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ABSTRACT

The feasibility of the fluidized bed calcination process has been
demonstrated at the Idaho Chemical Processing Plant. Solutions simulat-
ing wastes from the reprocessing of spent aluminum alloy, stainless steel,
and zirconium fuels were successfully converted to free-flowing granular
solids in a six-inch diameter fluidized bed calciner. The calciner was
electrically heated, and a pneumatic atomizing spray nozzle was used to
introduce liquid feed into the heated fluidized bed, where calcination
took place. Removal of entrained particles from the off gas was achieved
through the use of a cyclone and a venturi scrubber, although the cleaning
achieved would not be adequate for calcining a radioactive waste. Dry
fines removed by the cyclone were returned to the bed with the fluidizing
air through an air jet on the dust discharge line of the cyclone.

The effects on the calcined product properties and on off gas solids
loading of the degree of feed atomization, of bed temperature, and of
returning dry fines to the calciner were noted while calcining simulated
wastes from aluminum alloy fuels.

The distribution of ruthenium and the effect of ammonium ion were
determined, and a slurry of a cesium complex with nickel ferrocyanide
was dried on sand, then leached, as a method of cesium recovery.

#

Work done under Contract AT(10-1)-205 to the U. 8. Atomic Energy Commission.
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PILOT PLANT STUDIES WITH A
SIX-INCH DIAMETER FLUIDIZED BED CALCINER

by
D. R. BEvans
I. SUMMARY

Research and development work to demonstrate the feasibility of
fluidized bed calcination as a possible step toward the ultimate disposal
of radioactive wastes was initiated at the Idaho Chemical Processing Plant
(ICPP) in May, 1955, using a six-inch diameter fluidized bed pilot plant
calciner. The fluidized bed calcination process involves spraying an
agqueous solution of metal salts into a heated fluidized bed where the
salts are largely converted to oxides in the form of free-flowing granular
solids. The solids are continuously removed from the bed, and the water
vapor and volatile decomposition products leave with the fluidizing gas.
Reduction in corrosion rates of the storage container, reduced mobility of
the waste, and reduced storage costs are advantages of converting liquid
wastes to solids; the combination of unlimited scale-up possibilities,
continuous processing, versatility, and a lack of complex moving parts:
makes fluidized bed calcination unique among methods of conversion to
solids. Although major effort was directed toward equipment development
and process improvement, the following effects of known independent
variables were noted while calcining simulated aluminum waste:

1. High nozzle air-to-liquid volume ratios in the pneumatic
atomizing nozzle used to introduce feed into the calciner caused
the average particle diameter of the fluidized bed to be low and
the fine-particle loading in the off gas leaving the primary
cyclone to be high. The opposite effects were noted with low
values of this ratio.

2. Operating a dry fines return system caused the mass median
particle diameter of the fluidized bed to be smaller than when
the dry fines return system was not in operation. A higher
fine-particle loading in the off gas leaving the primary cyclone
was associated with dry fines return due to attrition in the
return system.

3. A relatively large air annulus in the feed nozzle caused
a relatively large average particle diasmeter in the fluidized
bed at a fixed nozzle air-to-liguid volume ratio.

b, High values of bulk density and of product nitrate content
were associated with low values of calcination temperature in
the range tested, 185 - 500°C.

5. Increased fines elutriation at high fluidizing velocities
was the only effect of superficial fluidizing velocity observed
in the range 0.6 - 4.5 ft/sec; relatively high velocities (2.0 -
2.5 ft/sec) were necessary to decrease the probability of burnout
of the electric heaters which supplied heat to the fluidized bed.
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Tracer studies were conducted with simulated waste containing that
concentration of ruthenium estimated to be in an actual waste; as much
as 67 per cent of the ruthenium was forced to remain with the solid
product by routing the fines return slurry from the venturl scrubber to
the calciner bed with the feed whlle calcining at 400°C.

Calcination of zirconium and stainless steel simulated wastes was
accomplished without any unusual operating difficulties in runs of short
duration.

An operable and flexible system for the calcination of simulated
aluminum reactor fuel reprocessing waste to a free-flowing solid of a
reasonable bulk density (0.8 - 1.0 g/cc) and mass median particle diameter
(0.3 - 0.6 mm) was developed at the ICPP. The process should also be
useful for the calcination of zirconium and stainless steel wastes.

.\

IT. INTRODUCTION

Radioactive wastes from the aqueous processing of spent reactor fuels
at the Idaho Chemical Processing Plant (ICPP) are currently stored in
large underground tanks to prevent the release of large quantities of
radioactive material to the surroundings. Although storage of aqueous
waste by this means has been adequate, the need for safer, cheaper, and
more permanent storage has long been evident. ‘

Most approaches to improved storage involve conversion of the agueous
waste to a stable solid. Among these are batch calcination, continuous
calcination in a fluidized bed, continuous calcination in a rotary cal- 4
ciner, adsorption of fission products on clays with subsequent sintering, ’
and others. For most wastes, conversion to the solid phase offers the
advantages of a large volume reduction and, potentially at least, a s
substantial reduction in the storage costs.

The fluidized bed calcination process originally conceived by the
Argonne National Leboratory (ANL) Chemical Engineering Division( 1¥ and
first agglled to simulated radioactive waste by the ICPP Technical
Branch offers the further advantage over other schemes of conversion

of aqueous waste to solid of producing a granular, free-flowing solid
which has a reasonably high bulk density and which may be easily handled
by pneumatic transport techniques. Furthermore, the process is continuous
and scale-up possibilities are nearly unlimited. Research and development
efforts at the ICPP on the disposal of radioactive wastes have centered
largely on the fluidized bed calcination technique for conversion of
aqueous aluminum process waste to solid. Work was initiated by the ICPP
Technical Branch Chemical Engineering Development Section in May, 1955,
using a ‘six-inch diameter fluidized bed pilot plant calciner.

-



The object of this report is to describe the fluidized bed calcina-
tion process developed during nearly five years of operation of the six-
inch pilot plant calciner and to summarize the information and process
data obtained.

A, Fluidized Bed Calcination Process

The fluidized bed calcination process at ICPP involves spraying an
aqueous solution of metal salts through a pneumatic atomizing spray
nozzle into a heated, gas-fluidized bed where the salts are largely con-
verted to oxides in the form of free-flowing granular solids. The solids
continuously leave the bed through an overflow pipe, and water vapor and
volatile decomposition products leave with the fluidizing gas. Practical
methods for furnishing heat to the fluidized bed include heating the
calciner vessel walls (for small vessels) or placing heat exchangers in
the fluidized bed (for larger vessels). The fluidizing medium can be
any suitable gas (air, superheated stedm, reducing or oxidizing gas), the |
selection depending upon the chemistry and economics of the particular
process. (Normally air was used in the studies reported herein, although
one successful run was made using superheated steam.) Remote handling
(necessary when high-level radioactivity is involved) makes extremely
desirable the simplicity of operation and continuous processing offered
by the fluidized bed calcination technique.

Fluidized bed calcination as applied to aluminum alloy fuel process
wastes converts the acidic aluminum nitrate solutions into free-flowing
granular aluminum oxide with a resultant volume reduction in the range
of 6- to 19-fold. Increased radiological safety and a significant reduc-
tion in storage costs are expected to be some of the results of this
conversion of liquid to solid. Furthermore, corrosion problems associated
with the liquid waste storage will almost surely be reduced by a signifi-
cant amount, and the solids would be essentially immobile should the
container rupture during storage.

B. Applications of the Fluidized Bed Technique

1. General Applications

Fluidized bed technology is a relatively new branch within the
broad field of chemical engineering and has been found to have many
applications in chemical processing because of the superior heat
and mass transfer rates in a fluidized bed. Fluidized catalytic
cracking, reforming, and alkylation have been used extensively
in the petroleum industry and are largely accepted .in today's
technology. The iron and steel industry has investigated, and
found promising, iron ore reduction in a fluidized bed. The
calcination of limestone in a flui?iged bed seems to be superior
to the older rotary kiln technique 3). The technical feasibility
of proceseing of uranium ore concentrate to nuclear fuel using
fluidized bed reducers, ?Zgrofluorinators, and fluorinators has
been demonstrated at ANL .



2. Radiocactive Waste Calcination

The development of fluidized bed calcination at ANL and
ICPP has opened new avcnues of ultimate disposal of radioactive
waste and fission product recovery and fixation, while simul-
taneously adding to the field of chemical processing a useful
piece of equipment in which many unit operations and processes
may be more effectively conducted.

It is recognized that aqueous storage of radioactive
waste has many disadvantages, not the least of which are the
corrosive nature of the waste effluents from agqueous nuclear
fuel reprocessing, the danger to humanity if mobile aqueous
wastes should be accidentally released to the ground water (by
rupture of a storage tank, for instance), the inherent high
expense of aqueous storage, and the large volume of water ctored
with the waste. Conversion of agueous waste to solid product is
therefore indicated, because solids are less corrosive than
liquids, would be relatively immobile if the container ruptured,
and should be less expensive to store because of the reduced
storage volume made possible by removing the water.

Because CspO and Sr0, formed with alumina during the cal-
cination of aluminum waste, are soluble in dilute nitric acid,
it may be possible to recover Cs-137 and Sr-90 by leaching the
calcined product. These fission products could presumably be
concentrated and separated by ion exchange and reconverted to
the solid state by the fluidized bed calcination technique.
This method of recovering cesium and strontium indeed may be
more econocmical than present methods of isolating these elements
for use as radiation sources. It may also be a step toward
unattended disposal of most of the alloying materials, corrosion
products, and fission products from a reprocessing plant.

IIT. EQUIPMENT

Final Version of the Six-Inch Calciner System

The final version of the six-inch calciner system consisted of the

following basic equipment:

The calciner vessel

The dry fines return system

The venturi scrubber and associated cyclone
The off gas condenser

Fw

The calciner vessel was a 6-inch, schedule 40 stainless steel pipe

welded atop a 6-inch square by 7-inch high section in which eighteen
1000 -watt cartridge heaters, l/2-inch 0.D. by 9 inches long and having
a 6-inch heated length, were mounted on a triangular pitch through one
side on 1 l/2-inch centers. The tangential off gas outlet was located
near the top. Liquid feed was introduced through a pneumatic atomizing
nozzle (Spraying Systems Co. 1/4 J Nozzle, Setup No. 2, consisting of a

o



No. 70 air nozzle and a No. 2850

water nozzle). The granular product
was removed through an overflow pipe
located two feet above the bed support
plate; this plate was a non-sifting

A A bubble cap type adapted from a design
THERMOWELLS ARE developed by Anderson and Balduc(5).
DESIGNATED BY THE X T : :
SYMBOL ® | Figure 1 is a drawing of the final

calciner vessel.

The dry fines return system

72"
PRODUCT consisted of a high-efficiency cyclone
OVERFU (primary cyclone) mounted external to
PRESSURE I § the calciner vessel and having an air
TAPS Nl | 4 jet (dry fines return jet) to induce
18 CARTRIDGE™ @17 24" i
HEATERS EacH Nl T 2 flow ?hrough the Qust discharge. The
112" Dx 9" LONG e dry fines return jet performed the
WITH 6"HEATED following functions:
LENGTH. 1000
WATTS EACH, .
TRIANGULAR 1. Returned particles from the
PITCH, 1§ OC. primary cyclone to the calciner.
2. Recycled a substantial por-
tion of the fluidizing gas to the -
Fig. 1 - Final Version of Six-Inch calciner vessel so that the size ~
Fluidized Bed Calciner Vessel of the off gas cleaning equipment™

downstream from the primary
cyclone could be minimized.
3. Reintroduced to the bed seeds for particle growth which would
otherwise have been lost.

The design of this jet was unique in that the particle-containing
dry fines return gas was introduced axially to the jet, while the
motivating gas was introduced concentric to this stream through an
annular orifice. This design was intended to minimize wear to the Jet
both by the effect of a layer of solids-free gas along the walls of the
mixing section and by the effect of introducing the solids axially.
Extra resistance to wear was afforded by lining the wall of the mixing
section with tungsten carbide. Figure 2 is a sketch of this jet.

The venturi scrubber and associated cyclone were installed as a means
of removing as many of the submicron-sized particles in the off gas
leaving the primary cyclone as possible. This equipment was extremely
efficient in the reduction of the off gas solids loading .

The off gas condenser was a one-pass, shell-and-tube heat exchanger
with condensing vapors on the tube side and cooling water on the shell
side. This apparatus removed much of the nitrogen oxides and water vapor
from the off gas.

Figure 3 presents a schematic diagram of the six-inch calciner
system.
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This system, even in its final state of development, had a number of
deficiencies. Among these were:

1. In order to operate at reasonable capacities, the cartridge
heaters had to be operated at high flux densities and the

resulting high surface temperatures. Under these conditions, if

a significant reduction in the heat transfer rate (due to caking

in the bed, poor fluidization, large particle size, etc.) occurred,
even in a highly localized portion of the bed, the surface temper-
atures of the heaters in that portion of the bed would exceed the
maximum safe temperature and the heaters would burn out. The
replacement of heaters, in addition to being an expensive annoyance,
required that many potentially useful runs be terminated prematurely.

2. Even under the best conditions, the feed rate was never greater
than 8.2 1/hr, and the normal maximum feed rate was only about
6.0 1/hr.

3. The system lacked sufficient flexibility to be operated under
a number of conditions. For example, operation under vacuum and
operation with total off gas recycle were not possible.

For these reasons, larger pilot plant calciners (12-inch and 24-inch)
have been designed with which various further studies have been and will
be made. The inherent limitations of the six-inch calciner system dictated
a shift in emphasis to larger, more refined calciner systems. '

B. Equipment Testing

During the period of operation of the six-inch calciner (May, 1955,
to February, 1960), a good deal of emphasis was placed on equipment
development for improved operability (during initial stages) and on
' testing auxiliary equipment (during later stages). The important equip-
ment that was tried for improved operability and rejected includes the
following:

1. Bayonet-type, G-porosity filters of sintered stainless steel

for off gas clean-up.
2. Manually-controlled electrical strip heaters fastened to the

outside of the vessel.
3. A reciprocating positive displacement feed pump.

Two considerations motivated the rejection of the stainless steel
filters.

1. The fluctuations in calciner pressure caused by switching
from loaded filters to clean ones were considered undesirable.

2. Scale-up of a system utilizing filters would present
considerable difficulty.



The capacity of the unit was increased by increasing the area
available for heat transfer and by eliminating excessive heat losses
when the internal cartridge heaters were substituted for the external
strip heaters. Also, manual temperature control prohibited maintaining
a reasonably constant bed temperature. Automatic adjustment of one of
the four autotransformers was accomplished by installing an electronic-
pneumatic controller sensing the signal from a thermocouple in the bed
opposite the spray nozzle. The controller was connected by a flexible
coupling to the shaft of the autotransformer through a pneumatic
positioner. .

Plugging of the feed nozzle often occurred as a result of the
pulsating flow characteristic of s reciprocating positive displacement
feed pump. The pulsating flow allowed nozzle tip temperatures high
enough to cause partial evaporation of the feed, and create sufficient
salt c¢rystals to plug the feed orifice.

Auxiliary equipment tested included:

1. A primary cyclone of U. S. Hoffmen-type design.

2. A packed gas-liquid contactor and an electrostatic
precipitator for partial removal-of the submicron-sized
particles which escape the primary cycluue.

3. An oil-fired fluidizing air preheater.

4. A number of feed and slurry pumps.

A cyclone of design based on the U. S. Hoffman concept(7) was sub-
stituted for a cyclone of conventional design for use in the calciner
dry fines return system. Although a thorough performance study of this
modified design was not made, sufficient evidence was gathered to dewon-
strate the unsuitability of this particular cyclone in the calciner dry
fines return system. Because the conventional cyclone had been satis-
factury, it was rc-installed.

The packed gas-liquid contactor was installed to remove particles
from the off gas. However, since efficiency of this unit was limited,
and since,a venturl scrubber with associated cyclone proved to be highly
efficient ; no further serious consideration was given to the packed
contactor. The electrostatic precipitator was tested separately from
the calciner system and was found to be extremely efficient for the
pressure drop incurred(By.

An attempt to minimize the fluidizing air requirement and to suppress
ruthenium volatility was made by installing a high-pressure oil burner to
preheat the fluidizing and Jjet motivating gas. The dry fines return jet
recycled some of the off gas from the calciner vessel and combined it with
the Jjet motivating gas so that less-:air was needed to maintain a given
fluidizing velocity. Increasing the efficiency of the dry fines return
Jjet by using high-temperature combustion gases as Jjet motivating gas
increased the fraction of the off gas which was recycled. Fluidizing
with combustion gases also furnishes a reducing atmosphere to suppress
ruthenium volatility. However, the use of this heater was abandoned
after several futile attempts to eliminate the clogging of the Jjet by
soot from incomplete combustion of the fuel oil.

-8-



The initial run of the six-inch calciner made use of a reciprocating
positive displacement liquid feed pump which was unsatisfactory because
of the characteristic pulsating flow. A Moyno rotary positive displace-
ment pump having a Type 316 stainless steel rotor turning against a
neoprene stator gave good service pumping both fresh feed and combined
feed. However, periodic replacement of the neoprene was necessary
because of chemical attack. Later a Chempump (Model S—3/h hp) in con-
junction with automatic flow control performed well with fresh feed.

The addition of wet scrubbers to the six-inch calciner system added
a problem to the many others associated with waste calcination in that
an erosive and corrosive slurry (5 w/o Alp05 - 40 w/o HNO3) is the
effluent from this type of scrubber. Practical considerations demand
that a major part of the slurry be recirculated to the scrubber along
with a relatively small amount of water to make up for that evaporated
and that removed in the fines return slurry. Total recycle is, of course,
impractical because the solids accumulating in the liquid must be removed
as fast as they are added.

The Chempump was soon found to be unsatisfactory in slurry-pumping
service because of excessive shaft and bearing wear. For this reason an
attempt to use conventional slurry pumps was made, but the low flow
rates involved in the pilot plant equipment could not be met by any
available pump without extreme throttling or almost total recycling.
However, the eventual necessity of pumping an alumina slurry prompted
separate testing of several commercial slurry pumps. The extremely
corrosive and erosive slurry from the venturi scrubber has not yet been
pumped satisfactorily by any pump. However, three pumps were selected
for testing and are listed below:

1. Johnston 2-Stage, Splined-Shaft, Deep Well Turbine Pump,
Type GAXC, Drawing Number H-16LL4-C.

2. Wilfley Model AF Acid Pump, 1 1/2" x 1", Assembly 318-75.
3. Nagle 1" Sump Pump, Type CWOC, Frame 126-L.

For remote applications, the Johnston pump is attractive because
little or no lubrication of the pump is necessary. However, conventional
graphite bearings wore very rapidly while pumping a nitric acid-alumina
slurry. Tests at Battelle Memorial Institute were made in which boron
carbide was found to be resistant to this slurry. Boron carbide bearings
have been designed and ordered for use with this pump, but have not yet
been tested.

The Wilfley pump is considered to be suitable for non-radioactive
service. However, the inherent leakage around the bearings while starting
and stopping would be undesirable in radioactive service.

The Wagie pump has several advantages, among which are the
following:

1. The lack of bearings or rubbing parts in contact with the
solution being pumped would eliminate the need for special
bearings.



2. Its characteristic low speed would reduce wear.
3. Large bulky parts would minimize the effects of wear.
The disadvantages of this pump are as follows:

1. Since this pump has no bearing at the impeller end of the
shaft, severe vibration could result from shaft misalignment.
(The Lawrence pump uses & similar design, but has a dual dis-
charge, a feature which should minimize the poss1b111ty of
excessive vibration and shaft whip.)

2. Periodic Jlubrication is necessary, although this could be
done remotely.

IV. OPFERATTNG- PRECAUL LGNS

Experience in the operation of the six-inch calciner pointed up the
necessity of observing a number of precautions 1un starl-up and shutdown
of the unit. Major operating difficulties centered around plugging of
various lines, and burning out of heaters. The more important of the
techniques used to minimize these difficulties were:

1. The product pot purge air and nozzle air streams were
never shut off completely. This was done to prevent plugging
by fines of the orifices concerned.

2. The fluidizing air was always turned on before the
electric heaters. This minimized heater burnout.

3. The maximum liquid teed rate was attained in not less
than an hour, because more rapid increases in the liquid feed
rale would cause heatcers to burn out.

b, When shutting down, the feed line was flushed with water.
. Evaporation of liquid feed, if left in the lines, would cause
crystallization and plugging.

5. A suall llow of water to thc wet corubbers was always
maintained to prevent plugging.
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V. EXPERIMENTAL RESULTS

A, Effect of Process Variables

The known independent variables concerned with calciner operation
are the following: ' .

. Nozzle air-to-liguid volumeX ratio (NAR)
Calcination (bed) temperature

. Superficial fluidizing velocity

Feed composition

Sample pot purge air rate

Return of dry fines to the bed

AN W D

The most important measurable dependent variables are:

1. Product bulk density
2. Product particle size distribution
3. Loading of fine solids in the off gas

One of the unsolved problems encountered during the operation of the
six-inch calciner was the failure to attain a steady state wherein the
dependent variables had reached constant values and remained at those
values so long as the run continued at fixed conditions of the indepen-
dent variasbles. With the six-inch calciner, even when a particular run
extended continuously over a period of from three to four weeks, a
steady state was never attained.

The dependent variable which gave the most concern was the particle
size distribution of the product. This property was followed closely
throughout most runs, but without exception, the variation within a run
was considerable. The mass median particle diameter (that particle
diameter at which half of the particles by weight are larger and half
smaller) was chosen as the most appropriate single value by which to
represent the bed or product particle size.

Comparisons of the average mass median particle diameter have shown
gross differences between runs. The mass median particle diameter
fluctuated between 0.3 and 1.2 mm, and the best operation was characterized
by median diamelers in the range 0.3 to 0.6 mm. The bulk density of the
product, however, reached relatively constant values on many runs. The
bulk density on different runs varied between the limits of 0.5 to 1.1
g/cc; 0.8 g/cc was the most characteristic value of this property, with
variations of + 20 per cent within some runs.

The effects of the various operating variables on the dependent
variables have not been determined in every case due to the difficulties
described earlier. Where possible, measured effects are reported;

* Volume of air calculated at metered temperature and calciner pressufe.
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~otherwise the results of visual observations are reported in general
terms. A summary of the original data from all runs made is presented
in Table 1 in the Appendix.

1. "~ Nozzle Air-to-Liquid Volume Ratio

The operating experience with the six-inch calciner has
shown that increasing the nozzle air-to-liquid volume ratio
(NAR) markedly decreases the product particle size and increases
the loading of fine particles in the off gas. Figure 4 is a

‘plot of the final mass median particle diameter as a function
of NAR for runs made at 4O0OC and shows that the mass median
particle diameter was in the range 0.3 - 0.6 mm when the NAR
was in the range 300 - 750.

particle size distribution plots for various average
values of NAR are given in Figure 5. The curve for the low
average NAR of 260 was.obtained by averaging the particle size
analyses of five runs at nozzle ratios between 230 and 300,
the curve for the intermediate average NAR of 315 was obtained
by averaging results from five runs with values of NAR between
312 and 320, and the curve for the high average NAR of LS55 was
obtained by averaging results from four runs with values of NAR
between 450 and 465. '

Figure 5 shows that the production of coarse particles is
increased at the expense of fine particles at a low NAR. The
reverse is true at high values of NAR. In fact,

BED TEMRERATURE: 400°C.

NRY FINES RETURN IN OPERATION
SUPERFICIAL FLUIDIZING VELOGITY?
| 7—3.4 ft/sec.

FEED RATE: 1.9—6.3!/hr.

[

I

PRODUCT MASS MEDIAN PARTICLE OIAMETER,mm

0 L A ) : ] ) A . A J
o] 500 1000

NOZZLE AIR-TO-LIQUID VOLUME RATIO (NAR)

Fig. 4 - Product Mass Median Particle Diameter as a Function of Nozzle
Air-to-Liquid Volume Ratio
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Fig. 6 - Concentration of Fine
Solids in the Off Gas Leaving the
Primary Cyclone as a Function of NAR

-1

NAR has been found to be the most
important criterion in the control
of the mass median particle diameter.
Proper adjustment of this value has
been found to override the effects

on the particle size of other inde-
pendent variables.

The off gas loading of particles
smaller than 3 microns as a function
of NAR is presented in Figure 6.

(The size 3 microns was arbitrarily
chosen as an upper limit for defining
"fine solids".) It may be seen that
the fine-particle loading of the off
gas increases with increases in NAR.
Although the fine solids loading was

"not measured for every run, this

loading (in weight per unit time)

has never been over 15 per cent of
the theoretical product rate for
those runs in which it was determined,
and is not considered to be
intolerable.
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2. Calcination Temperature

o Within the range of calcinalion
(bed) temperature tested, 185 - 5000°C,
o two trends were observed:
< a. The average product bulk
%lo— density decreased with increasing
z" temperature, presumably because
o of an increase in intra-particle
3 porosity. Figure 7 presents a
S ~ plot of average bulk density as
8 OFF-GAS FILTERS IN USE o a function of temperature.
3 SUPERFICIAL FLUIDIZING VELOCITY:
20.5_ 0.8 -1.5 ft/sec ' .
a FEED RATE: 3.5-4.7 I/hr b. High values of product
§ nitrate content were associated
& with low values of temperature;
2 nitrate content was in the range
of 5 - 6 per cent (as nitrogen)
at 185°C and 0.8 per cent at
(o] - 1 1 1 1 J
0 100 200 300 400 500 600 5000C.
CALCINATION TEMPERATURE, °C
3. Superficial Fluldizing Velocity
Fig. 7 - Average Product Bulk - '
Density as a Function of Calcina- The superficial fluidizing
tion Temperature ' velocity probably has an effect on

particle size distribution because a-
change in the velocity should change the attrition rate between
particles, and this in turn is related to the production of fine
particles. Also, the largest particle 'size elulrlaled Ly the
fluidizing gas is larger at high velocities. However, reliable
data as.to the quantitative effect of superficial fluidizing-
velocity are lacking, and as 'a result no valid.quantitative state-
ment can be made regarding this effect as a result of this work.

4. TFeed Composition

The original feed used in the six-inch calciner simulated
aluminum fuel waste and was made up to the following composition:

Aluminum nitrate, M 2.2
Nitric acid, M 1.25
Sodium nitrate, M 0.015
Mercuric nitrate, M 0.008

In January, 1959, the aluminum nitrate concentration was
reduced to 1.95M, the sodium nitrate concentration was changed
to O. 089M and the mercuric nitrate concentration was changed
to O, OO6M to agree with revised estimates of the content of
ICPP waste storage tanks. No significant effect of changing
the aluminum nitrate concentration was observed, although no
deliberate attempt was made to do so.
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5. Product Pot Purge Air Rate

Some elutriation of fines from the product overflow back
into the free space above the fluidized bed would be observed
at sufficiently high purge air rates because the flow of this
stream is countercurrent to the bed overflow. However, within
the accuracy of normal screen analyses, this elutriation should
have had a negligible effect on the size distribution of the
golid product because the calculated diameter of a particle
whose terminal settling velocity is equal to the highest over-
flow line purge air velocity (0.28 ft/sec) used is only 0.046 -
0.066 mm for bulk densities in the range 0.64 - 0.96 g/cc. In
order to achieve a separation at 0.147 mm (100 Tyler mesh) for
a bulk density of 0.8 g/cc, a purge velocity of approximately
1.4 ft/sec would be required.

B. Effect of Equipment Variation

Early in the program the operability of the six-inch calciner system
was improved by using cartridge heaters, by changing the support plate,
by replacing the bayonet filters with a cyclone, and by other equipment
changes. However, a direct effect on the calciner dependent variebles
was seldom noted, because of the generally poor operability.

Once good operability had been achieved, two effects of equipment
variation were noted and are given below.

1. Dry Fines Return

Because fine solids which would otherwise leave the system
are returned to the bed through the dry fines return Jjet on the
dust discharge of the primary cyclone, a finer bed was observed
(at any given NAR) when the dry fines return system was operating
than otherwise. Figure 8 shows this effect in a plot of mass
median particle diameter as a function of NAR, with and without
dry fines return. A higher concentration of solids smaller than
three microns in the off gas leaving the primary cyclone was
observed with dry fines return, because the increased gquantity
of solids of this size produced by attrition in the Jjet and
cyclone are not removed apprec1ably by the primary cyclone.
Figure 9 shows thls effect. ,

2. Nozzle Air Annulus Sizg

The nozzle normally used to introduce the liquid feed to

the six-inch calciner was a Sprayling Systems Company Type l/h J
Nozzle, Setup No. 2, consisting of a No. 2850 water nozzle and a

70 air nozzle. The liquid was introduced through a centrally-
located orifice having & nominal dismeter of 0.028 inch, and the
atomizing gas stream was introduced through an annular orifice
(concentric to the water orifice) having a nominal inside diameter
of 0.050 inch and a nominal outside diameter of 0.070 inch.
During maintenance on the calciner, the air orifice was
inadvertently burred and subsequently repaired by enlarging it
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to 0.078-inch outside diameter, increasing the area of the air
orifice from 0.00188 square inch to 0.00281 square inch, or a
factor of about 1.5. At a given NAR, this would decrease the
slip velocity between the air stream and liquid stream and thus
increase the average droplet size in the spray, because the slip
veloci?y is a major factor in atomization from a pneumatic spray
nozzle 9) Figure 10 shows that a finer bed indeed is obtained
with the smaller, unmodified air orifice than with the larger
one.

With a smaller average droplet size resulting from the
smaller, unmodified nozzle air annulus, there should have been
a higher proportion of droplets which were small enough to be
spray-dried before they collided with and coated particles in
the bed. These spray-dried particles are very small and any
increase in their production would be reflected by an increase
in the loading of solids smaller than 3 microns in the off gas
leaving the primary cyclone. Figure 11 shows, as expected, a
higher fine solids loading in the off gas leaving the primary
cyclone with the unmodified orifice than with the larger one.

Related Programs

1. Distribution of Ruthenium

Escape to the atmosphere of the various radioactive fission
products in ICPP waste would create an unacceptable hazard. Ruthenium,
of all the fission products, presents a unique problem, since its
tetroxide (boiling point 135°C) is volatile at usual calcination
temperatures (400 - 500°C). Findings at ANL(10) demonstrate a
much-reduced volatility of ruthenium at 500°C as compared to L400°C,
presumably because of the higher equilibrium concentration of
non-volatile species at 500°C. Retention of at least part of the
ruthenium in the product at 400°C is desirable if operation at
this temperature is to be considered seriously. (With a given
calciner, a higher throughput is possible at the lower bed tem-
perature of 4OO®C, because of the greater driving force available
for heat transfer to the bed.) Therefore, five tests at 400°C
have been made with ruthenium-spiked feed in the six-inch calciner,
and the distribution of ruthenium among the various effluent
streams was determined. The total concentration of non-radiocactive
and radioactive ruthenium added was 0.054 mg/ml, a concentration
estimated to be actually present in waste.

The first three ruthenium tests indicated that most of the
ruthenium in the feed escaped with the wet scrubber stream. A
fourth test (in which this stream was returned to the hed with
the feed) indicated that at least 2k per cent of the ruthenium
in the feed remained in the calcined product. However, this
value was suspect because of a poor overall material balance on
the ruthenium, most likely caused by failure of the feed pump
during the test. A fifth test, in which the conditions were
identical to those in the fourth test, was made in an attempt to
determine more definitely the disposition of ruthenium. An
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acceptable material balance was obtained, and all equipment
operated satisfactorily throughout the run. The venturi scrubber
stream was recycled to the scrubber with makeup water, and a
fines return slurry at a rate of 20 per cent of the fresh feed
rate was maintained. Under these conditions, 67 per cent of the
total feed ruthenium remained with the solid product, and an
additional 28 per cent of the feed ruthenium was recovered in
the condensate from the off gas condenser, for a recovery of

95 per cent. The ruthenium in the particulate matter in the off
gas leaving the condenser was found to be only 9.0 x 10-7 grains
per standard cubic foot of off gas, equivalent to less than 0.03
per cent of that entering in the feed. .

2. The Effect of Ammonium Ion

The hatch process formerly used al the ICPP for reprocessing
aluminum fuels employed Hexone (methyl isobutyl ketone) in the
first-cycle solvent extraction system. The residual nitric acid
in the dissolver product stream was neutralized with ammonium
hydroxide because of the chemical attack of nitric acid on Hexone.
For this reason, ammonium ion is present in the first-cycle
aqueous waste from the batch process.

In order to ascertain operating difficulties which might
arise during the calcination of a waste containing ammonium ion,
ammonium nitrate was added to the feed for two tests at concen-
trations of 0.078 and 0.18 molar, values which were originally
estimated to bracket the actual concentration. Analyses made at.
a later date have shown the actual values to be much higher.

(The actual concentration i§ sboul 1.4 molar.) However, nn
problems resulted from the presence of these small amounts of
ammonium ion in the feed during these runs.

3. Calcination of Zirconium and Stainless Steel Wastes

Most of the planned power and military reactors will use
fuel elements containing zirconium or stainless steel. In fact,
wastes from processing such fuels are already accumulating at the
ICPP. The dissolution of zirconium-bearing fuel elements involves
the use of hydrofluoric acid (STR process), and the dissolution
of stainless-steel-bearing fuel elements requires dissolution by
hydrochloric acid-nitric acid mixtures with subsequent chloride
removal (Darex process) or by sulfuric acid (SIR process) .
Electrolytic dissolution in nitric acid is also being extensively
investigated at present for use with stainless steel fuel elements.

As a means of anticipating operating difficulties as a
result of calcining wastes from these processes, simulated wastes
from the first three processes mentioned have been calcined. The
results of these tests indicate that these wastes can be success-
fully converted to solids in a fluidized bed calciner, The runs
with simulated STR waste and simulated SIR waste were of only a
few hours duration and no extensive data were obtained. However,
a 360-hour run was made with simulated Darex waste and the data
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indicated some characteristics of the granular solid product
which are directly attributable to the type of feed. The product
bulk density steadily increased during the run to a high value

of 1.56 g/cc and was still increasing at the termination of  jthe
run. This compared to an average product bulk density of about
0.8 g/cc which has been observed during calcination of aluminum
waste. The operation of the calciner throughout these runs was
trouble-free.

L, Calcined Waste for Corrosion Studies

The final run in the six-inch calciner was made to produce
36 kilograms of calcined waste suitable for storage container
corrosion studies. The feed for this run contained rare earth-
group and platinum-group metal salts in quantities adequate to
simulate the fission product content of actual ICPP waste.

This run présented no unusual operating problems.

5. Drying Nickel Ferrocyanide Slurry

Radioactive cesium may be precipitated selectively from a
waste by the addition of nickel ferrocyanide. Drying a thickened
slurry of this type on sand by the fluidized bed calcination
technique destroys the ferrocyanide complex and converts the
cesium to a leachable form. A number of tests made indicated
the feasibility of this method. However, this approach was
abandoned in favor of the more ?royising approach of direct
leaching of the calcined solids 11).

VI. CONCLUSIONS

The following conclusions result from the operating experience with
the six-inch pilot plant calciner:

1. An opersble fluidized bed calciner for converting agueous
aluminum nitrate solutions to granular aluminum oxide was
developed.

2. The calciner was operable al temperatures from 185 to SSOOC,

and at superficial fluidizing velocities from 0.6 to 4.5 feet.
per second.

3. The nozzle air-to-liquid volume ratio (NAR) was found to be
a major operating variable. The calciner could be made operable
with reasonable values of the other independent variables by

adjusting the NAR.
L, The samples of solid product continuously overflowing to a

sample pot were representative of the entire bed, within the
accuracy of ordinary screen analyses.
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5. When the dry fines return system was in operation, the
mass median particle diameter of the bed was smaller and the
loading of solids finer than three microns in the off gas
leaving the primary cyclone was higher than when it was not
in operation.

6. A larger product mass median particle diameter for the
same value of NAR resulted from enlarglng the air orifice
on the pneumatic spray nozzle.

7. A run at 4000C made with ruthenium-spiked feed has shown
that 67 per cent of the ruthenium introduced in the feed
remained with the solid product, 28 per cent accumulated in
the liquid stream from the condenser, and 5 per cent was not
accounted for. This run showed that routing a fines return
slurry to the calciner with the feed causes a good deal more
ruthenium to remain with the solid product than otherwise.

8. The presence of 0.18 molar smmonium ion or traces of
cesium, strontium, and ruthenium in the feed had no observable
effect on the operation of the calciner.

9. Zirconium and stainless steel wastes can be calcined to
granular solid material.
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11.

VII. LITERATURE CITED

Lawroski, S., Chemical Engineering Progress Summary Report, Januéry -
March, 1955, ANL-5422, Confidential (1955).

Stevenson, C. E., Quarterly Progress Report, ICPP Technical Branch,
April - June, 1955, IDO-14362, Confidential (1956).

Zenz, F. A., and D. F. Othmer, Fluidization and Fluid-Particle
Systems, pp. 7 - 29, Reinhold (1960).

Jonke, A. A., N. M, levitz, A. Litty, and S. Lawroski, Ind. Eng.
Chem., 50, 1739 (1958).

Anderson, T. T., and R. Balduc, Chem. Eng. Prog., 49, 527 (1953).

Wheeler, B. R., Venturi Scrubber Evaluation for Waste Calcination
Off Gas Facilities, IDO-1L4L8L (1959).

Dennis, R., E. Kristal, and L. Silverman, Performance of the Hoffman
Cyclone, NYO-4613 (1958).:

Hylsky, E., Electrostatic Precipitation of Submicron Alumina Particles,
IDO-14527 (1960).

Marshall, W. R., Chem. Eng. Prog., Monograph Series No. 2, 50, p. Tk
(1954). —

Loeding, J. W., A. A. Jonke, W. A. Rodger, R. D. Larsen, S. Lawroski,
E. S. Orimmett, J. I. Stevens, and C. E. Stevenson, "Fluidized Bed
Conversion of Fuel-Processing Wastes to Solids for Disposal," Second
United Nations International Conference on the Peaceful Uses of
Atomic Energy, Vol. 18, pp. 56 - 67 (19538).

McLain, M. E., and D. W. Rhodes, lLeaching of Fission Products from
Calcined Process Wastes, IDO-14440 (1957).

-21-



 THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



VIII. APPENDIX .

-23-



~ THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



. . . '
TABLE 1
DATA SUMMARY
Run Special Features Bed Suderficial  Average  Average Length Nozzle Average Concentration Vessel Final Product Size Distribution
Number of Bun Temperature Flaidizing Feed Product of Run Air-to- Product of Fine Solids Pressure (per cent retained on screen) Final
Gas Velocity Rate Rate Liquid Bulk in Off Gas (Tyler Meshl Mass Median
Volume Density Leaving Primary - Particle
Ratio¥* Cyclone Diemeter
(°c) (rt/sec) (1/nr) (kg/hr) {hr) (g/cc) (grains/ft3) (psig) +1b +2C +28 +35 60 +100 -100 {mm)
1-6 Short exploratory '
runs ~~ 400 -—— ———- R ———- -———- ——— eemee e L L I T T T ———
7 ---- 400 - 450 ---- 6.0 T ~--- -me- ---- 2-6 ---=  10.7 ---- 25.5 36.3 3.3 k.2 0.41
8 Teed vas simulated :
STR vaste 375 - 400 0.90 4.8 0.46 3.7 210 R - 2.6 R 2.8 ---- 642 513 LT ---- 0.45
9 Calcination of
FipFe(CN g slurry k50 ——— 7.0 - 1.0 - R —— 2-6 PR T 0.8 21.7 Th.2 3.2 0.21
10 Teed was simulated
STR waste 375 - koo 1.57 2.7 5.0 ——— —— 2-6 ———- 1.0 ---- 61.5 245 13.0 ---- 0.k
11 —- koo 1.60 3.0 8.5 400 ———- 2-6 B e T ———-
12 Tirst run with auto-
natic temperature control 40O 1.1h 3.0 0.34 1.0 D T P e a LR R ————
13 NigFe(CN)g slurry 310 0.60 2.4 0.35 17.7 JR— 2-6 ———- 19.7 43,5 25.5 10.0 1.3 0.50
1L ---- 400 ---- 2.7 —--- 9.0 ---- ---- --—-- 2-6 —eme e-em e-e- 0.2 3B.3 3T 0.8 0.25
15 NigFe(CN)g slurry 310 0.92 4.2 —— 9.0 —— ———- — 2-6 ccem mmem cmme emen mmem emee eees ——ee
Test ——— 350 R 3.6 . 6.0 o 0.74 ——- 2-6 a—-- 1.5 ---= 52,5 #3.2 2.4 0.4 0.41
16 NigFe(CN)g slurry 400 0.92 2.0 ——-- b5 ——— ———- ———- 2-6 Gemeemem mmmm qmen seee meen eees ——--
17 Feed contained Cs-137 -
tracer 405 1.83 L4 0. hh 11.5 ——— ——— ———— 2-6 emem 242 eeeln THE 0.7 0.2 0.3 0.60
18 NisFe(CN)g slurry 450 1.72 4.6 0.2% 9.7 ———- ———- ———— 2-6 mme emee’ emen cmee memn eeme mees ——
19 NipFe{CN)§ slurry 470 .77 k.9 0.25 6.0 ——-- .- -2 2-6 Smmm mees mmee como mmen meen eeee ----
20 R 400 1.60 3.3 0.44 14,5 R . - 2.6 —esc 0.1 eee= THL 21h 3.0 1.4 0.43
21 Feed was simulated ' .
SIR vaste koo 1.37 .l ———- 11.5 . ———- ———- 2-6 caee mmem eeme emen R
22 Cs-137 tracer 360 1.08 Lo 0.51 13.0 —— ——— ———- 2.6 ——— 1.0 ---- 81.1 0.46
23 —-na 360 1.50 k.0 0.36 35.7 -—-- 0.77 ° —.—— 2-6 ----  29.6 ---- 66.9 0.62
24 —--- 360 1.08 3.5 0.56 8.0 -- 0.88 ae-- 1 ---- 13 - B62 0.47
25 .- 500 1.32 3.5 0.43 29.7 325 0.58 ——-- 2-6 ----  91.0 ——— 7.5 0.93
Test Attempt to form dibasic
aluminum nitrate 185 0.718 b7 0.74 16.0 ———— 1.15 ——-- 2-6 ---- (% ---e 614 0.43
26 Cs-137 tracer koo 1.30 3.5 0.48 46.5 537 0.71 ---- 2-6 - 3.2 53.5 0.42
27 300 1.12 3.6 0.36 49,5 519 0.95 J—— 2-6 7.1 T3.4 18.9 0.90
28 - 400 1.30 3.8 0.42 4.0 Lok 0.77 JE— 2-6 ———— 4.8 60.6 0.45
29 Purge air was’ .
0.28 ft/sec 300 1.12 3.6 0.40 66.0 519 1.10 —— 2-6 ——-- 3.0 ---- 19.9 0.28
30 —.—- 300 1.12 3.7 0.48 671.0 502 0.96 JE— 2-6 1.0 835 ---- 15.5 0.90
31 Purge air was .
0.28 rt/sec 500 1.50 3.6 0.48 28.0 354 . 0.62 a—-- 2-6 0.9 49 343 204 0.50
32 T Loo 1.30 2.3 0.30 51.7 199 0.75 - 2-6 0.6 2.9 9.0 22.4 0.37
33 Pirst rur with bubble-
cap distributor plate 400 1.30 2.1 0.28 22.0 878 0.77 -—-- 2-6 R e HE LT C R LT Tt —.--
34 Cs-137 ard Sr-90
tracer ir feed Loo 1.30 3.9 0.47 112.0 510 0.73 ——— 2-6 ——— - 2.9 26.5 %S2.4 12.7 5.5 0.3
35 ———- 400 1.30 3.6 0.45 110.0 537 0.77 ———- 2-6 PRI 2.5 28.9 539 10.8 3.9 0.35
36 ——— 400 1.30 1.7 0.20 108.0 1074 0.81 —— 2-6 aeee -=e- 13,5 2b.2 33.7 14.6 1ik.0 0.36
37 First rur with external
cyclone end jet (%) 1.72 3.6 0.35 242,0 468 0.73 ———- 3 ——-- 40 142 31.5 38.4 10.6 1.3 0.43
38 ee-- koo 1.72 1.9 0.18 202.0 666 1.0k ---- 3 ---- 2.7 16.5 30.3 36.1 10.8 3.6 0.k2
39a 400 1.72 1.9 0.19 17610 T34 1.01 - 3 RS- 8.5 271.7 28.5 22.2 9.3 3.8 0.50
b Loo 1.72 3.0 0.33 110.0 466 0.81 ———— 3 - 3.2 1.7 354 36.8 8.3 1.6 0.44
Lo 400 .- 6.3 0.69 92.0 ——-- 0.75 ———- 3 ---- 10.5 32.0 b41.6 5.5 o - 0.75
bla koo 1.72 b0 0.39 87.0 365 0.70 - 3 45.6 15.6 =21,k 124 Lo 0.7 0.3 1.5h
b 400 2.60 5.7 0.53 k.0 254 0.70 ~ ---- 3 31.6 545 12.1 1.4 [ 1.02
c koo 3.h0 6.0 0.72 352.0 247 0.78 ---- 3 19.1 27.5 271.5 19.2 6.3 0.2 0.2 0.82

# Alr volume calculated at metered temperature and calciner pressure,
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* Ar volume calculated at metered temperature and calciner pressure.
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DATA SUMMARY (continued)

Run Special Features Bed Superficial Average Average\ Length Nozzle Average Concentration Vessel Final Product Size Distribution
Number of Run Temperature  Fluidizing Feed Produet of Run Air-to- Product of Fine Solids Pressure {per cent retained on screen) Final
Gas Velocity Rate Rate Liquid Bulk in Off Gas (Tyler Mesh) Mass Median
Volume Density Leaving Primary Particle
Ratio* Cyclone Diemeter
(°c) (ft/sec) (1/nr) kg/hr) (nor) < (g/ce) (grains/ft7) (psig) +14 +20 +28 +35 +60  +100 -100 (mm)
Wlr-lia ---- koD 2.31 2.6 0.22 60.0 636 0.69 R 7 34.8 30.5 19.3 10.3 k2 o.% 0.5 0.94
Wir-1lb ---- Lon 2.32 2.5 0.22 28.0 602 0.70 0.12 T k5.8 25.0 16.3 8.4 3.8 0.3 0.4 0.99
Wir-lle ---- Loo 2.27 To2.5 0.21 23.0 530 0.70 0.12 8 66.5 22.7 6.7 2.4 1.7 —=em —ee- 1.12
Wir-11d ---- koo 2.32 2.5 0.18 86.0 780 0.70 0.13 7 21.bh 31,0 26,2 12.5 5.0 0.7 3,2 0.84
Wir-lle ---- koo 2.34 2.5 0.23 34.0 896 0.70 0.11 7 28.4 27.1 20.8 15.0 6.2 1.2 1.3 0.86
Wlr-12a Electric fluiéizing
air preheater installed 400 2.55 2.4 0.18 112.0 1036 0.54 0.38 6 ---- 1.2 b9 32.0 147 L2 -a-- 0.59
Wlr-12o Loo 2.32 2.3 0.17 43.0 969 0.58 0.35 7 0.6 21.7 443 22.7 8.4 2.3 .- 0.67
Wlr-12¢ Loo 2.86 2.3 0.17 136.0 . 9k2 0.60 0.51 8 1.5 13.7 4.1 30.6 11.5 1.6 ---- 0.62
Wlr-12d koo 2.48 2.5 0.23 38.0 639 0.62 0.45 8 26.6 46.7 1k.0 b7 6.6 1.b - 0.94
Wilr-13a ---- koo 2.67 2.4 0.2 58.0 688 0.65 0.28 8 62.5 12.7 10.6 9.9 b1 0.2 --e-- 1.05
Wlr-13b ---- koo 2.48 2.3 0.24 129.0 828 0.58 0.37 8 29.0 31.6 22,0 1.6 5.0 0.8 ---- 0.90
Wlr-14  Nozzle air anmulus 0.D.
changed to 0.C70" koo 2.65 2.4 0.23 110.0 821 0.61 0.51 8 10.1 26.0 33.7 19.3 9.3 1.6  ---- C.65
Wlr-15a ---- 400 2.78 2.6 0.12 ‘38.0 892 0.54 0.68 L ----  17.8 4k7 29.% 5.9 2.2 eaa- 0.66
Wlr-156 ---- hoo 2.84 2.5 0.24 147.0 668 6.60 0.48 4 51.7 20.8 1k.5 8.0 - b1 0.9 - 1.01
Wlr-15¢ ---- 500 3.26 2.4 0.18 221.0 932 0.54 0.48 3 27.2  30.1 258 10.6 b1 2.2 - 0.88
Wlr-154 ---- koo 3.20 a— - 96.0 - -—-- 0.29 b 16.8 2k.7 314 16,5 56 5.0 ---- 0.79
Wlr-15e 500 2.80 , 2.6 0.23 k1.0 551 C.61 ——— 6 70.9 14.8 5.k L.k 2.3 2.2  ---- 1.11
Wlr-16 koo 2.85 3.3 0.2k, 39.0 558 ¢.73 — 5 39.4 29.9 13.6 8.7 3.0 5.4  ---- 0.95
Wir-1Ta ---- Loo 2.80 2.8 0.27 48.0 664 .79 ———- 5 3.5 7.2 18,2 26.2 10.3 22,3 12.3 0.b5
Wlr-17b ---- koo 2.76 3.0 , 0.30 45.0 555 .79 ——-- 6 k9 16.7 29.6 18.5 6.4 15.8 8.1 0.58
Wilr-1fc ---- koo 3.01 2.7 0.29 18.0 795 c.82 ———- b 3.7 7.9 17.8 -22.% 18.9 16.3 13.0 0.46
Wlr-17d  ---- hoo 2.50 3.3 0.29 24,0 500 Cc.73 ——— 7 1.4 32,7 kW7.5 8.0 ---- O0.h --e- 0.83
Wir-18  ---- heo 1.72 3.9 0.38 312.0 592 c.77 ———- \ 7 e eae- 6.6 430 U452 52 ---- 0.41
Wlr-19  ---- [T 2,27 3.6 0.37: 61.0 528805 C.72 - 7 33,2 51.2 9.5 3.9 2.2 ----- ——— 1.01
Wlr-Spl-1 Superheated steam used . h
as fluidizing medium beo  2.03%2.43 4.5 0.32 380.0 346-»800 0.77 iem 7 1.0 ---- 15.8 53.8 .2k5 3.9 1.0 0.47
Wlr-20 Uranium spike in feed for
particle growtn rate
studies Lo 2.42 3.5 0.28 600.0 743 0.77 .- 7 m—— eee- 1.6 15.9 €7.2 150 0.3 0.32
Wlr-21 Ruthenium tracsr
in feed hoc 2.4z 3.7 2.20 408.0 605 0.79 - 7 L 6.1 49,6 k1.6 2.1 0.6 0.h2
Wlr-Spl-2 Feed was simalated . .
stainless steel waste hoc 2.43 b7 2.16 360.0 b6 1.1% ——— ki - 1.3 20.1 35.6 2k1 15.3 3.6 0.43
Wlr-Spl-3 Calcined wasze for
corrosion studies 400 2.64 3.8 2.23 96.0 573 0.82 ———- 7 0.2 0.1 b7 khs 43,9 4.8 1.8 0.40

* Alr volume calculated at metered temperature and calziner pressure.
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