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_ABSTRACT

This research work was undertaken in order to
study the rate of thermal decomposition of pyrite and
limestone particles in the fluidized bed. The over-
all decomposition rate of these particles 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 pyrite
and limestone particles, therefore, the mean, Fe o and
the variance, 63, of the local particle coﬁcentration
in the fluidized bed were studieq by using a capacitance
probe method. The particle coﬁcentration in the
bubbles and the dense phases, CL,and CU; and the fre-
quency, f, the vertical thickness, y, and the rise
velocity, Uy s of 5ubbles were obtained from the traces
-on an oscillogram of the output signal from the probe:'
From the surveys on the regression of 62 upon Cps Cyo
f, ¥y and Uy s it was revealed that m? is a measure repre-
segting the nonuniformity in a fluidized bed in terms
of the difference in particle concentration between
bubble and dense phasés. ' -

The overall heat transfer coefficient between the

reactor wall and the fluidized bed,»hc, was measured
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at the temperature of 500° to 800°¢c. And the radiative
heat transfer coefficient, hr’ was calculated by Stefan-
Boltzmann’s law. By subtracting hr from hc’ the film
coefficient of heat transfer, h , was obtained.
Measured hw ﬁas found to be in good coincidence with
those by the previous workers obtained at lower tempég—//
atures where the radiative heat transfer can pé omittéd.
The particlés of pyrite and iimestone wegg décom—
posed in the fluidized bed. The fluidized béd’tem—”ffﬁ\
perature was maintained at 650o to 75000 for pyfite and
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 raté 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. Tt was clarified by the
previous workers that the overall rate of therﬁa} decom-
position of limestone at a temperature below 900°C is |
controlled by the rate of interfacial reaction whén a
small amount of limestone is decdmposed in a large sﬁacé
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 moqel .
is applied to the thermal decomposition of Timestone
particles in fluidized bed at a temperature below 900°¢C.
For the .continuous process experiment, two rate\
equations, Eqs. (4.19) and (4.22), were derived by
aséuming the complete mixing and the upward piston flow
of the particles in the fluidized bed. In thé thermal
decomposition of pyrite, the flow rate of nitrogen gas
ﬁas kept at about three times that of the minimum fluid-
ization. . The mean fraction of decomposed pyrite in
the overflow deviates from Eq. (4.19) and i% approaches
to Eq. (4.22) at higher feeding rates of pyrite particles
because of the possible segregatibn.of particles at the
surface of fluidized bed. _ On the other hand, this
deviation becomes minof at lower feeding rates because
the difference in the fraction deéomposed between the
bulk and the surface of fluidized bed is so trivial.
In the experiment of thermal decbﬁposition of
lim?stone, the flow rate of air was kept at:a 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 withim the bulk of fluidized'
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bed where fhe particles are completely mixed with each
other. At lower feeding rates, on thé other\hand,vl
the mean fraction of decomposed limestone in the ggef-ﬁ
flow deviates from Eg. (4.19) because of the possible

segregation of particles at the level of ovérflow pipe.
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CHAPTER 1 INTRODUCTION : -

The first commercial fluidized bed reactor was
built in Germany in 1921 (1). It was installed in -

the Winkler gas generator. Since then, the fluidizing

technique has been widely applied to the varigus indus-
trial processes, such as classification and drylng of”/ -
the particles, catalytic cracking of petroleunm, synthes1s
of hydrocarbon, and so on.

In metallurgical industry, thé 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 furnacss:' However, these
roasters were replaced and more than 60 fluidizeg bed
roasters are being operated in Japan (6). Theafeatures
of the fluidizing technique mentioned below are fhought
to cause this evolution; its extensive adaptability B
exploits various applications in the chemical and metal-
lurgical industries. On the Sther hand, however,

there still remains many problems to be clarified in

order to better understand and to improve the fluidizing



- techniques.

Features of fluidized bed reactor in metallurgical
processes where solid particles are treated can be
Sﬁmmarized 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 residenée time of solid particles
in‘the bed.

2) Becausé of the high effective thermal cgﬁductiv-g
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 becomes much more
uniform than that realized in the fixed bed. And
thus, this feature made it possible to control the
bedvtemperéture precisely even when a large ;ﬁount
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 beds
is profitable for the treatment of flota?ién concen-
frate.

L) Thé size of particles fed to the fluidized bed
is uéually 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 fhe fluidizéd bed. ’

1) Because of the vigorous agitation of‘particleé

within the bed, complete mixihg of particlés can be

{

realized in a well-fluidized bed. ' Undef‘this T
eondition, some of the unreacted particles happen |
to be includéd 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 Ybed, an amount of particles is often carried
out of the bed by fluidizing gas. This is known
as elutriation. In order to avoia thié elutriation,
some installations are reguired for recoveriﬁg the
fine carry-over. The residence time of thése fine
particles carried out by the gas is much shorter than
that éf the overflow particles. This may also
lower the overall fraction of reacted product.

Thus, it is indispegsable for designing the fluid-A

ized bed reactor, for obtaining the optimum conditions

‘of operation and for improving the technique, to study



not only the reaction rate and the heat- and mass-
transfer rate but also the behavior of the pariicles
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. v

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 thé following three sequent{al steps:

1) Transport of heat from the surroundings to the
reaction interface within particles. )

2) Thermal decomposition which occurs at the inter-
face.

3) Escape of the gas evolved at the interface to
the surroundihgs.

Rate determining step of this reaction may be
varied by the conditionmns. In the case that ghe ther-
mal’decomﬁosition of the particles is carried out at
~higher temperature and the decomposed product i; porous,
the.reaction ratevat the interface is felatively ﬁigh

because of its higher activation energy, and the diffu-

sion rate of gas evolved at the interface through the
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shell of decomposed product is rather high because of
its porosity. Consequently, it is reasonable to |
presume that the ovérall rate of the decomposiiioggis
mainly controlled by the rate of heat transfer from the
surroundings to the interface. It is of basic inter-
est in pyro—metéllurgical processes to clarify the over-
all rate of the thermai decomposition of particles inf
the fluidized bed. - |

Pyrite and limestone particles were choseﬁ as the_ .-
feed for the fluidized bed. Interest in the thermal}‘
decomposition of pyrite with inert gas stream increased
recently, because of possiblé elimination of arsenic
from pyrite in processing highly purified iron oxide
vellets and of producing elemental sulfur from pyrite
instead of sulfuric acid. The thermal decomposiﬁion
of limestone, on the other hand, has been studied by
many workers (9413) and basic information on its mech-
anism is easily avgilable. From this, the thermal
decomposition study of limestone particles in thé fluid-
ized Dbed is destined not only to study its kineﬁics
but also to clarify the characteristics of high temﬁéf:"
ature fluidized bed.

It is known that the enthalpy changes in the ther-
mal décomposition of pyrite and limestone are about 37
and 43 Rcal/mole, respectively, and that the decomposed

products of these materials are very porous (7-9).



And thus, the!pverall rate of thermal decomposition of
these solid particles at higher temperature is revealed
to be determined by heat transfer rate from the suprouﬁd-
ings to the decomposing interface within particies (8,9).
When the fluidization tube is heated from the out-
side and the heat is supplied to the bed through the
reaqtor wall, the heat transfer rate between the reactor
wall and the fluidized particles in the bed playé a very
important role. Moreover, this heat tfansfer rate is
affectedfby 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-
centratidn and properties of the fluidized particles,
'bed'gepmetry, and properties and flow rate of the fluid-
izing gas. In Chapter 2 of this paper, mean, He s
and variance, mf,.of local/particle concentration in -

a fluidized bed were chosen as the measures of‘fluidi—
zation quality and they were studied in relation to éhe

fluidizing conditions, such as the bed height and the
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flow rate of gas. qfis a measure representing the
nonuniformity of local particle concentration in the

bed. The correlationship between ¢2 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,alé? S
pursued. ’ N ' |

In Chapter 3, the heat transfer coefficiént betweeﬁ
the reactor wall and the fluidized bed was stu&ied at”79“T
the temperature range of 500° to 800°C. Although :
many works havé been published on the heat transfer
phenomena in the fluidized bed, most paperé 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 thosé”ﬁeasured at lower
temperatures. And the correlationship befweéqthe

heat transfer coefficient and the fluidization charac-

teristics studied in Chapter 2 was also discussed.

Finally, in Chavpters 4 and 5, the thermal.decdﬁ:r
poéition rate of;pyrite and limestone particles in a
fluidized bed was studied. Assuming that the heat
transfer fate from the surroundings>to the fluidized
particles controls the overall decémposition rate,

the rate eguations for the batch process and for the



continuous prdcess were derived. These rate equations
were evaluated by comparing them ﬁith 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
1imestone 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
streanm agove its minimum fluidization passes through
the bed in the form of bubbles and that the fluidized
bed is essentially composed of two vhases, bubble 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 bubblés,
such as their size, rise velocity and frequency, par-
ticle concentration in bubble and dense phases and
cross—flqw of gas énd solid particles between the

two phases (2-7). o | T



"

Behavior of particles in a fluidized bed is
thought fo affect the'rate of hegt transfer to the
particles. Thus, the overall rate of reaction,--such
as thermal decomposition, which is usually controlled
by the heat fransfer rate, is affected by the fluidi-
zing conditions, such as bed height, particle size, '1 A
flow rate of gas and so on. However, many reports j
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.
(19)

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 proﬁéumethod and calcu-
lated the uni?ormity index proposed by themselv%s.

Their uniformity index was defined in a form of:
variation in density

uniformity index = x 100
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 uniformiti
index and the fluidizing conditibns, such as particle
size distribution, flow rate of gas, bed height and

t&pe 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 stréinrgauges were attached.i Dotson (14) alsp
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-
formiﬁy in fluidized bed, correlationship between thesg
indices and the fluidization charactristics, such as
the behavior of bubblés 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 tiﬁé and if can be represented by two
measures, its mean aﬁd variance. The latter measure
of particle concentration is proposed to repreéent the

nonuniformity of fluidized bed. It is intended in
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this work, therefore, to measure the mean and variance
of local particle concentration in a fluidized bed,
and to cofrelate them with the fluidizing conditiorns
of bed height and flow rate of gas. Efforts are
also directed to combine these measures With fluiai;
zation characteristics which include the size, fise
velocity and frequency of bubbles and the particle
concentration in bubble and dense phases in tﬁe fluid-

ized bed.

2.2 Experimental
2.2.1 Apparatus

Fig. 2.1 demonstrates a schematic illustration
of the fluidization apparatus. Thebfluid;zation
column was made of 106 mm I.D. and 1218 mm loﬁgf |
transparent Panlite resin tube. The distribufor
consists of a 300-mesh brasé screen sandwitched between
two 1.0 mm thick aluminum plates perforated with 1.0 mm
D. holes spaced on a 7.0 mm trianglar pitch. The
flow rate of air is metered through rotameters or

through an orifice meter.
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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 sufficientl§ small so as to minimize
vthe 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 ofvthe probeé are |
linearly converted into D.C. signals and their traces
on a 2—cﬁannel synchroscope are filmed. The scanning
speed of the synchrosdope was chosen at 0.1 second per
cm. The D.C. sigﬁal 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 distrii\
bution” and physical properties are summarized in
Fig. 2.4 (4a). Tﬁe size distribution of other glass

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

characteristics S

-

Meén, p&, and variance, 63, of the D.C. signal,

v, are defined ¥y the following equations.
. i

6 . ;
P = —l—J.VdG o (2a1)

o ‘ )

)

]

o2 %sz-y,)zde = —of—ﬁfde = P | | (@ 2)
0 o .

Py in Eq. (2.1) is obtained as output voltage, V,,_

from the integratorg. The first term on the right-
hand side of Egq. (2.2) is obtained as output voltage,
V,, from the vacuum tube thermocouple. Mean, p.,

and variance,cﬁ?, of particle concentration in dimen-
sionless form are calculated as g, and &2 divided by

Hs and P:’ respectively;

o

Fb = -—p§~ (2.3)
2 _ _% 2.4)

% M -

where pg is 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 vp and vU, respectively, and they

are converted into dimensionless particle concentra-

tions by, N
U'L“‘Uo Ny
CL= . (2.5>
and ‘
. Uy~ Y%
“= v, v, . (2.6)

where Vo and vg are the heights of traces filmed on
enmpty column and on settled bed, respectively.
Interpretation of these osillograms offers the
characteristics of bubbles, such és their size, rise
velocity and frequency. Rise velocity of‘bubbles,
Uy s is represented by the ratio of distance between
lower and upper probes to averagé 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, § , and the rise velocity of bubbles, as,‘
, 4= 8y, - (2.
The frequency of bubbles, f, is determined by counting

the number of signal waves and dividing them by the

time elapéed.
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2.2.4 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. Effects of particle .

!

size were also partially tested.

)

Table 2.1 The factors and their levels at which .- .

experiments were carried out

Glass beads A (5p= 1254, W, o= 1.29 cm/sec)
Relative bed height: LC/Dt= 1.0, 2.5, 4.0 (=)
1.70, 3.40, 5.67, 11.34,20.86,

28.91,.40.14 (cm/sec)

Air velocity tu

Glass beads B (‘p= 482p, U o= 18.40 cm/sec)
Relative bed height: Lc/Dt= 2.0, 3.0 (~)
Air velocity cu = 22.68, 27.44, 31.75, 43.65

(cm/sec)

2.2.5 Experimeptal procedure

The fluidization column was charged with a pre-

scribed amount of glass beads and the height of the



23

settled bed, ic, was measﬁred by decreasing gradually.
the flow ratéﬁof 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 zerc with the probe fip placed
above the bed surface. A prescribed amount of air
was blown in and the probe tip was immersed into the
bed. butput voltages of inﬁegrator and vacuum tube
thermocouple, V4 and V5, were measured five times at
60 seconds’ intervals, and their means werg_used to
calculate pH, and & shown in Egs. (2.1) and (2.2).
On the other hand, traces on 2-channe1 synchroscope
were filmed three times at 30 seconds?’ intervals from
which CL’ CU’ Ups ¥ and f were obtaind.

Fg 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

zZero.
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2.3 Experimental Results
2.3.1 Mean of particle concentration

Mean, m. , éf particle concentration in a fluid-"
.ized bed of Lc/Dt==4.0 and u=5.67 cm/sec is illustrafed
in Fig. 2.6. Examining this and many other similar '
" illustrations indicates the following:

1) M. around the central axis of thé bed is lower
than those in the vicinity of column wall.

2) In the lower part of the bed, p. 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 thatrthe fluid-
ized particles are floating above the distributof
because of low B at the bottom of the bed. Fig. 2.7
illustretes the relationship between the mean of ka
in the upper part of the bed, j@m , and the excessive
superficial air velocity,_(u-umf). It is seen in
this figure that the effects of LC/Dt and D_ are scarcely

P
followable and that f@m decrases linearly with increase



T ! T T T 1 T l
.0 -
[ N f-,:P =9 1 E
Y r=2 JAS @)
0.8 O O ) |
A ° =0
N
~ 0.6 —
Radial distance from
S 04 K : |
3 0.4 &y central axis, r (cm) Glass beads A
e} O Lc / Df = 4.0 (")
0.2 - A 2 u=567 (cm/sec) _
) ] 4
0 ! | | I | z L
o . 5 10 15 20 25 30 35 40

Height above distributor (cm)

Fig. 2.6 An example of mean of particle concentration -

asd



[.O

e Key |Glass beads|Lc/ Dy
ld‘i 0.4} o A 1.0 ~]
A A 2.5
W) A 4.0
0.2 A B 2.0 .
© B 3.0
0 | | | ! | | - l !
Q 5 [O IS 20 25 30 35 40 45
U — Umf ( cm/sec) . ’

Fig.2.7 Effect of excess air velocity on .



27

of (u-umf). This tendency coincides with the results

obtained by Bakker and Heertjes (15).
2.3.2 Variance of particle concentration

An example of variance, ¢2, of particle concen-
tration in a fluidized bed is shown in Fig. 2.8. By
- examining this and many other similar illustraiions,
it is revealed that:

1) Bf around the central axis is higher than those
near the column wall.

2) 6l increases with the probe level up to a
considerably higher portion of the bed and it varies
scarcely there.

Though ¢2 varies in the lower part of the bed,
its variation becomes so slight in the upper part,
and their mean, iﬁ , 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 Efi . Though the measuring precision
of Eﬁ,if;rather poor pfobabl& because of tﬁe two |

variables present in Eq. (2.2), it may be seen in this
figure that G., increases with the (u-u o) up to about
10 qm/éec and that further increase in air velocity

{

seems to yield a significant effect of Lc/Dt on ajz;

*
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especially, at theAlower bed height of Lc/Dt= 1.0,ii§
tends to decrease. »

To confirm this, a statistical technique‘of,_/
analysis of variance was employed. Datg with glass
beads A shown in Fig. 2.9 were analysed, fegarding
them as a factofially designed experiment with two

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

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

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

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
L,/D, | 0.004707 2 0.002353 | 1.764
u-u . | 0.035338 6 0.005889 L.ou1a*
Error 0.016011 12 0.001334L
Total | 0.056056 20

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

on-ﬁ; is statisticallyVsignificant and that the effect
of Lc/'Dt is not dgtectedf It was mentioned above that
the effect of Lc/'])t becomes'éVidént.at higher air &eloc-
.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 cm/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)

sS.v. s.s; da.f. m.s. Fo
L,/D; | 0.011082 2 0.005541 | 5.724%
v 0.016109 4 0.004027 | 4.160%
Error | 0.007748 8 0.000968

Total 0.034939 1y

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

X ¢ significant at 5 % significanceilevel.

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
that Eci is affected chiefly by the air .velocity and
that the bed height also becomes another significant
factor at higher air velocity, or, iﬁ,increases with

L'C/Dt at higher air velocity.

2.3.3 Frequency, vertical thickness and rise

velocity of bubbles
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(A) Bubble frequency

Bubble frequency, f, measuredrin 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 detectéble}
and only the probe level was found to affectyf over then

range investigated; f decreases when the probé 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 cm/sec, y keeps almostrunvaried during the
passage of bubble througﬁ the bed. y tends to increase
with probe level when additional air velocity is supplied.
These tendencies of y are consistent with those found
by Toei et al. (16). When y is larger than abbut :
10 cm, it is thought that slugging occurs in the fluid-
ized bed because-y exceeds the diameter of fluidization
column. The tendencies of f decreaéing 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—umf) above 10 cm/sec, ¥y increases remarkably
with the probe level, and it may be of interest that
a%,increases also with Lc/Dt in this range of air
velocity. Fig. 2.12 represents the cqrrelationship
between Ec,ﬁ‘and y in the upper part of fluidized bed.
It is seen in this figure that G, increases with y in
the upper part of the bed when y is less than about
10 cm and that 5’53! decreases with further increase of
y. This tendenqy 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 éf bubbles, Uy, s in the fluidized
bed of u=5.67 cm/sec and Lc/Dt==1.0, 2.5 and 4.0
are summarized in Fig. 2.13. Though they éppeaﬁ .
dispersed owing to various error sources, it seéms to\
be reasonable from this figure that tﬁe bed height has~
no!significant effect on'ub and that the bubblés rise
through the bed at a fixed velocity. Légarithm of
their mean, Eb, are ﬁlotted against logarithmic air
veloéity in Fig. 2.14. From this, Gb is found to be

.determined by air velocity and the following empiriéal
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equation can be obtained.

5, = 21.7 w0-377 | (2.8)

The correlationship between Uy and y is illus-
trated in Fig. 2.15 and it is seen in this figure that
u, agrees well with the equation, u, = O.?EBJE“, obtaingd';

by Toei et al. (16).

2.3.4 Particle concentration in bubble and dense

phases

Fig. 2.16 illustrates an example of dimensiohless
particle concentration, CL and CU, calculated by
Egs. (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 concentrétion is supposed to be different from
those in its vicinity. It is thought, therefore, .
that C; and CU measured may deviate from the true par-

L

ticle concentration in bubble and dense phases, respec-
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“tively. quéverD they can be used as a measure, oOr
relative value, representing particle concentration
in these phases.

The difference between CL and Cﬁ was fouﬁd'minor
at the bottom of the bed, and the differénce becones
e&ident with increase of probe level ; CL and CU

-

converge to their specific values of CLm and CUm’
respectively. These ELm and Eﬁm are plotted in

Fig. 2.17 against (u-umf). As shown in this figure,
the effeéts of bed height and particle size on ELm 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 cm/sec and above 30 cm/sec, however,

EUm is below 1.0. These results are consistent with

those obtained by Lanneau (18).

2.4 Discussion

Mean, M., and variance, o7 , of loéal'partiCIe\
concentration in the fluidized bed were proposed as the
parameters representing'flﬁidization quality, and
their relationship to the fluidizing conditions was |
studied. Moreover, the fluidigzation characteristi;s,

such as bubble freguency, f, bubble thickness, y, rise
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velocity of bubble, Uy s and the relative particle con- .
centration in bubble and dénse phases, CL and CU, were
also measured. ‘Tt is intended in this section to~
correlate p, and o with the fluidization characteris-
tics ébove mentioned. | |

f% defined by Egs. (2.1) and (2.3) is expected
to be a linear function composed of a product of par-
ticle concentration in bubble phase, Cb’ multipied by
time fraction of bubble phase covering the probé 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 (1-yf/ub).

On the other hand, o2 defined by Eqs. (2.2) and
(2.4) is supposed to be zero when the local particlé
concentration remains unchanged during the measuring
time.  In addition, 62 is a function of difference
in particle concentration between bubble and dense
phases, (Cd - Cb)'

Keeping these features of g, and ¢ in mind, the
following equations for y, and ¢Z were introduced Whére
the oscillogram of'particle concentration is replaced

by a rectangular wave of Fig. 2.18.
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= sf(1-5f)(cy-C)

Y7
Ty, ('“ )(Cd'cb) . (2.10)

B and of were calculated with Egs. (2.9) and
(2.10) by using y, u, £, C; and C{; in place of C, and
Cd’ respectively. They were compa.red with measured
fo and 62 in Figs. 2.19 and 2.20.  In Fig. 2.19, it
is seen that Pe thus calculated are consistent with
~ the measured values of . . However, the calculated
values of 67 deviate from measured 62 ; calcuslted O‘Cé
in Fig. 2.20 are several times larger than<the measured

o This deviation arises from overestimating the

terms (C —FC)Z in Eq. (2.10) by replacing the smooth

oscillograms by rectangular waves. The consistency
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of calculated He with the measured values, on the other
hand, are understood because both side déviations, pos-
itive and negative, of rectangular wave froﬁ the oscil~
logram cancel themselves., . )

To pursﬁe further <Q?, a measure of nonuniformity,
a function of CL, CU’ Yy uy and f in the following (2
form is presumed; | |

A{ g"( 2l )}B(CU-CL)C (2.11)

uy Uy

In trying to estimate the constants A, B and C in this
equation the least squares method was used; data of 55
sets on <ﬁ?, CU’ CL’ Ys Uy and f were applied and the

resulting regression equation was,

046
_072{%( g—f—)} (cy—CL) e (2.12)
Uy

Up
And hence, the statistical interpretation of Eq. (2.12)
and its individual terms are to be discussed.
Total sum of squares of logdf and its degrees of

freedom are,

o~2 2
(2Log0% )" =/2.4266

5. = 2y2 _ .
A R T (2.13)

¢ =55-1=54

Residual sum of squares from the regression and its

degrees of freedom are,
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] 2‘ | p g 1104 2.89]2 )
SE Z[ﬂogﬂz —fogQ72{%—;(l——b)} (CU—CL) J

8.3844

L (2.14)

"

it

Pe

and the sum of squares due to the regression and its

55-3 =52 | )

degrees of freedonm are,
SR = Sy~ 5S¢ =4.0422
tr = Pr-%e =2

With these S and ¢ , F-ratio for testing the

(2.15)

statistical significance of Eq. (2.12) is calculated

as,

Fo = ———————2’2;:’? = 12.54™
ELTE » (2.16)
where - -
F(2, 52;0.01 )< F(2,40;0.01)=5./8 J

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 o2 . ‘

Contributions of the terms of {Zf—(l ~4Z£)}'and

, Yp Yy

(C; - €1) in Eq. (2.12) on 67 are tested by likelihood
ratio test in the next step. The term{izg-(l -Qﬂﬁ)}
is a variable which changeé with time fraction of

bubble phase covering the probe tip, and the term

(CU - C;) represents the difference in particle concen-



51

tration between bubble and dense phases.

In order to test the significance of :ZE.(1 -AZEJ
Uy, Yk

B in Eq. (2.11) is presumed to be equal to zero.
On this statistical hypothesiﬁ, residual sum of squares

and its degrees of freedom are,

2
Se(B=0) = Z{ﬂogﬁ‘g—- ,&QA(CU‘CL)C}

2'1
o464 (2.17)
CPe(a:-o) =55-2 =53
vyt yf
Sum of squares due to the term of {<L— {1 - <)} and
: Yy Yo
its degrees of freedom are,
Sg = Se(8=0) —~ SE =0.0847
(2.18)
$s = '?E(B:o) - ¢z = |
and the F-ratio is
> = ;8/?§—= 0.53
e/ ¢e | (2.19)

where

F(1, 52;0.05)> F(1,60;0.05)=4.00

FO is less than its critical value and the éontribution

of{jﬂg (1 ~—%£J& on ¢2 is not significant at 5 %tsignif-
b .

oy, ¢
icance level. A similar test on the term of (CU - CL)
was tried and it gave F = 21.64. . The critical

value is F(1, 52; 0.05)< F(1, 40; 0.05) = 4.08 and it
can be said that the term (CU - CL) is indispensable
for qf.

Summarizing the above statistical analyses, it is
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concluded that 62 represents the nonuniformity in a
fluidized bYed mainly in terms of particle concen-
tration difference between bubble and dense phases.
Fig. 2.21 represents the correlationship between
.(Eﬁm - Cp,) and 52. From this figure, it is seen
that G2, increases with the particle concentration
'difference between bubble and dense phases and that
the effect of L /D, on &;,is scarcely followable in
this figure. On the other hand, it was shown in
Fig. 2.12 that G2 increases with y in the upper part
of the fluidized bed when y is below about 10 cn.
From these relationships between 62 and y and between
Eﬁﬂ and (EUm - ELm)"it can be summarized that 0.
increases when large bubbles of low particle concen-
tration ascend through the fluidized bed. It can
also be said from Figs. 2.12 and 2.21 that 5., is
minor when the air velocity is considerably high énd
¥y is larger than about 10 cm in the upper part of the
bed, because particle cqncentration difference betweeﬂ

bubble and dense phases is rather small.

2.5 Summary

As a measure of nonuniformity in a flﬁidized bed,
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variance,vdéz, of local particle concentration in the .
bed was proposed. In addition to this, the mean

local particle concentration, Me » was also studied.
They were measured with the caﬁacitance probe method

by using a vabuum tube thermocouple and an integrator,
respectively. On the other hand, the change of capaci-—
tance of the probes was linearly converted into D.C. |
signal and its traces on a 2-channel synchroscépe were
filmed. From these oscillograms, the fluidization
cﬁaracteristics of the bed, such as rise Yglocify of
bubble, uy vertical thickness of bubble, y, and bubble
frequency, f, were measured. Moreover, the dimension-
less particle concentration, Cp and Cy, 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 p. , it was found that w,
in the bulk of the bed remains at a constant value, [,
which is determined by the fluidizing conditions.

Pan decreases with increasing excessive air velocity

above the minimum fluidization. a: increases with

probe level and it becomes unvaried in the upper part
2

of the fluidized bed. 6.2, mean of o2 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 levei,
CL and CU converge to their specific values, ELm and
EUm’ respectively. EUm were found at around j.O,
very close to those in the settled bed.

Effects of the bed height and of the probe level
on the fise velocity of bubbles, Uy,» were not folloﬁablg
and the bubbles rise through the bed at a fixed velocity.
The mean U, is determined chiefly by air velocity and

the following empirical equation was obtained.

g, = 217 u>77

Vertical thickness of bubble, ¥y, increases with raising
probe level at higher air velocity and bubble frequency,
f, decreases with probe level. These tendencies of

y and f can be attributed to the coalescence of bubbles

*
. A

during their rise through the bed.
Mean local particle concentration, M., is well
- represented by CL’ CU’ Y uy, and f in the form of

Pe = "%f"cl_""(’" %;: )Cu

On the other hand, q}, a measure of nonuniformity

in the fluidized bed, can not be explained by Egq. (2.10)
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which assumes the rectangular waves. The regressicn

of af is expressed by,

2_ gt (g5 % 2.89
Gs = 0.72{—;;;(! u )} (CU—CL) ‘

Frdm stétistical tests on this equation, it was
found that o2 varies mainly with the term (Cy - CL) énd,f
the effect of term f%i—(1 ~—%§J} on ¢2 is not signifi;
cant. And it was also found that &.2 increases with
y in the upper part of the bed. From these results,
it can be concluded that qf represents the nonuniformity
in the fluidized bed in the term of particle concentra-
tion difference between bubble and dense phases and

that 62 increases when large bubbles of low particle

concentration exist in the fluidized bed.

Notation in Chapter 2

f : bubble frequency . (1/sec)

u : air velocity (cn/sec)
U rise velocity of bubble (cm/sec)
CHPR u at minimum fluidization (cm/sec)
v ¢ output D.C. signal from detectér y (mV)
v§ : v from the empty column (mV)

v ¢ v from bubble phase . (mV)
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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 uprer part of bed
particle concentration corresponding
to the valley height on oscillogram

mean of CU in the upper part of bed
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(mV)
(mV)
(cm)
(-)
(-)

(-)
(-)

(-)
(~)

internal diameter of fluidization column (cm)

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 p, in the bulk of bed
v from settled bed (= vs)
mean of v ‘
variance of particle concentrétion

mean of G? in the upper part of bed

variance of v

(cm)
(=)
(=)
-)

(sec)
(sec)
(<)
(=)
(mV)
. (mV)
()
(-
(mv?)



1)

2)

3)

L)

5)

6)

7)

s degrees of freedom of SE (-)

: degrees of freedom of Sp . (-)
: degrees of freedom of Sp (=)
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CHAPTER 3  HEAT TRANSFER RATE BETWEEN REACTOR
WALL AND FLUIDIZED BED

3.1 Introduction

The rate of heat transfer in the fluidized Eed
plays an important role on various aspects of oper-
ation. / When a large amount of heat ié 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 removeé'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 séme cases of
roasting sulfide ore, on the other hand, an amount of N
water is added to the ore. An amount of heat which
is evolved by the oxidation of sulfide ore is consumed
by the evaporation of this water. And the tempera-
fure of the fluidized bed is controlied 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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fluidiied particles teo 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 bé 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.

£ D AN XA
—~‘Y——P—=0.16<9><F’%><PP> (7mf> (3.1)
Ky Ry (3 Cq |
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where h is defined by

u - [superficial gas velocity for)
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;

2D Dy G .6 0.76
PP = 0.0/ <.P ) G/

In the case that a large amouni 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 decomposifion of |
pyrite and limestone particles in th; 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, quéntitative knowledge on the heat
transfer rate between the reactor wall and the fluid-
ized bed is thought to be indispensable for thé analy-
sis of thermal decompoéition rate of these mineral
particles, ‘

Fluidized bed reactors are operated in metallur--
gical processes at higher temperatures where the heat f
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°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 5000 and 80000, and
the results were compared with those obtained at lower
temperatures byiprevious 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 gquality

(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-
jzed particles to the gas blown into the fluidized bed
from the bottom. In addition to this, heat is
supplied to the gas directly froﬁ the tube wall and
thus fhe gas temperature is raised from tgo at the

bottom of the fluidized bed to t_. in the upper part of

f
the bed.

To obtain the heat balance between the tube wall,’
the fluidized particles and the gas, the following |
as§umptions were made, -

1)  Heat transfer 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 fhat ‘
the temperature profile within the particles is
uniform, | _

2) 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 equi-
librium with each other in the upper part of the
fluidized bed. Temperature at this portlon of
the bed is denoted by t, (= tg = tp)’

L) 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,

Ly
dtp
(
And the heat balance concerning the gas is,
Lt t
2 dt
Ap(G-LddL + Ao F, (L) - Vg Cydt = D"Lf%c‘ﬁbg_ (3.4)
0 T,
30

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

fuFolta=tp) + R R (L, -t) - leJAP(tF‘fg)dL =0 (3.5)
o -
Lt 17 C
{PSAP(tP—tg)du hoFy (1, 1) ~Jv§ Cadt =0 (3.6)
0 t ' ‘
3o

Concerning the left-hand side in Eq. (3.6), the magni-
tude of the second term is compared with that of the
first tern. 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 trénsfer between the wall
of an empty tube and the flowing gas through the tube,
h, was estimated instead of hg' Maximaiivalues of
air velocity and of bed temperature in this work are
850 cc/sec and 80000, 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 c, = 0.2756 kcal/kg°C
(10) and kg = 0.06 kcal/m.hr.°C (11), respectively,
Thus the Graetz number, Gz, becoﬁés

Vi Ce

= 4.2
&y L

Gz =

In the calculation of Gz, the lengthvof 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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D, is 61 mm and the Reynolds number (Re = Dtuf%/ﬂ )
is calculated at 53L4. Under this Reynolds nuuber,
gas velocity profile in the cross-section of tubergan
be assumed to be parabolic. On this assumption,
Nﬁsse1£ number (Nu :lth/kg) corresponding'to Gz = 14.2
is equal to 4.2 (12). From this value of Nu, h can
be estimated at 4.3 keal/m2 hr-°C. This value of
h is about 6ne fifth 6f.the heat transfer coefficient
between fluidized particles and gas, hp, obtained 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 hp iﬁ the first term of this
equation,

Besides, the surface area of the tube wall, F _,

8
which contributes to the heat transfer to the fluidiz-

ing gas is about 3,0 x 1072 ma. On the other hand,
L N
the surface area, ffthL , 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 m° in both particles of 16-28 and 60~100
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_ L
mesh, respectively. Thus, [
[}

%PdL in Eg. (3.6) is
about 100 times larger than Fg in the same equation.
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 eguation

is obtained instead of Eq. (3.6).

Ls ‘th
0 ta0
From Egs.(3.5) and (3.7), we have,
t
ﬁwa(t&’.’—tF) + ﬁrFr(tw“tP) = V/ca ngt (3' 8)

Tg0

F_ and F_ in Bq. (3.8) represent the inner surface
area of the fluidization tube through which heat is
transferred from the wall to the fluidized bed by
conduction and radiation, respectively, and they are

represented by,

F,= F, = thls (=F) (3.9

The overall heat transfer coefficient, hc’ is defined

as,
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o= R Ry (3.10)

And, by using F, and h,, Eq. (3.8) can be rewritten as,

g
| VA G dt
4 = tgo ,
(3.11)
© R(t,-t) o

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:

Q = oF (T~ T%) (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
ra&iation from the tube wall to the fluidized bed can
be regarded as the heat transfer between two concentric
tubes (13). On this assumption, ¢ in Eq. (3.12)

is given by

5 e, t —1 (3.13)

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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O“Fr‘f’(TJ“TFﬂ = ﬁrFr(tw’tp) (3.14)

This equation yilelds the following expression of hr’

£r= O'?S(Tw‘l-‘Tf%)

Cb (Tot T Tyt Tp) (3.15)

The temperature of particles which adjoin to the tube
wall and are supplied with heat from the tube wall by
radiétion is thought to be somewhat higher than that
of the particles in the bulk of the fluidized bed.
However, since it 1s difficult to evaluate the temper-
ature of the particles which are adjoining to fhé tﬁbe
wall, Tp in Eq. (3.15) is assumed to be equal to the
temperature of particles in the bulk of the bed.

On this assumption Tp = Tf, radiative coefficient of
heat transfer can be rewfitten as,

fy= b (T + TP )( Tt Tp) (3.16)

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,

h, = f. - 4, | (3.17)
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3.3 Experimental
3.3,1 Apparatus ' .

Fig, 5.2 demonstrates a schematic illustration of
the fluidization apparatus. Fluidization tube is’
made of 61 mm I.D. and 1280 mm long 18-8 stainless stéel
tube which provides two fluidized beds, the uﬁper 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, tgo’ which can be
regarded as the temperature of air blown intoc the main
fluidized bed.

The distributor of the main fluidized bed consists
of 300~-mesh stainless steel screen sandwiched in beiween
two 1.0 mm thick 18-8 stainless steel plates perforated
with 3.5 mm D, holes spaced on a 7.0 mn 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, tw, and of the upper
and the lower fluidized beds, tf and tgo’ réspectively,
is measured by the 1.6 mm 0.D. Aeropak chromel-alumel
thermocouples, Four thermocouples for measuring tw
are inserted into 4.0 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 & 1.0 mm thick 18-8 stainless
steel plate in order to intercept the radiation from
the furnace to the thermocouples; The inlet gas
temperature, tgo’ was measured with a thermocouple
inserted into the lower fluidized bed thrqugh‘a side
tube welded to the fluidization tube. Another
thermocouple is inserted-from the top of the tube into
the main fluidized bed to measure the bed temperature,f
tes and its e.m.f. is measured with a potentiomeiers |
The thermocouples measuring tw and tgo are differential-
ly connected to the thermocouple of tf and their
differential e.m.f. were measured by using a micrq-

voltneter,
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3.3%3.2 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, guartz 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 agiﬁation
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
réte. 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, Uopo of the
particles at 20°C was determined experimentally and
the results were listed in Table 3.2.

Since it is difficult to determine umf at elevated
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Table 3.1 Physical properties of fluidized particles
temperature 500°c  650°¢ 800°¢
specific heat | quartz (18) 79%.1  705.3 7410
C .
N ,
(kcal/m>-°k) | fused alumina | 1097.5 1160.2  1218.8
(18) ‘
ratio. of C_(alumina)
specific heat P : 1.42 1.64 1.64
(-) 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/cmB), fused alunmina: 3%.99 (g/cm3)

Table 3.2 Minimum fluidization wvelocity
LI uoe (em/sec)

particles size at 20°C
(mesh) | (em/sec) | 500°C 650°c  800°C
quartz 16-28 26.5 5.02  3.78 2.89
35-42 21.2 4.02  3.02 2.32
. 60-100 | 4.6 0.87 0.66 0.50
fused 35,42 36.0 6.82  5.14 3.93
alumina 60-100 12.0 2.27 1.71 1.31
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temperatures experimentally, they were estimated as
follows. Among evaluation of umf.proposed by many
workers (15~l7),'the following equation is frequently
used when the particle size is rather small (1L).

N (DP(PP)Z f- g E:»f
" 50 A [~ Emf

(3.18)

In this equation, the density of gas, Pg? is so small
in comparison‘with that of particles, f%, that it can -
be omitted, The change of density of particles with
temperature is negligible, Consequently, woe is to
be proportional to the reciprocal of gas viscosity,
/¢, and u . at the bed temperature, umf(tf)’ can be

estimated as,
Unf(ty) = Ung(20)

where R, £(20) is the minimum fluidization velociﬁy
determined at 20°C, Air velocity at 20°C corre-
sponding to Wor(t.) in the above equation is calculated
f
by the following equation:
293 Heo
Um)t = T
F Htp
at 500°, 650° and 800°C estimated with Eq. (3.19)

Umg (20) (3.19)

umf
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 fluidiéed
bed when quartz and fused alumina particleé are fluidi—
zed in the ﬁain bed, respectively. The size of
particles fed into the lower fluldized bed are shown
in Table 3%.3. The minimum fluidization velocities
of these particles are slightly lower than cor equal to

that of particles in the main fluidized bed.

Table 3.3 Size of fluidized particles

main fluidized bed lower fluidized bed
particles | size (mesh) particles size (mesh)
16~ 28 - 28-_ 32
'quartz 35 42 activated 28~ 32
£0-100 alumina L2~ 48
fused 35~ 42 fused L2~ L8
alumina 60-100 alumina 60-100

3.%.3 Experimental conditions

Effects of particle size, bed temperature‘and

flow rate of air on the heat transfer coefficient wefe



80

studied, The levels of thesc variables are listed
in Table 3.4, The possible differences in the heat
transfer coefficlent due to the kind of particles were

also studied,

Table 3.4 Experimental conditions

Fluidized particles: 500 g of quartz

800 g of fused alumina

Particle size:

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

ve

fused alumina : 35-42 and 60-100 mesh

Bed temperature : 500°, 650° and 800°C

Flow rate of air s 2.74-27. cm/sec (at 20°C)

3.3.4 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 engergizéd aﬁd the
fluidization tubé is heated to the temperature
mentioned in Table 3.4, Air is blown into the

fluidization tube from the bottom at a fixed flow rate
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for about 30 min and the main and the lower fluidized
beds are allowed to remain in their steady states.

Temperatures of thé main fluidized bed, tf, and
of the tube wall, t , are measured at 1 cm intervals
in verticai direction from the bottom of the main
fluidized bed. An example of the measured tempera-
turé profile is illustrated in Fig. 3.3. The vari-
ation of wall temperature, tf, was kept almost un-
changed throughout the bed. Mean values of tf and
of tw were inserted to Egs. (3.11) and (3.16) and hc
and hr were calculated. Temperature of the lower
fluidized bed, tgo’ was also measured and it was used
in the calculation of h, by Eq: (3%.11).

Height of the main fluidized bed, L., was estimated

f
from the relationship between the helght from distribua
tor and the pressure difference. Pressure differ-
encé was»measured by inserting a 10 mm O0.D. quartz tube
-pressure detector from the top of the fluidization tube
into the main flﬁidized bed., This tube was perfo- \
rated 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-éther
end of this tube was conneéted to a manometer,

Fig., 3.4 illustrates an example of the pressure differ-

ence, It is seen in this figure that the pressure
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difference decreases linearly with the height above the
distributor and the extrapolated straight line to zero

gives the bed height, L

f.

3.4 Experimental results

Figs. 3.5 and 3.6 represent the film coefficient

of heat transfer between the tube wall and the fluidized

bed, h . Fluidized particles were quartz and fusedl
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 hw increases as the air velocity increases and it
decreases with further increase in air velocity.
This tendency of h 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

hr‘ The values of hr at each bed temperature were
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within the following range.

Quartz:
500°¢ 60- 70 (kcal/m?- hr-°C)
650°C 108-110  ( " )
800°c 159-162  ( . )
Fused alﬁmina:
500°¢C 35-36  (kecal/m- hr.°C)
650°¢C 51-52  ( “ )
800°¢C 6465 ( v )

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

It can be said from these figures that hW is lower
than hr at lower air velocities and that hw exceeds hr
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 sald that
the film coefficient of heat transfer between tube wall
and fluidized bed is usually at about 100 to 600 |
kcal/mz-hr-oc (30). Howevef, it is seen in Fig.

3.5 that hw was measﬁred at a value lower than

“10 kcal/mz-hr-oc 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-

sumption that Tp = Tf.
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3.5 Discussion

As mentioned ih 3,1, most of the previous works
(1, 4,l5, 24) on the heat transfer problem in the flu-
idized bed were carried out at a lower temperature
below EOOOC, where the radiative heat transfer can be
omitted, In this wdrk, on the other hand, film |
coefficient of heat trénsfer, hw’ was obtained at
elevated temperatures of 500O to 800°C by subtracting -
the radiative heat transfer coefficient, hr,,from the
overall heat transfer coefficient, hé' It is of
basic interest to compare the magnitﬁde of hw obtained
in this work 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 = DpG/}i) and the
Nusselt number (Nu = thp/kg) were frequently used.

Fig. 3.7 represents the corfelationship 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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Nu = 0.751 Re " (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 décompom
sition study of pyrite aﬁd 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/umf and (umumf)/umf
are often used as the measure of fluidization quality
(2, 4). And hW obtained in this wbrk were plotted
against (u-—umf)/umf in Figs. 3.8 and 3,9.  These
figures indicate a segregation of the data of h, due
to the particle sizé and hw for the smaller particle
size are lower than those for the larger particle size

at a fixed (u-umf)/umf°
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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 vigoréus 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 particls
is mainly caused by these ascending bubbles (27).
Keeping these facts in mind, hW weré plotted in Figs,
3,10 and 3,11 against the linear velocity of air above ~
the minimum fluidization at the bed temperature,

(u~u )Tf/295. In these figures, segregation of

mf
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, p., and variance, o2, of local
particle concentration in the fluidized bed were
studied in addition to the size and frequency of bubbles,
y and £, respectively. It is of interest to pursue
the correlationship between heat transfer coefficient
and these fluidization characteristics,

Among these characteristics, Gf 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 mf in-

creases with the height above the distributor and its



1000 —

T I T
7001 A
500|- A 2aa

2 B o 0°0
,‘

_200
&) ) o
[+
é A
100 0

NE A E
£ 7of- 4e
° 50|
O
j A 8 A
30

A
20

3

i
1O~ Particles : Quartz °

: |
- B e L% 500 650 800
mesh)
Si- I6- 28| © o o
135~ 42| A A &
3 60-100]| o @ 0
> L L L] L L1
3 5 7 10 20 30 50 70 100
(u-u )—lf"“ (cm/sec)
mf 293 cm
. T
Fig.3.10 h, vs. (U-Up) sa

293




1000 —T T T T T
500
300}~ v MR
\V; AV
\'4 | \4
2001 v e
> V%!
N o o
Z 100} © 0% %50
£
E 70F v
= @
_§ 50|
> o
30 <
o
20l® o
O .
- 10 Particles : Fused aluminag
o i
B £(°C)
7 Dp 500 650 800
(mesh)
S5 35- 42| ¢ ¥ v
60-100 < %
3._
L L I

2
3 5 7 10 20 30 50 70 100

- Tf :
(U~ Ug¢) 553 (cm / sec)

I
293

’Fig.B.H hy vs. (U~ Ugpg)



96
variation becomesjso slight'in the upper part of the
bed, This was demonstrated in Fig. 2.8. Mean
of 6 in the upper part of tﬁe fluidized bed was de-
noted by Guy . | G2, are estimated and correlated
with hW as follows,

In this study,,the height of settled bed, Lc, and
tube diameter, D, , are 10.0 and 6.1 cm, respectively,
and thus Lc/Dt = 1.64, Fig. 3.12 (a) represents
the relationship between 53; and Lc/Dt at each level
of (u—umf). This figure was reproduced from Fig,
2.9 in Chapter 2, G2 at L,/D, = 1.64 shown in
this figure was plotted against (u»umf) in Fig. 3.12 (b).
This is for estimating &ﬁ,from (uaumf) under the ex-
perimental conditions,. The abscissa of Fig. 3.12
(b) given by (unumf) at room temperature is to be
modified into the linear velocity of air at the bed
temperéture, T, which is. given by (u»umf)Tf/293.

. . . -2 . . -2
Thus, in estimating o, from this figure, O, COrre-

sponding to the value of (u~umf)Tf/293, instead of

(umumf), was read, ¥Fig. 3.13% represents the corre-
lation between hW and &:i thus-estimated. = Most of
the estimated &2 is less than 0.12. It is seen in

this figure that hW is widespread at a given value of

T o This variation of h  is thought to be caused

by the curved form of Fig. 3.12 (b) and it is thought
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that Ef; may not necessarily be a useful measuré of !
fluidization quality which represents the heat transfgr
coefficient. | . -

Another measure of fluidization guality is the

mean of local pérticle concentration, p., in the fluid-

ized bed.  As shown in Fig. 2.6, M. varies scarceij‘/f'

throughout the bed except in the vicinity of the disf

tributor. Poms mean of p., decreases linearly with

increasing excessive air velocity above the minimum -~

fluidization. This was shown ip Fig. 2.7 ‘ It
is supposed, therefore, that the relationship between
h, and Pem on logarithmic scales will become a linear
one with negative slope because hW increases linearly
with (u-umf)Tf/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-
creaseé with air velocity when it is lower éuf the
coefficient decreases with further increase in'éir |
velocity. ‘They suggested that the decrease in heat
transfer coefficient at.higher air velocities is caused
by the lowered particle concentration. Thus, the
lowered p, may cause the decrease of h,s according to
them. However, h_ increases with decreasing i@m in

the range of air velocities studied in thié work which

\\
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corresponds to the lower air velocity region of the
above-mentioned workers. In this region of air
velociﬁy, it is thought that the increase of air ve-
locity causes intensified circulation of particleé
rather than the decrease in effective surface area for
heat transfer. |

To verify this further, the circulation rate of
particies in the fluidized bed is discussed.
Movement of partiqles 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 fredﬁency of
bubbles become important factors in the circulation
rate of particles, Among them; the bubble frequency
is scarcely affected by air velocity as shown in Fig.
2.10, And consequently, it isbof‘interest to in-

vestigate the correlationship ofhw with the bubble

- size.

Correlation between the verticalﬁﬁhickness of
bubblés, ¥y, and the height above distributof, z, was
shoﬁn in Fig. 2.11. y at z = 15 ém thch is the
height of fluidized bed in this work was estimated
from Fig. 2.11 and they are plotted against'(u?umf;\inA
Fig. 3.14. If seems that y increases linearly wiﬁh
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excess air velocity on logarithmic scales, and the

following regression was obtained,

| 0.568 —
=119 pu-um;> (3.21)

Excessive air velocity at the bed temperature is
expressed by (u—umf)Tf/293 and, instead of Eq. (3.21),
the following expression is to be used for éstimating?

y in the upper part of the fluidized bed.

::['[ -
% ‘7[<u Unf) 23

(3.22)

Fig., 3.15 demdnstrateSjthe 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 incfeases 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 ﬁhich is caused by ascending‘bubbles
through the fluidized bed. | | | —
Finally, it is of interest to correlate ﬁhe data
of heat transfer in the form of dimensionless numberk
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.

NP IPRCITRY: |
- Nu=aR P P P - .2
o (Cs> </°8> <Dt> 32

The constants, a, b, ¢, 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

- resulting regression equation is,

<2.35 0.32 ‘
W7/ ¢ AN |
Nu = 0.00014-Re P ) ") .2
- (Cs ) (fs <Dt | (3.24)

Statistical significance of this equation and of

its individual components were tésted. Total sum

of squares of logNu and its degrees of freedom are,

2 (ZLogNu)?
St = I(LogNu) — L—g—f—)—' 28.96 (3.25)
$r = 88-1 =

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

of freedom are,

{ﬂ V-1 000,;)1;1-)5‘6”7 £ D -1.11)2
Og u- 03 (‘-E; (/03) <Et_)

o2
, ,=4'56 (5.26)
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e =88 -5 = 83 o o J

and the sum of squares due to regression and its degreeé

¢ .

of freedom are,

[

Sk =5t - S=

?R= ¢r = Pe

24.40
4

re

(3.27)

\

F-ratio for testing the statistical significaﬁ;e of

Eq; (3.24) was calculated as, : 1 _ Jp—
vz il (3.28)

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

(< F(4, 603 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 ST
c_/C : 0,1
p/ g .85
fb/f%: 0,085
DP/Dt: 0.934 |
and the degrees of freedom of each of these terms are
1. Among these four terms, the contribution of

/o / /ag on Nu is minimum and its significance was tested,

aJ)?S ' |
= = . .2)
F, YRTVIEE o3 1.55 (3.29



106
F° is less than its critical value of F(1, 83; 0.05)
(>F(1, 120; 0.05) = 3.92). And the term of P/f, |
in Eq. (3.24) is not significant and it can be dis-
carded from Eq. (3.23).

Excluding the #erm of f%/f% from Eq. (3.23) givesr

ef ¢\ [0\
Nu= a’Re” (&) |- (3.30)
C3 Dt )

The constants a', b', ¢! and e' in this equatioﬁ were
estimated by the least squares method and the follow-

ing regfession was obtained.

2.09 -1.08
Nu = o.ooz?ke"74/g"> DP) (3.31)
\ % Dy

SR and SE and their degrees of freedom are,

3
- . } - (3032)

Sg = 4.56 10.085 = 4.65 , P =84

Sp=24.40-0.085=24.31 , ¢

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

| Se/ = 4 ¥ - 3.33)
F,.= —% = = 146,4- (3053)
° Se/ e R | :

which is larger than its critical value of F(}, 843 0.01)
(KF(3, 603 0.01) = 4.13). This means that Eq. (3.31)

is statistically significaht. T

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

(3.31) are,

I
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Re: 9.514
c_/C : 0,11
o/Cg? 0-118 | \
D./D: O, ' —
p/ g 889 :
A similar test of significance on the term of cp/cg

whose contribution to Eq. (3.31) is minimum reveals

that C_/C_ is not significant at a significance level -

P g ‘
of 5 per cent. Further exclusion of this term from

\

Bg. (3.30) gives ‘ . |

2" e’ | L
Nu = a“Re <—--> (3.3

By using the least squares method, the constants a",
b", and e'" were estimated and the following regression

was obtained.

~1.04
Nu = 0.003/ &‘e'fw (—%‘;—) (3.35)

Sp and Sp and their degrees of freedom on Eq. (3.35)

are, ’ —

Se=24.31-0.118=24.19 , $g=2 |
| (3.36)
Se= 4.65+0.118= 477 5 =85 |

By a similar test of significance, Eq. (3.35) was found -

to be statistically significant. Sum of squares due

to the individual terms in Eq. (3.35) are,
~ Re: 9.512 \
D /D.: 0,837
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Contribution of the term of Dp/Dt te Nu is less than
that of Re and the F-ratio for testing its significance

is calculated as,

_ 0.837 _ ¥x
Fo = 4.77/ 85 14‘?2 (3.37)

F, is arger than its critical value of F(1, 85: 0.01)
(<F(1, 60; 0.01) = 7.08), which means that the term
Dp/Dt can not be discarded from Eq. (3.35).

From these statistical investigations, it waé
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 Nu .with Eq. (3.35). It is seen in this figure
that any segregation of Nu(obs.) due to the fluidizing
-conditions are not 6bserved and £hat the calculated Nu

coincides well with the observed values.,

3.6  Summary ) A

, Film coefficient of heat transfer between the wall
of fluidization tube and the fluidized bed,‘hw, vas
measured at the températures of 500°, 650°, and SOQ?C;
tpe overall heat transfer coefficient, hc’ was;measured

}
and the radiative heat transfer coefficient, hr’ was
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subtracted, Quartz and fused alumina particles were
chosen as the flﬁidized material. fluidizing vari-:
abiés studied in this work include the particle sg;e,_
the bed temperature‘and the flow rate of air.

Measured h* was compared with the results obtaiged
by previous workers measured at the temperature below; g
200°¢C, ' Thé reéults were summarized in théiform ofi
regressidnlof Nusselt‘pumber upon Reynolds nuxrf‘per..~
It was found that hw in this work obtainéd at élevate&jj
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 h
between quartz and fused alumina particles could
scarcely be found. | Moreover, the effeci of bed
temperature on hw was not significant, §

Radiative heat transfer coefficient, hr’ was calcu-
lated by using the Stefan-Boltzmann's eQuation.
Any effects of particle size and flow rate of air on

hr were not detected and the mean values of hr at each-

bed temperature was as follows:

P
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bed temperature mean of hr
quartz o 500°¢C 67.5 (kcal/mz-hr-oc)
| 650°C 109.2 ( o)
800°¢ 160.8 ( " )
fused alumina 500°¢ 35.9 (kcal/m®-hr.°C)
650°C 51.6 ( v )
800°¢ R “ )

hw was found to be correlated with the fluidi-
zation characteriétic discussed in Chapter 2. First-
ly, the correlation between b, and i; was studied.
§.n, 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 aénse and
bubble phases. It was concluded that o, 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 ié supposed that the
bubble size has important effects on the circulation A
of particles and that the heat transfér.rate is affected
by ?he size of bubbleé. The vertical thickness of
. bubbles, y, was estimated and the corre%géion between
by and y was pursued, - It is foundii@ét b, incrgéses
with y. From these investigations, it was summafized

that hw increases with air velocity because of intensi-
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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

= (oY (2 (o)
Nu = aRe <C9) </’3) (Dt

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

A

e

equation were estimated by the least squares ﬁethod.
Statistical significance on the individual terms of ——-
this equation was tested by likelihood ratio test and
the contributions of the terms of (C_/C and

(c/C) and (£/F)
to Nu were found not to be significant, The re-~

sultant dimensionless equation was,

-1.04
Nu = 0.003} Ee'm(—’—)f—)
D¢

Notation in Chapter 3

g : acceleration of gravity (m/hra)
h, : overall heat transfer coeffieient (kcal/ma-hr'oc)
hp ¢ heat transfer coefficient between

particles and air (kcal/ma-hr-oc)
hr ¢ radiative coefficient of heat

transfer v (kcal/ma-hr-oc)
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film coefficient of heat transfer
between tube wall and parﬁicles- (kcal/mz-hr-oc)‘
thermal conductivity of air (kcal/m-hr-°C)
bed temperature ‘ (°c)

temperature of gas blown into the main

fluidized bed | (°c)
temperature of particles - (%)
wali temperature M>I (°c)
air velocity ‘ - (m/hr)
minimum fluidization velocity | (m/hr)
vertical thickness of bubbles (m)
surface area of fluidized particles _ :

per unit bed height (mz/m)
specific heat of air . (kcai/kg-OC)

specific heat of particles ~ -

(kcal/kg-°C or kcal/mB-OC)

particle diameter ‘ - (m)
,innef diameter of fluidization tube (m)
area of heat transfer surface between ‘,f\
tube wall and air | o 7 | (n?)

area through which heat flows by radiation E(m?)

area through which heat flows by conduction (mz)

mass air.velo¢ity . ' (kg/ma'hr)
Graetz number : | (-) .
’ {

height of settled bed " (m)
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Fem

(3

f

N

LX)

.o LX)

oo (X3 1] .o Y}

(Y] 3] (2] ..

.

height of fluidized bed

bed height at minimum fluidization

Nusselt number

Reynolds number

résidual sum of‘squares

sum of squares due to regression

total sum of squares

absolute temperature of fluidized bed

absolute temperature of.particles

absolute temperature of tube wall

volumetric air vélocity

total weight of particles

void fraction in fluidized bed
€ at minimum fluidizationi
emissivity of particles
emissivity of tube wall

time'

viscosity of air

mean of particle concentration

mean of p. in the upper part of bed

density of air
density of'particles
Stefan-Bolizmanp's constant

(= 4.88 x 107°

variation of particle concentration

(-)
(hr)

(kg/m-hr)

(-)

(=)
(kg/mBS
(ké/ms).

kcal/mB-hr-oK&)

(=)
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&;,: mean of 62 in the upper part of bed (=)
$ : degrees of freedom of Sp .(-)
‘¢ ¢ degrees of freedom of Sp ‘ | (;)
¢% 2 degrees of freedom of ST (=)

1)

2)

3)

4)

References to Chapter 3
Mickley, H. S. and C., A, Trilling: Ind. Eng. Chemn.,
1949, Vol. 41, No. 6, pp. 1135-1147 B
Wen, C., Y., and M, Leva: A,I.Ch.E, Journal, 1956,
Vol. 2, No. 4, pp. 482-488

Leva, M., M. Weintraub and M, Grumher: Chem. Eng.
Progr., 1949, Vol. 45, Ne. 9,{pp. 563-572

Leva, M. and M. Grummer: Chem; Eng. Progr., 1952,
Vol. 48,;No. 6, pp. 307-313 [
Heerden, G., P. Nobel and D. W, Van Krevelen: Chen,

‘Eng. Sci., 1951, vol. 1, No. 2, pp. 51-66: Ind. Eng.

" Chem., 1953, Vol. 45, No. 6, pp. 1237-1242 R

5)

Dow, W. M. and M. Jakob: Chem. Eng. Progr., 1951,

. YOl. 47, No. 12, pp. 637-648 -

6)

Matsuyama, T.: Kagaku Kogaku (Japanese), 1954, Vol.

18, No. 9, pp. 4O6-412 ~
Frantz, J. F.: Chem. Eng. Progr., 1961, Vol. 57,

7)

: i
NO. 7! bp. 35-42



116
8)‘Heertjes, P. M, and S, W, Mckibbins: Chem. Eng. Sci,
1956, Vol. 5, pp. 161-167 . |
9) Waltoﬁ, J. 8., R. L, Olson and O. Levenspiel: Ind.
Eng. Chen., 1952; Vol. 44, No. 6, pp. }474—1&86
10) Hougen, O. A. and K. M. Watson: "Chemical Process
Principles", 1943, p. 214, McGraw-Hill Book Co., 11
Inc., New York | \\
11) Perry, J. H.: "Chemical Engineer's HandbOogﬁ, 2rd.
| Ed., 1950, p. 461, McGraw-Hill Book Co., Iné,; {;\
New York A
12) McAdams, W. H.: "Heat Transmission", 3rd Ed., 1954,
| p. 231, McGraw-Hill Book Co., Inc., New York.
13) Fujishige, H.: Repoft of the Resources Research
Institute (Japan), 1965, No. 62, p. 83
14) Kunii, D, and O. Levenspiel: "Fluidization Engi-
neering", 1968, p. 73, John»ﬁileyvand Sons, Inc.,
New York
15) Leva, M.: "Fluidization", 1959, p. 62, McGraw-Hill
Book Co., Inc., New York f
16) Wen, C. Y. and Y. H. Yu: A.I.Ch.E. Journal, 1966,
Vol. 12, No., 3, pp. 610-612 | A
17) Franz, J. F.:.Chem. Eng. Progr., 1966, Vol. 62,
Symposium Series No, 62, pp. 21-31
18) Perry, J. H,: "Chemical Engineers' Handbook", 3rd
Ed., 1950, pp. 219-223, McGraw-Hill Book Co., Iﬁc.,



- ~ | 117
New York |
19) Soc. Cheﬁ. Eng. (Japan)f Kagaku Kogaku Binran
(Japanese), 3rd Ed., 1958, p. 203, Maruzen Co., Inc.,
Tokyo I. _ | | L
20) McAdams, W. H.: "Heat Transmission”, 3rd Ed., 1954,
p. 472, McGraw-Hill Book Co., New York
' 21) Rikagaku Jiten (Japénese), 1958, p. 54 and 732,
Iwanami Book Cb., Inc., Tokyo -
22) Baerg, A., J. Klassen and P. E. Gisher: Can. Journal
of Research, 1950, Vol. 28, pp. 287-307
23) Bartholomew, R. N. and D. L. Katz: Chem. Eng. Progr.,
1952, vol. 48, Symposium Series No. 4, pPp. 3-10
2L) Leva, M.: Proceedings of the General Discussion on
Heat Transfer, London, I.M.Eﬂ, A,S.M.E., 1951,
Pp. 421-425 - '
25) Kettenring, K. N., E. L. Manderfield and J. M.
" Smith: Chem. Eng. Progr., 1950, Vol. 46, No. 3,
pp. 139-145 |
26) Kunii, D. and O. Levenspiel: "Fluidization Engi- h
neering", 1960, p. 266, John Wiléy and Sons, inc.,ny
,New York ‘ . -
272_Rowe, P. N. and B, A.-fartridge: Symposium on thé
Interaction between Fluids and Pafticles, London,

Instn Chem. Engrs, 1962, pp. 135-140
. o
28) Wender, L. and G. T. Cooper: A.I.Ch.E. Journal,



118
1958, Vol. 4, No. 1, pp. 15-23 |
~29) Woollard, I.N,M, and O. E. Potter: A.I.Ch.E.
Journal, 1968, Vol. 14, No. 5;, pp. 383-391
30) Kuriii, D,: "Ryudosd" ‘(Japanese),' 1962, p. 238,
Nikkan Kdgy{: Shimbun Co., Iﬁc., Tokyo



119

CHAPTER 4 - THERMAL DECOMPOSITION OF PYRITE

4.1 Introduction

Thermal decomposition of solid particles represented

by
(Solid)—>(S0lid) + (Gas)

is known to proceed through the following three major
sequential steps (S5, 6).

1) Heat transfer to the reaction interface within

-

solid particles, .
2) Chemical reaction at thelinférface, and
3) Outward transfer of gas evolved at the interface
| through the decomposed outer shell of the particie.\
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 interféée is coﬁ—
posed of the processes of nucleation and growth of the
decomposed phase, and théf the rate of the intgrfécial

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 ét the interface is relatively high and the rates
of heat transfer and of gas tranéfer begin to have. \
ifiportant effects on the overall rate of thermal decom-
position. " Regarding the diffusion rate of gas |

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

]
|

preferred sites where nucleation occurs are randomly
disposed throughout the particles, and suggeséed that
appreciable delay between gas evolution and its escape-— -
will not occur when the diffusion coefficient is beyona‘
10"9 cmz/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. (4.1). The equilibrium pressure of'diatomic
sulfur gas reaches 1 atm at about 690°C and the ;nthalpy

change in this reaction is about 37 kcal/mole Fesa.

FeSz = FeSx + —5— 5, (4.1)

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 600° to 650°C
by meaﬁs 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 4O to 70 cmB/min co,. They indicated from these
experimentél.results that the overall reaction rate is
not affected by the diffusion rate of sulfur gas through
the decomposed shell of pyrite varticles. | Nishihara
and Kondo (9) also étudied on the thermal décomposition
of pyrite particles of 200 to 250 mesh size. They
found that the rate«of decomposifion satisfies the first
order rate equation and that the rate of reaction
becomes Veryvrapid at a temperature abovei700°C.
From the experimental works mentioned above, it is
supposéd that the decomposed product of pyrife is verYf\
porous and the diatomic sulfur gas eQioﬁed cén easily
escape through the 1éyer of decomposed prodﬁct. |

This work will, firstly, pursue the rate of therﬁal
decomposition of pyrite pérticlesvof 60 to 100 mesh size
in a fluidized bed at the temperature of 650° to ?5603

~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 thé pné-
vious workers (8, 9) that the Qverall rafe of decom-
position oCcufripg at the interface.within pyfite par-
ticles is so raéid and the resistance to diffusion of
diatomic sulfur gas through the decomposed shgll can
be omitted. And thus the rate of heat trar;\\sfer from
the reactor wall to the interface within pyrité par- ,w/ﬁ;k
ticles is presumed to play an important rSle iﬁKthe é
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.

L.2 Rate equation
L.2.1 Rate equation in batch process

It is intended in this sectionuto introduce the
rate equation for thermal decomposition of pyrite par-
ticles in a batch type fluidized bed reactor by éssum‘
ing that the overall rate is determined by the heat

transfer from the surroundings to the fluidized particles.



123

This model is illustrated in Fig. h.1. |
To obtain the rate equation, the following addi-
tionél assumptions were also made. " If

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-dedomposition, undecomposed
pyrite remains in the core at a temperature of td.
The decomposed shell is composed of FeS1+X whose
outer;surface is kept at tf.

3) The temperature of preheated inert gas blown
into the fluidized bed is kept equal to the temper-
ature of the fluidized bed, tf. And thus, no
heat exchange occurs between Phe gas and particles
in the fluidized bed and only the heat transfer from
the reactor wall kepf at tw to the fluidized par-
ticles is to be concerned.

L) At any given time during decomposition, the
temperature of the fluidized bed, tf, the températuré
of reactor wall, tw’ and the decom?osition tem%era
ature, td, rémain at the fixed values, réspectivély.

5) Diatomic éulfur gas evolving at the4interface
is heated to tf dﬁriﬁgnifs escape through théﬁouter

decomposed sheli of pyrite particles. x
}
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With the above-mentioned assumptions, we have;

dW E .
= aH, 94X . .
§ = aHy —5 | | - (4.2)
Each term of Eq. (4.2) can be written as,
% = TDLs A (ty-ts) = 4nRFN ﬁe( ;f_‘ t;') (4.3)
AW _
g = ATRT N )
~2. 2 _ - l
=_3nﬂrDtH(iE)<n (1)
4R3 de : S

sHg in Eq. (4.2) is composed of the enthalpy change of
thermal decomposition at the temperature of td and the

heat required to raise the temperature of FeST and

+x
_S2 from td to tf. Thus,
t t
Mres (° Ms $
AHf =4Hd+ ° g CFeSdt + —2 Cs dt (4‘5)
’ MF'GS2 ty 2MF€52 td 2
Since we can relate the fraction decomposed, x, to r by
— /3 B
F=R(1-x)" .

(4.2) can be rewritten as a function of x by using

Egqs. (4.3) to (4.6) :
i dx tw - ta
—pR, D, (1-€)aH = .

ﬁc 3Dt(l-1)/'9(l 8)'ﬂe

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

x =0 at 6 =0 gives,
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e D, (1-£)aH { f‘_ 4R? }x
4 Pf‘ t ] ﬁc 3Dt(l—5)ﬁe

£ R? aHg
+ ———e e e
2 ke

4 =~
£

[1-0-x)7} = (1,-t,) 6 (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 -
pafticles is neglected, Eq. (4.8) becomes,

DL E)aHs X = Ae(t,~t4)0 (4.9)
This rate equation demonstrates a zero-order reaction.

L.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

N

it helps to simplify the situation. » ' - A
Among N particles present in the“fluidized bed, |

n pgrticles are assuﬁed to be partially decompoéed at‘

the temperature ty. | The remaining (N—n) particles

' are assumed to be completely decomposed and remain at

the temperature of t o which is realized in the batch

i

fluidi;ed bed toward the end of reaction. A sche-
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matic temperature profile is illustrated in Fig. h.2.
The temperature of the fluidized bed which was measured,
tf, may be considered to be thelr weighted mean, 1f the

dlfference of specific heat is neglected, N

‘[}: ——N—-{(N—-n)f_fm+ni‘d} (4'102

i -~

In this model, heat transferred from the reactor.
wall to the fluidized bed is consumed by deco%posiﬁg
n particles at td ; thus the heat transfer eqﬁétion S
becomes, \ :

3 = DLs - f (t,-ty) (ho11)

and the heat balance expression per particle under

decomposition is,

2 3 -2 ;-
~-df = —4nfaHs P dF o (4.12)

Integrating Eq. (4.12) with the initial condition of

= R at @ = 0 gives, ,
i

4 =3
-5 fpaHs (TP R?) (4.13)

|

% 4
n

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

x= 3% e
47t/‘j,nAHfR3 ’

0£6£ 6y
and

| (4.14)
X = Xy y 6 286y,
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Bq. (4.14) demonstrates the relationship between the
fraction decomposed of one particle present in the
fluidized bed, x, and its residence time, 8, in the
bed. It should be noted here that x4 in Eq. (4.14)
varies according to the variable compoéition of decom-
poéed 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(6 ), (12) of particles in the bed
is given by,
F F -
f(e) = —-v-v——exp (— m 6) »(4-15)
The mean fraction, X, of decomposéd pyrite in the
overflow from the bed is obtained by using Eqs. (L.1k)

~and (4.15) as,
6y oo

X = g x f(6)do +-j X4f(6)d8 ~
(4 ed . . A :
- )] ’
47, naH;RF {' exp( w ed} L 18

Replacing W and n in this equation by, )

I 2 o ‘ .
W=D Ls(1-e)f 2 (4.17)

and \

.
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84 - )
- F _F
n= Ngo W exp( v e)de B
16 R3 W
Eq. (4.16) beccmes, -
B[ exp[- E |
X= — {l exp( 5 xd)} , L (4.19) o

where
T[DthﬁC(tW—td)
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 theiqase of upward piston
flow of particles assumed in the fluidized bed, instead
of complete mixing, the residence time of particles in

i

the bed, 8, is expressed by, _ !

: w | >
—— PR, L'» - 1
e - F . ( ) .

The mean fracﬁionlof decomposed pyrite in the overflow,

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

- w
X=— , 027 %g, | |
' (4.22)

i
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L.3 Experimental
L.3.1 Apparatus

The apparatus used for the experimental work is
shown in Fig. L.3. The fluidized bed reactor
consiéts‘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 waé passed through a gas washer where elemental
sulfur was removed. o -

The temperature of fluidized bed, tf, 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 temperQ
‘atures of the reactor wall, tw’ and of nitrogen gas
sent into the bed, tgo’ were also measured.

A rotating disc feeder was used for feeding the
pyrite particles into the fluidized bed in the con£in—

4 - . ‘
uous process experiments. Its feeding pate was
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Fig. 4.3 Schematic representation of
experimental apparatus



adjusted by changing the opening of the feeding port

on the disc.

L.3.2 Material

S~

Pyrite lump mined at Yanahara Mine of Dowa Mining

Co. Inc., Okayama Prefecturé, was used. I? was

\\
ground to 60 to 100 mesh size. The content of its
component minerals was calculated from ﬁhé chemical

analysis and it is shown in Table 4.1.

Table 4.1 Mineralogical analysis of pyrite

Fe82 FeS Cues Balance

97.9 0.1 0.2 1.8 (%)

4.3.3 Experimental conditions

The effects of the bed temperature and of the
flow rate of nitrogen gas on the reactién 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

P

-~

—



13y

.rafe 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 s?udied.

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 N, :  L.40, 5.66 and 6.92 cm/ééc
(at 20°C)

Continuous process experiment

Flow rate of N 5.66 cm/sec (at 20°¢)

5>
Bed temperature : 6500, 7200° and 750° C

Feeding rate of pyrite particies : 0.1 to 1.8 kg/hr

L.3.4 Experimental procedure

1) Batch process experiment

, An amount of 150 g of pyrite partlcles ‘is fed
into the reactor tube maintained at a predetermined
temperature and fluidized with nitrogen gas flow at

a given rate. " The bed temperature falls rapidly
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owing to the supply of cold particles and recovers to;
a temperature of tf and thereafter it remains gt this
temperature. The bed temperatﬁre was observedﬁLo
‘reach a temperature which is very near to the original
temperature of tf toward the end of thermal decomposi-

tion. This temperature is denoted by tﬂ”. This

-
e

change of bed temperature is illustrated in F;g. h.h.f

\

Sample particles were pipetted out of the bediby inser-
ting a 10 mm I.D. quartz syringe from the top of 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 750°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. Thereaftér,>pyrite
was fed from a rotating disc feeder at a constan% 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 6 = O, 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,

v*~ IF -
P ERRA

where R and f? are the radius and the density ?f pyrite
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 particlés in the fihidized
bed, the material balance equation concerning the pyrite

parficles at any given time 6 is given by,

fp d1 (4.23)

FrUF=W"esw G

where 7 is the number fraction of pyrite particles in
the overflow and fé is the den51ty of the cinder.
Integrating Eq. (4 23) glves,

F,OC = d’( . + c P i\\
et {'—'I )

then
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Fre
e

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

6= ~pli-n)+Cc - ~(L.2h)

g

of the initial condition of 4= O at &= 0, and I .

Eq. (4.24) becomes,

WA e ,.
6 Fa i ) ﬂ} (4.25)

The time required for replacing 95 % of the ci@der in

the bed is given by putting {= 0.95 in Eq. (4.25), op'

— w /e ‘ '
T .

L.h Experimental results
L.h.1 Batch process experiment e

Measured fraction of decomposed pyrite, x, 35
illustrated in Fig. 4.5. It is seen from this figure
that x increases linearly with time, 6, in the course.
of decomposition, except in its final stage. This
satisfies the linear Eq. (4.9) whose slope is gifen by
Ahc(tw - td)/f%Dt(T -'E)AHf. Ahd this suggests

that the rate of thermal decomposition of pyrite is
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controlled by the heat transfer rate undef the experi-
mental conditiéns in this work and thét the resistance
to heat transfer thfough 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, hc’ can be estimated
from the slopes of Fig. 4.5 determined by the least
squares method. It is shown in Fig. L4.6. ‘In
this figure, the linear velocity of nitrogen gas at the

bed température, uf is calculated in the form of,

ty +273
uf = L2
293

Where u is its linear velocity at 20°C. From this
figure, the following regressidn was obtained by the

least squares method. .
4o = 0.386 u* o772 (4.27)

4L.4.2 Continuous process experiment

The mean fraction, X, of decomposéd pyrite in the
overTlow is illustrated in Fig. 4.7 against ‘the recipf
rocal feeding rate, 1/F. This figure also includes
the calculated value§ of X with Eqs. (4.19) and (4.22)

which correspond to the complete mixing and'thé upward

'
1

piston flow, respectively. In these calculations,
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h, given by Eq. (4.27) and x4 = 0.9 were used and ty

was assumed to be equal to the cpnstant bed temperature,
te, illustrated in Fig. 4.4, | ]
It is seen in Fig. 4.7 that most of X measured at

higher feeding rates satisfies Eq. (4.22) which assumes

upward piston fiow of particles in the fluidized bed-

-~
-

and that X tends to deviate from these straight lines?
for the curves of Eq. (4.19) at lower feedingirates.

This may‘suggest that the pyrite feed and the Aecom- P
posed product are mixed with each other almost com— i
pletely at lﬁwer 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 Segregafe 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

{
B
'

further discussed later.

4.5 Discussion

From the batch ﬁrocess experiment, it was indicated

that the thermal decomposition rate of pyrite particles
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is cdntrolled by the heat transfer rate 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 3f The amount of heat transferred per unit

time from the reactor wall to the fluidized bed is given

by,
?"= AcFe (T = 1) N
= ﬁwa(tw"tf) + ﬁrFr(tw—tf) (4‘28)
where Fc = Fw = Fr =1IDth. ’The first an@ the

second terms on the right-hand side of this equation
represent the amount of heat traﬁsferred byrconduction

~ and radiation, respectively. Radiative heat trans-
fer coefficient, hr, can be estimated in the similar

way as mentioned in ChapterWB. The amount of heat
transferred by radiation is given by Stefan-Boltzmann’;\

law as,

’ 4-.
7 =Rt (TS Tf) (4.29)

Equating this equatidh with the second term on the

right-hand side of Eq. (4.28), we have,
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A, = G4>—jEE;I£i
r tw__ tf

-8 2 - ' - v
The heat transfer between the reactor wall and the
fluidized bed can be regarded as that between two ’
concentric tubes (13). On this assumptidn, ¢ in
Eq. (4.30) is given by, L

I - . b ,i/ﬁ;
¢ " TE, T Ep ! (4.31)

whefe éw and gp are the emissivities of the reactor
wall and the decomposed shell of pyrite particles,
respectively. In the calculation of hr’ the value

of &p was chosen at 0.85 (14) and that of €, was esti-
| mated at 0.58(1:w = 650°¢C), 0.53(t, = 700°C) and
0.49(t, = 750°C) (15). h,. calculated from Egs. (4.30)
and (4.31) are summarized in Table 4.3. The film
coefficient of heat transfer, hw’ is obtained by sub-
tracting hr froﬁ hc and they are also listed inéTable
4.3,

With the values of h, thus obtained, the relation-
ship between the. Reynolds number and the Nusselt number
was obtailned. In célculating 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
temperature | N, at 20°¢ I (Kcal/m%hr?C) h
(OC) (cm/sec) h, h, hy,
650 L.40 10377 79.6 24 .1
5.66 1171 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 L2.6
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 shown in Fig. 4.8.
From this figure, the following dimensionless equation

was obtained by the least squares method.

ﬁw DP ’ ( DpGr )2.334'
— = 2./15
ﬁg H

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

(4.32)\;

N

seen in this figure that Eq. (4.32)’cbincid§s closély
wigﬁ Eq. (3.20) whicﬁ was obtained in the heat transfer
experiments in Chapter 3. This also suggests that
the heat transfer‘controlling model repfesented b§’

Eq. (4.9) is acceptable for the thermal decomposition
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rate of pyrite paftiéles in a fluidized bed whose
particle size is 60 to 100 mesh.

It was mentioned in the continuous fluidizatipn
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-

-
-

i

at higher feeding rates and that it deviates from i
Eq. (4.22) and approaches to the curves of Eq; (4.19)
particles in the bed at lower feeding rates. " These
behaviors of particles in the fluidized bed are further
pursued.

Fluidized bed temperature, t., given by Eq. (4.10)
can be rewritten as,

n tom ~ t5

= - (4.33)
N oo = g

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

expressed bvaq. (4.18) as, i

&y :
___n_:_-s _E_exp(_._}_:_. )de
N 0 w w :

]

| - exp(~—7i;—ed) (4.34)

And Egs. (4.33) and (4.34) yield,
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- . , .
——2- = exp (———W—Gd) = exp(——g—xd) (4.35)

A similar expression of (tf - td)/(tf - td) for the

‘upward piston flow of particles in the fluidized bed

is,

ts - 14 F LeW x4 )

S . S — x4 ¢ St

o | for 0< B d<HB%

_ ; (4.36)

t -
3~ 14 - for "‘F‘“-Id LeW Xy

T ty B LsBog )

Fig. 4.9 illustrates the measured values of tf
in the dimensionless form of (tf - td)/(tfm" td) and
the calculated values with Egs. (4.35) and (4.36).
The plot of (tf - td)/(tfa,- td)kin this figure is

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

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

- downward at higher de/B. This may also indicate

the preferred segregation of particles in the fluidized

bed at higher feeding rates. Furthermore, it may
be anether reason of this downward deviation that the
amount of heat which is consumed for heating pyrite
particles up to the decomposition temperature cah not
be omitted at highef feeding rates. -~

e

In this connection, the fluidization quality of

.
this fluidized bed is to be inferred. The minimum

fluidization velocity of pyrite particles at the bed

-

~



O 750°C
o.8lo | A 700°C .
o% | & 650°C

o
)
I

o
N
l

(ty = 1g)7 (to = ty)
o
N
!

- N,
\J [ .y

o of A
oo
-0.2}- O
{ |
0 | 2 3
Fxq /B

Fig.4.9 Bed temperature dependence on
Fxqg/B-



151
temperature of tf was calculated by the following
equation (18).

(0p 40 fo- & I
Unf = o7 \PF_P?’ e _ o (4.37)

In this calcﬁlation, the modified Hirshfelder’s eqdatioﬁ
(17) concerniné the viscosity of gas was employed and‘ /b
the value of shape factor of particles g,was\phosen
at 0.75 (19). u . of pyrite particles calgulated
with Eq. (4.37) is shown in Table -4.4. The'linear«f”\
velocity of nitrogen gas at 20°C was fixed at 5.66 cm/gec

in the continuous process experiment. And the gas

velocity at tf was calculated as follows;

ty +273

*
= 5,66 X
u 293

u* thus calculated is also listed in Table L4.4.

Table 4.4 Flow rate of nitrogen gas

Initial bed * ¥ u*

temperature Un s u U=ty ¢ U e
(°c) (cm/sec) (cm/sec) (cm/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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¥ is about B'times larger than P

to 13 cm/sec and u
Up e calculated with Eq. (4.37) decreases with decreasing
particle density, f%, and u e 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 Up s
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 cm/sec. Under these fluidizing
conditions, it is supposed from Fig. 2.11 tpat the gas
bubbles of relatively large size are formed. 52; s

a measure of the nonuniformity of particle concentra-
tion in the fluidized bed, is aléo 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 upwérd piston flow of particles f
may not be expectea to occur in thé fiuidized 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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temperature. About 0.05 g of the fluidized mixture
was sampled at different heights above the bottom of

the bed and the c&mpdsition was measured by magné%ic
separation. Sample probe used in this experiment

is illustrafed in Fig. 4.10; 3.5 mm D. holes at

an interval of 2 cm were drilled into a stainless ségel;
rod of 7 mm diameter and these holes were coyered-Wifh
stainless steel foil. Two stainless steef_wires
which afe connected to the foils serve to opeﬂ‘and tbfz/n
close the holes by pulling these wires u?. Sampling
of mixture was carried out at 5, 10, 20, 30, 4O, 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, LA and Wp are
the weights of the cinder and of the pyrite, respec-
tively. Any significant chénge in the weight frac-
tion of decomposed cinder, wd/(wp-+‘ﬁd), was not found
during the course of fluidization and wd/(wp + wd) in
this figure can be regarded as the fraction reaiized

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/(wp
+ wd) in the bulk of the fluidized bed and that in its
upper portion increases along with the decrease in the
fraction of cinder in the mixture. -

Thé,density of pyrite particles is 5.00 g/cm3 (17).
And the density of the cinder was measured as follows.
An amount of pyrite particles was weighed and poured
slowly into the graduated cylinder. From the volume
occupied by the particles, the void fraction, &€ , of
the settled bed composed of pyrife’particles can be
calculated. The volume occupied by an amount of a
the decomposed cindef 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 cinder, P ; was calculated

by .

=W
£ V(i-€g)

Where W and 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 segregatién of the cindér 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 decompdsed product."
In addition to this density difference, it is thought!
that the particle size is reduced by the thergal decom-
position and the finef cinder particies are eaéily —
thrown up by the gas stream above the surface 6f fluid:
ized bed.

At higher feeding rates of pyrite particles in
the continuous process experiment, the fluidized mixtur
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 mayébe in-
terpreted as follows. Because of the possiblé seg-
regation of cinder particles in the upper part of the
fluidized bed, the mean fraction of decompbsed 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 fléw of particles within the bed.

The dimensionless temperature of the fluidized
bed, (tf - td)/(tfm - td), 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 miging. .~ This may be understood as foliows.
The amount of fluidized pyrite particles which are being
decompoéed in the bulk of the bed is larger thaﬁrthe
amount presumed in Eg. (4.35) .because of the large dif-
ferenée’in the fracfion 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_(tf - td)/(tf“,

- td) in Fig. 4.9 coincide with theirVQaiues calculated
by Eq. (4.19) and Eq. (4.35), respectively, which assume
a conplete 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.

L.6 Summary

The thermal decomposition of pyrite particles of‘
60 to 100 mesh size was carried out in a fluidized beé.
Rate equations for batch process and continuo&s process
were proposed on the assumption of heat transfér as the-
rate-controlling step and they were verified ekperimen;
tally.

For the batch process, a linear rate equation of
Eg. (4.9) was derived which neglected the resistance
to heat transfer thfough the decomposed shell within
the particles. It was found that this rate eguation
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 éalculated by using Stefan-Boltzmann'’s law. .
The film coefficieﬁt of heat transfer was obtained by
subtracting the radiafive 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 Egs. (4.19) and (4.22) were
derived for the continuqus 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 75OOC was fluidized at room témperature. -Sample
?articles were taken from various heights of the fluié-
ized bed and the composition was measured by magﬁetic
separation. The results of this experiment indicatec
that the fraction of the cinder remains almost unchang;é
in the bulk of the fluidized bed and that a preferred |
segregation of cinder was found at the surface 6f the
bed. The degree of this segregation increases along
with the decreasing/fractiOn of cinder in the flui@ized

-mixture. It was suggested from these experimental

1
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results that this preferred segregation at the éurfaée

of the fluidized bed is the reason why the rate equa- -

—

tion assuming upward piston flow of particles hoi&s

for the fluidized bed containing a lower fraction of

decomposed cinder particles which is realized at higher

feeding rates. o

h
C
hr :
hw :
k H
e
k :
g
n :
q
r :
t :

»Notation in Chapter 4

overall heat transfer coefficlent (kcal/m2-hr-°C}
radiative heat transfer coeffi-
cient (kcal/m-hr-°C)
film coefficient of heat transfer (kcal/ma-hr.oc)
effective thermal conductivity
of decomposed layer witﬁin o
particle (kcal/m-hr-°C)

thermal conductivity of gas (kcal/m-hr-oc)

number of decomposing particles in’

fluidized bed ‘ o (=)
rate of heat transfer from reactor Wall

to fluidized bed | (kcal/hr)
radius of reaction interface within particles (m)

temperature | (°c)
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decomposition temperature o (°c)
temperature of fluidized bed - (%)
of decomposed particles - (°c)

temperature of gas_blown into fluidigzed

bed (°c)
temperature of reactor wall o (OC)
linear velocity of gas at 20°C  (m/nr)
linear velocity of gas at t; -~ (m/hr)
minimum fluidization velocity - (m/hr)
weight of decomposed particles (kg)
weight of pyrite particles ) (kg)
fraction of decomposed pyrite (-)

ffaction of decomposed pyrite at the final

stage in batch process experiment g (-)
specific heat of FeS (kcal/kg-bC)
specific heat of Fes, ~ (kcal/kg-°C)
specific heat of 5, . (kcal/kg.?g)
particle diameter _ : - (m)
diameter of fluidization tube : - (m)
feeding rate of pyrite - | (kg/hr)
heat transfer area . | (n?)
surface area/thrOugh-which heat is A

transferred by radiation | (me)

|
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F ¢ surface area through which heat is

w

transferred by conduction - o (m%
G ! mass velocit& of nitrogen gas (kg/ma'hr
AHd ¢ enthalpy change of decomposition at td (kcal/kg
L, : height of fluidized bed . (m
Lt ¢ height of thermocouple above the bottbm_ '}

of fluidized bed _ C  €m
Mpog * molecular weight of FeS t\ (-
MFeSZ: molecular weight of FeS, l' (f?
MS2 : molecular weight of S, . (-
N : number of particles in fluidized bed (-
Nu ¢ Nusselt number ' (-
R : radius of particle (m'
Re : Reynolds number | (-.
T; : absolute temperature of fluidized bed (°K.
Ty : absolufe temperature of reactor wall (°K;
W : total weight of particles prééent ing

fluidized bed ; (keg’
X ¢ mean fraction of decomposed pyrite in l

overflow _ | (=)
€ : void fraction of fluidized bed _ (=)
€nf ¢ void fraction at minimum fluidization - (=)
€, ¢ emissivity of particle | : (=)
€ : emissivity of reactor wall | (=)
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number fraction of pyrite particles in

overflow ()
¢ time ' e - (hr)
: decomposition time o (hr)
: viscosity of nitrogen gas (kg/m-hr)
: density of decomposed pyrite ' (kg/ﬁs)
: density of pyrite ' (kg/ms)
: shape factor of pyrite particle ) (<)

Rgferences to Chapter L4
Tompkins, F. C. : Ind. Eng. Chem., 1952, Vol. 44,
No. 6, pp. 1336-1338 \
Hill, R. A. : Trans. Farad. Spcl, 1958, Vol. 54,
pp. 685-690 <
Hashimotq, E. ¢ Nippon Kagaku Zasshi (Japanese),
1961, Vol. 82, No. 1}, pp. 1456-1461
Gafner, G. : Trans. Faréd. Soc., 1959, Vol. 55,
pp. 981-984 J |
Narsimhan, G. ¢ Chem. Eng. Sci., 1961, Vol./16,
pp. 7-20 |
Satterfield, C. N. and F. Feaks A.I.Ch.E. Journal

1959, Vol. 5, No. 1, pp. 115-121



7)

3)

9)

10)

11)

12)

13)

14)
15)

16)

17)

18)

166

Wunderlich, G. : Z. Elektrochenm., 1952,\Vol. 56,
pPp. 218—223 ; | — |
Schwab, G. M. and J. Philinis : J. Am. Chem. Soc.,
1947, Volf 69, pp. 2588-2596

Nishihara, K. and Y. Kondo ¢ Mem. Fac. Eng., KYOtE
Univ., 1958, Vol. 20, pp. 285-306 | |
Juza, R. and W. Biltz ¢ Z. Anorg. Allgeﬁ. Chen.,
1922, Vol. 205, pp. 273-286 o -
Haraldsen, H., : Z. Anorg. Allgem. Chem.,.1937, 7
Vol. 231, pp. 78-96 ; 1941, Vol. 246, pp. 169-194,
195-226

Aris, R. ¢ "The Optimal Design of Chemical Reactor
1961, p. 37, Academic Pfess, New York

Fujishige, H. ¢ Report of the Resources Research
Institute (Japan), 1965, No. 62, p. 88

Fujishige, H. ¢ ibid., 1965, No. 62, p. 98

Mori, Y. and F. Yoshida : "Shoron Kagéku Kogaku",
1962, p. 652, Asakura Book Co., Tnc., Tokyo

Bird, R. B., W. E. Stewart and E. N. Lightfoot :
"Transport Phenomena", 1962, p. 257, John Wiley
and Sons, Inc., New York |

Bird, R. B., W. E. Stewart and E. N. Lightfoot H
ivid., p. 23 |

Kupii, D. and O. Levenspiel : "Fluidization

"
Engineering , 1969, p. 72, John Wiley & Sons,



19)

. 167

Inc., New York

Takagi, Y., D. Komiyama, I. Kajihara, A. Kuriyama
and K. Tarumi : Kagaku Kikai (Japanese),’1952,
Vol. 16, No. 5, pp. 141-145 ’



168

CHAPTER 5 THERMAL DECOMPOSITION OF LIMESTONE

5.1 Introduction

Thermal decomposition'of limestone is repfesentedf’

by |
CaCO03 = Cal + €O,

The equilibrium pressure of CO2 reaches 1 atm at about
900°C and the enthalpy change of this reaction is
about 43 kcal/mole CaCOB. 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'tb this reaction
(23). |

Many workers (1-9) endeavored to clarify thé mecha-
nism of this reaction pértly because of practical
importance of this material in the industries and
partly because of theoretical interest based on its
well-knovwn pﬁysical'prbperties.

Furnas (1) studied the thermal decomposition of

limestone particles of 2 to 8 cm diameter at the
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temperature of 800° to 1100°C. 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 reacfion
interface at the temperature between ‘720o and 790°C.

As poinéed 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 éarbon
dioxide on the decomposition rate of limestone over é
wide range of CO, pressure of 50 to 600 mmHg at the
temperature of 790° to 900°C, ‘Hashimoto (3)
obtained the following empirical rate equation froﬁ

the decomposition data,

-] ©
£ = A.EE&L%EE& exp ﬁ_féé:%@fi
Feo, - Reo,

where k is the decomposition rate per unit interface

1

area, Pgo is the equilibrium pressure of 002 and both .
2 .
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A and b are the empirical constants. Ingraham (4)
also found that the decomposition rate is proportional

to (Pgoz - Pcoa)/PgOZ, Hyatt, Cutler and Wadsworth

(6) presented the following rate equation assuming

that the overall reaction rate is determined by the *

rate of the interfacial reaction.

o \
| = (Ro, = Peo,) g

BPo, + (1/V)

where v is the decomposition rate in terms of fﬁe rate
of weight loss per unit area of the interface, vy is v
at PCoa = 0, and B i1s a constant determined by the
reaction temperature, It was indicated in this
equation that the reaction rate is proportional to the
area of reaction interface under the éondition that
both temperature and pressure of carbon dioxide are
fixed at the constant Values,-respebtively. Most
of the works mentioned above were carried out below
900°C and their COnclﬁsion may be sﬁmmarized 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 témperatures above 900°C, because the.rate éf
the interfaciai reaction becomes sufficiently high.
Satterfield and Feakes (7) prepared a cylinder of
calciu@ carbonate of 2 cm diameter and 7 cm iong and
a sphere of 2 cm diameter by agglomerating the pre-
cipitated calcium carbonate of 0.2 p average diameter,
They measured the temperaturé at the center éf the
cylindér and the sphere during thermal decomposition
above 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 éarbonate of 10 to
15 p . In this case, the central temperature wés |
found to bé higher than the equilibrium decomposition

temperature, Based on this result, they indicated

N

that sone ﬁucleation or chemical activation process
partially plays a role in the overallrdecomposition
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 digxide

~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'
withvtﬁe data obtained by Satterfield and Feakes (7)
and found that the rafe of thermal decomposition of
limestone pellet of 2 cm in diameter at 1000°C satiéfied\
his rate equation. Sugiyama et al. (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 surfaoe 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 cm diameter satisfies
their rate equation at 1000°¢c, ;

As mentioned above, many works were publish;d on
the thermal decomposition of calcium carbonate.
However, thé 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) and this is advantageous for
the endothermic rea;tions 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 liﬁestone particles of 60 to 100 .
mesh size in a fluidized bed. Bed temperature was
chosen at 825° 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 L, a rate equation of pyrife particles
in the fluidized bed was derived for the batch process
experiment by assuming that the overall reaction‘rgte
" is controlled by the rate of heat transfer frbm the

3
1

reactor wall to the fluidized bed. Moreover,_twd



174

rate equations for continuous process experiment were
derived by assumihg the complete mixing and the

upward piston flow of particles in the fluidized bed,
respectively. It is‘intended in this"Chapter to
verify the adaptability of these rate equations fo

the thermal decomposition of limestone particles in
the fluidized bed. It is also intended to\cpmparé:
the rate of thermal decomposition of limestoné parti-~
cles in the fluidized bed with that obtained by the
previous wﬁrkers mentioned above. In additién,

the rate equations applied to the thermal decomposition
of pyrite and limestone garticles in the fluidized bed

are compared and examined.,

5.2 Experimeﬁial

5.2.1 Experimental apparatus and the procedur%

The fluidization apparatus used in this study is
the same as that used for the thermal decompoéition
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 prédetermined
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 ill@strated in Fig. 5.1. Sample
particles were pipetted out of the fluidized bed in the
course of decomposition and the composition was analysec
by measuring the weight loss after heating it at
1200°, - - -

In the continuous process experimeht, an amountz
of 150 g cinder was fluidized to form a steady state
fluidized bed at a predetermined temperature 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 aﬁalysed.
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5.242 Material

Liméstone lumﬁ offered through the courtesy of
Ube Industrial Compahy 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,
5.2.3 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 : 8250, 8500, 875°¢
Flow rate of air: 1.19, 1.76, 2.89 cm/sec (at 20°C).

Continuous process experiment
Flow rate of air : 2.89 cm/sec (at 20°C)
Bed temperature : 825°, 850°, 875°%

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
5.3.1 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 8 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 L, a zero order raﬁe eqﬁation was
derived on the\presumptioﬁs.that the overall decom-
position rate is determined by the heat transfer rate
and that the resistance to heat transfer through the
outer decomposed 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

remains constant during the course of thermal decompo-
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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 experimental-
conditions in this work that the overall decomposition
rate is detefmined by the rate ofbheat transfer from
the reactor wall to the fluidized bed. And thus ’
the experimental results satisfied Eq. (4.9) and the -
slope of straight lines in Fig. 5.2, (Db}, can bé repre-
sented by, |

- 4ﬁc(tw"td)
4 /?,Dt(f“ﬁ)AHf - (5.1)

The overall heat transfer coefficient between the
reactor wall ahd the fluidized bed, hc, can be ésti—
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,
tg + 273
U= ux t + 273
293
where u is the linear velocity at 20°¢c. The

following regression was obtained from Fig. 5.3 by

using the least squares method,

0.30
£, = 24.3 u*%%%* (5.2)
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5.3.2 antinupus process experiment

The mean fraction; X, of decomposed limestone in
the overflow is illustrated in Fig. 5.4 against the
reciprocal feeding rate, 1/F. The calculated
values of the mean fraction, X, with Eq. (4.19) for
complete mixing and with Eq. (4.22) for upward piéton
flow of particles are also plotted in this figufe.

In the calculation of these values, hc given by Eq.
(5.2) and X4 = 1.0 were‘used and td was assumed to be
equal to the constant‘temperature of the fluidized
bed, tf, given in Fig. 5.1.

When the fluidized bed temperature is kept at
825° and 850°C, it is seen from Fig. 5.4 that most
values of the measuréd 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 875°C, on the other hand, it is seen
from the same figure that X measured at higher feeding‘
rates colncides With the curves of Eg. (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 Eg. (4.22). These corre-
lationships between X and the reciprécal feeding rate

g i
is thought to be rather different from those observed



= 0.2 | (c) 7

0 ; | ! ! !
o 2 4 6 8 10
Reciprocal feeding rate, I/F (hr/kg)

Fig.5.4 Mean fraction of decomposed limestone,
X, vs.reciprocal feeding rate, I/F, in
continuous process. Initial bed tem-

perature : (a)825°C,(b)850°C,(c)875°C



184
in the thermal decomposition of pyrite. This

tendency will be discussed later.

5.4 Discussion

Concerning the batch process experiment, it was

mentioned in 5.3.1 that the fraction decomposéd, 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
illustrated in Fig. 5.3. The film coefficient of
heat transfer between the reactor wall and the fluid-
ized bed, hw’ can be estimated from h; thus obtained,
And it is of basic interest to comparé 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,

2= AF(ty-1)

ﬁVFQ(tW—-t}} + ﬁrF}(tw-tf) (5.3)

i

i
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where Fw.and Fr are the area through which heat is
transferred by conduction and by radiation, respective-

ly, and they can be represented by,
Fu=Fr = 1DLs (=F,) (5.4)

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:
4 -
9 = 6F$ (T, - Tf ) (5.6)

Insertion of this equation into the second term on the

right-hand side of Eg. (5.5) yields, -

-T
‘gr = 0¢ Tw—tj‘

i

4.8‘8xlo_8§b(Tw2+ TEN T, + ) (5.7)

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 ¢ in

(5.7) is given by,
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i
-
|

(5.8)

g

where Ew and &P are the emissivities of the reactor

3

wall and of the decomposed shell of limestone particles,

respectively. - EPis assumed at 0.27 (13) and 5a,ié}
at 0.42 (t, = 825°C), 0.40 (t_ = 850°C) and 0.38 (t =
875°C) (14), respectively. The results of calcu-

lation are summarized in Table 5.2. o o
In addition, the correlationship between the

Reynolds number (DPG/F) and the Nusselt number (thp/kg)

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

In the calculation of these dimensionless numbers,

thermal conductivity and viscosity of air, kg and H ,v

2 kcal/m+hr-°C (15) and

were presumed at 6.16 x 10~
4.60 x 1074 poise (16), respectively. The results
are illustrated in Fig. 5.5 and the-following regres-

sion equation was obtained by the least squares method.

.516 ‘
£,D G Y
P _ pg2e | I (5.9)
&3 H
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 Flpw rate Heat transfer coefficient
bed temperaturejof air at 20°c (kcal/mz-hr-OC)

o]

(°c) (cm/sec) hC hr hw

825 1.19 102.4 49.8 52.6
1.76 117.2 49,7 67.5
2.89 127.1 L9.53 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 othér workers, It mayv“
be thought that the deviation of Eq. (5.9) from Eq.
(3.20) is mainly caused by the error in estimating ép

in Eq. (5.8). It may also be thought that this devi-
ation occurs when the heat transfer contfolling model
presumed in this work is not completely applied to thé
thermal decomposition of limestone particles in the ‘ |

1
fluidized bed. However, it is expected that Eq. (5.9)



189

lies below Eq. (3.20) when the elementary reaction
steps éther than the heat transfer afféct the overall
rate, because the overall réte of thermal decompoé{tiop
of limestone particies is reduced when the resistance
to the reaction steps other than the heat transfer;
such as the interfacialrreactibn and the mass transfer
of CO2 through the decomposed shell, can not ﬁe omittéd,
Therefore, from the facts observed in this work that
the fluidized bed temperature remains unchanged durinéff
the major part of the reaction time as shown in Fig.
5.1, that the fraction decomposed increases linearly
with time as shown in Fig. 5.2 and that the deviation
of Eg. (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 decompositién 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 1000°C (7-9).
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The temperature of the fluidized bed was chosen in this
work at 8250 to 875°C and, nevertheless, it was sug—l
gested above that the overall decomposition rate is
determined by the rate of heat transfer from the feactor
wall to the fluidized bed. This conclusion is |
somewhat different from the results obtained by Ingraham
(4) and by Hyatt, Cutler and Wadsworthv(6),

In order to'clarify the situation, the experimental
conﬁitions adopted in this work are compared with the
other works. Ingraham (4) studied the thermal
decompoeition 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 cm
thick and 1.0 to 1.5 cm wide and-long'wﬁese weight was
about 0.6 g. This crystal was placed in a platinum
screen basket and decomposed at 800° to 950°C.

Under these experimental conditions where a small
amount of calcium carEonate is decompoeed, a large
amount of heat can easily be supplied'from the sur-
roundings to the decomposing specimen. And thus
the conditions of heat transfer from the eurroundinge
to the surfaee of calcium carbonate particles is more
favorable and is thougﬁt to be somewhat different froﬁ

!
the conditions adopted in this work. :
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The rate of heat transfer from the reactor wall

to the fluidized bed is represented by,
7 =nDiLs (A, + AR )(1,-ts) (5.10)

On the other"hand, the surface area of 1imestone parti-

cles is,

i
!
\

A=NTDS - C(5.11)

where N is the number of particles present in the flu--—"

idized bed and is expressed by,

6 W

N = ——5— (5.12)
T Do fp
Inserting Eq. (5.12) into Eq. (5.11), we have,
A= —gu%r' (5.13)
PP

Consequently, the heat transfer rate per unit surface

area of limestone particles is given by the following

eguation,
2 D:LiDp B ( By + %) |
A = | t PéMP/ w r (tw__,tf) (5.14)

Under the fluidizing conditions that the flow rate of
air is 1.76 cm/sec and the bed temperature is 850°C,
(h, + h.) is obtained at 132.2 kcal/u"-hr-°C from
Table 5.2.

Inserting this value into Eq. (5.14), q/A becomes
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#cal
—j- = 13] (t,-t) (;;—%;—) (5.15)

This equation demonstrates that an amount of heat of
1.31 kcal can be supplied from the su:roundings to the
unit surface of limestone particies 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 calciﬁm carbonate which was kept at 85000
in a tube furnace of 1 in inner diameter. The flow
rate of nitrogen gas was maintained at 9O 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,

g=F (h+th)tz-1g) (5.16)

where h is the cénvective heat transfer coefficient

between the nitrogen gas and the crystal surface and
tp and tg ére the femperaturés of the furnace and of
the crystal éurface,wrespeétively. The thickness
ofvthe plate crystal of calcium carbonate used’in

: §
their work was 0.1 cm and this value is about 10 times
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larger than the diameter of liméstone particles of 60 
to 100 mesh size. And thus the resistance to heat
transfer through the outer decoméosed shell of calciumw
carbonate crystal may not be omitted. The amount
of heat transferred through the decomposed shell to

the reaction interface is represented by,

te -t »
= Fok =g (5.7

ﬁhere k is the effective thermal conductivity bf the - -—
decoﬁposed shell, tI is the temperature at the inter-
face and z is the thickness of the decompoSed shell,

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

3 - Fe ( tF - tI)
I + 2 (5.18)
At A R

Thus, the rate of heat transfer per unit interface area

within the crystal is,

2 _ _tr -1
F. | i (?.19)
At h 1S

The radiative heat transfer coefficient, hr’ in
this equation can be estimated as follows, The
amount of heat transferred by radiation is expressed

by, . A
% = F. R, (g~ tg) (5.20)
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And it can also be represented by the Stefan-Boltzmann's

law as follows,

?r'= Foeo (TH-Tg" | (5.21)

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)

¢ = g, ‘ | (5.22)

where €, is the emissivity of outer decomposed shell
of calcium carbonate crystal. From Egs. (5.20) to

(5.22), we obtain,

£ = 4.88x10 e, (TE+TEN Tp + Ts) (5.23)

The furnace temperature, TF’ was no§ given in t@eir
work. Assuming TF = TS and equating them to
(850 + 273) = 1123°K, the radiative heat transfer
coefficient, hr; is calculated at 74.7 kcal/ma-hr-OC,
where the value of €. 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);
i

- | |
AL Lup\z (CgF \3
—Z— —0.664< 7 ) (@) (5.24)

~
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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.°C by -
Satterfield and Feakes (7).

Since q/FC shown in Eq. (5.19) decreases with
increased thickness of decomposed shell, z, the miniﬁgl

value of q/Fc at z = 0.05 cm is calculated by‘using
. N }\ )

3
\

hr’ h and k estimated above and we have,

% feal \ -

This means that an amount of heat more than 71.9 kcal
is supplied from the surroundings to the unit sﬁrface
of the crystal per unit time when the temperature
difference between the furnace and the interface within
"calcium carbonate crystal is lOC. 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 froﬁ the surroundings to
the interface within the calcium carbonate specimen
and that the resistance to heat transfer may be omitfed
by comparing it with the resistance to the inteffacial
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 Wadswortn (6) found that the overall rate of
thermal decomposition of a calcilum carbonate crystal
is controlled by the rate of chemical reaction occurring
at the interface within the crystal and the rate is
proportional to the interfacial érea within the crystal.
The decomposition rate constant, of , was measured at <
2.71 x lO"3 g/min-cm2 at 850°¢C, |

With this Qalue éf decomposition rate, the time
required for the thermal decomposition of limestone
particles of 60 to 100 mésh size used in this work was
estimated, From the assumption that the reaction
rate is proportional to the interfacial area within
the particles propoéed by Hyatt, Cufler and Wadsworth
(6), the thermal decomposition rate of a limestone

particle is represented by the following equation,
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w2
9 4mnr4d - (5.26)

where r is the radius of the decomposing interface:;
In this equation, w is the weight of undecomposed
limestone within the particle at time, © , and it is

expressed by,
- 4 .3 .
W= (5.27)
From Egs. (5.26) and (5.27), we obtain,
¥ v :
—dr = —-d@ (5.28)
fp
Integration of Eq. (5.28) with the conditions of r = R

at 8 =0 and r = 0 at 6 =g, gives

64 = o R (5.29)

Inserting g = 2.71 g/cms, of = 2,71 x 1072 g/min-cm2
and R = 9.7 x 10~ ¢m into this equation, we obtain
64 = 9.8 min. |

Furnas (1), on the other hand, measuredvthé
thermal decompositicn raté of the crushed limestone
particle of 2 to 8 cm 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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Logo'= 0.003145t - 3.3085 (5.30)

where o’ 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 o« = 0.232 cm/hr.

By using this value, fhe time, ¢;, 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'pfecipitated calcium carbonate in the
air stream at 850°¢C, The rate constant, o , calcu-
lated from his data is 0.01 g/min-cm?. By using

o = 0,01 g/min-cm® in Eq. (5.29), 6 = 2.6 min is
obtained. This value of 63 is very close to that
estimated from the data obtained by Furnas and it is
somewhat shorter than that estimated from the resulté
obtaiﬁed 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, 6;, 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 2.89 cm/sec, respectively. These values of 6y
in the fluidized bed are much higher than the time

!
i

values estimated above which presumes that a small
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amount of calcium carbonate particlés are decomposed.

It can be mentioned from these investigations that this
difference in the reaction time, g , in the thermal
decomposition of liﬁestoﬁe 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 limestégé,
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 lowef feeding
rates from this equation to the straight line of Eg.
(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 0.0l 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:



- 200

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 8250, 850° and 875°C.
Becauée 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 incréases rapidlyrat 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
at higher feeding rates.

The density of limestone particles is 2.71 g/cm3
(17) and the density of the decomposed producf was
measured at 2.04 g/cms. And it is thought that thé'
- segregation of particles at the upper part of the flu-
'idized bed which was observed in Fig. 5.6 is partly-
caused by the density difference between limestone
particles and its decomposed product, In addiiion,

the formation of finer particles caused by the thermal
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decomposition may also be another reason for the segré—
gation, Tﬁe reciprocal feeding réte, l/F,‘illuf— |
trated in'Figs. 5.6 and 5,7 are about 5.5 and 2,0
hr/kg, respectively. It is seen in Fig. 5.4 that

X at 1/F = 5.5 is near the straight lines of Eq. (4.22)
which assumes the upward éiston floﬁ of particles in /
the fluidized bed. From this, it can be séid_that‘
the mean fraction of decomposed limestone in the over-
fiow 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 Eq. (4.22) at 1/F = 2,0 and it
is difficult from this figure to judge 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 pyriﬁe particles,
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on the other hand, it was mentioned that the mean
fraction of decdmposed 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 limestoné particles and
pyrite particles. Further inspection is made,
therefore, on the segregation of particlgs in the upper -
part of fluidized bed,

| Urabe et al. (19) measured the particles size
distribution of fluidized particles in vertical
direction in tﬁe fluidized bed, They found that

the particles are completely mixed within the bulk of
bed and that the segregation duevto the difference in
particle size was observed at the bed surface where the
particle concentration is Iower° 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 flﬁidized bed;’
On the other hand, Fukuda (24) fluidized the
mixture of giass beads and alumina barticles whose

density are 2.5 and 4.0 g/cm3

respectively and measufedﬂ
the vertical distribution of the fraction of glumina |
“particles. It was found that both of thesé 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 2.5 and 8.8 g/cms, 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 diffefence of particle size and to the
difference of density, although the bulk of the fluid-

ized bed is regarded as uniform,
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It was mentioned in Figs. 4.11 and 4.12 which
concerns the thermal decomposition of pyrite particles
that the fraction decomposed remains almoét 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,

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 1imestoﬁe 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 fluidized bed. This was illustrated in Fig, 5.7,
where it was revealed that any segregation of particles
at the level of fhe 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 of limestone
particles, the flow rate of air, u, was fixed at 2.89
cm/sec which was measured at 20°C. The flow rate
“at the fluidized bed temperature, u*, can be calcu-

lated by,
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¥* ff+2'73

= Ux — . ( o}l) .
u x 543 5

And results are illustrated in Table 5.3. The ™

minimum fluidization velocity at the fluidized bed
temperature was calculated by the following equation
(18).

_ (Dpte) B~ P g £t
= 5o T p I~

(5.32)

In this calculation of u ., ¢Pand Epp Were presumed at
0.63 (19) and 0.5 (20), respectively, u , calcu-
lated by Eq. (5.32) was also listed in the same table,

And the ratio of u*/u_. is found to be 8.14 to 8.78.

Table 5.3 Flow rate of air

Initial bed
u e - ou* u*
temperature m u e
(°c) (cn/sec) (cm/sec)- (=)
825 1'35 10083 8014
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, £, 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 M 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. (19) fluidized the-
sand ﬁarticles of wide size distribution of 20 to 1000
p and fqund a similar particle concentration perile;
particle concentratipn decreases rather abruptly across
the surface of the fluidized bed‘at lower flow rateé

i

of gas and it decreases continuously at higher flow
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rate, 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 thé'
density and the size or composed of the particles whdse,/
density and size are not uniform because of the thermél
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 particleé.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 tﬁe fluidized bed sinks and the
particle concentration at the level of the overflow

pipe becomes dilute because of the lower overflow rate
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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 of
particles in the overflow at lower feeding rates shown
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 hénd,
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 ié 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 thé
fluidized particles. Because of the abrupt change
of particle concentration across the bed surface, the
variation of bed height caused by the change of feediné
rate of pyrite particles is minor. This is demon-
strated in Fig. 5.9 (c¢) schematically. The segre-
gation.of the decomposed pyrite bccurslat 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

3

decomposed product was 2,0 g/cm” which is larger than
the density difference of 0,7 g/cm5 observed between
limestone particles and their deébmposed 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 éensify

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 decompoéed pyrite in the overflow
deviates because of this'segregation of decomposed
pyrite from Eq. (4.19) whose assumption is the complete
mixing of particles Qithin the fluidized bed. _ It
approaches to the straight lines of Eq. (4.22) which
assumes the'upward piston flow of particles in the
fluidized bed, When the feeding fate of pyrite

particles becomes lower, however, 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,

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 L the particle
concentration.decreases rather abruptly across thef\
surface of the fluidized bed and the bed surface is '
,always lbcated just beléw the level of the overflow
pipe. The segregation 6f‘decompoéed pyrite
occurs at this surface, At higher feeding';ates
of pyrite particies, the difference of the fraction

decomposed between the bulk and the bed surface
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becomes larger. Under these circumstances, the
mean fraction of decomposed pyrite in the overflow
deviates from the calculated value which assumes thé
'complete mixing of particles and it approaches to
the value'calculated 6n-the assumption of the upward
piston flow of particles through the fluidized bed,
At lower feeding rateé of pyrite particles, on thef
other hand,-this deviation becomés minor bépahse

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 aif was kept at about 8.5
times larger than Wope - 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 ¢f decomposed limestone in

the overflow deviates from the calculated value _ h

which assumes complete mixing of particles in thé

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 5verflow
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 inbthe bed is affected by these factors even

at a constant feeding rate of mineral particles,

5.5 Sumnmary

The thermal decomposition rate of limestone parti-
cles of 60 to 100 mesh size was studied in a. fluidized
bed. The bed tempefature was kept,ét 8250,’8509
and 875°C. The decompdSition was carried out in
a batch process and in a continuous process.

From the batch process experiment, it was found



217

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 tranéfer from‘the reactor wall to the fluidized
bed., »

The overall heat transfer coefficient, h , was
estimated from the rate constant. And the radiative
heat transfer coefficient, hr’ was calculated by usingf”“
the Stefan~Boltzmann's law, The film coefficient
of heat transfer between the reactor wall and the flu-
idized bed, hw’ was obtained by subtracting hr from hc.
Any significant @ifference 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 825°
875°¢C, And these results seem to be somewhat
differént from those obtained by the previous workefs.

- In the thermogravimetric analysis, for example, the&
measured the'thermal decomposition rate of a small

amount of limestone particles placed in a furnace at
a temperature below 900°¢ 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 rafe of heat transfef from the surroundings to the’
reaction interface within limestpne 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, 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, B

On the continuous process, Two rate equations of/
Egs. (4.19) and (4.22) were examined which were derived
in Chapter L, on the assumption of complete mixing of
lparticles and of upward piston flow of particles in thé
fluidized bed, respectively. The mean fractiom of
decomposed limestone in the overflow satisfies Eg.
(4.19) at higher feeding rates. At ldwér feeding
rates of limestone particles, on the other hand; the
mean fraction of decomposed limestone deviatesifrom

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. (4.22). This correlation-
ship between the feéding rate and the behavior ofy/‘
fluidized particles seems to be somewhat different from
thét observed in the thermal decomposition of pyrite
particles described in Chapter'q;

In the thermal decomposition of 1imestone particieé,
the ratio of the flow fate of air to.that of minimum
fluidization is 8.14 to 8.78. At this flow‘rate of .
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, thereforg; 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 occuré in the overflow from the fluidiied bed.
This may be the reasonAwhy 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 de;omposition of pyrite particleéi
on the other hand; the ratié 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 differénce'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'pyfite between the Eulk and the surfacen\

of the bed is so trivial.

Notation in Chapter 5

h : overall heat transfer coefficient (kcal/mz-hr-oc)
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radiative heat transfer coefficient (kcal/mzvhr-oc)

film coefficient of heat transfer - (kcal/m2~hr-°C)

thermal conductivity of air

heat transfer‘rate from reactor

wall to fluidized bed

rate of heat transfer'by‘radiation
from reactor wall to fluidized bed
bed temperature

temperature of reactor wall

linear velocity of air

alr velocity at minimum fluidization
fraction decomposed

fraction decomposed at the final stage
in batch process experiment»

particle diameter I

inner diameter of fluidizétion tube
feeding rate of limestone

héat transfer area .

surface area through which heat is
transferred by radiétion

surface area thrbugh which heat is
transferrea by conduction

mass velocity of air

height of fluidized bed

‘: Nusselt number

(xcal/m.hr.°C)

(kcal/hr)

(kcal/hr)
(°c)
°c)

(m/hr)
(m/hr)
(=)

(-)
(m)
(m)

(kg/n> hr)
(m)
(-)
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Re : Reynolds number _ (=)
Tf : absolute temperature of fluidized bed (°k)
TW : absolute temperature of reactor wall (°k)
X : mean fraction of decomposed limestone in

the overflow ' (=)
€ : void fraction ; (=)
€ns ¢ void fraction at minimum fluidization (=)
& emissibity of the decomposed layer of *

limestone particle (=)
€, : emissibity of reactor wall (-)
6 : time . (hr)
p ¢ viscosity of air A (kg/m-hr)
f% ¢ density of air (kg/mB)
G ¢ density of limestone particles (kg/mB)
¢P : shape factor of limestone particles - (=)
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CHAPTER 6 SUMMARY AND CONCLUSION

It was intended in this work to studynthe 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 theée materials is suppliéd
to the bed through\the reactor wall, the heat transfer
rate between the reactor wall and the fluidized parti-
cles plays an important role. Moreover, this rate
of heat transfer is affected by the varioué fluidiza-
tion characteristics. And prior to the thermél
decomposition study of pyrite and limestone particles;
the fluidization characteriétics 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, p, and the vari-
ance, qf, were measured by using a capacitance probe.
In addition, the frequency, f, the vertical thickness,
¥, and the rise veldcity,rub, of bubbles in the fluid-
ized bed were measured from the traces on the bscillo—

grams of output signal of the probe. The peak and
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valley heights of the traces on the oscillograms, CL'
and Cy, were also measured, which can be_used_as the
measures represénting thé particle concentration in
bubble and dense phasés, respectively. These fluid-
ization chafacteristics were interrelated with M. and
o .

In the bulk of the fluidized bed, M. remains at
a constant value of H.n and the latter»decreaées linear-
ly with increasing excessive gas velocity above the
minimum fluidization. On the other hand, of 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. qf was interrelated with y,
£, uy, CL’ and CU and Eq. (2.12) was derived. From
statistical test on this regression eguation, of was
found to be a measure representing the nonuniformity
in a fluidized bed in terms of particle concentration

difference between bubble and dense phases. 52,

mean of qf in the upper portion of the fluidized bed,
is mainly affected by the gas velocity and the bed
height 1s 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
bubbles 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 500° to 800°C. Quartz and fused
alumina particles were used as the fluidized materials.
The overall heat transfer coefficient, hc’ 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 bf
heat transfer, hw, was obtained by subtracting hr from
hc‘ hW increases with gas velocity. The differ-
ence in the value of hW due to the kind of fluidized
particles and to the bed temperature were scarcely
found. | |
Measured hw were conmpared with those of the previf
ous workers measured at lower temperatures where radia-
tive heat trénsfer can be omitted. This comparison
reveals that the film coefficient of heat transfer
obtained in this ﬁork coincides fairly well with those
obtained at lower temperaﬁures. 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_characﬁeristics obtained in Chapter 2.
From the inspection of the correlationship between them,
it was revealed that &ﬁ,is not necessarily a useful'
measure of fluidization characteristics to represent
the heat transfer coefficient and that hw increases Q;th’
vertical thickness of bubbles ascending thrdugh the bed.
Because both the vertical thickness and the rise velocity
of bubbles increase with'gas velocity, it was Concludeaﬁwn
that hW increases with gas velocity because of'intensi~
fied particle circulation caused by the ascending
-bubbles. Finally, h 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 pafticles in the fluidized
bed were studied. Their particle size was 60 to 100
mesh and the bed temperature was chosen at 650o to ?50°C
for pyrite and at 825° to 875°C for limestone. - The
experimental works were composed of the batch process
experiment énd 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 ofAboth
pyrite and limestone ﬁarticles were found to satiéfy
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 ofrfluidized
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 825°% to 875°C was found in this
work to be determined by the rate of heat transfer B
from the reactor wall to the fluidized bed. It wasﬂ
-foupd by the previous workers, on the other hand, that
the overall decomposition rate of limestone particles
is determined by the interfacial reaction rate at\é'
temperature below 900°C. They studied the rate 6f
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 pérticles. 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 fhe reactor wall and then it is transferred
agaip into the bulk of fluidized bed ﬁainly by the
ci;culating movement of the particles. And thus,
only the particlés in the vicinity of the reaéﬁor wall
can be directly supplied with the heat from the reactor
wall and the heét'transfer raté per unit surface area
of the particles becomes lower. This is the reason
why the overall reaction raﬁe is controlled even at
these temperatures by the heat transfer rate into the
fluidized bed.

For the pontinuous process, two rate equations of
Egs. (4.19) and (4.22) were derived on the assumption
of the complete mixing and tﬁe upward piston flow of
particles, respectively. In the thermal decomposi-
tion of pyrite particles, it was found that the mean
fraction of decomvosed pyrite in the overflow satisfies
Eq. (4.22) at higher feeding rates and it approaches
to BEq. (4.19) when the feeding rate of pyrite particles
becomes lower; In the thermal decomposition of
limestonevparticles, 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 décomposed 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 po§sib1e seéregation
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 1t increases
abruptly at the surface of the fluidized bed because
of the densitj difference between the feed particles
and their decomposed product. Formation of finer‘
particles caused by thermal decomposition may be another
possible reason. )

In thé thermal decomposition experiment of lime-
stone particles, the ratio of the flow rate of air to
the minimum fluidization velocity was kept’ét 8.5.

At this flow rate of air, the particle concentration
decreases continpously across the surface of the fluid-
ized bed. And at higher feeding rates of limestone

particles, the height of the fluidized bed is elevated
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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 tﬁ;
mean fraction of deéomposed limestone in the overflow
satisfies Eq. (4.19). At lower feeding rates, on
the other hand, the‘height of the fluidized bed sinké;
and the surface of the fluidized bed is located below
the overflow pipe where the particle conceﬁtrétion is
fairly dilute aﬁd the segregation was observed in théu 
overflow. It can be understood from this inspegtion
that the mean fraction of decomposed limestone in tﬁe
overflow deviates from Eq. (4.19) at lower feeding rates
and it approaches to Egq. (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 differeﬁce of the 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, Eq. (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 éarti—
cles and their decomvosed products can occur at the
surface of the fluidized bed, though the particles are
completely mixed with each other inrthe 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 mineral 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.



