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AMLOG SOLUTION OF A MODEL OF 
THE SOURCES OF ELUTRIATABLE FINES IN 
THE FLUIDIZED BED CALCINATION PROCESS 

Earl S. Grimmett 

ABSTRACT 

A model is proposed vhich depicts the sources of elutriatable fines 
in the fluidized bed calcination process as being in two major groups, 
spray drying mechanisms and attrition mechanisms. Based on this model, 
equations are derived which express the rate of change of the concen
tration of a chemical tracer material in the elutriated fines, follow
ing introduction of the tracer into the feed and following its removal 
from the feed. This syston has been simulated OB an analog computer, and 
by matching the computer simulation to results from an actual calciner 
run, the rates of generation of fines by each of the two groups of 
mechanisms has been determined; the same technique results in an estimate 
of the amount of these fines remaining in the fluidized bed. Agreement 
between postulated results and results of actual experimental tests 
lends credence to the usefulness of this analytical technique. 
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I. SUMMARY 

A model depicting the sources of elutriatable fines in the fluidized 
bed calcination process has been devised. This model is based on the 
observation that two distinct types of particles are found in the fines 
removed from the off-gas by the primary cyclone. The assumption is made 
that one of these types of fine particles is formed when feed droplets 
produced by the feed atomizing nozzle fail to adhere to bed particles 
and became spray dried. The other type of fine particles is assimied 
to consist of the small fragments which are broken from bed particles 
as a result of collisions between the particles in the bed and of other 
similar attrition mechanisms. 

Based on the devised model, equations are derived which relate the 
rate of buildup of concentration of a chemical tracer in the elutriated 
fines following introduction of the tracer into the feed stream. The 
rate of decrease of the concentration of the chemical tracer in the 
elutriated fines after the tracer is removed from the feed is also 
expressed mathematically. 

This system has been simulated by solving on an analog computer the 
differential equations which describe the system; the results appear 
as a plot of the concentration of the tracer in the elutriated fines 
versus time. By matching a computer-simulated curve to a similar curve 
plotted from data obtained during an actual chemical tracer run, values 
can be determined for such important system constants as the rates at 
which elutriatable fines are formed by each of the two groups of mech
anisms and the weight of elutriatable fines present in the fluidized bed. 

The model was tested by conducting tracer experiments during four 
periods of actual operation in a two-foot-square pilot-plant calciner. 
During these runs, feed (or water) and air were introduced into the 
calciner through one or both of two identical feed atomizing nozzles. 
Feed conditions were adjusted so that spray dried fines should be 
produced in the rate ratios of 2:1:1:1 for the fo\ir test periods. The 
rate of production of fines by attrition mechanisms was varied markedly 
from test to test. Computer analysis of the data (based on the analysis 
of the fines collected in the primary cyclone) indicated that spray dried 
fines were produced at rate ratios of 2.00:0.82:1.20:1.02 for the four 
test periods. Thus, good agreonent was obtained between the computer 
determined values and the predicted values. The weight of elutriatable 
fines present in the bed ranged from 400 to 1000 grams, and the produc-
idaa rate ratios of the fines generated by spray drying processes to 
those generated by attrition processes ranged from 0.23 to l.^k. 

Using the same method, an attempt to analyze the fines collected in 
the scrub solution during these same test periods resulted in data which 
failed to give the expected rate ratios, thus casting some doubt on the 
validity of the model. However, scatter in the experimental data used 
in this analysis may have precluded successful application of the model 
in this case. 
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II. INTRODUCTION 

For several years an extensive research and development program 
has been pursued at the Idaho Chemical Processing Plant to convert 
highly radioactive alimilnum nitrate wastes into granular solids by the 
fluidized bed calcination process.'1^2,3,4) Briefly, this process 
consists of introducing a solution of metallic salts into a heated 
bed of fluidized particles; water vapor and gaseous decomposition 
products leave the bed with the fluidizing gas, and the metal oxides 
deposit layerwise on the bed particles. 

In operating any fluidized bed, a certain amount of the smaller 
peurticles are elutriated from the bed and entrained in the off-gas. 
In the waste calcination process, considerable attention is focused on 
the removal from the off-gas stream of these elutriated particles because 
they are highly radioactive when the process is used for actual waste 
solutions. 

Other things being equal, an effective method for reducing the amount 
of particles entrained in the off-gas is to reduce the rate at which they 
are formed in the bed. To do this, one must first determine the various 
mechanisms by which fines are generated in the system, and then determine 
the rates at which fines are generated by each mechsinlsm at various 
calciner operating conditions. Presumably the calcination process can 
then be controlled so that the rate of generation of elutriatable fines 
is minimized. 

This report describes a simplified model of the mechanisms of fines 
generation encountered in the fluidized bed waste calcination process. 
Elutriatable fines, including those particles ejected from the surface 
of the bed which reach the off-gas stream, are ass\mied to be generated 
by only two groups of mechanisms — spray drying of feed droplets and 
attrition of bed particles. The model is represented mathematically 
by two differential equations whose solutions can be simulated on an 
analog computer. By adjusting the potentiometer settings on the 
computer, the results of an experimental run can be approximated closely. 
From these potentiometer settings such important quantities can be 
determined as the rates of generation of fines due both to attrition 
processes and to spray drying processes, and the amount of elutriatable 
fines present in the bed. 

The validity of this model is demonstrated by the results obtained 
in analyzing the data from four experimental tests made in a two-foot-
square calciner.V5/ These runs were designed so that the proposed model 
could be rigorously checked. 
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III. MODEL OF FINES GENERATING SYSTEM IN 
THE FLUIDIZED BED CALCINATION PROCESS 

Microscopic examination of the fines collected in the primary cyclone, 
through which the fines laden off-gas first passes after leaving the 
fluidizing vessel, indicates that two distinct types of fines are present. 
One type appears to be fragments and chips broken away from particles 
in the bed. The other type appears to be clumps of crystallized feed 
material; many of the clumps have hollow centers and other characteristics 
of spray dried particles. Bo-fch types of particles are evident 
in the photomicrograph of fines coxlected in the cyclone. Figure 1. 

To conform to the pictorial evidence, the model assumes that 
elutriatable fines are of two types and that each type is generated by 
a different kind of mechanism. Feed is introduced into the fluidized 
bed through pneumatic atomizing nozzles. These nozzles produce feed 
droplets whose sizes range from approximately 5 to I50 microns. Some 
of the smaller droplets became spray dried, and as such will not adhere 
to the particles in the bed but will be elutriated eventually into the 
off-gas stream. This type is termed spray-generated fines and includes 
all particles which fail to adhere permanently to bed particles. 

Fig. 1 Photomicrograph of cyclone bottom fines showing two distinct 
types of pajrticles(50X). 

3 



The second type of fines is termed attrition-generated fines. These 
fines are the chips and fragments broken from peirticles as a result of 
the continual collisions between the numerous and highly mobile particles 
in the bed and by other similar processes. The rate at which these chips 
and fragments are formed is a complex function of particle properties, 
particle size, fluidizing gas velocity, feed nozzle air atomizing velocity, 
and undoubtedly many other factors. 

The rate at which fines of a given>size are elutriated from sufluld-
ized bed will now be,examined. Leva, Osberg and Charlesworth,^'' and 
Wen and Hashinger,^ ' studied the rate of elutriation of particles from 
fluidized beds of mixed particle sizes. These investigators concluded 
that for a given particle density and size, and at a particular fluidizing 
velocity, the rate of elutriation of particles was proportional to the 
concentration of particles in the bed. This indicates a first-order 
process, a factor basic to the model developed in the study reported 
herein. 

The elutriation rate will now be related to other rate processes 
taking place in the fluidized bed calcination process at a steady state 
in which the rate of elutriation of the fines is equal to the rate of 
generation of fines in the bed. Further, in accordance with the first-
order process described earlier, there must be in the bed a constant 
inventory of elutriatable fines (those fines of such a size and density 
that they will eventually be elutriated from the bed at the given 
operating conditions). This simplified model is illustrated in Figure 2. 

ATTRITION-GENERATED 
FINES, A 

ATOMIZING AIR • 

THERMAL SHOCK > 

FLUIDIZING GAS *• 

CPP-S-2995 

Fig. 2 Diagram illustrating the relationship of the two major 
fines generation mechanisms. 

ELUTRIATED FINES, E 

1 
SPRAY-
GENERATED • 
FINES, S 

ELUTRIATABLE FINES 
IN THE 

FLUIDIZED BED, F 

S + A = E 
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A method for determining the rate of generation of elutriatable fines 
for each of the two mechanisms will now be developed. Assume that a 
calciner is operating at steady state, and that a chemical "tracer" is 
suddenly introduced into the feed. Spray-generated fines containing the 
tracer will appear almost Immediately in the elutriatable fines inventory. 
These fines will have the same tracer concentration a^ the feed material, 
and this concentration will remain constant as long as the tracer remains 
in the feed. 

Traced feed droplets which are not spray dried will impinge on 
and adhere to the bed particles. At the same time, because of attrition, 
chips and fragments will break away from the particles and enter the 
elutriatable fines inventory. Initially these chips and fragments will 
contain very little of the tracer material. However, as time goes by, 
the layer of solids containing the tracer will constitute a larger portion 
of each particle in the bed, and the tracer concentration in the fines 
generated from these particles will increase. Eventually the layer of 
traced material around the particles will be so deep that the chips 
and fragments will have a tracer concentration approaching that of the 
feed. This process is illustrated in Fig\ire 3- When the tracer is 
removed from the feed, the reverse process takes place. 

TIME I TIME 2 TIME 3 

o 
VERY LITTLE TRACER CONSIDERABLE TRACER MAXIMUM AMOUNT OF 
IN FRAGMENT IN FRAGMENT TRACER IN FRAGMENT 

DARKENED AREA REPRESENTS THE CALCINED TRACER-CONTAINING FEED. 

CPP-S-2996 

Fig. 3 Illustration of how the tracer concentration in the 
attrition fragments increases with time after the 
introduction of tracer into the feed. 
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As fines from both sources enter the elutriatable fines inventory, 
the concentration of the tracer in the inventory will increase. If 
the predominant amount of fines eoaes from spray generation sources, the 
tracer concentration in the fines inventory will increase rapidly at 
first and then tend toward the feed concentration at a rate which is 
characteristic of the attrition-generated fines. On the other hand, 
if the predominant amount of elutriatable fines comeB from attrition-
generation mechanisms, an initially small but rapid increase in the tracer 
concentration will be noted, followed by a rate of increase characteristic 
of the attrition-generated fines. 

Before the events which have Just been described can be stated mathe
matically, some additional assumptions must be made. Assume that the 
rate at which fines enter the inventory from both sources is a net rate, 
or the difference between the actual generation rate and the rate at 
which the fines act as nuclei* for new growing particles. Assume also 
that the elutriatable fines inventory behaves like a perfectly mixed 
system, so that the tracer concentration in the elutriated fines is 
asstmied to be exactly the same as that in the elutriatable fines inventory. 

At steady state, and at any time, t, after the tracer has been intro
duced into the feed, the tracer material balance around the elutriatable 
fines inventory can be expressed mathematically as: 

FdX 
- ^ = AX + SX 
dt a s 

or 
dX AX SX 
e a s 

dt ~ F "*• F 

where: 

A = rate at which attrition-generated fines enter the fines 
inventory 

E = rate at which fines are elutriated from the bed 

F = weight of elutriatable fines inventory 

S = rate at which spray-generated fines enter the fines inventory 

X = concentration of tracer in attrition-generated fines 
a 

* In order for stable conditions to exist in the bed, new particles 
must be generated or introduced into the bed at the same rate as that 
at which particles are romoved from the bed as product. These particles 
act as nuclei, and it is upon these particles that initial particle growth 
in the bed occurs. 

- EX 
e 

(1) 

EX 
e 
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X = concentration of tracer in fines inventory = concentration of 
tracer in fines elutriated from bed 

X = concentration of tracer in spray-generated fines (calculated 
from concentration of tracer in feed) 

A total material balance around the elutriatable fines inventory is 
expressed as follows: 

S + A = E (2) 

A third equation can be written. As noted earlier, the concentration 
of the tracer in the attrition-generated fines, X , increases with time 
until it reaches its maximvim possible value, X . This suggests that 
the relationship between time and the tracer concentration can be expressed, 
in the simplest form, by an exponential fimction such as: 

dX T 

-^ =h> (X - X ) dt '^ ^ s a.^ 
(5) 

•Which contains only one constant, ' . 

When the tracer is removed from the feed the events just described 
proceed in essentially the reverse order. In this case, the second 
term on the right hand side of Equation (l) is zero, as is the value of 
Xg in Equation (3). Equation (2) remains unchanged. Thus two additional 
differential equations describe the decay portion of a tracer experiment: 

dX AX EX 
a 

dt 

dX a 

= F 
a 

X 
a 

dt 

(M 

(5) 

Equations (l), (2), and (3) can be combined and solved to give the 
tracer concentration Xg, in the elutriated fines at any time after the 
tracer has been introduced into the feed stream. The following equation 
gives this relationship: 

Et 

Xp = A. ( l - e ^ ) - (6) 
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Similarly, Equations (k-) and (5) can be combined and solved to give this 
same relationship for the period after the tracer has been removed from 
the feed, or 

Et / .Et _±\ 

(-f) 
The quantities Xgĵ  and Xa^ are, respectively, the tracer concentration 
in the elutriated fines at the moment the tracer is removed from the 
feed, and the tracer concentration in the attrition-generated fines 
at the moment the tracer is removed from the feed. 

In addition to time, the right hand side of Equation (6) contains 
four other factors; these factors are constant for any given set of 
calciner operating conditions after steady-state is reached. Of 
these four factors, only one, the elutriation rate, E, can be directly 
determined during a tracer experiment. During the experiment the value 
of Xg can be determined analytically at any time. This leaves three 
\inknown constants which can be determined by a lengthy and Impractical 
trial-and-error calcvilatlon procedure. 

These constants can be determined in a more satisfactory manner 
by using analog computer techniques and by using the original differential 
equations which describe the fines generating model. While a trial-
and-error solution is still required, it is shown in the next section 
of this report that the analog computer method of determining these 
constants is neither difficult nor particularly time consuming. 

8 
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rV. ANALOG COMPUTER SIMDLATION OF MODEL 

Assume that a chemlceil tracer experiment, such as described pre
viously, is conducted during a calcination run. The fines elutriation 
rate, E, is determined during the experiment; the concentration of 
the tracer chemical In the elutriated fines, Xg, is determined periodi
cally after the tracer has been introduced to the feed, and also after 
the tracer has been removed from the feed. Xg, the concentration of 
the tracer in the spray generated fines, can be calculated from chemical 
analysis of the feed. 

Chemical analysis of the fines elutriated during a tracer experi
ment gives the information required to plot an experimental curve showing 
the relationship between Xg and time. A solution to the differential 
equations describing the fines generating model can be simulated on an 
analog computer; this solution is expressed in the fonn of a plot of 
Xg versus time. Since the desired unknown constants in the equations 
are represented by potentiometer settings in the computer simulation, 
it is a relatively easy task to match the computer-generated Xg = f(t) 
plot to the experimentally determined Xg = f(t) plot by a trial-and-
error adjustment of the computer potentiometers. The values set into 
the potentiometers can be converted at once to the sought values of 
the constants. A, S, F, andT. 

Figure h shows the wiring diagram used in this study to simulate 
the proposed fines generating model. The problem was time scaled so 
that 50 seconds of real time equaled one second of machine time; the 
scale factor was such that the output voltage equaled 0.^ Xg. Time-
triggered relays were used in the 100-volt input circuits so that 
the introduction and removal of the tracer from the feed could be 
simulated. 
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Fig. k Analog computer wiring diagram for the solution of the 
differential equations describing the fines generating 
model. 
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V. EXPERIMENTAL TESTS AJH) RESULTS 

The proposed model and computer solution technique were first tested 
with data on fines elutriation collected incidental to previous calciner 
runs. A good match was obtained between the synthesized computer plots 
and the experimentally obtained plots of Xg = f(t). In addition, it 
was shown that these curves could be duplicated only with a unique 
combination of computer potentiometer settings. This conclusion can 
also be verified by means of Equations (6) and (T)* if one examines 
the combinations of values possible for the ratio ̂  , and for A. Because 
of the encouraging restilts obtained in preliminary tests of this technique, 
a more so-DMsticated test was planned in the two-foot-square pilot plant 
calciner^''' employing four separate test periods; the operating conditions 
were adjusted so that the rate of production of spray-generated fines 
in each period wo\ild be equal to, or a multiple of, that from the other 
periods. (This condition was based on the assumption that if the operating 
conditions at one feed nozzle remain constant, changes in the operating 
conditions at a second feed nozzle will not affect the rate of production 
of spray-generated fines by the first nozzle.) Factors affecting the 
production of attrition-generated fines, however, were deliberately 
varied widely throughout the four periods of the run. 

The equipment used in these tests ^described in Run 35) is described 
in detail by Brown, Legler, and LakeyCT). Of Immediate interest, however, 
is the fact that feed could be introduced into the calciner through 
either, or both, of two identical pneumatic atomizing nozzles. Cyclone 
fines were collected in a container attached to the bottom of the primary 
cyclone. The calciner feed system was arranged so that feed could be 
withdrawn from either of two feed tanks. One tank contained regular 
feed, and the other tank contained regular feed in which a chemical 
tracer was mixed. 

During the fovir periods of the run certain calciner operating 
variables were maintained constant at the values summarized in Tkble I. 

Regular feed was used dioring the initial part of each test period, 
until steady state operating conditions were approached closely. At 
this time the chemical-traced feed was introduced into the feed system; 
the exact time the traced feed entered the calciner was determined from 
previous calibration tests. At the end of nearly six hotirs, regular 
feed was suddenly re-introduced into the feed system. (The first 
nearly six-hour part of each period, with a tracer in the feed, will 
be called the tracer buildup period; the second approximately six-hour 
part of each period, without tracer in the feed, will be called the 
tracer decay period.) 

Four different chemical tracers were used during this test, one 
for each of the four test periods. The nitrate salts of iron, chromium, 
nickel, and copper were chosen because of their solubility in the feed 
mixtiire and the relative ease with which they can be analyzed in the 
various calciner feed and effluent streams. The tracer concentrations 
used in the feed are summarized in Table II. These concentrations 
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are the average of three feed samples taken during the tracer buildup 
periods, one near the beginning, one half-way through, and one near 
the end of each period. 

TABLE I 

CALCINER OPERATING CONDITIONS COMMON TO 
THE FOUR TEST PERIODS 

Bed Temperature, °C 
Superficial Fluidizing Velocity, 

Ft/sec(*) 
Feed Nozzle Caps 
Regulstr Feed Composition: 

Aluminum nitrate, M 
Nitric acid, M 
Sodium nitrate, M 
Boric acid, M 

ifOO 

1.0 
2 Type 3^7 S/S Flat-faced 

1.29 
2.3^ 
0.078 
0.01 

* The superficial fluidizing velocity is the linear velocity that 
would be obtained by the fluidizing gas in the empty vessel at the 
operating temperature and vapor space pressure. 

TABLE II 

TRACER COMPONENT AND CONCENTRATION IN THE FEED 
FOR THE FOUR TEST PERIODS 

Tracer Component 

Iron Nitrate 

Nickel Nitrate 

Chromium Nitrate 

Copper Nitrate 

Tracer Concentration in Feed, M 

0.119 

O.lJ+2 

0.173 

0.li^9 
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Cyclone fines were sampled d-uring each of the test periods at 3, 6, 
9, 12, 15, 20, 30, 60, 100, 150, 200, 250, 300, and 350 minutes after 
the traced feed first entered the calciner. At the 350-minute mark 
the feed was switched suddenly to the tank containing no tracer, and 
samples of the cyclone fines were again taken at the same time intervals 
as before. When a significant length of time (lO minutes or over) elapsed 
between sampling times, the sample was collected over a 5-™inute interval 
following the designated sampling time; otherwise, the sample was taken 
from the entire batch of material collected between successive samples. 

Cyclone fines were analyzed for their tracer content, and the results 
from each test period were plotted as percentages of the maximum possible 
tracer concentration versus time. These plots were made on l6 in. by 
11 in. graph paper which fit the computer X-Y plotter. Values for the 
constants, F, S, A, andy, were adjusted into the computer until the 
simulated X = f(t) ciirves matched, as well as possible, experimental 
data points for each of the test periods. The computer potentiometer 
settings were then read directly and yielded the sought values 
for the constants. The experimental data points together wixh computer-
simulated X = f(t) ciirves for each test period are shown in Figures 
5, 6, 7^ and 8. Table III s-ummarizes the calciner operating conditions 
unique to each of the test periods, and also the computer determined 
values of the constants for each of the test periods. 

TABLE III 

SUMMARY OF CALCINER OPERATING CONDITIONS 
UNIQUE TO EACH TEST PERIOD AND ANALOG COMPUTER RESULTS 

Fluid 
Nozzle A Rate, l/hr 

NAR* 

Fluid 
Nozzle B Rate, l/hr 

NAR* 

S, spray-generated fines production rate, g/min 

A, attrition-generated fines production rate, g/min 
F, fines inventory in ted, g 
E, fines elutriation rate, g/min 
*̂ , min 
Bed weight, kg 

Fe 

Feed 
50 

ItOO 

Feed 
50 

itOO 

10. 
5. 
6. 

600 
16. 

?«0 
365 

0 
0 
5 

5 

(total) 
(per no 2 

Tracer 

Ni 

Feed 
50 

1̂ 00 

None 
0 
0 

;zle) It.l 
k.2 

l)-00 

8.5 
10,000 

360 

Period 

Cr 

Feed 
50 

ll-OO 

Water 
100 
l)-00 

6.0 
26.2 

1000 
52.2 

3330 
300 

Cu 

Feed 

50 
4oo 

Water 
50 
450 

5.1 
6.8 

500 
19.0 

2630 

305 

0.0275 0.0207 0.0322 0.0238 

* Feed nozzle air-to-feed volume ratio, where the air volume is determined 
at the metered temperature and pressure. 
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Fig. 5 Comparison of experimental data points with computer-
generated plot of Xg = f(t) for the iron-traced test period. 
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Fig. 6 Comparison of experimental data points with computer-
generated plot of Xg = f(t) for the nickel-traced test period. 
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VI. DISCUSSION 

The ccmputer-generated curves, based on the proposed calciner 
fines generating model, were made to agree closely with the data points 
obtained during actual calcination tests; while generating these curves, 
values of the constants A, S, F, and 7^ were obtained. That these 
values are reasonable and non-ambiguous, will now be shown. 

Recall that the four experimental test periods were designed so 
that equal or multiple quantities of spray-generated fines would be 
produced during the experimental run. An inspection of Table III shows 
that the conditions for Nozzle A remained the same throughout all four 
test periods; that is, feed was introduced at a rate of 50 liters per 
hour at an NAR of ^ 0 . During the iron-traced period, conditions main
tained at Nozzle B were identical with those at Nozzle A. No feed, water, 
or air was used in Nozzle B during the nickel-traced period. During the 
chromium-traced period the feed to Nozzle B was water at 100 liters per 
hour at an NAR of ̂ KJO. During the copper-traced period the feed to 
Nozzle B was water at 50 liters per hour at an NAR of ̂ 50. (An NAR of 
^00 was specified but it was inadvertently set at ̂ 50.) Thus the rates 
of production of spray generated fines for the four test periods sho\ild 
have been in the ratios 2:1:1:1 if the operation of one nozzle did not 
affect the performance of the other. The computer results indicate that 
these ratios were 2.00:0.82:1.20:1.02, ratios not too different from 
the expected values. 

An inspection of Table III shows that the rate of production of 
attrition-generated fines for each of the four test periods also followed 
an expected pattern. For instance, the smallest rate of production of 
attrition-generated fines should be expected during the nickel-traced 
period when only one feed nozzle was being used. This was the case. 
On the other hand, the largest rate of production of attrition-generated 
fines should be expected during the chromium-traced period when the maximum 
amounts of air and water were introduced to Nozzle B. Again, this was the 
case. During the iron-traced and copper-traced periods both Nozzles A 
and B were operated at essentially Identical conditions. The rates of 
production of attrition-generated fines during these periods were nearly 
Identical, as would be expected. From these data, one can conclude that 
the computer-determined values for the constants are reasonable and are 
certainly not ambiguous. 

At this point it is of interest to estimate the accuracy that can 
be expected for the values of the constants obtained by this technique. 
This can be done by varying, in turn, each of the constants and noting 
the effect on the computer generated X = f(t) plot. For such a com
parison reference values for the constants were selected at those values 
obtained for the copper-traced test period. 

Figure 9 shows the effect of changing the value of 7^ from 2367 to 
2893, a ± ten percent variation from the reference value of 2630. In 
this case the greatest difference between the two generated curves is 
observed when the tracer is removed from the feed, and again some 
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100 minutes or more later. Unless the experimental data are very precise, 
it is doubtful if T can be determined to within 20 percent of its true 
value. 

Figure 10 shows the effect of changing the value of F from 4̂-50 to 
550, a ± ten percent variation from the reference value of 500. The 
greatest difference between the two curves occurs about 75 minutes after 
the introduction of the tracer into the feed, and again some 75 minutes 
after the tracer is ranoved from the feed. It is possible that good 
experimental data would allow the value of F to be determined to within 
15 percent of its true value. 

The curves in Figure 11 show the effect of changing the value of 
A from 6.11 to 7.48, a ± 10 percent change from the reference value of 
6.8. In this case the greatest difference between the curves (enough 
room was available on this figure to plot the reference curve) occurred 
when the tracer was removed from the feed. If good experimental data 
are available, it is possible that A can be determined to within less 
than 10 percent of its true value. It is fortunate that values for A 
can be determined to a much higher degree of acciiracy than can any of 
the other constants, because the values for the attrition- and spray-
generated fines rates were those primarily sought. 

It is obvious from these three figures that the accuracy to which 
the three constants can be determined is highly dependent on the quality 
of the experimental data. 
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VII. ADDITIONAL STUDIES 

In the foregoing discussion, the only fines considered were those 
elutriated from the fluidized bed and removed from the off-gas by the 
primary cyclone. However, some fines, mostly all smaller than 20 
microns, remain with the off-gas stream leaving the primary cyclone; 
a high fraction of these fines are removed from the off-gas stream by 
the venturi scrubber, the next off-gas cleaning device encoiintered 
by the off-gas. The proposed fines generation model can be applied 
to these fines in exactly the same way as it was to those fines which 
were collected in the primary cyclone. In fact, the model places no 
restrictions on the number of arbitrary size Intervals into which, 
for purposes of analysis, the elutriated fines are divided. 

This feature of the model makes possible a detailed analysis of 
the fines from each of the many size intervals into which the elutriated 
fines can be divided. Assuming the techniques can be developed for 
accurately sampling and separating the elutriated fines into different 
particle size fractions, much can be learned about the amount and size 
of spray-generated fines and about the amoiint and size of the particles 
produced by attrition processes. Through studies of this kind, the 
rate of generation of elutriatable fines from a particular calcining 
process can presumably be minimized. 

The process of elutriation can be elucidated by this technique 
and should be particularly useful in determining, for various particle 
sizes, the elutriation constants for a process under actual operating 
conditions. This information is directly determined from the computer 
solution because E, the elutriation rate for a particular particle size, 
is experimentally determined, and F, the inventory of particles of this 
size in the bed, is determined by the computer. 

An attempt was made to analyze, in the above manner, the fines 
collected in the scrubber solution d\nring the four test periods described 
above. The results obtained from these analyses did not support the 
validity of the model as well as did the results obtained from the 
fines collected in the primary cyclone. Computer-generated X^ = f(t) 
curves could be made to fit the experimentally determined data points, 
but the values obtained for X , for each of the test periods, were not 
in the expected ratios. While these resiilts may cast some doubt on 
the validity of the model, it should be pointed out that the accuracy 
of these experimental data points co\ild be questioned because of known 
deficiencies in the scrub sample collecting and analyzing techniques. 

Even though the test was of doubtful value, the data were in some 
respects consistent with those obtained from the cyclone collected fines. 
For the four test periods, values for F ranged from 110 to 300 grams. 
These values are all lower than those for the size of psirtlcles collected 
in the cyclone; this is to be expected since the values for E were lower 
than those from the cyclone collected fines. Values of T ranged from 
2780 to 12,500, values which do not differ significantly from those 
obtained from the fines collected in the cyclone. 
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Vin. CONCLUSIONS 

A simplified model of the sources of elutriatable fines in the 
fluidized bed calcination process has been developed. An analog 
computer simulation of the model allows one to generate a curve showing 
the tracer concentration in the fines, after a feed containing the 
tracer has been suddenly siibstituted for the regular feed. Matching 
this curve to data obtained from an actual experimental test allows the 
determination of such important quantities as the rate of production of 
spray-generated fines, the rate of production of attrition-generated 
fines, and the quantity of elutriatable fines in the bed. 

This model was tested during four periods of operation of the two-
foot-sq\iare pilot plant calciner. The data obtained from the fines 
collected dtiring each run period showed that agreement between theory 
and experiment was good. This is evident by compsiring the predicted 
ratios of the rates of production of spray-generated fines (2:1:1:1), 
and the computer-determined ratios, (2.00:0.82:1.20:1.02), for the four 
test periods. The weight of elutriatable fines present in the bed 
ranged from 4̂00 to 1000 grams, and the ratio of rates of production of 
spray-generated fines to attrition-generated fines ranged from 0.23 
to 1.5^. Fines collected from the scrub solution did not yield entirely 
comparable data when subjected to a similar analog computer analysis; 
however the accuracy of the experimental values was questionable. 

By paying particular attention to fines sampling, sizing, and 
analytical techniques, it is believed that through the use of the 
proposed model, good values can be determined for such important factors 
as the rate of production of spray-generated fines, rate of production 
of attrition-generated fines, and the amoTont of elutriatable fines in 
the calciner bed, not only for a large particle size range such as 
the entire distribution of elutriatable fines, but also for each- of 
the many smaller particle size ranges into which the elutriatable fines 
can be separated. 
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IX. NOTATION 

A = rate at which attrition-generated fines enter the fines inventory, 
g/minute 

E = rate at which fines are elutriated from the bed, g/mlnute 

F = weight of elutriatable fines inventory, g 

S = rate at which spray dried fines enter the fines inventory, 
g/mlnute 

t = time after a specified initial time, minutes 

X = concentration of tracer in attrition generated fines at any time 
after tracer is added to feed, mg/g 

X = concentration of tracer in attrition-generated fines at any time 
i a,fter tracer is removed from feed, mg/g 

X = concentration of tracer in fines inventory = concentration of 
tracer in fines elutriated from bed at any time after tracer is 
added to feed, mg/g 

Xg = concentration of tracer in fines elutriated from bed at any time 
^ after tracer is removed from feed, mg/g 

X = concentration of tracer in spray-generated fines (calculated 
from concentration of tracer in feed) 

'Y = time constant, minutes 
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