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WASTE SOLIDIFICATION ENGINEERING PROTOTYPES
DESIGN VERIFICATION TESTING OF SPRAY
SOLIDIFICATION EQUIPMENT

J. D. Moore
ABSTRACT

WSEP Spray Solidification equipment which will ultimately
be used for reducing liquid high-level radioactive waste to
rock-like solids was tested in a series of runs with nonradio-
active simulated wastes. Operable feed compositions for two
Purex-type wastes were developed. Performance of each solidifier
component was analyzed. Minor design changes were made and the
equipment was commissioned for radioactive service. Spray
solidifier operating procedures and operating limits were
defined.
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WASTE SOLIDIFICATION ENGINEERING PROTOTYPES
DESIGN VERIFICATION TESTING OF SPRAY
SOLIDIFICATION EQUIPMENT

Jd. D. Moore

INTRODUCTION

High-level radioactive wastes generated from nuclear fuels
reprocessing are currently stored as liquid solutions in under-
ground tanks. As the nuclear industry expands and the volume
of waste increases, liquid storage requirements will become
more complex and the probability of ground-water contamination
from a tank rupture will increase. Waste concentrated in an
immobile solid offers the advantages of a large storage volume
reduction and a much lower probability of environmental

contamination.

The Waste Solidification Engineering Prototypes (WSEP),
consisting of production-scale equipment located at the Pacific
Northwest Laboratory (PNL), is capable of testing three
different processes for solidifying high-level radioactive
waste. The Spray Solidification Process for high-level waste,
developed by Battelle-Northwest (BNW) at the Pacific Northwest
Laboratory, converts liquid waste to a rock-like solid by means
of spray-drying and high-temperature melting. The Phosphate
Glass Process 1s being developed at Brookhaven National
Laboratory in pilot plant studies using nonradioactive feed.(l)
Oak Ridge National Laboratory engineers developed a process
for calcination of waste to a dry cake in the storage pot.(z)
All three processes are currently being tested in the WSEP with
high-level radioactive waste feed. Before this was done, the
prototype equipment was tested for operability in a series of
runs using nonradioactive feeds. Design verification tests
(DVT's) on the prototype phosphate glass solidification and the

WSEP pot calcination equipment have also been performed by
Bw . (3»4)
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The objectives of the spray solidification design verifi-
cation tests were (1) to analyze the equipment performance in
runs with nonradioactive simulated wastes to determine its
suitability for radioactive testing, and to make design modifi- ¢
cations if necessary; (2) to establish the best equipment
operating procedures to be used in future radioactive runs; and
(3) to define the operating limits at which the spray solidifier
could be run. Since the two WSEP standard waste compositions
were established just as the DVT's began, laboratory studies
were started to find chemical additives necessary to convert
the wastes to solid products. The feeds developed in the
laboratory were to be tested in the spray solidifier DVT's.

The results of the DVT's with the WSEP spray solidification
equipment and the associated laboratory work, are reported here.
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SUMMARY AND CONCLUSIONS

WSEP spray solidification equipment performance was
demonstrated and operating procedures were developed in a
series of 10 design verification tests (DVT'S). Most of the
equipment operated satisfactorily, but feed was not atomized
adequately by the spray nozzle, and the melter discharge valve
heaters were not reliable. These equipment problems were
solved later during the WSEP radioactive demonstration.

Sulfate-free (PW-1) and sulfate-containing (PW-2) wastes
with phosphate fluxing additives were satisfactorily processed
in the spray solidifier. Addition of alkali metals and
phosphoric acid to both waste types lowered the melting points
into the temperature range (<950 °C for PW-1 and <800 °C for PW-2)
desired for melter operation. Greater than 96 percent of the
feed sulfate was retained in the PW-2 product when the melt
temperature was maintained below 850 °C. About 2/3 of the
ruthenium was volatilized from the PW-2 feed to the off-gas

condensate.

The spray solidifier capacity is 28 liters/hr of aqueous
feed, or equivalent to 1.5 tonnes of uranium/day with PW-1 feed.
With PW-2, the maximum solidification rate is limited to 21
liters/hr of aqueous feed, or 0.83 tonnes of uranium/day.

Proper feed atomization quality could not be obtained with
external-mix spray nozzles. With this nozzle type, air atom-
ization of feed was better than that obtained with superheated
steam, but neither gas produced a spray free of coarse droplets.
After completion of the DVT's, tests with an internal-mix
nozzle showed that scale did not form on the calciner walls
with this nozzle type.
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Calcine de-entrainment factors greater than 500 were
obtained with the sintered stainless steel calciner filters.
The filters resisted corrosion and thermal and mechanical shock

during the 300 hours of testing.

PW-1 and Pw-2 phosphate calcines were fused in platinum
and platinum—0.5% rhodium melter vessels at temperatures up to
1200 °C. Metallic objects such as stainless steel must be kept
out of the vessel during processing to prevent platinum corro-
sion. Liquid level in the melter is best determined by visual
observation and by internal temperature readings. Melt can be
drained from melter vessels through freeze valves or externally-
mounted weirs. A discharge valve heater more reliable than the
resistance furnaces tested was needed.

PW-2 melt can be collected in carbon steel storage pots by
slow drip-wise and rapid batch filling with pot wall temperatures
up to 700 °C. PW-1 melt must be collected in stainless steel
pots at pot wall temperatures less than 950 °C if continuous
drip filling is used.

Both induction and resistance-heated furnaces provide

satisfactory heating for calcination and melt collection.

Air leakage into the solidifier vent must be kept below
8 standard cubic feet per minute (scfm) to maintain a negative
pressure on the calciner during filter blow-back. Major sources
of leakage are in the melter sample chamber and the melter
solids feeder. Minor changes in the vent system will provide
adequate vacuum to offset the leakage into the spray solidifier.

PROCESS AND EQUIPMENT DESCRIPTION

GENERAL DESCRIPTIQON OF WSEP

WSEP is designed to solidify the amount of waste generated
from a plant processing approximately one tonne of uranium
fuel per day. Figure 1 is a simplified flow diagram of WSEP.

Detailed design features were documented by Schneider and Kelly.(s)



PUREX WASTE pLus
FISSION PRODUCTS

FEED
FLOW-100

CHEMICAL ADDITIONS

CHEMICAL ADJUSTMENT FLOW 3-50

PROCESS MATERIAL
PROCESS OFF-GAS

- ALT . PROCESS FLOW

CHEMICAL ADDITIONS

Pnosvaara%
GLass < i

MELTER ¢ |

BKW 5

—
¢ pat
J SOLIDIFIER
1545 KW
Cerawics)  [cces]  [oLasses)]
[SOLID WASTE STORAGE & OBSERVATION |

FLOW-8-20
[LONG TERM STORAGE |
SOLIDIFICATION
Neg 0680979-2

FLOW- 0-30

ADDITIONAL
TREATMENT

| TO DISPOSAL
LOR STORAGE |

T
[EXHAUST SYSTEM

BACK-UP |
TREATMENT

A e D
R f;L f g
¢ ,
|
(" w causTic
é I | SCRUBBER
)
NITRIC ACID CONDENSATE

FRACTIONATOR COLLECT

RECOVERED
L;MAODS LCB{JDENSATE
FLOW-50 FLOW=-50-100
"TO WASTE [ 70 GROUND

_STORAGETANKS |  CRIBS

EFFLUENT TREATMENT

FIGURE 1. Waste Solidification Engineering Prototypes

LTTT-TMNY



BNWL-1117

Raw aqueous waste solutions are shipped in sealed casks
from the Hanford processing plant to the WSEP receiving station.
Here the waste is transferred to a digester or evaporator where
the solution is boiled to concentrate the waste to a suitable
volume for the feed batch and to destroy any trace of organics.
Nonradioactive chemicals are then added to the waste concentrate
to adjust the solution composition to the desired feed specifi-
cations. Feed can be pumped to any of the three solidifiers
in WSEP from the evaporator or the feed tank. Solidifier off-
gas is condensed and collected or routed to the evaporator
where the acid condensate is concentrated. Aerosols are removed
from the evaporator vapors and further decontamination is
obtained by condensation and collection in the acid fractionator.
The fractionator vapors are condensed and collected as a dis-
posable low-level radioactive water stream. Noncondensible
gases are filtered and scrubbed with caustic, then passed
through two additional filtration stages before discharge to
the atmosphere. Recovered nitric acid in the fractionator can
be returned to the processing plant for further use. Calcine
or melt product is collected in 8 or 12 in. diameter storage
pots 8 ft in length. After filling, the pots are welded shut
and stored for further observations of internal temperatures
and pot corrosion resistance. Since the off-gas decontamination
and acid recovery systems are common to all three solidifiers,

only one solidifier may be run at one time.

The equipment is constructed on '"plug-in" racks to facil-
itate replacement and maintenance by remote handling in the hot
cell. The solidifiers are located in front of two cell windows,
and are accessible by means of master-slave manipulators and/or
the in-cell cranes. Service lines are inserted in clusters
through "plugs" in the cell wall, '
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SPRAY SOLIDIFICATION PROCESS

History

The development of a spray drying process in which the
feed is dried by radiant heat from the spray chamber walls
rather than from a heated secondary stream of gas, was carried
out in 1949 when spray decomposition of uranyl nitrate was
investigated by Allen(6) at the Oak Ridge National Laboratory.
A similar process for treatment of industrial wastes and sew-
age was developed by Gauvin and co—workers(7) at the Pulp and

Paper Research Institute of Canada.

Allemann and Johnson(g) of BNW began experiments to adapt
the process for calcination of radioactive waste in 1959.
Further development was carried out with production-scale
equipment using nonradioactive feed solutions.(g) At this time,
a continuous melter was added to the spray calciner to form
glassy or rock-like products. Spray solidification experiments
using actual radioactive wastes were performed in laboratory

scale equipment by BNW in 1964.&%22

Process Description

Spray solidification converts liquid radioactive waste
to a solid by spray calcination and fusion of the calcine to a
rock-1like product. Figure 2 is a schematic diagram of the
process. Chemically adjusted liquid waste is sprayed into the
top of the heated calciner chamber through a two-fluid nozzle.
Steam or air is used as an atomizing gas. The spray droplets
are dried to a fine powder which is swept down the calciner
chamber and up to the off-gas filters. Powder collects on the
filters and the cake is periodically blown off by pulées of
high pressure steam directed back through the filters. The
filtered off-gases are condensed and collected or céncentrated.

The powder is blown off the filters into a melter where solid
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flux may be added to form a melt. The molten waste is dis-
charged from the melter either in batches or by continuous
drips. Melt is collected in a heated pot which is cooled after

filling and sealed for storage.

Equipment Description

The WSEP spray solidifier consists of three basic com-
ponents, the calciner, the melter, and the product storage pot.
The calciner, shown in Figure 3, consists of a cylindrical
drying chamber 6 1/2 ft long by 13 1/4 in. ID. In the first
four DVT's, the chamber walls were heated with a three-zone
induction-heated furnace which was replaced with a 45 kW,
three-zone resistance furnace for the final six runs. Calciner
furnace temperatures, set at about 700 °C, were slightly below
the sinter or melt points of the calcined feed. Feed was
sprayed into the top of the calciner through an external-mix,
commercial two-fluid nozzle (Spraying Systems Co., Set-up No.5).
The nozzle was welded to a mounting flange which could be
removed from the calciner. A bellows-actuated clean-out needle
on top of the nozzle was used to clear plugs from the nozzle
liquid passage. Powder deposits in the calciner were dislodged
with an air cylinder-driven hammer mounted on the top flange
of the calciner. The hammer was later replaced with an air-
operated, free-floating piston vibrator requiring much less

maintenance than the hammer.

Below the drying chamber, an insulated conical chamber
funnels the powder into the melter. Powder is removed from the
calciner off-gases by 15 tubular porous stainless steel filters
mounted in an oval-shaped chamber next to the calciner furnace.
The filters are cleaned three at a time by sharp impulses of
steam or air directed back through the venturi-shaped filter
exhaust lines. Blow-back pulse frequency is controlled by an

automatic timer actuating five solenoid valves in sequence to
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SHELL
Atom. Nozzle Heat Transfer Area 23 ft2
Volume
= -4 ——ees Removeable Split Drying Chamber 271y
- "o, Flnnqe Filter Chamber
13 Clean Side 24y
<3 Dust Side 52
3 Tapered Bottom — 86
g Furnace Total Volume — . 433y
Material 310 SST
Wall Thickness 0.375 inch
— 3_ 1 /2“
ATOM.NOZZLE
L 22-3/4" Type — Pneumatic, External Mix
A all Welded
Air Orifice 303 SST
Blowback 0.122 in. 1.D,
Nozzles
Liquid Orifice 304L SST
0,100 in, 1.D.
— 0,150 in, O.D.
—
1! FURNACE
1"
6'-6 [t Venturis Type — Electrical Resistance,
3 Zones
F
-'il_
Power 45 Kw
Heating Elements Nichrome V
Max. Temp. 1000 °C
H Norm., Temp. 600-800 °C
Bellows Filters FILTERS
Furnace " -
Support 14" O.D™ 211" Total Number 15
Material 316L SST
»y Mean Pare Size 65 Micron
_i_ - Total Surface 15 sq.ft,
Normal Press. Drop 6 in, Water at
50 CFM Flow

FILTER BLOWBACK SYSTEM

1-11"
Gas Air or Stream
Flow 9 SCFM at 60 psig
Pressure 20-100 psig
Nozzles 0,11 in, I.D.
Venturis

. ' 6" End Diam._______ 2 in,
2-1/2 Cone Angles ——____ 30 degrees

Neg 0660204-6

FIGURE 3. Spray Calciner Assembly
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direct the blow-back gas to the filter banks. A pulse length
of 1 1/2 sec duration with a gas pressure of about 25-50 psig

is normally used.

The calciner shell and filter chamber is constructed from
3/8 in. 310 SS. Calciner outer wall and internal temperatures
are measured with chromel-alumel thermocouple wires inside

3/16 in. diameter sheaths of 310 SS.

The melter (see Figure 4) 1is connected to the bottom cone
of the calciner with a removable clamp. The clamp contains an
external cooling air ring to decrease the accumulation of
sintered powder in the temperature transition zone between
calciner and melter. The first melter was made of a
platinum—0.5% rhodium alloy, but this vessel corroded when some
stainless steel fell into the melt. This melter was replaced

by a 100% platinum vessel.

The melter is suspended from a platinum flange into a
single-zone furnace. Melt is usually maintained at about 5
liters, a level slightly above the conical bottom section of
the vessel. Melt is continually discharged from an external
weir by regulation of the pressure differential between the
melter and the storage pot beneath the melter. A bottom-outlet
freeze valve is used to batch discharge melt and to empty the
melter at the end of a run. Both the weir and the freeze
valve tips are surrounded by platinum-lined 1 kW furnaces to

provide heat to open the valves.

Five 2 in. diameter nozzles are located in the top of the
melter extending above the melter furnace. One nozzle is
covered with a quartz window for viewing into the melter,
another provides an entry for four platinum thermocouples, and
a third can be used for inserting a melt level detector. The
remaining two nozzles can be used for solids flux addition

to the melter.

11
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VOLUME
Maximum 19.4;
Cperating 4.5
0.,040"
Wall CAPACITY
«—— 10" Melter 50 g/day
1"
Melter “— 6—’] 0.060" . ~
Furnace ° CONSTRUCTION
32" O.D —— Pt wall
La" I D ‘ Type All Welded
s 6" Material 99.5% Pt
‘ 0.5% Rh
3 I NOZZLES
4" 6 - inch _ 1
2 - inch 5
19" 0.5 - inch 2
FURNACE POWER
2 l Melter 20 Kw Max.
16 y Freeze Valve 1 Kw Max.
5 T Weir 1.3 Kw Max.
G
S e OPERATING
X %0 J Temp., Max. 1250 ©C
? Press. Max._ 24 in. H9O Vi
Melter Furn. Power_ 4.5 Kw
7-7/16 HEAT TRANSFER AREBA
Melter 2.7 fi2
Detail 1
(o)
1/2" O.D. Pt
Tubing f—;&: O
F AN 0.080"
reeze Wier Furn. Wall
Valve E"urn. Pt Lined 3-5/8"
Pt. Lined |
Melt Sampler 2"
5/8 0.D. Pt
/ Tubing
0.060" Wall
1/2 0.D. Pt
Tubing b
Det. I
Neg 0660204-7
FIGURE 4. Continuous Melter Assembly, Spray Solidification
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The melter furnace, a three-phase, single zone,(éo kw
pot furnace with heating elements made of Kanthal A-1 , can be
heated to 1300 °C, but is not heated above 1250 °C for routine
service. The furnace is supported on four compression type
pipe hangers mounted on a four-wheeled trolley. During remote
maintenance, the furnace can be rolled toward the cell window
on the supporting track. The furnace shell is penetrated by a
narrow vertical slot sealed with a quartz window to visually
monitor the melter wall temperature. The inside of the furnace
is sealed at the top by the melter flange and at the bottom by
the storage pot. The furnace and pot are vented through a
control valve to the calciner off-gas system downstream from
the calciner filters. Pressure relief around the control
valve is provided by an adjustable bellows-sealed mechanical

valve.

Melt samples are collected in small replaceable stainless
steel cups inserted on a rod into the weir or freeze valve dis-
charge stream. A quartz window on the sample chamber provides

visibility for sampling and observing the melt flow to the pot.

The storage pot is connected to a stationary fill head
(see Figure 5) attached to the bottom of the sample chamber,
and extends down into a six-zone furnace. The pot is supported
on a yoke on top of the furnace by two bails welded on opposite
sides of the pot. When the pot is connected to the fill head,
the moveable furnace containing the pot is positioned under the
fill head. Two jacks are operated to 1lift the yoke and slip
the pot around the fill head seal joint.

Two sizes of melt storage pots, 8 in. diameter (nominally
8 in. schedule 40 pipe) by 8 ft long (see Figure 6) and 12.0
in. OD by 8 ft long, are used. Both pots have a wall thickness
of 0.312 in., and the volume of the 12. in. pot is exactly

¥ Kanthal Corporation
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FIGURE 6. Spray Solidification Waste Storage Pot
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twice that of the 8 in. pot. A 6 in. diameter pot may be used
in a later WSEP test. Storage pots can be made from carbon
steel, 304-L SS, or 310 SS. Carbon steel and 304-L pots were
used in the spray solidification DVT's.

An internal thermocouple well in the melt pot provides for
temperature measurements at the centerline of the bottom four
heating zones. In the upper two zones, the thermowell bends in
near the pot wall to avoid direct contact with melt flow from
the melter. A fork in the thermowell bend contains a thermo-
couple used to measure product thermal conductivity. In
addition, thermocouples are welded to the outside wall of the
pot in each heating zone. All pot thermocouples are ungrounded
chromel-alumel junctions covered with 1/8 in. diameter 310 SS
sheaths.

Six-zone induction and electrical resistance furnaces are
used in the waste solidification processes. Both furnaces were
used at different times in the spray solidification DVT's for
heating the product storage pots. The design of both furnaces
is nearly identical. Figure 7 shows a vertical section
through the induction furnace containing a pot calcination
storage vessel. Four basic elements comprising the furnace
assembly are (1) the rack structure, (2) the furnace proper
with its heating and cooling systems, (3) the containment system,
and (4) the pot fill head described previously and shown in
Figure 5.

The complete assembly is mounted on a rack frame constructed
from 6 in. pipe. Upper and lower plugs support the rack in
the wall and are conduits for furnace electrical and cooling
services. A track in the rack frame supports and guides the
furnace trolley. The furnace is supported on a four-wheel
trolley which is manually moved perpendicular to the wall to

place the furnace in the pot '"load" or '"fill" position.

16
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Each furnace consists of six identical sections physically
separated by baffles. Each section has separate heating and
cooling controls. The induction heating power is supplied by
a six-station, 1 kc, single-phase ac 175 kW motor-generator set.
Induction furnace temperature control thermocouples are contained
in a "bird-cage" frame constructed from 1/4 in. Hastelloy X®
tubes positioned inside the furnace susceptor. Cooling air is
supplied by two blowers rated at 275 scfm each. Air is blown
into the annulus between the insulation lines and furnace

susceptor and is discharged to the atmosphere.

The Kanthal A-1 heating elements of the resistance furnace
are connected in two separate three-phase circuits in each
section. If any single-phase element fails, it is possible
to reconnect the section to operate at one-half power, or
reconnect the remaining two elements for single phase. Cooling
air 1is supplied by the same blowers used for the induction
furnace. Air blows on the furnace liner wall and flows upward

and out through ten discharge ports in the top of the furnace.

The furnace containment system is designed to minimize
radioactive contamination of the cell. The system is comprised
of a hood, the furnace susceptor (or liner for the resistance
furnace), the hood sump, and the pot 1ift cover. The hood is
a two-section stainless steel box over the top of the pot and
the rack sump. The upper section contains the pot fill head
and is stationary while the bottom section slides with the
furnace when the pot is removed from '"load" to '"fill" positions.
The pot 1ift cover is a rectangular plate fitted with hangers
to support the pot while the pot is moved into and out of the
furnace. The 1ift cover seals the top of the hood when the
pot is in the furnace.

Union Carbide Corporation
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FEED COMPOSITION DEVELOPMENT

WASTE COMPOSITIONS

High level wastes are produced by processing spent power
reactor fuels. The WSEP will initially solidify power reactor
wastes produced from a Purex type process. The projected power
reactor wastes contain a higher fission product concentration
but are otherwise chemically similar to current wastes from

plutonium production reactors.

Table 1 shows the three waste compositions used in the
spray solidification DVT's. Purex Waste-1 (PW-1) and Purex
Waste-2 (PW-2) represent two waste compositions to be used in
WSEP radioactive demonstrations. Design base 1WW is a high
fission product content waste formulated for preliminary
feed chemical characteristics testing before PW-1 and PW-2
compositions were derived. PW-2 is a sulfate-bearing, high
sodium waste, while PW-1 contains no sulfate and low sodium
but about twice the iron content of PW-2. Fission product
distribution was based on a typical power reactor operating
at 20,000 MWd/tonne, 15 MW/tonne. Future tests will be made

with 45,000 MWd/tonne wastes.

FEED ADDITIVES

To produce melts from the wastes at practical operating
temperatures, fluxing agents must be added to either the
liquid waste feed stock or to the calcined feed in the melter.
Table 2 lists the fluxes used in each DVT. If flux is added
to the liquid waste, the resulting calcine melting point must
be above the temperature of the calciner internal walls to
prevent calcine adhesion to the walls. In this case, the
"stick-point" of the calcine is actually more important than
the melting point. The stick-point is defined as the temper-
ature at which the calcine will adhere to a smooth metal sur-

face (i.e., the calciner wall), and is usually about 200 °C

below the calcine melting point.

19
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Composition of Simulated Waste Solutions
(g-moles/liter; 378 liters/tonne U)

1WW
Component PW-2 PW-1 Design Base
Inert Chemicals

Fetd 0.445 0.93 0.08

crt3 0.024 0.012 0.016

Nit2 0.010 0.005 0.008

NS 0.001 0.001 0.04

Na® 0.972 0.180 0.422

SiO%Z 0.01 0.010 0

Po;3 0.006 0.003 0

so;2 0.876 0.0064 0.096

H' 2.99 5.0 3.9

NOS' 5.18 8.54 4.9

Fission Products

7r0*? 0.065 0.065 0.065

Te (used so;z) 0.0064 0.0064 0.0064
(included (included
above) above)

Moo;2 0.065 0.065 0.065

sr*? + Ba*? (used Ca*?) 0.035 0.035 0.035

Rb™ + Cs' (used Na') 0.042 0.042 0.042
(included (included (included
above) above) above)

(Y + RE)*3 0.12 0.12 0.12

Agt + cd*? (used cu*?)  0.0016 0.0016 0.0016

Ru,Rh,Pd (used Mn®?%) 0.057 0.057 0.057
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Flux can be added to calcined waste in the melter to pro-
duce low-melting calcines which would normally limit the
operating temperature, and hence the feeding capacity of the
calciner, if the flux were added to the liquid feed solution.
Low-melting calcines are desired to reduce volatilization of
sulfate from the melt by operating the melter at low tempera-
tures. In addition, storage pots need not be heated as high
to prevent melt stalagmite formation if a low-melting product
is filling the pot. If pot temperatures can be kept low enough
to eliminate corrosion problems, cheap construction materials
such as mild steel may be used for pot fabrication. Melting
point reduction, however, is generally accompanied by an
increased solubility of the product and lower overall waste
volume reduction as more flux is added to lower the product

melting point.

With the above-mentioned considerations in mind, a
laboratory program was outlined to prepare workable feed com-
positions for spray solidification. This program was carried
out during and in conjunction with the spray solidification
DVT's. The following general guidelines were observed to
direct the feed development program:

1. Calcined feed stick-point should be >700 °C, since the
calciner wall temperatures must be kept at 650-700 °C
minimum if a calciner feed rate of >15 liters/hr is to
be maintained.

2. Product melting point should be <1000 °C in order to
operate the melter furnace at <1200 °C and to be able
to slump the melt in the storage pot without corroding
the pot excessively.

3. At least 90% of the sulfate in the waste should be
retained in the product.
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4. Melt must be noncorrosive to platinum.
S. Melt should not contain separate phases which melt abové
1000 °C or are excessively water soluble.

PW-1

Previous spray solidification work with a simulated high
burnup waste very similar to PW-1 indicated that operable melt-
producing feeds could be made by adding phosphoric acid to

(11) Based on this experience, phosphoric

the liquid waste.
acid was added to PW-1 solutions giving waste metallic cation

equivalent to phosphorous atom (M+/P) ratios between 2.0 and
3.0. Each of the four solutions was dried and melted. Table 3

shows that the calcine melting point increases with M+/P.

The lower melting calcine is most desirable from the stand-
point of melter operation and filling storage pots. However,
feeds with M+/P <2.2 plugged the calciner filters with excess
phosphoric acid in the spray solidifier work cited above.

TABLE 3. Melting and Stick Points of PW-1 with Added
Phosphoriec Acid

+

M /P Stick-Point, °C Melting Point, °C
2.00 825 975
2.10 875 1025
2.50 900 1075
3.00 850 1125

In run CSCM-4, PW-1 with M+/P of 1.86 was fed to the
solidifier to determine the effects of high phosphate feed
on solidifier operation. The filters did not plug, but the
melter freeze valve would not open because the melting point
of the product was too high (>950 °C). Run details are

explained in a following section.

Because the melting point of PW-1 with phosphoric acid
as the only additive was excessive for ideal operation of

the spray solidifier later tests were made with sodium and
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phosphate additives to lower the melting point of PW-1. In
laboratory tests, 49 melts with M+/P varying from 0.239 to
9.02 were prepared. Melts with M+/P <1.5 were glassy, those
with M'/P between 1.5 and 2.3 were microcrystalline with glassy
portions if quenched rapidly, and those with M+/P >2.3 were
microcrystalline. Figure 8 is a composition-melting point
diagram plotted from the results of these tests. The shaded
area in the upper right hand corner of the diagram represents
the composition range which can be considered for spray solid-
ification of PW-1 with sodium and phosphate added to the
calciner feed, and using stainless steel storage pots. The
area is bounded at the right and the top by the 950 °C melting
point isotherm, on the bottom by this isotherm and the phos-
phorous concentration giving M+/P = 2.0, and on the left by the
700 °C stick-point isotherm (not shown).(lz) The left boundary
also coincides with 40 mole % PW-1, which is a somewhat
arbitrary goal for limiting the volume of solidified waste.
In run CSCM-6, three PW-1 feeds with compositions close to this
area were run. Feeds with M+/P of 2.1 and 2.2 drained out of
the melter weir, but feed with M+/P of 2.4 was too viscous to
drain at melter furnace temperatures up to 1200 °C. Stalagmites
formed in the melt receiver held at 900 °C with all the melts,
but slumped at 950 °C. Sodium and lithium mixtures were added
to PW-1 phosphate feeds to study their effect on melting point.
It was found that, on a mole basis, lithium had virtually no
different effect on melting point than did sodium.(ls)
A 1:1 mixture of sodium and lithium additive was success-
fully tested in run CSCM-8. Melt drained from the weir at
a melter furnace temperature of 1100 °C and no stalagmites
formed in the receiver held at 880 °C. On the basis of
laboratory studies and the runs CSCM-6 and 8, the feed com-
position used in run CSCM-8 was chosen for the first WSEP PW-1

demonstrations.
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To accommodate possible minor fluctuations in feed com-
position during feed make-up, the composition should have some
flexibility. It was found that concentration variations of
t10% in PW-1, sodium and lithium, or phosphate would not
increase the melting point above 950 °C, and low stick-points
(<700 °C) would not be encountered until variations exceeded
:15%, (14)

Low melting (<750 °C) products, which could be collected
in mild steel receivers using drip-wise collection, were
produced by addition of high sodium and phosphate concen-
trations to PW-1. These melts contained 4.6-7.5 M phosphate
and 5.4-7.2 M sodium in 378 liters/tonne of uranium as PW-1.
Corrosion rates for mild steel (type AISI C1018) ranged
between 25 to 45 mils/day at 720 °C. In addition to this
marginally acceptable corrosion rate, these melts have a few
disadvantages. The flux (sodium hexametaphosphate) would have
to be added to the melter as a solid to prevent sticky deposits
on the calcine wails. These melts are 5 to 10 times more water
soluble than the melts usable with stainless steel pots, and
they contain less than half as much waste oxide as do the
melts collectable in stainless steel at slow drip rates.

(20 versus 45 to 50 wt.3%)

Further laboratory tests using boron and phosphate and
lead silicate and phosphate as fluxing agents were made to
find low melting products. Some of the borophosphate melts
contained water soluble crystalline second phases, and all of
the melts foamed severely in the first stages of melting.
Because these characteristics made borophosphates appear
unattractive as fluxes, further tests with these additives

were abandoned.

In tests using lead silicate as the flux, tribasic
lead silicate (Pb0-0.33 SiOZ) was chosen as the form for adding

lead to PW-1. When compared on a molar basis, lead silicate
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lowered the melting point more than sodium, but only at M+/P
below 1.75. At M+/P >2, lead silicate was a less effective
melting point depressant than sodium. Since no advantages in
the use of lead silicate were demonstrated, investigations

were terminated.(ls)

PW-2

The largest difference between PW-2 and PW-1 compositions
is that PW-2 contains sulfate. It is desired to retain the
sulfate in the product to prevent the formation of a sulfate
side-stream which must be disposed of separately and which is
corrosive to off-gas treatment equipment. Spray solidification
development tests had shown that sulfate could be retained in
PW-2-phosphate melts by the addition of alkali metals such as

(16) The alkali metals lower the melting

sodium and lithium.
point of the calcine which allows the melter furnace to be
operated at low enough temperatures (800-850 °C) to prevent

volatilization of sulfate from the melt.

A statistically designed laboratory study for workable
PW-2 feed compositions was carried out with 46 melts:(17)
Additives tested consisted of different concentrations of
sodium, 1lithium, phosphate, calcium, and aluminum. It was
found that the amounts of alkali metals necessary for sulfate
retention also lowered the calcine stick-point below the minimum
desired calciner wall temperature of 700 °C. To avoid this
problem, part of the alkali metal is added directly to the
melter through a solids feeder. The composition chosen was
used as feed in DVT runs 7,9 and C. Additives to the liquid
waste included 1.17 M lithium, 0.6 M calcium, 0.25 M
aluminum, and 1.61 M phosphoric acid based on 378 liters/tonne
as PW-2.

Lithium and sodium were added to lower the melting point
in order to retain the sulfate in the melt. Calcium was also
added to retain the sulfate in the melt, while the addition
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of aluminum was to decrease the product solubility and increase
the calcine stick-point. Sodium metaphosphate (NaPOS) was
added as a solid frit to the melter at an equivalent feed con-
centration of 1.27 M. Calcine melting point was 900 °C and
stick-point was 750 °C. When the sodium metaphosphate was
added, the mixture melted at 700 °C. More than 96% of the feed
sulfate was retained in the melt in all three runs.

Laboratory experiments with melt of the composition tested
in runs 7,9, and C showed the effects of melt temperature and
time on sulfate volatilization. Figure 9 summarizes the
results of these experiments. In the DVT's, melt residence
time in the melter was between 3 and 4 hr at an average temper-
ature of 750 to 800 °C. Between 3 and 4% of the SOz should
evolve from the melt under these conditions, according to
Figure 9. This amount agrees closely with the data obtained
from the DVT's.

Laboratory tests were made to determine the effect of
additive concentration variations on calcine stick-point and
melting point, melt sulfate retention, and melt homogeneity.
Combinations of additives varying *15% from feed specifications
were tested. In this range, variations in stick-point and melt-
ing point were less than 50 °C from the original feed values.
Melts were lumpy when first formed, but homogeneous after
30 minutes at 950 °C. After adding NaPO,, as would be done in
melter operation, the melts became fluid and homogeneous at
850 °C. Sulfate evolution was doubled by additive variations
of 15%. Variations in additive within 5% did not affect sulfate

evolution.(ls)

PRODUCT SOLUBILITY

Product (i.e., the solidified waste) leach tests are
planned as part of the evaluation of the WSEP runs. In order
to predict the solubility of future radioactive products, leach
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rates were obtained on both PW-1 and PW-2 nonradioactive solid
samples. The PW-1 composition was the same as used in DVT run
CSCM-8, and the PW-2 composition was the same as tested in runs
CSCM-7, 9, and C. The leach apparatus and procedure used was
similar to that described by Paige.(lg)
In these tests, 500 ml of distilled water was continuously
circulated over a button-shaped, annealed melt sample at a
rate of 250 ml/min by means of an air-1lift circulator. The
leach water was maintained at 24 °C and was sampled and changed
once a week. Water samples were analyzed for sodium, and
leach rates were calculated on this basis.

Leach rates obtained for the two samples are plotted in
Figure 10. The results indicate that a leaching period of
greater than 8 weeks is needed to obtain a constant leach rate.

The sulfate-bearing PW-2 melt was about 10 times as soluble as
pw-1. (20)

No specific product solubility criteria have been set up
for WSEP solid product, so the leach rates obtained in the
tests described above will probably serve as a standard of

comparison for future spray solidification product solubilities.

MELT CORROSION TESTS

Laboratory corrosion tests with PW-1 and PW-2 melts were
carried out as part of the feed composition development.(21)
The test objectives were to determine the best materials for
storage pot construction and to define the temperature limits
to which the pots may be heated. A secondary objective was to
find, if possible, a material cheaper than platinum which
could be used for continuous melter construction.

The data summarized in Table 4 show that both 310 and 304-L
SS are acceptable materials for PW-1 storage. Carbon steel,
with PW-1, should not be ruled out, however, if batch filling
of pots is considered. In this case, the pot furnace could be
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PW-1 and PW-£ Melt Corrosion Tests

PW-1 Melts

RA 333 - Rolled Alloys,

%

Ine.

Concentrations based on 378 liters/tonne U

32

R Exposure Corrosion
Melt Additives¥* M /P  Test Material Temp., °C Rate, mils/mo
74M POAS, 0.5M Li, 0.5M Na 2.6 310 SS 900 2.3-5.8
" " " 2.6 310 SS 950 3-15
" " " 2.6 310 SS 1000 210
" " " 2.6 304-L SS 900 15
" " " 2.6 304-L SS 950 14-70
04M PO&B, 0.9M Na 2.3 304-L SS 1000 >3000
.04M POis, 0.9M Na 2.3 AIST 1020 1000 >1900
(carbon steel)
26M POZl3 2.7 Hastelloy (% 1100 severe
" 2.7 Nickel 1100 >3000
. 2.7 Corronel 230%° 1100 >3000
PW-2 Melts
.61M péi, 1.17M Li, 2.0 304-1L SS 780 3-22
. 27M NaPOg, 0.25M Al, 0.6M Ca
" " " " " 2.0 304-L SS 800 39-134
" " " " " 2.0 304-L SS 900 75
" " " " " 2.0 304-L SS 1000 >3000
L 2.0 RA 3335°% 900 68
" " " " " 2.0 RA 333 1000 severe pitting
" " " " " 2.0 50% Cr-50% Ni 900 16
" " " " " 2.0 50% Cr-50% Ni 1000 67
" " " " " 2.0 Corronel 230 900 5
" " " " " 2.0 Corronel 230 1000 11
" " " " " 2.0 Corronel 230 1100 >3000
" " " " " 2.0 AIST 1020 700 30
(carbon steel)
" " " " " 2.0 AIST 1020 900 >3000
" " " " " 2.0 AIST 1020 1000 >3000
g Hastelloy G - Union Carbide Corporation
® Corronel 280 - Henry Wiggins and Co.
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operated at much lower temperatures (possibly unheated) than
that (900 °C for PW-1) required for pots filled by drip overflow
from the melter. For PW-2 melt, all of the materials tested
would be acceptable for storage pot constructions, but carbon
steel is the most attractive because of its lower cost. Pot
furnace temperatures required for PW-2 melt drip discharge
filling are between 600 °C and 700 °C.

None of the materials tested could be made into a con-
tinuous melter for the PW-1 melts developed so far. The melter
would have to be operated at >1100 °C to provide a reasonable
melting capacity. Corronel 230 and 50% Cr-50% Ni alloys could
be used with PW-2 since the melter would be operated at a
maximum temperature of 1000 °C and most of the time at 900 °C.
None of the materials was adequate for operation with both

melts. Further tests with other materials are in progress.
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DISCUSSION OF DVT'S

The WSEP spray solidifier was tested in 10 nonradioactive
DVT runs in the period between August 1965 and July 1966. Run
data are summarized in Table 5. Three different feed types
with a variety of phosphate melt forming additives were used.
Simulated fission product distribution for 20,000 MWd/tonne
fuel irradiated at 15 MW/tonne was included in feed for all but
one of the runs. Feed was prepared by dissolving metal nitrates
in dilute (<3M) nitric acid. Precipitate-forming chemicals
such as phosphoric and sulfuric acid were added last after the

other chemicals had dissolved.

It runs with PW-1, lithium and/or sodium along with phos-
phoric acid were added to lower the calcine melting point
sufficiently (<950 °C) so melt could be drained from the melter
and fill the storage pots uniformly (see preceding section).
PW-1 with equimolar sodium and lithium additives and phosphoric
acid to give an M+/P of 2.6 produced a calcine with a melting
point of 880 °C. After this feed was successfully tested in
run CSCM-8, this composition was chosen for the WSEP PW-1

demonstration, with the spray solidifier.

A PW-2 feed was successfully tested in DVT runs 7, 9, and
C. Alkali metals were added to the liquid waste and solid
sodium metaphosphate frit was added to the melter to lower the
calcine melting point to 700 °C in order to hold the feed sulfate
in the melt. Less than 4% of the sulfate was volatilized from
the feed in these runs. This feed composition will be used for
WSEP PW-2 demonstrations. In run CSCM-5, only phosphoric acid
was added to PW-2 in order to observe the consequences of evolv-
ing all the sulfate from the melter. Sufficient sulfate con-
densed as sulfuric acid on the calciner filters and around the
melter inlet to form thick, damp powder deposits at these points.
Since these areas could not be heated above the condensation
temperature of sulfuric acid (400 °C), it was obvious that most
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of the sulfate had to be retained in the product for successful

spray solidifier operation.

Ruthenium was added to PW-2Z feed in the final run. About
2/3 of the ruthenium was volatilized to the off-gas condensate.
Further development is underway to prevent ruthenium contamina-

tion in the process effluent streams.

In run CSCM-3, a '"design base" 1WW feed with added phos-
phoric acid was used for the first DVT run with the melter.
This waste is composed largely of fission products such as rare
earths, zirconium, and molybdenum. A dense precipitate accumu-
lated in the bottom of the melter and could not be drained through
the melter valves. The material was identified as rare earth
phosphates. Further testing with this feed was discontinued,
since wastes of this type were not to be run in the WSEP until
late in the program.

The calciner walls were heated to 670-730 °C in all of the
runs except the second. At these temperatures, desired feed
rates of 15 to 20 liters/hr could easily be maintained. The
calciner drying capacity was determined in this temperature
range with water, PW-1, and PW-2 feeds. Drying capacities
were 42, 28, and 21 liters/hr, respectively. An arbitrary
definition of drying capacity is the liquid feed rate which
gives a minimum calciner internal temperature of 200 °C.

When the calciner wall temperatures were reduced to 525-575 °C
for run CSC-2, the drying capacity decreased to 10 liters/hr.

The melter capacity at furnace temperatures of 1150-1200 °C
exceeded 36 liters of liquid feed to the calciner per hour with
PW-1 feed. With furnace temperatures from 900-950 °C, the melter
capacity was 17 liters/hr for PW-2. The overall capacities for
the spray solidifier were equivalent to processing rates of 1.5
and 0.83 tonne of uranium/day for PW-1 and PW-2, respectively.

37



BNWL-1117

The calciner spray nozzle performance was never completely
satisfactory in any of the runs. Coarse spray droplets generally
existed in the center core of the nozzle spray pattern. These
droplets formed damp powder deposits on the calciner walls and
in the calciner cone below the nozzle. Occasionally, these
deposits were heavy enough to plug the calciner outlet into the
melter, usually making it necessary to discontinue the run until

the deposits could be manually removed.

The nozzle used for the DVT's was a commercially produced
two-fluid, external-mix type in which separate streams of pres-
surized atomizing gas and liquid feed were mixed to form a fine
spray immediately after emission from the nozzle. This nozzle
was chosen as the best of a group of commercial external-mix
nozzles tested in the developmental spray calciner and/or given
qualitative visual tests for atomization.

Atomizing air produced a finer quality (smaller, more uni-
form droplets) spray than atomizing steam, although neither gas
was adequate. Steam atomization was improved by pre-heating
the steam to 350 °C and passing it through a mist eliminator
before reaching the spray nozzle.

Whenever feed flow to the nozzle was stopped, it was neces-
sary to immediately flush the nozzle with water to prevent nozzle
pluggage with calcined feed. Plugs could usually be cleared
with a remotely operated needle mounted on top of the nozzle.

If the plug was not cleared immediately, however, further cal-
cination usually made it impossible to clean without removing
the nozzle from the top of the calciner for manual rodding.

Tests were made after the DVT's with internal-mix nozzles
(gas and liquid streams mix just before leaving the nozzle to
form the spray). Performance of this nozzle type was good with
air atomization, and this type was later chosen for the WSEP
demonstrations. A safety system was also incorporated into the
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feed and atomizing gas lines to prevent backup of radioactive
feed into the atomizing gas supply line should the nozzle

become plugged.

A vertical free-piston air vibrator mounted on top of the
calciner was actuated intermittently to knock adherent powder
from the internal walls into the melter. As long as the powder
was dry, the vibrator effectively cleaned the calciner barrel
walls. Usually an equilibrium powder thickness of about an
inch formed in the calciner cone below the filters. These
deposits, though harmless, could not be removed with the vibra-
tor. The angle of repose of the dry powder was about 3° greater

than the angle of the cone.

Wet powder deposits from poorly atomized feed built up to
greater than an inch thick on the inner walls of the calciner.
Occasionally, the deposits nearly bridged across the bottom of
the barrel or plugged off the inlet to the melter. In these
instances, the vibrator was ineffective in removing the powder.
Neither manually operated rods nor a motor-driven chain inserted
into the calciner cone provided a reliable means of prevent-
ing deposition under these conditions. Generally the deposits
were removed manually by scraping with rods inserted through
the spray nozzle port and the diagonal nozzles in the sides of
the calciner cone. Thermal shock removal by spraying water on
the hot internal walls of the calciner did not clean the walls
sufficiently. Following the first WSEP demonstration run, the
calciner walls were successfully cleaned by extended washing
with dilute nitric acid sprayed through a moveable nozzle
inserted through the top of the calciner.

Powder sometimes collected in the calciner seal pot and
connecting pipe when adequate vacuum was not maintained in the
calciner during filter blowback. These deposits were eliminated
by reducing the blowback pressure, increasing the water seal leg
from 25 to 29 in., injecting a stream of pre-heated (200 °C) air
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to the connecting pipe, adding a baffle to the pipe inlet, and
adding a small disengaging chamber between the seal pot and its
effluent pipe.

Powder de-entrainment from the calciner off-gas was effec-
tively accomplished with the sintered stainless steel filters.
Particulate de-entrainment factors ranging from 56 to 12,000 were
achieved in the runs. The average value was about 3000. Typical
steady state filter pressure drops varied from 5 to 10 in. H20.
When the filters were wetted with sulfuric acid or by poorly
atomized feed droplets, however, the pressure drop increased to
as high as 25 in. HZO' Filter pulse blowback pressures were
limited to 25-30 psig to prevent pressurization of the calciner.
Either air or steam heated above 250 °C served as an effective
blowback gas. Attempts to remotely clean the filters in place
were unsuccessful during the DVT's. In the WSEP demonstrations,
however, the filters were successfully cleaned by extended pulse
blowback with unheated steam and nitric acid. Extended pulse
blowback with 100 psig air, and water spraying with an internally-
mounted sprinkler pipe did not remove appreciable amounts of
scale. The filters were removed from the calciner and cleaned by
soaking in cold nitric acid following runs 5 and C.

The melter performance was generally satisfactory. Melt
foaming was not encountered with any of the feeds tested. Sintered .
powder formations around the top of the melter inlet were elimi-
nated by adding a Cooling alr ring on the Clémp jbining the melter
and the calciner. The melter external weir provided a good vacuum
seal between melter and storage pot, although melt would sometimes
surge through the weir during filter blowback pressurizations. A
vertical rib welded inside the weir tip straightened the flow of
melt, thereby preventing spattering against the wall of the receiver
pot. Melt discharged smoothly through the freeze valve. Once the
melt stream started, the flow could not be stopped by blowing
cooling air on the freeze valve liner or by regulating differential
pressure between the melter and receiver. The freeze valve and

weir resistance heaters worked occasionally, but were unable
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to consistently provide the high temperatures (1000-1100 °C)
necessary for melt discharge. The heater elements failed

often due to overheating. If the pressure differential between
melter and receiver was not nearly equalized when the melter
liquid level was low, air back-sparged through the weir causing
melt spattering which could plug the melter inlet nozzles with
solidified melt.

Liquid level in the melter was best determined by visual
observation through the window in the top of the vessel and by
internal melter temperature readings. The view through the
window usually was partially or totally obscured after several
hours of operation when sintered calcine stuck to the glass.
The window could be changed easily be remote manipulation. A
microwave pulse reflectometer probe was tested for melt level
detection in several runs and at first worked satisfactorily.
Eventually the ceramic insulators in the probe were dissolved
by the melt however, and erratic readings were obtained after-
wards. With design changes and further development, this

instrument could become a reliable measuring device.

When the PW-2 feed was run in the solidifier, solid sodium
metaphosphate flux was added to the melter. A temporary instal-
lation with a modified vibrating trough feeder which discharged
the solids in batches could not be sealed to prevent excessive
air in-leakage into the solidifier off-gas system. In addition,
the solids rate could not be controlled accurately and the out-
let pipe to the melter plugged with solids. During the WSEP
demonstration, tests made with a double-valve air lock feeder
for periodic solids addition into the cone of the calciner,

proved successful.

The inside of the melter was badly corroded following run
CSCM-8. Several cracks and pitted areas were located in the
bottom half of the vessel. Analysis indicated they were caused
by phosphorous alloying with the platinum under locally reducing
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conditions. These conditions were present when a stainless

steel chain fell into the melter and was dissolved in run CSCM-3.
The alioying action corroded and embrittled the platinum. All

of the melter except the top 1lid was replaced with a new vessel
made of unalloyed platinum, although the composition of the old
melter (platinum —0.5% rhodium) did not contribute to its failure.

Melt samples were taken remotely by removing the sample
chamber window and inserting a sample cup under the discharging
melt stream. Samples could be taken with the built-in sampling
device, but it was difficult to insert with a manipulator. An
adjustable mirror for viewing into the collection pot was mounted
in the sample chamber. The mirror was soon clouded, however, by
melt which collected on the mirror surface. Air-purging failed
to keep the mirror clean.

The results of the DVT's showed that PW-1 and PW-2 melts
could be collected in 304-L SS and carbon steel pots, respec-
tively, without fear of excessive pot corrosion. Maximum
allowable pot wall temperatures for short time periods were
950 °C for 304-L SS and 700-725 °C for carbon steel. At these
temperatures,'the pots could be filled evenly by intermittent
drip discharge from the melter weir. The '"slump points" of
the best PW-1 and PW-2 melts were ~50-100 °C below these tempera-
tures. Melt stalagmites formed on the pot walls in early runs
with high melting point (>950 °C) feeds. Using lower melting point
feeds in later runs and directing the weir flow to the center of
the storage pot corrected this problem. The pot solids level was
determined approximately by observing the individual zone center-
line temperatures.

Both induction and resistance furnaces were tested on the
calciner and melt receiver. Neither furnace offered any par-
ticular advantage over the other, and both performed satisfacto-
rily. Resistance furnaces were designed for the spray solidifier
in the WSEP. The induction furnace is designed and used for the
pot calciner and the phosphate glass solidifier in WSEP.
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The melter resistance furnace performed well at temperatures
up to 1200 °C. Furnace heat loss at 1200 °C was 8 kW and the
normal melting heat load was about 2 kW. All of the furnace

controls were satisfactory.

Air in-leakage into the solidifier system varied from 1 to
11 scfm during the runs. Best operating conditions were obtained
with <5 scfm of air leakage. Most of the air entered through
leaks around the melter sample chamber and through the melter
solids feeder, when it was used. When in-leakage exceeded
about 8 scfm, the vent system could not maintain a negative

pressure on the calciner during filter blowback.

Spray solidifier condensate was usually collected in the
evaporator (TK-113). In three runs, the evaporator and nitric
acid fractionator (TK-115) were boiled to concentrate the acid
condensate. Evaporator acid bottoms were maintained between
5-8M, while the overheads were concentrated to 8M nitric acid
in the fractionator. In a separate test with 0.1M nitric acid,
the boilup capacities of the evaporator and fractionator were
determined as 430 and 270 liters/hr, respectively.
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APPENDIX - DETAILED RUN SUMMARIES

Ten spray solidification runs were made with the WSEP spray

solidifier equipment. For the first seven runs, the equipment

was located in the cold semiworks canyon of the 321 Building at

the Pacific Northwest Laboratory. Master-slave manipulators for

servicing the equipment racks were inserted through the walls
of a central control room into the canyon to simulate the
equipment arrangement to be installed in the hot cell. Contact

maintenance was possible by personnel entrance to the canyon.

The equipment was later moved to its permanent location in
B-Cell in 324 Building for the final three nonradioactive runs.

Following are detailed summaries of each spray solidifier

DVT run.

RUN CSC-1

CSC-1 (designating '"'cold" spray calciner, run number one)

was carried out in a 12 hr run to check out the equipment

operability and test operating procedures. The melter had not

arrived from the manufacturer, so an adaptor made from 6 in.
stainless steel pipe was used to connect the bottom calciner
outlet to the receiver pot. Seventy liters (45 kg) of calcined

feed were collected in the 8 in. product pot.

The calciner three-zone resistance furnace was not yet

available, so a three-zone induction heater was fabricated

locally for temporary use. Figure 11 pictures the spray cal-
ciner equipment as it appeared for both runs CSC-1 and 2. To
the right of the induction-heated calciner barrel are the cal-

ciner seal pot, the insulated off-gas line, and the plastic-
sheathed service manipulators.

The spray solidifier was connected to the auxiliary tanks

as shown schematically in Figure 12. Neither the evaporator

(TK-113) nor the fractionator (TK-115) was heated during the

run. Condensate was collected in TK-117, which also served as
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Neg 0652296-5
FIGURE 11. Spray Solidification Equipment Arrangement for Runs
CSC-1 and CSC-2.
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a vent for the calciner seal pot. Non-condensible gases were
routed through the vent system to the scrubber (TK-118) where
they were contacted with 1M caustic.

Simulated 303 liters/tonne U PW-1 without additives was
dried in the calciner, operated at 710 °C. Feed rate averaged
21.6 liters/hr. Atomizing steam flow rate to the spray nozzle
was 14 kg/hr at a pressure of 60 psig.

The calciner filter pressure drop remained quite low
(2.7 in. of HZO) throughout the run. The calciner was pressurized
to 4 in. H,0 during filter blowback with a steam pressure of
40 psig. The pressurization decreased the water level in the
calciner seal pot from 13 to 7 inches. With the lower seal,

calcine was blown into the seal pot during blowback.

The heater on the calciner off-gas line was turned off
just before the feed was started since the line temperature had
reached 210 °C while spraying water through the feed nozzle.
Off-gases entering the primary condenser (E-111) reached 250 °C
while feed was on during the run. The evaporator tank accumu-
lated 15 liters of liquid during the run, indicating that some
of the off-gas was not condensed in E-111.

The six-zone induction-heated pot furnace was held at 500 °C
while the pot was filled with powder. Powder level was deter-
mined by blowing air on the pot wall at a rate of 50 cfm.

Pot centerline temperatures in zones full of powder would
decrease only ~10 °C/hr, while temperatures in empty zones would
decrease at a rate of 150 °C/hr.

Following the run, calcine deposits on the calciner barrel
wall and in the cone section under the barrel were found. A
1/8 in. thick coating of powder covered one side of the lower
half of the barrel wall. A thick deposit was located on one
side of the cone. The deposits were removed manually with a

scraper and a wire brush, since the pneumatic hammer on top of

48



BNWL-1117

the calciner would not loosen the powder. Poor atomization of
the feed-forming, coarse droplets caused the internal deposition.
The spray nozzle was removed from the calciner and tested with
air and water for a visual check of atomization quality. The
spray pattern looked satisfactory except for a slight pulse in
spray flow which occurred once every 30 seconds. The visual
check is only a qualitative check of atomization, but it does
show gross deficiencies.

The seal pot was removed and inspected for powder deposits.
The seal pot inlet from the calciner contained a 3/16 in. thick
coating of powder, and powder was mixed with the water in the

pot.

Powder collected in the storage pot was dark brown and
had a fine texture except for a few lumps of less than 1/2 in.
diameter. Two hundred and sixty-five liters of 303 liters/
tonne U feed produced 70 liters of calcine, giving a volume
reduction factor of 3.8.

RUN CSC-2

CSC-2 was run to test a PW-2 feed containing sodium, lith-
ium, aluminum, and phosphoric acid melt-forming additives, and
to continue development of equipment operating techniques.

Spray solidifier equipment arrangement was the same as CSC-1.
Again, with no melter available, powder was collected in an 8 in.
diameter storage pot. The auxiliary tanks and off-gas system
were operated as shown in Figure 13, with the calciner condensate
collected and concentrated in the evaporator (TK-113), and

the evaporator condensate concentrated in the acid fractionator
(TK-115).

The feed tested was found to melt at 700 °C and have a
650 °C stick-point, so the calciner furnaces were heated to
550 °C. An initial feed rate of 15 liters/hr was reduced to

10 liters/hr to maintain all calciner internal temperatures
above 200 °C during the 13 hr run. Shortly after the run
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started, the furnace temperatures in the top two zones of the
calciner were reduced to 525 °C and the bottom zone temperature
was raised to 575 °C to give a more uniform profile of internal

temperatures.

About 2 hr after the run started, the feed nozzle plugged
and had to be removed to be cleaned. Plugging was attributed
to calcination of feed in the nozzle liquid orifice by the
superheated steam (300 °C) when the feed rate was reduced.
The steam temperature was reduced to 200 °C for the rest of the
run. The nozzle plugged twice more during the run but was
immediately unplugged by actuation of the nozzle cleanout
needle. The atomizing steam ports in the nozzle plugged shortly
after the nozzle was re-installed and the nozzle had to be
removed again. A white powder, probably scale from the steam

line, was removed from the nozzle ports.

Wet powder was deposited on the internal walls of the cal-
ciner from the beginning of the run. Scale 1/4-3/4 in. thick
was scraped from the walls while the spray nozzle was removed
for unplugging. Near the end of the run, when the storage pot
powder level had stopped increasing, the calciner was shut down
for inspection. A large accumulation of powder blocking the
calciner outlet to the storage pot was scraped into the pot.
After the run, visual inspection in the calciner revealed a
coating of powder 1/4 in. thick on the barrel walls and a
1/2 in. deposit in the cone section under the barrel. The powder
had been wet, indicating poor spray atomization quality and
possibly excessive feed rate. Widely fluctuating calciner
internal temperature readings during the run indicated scale

formation.

Thirty-nine kg of fine gray powder were produced from 138
liters of 863 liters/tonne feed. About half of this powder was
removed from the inside of the calciner following the run.

A filter blowback pressure of 22 psig kept the filter pres-

sure drop relatively low (3 in. HZO’ maximum) and prevented
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calciner pressurization during the blowback. The absence of pres-
surization kept powder from accumulating in the seal pot as happened
in CSC-1. A powder coating <1/16 in. thick was found on the
filters following the run.

The feed nozzle was removed and tested with air and water
following the run. The outside of the nozzle was covered with
a thin coating of calcine, but this did not affect the nozzle per-
formance. The nozzle flow pulsed at 5 to 10 sec/cycle with fre-
quent blasts of large droplets emitting from the nozzle tip.
Pulsing amplitude widened with increasing gas pressure, but
atomization quality (finer droplets) generally improved with
increasing gas pressure up to 60 psig (pressure used in the run).
It was concluded that poor nozzle performance was responsible
for the gross calcine deposition in the calciner.

The feed pump consumed an excessive amount of seal water
during the run. After the run, the boron carbide seals and the
carbon bearings were found to be badly worn. Both seals and

bearings were replaced with new ones made of boron carbide.

Analysis of the calciner condensate concentrated in the
evaporator showed that greater than 95% of the feed sulfate

was retained in the powder product.

RUN CSCM-3

Following CSC-2, the melter equipment was received and
installed below the calciner. The melter furnace was prepared
for use by heating it gradually according to a schedule pro-
vided by the manufacturer. The schedule used to bake out
moisture in the furnace insulation and coat the heating elements
with a protective oxide film was as follows: 240 °C for 8 hr,
415 °C for 6 hr, 580 °C for 4.6 hr, 720 °C for 4 hr, 870 °C
for 4 hr, 1010 °C for 4 hr, and 1280 °C for 2.3 hr.

Run CSCM-3 (cold spray calciner-melter) was made to test
the calciner and melter equipment and fill a heated mild steel

storage pot with a simulated high fission product Purex 1WW

52



BNWL-1117

melt. After 33 hr of intermittent feeding, the run ended when
slag in the bottom of the melter plugged both the weir and the
freeze valve, and the bottom of the calciner barrel was found

to be plugged with wet calcine.

The calciner-melter was connected to the auxiliary tanks
as in CSC-2. In this run, however, the evaporator and fraction-
ator were not boiling as in CSC-2. Condensate was collected in
the evaporator.

The average feed rate for the run (when feed was on) was
16.1 liters/hr with the calciner furnaces at 700 °C. Poor

feed atomization caused the formation of wet calcine deposits

in the calciner cone, even though a new external-mix nozzle was
used. Eventually, calcine bridged across the bottom 2 feet of
the calciner barrel. The walls above the plug were coated with
<1/4 in. of powder, which is the normal steady-state thickness.
Before the run, a motor-driven stainless steel chain about 8 in.
long was inserted through a port in the side of the calciner cone
to remove deposits around the calciner outlet to the melter,

The chain, dangling freely into the calciner powder outlet,
began rotating at about 50 rpm when the motor was started and
knocked calcine deposits into the melter. The effectiveness of
the chain could not be evaluated since, at the end of the run,
it was missing. No trace of the chain was discovered but some-
time during the run it disconnected from the motor shaft and
fell into the melter where it dissolved. The presence of the
metal chain in the melt started the corrosion of the platinum
melter which eventually failed in CSCM-8.

A vertical-operating free-piston air vibrator was installed
on the top of the calciner before the run to replace the piston-
driven hammer. Neither the air vibrator nor the hammer removed
the wet calcine deposits but the vibrator required less space
and operated more reliably than the hammer. The hammer shaft had
often broken in previous runs with the developmental spray cal-

ciner.
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Calciner filter performance was excellent. The filter pres-
sure drop reached only 5 in. HZO' Blowback steam pressure was
maintained at 22 psig except early in the run when the pressure
built up to 120 psig because the pre-heater blowdown valve was
closed. An off-gas particulate de-entrainment factor (DF) of
1600 based on sodium analyses of the off-gas condensate was
obtained. This DF is in the range desired for the spray solid-
ification process.

Early in the run, it became apparent tnat the flux content
of the feed was too low since the calcine melted at 1050 °C.
Five hours after the feed was turned on, melt began to drip
from the melter weir, but it stopped almost immediately when
melt in the weir tip froze. Heating the weir furnace to 1050 °C
would not open the valve. For most of the run, melt was drained
in batches of 1.5 liters from the freeze valve. Near the end
of the run, melt could not be discharged from either valve.

The spray solidification equipment was shut down and the melter
was removed from the furnace to shorten both discharge valves.
The weir was shortened by 1 1/2 in. while 1 in. was cut from
the freeze valve. The melter was re-installed, but after
prolonged heating at higher than design temperatures without
melt discharge, both weir and freeze valve heaters burned out.
After it was disconnected from the calciner, the melter was
raised 6 in. in the furnace to bring the valves into the heated
zone. Melt would not drain by this means. By probing into

the melter, it was found that the melt had formed two layers
with a viscous layer on the bottom. Nine kg of sodium mono-
basic phosphate (NaHZPO4'H20) were added to the melter over

a period of several hours to dissolve the viscous layer, but
with little success. The melter was eventually emptied by
scooping out the slag with a stainless steel rod. The slag

was identified as rare earth phosphate.

Liquid level in the melter was continuously monitored with

a liquid level probe, called a pulse reflectometer, developed
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by Doz;r.(zz) The probe employs a technique for detecting
impedance mismatches in radio-frequency transmission lines. In
this application, the mismatch (the liquid level rising between
two concentric platinum tubes inserted in the melter) was
located by noting the position of a discontinuity in a wave
trace on an oscilloscope screen. The wave was propagated along
the inner probe by a pulse generator and the discontinuity was
caused when the wave encountered the melt level. Part of the
wave was reflected backward, thereby distorting the original
pulse and showing a discontinuity on the oscilloscope trace.
The probe operated reliably during the run.

The mild steel melt storage pot was heated to 400 °C at
the bottom to prevent corrosion, and to 700 °C at the top to
slump the melt and fill the pot evenly. These temperatures
were too low since a melt stalagmite 4 ft long built up from the
bottom of the pot. The outer wall of the pot exposed to 700 °C
was oxidized, but not excessively. Flakes up to 10 mils thick
peeled off the outer wall during the 50 hr heating period.

Following the run, several external-mix spray nozzles
were visually compared for atomization quality with air and
water. The prototype spray nozzle performed better than the
others tested.

Two 4 hr calciner runs (CSCM -3a and 3b) were made to
compare the performance of air with steam as atomizing gas. The
prototype spray nozzle was used with a nominal feed rate of 15
liters/hr. Atomizing gas pressure was maintained at 60 psig.

Air atomization left virtually no powder deposits in the calciner,
while atomizing steam coated the calciner barrel and deposited
a 3 in. thick layer of powder in the cone under the barrel. It

was decided to use air atomization for future runs.

Inspection of the feed pump after the run revealed that
the boron carbide bearings were badly chipped. The cause of the
damage was not discovered. Graphite bearings were installed

for testing in the pump.
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RUN CSCM-4

Air atomization of PW-1 feed was successfully tested in
a 65.5 hr run. Simulated PW-1 waste with added phosphoric
acid to give M+/P equal to 1.86 was fed to the spray solidifier
at an average rate of 16 liters/hr. Solidifier off-gas was
routed as in CSCM-3, with condensate collection in TK-113.
Neither TK-113 nor TK-115 was heated. Air-heated to 360 °C
was used as atomizing gas and proved to give better atomization
quality than steam had in previous runs. After the run, the
upper 3 ft of the calciner walls were excessively coated with a
1/4 in. layer of powder containing many 1/2 in. diameter lumps.
The bottom half of the barrel and the calciner cone had up to
1/8 in. thickness of powder. A 2 in. thick ring of partially
melted calcine formed around the melter inlet and occasionally
held up powder in the cone during the run. External cooling
around this section would probably have eliminated this
buildup.

Calciner vacuum was maintained at only 6-8 in. HZO and,
during filter blowback, the calciner pressurized up to 2 in.
HZO' The additional air load from air atomization taxed the
capacity of the off-gas jet and made it impossible to maintain
a negative pressure in the calciner during filter blowback.
These pressurizations emptied the seal pot several times and

blew calcine into it.

The calciner filter pressure drop remained low (5 in. HZO)
throughout the run. Examination of the filters following the
run, however, showed one filter to be coated with more than an
inch of damp powder. The other 14 filters were coated with only
1/16 to1l/8 in.thickness. A few small wet calcine stalactites hung
down from the bottom of the filter assembly. Apparently, the

filters cooled enough to promote condensation during the run.

56



BNWL-1117

The melter furnace was operated at 1200 °C, while melt
temperatures varied between 875 and 1050 °C. Attempts to thaw
the melt in the freeze valve were unsuccessful, and the freeze
valve furnace burned out when operated at the excessive tempera-
ture of 1130 °C. The melt plug at the tip of the freeze valve
did not soften, but the temperature at this location was an
estimated 200 °C cooler than at the thermocouple position.

Melt discharged dropwise from the weir at a rate of about one
liter/hr.

The melt fell off-center and hit against the wall of the
304-L SS storage pot about 2 ft from the top and eventually formed
a solid bridge from which a stalagmite of melt built up.

The pot furnace temperature was increased from 800 to

975 °C, but the bridge would not slump into the bottom of the
pot. Since only alternate pot zones (2, 4, and 6) were directly
heated, the pot wall temperature where the melt bridge formed
was only 725 to 750 °C, or about 200 °C below the slump tempera-
ture of the melt. The pot was not heated higher in order to
prevent corrosion. Twice during the run, the pot was rolled
back from under the melter to break down the melt formations
manually. Some of the melt was chipped out, but a layer about
4 in. thick was extremely hard and could not be removed until
after the run when a jackhammer was used. While the pot was
moved from under the melter, product was caught in 600 ml
stainless steel beakers held under the melter weir. About 80%
of the 193 kg of melt produced was collected in the beakers.

The melt was a black glass with a density of 3.15 g/cm2

A particulate de-entrainment factor of only 56 was achieved
from feed to primary condensate. This value is acceptable but is
below the DF's desired, and is below the normal by a factor of

about 50. The cause of this low de-entrainment is unknown .
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RUN CSCM-5

Run CSCM-5 was made to test the spray solidifier with
PW-2 feed from which the sulfate was to be volatilized. In
addition, the actual WSEP calciner resistance furnace had been
received and was used. An external cooling ring was installed
around the melter inlet to prevent an accumulation of sintered

powder at this location.

Simulated PW-2 with added phosphoric acid concentration
to bring M+/P equal to 1.81 was sprayed to the calciner at an
average rate of 18.6 liters/hr. The feed was air-atomized and
the calciner three-zone resistance furnace was heated to 730 °C.
About 6 hr after the run started, the feed nozzle plugged
momentarily but was cleared with a clean-out needle. The
nozzle plugged several other times during the run and was
unplugged each time with the clean-out needle. Lowering the
atomizing air temperature from 375 °C to 300 °C and decreas-
ing the feed temperature from 67 °C to 45 °C did not prevent
the plugs. Since lowering the nozzle temperature did not
prevent plugging, the plugs were likely formed externally on
the tip by erratic spray patterns rather than by calcination
in the tip of the nozzle liquid orifice. In fact, the nozzle
was coated externally with wet calcine at the end of the run,
although both air and liquid orifices were clean.

Condensate collection and off-gas scrubbing was operated as
in runs 2 to 4 with TK-113 as the condensate catch tank, and with
neither TK-113 nor TK-115 heated. The external dome of the
titanium condenser (E-111) was cooled by running cold water
over it as an added safety measure to reduce possible corrosion
by the sulfate-bearing off-gas entering the condenser at 175 toO
190 °C. The condenser wall thickness was measured ultrasonically
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following the run. A general 5 mil increase in wall thickness
since run CSC-2 was noted indicating the formation of scale.

The calciner vacuum was maintained at a nominal 10 in.
H,0. A vacuum of about 2 in. HZO was achieved during filter
blowback gas heater burned out when the control temperature
transmitter blew a fuse, allowing an uncontrolled temperature
rise in the heater. The filters were blown back with saturated
steam for 2 hr before the heater failure was detected. Blow-
back was resumed for the rest of the run with unheated air.
The filter differential pressure increased steadily from 5
to 10 inm, HZO over an 18 hr period, then increased sharply to
27.5 in. HZO in 30 sec. Intermittent blowback with 40 psig air
in 5 sec pulses reduced the pressure drop to 5 in. HZO in about
5 minutes. In about 3 hr, the filters plugged again and were
blown down. This time, though, the run was discontinued after
21.5 hr of feeding, since the calciner bottom outlet was plug-
ged with calcine. The filters were almost completely caked
with damp calcine deposits up to an inch thick. The damp
deposits were identified as condensed sulfuric acid mixed with
calcine. The filters were removed from the calciner, and
sprayed and soaked in cold water for several hours following the
Tun.

During the run, powder accumulated in the calciner cone.
It was necessary to manually rod the powder into the melter to
prevent plugging of the calciner outlet. Following the run,
the calciner barrel contained a 1/8 in. coating of powder. The
cone walls were covered with damp calcine, and large lumps of
wet calcine plugged the calciner outlet. The cone deposits,
like the filter deposits, were caused by condensation of sul-
furic acid.
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The melter furnace was started at 1150 °C, but when sintered
calcine began forming on the melter walls, the temperature
was increased to 1200 °C to melt the wall deposits. The melt
was quite fluid and bubbled with the evolving sulfate. During
filter blowback, the melt surged out of the weir and the stream
left the weir tip at an angle allowing melt to hit the inner wall
of the storage pot at the middle of the top zone. The weir tip
was bevelled facing inward. The melt gradually formed stalag-
mites which grew up into the melter sample chamber. All six
zones of the pot induction furnace were heated to 900 °C, since
the three zones previously used on the calciner furnace were
replaced by the new resistance furnace. The melt formation on
the pot wall did not slump down when the pot was heated to 950
°C. Once, the receiver was rolled back and a stalagmite was
lifted from the pot. At another time, a stalagmite was knocked
down by rodding through the sample chamber window. When the run
was stopped, the pot contained about 12 liters of melt. The
inside wall of the pot in the top zone was corroded where melt
had hit throughout the run. Corrosion caused by excessive melt
temperatures in the pot, penetrated 1/8 in. into the wall in
spots. This rate greatly exceeds that desired for WSEP runs.

It was necessary to manually rod the freeze valve to make
it discharge at the end of the run. Although the freeze valve
furnace temperature was 1090 °C. the valve tip temperature was
only 900 °C.

The cooling ring at the melter inlet prevented the formation
of sintered calcine, but wet powder collected on the inner neck
because of sulfate condensation. Allowance for thermal expan-
sion of the calciner was inadequate since the melter top was
buckled about 1/8 in. around the melter neck.
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This run verified previous conjecture that sulfate must
be retained in the product not only to prevent corrosion but
to prevent internal fouling of the calciner.

The calciner resistance furnace ran smoothly, performing

as well as the induction furnace had in previous runs.

RUN CSCM-6

PW-1 feed with three different additive concentrations
was tested in run CSCM-6. The effect on melt viscosity by
varying feed M+/P was observed. In addition, pot filling by
continuous drip overflow and batch dumping through the modi-
fied melter weir was tested.

Three feed batches with added phosphoric acid to give
M+/P's of 2.1, 2.2, and 2.4, and added sodium concentrations
of 0.9M, 0.83M, and 0.9M, respectively, (378 liters/tonne U
basis) were solidified in a 66 1/4 hr run. It was found that
melt viscosity increased with M+/P. The first feed batch
(M+/P = 2.2) was run for 37 3/4 hr and produced a slightly
viscous melt at 1100 °C. The second batch (M+/P =2.4) was much
more viscous and after 9.6 hr it plugged the melter weir.
The weir was unplugged by rodding up into the tip. Phosphoric
acid added to the second batch to alter the M+/P to 2.1 pro-
duced a free-flowing melt for the balance of the run. An aver-
age feed rate of 20.9 liters/hr was attained for the run. The
calciner drying capacity was established at 28 liters/hr over
a six-hour period with a calciner furnace temperature of 700 °C.
At this rate, the spray solidifier could treat waste generated
from a 1.5 tonnes of uranium/day fuels reprocessing plant.
Occasionally, solids accumulated behind the feed valve stem
caused momentary feed flow oscillations when the valve opened
wider in attempting to maintain the flow.
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Near the end of the run, the calciner was pressurized from
2 to 4 in. H20 during filter blowback with 28 psig steam. The
seal pot was emptied by the pressurizations and calcine nearly
sealed off the pot entry pipe. Filter pressure drop remained
relatively low at 9 in. HZO' After the run, all of the filters
except one bank were clean. Dry powder had bridged between the
three filters in the bank. It appeared that this bank had not
been blown back. The blowback solenoid valve ma)y have stuck

shut.

Before the run, the bevelled tip of the melter weir was
cut facing away from the receiver pot vertical centerline. In
previous runs, with the tip cut 180° opposite, melt was thrown
outwards against the pot walls where stalagmites were formed.
The tip modification directed the melt flow towards the center
of the pot so that no melt deposits formed on the pot wall.
Melt spattered inside the weir liner, however, and threatened
to plug the weir outlet several times. The outlet was cleaned
by manual rodding and scraping through the sample chamber window.
Spattering was most prevalent during batch dumpings or when vis-
cous melt was discharged dropwise. Filter blowback caused melt
surges and spattering from the weir. During the run, the weir
furnace heating elements contacted the platinum liner and fused
a jagged hole about 5 in. long in the liner. The furnace blew
fuses periodically but continued operating throughout the run.
The freeze valve furnace burned out the first time it was turned

on.

Melt was occasionally batch-dumped through the weir by
decreasing the differential pressure between melter and receiver.
Batches of 3.5 liters were discharged at rates up to 28 liters/
hr. With the pot furnace temperature of 900 °C, drip discharge
of melt formed a small stalagmite in the bottom of the pot.
When the temperature was increased to 950 °C, the stalagmite

slumped and spread out to the pot walls. Thereafter, the pot
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temperature was increased to 950 °C for 2 hr in each 12-hr
interval to prevent any stalagmite formation.

Melt level in the product receiver could not be detected
by blowing air on the pot wall and observing relative tempera-
ture drops in wall temperatures. The temperature drops were
insensitive and inconsistent. This technique was successful
in previous runs when the pot contained internal thermocouples.
While the receiver was cooled to 600 °C for the above test,

a melt stalagmite about 3 1/2 ft long built up to within 8 in.
of the top of the pot. Since this occurred near the end of the
run, the pot temperature was not increased to 950 °C long
enough to slump the stalagmite. Below the stalagmite, the

pot was filled uniformly to a level of 4 ft.

The solidifier off-gas was condensed and routed to the
evaporator (TK-113). Condensate was boiled to maintain a
volume of 120-170 liters. Strip water routed from the acid
fractionator (TK-115) overhead condenser to the evaporator
maintained the evaporator bottoms acidity between 5 and 8M.
The fractionator bottoms were concentrated to a final acidity
of 8.2ZM.

The pulse reflectometer was used to measure melter liquid
level throughout the run. At first, the probe measured the
level quite accurately, but later the level readings were insen-
sitive to decreases in melt level following batch dumping.

Melt probably bridged in the annulus between the outer and
inner tubes of the probe, thus indicating a false high level
reading.

After the run, elongated fist-sized lumps of dry calcine
were found in the calciner cone outlet. These lumps may have
formed on the internal calciner thermocouples during periods
of oscillating feed rates. A layer of fine dry powder had
built up in the cone under the filters. The angle of repose
of the powder, it was concluded, was about 3° more than the
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60° slope of the cone. This accumulation presents no problems

as long as the powder is dry, since it reaches an equilibrium
angle and thickness before falling into the melter. The other
internal surfaces of the calciner were free from deposits >1/8 in
thick. The cooling air on the melter neck prevented scaling
at the melter inlet.

A crack 1 1/2 in. long was found in the melter weir tip
after the run. The crack may have been caused by rodding up into
the weir to promote melt flow during the run.

An exceptionally good particulate de-entrainment factor of
6000 was attained from calciner feed to primary condensate. A
DF of this magnitude indicated that the calciner filters were
not cracked or corroded during removal, flushing, and reinstalla-

tion before the run.

RUN CSCM-7

Spray solidification DVT's in the 321 Building cold semi-
works were concluded with CSCM-7. Following this run, the equip-
ment was moved to its permanent location in B-Cell in the 324
Building for further testing.

Run CSCM-7 was made to test a PW-2 feed which would retain
the sulfate in the melt product. In addition, the storage pot
was to be filled by continuous drip from the melter weir modified
by the addition of a flow-straightening rod on its tip.

PW-2 feed modified by addition of 1.17M lithium, 0.6M cal-
cium, 0.25M aluminum, and 1.61M phosphoric acid (378 liters/tonne
U basis) was fed to the calciner in a 41 hr run. Granular sodium
metaphosphate was added directly to the melter in an equivalient
feed concentration of 1.27. This addition lowered the calcine
melting point from 900 °C to 700 °C. During the first half
of the run, an average feed rate of only 10.3 liters/hr was
attained due to partial plugging of the air passage in the feed

spray nozzle. When the nozzle was cleaned, the average feed
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rate was increased to 16.4 liters/hr for the second half of
the run. When the nozzle was removed for cleaning, large
deposits of calcine were rodded from the calciner cone and
lower barrel into the melter. These deposits formed during
the first half of the run as a result of poor feed atomization
by the plugged nozzle. Feed flow control with the new feed
valve was excellent compared to the cyclic rates achieved with
the valve used in previous runs. The new valve contained a
spline trim with 3/4 in. maximum travel as compared to the

plug trim 1/2 in. travel of the valve used previously.

The spray solidifier capacity of 17 liters/hr was determined
with this particular combination of PW-2 and additives. The
melter operating at a 950 °C furnace temperature limited the
feed rate. At this rate, waste generated from processing 0.83
tonnes of uranium/day could be solidified.

Off-gas condensate was collected in TK-113. Neither TK-113
nor TK-115 was heated.

Initially, sodium metaphosphate powder was added to the
melter with a temporarily installed auger feeder, but since
the auger hopper could not be sealed, powder was swept into the
melter by excessive air in-leakage. Shortly, the solids addi-
tion nozzle on the calciner cone plugged when condensate mixed
with the sodium metaphosphate. For the final two-thirds of the
run, the solids were manually batch-dumped in one-liter volumes
into the melter through a nozzle on the melter 1lid.

A strip of platinum 5/8 in. long and 1/8 in. thick was welded
to the inside of the weir tip to prevent melt spattering on the
weir liner during discharge. Although the spattering was not
eliminated, it was reduced to the extent that only a small
harmless melt stalactite had formed which was easily removed

from the weir heater thermocouple.

65



BNWL-1117

The freeze valve was used to drain the melter at the end of
the run after it was rodded to remove the higher melting point
solids from the previous run. Once it started draining, the
freeze valve could not be stopped by blowing cold air on the liner.

When the melter was drained, the valve sealed itself.

The calciner filter pressure drop remained satisfactory at
between 3 and 7 in. of water even though the blowback heater was
off for 12 hr early in the run. A faulty control thermocouple in
the heater cut off the power and the filters were blown back with
saturated steam. A long stalactite of wet calcine formed on one
of the filters during this time and was removed when the calciner

was cleaned out midway through the run.

The storage pot was filled with melt to within 14 1/2 in. of
the top with a hole 15 in. deep penetrating the top of the melt.
Small spatters of melt were accumulated on the inner walls of the
pot. Melt level was visually detected during the run with mirrors
inserted in the sample chamber window. Pot internal temperature
response to cold air blown on the pot wall indicated the approxi-
mate melt level at the end of the run. Melt was a light green
semi-glassy solid with a density of 2.7 g/Cﬁ{ Five hundred and
forty liters of 492 liters/tonne feed produced 70 liters of

melt for a volume reduction factor of 7.7.

Following the run, the calciner internal walls were coated
with normal steady state patches of powder up to 1/16 in. thick
in the barrel and up to 1/2 in. in the cone. The excessive cone
deposits were probably formed during erratic spray nozzle per-
formance in the first half of the run. All but two of the filters
had a normal coating of 1/16 in. of powder. The two, located
in separate blowback banks, had coatings of 1/4 in. thickness.
When the filters were removed for transfer to 324 Building, many
small holes 1/32-1/16 in. diameter penetrating halfway through
the filter walls were discovered. It was thought that the holes

were formed by dissolution of impurity inclusions in the sintered
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metal and that the filters were still serviceable. For unknown
reasons, the particulate DF of 12,000 was twice as high as
achieved in any previous run.

Although the seal pot purge air was heated to about 200 °C
with a small rod heater to prevent condensation in the seal
pot inlet, dry powder partially filled the inlet about 2/3
full. The powder plug probably formed during the first half

-7 0f the run when more pressure fluctuations occurred than in

the last half. The seal pot had been modified by lowering
the internal baffle to increase the effective water seal from
25 to 29 in. A wide spot was added at the pot discharge for
disengagement of water and gas. During the first half of the
run, the seal pot blew several times, but required no water
addition during the final 20 hr of the run.

RUN CSCM-8

CSCM-8 was the first spray solidification run with the
equipment located in its permanent position in B-Cell in the
324 Building (see Figure 14). The run objectives included
testing the WSEP equipment under actual operating conditions
for radioactive demonstrations. Also,a new PW-1 feed composi-
tion and several equipment modifications were to be tested,
and a storage pot was to be half-filled by batch-dumping
through the melter freeze valve.

In CSCM-8, simulated PW-1 with added lithium (0.5M),
sodium (0.5M), and phosphoric acid (1.74M) was heated to 70 °C
and fed to the éalciner at an average rate of 19.3 liters/
‘hr. The feed nozzle (Spraying Systems Co., Set-up No. 5) gas
and liquid inlets were separated from their previous annular
locations to minimize the possibility of atomizing steam con-
densation within the nozzle. In addition, a mist eliminator
composed of an internally baffled cylinder containing wire-
mesh packing was installed in the atomizing gas line upstream
from the atomizing gas preheater. Qualitative atomization

67



BNWL-1117

Filter
Chamber

Service
Manipulators

= Storage Pot
L Furnace

Neg 0662668-5
FIGURE 14. WSEP Spray Solidifier Installed In B-Cell
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tests with this apparatus had indicated that steam atomized
water as well as air if the steam quality was improved by
condensate droplet removal. Wide feed flow fluctuations
probably caused by a partially plugged nozzle were eXperienced
for the first 8 hr of the run. The feed nozzle plugged at the
end of this time, and was unplugged with the cleanout needle.
Afterwards, feed flow was relatively smooth for the rest of the

run.

After the run, inspection inside the calciner showed that
the calciner barrel was clean while the cone surface below
the barrel was covered with 1 in. of calcine which had been
wet. This deposit may have formed during the period of the
erratic feed flow. The mist eliminator improved the steam

atomization performance over previous runs with steam.

After the first 8 hr of the run, the calciner vacuum was
maintained at 2 in. of water during filter blowback with 20
psig steam. The calciner pressurized slightly several times
in the first 8 hr and the seal pot was blown once. At the end
of the run, the seal pot inlet from the calciner was half-full
of powder. A seal pot backpurge of 10-15 scfh of heated air
did not prevent the powder accumulation when calciner pressur-

izations occurred.

The calciner filter pressure drop remained satisfactory
between 4 and 9 in. of water during the run. All the filters
except two were covered with the normal 1/16 in coating of
powder at the end of the run. Two filters, one which plugged
in CSCM-7, were heavily coated with loose powder. Subsequent
measurement of the diameter of their respective blowback nozzles
showed no significant variation from the other nozzles. On
this evidence, insufficient blowback flow was ruled out as the

cause of plugging.
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Condensate was collected in TK-113, and neither TK-113
nor TK-115 was heated. Spray nozzle flush liquid was pumped
from TK-113 at the beginning and end of the run. Melt was
batch-dumped in 3-4 liter slugs from the freeze valve at rates
of 10-12 liters/hr. It was necessary to raise the melter
furnace temperature from 1100 to 1150 °C to provide extra
heat to dump the freeze valve. Calcine melted without foam-
ing and the melt drained smoothly without spattering on the
freeze valve liner. The melter weir tip had been modified
by the addition of a flow-straightening vane to prevent melt
spattering and guide the melt stream to the center of the
storage pot. The vane consisted of a 50 mil thick platinum
plate, 2 in. long and 3/16 in. wide, welded lengthwise on edge
inside the weir orifice and extending down flush with the
bevelled weir tip. The weir could not be tested, however,
since the heater failed early in the run. The loss of the
weir furnace was attributed to corrosion of brass connectors
erroneously used in fabrication to join the furnace elements
to the electrical lead wires.

The remotely operated, retractable mirror in the melter
sample chamber was of little use for viewing into the melt
receiver. The mirror surface became clouded and would not

reflect. The air sweep did not keep the mirror surface clean.

Melt filled the heated 8 in. diameter storage pot to a
level of about 35 in. (29 liters volume) without stalagmite
formation. Pot furnace zones below and at the melt level
were heated to 880 °C, while zones above the melt level were
maintained at 830 °C. A new six-zone resistance furnace replaced
the induction furnace used in previous runs . Both furnaces
operated satisfactorily and were comparatively similar. Three
extra thermowells for future product thermal conductivity
tests were inserted through the bottom of the pot before the run.
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The pot was sectioned radially after the run. Many gas bubbles
up to 1/4 in. diameter were formed in the melt. Product was

a dark gray crystalline solid with a density of 3.05 g/cmz.

A drop of melt was observed hanging from the bottom of the
melter about 6 hr before the end of the run. Closer examination
after the run revealed the presence of a star-shaped crack
about 1 in. long penetrating the 80 mil-thick bottom of the
melter (see Figure 15). A smaller crack was located about
midway down on the freeze valve. From X-rays of the entire
melter, about 20 pitted areas ranging in depth 5-15 mils and
1/16-1/2 in. in diameter were found. The pits were located on
the inside wall of the melter cone, an area usually covered
with melt during normal operation, and in the freeze valve tube
near the crack. Photomicrographs of cross-sections of the pits

showed a filigree structure typical of corrosion.

Although microprobe tests for alloying in the metal surround-
ing the cracks were too insensitive (>3 wt% detection limit
for phosphorous) to substantiate the following evidence, later
laboratory tests to reproduce the melter failure indicated that
the embrittlement was caused by phosphorous alloying with the
platinum under locally reducing conditions, such as from inadver-
tent addition of stainless steel to the melter. The failures

(23)

were brittle fractures at grain boundaries.

Before its failure, the melter (composed of 99.5% platinum
—0.5%rhodium alloy) had operated between 900 and 1250 °C for
440 hr. Since the cause of the corrosion was not known at the
time, a new melter was ordered and the replacement vessel was

fabricated from unalloyed platinum.
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FIGURE 15. View into Corroded WSEP Melter
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RUN CSCM-9

Run CSCM-9 was made to test spray solidification of a
chemically adjusted PW-2 solution with addition of solid NaPO3
flux to the melter from a vibrating trough feeder. A heated
carbon steel storage pot was to be filled to determine if pots
of this material were sufficiently corrosion resistant to be

used in the WSEP.

Simulated PW-2 preheated to 63 °C was fed at an average
rate of 11.7 liters/hr for 8.1 hr to the calciner heated to
670 °C. The liquid feed contained additives of calcium, lithium,
aluminum, and phosphate giving a M+/P equal to 2.75. The addi-
tion of 3-6 mesh NaPO, chips directly to the melter changed
the calcine melting point from 900 to 700 °C and decreased
the M+/P to 2.0. The evaluation of steam atomization with the
inline mist eliminator was again clouded by the partial failure
of the steam heater. The steam could not be heated above 220 °C
since one of the two heating elements failed due to an electrical
current overload. Normally, atomizing steam was heated to at
least 300 °C. Consequently, by the end of the run, poorly
atomized feed formed a 3/4 in. thick scale deposit in the cone
below the feed nozzle. The calciner barrel was free of deposi-

tion.

The spray nozzle plugged after 3 hr of feeding. Attempts
to unplug the nozzle with the clean-out needle were unsuccess-
ful and the nozzle had to be removed from the calciner for
manual cleaning. The feed side orifice was plugged by calcined
feed. When feeding was resumed, the clean-out needle was

exercised every 30 min and no further plugging occurred.

Calciner filter pressure drop was normal at 7.8 in. HZO
about half-way through the run. At this time, the calciner
vacuum pressure tap, which is common to one side of the filter
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pressure drop instrumentation, plugged and no further accurate
readings of either vacuum or pressure drop were obtained. At
the end of the run, all filters except two are coated with
1/16-1/8 in. of powder. The two filters which plugged in
CSCM-8 again were covered with a 1/4 in. layer of powder.

The coating on all the filters was reduced to less than 1/16 in.
by blowing back in the normal two-min cycle with 60 psig air
for a 30 min period. A 1 in. layer of dry powder accumulated
in the cone under the filter chamber, thus confirming observa-
tions from previous runs that the angle of repose of the powder
exceeded the cone angle. The calciner seal pot entrance line

was partially blocked with an inch of powder.

The WSEP feed line water flush system was used for the
first time and operated satisfactorily before and after the
run. The water flush was used to purge feed from the line at
shutdown so calcination of feed would not plug the nozzle. The
40 liter flush tank was filled and pressurized to about 40 psig
by P-116 which pumped fractionator condensate from TK-116.

The tank would not hold pressure, however, when the tank inlet,
outlet, and vent valves were closed and P-116 was turned off.
For the radioactive WSEP runs, it is necessary to keep the
flush system pressurized higher than the feed system to prevent
possible feed contamination of the disposable low-level
effluent in TK-116.

The developmental platinum melter was used to temporarily
replace the melter which corroded in CSCM-8. The melter furnace
was operated between 900 and 950 °C. Solid flux was added
through a 2 in. diameter port in the top of the melter. The
vibrating trough solids feeder discharged NaPO3 chips intermit-
tently through a 2 in. pipe connected to the melter port. Chips
were stored in a 2 ft3, cylindrical hopper located above the
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trough feeder. The complete solids feeding system was ''sealed"
and vented through the melter. The seal was not adequate,
howevér, and the feeder was a source of air in-leakage which
made it difficult to maintain adequate calciner vacuum. A
double ball valve manual feeder was later used successfully in
the WSEP demonstrations.

Due to improper pressure balance between melter and melt
receiver, air sparged up through the weir causing severe melt
spattering. The spatters partially plugged the powder inlet from
the calciner and the solids feeder entrance to the melter. The
solids feeder line was manually rodded several times during the
run. This plugging forced early termination of the run after
8.1 hr of feeding. Sparging prevented the use of the weir for
melt discharge, so melt was batch dumped through the freeze valve.
The sparging problem would have been almost nonexistent with
the WSEP melter, since the developmental melter weir did not have
the built-in 2 in. seal existing in the prototype melter. By
reducing the differential pressure across the melter while
the melt level was established, sparging could have been averted.

Greater than 96% of the feed sulfate was consolidated in
the product. The volatile portion, however, was evident as
sulfuric acid condensation in the melter sample chamber, leav-
ing a hazy film on the air-purged viewing mirrors. Viewing into
the pot and up into the melter discharge valves with the mirror
was eventually obscured so the purge air was turned off.

Melt was collected without stalagmite formation or spattering
by intermittent dumping of the freeze valve. The pot was filled
to a volume of 8 liters with a gray-green crystalline solid.
Product density was 2.8 g/cm”. The bottom pot zone was heated to
700 °C and the top five zones were maintained at 650 °C during

the run. An ultrasonic wall thickness scan was run on the
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pot after the run. The average corrosion rate on the wall

in the 700 °C zone was 6 mils/day, although in one small

area a maximum rate of 24 mils/day was noted. In the 650 °C
zones, the average wall oxidation rate was 2 mils/day. This

run showed that carbon steel pots can be used for storage of the
PW-2 melt tested.

Spray solidifier condensate was collected in TK-113, as
in most of the previous runs. Neither TK-113 nor TK-115 was
heated. Corrosion rates in the solidifier off-gas line and

primary condenser E-111 were negligible.
RUN C

Objectives of run C included testing steam atomization
of feed, determination of ruthenium retention in the product,
and demonstration of the use of a sugar reducing solution
for retention of ruthenium in the condensate evaporator
(TK-113). During the last third of the run, the feed was to
be spiked with radioactive ruthenium tracer. The run was
shortened to 15 hr by an excessive calciner filter pressure

drop, however, so the tracer was not added to the feed.

Simulated PW-2 was fed to the spray solidifier for 15
hr at an average flow rate of 18.1 liters/hr. As in CSCM-9,
lithium, calcium, aluminum, and phosphate were added to the
liquid feed to keep sulfate in the melt product. Solid NaPO
flux was added to the melter to lower the calcine melting
point from 900 °C to 700 °C. For the first time, a full spike
of cold ruthenium was added to the feed instead of the manganese

3

ion substitute used in previous runs. The liquid feed without
the additives and sulfate and molybdate was digested for 16

hr before the run by refluxing the solution in the auxiliary
feed makeup tank, TK-112. This step was added to the feed
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makeup in an attempt to equilibrate the ruthenium nitrate species
so that ruthenium equilibrium status would not be a variable to
consider if ruthenium volatilization was to be predicted in future
runs. During digestion, air sparging promoted nitric acid vapor
entrainment through the tank condenser (E-112). Some of the vapor
condensed in the tank vent filter (F-113), soaking and partially
dissolving the filter. No detectable amounts of ruthenium evolved
during the digestion.

The feed pump (P-114) impeller diameter was decreased before
the run to reduce the feed line pressure to well below the pressure
developed by the feed line flush pump (P-116). With the feed
valve closed and the recycle valve open, the pump delivered 10
psig line pressure compared to 60 psig before the impeller was
cut down. P-116 developed 40 psig pressure on the feed line
flush system. P-114 operated smoothly during the run.

Early in the run, the atomizing steam flow began to decrease
and the steam pressure increased. The nozzle was removed and
inspected. A scale deposit was found in the steam orifice of the
nozzle. After a damaged steam line filter was replaced, the
nozzle did not plug again. Although the liquid orifice of the
feed nozzle did not plug, the feed temperature was cooled from
70 to 50 °C at 5 hr into the run.

A layer of powder and scale 1/8-1/2 in. thick was found on
the calciner walls following the run. A coating of damp powder
up to an inch thick accumulated in the cone beneath the nozzle.
The deposits were formed by poor feed atomization. Most of the
deposits formed after the scale was cleaned out of the nozzle
steam orifice. From this evidence and the experience of previous
runs, it was concluded that steam atomization is inferior to

air atomization,
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The run was stopped when the pressure drop across the
calciner filters rose rapidly to 17 in. HZO' Intermittent
blowback with gas pressures up to 50 psig did not permanently
stop the increase in pressure drop. The filters were coated
with 1/4 in. of powder. The filter plugging was caused by

damp powder accumulation from poorly atomized feed.

The new WSEP platinum melter, heated to 900 °C, was used
for the first time. All the material below the main support-
ing flange of the original WSEP melter was replaced with pure
platinum formed to the same design as the old melter. The
portion above the flange was welded to the new bottom section.
Melt was discharged without spattering from the weir, but the
flow was usually an intermittent stream rather than dropwise
flow. Flow rate usually increased during filter blowback
pulses. At the end of the run, the melter was drained through

the freeze valve.

The solids feeder plugged twice and had to be disconnected
and cleaned. Insufficient cooling at the feeder connection to
the melter nozzle allow the sodium metaphosphate chips to melt
forming a bridge over the feeder outlet. In addition, chips
clogged the connection pipe below the vibrating trough feeder.
An air vibrator was attached to the connection pipe, but it
didn't prevent further plugging. After the feeder clogged
the second time, the chips were manually dumped into the melter
at 30 min intervals using one of the cell manipulators.

The pulse reflectometer did not operate correctly and was
removed from the melter early in the run. The alumina spacers
insulating the center tube from the outer tube were dissolved
by the melt. As a result, the center tube of the probe was
bent over in contact with the outer tube thus giving a false

(high) liquid level reading on the oscilloscope.
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Melt samples were taken by removing the sample chamber
window and inserting a sample cup into the melt stream emitting
from the weir. This method was somewhat easier to perform
remotely than by using the built-in sampler, since the sampler
rod was more difficult to insert with a manipulator. The rod
holding the viewing mirror in the sample chamber bent when it
was inserted remotely, and the mirror could not be moved after-
ward. The air purge on the mirror face seemed to promote dirt
formation rather than sweep off the mirror.

Thirty liters (85 kg) of black crystalline melt were collected
in the 8 in. diameter 304-L SS pot heated to 650 °C. No stalagmites
formed in the pot although there were small deposits on the upper
and lower bends of the pot thermowell. The pot was not measurably
corroded, verifying the results of a corrosion test made in the cell
hood before the run. In this test, the corrosion rate on a 304-L
SS coupon with the melt at 750 °C was negligible over a 24 hr
period.

Greater than 99% of the feed sulfate was found in the melt

and calciner powder deposits.

Solidifier condensate was collected and continuously concen-
trated in TK-113. The tank volume was maintained at about 150
liters and the bottoms and overhead acidities were 3 and 0.2M,
respectively. About 2/3 of the ruthenium located was collected
in TK-113, while the other third was found in the product. 1In
all, 71% of the feed ruthenium was recovered by chemical analysis.
The rest was not found and may have plated on the surfaces of
the off-gas lines. Evaluation of the merit of using sugar solu-
tion for ruthenium retention in the evaporator was inconclusive
since the sugar was run for only the last 43 min of the run.

The sugar solution, 0.085M, was added to TK-113 at a rate of
1.5 liters/hr. Nitric acid was recovered in the acid fractionator

(TK-115). Fractionator bottoms were maintained at oM.
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Prior to feed startup, the spray solidifier was run with
water and atomizing air to see whether the vent capacity was
large enough to allow air atomization of feed. Extrapolation
of the data obtained indicated that air atomization could
be used with a feed rate of 15 liters/hr if the spray solidifier
system air in-leakage did not exceed 5 scfm with a calciner

filter pressure drop of 12 inches of water.

Following the run, unsuccessful attempts were made
to clean the calciner and the filters by extended operation
of the vibrator and the filter blowback, respectively. Blow-
back air pressure up to 100 psig failed to remove an appreciable
amount of the caked powder from the filters. After this, two
experiments were conducted to test remote ''wet'" cleaning of
the deposits from the filters and internal walls. Water
sparge through an internally-mounted pipe in the filter
chamber failed to clean the filters adequately. The filters
were subsequently removed and cleaned by soaking them in
cold 3M nitric acid for 16 hr in the cell decontamination
tank. Attempts at thermal shock-cleaning the hot (675 °C)
calciner walls with water were not successful. The nozzle
used to spray the walls could not provide sufficient flow
to shock the powder from the walls. A nozzle with double
this capacity (16 liters/min) had performed successfully
in previous tests in the developmental spray solidifier.(24)
After the first WSEP spray solidifier demonstration run,
calcine deposits were removed remotely from the internal
calciner walls by washing the walls for about 24 hr with a
moveable tank-cleaning nozzle. The filters were washed clean

by blowing back with unheated steam and nitric acid.
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