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A COMPARISON -OF VARIOUS CALCINATION
PROCESSES. FOR ‘HIGH-LEVEL RADIOACTIVE WASTES

B. R. Wheeler
J. A. Buckham
J:~A. McBride

ABSTRACT
On the basis of published information and data, the four principal
radioactive waste calcination techniques, the fluidized bed, the pot,
the .radiant-heat. spray, and the rotary-ball kiln, are examined and

compared w1th .:respect to the principal process, operational, and product

characteristics of each. An ultimate combined capacity of 1000 to 2000 gph

is shown to be necessary to process generated and accumulated wastes’
betwéen,the‘years 1965 and:2000. The effects.on product properties

and on economies of ultimate waste disposal of the type of .calciner

selected. are .considered from many standpoints, including the composition,

concentration, and activity level of the waste solution and the calcina-.
tion conditioné. Also.discussed are-creation of glass-like compounds
from.calciner products, personnel and equipment requirements, and the *

present: status -of development of each of the calciners, It is shown:

" that one or more calciners may be suitable to process any particular

.waste, depending on the desired type of product and other circumstances.
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TINTRODUCTION
.The urgency of developing ettective disposal processes for highly

radioactive‘wasteAwilllintensify as the nuclear power industry matures.
From the United States effort, four different calcination processes,
-fluldized bed(l), pot(e), radiant-heat spray(3l and rotary-ball

kiln (h),are emerging. Product from any of these processes can be.
converted to glass-like materials in a step subsequent to calcination

or can be dispersed in insoluble matrices to reduce the leachability

of the activity by water and to increase end product thermal conductivity.
Other‘tEChniques under development, but .not as advanced as these
calcination processe?,)incluéé direct conversion of waste solutions to

>

glass-like compounds

; decomposition of waste and fixation of metallic
salts therein in molten sulfur<6), and adsorption of radiocactivity in

solutions on clay type minerals followed by high temperature calcination(7).
Although considerable information has been published on waste disposal

by the several techniques of caleination, the different processes can-

not readily be compared, unfortunately, due to differences in reporting

(8)

printed, attempts to rectify partially the former ‘situation by reduciﬁg

bases and in the states of development. A report , bresently being

much of the published data in over 120 references to common bases. This

peper ‘is a summary of the information in that report.



MAGNITUDE OF WASTE PROBLEM
Approximately 80 million gallons of high-level waste solutions

have already been accumulated at various locations in the United
Stateé(g). As the nuclear power iﬁdustry matures, this volume of waste
may muéhrocm, as shown on Figure 1, to levels as high as 500 million
gallons by the year 2000; the exact rate of buildup will depend on
various factors such as continued need for production fuel, rate of
development of the nuclear power industry, types.of reactors and fuel

elements emﬁloyed, the burnup levels of the fuels, and the technology

PRODUCTION FUEL
WASTES
190 x 106 GALLONS

190 x 106 POWER FUEL
"WASTES

80 x 106

1980

1963

Fig. 1 The cans depict the relative amounts of highly radioactive wastes not .
in existence, together with those that may be generated by the year 2000, Arbi-
trarily it was assumed that five million gallons of production fuel waste would
continue to accumulate annually through 1985, after which essentially all new
wastes would be those from power reactor fuels.




of fuel reprocessing. Figure 1 is based on the Bruce estimate(lO)

of future volumes of power reactor fuel wastes and on an arbitrary
assumption that five million gellons of prOdgctiOn fuel waste will
continue to accumulate annualiy through 1985, after which essentialiy
all new high-level wastes will be those from reprocessing of power
reactor fuels.

The magnitude of the waste problem is related to the required
throughput of future disposal plants on Figure 2 which compares
cumulative smounts of wastes that can be processed between 1965 and
auyAfuLure year with plants having a combined capacity of either 100
gph or 1000 gph on 300-day-per-year operation. This figure clearly
indicates that the combined capacity of waste disposal plants in
-the United States wil; have to be in the range of 1000-2000 gph to
pfocess by the year 2000, both the wasfes presently in storage and
those generaﬁed in the interim. The number of plants built, no doubt
will be dependent on the number of locations at which wastes are
generated, however, it seems highly desirsble to minimize this number
-because all radiocactive materials will require some type of perpetusl
survelllance. In all liklihood therefore, typical future plants for
converting waste solutions to solids should have individual capacities
exceeding 100 gph of waste solution. )

Waste disposal plants should be developed réﬁidly_eince funds used
for construction and later for perpetusl surveillance of liquid tankage
could be spent better for ultimete solids storage facilities. Calcin-~
ation--by one of the four processes--is the only technology sufficiently
developed today to meet the needs. of the waste disposal problem; hence
only the fluidized bed, the pot, the radisnt-heat spray, and the rotary-

ball kiln calcination processes are considered in this paper.
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Fig. 2 Waste production and disposal forecast for the United States. Values of
cumulative volumes of waste solutions are based on the Bruce prediction of
future volumes of power reactor fuel wastes (10). The initial combined capacity
of several solids conversion plants beginning operation in 1965 on a 300 day per
year schedule would have to be in the range 1000 to 2000 gph to process all
wastes during this period.




DESCRIPTION OF PROCESSES
. The mechanics of Waste,decomposition‘are similar for'allwcalcination

processes; the fluidized bed, the radiant-heat spray; and rotéry-ball
kiln calciners,ére all cepable of continuous operation while the'pot
"calciner is inherently é batch unit in which the process vessel also
serves as the final storage container. TFigure 3 shows schematically

a general radioactive waste calcination process. Waste solution enter-
ing the calcination vessel is evaporated and decomposed; volatilé gases
flash overhead to the off-gés‘system while the meﬁallic salts remain
behind in the calcination vessel. The off-gas is decontaminated in
either a COndgnsing or non-condensing system either of which can be
used satisfactorily for all caicination processes. The type of off-gas
system employed is dependent on the requirements and overall economics
of a particular waste disposal plant. If there are local requirements
for nitric acid, or if local air pollution control regulations prohibit
the release of nitrogen oxides to the atmosphere, then & condensing
off-gas system together with a conventional nitric acid decontamination
system would be the most desirable system. On the other hand, if there
is no reqﬁirement for slightly contaminated nitric acid, thus present-
ing a possible disposal problem, a non-condensing off-gas system may be
the most desirable.

With the fluidized bed calciner
schematically shown on Figure k4, the
waste solution sprayed into the well
fluidized heated bed of granular
solids coats particles in the bed;
water vapor and volatile gases flash /
from the spray droplets leaving ox- e oD I
ides of metallic salts uniformly de- I
posited on bed particles. At equil- RETURNED T0 BED
ibrium conditions, the effect of TO FURNACE J
particle growth is balanced by the PRODUCT PICKEO_UP. __/
formation of new seed particles and BY PNEUMATIC TRANSP
by the removal of product; bed tem- CIRCULATING NaK
perature is maintained at a pre-
determined value in the range 300- meumsm&~——J
500°C by internal heat exchange sur- :
faces, Spheroidal granular particles

ff —————=CALCINER OFF-GAS TO
SCRUBBER OR CONDENSER

BAFFLE
PRODUCT OVERFLOW -

~ ATOMIZING GAS

FEED SOLUTION

BED-SUPPORT, GAS
. DISTRIBUTOR PLATE

CPP-5-2627

Fig. 4 Fluidized Bed Calciner Details..



GENERAL “RA_DlOACTIVE WASTE
CALCINATION PROCESS :
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Fig. 3 General schematic diagram for processes used to calcine radioactive wastes. The type of cal-
cination vessel and product handling system varies considerably, depending on the particular process; ':
however similar off-gas .decontamination procedures can .be employed for all calcination processes,




ranging in diameter from 0.1 to 1.5 millimeters are continuously removed
from the calciner and are transported pneumatically to storage facilities.
The tramnsport gas, after separation from the calciner product, is merged
with the fluidizing gas and the gaseous reaction products in the cal-
cination vessel. Solids removed in the off-gas system from the fluidiz-
ing gas may be returned directly to the bed or combined with product
outside the calcination vessel; the latter represents current practice.

Waste solution introduced to an electrically heated cylindrical
pot calciner, shown on Figure 5, 1s evaporated to dryness and calcined
at temperatures ranging from 700-900°C. Metallic salts deposit in

radial layers along the vessel walls
and gradually fill the pot as a
massive, porous solid. Water wvapor

and volatile decomposition producto
WATER-JACKETED LINE

FEED pass continuously at an ever dimin-
TO SEAL LOOP = . _CALCINER OFF-GAS TO ishing rale around an overhead baffle
| T ZSNOENSER in the pot and are introduced to the'
CONNECTING ) off-gas processing system. The pot
: “LL;:ﬁ: TERMOCOUPLE calcination vessel, which serves
WALL 7 . also as the final storage container,
) AT W is transported by conventional re-
AB%2 eot carcnen mote manipula@ion practices to its
= ¥ final repository.
ZONED '
INDUCTION — g(/:x POT HEIGHT = 10 ,
FURNACE : POT DIAMETER= 6-24 In radiant-heat spray calcin-

A= ation, the waste solution is atomized
=% i ‘ near the top of the calciner, shown
WSWA“°”_\¢ Y/ —COOLING schematically on Figure 6, from where
COOLING —-cf gy TER it falls freely through the cylindrical
WATER /) 4/ vessel, which is usually electrically
a-,:. m“% MECHANICAL heated to temperatures ranging
Y from 700-825°C. The suspension of

feed droplets passes through zones of
evaporation, drying, and calcination,
and results in a finely divided powder
ranging in size from 1-13 microns.
Removal of the powdery product from

: : _ the calcinati?Elyessel occasionally
has required the use of a vibrating screw feeder. Water vepor and
volatile decomposition products, together with the gas used to atomize
feed, are usually separated from the product by blow-back filters out-
side the calcination vessel, although the use of cyclones has also been
considered. Product, because of its high porosity usually has been
collected in pots below the calciner for subsequent melting if suitable
additives have been used in the feed. Alternatively, product could
be continuously melted and poured into pots. These pots in a plant
facility would then be transferred by remote maenipulation to a final
repository. : :

[(@ DOLLY @ _—RAILS

CPP-8~2266

Fig. 5 Pot Calciner Details,
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Fig. 6 Radiant-Heat Spray Calciner. Fig, 7 Rotary Ball Kiln Calciner De-
Details. tails.

In rotary-ball kiln celcination, waste solution is dribbled or
sprayed onto a bed of metal balls in a slowly rotating cylinder as
shown ‘schematically on Figure 7. The calciner is electrically heated
to a temperature between 600 and 800°C. Product formed from deposition
of metallic oxides on the moving balls is pulverized during kiln
rotation into particles varying in size from 0.05 to 0.8 millimeters.
Product overflows from the calciner co-current with the off-gases and
enters a cyclone or metallic filters for product-gas separation. In
development studies, product usually has been collected in pots below
the calciner.

The composition of off-gas from a calcination vessel is dependent

on the waste, feed rate, temperature, and mode of operation. Virtually
all partiéﬁiate matter and gaseous fission producfs must be removed
from this gas prior to its release, Furthermore, off-gas scrubbing
streams and condensate must be decontaminated by recycling at least

a portion of them to the calciner or, less desirably, by putting them

into separate storage. In a non-condensing system, the final off-gas

.




will contain essentially all gases--except those removed in scrubbers
or adsorbers--resulting from the calcination regétions, together

vith any air or other gases employed in the process or leaking'into
the equipment. In a condensing system, the final off-gas will contain
only those non-condensible, non-absorbable gases that pass through all
equipment in the off-gas stream. The products of the condensing
system will 1nclnde, in addition to a gas stream, two or more liquid
streams containing nitric acid, water, and perhaps various compounds
-of low volatility that cannot be retained by caleiner products. The
liquid streams would be produced fram decontaminating the acidic
condensates, possibly by continuous equilibrium vaponization.(lz) In
non-condensing off-gas systems, a primary cyclone -is usually employed
to séparate the fines from the off-gas before it is introduced in turn
to a venturi scrubber, silica gel adsorbers, and then to AEC-type
high efficiency filters. In condensing systems, gas downstream from
the condenser is usually introduced to an .evaporator, a rectifier,

and another condenser before introduction to the high efficiency
filters. There appears to be no reason to favor-either'a condensing
or non-condensing off-gas decontamination system since operating data
(15,14,15) indicate that the activity released with a gas under either
mode of operation is well below maximum acceptable limits. By
employing proven techniques, the net volume of off-gas released per
unit of waste can be similar for all calcination processes. If the

- release of off-gas from & plént ever must be reduced to a theoretical
minimum, condensible or absorbable gases or perhaps recycled gases

can bé used for pneumétic instrumentation, for feed atomization where

applicable, and for fluldizing in the case of the fluidized bed calciner.
The required product handling systems present striking contrasts

among the various calcination processes. Granular materials produced
in the fluidized bed, radiant-heat spray, and rotary-ball kiln calcination A
processes can be conveyed pneumatically from a calciner to a storage
facility in pipelines, can be transported in pots, or perhaps can be
conveyed with the aid of vibratory equipment. Cellular materials or

glasses, on the other hand, such as are created in pot caleciners or in

10 .



melt pots adjacent to the radiant-heat spray calciner, must be trans-
ported in the pots to a rePOSitory using remote handling equipment.
Transportable pots are limited iﬁiéiie by coﬁsideration of remote
manipulation, handling énd‘transport to move them from the processing

area to ‘storage as 'well as by considerations of maximum storage’

temperature.

11




| | THROUGHPUT CAPACITY , . . . . -
The presence of several indeterminate factors makes it impossible .

to set a capécity now for future waste disposal plants. The immediate
need for séveral large capacity plants has already been shown; still
there may be circumstances Justifying one or more low capacity plants,
but only for the next few years. Such circumstances need not impede
planning for the future because no calciner must be operated at its
design capacity. All can be operated at rates ranging from their design
rate down to one tenth of the design rate, and in some cases with no loss
in efficiency and only a small increase in operating cost. Operation
at low percentages of design capacity may require dilution bf the waste
feed with a large recycle water stream requiring additional furnace heat;
however, this is not a significant factor in the overall economics A
of waste disposal. If the investment costs of a continuous operating
calcination facility increase with the capacity to a power of only
0.1 to 0.2, as is the case for most nuclear processing plants, spare
.capacityugan be provided with only a small increase in investment cost.
A waste processing plant designed on this basis could thus adapt to
increasing demand without incurring additional capital cost; in effect,
a large capacity calcination unit would be operated at less than design
capacity during early years with a gradual shift to higher throughput
levels as demand increased. An attractive alternative, if the waste
.processing ﬁnit is built in connection with a fuel reprocessing plant,
is to operate the calciner part time in its early years alternating the
operating crew with chemical processing assignments which require similar
talents. 1If the ultimate capacity requirement of a ﬁaste calcination
plant is uncertain, it would appear advissble to err on the side of
providing excess initial capacity.

The capacity of a calciner is limited by those varisbles which
govern the amount of heaﬁ that can be transferred into the zone of
waste decomposition and calcination, The capacity of each of the

calcination processes will be considered in turn.

12



The capacity of the fluidized bed calciner has been found from
pilot plant studies with various feed compositions to be dependent

only on the heat transfer area, the bed temperature, the temperature of

the heating medium, the bed particle size, and the fluidized bed density,

“the last two being those factors ‘influencing the controlling heat transfer

coefficient.

LIOUID THROUGHPUT CAPACITY
_ GalAHr)(Sq Ft. OF HEATING SURFACE):

- Il - i 1
300 400 500 600 700 800
MEAN TEMPERATURE OF HEATING SURFACE ,°C

" Fig, 8 Capacity of fluidized bed cal-
. ciners based on a surface-to-bed heat
" transfer coefficient of 50 BTU/(hr) (ft2)
" (°F) selected from the experimentally
observed range 40 to 100 BTU/ (hr)
'(ft ) (°F),. dependent inversely on bed
.particle size. Operation with a small bed
particle size could result in even higher
capacities than shown .in the figure,
The limiting temperature of the heating
- surface allows for a 50°C differential
between it and the boiling point of a
eutectic sodium-potassium heating fluid.

Figure 8 shows the capacity per unit heat transfer area as

a function of the mean femperature

of the heating surface fof several

values of bed temperature, assuming
a heat transfer coefficient of

50 BTU/(hr)(ftg)(°F)»selected from

the range of experimentally observed

valies of 40 to 100 BTU/(hr)(ft2)(°F)(l6).

During normal operation, the heat
transfer coefficient hes €asily been
maintained above 75 BTU/(hr)(fte)(°F)
by keeping the average size of the
particles in the bed below 0.6 mm<l6).
No test unit used to date has employed
as large a heat transfer aresa as ite
volume would permit. The range'ef
throughput capacities of a single -
calciner can vary from bench scale
rates, below one gph, to an extra-
polated maximum capacity of about
1500 gph of aluminum nitrate

waste for a single 60-inch diameter
calciner. With Purex type wastes,

a 100°C lower heating surface tem-

peraﬁﬁre required to prevent any product fluxing on the tubes would

result in a 20 percent lower capacity.

Other factors which affect the

capacity of a calciner need not be extrapolated beyond proven pilot

plant performa.nce to achieve capacities up to 1500 gph in & 60-inch

diameter unit,

More spray nozzles would be needed than employed in any

Gnit to date; however, tests have shown that nozzles can be installed

13
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both above and below’the’ heating bundle, requiring no increase in spray

density per unit volume.

" The average feed rate to a 2 7 1/2 foot long, eight inch diameter pot

(17)

'calciner

5 over one cycle B excluding necessary turn around time, has

been found to vary between 20 and 50 liters per hour depending on the

'composition of the waste, it appears that an average rate including

"an 1l-hour turn-around time for plant-scale units may be about 26, T

J.iters/hr(l ). Based on this value it appears that the maximum capacity

of a single ca.lciner about 24 inches in diameter and 12 feet long (ten

feet of heated length) 1s asbout ten gallons per hour for calecination

of aluminum nitrate type waste and about eight gallons per ‘hour for

~ Purex type wastes.

o
OF OTHER CALCINERS

LIQUID THROUGHPUT CAPACITY, GAL/ Hr
ES o) o -

)
T

PRACTICAL LIMIT FOR HEATED LENGTH OF POT/

1 I ]
0
6. 7 -8 -9 10
HEATED LENGTH OF POT, FEET

Flg. 9 Capac1ty of single pot calciners
based on a pot wall temperature of
900°C, aluminum nitrate waste solutions,
feed rates independent of pot diameter,
feed rates observed during development
studies, and a pot turn around time of
eleven hours. The salt concentration of
the " waste being calcined will have a
marked - effect on capamty with. this
calciner,

Figure 9 shows the total capacity of a pot calciner

rather than capacity per unit area

-as ‘for the other calciners to avoid

misleading impressions; since the
average feed rate to a pot calciner
is almost independent of diameter(18{
the‘capacity per unit- area varies
inversely with pot diameter.

The capacity of the radiant- heat
spray calciner is difficult to predict,
but according to Allemann, et al,(l9)
the maximum capacity 1s reached when‘
incompletely dried particles deposit
excessively on the calciner wall.
’On_Figure 10, the capacity.has been
relatéd to nominal residence time of
particles and to vessel diameter
with limitations imposed'by the heat

flux. These limitations were estab-

lished during development studies(ao)
using water feed both before any
deposition of solids had occurred on
the;calciner wall and after a run in

which'the deposits were maintained

I
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Fig. 10 - Capacity of radiant-heat spray calciners based on 800°C furnace tem-
peratures and outlet gas at 400°C and 12 psia. Heat flux limits were experimen-~ -
tally established (20)” with water feed before and after formation of normal wall
deposits in the calciner. Capacity of single calciner may be limited by residence .
time, vessel diameter, vessel length, or heat flux. Required residence time
(nominally based on outlet ‘conditions), which is dependent on the degree of cal-
cination sought, may vary over a wide range.

at en eqnilibriun value by rapping. On later runs somewhat higher
throughputs were achieved for brief periods of operation. The necessary
residence time to insure desired drying and calcination in a reactor is
uncertain For 81milar apparatus, Gauvin, et al( 1) , report satisfactory
residence times varying between 16 and 126 seconds; Allemann, et al, cite
satisfactory residence times varying from 5-15 seconds(l?) with waste.
Honever, with the latter work, it was‘reported that incompletely calcined
powders deccmposed further to oxides of iron and aluminum when heated

to 900 C. The three-foot diameter limitation shown on the figure
indicates the upper size at which Allemann, et al(l9), and Johnson(ge)

believe that heat transfer into the center of the vessel will not be

15




maéked and result ih uneven temperature distribution. The .range of

‘capacities for a single radiasnt-heat spray caleiner can vary from bench

scale rates to an extrapolated maximum capacity of about 65 gph of

aluminum nitrate waste, assuming for the latter a three-foot diameter

calciner 20 feet long. The veséel length, together with the length

of necessary appurtenant equipment below the calcination vessel, would
be fixed by cell depth considerations.

The capacity of rotary-ball kiln calciners thus far haﬁ been

limited by the effective rate of heat input into the kiln,

During

pilot plant studies with an elght-inch diameter, seven-foot heated length

calciner, the feed rate has varied between three and five gallons per

hour.

The correlation on Flgure 11 shows the estimated capacity per

square foot of heating surface based on an overall heat transfer surféce

coefficient of 30 BTU/(hr)(ft2)(°F) which was calculated from limited

g
(=}
<

LQUID THROUGHPUT CAPACITY,
o
T

Galf/(Hr.)(Sq. Ft. OF HEATING SURFACE)

o300 400 500 600 700 800 .
MEAN TEMPERATURE OF HEATING SURFACE, C

CPP-S-2634

Fig. 11 Capacity of rotary-ball kiln
calciners based on a surface-to-bed heat
transfer coefficient of 30 BTU/(hr) (ft2)
(F) calculated from meager data. Fur-
ther development work is desirable to
substantiate the calculated heat transfer
rate, and to establish that feed can be
dispersed effectively over long sections
of a heated kiln,

- data from runs in which the operating

conditions were not varied signifi-
cantly. The maximum capacity of a
single rotary-ball kiln calciner,
2 1/2-foot diameter 20-foot long,
although difficult to estimate, may

be as high as 200-300 gph, based

on Figure:ll, provided the feed--

and hence the demand for heat--can

be effectively dispersed throughout
the length of the calciner. An
engineering feasibility study(25)
(assumptions unstated) indicated a
rotary-ball kiln calciner 2 1/2 feet
in diameter 20 feet long would have

a capacity of about 100 gph.

" The potential throughput
capacities of the various calcination
Processes are compared on Figure 12
which shows the number of calciners
along with the volume of stprége

facilities that would be required for
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each of the processes to handle 1,000 gph of acidic Purex wastes,

'Thls task could be accomplished either by a single fluidized bed
calciner, flve feet in diameter by 20 feet high by four rotary- -ball .
kiln calciners each 2 1/2 feet in diameter by 20 feet long, by 15
radiant- heat spray . calciners three feet in diameter by 20 feet high, or
by 100 lines of pot calc1nation equlpment using pots two feet in
diameter by 12 feet long. Because of the high porosity of radiant-heat
spray calciner product, investigators(lg) believe that additives should
be used so that the product can be melted to a glass-like material in
a pot and thus significantly reduce the overall material volume.

ALTERNATIVE PROCESS REQUIREMENTS
FOR 1000 GPH. PUREX WASTE DISPOSAL CAPACITY

42000 -96000
FT3/Y

GRAN ULAR
PRODUCT

1 FLuIDIZED BED
CALCINER

v

. OR

GRANULAR PRODUCT

4 rorarv-BALL | e 74000 - 107000
KILN CALCINERS N\ = [FT¥ YR

' OR

__, |68000-160000 FT3/YR.
15 POT LINES | GRANULAR PRODUCT

WITH ADDITIVES

|5 'RADIANT - HEAT
SPRAY CALCINERS -

y [1900-2900 POTS/YR.
GLASS

OR

1500 - 2100
POTS/YR.
CELLULAR PRODUCT

100 ‘P(:)T ITINESZ ;

v

,.;3

- Fig. 12 Alternate Process requirements for disposal of 1000 gallons per hour of
Purex type wastes. Calciner vessels and storage volumes are shown approxi-
mately to scale withrespect to each other. Required volume to store end products
are based on the range of poros1ty exhibited by experimentally obtained material
from each process.
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CALCINER PRODUCTS

Required volumes of stbragé facilities for the calcination processes

shown on Figure 12 are baéed on values of the properties of calciner

product given in Table 1 and on the coﬁp051tion of an acidic Purex

waste used in an economic study made by Oak Ridge National Laboratory.

TABLE I

PROPERTIES OF PRIMARY CALCINER PRODUCTS

(18)

Rotary-Bsll Kiln

Fluidized Bed Pot Radiant-HReat Spray

Averege size, mm 0.25-1,20(2h) ------- 0.002-0.013¢27)
Type Granular Cellular Granular
Bulk Density, g/cc ’ 0.5-3.0(2u’25) o.h-l.é(e) 0.18-1.1(27)
Gross Porosity, % kh-76(2h) 51-86 67-9% .
Typical Volume ’ ~
Reduction Factors 7-20 5-9 2-4
Thermal Conductivity 0.08 @ ko°c(26) 0.06@ 100°c®) 0,05 @ noec(2T)

BTU/(hr)(£t)(°F) o0.21e 8oo°C 0.6 @.900°C 0.13 @ 200°C
Nitrate Contest, wt.% 5-12@ 300-5oo°c(2h) 0.006-3.ho(é?30) Not reported

Loo-1000°C

0.15-0.16(28)

Granular
0.65-0.95(28)

69-79

7:10
0.098(29)

(temperature not
reported)

Not reported

The values in Tablé 1 are the range of values observed for various

wastes processed during experimental work with each of the calciners.

Unfortunately identical wastes have not been processed in each of the

calciners, which prevents a direct comparison. This is primarily a

problem in calculating comparative volume reduction factors.

For com-

parisons made in this paper, experimentally obtained Yalues of bulk

density were used to calculate porosity and volume reduction

féctors

wherever possible., Where experimental data were not avallable, a best

estimate of bulk density or porosity was employed, based on a range of

experimentally obtained values from wastes that were calcined. Volume

reduction factors shown herein may differ from those in other publications

due to a difference in definition. The volume reduction factor used

herein is defined as the ratio of the volume of concentrated waste normally

expected in. tankage to the final volume of the end product. - -

18



- The properties of a, caleciner product significantly affect consider-
ations of long term storage and at times the calcination process itself.
Both the physical and chemical properties of calciner products can vary
over yide ranges depending on the Waste calcination processes, mode of
operation, processing subsequent to calcination and other factors. With
respect to physical properties, smarp demarcation exists in appearance,
viz, products may be either granular or cellular. Granular products are
produced in the fluidized bed, the radiant;heat'spray, and rotary-ball
kiln calcination processes, Cellular product, but not necessarily
vitreous material is produced in the pot calcination process.

Through use of proper fluxing agents, the final products of all

. calcinatlon processes can be made into vitreous or glass-like materials

| at practical temperature levels,‘800 -1000°C, having a relatively low
water leachability and a high thermal conductivity. Because the' pro-
perties of the glass-like material are essentlally independent of the
calcination process employed to generate the initial product and
because the use of fluxing agents in all cases will result in an end
product of greater material volume than that minimum volume theoretically

obtainable otherwise, glass-like products will be considered separately
later in this paper.

Water ledchability of a granular product will be higher while
thermal conductivity (and with high porosity material, the liquid-to-
solid volume reduction factor) will be somewhat lower than those of the
correspouding cellular product. Thermal conductivity and specific
activity of a product together with the diameter of a storage vessel
and rate of heat dissipation therefrom govern the temperature of product
in storage.:'This temperature must be limited to avoid volatilization of
radioactive'isotopes'or corrosive compounds. Economically, it 1s highly
desirable to use the largest containers possible--those that result in
maximum ellowable'temperature at the time of product internment-~--for
storage of radiosctive materials because vessel costs increase approxi-
mately linearly with vessel dismeter while the useful storage volume '
increases with the square of vessel diameter. Even though a cellular

material may have a higher thermal conductivity than does a granular
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material, the granular material offers other important économic advantageé
independent of transportability. A granular materidl may be stored in
annular biné'of~greaﬁér 1eng£h than a transportsble pot, the cost of an
annular bin per unit volume is about 70O peréent of that of a. correspond-
ing cylindef; also, granular solids can be stored for an interim period

in relatively small, cooled bins and later tramsferred to.larger, less
expensive bins, but this can not be done with a cellular maferial. '

(31)'have suggested that a period of interim

Some - investigators
storage of liquid wastes precede calcination for the decay of activity
to allow the use of large economical storage containers. An slternative
procedure, which does not involve storage of the liquid waste during
its period of greatest hazard, is possible with granular caiciner products
since they can be placed in interim storage and later be moved pneumat-
ically--after the decay of activity--either to leSS'expénéive permaneht'
storage or to-a final processing step for vitrification or investment
in a heat conducting matrix. With such interim storage of the sdlids,

the difference in thermal conductivity between the granular and cellular
materials loses 1ts economic importance. '

While these advantages of the easily transportable product are
obvious, there i1s another less obvious but perhaps significant point.
A retrievable product meets in part the suggestion of those in the
(32,33)

scientifié community who believe no present or near future treat-
ment should irrevocably remove radioactive waste from accessibility to
future generations. Interim storage of these wastes as granular solids
offer a greatly reduced hazard overlliquid storage, but retains much

of the accessibility. Thus, preparation of & granular waste product
today represents a reasonable compromise between the extremes of permanent
tank storage és liquid and immediate production of small volume pots

of vitreous materials, both with respect to present safety aspects and
with respect to flexibility for future utilization of any economic

value in the waste., This also avoids the permanent economic penalty

assoclated with storage of waste in small containers.
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; VITRIFICATION OoF CALCINER PRODUCTS 4 .
By use of proper fluxing agents, the products of all calcination

processes can Ye' made into vitreous or glass -like materials at practical

temperature levels; the properties of glass-like materials are essentially

independéﬁt of the calcination process empioyed to generate the initial
product. A1l processes will require use of fluxing agents to produce

glasses, the nature of which will depend on the initial waste composition;

in most cases this will result in a material of greater volume than
that minimum volume theoreticaily obtainable otherwise as shown on
Figure 13. On this figure the expected volume of glasses is compared
to those of corresponding solutions and calciner products for several
wastes, - The figure is based on the amount of waste oxides incorporated
into glass-like materials by inveStigators at ORNL(Bl) and the relative

volumes of calciner products calculated from best estimates of porosity

observed for similar type products obtained during experimental'operation

To be attractive economically, the increased expense (combined chemical,
operating,and capital costs) of producing a glass-like material must be
offset by savings either due to =z further decrease in volume or through
the use of larger cheaper storage vessels becsuse of a higher thermal

conductivity of the final product. Most glasses, because of their

relatively high thermal conductivity, probably can be contained in vessels

whose upper limit of size is determined only by considerations of remote
manipulation; however, ultimate storage in a vessel no larger than this
imposes an ‘economic peaalty on overall costs. )
The}technical.merits of a-glass-like‘material over the primary
product of any process are uncertain, Unless they are totally non-
"leachable, glasses will require containment; therefore, benefits of low
leachability are reallzable only with breached storage vessels. On
Figure lh an attempt 1s made to show qualitatively the relative degree
of safety associated with storage of the various forms of radioactive
wastes, viz, as a liquig, calciner product, or as a glass-like materisl.
of course,.ultimate safety in the disposition of waste activity will
result only with solids completely non-leachable in water and placed in
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- RELATIVE VOLUMES OF WASTES,
CALGCINER PRODUCTS AND GLASSES
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Fig. 13 Relative volumes of waste solutions compared with calciner products and
glasslike materials that may result with the use of the various calcination
processes.
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“INCREASING SAFETY

UNSAFE |
HAZARDOUS —=o
TO LIFE

L 1 1 | 1 | 1

. I‘NCR'E.ASING SEPARATION FROM HUMANITY
o
SURFACE STORAGE COMPLETE ISOLATION

Fig. 14 A conception of relative safety that may result with storage of radio-
active wastes as liquids, as calciner products, or as vitreous materials, There
are at least two degrees of freedom for obtaining any level of safety, separation
from humanity and degree of leachability. Evena totally nonleachable material--
not yet obtainable--must be removed from the habitat of man; however, a modest
separation results in the considerable improvement in safety as compared with
that possible with solutions or highly leachable solid materials. Ultimate safety
is represented by a totally nonleachable material storedin a completely isolated
location, perhaps deep in the earth. Storage of solutions in this same location
could result in a tolerable degree of safety. Between the extremes of solutions
and totally non-leachable materials are various calciner products and vitreous
materials with overlapping degrees of leachability. The assignment of values to
the scales on this diagram is a challenge now facing the scientific community.
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a totally remote location. A method to prepare such a material is not

yet available; hence, even those glass-like materials that are techni-
cally feasible todey must be placed inside contalners for long term storage.
At the other end of the scale, a minimm level of safety results from
simple disposal of activity to the ground accessible to mankind. Between
-the two extremes aré varying degrees of safety which depend on the type

of storage contalner, its location, and the leachability of radioactive
material. The threshold of minimum safety must be established for any
given situation. TFor conditions above this threshold, economics should
play a significant part in the selectibn of a waste disposal method.

WASTE ACTIVITY LEVEL

The activity level of a waste can have a considerable effect on
waste disposdl costs as shown on Figure 15. Since lowest storage costs
are achieved by storing calciner products in the largest possible
container, which is limited only by temperature considerations related
to the radio-activity, it follows that remote handling considerations
can prevent realization of lowest possible costs for many wastes. Figure
15 is bésed on an ORNL economic study(18’54).of a hypothefical nuclear
power plant involving the use of a pot calciner, and on a parallel,
'Idaho Chemic?l ?roceséing Plant study involving the use of a fluiddzed
35

bed calciner However, the curves shown will apply equally well

to any cellular material produced and stored in pots and to all granular.b
materials stored in bins. The costs on the figure include expenses for
storage containers, cooling facilities, vaults in which the storage
containers are placed, and necessary transportation and surveillance
costs for acidic wastes; calcination and processing costs have been
excluded. The figure shows that costs diminish for granular materials
with decreasing activities, but for céllular4materials in pots,'the
.costs become constant in spite of decreasing activity when the remote
handling limitation on vessel size overrides the limitation imposed

by maximum temperature in storage. The figure also shows that the cost
of transportation and storage of radioactive materials in pots is ‘
several times that of biﬁ type storage used in conjunction with pneumatic

transport of granular calciner products.
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EFFECT OF WASTE ACTIVITY ON STORAGE COSTS
FOR ACIDIC PUREX AND THOREX WASTES
7 | | |

3.0
r— -
N
o
x CELLULAR MATERIALS PRODUCED
w 2.0f= 8 STORED IN POTS , -
I .
x
\ ‘---_------
3. p— . . » - —
< BASED ON ORNL 3192 .
= ORNL TM 559
10 IDO - 14595 —
('7) ' .
g GRANULAR MATERIALS STORED IN BINS
- 86 % GROSS POROSITY / ' b
o) 'l ]
0 8" 12" 18" 24"

MAXIMUM POT DIAMETER OR EQUIVALENT BIN THICKNESS
(LIMITED BY ACTIVITY)

DECREASING ACTIVITY OF WASTE ————

Fig. 15 Relative storage costs for cellular and granular materials produced from acidic
Purex and Thorex type wastes. Costs shown exclude all expenses associated with processing
per se; only. the cost of storage container, cooling facilities, vaults in which the storage
containers are placed, and necessary transportation and surveillance costs are included. The
broad range of granular materials covers products from the fluidized bed, rotary-ball kiln,
and radiant-heat spray calcination processes. By employing a principle of interim storage,
overall storage costs for granular products would be still lower. For wastes less active than

indicated on the figure, significantly lower costs for granular products are indicated, but no

appreciable reduction in the costs of storage of cellular materials is possible because of the
size limitation on pots imposed by remote handling requirements.
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"WASTE COMPOSITION

The composition of a waste will affect product properties and may
also affect the selection of operating conditions, feed additives, and
perhaps certain processing equipment. On Figure 16, the types of waste
which can be processed in each one of the calciners are shown. Aluminim
nitrate and stainless steel nitrate wastes can be calcined in any of the.
calcination processes without difficulty. DPurex-type wastes containing
sulfate will require an additive, such as. calcium, during processing
in the pot calciner( ) to prevent equipment corrosion at the high pro-
cessing temperatures. Purex-type neutralized wastes can be processed
in the fluidized bed, the radiant-heat spray, and the rotary-ball kiln
calciners by usipg an organic material to destroy sodium nitrate, a

procedure experimentally demonstrated with the radiant-heat spray

TYPES OF WASTES WHICH CAN BE PROCESSED

. FLUORIDE ' | k.
BEARING ADDITIVE

WASTES
CONTAINING
ORGANICS

PUREX
(NEUTRALIZED)

D

PUREX
(SULFATE)

ALUMINUM ” I IN

NITRATE
FLUIDIZED . POT RADIANT  ROTARY-BALL
BED HEAT -SPRAY KILN

Fig. 16 Types of wastes which can be processed in the various calcination
processes. .
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calciner, (l9) Such a procedure is not feasible-with the pot csalciner
since stringent precautions must be taken to keep even small concentrations
of organic compounds out of waste as some organic materials could react

2
‘violently with nitric.acid in the vessel at the high temperature;
(18)

’

neutralized wastes must be reacidified for processing in a pot calciner
Experimental work has shown that waste solutions containing organic . :
materials can be calcined safely in the other calcination processes(ls’l9),
Fluoride-bearing wastes probably can be calcined in the fluidized
bed and rotary-ball kiln processes because of the relatively low operat-
ing. temperatures involved. Fluoride-bearing wastes from reprocessing |
of zirconium-uranium alloy fuel elements appear to present the greatest
problem in calcination. Of the two possible approaches to calcining
this waste, it appears that the most practical is addition of calcium
oxide_to‘the‘waste,follqwed by calcination at a sultably low temperature,
less than 500°C. Such a procedure has been demonstrated satigfactorily
in laboratory-scalg_equipment with no detectable amount of fluoride :
bqiné volatilized 5 ; however, further develbpment wbrk'in _
prilot plant-scale equipment is necessary. In theory, a second approach
for calcining these wastes 1s possible by employing speclal corrosion-
resistant equipment. Suitable construction materials for a calcination
veséei_have been demonstrated for this at temperatures less than 700°C;
héwever,.the problem of finding sultable materials for off-gas processing
equipment has not been solved. Economically practical materials for
equipment in which to decontaminate a highly corrosive mixture of
contaminated nitric and hydrofluoric acids by evaporation or dlstillation

techniques are unknown.

27

T



SAFETY CONSIDERATIONS

An intensive hazards evaluation of the many facets of calcination

has been made In the case of the fluidized bed process(57) but not for

the other processes. Although such an all-inclusive analysis is desirable,
it 1s beyond the scope of this paper. Some of the more obvious factors,
however, .are as follows:

(a) Organic materials- of sufficient quantity in waste solutions
may form explosive mixtures with nitric acid at temperatures exceeding
150°C, as evidenced by experimental work(58). Wastes may contain small
but significant quantities of organic material due to mal-operation of
solvent extraction equipment or inadvertent discharge of certain de-
contaminating solutions to waste storage tanks. Only in the case of the
pot calciner are organic materials in waste solutions expected to cause
- any problem, because the other processes have virtually no liquid holdup
in the calcination vessel.

(v) Equipment corrOSibn can be hazardous; usually, it can be
minimized by employing a combination of suitable,constructidn materials,
relatiyely low operating temperatures, and suiltable complexing agents.‘ In
the case of the fluidized bed calciner, at the relatively low temperature
employed, corrosion should be low; with the other calciners, corrosion
is expected to be a much greater problem. The pot calciner operating
at a temperature level of 900°C can develop undetectable localized
hot spots as experienced in piibt-plant 0peration(39) resulting in
serious corrosion. With the rediant-heat spray calciner, high rates
of corrosion may be experienced at the 800°C temperature level normally
empl?yed.) Hot spots due to wall deposits observed during development
3,27

work may accelerate corrosion. It appears therefore, thatASPeqial
corrosion resistant material for the calcination vessel of the
radiant-heat spray unit is highly desirable. With the rotary-ball kiln
calciner, corrosion and erosion of the rotating kiln may.be relatively
high becaﬁselof the high wall temperatures coupled with moving balls.
(c¢) Product overheating must be prevented to avoid volatilization

of fission products or corrosive compounds. No problems are expected
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with the fluidized bed calciner In the case of the pot calciner,
residual heat requirements near Lhe end of the run can be exceeded by
‘heat release from activity, at this . time, heat must be removed from the
pot by employing a suitable furnace. Wall deposits in the radiant-heat
spray calciner may,result in product overheating as observed during
development work(ho) A
(d) Pressurization of pot calciners dutho line plugging, as
dbserved during some pilot plant runs(hls could rupture a pot of highly

radioactive material and result in a difficult situation,
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FACILITY AND PERSONNEL REQUIREMENTS
Facility and personnel ?eduiréments of a vaste disposal plant ﬁill»

be affected to a greater’extent by the number of caléiners in simultaneous
operation and by the type of product than by the size of the calcination
equipment involved. For the pot calcination process, Perona et al(le),
estimate that between 41 and 84 people would be required for operating

two to sixteen pot calciners'simultaneouslj to process waste, from a
15000 MW nuclear economy uéing 1500 metric tons of uranium converter

fuel and 270 metric tons of thorium converter fuel annually. Extra-
polation of cost figures given by Perona to other situations is difficult.
More broadly based cost figures are expected to be generated from the
operation of the full-scale demonstration bot calciner at Hanford in 1965.
In a preliminary study for the same hypothetical situation, based on
actual cost for the ICPP Waste Calcining Facility,WCF, Stevens' o)
estimated that 25 people would be reqﬁired to process the waste in a
single fluidized bed calciner with the operating cost being independent
of the processing rate. A similar study has not been made for either the
radiant-heat spray or the rotary-ball kiln calciners. In general, it is
expected that the cell area and labor requirements, and hence, the operat-
ing cost for the fluidized bed and rotary-ball kiln cslcination processes
will be almost independent of throughput capacity because avsingle unit

can be employed for most applications. Also conducive to a small
facility and labor force, at least in the case of the fluidized bed

calciner, is the absence of significant amounts .of remote handling
equipment, a minimum amount of equipment with moving parts in radioactive
areas, and a lack of a clear need to melt the calciner product, With the
pot calcination process, whiéh requires a large facility and a large
highly trained operating crew because of the necessary remote handling
involving speclalized equipment and cells,'overall costs are expected to
be high. ©Similar high costs would be éxpected for the radiant-heat
spray calciner if operated in conjunction with a series of batch -

product collection and melt pots.
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POTENTTAL PROBLEMS

(a) With the fluidized bed calciner, potential problems exist with
a few pieces of necessary mechanical equipment, namely, off-gas blowers
and scrubbing-solution pumps. - These units are installed in duplicate
in the WCF; however, erosion and wear may necessitate their occasional °
replacement.
7 (b) With the pot calciner, considerable maintenance is envisioned
for the remote -handling equipment necessary for this process. Other
possible. problems involve solution foaming during calcination, fouled
or plugged equipment from volatilized mercury, pot faillure due to hot
spots occurring from thermocouple failure, product bridging in a.pot, -
and satisfactory programming of heat input and removal for very high
activity wastes, o

(c) With the radiant-heat spray calciner, remote handling equipment
subject to wear may be required to manipulate pots.for collecting and‘l'
melting product. Product deposition on vessel walls must be prevented.
to avoid-reduced throughput and vessel corrosion. The remote use of
vibrators and automatic hemmers as have been employed in development

(lh,ZO)_is far from ideal, and may be troublesome in plant-scale

work
operation.. Other potentisl problems involve a remotely operated product
valvé to.seal the outlet of the calciner while product pots are changed.
Inherently poor flow characteristics of the product, the possibility of
loosening scale from calciner walls :through vibration,-and excessive
wear of valves may all prove troublesome. ‘

-(d) With the rotary—ball'kiln'caléiner, there are many moving parts,

all-of which may require frequent réplacement. Entirely satisfactory
rotary seals have not yet been demonstrated. - At best these seals and :

the balls in the kiln must be periodically replaced. Perhaps even the
kiln, itself, will haveto be replaced occasionally. A satisfactory/ .
means of dispersing feed over the entire heated length of kiln'remains”
to be demonstrated. The feed nozzle inside the 500-700°C kiln may
require cooling to prevent product ceking and plugging. The design of
a satisfactory two-fluid nozzle, together with its connection through

a8 rotary seal to the sources of the solution, could present many

problems.
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DEVELOPMENT STATUS

Based on.the -length of time each of the calciners has been under
development and the scale and intensity of the development effort, it
is believed that the four calcination processes stand in the following
decreasing order of advancement; fluidized bed, pot, radiant-heat spray,
and rotary-ball kiln calcination.

(a) For the fluidized bed calciner, radioactive waste solution was
successfully calcined in the pilot plant unit at Argonne National
Laboratory in 1958;(13) although diluted 8:1 with a ndnactive synthetic
solution, the problems of activity containment, and off-gac dccontamine
ation and personnel protection were not appreciably different from those
which will be encountered with any radiocactive waste. The calcination
of high activity wastes in the WCF at about 60 gph late in 1963
will record the first plant-scale operation of any waste processing
facility in the free world.

(b) With the pot calciner, calcination of high aétivity waste in
(42) The
first full-scale pot calciner is scheduled for pilot plant operation
at Hanfogd with radioactive waste--possibly by 1965.(12)

a laboratory-scale unit was started at Hanford late in 1962.

(c) With the radiant-heat spray calciner, high activity wastes
(h2)

have been processed in a laboratory-scale unit since late in 1962.

Reported feed rates, thus far, have been in the range 0.5 to 0.7 gph.

A pilot plant-scale radiant-heat spray calciner is scheduled for operation

with radioasctive waste late in 1965.(12)
(d) With the rotary-ball kiln calciner, most of the development
effort has been devoted to rotary seal and feed introduction problems,
hence, there are few process data available for detailed evaluation.
High activity wastes have not been processed in this calciner in the
United States. No plans for additional development work have been

announced.
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