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DEVELOPMENT OF FLUIDIZED BED CHLORINATION
FOR CONVERTING PuOp TO PuCls

I, XNTRODUCTION

A new plutonium button line process was proposed for calcining aqueous
Pu(NOs )¢ directly, chlorinating the oxide product, and finally electrowinning
the plutonium metal from the chloride. This process provided a potential need
for chlorination egquipment. Conversion of Pulz; with phosgene to PuCls had
been demonstrated previously in the Plutonium Chemistry Leboratory using a
vibrating tube reactor.?li Experience with this reactor revealed several un-
desirable features due to the vibration. A fluidized bed contactor became
the leading candidate for an improved reactor because of its expected simplicity
of design, good heat transfer, minimum thermsl gradients, relatively easy
addition ané withdrawel of solid, and intense agitation. The versatility of
the fluidized bed in other systems suggests than an effective chlorinator
design may also have application in plutonium work for hydrofluorination,
hydrogen reduction, etc.

This report describes the development of a continuous fluidized-bed
chlorinator,

IT. SWMARY AND CONCLUSIONS

A mechanically-stirred fluidized bed for converting plutonium dlaxide to
plutonium chloride with phosgene was developed. Mechanical stirring of the
solid phase is required to prevent agglomeration and consequent channeling of
the gas through the bed. A continuous reactor may be designed for top feed
and bottom removal of product, or vice versa. On the basis of incomplete
evidence, top feed is preferred. Semi-continuous operation has been demon-
straced with incremental top feed addition and product removal.

A typical continuous run with bottom feed demonstrated T2 percent con-
version of Pul, to PuCls at 185 grams plutonium/hour in a one-stage 2" x 10"
reactor. Temperature was 455 C and phosgene gas flow 480 grams/hour. Residence
time sveraged about 3.2 hours for continuous runs.

With semi-continuous operstion in the same reactor with top feed, 95 per-
cent conversion at 150 grams plutonium/hour was demonstrated.

UNCLASSIFIED
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Product purity was sufficlently high to provide feed for an electrowinning
process. The powder flows readily. It can be conveyed with a screw with
good reliabiiity. Corrosion was negligible in reactors mede from Hastelloy*
and g.lass.

III. DISCUSSION
As Chemistry

1. C(hemical Reaction
The conversion of Pul; to PuClz had been demonstrated earlier
in the Plutonium Chemistry Laboratory. Phosgene was selected
as a chlorinating agent because of its higher reactivity
reistive to {1) a mixture of hydrogen and hydrogen chloride,
{2) gaseous carbon tetrachloride, and (3) a mixture of chlorine
and carbon wonoxide. Phosgene effects the conversion to chloride
at a temperature 100 degrees Centigrade lower then eny of the
other reagents., This resgent was successfully used in a con-
tinuous operation with a vibrating tube reactor at 500 C.l?

The principsl reaction sppears to be
Puly + 20001y - PuCls + 2005 + 3Cla

A Hags ¢ = -60.5 keal/g-mol

Nove that two volumes of phosgene react to form 23 volumes of
gaseous product. Furthermore, at 500 C the phosgene is 67 per-
cent disassceiated into CO and Cly--this dissociation being
endothermic.

—— e w— w— - g~ ——

Two sources of Pul; were usad in these studies: Tfirst oxide
caleined in production equipment at 325 C from plutonium oxalate
{designated as WMO* oxide)., This material was replaced by PuOg
caleined from plutonium niltrate in a calciner being developed

in the Plutonium Chemistry Laboratory. It is designated in

this report as PCL¥#¥ oxide., The details of production an? She
properties of this.compound are described by F. D, Fisher, 2

~

o
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Irade Mark, Union Carbide Corporstion
Wegpons Manufacturing Operation
Plutonium Chemistry Laboratory
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Three significant physical differences--density, volatiles,
content, and particle size distribution--between these oxides
are evident from the following tables. The PCL oxide contains

suifate at a ratio %%4.= 0.5, which apparently affects particle

structure and consequently its density (see Tsble I). The
large fraction of volatile compounds left in this oxide (the
calcined product) is a sericus deterrent to woving the solid
with a conventional hopper and screw arrengement. Except for
titanium and possibly iron corrosion products, there appears

t0 be no practical difference in metal contamination in the two
oxides, as evidenced by Table IT.

TABLE T

PLUTONIUM CXIDE PROPERTIES

Bulk Density Volatiles¥* Minor
Source g/ce Percent Components
WMO Oxalate 1.7 - 2.0 2.k C204=, C,
Process Hz0
PCL Direct Cal- 1.2 - 1.9 T~ 29 N0s ™, SO,%,
cination Process EZ0
TABLE TT
SPECTROCHEMICAL ANALYSIS OF PLUTONIUM OXIDES
Ag Al B Bi Ca Cr Cu Fe Mg
WMO 2-50 0-50  50-200 5 - 50 2-50
PCL 1 2-10 1 10 2-500 5 2-20 50-220 50
Mn Na. Wi Pb sH Sn Zn Ty
Wh:0 2 20-200 5 0-5 10-200 5 50 -
PCL 2-20 200 5 5 5 50 50 200
Table III, based on one series of experiments for each oxide--
using a "typical” naterial--shows how the particle size distri-
(¥) WVeight loss after one-half hour at 1200 C in air.

UNCILASSIFIED
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bution varied.

TAELE ITI

SCREEN ANALYSZS OF PLIILONIUM OXIDES

WMO Oxide PCL Oxide
Opening Wt Retained Opening Wt Retained
Size, Microns Percent Size, Microns Percent
1000 0.4 833 33.5
500 0.6 LT 17.4
250 0.4 208 20.3
105 1.0 104 16.2
L9 18.2 53 11.

< kg 6.4 38 0.2
<38 0.0

3. Reactivity

— . - g

The reactivity of the oxide is a function of the temperature and
residence time in the calciner, as well as other variables. In
general, the reactivity of the PCL oxide based on percent con-
version in the various contactors is higher than the WMO oxide.
Uryortunately, a thermobalance was not readily available during
the de*e}opment period. owever, earlier studies made by
Fisher\?) and Sovensonll) showed thet typical PCL direct cal-
¢ined oxide has a reaction half-time of less than 10 minutes

at 450 - 525 C for chlorination by phosgene.

Oxide reactivity tests involved chlorinsting 200 mg samples of
Pul, at a given temperature with a constant flow of phosgene.
The Pulls was ‘then reoxidized to fu?a with ajr, after which the
temperature was raised to 1050 C.\%/) Fisher a) reports 95 - 100
conversion for the WMO oxide and 100 percent conversion in 20
minutes for PCL oxide contsining %%ﬁ = 0.5,

To provide a standard for comparing the performance of laboratory
reactors, the theoretical performsnce of 1l- and 2-stage reactors
was calculated, using the ten-minute half-time (Table IV).

UNCLASSTIFIED
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B.

TARLE TV

THEOEETZCAL, CONVERSION IN CONTINUOUS REACTOR
WiTH 500-GRAM HOIDUP PER STACE
(Reaction Ten-Minute Half Lime)

Percent Conversion Rate In Grams/Hr
One Stage Q0 231
9% 111
98 L2
Two Stages 90 966
95 603
98 345

1.

Batch Tests

— g — w——

Preliminary experiments using WMO oxide in 3.6" diameter x 5"
glass reactors resulted in about 90 perdent to PuCl3.,

The 2500 watt Hoskins furnace surrounding the resctor was heated
to about L50 C maximum. The phosgene gas flowed up through the
bed at an average rate of 5 grams/min over periods ranging fron
L - 6-3/4 hours. The gas was distributed through a 4O - 60
micron frit. The charge to the reactors ranged from gbout 290 to
T4O grams of PuOj.

Fluidizgtion Tests

— et Garn m— o g A

. Visual tests were mede in a 2" diameter glass pipe with a height

of 36". The distributor plate and bed support were 1/8" Hastelloy C
sintered metal with an average pore size of 10 microns. A four-
to-two inch reducer at the top of the pipe housed a 2" x 4"

aloxite¥* #5 off-gas filter.

These tests at room temperature with argon gas indicated that
good fluidization could be obtained with PCL oxide. The bed
height of the untamped oxide was 13-3/4", which upon fluidization

(#*) Trade Mark Carvorundum Company

UNCLASSIFIED




UNCTASSIFIED -8- HW-83235

3.

increased from 1.5 to 3 inches. Cas flowing at 0.125 ft/sec

vieided a pressure drop across the bed of 39" of water. Vibration¥*
of the glass tubse dezreased the void space in the bed, consequently.
increasad the pressuce drop of the gas to 494" of water., Similar
testing with phosgens gas showed that a flow of ebout 0.039 ft/sec
was reguired to fluldize the powder.

A graph of pressure drop versus srgon flow is presented in
Figure 1,

- — - ——— g— — — o — A - — SO O gave  ome WA G e o— —

A 250 wabt electric resistance furnace was placed around the
glass pipe described in {2} above. It was made up in two parts
and hinged so that it could be opened for reactor observation.

Conversion experiments definitely showed that simple gas stirring
was not sufficient to maintain an adequately- fluidized bed.
Sintering of the particles apparently was teking place because
the reaction temperature was too close to T60C, the melting

point of the product PuClz.

Chlorination using the glass reactor was attempted twice with
phosgene-~first &t 500 € and then at 450 C, The untamped bed
height was about 13". In each case the bed was observed to
fluidize well at rcom tempersture., However, the solid particles
began to agglomerate as the tube was heated. During this time
the pressure drop of the phosgene across the bed decreased.

Solid lumps were then observed through the glass tube. Electric
vibration and a phosgene fiow of four to five times that required

Jor minimum fluidization were not sufficient to overcome the

agglomeration.

This problem resulted in sbandomment of the simple fluidized
bed.

(#) Electric vibrator by Syntron.

UNCLASSIFIED
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50
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Maximum vibrated bed,
Syntron vibrator

50 Unvibrated bed
Incipient fluidization

2" x 13 3/4" Bed

Gas: Argon

10 -
! Temp: 20 C
| | l l J
.025 .050 .075 .100
Superficial Velocity, ft/sec
Figure 1

Pressure Drop Across Bed of WMO
Oxide
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L. Mechanically-Stirred Fiuidized Bed Beactor
At this juncture the technique of mechanicsl stirring was intro-
duced. A 2" nickel pipe 2" long with a Hastelloy C rectangular
stirrer powered through a motor and pulley arrangement was used
as the reactor. A 1/8" x 1/4" basebar with ring stabilized the
stirrer to prevent whiplashing, The 1" shaft of the stirrer
penetrated the 2" diameter x 1/8" thick Hastelloy C off-gas
filter. Stirring st about 100 rpm successfully suppressed ag-
glomeration so that efficient mixing between solids and gas was
achieved. PCL oxide was conversed in two different runs to 87
percent PuClg. In onz case 1000 grams of oxide were contacted
with phosgene for 255 minutes at an average flow of T.T grams/
minute (0.005 fi/sec). In the second case, 680 grams of oxide
were subjected to phosgene for 226 minutes at an average flow
rate of 4.9 grams/ﬁinute (0.033 ft/sec). Both used three times
the stoichiometric requirement for phosgene. Bed temperature
reached a maximum of 520 € (measured at the center) and the
corresponding reactor temperzture on the outside was held at
75 C. Bed temperature dropped to LTS5 C before the runs were
concluded.

The off-gas temperature was 250 C. Nickel contamination in the
product was reported to be 5000 ppm, which casts doubt on the
sultability of nickel for this service. No erosion was obvious.
Hastelloy was used in subsequent work.

5. Mechanically-Stirred Non-Fluidized Bed Reactor
T. S. Soinel*) found that he could mechanically stir a glass
reactor similar to those used in the preliminary tests and
described in B-1 above at phosgene upflow below that required
for minimum fluidization. At 500 C he routinely made a high-
purity chloride with a conversion ranging from 90 to 96 percent
depending on the particuler oxide feed. Both WMO and PCL oxide was
were used as feed. An average of about 120 grams/hour of plu-
tonlum were chlorinated. The phosgene was consumed at about 120
grams/hour. This quantity exceeds the stolichiometric requirement
by only about 20 percent, which is excellent gas utilization.

Typically the bed in the 2.6" diameter reactor was about 3" high.
The stirrer was made from Hastelloy X and had straight blades of
" square section on a " shaft. The distance between one set
of blades was 3/4" with a second set of bledes opposite being
. placed on the shaft midwey between those of the first. Table V

compares metal contaminants of oxide with the corresponding

UNCLASSIFIED
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chloride product.

Elements reported at less than 10 ppm are not included. Since
nickel and chromium were less then 10 ppmy corrosion of the
stlrrer was assumed to be negligible,

TAB.E V
CONTAMINATING ELEMENTS N PO, FEED AND PuClsz PRODUCT
NON-PLI DIZED KED
ppm
Al Bi Ca gg Fe Mg Mn Na Pb Sn Zn Ti

PCL oxice 10 10 500 2 <50 50 20 200 100 10 50 20
chloride 10 10 2000 10 <50 100 50 50 50 <5 50 -
WMO oxide - - 200 <50 100 20 50 50 20
chloride - - 1000 <50 100 10 20 20 -

C. Continuous Tests

— s G - A m— — — — —

A continuous rather than a baitch-reactor is usually more desirable
from an operational viewpoint. A steady-state condition then
obtains; that is, the feed is contiauous, electric power to
heaters is constant, and the bed tempersture is constant within
limits and not subject to high excursions. The volatile content
of the feed and the volatile compounds formed during the reaction
are constantly being vaporized or flushed off and removed via

the off-gas line at a low constant rate. This presents a constant
Joad to the off-gas filter. Another advantage is that the steady-
.state holdup composition of the reactor is predominantly chloride.

2, Chlorination Tests

- oe  m— — — . — oo

a. Reactor With Bottom Feed And Top Product Removal

The first version of the continuous unit (see Figure 2) had
a 1" screw feeder at the bottom of a 2" diameter by 10" long
Hastelloy tube, The bed height is kept more or less constant
by overflow through the 450, 1" take-off arm. A glass jar
adapted to a tee attached to the teke-off arm is the product

UNCLASSIFIED
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receiver., The off-gas lzaves the bed through the hake-off
arm, assisting mowvement of the produst to the recelver. It
then passes thzough the 4" dlameter filter which is made

from 1/8" sintered Hastel. oy C having an average pore size

of 65 microns. ‘e reaschunguisr stirrer is driven directly
by an electri: motor at 173 rpm. The electric resistance
heat is upplied by two 750 w Calirods¥® opposite each other on
the main reaxtor tube, one 350 w Calrod on the lower tee, and
one 250 w heater on the base of the 4" pipe supporting the
filter elemsnt.

In a continuous run in the equipment just described, PCL
oxide was fed at an average rate of 185 grams of lutonium
per hour. Phosgene flow rate was 480 grams/hour ?more than
three times the stoichiometric requirement) and just enough
to fluidize the bed. The bed temperature was 455 C. The
pressure Arop®* was steady st 20" of water. The pressure

in the reactor.did not exceed 5 psig, indicating the filter
resistance remained low. The product was T2.3 percent PuCls.
Theoretically these conditions should have converted more
than 90 percent in a one-stage reactor of this size.

Dismantling the reactor to determine the reason for the low
conversion to the chloride revealed that a significant quantity
of the oxide had been entrained with the product. Oxide was
found in the take-off zrm and even in the filter. Apparently
its "Justing" characteristic makes it prefereantially entrained
out of the chloride bed and into the off-gas. As a consequence,
the oxide dilutel the product. This dusting characteristic
is common to all plubonium oxide tested regardless of the
source. As little as five percent dioxide in a binary mix-
ture with PuCls can be detected upon shaking the container.
This is in spite of & greater gbsolute density for the oxide.
The explanation for this may lie in a lesser effective

density of the oxide particles and not in the particle size.

Reactor With Top Feed And Bottom Product Removal

In view of this "inherent" product dilution by oxide, the
flow of the solid phase was reversed, putting the oxide feed
at the top and removing the product from the bottom. In this

’g General Electric Company Trade Mark.

Teylor Differentisal Manometer with bellows.
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arrangement, the oxids dust is contained in the upper
section of the reactor uatil it is chiorinated. Two
secondary advantages were expested to accue from the change:
(1) feed and ressuant are counter-current, eand {(2) volatile
compounds can be flashed off without having the resulting
vapor traverse thz bed.

The revised resctor is showm in Figure 3. A 3" screw feeder
with hopper was added to the top., The glass jar used as
product receiver was placed below the original feed hopper;
the old 1" screw feeder became the product removal screw.
The old teke-off arm was blocked off up to the main tube of
the reactor.

An inebility to feed the PCL oxide continuously through the
hopper and screw arrangement handicapped the obtalning of
Geta. Even a temperature as low as 75 C at the hopper was
high enough to affect the flow properties of the oxide. The
residual nitric acid began to caleine in the hopper, as
evidenced by characteristic brown fumes. The powder bridged
in ‘the hopper and clung to its walls., It appeared also to
cling to the screw, ZEqualizing the reactor pressure with
argon gas was not sufficient to induce uninterrupted powder
flow,

Nonetheless, the oxide was added successfully by increments.
Four differentially-fed chlorination runs were made. Con-
version to chloride ranged from 90 toc 9% percent with an
average of 92 percent, SpeciHrochemical analyses indicated
that the product contained less metal impurity than the feed
except that chromium and nickel were reported as 500 ppm.
Otherwise the content of metal impurities is similar to those
shown for the chicride in Table V. The presence of nickel
and chromium is assumad ©0 be dbrasion of metal from the
stirrer against the reactor wall--the part of the stirrer
affected was very apparent from visual examination upon
removal from the reactor. The assumption is strengthened
by the results from the Hastelloy stirrer in the glass
reactor (B-5 sbove). Nickel and chromium were always less
than 10 ppm in the product chloride.

Typically, an initial 200 cc of PCL oxide was chlorinated as
a bztch. Successive additions of asbout 38 grams of oxide
were then made vwhen the preceding addition of feed had re-
acted as indicated by a rise of sbout 10 € in temperature

UNCLASSTFIED
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followed by a return to the bed temperature of L35 - 450 ¢,
The phosgene flow varied due to incresging resistance across
the off-gas filter, but the flow was always above that re-
gquired for minimum fliuidization.

The off-gas filter graduzlly bullt uwp to 9 psig. Periodie
blow-back with 10 psig argon gas did not appear to be
effective for keeping the filter open. The temperature of the
filter was kept zbove 375 C, Maximum throughput attained

for this "semi=continuous" run was 140 g plutonium per hour
for several hours. Thres runs were mxde under approximately
the same conditions.

A fair evaluation of this performsnce is difficult mainly
becauge more than enough time was allowed for the temperature
to return to steady-stste conditions after each incremental
addition of oxide., Nonetheless, the large portion of oxide
converted to chloride is encouraging.

D. Status Of Progran

The practicability of chlorinating plutonium dioxide with phosgene
in a continuous mechanically-stirred fluidized bed has been demonstrated.
B oth bottom and top feeding techniques were used. On the basis of in-
complete testing, the latter is preferred for obtaining high conversions.,
In addition, a batch-opersted, mechanically-stirred non-fluidized bed

. was shown to be feasible., The mechanically-stirred reactors produce good,

easy-to-convey chloride without ceking or agglomeration.

A simple fluidized bed cannot be depending operated at the reaction
temperatire due to sintering and conseguent agglomeration of the solid
phase.,

PCL oxide could not be reilably handlied in the hopper and screw
arrangement tested in the top feeding mechanism. Apparently the oxide
begins to calcine as it warms, whereupon it begins to bridge and stick in
».5> container. As a result, the "preferred” tcp feed method was run semi-
continuously and not as a truly-continmuous unit. Further work should
define methods of handling PCL oxide and introducting it into the re-
actor in a truly-continuous fashion.
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Within the limits of these operating conditlons, Hastelloy C' and
glass appear to have very good corrosion resistance, Scanty evidence
indicates that the use of nickel for this serxrvice is doubtful. Use of
the glass reactor with Hagtelloy stirrer showed no corrosion. Therefore,
Turther work with other Hastelloy reactor desigas seems warranted to re-
duce the level of product conbaminants. This contaminetion is evidently
the result of friction and erosion rather than corrosion.

E. Recommendations

Improvement in two areas of this work should result in extended,
dependable operation. The first is in the off-gas system. The second
is the feed mechanism. Other possibilities for refining the operation
lie in the bed height to diameter ratio, and the stirrer design. The
points mentioned are outlined briefly below followed by comments on
instrumentetion and control of bed level. '

1. Filtration
Filtration can be improved by increasing the area of filtering,
reducing the velocity of the off-gas beforeit gets to the filter,
and finally by causing the off-gas to change direction before it
gtrikes the filter. All of these factors tend to minimize the
rate at which solid particles would actually reach the filter
surface, These features have been incorporated in a newly-
designed filter housing (see Figure 4). The housing may be
directly adapted to the current reactor. The two ceramic filters
increase the filter surface by a factor of 22, slow the linear
velocity by a factor of 5, and cause the off-gas to change direc-
tion at least once after leaving the solids-gas interface. In
this arrangement, the stirrer shaft does not penetrate the filter
as before.

'Stirring should be slowed to the practical minimum, Iess severe
stirring would reduce comminution of the solid and reduce dusting.
Both factors would tend to reduce the filter load.

The minimum practical gas velocity should be determined even if
this is less.than for minimum fluidization; provided, of course,

(#) Trade Mark Union Carbide Corporation
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that dependabls stirring, product removal, and minimum particle
size can be achieved in the reactor.

Oxide Feed

A more positive method of feeding the reactor with oxide 1s
necessary, particularly if material with high volatiles content
must be handled.

A hopper should be tested with a constant cross-section all the
way down to the screw. A diminishing cross-section increases the
probability of bridging. The hopper should be as remote from the
heat source as practical and should be insula ted to prevent
incipient calcining of the oxide, which can occur at & relatively
low temperature.

The screw should be greater than 3" in dismeter. Various screw

types should be tried; i.e., ribbon screw, double flight screw,
etc. The possibility of using a rotary pocket (star) valve for
feeding the oxide should not be overlooked.

— 008 i e p—

The stirrer must be operated with stability under the stirring
load so that whiplashing against the reactor wall is not possible.
The new Filter Housing {Figure 4) includes a precision bronze
bearing as well as the bearing given the stirrer shaft at the
packing., These two points of bearing versus only one point of
bearing as before should provide the desired stebility and thus
elimination of abrasion of the metal. A

QOther configurations of the stirrer could be tried to obtain better

mixing of solid and gas.

— o — T - tovut  Wmc ama  gpom o m o

The ratio of bed height tc bed diameter could probably be bene-
ficially decreased. The diameter of the reactor probably could
be increased to at least 4.

UNCLASSTFIED
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5. Lngtrumentation fnd Convrol
The pressure drop in a fluldized bed is usually the best index
of monitoring bed conditions; i.e., bed height, degree of channeling,
etc, The fines in the solid phase in this 2" reactor tend, how-
ever, to plug the gas sensing line to the manometer. An alter-
native would be flush-wmounted strain gauges in the reactor wall.

The top-feed reactor may require an additional level control--
suggested are x-ray techniques or physical probe; e.g., con-
ductance probe. This type of control would place upper and lower
limits on the excursion of the gas-solids interface at the top
of the bed and activate the feed or product removael mechanism
accordingly.

The top-product-removal reactor does not, of course, require bed
level control.
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