.

On the other hand, in the case of upward piston

flow of partic~es assumed in the fluidized bed, instead

of complete mixing, the residence time of particles in

the bed, e, is expressed by,

e =
w
F

(4.21)

The mean fraction of decomposed pyrite in the overflow,

X, is calculated by using Eqs. (4.14) and (4.21 ) as,

X 8 {. W ..(

J
=

F , 0:: F:= 9d

W
(4.22)

)( := xd , T69d



131

4.3 Experimental

Apparatus

The apparatus used for the experimental work is

shown in Fig. 4.3. The fluidized bed reactor

consists of a 45 mm I.D. quartz tube provided with a

cone-type distributor with a 5.5 mm diameter steel

ball at its bottom. Flow rate of nitrogen gas was

metered through a rotameter. Metered nitrogen

gas supplied to the fluidized bed was preheated by a

nichrome heater. Off gas entraining diatomic sulfur

gas was passed through a gas washer where elemental

sulfur was removed.

The temperature of fluidized bed, t f , was measured

by using an Aeropak alumel-chromel thermocouple of 1.6

mm in diameter which was inserted into the bed from the

top of the reactor tube. This thermocouple was

covered with a 2.0 mm I.D. quartz tube. The temper-

atures of the reactor wall, t w' and of nitrogen gas

sent into the bed, t go ' were also measured.

A rotating disc feeder was used for feeding the

pyrite particles into the fluidized bed in the contin-

uous process experiments. Its feeding rate was
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adjusted by changing the opening of the feeding port ;

on the disc.

\

Material

/'

Pyrite lump mined at Yanahara Mine of Dowa Mining /'
\

Co. Inc., Okayama Prefecture, was used. It
l

was

ground to 60 to 100 mesh size. The content,of ~ts
.---..---------

component minerals was calculated from the chemical

analysis and it is shown in Table 4.1.

Table 4.1 Mineralogical analysis of pyrite

97.9

FeS

0.1 0.2

Balance

1.8 (%)

4.3·3 Experimental conditions

The effects of the bed temperature and of the

flow rate of nitrogen gas on the reaction rate of

pyrite particles'were studied in the batch process

experiment. The adopted levels of these variables

are listed in Table 4.2.

In the continuous process experiment, the flow
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rate of nitrogen gas was kept at 5~66 cm/sec and the

effects of the feeding rate of pyrite particles and

of the bed temperature on the reaction rate were studied.

Their levels adopted are also summarized in Table 4.2.

Table 4.2 Experimental conditions

Batch process experiment

Bed temperature 650°, 700° and 750° C

Flow rate of N2 : 4.40, 5.66 and 6.92 em/sec

(at 20°C)

Continuous process experiment

Flow rate of N2 5.66 em/sec (at 20°C)

Bed temperature 650°, 700° and 750° C

Feeding rate of pyrite particles 0.1 to 1.8 kg/hr

4.3.4 Experimental procedure

1) Batch process experiment

An amount of 150 g of pyrite particles is fed

into the reactor tube maintained at a predetermiped

temperature and fluidized with nitrogen gas flow at

a given rate. The bed temperature falls rapidly



135

owing to the supply of cold particles and recovers to

a temperature of t f and thereafter it remains at this

temperature. The bed temperature was observed _10

t foO• This
/"

/

in Fig. 4·4· I
\

,
\

bed by inser-

reach a temperature which is very near to the original

temperature of t f toward the end of thermaldecomposi­

tion. This temperature is denoted by

change of bed temperature is illu~trated

Sample particles were pipet ted out of the

tin~ a 10 mm I.D. quartz syringe from the top bf the--~--

reactor tube in the course of decomposition and their

sulfur content was analyzed.

2) Continuous process experiment

Before starting to feed pyrite particles into the

fluidized bed, 150g of the cinder decomposed at 7500 C

was fluidized at the predetermined temperature listed

in Table 4.2 to form a fluidized bed and it was allowed

to remain at the steady state. Thereafter, pyrite

was fed from a rotating disc feeder at a constant rate.

Fluidization was continued for the time, which i~

required for replacing 95 % of the cinder in the bed;

plus 30 min and thereafter, the overflow particles

were sampled and analyzed. After the passage of

this time duration, the bed was assumed to be at a
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steady state of fluidization.

The time required for replacement of 95 %of the

cinder was estimated as follows: W kg of the cinder is

fluidized in the fluidized bed prior to feeding pyrite

particles. At the time (J = 0, the feeding of pyrite

is started, whose rate is F kg/hr. The number of

pyrite particles fed into the bed per unit time, Np '

at the feeding rate of F kg/hr is represented by,

N =p
.3f

where R and ~ are the radius and the density of pyrite
p -

particles, respectively. On the other hand, Np

particles of the mixture of cinder and pyrite overflow

out of the bed during the feeding of pyrite particles.

Assuming complete mixing of particles in the fluidized

bed, the material balance equation concerning the pyrite

particles at any given time e is given by,

\

where ~ is the number fraction of pyrite particles in
-

the overflow and fc is the density of the cinder.

Integrating Eq. (4.23) gives,

F Fe fda = f d'l + c
Wfp I-~

then
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--;.-.*

Integration constant C in Eq. (4.24) is zero because

of the initial condition of ~ = ° at e = 0, and :~ .
,

Eq. (4.24) becomes,

8==_WiP in ( I-I?) (4.25)FtC l
The time required for replacing 95 % of the cinder in

~._~---./

the bed is given by putting ~= 0.95 in Eq. (4.25), or

4.4.1

e == 2. '1 '/6 W !'p
. F fc

4.4 Experimental results

Batch process experiment

(4.26)

Measured fraction of decomposed pyrite, x, is

illustrated in Fig. 4.5. It is seen from this figure

that x increases linearly with time, e, in the course

of decomposition, except in its final stage. This

satisfies the linear Eq. (4.9) whos.~ slope is given by

4hc (tw - t d)/fpDt(1 -€ )A.Hf • And this suggests

that the rate of thermal decomposition of pyrite is
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controlled by the heat transfer rate under the experi-

mental conditions in this work and that th~ ~esistance

to heat transfer through the decomposed shell within

particles of 60 to 100 mesh size can be omitted.

The overall heat transfer coefficient between the

reactor wall and the fluidized bed, h c ' can be estimated

from the slopes of Fig. 4.5 determined by the least

squares method. It is shown in Fig. 4.6. In

this figure, the linear velocity of nitrogen gas at the

bed temperature, u~ is calculated in the form of,

u* =

Where u is its linear velocity at 20oC. From this

figure, the following regression was obtained by the

least squares method.

~c = 0.386 UJf O.7 '72

Continuous process experiment

\

The mean fraction, X, of decomposed pyrite in the

overIlow is illustrated in Fig. 4.7 against 'the recip-

rocal feeding rate, l/F. This figure also includes

the calculated values of X'with Eqs. (4.19) and (4,.22)

which correspond to the complete mixing and the upward

piston flow, respectively.
I
1

In these calculations,
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h
c

given by Eq.(4.27) and xd = 0.9 were used and t d

was assumed to be equal to the constant bed temperature,

t f , illustrated in Fig. 4.4.

It is seen in Fig. 4.7 that most of X measured at

higher fe~ding rates satisfies Eq. (4.22) which assumes

upward piston flow of particles in the fluidized bed'
"I ./

and that X tends to deviate from these straight lines}

for the curves of Eq. (4.19) at lower feeding\rates.

This may suggest that the pyrite feed and the decom-

posed product are mixed with each other almost com-

pletely at lower feeding rates. This results in a

higher mean fraction of decomposed pyrite in the over-

flow over 0.7. On the other hand, it may be suggested

that the fluidized bed tends to segregate into two :?
layers, pyrite-rich layer and decomposed product-rich

layer, at higher feeding rates. This correlation-

ship between the feeding rate of pyrite particles and

the behavior of particles in the fluidized bed will be

further discussed later.

4.5 Discussion

From the batch process experiment, it was indicated

that the thermal decomposition rate of pyrite particles
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is controlled by the heat transfer tate and the overall

heat transfer coefficient, hc ' was estimated from the

experimental results.

It is of interest to compare the film coefficient

of heat transfer estimated from the thermal decomposi-

tion data of pyrite particles with that obtained in

Chapter 3. The amount of heat transferred per unit

time from the reactor wall to the fluidized bed is given

by,

where F = F = F =1t. DtLf . The first and thec w r
second terms on the right-hand side of this equation

represent the amount of heat transferred by conduction

and radiation, respectively. Radiative heat trans-

fer coefficient, hr , can be estimated in the similar

way as mentioned in Chapter 3. The amount of heat
,

transferred by radiation is given by Stefan-Boltzmann's \

law as,

Equating this equation with the second term on the

right-hand side of Eq. (4.28), we have,
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(4.30)

The heat transfer between the reactor wall and the

fluidized bed can be regarded as that between two

concentric tubes (13). On this assumption, ~ in

Eq. (4.30) is given by, (

I I ,
-::-+--1 (4.31)'

<P bw cp

where Cw and cp are the emissivities of the reactor

wall and the decomposed shell of pyrite particles,

respectively. In the· calculation of h , the value
r

of cp was chosen at 0.85 (14) and that of Cw was esti­

mated at 0.58(tw = 6500 C), 0.53(tw = 700°C) and

O.49(tw = 750°C) (15). hr calculated from Eqs. (4.30)

and (4.31) are summarized in Table 4.3. The film

coefficient of heat transfer, h , ~s obtained by sub-w .

tracting hr from hc and they are also listed in Table

4.3.

With the values of hw thus obtained, the relation­

ship between the- Reynolds number and the Nusselt number

was obtained. In calculating these dimensionless

numbers, the Eucken's equation (16) concerning the

thermal conductivity of polyatomic gas and the modified
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Table 4.3 Heat transfer coefficient

Initial bed Flow rate of Heat transfer coefficient

N2 at 200 C (Kcal/m~hr9C)
-

temperature
(oe) (em/sec) he h hwr

650 4.40 103·7 79.6 24.1
5.66 117.1 79.9 37.2
6.92 185.3 79".9 105.4

700 4.40 146.7 80.9 65.8
5.66 123.8 81.2 42.6
6.92 114.3 82.0 -32.3

750 4.40 103.9 82.9 21.0
5.66 91.6 82.8 8.8
6.92 160.5 82.9 77.6

Hirshfelder's equation (17) on the viscosity of gas

were "employed. The results are _?hown in "Fig. 4.8.

From this figure, the following dimensionless equation

was ~btained by the least squares method.

R D ( D r... )2.334-
; P ::: 2."5 P'1
~ P.

\

This equation was also plotted in Fig. 3.7 and it is

seen irt this figure that Eq. (4.32) ~oincid~s closely

with Eq. (3.20) which was obtained in the heat transfer

experiments in Chapter 3. This also suggests that
" ~

the heat transfer controlling model represented by

Eq. (4.9) is acceptable for the thermal decomposition
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rate of pyrite particles in a fluidized bed whose

particle size is 60 to 100 mesh.

It was mentioned in the continuous fluidizati9n

experiment that the mean fraction of decomposed pyrite

in the overflow satisfies Eq. (4.22) which assumes the

upward piston flow of particles in the fluidized bed,

at higher feeding rates and that it deviates from
\\

Eq. (4.22) and approaches to the curves of Eq~\ (4.19)

on the assumption of the complete mixing of fluidized_.~.~-.

particles in the bed at lower feeding rates. These

behaviors of particles in the fluidized bed are further

pursued.

Fluidized bed temperature, t f , given by Eq. (4.10)

can be rewritten as,

n
--:

N

Under the condition of complete mixing, n/N can be

expressed by Eq. (4.18) as,

-.!!.- = (ad 1:... .ex.p(_ L e' da
N Jo w w j

= I - ~xp(- ~ ad)

And Eqs. (4.33) and (4.34) yield,

(4.34)
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A similar expression of (t f - td)/(t f - t d ) for the

upward piston flow of particles in the fluidized bed

is,

tj' - td,
for

F LtW.:td

ttoo- td
=I 0< TXd <LtB 94

(4.36)
1j - t d =0 jor F ltWXde;(d>t joo- td Lj 8 ad

Fig. 4.9 illustrates the measured values of t f
in the dimensionless form of (t f - td)/(tf~ - t d ) and

the calculated values with Eqs. (4.35) and (4.36).

The plot of (t f - td)/(t foo - t d ) in this figure is

observed to decrease along the curve of Eq. (4.35) in

the lower part of Fxd/B. It leaves off this curve

downward at higher Fxd/B. This may also indicate

the preferred segregation of particles in the fluidized

bed at higher feeding rates. Furthermore, it may

be another reason of this downward deviation that the

amount of heat which is consumed for heating pyrite

particles up to the decomposition temRerature can not

be omitted_ at higher feeding rates.

In this connection, the fluidization quality of

this fluidized bed is to be inferred.
\

The minimum

fluidization velocity of pyrite particles at the bed



Eq.(4.36)

<>
00

o

1.0

0 750°c

0.8 6. 700°C

<> 650°C
,.....

'Q-I 0.6
e---
" 0.4
........

'Q-
- 0.2 <>of-

---

-0.2 <>

o 2 3

Fig.4.9 Bed temperature dependence on

FXd / B



-
(4.37)

151

temperature of t f was calculated by the following

equation (18).

U _ (Dpct>p)2 fp - f~ ~ €~f
mf - /50 ,P I - emf

In this calculation, the modified Hirshfelder's equation

(17) concerning the viscosity of gas was employed and

the value of shape factor of particles ~ was chosen

at 0.75 (19). umf of pyrite particles calculated

with Eq. (4.37) is shown in Table·4.4. The linear~~-----

velocity of nitrogen gas at 200 C was fixed at 5.66 em/sec

in the continuous process experiment.

velocity at t f was calculated as follows;

U Jf = S. 66)( tj +273
2'13

And the gas

u* thus calculated is also listed in Table 4.4.

Table 4·4 Flow rate of nitrogen gas

Initial bed
*' :*

u* U

temperature umf u-umf umf
(oC) (em/sec) (em/sec) (em/sec) (-)

650 6.76 17.83 11 .07 2.64

700 6.71 18.80 12.09 2.80

750 6.68 19.76 13.08 2.96

It is seen in Table 4.4 that the excessive gas velocity

above the minimum fluidization is in the range of 11
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to 13 em/sec and u* is about 3 times larger than umf .

Umf calculated with Eq. (4.37) decreases with decreasing

particle density, ~p' and umf of pyrite particles which

was shown in Table 4.4 is higher than that of decomposed

pyrite because the density of pyrite particles is higher

than that of its decomposed product. Therefore umf

of fluidized particles which are composed of pyrite -

particles and its decomposed product is lower than that

of pyrite particles. Thus, it can be said that the

excessive gas velocity above minimum fluidization is

higher than 11 to 13 em/sec. Under these fluidizing

conditions, it is supposed from Fig. 2.11 that the gas

bubbles of relatively large size are formed. -2
<Tem '

a measure of the nonuniformity of particle concentra-

tion in the fluidized bed, is also thought to be of

larger values according to Fig. 2.9. It is a rea-

sonable thought, therefore, that the particles are well

agitated in the fluidized bed owing to the vigorous

bUbbling and that the upward piston flow of particles
-,

may not be expected to occur in the fluidized bed.

With this thought in mind, the distribution of

the fraction of decomposed pyrite particles in the

vertical direction of fluidized bed was examined; the
. '" -

mixture composed of pyrite particles and the cinder

particles decomposed at 750°C was fluidized at room \
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About 0.05 g of the fluidized mixture
-

was sampled at different heights above the bottom of

the bed and the composition was measured by magnetic

separation. Sample probe used in this experiment

is illustrated in Fig. 4.10. 3.5 mm D. holes at

an interval of 2 cm were drilled into a stainless steel'

rod of 7 mm diameter and these holes were covered.with

stainless steel foil.
I

Two stainless steeiwires

which are connected to the foils serve to open and to

close the holes by pulling these wires up. Sampling

of mixture was carried out at 5, 10, 20, 30, 40, 50, and

60 min after the start of fluidization. An example

of the measured fraction of decomposed cinder is illus-

trated in Fig. 4.11. In this figure, wd and wp are

the weights of the cinder and of the pyrite, respec-

tively. Any significant change in the weight frac-

tion of decomposed cinder, Wd/(Wp + wd), was not found

during the course of fluidization and wd/(wp + wd) in

this figure can be regarded as the fraction realized

in the steady state of fluidization. It is seen in

this figure that wd/(wp + wd) remains almost unchanged

in the fluidized bed except in its upper part; it in­

creases rapidly in the upper part of the fluidized bed.

This means that the pyrite particles and the decomposed

particles are completely mixed with each other in the
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bulk of the fluidized bed, and a preferred segregation

of the decomposed cinder occurs at the surface of the

bed. The mean values of Wd/(Wp -+ wd ) thus measured

in the fluidized bed for several mixtures of different

composition are summarized in Fig. 4.12. It is evi-

dent in this figure that the difference between wd/(w p

+ wd ) in the bulk of the fluidized bed and that in its

upper portion increases along with the decrease in the

And the density of the cinder was measured as follows.

An amount of pyrite particles was weighed ~nd poured

slowly into the graduated cylinder. From the volume

occupied by the particles, the void fraction, € , of

the settled bed composed of pyrite particles can be

calculated. The volume occupied by an amount of

the decomposed cinder was measured in the same way.

Assuming that the void fraction of the settled bed

composed of the cinder is same as that of pyrite par-

ticles, the density of the clnder, p , was calculated

by ,

f==
w

v (1- c)

,
Where Wand V are the weight of the particles and the

volume occupied. The density of the cinder thus
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obtained was 2.97 g/cm3 which is lower than that of

pyrite particles. And it is thought that the'

possible segregation of the cinder in the upper part

of the fluidized bed which was observed in Figs. 4.11

and 4.12 is caused partly by this density difference

between pyrite particles and the decomposed product.' ,

In addition to this density difference, it i~ thought]

that the particle size is reduced by the thermal decom-

position and the finer cinder particles are easily
,

thrown up by the gas stream above the surface of fluid-

ized bed.

At higher feeding rates of pyrite particles in

the continuous process experiment, the fluidized mixturl

is composed of a large amount of pyrite particles and

a small amount of the cinder particles. And it was

mentioned in Fig. 4.7 that the mean fraction of decom-

posed pyrite in the overflow coincides with the straigh'

line of Eq. (4.22) which assumes the upward piston flow

of particles in the fluidized bed. This maybe in-

terpreted as follows. Because of the possible seg-

regation of cinder particles in the upper part of the

fluidized bed, the mean fraction of decomposed pyrite

in the-overflow deviates from Eq. (4.19) which assumes

the complete mixing of particles in the fluidized bed

and it approaches to Eq. (4.22) which assumes the upwarc
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piston flow of particles within the bed.

The dimensionless temperature of the fluidized

bed, (t f - td)/(tf~ - t d ), at higher feeding rates

shown in Fig. 4.9 also revealed itself at a lower value

than that calculated by Eq. (4.35) which assumes the

complete mixing. This may be understood as follows.

The amount of fluidized pyrite particles which are bein~

decomposed in the bulk of the bed is larger than the

amount presumed in Eq. (4.35)·because of the large dif­

ference in the fraction of cinder between the bulk and

the upper part of the fluidized bed. Furthermore,

as mentioned above, the amount of sensible_heat of

pyrite which is consumed by heating the particles up

to the decomposition temperature can not be omitted at

higher feeding rates of pyrite particles.

On the other hand, at lower feeding rates of pyrite

particles, both the mean fraction of decomposed pyrite

in the overflow shown in Fig. 4.7 and the dimension-

less temperature of the fluidized bed (t f - td)/(tf~

- t d ) in Fig. 4.9 coincide with their values calculated

by Eq. (4.19) and Eq. (4.35), respectively,-which assume

a complete mixing of particles in the fluidized bed.

This may be because the difference in the fraction of

cinder is not significant between the bulk and the
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upper portion of the fluidized bed.

4.6 Summary

The thermal decomposition of pyrite particles of

60 to 100 mesh size was carried out in a fluidized bed.

Rate equations for batch process and continuo~s process

were proposed on the assumption of heat transfer as the'

rate-controlling step and they were verified experimen­

tally.

For the batch process, a linear rate equation of

Eq. (4.9) was derived which neglected the resistance

to heat transfer through the decomposed shell within

the particles. It was found that this rate equation

satisfies the experimental results. The overall

heat transfer coefficient between the reactor wall and

the fluidized bed was estimated from the experimental

results and the radiative heat transfer coefficient

was calculated by using Stefan-Boltzmann's law.

The film coefficient of heat transfer was obtained by

subtracting the radiative heat transfer coefficient

from the overall heat transfer coefficient and it was

found that the film coefficient of heat transfer is
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in fair agreenent with that obtained in Chapter 3.

Two rate equations of Eqs. (4.19) and (4.22) were

derived for the continuous process, assuming the com- -,

plete mixing and the upward piston flow of particles

in the fluidized bed, respectively. The former was

found to be satisfactory for the fluidized bed of lower

feeding rates and the latter for the bed of higher feed-

ing rates of pyrite particles. The tendency of seg-

regation of particles in the fluidized bed realized at

higher feeding rates was also suggested from the bed

temperature measurements.

In order to examine the suggested segregation of

particles in the fluidized bed, the mixture composed

of pyrite particles and the cinder particles decomposed

at 7500 C was fluidized at room temperature. --Sample

particles were taken from various heights of the fluid­

ized bed and the composition was measured by magnetic

separation. The results of this experiment indicatec
~,

that the fraction of the cinder remains almost unchangec

in the bulk of the fluidized bed and that a preferred

segregation of cinder was found at the surface of the

bed. The degree of this segregation increases along

with the decreasing fraction of cinder in the fluidized

mixture. It was suggested from these experimental
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results that this preferred segregation at the surface

of the fluidized bed is the reason why the rate equa­

tion assuming upward piston flow of particles holds

for the fluidized bed containing a lower fraction of

decomposed cinder particles which is realized at higher
,

feeding rates.

Notation in Chapter 4

hc overall heat transfer coefficient (kcal/m2.hr.oCJ

hr radiative heat transfer coeffi-

cient (kcal/m2 .hr·oC)

hw film coefficient of heat transfer (kcal/m2.hr. oC)

k effective thermal conductivitye

of decomposed layer within

particle

thermal conductivity of gas

n number of decomposing particles in

fluidized bed

(kcal/m.hr.oC)

(kcal/m.hr.oC)

(-)

q rate of heat transfer from reactor wall

to fluidized bed .(kcal/hr)

r radius of reaction interface within particles (m)

t temperature



: 163

: decomposition temperature

temperature of fluidized bed

tf~ : temperature of fluidized bed composed

of decomposed particles

bed

t· temperature of gas blown into fluidizedgo

u

u*

• temperature of reactor wall·
linear velocity of gas at 20°C

· linear velocity of gas at t f•

minimum fluidization velocity

weight of decomposed particles

weight of pyrite particles

• fraction of decomposed pyrite•

fraction of decomposed pyrite at the final

(oC)

(oC)

(m/hr)

(m/hr)

(m/hr)

(kg)

(kg)

(- )

Fe heat transfer area

Fr surface area through which heat is

transferred by radiation

(-)
,

(kcal/kg.oC)

(kcal/kg.oC)

(kcal/kg.oC)

(m)

(m)

(kg/hr)

(m2 )

stage in batch process experiment

specific heat of FeS

specific heat of FeS2

specific heat of S2

particle diameter

diameter of fluidization tube

CFeS :

C
FeS2

:

Cs :
2

Dp

Dt

F : feeding rate of pyrite



enthalpy change of decomposition at t d
height of fluidized bed

height of thermocouple above the bottom

of fluidized bed

MFeS :

M
Fes2

:

MS2
N

Nu

R

Re

surface area through which heat is

transferred by conduction

mass velocity of nitrogen gas

molecular weight of FeS

molecular weight of FeS2

molecular weight of S2

number of particles in fluidized bed

Nusselt number

radius of particle

Reynolds number

absolute temperature of fluidized bed

absolute temperature of reactor wall

total weight of particles present in

fluidized bed
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(m2
"

(kg!m2.hr

(kcal/kg

(m

(m

(­

(~

(­

( -:
( -:
(m:

(- :
(OK:

(OK:

X mean fraction of decomposed pyrite in

€mf

overflow

void fraction of fluidized bed

void fraction at minimum fluidization

emissivity of particle

emissivity of reactor wall

(-J

(-J

(-)

(-)

(-)



P : 'viscosity of nitrogen gas

fc density of decomposed pyrite

IP density of pyrite

Pp : shape factor of pyrite particle

e time

decomposition time
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(-)

(lir)

(hr)

(kg/mohr)

(kg/~3)

(kg/m3 )

(-)
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CHAPTER 5 THERMAL DECOMPOSITION OF LIMESTONE

5.1 Introduction

168

Thermal decomposition of limestone is represented--

by

The equilibrium pressure of CO2 reaches 1 atm at about

9000 C and the enthalpy change of this reaction is

about 43 kcal/mole CaC0
3

• Thermal decomposition of

limestone is of general importance in the extraction

metallurgy and in the chemical industries and the flu-

idization technique is being applied to this reaction

(23).

Many workers (1-9) endeavored to clarify the mecha-

nism of this reaction partly because of practical

importance of this material in the industries and

partly because ot theoretical interest based on its

weIi~known physical properties.

Furnas (1) studied the thermal decomposition of

limestone particles of 2 to 8 em diameter at the



temperature of 8000 to 1100oC.
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He demonstrated that

this reaction takes place in a very narrow zone within

the particle, or, at the phase boundary between calcium

carbonate and calcium oxide and that this zone advances

from the outside to the interior of the particle at a

constant rate determined by the reaction temperature.

Britton, Gregg and Winsor (2) found that the decompo-

sition rate is proportional to the area of reaction

interface at the temperature between 7200 and 7900 C.

As pointed out by Hashimoto (3), the formation of the

interface observed by these workers is due to the

sufficiently high rate of nucleation and growth of the

decomposed phase.

Hashimoto (3, 5) and Ingraham and Marier (4)

studied the effect of the partial pressure of carbon

dioxide on the decomposition rate of limestone over a

wide range of CO2 pressure of 50 to 600 mmHg at the

temperature of 7900 to 9000 C.Hashimoto (3)

obtained the following empirical rate equation from

the decomposition data,

where k is the decomposition rate per unit interface
oarea, PCO is the. equilibrium pressure of CO 2 and both -

2



A and b are the empirical constants.
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Ingraham (4)

also found that the decomposition rate is proportional

to (Pgo - Peo )/Pgo • Hyatt, Cutler and Wadsworth
2 ,2 2

(6) presented the following rate equation assuming'

that the overall reaction rate is determined by the W

rate of the interfacial reaction.

o
J - ( Pco 2 - PC02)

8 Peo + ( I /1J"o)
2

where v is the decomposition rate in terms of the rate

of weight loss per unit area of the interface, va is v

at PCO = 0, and B is a constant determined by the
2

reaction temperature. It was indicated in this

equation that the reaction rate is proportional to the

area of reaction interface under the condition that

both temperature and pressure of carbon dioxide are

fixed at the constant values, respectively. Most

of the works mentioned above were carried out below

9000 C and their conclusion may be summarized as

follows: the decomposition rate of limestone is

determined by the reaction rate at the interface and

this rate is influenced by the temperature and the

pressure of carbon dioxide.

It is said, on the other hand, that heat or mass

transfer rate begins to play an important role at
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higher temperatures above 900oC, because the rate of

the interfacial reaction becomes sufficiently high.

Satterfield and Feakes (7) prepared a cylinder of

calcium carbonate of 2 cm diameter and 7 em long and

a sphere of 2 cm diameter by agglomerating the pre-

cipitated calcium carbonate of 0.2 f' average diameter.

They measured the temperature at the center of the

cylinder and the sphere during thermal decomposition
oabove 1000 C and found that the central temperature

remains at the equilibrium decomposition temperature

most of the time during the reaction. This reveals

that the overall decomposition rate is determined

solely by the rate of heat transfer. Furthermore,

they studied the thermal decomposition of the agglom­

erate composed of powdered calcium carbonate of 10 to

15 ? • In this case, the central temperature was

found to be higher than the equilibrium ~~composition

temperature. Based on this result, they indicated

that some nucleation or chemical activation process

partially plays a role in the overall decomposition

rate of calcium carbonate of this particle size.

They also measured the permeability of carbon dioxide

through the calcium oxide layer and suggested that the

resistance offered to the passage of carbon dioxide

through this layer has only a minor effect on the
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overall reaction rate.

Narsimhan (8) derived a rate equation by assuming

that the rate of heat transfer from the furnace through

the outer decomposed shell of a limestone particle into

the decomposing interface within the particle determines

the overall rate. He compared this rate equation

with the data obtained by Satterfield and Feakes (7)

and found that the rate of thermal decomposition of

limestone pellet of 2 em in diameter at 10000C satisfied

his rate equation o Sugiyama et ale (9) also tried

to derive a rate equation on the presumption that the

temperature at the surface of a limestone particle

changes with the time elapsed and that the rate of heat

transfer from the surface to the interface within the

particle controls the overall reaction rate. They

also found that the overall decomposition rate of

limestone particle of 1.0 to 2.7 em diameter satisfies

their rate equation at 1000oC.

As mentioned above, many works were published on

the thermal decomposition of calcium carbonate.

However, the decomposition data of limestone particles

in a fluidized bed are scarcely found (10). It is

of interest to clarify the decomposition rate of

limestone particles in a fluidized bed, since the rate .

of heat transfer in a fluidized bed is much higher than.
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that in a fixed bed (11) ?Jldthis is advantageous for

the endothermic reactions with large enthalpy change

such as the decomposition of limestone. Further­

more, since an amount of information is available on

the thermal decomposition rate of limestone as

mentioned above, it is of basic interest to compare

the rate of thermal decomposition of limestone parti­

cles in a fluidized bed with the results obtained by

these workers.

It is intended in this work to study the thermal

decomposition rate of limestone particles of 60 to 100 .

mesh size in a fluidized bed. Bed temperature was

chosen at 8250 to 875°C. At this temperature, it

may be supposed from the previous works (3-6) that the

reaction rate at the interface may play an important

role. On the other hand, since heat required for

the reaction is supplied through the reactor wall to

the fluidized bed, the rate of this heat transfer is

also thought to be indispensable in the overall re­

action rate.

In Chapter 4, a rate equation of pyrite particles

in the fluidized bed was derived for the batch process

experiment by assuming that the overall reaction rate

is controlled by the rate of heat transfer from the

reactor wall to the fluidized bed. Moreover, two
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rate equations for continuous process experiment were

derived py assuming the complete mixing and the

upward piston flow of particles in the fluidized oed,

respectively. It is intended in this-chapter to

verify the adaptability of these rate equations to

the thermal decomposition of limestone particles in

the fluidized bed. It is also intended to .. compare'
i

the rate of thermal decomposition of limestone parti-

cles in the fluidized bed with that obtained by the

previous workers mentioned above. In addition,

the rate equations applied to the thermal decomposition

of pyrite and limestone particles in the fluidized bed

are compared and examined.

5.2 Experimental

Experimental apparatus and the procedure
\

The .fluidization apparatus used in this study is

the same as that used for the thermal decomposition

of pyrite. It was shown in Fig. 4.3. In this

experiment, air is used as the fluidizing gas in place

of nitrogen: it is supplied from a two-impeller type

rotary blower.
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The experimental work was composed of batch

process experiment and continuous process experiment.

These experiments were conducted substantially in the

same way as mentioned in 4.3.4.

In the batch process experiment, an amount of

150 g of limestone particles of 60 to 100 mesh size was

fed into the reactor maintained at a predetermined

temperature to which the air flow was supplied at a

given rate. The fluidized bed temperature remained

unvaried for the major part of the reaction time, and

an example is illustrated in Fig. 5.1. Sample

particles were pipet ted out of the fluidized bed in the

course of decomposition and the composition was analysec

by measuring the weight loss after heating it at

12000 C.

In the continuous process experiment, an amount

of 150 g cinder was fluidized to form a steady state

fluidized bed at a predetermined temperat~re and flow

rate of air. And thereafter, limestone particles

were fed at a constant rate from a rotary disc feeder.

Fluidization was continued for the time duration

required for the replacement of 95 % of the cinder in

the fluidized bed plus 30 min and then the overflow

particles were sampled and analysed.
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Material

Limestone lump offered through the courtesy 6t

Ube Industrial Company Inc. was ground and sized into

60 to 100 mesh size. It was identified by the

weight loss after ignition and by X-ray to be practi­

cally pure calcium carbonate.

Experimental conditions

In the batch process experiment, the bed temper­

ature and the flow rate of air were chosen as the

independent variables and their levels are listed in

Table 5.1.

Table 5.1 Experimental conditions

Batch process experiment

Bed temperature: 825°, 850°, 875°C

Flow rate of air: 1.19, 1.76, 2.89 cm/sec (at 20°C)

Continuous process experiment

Flow rate of air

Bed temperature

2.89 cm/sec (at 20°C)

: 825°, 850°, 875°C

Feeding rate of limestone: 0.1 to 1.4 kg/hr
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In the continuous process experiment, the flow

rate of air was fixed at 2.89 cm/sec and the effects

of bed temperature and the feeding rate of limestone

particles were studied. The adopted levels are

also summarized in Table 5.1.

5.3 Experimental results

Batch process experiment

Measured fraction decomposed, x, is illustrated

in Fig. 5.2 against the fluidization time • It is

seen in this figure that x increases linearly with the

time e and that the slope of the straight lines

obtained by the least squares method changes according

to the bed temperature and the flow rate of air.

In Chapter 4, a zero order rate equation was

derived on the presumptions that the overall decom-
\

position rate is determined by the heat transfer rate

and that the resistance to heat transfer through the

outer decompos~d shell of the particles is omitted.

This rate equation was shown in Eq. (4.9). From

the facts that the temperature of the fluidized bed
i

remains constant during the course of thermal decompo-



2.0

o 875°C
I::i 850 °C
<) 825 °C

1.5
( hr)

(c )

( a )

0.5 .1.0
Time, e

0.6

0.4

0.2

O~---.l..---.....I-----'----------

o

1.0

0.8 ­

0.6

0.4

0.2

x 0.8

o I-"'-G-----'-----'-----~----'-__t

g I. 0

..
'"0 0.6
<U
en

&0.4
E
8 0.2
GJ

'"0

-g 0.8
'-

l.J..

.. 0

....... I. 0

Fig.5.2 Fraction decomposed vs. decomposi­

tion time in batch process; flow rate of
air: (0)1.19 em/sec, (b) 1.76 em/sec,
(c) 2.89 em/sec



180

sition as shown in Fig. 5.1 and that the fraction de-

composed increases linearly with the reaction time,

it is reasonable to presume under the experimenta~

conditions in this work that the overall decomposition

rate is determined by the rate of heat transfer from

the reactor wall to the fluidized bed. And thus'

the experim~ntal results satisfied Eq. (4.9) and the

slope of straight lines in Fig. 5.2,{bJ, can be repre­

sented by,

The overall heat transfer coefficient between the

reactor wall and the fluidized bed, h , can be esti­
c

mated from Eq. (5.1). It is shown in Fig. 5.3.

In this figure, the linear velocity of air at the

temperature of the fluidized bed, u*, was calculated

by,

u* = U J(

where u is the linear velocity at 20°C. The

following regression was obtained from Fig. 5.3 by

using the least squares method.

R.
c

:= 24.3 U* 0.304- (5.2)
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Continuous process experiment

The mean fraction, X, of decomposed limestone in

the overflow is illustrated in Fig. 5.4 against the

reciprocal feeding rate, I/F. The calculated

values of the mean fraction, X, with Eq. (4.19) for

complete mixing and with Eq. (4.22) for upward piston

flow of particles are also plotted in this figure.

In the calculation of these values, h given by Eq.
c

(5.2) and xd = 1.0 were used and t d was assumed to be

equal to the constant temperature of the fluidized

bed, t f , given in Fig. 5.1.

When the fluidized bed temperature is kept at

8250 and 8500 C, it is seen from Fig. 5.4 that most

values of the measured X satisfy Eq. (4.22) which

assumes upward piston flow of particles in the fluid­

ized bed. In the experiment where the bed temper­

ature is kept at 8750 C, on the other hand, it is seen

from the same figure that X measured at higher feeding

rates coincides with the curves of Eq. (4.19) which

assumes complete mixing of the particles in the flu­

idized bed and X tends to deviate from this equation

to the straight line of Eq. (4.22). These corre-

lationships between X and the reciprocal feeding rate
\

is thought to be rather different from those observed
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in the thermal decomposition of pyrite.

tendency will be discussed later.

5.4 Discussion

This
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Concerning the batch process experiment, it was
,

mentioned in 5.3.1 that the fraction decomposed, x,

increases linearly with the reaction time as shown in

Fig. 5.2 and that this satisfies the linear rate

equation of Eq. (4.9). The overall heat transfer

coefficient between the reactor wall and the fluid-

ized bed, h , was estimated from Eq. (5.1) and was
c

illustrated in Fig. 5.3. The film coefficient of

heat transfer between the reactor wall and the fluid-

ized bed, h , can be estimated from h thus obtained.w c

And it is of basic interest to compare hw with that

obtained in Chapter 3, because it may also offer an

indication in determining the rate controlling step

in the thermal decomposition of limestone particles

in a fluidized bed.

The amount of heat transferred from the reactor

wall to the fluidized bed is given by,

~ = Ilc Fe ( t w - tt)

:= RwFw(tw-tf)+~rFr(tw-tf) (5.3)
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where F and F are the area through which heat isw r

transferred by conduction and by radiation, respective-

ly, and they can be represented by,

From Eqs. (5.3) and (5.4), the following expression is

obtained.

The amount of heat transferred by radiation is

given by Stefan-Boltzmann's law as:

Insertion of this equation into the second term on the

right-hand side of Eq. (5.3)

Tw
4 -Tt4­

t w - tf

yields~

Moreover, the radiative heat transfer between the reactor

wall and the fluidized bed is regarded as the heat

transfer between two concentric tubes (12) and f in

Eq. (5.7) is given by,
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where Cw and cp are the emissivities of the reactor

wall and of the decomposed shell of limestone particles,

respectively. cp is assumed at 0.27 (13) and eW is :

at 0.42 (tw = 825°C), 0.40 (tw = 850°C) and 0.38 (tw ~

875°C) (14), respectively. The results of calcu-

lation are summarized in Table 5.2.

In addition, the correlationship between the

Reynolds number (DpG/p) and the Nusselt number (hwDp/kg>

is to be discussed by using hw listed in Table 5.2.

In the calculation of these dimen?ionless numbers,

thermal conductivity and viscosity of air, kg and f ,

were presumed at 6.16 x 10-2 kcal/m.hr.oC (15) and

4.60 x 10-4 poise (16), respectively. The results

are illustrated in Fig. 5.5 and the following regres-

sion equation was obtained by the least squares method.

~ D ( D G-. )0.516
w P = 0.826 --,-P__

*, ~

This equation was also plotted in Fig. 3.7. It may

be seen in this figure that Eq. (5.9) lies somewhat

higher than the straight line of Eq. (3.20), though the

difference between these two regression lines is not
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Table 5.2 Heat transfer coefficient

Initial Flow rate Heat transfer coefficient

bed temperature of air at 20°C (kcal/m2.hr.oC)

(oC) ( em/sec) he hr hw

825 1.19 102.4 49.8 52.6

1.76 117.2 49.7 67.5

2.89 127.1 49.3 77.8

850 1.19 111.9 51.5 60.4

1.76 132.3 51.8 80.5

2.89 153.9 51.4 102.5

875 1.19 121.4 53.6 67.8

1.76 145.0 53.0 92.0-
2.89 159.3 52.9 106.4

significant when both of them are compared with the

regressions obtained by the other workers. It may

be thought that the deviation of Eq. (5.9) from Eq.

(3.20) is mainly caused by the error in estimating cp

in Eq. ( 5. 8) • It may also be thought that this devi-

ation occurs when the heat transfer controlling model

presumed in this work is not completely applied to the

thermal decomposition of limestone particles in the

fluidized bed.
,

However, it is expected that Eq. (5.9)
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lies below Eq. (3.20) when the elementary reaction

steps other than the heat transfer affect the overall

rate, because the overall rate of thermal decomposition

of limestone particles is reduced when the resista~ce

to the reaction steps other than the heat transfer,

such as the interfacial reaction and the mass transfer
,

of CO2 through the decomposed shell, can not be omitted.
!

Therefore, from the facts observed in this work that

the fluidized bed temperature remains unchanged during

the major part of the reaction time as shovffi in Fig.

5.1, that the fraction decomposed increases linearly

with time as shown in Fig. 5.2 and that the deviation

of Eq. (5.9) from Eq. (3.20) is not significant as

compared with the regression lines obtained by the other

workers, it may be reasonable to presume that the over­

all rate of thermal decomposition of limestone parti-

cles in the fluidized bed is determined by the rate of

heat transfer from the reactor wall to the fluidized

bed.

It was mentioned in 5.1 that the rate of inter-

facial reaction occurring within particles plays an

important role in the overall reaction rate when the

temperature is below 900°C (3-6) and that the overall

reaction rate is mainly determined by the heat transfer

rate at higher temperatures above 10000C (7-9).
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The temperature of the fluidized bed was chosen in this

work at 8250 to 8750 C and, nevertheless, it was sug­

gested above that the overall decomposition rate is

determined by the rate of heat transfer from the reactor

wall to the fluidized bed. This conclusion is

somewhat different from the results obtained by Ingraham

(4) and by Hyatt, Cutler and Wadsworth (6).

In order to clarify the situation, the experimental

conditions adopted in this work are compared with the

other works. Ingraham (4) studied the thermal

decomposition rate of precipitated calcium carbonate

of about 0.5 g at 780° to 850°C by thermogravimetric

analysis. Hyatt, Cutler and Wadsworth (6) used a

plate crystal of calcium carbonate of about 0.1 em

thick and 1.0 to 1.5 em wide and long'w~ose weight was

about 0.6 g. This crystal was placed in a platinum

screen basket and decomposed at 8000 to 950°C.

Under these experimental conditions where a small

amount of calcium carbonate is decomposed, a large

amount of heat can easily be supplied from the sur-

roundings to the decomposing specimen. And thus

the conditions adopted in this work.

the conditions of heat transfer from the surroundings

to the surface of calcium carbonate particles is more

favorable and is thought to be somewhat different from
\
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The rate of heat transfer from the reactor wall

to the fluidized bed is represented by,

(5.10)

On the other hand, the surface area of limestone parti-

cles is,

A = Nrc D;
where N is the number of particles present in the flu--~-­

idized bed and is expressed by,

N =

Inserting Eq.

A =

6W

into Eq. (5.11), we have,

( 5.12)

Consequently, the heat transfer rate per unit surface

area of limestone particles is given by the following

equation.

~-.-:
A

7l Dt LfDp fP ( fl w 1"' f,r)

6W

Under the fluidizing conditions that the flow rate of

air is 1.76 em/sec and the bed temperature is 850°C,

(hw + hr ) is obtained at 132.2 kcal/m2.hr.oC from

Table 5.2.

Inserting this value into Eq. (5.14), q/A becomes
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This equation demonstrates that an amount of heat of

1.31 kcal can be supplied from the surroundings to the

unit surface of limestone particles per unit time when

the temperature difference between the reactor wall

and the fluidized bed is 1°C.

On the other hand, Hyatt, Cutler and Wadsworth (6)

measured the rate of thermal decomposition of a

crystal of calcium carbonate which was kept at 850°C

in a tube furnace of 1 in inner diameter. The flow

rate of nitrogen gas was maintained at 90 cm3 per

minute. Under these experimental conditions, the

rate of heat transfer from the surroundings to the

surface of the calcium carbonate crystal is represented

by,

where h is the convective heat transfer coefficient

between the nitrogen gas and the crystal surface and

t F and t s are the temperatures of the furnace and of

the crystal surface, respectively. The thickness

of the plate crystal of calcium carbonate used in
\

their work was 0.1 em and this value is about 10 times



193

larger than the diameter of limestone particles of 60

to 100 mesh size. And thus the resistance to heat

transfer through the outer decomposed shell of caleium

carbonate crystal may not be omitted. The amount

of heat transferred through the decomposed shell to

the reaction interface is represented by,

where k is the effective thermal conductivity of the ---'

decomposed shell, t r is the temperature at the inter­

face and z is the thickness of the decomposed shell.

Combining Eqs. (5.16) and (5.17), we have,

~ =
Fe ( t F - t I )

I +~
Rr + f, f{

Thus, the rate of heat transfer per unit interface area

within the crystal is,

The radiative heat transfer coefficient, hr , in

this equation can be estimated as follows. The

amount of heat transferred by radiation is expressed

by,
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And it can also be represented by the Stefan-Boltzmann's

law as follows.

When the surface area of the crystal, Fc ' is sufficient­

ly small as compared with the inner surface area of

the furnace, ~ in Eq. (5.21) becomes (21)

where Cc is the emissivity of outer decomposed shell

of calcium carbonate crystal.

(5.22), we obtain,

From Eqs. (5.20) to

The furnace temperature, TF, was not. given in their

work. Assuming TF = TS and equating them to

(850 + 273) = l123°K, the radiative heat transfer

coefficient, hr , is calculated at 74.7 kcal/m2.hr.oC,

where the value of Cc was presumed at 0.27 (13).

The convective heat transfer coefficient, h, in

Eq. (5.16), on the other hand, was estimated at

1.3'kcal/m2.hr. oC by using the Pohlhausen's equation

(22); .
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where L is the length of crystal of calcium carbonate.

The effective thermal conductivity of the decomposed

layer, k, was measured at 0.68 kcal/m.hr.oC by .~

Satterfield and Feakes (7).

Since q/Fc shown in Eq. (5.19) decreases with

increased thickness of decomposed shell, z, the minimal
i

value of q/Fc at z =0.05 em is calculated by using
'(

\

This means that an amount of heat more than 71.9 kcal

is supplied from the surroundings to the unit surface

of the crystal per unit time when the temperature

difference between the furnace and the interface within

calcium carbonate crystal is 1°C. This value is

almost sixty times larger than the value calculated

above for the fluidized bed.

These inspections revealed that a large amount of

heat can easily be supplied from the surroundings to

the interface within the calcium carbonate specimen

and that the resistance to heat transfer may be omitted

by comparing it with the resistance to the interfacial

decomposition within the particle, when a small amount

of calcium carbonate is placed in a large space of a

furnace. In the fluidized bed, however, a large
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amount of limestone particles are fluidized and the

heat transfer rate per unit surface area of limestone

particles is rather low and the resistance to heat

transfer from the reactor wall to the fluidized parti-

cles can not be omitted. This is the reason why the

overall decomposition rate of limestone particles in

a fluidized bed is determined by the heat transfer

rate at the temperature of 825° to 875°C.

Further inspection is made on the rate of thermal

decomposition of limestone particles. Hyatt, Cutler

and Wadsworth (6) found that the overall rate of

thermal decomposition of a calcium carbonate crystal

is controlled by the rate of chemical reaction occurrin~

at the interface within the crystal and the rate is

proportional to ,the interfacial area within the crystal.

The decomposition rate constant, cl , was measured at

2.71 x 10-3 g/min.cm2 at 8500 Co

With this value of decomposition rate, the time

required for the thermal decomposition of limestone

particles of 60 to 100 mesh size used in this work was

estimatedo From the assumption that the reaction

rate is proportional to the interfacial area within

the particles proposed by Hyatt, Cutler and Wadsworth

(6), the thermal decomposition rate of a limestone

particle is represented by the follovdng equation.
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(5.26)

where r is the radius of the decomposing interface-;

In this equation, wis the weight of undecomposed

limestone within the particle at time, e, and it is

expressed by,

From Eqs. (5.26) and (5.27), we obtain, .

-dr:=: ~d9 (5.28)
fp

Integration of Eqo (5.28) with the conditions of r =R

at e = 0 and r = 0 at e = ed gives

Inserting ~ = 2.71 g/cm3, ~ = 2 0 71 x 10-3 g/min_cm2

and R =9.7 x 10-3 em into this equation, we obtain

ed = 9.8 min.

Furnas (1), on the other hand, measured the

thermal decomposition rate of the crushed limestone

particle of 2 to 8 em diameter. As mentioned in

5.1, he found that the interface proceeds from the

surface to the interior of the particle at a constant

rate, and the following regression equation was

presented.
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,
P.o fJ cJ. = O. 003 /45 t - 3. 30 8"5 ( 5 . 30)

where cl'is the rate of advance of the interface in

cm/hr and t is the temperature in °C. Putting

t = 850°C in Eq. (5.30) yields ~'= 0.232 em/hr.

By using this value, the time, $d' required for the

completion of thermal decomposition of limestone

particles of 60 to 100 mesh size is calculated at 2.5

min. Ingraham (4) measured the -rate of thermal

decomposition of precipitated calcium carbonate in the

air stream at 850oCo The rate constant, d , calcu-

lated from his data is 0.01 g/min.cm2 • By using

~ = 0.01 g/min o cm2 in Eq. (5.29), 8d = 2.6 min is

obtained. This value of 8d is very close to that

estimated from the data obtained by Furnas and it is

somewhat shorter than that estimated from the results

obtained by Hyatt, Cutler and Wadsworth (6) who used

a calcium carbonate crystal in their work.

On the other hand, it is seen from Fig. 5.2 that

the time, 8d , required for thermal decomposition of

limestone particles in the fluidized bed at 850°C is

about 80 and 50 min at the flow rate of air at 1.76

and 2089 em/sec, respectively. These values of 8d

in the fluidized bed are much higher than the time

values estimated above which presumes that a small
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amount of calcium carbonate particles are decomposed.

It can be mentioned from these investigations that this

difference in the reaction time, 8d , in the thermal

decomposition of limestone particles is caused by the

additional resistance to heat transfer from the sur­

roundings to limestone particles which can not be

neglected in a fluidized bed.

In the continuous process experiment, it was

mentioned that the mean fraction of decomposed limestone!

X, satisfies Eq. (4.19) at 875°C which presumes complete

mixing of particles in the fluidized bed, when the

feeding rate of limestone particles is higher. On

the other hand, X tends to deviate at lower feeding

rates from this equation to the straight line of Eq.

(4.22) which assumes the upward piston flow of parti­

cles; it was supposed that the possible segregation of

particles occurs in the fluidized bed. In order to

investigate these behaviors of particles further, the

vertical distribution of fraction decomposed along the

height of continuous fluidized bed was, studied.

An amount of 0.01 to 0.1 g of particles was

sampled from the fluidized bed at an interval of 2 cm

in vertical direction and their composition was ana-

lyzed. Sample probe shown in Fig. 4.10 was used.

The fluidization conditions in this experiment were;
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the feeding rate of limestone particles was 0.2 and 0.5

kg/hr, the air velocity was 2.89 cm/sec and the bed

temperature was maintained at 825°, 850° and 875°C.

Because of small amounts of samples taken, the vari-

ation of data was rather wide. And their mean

values at individual heights are illustrated in Figs.

5.6 and 5.7. In these figures, the mean fraction

of decomposed limestone, X, in the overflow was also

plotted.
.

The overflow pipe is located at a height

of 13 cm above the bottom of the fluidized bed. It

is seen from Fig. 5.6 that the fraction of decomposed

limestone remains almost unchanged within the bulk of

the fluidized bed and it increases rapidly at the

height of overflow pipe. On the other hand,

however, this segregation at the surface of the fluid­

ized bed was not observed in Fig. 5.7 which was obtained

caused by the density difference between limestone

particles and its decomposed product. In addition,

the formation of finer particles caused by the thermal
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decomposition may also be another reason for the segre-

gation. The reciprocal feeding rate, l/F, illus-

trated in Figs. 5.6 and 5.7 are about 5.5 and 2 0 0

hr/kg, respectively. It is seen in Fig. 5.4 that

X at l/F = 5.5 is near the straight lines of Eq. (4.~2)

which assumes the upward piston flow of particles in

the fluidized bed. From this, it can be said that

the mean fraction of decomposed limestone in the over-
__ .__ ._~v

flow deviates at lower feeding rates from Eq. (4.19)

which assumes the complete mixing of particles in the

fluidized bed, because of the possible segregation of

particles in the upper part of the fluidized bed and

that it approaches to the straight lines of Eq. (4.22)

which assumes the upward piston flow of particles in

the fluidized bed. It is seen in Fig. 5.4, on the

other hand, that the curve of Eq. (4.19) is so close

to the straight line of Eqo (4.22) at l/F = 2.0 and it

is difficult from this figure to j~dge the behavior of

particles in the fluidized bed at higher feeding rates.

However, it can be mentioned from Fig. 5.7 that the

mean fraction of decomposed limestone in the overflow

satisfies Eq. (4.19) which assumes the complete mixing

of particles in the fluidized bed at higher feeding

rates.

In the thermal decomposition of pyrite particles,
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on the other hand, it was mentioned that the mean

fraction of decomposed pyrite in the overflow deviates

from Eq. (4.19) at higher feeding rates and that this

deviation becomes minor at lower feeding rates.

And the correlationship between the feeding rate and

the behavior of fluidized particles seems to be

somewhat different between limestone particles and

pyrite particles. Further inspection is made,

therefore, on the segregation of particles in the upper ­

part of fluidized bed.

Urabe et ale (19) measured the particles size

distribution of fluidized particles in vertical

direction in the fluidized bed. They found that

the particles are completely mixed within the bulk of

bed and that the segregation due to the difference in

particle size was observed at the bed surface where the

particle concentration is lower. This experimental

result was explained as follows. Particles are

thrown up by the ascending bubbles above the surface

of fluidized bed and the size distribution of these

particles is supposed to be same as that in the bulk

of fluidized bed. The particle concentration at

this level is fairly dilute and individual particles

can move more freely; the particles of larger size

fall again into the bulk of fluidized bed and the
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particles of smaller size are hung in the air stream.

And thus the segregation of particles due to the size

difference occurs at the surface of fluidized bedo~

-On the other hand, Fukuda (24) fluidized the

mixture of glass beads and alumina particles whose

density are 2 0 5 and 40 0 g/cm3 respectively and measured

the vertical distribution of the fraction of alumina '

particles. It was found that both of these parti-

cles are completely mixed with each other in the bulk

of the fluidized bed and that the fraction of alumina

particles decreases above the surface of the fluidized

bed. Kuramasu (25) also carried out a similar

experiment with glass beads and nickel beads whose

densities are 2 0 5 and 8.8 g/cm3, respectively.

Although the segregation of glass beads was observed

at the surface of the fluidized bed, any significant

segregation of particles was not observed in the bulk

of the fluidized bed even with this large density

difference except when the gas velocity was below

twice that of the minimum fluidization. It can be

said from these experimental results that segregation

of particles occurs at the surface of the fluidized bed

owing to the difference of particle size and to the

difference of density, although the bulk of the fluid-

ized bed is regarded as uniform.



206

It was mentioned in Figs. 4.11 and 4.12 which

concerns the thermal decomposition of pyrite particles

that the fraction decomposed remains almost unchanged

in the bulk of the fluidized bed and it increases

abruptly at the level of the overflow pipe. These

results coincide with the fact mentioned above o

In the thermal decomposition of limestone particles,

it is shown in Fig. 5.6 that the segregation of parti­

cles was also observed at the level of the overflow

pipe at lower feeding rates of limestone particles.

However, when the feeding rate of limestone particles

is increased, the mean fraction of decomposed limestone

in the overflow approaches to the values in the bulk

of fluidj.zed bed. This was illustrated in Fig, 507,

where it was revealed that any segregation of particles

at the level of the overflow pipe could not be

observed under these fluidizing conditions.

Therefore, further inspections are made on the corre­

lationship between the fluidizing conditions and the

behavior of particles.

In the continuous process experiment 6f limestone

particles, the flow rate of air, u, was fixed at 2.89

em/sec which was measured at 20oC. The flow rate

at the fluidized bed temperature, u*, can be calcu­

lated by,
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And results are illustrated in Table 5.3.
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(5.31) .

The-'~

minimum fluidization velocity at the fluidized bed

temperature was calculated by the following equation

(18) •
3

Emf

I - emf
(5.32)

In this calculation of umf ' <Pp and emf were presumed at

0.63 (19) and 0.5 (20), respectively. umf calcu-

lated by Eqo (5.32) was also listed in the same table.

And the ratio of u*/umf is found to be 8.14 to 8078.

Table 5.3 Flow rate of air

Initial bed
umf u* u*

temperature -um!

( °C) ( em/sec) ( em/sec) ( -)

825 1.35 10 0 83 8.14

850 1.31 11.08 8.46

875 1.29 11.32 8.78

Bakker and Heertjes (20) measured the vertical

distribution of particle concentration across the

surface of the fluidized bed. Their results are
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illustrated in Fig. 5.8. In this figure, the void

fraction, c, instead of particle concentration, is used

as the abscissa. It is seen in this figure that the

particle concentration decreases abruptly across the

surface of the fluidized bed at lower flow rates of

air and, on the other hand, it decreases rather con­

tinuously when the flow rate of air is higher. In

their work, glass beads of 175 to 200 f diameter were

used and the fluidized bed is regarded as uniform with

respect to the density and the size of fluidized parti­

cles.

In the thermal decomposition of limestone particles,

however, the density and the size of the particles vary

along with the progress of thermal decomposition; the

density becomes lower and the size is reduced when the

limestone particles are being decomposed. And it

is thought that the particle concentration profile in

vertical direction in the thermal decomposition of

limestone particles may be somewhat different from

Fig. 5.8. However, Urabe et al. (~9) fluidized the

sand particles of wide size distribution of 20 to 1000

~ and found a similar particle concentration prQfile;

particle concentration decreases rather abruptly across

the surface of the fluidized bed at lower flow rates

of gas and it decreases continuously at higher flow
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It is reasonable to presume, therefore, that

any significant difference may not be observed in the

particle concentration profile in vertical direction

in the upper'part of the fluidized bed whether it is

composed of uniform particles with respect to the'

density and the size or composed of the particles whose /

density and size are not uniform because of the thermal

decomposition.

It is seen in Fig. 5.8 that the particle concen­

tration decreases gradually across the surface of the

fluidized bed at the flow rates of air of U/Umf = 7.0

to 9.7 which covers the flow rate of air adopted in

this work. Consequently, it is thought that, in the

steady state of fluidization, the height of the fluid­

ized bed is elevated at higher feeding rates and that

the particle concentration at the level of the overflow

pipe becomes dense in order to discharge a large amount

of particles which corresponds to the feeding rate.

At this level of the overflow pipe, the particles are

completely mixed with each other and the segregation

of particles in the overflow was not observed as shown

in Fig., 5.7. 'At lower feeding rates~ on the other

hand, the height of the fluidized bed sinks and the

particle concentration at the level of the overflow

pipe becomes dilute because of the lower overflow rate



and the segregation of decomposed limestone occurs

owing to the difference in density and size at the level

of the overflow pipe. And thus, the segregation ot

particles in the overflow at lower feeding rates sho~m

in Fig. 5.6 can be understood. Schematic illus-

trations are demonstrated in Fig. 5.9 (a) and (b).

Concerning the thermal decomposition of pyrite

particles described in Chapter 4, on the other hand,

u*/umf was between 2.6 to 3.0 as shown in Table 4.4.

It is seen from Fig. 5.8 that the particle concentration

decreases rather abruptly across the surface of the

fluidized bed at u/umf = 2.8. At this flow rate of

nitrogen gas it is supposed that the particle concen­

tration in the bulk of the fluidized bed is rather dense

and that the surface of the fluidized bed is located

just below the overflow pipe in order to discharge the

fluidized particles. Because of the abrupt change

of particle concentration across the bed surface, the

variation of bed height caused by the change of feeding

rate of pyrite particles is minor. This is demon-

strated in Fig. 5.9 (c) schematically. The segre-

gationwof the decomposed pyrite occurs at this surface.

And thus the segregation of particles at the level of

of the overflow pipe which was observed at any feeding

rate of pyrite particles can be understood. The
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density difference between pyrite particles and their

decomposed product was 2.0 g/cm3 which is larger than

the density difference of 0.7 g/cm3 observed between

-limestone particles and their decomposed product.

Though it is difficult to grasp quantitatively the

effect of density difference on the segregation of

particles at the surface of the fluidized bed, it can

be mentioned that this greater difference in density

may be another reason why the segregation of decomposed

pyrite is always observed at the level of the overflow

pipe as shown in Fig. 4.12.

It is seen in the same figure that the difference

of fraction decomposed between the overflow and the

bulk of the fluidized bed becomes clearer when the

fraction of decomposed product is lower in the bulk of

the fluidized bed. This is realized at higher

feeding rates. It can be said, therefore, that the

mean fraction of decomposed pyrite in the overflow

deviates because of this segregation of decomposed

pyrite from Eq. (4.19) whose assumption is the complete

mixing of particles within the fluidized bed. It

approaches to the s~raight lines of Eq. (4.22) which

assumes the upward piston flow of particles in the

fluidized bed. When the feeding rate of pyrite

particles becomes lower, h9wever, the deviation of the
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mean fraction of decomposed pyrite in the overflow from

Eq. (4.19) becomes minor as shown in Fig. 4.7. This

is because the difference of the fraction decomposed

between the overflow and the bulk of the fluidized bed

is so trivial and insignificant.

Discussions on the behaviors of pyrite and

limestone particles in the fluidized bed mentioned

above can be summarized as follows o

1) In the bulk of the fluidized bed, the fluidized

particles are completely mixed with each other.

2) At the surface of the fluidized bed where the

particle concentration is fairly dilute, the segre­

gation of particles occurs because of the difference

in density and in size between feed mineral and its

decomposed product.

3) In the thermal decomposition of pyrite parti-

cles where the flow rate of nitrogen gas was fixed

at about 3 times larger than umf ' the particle

concentration decreases rather abruptly across the

surface of the fluidized bed and the bed surface is

,always located just below the level of the overflow

pipe. The segregation of decomposed pyrite

occurs at this surface. At higher feeding rates

of pyrite particles, the difference of the fraction

decomposed between the bulk and the bed surface \
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Under these circumstances, the

mean fraction of decomposed pyrite in the overflow

deviates from the calculated value which assumes the

complete mixing of particles and it approaches to

the value calculated on the assumption of the upward

piston flow of particles through the fluidized bed.

At lower. feeding rates of pyrite particles, on the
\

other hand, this deviation becomes minor be~ause

the difference of the fraction decomposed between

the bulk and the surface of the fluidized bed is

trivial.

4) In the thermal decomposition of limestone parti-

cles, the flow rate of air was kept at about 8.5

times larger than umf • Since the change of parti-

cle concentration across the surface of the fluidized

bed is rather continuous at this flow rate of air,

the surface of the bed is elevated at higher feeding

rates and the overflow pipe is located within the

bulk of the fluidized bed where the particles are

completely mixed. And thus the mean fraction of

decomposed limestone in the overflow coincides with

the value calculated by assuming complete mixing of

particles in the bed. At lower feeding rates of

limestone particles, however, the surface of the

fluidized bed sinks and the segregation of particles
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occurs at the level of the overflow pipe. And

thus, the mean fraction 0I decomposed limestone in

the overflow deviates from the calculated value

which assumes complete mixing of particles in the

fluidized bed.

As mentioned above, it may be an important

feature of the continuous fluidized bed reactor that

the mean fraction of decomposed product in the overflow

is affected not only by the rate of thermal decompo­

sition of mineral particles but also by the flow rate

of flUidizing gas and by the difference in density and

in size between the mineral particles and their decom­

posed products because the mean residence time of

particles in the bed is affected by these factors even

at a constant feeding rate of ~{lineral particles-~

5.5 Summary

The thermal decomposition rate of limestone parti­

cles of 60 to 100 mesh size was studied in a fluidized

bed. The bed temperature was kept at 8250
, 8500

and 875°C.The decomposition was carried out in

a batch process and in a continuous process.

From the batch process experiment, it was found
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that the fraction decomposed increases linearly with

the reaction time. This result satisties the linear

rate equation derived in Chapter 4 which assumes that

the overall reaction rate is determined by the rate of

heat transfer from the reactor wall to the fluidized

bed.

The overall heat transfer coefficient, h , was
c

estimated from the rate constant. And the radiative

heat transfer coefficient, hr , was calculated by using- -

~he Stefan-Boltzmann's law. The film coefficient

of heat transfer between the reactor wall and the flu-

idized bed, h , was obtained by subtracting h from h •w r c
Any significant difference between hw thus estimated

and that obtained in Chapter 3 was not found.

Thus, it was suggested that the overall thermal

decomposition rate of limestone particles in a fluidized

bed is determined by the rate of heat transfer from

the reactor wall to the bed at the temperature of 8250

And these results seem to be somewhat

different from those obtained by the previous workers.

In the thermogravimetric analysis, for example, they

measured the thermal decomposition rate of a small

amount of limestone particles placed in a furnace at

oa teluperature below 900 C and found that the overall

reaction rate is determined by the rate of chemical
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reaction occurring at the interface within particles.

In order to clarify this superficial contradiction,

the rate of heat transfer from the surroundings to the­

reaction interface within limestone particles was

estimated. It was found from this calculation that

a large amount of heat can easily be supplied to the

interface when a small amount of limestone particles

is placed in a large space within a furnace. In the

fluidized bed, however, the rate of heat transfer from

the reactor wall to the surface of fluidized particles

is rather smaller and the resistance to heat transfer

can not be neglected o And the overall decomposition

rate of limestone particles in a fluidized bed is

determined by the heat transfer rate at a temperature

below 900°C.

On the continuous process, ~wo rate equations of

Eqs. (4.19) and (4.22) were examined which were derived

in Chapter 4 on the assumption of complete mixing of

particles and of upward piston flow of particles in the

fluidized bed, respectively. The mean fraction of

decomposed lirnes~one in the overflow sat·isfi.es Eq.

(4.19) at higher feeding rates. At lower feeding

rates of limestone particles, on the other hand, the

mean fraction of decomposed limestone deviates from

Eq. (4.19) OWing to the possible segregation of .
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decomposed limestone at the level of the overflow pipe

and it approaches to Eq. (4 0 22). This correlation­

ship between the feeding rate and the behavior of

fluidized particles seems to be somewhat different from

that observed in the thermal decomposition of pyrite

particles described in Chapter 4.

In the thermal decomposition of limestone particles,

the ratio of the flow rate of air to that of minimum

fluidization is 8.14 to 8.78. At this flow ~ate ol_

air, it is thought from the results obtained by Bakker

and Heertjes (20) that the particle concentration

decreases rather continuously across the surface of the

fluidized bed. And the bed surface is located above

the overflow pipe at hgiher feeding rates and thus the

overflow pipe is situated within the bulk of the flu­

idized bed where the particles are completely mixed.

It is thought, therefore, that the mean fraction of

decomposed limestone in the overflow satisfies Eq.

(4.19) which assumes complete mixing of particles in

the fluidized bed. At lower feeding rates, on the

other hand, the surface of the fluidized bed is located

below the overflow pipe and the segregation of parti­

cles occurs in the overflow from the fluidized bed.

This may be the reason why mean fraction of decomposed

limestone in" the overflow deviates from Eq. (4.19) and
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it approaches to Eq. (4:22) of upward piston flow of

particles at lower feeding rates.

In the thermal decomposition of pyrite particles,

on the other hand, the ratio of the flow rate of nitro-

gen gas to the minimum fluidization velocity is 2.64

to 2.96. At this flow rate of gas, the particle

concentration decreases abruptly across the surface of

the fluidized bed. The surface of the fluidized bed

is located just below the level of the overflow pipe

and the segregation of decomposed pyrite occurs at this

surface. And consequently, the deviation of the

mean fraction of decomposed pyrite from Eq. (4.19)

observed in the overflow is clear at higher feeding

rates where the difference of the fraction of decomposed

pyrite between the bulk and the surface of fluidized

bed is larger. On the other hand, this deviation

becomes minor when the feeding rate of pyrite parti­

cles is lower because the difference of the fraction

of decomposed pyrite between the bulk and the surface

of the bed is so trivial.

Notation in Chapter 5

overall heat transfer coefficient 2 ' 0(kcal/m -hr- C)
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hr radiative heat transfer coefficient (kcal/m2 .hr.oC)

hw : film coefficient of heat transfer (kcal/m2.hr.oC)

thermal conductivity of air

heat transfer rate from reactor

wall to fluidized bed

.-' 0
. (kcal/m. hr. C)

(kcal/hr)

qr : rate of heat transfer by radiation

from reactor wall to fluidized bed

Xd fraction decomposed at the final stage

in batch process experiment

u

x

bed temperature

temperatur~ of reactor wall

linear velocity of air

air velocity at minimum fluidization

fraction decomposed

particle diameter

inner diameter of fluidization tube

feeding rate of.limestone

heat transfer area

surface area through which heat is

transferred by radiation

(kcal/hr)

(oC)

(oC)

(m/hr)

(m/hr)

( -)

( -)

(m)

(m)

(kg/hr)

(m2)

Fw surface area through which heat is

transferred by conduction

mass velocity of air

height of fluidized bed

Nusselt number

(m2)

(kg/m2. hr)

(m)

( -)



Re : Reynolds number

: absolute temperature of fluidized bed

absolute temperature of reactor wall

: mean fraction of decomposed limestone in

the overflow

: void fraction

void fraction at minimum fluidization

emissibity of the decomposed layer of
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( -)

(-)

( -)

e

limestone particle

emissibity of reactor wall

time

viscosity of air

: density of air

: density of limestone particles

: shape factor of limestone particles
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It was intended in this work to study the rate of

thermal decomposition of pyrite and limestone particles

in a fluidized bed. When the fluidization tube is

heated from the outside and the heat required for the

thermal decomposition of these materials is supplied

to the bed through the reactor wall, the heat transfer

rate between the reactor wall and the fluidized parti-

eles plays an important role. Moreover, this rate

of heat transfer is affected by the various fluidiza-

tion characteristics. And prior to the thermal

decomposition study of pyrite and limestone particles,

the fluidization characteristics and the heat transfer

rate of the fluidized bed were investigated.

In Chapter 2 of this paper, the mean of particle

concentration in the fluidized bed, fe' and the vari­

anco, ~;, were measured by using a capacitance probe.

In addition, the frequency, f, the vertical thickness,

y, and the rise velocity, ub ' of bubbles in the fluid­

ized bed were measured from the traces on the oscillo-

grams of output signal of the probe. The peak and
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valley heights of the traces on the oscillograms, CL
and Cu' were also measured, which can be used ,as the

measures representing the particle concentration in

bubble and dense phases, respectively. These fluid-

ization characteristics were interrelated with fc and
2

6"c •

In the bulk of the fluidized bed, Pc remains at

a constant value of Pern and the latter decreases linear­

ly with increasing excessive gas velocity above the

minimum fluidization. On the other hand, cr; increases

with the height above the bottom of the fluidized bed

up to a considerably higher portion of the bed and it

varies scarcely there. ~: was interrelated with y,

f, ub' CL' and Cu and Eq. (2.12) was derived. From

statistical test on this regression equation, crt was

found to be a measure representing the nonuniformity

in a fluidized bed in terms of particle concentration
-2

difference between bubble and dense phases. ITem,

mean of ~2 in the upper portion of the fluidized bed,

is mainly affected by the gas velocity and the bed

height is another significant factor at higher gas ve-

locities; it increases with the bed height at higher

gas velocities.

The vertical thickness of bubbles increases with

the height above the bottom of the fluidized bed at
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higher gas velocities because of the coalescence of

bubb~es during the rise through the fluidized bed.

The rise velocity of bubbles is determined mainly by

the gas velocity. This is represented by Eq. (2.8).

The rate of heat transfer between the reactor wall

and the fluidized bed was measured in Chapter 3 at the

temperature of 5000 to 8000 c. Quartz and fused

alumina particles were used as the fluidized materials.

The overall heat transfer coefficient, he' was

measured by using Eq. (3.11) and the radiative heat

transfer coefficient, hr , was calculated with the

Stefan-Boltzmann's law. The film coefficient of

heat transfer, hw' was obtained by subtracting hr from

h • h increases with gas velocity. The differ-c w
ence in the value of h due to the kind of fluidizedw
particles and to the bed temperature were scarcely

found.

Measured hw were compared with those of the previ­

ous workers measured at lower temperatures where radia-

tive heat transfer can be omitted. This comparison

reveals that the film coefficient of heat t~ansfer

obtained in this work coincides fairly well with those

obtained at lower temperatures. This is an inter-

esting feature of the fluidized bed at higher tempera-

ture.
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An attempt was made to correlate hw with the

fluidization characteristics obtained in Chapter 2.

From the inspection of the correlationship betwee~them,

it was revealed that ~~ is not necessarily a useful

measure of fluidization characteristics to represent

the heat transfer coefficient and that h increases with". w

vertical thickness of bubbles ascending through the bed.

Because both the vertical thickness and the rise velocity

of bubbles increase with gas velocity, it was concluded

that hw increases with gas velocity because of intensi­

fied particle circulation caused by the ascending

.bubbles. Finally, hw were correlated with the fluid-

izing conditions in the form of dimensionless terms,

and Eq. (3.35) was derived.

In Chapters 4 and 5, the rate of thermal decomposi-

tion of pyrite and limestone particles in the fluidized

bed were studied. Their particle size was 60 to 100

mesh and the bed temperature was chosen at 6500 to 750°C

for pyrite and at 825° to 875°C for limestone. The

experimental works were composed of the batch process

experiment and the continuous process experiment.

In the batch process, it was assumed that the over-

all reaction rate is determined by the rate of heat

transfer from the reactor wall to the fluidized bed and

that the resistance to heat transfer through the outer
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decomposed shell within the fluidized particles can be

omitted, and a zero order rate equation of Eq~ (4.14)

was derived. The thermal decomposition data of. both

pyrite and limestone particles were found to satisfy

this rate equation. The film coefficient of heat

transfer estimated from the rate constants of thermal

decomposition coincides well with that obtained in

Chapter 3. This means that the overall rate of

thermal decomposition of pyrite and limestone particles

in the fluidized bed is determined by the rate of heat

transfer from the reactor wall to the fluidized bed.

Thus, the heat transfer characteristics of fluidized

bed plays an important role in the overall reaction

rate. This is also of practical importance for the

operation of fluidized bed.

It is of interest to note that the overall rate

of thermal decomposition of limestone particles in a

fluidized bed kept at 8250 to 8750 C was found in this

work to be determined by the rate of heat transfer

.from the reactor wall to the fluidized bed. It was

·found by the previous workers, on the other hand, that

the overall decomposition rate of limestone particles

is determined by the interfacial reaction rate at a

temperature below 900°C. They studied the rate of

this reaction by using a small amount of limestone

particles placed in a furnace where sufficient amount
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of heat is easily supplied to the particles. In the

fluidized bed, on the other hand, heat required for

thermal decomposition of the particles is transferred

from the reactor wall firstly to the particles in the

vicinity of the reactor wall and then it is transferred

again into the bulk of fluidized bed ma~nly by the

circulating movement oj the particles. And thus,
,

only the particles in the vicinity of the reactor wall

can be directly supplied with the heat from the reactor

wall and the heat transfer rate per unit surface area

of the particles becomes lower. This is the reason

why the overall reaction rate is controlled even at

these temperatures by the heat transfer rate into the

fluidized bed.

For the continuous process, two rate equations of

Eqs. (4.19) and (4.22) were derived on the assumption

of the complete mixing and the upward piston flow of

particles, respectively. In the thermal decomposi-

tion of pyrite particles, it was found that the mean

fraction of decomposed pyrite in the overflow satisfies

Eq. (4.22) at higher feeding rates and it approaches

to Eq. (4.19) when the feeding rate of pyrite particles

becomes lower. In the thermal decomposition of

limestone particles, on the other hand, Eq. (4.19) was

found to be satisfactory at higher feeding rates and
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the mean fraction of decomposed limestone deviates

from Eq. (4.19) and it approaches to Eq. (4.22) at low-

er feeding rates. And thus, the correlationship

between the feeding rate and the behavior of particles

which was observed in the thermal decomposition of

pyrite seems to be somewhat different from that observed

in the thermal decomposition of limestone.

In order to pursue further the possible segregation

of particles in the fluidized bed, the vertical distri- ­

bution of the fraction of decomposed product was

measured. It was found from this measurement that

the fraction of decomposed product remains almost

unchanged in the bulk of fluidized bed and it increases

abruptly at the surface of the fluidized bed because

of the densi t,Y difference between the feed particles

and their decomposed product. Formation of finer

particles caused by thermal decomposition may be another

possible reason.

In the thermal decomposition experiment of lime­

stone particles, the ratio of the flow rate of air to

the minimum fluidization velocity was ~ept at 8.5.

At this flow rate of air, the particle concentration

decreases cOlitinuously across the surface of the fluid­

ized bed. And at higher feeding rates of limestone

particles, the height of the fluidized bed is elevated



233

and the overflow pipe is buried in the bulk of the

fluidized bed where the particles are completely mixed

with each other. --This may be the reason why the

mean fraction of decomposed limestone in the overflow

satisfies Eq. (4.19). At lower feeding rates, on

the other hand, the height of the fluidized bed sinks:

and the surface of the fluidized bed is located below'

the overflow pipe where the particle concentration is

fairly dilute and the segregation was observed in the

overflow. It can be understood from this inspection

that the mean fraction of decomposed limestone in the

overflow deviates from Eq. (4.19) at lower feeding rates

and it approaches to Eq. (4.22).

In the thermal decomposition experiment of pyrite

particles, on the other hand, the ratio of flow rate

of nitrogen gas to the minimum fluidization velocity

was kept at about 3. At this flow rate of nitrogen

gas, the particle concentration decreases rather abrupt-

ly across the surface of the fluidized bed and the

variation of fluidized bed height due to the feeding

rate is minor. In this situation, Eq. (4.22) holds

when the difference of tne fraction of decomposed

pyrite between the bulk' and the upper part of the flu­

idized bed is large which is realized at higher feeding

rates. On the other hand, E~. (4.19) is valid when
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this difference in the fraction of decomposed pyrite

is minor which is observed at lower feeding rates.

Thus, the segregation of the particles because of the

differences in density and size between the feed parti­

cles and their decomposed products can occur at the

surface of the fluidized bed, though the particles are

completely mixed with each other in the bulk of the

fluidized bed~

This behavior of the fluidized particles is indis­

pensable to understand the characteristics of a conti­

nuous fluidized bed reactor because it has a significant

effect on the overall reaction rate of the particles in

the overflow. Moreover, the fluidizing conditions

such as the flow rate of gas and the feeding rate of

the min~ral particles affect the behavior of the parti­

cles in the upper part of the fluidized bed and the

roles of these fluidizing conditions also become very

important.


