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WASE SOLIDIFHCATION HROGRAM
VAUME 6
SRAY SOLIDIFICATION FEHRFORMANCE
DURING FIRST RADIOACTIVE TESTS IN WASE
SOLIDIFICATION ENGINEERING HFROTOTYHES

W. R. Bond, J. N. Hartley, J. E. Mendel,
J. L. McElroy, K. J. Schneider and M. R. Schwab

ABSTRACT

Battelle- Northwest has successfully demonstrated solidifi-
cation of high-level radioactive waste by the Spray Solidifica-
tion process. Approximately 7.8 million curies of radionuclides
were processed and collected in 8 and 12-inch diameter con-
tainers during six engineering-scale demonstration runs in
Waede Solidification Engineering Prototypes (WSEP) at the
Pacific Northwest Laboratory. Radioactivity processed was
increased from 83,000 curies in the first run to 3,000,000
curies in the sixth run. The self-generating heat rate within
each receiver pot full of solidified waste was increased from
0.3 to 11 kilowatts (168 W/liter of solid), respectively. The
solidified waste within a full 8-inch diameter pot represented
1.8 tonnes of power reactor fuel (irradiated at 20,000 Mwd/tonne
at a power level of 15 MW/tonne) for sulfate-free PNV-1 waste
and 0.95 tonnes for sulfate-containing PN-2 waste. High level
aqueous radioactive waste was processed at overall rates of
11 to 18 liters/hr. The equivalent processing rates ranged
from 0.46 to 0.9 tonnes/day of original fuel. From 11 to 75%
of the total ruthenium fed to the solidifier was volatilized
from the solidifier; entrainment of nonvolatiles was generally
less than 0.1%. The WEP auxiliary equipment consisting of an
evaporator, an acid fractionator, filters, and a caustic
scrubber reduced radionuclides in the stack gas to well below
10CFR20 release limits. The radionuclide content in the final
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liquid effluent was decontaminated by a factor of 10’ for non-
volatiles and 104 to 105 for radioruthenium to concentrations

acceptable for recycle to a fuel reprocessing plant or low-

level treatment processes. The spray solidifier product
caused no significant pressure increases within the containers

after they were capped and welded.
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WASTE SCLI D FI CATI ON PROGRAM
VOLUME 6
SPRAY SCLI D FI CATI ON PERFCRVANCE
DURI NG FI RST RADI QACTI VE TESTS | N WASTE
SALI D FI CATI ON ENA NEERI NG PROTOTYPES

w. R Bond, J. N Hartley, J. E Mendel,
J. L McElroy, K J. Schneider and M R Schwab

1.0 | NTRCDUCTI ON

During chem cal reprocessing of spent nuclear fuels,
essentially all of the fission products are accunul ated as
aqueous wastes. Traditionally, these "high-level" wastes have
been stored in | arge, underground tanks. Since nmany of the
nuclides will constitute a potential hazard for centuries,*
storage in tanks is considered a tenporary or interimapproach.
More permanent di sposal net hods which i nprove isol ation of
t hese hazardous nucl i des are bei ng devel oped to hel p realize
the full benefits of nucl ear power.

Responsi bl e authorities in the Lhited States and abroad
generally agree that the best managenent approach i nvol ves con-
verting the wastes to inert, refractory solids before storage.
Such solids can then be isolated fromhunman envi ronment by
storage in man-nade vaults of high integrity or in geologically
renote formati ons such as rock salt.

A consi der abl e anmount of devel opnent on techni ques for
solidification of high |evel wastes has taken place in the
past 14 years and is still progressing. Four processes for
solidification of high level |iquid wastes have been devel oped
in the USA to the point of radioactive denonstrati ons on an

* This is true for many fission product radionuclides; for
sone of the transuranic radionuclides, the potential hazard
exi sts for thousands of centuries.
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engi neering scale. The four processes are pot cal cination,
spray solidification, phosphate glass solidification, and
fluidized bed calcination. Two waste solidification nmethods
under devel opnent abroad incl ude the FINGAL process in the
United Kingdomand a pot vitrification process in France.

Such a diversity of effort reflects differences in needs
for solidification when considering the chem cal conplexity of
the nmany types of wastes to be processed, the different scal es
of operation required, and the different criteria set for the
final solidified waste products. In viewof these factors, no
singl e process is expected to be optimal for all applications.

Fl ui di zed bed cal cination was the first solidification
process placed in routine radioactive operation. Inthis
appl i cation, alum num bearing wastes fromenriched urani um
fuel s have been processed at the | daho Chem cal Processing
Pl ant (Icep) by the I daho Nucl ear Corporation since 1963.

Pot cal cination (devel oped by CGak R dge Nati onal Labor a-
tory), spray solidification (devel oped by Battelle-Northwest),
and phosphate gl ass solidification (devel oped by Brookhaven
Nati onal Laboratory), are being denonstrated at the Pacific
Nort hwest Laboratory on an engineering scale with full radio-
activity levels for the Atom c Energy Comm ssion. The purpose
of this waste solidification denonstration programis to pro-
vi de the technol ogi cal bases which will lead industry to adopt
and inplenment at the earliest possible tine the practice of
solidifying the high-level liquid waste which results fromthe
reprocessing of nuclear fuel. Battelle-Northwest in coopera-
tion with Gak R dge Nati onal Laboratory and Brookhaven Nati ona
Laboratory is carrying out this denonstration programin the
Wast e Sol i dification Engi neering Prototype (WSEP).

The WBEP is a pilot plant that was designed to provide
i nformati on necessary for technical, economc, and safety
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evaluations of the pot, spray, and phosphate glass processes.
A detailed description of the WEHP and the Chemical and Mate-
rial Engineering Laboratory facility has been previously
reported. (1) An up-to-date summary of the technology of the
pot spray and phosphate glass solidification processes has

al so been reported recently. (2)

This report presents results and analyses of the first 6
radioactive demonstration runs with the spray solidification
system in WEHP.  (Similar results for the first 6 radioactive
demonstrations with the pot calcination system in W3 were
reported in reference 3, and for the phosphate glass system
were reported in reference 4.) Also included are results of
the performance of the associated auxiliary equipment and
measurements on the solidified waste. Where pertinent, results
are compared to previous nonradioactive data. Detailed descrip-
tions of each demonstration run are presented in the Appendix.
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20 SUWARY

Solidification of high | evel aqueous radi oactive wastes

contai ning approximately 7.8 mllion curies was successfully
conpl eted in six denmonstration runs using the spray solidifi-
cation process in the WBEP. My or acconplishnents in the
denonstrati ons were as fol | ows:

2.1

Heat generation fromfission products produced tenpera-
tures in the solidified waste near the maxi numcontem
plated for the process as prescribed in WABEP. Adequate
heating and cooling control of the pots was denonstrated
during filling to pronmote uniformfilling and prevent
excessi ve tenperat ures.

Agqueous radi oacti ve wastes were solidified and encapsu-
lated in the mld steel and stainless steel containers
W thout pressurization or distortion of the container.
Gases passing off fromthe auxiliary effluent treatnent
equi prent and the facility to the atnosphere contai ned
sufficiently lowquantities of radionuclides to easily
nmeet government regul ati ons.

Aqueous effluents (the fractionator distillate and
bottons) fromthe auxiliary effluent treatnment equi pnent
contai ned sufficiently | owquantities of radionuclides
to permt recycle to a fuel reprocessing plant; however,
i nproved cl eanup of these streans is desirable to improve
the efficiency of their reuse.

SPRAY SCLI D FI ER PERFCRVANCE

The principal variables investigated in the first six

runs were the heat generation rate in the solidified waste and
two waste types.

Radi oactivity | evel s were increased fromabout 83, 000

curies (which represents a heat generation rate of 330 watts)
in the receiver pot in the first run to 3,000, 000 curies

2.1
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(11,000 watts! in the sixth run. The escalation of radio-
activity in the waste did not appear to significantly affect
the process in any way.

High level aqueous radioactive wastes simulating sulfate-
free PW-1* and sulfate-containing PW-2* compositions were
processed at overall rates of 11 to 18 liters/hr. The equiva-
lent processing rates for PW-1 waste ranged from 0.72 to
0.9 tonnes/day of power-reactor fuel exposed to 20,000
MWd/tonne** at a power level of 15 MW/tonne, while for PW-2
waste, the processing rate ranged from 0.46 to 0.53 tonnes/day.
In general, the lower equivalent processing rates for PAR2
waste were caused by the larger quantity of additives required
to process the RAN2 waste.

The radioactive waste used for these demonstration runs
did not always permit preparation of feeds having exact PN-1
and PW-2 compositions. Because of the modest variations in
chemical compositions of the feeds, the overall volume reduc-
tion factors varied from 11.1 to 13.5 for PW-1, and were about
6.0 for P2 waste, based on agqueous waste at 378 liters/tonne.
Expected volume reduction factors for nominal PN-1 and PAN=2
wastes are calculated to be 11.3 and 6.0, respectively. The
lower volume reduction of PN22 waste is caused by a larger
quantity of additives required to process the waste.

Although the design of the spray solidification system in
WEP is certainly not optimized, its performance was quite
satisfactory after several process and equipment problems were
resolved. General conditions for each run are summarized in
Table 2.1.

* For detailed chemical compositions see Appendix Table 9.1.

** Tonne IS used throughout this report to represent a metric
ton (1000 kilograms) of uranium plus plutonium in the
original fuel.



TABLE 2.1 Spray Solidification Runs in WSEP

Radi oactivity Heat CGeneration Rate Bqui val ent Tonnes to Equi val ent Age(b)
Vast e Recei ver Pot Processed, in Receiver Pot Docaivar Dnt &) of Waste,

Run Type Diam in. Mat eri al MO Total, kW Density, W/liter Actual 100% Fil1'‘d years
ss-1 PW-1 12 304L sS 0.08 0.33 7.5 1.3 3.6 45
Ss-2 PW-1 8 304L sSS 0.42 2.1 44 1.7 2.2 3.6
SS3 PW2 8 and 12 304L SS 0.42 1.0 34 0.45() . 93(c) 2.1
SS-4 PW2 8 MId Steel 1.4 51 91 0.9 0.95 0.8
SS-5 PW1 8 304L SS 2.5 8.2 127 2.0 1.8 1.2
SS-6 PW1 8 304L SS 3.0 11.0 168 1.9 1.8 0.8
a. The equival ent tonnes of waste actually collected normalized to a fill height of 6 feet in the

recei ver pot.
b. Qut-of-reactor time for fuel (irradiated to 20,000 MWd/tonne at a power |evel of 15 MwW/tonne)

with the sanme heat generation rate.
c. For the 8-in. dianeter pot only.

T6ET-TMNT
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Initially, the deposition of partially dried calcine on
the walls and at the bottom of the spray calciner drying cham-
ber was significant. The use of an internal-mix atomizing
feed nozzle in place of the original external mix-nozzle
significantly improved the atomization of the feed to the
point where solids deposition was reduced to an acceptable
level. Difficulties were also experienced initially because
(1) vent capacity was insufficient to maintain proper vacuum
in the solidifier during blow-back of the off-gas filters and
(2) the pressure drop across the solidifier off-gas filters
was too high. However, after a reduction in the flow resis-
tance of the off-gas system and a reduction in the number of
filters blown back at a time, the solidifier vacuum and the
filter pressure drop were maintained at an acceptable level.

The batch discharge of melt from the melter made possible
the filling of unheated receiver pots with either PWV-1 or PN=2
solidified waste without stalagmite formation. This technique
also permits the use of mild steel receiver pots for either
waste.

The amount of ruthenium that volatilized from the solidi-
fier ranged from 11 to 75%of the total amount fed to the
solidifier. Control of ruthenium volatilization to consis-
tently low values remains to be demonstrated. Cesium was the
only other volatile fission product noted, and it only vola-
tilized 0.1 to 0.3%. Normally the off-gas filters decontami-
nated the solidifier off-gas of particulates to less than 0.1%
of the nonvolatile radioactivity in the feed. However, failure
of the off-gas filters on one occasion did result in 10%of
the calcined waste accumulating with the solidifier condensate.
During processing of sulfate containing PN22 wastes, less than
7% of the sulfate was volatilized from the solidifier.
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2.2 AUXILIARY PROCESS SYSTEMS HERFORMANCE

The WEP auxiliary system (the decontamination equipment
which is located downstream of the solidification system to
decontaminate the effluent stream from the solidifier) consists
of a solidifier condenser, evaporator, mist eliminator, evapo-
rator condenser, acid fractionator, fractionator condenser,
high efficiency filter and scrubber. This system decontami-
nates the effluent from the WSEP solidification processes and
separates the effluent into streams of cleaner nitric acid,
water, and noncondensable gases. The WEP auxiliary system is
similar to high level waste evaporation and acid recovery
systems in many fuel reprocessing plants.

The overall cumulative decontamination factors for radio-
ruthenium from the original agqueous waste through the auxiliary
system to the recovered nitric acid in the fractionator were
typically 102 to 10°3. Comparable ruthenium decontamination
factors to the recovered water (fractionator distillate) were
typically 104 to 10°. Comparable decontamination factors (DF)
for nonvolatile radionuclides were about 10° for the recovered
nitric acid and about 10’ for the recovered water. DF's from
original high level waste to the stack gas were greater than
1010 and 1012 for ruthenium and gross beta (less ruthenium),

respectively.

The cumulative decontamination factor (DF ) across the
auxiliary evaporator (theratio of ruthenium in the evaporator
at the end of the run to ruthenium evolved from the evaporator
during the entire run) varied from 73 to 890 under a variety
of operating conditions. Sugar added to the evaporator during
Runs SS-1, 2 and 6 at 0.17 to 0.77 moles/hr apparently did not
help decrease ruthenium volatilization from the evaporator,
since the rate of accumulation of radioruthenium in the acid
fractionator remained the same with or without the sugar.
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| nstantaneous ruthenium DF's (DFi, ratio of the ruthenium
concentration in evaporator bottoms to the ruthenium concen-
tration in evaporator distillate) generally vary inversely
with the nitrate ion concentration in the evaporator bottoms
and the nitric acid concentration in the overheads; however,
during the six demonstration runs there was no apparent corre-
lation with overhead acidity. The DF,'s were typically about
103 (during processing with aqueous feed on to the solidifier)
and jumped to greater than 104 with all auxiliaries operating
but with no feed on to the solidifier. The generally low
DF,'s for ruthenium are attributed to vapor phase flow of
ruthenium which is inefficiently scrubbed in the solidifier
condenser and the auxiliary evaporator, and again inefficiently
scrubbed by the evaporator condenser. The 10 to 20 scfm of
noncondensible gas flow from the solidifier is believed to
have adversely affected the scrubbing efficiency and increased
the entrainment. The DF.'s for nonvolatile radionuclides
across the evaporator and its glass fiber mist eliminator
varied from 103 to 104, The final process off-gases to the
stack were well below the discharge |imits for both ruthenium
and gross beta radioactivity.

Ruthenium DF_'s across the acid fractionator (ratio of
ruthenium fed to the fractionator during a run to the ruthenium
gained in the fractionator distillate receiver during the run)
varied from 47 to 2000 but were typically 100 to 300. Com-
parable nonvolatile DF_'s across the acid fractionator varied
from 110 to 3200 but were typically less than 1000.

The final aqueous process effluent (fractionator distil-
late) and the scrubber bottoms contained ruthenium concentra-
tions which were above the 10CFR20 release |limit by factors
as high as 100,000. However, these effluent streams could
probably be reused or recycled in a fuel reprocessing plant.
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The mathematical model of the WP auxiliary off-gas
system using a diffusion model for the solidifier condenser
suggested that the inadequately scrubbed ruthenium leaving in
the solidifier condenser off-gas has a greater influence on
DF's across the evaporator and fractionator than does the
smaller quantity of volatilized or entrained ruthenium from
the evaporator and fractionator. The model suggests that the
scrubber in the auxiliary system upstream of the high effi-
ciency filter may not be ideally suited for removal of ruthe-
nium. The use of improved gas-liquid contact equipment such
as a condenser filled with efficient packing for gas removal
and a high efficiency filter for particulate removal should
substantially improve the ruthenium DF's for the auxiliary
equipment. Such equipment changes are planned for the next
series of spray solidification runs.

Handling of PNV-1 and PN-2 spray solidifier feeds caused
no unexpected operating problems in the feed tanks and the
auxiliary evaporator. The primary solid in these wastes is a
zirconium phosphomolybdate compound. This material is a
hydrous, amorphous precipitate which has never been observed
to cake in laboratory tests, even after several months of
standing.

Although some minor malfunctions of auxiliary equipment
occurred, no serious problems arose. These equipment problems,
which can be eliminated by suitable design modifications,
included:

® Feed pump failures

e Plastic insulation on electrical and instrument wiring
which had deteriorated from radiation exposure

® High efficiency filters in the feed tank vent system
which had failed repeatedly in these early runs because
the filter preheater did not adequately dry the gases
upstream of the filter.
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2.3 FILLED ROI HERFORMANCE

Although it is too early to evaluate the near-term
(approximately 5 years) performance of pots filled with spray
solidified waste product, current observations are encouraging.
No pressurization has occurred during the 0.5 to 2.0 years of
storage in any of the six pots, and no gas generation within
the spray solidified waste product is indicated. Ieak checks
made on two receivers indicate good welds. (Leak checks have
not been made on the remaining four receivers.) No significant
changes were detected in the external dimensions of any of the
six receivers within the accuracy of the remote in-cell measure-
ments which was within *0.25 inch for the pots of Runs SS-1
and SS-2 and within z0.025 inch for the pots of Runs SS-3
through SS-6.

Heat generation rates in filled receiver pots were satis-
factorily measured in a calorimeter. The maximum centerline
temperature at the end of a run measured 770 °C for the
receiver pot of Run SS-6. The maximum wall thickness measured
was 460 °C for the SS-6 receiver. Thermal conductivities of
the spray solidified waste products in the six receivers ranged
from 1.1 to 1.4 W/ (m) (°C/m) [0.54 to 0.81 Btu/(hr) (£t2) (°F/ft)].

137 1M’Ce were measured for

Leach rates based on Cs and
grab samples from Runs SS-2, 4, 5, and 6. After 8 weeks, the
leach rates for PAM2 spray solidified waste based on 137q4 and
144ce were about 1073 g/(cmz) (day) and about 1076 g/(cmz) (day),
respectively, and the leach rates remained nearly constant.

The leach rates for PN-1 spray solidified waste based on 137Cs

144ce were about 1072 g/ (cm2) (day) and about

and
10-7 g/(cm2) (day), respectively, and the leach rates continued
to decrease with a ten-fold decrease in the leach rates after
32 weeks. The leach rates for the radioactive waste samples
agreed, in general, with the leach rates based on sodium for

simulated, nonradioactive waste samples. Al waste samples

2.8
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were |leached in distilled water at roomtenperature. The high
| eachability of the PW2 spray solidified waste is attributed
to the presence of sulfate in this waste product.

Goss radiation profiles indicate that the fission prod-
ucts are probably uniformy distributed. The neasurenents,
however, cannot be interpreted quantitatively. Bulk densities
of the product conpared closely with neasured densities in
Runs SS-4, SS-5, and SS-6, thereby indicating the absence of
voids. The bulk densities of the products for the other
recei vers were not avail abl e for conpari son.

A though wal | thickness neasurenents have not yet been
nade on the pots, no visible external corrosion is evident on
stainl ess steel receivers stored inair or inwater or an mld
steel pots stored in water containing corrosion inhibitors or
stored in air,

Autonatic tungsten inert gas (TIG welding of the receiver
pot sealcap produced good fusion welds in all 6 pots. The
wel di ng head was positioned renotely over a step-type weld
joint. VM sual observation through a spotting scope outside
the cell w ndow was satisfactory enough to control the wel ding
t orch.

2.4 STATUS CF SPRAY SCLI DI FI CATI ON

Al though the spray solidification denonstration runs are
not all conplete, the six runs nade to date permt a projec-
tion of expected performance of the process. A fission product
heat generation rate of 220 to 250 w/liter i s the nmaxi mum for
asolidified PW1 waste in an 8-inch di ameter receiver pot
(when stored in 38 °C air) when the WBEP restriction of Iimt-
ing the product tenperature to 900 °C is considered. The naxi -
nmum heat generation rate for solidified PW2 waste in an 8-inch
di aneter receiver pot is 200 to 220 wW/liter (when stored in
38 °c air). This rate takes into consideration the WEP
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restriction of limiting the molten core radius to not more
than 1/2 the receiver radius. Therefore, PN-1 and PN2 wastes
from light water reactor fuels irradiated to 20,000 MWd/tonne
at a power level of 15 MW/tonne can be solidified within 0.5
to 0.6 and 0.25 to 0.3 years out of the reactor, respectively.

Some individual nuclides (e.g., ruthenium) were not at
the levels expected for a 20,000 MWd/tonne at 15 MW/tonne
exposure. However, data from these radioactive runs can be
used to project results for full levels of all nuclides. By
applying the overall decontamination factors experienced to
date, several general conclusions can be made about the
expected operation of the solidifier, the auxiliary evaporator,

and the fractionator during processing of full level radioactive
wastes:
¢ From 11 to 75%of the ruthenium will be volatilized from

the solidifier to the evaporator during processing of
PW-1 and PW-2 wastes containing phosphoric acid as a melt
forming flux. Most of this can be recycled to the fuel
reprocessing plant high level waste system. Less than 120
of the total ruthenium will reach the fractionator.

During solidification of waste aged 0.5 years, the
ruthenium concentration in the undiluted distillate
effluent from the acid fractionator will be a factor of
20,000 to 5,000,000 times higher than the discharge limits
quoted in 10CFR20. Ruthenium-106 is the nuclide in the
final aqueous effluent with the highest concentration
ratio to the limits in 10CFrR20, followed by 20
In general, an additional decontamination factor of 10

Sr and 144Ce,-Pr.

4
to 10° Is needed to reduce all nuclides in the fraction-
ator condensate to below 10CFR20 values. However, since
approximately 200 to 300 liters of total condensate i s
generated per tonne of fuel processed (from 450 liters per
tonne waste), the fractionator condensate could be used
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in a fuel reprocessing plant as makeup water. Alternately,
the condensate could be given additional low level treat-
ment such as distillation to reduce the radioactivity

level to 10CFR20 concentration |imits for discharge of

the water to the environment.

The concentrated nitric acid produced in the acid frac-
tionator (approximately 150 to 200 liters of 8 to 10M
acid) will contain 900 to 9000 uci/mf of total radioac-
tivity for each tonne of fuel processed. Radioruthenium
will be the principal contaminant. The acid would be
acceptable for reuse for fuel dissolution in fuel repro-
cessing. (Fuel dissolution requires at least 1000 liters
of 10M nitric acid per equivalent tonne, or 5to 6 times
that available from solidification of the wastes.)

The solidifier product from acidic wastes will have a
volume of 33 to 63 liters per tonne of spent fuel for the
two types of Purex wastes. The smaller volumes wil |
represent PN-1 wastes. These volumes represent 5 to

9.5 liters/1000 MWde.*

Demonstration runs in W3 showed that the spray solidifi-

cation process, at capacities in the range of 0.5 to 0.9 tonnes
of fuel per day, is nearly ready for application as an indus-
trial method of solidifying wastes. Remaining investigations

suggested in WSEP include:

Demonstration runs at higher radioactivity content to
determine the true maximum acceptable heat generation
rate (i.e., the maximum exposure level of the fuel and
the minimum age of the wastes).

Solidification of two other waste types likely to be
encountered in the future nuclear power economy. One

¥ Assuming 33.3% thermal efficiency.
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wast e shoul d be typical of a lowsalt, high fission
product waste fromthermal reactor fuel (exposed to

45, 000 MWd/tonne at 30 MW/tonne) produced by "cl ean”
Purex reprocessing (i.e., lowiron, |ow sodium and no
sulfate). The other waste shoul d represent spent core
fuels fromLiquid Metal Fast Breeder Reactors. Denon-
stration of these wastes should reasonably well conplete
the bracketing of the majority of wastes that can be
predicted at this tine.

e Denonstrate control of volatilization of rutheniumfrom
the solidifier to nore consistent and | ower val ues.

e Denonstrate the in-pot nelting concept (wherein the spray
calcined waste is nelted directly in the final storage
container) with one of the waste types.

After the above tests are conpleted and reported, further
reports will relate spray solidifier performance to the ot her
two solidification processes under denonstration in WSEP from
t echni cal , operational, and econom c vi ewpoi nts.
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3.0 BACKGROUND, HFROCESS DESCRIPTION AND PROCESS TEHHNOLOGY

3.1 BACKGROUND

The WEP spray solidification process evolved directly
from the initial tests of radiant- heat spray calcination for
radioactive waste solidification which started at Hanford in
1958. (1) The tests were part of a comprehensive program
sponsored by the U. S. Atomic Energy Commission to develop
safer methods for perpetual storage of highly radioactive
wastes. Other solidification processes investigated in the
United States as part of this program included the agitated
trough calciner, (2) the ceramic sponge process, (3) the rotary
ball kiln calciner, 4) the fluidized bed calciner, ®) the
pot calciner,(6) and the phosphate glass process. (7) The
|latter three processes have been developed until they are
essentially ready for some commercial applications. (8,9,10)
With the successful completion of the series of WP demonstra-
tion runs described in this report, the spray solidification
process i s also nearly ready for commercial application.

In the early developmental period, a melter was close-
coupled to the radiant heat spray calciner. () The-resulting
spray calciner-melter, or spray solidifier as it is now called,
produced melts which solidified to microcrystalline monoliths
rather than the granular particles or friable calcines produced
in the rotary ball kiln, agitated trough, fluidized bed and pot
calcination processes. Thus the spray solidifier process joins
other melt-forming high-level waste solidification processes,
such as the phosphate glass process of Brookhaven National
Laboratory, the English Fingal process, (12) and the French pot
vitrification process. (13)

The spray solidifier was tested exhaustively in small hot
cells, (14) in a cold pilot plant, (15) and in design verifica-
tion tests{!®) pefore the WEP runs were started.

3.1
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Spray solidification of radioactive wastes i s al so bei ng
I nvestigated in other countries. A 10-inch dianeter unit has
been constructed in India (t7) A 24-inch diameter unit will
be used for the first pilot-plant studies of waste solidifica-
tion in GErnany.(ls) Spray solidification of radioactive
wast es has al so been described by Russian wor kers. (19)

3.2 PROCESS DESCR PTI ON

In the spray solidification process, liquid waste is con-
tinuously converted to a dried powder by spray cal cination.
The powder is nelted in a continuous nelter, and the nolten
waste is discharged into a receiver which is also the fina
storage container. Additions of nelt-formng chemcals are
required. The additions are nmade either to the liquid waste
prior to calcination, to the nelter directly, or sonetines at
both | ocations. The nbost common and usual |y the sinpl est
procedure is to add the nelt-formng chemcals to the liquid
waste prior to calcination. The other procedures are nodifica-
tions of the basic spray solidification process used to achieve
special results. For instance, when the nelt-formng chemcals
are added after calcination for certain nelt formulations it is
sonetinmes possible to add themdirectly to the receiver. This
Is the in-pot nelting nodification of the spray solidification
process in which the nelter is renoved fromthe systemand the
nmelt is forned directly in the receiving pot.

The principal equipnent itens used in spray solidification

are:
e A spray calciner.
e Filters for renoving fines fromthe off-gas.
e Anelter.
e A pot for receiving the nolten waste.
e Furnaces for heating the cal ciner and nelter, and heating

and cooling the solidified waste.
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The liquid waste (plus chemcal additives) is fed through a
pneunatic atom zi ng nozzle into the top of the spray cal ciner.
(Figure 3.1) The atom zed waste i s sequentially evaporat ed,
dried, and calcined to a powder as it falls through the
cylindrical calciner barrel. Type 310 stainless steel is a
satisfactory construction material for the cal ci ner because
of its generally superior resistance to process corrosion and
to high tenperature air oxidation. The nmaxi mumoperating
tenperature for the walls of the calciner barrel is limted
by the tendency of the calcine to sinter and stick to the
wal | s at higher tenperatures. Typically, the wall tenperature
Is held at or near 700 °C during operation.

Ef fective operation of the spray cal ci ner depends upon
good at om zation. 39)  The atom zi ng nozzl e nust break up the
feed solution into small enough droplets (on the order of 50
to 100 mcroneters dianeter) to permt drying and cal cini ng
of the feed during its short tine (about 10 seconds) in the
calciner barrel. Commercial internal-mxing nozzles, wherein
the atom zing gas and the feed solution are mxed inside the
nozzl e before bei ng di scharged, have proven superior to
external -m xing nozzles. A Tr has generally been used as the
atom zing gas. Superheated steamhas al so been used but has
not consistently provi ded adequat e at om zati on

The product fromthe spray calciner is a fine powder
(particles range froml| ess than one mcroneter to 100 mcrom
eters in dianeter). About half of the cal cine powder tends to
be entrained with the of f-gases. Separation fromthe off-
gases is effected by porous stainless steel filters with an
average pore size of 65 mcroneters. Atotal filter area of
about 1 ft2/(liter)(hr) of feed to the calciner is required
to keep the filter pressure drop at the reasonabl e nmaxi mum
| evel of 10 inches of water. Periodic pul sed bl owbacks (every
1to5 mnutes) wth air at 30 to 60 psig pressure in the
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Neg 0660170-5
FI GURE 3.1 Spray Solidification Equipment
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reverse direction through venturis into the filters renoves
the powder collected on the filters.

The continuous nelter is positioned bel owthe cal ciner
to collect the powder as it falls fromthe calciner. Here
t he powder fromthe calciner and filter bl owback is conbi ned
and nelted. The small anount of'residual nitrate and water
remaining in the calcine are driven off during melting and
conbi ned with the calciner off-gases in the calciner. Pl atinum
is presently the only known reliable construction nmaterial for
processi ng phosphate type nelts. (Wen processing borosilicate
type nelts, as is done in the spray-in-pot nelting schene, both
304-L and 310 stainless steels are satisfactory for the in-pot
nmelting step.) A chrom umal um na cernet appears prom sing at
tenperatures up to 1100 °c. A special alloy of 50%chrom um
50%ni ckel is generally satisfactory at tenperatures up to
1000 °C. H gh chromium/nickel stainless steel and sone hi gh-
ni ckel alloys are satisfactory up to 900 °C.(21)
has been used extensively at tenperatures up to 1250 °c.
Plati num has a | ow radi ant em ssivity which requires increased
nelter surface area or increased furnace tenperature to obtain
a given nelting capacity.

Platinum

The nolten waste in the nmelter can be di scharged contin-
uously via an overfIOM/mjer: or batchw se using straight-tube
freeze val ves wherein a plug of nelt about 2 inches long is
nelted or frozen to provide on-off control. Both techni ques
have been denonstrated in WBEP. The latter techni que has the
advant age of permtting encapsul ati on of nore radioactive
waste wi th decreased corrosi on of the receiving vessel,
al though it causes mnor upsets in process vacuum during the
drai n peri od.

In WBEP, the pot into which the nolten waste is cast is a
steel cylinder, 6 to 12 inches in dianeter and 8 feet | ong.
The di aneter of the pot is usually determ ned by the radioactive
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heat generation rate in the solidified waste. The pots may

be constructed of mild or stainless steel, the choice depend-
ing upon the method used to fill the pot or the melting charac-
teristics of the waste. Pots of mild steel may be used if the
pot is filled with melt by large, rapid, batchwise dumps from
the melter, or if the melt has a melting point less than about
700 °c. Solidified waste products with melting points up to
about 950 °C can be collected in stainless steel receiving pots
with either filling technique. Level measurements are required
in the pot and may be accomplished by direct viewing or approxi-
mated by temperature measurement. The pot is located in a
6-zone heating and cooling furnace so that the top of the melt
may be heated to assure complete filling without formation of
stalagmites or voids. Because of the significant amount of
heat generation from radioactive decay, it is frequently neces-
sary to begin forced air cooling of the lower regions of a pot
while the upper regions are being heated for their filling.

In WSEP, the pots are filled until about 2 feet of freeboard
remains, at which time the filled pot is removed for final
sealing by a welded closure and for post-fill tests.

Most of the solidified waste formulations from the spray
solidification process, as developed by Battelle- Northwest,
are phosphate melts. They are tough, monolithic microcrystal-
line solids which can contain over 25 wt% mixed fission product
oxides. The thermal conductivities of the microcrystalline
products are usually 20 to 30 percent greater than true glasses
with the same fission product content.

W to 75%of the ruthenium can be volatilized during spray
solidification with the phosphate flowsheet. Most of the
volatilization occurs during calcination, a much smaller amount
from the melt. The ruthenium can be recycled except for a
very small fraction which is apparently noncondensible and
must be filtered. Volatility of fission product cesium and
rubidium has not been significant during spray solidifier runs.
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3.3 PROCESS TECHNOLOGY

High level radioactive wastes from aqueous reprocessing
plants are primarily nitrate solutions of fission products
and various nonradioactive constituents. In order to form a
stable solid for long-term storage, the relatively volatile
nitrate ions must be completely removed and a melt-forming
matrix substituted which is stable at high temperatures. In
the spray solidification process developed by Battelle- Northwest,
phosphate is generally used as the melt former. Although other
melt formers have been considered, particularly boric oxide and
silica, they have been used |less frequently than phosphates.
When phosphate is added to the radioactive waste solution, a
soft, flocculent, easily-suspended precipitate is formed which
can be easily pumped. The precipitates formed by borate and
silica are more difficult to keep homogeneously suspended in
the feed solution and, in the case of silica, cause severe
wear of pumps, meters, and valves. In general, phosphate
melts have a larger latitude of chemical composition than
borate or silicate melts. For instance, sulfate can be incor-
porated i n homogeneous phosphate melts; in borate or silicate
melts, sulfate separates as a lighter phase. The primary dis-
advantages of phosphate melts is that they are more corrosive
than borate or silicate melts.

The spray solidifier concept requires that the sintering
point of the calcined feed be higher than the temperature of
the calciner walls. Otherwise, the calcine can stick on the
calciner walls and reduce heat transfer efficiency. In prac-
tice, the sintering temperature, or "stick point,” of the cal-
cine should be above about 700 °C to permit reasonable

operating rates. In addition, it is desirable that the melting
point of the final product be below about 950 °C to permit
flexibility in techniques of filling the steel receiving

vessel without excessive corrosion.
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The temperature limits for the spray solidifier product
can be readily obtained using phosphate flux with an overall
cation-to- phosphate ratio corresponding to the compositional
range between pyro and ortho phosphate, i.e., with an M+/P
ratio of 2 to 3, when the proper cation mixture is present.
The M /P ratio is the method adopted in the WSEP program by
Battelle-Northwest to express the relationship of total metal
ion equivalents to phosphorus in a given solution or product.
In this relationship, M" is the total metal ion equivalent
present, and is obtained by multiplying the total moles of
each metallic element by its assumed valence in the system.
Molybdenum and silicon are arbitrarily assumed to exist as the
anions Moo4_2 and Sio3_2. Their equivalent value is therefore
subtracted from the total metal ion equivalents. The value

for P is the total molarity of phosphorus present.

As the M+/P ratio is lowered, the product become more
glass-like. (The phosphate glass process developed by
Brookhaven National Laboratory operates at an M /P ratio of
one and produces a true glass as product.) Early operating
experience indicated that the more glass-like melts were
difficult to handle in the spray calciner due to a tendency
to form sticky deposits on the calciner walls and glazes on
the stainless steel off-gas filters. Equipment improvements
have helped alleviate these problems. Feed solutions with
M /P ratios as low as 1.8 have been processed successfully,
and it may be possible to process solutions with even lower
M+/P ratios. In the opposite direction, an M /P ratio of
about 3.0 may be considered the upper limit. Melts with M+/P
ratios much above 3.0 are usually undesirably nonhomogeneous.

In addition to adding phosphoric acid to obtain the
desired M+/P ratio, feed adjustment usually involves cationic
additions to obtain optimum melt properties. (Of course it
is the final M /P ratio that is important and additional
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phosphoric acid is required for any cationic additions made.)
Generally, cationic additives are needed to lower the melting
point. Sodium and lithium added as the nitrate or hydroxide
are most effective for this purpose, and an equimolar mixture
of sodium and lithium has been found to be more effective than
either element by itself. Cationic additions may also be made
to enhance other melt properties, such as homogeneity, dur-
ability, or sulfate retention.

In the first six spray solidifier runs made in WEP, two
typical but very different waste compositions were used which
required very different additive formulations. In Runs SS-1,
2, 5 and 6, Purex Waste No. 1 (PW-1) was processed, and in
Runs 3 and 4, Purex Waste No. 2 (PW-2) was processed. Both
wastes are typicalof those which will result from the repro-
cessing of thermal power reactor fuels irradiated to
20,000 Mwd/MT at 15 Mw/MT. Nominal compositions for PW-1 and
PW-2 are shown in Table 3.1. PW-1 represents a Purex waste
solution containing a large amount of iron which results when
an iron canister is used to transfer chopped fuel elements
from the mechanical head-end to the dissolver, and the canister
is codissolved with the fuel. PAN22 represents a Purex sulfate-
containing waste solution high in sodium content and relatively
low in other inert salts. The sulfate conternit of PN2 comes
from decomposition of ferrous sulfamate and sulfamic acid,
used as reducing agents for plutonium in the only commercial
separations plant currently operating in the United States.

The waste solutions used for the W3EP runs were prepared
by blending high level waste (Iww) from the Hanford Purex
plant, concentrated fission product solutions (mainly rare
earths with Cerium- 144) from the Hanford Fission Products
Processing Plant, and inert chemicals, to approximate the
nominal PW-1 and PN=2 compositions as closely as possible.
Except for a significant amount of aluminum that was unavoidably
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Li quid Wastes

TABLE 3.1 Chem cal Conpositions of Hi gh-Level
for WSEP Denpbnstration
Concentration, Molarit¥
at 378 liters/tonne (@
Constituent PW-1 PW-2
General Chemical Composition of Inert Materials
Na low high
Fe high med
SOy 0 high
Actual Chemical Composition of Inert Materials
H 3.7 3.9
Fe 0.93 0.44
Cr 0.012 0.024
Ni 0.005 0.010
Al 0.001 0.001
Na 0.14 0.93
u 0.010 0.010
Hg <0.001 <0.001
NO3 7.5 5.4
so4 - 0.87
PO
4 . .006
5103 8:913 8:9%%
F <0,001 <0.001
z +(P)

Mchem 3.03 2.4? )
kg oxide/tonne 38.7 28,1 €
Chemical Composition of Major Materials from Nuclear Fission

Fuel Exposure in Thermal Reactors
Constituent 20,000 Mwd/tonne at 15 MW/tonne
Mo 0.065
Tc 0.014
Sr 0.015
Ba 0.019
Cs 0.035
Rb 0.007
y + re(d) 0.12
ir 0.065
Ru 0.032
Rh 0.007
Pd 0.017
Ag 0.0008
Cd 0.0008
Te 0.006
Sn 0.0007
Sb 0.0002
(B)
2t 0.91
fP
kg oxide/tonne 22.0
a. Tonne is a metric tonne, 1000 kg or 2205 1b.
b. M* is metal equivalents, or normality of metal ions (does

not include acid).
Cc. Does not include the sul

fate.

If sulfate is not volatilized,

approximately 27 kg/tonne of additional oxides are formed.
d. RE is rare earth elements.
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introduced at the Purex plant, the actual waste compositions
used in the WSEP runs were quite close to the compositions
desired (see Table 4.10). The auminum contaminant, which
IS not expected to be present in significant amounts in com-
mercial reprocessing wastes, was treated as if it were iron,
that is, Fe_ctual T Pleontaminant - Fnominal® |t Was found
that if the aluminum concentration was over about 25%that of
the iron, the temperature at which the melt fused was

increased.(zz)

Chemical substitutions were used for several of the fis-
sion products which were too expensive, or impossible to
obtain in the amounts required. Molybdenum was substituted
for technetium, nickel for palladium, cobalt for rhodium, and
copper for silver and cadmium. Although the process behavior
of ruthenium is of extreme importance, it was impractical to
use the full amount present in the nominal waste compositions.
Approximately 10%of the nominal concentration was added
as inert Ru (NO,) 55 iron or manganese was substituted for the
remainder of the ruthenium.

Melts for processing PN-1 and PWV-2 in the spray solidifier
were made by the addition of phosphate and other additives.
For PW-1, sodium and lithium were added to lower the melting
point. For PW-2 the maximum temperature was kept below
900 °Cc at all times during processing, and calcium and aluminum
were added for additional sulfate complexing to minimize volatil -
ization of sulfate from the melt. To achieve the low melt tem-
perature and yet keep the walls of the spray calciner clean, a
portion of the flux was added directly to the melter (assolid
NaPO,;) rather than to the aqueous feed solution. The additives
used in the Pw-1 and 2 flowsheets are shown in Table 3.2. The
factors involved in the development of these flowsheets are
described in detail in Reference 22.
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TABLE 3.2. Chemcal Additives Wsed in the Spray
Solidifier Process

WAst e Type
o Mol es per Liter of Waste at 100 gal/tonne
Addi ti ves PW 1 PW?Z
NaOH 0.5 -—-
LiOH 0.5 1.17
Fe(NO3)3 -—— -
Ca(NO3)2 -——- 0.6
Al(N03)3 - 0.25
H3PO4 1.74 l1.61
NaPO, _— 1.27 (in melter)
(M/P = 2.75) M/P = 2.7)

Product Conposition

xi de wt %

Fi ssi on Products 18 10

Waste |l nerts 30 28

Mel t For m ng

Addi ti ves 52 62

In addition to extensive nonradi oacti ve devel opnent tests,
in-cell verification tests were nmade on each batch of actua
feed prior to each WBEP denonstration run. The results of
these tests determned the suitability of the feed for process-
ing in the spray solidification process. Stick-point,* nelting
poi nt, corrosiveness of the nelt, and visual product character-
Istics were noted in | aboratory scale tests. The results of
these tests are shown in Table 3.3

* Defined as the tenperature at which the calcined feed had a
tendency to sinter and stick to a netal surface.

3.12



TABLE 3.3. Results of Preliminary Radioactive In-Cell Laboratory Tests
W th Adjusted Spray Solidifier Feeds
WP Run 38-1 §5-2 $5-3 55-4 S$8-5 55-6
Feed Type PW-1 PW-1 PW-2 PW-2 PW-1 PW-1
Heat generation rate 0.55 2.5 4.8 11 9.3 11
in feed, W/liter
Suspended solids, 100 Not available 94 75 100 19
vols®
Corrosiveness of melt No visible No significant No visible Not determined No visible No visible
to pot material corrosion of corrosion of corrosion of corrosion of corrosion of
304-L SS 304-L SS 304-L SS 304-L SS 304-LL SS
coupon after coupon after coupon after coupon after coupon after
25 hr at 25 hr at 24 hr at 30 hr at 24 hr at
925 °C 950 °C 750 °C 850 °C 850 °C
Product Appearance Not available Gray, homoge- Grayish cry- Dull grey- Dull black, Shiny black,
nous, crystal- stalline green, homoge- homogenous, homogenous,
line solid solid, possi- nous, crystal- «crystalline solid
bly alittle line solid solid
porous
Stick Point, °C Not determined Not determined 800 >820 750 800
Initial melting 850 900 to 925 900 (calcine 750-775 850-900 950
point, °C only) (calcine,
700 (calcine + NaPOB)xa)

a. 1.27M NaPO,

for feed at 378 liters/tonne

+ Napo3)1a)

T6ET-IMNE
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4.0 SPRAY SOLI DI FI CATI ON PERFORVANCE

Si x radi oactive test runs have been conpleted in WBEP to
denonstrate the spray solidification process. A najor objec-
tive was to increase the concentrations of radionuclides in
the waste in each successive run to permt prediction of the
maxi nrum al | onabl e heat generation rate in a receiver pot.

Ct her obj ectives included determnation of the performance of
the spray solidification process coupled with the auxiliary
equi pnent. Major variables of the denonstration runs are
shown in Table 4.1

Engi neeri ng-scal e performance of the spray solidification
process with highly radi oactive waste generally confirned
earlier devel opment work. (172¢3/4/3)  Tpe capacities of the
equi prent and the distribution of radionuclides in the solidi-
fier condensate were in the range indi cated by nonradi oactive
and radi oactive work at PNL; however, a hi gher average per-
centage of the rutheniumin the feed was volatilized (11 to 75%
versus 5 to 20% fromthe solidifier thanin the earlier |abora-
tory-scal e radi oactive tests. (2)

Initially the deposition of partially dried cal cine on
the wal s and at the bottomof the drying chanber was signifi-
cant. The use of an internal-mx atom zing nozzle in place of
the original external-mx nozzle significantly inproved the
atom zation of the feed to such a point that solids deposition
was reduced to an acceptable level. D fficulties were also
experienced initially with excessive pressure drop across the
solidifier off-gas filters and insufficient vent capacity to
mai ntai n proper vacuumin the solidifier during bl owback of
the off-gas filters. However, after a reduction in the nunber
of filters undergoi ng simnultaneous bl ow back and a reduction
in the flowresistance of the off-gas system it was possible
to maintain the filter pressure drop and the solidifier vacuum

4.1



TABLE 4.1 Maj or Denonstration Run Vari abl es

Radi oactivity Equivalent Heat Rate

4

=)

Qut-of-reactor tine for fuel

Based on f uel

A nodified Mode B (see Section 5).

W th the same heat generation rate.
exposed to 20,000 MWd/tonne at 15 MW/tonne.

(a) Pot Waste  Processed, Tonnes Density, Equival ent (b’
Run Mbode Diam, in. Type a Pr ocessed W/tonne Age, y
Ss-1 A 12 PW-1 83,000 1.3 220 45
ss-2  Bm‘% 8 PW-1 420,000 1.7 1230 3.6
SS-3 A 8 & 12 PW-2 420,000 0.6 2300 2.1
Ss-4 A 8 PW-2 1,400,000 0.9 5730 0.8
SS-5 A 8 PW-1 2,500,000 2.0 4190 1.2
S5-6 A 8 PW-1 3,000,000 1.9 5710 0.8
a See Figure 52 for WBEP (perati ng Mbdes.
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at acceptable levels. Normally, the off-gas filters decon-
taminated the solidifier off-gas of particulates to less than
0.1% of the nonvolatile radioactivity in the feed. However,
the failure of the off-gas filters on one occasion did result
in 10% of the calcined waste accumulating with the solidifier
condensate.

The discharge of melt batchwise from the melter made
possible the filling of unheated receiver pots with either
PW-1 or PW-2 solidified waste. The solidification of PW-1
and PW-2 wastes during the first six radioactive demonstra-
tions produced products with heat generation rates as high as
168 w/liter in an 8-inch-diameter pot.

4.1 OVERALL PROCESSING RATES

Overall processing rates (based on feeding time to the
solidifier) ranged from 0.72 to 0.9 tonne/day for PW-1 wastes
and from 0.46 to 0.53 tonne/day for PNW-2 wastes. These rates
represent the production of solidified waste products of 20
to 30 liters/day for PwW-1 and from 30 to 33 liters/day for
PW-2 Table 4.2 summarizes the data on processing rates.

The general factors affecting processing rates were only
qualitatively investigated. In general, the limiting factors
affecting the processing rate are the transmission of heat
into the calciner to produce a dry free-flowing calcine and
the transmission of heat into the melter to produce a fluid
melt. These in turn are influenced by the feed composition,
feed atomization, and furnace temperatures. The processing
rate for RAV2 waste was |limited by the melter at about
35 liters/day of melt (equivalent to 13 liters/hr of feed
to the calciner with waste at 570 liters/tonne). The process-
ing rate for PW-1 waste is probably limited by both the calciner
and melter at about 20 to 25 liters/hr of feed to the calciner.
This i s equivalent to approximately 40 liters/day of melt with
waste at 450 liters/tonne.
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TABLE 4.2 WBEP Spray Solidifier Processing Rates

Aqueous Feed Solidified Product Overall Processing Rate @)
Heat Rate Fuel Heat Rate PP
Density, Vol une, - F_eedi ng Vol une, - Equi val ent s, Density, Feed, Solidified Waste

Run Type W/liter liters/tonne liters Tine, hr 1liters/tonne liters tonne W/liter liters/hr liters/day tonne/day
SSs-1 PW-1 0.55 455 603 37 29 38 1.3 7.5 16 25 0.84
SS$-2 PW-1 2.5 455 789 57 28 48 1.7 44 14 20 0.72
88-3 PW-2 4.8 582 357 32 64 39 0.6 36 11 30 0.46
55-4 PW-2 11 560 500 40 63 56 0.9 91 12 33 0.53
SS-5 PW-1 9.3 446 887 53 33 66 2.0 127 17 30 0.90
85-6 PW-1 11 521 986 56 34 65 1.9 168 18 28 0.82

a. Based on actual feeding time to solidifier.

6€ T-"IMNH
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4.2 RADI ONUCLI DE HEATI NG EFFECTS

Since the high concentrations of radionuclides in high-
| evel solidified wastes will produce high internal tenpera-
tures even when the receiver pot is cool ed, the nmaxi mum al | ow
abl e tenperatures nmust be determned. The tenperatures depend
on the concentration of radionuclides in the solid product
(the irradiation history of the fuel and the age of the waste),
the receiver size, the thermal conductivity of the solid prod-
uct, and the cooling environment in which the receiver is
pl aced.

The maxi mum al | owabl e t enper at ures establ i shed for WBEP
are a product tenperature of 900 °c and/or a receiver pot wall
tenperature of 427 °c; if a nolten core exists in the receiver
pot, the radius of the nolten core nust not exceed one-hal f
the receiver pot radius. The 900 °c tenperature limts possi-
ble corrosion to the stainless steel thernowells used to house
t he t hernmocoupl es at the centerline of the pots. (The wells
wi || probably not be used in production nodel receiver pots.)
The 427 °c wal | tenperature prevents excessive air oxidation of
the container and all ows renote handling of the pot w thout
excessi ve special precautions. Limting the nolten core
radi us prevents nolten waste fromcontacting the pot wall and
t hus reduces the corrosion potenti al

The tenperatures caused by the internal heat generation
rate in the 6 pots are listed in Table 43. During the first
radi oactive denonstrations of the spray solidification process
in WBEP, the internal heat-rate density was increased i n each
successive pot to 168 w/liter in Run S5 6. Because the PW?2
product has arelatively lowrenelt tenperature of 700 °c,

t he maxi mum heat-rate density is limted by the nolten core
restriction to 200 to 220 w/liter for an 8-inch di aneter

recei ver pot when stored in 38 °c air, while the nmaxi num heat -
rate density limt for the PM1 waste product is 220 to

250 W/liter due to the 900 °c maxi mum product tenperature.
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TABLE 4.3.

Receiver Pot Temperatures Cauce® by Internal Heat Generation

Total Maximum (c) (d) a
Total Heat Pot 1 Centerline Steady State SteaQy Stata( )
Pot Heat Rate (a) surnace Temperature Centerline Conterline-to =Wall
Waste Diam., Pot Rate, Density, Type of T- mperatrre During Temperature, T mgerat~re Dis fersn »
Run Type in. Material W W/liter Filling °C Filling, °C °C °C
SS-1 PW-1 12 304L S3 330 7.5 65% conze) 800 to 850 1000 170 3¢
tinuous
35% batch
SS-2 PW-1 8 304L Ss 2100 44 batch 800 to 850 1023 315 65
SS-3 PW-2 8 & 12 304L SS lOOO(f)34(f) batch 680 800 ElS(f) 76(f)
SS-4 PW-2 8 Mild 5100 91 batch of £ 800 305 220
steel
SS-5 PW-1 8 304L SS 8200 127 batch 40% 840(e) 40% lOOO(e) £33 278
60% of £ 60% =50
SS-6 PW-1 8 304L Ss 11000 168 batch of £ 970 71 308
a. Continuous =illioz was 3cceomslizh d Qy the continuous overflow of the melt r weir (1 to 2 liters/hr).

Batch filliog was accom®lizh3® oy periodic discharge cof the melter in 4 to 6 liter batches (20 to 60 liters/hr)
via the drasn frepeze-va“ve.

The furnace z ne» tomeraturss at

o0 above the zone being fille®. The furoa® zon s Q»low these were turned off.

These maximum temperatures resulted immediately following a batch melt addst n to the pot.

Receiver pot in the furnace with forced air cooling outside the suscsptor.

Terceotage of the run that sgecified ceondition applied. Information on tog applirs to first portion of run
while that on bottom apglies to last portion.

Tlor 8-inch-Qrameter got only

T6ET-TMNE
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While processing PW-1 waste during Runs SS-1, SS-2, and
the first half of Rin SS-5, the receiver pot furnace was held
at 800 to 850 °C (i.e., the furnace zones at and above the
zone being filled; the furnace zones below these were turned
off). These furnace temperatures were used to avoid stalag-
mite formation in the receiver pot from rapid cooling of the
entering melt which can occur with the low melt flow rates
(approximately 1.2 1liters/hr) encountered during continuous
weir overflow discharge of the melter. Periodic batch dis-
charge of the melt from the melter into the receiver pot was
otherwise generally used because of the lesser potential for
stalagmite formation at the higher entering melt rates
(approximately 50 liters/hr); however, certain precautions
are required to avoid a temperature excursion in the pot. For
example, on occasion during Run SS-2, when the receiver-pot
furnace was not turned off (i.e., the zone in which the melt
was being discharged) at least several hours prior to the
batch dump, the internal temperature in this zone temporarily
surged to as high as 1025 °c. During the last half of
Run SS-5 and all of SS-6, the receiver pots were not heated
and they were filled successfully with Pw-1 waste without
stalagmite formation using batch filling. This technique also
permits use of mild steel containers and the collection of
solidified waste with a high heat-rate density such as that
in Run SS-6.

Although a number of temporary surges of the internal pot
temperatures occurred (increases in temperatures by approxi-
mately 700 °c for Run SS-6) when using this technique for
filling the pots, the temperatures did not become excessive
since the pot was relatively cool prior to the dump. Typical
receiver pot temperatures during batch dumping of melt (in
Run SS-6) are presented in Figure 4.1. Batch filling of an
unheated receiver with PN-2 solidified waste was also demon-
strated during Run SS-4.
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Figure 4.2 is a schematic diagram which shows the loca-
tion of the thermocouples in a receiver pot. Using one air
blower rated at 275 scfm to cool the receiver pot was suffi-
cient to maintain the steady state centerline temperature of
the receiver pot contents below 780 °C and the steady state
pot wall temperatures below 460 °c during Run SS-6 (which con-
tained the highest heat-rate density of 168 wW/liter tested to
date). The cooling air blows onto the outside of and cools
the furnace susceptor. The pot is cooled by radiation to the
susceptor. Direct cooling of the pot wall (inside the suscep-
tor) with 50 scfm of air was available but not used except in
a test during Run SS-6. This added cooling decreased the
average pot wall temperature 35 °C below that attained with
external susceptor cooling only.

4.3 WASE VAQUVE REDUCTION

Because of the variations in chemical compositions of the
waste processed during solidification, the overall volume
reduction factors (the volume of aqueous waste at 378 liters/
tonne to the volume of solidified waste product) varied from
6.0 to 13.5. Volume reduction factors are summarized in
Table 4.4. Estimated values of volume reduction differed from
observed values by 2%in Run SS-6 to a maximum of 15%in
Run SS-1, with an average' difference of less than 9%. For the
last two demonstration runs (Runs SS-5 and SS-6) with PN-1
waste, the volume reduction averaged 11.3 and agreed with the
average of the estimated values. During the first two runs
(Runs SS-1 and ss-2), however, the volume reduction was higher
at 13.0 to 13.5. These higher values were probably due to the
addition of insufficient quantities of nonradioactive makeup
and fluxing chemicals, and due to some holdup of product in
the solidifier particularly in Run SS-1. During Run SS-4
where sulfate- containing PN-2 waste was processed, the volume
reduction factor was 6.0. As aresult of the early termination

4.9



CENTERLINE THERMOWELL
INTERMEDIATE THERMOWELL

POT SIZE 8 in. 12 in.
MATERIAL MILD STEEL MILD STEEL
OR 304L SS OR 304L SS
SCH. 40 0.310 in.
PIPE THICK
OD in. 8.625 12.0
ID in. 7.981 11.38
FILL HEIGHT,
in. 72 72
FILL VOLUME,
liters 60 120
THERMOWELLS
CENTERLINE 3/4 in. SCH. 80 310 SS
INTERMEDIATE 1/2 in. SCH. 80 310 SS
FIGURE 4.2.

Receiver Pot

NOMINAL
FILL
LEVEL

OUTER WALL
TCS

INTERMEDIATE TC

—u

CENTERLINE TCs

SUSCEPTOR TCS\

—all
THERMOWELL GUIDE*‘;&j

Thermocouple Arrangement of Spray Solidifier
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TABLE 4.4. Vol une Reducti ons

Measur ed
overall @ Estimated®  Density
Vol urre Vol ure of Vol une of
WAste Reduction Reducti on Pr oduct Pr oduct ,
Run  Type Fact or Fact or a/ nk liters/tonne
Ss-1 pPw-1 13.0 11.0 3.15 29
Ss-2 PW-1 13.5 11.6 -3.19 28
SS-3 PW-2 - .0 2.70 64
SS-4 PW-2 6.0 .7 2.80 63
Ss-5 PW-1 11.5 11.8 3.24 33
SS-6 PW-1 11.1 10.9 3.18 34

a. Volune ratio of initial aqueous waste at 378 liters/tonne
to the nmeasured volune of the final solidified waste.

b. Based on | aboratory-neasured density of the product and
the estimated total weight of the adjusted-waste oxides.

of Run SS-3, the volune of the nelt was not measured in the
recei ver pot, and the volune of product was cal cul ated from
t he | aboratory-nmeasured density and the estimated net wei ght
in the pot. See Table 9.1 in the appendi x for typical PW1
and PW 2 waste conpositions.

4.4 VCLATI LI ZATI ON oF FI SSI ON PRODUCTS

An inportant objective during the six spray solidifica-
tion runs was to characterize the path and behavi or of volatile
fission products which are present in the waste. During the
si x denonstration runs, rutheniumand cesiumwere the only
fission products volatilized. Appreciable quantities of
rutheniumwere volatilized (11 to 76% while cesiumwas only
slightly volatilized (0.1 to 0.3% .

Most of the rutheniumthat was vol atilized during spray
solidification was collected with the solidifier condensate in
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the WEP auxiliary evaporator or in the condensate receiver
tank. The accumulation of ruthenium in the condensate is
shown in Figure 4.3 as a function of the fraction of feed
processed for the six demonstration runs.

While processing PW-1 waste during Runs SS-1, SS-2, SS-5,
and SS-6, the ruthenium volatilized from the solidifier ranged
from 50 to 75%, which was in good agreement with nonradioctive
tests. (6) However, when processing PW-2 waste, 73%of the
ruthenium was volatilized during Run SS-3 while only 112®f
the ruthenium was volatilized during Run SS-4. Nonradioactive
tests'’”? had indicated that the percentage of ruthenium vola-
tilized while processing PW-2 waste should be in the same range
as that for Pw-1 waste. Analysis of the solidified waste prod-
uct from Run SS-4 could only account for 30%of the ruthenium,
thereby leaving approximately 60%of the ruthenium unaccounted
for; however, the analysis of the solidified waste product for
ruthenium is known to be unreliable. The discrepancy in the
ruthenium volatility for Runs SS-3 and SS-4 was not resolved.

It was determined during nonradioactive tests(6’7) with

PW-1 and PW-2 wastes, that most of the ruthenium was volatilized
during the spray calcination step rather than during melting.
Applying this basis to the results of Run SS-3, only 3%of the
76% ruthenium accumulated in the solidifier condensate was
associated with the 10% entrained calcine; therefore, 73%of

the ruthenium processed during SS-3 was estimated to have been
volatilized. Due to the relatively low entrainment from the
solidifier during the other five runs, essentially all the
ruthenium accumulated in the solidifier condensate was the
result of volatilization. As shown in Figure 4.3, the volatili-
zation rate of ruthenium was relatively constant during the
course of a run, and was apparently unaffected by the multiple
startups and shutdowns that occurred during several of the

runs (SS-3, SS-4, and SS-6). Table 4.5 lists the ruthenium
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TABLE 4.5.

Radioruthenium

BNWL-1391

Ruthenium volatilization from the Spray Solidifier

Specific in Feed t Calciner Temps., °C
Feed n . . (a) Solidifier  Feed Rate (b) : (d)
Volume, Waste Composition Including Additives to Internal Drylng( ) Percent
Waste liters/ + +3 +3 + + _ 5 _9 Total, Conc. Ci/ Solidifier, Drying Chamber ‘¢’ Ruthenium
Run Mode Type tonne Na Al Fe IM __ _H  NO3 S04 POy Ru Ci liter L/hr Furnace Chamber Exit Gas Volatilized
SS-1 A PW-1 455 0.606 0.059 0.79 4.07 2.2 5.1 0.008 1.48 0.0027 5,700 9.5 16 700 475-600 425 75
17
SS-2 Bm  PW-1 455 0.33 0.059 0.79 4.11 3.8 5.35 0.008 1.46 0.0021 5,300 6.7 14 700 490-600 470 74
SS-3 A Pw-2 582 0.59 0.20 0.267 3.94 2,73 4.28 0,56 1.04 0.0030 25,700 72 11 670 370-520 330 73
58-4 A PwW-2 560 0.69 0.21 0.28 4.12 3,71 4.82 0.59 1.09 0.0014 15,300 31 12 680 410-560 350 11
SS-5 A Pw-1 446 0.57 0.16 0.64 3.99 4.47 5.43 0.003 1.42 0.0027 16,800 19 17 695 375-500 425 70
SS-6 A PW-1 521 0.43 0,08 0.60 3.45 4,57 4.86 0.002 1.44 0.0028 24,000 24 18 700 325-460 390 50
a. Actual concentrations at time of processing.

b. Temperatures are measured near the drying chamber wall and range

c. Temperature measured in conical bottom section of drying chamber.
ruthenium fed to the solidifier.

d. Percent of total

from top to bottom.
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volatilized from the solidifier along with other variables
that could affect ruthenium volatilization.

The ruthenium volatilized from the spray solidifier
(11to 75%)while processing PW-1 and PN2 wastes during
the radioactive demonstration runs was appreciably higher
than the 5 to 20% reported in earlier laboratory-scale radio-
active tests(?) while processing similar Purex type waste.
Aside from some differences in feed composition, the reduced
ruthenium volatilization in the laboratory tests may have been
partly caused by the higher calciner temperatures. The approxi-
mately 100 °C higher wall temperature and the higher ratio of
heat transfer area relative to feed rate (factor of 3 to 4)
used during these earlier tests probably resulted in internal
calciner temperatures 100 to 200 °C higher than those shown
in Table 4.5 for the spray solidification runs. A significant
reduction in ruthenium volatilization from a fluid bed cal-
ciner was noted(B) as the operating temperature was increased
(from 400 to 500 °C) and was attributed to the instability of
ruthenium tetroxide at high temperatures.

Nonradioactive spray solidifier tests®710) with pace

and PAMV2 wastes have indicated a decrease in ruthenium
volatility as the feed acidity was decreased and when the
phosphoric acid flux was not included in the feed. The
decrease in ruthenium volatilization with a reduction in feed
acidity has also been noted (11 for boiling waste solutions.
The apparent effect on ruthenium volatilization due to the
presence of phosphoric acid in the waste is not readily
explained, since during the earlier laboratory-scale radio-
active tests'®) its presence or nonpresence did not appear to
have an effect. (Also, the presence of phosphate in the boil-
ing concentrate of the phosphate glass solidification process
i s thought to decrease ruthenium volatilization below that
which would occur from a similarly boiling concentrate without
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phosphate.) (12)

The unclear effect of phosphate on ruthenium
volatilization is not surprising in view of the complexity of

ruthenium chemistry.

A significant reduction of the ruthenium volatilized from
the spray solidifier would probably be accomplished by neutral -
ization of the feed or the addition of a chemical reductant
(e.g., sugar) to the feed as done in the earlier laboratory-

scale radioactive tests. (2)

For example, sugar at 50 g/liter
of feed was injected into the feed line during a nonradioactive
developmental test with PW-1 waste, and the ruthenium volatili-

zation was reduced from the normal 60 to 20%.(7)

An alternate approach to maximum suppression of volatiliza-
tion would be to adapt a close-coupled scheme in which the
volatilized ruthenium is scrubbed from the solidifier off-gas
and recycled back to the solidifier feed. With this kind of
scheme, ruthenium volatilization as high as that encountered
in these demonstration tests could be tolerated if no opera-
tional difficulties (such as off-gas line plugs) were
encountered, and if the gas scrubbing step was efficient
enough to assure that intolerable levels of ruthenium did not
result downstream of the scrubber.

During the demonstration runs, the quantities of cesium
leaving the solidifier with the off-gas were generally higher
than could be attributed to entrainment and indicated that
cesium was volatilized in the range of 0.1 to 0.3%. The
cesium volatilization was probably entirely from the melter
since laboratory data on cesium volatility from phosphate
melts(ls) can more than account for the quantities of cesium

rel eased.
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4.5 SRAY CALCINER HRFORMANCE

Although some process and equipment difficulties were
encountered, they were resolved so that the resultant spray
calciner performance was quite satisfactory. Those items
which influenced the performance of the process and equipment
are discussed below. Pertinent overall spray calciner run
parameters are presented in Table 4.6.

4.5.1 Calciner Feed System

The adjusted waste is pumped through a two-fluid pneumatic
atomizing nozzle and sprayed into the top of the calciner. (13)
Air was used as the atomizing gas during all six demonstration
runs, since it had proved to be more reliable than steam dur-

ing design verification(4) and nonradioactive tests. (6)

With the calciner at operating temperature and the atomiz-
ing air on at 40 to 45 psig, the spray calciner was started by
feeding water at approximately 15 liters/hr. Water was fed to
the calciner for 10 to 20 minutes to permit the calciner tem-
peratures to level out. Feed was then slowly blended with the
water over a 1- to 2-minute period until only waste was being
fed and the water was off. The aqueous feed rate to the
solidifier ranged from 11 to 12 liters/hr while processing
PW-2 waste and 13 to 18 liters/hr while processing PN-1 waste.
Processing rates are summarized in Table 4.2.  Shutdown
involved an immediate switch to feeding water for 20 to 30
minutes. The use of water during startup and shutdown avoided
nozzle plugging problems which would result if feed was turned
on directly to the hot nozzle or if the nozzle was not ade-
quately flushed at the end of the run.

Excessive deposition of partially dried calcine in the
conical outlet and on the walls of the calciner resulted in
the premature termination of Run SS-1. The excessive deposi-
tion was attributed to inadequate atomization of the feed.
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TABLE 4.6. Spray Calciner Operating Parameters
Feed Average[a) Average Calciner Pressure
. Rate, liters/hr Calcination ginches of water , A_verage
Temp, Time, Rate, Calciner Furnace
Run Type °cC hr Average Range kg/hr Normal During Blowback Temp, °C
Ss-1 pw-1 50 37 16 8-21 3.8 -10 0 700
SS-2 PW-1 29 57 13 12-22 3.0 -8 +2 (+4 max) 700
SS-3 PW-2 40 32 11 8-13 2.6 -12 0 (+5 max) 670
S55-4 pPw-2 31 40 12 8-16 3.1 -8 -1 680
S55-5 PW-1 25 53 17 12-21 4.1 -11 -3 695
SS5-6 PwW-1 19 56 18 14-21 3.8 -10 -2 700
Off-Gas Filters
Atomizing Air(b) Pressure Drop, (d)

Average Average in. of Water Noncondensable Filter Face(c) Blowback Gas

Press., Temp, Flow, Start End of Off- Gas Velocity, Chamber Temp, Press.,
Run psig °C scfm of Run Maximum Run Flow, scfm ft/min Temp, °C Type °C psig
SS-1 55 350 S 7.0 11.0 11.0 11 3.0 300 steam 345 26
SS-2 40 30-320 6.0 9.0 18.0 18.0 11 2.8 320 steam 350 20-33
SS-3 43 30 6.0 3.0 11.0 11.0 13 3.1 350 steam 350 27
SS-4 45 30 6.8 5.8 7.5 7.5 13 2.9 300 air 315 40
SS-5 40 v30 8.6 4.0 6.5 5.4 17 4.2 340 air 350 40
SS-6 45 30 8.5 5.7 7.0 6.0 20 4.4 300 air 350 45
a. Estimated from feed analysis and the average feed rate to the solidifier.
b. An extgrnal— mix feed nozzle was used during SS-1while an internal- mix nozzle was used during the

remaining runs.
Cc. Gas temperature assumed the same as filter chamber temperature.
d. The filters were blown back three at a time during the first three runs and two at atime during last

three runs.

T6E€T-MNY
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Coarse spray dropl ets were produced whi ch were not adequately
dried prior to striking the hot walls or exiting the drying
chanber

Nozzl e screening tests (t4713) were conducted to find a

nozzl e which perfornmed better than the external -m x pneumatic
atom zi ng nozzl e (Spraying Systens Conpany Setup No. 5) used
during Run SS 1. The tests resulted in the selection of an
internal -mx nozzle (Spray Systens Conpany Setup No. 42) since
it produced a spray with a significantly smaller nedian drop
size and nore uniformpattern. It was also the nost conpatible
of the nozzles tested with existing WBEP equi pnent .

An internal -mx feed nozzl e was used during the last five
runs as shown in Table 4.7. The first internal-mx feed nozzle
used during Run SS-2 perforned satisfactorily but it was
necessary to replace it prior to Run SS-3 because the cleanout
needl e becane jammed and woul d not operate. The performnmance
of the second internal-mx nozzl e was satisfactory during
Runs SS-3, SS-4, SS-5, and SS 6. The nozzl e was repl aced
after SS-6 due to the presence of deposition in the cal ciner
and i ncreased nozzl e air consunption which may have indi cated
erosion of the nozzle orifice. FErosion of the internal -m X
nozzl e orifice had been noted during nonradi oactive tests,(7)
and was particularly pronounced wi th PW2 wastes and when usi ng
a preheated atom zing gas. The PW2 waste was apparently nore
abrasi ve than PW1 because the solids in PW2 feed are nore
crystallinein nature while the PW1 solids are essentially
anmor phorous. The feed nozzle was visually inspected after
Run SS-6 and no extensive erosion was noted; however, it could
not be concl uded that erosion had not occurred, since the
i nspecti on was done renotely and the nozzl e coul d not be
examned internally, as done during nonradi oactive tests.
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TABLE 4.7. Feed Nozzle Operating History

Nozzle Runs Feed on
No. Type Used Time, hr Comments

1 external- SS-1 41 Weas used 4 hr during a nonradio-
mix active run prior to SS-1. The
nozzle was replaced after SS-1
because of excessive deposition
in calciner during SS-1

2 internal- SS-2 106 Was used 49 hr during nonradio-
mix active runs prior to SS-2. The
nozzle was replaced prior to
SS-3 because of a malfunctioning
cleanout assembly

3 internal- SS-3, 180 Was replaced after SS-6 because

mix SS-4, of deposition in calciner and
SS-5, indication of possible erosion
SS-6 of nozzle orifice.

After Run SS-6, 10 to 12 kilograms of deposited calcine
were removed from the conical bottom section of the calciner
below the drying chamber. The deposition was believed to have
accumulated over the last five runs (the solidifier wes flushed
prior to Run SS-2) as a result of inadequate feed atomization
caused by widely-varying, intermittent off-standard conditions
of feed flow. The absence of deposition on the drying chamber
walls indicated that atomization at the edge of the spray pat-
tern was satisfactory. However, the center of the spray was
apparently not adequately atomized to permit drying of the
larger particles in the calciner. The result was a slow
build-up of deposits on the bottom conical section of the
calciner. This deposition probably occurred each time a sig-
nificant increase in feed flow occurred (the median drop size
from a pneumatic atomizing nozzle increases directly with
increasing liquid=-to=air volume ratio). (15) This experience
points out the importance of relatively smooth control of
atomizing gas and feed flow rates.

4.20
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The feed flow control during all the runs was much less
than adequate. The difficulties were due to the insensitivity
of the magnetic flowmeter, the sensing element in the feed
flow control loop, to changes in feed flow rate. The sensi-
tivity problem occurred primarily because the 15 to 20 liters/hr
feed rates desired for the spray solidifier are well below the
lower range of the recommended operating range for the flow-
meter. Although the flowmeter had the smallest tube diameter
(3/16 inch) which would provide sufficient flow area to mini-
mize plugging problems, the resultant fluid velocity was insuf-
ficient for good operation. This difficulty with feed flow
control can probably be resolved by using other flowmeters or
it will probably resolve itself in scaling up the process to
the higher rates that will be encountered in most production-
scale units.

The deposition noted in the calciner after Run SS-6
represented |less than 2% of the calcine produced during the

last four runs despite the poor feed control. Even with these
feed conditions, the use of the internal-mix nozzle had reduced
deposition to an acceptable level. Since the deposition

encountered was all at the bottom conical section of the cal-
ciner, a simple built-in mechanical scraper could eliminate
any down time for the deposition.

Due to the high salt and solids content of the feed, the
high nozzle operating temperature, and the small diameter of
the nozzle feed port (0.1 inch inside diameter), occasional
plugs formed on the feed side of the nozzle. The formation of
a plug was noted by a sudden drop in the feed flow to the cal-
ciner. The nozzle cleanout needle proved thoroughly effective
in removing these plug formations when used before a complete
stoppage of feed flow occurred. The atomizing air was pre-
heated t o approximately 300 °C during Run SS-1 and the early
portion of Run SS-2; however, when the air was not preheated,
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the occurrence of nozzle plugs was significantly reduced.
Nonheated atomizing air was used during the remainder of the
runs.

Oh one occasion (during Run SS-3) the air side of the
nozzle became partially plugged after the atomizing air was
shut off during a shutdown period. The plug was the result
of inadequate flushing of the nozzle prior to turning off the
atomizing air and residual feed dried in the hot nozzle. The

nozzle had to be removed from the solidifier and given alter-
nate flushes of nitric acid and sodium hydroxide to remove the
plug. A system was later installed which will allow flushing
of the air side of the nozzle while on the solidifier by add-
ing small amounts of nitric acid directly to the atomizing air.

4.5.2 Drying Chamber

In general, all three zones of the calciner furnace were
operated at approximately 700 °C while processing PW-1 waste
and at 670 to 680 °C while processing PW-2 waste. Lower tem-
peratures were used while processing adjusted PAN=22 waste
because of its tendency to sinter and stick at a temperature
of 700 to 725 °C. The "stick point" of the adjusted PW-1 waste
is about 800 °c. Excessive scaling of the heated drying
chamber walls only occurred during Run SS-1 due to poor feed
atomization as discussed previously. Scaling was minimal
during the remaining five runs.

The net calciner heat requirements during processing
ranged from 14 to 16 kilowatts, with about 40% of this used
in each of the top two furnace zones. Due to the small hold
up and short residence time (6 to 10 seconds) of the waste in
the drying chamber, the contribution of the internal heat
generation in the waste to the calciner heat requirements
was negligible.
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The internal wall temperatures of the calciner were use-
ful indicators of operation by providing immediate response
to changes in calciner feed flow which were not indicated by
the feed flowmeter. This allowed early feed flow rate correc-
tive action to be taken which would not have otherwise been
possible if total reliance on the flowmeter or the dropout
rate from the feed tank had been required, Although the tem-
peratures in the top calciner zone ranged from 300 to 500 °C
for the six runs, a temperature of 350 to 400 °C was about
optimum for a feed rate of approximately 16 liters/hr. Typical
calciner temperatures during processing of Pw-1 waste (Run SS-5)
and PW-2 waste (Run SS-4) are presented in Figures 4.4 and 4.5
respectively.

The free-piston, air-operated vibrator mounted on top of
the calciner performed satisfactorily at dislodging calcine
from the drying chamber walls during the six runs; however,
some mechanical difficulties were experienced with it. 1t was
necessary to replace it prior to Run SS-3 due to a stuck piston.
During Run SS-4 the welds on the vibrator mounting broke loose
from the top flange of the calciner. A technique for mounting
the vibrator was improvised. The technique consisted of bolt-
ing a replacement vibrator to a heavy metal cylinder which fit
over a dowel pin on the calciner flange and had sufficient
weight to prevent the assembly from bouncing off the pin when
the vibrator was operating. This technique proved satisfactory
for the remainder of Run SS-4 and the remaining runs. It was
necessary to replace the vibrator during Runs SS-6, however,
because it quit vibrating. The vibrator was normally actuated
for 2 seconds of every minute with an air supply pressure
ranging from 40 to 60 psig.

4,23
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4.5.3 Off-Gas Filtration

The calciner and melter off-gases exit the solidifier
through 15 square feet of sintered powder metal (316-L stain-
less steel) filters. The filters are cleaned by periodically
blowing superheated steam or air back through them.

With the exception of Run SS-3, on the average |less than
0.1% of the nonvolatile radioactivity was entrained from the
solidifier during the runs as shown in Table 4.8. The fact
that the cumulative percent entrainment is higher than the
instantaneous values may indicate that a burst of calcine
passed the filters at the start of the run while the filter

TABLE 4.8. Entrainment from the Spray Solidifier

Percent of 144Ce-Pr in Feed Entrained
from the Solidifier

Run Total Run'® Instantaneously(b) Comments

Ss-1 0.053 0.001-0.3

S55-2 0.019 -

Ss-3 10 - Failed
Filters

Ss-4 0.16 0.001-0.017

SS-5 0.064 0.01-0.15

SS-6 0.071 0.002-0.006

a. Based on the 144ce-pr collected in the accumulated

solidifier condensate for the total run.

b. Based on periodic solidifier condensate line
samples.

coat was being established. During Run SS-3, 10% of the cal-
cine was entrained from the solidifier, and resulted in a
partial plugging of the vent line which eventually forced
early termination of the run. After the run, two of the

15 sintered powder metal filters were found to have failed as
shown in Figure 4.6. Both failures occurred just below the
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top manufacturer's circumferential weld which joins the porous
metal to a solid collar. The collar connects the filters to
venturis through which the off-gases exit. The pulse of blow-
back gas i s routed through the venturis in the reverse direc-
tion for filter cleaning. The off-gas filters failed after
approximately 400 hours of actual service time (feed-on-time,
nonradioactive and radioactive service) although they had been
installed for about 3 years. They were visually inspected
after the first 300 hours and appeared to be in good condition
at that time.

Orne filter had a crack in the porous metal along the cir-
cumference in the weld-affected zone that was 2 inches long by
1/32 inch wide. A 1 to 1-1/2-inch section of porous metal was
missing from the top of the second filter. The porous metal
dto 2 inches directly below this failure appeared pitted as
though numerous metal particles were missing. A sample of the
porous metal (Figure 4.7) taken in this area was very crumbly
and possessed no ductility. Another sample (Figure 4.8) taken
4 to 5 inches below this point was not pitted and possessed
some ductility. Both samples were examined metallographically.
Although the examination revealed that an appreciable amount
of metal particles were missing from the sample taken near the
failure, signs of corrosion of the remaining particles were no
more pronounced than on the other sample which was considerably
more intact.

Because the entrainment of radioactivity from the solidi-
fier during Run ss-3 was a factor of 500 higher than in
Run ss-2 and was relatively constant throughout the run, this
would indicate that the failure occurred sometime between the
runs. 1t could have very well occurred when the filter chamber
was struck by a falling crane boom. Although this could
explain the eventual failure of the filters, the fact remains
that the apparent lack of ductility of the porous metal near
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the top of the filters may have eventually led to filter fail-
ure without having been subjected to any excessive shock. A
combination of mechanical fatigue and corrosion is suspected
as the cause of this loss in ductility. Fatigue at the top of
the filter could result from a pivoting action about the

porous metal-to-solid metal weld caused by vibration because
the solidifies experiences considerable vibration. Since the
filters were installed, other filters are now available,
reinforced with perforated support plates inside of the filters
to minimize the mechanical stressing of the porous metal. The

suitability of 316L stainless steel as a construction material
has not yet been fully determined. The solidifier off-gas
filters were replaced with an existing spare set which is
similar in most respects to the original filters used prior
to Run SS-4.

During the first several runs, difficulties were experi-
enced in controlling the filter pressure drop as shown in
Table 4.6. The prime reason for the difficulty was that insuf-
ficient vent capacity was available to permit the use of ade-
quate blowback gas without 6ver-pressurizing the solidifier.

To alleviate this problem, a parallel vent line was installed
between the solidifier condenser and the auxiliary evaporator
to reduce by a factor of three the flow resistance of that
part of the solidifier off-gas system. In addition, the
replacement filter assembly which was installed prior to

Run SS-4 was modified in such a way that only two filters at
atime were reverse blown instead of three as on the original
set of filters. The combination of a reduction in the number
of filters undergoing simultaneous blowback and a reduction
in the flow resistance of the off-gas system resulted in an
approximate 40%reduction in the magnitude of the pressure
surges resulting during filter blowback at a given blowback
pressure. It was then possible to apply sufficient blowback
gas to maintain the filter pressure drop at an acceptable level

during the last three runs.
4.31
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The calciner was normally maintained under a vacuum of

10 to 12 inches of water to accommodate the pressure surges

during filter blowback. The resultant air inleakage through
the flanged connections on the solidifier (particularly on the

melter) ranged from 5 to 10 scfm, and represented 20 to 30%
of the total off-gas flow.

Either superheated steam or heated air was used during
the runs as a blowback gas, and each proved satisfactory. How
ever, when using steam, one must make sure that condensate does
not accumulate in the supply system. During the runs, each
bank of filters was usually blown back for 2 seconds during
every 2 minutes. During Runs SS-4 through SS-6, a blowback
gas pressure of 40 to 45 psig maintained the filter pressure
drop between 4 to 7 inches of water. The use of 40 psig air
(350 °C) as blowback gas added approximately 1.5 scfm of air
to the solidifier off-gas system. Also, during these | ast
three runs, the filter blowback system was usually turned off
for 10 to 15 minutes during discharge of the melter. However,
this did not adversely affect the filter pressure drop.

4.6 HRORVMANCE (F THE MELTER

The calcined waste drops from the spray calciner directly

(13) where it is converted to a melt. Contin-

into the melter
uous discharge of the melt from the melter via the external
weir was used only during the first 60% of Run SS-1 until the
weir became frozen and could not be thawed. The weir dis-
charge was erratic and considerable difficulty was experienced
with stalagmite formation in the heated receiver pot during
this period. Increasing the receiver pot furnace temperature
from 800 to 850 °C did not melt the stalagmite. The erratic
weir discharge resulted in part from the fluctuations in the
solidifier pressure caused by the filter blowback system. For

the remainder of Run SS-1 and during the following five runs,
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batches in the melter were successfully discharged through the
drain freeze-valve. This technique made possible the filling
of unheated receiver pots.

As shown in Table 4.9, the internal melt temperature
measured near the bottom of the melter was generally 20 to
75 °C below the furnace temperature. This melt temperature
ranged from 1050 to 1120 °C during processing of PW-1 waste

and from 880 to 900 °C during processing of PN2 waste.
Figures 4.9 and 4.10 show typical melter temperatures during
processing of PW-1 waste (Run SS-5) and PA2 waste (Run $s-4),
respectively. The melt level was about 5 to 6 liters when
batches in the melter were discharged. The time at which to
discharge the melter was determined by the amount of waste fed
between batches and the melter internal temperatures. The 5
to 6-liter level in the melter was usually indicated when the
internal melt temperature located 5-1/2 inches from the melter
bottom (3.9 liter level) increased to almost equal the tempera-
ture at the lower part of the melter.

During the first start up for Run SS-3, the melter furnace
stopped heating while operating at 1150 °C. Electrical contin-
uity checks showed that the furnace elements were sound, but
that four of the six copper leads from the furnace junction to
individual phase terminals were electrically open. The leads,
which were routed inside the furnace cooling jacket, were
found to be badly burned by excessive heat from the furnace.

At the time of failure, the furnace had been energized inter-
mittently for 503 hours, including 107 hours at 1150 °C or
above. Al six of the copper leads were remotely replaced and
rerouted outside the furnace jacket in order to keep them cool.
The furnace was then heated to 1200 °C, and current and power
readings indicated that the furnace was fully repaired. The
furnace operated satisfactorily during the following runs.
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TABLE 4.9. Melter Qperating Paraneters

Ml t Mel t er Fur nace Cal cul at ed
Heat (a) Ml t Melt Di scharge
Rat e Aver age Aver age Mel t Producti on
Feed Density, Tenperature, G oss  Tenperature, Rat e, Rat e,
Run Type W/liter °C Power, kw °C liters/hr Met hod liters/hr
SS-1 PW-1 7.5 1150-1200 -— 1100 1.19 65% 1.2
cont i nuous
35% 50
bat ch
S5-2 PW-1 44 1150 -—- 1100 0.8 bat ch 17
SS-3 PW-2 36 910 7.0 880 1.23 bat ch 40
SS-4 PW-2 91 920 7.5 900 1.38 bat ch 55
SS-5 PW1 127 1125 14.4 1050 1.23 bat ch 45
SS-6 PW1 168 1150 14.5 1120 1.18 bat ch 60
a. The maxi mrum neasured nelt tenperature (near the bottomof the nelter).
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4.6.1 Solids Addition

To increase sulfate retention in melts with PW-2 waste,
the melting point of the calcine was reduced to about 700 °C
during Runs SS-3 and SS-4 by adding sodium metaphosphate
(NaPO3) as a solid directly to the melter. The NaPo3 was not
added to the feed because the low melting point (approximately
700 °C) of the mixture would have caused melting in the cal-
ciner. (Operation of the calciner at low enough temperatures
to eliminate melting in the calciner [about 600 °C], would
reduce calciner capacity.) Due to difficulties experienced
with the vibrating tray solids feeder used during design
verification testing of the spray calciner, (4)
improvised whereby batches of solids were added from outside
the process cell. The system is shown in Figure 4.11. Sodium
metaphosphate glass particles (-6+10 mesh Tyler series) were
added in small batches to the suction side of an air-operated
jet and conveyed pneumatically into the cell and discharged

into a screen-covered hopper on the solids feeder. The solids

a system was

feeder consisted of a piece of pipe attached to a nozzle on
the calciner cone with two air-operated ball valves which
served as an air lock so that the solids could be added with-
out disrupting the solidifier vacuum. A vibrator was also
attached to aid transport of the solids.

To give an equivalent concentration of 1.27M for
378 liters/tonne feed, the NaPo3 was added every half-hour in
batches of 400 to 600 grams, depending on the feed rate to the
solidifier. The additions were closely monitored so as not to
greatly exceed this NaPO, requirement since nonradioactive
development studies showed that excess NaPO, increased sulfate
evolution from the melt, and the melt would foam in a heated

receiver pot. (9,16)

Difficulties with the solids addition system occurred
early in Run SS-3 when the feeder became plugged at the cal-
ciner and had to be removed for modification. After addition
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of a heated air purge (1 scfmat 250 °C) to the solids feeder
to mnimze condensation and subsequent plugging at the entry
point to the solidifier, the systemperfornmed satisfactorily

for the renmai nder of Run SS-3 and al |

of Run SS-4.

A total of

25.4 kil ograns of NaPO, was added to the nelter during Run ss-3
and 40.4 kil ograns were added during Run SS-4.

SOLIDS
ADD
HOPPER

MR*E:&F%Q%ZL:::::::Q;

CELL WALL

-

P

SCREEN COVERED

Fl GURE 4. 11.

~

HOPPER

AIR OPERATED
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3
SPRAY
CALCINER
e 1
FILTER
AIR CHAMBER
OPERATED
IBRATOR
V4

CALCINER
CONE

Solids Addition System
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Less than 2 and 7%of the sulfate in the feed was vol -
atilized fromthe PW2 nelts during Runs SS-4 and SS- 3,
respectively. This is in good agreenent with data from non-
radi oact i ve runs. (4)

4.6.2 Melt Drain Systens

Initially both the nelter drain and weir tubes term nated
I nsi de separate el ectrically-heated chanbers ‘13 where heat
could be applied to thawthe nelt plug in the tubes to initiate
nmelt flow As nmentioned earlier, the weir was used during the
first 60%of Run SS-1 to discharge the nelter until it becane
frozen and coul d not be thawed. Attenpts to unthaw the weir
eventual ly resulted in failure of the small electrical heater
However, during the remai nder of Run SS-1 and all of Run SS-2,
the melter was successfully batch-di scharged using the drain
freeze-val ve heati ng system

Prior to Run SS-3, a new el ectrical heating assenbly was
installed for both tubes. However, during the startup for
Run SS-3, half of both heaters burned out and half a heater
was not sufficient to thaw either of the tubes. Consequently,
the mel ter was batch-di scharged through the drain tube during
Runs $S-3 and Ss5-4 wi th necessary heating being nanual | y
suppl i ed by a propane torch. Tests(s) on propane heating of
platinumin contact wwth PW2 nelt indicated that no appreci-
abl e attack of the plati numwould occur if the propane flane
was not a reducing flane and if propane heating was used
sparingly. However, excessive use of propane heating and/ or
use of a reducing flame woul d probably lead to enbrittl ement
of the platinum

Due to the difficulties experienced with the previous
el ectrical heating systemand the potential for platinum
enbrittl enent while using direct propane heating, a nodified
method ‘*7? to control the di scharge of nelt fromthe nelter
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was developed prior to Run SS-5. The method consisted of
using the heat from the melter furnace to thaw the frozen plug
in the melter tubes and solidifying the melt in the tubes

by air cooling coils surrounding each tube.

Figure 4.12 shows a top view of the modified freeze-valve
cooling coil assembly which was installed on the melter prior
to Run SS-5. A schematic of the assembly as'positioned in the
melter furnace is shown in Figure 4.13.

The cooling air flows from the bottom to the top of the
cooling coils and is then exhausted from the assembly. The
coils were not intended to freeze the melt in the tubes while
the melter is draining rapidly. Rather, the coils seal the
tubes after flow has stopped.

The outside of the drain freeze-valve coil is insulated
to reduce the interaction between cooling coils. Without
insulation, cooling air flowing in one coil may freeze both
valves. The coil assembly is insulated and lined with plati-
num foil (not shown in Figure 4.12) to minimize heat loss when
the cooling air is shut off. The melt discharges from the

drain and weir tubes through large holes in the bottom of the
assenbl y.

Experience has revealed that molten waste will rapidly
corrode Hastelloy X at the operating temperatures of the
melter (900 to 1200 °C) if metal and melt come in contact.
Furthermore, the platinum tubes may be attacked if the plati-
num, the melt, and the alloy coil are all in contact with each
other. To prevent such contact, a platinum wire spacer cage
i s suspended inside each coil.

The freeze-valve cooling coil assembly performed satis-
factorily during Runs SS-5 and SS-6. The melter was batch-
discharged during both runs, primarily because batch discharge
allowed filling of the receiver pots without stalagmite

4,40
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formation. To batch discharge the melter, the air to the
cooling coil of the drain freeze-valve was turned off. When
the melter started draining (which usually occurred 2 to

3 minutes after the air had been turned off), the filter blow-
back system was turned off to avoid pressurizing the solidi-
fier, and the solidifier vacuum was reduced to approximately

2 inches of water to speed the drainage. The air was turned
back on to the drain valve coil shortly after the melter quit
draining a steady stream and started to drip. The blowback
system and solidifier vacuum were restored to normal approxi-
mately 2 to 3 minutes after the melter had quit dripping. A
typical batch of 4 to 6 liters of melt usually drained steadily
for 4 to 8 minutes and then dripped for another 2 to 4 minutes
before the drain tube sealed. Onh several occasions, difficul -
ties occurred in sealing the drain tube primarily as the result
of not letting the melter completely empty out before trying to
seal it. On one occasion it was necessary to reduce the melter
furnace temperature in order to stop the melter from dripping.
The importance of ensuring that the drain tube is sealed was
demonstrated during Run SS-6. At the start of this run, air
back-sparged up through the unsealed drain tube and splattered
melt up onto the underside of the melter cover, partially
blocking the inlet to the melter. As aresult, difficulty was
experienced in maintaining calcine flow to the melter during
all of Run SS-6. Usually, the blowback system was off about
10 to 15 minutes during the dump procedure, but this did not
have any detrimental effect on the solidifier off-gas filter
pressure drop.

The cooling air flow rates to the drain freeze-valve coil
and the weir coil were 4 to 5 and 2 to 3 scfm, respectively,
during Runs SS-5 and SS-6. The temperatures at the drain and
weir tubes were 800 to 840 °C at the previously-mentioned air
flow rates. When the air was turned off to the drain



BNWL-1391

freeze-valve coil, the tenperature at the drain tube increased
to 950 to 1000 °c, which was slightly higher than test data
obtained wi thout the platinumfoil liner prior to installation

of the systemon the solidifier. The PW1 and PM2 nelts were
bat ch di scharged fromthe nelter at rates of 40 to 50 liters/hr,
wi th exception of Run SS-2 where the rate was only 17 liters/hr.
The lower rate during Run SS-2 was attributed to a deficiency

of sodiumin the feed which resulted in a nelt wth higher than
normal viscosity. The batch discharge of the PW1 and PW?2
nmelts at the higher rates allowed filling of unheated receiver
pots wi thout stalagmte formation

4.6.3 FEffect of Internal Heat Generati on

The net heat requirenent to forma fluid nelt fromthe
entering PM1 or PW2 waste calcine is about 1.5 to 2.5 kil o-
watts for a nelt production rate of 1.2 liters/hr. The heat
was escal ated during these first 6 denonstration runs until a
heat rate density of 168 w/liter was attained for a PW1 nelt
in Run SS 6. This heat rate density accounts for 40 to 70% of
the net heat requirenent in a nelt volune of 6 liters. How
ever, due to the continuous variation of nelt volume fromoO to
6 liters (during batch dunping) and due to the high heat |osses
fromthe nelter (about 12 kilowatts), the effect of internal
heat generation was not apparent.

4.7 GENERAL PERFORVANCE AND CPERATI NG H STCRY

4.7.1 \Waste Conposition Effects

During WBEP spray solidification of highly radi oactive
aqueous wastes to solids, relatively few processing probl ens
resulted fromwaste conposition. Two runs with PW2 waste and
four runs with PW1 waste denonstrated adequate perfornmance
with wastes fromlight water reactor fuels.
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Detailed waste compositions for the six runs and other
pertinent data on the feeds to the solidifier are listed in
Table 9.1 of the Appendix. Summary feed composition ranges
for the six spray solidification runs are shown in Table 4.10.

TABLE 4.10. Summary of Waste Composition Ranges

PW-1 Waste, ‘?) PNV2 Waste, M ‘@)
Constituents Nominal Actual (b) Nominal Actual (b)
Na© 0.138 0.4 to 0.73(S) 0.93  0.91 to 1.02
art3 0.001 0.07 to 0.14 0.001 0.31¢de)
Fet3 0.93 0.72 to 0.95 0.445 0.38
(y+re) T3 0.12 0.12 to 0.19 () 0.12 0.2 to 0.23 )
No; 7.5 6.1 to 7.5 5.37 . 4.6 to 5.1
3
SO, ——=  0.003 to 0.01'9)  0.87  0.57 to 0.66M)
Additives
+
N a 0.5 included above —_—— -
PO: ~ 1.7 1.67 to 2.0 1.61 1.6

(a) Molarities are based on 378 liter/tonne feed.

(b) Based on analysis of the composite feed (including
additives).

(¢) Includes the additive sodium.

(d) Excesses result from the presence of excess aluminum i n
the Purex high level waste. The excess aluminum was sub-
stituted for iron.

(e) Includes 0.25M aluminum additive.

(f) The analysis for rare earths in the presence of phosphates
Is known to be in error by as much as a factor of 2.

(g) Sulfate is used as a substitute for fission product
tellurium. Excess sulfate is due to the presence of
sulfate in the Purex high level waste.

(h) The presence of insoluble sulfates gives lower analytical
values than are known to be actually present.
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Feeds to the spray solidification process were prepared using
actual Purex high level waste and concentrated radiorare -

earths (mostly 144

Ce-Pr) solutions to provide the desired

self- heat generation rate in the solidified product. However,
because the "two stock"” radioactive solutions sometimes con-
tained excess aluminum and rare-earths compared to the standard
PW-1 and PW-2 waste compositions, actual composition of the
wastes processed varied somewhat from the desired composition.
(See Section 3 for the details of the effects of these changes
in composition.) The ability to handle these variations in
themselves point out the flexibility of the solidification

system.

The excess aluminum in the Purex waste was used as a
partial substitute (8 to 20%)for the 0.93M iron in the runs
with PW-1 waste.

Even though aluminum is required as an additive to PN=2
waste, excess aluminum in the Purex waste was used as a partial
substitute (12 to 13%)for the 0.445M iron during runs with
PNV-2 waste.

All chemical additives were added dii’ectly to the feed
for the PW-1 waste, while a portion of the flux for the PAR2
waste was added as solid NaPo3 directly to the melter (via
the calciner cone).

4.7.2 Related Equipment

Performance of the primary spray solidifier equipment
has been discussed in the preceding sections. The operating
history of this equipment (which includes all nonradioactive
tests) is summarized in Table 4.11. Discussion of other
related equipment is presented below.



TABLE 4.11,

Ly v

Spray Solidification Equipment Operating History Through Run SS5-6

Total
Temp, Pressure, Operating
Equipment Construction Material °c in. of Water Chemicall Time, hr Comments
Calciner shell 310 ss 200 to 700 -20 to 0 Atomized piquid an® 575
calcined wasto;
water and HNO.
vapors; oxide® of
nitrogen; oxides of
sulfwr; awr
Calciner furnace Nichrome V elements and 650 to 750 -0.5 Cell air 600
Tipersul insulation
Off-gas filters Sintered 316-L SS 200 to 400 -20 to +5 426 Two filters failed (see
No. 1 powder metal filters . Section 4.5.3) and the
(1/16 in. thick) Sit:inzidwﬁﬁéz' assembly was replaced
vapors, oxides of prior to Run S§-4.
nitrogen, oxides
No, 2 Sintered 316-L SS 200 to 400 -20 to +5 of sulfur, and air 149
powder metal filters
(1/16 in. thick)
Feed nozzle No. 1 303 SS (external-mix) 80 to 200 0 (feed side)- 41 Replaced prior to
50 psig (air Run SS-2 because of
side) excessive deposition
during Run Ss-1
No. 2 303 SS (internal-mix) 50 to 200 20 to 30 psig Liguid waste and 106 Replaced prior to
air Run S$S-3 because of
a malfunctioning clean-
out needle.

No. 3 303 SS (internal-mix) 50 to 130 20 to 30 psig 180 Replaced after Run SS-6
because of deposition
in calciner (see Sec-
tion 4.5.1).

Calciner Vibrator Mild Steel 50 to 100 30 to 40 psig Air 138 Replaced prior to

No. 1 Run SS-3 due to a
stuck piston.

No. 2 Mild Steel 50 to 100 30 to 40 psig Air 52 Replaced during Run SS-4
when mount broke loose
from calciner.

No. 3 Mild Steel 50 to 100 30 to 40 psig Air 102 Replaced during Run SS-6
when it quit vibrating

No. 4 Mild Steel 50 to 100 30 to 40 psig Air 27

Calciner seal pot 304-L ss 30 to 50 -20 to +5 Water 575

Melter pt 700 to 1200 -20 to 45 Calcined and molten 300 After Run SS-1 an inden-

waste and vapors tation was noted in one

side of the melter.

Melter furnace Kanthal A-1 elements, 800 to 1250 =-0.5 Cell air and receiver 730 Internal furnace leads

K—ZS anq Fiberfrax pot vapors failed after 500 hr of
insulation operation prior to

Run §5-3 and had to be
replaced (see Section
4.6).

Melter drain Kanthal A-1 elements 700 to 1000 =-0.5 Cell air and receiver 27 Heater was replaced prior

freeze-valve pot vapors to Run SS-3; however, the

heater replacement failed during
startup.

Melter weir valve Kanthal A-1 elements 700 to 1000 -0.5 Cell air and receiver 64 Heater failed prior to

heater pot vapors Run §§-2 and was replaced
prior to Run SS-3;
however, the replacement
failed during startup.

Melter freeze-valve Hastelloy X coils 800 to 1000 -0.5 Cell air and receiver 110

cooling coil
assembly

pot vapors

T6E€T-TMNE
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Seal Pot

A secondary vent line from the solidifier provided for
relief of solidifier pressure if it increased to atmospheric
level during operation. A water-seal pot in the line allows
auxiliary venting of the solidifier and overflows directly
into a condensate receiver tank (TK-117).

The calciner seal pot is an 8-inch diameter by 36-inch
long section of pipe which is closed at each end and contains
inlet and outlet piping arranged in such a way that maximum
pressure differentials of up to 20 inches of water are required
to allow gas to flow from the calciner to the condensate tank.
Backward flow of seal water to the solidifier is not possible.
During the first three runs the solidifier was vented frequently
through the seal pot during filter blowback as the result of
insufficient venting capacity of the solidifier off-gas system.
However, this did not occur during the last three runs after
the venting capacity of the off-gas system had been increased.

Receiver Pot Furnace

The six-zone resistance- heated receiver pot furnace-
cooler performed well in transferring heat to or from the
receiver pot. The furnace was operated at 800 to 850 °c and
650 to 700 °c to slump PNV-1 and PN22 melts, respectively, in
the receiver during all of Runs SS-1, SS-2, SS-3, and during
the first half of SS-5. While filling the receiver, the zones
below the melt level were unheated and sometimes cooled.
During the last half of Run SS-5 and all of Runs SS-4 and SS-6,
the receiver pots were unheated and the furnace-cooler provided
cooling function only. Indirect cooling by forced air around
the outside of the furnace susceptor was sufficient to maintain
the steady- state centerline temperatures of the receiver pot
contents below 780 °C and the steady-state pot wall temperatures
below 460 °C during Run SS-6 which had the highest internal heat

4.48
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generation rate (1l kilowatts) of the six runs. With addi-

tional air cooling inside the susceptor, the furnace should

be adequate for cooling pots containing up to 13 kilowatts

of solidified waste. See the additional discussion in
Section 4.2.
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5.0 AUX LI ARY PROCESS EQUI PMVENT PERFCRVANCE

| nportant to any waste solidificationsystemare the
auxiliary systens (primarily the equi prrent | ocated downstream
of the solidification systemto decontam nate the effl uent
streans fromthe solidifier). Denonstration of effluent
decontamnation is a prinary objective of the WBEP tests.
Thi s -obj ective was established to investigate the paraneters
affecting the perfornance of the decontam nation equi pnent.
In the final design of a waste solidification system equip-
ment nust be capabl e of decontam nating secondary waste streans
so that they are acceptabl e for reuse within the fuel repro-
cessing plant or for final release to the environnent. For
exanpl e, slightly contam nated acid can be recycled in a chem
ical reprocessing plant for use in fuel el ement dissol ution
and/or for possible use in solvent extraction scrub streans.
In nmost cases, auxiliary equi prent functions necessary in a
reprocessing plant and simlar functions in a waste solidifi-
cation auxiliary systemmnust certainly be integrated and
conbi ned to obtain overall econony.

Process auxiliaries needed for a solidification system
nmust consi st of equi prent capabl e of :

e Preparing aqueous waste solutions to feed the solidifier.
e Treating process condensate for reeycling.

e Decontamnating the process off-gas and recovering acid.

The WBEP auxiliary process system enpl oys a wast e evapor at or,
m st el i mnator, evaporator condenser, acid fractionator,
fractionator condenser, high efficiency filter, and caustic
scrubber in series downstreamfromthe solidifier condenser
(see Figure 5.1). Effluents directly fromany solidification
process require recycling through the auxiliary system since
they are not acceptable for discharge wi thout further treat-
nment. E even to 75%of the rutheniumfed to the spray



BNWL-1391

solidifier was volatilized from the solidifier, while less
than 0.1% of nonvolatile radioactive species were entrained.
The need to demonstrate how the treatment of effluents from
solidification can be integrated with a fuel reprocessing plant
or treated separately prompted the selection of three different
operating modes i n WP,

5.1 OPERATING MCDES

It is likely that solidification will use the auxiliary
equipment which already exists in a fuel reprocessing plant
(e.g., a plant waste evaporator and acid recovery system),
although two completely separate systems could conceivably be
used. In either case, the auxiliary process equipment can be
coupled to the spray (or other) solidifier with the evaporator
operating in three basic modes of operation, designated in WSEP
as Mode A, Mode B, and Mode C (see Figure 5.2) . To date,

Modes A and B were tested with the spray solidification process;
Mode C has not yet been tested.

In Mode A operation, aqueous waste is fed directly to the
solidifi er without intermediate preconcentration. The solidifier
process off-gases are condensed and the condensate is then
collected and concentrated in the evaporator, but they are
not recycled to the solidifier feed.

In Mode B operation, one batch of raw waste is preconcen- .
trated in the evaporator simultaneously with the process con-
densate, while a previously concentrated and chemically
adjusted batch of waste is fed to the solidifier from a holdup
tank. During spray solidification Run SS-2, a modified
Mode B was demonstrated. The raw waste to be concentrated
was fed continuously to the auxiliary evaporator during the
entire run while the process condensate was collected in a
separate receiver.
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In Mode C operation, the solidifier and evaporator are
operated as a close-coupled unit. Waste enters the evapora-
tor where it is continuously mixed and concentrated along
with the process condensate from the solidifier. This mixture
I's continuously fed to the solidifier. Thus the radioactive
species in the condensed vapors from the solidifier are con-
tinuously recycled. This mode is identical to Mode B, with
elimination of the separate tankage and holdup of the con-
centrated waste. |If Modes B and C decontaminate the off-gas
as well as Mode A, one less evaporator is required for Modes
B or C. (Mode C has not been tested to date with the spray
solidification process.)

Applications of the modes in a reprocessing plant are
visualized as shown in Figure 5.3.

In WSEP, the overhead vapors leaving the auxiliary
evaporator are further treated by condensing them and routing
the resulting condensate and noncondensable gas streams to
the acid fractionator where further decontamination and frac-
tionation is carried out. The slightly acidic fractionator
distillate is an intermediate level waste. The fractionator
bottoms and condensed fractionator overheads are probably
reusable in a fuel reprocessing plant. In all the demonstra-
tion runs, from 50 to 95%of the fractionator distillate
(typically 80%)was recycled to the auxiliary evaporator to
strip nitric acid from the evaporator bottoms while maintain-
ing the evaporator bottoms at low acidity (less than 6M HNO,) .
The low acidity in the evaporator bottoms and evaporator over-
heads reduces ruthenium volatilization from the evaporator.
The noncondensable gases leaving the fractionator condenser
are filtered, scrubbed, and filtered twice again prior to
release to the atmosphere.

To evaluate the performance of the WEP auxiliary system,
decontamination factors were determined at each stage of the
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system. Typical data for Mode A operation for the auxiliary
system is summarized in Table 5.1. Run ss-2 was the only run
made with a Mode B operation modified by routing the solidifier
condensate to a separate tank, and due to insufficient data
obtained during this run, good evaluation of Mode B operation
is not available. However, the radionuclide content in all
streams is generally expected to be less during Mode A opera-
tion than for other operating modes. Although waste solution
is fed directly to the auxiliary evaporator during Modes B and
C, ruthenium concentration in the evaporator effluent depends
more on other factors such as acid concentration in the evapo-
rator, evaporator boilup rate, and the fraction of ruthenium
volatilized from the solidifier. Thus, the difference in
ruthenium concentration in the evaporator and fractionator
effluent streams with the different operating modes i s gener-
ally less than the difference between the ruthenium concentra-
tion in the evaporator and can be minor. During Mode A opera-
tion, the evaporator bottoms is an additional effluent stream
which must be recycled back to the waste concentrator in a fuel
reprocessing plant. In Mode B and C operation, the evaporator
bottoms are mixed with incoming waste.

The radionuclide content in the acid fractionator bottoms
and distillate will probably allow these streams to be reused
in a fuel reprocessing plant. The acid fractionator bottoms
can probably be reused in fuel dissolution and in the first
cycle solvent extraction scrub solution, and thus will not
require further cleanup. The acid fractionator distillate can
al so probably be reused in the first cycle of the fuel repro-
cessing plant. In order to be released to the environment,
the distillate stream would require additional decontamination
by factors as high as 100,000.

Mode C operation was not demonstrated because provisions
are not included in WSEP for continuous injection of melt-making



TABLE 5.1, Typical Effluents During Mode A Operation(a)

Gross Radio-

Volume, Radioactive activity Less
liters/ Ruthenium, Ruthenium
Stream Solution liter feed Ci/Ci in Feed Ci/Ci in Feed Potential Disposal
Evaporator 5M HNO3 O.S(C) 7.2 % 10_l 9.4 x 10_4 Recycle to fuel
Bottoms reprocessing plant
waste concentrator
Acid Fractionator M HNO3 0.14 4,7 x lO_3 7.7 X% 10_7 Reuse in fuel repro-
Bottoms cessing plant
Fractionator 0.06M HNO, 0.6 3.8 x 107° 3.8 x 1072  Reuse in fuel repro-
Distillate cessing plant
Scrubber Bottoms 2M to <O0M NaOH(b) 0.5 5.2 x 10_5 3.0 x 10_8 Intermediate level
treatment or combine
with high level
waste
Final Off-Gas -10 -12
to Stack (4) Air -—-= <2 x 10 <1l x 10 To atmosphere

a. Data were taken from Spray Solidification Runs SS-4, 5 and 6.
b. The 2M NaOH was completely neutralized during each run.

c. A working volume of 300 liters is assumed to be in the evaporator. This volume is present
at start of run and must either be continuously recycled or batch recycled to the feed.

6

d Based on a background activity of <2.4 x 10 ° Ci/wk for ruthenium and for total radioactivity

less ruthenium.

T6ET-TMNA
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additives to the concentrated high | evel waste fromthe
evaporator. (Boiling the chem cally-adjusted feed coul d
possi bl y cause undesirabl e and excessive solids precipitation.)
Since the basic difference between Modes B and Cis the hol dup
time of the concentrated waste before it is fed to the solidi-
fier, little incentive existed to add the necessary equi prent
for Mbde C operation.

5.2 RUTHEN UM CONTRCL

Rut heni um can easily be volatilized both during solidifi-
cation and evaporation. Data from extensive observations of
rut heniumvol atilization and suppression of rutheniumvolatili -
zation in boiling nitric acid solutions have been plotted
against distillate' nitric acid concentrations in reference 1
Al though correl ations exist for very specific solutions, the
range of volatilization for a constant distillate acidity
ranges as much as five orders of magnitude, and depends |argely
on the net oxidizing potential due to the other ingredients in
the solution. This range of val ues shows the conplexity of
rut heni um behavi or.  Rut heni umtetroxi de (Ruo,) has been est ab-
lished *72) as the princi pal volatile form of ruthenlun1from
boiling nitric acid solutions. Several general rel ationships

apply to the volatilization of RuO, : (1,3)

e Decreasing the concentration of nitrate ion in the
bottons and the correspondi ng over heads decreases the
vol atilization of ruthenium

o Introducing other oxidants into the nitric acid solution
I ncreases rutheniumvol atilization. Simlarly, introduc-
Ing reductants (e.g., sugar) into the solution suppresses
vol atilization.

® |Increasing the tenperature of acidic solutions to the
boi | i ng poi nt increases the vapor pressure of RuO, and,

correspondi ngly, the volatilization of RuO, .
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By controlling the nitric acid concentration in the over-
heads from the WP evaporator to less than 1.0 during the
first six pot calcination and phosphate glass runs, volatiliza-
tion of ruthenium from the evaporator was reduced and typically
kept below 4% of that present in the evaporator. (4,5)

Figure 5.4 shows the accumulation of radioruthenium (lOGRu)
in the WP auxiliaries during Mode A operation. No similar
data were available from Run SS-2 which used a modified Mode B.
During the six spray solidification runs, 11 to 76%o0f the
ruthenium fed to the solidifier was volatilized from the soli-
difier and accumulated in the auxiliary evaporator.

During the first six spray solidification runs, the
auxiliary evaporator was operated at a bottoms concentration
of 2 to B4 total nitrate ion (which give an overheads concen-
tration of 0.1 to 0.5M nitric acid) to serve as a decontamina-
tion stage between the spray solidification process and the
nitric acid fractionator. Table 9.2 in the Appendix lists
most of the average operating conditions for the evaporator,
as well as for the other auxiliaries. Part of the data for
the evaporator are summarized in Table 5.2 to show the effects
of evaporator content, overheads acid concentration, and
chemical reductant (sugar) addition on ruthenium decontamina-
tion factors (DF). The cumulative ruthenium DF (DFC)El across
the evaporator varied from a low of 73 to a high of 890 under
a variety of operating conditions.

During Runs SS-1 and SS-2, an aqueous reducing solution
of sugar was added at 0.13 and 0.17 moles/hr, respectively,
to the evaporator. During Run SS-6, 0.77 moles/hr of sugar
was added during the last 38%of the run. The sugar addition
apparently did not help decrease ruthenium losses from the

(a) Total ruthenium curies in the evaporator bottoms at end of
run from any source/total curies gained in the fractionator.
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TABLE 5.2. Decontamination Factors for Radioactive Ruthenium and Cerium

Evaporator Acid Fractionator
HNO3 Decontamination E‘actors(a) HNO3 Decontamination Factors ta)
Ss Solution in Average Acidity, M Cumulative Cumulatiiye Instantaneous “YeXage Acidity, W Cumulative = Cumulative
Bun. Maode  Evaporator Additive  Bottoms Distillate Ruthenium'P) cerium (b Cerium !¢ Bottoms Distillate Ruthenium!d) cerium(e}
18 A Nitric acid,  0.13 moles/ 3.0 0.1 890 — - 7.7 0.06 2000 .
solidifier con- hr sugar
densate and and
sugar solution stripwater
2 B-Mod Raw waste plus 0.17 moles/ 1.5 0.03 630 —_ — 10 0.06 1300 —
(£)  sugar solution hr sugar
and
stripwater
3 A Nitric acid stripwater 4.6 0.4 320 25000 1000 to 6.0 0.05 200 110
plus solidifier 10,000
condensate
4 A Nitric acid stripwater 5.0 0.44 76 1700 10,000 2.3 0.09 47 375
plus solidifier
condensate
5 A Nitric acid stripwater 5.0 0.50 110 1500 1000 8.7 0.05 120 3200
plus solidifier
condensate
6 A Nitric acid, 0.77 moles/ 4.9 0.48 73 1600 10.000 8.7 0.10 3lo <500
solidifier con- hr sugar
densate and last 38%o0f

supar solution run and
stripwater

a. DF's are based on L06Ru and 144Ce—Pr

b. Total curies in evaporator bottoms at end of run from any source/total curies gained in the acid fractionator bottoms.

c. Instantaneous concentration in evaporator bottoms/instantaneous concentration in evaporator distillate.

d. Total curies in acid fractionator bottoms at end of run from any source/total curies gained in the fractionator distillate
receiver tank.

e. Instantaneous concentration in fractionator bottoms/instantaneous concentrates in fractionator distillate.

f. Run SS-2 used a modified Mode B operation - solidifier condensate was accumulated in a separate receiver.

T6ET-TMNG
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auxiliary evaporator since the accumulation rate of ruthenium
in the fractionator remained constant with or without sugar
addition, and the ruthenium DF_ was the lowest obtained (73).
The DF of 890 and 660 during ss-1 and 2, respectively, were
probably high because of poor sampling techniques. @) There-
fore, these values are not regarded as an indication of a
decrease in ruthenium volatilization with sugar addition. In
addition, steam added to the solidifier condenser, at about

15 liters/hr during SS-6 did not increase the ruthenium scrub-
bing efficiency. (*= One to 5%of the equivalent ruthenium
present in the evaporator bottoms at the end of the run accumu-
lated in the fractionator bottoms. Overall, this range was
typical of ruthenium volatilized from the evaporator during
the phosphate glass runs®)
in the evaporator accumulated in the fractionator bottoms.
However this represents a factor of about 20 in decrease of
performance over similar data obtained during the first six pot
calcination runs. (4

where 3% of the ruthenium present

Generally, instantaneous ruthenium DF's (DF,) (b) across

the evaporator for the WSEP runs varied inversely with the
nitrate concentration in the evaporator bottoms and nitric

acid concentration in the resulting distillate as shown on
Figure 5.5. (4,6) This plot also includes data from the first six
pot calcination runs®) and the first six phosphate glass
solidification runs. During the pot and phosphate glass
solidification runs, there was a definite increase in DF.'s

with decreasing overhead acidity. However, during the spray
solidification runs there was no apparent correlation of DF

and the distillate acidity and the DF,'s were consistently low.

(a) The auxiliary evaporator and fractionator bottoms were
unagitated during sampling therefore nonrepresentative
samples were probably taken,

(b) Instantaneous ruthenium concentration in the evaporator/
instantaneous concentration in the evaporator distillate.
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These generally low DF;'s for ruthenium are attributed to vapor
phase flow of ruthenium from the solidifier which was only par-
tially scrubbed in the solidifier condenser and evaporator and
was again partially scrubbed in the evaporator condenser.

This vapor phase flow of ruthenium apparently had less effect
on the DF;'s during the first six phosphate glass runs since
typically less than 12%@f the ruthenium fed to the denitrator
was volatilized from the denitrator and accumulated in the
evaporator. During the first six pot calcination runs there
again was not as much apparent vapor phase flow of ruthenium.

Most of the ruthenium that escapes the evaporator to the
overhead distillate is caught in the acid fractionator where
additional decontamination occurs. Ruthenium DF_'s across
the acid fractionator varied from a low of 47 in Run SS-4 to
a high of 2000 in Run SS-1, while the acid fractionator accumu-
lated from 0.13% to 0.65% of the equivalent ruthenium fed to
the solidifier. The fractionator nitric acid concentration
was maintained at approximately 6 to 10M, and the resulting
fractionator overheads acidity ranged from 0.05 to 0.1M using
a tower internal reflux ratio varying from 0.1 to 0.5. The
overhead acidity was higher than expected as a result of
nitrogen oxides again being partially scrubbed by the fraction-
ator condenser. The ruthenium DFi's across the fractionator
ranged from less than 100 to greater than 1000. The low DF, 's
probably were caused by contaminated samples of the condensate
stream. Typical Acid Fractionator Operation is shown in
Figure 5.6.

Most of the ruthenium that escapes the wWSEP acid frac-
tionator to the overhead distillate is caught in the fraction-
ator distillate tank or recycled to the evaporator as strip
water. During the six runs, from 0.001% to 0.003% of the
equivalent ruthenium fed to the solidifier accumulated in the
fractionator distillate receiver. Average strip water rates



BNWL-1391

10 20 30 40 50 60

Ll
= 1.2
o ™M
22 1.0k DATA ARE FROM RUN SS-5
I
L 5
== 9
S 0.6
=3
o> — 0.4
oo
o <c
m 0.2 i
0 AN —0.11 2
[NE]
—o0.10 T
1 2z
. —o0.09 ==
= RM
S 10 |- Jo.om S -
5 ==
2 8 —0.07 ==
Dm03 6 - —0.06 mm
o= <<
=X | — =
= 4 0.05 o
<
o= L 1000
< 800 xor
< 0L ] o
“ 072 ﬁu' | 600 ==
=z 1
(e)
O
o 8 |~ — 200 =2
= -2
] 0
P 1
— —~4 60 w
iy o
L s
=k O =
~ —_
ﬂm — 40 ==
=5 S
o —130 =
=20
=0 20 o=
=0 ] =
= <C
o — 10 o=
# _ o 5
o O
oD <C
(@]
<C

FIGURE 5.6

RUN DURATION, hr

Typical Acid Fractionator Operating Conditions



BNWL-1391

and boiloff rates for evaporation are listed in the Appendix,
Table 9.2. As shown in Figure 5.5, the relatively large
accumulation of ruthenium in the scrubber (from 0.003%to
0.009% of equivalent ruthenium fed to the solidifier) indicates
that the overall efficiency of the head-end auxiliary equipment
(evaporator, acid fractionator, and overhead condensers) is
relatively low for removal of the vapor phase ruthenium.

The final agueous process effluent (fractionator distil-
late) and the caustic scrubber bottoms contained typically
about 0.001 Ci/liter radioruthenium. This concentration of
radioruthenium i s above 10CFR20 release Iimits(7) by a factor
of about 100,000.

During the first six spray solidification runs, no
analyses were available for the gas streams entering or leav-
ing the auxiliary scrubber, except for the gas stream entering
the stack. The 10 to 20 scfm of noncondensable gases from the
WSEP solidifier and the auxiliaries are discharged into the
main building ventilation system where they are mixed with
about 120,000 scfm before entering the stack. This large dilu-
tion by the main building ventilation flow has reduced the
ruthenium concentration to below the detection limits for the
available counting equipment. During these six spray sclidi-
fication runs, the ruthenium in the stack gases was less than
2.4 x 10™% ci/week which is well below 10CFR20 release limits
by a factor of about 2500 or more.

(7)

Recent studies of ruthenium data for the spray solidifica-
tion runs have shown that as much as 12®f the ruthenium fed to
the solidifier leaves in the solidifier condenser off-gas due
to inadequate scrubbing in the condenser while 99%of the
ruthenium volatilized from the solidifier is condensed. W to
75%of the ruthenium fed to the solidifier is volatilized and
IS condensable. The condensable ruthenium fraction is collected
in the auxiliary evaporator bottoms while the remaining 124 s

5.17
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partially scrubbed by the overhead equipment (particularly the
evaporator and fractionator tower and condensers). The remain-
ing fraction is removed by the caustic scrubber at the end of
the in-cell off-gas system. (11)

The solidifier off-gases pass through a high efficiency
filter prior to entering the auxiliary scrubber; therefore
most of the particulate ruthenium should be removed by the
filter. Consequently, the ruthenium which enters the auxiliary
scrubber is probably in the tetroxide or gaseous form. Since
completion of these first six spray solidification tests, gas
sampling equipment has been installed to collect samples of
the off-gases leaving the solidifier condenser, the evaporator
condenser, the fractionator condenser, the absolute filter,
and the caustic scrubber. Data from this sampling equipment
will be obtained during the next series of spray solidifier
demonstrations.

The primary factor influencing the evaporator and the
fractionator DF's is the fraction of the volatilized ruthenium
and the mechanism by which the ruthenium is trapped in the
towers and overhead condensers. A mechanism based on the dif-
fusion of the airborne ruthenium from the gas stream to the
wetted walls of a downdraft condenser was assumed in the math-
ematical modeling of the WSEP auxiliary off-gas train. () The
diffusion model for the condenser suggests that the inadequately
scrubbed ruthenium leaving in the solidifier condenser off gas
has a greater influence on the DF's across the evaporator and
the fractionator than does the smaller quantities of ruthenium
volatilized and/or entrained from the evaporator and the frac-
tionator bottoms under normal operating conditions. The math-
ematical model of the behavior of the airborne ruthenium
suggests that prior to the high efficiency filters and the
scrubber in the auxiliary off-gas train, the auxiliary equip-
ment is not ideally suited for the removal of ruthenium.
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Preliminary gas samples of the solidifier condenser off
gases suggest that additional or modified equipment i s needed
to remove more of the gaseous and particulate ruthenium from
the spray solidifier at its condenser. The use of improved
gas-liquid contacting equipment (a condenser packed with effi-
cient contacting surfaces) for gas removal and a high effi-
ciency filter for particulate removal should substantially
improve the ruthenium DF's. Such a system is under design for
use in the next series of spray solidification demonstrations.

In conclusion, the ruthenium decontamination factors for
the effluent from spray solidification are largely influenced
by the scrubbing efficiency of the towers and overhead con-
densers for removal of ruthenium vapors.

5.3 QONTROL (F OTHER RADIONUCLIDES

In processing PW-1 and PW-2 waste with the spray solidi-
fier, less than 0.1% of nonvolatile constituents represented

by 144Ce-Pr were entrained from the solidifier and accumulated

in the auxiliary evaporator. An exception to this occurred in
Run SS-3 when the solidifier filters failed and 10%of the non-
volatile constituents were entrained. cumulative decontamina-
tion factors (DF ) for nonvolatiles across the WP evaporator
ranged from 1.5 x 103 to 2.5 «x 10%. Instantaneous decontamina-
tion factors (DF, 's) for nonvolatiles across the auxiliary evapo-
rator ranged from about 103 to 10%. These data agree quite

well with data from the first series of phosphate glass

(5) and
pot calcination (4

runs.

Typical entrainment from the evaporator was less than
0.06% of the nonvolatiles present in the evaporator. During
Run SS-3 when the filters failed, the added factor of 100
increase in entrainment from the spray solidifier did not
apparently affect the DF, Or DF, across the ev?porator or
fractionator. The overall DF was typically 10° for cerium
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from the original agueous waste through the auxiliary system
to the recovered acid in the fractionator. Comparable cerium
DF's for the fractionator distillate were typically 107.
Insufficient data were available for plotting a curve of

accumulation of nonvolatile radionuclides in the auxiliaries.

The WP spray solidifier off-gases (including about
7 scfm of air from inleakage) contain an average of about
13 scfm noncondensable gases, which must be decontaminated
before they are released to the environment. The presence of
this noncondensable gas phase significantly affects decontamin-
ation. Therefore, in a commercial application, efforts should
be made to keep air addition and inleakage to a minimum. The
high air flow through the system probably caused some increase
in ruthenium carryover through the auxiliaries. Overall, the
auxiliary system removed enough nonvolatile constituents from
the noncondensable gas flow to reduce it to levels that were
insignificant compared to radioruthenium.

The noncondensable air flow had a slight adverse effect
on the nitric acid stripping efficiency in the fractionator.
Concentrations of 0.05M HNO5 were consistently produced in
the fractionator overhead distillate when the bottoms were
controlled at less than 10M HNO, . (See Table 5.2 and
Appendix 9.2.) Noncondensable off-gases from the process
including solidifier atomizing air and inleakage were approx-
imately 2000 liters (STP) for each liter of agueous waste
processed. Approximately half of this gas flow resulted from
inleakage and instrument purge air and half resulted from
atomizing air to the spray solidifier. The off-gas leaving
the fractionator condenser was filtered, scrubbed, filtered
twice again, and then discharged to the atmosphere. As with
radioactive ruthenium, the nonvolatile constituents were well
below 10CFR20 release |limits following dilution by other CMEL
Building and process air. (7)



BNWL~-1391

5.4 NITROGEN BALANCE

From 40 to 75%of the nitrogen that volatilized from the
solidifier was removed from the off-gases in the solidifier
condenser. The remaining 60 to 25%was probably present as
oxides of nitrogen which were carried through the condenser in
the gas phase. The increased absorption of nitrogen (75%dur-
ing SS-6) and the decreased loss of nitrogen oxide was attri-
buted to the approximately 15 liters/hr of steam sprayed into
the solidifier condenser. The specific changes of nitrogen
content at the various points in the auxiliary system are
listed in Table 5.3. The off-gas scrubber containing from 1 to
2M NaOH absorbed from 12 to 22%of the equivalent nitrogen fed
to the solidifier. During all the six spray solidification runs,
the off-gas scrubber solutions were completely neutralized by
oxides of nitrogen, and an unknown amount of nitrogen may have
been lost to the stack as indicated by the failure to account
for 5to 12% of the nitrogen added to the system.

Figure 5.7 shows the typical accumulation of nitrogen and
ruthenium in the caustic scrubber (taken during Run SS-4 and 5).
During Run SS-4, 22%of the nitrogen was recovered in the
scrubber solution. The nitrogen oxides neutralized the scrub-
ber solution at a constant rate of 0.2 moles NaOH/hr until about
70% of the run was comlete, at which time the bottoms were corn-
pletely neutralized. At this time, the nitrogen accumulation
rate in the scrubber solution decreased sharply. Extrapolating
from the first part of the run, 28%of the nitrogen would have
been removed in the scrubber, if the scrubber solution had not
become acidic before the end of the run. The scrubber is also
used to scrub the off-gases from the No. 2 vent system (or
vessel vent). These vessel vent gases dilute the W3 off-
gases (including motive air to the process vent jet) by about
a factor of two. Therefore, the nitrogen losses from the WSEP
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TABLE 5.3.

SS Run

Feed (TK-114)
Evaporator (TK-113)
Acid Fractionator (TK-115)

Fractionator Distillate

(TK-116)

Scrubber (TK-118)

Product

Percent Recovery

Percent Nitrogen

in Scrubber

Nitrogen

Balance for First Six Spray Solidification Runs

Net Change, kgs N

-43
+5.9
+32

+<0.01

88

2
~90 (P)

+31(¢)
+50

+0.7
+3.3
+<0.01

94

Based on nitrogen in feed to all tanks.

Includes
Includes

Includes

25 kg fed to 50li®ifisr conQnssr

3
47 ()

+3.4
+34

+0.5
5.4
+0.04

93

12

(E-111).

4
-33
+2
+21

+0.3
+7.4
+0.02

94

22

31 kg during Mode B operation (TK-112 to TK-113).
37 kg collects® zpgarately in sS0liQifisr conosate tapk (TK-117).

-69
+4.9
+46

+0.3
+12
+0.04

91

17

-66

+50

+2.1
+13

91

20
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system could be reduced by rerouting the vessel vent gases
around the scrubber and by increasing the caustic in the
scrubber bottoms by about a factor of two.

5.5 HANDLING OF RJREX WASE

Fission product waste solutions contain precipitates
which may interfere with liquid transfer, storage, or evapora-
tion. While amorphous, noncaking precipitates can be handled
at concentrations up to 50 volume percent, in WP, very small
quantities of heavy, caking precipitates can plug pipes and
equipment. Thus, proper design and operation require know-
ledge of the precipitate characteristics. The precipitates
present in a given waste solution largely depend on the chemi-
cal flowsheet used in the reprocessing plant and during the
subsequent treatment of the waste. In general, the PW-1 and
PNV=22 solutions used in demonstration tests SS-1 through sSs-6
represented typical Purex plant wastes. That is, they con-
tained the full gamut of expected precipitate types, although
the comparative amounts of precipitate varied with each waste.

The volume of settled solids in actual samples of the
feed solutions used in the six spray solidification runs was
generally about 30%. The majority of the solids encountered
in the spray solidification feeds contained molybdenum,
phosphorous, and zirconium, the precipitates were probably
zirconium phosphomolybdate compounds. The solids are hydrous,
amorphous precipitates which have never been observed to cake
in the laboratory even after standing several months. In PW-1,
the phosphomolybdate compound was predominant and the solids
were gelatinous and noncrystalline. In the sulfate-containing
PW-2 waste, the precipitate remained gelatinous, but close
inspection showed the presence of small needle-shaped crystals
(probably sodium-rare-earth sulfates). When the PW-1 wastes
were continuously boiled, the precipitates lost their gelatin-
ous characteristics and became a very loose, easily-suspended
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precipitate (even after prolonged settling). Continuous
boiling of the PW-2 waste has not been attempted, and with
this possible exception, the handling of spray solidification
feeds in feed tanks, evaporators, and transfer lines is not
considered to be a major problem.

5.6 GENERAL FHRFORMANCE (- AUXILIARIES

Auxiliary equipment performance for acid recovery was
satisfactory during the six spray solidification demonstration
runs, except for some feed pump problems and a gradual deterio-
ration of the plastic insulation on the electrical and instru-
ment wiring within the cell. Al six runs were completed;
only the third run was interrupted during the startup period
as the result of a bad seal in the feed pump. Also during
Run SS-3, the feed tank agitator failed due to failed insula-
tion on an electrical power lead. Table 5.4 contains a compila-
tion of the general operating performance of the auxiliary
equipment.

5.6.1 Pumps

The feed pump used during spray solidification demonstra-
tion Runs SS-1 and SS-2 was the same as the pump used during
the first pot calcination run. (4) " The pump was a canned-rotor,
in-line pump(lz) with boron carbide seals and boron carbide
bearings with graphite thrust faces. Water lubricant to the
bearings was recirculated through a small external reservoir
and a jacketed cooler, but was separated from the process
fluid by a mechanical seal in the pump. When this type of
pump failed* during the first phosphate glass demonstration
a modified in-line pump assembly incorporating a conventional
centrifugal pump was installed. This type of pump was used
during the remainder of the spray solidification runs. The

(5)

* The pump shaft seized after 84 hours of operation.

5.25



9¢°%

TABLE 5.4. WSEP Auxi liary Equi pment Operating Summary (Through Spray
Solidification Run SS-6)

Avg. Press., Operating
Equipment Construction Material Temp, °C in. Water Chemical Time, hr Remarks
Feed tanks 304L SS 25 to 60 -5 Darex, Purex, 3230 Agitators used 2540 hr. Agitator power |ead
TBP-25 Type failed during SS-3
Waste
Condensate tanks 304L SS 25 -10 to 20 Hy0, Dilute 2760 Submerged pump used 1210 hr.
HNO
3
Caustic scrubber 304L SS 25 to 40 -10 to 20 Dilute NaCH 2760 Circulating pump used 1200 hr.
Evaporator A-55 T1 110 -10 to 20 Boiling Waste 2560 Minor titanium corrosion caused by fluoride
Acid A-55 Ti 115 -10 to 20 8 to 12M HNO, 2560 ion during early DVT runs
Fractionator
Solidifier A-55 Ti 100 to 200 -10 to 20 HNO, Vapors 2720 Localized vapor entry corrosion (up to
Condenser 0.06 in.) during early DVT runs 3 and 4.
Evaporator A-55 Ti 100 to 110 -10 to 20 Dilute HNO, 2560
Condenser
Fractionator 304L SS 100 to 110 -10 to 20 H0, Dilute 2560
Condenser HNO,
Feed Pumps 304L SS 60 500 Adjusted Waste 1255 Changed from the original inline pump to
a conventional pump prior to run PG-3
740 Dual pump jumper used during last four spray
runs (see Appendix, Table 9.)
Flowmeters 300 to 1000
Feed, Vitreous Enamel Liner. 30 to 80 v100 Concentrated 1890 Occasional intermittant readings due to lead
magnetic Platinum sealed elec- Wastes wire failures. Also frequent shifts in
trodes. Inconel calibration and loss of sensitivity.
flowtube.
Condensate, (same as above) 25 to 40 ~v100 Condensate 2300 Two units (1160 hr/unit) did not operate
magnetic during last four spray runs primarily due to
electrical lead failure.
Condensate, (same as above) 30 to 80 -10 to -30 Dilute Acid 2450 Meter was reliable for the final process
electronic Water condensate.
rotameter
Absolute Glass- asbestos with
Filters aluminum separators
in 304L ss housing.
Process Vent 50 to 70 -20 Predominantly No filter changes.
Air, Nitrogen
Oxides
Vessel Vent 50 to 70 -10 Predominantly Changed six times; mostly due to excessive
Air moisture. 74 days was shortest duration

between changes.

T6ET-TMNG
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pump contained double mechanical, water-lubricated seals with
graphite rotating rings. With the new pump, isolation valves
were installed on the pump jumper to prevent loss of feed in
case of seal failure. These valves also allow remote pump
replacement in approximately 4 hours without transferring the
feed out of the feed tank.

Two pump failures occurred with this new pump during the
last four spray solidification runs* because of seal and bear-
ing failures; however, the pumps have a longer |ife expectancy
than the canned-rotor pumps i f they are thoroughly flushed
after each run. Flushing is very important for increased pump
life. Some of the difficulty with pump seal failures seem to
have been caused by the seals drying out when the pumps were
not operating. An extended pump operating test has not yet
been performed.

5.6.2 Solidifier Condenser

The failure of the spray solidifier filters during
Run SS-3 resulted in the carryover of appreciable quantities
of calcine into the process off-gas train (about 10% of the
solids in the feed to the solidifier). The inlet and outlet
vent lines of the solidifier condenser became partially
plugged by the calcine, and the condenser drain line and con-
densate sampler plugged several times during the run. Although
the entrained calcine caused most of the plugging problems,
the 1-inch diameter outlet vent line has several right-angle
bends and joints which restrict gas flow. Consequently, prior
to Run SS-4, a second vent line was installed in parallel with
the existing vent line. The new vent line was made from
1.5-inch Schedule 40 304L stainless steel pipe. This new vent
line decreased the pressure drop from the solidifier condenser
to the evaporator by a factor of about 3, (from about 3 to

* See Table 9.6 in Appendix for feed pump operating experience.
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1 inch of water) thus increasing the venting capacity. Both
the old and new vent lines discharge into the vapor space of
the auxiliary evaporator.

5.6.3 Feed Control System and Flow Measurement

Operation of the feed control system over the range of 5
to 30 liters/hr used was not good, because measurement of feed
flow to the solidifier with a magnetic flowmeter (the sensing
element in the control loop) was usually inadequate. Difficul-
ties experienced with magnetic flowmeters in WP have included
loss of signal, frequent shifts in calibration, and failure of
electrical wire insulation. The wire insulation failures are
described below. Another obvious difficulty with magnetic
flowmeters for metering wastes is the small hole size required
for metering of the small flow rates in W3 (5to 30 liters/hr).
A 1/2-inch Hammel Dahl valve with a No. 5 spline trim was used
for control of the feed to the solidifier. Solids in the feed
readily pass through the control valve. Special flushing
procedures are used prior to and after feeding to keep the
feed lines satisfactorily free of solids.

5.6.4 Evaporator and Acid Fractionator

The evaporator and acid fractionator performed satisfac-
torily. 1In both vessels, specific gravity was used as the
primary control for maintaining the desired bottoms concentra-
tion, although temperature was used on some occasions. Conduc-
tivity of the condensed evaporator overheads was used to
measure the overhead acidity and thereby control the strip
water recycle flow to the evaporator to maintain a given nitric
acid concentration in the overheads.

The specific gravity and liquid level dip tubes of the
evaporator would occasionally plug as they did during the first
pot calcination(4) and phosphate glass solidification runs. (5)

Although most of the plugging was eliminated by flushing the
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dip tubes with alternate solutions of nitric acid and caustic
bet ween runs, the di p tubes should be nade nore reliable for
conti nuous operation, possibly by continuous or sem conti nuous
wet purging. Mre recently, promsing results have been

obtai ned by venting the dip tubes for approximately 10 out of
every 15 mnutes to allow the waste solution to rise into the
di p tubes and, in effect, wash out the tubes.

To m nimze fluoride-induced corrosion of the titani um
evaporator and fractionator vessels, chem cal conplexants are
added to the vessels before each run. If pure nitric acid is
to be boiled, alumnumnitrate is added to the evaporator
and to the fractionator. Wen waste is boiled in the evapo-
rator, enough iron, zirconium and al um numioni c conpl exants
are present in the waste to inhibit corrosion.

5.6.5 Filters

Perf or mance of the high-efficiency process ventilation
filters was basically the sane as that experienced during the
first pot calcination and phosphate gl ass solidification runs;
the high-efficiency filters in the process ventilation system
performed well, while those in the vessel vent systemrequired
several changeouts because of buil dup of excessive pressure
drops (greater than 10 i nches of water) which resulted when
t hey becane wet with acidic vapors. |nadequate preheating
upstreamof the filter had not sufficiently "dried" the gases.
Inall failed filters, the al um numspacers between the filter
material had seriously corroded. Since these first six spray
solidifier runs, the secondary vessel vent systemhas been
rerouted to ventilate through the vent systemfor the waste
vaul t storage tanks of the GMEL facility, and the origina
filter location has not been used.
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5.6.6 Electrical and Instrument Wiring

The last four spray solidification demonstration runs of
this 6-run series began at about the time when most of the
plastic insulation on the hot cell electrical wiring had begun
to fail (after 2 years of service). Most of the original
wiring was insulated with linear polyethylene, a moderately
radiation-resistant material. The linear polyethylene became
brittle and broke, thereby causing wire breakage or insulation
failure when the wires were bent. Less expensive Neoprene
rubber has proved more satisfactory for wire covering i n WEP,
Neoprene remains more pliable than the linear polyethylene and
has a useful life of at least 2 years.

5.6.7 Sampling

Contamination of the low-level radioactive aqueous samples
(i.e., those of the fractionator distillate and scrubber solu-
tions) within the hot cell ®) was eliminated prior to the
third spray solidification run by routing the sample lines out-
side of the cell to a new sampling station. Since representa-
tive samples of the WP auxiliary evaporator and acid
fractionator were difficult to obtain unless the two tanks
were boiling, start and end of run samples for these two tanks
were obtained when the tanks were boiling. Incorporation of
the above improvements led to improved data from samples by
the start of the last four spray solidification runs.

Since the completion of these six spray solidification
runs, gas sampling equipment has been installed to collect
samples of process off gas at various points in the auxiliary
system. Gas sample data will be obtained during the next
series of spray solidification runs.
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5.6.8 Mat eri al Bal ances

Specific material bal ance data for the six spray solidi-
fication denmonstration runs are shown in the Appendi X,
Table 9.3. Except for ruthenium the recovery of individual
el enent s was good.

Chem cal or radi ochem cal analysis for rutheniumin the
ceram ¢ product continued to be unreliable during the period
of the first series of spray runs. Consequently, a total
materi al bal ance for rutheniumwas difficult to nake. A
rut heniummat eri al bal ance was obtai ned by anal ysis of WSEP
liquid streans for radi orutheniumusing a radi ochem cal gamma
energy anal yses (G&A). No unusual material bal ance di screpan-
ci es have been found with the WBEP auxiliaries when it is
operated with the spray solidifier

The overal |l material bal ances for the six spray solidi-
fication denonstrations are shown in Table 5.5.

TABLE 5.5. Overal|l Material Bal ances for Spray
Solidification Runs

Per cent Recovery

Eﬁﬂ Vol une Véi ght
1 -—- , 92
2 -—- 103
3 87 | 88
4 92 92
5 87 87
6 96 94
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6.0 HLLED RECEIVER POT PERFORMANCE

Evaluation of the solidified waste product and the storage
container for interim and long-term storage constitutes an
important part of the waste solidification program. The basic
criterion for storage is that radionuclides do not enter the
human environment beyond safe limits. As part of the W&
program, the Solids Storage Engineering Test Facility (SSETF)
was constructed for storing, monitoring, observing, and evaluat-
ing the products in several types of controlled environments. (1)
The initial and near-term behavior of the solidified wastes in
their containers are being observed and evaluated in the product
evaluation program and in the SSETF. Inasmuch as filled pots
may be held in an interim storage facility until conditions
(e.g., heat generation rate) are suitable for transferring them
to a final storage site, it is very important to know what
behavior to expect during the interim period.

The important characteristics of the solidified waste
which are being measured are thermal conductivity, leachability
in water, dispersibility, and crystallinity.

6.1 EVALUATIONS

Most of the receiver pot performance characteristics of
interest in the waste solidification program are concerned
with changes which are expected to occur slowly, if at all.
In fact, the extent of improved safety resulting from waste
solidification hinges to a large extent on the absence of
notable effects. To detect changes, the original conditions
of the solidified waste must be determined. (*) Most of this
section deals with the current progress and problems encountered
to date in determining the original conditions of the spray
solidified waste product from the six radioactive runs.
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6.1.1 Maximum Temperatures

The temperatures produced in the receiver pot by the
heat- generating radionuclides in the solidified waste are
theoretically predictable from knowledge of the waste, its
source and age. A major objective of WSEP demonstration
runs i s to determine the predictability of temperatures and
the quantity of radionuclides required to produce various
temperatures in a pot. The accuracy of predicting temperatures
produced by radionuclide decay depends largely on the accuracy
of the knowledge of properties such as thermal conductivity.

I f these properties are known, the general capability to
process a waste by the spray solidification process can be
judged.

The temperature at the centerline of a heat-generating
cylinder is given by:

_ Q
Tc =Ty * 4TKL (1)

where T
C

temperature at the centerline of a solid cylinder
of heat generating material, °cC.
T, = temperature at the cylinder, wall, °cC.

Q = heat generation rate (watts) in the cylinder;
(radionuclides are assumed to be uniformly
distributed).

L = length of heat generating cylinder, (meters).

K = thermal conductivity, w/(m”) (°C/m).

Equation (1) applies for heat flow perpendicular to the cylinder
axis, as would be the case in cylinders with insulated ends or
in infinitely long cylinders. Thermal conductivity i s assumed
to be constant. The equation can be used to estimate maximum
internal temperature in pots of solidified waste, if an "effec-
tive thermal conductivity” is used as explained below, even
though the conditions required by the equation are not met
exactly.
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Equation (1) may be arranged to give:

_ Q
AT = 4TrKeL (2)

where AT

T, - T, (T, is the maximum internal temperature
and T, IS the wall temperature in the same zone.)

K effective thermal conductivity.

e

Equation (2) shows that the temperature drop from the
centerline to the wall of the pot is a function of the total
internal heat generation rate from radionuclide decay. In
Equation (2), Q is equal to (-ﬂ'djl‘) (q) , Where d is diameter
(meters) and g is the heat generation rate density (W/m3) in the
solid. For a given internal heat generation rate, thermal
conductivity and fill height, the temperature difference (AT)
is the same for an 8-inch and a 12-inch diameter pot. However,
since Q is a function of d2, the allowable heat rate density
(W/m3) for an 8-inch diameter pot is approximately twice that

for a 12-inch pot.

The "thermal maximum" is the maximum quantity of radio-
active decay heat per unit volume of solidified waste which
can safely be stored in a waste pot as discussed below.
Equation (2) can be used to estimate the conditions for the
thermal maximum for a solidified waste container for a given,
val ue of the effective thermal conductivity (K,) 5 and for given
temperature constraints. In WSEP, the temperature constraints
used to define the thermal maximum conditions were arbitrarily
selected from corrosion or safety considerations. (3)

e A maximum centerline temperature of 900 °Cc with the pot
stored in ambient air at 38 °C or in water at 100 °cC.

e A maximum wall temperature of 427 °C with the pot stored
in air.
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® For solid wastes with a melting point or remelt tempera-
ture below 900 °C, the molten core is restricted to less
than one-half the pot radius.

Graphical solutions to Equation (2) for several different
values of K, are presented in Figure 6.1. Pot wall tempera-
tures are shown in Figure 6.2 for 8-inch and 12-inch diameter
pots cooled by natural convection and radiation in 38 °C
(100 °F) air. These curves were derived from standard methods
for convective and radiative heat transfer as given by

(4)
McAdams.

Using a trial and error technique, Figures 6.1 and 6.2
can be used to predict temperatures in a pot for given values
of K .

e

6.1.2 Experimental Data

The nominal remelt temperature for the PW-1 spray solidi-
fied waste is about 900 °C, and for the RAV2 spray solidified
waste Is about 700 °C. (5) Consequently, for the WEP waste
pots, the molten core |limit must be considered only for the
RAV2 spray solidified wastes.

Experimental results from filled pot data for the first
six WEP spray solidification runs are shown in Figures 6.1
and 6.2. The total heat generation rate (Q) for each pot was
measured by pot calorimetry and normalized to an exact 6-foot
height of solid waste in each pot. The accuracy of the mea-
sured Q i s 10 percent. (6)

The AT and T values shown in Figures 6.1 and 6.2,
respectively, for the six pots were obtained at steady- state
with the filled pot in the air-cooled furnace and the filled
pots of Runs SS-5 and SS-6 hanging in ambient air. The
average AT and TW values generally varied less than 10 percent
along the length of the filled pot (see Tables 9.5 and 9.6) .
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The thermal conductivity for spray-solidified waste
derived from the experimental data is essentially the true
effective value for the central zones in the pot where heat
flow is virtually radial. Earlier nonradioactive experiments
have shown that spray solidification produces a solid which
normally fills the pot uniformly and homogeneously. (5) This
and the generally constant radial temperature difference along
the length of each pot from the first six radioactive demon-
strations indicate that the heat generation in the solid waste
is essentially uniform at the time the pot is filled.

The effects of long-term storage and high temperatures
(i.e., at or above thermal maximum conditions) on the stability
of the waste products for these runs have not been fully evalu-
ated. However, in the absence of such effects, the experimental
results shown in Figure 6.1 for Runs SS-4, 5 and 6, provide a
reasonably accurate basis from which to calculate effective
thermal conductivities for the pw-1 and PW-2 spray solidified
waste products. The value of K for these wastes will range
from 1.1 to 1.4 W/(m2) (°C/m) [0.64 to 0.81 Btu/(hr) (ftz) (°F/ft)].
The value of K, does not depend on the temperature of the
solidified waste. A regression analysis of the Ke data for
the filled waste pots from the first six runs showed K, Is
independent of the "average" waste temperature (arithmetic
average of the pot centerline and the pot wall temperature) .
over the range from 100 °C to 600 °cC. (6)

6.1.3. Thermal Maximum

In Figure 6.3, the relationship between K and the heat
generation rate for a pot centerline temperature of 900 °C
is plotted for pots stored in ambient air and for pots stored
in water. For example, with the pot stored in ambient air, a
12-inch diameter pot containing 6 feet of PW-1 spray solidified
waste could contain approximately 16 kilowatts with a centerline



9

8

K, PRODUCT THERMAL CONDUCTIVITY, Btu/(hr)(ftz)(°F/ft)

.81

.64

B 6 8 12 in. 1D
0.6 —
|
POT IN 38 °C
FREE AIR
- 0.8
— P
e =0.8 'S
oo Y
| o
\ —
0.6 B AN\
B M
0.6 _
-

NOTES:
CYLINDRICAL ®OTS WIT™ A S ft FIpp

MENT IS TAK N FROM FIGURE 6.Z

MAXIMUM HEAT WITH POT WALL TEMPERA-
TURE OF 427 °C WITH WALL EMISSIVITY
(e) = 0.6 OR 0.8 IS INDICATED BY

ARROWS

| l | I I l | I | I

POT WALL TESPERATURE FOR AIR ENVIRON-

8 10 14 18 2z 26 30
TOTAL HEAT IN © , kW

FIGURE 6.3. Heat Required in a Cylindrical Pot to Attain a
900 °C Centerline Temperature

32

o

(=)}

K, PRODUCT THERMAL CONDUCTIVITY, W/(m2)(°C/m)

Y

[ R

(=)}

~n

T6ET~IMNA



BNWL-1391

temperature of 900 °C and a wall temperature below 427 °c. |If
water storage is used, the same volume and geometry of Pw-1
spray solidified waste could contain a heat generation rate
of about 25 kilowatts (based on water at 100 °C and the pot
centerline at 900 °C). It should be possible to fill and
safely handle thermal maximum pots intended for water storage
in a plant, provided the plant is designed to ensure water
cooling of the pot during filling, pot transfers, and interim
storage. Filling pots while they are immersed in water i s
not considered a major problem.

The pot wall temperature [imit of 427 °C for pot wall
emissivities of 0.6 and 0.8 were superimposed on the curves
for air storage in Figure 6.3. For the range of K, in the
PW-1 spray solidified waste, a centerline temperature of
900 °C is reached in the 12-inch diameter pots before awall
temperature of 427 °C is obtained. However, as shown in
Figure 6.3, the wall temperature |limit for the 6-inch and the
8-inch diameter pots may be reached first. In this case,
therefore, the wall temperature limit may control the thermal
maximum, depending on the pot wall emissivity. The centerline
temperature, rather than the wall temperature, is always the
limiting temperature for pots stored in water.

Figure 6.3 shows the value of preoxidizing the walls of
a steel pot receiver to increase the wall emissivity. The
centerline temperature |imit controls the maximum heat genera-
tion rate for an 8-inch diameter pot with a pot wall emissivity
of 0.8 and for the range of K, for these wastes. When the pot
wall emissivity is below approximately 0.6, the wall tempera-
ture limit will control the maximum heat generation rate in the
8-inch diameter pot.
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The first six spray solidification demonstrations used
five 304-L stainless steel pots and one mild steel pot
(Run SS-4). Each pot was exposed to furnace temperatures
from 300 °C to 850 °C for 50 to 100 hours during the runs,
but none of the pots was intentionally oxidized prior to the
runs. Experience with other stainless steel pots in W&
indicate that pot wall emissivities of 0.8 can be attained by
exposing the pots to a 900 °C temperature for about 10 to
20 hours. The data in Figure 6.2 suggests that the 304-L stain-
less steel pots used in Runs SS-5 and SS-6 were not fully
oxidized. While the heat transfer relationships for a pot
stored in an air-cooled furnace were too complex to evaluate,
the wall temperature for the pot of Run SS-4 lies below the
general curve for these data points in Figure 6.2. This could
be explained by a greater degree of oxidation (and correspond-
ingly higher wall emissivity) for mild steel than for stainless
steel.

Table 6.1 gives the thermal maximum values for waste pots
containing spray solidified PN-1 waste for a nominal
K, = 1.3 w/ (m2) (°c/m). The thermal maximum values for waste
pots containing spray solidified PN2 waste are given in
Table 6.2.

6.1.4. Thermal Maximum with a Molten Core

Thermal maximum pots with a molten core can be filled and
safely handled in a plant that is designed to ensure cooling
of the pot during filling, pot transfers, and interim storage.
The amount of heat generating fission products that can be
safely handled in a pot depends on product thermal conductivity,
product melting or remelt temperature, melt corrosiveness, pot
geometry and pot environment during filling and interim
storage.
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TABLE 6.1. Thermal Maximum Heat Generation Rates for Receiver
Pots Containing Pw-1 Spray Solidified Waste

Thermal Maximum Heat Generation Rate, kw(a)
Receiver Air Storage'“’
Pot Pot wall Pot Wall (e)
Diameter, Emissivity, Emissivity, (c)
in. (b E=0.6 E= 0.8 Water Storage
6 an'® (14) 24
(14) 15 24
12 16 16 24

a. An effective thermal conductivity, Kg, of 1.3 W/(m ) (°C/m)
or 0.75 Btu/ (hr) (ft2) (°F/£ft) is used.

b. Steel receiver pots with a fill depth of 6 feet are used
with waste volumes of 30, 60, and 120 liters for 6, 8, and
12-inch diameter receiver pots, respectively.

c. Storage environment used is either free air at 38 °C or
water at 100 °cC

d. Values in parentheses are for a pot wall temperature of
427 °C (800 °F) and a pot centerline temperature below
900 °C. Al other values are for a pot centerline tempera-
ture of 900 °C and a pot wall temperature below 427 °cC.

e. Emissivities of 0.8 can be obtained by preoxidizing the
pot wall at 900 °C for 10 to 20 hours.

TABLE 6.2. Thermal Maximum Heat Generation Rates for Receiver
Pots Containing Pw-2 Spray Solidified Waste

Thermal Maximum Heat Generation

Receiver Waste Rate, kw
Di Pot Form Storage Storaae
|amet in in Free »; in Wate
? Pot (b) at 38 °c(ef at 100 °c(®
6 s 9.0 16 (0.6) 'Y
MC 10 19 (0.4)
8 S 10 16 (1.3)
MC 12 21 (0.7)
12 S 11 16 (2.0)
MC 13 19 (1.4)
a. Steel receiver pots with a fill depth of 6 feet are used

with waste volumes of 30, 60, and 120 liters for 6, 8 and
12-inch diameter receiver pots, respectively.

b. S = solid with 700 °C centerline temperature; MC = molten
core with molten waste-frozen waste interface at 700 °cC,
and frozen wall thickness of one-half the pot

radius.
c. Effective thermal conduct1v1ty, Ke, of 1.15 W/ (m?) (° C/m) or
0665 Btu/(hr) (°F/ft) is used with a pot wall emissivity,
of 0.8 for weII—OX|d|zed steel surfaces in air.

d. Values in parentheses are estimated frozen wall thicknesses
(inches) with the loss of water cooling but with the natural
convective cooling available in free air at 38 °c.
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Product stability and fission product migration are
indirect factors which must also be considered in the evaluation
of the spray solidified waste products. This is particularly
true for the sulfate-containing PWV-2 waste, because sulfate
can volatilize when held at high temperatures. (7) Laboratory
studies with simulated Pwv-2 spray solidified waste stored for
120 days at 700 to 800 °c indicate that sulfate volatilization
will not pressurize a closed waste container but will produce
a segregated waste product with the sulfate concentrated in the
upper phase. (8) The preliminary laboratory data indicate that
if melt segregation presents undesirable problems, such
wastes should not be held for extended time periods at tempera-
tures exceeding about 550 °c.®  More will be learned about
the characteristics of the PN2 spray solidified waste from
the long-term product storage tests which are in progress.

For the PAN2 spray solidified waste, the nominal remelt
temperature of 700 °C means that a pot receiver may contain a
waste which is partially molten without exceeding a WSEP pot
temperature constraint. Equations have been derived for cal-
culatirlg Br(i(z)?n wall thicknesses in pots with molten
cores. ~'°f For cylindrical containers filled to a depth
of 6 feet, Figure 6.3 shows the heat generation rate required
at various product thermal conductivities in order for the pot
centerline to reach 900 °c with no considerations for molten
cores. Figure 6.4 gives the product frozen wall thickness as
a function of remelt temperature for an 8-inch diameter pot
containing waste with a heat rate content giving a 900 °C
centerline temperature with water cooling.

The effective thermal conductivity of the molten waste is
assumed to be the same as that for the nonmolten (frozen)
waste. Thus, as shown in Figure 6.4. , with the pot stored in
water a waste with a remelt temperature below 900 °C would have
a centerline temperature of 900 °cC.
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Figure 6.3 illustrates that for PW-2 spray-solidified
waste with a nominal thermal conductivity of 1.15 W/(m2) (°C/m)
[0.665 Btu/ (hr) (ftz) (°F/ft) 1, the thermal maximum heat genera-
tion rate for an 8-inch diameter pot stored in water is
21 kilowatts.

Figure 6.4 shows that for a remelt temperature of 700 °cC,
the frozen wall thickness for a 900 °C centerline thermal
maximum pot is 2.0 inches. |If the pot lost cooling water but
had the benefit of natural convection air cooling, the frozen
wall thickness would decrease to about 0.7 inches. The wall
temperature (Figure 6.2) would increase to 460 °c, and the
centerline temperature would increase to 1250 °Cc, assuming no
change in thermal conductivity. Obviously, the latter situa-
tion may give some cause for concern, and knowledge about the
corrosiveness of the melt and the integrity of the frozen wall
would be essential. Since the integrity of the frozen wall
has not been fully evaluated, the minimum frozen wall thickness
in WEP has been |limited to not less than one half the radius
of the receiver.

Table 6.2 summarizes the thermal maximum heat generation
rates for pots containing PN2 spray solidified waste for both
nonmolten and molten core conditions. The nonmolten condi-
tions are included because of the uncertainty of the stability
of the PAN=2 spray solidified waste product for molten core
conditions. Pending the results of the long-term product
storage tests in progress, a centerline temperature of 700 °cC
has been selected as maximum for WSEP spray solidification
pots with the PNV2 waste flowsheet.

Table 6.1 summarizes the thermal maximum heat generation
rates for pots containing PW-1 spray solidified waste for
nonmolten conditions. These rates are given for nonmolten
conditions for this waste because the nominal remelt temperature
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of 900 °C corresponds to the WEP temperature limit. As
determined from Figure 6.4, if a pot containing PW-1 waste
with a 900 °C centerline temperature and stored in water at
100 °C were to lose cooling water but had the benefit of free
air cooling, the resulting frozen wall thickness would be
about 1.2 inches. The pot wall temperature would reach about
480 °c, and a hypothetical pot centerline temperature of about
1280 °C would be attained (assuming a constant K, for molten
and nonmolten waste).

Thermal maximum heat generation rate limits other than
those imposed for the WP program could be discussed here,
but in the final analysis each particular case will have to
be evaluated according to its om characteristics including
the properties and geometry of the solidified waste, the waste
containers and the processing environment.

6.1.5 Radiation and Temperature Profiles

To get some idea of the solids deposition pattern, gross
gamma radiation profile scans were made on each of the filled
pots. Figure 6.5 shows the results of two scans. Ganmma
radiation profiles were obtained simply by positioning an
ionization chamber about 6 inches from the pot and recording
the radiation level at several points along the length of the
pot. No collimation was attempted. Figure 6.5 also shows
the pot centerline temperature profiles. As might be expected,
the temperature and radiation profiles are quite similar.
These profiles indicate that uniform distribution of fission
products probably exists, but the radiation measurements
cannot be interpreted quantitatively.

A gamma spectrometer and multichannel analyzer system
was designed and installed to measure gamma energy spectrum
profiles of the filled pots. An indication was sought of
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the distribution of heat generating isotopes in the pot. How
ever, the system has not provided satisfactory measurements.
The two major problems were:

e The sodium iodide crystal became saturated in the high
radiation field when a 0.094-inch diameter collimation
tube was used.

e Energy channels were not discernible due to distortion
of the gamma energy spectrum by Compton scattering,

6.1.6 Calorimetry

The total heat generation rate from a filled pot is
measured in a calorimeter. The calorimeter is a water-filled,
insulated cylinder equipped with a cooling coil. (1,11) .,
total heat rate from the pot is determined within £10% from
the temperature rise of the cooling coil water at steady-
state conditions at each of several cooling water flow rates.
The measured heat generation rate from a receiver pot generally
agrees within 10%with values calculated from feed analyses
and the volume of feed processed. The heat generation rates
in the pot receivers for the first six spray solidification
demonstrations are given in Table 9.2 in the Appendix.

6.1.7 Dimensions

Before a pot was filled, it was tested and measured to
ensure its integrity and to establish a basis for detecting
changes which might occur during filling. Gross length and
diameter of each pot was measured. As soon as possible after
the pot was filled, the pot diameter was measured at 3 loca-
tions to see if any gross swelling or pot deformation had
occurred. The measurements were confirmed by visual observa-
tions. No significant changes were detected in external pot
dimensions of any of the six pots within the accuracy of the
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remote in- cell measurements. These measurements were within
+0,25 inch for the pots of Runs SS-1 and SS-2 and within
+0.025 inch for the pots of Runs SS-3 through SS-6.

6.1.8 Density

Table 6.3 gives the weight, volume, and bulk density of
the solid waste produced in each run. The laboratory density
given in Table 6.3 was determined at the laboratory for a grab
sample taken as the waste product flowed out of the melter.

The receiver pot weight is measured in the cell with a
dynamometer before and after filling the pot. The net weight
of solidified waste obtained from these measurements i s
probably accurate within 10 percent. The net weight and volume
of solidified waste in the pot receiver was used to calculate
the bulk density of the waste.

6.1.9 Leach Rates

Leach rates in water at about 25 °C wee measured for
grab samples of the solid waste products from Runs SS-2, 4, 5,
and 6.

After 8 weeks, the leach rate based on 137Cs was about

1073 g/(cn®) (day) for the PA2 waste and about 107> g/ (cm?) (day)
for the PW-1 waste. The leach rate based on 14'4Ce was about
1078 g/(cm2) (day) for the PN2 waste and about 10”7 g/(cm2) (day)
for the PW-1 waste.

The leach rates for the PN-1 waste continued to decrease

137 144Ce) after

with time and the leach rates (based on Cs and
32 weeks were about 10 times less than the rates after 8 weeks.
The leach rates for the RAV2 waste leveled off after about

8 weeks and remained at a nearly constant rate. After 32 weeks,
137Cs had been leached from the PAR2
waste sample from Run SS-4. Figure 6.6 shows leach rates and

137Cs for the RPAR2 waste sample

about 60 percent of the

"fraction leached" based on



TABLE 6.3. Receiver Pot Fill Data

Rodded (@) In-Cell Weights'®) Product Density
Volume Gross Tare Net BuUlk Cab
WEHP Pot of (Pot and (Pot (Waste Density Density
Run Waste Diameter, Pot Product, Waste) , Only), Product), (In-cell), (Grab Sample)
No. Type in. M aterial liters kg kg kg kg/liter kg/liter
S$8-1 Pw-1 12 304L 55(e) 397 204 193('6) 3.1
SS-2 PW-1 8 304L 48 318(¢)  168(¢) 150 3.1
SS-3 PAV2 8 304L 29 (P) 200 118 82 2.8 (P) 2.7
SS-4 PWV2 8 Mild 56 278 118 160 2.8 2.8
Steel
8S5-5 PW-1 8 304L 66 358 127 231 3.5(f)
S5S-6 PW-1 8 304L 65 326 118 208 3.2

o

Q00T

Calculated by using the measured distance from the top of the pot to the surface of the waste
product and assuming 10 liters of waste per foot in 8-inch diameter pots and 20 liter/ft

in 12-inch diameter pots.

Best estimate based on material balance data. Pot was not rodded.

Includes weight of special pot clamp.

All weights measured by hanging receiver pot on a dynamometer.

Includes about 38 liters (120 kg) of radioactive waste product, about 4 liters (13 kg) of
nonradioactive PW-1 solidified waste, and about 13 liters (59 kg) of radioactive cell

waste (metallic and ceramic) stored in product receiver prior to run.

High value attributed to error in weight of receiver pot.

T6E€T-TMNg
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from Run SS-4 and the PW-1 waste sample from Run SS-5. Leach
rates and fraction leached based on 144Ce are shown in Fig-

ure 6.7 for these waste samples. The 137cs leach rates for the
PW-1 waste were in general agreement with the sodium leach rates
measured for simulated (nonradioactive) PW-1 waste samples

(see Figure 6.6). The 137cs leach rates for the P22 waste
were in agreement with the sodium leach rates for simulated
PAV2 waste for the first 8 weeks, but thereafter the sodium
leach rates continued to decrease without the leveling trend
shown in Figure 6.6 for the radioactive waste. The reason

for the continually decreasing leach rates for the simulated
PW-2 waste i s not known but may be due to the different
temperature conditions during formation of the leach test
specimens. The simulated PN2 waste sample was rapidly

cooled (air quenched) during formation, while the radioactive
PW-2 waste sample was cut from a larger sample which had

cooled more slowly.

Figure 6.8 shows the leach test apparatus and details of
the leach test sample. The leach rates are based on a solid
waste analysis calculated from the feed composition. The
concentration of *37cs and 1%%ce calculated to be in the
waste was usually about 1.2 times that found by actual analysis
of the aqueous solutions of dissolved waste samples.

6.1.10 Leak Test

A filled receiver pot is tested for leaks using a
standard helium leak test procedure. (1) The pot leakage rate
for the pots from Runs SS-4 and 6 (the only pots measured)
were 5.1 x 10~8% and 25 x 107/ atm - an /sec, respectively.
The pots from Run SS-1, 2, 3, and 5will be leak tested
in the near future.
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6.1.11 Pressure

Bourdon tube pressure gages were installed on filled pots
as soon as the pots were sealed. The purpose of the gages was
to provide a means for routinely monitoring the presence of
residual volatile materials in the waste. However, the gages
used have not been mechanically rugged enough for in-cell work.
As the filled pots were transferred from one storage position
to another and the gages were jarred and vibrated, the pressure
vacuum readings changed. Consequently, no reliable internal
pot pressure data is available at this time. The pressure
data given in Table 6.4 only indicates the presence of either
a vacuum or a pressure in each pot.

6.1.12 Pot Corrosion

An ultrasonic wall thickness scanner was installed in the
cell to detect variations in the wall of a receiver pot caused
by corrosion internally (by waste product) and externally (by
air and/or water). (1,11) " Reliable measurements have not yet
been obtained because of difficulty in maintaining proper
alignment and contact between the receiver pot wall and the
instrument. The use of a direct contact transducer device was
unsuccessful because high temperatures of the pot walls
(greater than 50 °c) damaged the transducer. Visual inspections
of the external surfaces of the pots have not revealed any
sign of significant corrosion other than discoloration of the
steel pot surfaces due to air oxidation. A workable wall
thickness gage is planned to be available in the near future

for measuring the thickness of each pot wall. Core drills
planned during the long-term product evaluation program in
the SSETF will also be used to study the corrosion of pot

walls (if any) by the waste product.

6.24
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TABLE 6.4. Receiver Pot Welding, Leak Test, and Pressure Data

Approximate Receiver Pressures (e )

Time
Time from Time Since Receiver Time
Receiver Fill to Initial Since Final Initial Pot Since
Run Diameter, Receiver( ) Weldé Reading, Welded, Reading, Reading, Leakage, Welded,
No. in. (a) Material, days! psig days psig days am=-em-/sec  days
SS-1 12 304L 235 1 190 0 200 NA -
SS=2 8 304L 90 1 250 2 200 NA -
8s-3 12,8 (b) 304L 6 NA(f) NA NA NA NA -
SS-4 8 Mild 4 3 30 3 510 5.1 x 10'8 340
Steel
55-5 8 304L 3 1 1 -10 35 NA -
SS-6 8 304L 7 1 1 -1 20 2.5 x 1077 120

a. All pots have the same size opening for pot lids, about 8 inches in diameter.

b. Initial 12-inch diameter pot containing about 10 liters of solidified waste was removed during

a run interruption and an 8-inch diameter pot was used for most of Run SS-3.

Upper sections of pots and pot lids are 304L stainless steel.

All pots were welded remotely at a rate of 4.6 in./min with a welding voltage and current of

12 volts and 180 amps, respectively. All pots were stored in water prior to and after welding

until final pressure reading was taken.

e. Pressure readings are useful only to indicate absence of pressurization. The zero point of the
Bourdon tube gages were prone to change because of the frequent mechanical vibration which
occurred during remote handling of the pot receivers.

f. NA = Not Available. Incomplete pot fill; no jumper prepared for pressure and leak test measurements.

o0
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6.2 POI' HANDLING, CONTAMINATION CONTROL AND WH_DING

Handling of receiver pots filled with spray solidified
waste proceeded with little difficulty. The handling system(ll)
provided for the pot to be contained in a hood (which was vented
to the cell through natural openings) during processing and
until the pot was capped. This manner of containment was
designed to minimize the spread of contamination from an open
pot. Experience with the handling and containment system leads
to two conclusions:

e Handling of uncapped pots after filling did not result in
a noticeable contamination problem in the cell. (However,
the cell was badly contaminated from previous process
leaks.)

e The press-in pot cap machined to accept a threaded pot
plug successfully achieved simplicity in handling at
reasonable pot fabrication costs.

Remote welding of the pot cap to the pot was begun by
chucking the pot in the turntable and cleaning the pot lip with
a damp swab. The pot cap was pressed in place, and the pot
plug was then threaded into the center of the pot cap. Next,
the pot head runout* was checked by a dial indicator.

The arc-head and torch were then positioned above the pot
head. A weld test specimen was placed under the torch, welding
parameters were selected and set on the remote console, and a
test weld was made to verify system operability. The torch
was positioned over the weld joint at an angle of about
30 degrees to vertical, and the automatic weld cycle was started.

* "Runout" is the deviation from perfect form of a revolving
surface. This is detected with a dial indicator while fully
rotating the pot on a datum axis.
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Welding arc and weld puddle were continuously monitored
through a spotting scope, and minor adjustments were made in
torch position, by operator control of the manipulator.

The resulting welds of the pot cap and pot plug were
inspected visually for cracks or other flaws and, later, (as
previously discussed), a helium leak check was made.

Ten spray solidification pots, eleven phosphate glass
pots and six pot calcination pots have been welded
remotely. (12,13) Table 6.4 gives a summary of the welding
parameters for the first six spray-solidified waste pots.
The electrode diameter was 1/8 inch and argon was used at a
rate of 20 scfh. .All welds were of good quality as determined
by visual inspection.

Experience with welding pots can be summarized as
follows:

e The raised-step weld joint gave good results. Itis
still recommended for remote welding of waste pots.

e Viewing of the weld was not one of the major problems
in remote welding. A good quality lead-glass window
and a spotting scope proved acceptable. Periscopes
would be preferred in cases where imperfect or radiation-
damaged windows must be used.

® A self-centering jig mounted on top of the pot(ll) minimized
or eliminated the need for accurate chucking to avoid
misalignment. The jig fastens to the pot and maintains
positive joint and torch alignment.
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7.0 PROJECTED HONIHEETS FOR PW-1 AND PW-2

While it is desirable for a waste solidification facility
to be capable of processing wastes which differ widely in
chemical and radiochemical compositions, demonstration of all
possible waste variations in the WSEP program i s impractical.
Experience in fuel reprocessing and projections of future fuel
reprocessing requirements led to the selection of the two
generalized types of Purex acid wastes (shown previously in
Table 3.1) for initial demonstrations.

The initial phase of the program for W3 demonstrations
is based on processing fission product wastes from light water
reactor fuels with an integrated exposure of 20,000 Mwd/tonne
at a specific power of 15 MW/tonne. The resultant amounts of

the more significant fission products are given in Table 7.1. (1)

Figure 7.1 shows the time dependence of the fission product
heat generation rate of the waste from one metric ton of this

fuel. Both the initial heat generation rate levels of the
waste and the later aged levels must be considered in filling
a waste storage pot. Initially the maximum heat generation

rate within any container is limited either by the maximum
allowable centerline or wall temperatures (which are 900 °C

and 427 °c, respectively, in WSEP, based on corrosion considera-
tions) or by other limits such as the W& |imit for molten
cores. |If a molten core exists, the frozen wall thickness
should not be less than one-half the pot radius. This is an
arbitrarily established limit for WEP for those waste products
with remelt temperatures below 900 °C*.

* These limits were selected for the WEP waste containers
and are used here in the absence of established limits
to provide a preliminary basis from which to compare
waste solidification and waste storage.



TABLE 7.1. Fission Products from a Power Reac%oy Fuel Exposed
to 20,000 MWd/tonne at 15 MW/tonne ‘2

Average At 6 yr, moles/tonne and
Atomic Ci/tonne Ci/tonne g/tonne Ci/tonne g/tonne Ci/tonne moles/liter for 100 gal/tonne

Element Weight at 90 days at 180 doys at 1 yr at 1 yr at 6 yr at 6 yr moles/tonne moles/liter

Rb 86 — — 230 -— 234 - 2.68 0.71 = 1072

cs 134 1.3 x 10° 1.3 x 10° 1871 1.2 x 10° 1755 6.7 x 10% 13.10 3.45 x 1072

Sr 88 1.6 x 10° 8.0 x 10° 550 5.0 x 10% 512 4.1 = 10° 5.82 1.55 x 1072

Ba 138 5.7 x 10° - 908 — 1023 — 7.40 1.95 x 1072

Y 91 2.3 x 10° 1.1 x 10° 287 5.4 x 10% 287 4.2 x 10° 3.15

La 139 6.5 x 10° ——- 766 — 766 -— 5.50

Ce 142 1.0 x 105®) 7.5 2 105® 1483 4.6 x 10°®) 1400 5.6 x 103® 9.85

Pr 141 -— - 706 — 706 — 5.0

Nd 148 1.0 x 103 - 2403 —_— 2475 — 16.70 |— 11.85 x 1072

P 147 9.8 x 10° 8.7 x 10 102 7.5 x 10% 27 2.0 x 104 0.18

sm 147 3.9 x 102 - 463 — 537 -— 3.65

Eu 153 5.5 x 10° 4.7 x 10° 86 — 85 — 0.55

cd 156 — - 26 -— 28 ——- 0.18

Zr 93 2.5 x 10° 1.0 x 10° 2266 1.5 x 10% 2300 Neg 24.7 6.50 x 1072

Nb 95  g.g x 10° 2.0 x 10° Neg 3.0 x 10% Neg Neg

Mo 97 -- - 2135 — 2370 —_— 24.5 6.50 x 1072

Tc 99 - — 523 — 523 _— 5.3 1.40 x 1072

Ru 103 3.2 x 10° 1.3 x 10° 1286 12 x 10° 1252 3.7 x 103 12.1 3.20 x 1072

Rh 102 1.z x 10° 2.3 x 104 285 _— 285 -— 2.8 0.74 x 1072

pd 105 -- — 647 -—- 680 —_— 6.5 1.72 = 1072

Ag 109 - -— 33 -— 33 - 0.3 0.08 x 1072

cd 112 - — 33 — 33 — 0.3 0.08 x 1072

Te 128 2.1 x 10% 6.2 x 10° 301 -— 300 — 2.4 0.64 x 1072

Total Ci/tonne z.9 = 103(S) 1.7 x 103(¢) 9.7 x 10°(®) 1.9 x 10°(¢)

a. Obtwin € from Comguter Program Isog n - a Comg~ter Code for Radioisotope Generation
Calcul aions.

b. Includ e l44ce daughte , l44pr.

c. Sm311l cntributors are not itemized 9~t o » included in total. Does not include
trpos~ rnium and transglotonium elemPnts.
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Since the PW-1 spray solidified product from PW-1 waste
has a nominal melting temperature of 900 °C, the centerline
and wall temperature Iimits were used to determine the maximum
heat generation rates shown in Figures 7.2 and 7.3 for the
8-inch and the 12-inch diameter pots used in the WEP
program. (2) Because the PW-2 spray solidified product has a
nominal remelt temperature of 700 °C, the molten core limit
was used to determine the maximum heat generation rates shown
in Figures 7.2 and 7.4. (2) The possibility of sulfate volatili-
zation from the spray-solidified P22 product when stored under
molten conditions (see Section 6) was not considered in the

data presented here.

The maximum heat generation rate in a solidified waste
may be greater than a reasonable rate of heat dissipation in
a final storage environment such as in a salt mine; consequently,
interim storage of the solidified product may be desirable.
The aging before storage of the pots in salt depends on
economic choice. However, a proposed Federal Regulation sug-
gests that solidification of all high level wastes be com-
pleted before the fuel has been out of the reactor for
5 years. (4)

(5) and radioactive W3IP

demonstrations have been used in projecting typical chemical
flowsheets for spray solidification. Sufficient confidence

Data from both nonradioactive

in radioactive demonstration has been reached to specify

most of the necessary details for flowsheets with both PN-1
and PAV22 wastes. Figure 7.3 shows Mode A flowsheet for the
solidification of one tonne* of PN-1 waste aged 180 days (out
of the reactor) and Figure 7.4 is a Mode A flowsheet for the
solidification of one tonne of PN2 waste aged 90 days. The

* Tonne is a metric ton (1000 kilogram) of U and Pu in a fuel

from which the waste i s derived.

7.4
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aging time for each waste is the minimum out- of-reactor time
prior to spray solidification for which the maximum allowable
heat generation rate is obtained for an 8-inch diameter waste
container stored in air. Because spray solidification is a
continuous process, the processing rate is independent of

pot size (except for the time required to change out the pots).
The heat rate density and maximum heat generation rate in a
pot depend, however, on pot size. The two flowsheets pre-
sented are based on air cooling of the pot. As seen in

Figure 7.2. , considerably higher heat rate densities can be
attained if the pots are filled and cooled in water. For this
condition, the out-of-reactor time approaches 40 days for PAR2
waste. The PAN=22 waste is shown coming into the plant at a
dilute 500 liters/tonne to minimize precipitation and plugging
of lines by sodium rare earth sulfate solids.

The presence of about 70 percent of the total ruthenium
in the gaseous solidifier effluents is not likely to be as
important as the difficult-to-remote 0.5 percent of the total
ruthenium which remains airborne in the gas stream from the
solidifier condenser. This fact becomes evident when the
W3IP data are projected to the concentrations of ruthenium
expected in the effluents from the solidification of a
typical waste. The projected radionuclides in the fractionator
bottoms and in the fractionator distillate are given in
Tables 7.2 and 7.3 #respectively, The 10M nitric acid produced
in the frationator would contain approximately 1200 curies of
ruthenium, less than 1 curie of 144ce-pr and less than 0.1 curie
of strontium-90 for waste equivalent to each metric ton of
fuel. The gross radioactivity (B + y) in 200 liters of acid
could range from 2 to 10 Ci/liter.

* Tables 7.2 and 7.3 appear on page 7.14.
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PW-1, 8 INCH POT IN WATER (TOTAL kW/pot =
PW-2, 8 INCH POT IN WATER (TOTAL kW/pot =

PW-1, 8 INCH POT IN AIR (TOTAL kW/pot = 1
PW-2, 8 INCH POT IN AIR (TOTAL kW/pot = 1
PW-1, 12 INCH POT IN WATER (TOTAL kW/pot
PW-2, 12 INCH POT IN WATER (TOTAL kW/pot

PW-1, 12 INCH POT IN AIR (TOTAL kW/pot
PW-2, 12 INCH POT IN AIR (TOTAL kW/pot

HEAT RATE LIMITATIONS
r FOR SPECIFIC CASES

Inn
—
w o

100 |—
PW-1 (NOMINALLY
s 33 LITERS/TONNE)
: PW-2 (NOMINALLY
10 64 LITERS/TONNE)

: WASTE FROM FUEL IRRADIATED TO 20,000 MWd/tonne, 15 MW/tonne
EIGHT: 6 ft 2
L CONDUCTIVITY: PW-1 SOLIDS = 1.3 W/(m%)(°C/m)

PW-2 SOLIDS = 1.1 W/{mZ)(°C/m)
WATER STORAGE ASSUMES A WATER TEMPERATURE OF 100 °C. AIR STORAGE
ASSUMES AN AIR TEMPERATURE OF 38 °C AND A POT WALL EMISSIVITY OF
0.8. ALL PW-2 CASES ARE LIMITED BY A MOLTEN CORE RESTRICTION THAT THE
THI CKNESS OF THE FROZEN WALL (SOLEDNFNED GLASS) §S EQUAL TO ONE HALF
THE POT RADIUS. %A 700 °C PRODUCT MELTING POINT FOR PW-2 WAS USED TO
CALCULATE THE MOLTEN RADIUS.) THE THERMAL CONDUCTIVITY OF THE MOLTEN
CORE IS ASSUMED TO BE THE SAME AS THAT OF THE SOLID. EQUATIONS FOR
MOLTEN CORE CALCULATIONS ARE IN REFERENCE 2. ALL PW-1 CASES ARE
LIMITED BY A POT CENTERLINE TEMPERATURE RESTRICTION OF 900 °C.
EQUATIONS FOR PW-1 CALCULATIONS ARE GIVEN IN SECTION 6 OF THIS REPORT.
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SOLIDIFIED WASTE PRODUCT HEAT RATE DENSITY, W/liter
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o

AGE OF WASTE, YEARS OUT-OF-REACTOR

FI GURE 7.2. Heat-Age Environment Relationships for High-Level Radioactive
Spray Solidified Waste Showing Fission Product Heat Rate
Density Limits
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FLOW SHEET CODE FOR FIGURES 7.3 AND 7.4

STREAM

l.

Incoming waste from processing one tonne of power reactor
fuel with an integrated exposure of 20,000 MWd/tonne at

a specific power of 15 MW/tonne. The computer program
ISOGEN was used to determine the fission product data

for this reactor fuel. The total fission product values
do not include the transuranium or the transplutonium
values. The ***ce values include its naturally occurring
daughter 144p,.

Nonradioactive chemical additives to the raw waste.
Additives for Pw-1 include phosphoric acid (75 weight %),
lithium hydroxide, and sodium hydroxide. Additives to
PW-2 waste include phosphoric acid (75 weight %), aluminum
nitrate, calcium nitrate, and lithium hydroxide. Sodium
metaphosphate (NaPO,) is added directly to the melter as
a solid additive (-6/+10-mesh particles) in the PAR2
flowsheet only.

Chemically adjusted waste, or feed to the spray calciner.
Gas flow to atomize the incoming feed prior to calcination
in the spray calciner. Unheated air is used with an
internal - mix atomizing nozzle (Spraying Systems Co.,

Setup No. 42 is used here).

Gas flow for back pulsing the porous metal filters to
dislodge collected calcine fines. Air heated to about

350 °c and at 40 to 60 psig i s used here with a nominal
2-minute cycle and a 2-second pulse. A nominal effective
flow of 1.0 scfm of air was used for the 5 filter venturis.
Solid additive (flux) to melter during PAN22 flowsheet
only. Sodium metaphosphate particles at -6/+10-mesh

are used here.



10.

11.

12.

13.

14.

15.
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Heated air purge to maintain a dry, free-flowing solid
flux in the solids addition line.

Solidifier condensate. A total of 60%of the total
nitrate is assumed present in this stream. A total of
5%of the sulfate in the PW-2 waste is present in this
stream.

Solidifier noncondensables and entrained particles not
removed by the solidifier condenser. A total of 40%
of the total nitrates, 0.5% of the total ruthenium and
0.05% of the nonvolatile materials (entrainment) i s
estimated for this stream. A total gas flow of 15 scfm
including inleakage at the solidifier is used for this
stream.

Melt flow to receiver. Actual flow may be continuous
or by periodic batches.

Evaporator bottoms. The bottoms will be recycled and
eventually returned to the solidifier. They may be
recycled to the solidifier feed or to the high level
liguid waste system of the reprocessing plant. A total
of 100 liters of BA HNO; was arbitrarily selected to
represent the volume to be recycled for each tonne
equivalent of waste processed.

Evaporator strip water. A HNO, concentration of 0.02M
I s used here.

Evaporator overheads. A HNO 5 concentration of 0.5M

is used here.

Solidifier noncondensibles and entrained particles not
removed in the evaporator condenser. A total of 40% of
the total nitrate is assumed present in this stream.
Fractionator bottoms. A HNO, concentration of 10M is
used for calculations. This stream can be used for fuel
element dissolution or possibly in solvent extraction
scrub streams.



le.
17.

18.

19.

20.
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Fractionator distillate.

Fractionator distillate. This can be used as makeup water
for fuel dissolution, solvent extraction scrub streams,

or it can be treated as low level waste.

Scrubber solution, approximately 1 to 2M NaOH. Twenty-
five percent of the nitrate from the solidifier is removed
by the scrubber.

System off-gas. Five percent of the total feed nitrate
is present in this stream.

Solidified ceramic product. Pot is welded and stored.

7.9
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b) 1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18 19 20
L L L G G s G L s L L L G L L L L G S
5
378 110 448 3.9 x 10° 4.8 x 10% o 455 7.2 x 10° 33 100 2610 3060 7.2 x 10° 172 2890 283 500 7.2 X 104 33
r/hr Batch Batch 17.3 1.4 x 101 1.7 x 103 o0 16 25 x 10 1.2 Batch 92 110 2.5 x 104 6.1 102 10 Batch 2.5 x 107 Batch
(Pulsed)
-3 6
1.6 x 108 - 1.6 x 10° _ _ _ - 1.3 x 10° 9.4 x 102 1.5 x 10% 1.3 x 10° 20 1x 10° 10 9.4 x 10 20 2 6 5 %10 1.5 x 104
ci®d 19 x10° - 1.9 x 10° ; - - - 1.3 x 10° 9.5 x 10% 5.7 x 10% 1.3 x 10° 20 9.5 x 10% 210 9.5 x 10% 20 2 . <2 x 10 ° 5.7 > 10
4.8 x 104 - 4.8-1% _ i - 24 0.1 4.8 x 10% 20 4 x 107° 0.1 0.1 S x 1077 5 x 10 . 1 x 1077 <2 x 10 7 4.8 x 105
7.4 x 10° - 7.4 x 10° i} _ .- 3.7 x10%1 ¢ 7.4 x 10° 3.7 x 10% 7 x 107% 1 Al ox 1072 2 7 x 10747 x107° 1 x 1072 <4 x 1077 7.4 x 10
. Rate, W 7930 - 7930 - - _ - 1180 8 6750 1180 N0 8 N0 8 N0 ~0 N0 0 6750
s, kg 30.6 8.71 39.3 - - - - 0.02 Lo 39.3 0.02 ‘Lo Lo Lo Lo Lo Lo Lo Lo 39.3
21.3 - 21.3 _ _ _ - 1.23 0.01 20.1 1.23 N0 0.01 N0 0.01 ~0 N0 N0 O 20.1
,» kg 51.9 8.71 60.6 - - - - 1.25 0.01 59.3 1.25 ~n0 0.01 N0 0.01 ) ~0 N0 Lo 59.3
2460 - 2460 - - - - 1480 980 <1 500 52 1530 980 1720 58 6 615 120 <1
0.08 46.8 46.9 - _ _ - 0.02 N0 46.9 0.02 "0 N0 N0 "0 N0 "0 N0 "0 46.9
52.0 55.5 107.5 - - - - 1.27 0.01 106.2 1.27 "0 0.01 N0 0.01 "0 "0 "0 "0 106.2
uivalent tonne of PW-1 waste at 20,000 MWd/tonne, 15 MW/tonne aged 180 days, product receiver stored in air.
g code explanation sheet.
ium only and no daughters.
does not include the effect on the ruthenium of the recycle of the solidifier condensate (containing 70% of the
e raw waste) to the feed tank. With this recycle stream, the equilibrium ruthenium data was calculated to be
rojected values presented here (Reference 8).
FIGURE 7.3. (contd)
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Code Number ©’ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 iy
Phase L = Liquid L L L G G s G L G s L L L G L L L L
G = Gas
S = Solid
Volume, liter 378 110 448 3.9 = 10° 4.8 ~ 10 0 0 455 7.2 = 10° 33 100 2610 3060 7.2 x 10° 172 2890 283 500
Average Rate, liter/hr Batch Batch 17.3 1.4 x 104 1.7 x 103 0 0 16 2.5 ~ 10" 1.2 Batch 92 110 2.5 x 104 6.1 102 10 Batch
Radioactivity: (Pulsed)
Total, ci 16 ~10% - 1.6 x 10° -~ - 1.3 x 10° 9.4 x 10 1.5 x 10% 1.3 x 10° 20 1~ 10° Lo 9.4 = 102 20 2 6
Radioruthenium, ci‘¢'9) 1.9 = 10° - 1.9 x 10° - - 1.3 x 10° 9.5 x 10° 5.7 x 10% 1.3 x 10° 20 9.5 = 10° ~10 9.5 = 102 20 2 6
Wer, ci 4.8 ~ 104 - 4.8-~19% - - 24 0.1 4.8 x 10% 20 4 x 107° 0.1 v ox o100 C 0.1 5. 10 ° 5~ 10°° 1 x 1077
L440e id 7.4 % 10> - 7.4 x 10° - - 3.7 x10%1 7.4 x 10° 3.7 x 102 7 x 1074 1 RPN | 7,7 10 %7
FP Heat Generation Rate, W 7930 - 7930 - - 1180 8 6750 1180 "0 8 "o 8 0 "0 Lo
Non-FP Metal Oxides, kg 30.6 8.71 39.3 - - 0.02 ‘Lo 39.3 0.02 "0 ‘Lo ‘Lo ‘Lo ‘Lo 0 Lo
FP Oxides, kg 21.3 - 21.3 « - 1.23 0.01 20.1 1.23 W 0.01 Lo 0.01 Lo Lo “0
Total Metal Oxides, kg 51.9 8.71 60.6 - - 1.25 0.01 59.3 1.25 v 0.01 Lo 0.01 "0 "~ ~0
Nitrates, g-mole 2460 - 2460 - - 1480 980 <1 500 52 1530 980 1720 58 6 615
Phosphate, kg 0.08 46.8 46.9 - - - - 0.02 "0 46.9 0.02 "0 Lo N0 Lo Lo Lo ~0
Total Oxide, kg 52.0 55.5 107.5 - - - - 1.27 0.01 106.2 S 1.27 o) 0.01 ‘Lo 0.01 'LO 0 0
a. Basis of 1.0 equivalent tonne of PW-1 waste at 20,000 MWd/tonne, 15 MW/tonne aged 180 days, product receiver stored in air.
b. See accompanying code explanation sheet.
c. Includes ruthenium only and no daughters.
d. Ruthenium data does not include the effect on the ruthenium of the recycle of the solidifier condensate (containing 70% of the
ruthenium in the raw waste) to the feed tank. With this recycle stream, the equilibrium ruthenium data was calculated to be
3.3 times the projected values presented here (Reference 8).
FIGURE 7.3. (contd)
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Code Number °) ul 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
L L L G G S G L G S L L G L L L L
phase L = Liquid
G = Gas
S = Solid 6 (g)
Volume, liter 500 200 700 57 x 105 8.2 x 10°*) 156 (45.4) ' 1.4 x 105 656 1.2 ~ 10°) o3 2770 3430 1.2 x 10 194 3230 462 500
Average Rate, liter/hr Batch Batch 14.6 1.2 ~ 10% 1.7 - 10 (0.95) 2.5 ~ 10° 13.3 25 ~ 104 1.3 Batch 58 & 2.5 x 10" Batch 67 Batch  Batch
Pulse
Radiocactivity: 5 6 3 3
Total. Ci 29 x 10® - 2.9 ~ 10° 2.2 107 1.6 x 103 2.7 x 10° 2.2 x 10~ 20 1.6 x 107 ~16 1.6 x 107 22 3 10
' : 3
Radioruthenium, CiJ7&) 35 x 10° - 3.2 ~ 10° 2.2 x 10° 1.6 x 10° 9.6 x 10% 2.2 x 10° 20 1.6 x 10° ~16 1.6 x 10° 22 3 10
r . o . x x =
Usr, ci 48 ~ 100 - 4.8 x 107 24 0.1 4.8 ~ 10% 24 3 r iV 0 vhox L0 0.1 Booe oty 110
l“Ce, ci () 9.3 ~ lO5 _ 93 = 105 46 x 102 2 9.3 x 10° 4.6 10 § ~ lU 2 L2 =~ 10 2 6 x LU 9 ~ 1U 2 x 10
. 4 X 3 P8 4 3 v v v
FP Heat Generation Rate, W 1.3 » 10 - 1.3 x 104 1.6 107 12 1.1 10 1.6 oo 12 0 12 0 v 0
Non-FP Metal Oxides, kg  26.1 242 50.3 14.9 0.02 0 65.2 0.02 v0 0 vo “u ~0 L0 Lo
FP Oxides, kg 21.3 - 21.3 1.24 0.01 20.0 i.24 vy 0.01 U 0.01 Lo Lo ~0
d 1
Total Metal Oxides, kg &' 47.4 24.2 71.6 49.0 1.26 0.01 119.3 1-26(9) ~0 0.01 ~0 0.01 ~0 ~0 L0
Nitrates, g-mole 2030 740 2770 1660 1110 <1 500 55 1715 1110 1940 65 10 690
Phosphate, kg'®’ 0.16 43.3  43.5 34.1 ) 0.02 v 77.6 0.02 v v0 vu "0 Lo "0 Lo
Sulfate, kg 26.3 _ 26.3 1.32 vo 25.0 1.32 v0 v 0 “o "0 ~0 ~0
Total Oxide, kg 739 67.5 141.4 49.0 2.60 0.01 187.8 2.60 "0 0.01 0 0.01 0 "0 ~0
a. Basis of 1.0 equivalent tonne of PW-2 waste at 20,000 Mwd/tonne, 15 MW/tonne, aged 90 days, product receiver stored air.
b. See accompanying code explanation sheet
c. Values in parentheses are total kg and kg/hr, total volume obtained using theoretical density of solid NaPO,.
d. Total oxides includes sulfate as SO3 and phosphate as P2VU5. =
e. Phosphate reported as PyUsg.
f. Includes both 1%%Ce and daughter t%4pPr.
g. Values in brackets represent a periodic (batch) removal of accumulated waste and do not enter in volume or nitrate balances.
h. Basis of 15 scfm with remainder of gas being inleakage to the spray solidifier.
i. Nominal filter blowback air flow of 1.0 scfm for 16 venturis with 0.111-inch throat diam; 2 second pulse every
2 minutes.
j. Includes ruthenium only and no daughters.
k. Ruthenium data does not include the €ffegt on the ruthenium of the recycle of the solidifier condensate
(containing 70%'of the ruthenium in the raw waste) to the feed tank. With this recycle stream, the
equilibrium ruthenium data was calculated to be 3.3 times the projected values presented here
(Reference 8).
FIGURE 7.4. (contd)
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2 second pulse every

With this recycle stream, the

1 2 3 5 6 7
L L L G 5 G
) 200 700 10% 8.2 x 1042 18,6 (45.4) () 1.4 x 10° 656 1. 100 )
tch Batch 14.6 104 1.7 » 10° (0.95) (¢ 5 x 105 13.3 2. 10*
Pulsed
y x 10° - 2.9 x 10° - - - 2.2 x 10° 1.6 x 10°
) x 10° - 3.2 x 10° - - - 2.2 x 10° 1.6 x 10°
5 x 10 - 4.8 x 107 - - - 24 0.1
3 x 10° - 9.3 x 10° - - - 4.6 x 102 2
3 x 104 - 1.3 x 104 - - - 1.6 x 10° 12
.1 24.2 50.3 - 14.9 - 0.02 "0
3 - 21.3 - - - 1.24 0.01
.4 24.2 71.6 - 49.0 - 1.26 0.01
30 740 2770 - - - 1660 1110
16 43.3 43,5 - 34.1 - 0.02 ~0
3 - 26.3 - - - 1.32 O
.9 67.5 141.4 - 49.0 - 2.60 0.01

10 11 12 13 14 15 16 17 18 19 20

S L L L G L L L L G S
63 100 (9 2770 3430 1.2 x 10° 194 3230 462 5009 1.2 x 10° 63
1.3 Batch 58 71 2.5 x 104 Batch 67 Batch Batch 2.5 x 104 Batch
2.7 x 10° 2.2 x 10° 20 1.6 x 10° 16 1.6 x 10° 22 3 10 <3 x 107° 2.7 x
9.6 x 10% 2.2 x 10° 20 1.6 x 10° 16 1.6 x 10° 22 3 10 <3 x 1077 9.6 x
4.8 = 10% 24 3 x 107° 0.1 A1 ox 1073 0.1 3x107° 5 x 107% 1 x 1073 <5 x 1078 4.8 x
9.3 x 10° 4.6 x 10% 6 x 107 % 2 N2 x 1072 2 6 x 1004 9 x 1077 2 x 1072 <9 x 1077 9.3 x
1.1 x 104 1.6 x 103 ~0 12 0 12 O N0 0 0 11,000
65.2 0.02 0 U] QO 0 v 0 N0 N0 65.2
20.0 1.24 "0 0.01 N O 0 01 N0 ~0 O 0 20.0
119.3 1.26 ) 0.01 N0 001 ~O N0 N0 N0 119.3
<1 5009 55 1715 1110 1240 65 10 690 130 <1
77.6 0.02 0 0 O "o ~O N0 N0 0 77.6
25.0 1.32 N0 0 O "0 0 0 "0 O 25.0
187.8 2.60 O 0.01 0 0.01 O A0 "0 0 187.8

FIGURE 7.4. (contd)
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The nitric acid produced in the fractionator could be
recycled to the reprocessing plant for fuel dissolution or for
other "head-end" reprocessing steps. However, the fractionator
distillate has no recycle value as such, but can also be
reused as makeup water in the reprocessing plant. The effect
of airborne ruthenium is most apparent in the magnitude of
the additional decontamination required far the fractionator
distillate shown in Table 7.3, While the cerium and strontium
concentrations are approximately 100 to 10,000 times the
10CFR20 release limits, ruthenium is the controlling constituent
at approximately 1,000,000 times its limit. (6) A careful
additional distillation of the distillate could bring all
values (except possibly ruthenium), to below the 10CFR20
limits. The bottoms from this redistillation step would likely
be recycled in the overall waste management scheme in the
reprocessing plant. Alternative methods for treating the
distillate have been studied. ”) These include adsorption,
electrodialysis and electrodeionization, ion exchange and oxida-
tion and volatilization. Of these, the most suitable method
appeared to be two-stage electrodialysis followed by ion
exchange.

The secondary effect of the recycle of ruthenium to the
solidifier feed stream has not been demonstrated. However,
for the continuous recycle of the evaporator bottoms (70%of
the ruthenium in the raw waste) about a three-fold increase
in the total ruthenium concentration in the auxiliary process
streams could be expected at steady state. (8)

Recent studies have shown that the key to clean process
effluents is to stop the difficult-to-remove airborne radio-
nuclides (especially ruthenium) in the solidifier off-gases
at the front-end of the auxiliary off-gas train. As previously
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discussed in Section 5, information is now available to permit
the design of improved equipment which i s necessary to ade-
quately decontaminate the off-gases from waste solidification.

REFERENCES FOR SECTION 7
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8.0 FUTURE WORK

In order to fulfill the objectives of the W3 technical
program for the spray solidification process, additional
information is needed with respect to process requirements
and product characterization.

8.1 WASE TYHS

To complete requirements that would adequately demonstrate
solidification of Pw-1 or PN2 type wastes, thermal maximum*
should be demonstrated for one of these wastes.

The solidification of two other waste types likely to be
encountered in future nuclear power cycles should also be
demonstrated. These wastes are currently scheduled for demon-
stration. Ore of the wastes is typical of a low salt, high
fission product waste from thermal reactor fuels (exposed to
45,000 Mwd/tonne at 30 MW/tonne) produced by "clean" Purex
reprocessing (i.e., low iron, low sodium, and no sulfate). The
other waste results from reprocessing of spent core fuels from
liquid metal fast breeder reactors. Near-optimum chemical
flowsheet requirements for these wastes should also be obtained.

8.2 EQUIPMENT AND PROCESS REQUIREMENTS

It is desirable to reduce the volatilization of ruthenium
from the spray solidifier (i.e., by reducing feed acidity and/or
adding a chemical reductant to the feed). The effect of phos-
phate and calciner temperature on ruthenium volatility should
be established.

* Thermal maximum in WEP is the quantity of heat/unit volume
of solidified waste which will produce a centerline tem-
perature of 900 °C or a pot wall temperature of 427 °C
when the pot is stored in either ambient temperature air or
in water at 100 °cC.
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To assure adequate feed atomization in WSEP, improved control
of the feed rate to the solidifier is desired. The addition
of a mechanical scraper to the bottom conical section of the
calciner could also aid in eliminating downtime required to
remove deposition in this area.

An extended spray solidification run (on the order of
1000 hours) would be helpful in identifying any process prob-
lems associated with long-term operation, and establishing
equipment reliability. This test could probably be performed
with equally valid results with a nonradioactive solidification
system.

The governing mechanism which affects calciner and melter
capacity should be established to provide information for
scale-up. A suitable construction material which is less
expensive than platinum may be desirable for the continuous
melter.

The in-pot melting concept (where the spray calcined waste
is melted directly in the final storage container) should be
demonstrated with one of the waste types.

8.3 AUXILIARY SYSTEMS

The effect of Mode B operation on cleanup of effluents
from the spray solidifier should be determined using high
level radioactive liquid waste.

Although the acid fractionator bottoms and distillate
contained low levels of radioactivity, improved cleanup of
these streams is desirable to improve the efficiency of their
reuse in a fuel reprocessing plant. Thus, demonstration of
methods to improve cleanup of these effluents are desirable.
Demonstrations of methods are also desirable to improve
ruthenium removal from the solidifier off-gas prior to the
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auxiliary evaporator. Sampling of the gaseous effluent streams
from the condensers and the caustic scrubber in the auxiliary
system should be done to provide data to improve characteriza-
tion of ruthenium and other radioactive species in the effluents.
The results from such characterization studies can then be
applied to improve cleanup of the effluent streams.

8.4 HLLED POT HERRFORMANCE

Long-term characteristics of the filled pots should be
investigated. Observations so far are confirming the expecta-
tions that initial and short-term effects would be small in
pots filled by the spray solidification process. Since the
"oldest"” pot is less than 3-years old, longer-term effects
are not yet known. Future work in this area is outlined
in the product evaluation program, (1) and presented briefly
in the following discussion.

In the studies to be carried out, selected filled waste

containers will be placed into controlled environment storage
in the Solids Storage Engineering Test Facility (SSETF). (1,2)
In these tests, investigations will be performed to determine

the effects of storage temperature, radiation, and time upon
the physical and chemical properties of the crystalline, rock-
like ceramic formed by spray solidification.

This controlled exposure consists of placing waste con-
tainers in individual environmental storage pods wherein
different storage media can be used and different storage
temperatures can be maintained. The SSETF facility can
accommodate as many as 16 waste containers for testing. These
tests will include storage temperatures up to 100 °C in water
and up to 600 °C in air. The environmental storage conditions,
temperature distribution throughout the solidified waste, and
pressure within the waste container will be monitored. Samples
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can also be taken from the vapor space above the solidified

waste. Some containers will periodically be removed from the
environmental pod and carefully core-drilled to remove a
sample of the solidified waste. A cap will then be welded

over the container wall penetration and the container returned
to storage.

The core samples will be used to investigate the possibility
that certain important parameters change with the type of
storage conditions used, and/or with time. Measurements that
are planned include leachability (in water), dispersibility,
and crystallinity. The samples will also be used to investi-
gate the extent, if any, of fission product redistribution
during long-term storage.

REFERENCES FOR SECTION 8
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Richland, Washington, June 1969.
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9.0 APFENDIX
9.1 RUN DESCRIPTION

This appendix briefly describes W3 radioactive Runs SS-1
through SS-6. Following the run descriptions, Tables 9.1
through 9.8 present general information for all runs on feed
compositions, operating parameters and results, material
balances, fission product distribution, and decontamination
factors, respectively. Figures 9.1 through 9.3 show schematic
diagrams of the equipment.

Run SS-1

The first engineering scale conversion of highly radio-
active agqueous wastes to ceramic by the spray solidification
process was completed i n January 1967.

During 37 hours of continuous operation, a total of
603 liters of adjusted sulfate-free, PW-1 waste (at 455 liters
per tonne) was reduced to a phosphate ceramic containing
83,000 curies of radioactivity (including 5700 curies of
radioruthenium) which produced an internal heat rate density
of 7.5 W/liter. This demonstration was equivalent to solidify-
ing wastes generated from the reprocessing 1.3 tonnes of
45 year-old, 20,000 Mwd/tonne power reactor fuel at 15 MW/tonne.
A total of 120 kilograms* (38 liters) of ceramic product, con-
taining a heat generation rate of 285 watts from radionuclide
decay, was collected in a 12-inch diameter, 8-foot long,
304L stainless steel receiver.

The run was terminated after 37 hours of continuous
operation due to a buildup of solid deposits inside the calciner
which partially plugged the calciner outlet to the melter. The
calcine deposition problem was caused by poor air atomization

* An estimated 20 to 30 kg of solids was held up inside calciner.



BNWL-1391

of the feed. Consequently, run objectives including the
following were only partially attained:
e Demonstration of spray solidification of Pw-1 feed.
e Filling a 12-inch diameter storage pot with 120 liters
of ceramic solid generating 12.5 W/liter.
e Determination of the path of radionuclides through the
process equipment.

The atomization of the PW-1 feed with an external - mix
nozzle was inadequate and resulted in some droplets too large
to calcine to a state of dryness with the existing equipment.
This problem was resolved in later runs by the use of an
internal-mix spray nozzle. The inadequate atomization of the
PNV-1 feed was first indicated by the wide fluctuations in the
internal calciner temperatures. The erratic temperature
behavior began after 25 hours of continuous operation which
had been free from major problems.

The external weir on the melter was used until it froze
after 25 hours of continuous operation. 1t could not be reopened
by increasing the weir furnace temperature.

The desired melt heat generation rate (12.5 w/liter) in
the final solid was not attained, because inadequate agitation
in the radioactive waste storage tank prevented transfer of
sufficient heat-generating solids in the Purex waste to the
feed makeup tank.

Melt was batch-dumped satisfactorily through the melter
freeze valve during the final 12 hours of the run after the
melter weir froze and could not be opened by increasing the
weir furnace temperature. For successful melt discharge, the
weir tip temperature needed to be increased. Melt stalagmites
formed when melt dripped in an erratic pattern from the weir

9.2
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onto the unheated upper portion of the pot. The stalagmites
were manually broken up and knocked down into the pot with a
steel rod, as increasing the pot wall temperature to 850 °C
did not prevent the stalagmite formation.

Cumulative of f-gas decontamination factors (DfF's) of
103 for nonvolatiles from solidifier to evaporator were as
predicted based on data from previous nonradioactive runs.
The cumulative OF for radioruthenium across the solidifier was

1.4, from solidifier through the evaporator was 103, and from

the solidifier to the fractionator distillate was 106. DF's of
106 for nonvolatiles to the acid fractionator distillate
receiver, as measured by liquid samples, were lower than expected.
Actual nonvolatile OF values were probably higher than these,
because contamination of the aqueous samples occurred during
the sampling process.

The effectiveness of sugar reductant for retaining
ruthenium in the evaporator could not be compared against opera-
tion without reductant since the run was discontinued before

the intended no-reductant period started.

The capacity of the off-gas vent system was not large
enough to maintain adequate vacuum in the solidifier during
filter blow-back. Air in-leakage into the solidifier at a
rate of up to 9 scfm taxed the capacity of the system.

Before the run, a technique for cleaning the calciner
filters was tested after the filter partially plugged during
vent system tests. The technique allowed in-place cleaning
of the filters, where previously the filters were removed
and soaked in acid. Nitric acid was fed (at about 2 liters/hr)
into the upper filter chamber while the filters were blown
back with saturated steam for 3.5 hours. This technique
reduced the filter pressure drop from 13 to 7 inches of water.
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It is believed that a longer cleaning period and a higher nitric
acid addition rate would have reduced the steady- state pressure
drop to a more desirable operating level (about 2 to 4 inches

of water).

An estimated 20 to 30 kilograms of calcine accumulated on
the calciner walls during the run. Seventy to eighty percent
of the calcine was removed following the run by spraying the
calciner internal walls with nitric acid pumped through a tank-
cleaning nozzle. Viewing the inside of the calciner barrel
with a portable television camera before and after cleaning
showed that the barrel was clean enough for the following runs.
The cleaning nozzle was mounted on a moveable wand which was
inserted into the calciner barrel through a hole in the top
flange. Acid was sprayed against the walls for 50 hours at an
average rate of 150 liters/hr and was collected in the melter
where it was continuously jetted back to the head tank.

Run SS-2

The second spray solidification demonstration run with a
sulfate-free, Pw-1 waste flowsheet was successfully completed
during April, 1967. During Run SS-2, a total of 419,000 curies
of radioactivity (including 5300 curies of radioruthenium)
was interfused in 48 liters of phosphate ceramic product to
give an internal heat rate density of 44 w/liter. A total of
790 liters of PV-1 waste at 455 liters/tonne was spray calcined
and melted during 58 hours of continuous operation. This
demonstration was equivalent to the solidification of 1.7 tonnes
of 3.6-year-old waste from a power reactor fuel with a
20,000 MwWwd/tonne total exposure at 15 MW/tonne.

An effective thermal conductivity of 1.6 W/(mz) (°C/m) or
0.91 Btu/ (hr) (ft2) (°F/ft) for the ceramic product was calcu-
lated using the pot calorimetry values of 2100 watts and the

9.4
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air-cooled (in-furnace) centerline-to-wall temperature dif-
ference of 70 °Cc in the 8-inch diameter pot receiver.

An internal-mix spray nozzle (Spraying Systems Co.,
Setup No. 42) performed well during the run. No calcine
deposits in the calciner barrel or cone were indicated during
the run or were seen by televiewing the inside of the calciner
barrel after the run. Consequently, the internal-mix nozzle
performance was far superior to that of the external-mix
nozzle (Spraying Systems Co., Setup No. 5) used in Rn SS-1
and earlier nonradioactive tests.

Feed atomization with unheated air did not result in feed
nozzle plugging, although plugging occurred briefly while
preheating the atomizing air to 320 °cC.

Feed flow fluctuations which contributed to a high pressure
drop across the calciner filters occurred in 10 to 15-minute
cycles during the last third of the run. The cause of the
fluctuations was not determined, but was probably related to
erratic operation of the magnetic flowmeter and the feed con-
trol valve. The filter pressure drop increased from 12 to an
undesirably high value of 18 inches of water during the last
7 hours, thereby causing the solidifier to pressurize slightly
(upto 4 inches of water) during filter blowback.

The filters had not been adequately cleaned before the
run, since the pressure drop was 9 inches of water when the
feed was first turned on. Following the run, the filters
were again flushed with nitric acid while blowing back with
saturated steam. A normal steady- state pressure drop of about
4 inches of water was achieved after flushing and drying
the filters.
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The melter was discharged in 5 liter batches at rates of
about 17 liters/hr through the freeze valve, since the weir
furnace was inoperable. Overheating the product pot during
filling with 1100 °Cc melt was prevented by turning off the
zone of the pot furnace at the melt level an hour prior to melt
dumping. The pot was filled evenly without stalagmite forma-
tion. In this respect, batch-dumping of the melt is superior
to drip-discharge from the melter weir.

About 75 percent of the ruthenium in the feed was volatil -
ized to the condensate receiver tank used for the modified
Mode B operation (see Figure 9.2) . Cumulative DF's to the
condensate based on the total radioactivity in the feed to the
solidifier were 1.4 and 5.2 x 10> for *%®ru and 1**ce-pr,

respectively.

The modified Mode B operation was used to isolate the
solidifier condensate from the evaporator to determine the
extent of ruthenium volatilized from the solidifier and to
demonstrate control of ruthenium evolution during the concentra-
tion of dilute raw waste in the evaporator. Small amounts of
sugar reductant were added to the evaporator bottoms and to
the fractionator tower throughout the run to suppress ruthenium
evolution. The modified Mode B operating conditions and the
sugar additions presented no unique problems, and the distribu-
tion of radionuclides in the auxiliary equipment was similar
to that following Run SS-1 with a Mode A operation. Cumulative
DF's to the evaporator condensate based on the radioactivity in
the concentrated raw waste in the evaporator at the end of the
run were 6.3 x 102 and 5.6 x 104 for 106Ru and 1'44Ce-Pr,
respectively.

Cumulative DF's for the concentrated raw waste to the
fractionator distillate were 8.3 x 105 and 8.6 x 107 for
1064 and 1‘MCe-Pr, respectively. Based on the cumulative DF's,
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the sugar reductant additions to the evaporator and to the
fractionator tower did not significantly reduce the evolution
of ruthenium from either the evaporator or the fractionator.
Cumulative DF's for the evaporator waste to the building stack
10 and 1 x 1011 106Ru
Ce-Pr, respectively. Radioactivity concentrations in

off-gases were greater than 3 x 10 for

and 144
the fractionator distillate following the run were 1.3 x 107
times the 10CFR20 |imits for 106Ru and 22 times the Iimit for
nonvolatile radionuclides (primarily 144Ce—Pr). Off -gas stack
radioactivity concentration for 106Ru was |less than 0.007 times
the 10CFR20 |imits while nonvolatile 20

0.0015 times the limit.

Sr concentration was

Run SS-3

The third spray solidification demonstration run was com-
pleted in July 1968. Run SS-3 was the first spray solidifica-
tion run with a simulated, high-salt, high-sulfate Purex
Waste (PW-2). The principal objective for Run SS-3 was to
demonstrate the overall operability of the spray solidifier
on a chemical and radiochemical PW-2 flowsheet. Other opera-
tional objectives included:

® A demonstration of the feasibility of remotely adding a
portion of the chemical additives as a solid flux directly
to the melter with a solids addition system.

® A demonstration of batch dumping the RAV2 melt and uniform
filling of a heated receiver pot.

® Filling of the 12-inch diameter pot receiver with melt
product having a heat generation rate density of

37 W/liter (4440 watts total).

During Run SS-3, simulated PAMV2 waste equivalent to that
resulting from the reprocessing of 0.61 tonne of power reactor
fuel. (20,000 Mwd/tonne at 15 MW/tonne) with an equivalent aging
time of 1.7 years was reduced to approximately 39 liters of
ceramic product.
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The solidifier was fed 357 liters of chemically adjusted
PAV2 waste (additives of LiOH, Ca(N03)2, Al(NO3)3, and H3PO4)
at 582 liters/tonne in 31.6 hours of actual feeding time. In
addition to the feed additives, solid sodium metaphosphate was
added to the melter batchwise to reduce the calcine melting
point to approximately 700 °c. The feed contained 420,000 curies
of radioactivity including 26,000 curies of ruthenium.

Prior to starting feed to the solidifier, numerous equip-
ment malfunctions occurred: the freeze valve electrical
heaters failed, the feed tank agitator failed, and the feed
pump began leaking. After the agitator was repaired and the
pump replaced, the run was started without the freeze valve
heaters by using a propane torch to heat the drain-freeze valve
to batch discharge the product from the melter to the receiver
pot.

During Run SS-3, a variety of problems caused seven inter-
ruptions of the feed to the solidifier. The first six interrup-
tions caused 236 hours of downtime, and the last interruption
caused termination of the run. The first two interruptions
which occurred early in the run resulted from difficulties with
the solids addition system. Following the second interruption
which occurred after 7.8 hours of feeding when the solid addi-
tion line plugged at the calciner, the solids feeder was
removed from the solidifier for modification. After adding a
heated air purge to the solids feeder to minimize condensation
and subsequent plugging at the entry point to the solidifier,
the feeder performed satisfactorily for the remainder of the
run. While the solids feeder was being modified, the original
12-inch pot was replaced with an 8-inch pot to shorten the run
and thereby lessen the potential for embrittlement of the
platinum freeze valve from exposure to the propane flame during
dumping of the melter.
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Although feed flow was resumed to the solidifier after
installation of the second receiver pot, it was maintained only
intermittently because periodic shutdowns (after 1 to 8 hours
of feeding) were required to unplug the solidifier vent system.
One shutdown was also required to replace the calciner vibrator
air supply line. Significant quantities of calcine (10%of the
total calcine produced) were entrained from the solidifier
through a failed off-gas filter and resulted in plugging of the
solidifier condenser (E-111) vent and drain lines. 1t was
necessary to unplug the system several times by flushing the
condenser with nitric acid. The run was eventually terminated
when the inlet to the condenser became plugged and could not
be unplugged by merely flushing the condenser.

Inspection of the solidifier off-gas filters after the
run revealed that two of the 15 porous metal filters had failed.
Both failures were located at the top of the filters just
below a circumferential weld. One failure was a partial crack
around the circumference of the filter, and the other was a
large missing section of porous metal. The porous metal near
the failure was much less ductile than that further down the
length of the filter. Indications were that the actual failure
(the loss of the large section of porous metal) occurred some-
time after Run SS-2 and before the start of Run SS-3, and may
have coincided with the striking of the calciner by a falling
crane boom. A combination of mechanical fatigue and corrosion
was suspected as the cause of the apparent loss in ductility
of the porous metal.

The internal-mix spray nozzle performed satisfactorily.
The use of unheated atomizing air prevented nozzle plugging
while feeding, as in Run SS-2. The air side of the nozzle,
however, did become partially plugged after the air was shut
off during a shutdown period. The nozzle was removed from
the solidifier, flushed, and returned to service.
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A propane torch used as a heater allowed the PA22 melt to
be discharged batchwise from the melter without any difficulties
via the drain—freeze valve. Due to the early termination of the
run, only partial fills of the two heated receiver pots were
attained. The approximately 29 liters of radioactive solidified
waste collected in the second receiver pot (8-inch diameter
304L stainless steel) produced a heat rate density of
34 w/liter (1000 watts total based on feed analysis). The
steady - state pot centerline temperature in the air-cooled fur-
nace was 315 °C and the centerline-to-wall temperature difference
was 80 °C. These values indicate an effective thermal conduc-
tivity of 1.1 W/(m%) (°C/m) [0.64 Btu/(hr) (ft2)(°F/£t)] for the
solid waste product.

During the entire run, 76%of the 106Ru, 10% of the

Ce-Pr, and 15.5% of the sulfur in the feed accumulated in
the auxiliary evaporator. The very large accumulation of non-
volatile radioactivity was due to the failure of the off-gas
filters. The amount of 1°®Ru and sulfur volatilized from the
solidifier was estimated as 73%and |less than 7%, respectively.
106

144

A total of 0.24% of the total Ru fed to the solidifier
was volatilized from or carried through the evaporator and
accumulated in the fractionator. The cumulative decontamina-

tion factor (DF ) across the evaporator for 10624 was
3.2 x 102. The pr_ for 4ce-pr was 2.5 « 104,
The DFc across the fractionator was 2.0 x 102 for 106Ru

and 1.1 x 102 for l44Ce—Pr.

A total of 1.2 x 1073 percent of the 106gu and

45 x 107° percent of the 144ce_pr in the feed to the solidi-
fier accumulated in the fractionator distillate. These values
were above the 10CFR20 release |imits by factors of 3.6 x 104

3 106 144Ce, respectively. At the end

and 1.1 x 10~, for Ru and
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of the run, 2.9 x 10 ° percent of the 1062y and 1.9 x 10—6 per-
cent of the radioactivity fed to the solidifier were present
in the off-gas scrubber. The relatively high accumulation of
radioactivity in both the fractionator distillate and the
scrubber may have been due in part to contamination of the
system at the beginning of the run as there was a considerable
time lapse between pre-run and first run samples. A total of
25 percent of the nitrogen fed to the solidifier accumulated
in the scrubber during the run. The radioactivity released
with the off-gas to the stack was less than 0.004 times the
10CFR20 limit for °%Sr and less than 0.0004 times the 10CFR20
limit for 10y,

Run SS-4

The fourth spray solidification demonstration run was
successfully completed during September 1968. Run SS-4 was
the second demonstration with a sulfate- containing, PW-2
waste flowsheet.

During Run SS-4, waste equivalent to 0.89 tonnes of power
reactor fuel (exposed to 20,000 MWwd/tonne at 15 MW/tonne) and
cooled 0.8 years, was interfused in 160 kilograms of ceramic
product. The 56 liters of radioactive ceramic produced a
heat-rate density of 93 W/liter (5200 watts total based on pot
calorimetry measurements) in an 8-inch diameter, mild steel
melt receiver. The steady- state pot centerline temperature in
the air-cooled furnace was 505 °C and the centerline-to-wall
temperature difference was 220 °C. These values convert to an
effective thermal conductivity of 1.1 W/(m2) (°C/m)

[0.64 Btu/(hr) (ft2) (°F/ft)] for the ceramic product.

The solidifier was fed 500 liters of adjusted PW 2 waste
at 560 liters/tonne in 40.5 hours at an average feed rate of
12.3 liters/hr. The feed, containing 1,400,000 curies of
radioactivity (including 15,300 curies of radioruthenium) , was
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reduced i n volume by a factor of 8.9 on a feed basis (or 6.0

on a basis of 378 liters/tonne waste). A total of 40.4 Kkilo-
grams of solid, 6 to 10-mesh sodium metaphosphate (NaPO3) was
added to the melter in 0.5 kilogram batches every half-hour
during the run to reduce the melting point of the solid waste
to flowsheet conditions. The solids addition system was purged
with air at 210 °C to prevent plugging.

All of the principal process factors including the atomiza-
tion, filter operation, flow control systems, and the solid
feeder system performed satisfactorily during the run. The
calciner vibrator broke loose from its welded mounting plate
on the calciner lid after 20 hours of continuous operation,
and the calciner was shut down. The vibrator was replaced
using a floating-type mounting arrangement and the run was
completed without any further problems.

The internal-mix spray nozzle performed well, without plug-
ging, for feed rates that ranged from 8 to 16 liters/hr and
with unheated atomizing air flows from 6.4 to 7.4 scfm. The
feed flow control was much better than during the previous
run, and the internal calciner temperatures had correspondingly
smaller fluctuations with less cycling.

The filter pressure drop increased from about 4 to about
7 inches of water when a blowback solenoid valve became stuck
open about 9 hours into the run. The jammed blowback valve
increased the noncondensable gas flow about 30 percent to
about 15 scfm. However, there was no detectable permanent
increase in the pressure drop across the filters on completion
of Run SS-4. With the blowback air off, the pressure drop
across the filters was between 1 and 2 inches of water before
and after the run. The new off-gas filter assembly had two
filters blown back at a time instead of three with the previous
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assembly. The new filter assembly performed satisfactorily
except for the janmed solenoid valve. The average instantaneous
decontamination factor (DF.) for 1440e-pr increased from 5900

at the start to 96,000 as the run progressed with an average
value of 47,000.

Sufficient vacuum was maintained in the solidifier during
blowback, and the pressure drop across the solidifier condenser
was negligible throughout the run (less than one-inch of water).
This condition was aided by the newly installed parallel vent
lines from the condenser which increased the vent capacity for
the system by about a factor of three.

The melter furnace was operated at 930 °Cc with an average
internal melt temperature of 870 °c. The melter was batch-
dumped through the drain—freeze valve 12 times i n about
45 liter batches at 3 to 4-hour intervals. As in Run SS-3,

a propane torch was used to melt the frozen ceramic product

in the drain-freeze valve to start the batch draining to the
pot receiver. The overall average processing rate for Run SS-4
was 0.5 tonnes/day. The pot furnace was not heated during

Run SS-4 and no stalagmites were formed in the pot. This
confirmed the nonradioactive pilot plant information that
unheated, mild steel melt receivers can be filled by the batch
dumping method without stalagmite formation.

During the entire run, 11 percent of the 10624 and

0.1 percent of the nonvolatile radioactive species in the feed
to the solidifier accumulated in the auxiliary evaporator.

The overall radioruthenium balance was unusually poor, with
only 40 percent of the radioruthenium accounted for. The
auxiliary condensate samples indicated that the ruthenium did
not leave the solidifier, and the solid waste samples accounted
for less than 30 percent of the total ruthenium. Contrary to
the normally unreliable low values reported for W& melt
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samples, the analytical results for the melt samples from

Run SS-4 checked quite closely for all radionuclides except
radioruthenium. Thus, the cause of the poor ruthenium balance
was not clear.

The cumulative decontamination factor, DFc’ across the
106

WP auxiliary evaporator for Ru was 76. Instantaneous
DFi's for 106Ru ranged from 1300 to 2700. The cumulative DFC
for 144Ce—Pr (representing the nonvolatile radionuclides) was

1700 and the instantaneous DF; 's ranged from 250 to 18,000.

A total of 0.1 percent of the ruthenium fed to the solidi-
fier accumulated in the fractionator bottoms. The DF_ across
106gy was 47 and for 144Ce—Pr wac; 375.
106gy ranged from 5 to 360. The DFi's
Ce-Pr were very low (less than 10) indicating that these

samples were contaminated during in-cell sample handling.

the fractionator for
Instantaneous DFi'S for

for 144

The fractionator distillate contained concentrations of
radionuclides which were above the 10CFR20 release |limits by
a factor of 1700 for the nonvolatiles (144Ce—pr) and by a
factor of 150,000 for the volatile radionuclides (lOGRu).

The final gaseous effluent at the stack contained concen-
trations of radionuclides which were below the detection [imits
of the available equipment. These below-limit values corre-
spond to concentrations which were less than 0.0016 times the
10CFR20 |limit for nonvolatiles (assuming all background mate-
rial was 90Sr) and less than 0.0004 times the 10CFR20 |imit for

volatiles (assuming all background material was 106Ru.

About 40 percent of the nitrogen volatilized from the
solidifier was removed from the off-gases in the solidifier
condenser (E-111). Of the remaining 60 percent, about 30 per-
cent was removed by the auxiliary evaporator-fractionator
equipment and about 20 percent was removed by the auxiliary

9.14
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scrubber before the caustic scrub solution was neutralized.
Nitrogen accumulation data for the scrubber bottoms i s shown
in Figure 5.7. The efficiency of the scrub solution for remov-
ing oxides of nitrogen is seen to drop off sharply after the
scrub solution i s neutralized.

Run SS-5

The fifth demonstration of the spray solidification pro-
cess was completed during October, 1968. Run SS-5 was the
third demonstration of the PW-1 (sulfate-free) waste flowsheet
for the spray solidification process. During Run SS-5, waste
equivalent to 2.0 tonnes of power reactor fuel
(20,000 MWd/tonne .at 15 MW/tonne) with an equivalent aging
time of 1.2 years was interfused in 209 kilograms of ceramic
product. The 66 liters of radioactive ceramic produced a
heat-rate density of 127 wW/liter (8200 watts total by pot
calorimetry measurement) in an 8-inch diameter 304L stainless
steel melt receiver. The steady- state centerline temperature
in the air-cooled furnace was 630 °C and the centerline-to-
wall temperature difference was 270 °C. These values convert
to an effective thermal conductivity of 1.2 W/(m2) (°C/m)

(0.69 Btu/ (hr) (ft2) (°F/ft) for the ceramic product.

The solidifier was fed 887 liters of adjusted sulfate-
free PW- 1waste at 446 liters/tonne in 53.2 hours at an average
feed rate of 16.7 liters/hr. The feed, containing
2,500,000 curies of radionuclides including 16,800 curies of
ratioruthenium was reduced in volume by a factor of 13.8, (or
11.4 on a 378 liters/tonne basis).

An internal-mix spray nozzle used to spray the PWNV-1 feed
into the solidifier performed well throughout the run. Feed
atomization with unheated air (lessthan 30 °C) was uneventful
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except for three periods when the remotely-operated nozzle
cleanout needle was required to remove plugs of solids. The
floating-type pneumatic vibrator on top of the calciner removed
the calcine powder successfully from the barrel and cone. No
indication of wall scaling in the solidifier was given by the
solidifier internal and wall temperatures.

The blowback system performed quite satisfactorily as
demonstrated by an average filter pressure drop of about
6 inches of water throughout the run.

The average melter processing rate was 0.9 tonnes/day.
The melter furnace operated at 1125 °C with an internal melt
temperature of 1050 °C. A new drain-freeze valve cooling
assembly was used throughout the run. The melter was batch
dumped through the drain-freeze valve eleven times in about
6 liter batches every 5 to 6 hours. The drain-freeze valve
began to drain about 2 minutes after the air was turned off to
the cooling coils around the drain tube. The use of air-
cooled coils were usually an effective means of sealing the drain
tube following each batch dump of melt to the receiver. However,
on one occasion, the calciner vacuum was increased to normal
before the drain tube was completely resealed. Air was pulled
up through the drain tube causing melt to spatter onto the upper
walls of the melter.

The receiver was held at 850 °c at the start of the run,
but after approximately two zones of the receiver were filled,
the pot furnace was shut off and the run completed by batch
dumping into an unheated pot without stalagmite formation.

During the entire run, 70 percent of the total ruthenium
fed to the solidifier was volatilized from the solidifier and
accumulated in the WSEP evaporator. The rate of volatilization
remained constant throughout the run as indicated by the

106

constant accumulation of Ru in the auxiliary evaporator.
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Entrainment of nonvolatiles represented by Ce-Pr was
0.064%, which was a factor of about 2 lower than during
Run SS-4.

About 60%of the total nitrogen volatilized from the
solidifier was absorbed in the solidifier condensate (average
concentration was 3.3M nitrogen). About 75%of the total
nitrogen was found in the evaporator and the fractionator at
the end of the run. The scrubber solution was neutralized from
24 to 0.04M NaOH at the end of the run, and contained about
20% of the total nitrogen fed to the solidifier.

Ruthenium equivalent to 0.64% of the total fed to the
solidifier accumulated in the fractionator. The rate of
ruthenium accumulation in the fractionator remained constant
throughout the run. These two facts indicated that ruthenium
was not being efficiently scrubbed from the gas phase by the
solidifier condenser.

The cumulative decontamination factor, DFC, for 106Ru

across the WEP auxiliary evaporator was 110. Instantaneous
DF's for 106

when feed was off. Cumulative decontamination factors for
144

Ru ranged from 200 when feed was on to 14,000

Ce-Pr representing nonvolatiles was 1500 across the evapo-

rator. Instantaneous DF's for 144

1000.

Ce-Pr averaged greater than

The DFc across the fractionator for 106

Ru was 120 and for
144 144 .
Ce-Pr was 3200. Instantaneous Ce-Pr DF's averaged

greater than 102.

The fractionator distillate receiver contained a fraction
of the total radioactivity fed to the solidifier equal to

5.9 x 10"5 for ruthenium and 3 x 10_10 for nonvolatiles. These

106

values were above the 10CFR20 release |limits for Ru and

144Ce—Pr by factors of 1.8 x 105 and 1.1 x 103, respectively.
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Fractional losses of radioactivity in the off-gases to

the stack were less than 8.9 x 10"13 for gross beta

(as 144Ce—Pr) and less than 2.8 x 10_10 for 106Ru. These values
correspond to less than 0.03 and less than 0.0004 of the
90 106

10CFR20 release |limits for Sr and Ru, respectively.

Run SS-6

The sixth demonstration of the spray solidification pro-
cess was completed during November 1968. Run SS-6 was the
fourth radioactive demonstration of the spray solidification
process with a PW-1 (sulfate-free) waste flowsheet. During
Run SS-6, waste equivalent to 1.9 tonnes of power reactor fuel
(20,000 MWwd/tonne at. 15 MW/tonne) with an equivalent aging
time of 0.8 years was interfused in 207 kilograms of ceramic
product. The 65 liters of radioactive ceramic produced a
heat-rate density of 168 W/liter (11,100 watts total by pot
calorimetry measurement) in an 8-inch diameter, 304L stainless
steel melt receiver. The steady- state centerline temperature
in the air-cooled furnace was 735 °C and the center-to-wall
temperature difference was 305 °C. These values convert to an
effective thermal conductivity of 1.5 W/(m2) (°C/m) [0.87 Btu per
(hr)(ftz) (°F/ft)] for the ceramic product.

The solidifier was fed 986 liters of adjusted, sulfate-
free PMW 1 waste at 521 liters/tonne in 55.6 hours at an
average feed rate of 17.7 liters/hr. The feed containing
3,000,000 curies of radionuclides (including 24,000 curies of
ruthenium) was reduced i n volume by a factor of 15.6 (or 11.0
on a 378 liters/tonne basis).

The floating-type pneumatic vibrator failed after
28.6 hours of run time and was replaced. The vibrator was
successful in removing the powder from the calciner barrel.
In the cone, however, powder accumulated to completely block
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the melter inlet on two occasions, after 1.0 and 16.2 hours of
run time. 1 both occasions, the cone was mechanically cleared
by rodding through the solids-feeder port.

After the run, inspection revealed considerable buildup of
melt at the melter inlet with about a 50 percent reduction in
the cross-sectional area of the melter inlet. The buildup was
attributed to back-sparging of the melt through the drain tube
during run startup as the result of an incomplete seal and
inadequate pressure control. The melter viewing port also
became plugged with melt from the sparging at this same time
and had to be rodded out. The melt buildup was slumped from
the melter inlet by insulating the top of the melter and heat-
ing the melter to 1200 °c. Back-sparging can be and normally
Is avoided by assuring that the drain tube is sealed prior to
operating the melter at increased vacuum and temperature.

A calcine deposit was also found in the conical bottom
section of the calciner directly below the drying chamber
after the run. A total of 10 to 12 kilograms of caked calcine
was removed from this area. The deposition is believed to
have accumulated over the last two to five runs (the solidifier
was flushed prior to Run SS-2) as a result of inadequate feed
atomization caused by either intermittent off-standard condi-
tions in feed flow or nozzle erosion. During Runs SS-2
through SS-6, a total of 240 hours of feed-on time was
accumulated on the equipment and a total of 850 kilograms of
ceramic product was produced. Inspection of the drying
chamber revealed it to be relatively clean. After the run,
the spray nozzle was removed and replaced with a new one
because of the deposition in the calciner and because the
nozzle used approximately 20 percent more air during Runs SS-5
and SS-6, apparently caused by internal erosion of the nozzle.
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The filter pressure drop averaged about 6 inches of water
throughout the run indicating that the filters and the filter
blowback system performed satisfactorily. Inspection of the
filters following the run showed them to be relatively clean.

The air-cooled coils provided an effective means of seal -
ing the drain-freeze valve following each batch dump of the
melt to the receiver. The receiver was filled uniformly by
batch dumping into an unheated pot without stalagmite formation.
The melter furnace was operated at 1150 °C with an average
internal melt temperature 1120 °Cc. The freeze-valve cooling
assembly installed prior to Run SS-5 was again successfully
used throughout the run. The melter was batch dumped through
the drain tube eleven times in about 6 liter batches every
5 to 6 hours. The average equivalent melter processing rate
was 0.82 tonnes/day.

06Ru in the

During the entire run, 47 percent of the !
feed to the solidifier was volatilized from the solidifier,
while 0.071 percent of the other combined radioactive species

were entrained from the solidifier.

About 75 percent of the total nitrogen volatilized from
the solidifier accumulated in the evaporator and the frac-
tionator. The scrubber solution was continuously neutralized
from 2M NaOH at the start of the run to 0.07M NaOH at the end
of the run, and about 20 percent of the total nitrogen was
accumulated in the scrubber solution during the run.

During the last 21 hours of the run, sugar was added to
the evaporator to suppress the evolution of ruthenium. A
total of 945 liters of 0.175M sugar solution was added at an
average rate of 5.25 liters/hour. The sugar addition rate of
0.92 moles/hour was about five times the rate for Runs SS-1
and SS-2 but, as during the previous runs, the sugar addition

9.20
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produced no discernible reduction in the accumulation rate of
ruthenium in the fractionator. The cumulative decontamination
factor, DF _, for %Ry across the evaporator femained about
the same with or without a sugar addition. The DF for 100gry
across the WP auxiliary evaporator was 0.73 x 102. |nstan-
taneous decontamination factors, DF,'s for 10624 ranged from
1.5 x 102 near the start of the run to 2.7 x 10° after the
feed was off. A nearly constant buildup of ruthenium in the
acid fractionator and a higher than expected ruthenium concen-
tration in the fractionator indicated ineffective scrubbing

of ruthenium in the solidifier condenser. The DF,'s across
the evaporator for nonvolatile materials represented by
144Ce—Pr averaged-greater than 104. The DF , across the

evaporator for 1440 py was 1.6 x 103.
The DFc across the fractionator was 3.1 x 102 for 106Ru
and less than 5 x 102 for 144Ce—Pr. The DFi's for 106Ru

averaged greater than 8.0 x 10%.

The fractionator distillate contained a fraction of the
total radioactivity fed to the solidifier of 2.0 x 107°
for Y% gru and 8 x 1072 for nonvolatiles. These values were
above the 10CFR20 release limits for *%°ru and 1%4%ce-pr by

factors of 2.1 x 104 and 5.1 x 103, respectively.

Fractional losses of radioactivity in the off-gases to
the stack were less than 2.0 x 10 19 for gy and equal to
5.3 x 10713 for gross beta (as 144Ce—Pr). These values were
below the 10CFR20 Iimits for “%°ru and ?%sr by factors of

4 x 10% and 1.6 x 103, respectively.

9.2 STARTUP PROCEDURE FOR SPRAY SOLIDIFICATION PROCESS

The startup sequence for the spray solidification equip-
ment involves heating up the calciner and the melter, then
stabilizing the calciner temperature at the desired operating
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temperatures while metering atomizing air and water to the
atomizing nozzle. With the calciner temperatures leveled out
with a water feed rate corresponding to the desired feed rate,
the feed is gradually blended with the water until the switch-
over to feed i s completed.

9.2.1 Spray Calciner and Calciner Furnace

Each of the three furnace zones is heated to 700 °C in
100 °C increments over a 2 to 4 hour period. While the
calciner furnace is heating, the atomizing air and the purge
air flows (including the solids feeder air purge — when used)
are turned on and the desired vacuum is established in the
solidification and the.auxiliary off-gas systems. When the
filter chamber temperature has reached 200 °c, the filter blow-
back system is started up. The filter blowback gas supply
line and heaters are blown down with air to remove any residual
moisture. Then the blowback gas heater is turned on to permit
the blowback gas temperature to be controlled at 300 to 350 °c.
A temperature limit of 750 °C is preset on the temperature
recorder-controller for each of the three spray calciner
furnace zones.

With the calciner at operating temperature and the atomiz-
ing air on at 40 to 45 psig, water is fed to the spray calciner
at about 15 liters/hr. After the calciner temperatures have
leveled out, feed (waste) is slowly blended with the water
over a 1 to 2 minute period until only waste is being fed and
the water is off.

Prior to heatup of the melter furnace, cooling air is
turned on to the melter neck and to the freeze valve cooling
coil assembly. (The melter neck is cooled to a temperature
below the calcine stick point, usually about 700 °C.) Both
of these cooling air flows are external streams and, although
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they represent heat sinks, they are not part of the calciner
off-gas stream. The cooling air flows to the melter freeze
valve coils are adjusted to maintain their temperatures about
100 °c below the remelt temperature of the solidified waste
product.

The prescribed operating temperature and upper temperature
limit are preset on the melter furnace temperature controller.
The melter furnace is heated to 800 °C in 100 °C increments
over a 2 to 4 hour period with manual adjustments of the melter
temperature controller. The melter temperature controller is
then switched to automatic control and the melter furnace is
heated to the prescribed operating temperature for the run.

9.2.2 Receiver Furnace

The temperature controller for each of the six furnace
zones is preset to the prescribed run conditions. Prior to
heatup of the receiver furnace, cooling air is turned on to
the thermocouple connector on the pot receiver. Each of six
receiver furnace zones i s heated to the prescribed operating
temperature in 100 °C increments by manually increasing the
temperature controller set point over a 2 to 4 hour period.

9.3 NORMAL OPERATING HROCHDURE

9.3.1 Spray Calciner

Under normal operating conditions, the feed rate to the
spray calciner is controlled by manual adjustments to a
prescribed rate which is then maintained by an automatic flow
controller. Because the spray calciner temperatures will
sense subtle changes in the feed rate, which may not be
detected by the WEHP feed flow system, manual adjustments to
the calciner feed rate are sometimes made after observing
the calciner temperatures.

9.23
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The calciner temperatures, feed flow rate, atomizing gas
flow rate and pressure, calciner-melter vacuum (especially when
back-blowing the filters), and the filter pressure drop are
closely monitored and controlled during operation. Under normal
operating conditions, the pneumatically-operated vibrator on
the calciner is operated about once each minute for 2 to 4 sec-
onds to remove powder which has adhered to the heat transfer
surf aces.

The porous metal off-gas filters are automatically blown
back (pulsed) every 2 minutes with a pulse of heated gas (steam
or air at about 350 °C and 40 to 60 psig). The filter pressure
drop is normally about 2 to 4 inches of water. An occasional
higher pressure drop is usually reduced to this level by
increasing the blowback frequency and/or blowback gas pressure
for a short time. The calciner-melter vacuum is controlled by
manual adjustments of the vacuum in the process vent system
to maintain a vacuum in the calciner during filter blowback.

9.3.2 Melter

The melter furnace is controlled at a set temperature.
Occasional adjustments may be made t o compensate for changes
in feed rates, etc., as indicated by temperatures of the melt
itself. The temperature of the melt pool near the bottom of
the melter is usually about 50 to 100 °C below the melter
furnace temperature. The upper melt temperatures (near the
melt surface) are used to monitor melter performance. Under
normal operating conditions, the melter temperatures alone are
adequate for monitoring the melter operation. However,
occasional visual observations (ie , via the melter sight
glass) of the melt level and general operating conditions are
helpful in the early detection of off-standard conditions.

9.24
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The melt may be discharged to the product receiver con-
tinuously, using an overflow weir, or batchwise using a
drain-freeze valve to periodically drain the contents of the
melter. Batch-dumping of the melter via the drain-freeze
valve is normally used to avoid the formation of stalagmites
in the receiver pot which can occur in insufficiently heated
pots with the lower melt transfer rates of the continuous
overflow weir. The contents of the melter are periodically
drained to the receiver pot by turning off the air to the
cooling coil around the drain tube and allowing heat from
the melter to thaw the frozen melt in the tube.

When the melter is batch dumped to the pot receiver,
the vacuum is reduced to about 2 to 4 inches of water and
the filter blowback is turned off. This is done to avoid
backsparging through the freeze valve and subsequent spatter-
ing of melt onto the upper melter surfaces.

When the melt flow has slowed to a drip, the freeze
valve cooling air is turned on and this freezes a plug of
melt in the tube. Other conditions (i.e., filter blowback,
vacuum) are then returned to normal.

When processing a PW-2 waste, the melting point of the
PNV2 calcine is reduced to about 700 °C by adding sodium
metaphosphate (NaPOB) as a solid fluxt o the melter. The
lower melter operating temperature minimizes the volatilization
of sulfate from the melt. The solid flux is added to the
melter batchwise every half-hour and just before each batch
dump. The ratio of flux to calcine is adjusted to give the
desired chemical composition of the final solid.

The melter furnace temperatures are controlled at 1150 °cC
to 1200 °c during processing of sulfate-free PW-1 waste. The

9.25
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upper melt temperatures (near the melt surface) are maintained
above 900 °c (melting point) throughout the accumulation of a
batch of melt.

The nominal batch volume for the WEP melter i s about
5 liters of melt but may range from 4 to 8 liters. Grab samples
of the molten waste are collected at the discharge of the
drain or weir tube.

9.3.3 Melt Receiver

| f necessary during filling of the receiver pot, each of
the six zones of the receiver furnace is controlled at a set
temperature sufficient for the incoming molten waste to spread

out and uniformly fill'the pot receiver (heating the receiver
is normally only required for continuous weir overflow type
filling of the pot). As each of the six receiver zones

becomes filled, furnace heat to the zone i s discontinued.
Cooling air is available for direct or indirect cooling of the
receiver wall to confine temperatures within prescribed limits.
During normal operation, the pot receiver temperatures in the
zones above the melt level are monitored and are usually
adequate to detect possible stalagmite formation. Occasionally,
however, the receiver is visually checked as a preventive
measure.

9.4 SUIDOM HFROCEDURES

9.4.1 Spray Calciner

Over a period of about 2 minutes, the feed to the atomizing
nozzle is gradually switched from feeding waste to feeding
water. Water is fed to the spray calciner for about 30 minutes
to flush the feed lines and is then shut off. When powder no
longer enters the melter during filter blowback and vibrator
cycles (usually by the end of the flush period), the solids
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feeder, the blowback equipment (timer, air supply and air
heater) and the vibrator equipment (timer and air supply) are
shut off. The spray calciner furnaces are shut off, and when
the calciner temperatures are below about 200 °c, the atomizing
air flow is also shut off.

9.4.2 Melter

After the blowback and vibrator equipment have been shut
down, the air to the cooling coils around the drain-freeze
valve is slowly shut off. Vacuum is adjusted to 2 to 4 inches
of water while the contents of the melter drain to the pot
receiver. The air to the cooling coil is slowly turned on
when the flow of melt slows to a drip and the freeze valve is
resealed. The melter furnace and other melter equipment are
then shut down.

9.4.3 Melt Receiver

After the contents of the melter have been emptied into
the receiver pot, any heat to the receiver (if on) is dis-
continued. Cooling air is turned on to all the receiver fur-
nace zones, and the filled pot receiver is stored in the
receiver furnace until the internal temperatures have reached
steady-state. The receiver pot is then removed from the
furnace and is transferred to the storage rack for postrun
inspection and evaluation.

9.5 POSTRUN HLLED POT HROCEDURES

The filled pot is inspected as soon as possible after the
pot is removed from the receiver furnace. Each filled receiver
pot is transferred from the pot receiver furnace to the pot
storage rack where it i s weighed, rodded to determine the
depth of waste product, and inspected internally (with the
aid of mirrors) and externally.
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A calorimetry measurement i s made as soon as possible to
determine the total internal heat generation rate of the waste
product in the filled pot receiver. Calorimetry data are
usually obtained within a few days after the run to avoid
fission product decay effects.

After welding the permanent lid to the filled pot, other
nondestructive tests are made, including pot leak rates, a

gross gamma radiation profile, and internal pressure changes.
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Nominal and A-ctual

BNWL-1391

Feed Compositions Used in Spray
Solidification Runs SS-1 Through SS-6

PWTl, Actual PW—%a )
WSEP Nominal Concentration, M‘&,

waste component Subs. M S5-1 55-2 55-5 SS-6

Bt 3.7 3.6 4.6 5.3 4.8

ret? (c) 0.93 0.95 0.95 0.75 0.797

crt3 0.012

nit? 0.005

a3 (c) 0.001  0.071 0.071 0.19 0.105

Na*tls 0.138 0.729 0.397 0.67 0.596

ute 0.010

No; 6.5 6.1 6.4 6.4 6.7

5032 oo

po,’ " 0.003 1.78 1.78  1.67 1.99

Sifsz . L, 00w

Cs ~+ Rb K ~ 0.042

sr? 0.0155 "

Ba®? 0.0195

(v + rE)*3 et 0.12 0.19 0.15

zrtt 0.065

Moog"2 + Tco,7? M004—2‘ 0.079

rRytd 0.0032 0,0040 0.0025 0.0012 0.0039

rRuT? ret3  0.0288

mt? cot®  0.0074

pd*? nit?2  0.017

agt + ca*? ™ 0.0016

Te04i2 so;?  0.0064

Additives to Waste

Ca+2

Li 0.50

Na+ 0.50

Poéi (Nominal) 1.74

PO (Nominal _as -—-

Solid) (d)

Final Feed

Total volume, liters 1000 900 983 1102

Concentration, liters/ 455 455 446 521
tonne

Specific Gravity at 1.32 1.34 1.36 1.32
25 °C

Solids, % -25 -33 31 0
My () 4.78 490 4.56 4.59 5,47
IME/P(£) 2.75 2.75 2.56 2.75 2.75

Total Radioactivity, 145 599 2260 3070
Ci/liter

Radioruthenium, ci/liter 9.8 6.7 18.9 24.2

Total Heat Rate Density, 0.55 2.5 9.3 a1
W/liter

g. Values are reported on a 378 liter/tonne basis.

o

substituted for ruthenium) in the waste.

Q -0 Q

earth analyses and low sulfate analyses.

PW-2,

Nominal Actual PW-2, M(a'b)
M SS-3 ss-4
3.93 4.2 5.5
0.445 0.412 0.415
0.024
0.010
0.001 0.303 0.31
0.93 0.91 1.02
0.010
5.37 6.6 7.14
0.87 0.5791 0.66'9
0.006 1.61 1.61
0.010
0.042
0.0155
0.0195
0.12 0.20'9 0.239
0.065
0.079
0.0032 0.0046 0.0020
0.0288
0.0074
0.017
0.0016
0.0064
0.25
0.60
1.17
1,27 1.07(! 1.18'¢!
1.61
1.27(D 1.07) 1.18t€)
1076 569
-. 582 560
1.32 1.36
34 30
6.45 (7.72) 6.07 (7.14) 6.11 (7.29)
4.01 (2.68) 3.77 (2.66) 3.80 (2.61)
1185 2800
72 31
4.8 11

Values reported are total concentrations including additives (if any) as determined by chemical
analyses of the waste. i

nominal values.
Excess aluminum in 1WW waste was substituted for part of the total nominal

All other chemical compositions are added quantitatively as given by
iron (includingiron

Sodium metaphosphate, NaPO3, was added to the melter as a -6/+10 mesh solid during PN-2 runs only.
Values reported are average values for total run on a 378 liter/tonne basis.
Values in brackets are for the total waste including the solid sodium metaphosphate additive.
Sulfate added to give 0.87 M but formation of

insoluble rare-earth sulfate resulted in high rare-

9.29
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*OLIDIFIER DATA (Definitions are on
ollowing page)
Spray Solidification Run Number

»ate

Operating Mode(a)

‘eed

ype

iloncentration, liters/tonne

"emperature, °C

eed Rate, liters/hr

‘otal Feed Consumed,

‘otal Feed Time, hr

lotal Down Time, hr

‘otal Curies in Feed to Solidifier

‘otal Curies of Ruthenium in Feed to
Solidifier

itomizing Feed Nozzle

lype

Itomizing Gas

Itomizing Gas Flow, scfm
Itomizing Gas Pressure, psig
Itomizing Gas Temperature, °C

calcinexr Vibrator

liters

lycle, min
>ulse, sec
Air Supply Pressure, psig

Calciner Blowback Filters

3lowback Gas
3lowback Gas Temperature, °C
3lowback Gas Pressure, psig
3lowback Cycle, min
alowback Pulse, sec
Filter Pressure Drop, inches of water
start of Run - Atomizing Gas On
- Feed On
End of Run - Feed On
- Atomizing Gas On
air Inleakage to Solidifier, scfm
I'otal Noncondensible Gas Flow to
Filters, scfm
'’otal Gas Flow to Filter at 350 °C, cfm
ilter Face Velocity (at 350 °C), ft/min
"ilter Chamber Temperature, °C
*ilter De-entrainment Factor for
Particulates Based on l44Ce-Pr

lalciner

‘nternal Temperatures, °C - Top
- Bottom
"urnace Temperature, °C
‘ressure, inches water - Normal
- During Blowback
wwerage Furnace Power, kW - Atomizing
Air on
- Feed On

olids Addition

ndditive

size, mesh (Tyler Series)
Addition Method

Addition Point

" otal Additive, kg

Melter

‘nternal Melt Temperatures, °C
Murnace Temperature, °C
main-Freeze Valve Temperature, °C -
While Frozen
While Draining
Heir Temperature, °C
llelt Discharge Method

wverage Volume, liters
I'roduction Rate, liters/hr
Residence Time, hr

I'urnace Power, kW

PRODUCT DATA

I roduct Receiver

.'SEP Pot Number

‘aterial

iameter (OD), in. (€)

call Thickness, in. (e}

length, in. (€

leceiver Wall Temperature, oc(f)

l'epth of Solidified Waste in Receiver,
in.

leakage, atm-cm3/sec

troduct

veight, kg
iolume, liters
ulk Density, kg/liter
reasured Density, kg/liter
belting Point, °c (calcine without
solid flux additive, °¢)
h3ijusted Feed to Solid Volume Ratio
naste to Solid Volume Ratio
quivalent Waste, tonne
'verage Processing Rate
.nit Volume, liters/tonne
ission Product Heat in Pot, W
Based on Feed Analysis
Based on Pot Calorimetry
leat Generation Rate Density,
Total Radioactivity in Pot, Ci
Total Radioruthenium in Pot, Ci
liquivalent Age of Waste, years
Centerline Temperature, °cC
In Air-Cooled Furnace
In Air
In Water
Canterline-to-wall AT, °C
In Air-Cooled Furnace
In Air
In Water
Lffective Thermal Conductivity, Ke,
W/ (m2) (°C/m)
In Air-Cooled Furnace
In Air at 30 °C
In Water at 30 °C
tadiation Reading at 6 Inches, rad/hr

tonne/day

W/liter

SEP_AUXILIARY DATA

:raporator (TK-113) Average Operating
Conditions

:iottoms, M HNO3
. 7erheads, M HNO3
yiloff Rate, liters/hr
5:rip Water Addition Rate, liters/hr
Volume, liters - Start
- End
Sigar Addition Rate, Moles/hr

I' ractionator (TK-115) Average Operating
Conditions

Bottoms, M HNO

Orerheads, M HNOj3

boiloff Rate, liters/hr

k: flux Ratio

Volume, liters - Start
- End

Fyactionator Distillate (TK-116)
E:ttoms, M HNO3 - Start

- End

\:lume, liters - Start

- End
£.rubber (TK-118)
Circulation Rate, liters/min
E ttoms, M NaOH - Start

- End

Vo lume, liters - Start

- End

ss-1
1/4/67
1/6/67
A

PWH
455

50
16.3
603

37
0.1
83,000

5,700

External - nix
Air

Na (d)

49-62

350

Steam
345
26

1.5
na(d)

11
NA
9

11
49
3.2
300

2,000

475
600
700
-10

1100
1175

NA

980

1000

65% Continuous
35% Batch

6

1.2

5

15.5

20
304L
12,03
0.330
96
780

33.2(9)
NA

19%(?)
55
3.5?9)
3.15

870
13.622;
1hitn)
0.8

34(h)

285
RG]
7.5 (h)
72,000 (h)

1400 (h)
45

190
NA
NA

30
NA
NA

1.3(R)
NA
NA

2.5 x 10°

0.1
50
36
195
155
0.13

7.7
0.06
45
0.63
400
705

~0.04
185
365

40

2.1
1.1
475
360

55-2
4/26/67
4/29/67
B-Modified

PW-1
455

30

13.8
789
57.3
2.8
420,000

5,300

Internal - mix
Air
6.0

40
30-320

Steam
350
20-33

1.5
NA

18

NA
w4

11
45
3.0
320

5,000

490
600
700
-8
4 (max.)

NA
NA

None

1100
1150

950
850

Batch

0.8

NA

24
304L
8.70
0.320
95.7
860

59.2
NA

152
48
3.16
3.19

925
16.4¢3)
13.603
1.7
0.7

28

2100
2100

44
419,000
1,200
3.6

285
385

70
NA
NA

1.6
NA
NA
1.1 x 10

1.5
0.02
65
50
350
235
0.17

895
40
0.7

480
270

Ss-3
Part 1 Part 2
7/8/68 7/19/68
A
PW-2
582
40
11.3
357
31.6
23.6
420,000
26,000
Internal - mix
Air
6.0
43
30
1
2
60
Steam
350
27
2
2
1
3
11(b)
NA
N7
13
45
3.0
350
10 (b)
370
520
670
—12(b)
5 (max.) (P)
10
20
NaPO3
6 to 10
2 batches/hr
Calciner Cone
25.4
880
910
440
800
420
Batch
5
1.2
4
7.0
21 33
304L 304L
12.03 8.63
0.315 0.315
95.2 95.2
640 640
16 ~35
NA NA
27 77
10 29
2.7 2.6
2.7 2.7
700 (900) 700 (900)
9.6 9
6.2 5.9
0.16 0.45
0.50 0.45
61 64
3390 1000
- 1300
39 34(k)
9,700 264,000 (k)
2400 3800 (X
1.7 1.7 (k)
NA 315
NA -
NA 55
NA 80
NA NA
NA NA
NA 1.1()
NA NA
NA NA 4
NA 1.4 x 10
4.6
0.4
60
50
365
220
6.0
0.01
50
0.57
310
865
0.05
190
740
30
1.5
1.4
370
310

[ SRS

ss-4
9/11/68
9/17/68
A

PW-2
560
30
12.3
500
40.5

1
1,400,000

15,300

Internal - mix
Air
6.8
45
30

410
560
680
-8
-1

12
26

NaPO3
6 to 10
2 batches/hr

$5-5
10/16/68
10/18/68
A

PW-1
446
25
16.7
887
53.2

3.5
2,500,000

16,800

Internal - mix
Air
8.6
40
30

N =

Air

375
500
695
-11
-3

13
26

None

Calciner Cone ---

40.4

900
930

415
835
460

Batch

5
1.4
3
7.5

40

Mild Steel
8.55

0.320

95.5

60

67.0

1,400,000
3,500
0.8

505
340(1)
265

220
170 (1)
220

X
-
<o

270

9.3
0.09
65
0.44
525
560

0.05
220
490

30
1.3

415
335

1100
1125

800
950
800

Batch

1.2

14.4

35
304L
8.62
0.310
95.6
840

79.1
NA

209

3.19
3.24

875
13.8
11.4
2.0
0.9
33

8200

8200

127
2,500,000
5000

1.2

640
630
345

270
285
295

x 104

8.7
0.05
55
0.52
520
640

0.05
220
430

20
2.0
0.04
470
475

PP78/68

11/8/68
A

PA-1
520
20
17.7
986
55.6

21
3,000,000

24,100

Internal - mix
Air

8.5

45

30

325
460
700
-10
-2

1130
1150

830
940
840

Batch

1.2

14.5

42
304L
8.64
0.323
95.5
60

78.0
2.5 x 107

207(3)
65 (1)
3.18
3.18

950 |
15,6 (1)
11.0¢d
1.9

0.8

34

10,800
11,100
168
3,000,000
13,300
0.8

735
710
330 (M)

305

310
0.92

8.7
0.10
60
0.48
605
805

0.09
215
1,995

20
2.2
0.07
565
395

9.30



Al SUPPLlYy rressurc, ps.ig
Calciner Blowback Filters

Blowback Gas
Blowback Gas Temperature, °C
Blowback Gas Pressure, psig
Blowback Cycle, min
Blowback Pulse, sec
Filter Pressure Drop, inches of water
Start of Run - Atomizing Gas On
- Feed On
End of Run - Feed On
- Atomizing Gas On
Air Inleakage to Solidifier, scfm
Total Noncondensible Gas Flow to
Filters, scfm
Total Gas Flow to Filter at 350 °C, cfm
Filter Face Velocity (at 350 °C), ft/min
Filter Chamber Temperature, °C
Filter De-entrainment Factor for
Particulates Based on 1l44ce-Pr

Calciner

°c - Top
- Bottom

Internal Temperatures,

Furnace Temperature, °C
Pressure, inches water - Normal
- During Blowback
kW - Atomizing
Air on
- Feed On

Average Furnace Power,

Solids Addition

Additive

Size, mesh (Tyler Series)
Addition Method

Addition Point

Total Additive, kg

Melter

Internal Melt Temperatures, °C
Furnace Temperature, °C
Drain-Freeze Valve Temperature, °C -
While Frozen
While Draining
Weir Temperature, °C
Melt Discharge Method

Average Volume, liters
Production Rate, liters/hr
Residence Time, hr

Furnace Power, kw

FRODUCT DATA

Product Receiver

WP Pot Number

M aterial

Diameter (OD), in. (e)

Wall Thickness, in. (e)

Length, in. (e

Receiver Wall Temperature, oc (£)

Depth of Solidified Waste in Receiver
in.

L eakage, atm-cm3/sec
Product

Weight, kg

Volume, liters

Bulk Density, kg/liter
Measured Density, kg/liter
Melting Point, °C (calcine without
solid flux additive, °c)
Adjusted Feed to Solid Volume Ratio
Waste to Solid Volume Ratio
Equivalent Waste, tonne
Average Processing Rate, tonne/day
Unit Volume, liters/tonne
Fission Product Heat in Pot, W
Based on Feed Analysis
Based on Pot Calorimetry
Heat Generation Rate Density,
Total Radioactivity in Pot, Ci
Total Radioruthenium in Pot, Ci
Equivalent Age of Waste, years
Centerline Temperature, °C
In Air-Cooled Furnace
In Air
In Water
Centerline-to-Wall AT, °C
In Air-Cooled Furnace
In Air
In Water
Effective Thermal Conductivity, Kg,
W/ (m2) (°C/m)
In Air-Cooled Furnace
In Air at 30 °C
In Water at 30 °C
Radiation Reading at 6 Inches, rad/hr

W/liter

WIHP AUXILIARY DATA

Evaporator (TK-113) Average Operating
Conditions

Bottoms, M HNO3
overheads, M HNO3
Boiloff Rate, liters/hr
Strip Water Addition Rate, liters/hr
Volume, liters - Start
- End
Sugar Addition Rate, Moles/hr

Fractionator (TK-115) Average Operating

Conditions

Bottoms, M HNO3

Overheads, M HNOj3

Boiloff Rate, liters/hr

Reflux Ratio

Volume, liters - Start
- End

Fractionator Distillate (TK-116)
Bottoms, M HNO3 - Start

- End
Volume, liters - Start

- End
Scrubber (TK-118)

Circulation Rate, liters/min

Bottoms, M NaOH - Start
- End
Volume, liters - Start
- End

Solidifier Condensate (TK-117) (™)

Bottoms, M HNO3 - Start

- - End

liters - Start
- End

Volume,

a. Equipment arrangement for Mode A and Mode B-modified is shown in Figures 9.1 and 9.2,

Steam
345
26

1.5

Na(d)

11
NA
~9

11
v49
3.2
300

2,000

475
GOOo
700
-10

1100
1175

NA

980

1000

65% Continuous
35%Batch

6

1.2
5
15.5

20
304L
12.03
0.330
96
780

33,209
NA

19%(?)
55
3.5?g)
3.15

870
13.6(h)
11.3 )
1.1

0.8
34{h)

285
———(h)
7.5{h}
72,000 (h)
1400 (h)
45

190
NA
NA

30
NA
NA

1.3(h)
N

NA

2.5 x 10

7.7
0.06
45
0.63
400
705

~0.04
185
365

40

2.1
1.1
475
360

Steam
350
20-33

1.5
NA

18
NA
z

11

45
3.0
320

5,000

490

600

700

-8

4 (max.)

NA

1100
1150

NA
950
850

Batch

0.8

NA

24
304L
8.70
0.320
95.7
860

59.2
NA

152
48
3.16
3.19

925
16.4(3)
13.6(3)
1.7
0.7

28

2100
2100

44
419,000
1,200
3.6

285
NA
385

70
NA
NA

1.6
NA
NA
1.1 % 10

1.5
0.02
65
50
350
235
0.17

10
0.06
60
0.48
275
710

0
0.06
210
895

40
0.7
0
480
270

0.05
2.1
85
1,185

4

Steam
350

13

45
3.0
350

10 (k)

370

520

670

-12(b)

5 (max.) (b)

10
20

NaP03

6 to 10

2 batches/hr
Calciner Cone
25.4

880

910

440

800

420

Batch

5

1.2

4

7.0
21 33
304L 304L
12.03 8.63
0.315 0.315
95.2 95.2
640 640
16 ~35
NA NA
27 77
10 29
02,7 N2.6
2.7 2.7
700 (900) 700 (900)
9.6 9
6.2 5.9
0.16 0.45
0.50 0.45
61 64
390 1000
— 1300
39 34(k) o)
9,700 264,000 (k
2400 3806(k9
1.7 1.7k}
NA 315
NA -—-
NA 55
NA 80
NA NA
NA NA
NA 1.1(k)
NA NA
NA N2 .
NA 1.4 x 10

4.6

0.4

60

50

365

220

6.0

0.01

50

0.57

310

865

0

0.05

190

740

30

1.5

1.4

370

310

I\)I\)BEE

SN U
~un o wm

410
560
680
-8
-1

12
26

NaPO3

6 to 10

2 batches/hr
Calciner Cone
40.4

900
930

415
835
460

Batch

5
1.4
3
7.5

40

Mild Steel
8.55

0.320

95.5

60

67.0

93
1,400,000
3,500

0.8

505
340(1)

265

220
170(1)
220

9.3
0.09
65
0.44
525
560

0.05
220
490

30
1.3

415
335

respectively.

b. Broken calciner filters resulted in high calcine entrainment losses and loss of vent capacity to

auxiliary off-gas train.

Stuck solenoid valve in filter blowback assembly added about 4 scfm to solidifier off-gas flow

and reduced vent capacity.
d. NA = Not Available.

e. Prefill measurements made out of cell

prior to run.

f. Startup conditions with empty pot receiver in receiver furnace at steady state temperatures.

g. Includes about 38 liters (120 kg) of
nonradioactive PW-1 solidified waste from four hour prerun test,
radioactive cell waste (metallic and ceramic) stored in product receiver prior

(2.59 kg) of
to run.

radioactive waste product,

about 4 liters (13 kg) of
and an estimated 13 liters

Based on net product volume of 44 liters which includes estimated 20 kg of calcine retained

in calciner

liters of solid waste product) from Runs ss-3, 4, 5,

j.
1. Data taken during February,

and 6

(equivalent to about 6 liters of solid waste product).
Does not include about 10 to 12 kg of calcine retained in calciner

(equivalent to about 3 to 4

Higher volume reduction factors were attributed to lower sodium concentration in feed (See Table 9.1).
k. Based on fission product heat (watts) in product receiver as determined from feed data.
1969, with estimated 3600 watts of fission product heat in product receiver.

m. Data taken during March, 1969, with estimated 8100 watts of fission product heat in product receiver.

n. For Mode B-modified operation only.

TABLE 9.2.

Demonstration for Runs SS-1 Through SS-6

375
500
695
-1
-3

13
26

1100
1125

800
950
800

Batch

1.2

14.4

35
304L
8.62
0.310
95.6
840

79.1
NA

11.4
2.0

x 104

8.7
0.05
55
0.52
520
640

0.05
220
430

20
2.0
0.04
470
475

325
460
700
-10
-2

1130
1150

830
940
840

Batch

1.2

14.5

42
304L
8.64
0.323
95.5
60

78.0
2,5 x 107

207 (1)
65 (1)
3.18
3.18

950 |
15.6 (1)
11.0(1)
1.9

0.8

34

10,800
11,100
168
3,000,000
13,300
0.8

735
710
330 (M)

8.7
0.10
60
0.48
605
805

0.09
215
1,995

20
2.2
0.07
565
395

Operating Parameters and Results of Spray Solidification

9.30



DEFINITIONS FCR TABLE 9.2

Operating Mode: W3 equipment arrangement. See Figures 9.1
and 9.2
Feed

Type - PW-1, 2: Purex Waste 1 or 2. See Table 9.1.

Concentration, liters/tonne - Liters of basic feed per metric
tonne (2205 1b) of uranium processed.

Average Feed Rate, liter/hr -Average rate during total feed
time.

Total Feed Time, hr -Total hours that feed was on to solidifier.

Total Dowmn Time, hr -Total hours that feed was off between
time feed first fed to solidifier and time feed shut off
to end the run.

Atomizing Feed Nozzle

Type — External-mix nozzle, Spraying Systems Co., Setup No. 5
or internal-mix nozzle, Spraying Systems Co., Setup
No. 42.

Calciner Blowback Filters

Type — A total of 15 ft2 of sintered powder metal (316L SST)
filter surface area.

Total Gas Flow to Filters at 350 °C, cfm — Based on total non-
condensible gas flow as air corrected for temperature,
plus the total condensible gas flow from feed and other
condensibles treated as steam at 350 °cC.

Filter Face Velocity (at 350 °C), ft/min — Total gas flow to
filters divided by the total filter surface area.

Filter De-entrainment Factor for Particulates — Based on
L44Ce—Pr as determined from total amount fed to calciner
over the total amount gained in the auxiliary equipment,
primarily in the evaporator bottoms.

Calciner

Internal Temperature, °C — The temperatures measured near the
dry chamber wall.

Melter

Average Volume, liters - Average batch volume determined from

total volume of product and total number of batches during
run. For continuous operation the melter volume below the

weir overflow level is used.

Production Rate, liters/hr - Average value determined from
total product volume and total feed time.

Residence Time, hr — Average value determined from average
melter volume and average melter production rate.

Drain-Freeze Valve - A drain tube which is sealed by freezing

melt and opened by remelting frozen melt in the tube (see

Section 4.6 this report).
Weir Temperature, °C - Average temperature within one inch of

the external weir tube exit (see Section 4.6 this report).

Furnace Power, kW — Average power consumption during total
feed time.

Internal Melt Temperature, °C = Maimum temperature of melt
measured near the bottom of the melter

Product Receiver

Depth of Solidified Waste in Receiver, in. - Depth of solidified

waste in receiver as measured by probing (rodding) the
receiver at the end of the run.

L eakage, atm—cm3/sec - Volume of air leaking into a sealed,
evacuated receiver as determined by a helium leak check
using a mass spectrometer type leak detector in the

evacuation line,
Product

Bulk Density, kg/liter — Net weight of solidified waste from
in-cell pot weights divided by total product volume.

Measured Density, kg/liter — Laboratory measurement of grab
sample from product taken as melt flowed from melter
into the pot receiver.

Melting Point, °C - Values reported from in-cell crucible test
with actual radioactive sample prior to each run. Values
reported are usually the temperature at which the waste
initially forms a fluid melt.

Adjusted Feed to Solid Volume Ratio - Concentration factor from

liquid feed to volume of solid in receiver.

Waste to Solid Volume Ratio - Concentration factor from feed
at 378 liters/tonne to volume of solid in receiver.
Equivalent Waste, tonne — Equivalent metric tons (tonnes) of
20,000 MwWd/tonne at 15 MW/tonne power reactor fuel from

which the solidified waste would be derived.

BNWL-1391

Unit Volume, liters/tonne - The volume of solidified waste
produced from the processing of one tonne of equivalent
waste.

Fission Product Heat in Pot, W — Rate of internal heat
generation in receiver from radioactive decay, based on
either feed analyses (curies/liter converted to W/liter)
and total feed processed or on pot calorimetry measure-
ments after filling. The two methods usually agree
within the 10 percent accuracy |limit of either method.

Total Radioactivity in Pot, ci — Based on feed data. The
solidified waste grab samples could not be completely
dissolved for an accurate analysis.

Total Radioruthenium in Pot, Ci — Based on feed data less the
total radioruthenium found in solidifier agueous
effluents.

Equivalent Age of Waste, yr — Age of waste from 20,000 MWd/tonne
at 15 MW/tonne power reactor fuel to produce the same
fission product heat (watts) as in the W3 receiver (but
not necessarily the same number of curies).

Centerline Temperature, ’C — Average steady- state receiver
centerline temperature (usually average for Zones 3, 4,
and 5).

Centerline -to-Wall AT, °C = Average temperature difference
between the centerline and outside of the wall of the
receiver with the receiver temperatures at steady state
in a furnace or in air or in water.

Effective Thermal Conductivity, K_, W/(mz’ .°C/m) - Based bdn
average pot temperature data and heat generation rate
from pot calorimetry measurements. Values were obtained
using the equation AT = )/47LK_  discussed in Section 6.0
of this report.

Radiation Reading at 6 in., R/hr - Maximum radiation dose rate
from pot. Detected with unshielded ionization chamber
held 6 inches from pot wall.
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SS-1 S5-2 SS-3 Ss-4 58-5 SE-6
Feed to Spray Calciner Volume (Sp. Gr.) Initial., liters (kg/liter) 873 (1.32) 910 (1.32) 1076 (1.27) 560 (1.30) 984 (1.33) 1102 (1.29)
(TK-114) Final, liters (kg/liter) 270 (1.32) 121 (1.32) 703 (1.27) 75 (1.28) 96 (1.33) 114 11.29)
Net Change Volume, liters -603 -789 -373 -485 -888 -988
Weight, kg -795 -1045 -476 -632 -117¢9 -127¢
Na, kg -8.41 -6.00 -4.86 -7.67 -11.60 -9.8:2
Fe, kg -26.6 -34.8 -5.34 -7.52 -31.53 ~-31.¢8
Al, kg -0.96 -1.26 -1.90 -2.74 -3.86 -2.0:
P, kg -27.7 -36.2 -11.6 -16.5 ~38.97 -44,19
S, kg - — -6.46 (b) -9,41(P) -0.678 S
N, kg -42.8 -58.8 -21.5 -33.0 -69.3 -66
Ru, gm -203 -165 -108 -65.9 -91.2 -282.2
Evaporator (TK-113) Volume (Sp. Gr.) Initial, liters (kg/liter) 198 (1.00) 349 (1.05) 365 (1.02) 350 (1.06) 236 (1.09) 529 :1.05)
’ Final, liters (kg/liter) 156 (1.09) 237 (1.05) 220 (1.07) 259 (1.10) 424 (1.04) 378 {1.03)
Net Change Volume, liters -42 -112 -145 -91 188 ~151
Weight, kg -28 -117 -136 -89 182 -165
Na, Kg 0.015 0.59 0.66 1. 46 (C) <0.1 0.01:
Fe, kg 0.041 NA NA <0.03 NA NA
P, kg Na (1) NA 2.2 <0.02 0.17 0.00¢
s, kg NA NA 0.65 <0.02 NA -—=
N, kg 5.9 -6 3.4 2.0 5.1 -5.1
Ru, gm 94 94 16 4.4 76.5 226
Fractionator (TK-115) Volume (Sp. Gr.) Initial, liters (kg/liter) 401 (1.24) 276 (1.30) 311 (1.17) 513 (1.16) 515 (1.13) 558 (1.17)
Final, liters (kg/liter) 705 (1.24) 708 (1.30) 863 (1.14) 554 (1.18) 647 (1.19) 791 (1.18)
Net Change Volume, liters 304 432 552 41 132 233
Weight, kg 377 562 617 58 188 282
s, kg NA NA 0.04 0.01 0.022 ——-
N, kg 32 50 33.9 21 45.5 51.6
Ru, gm <20 0 <4 NA <0.5 <2
Fractionator Volume (Sp. Gr.) Initial, liters (kg/liter) 186 (1.00) 210 (1.00) 189 (1.00) 219 (1.00) 221 (1.00) 216 (1.00)
Distillate (TK-116) Final, liters (kg/liter) 438 (1.00) 893 (1.00) 741 (1.00) 516 (1.00) 446 (1.00) 2023 (1.00)
Net Change Volume, liters 252 677 552 297 225 1807
Weight, kg 252 677 552 297 225 1807
N, kg NA 0.7 0.5 0.3 0.3 2.20
Ru, gm NA 0 NA <0.,5 NA <4
Scrubber (TK-118) Volume (Sp. Gr.) Initial, liters (kg/liter) 474 (1.08) 478 (1.08) 371 (1.06) 420 (1.05) 466 (1.08) 392 (1.08)
Final, liters (kg/liter) 360 (1.08) 270 (1.08) 311 (1.14) 336 (1.07) 478 (1.08) 358 (1.11)
Net Change Volume, liters -114 -208 -60 -84 12 -34
Weight, kg -123 -220 -39 -81 12 -25
S, kg NA NA NA <0.1 0.017 NA
N, kg 8.6 3.3 5.4 7.4 12.3 13.3
Ru, gm NA NA NA <0.1 <0.1 <1
solids Addition to Net Change Volume, liters ~ne (e) 0 -10 -16.3 0 N3.5(e)
Melter(d Weight, kg ~20(e) 0 -25.4 -40.4 0 n12(2)
Na, kg - - -5.7 -9.,1 --- -—-
P, kg ——- ——- -7.7 -12.3 --- -
Product Net Change Volume, liters ~3g (L) 48 39 56 66 65
Weight, kg n120 (£) 152 104 160 209 207
Na, kg 8.4 4.4 10.9 14.79 8.78 10.4
Fe, kg 22.8 NA 5.0 9.86 31.5 31.0
Al, kg 0.5 NA 3.5 6.6 6.17 NA
P, kg 20.4 27.5 16.4 22.7 29.2 34.7
s, kg NA — 3.3 10.4 0.623 -—
N, kg <0.01 <0.01 0.04 0.02 0.04 0.07
Ru, gm 8.8 <9 <10 <10 <20 6.2
Solidifier Seal Tank Volume (Sp. Gr.) Initial, liters (kg/liter) 672 (1.00) 86 (1.00) NA 519 (1.00) 386 (1.00) 380 (1.00)
(TK-117) Final, liters (kg/liter) 718 (1.00) 1184 (1.07) NA 537 (1.00) 397 (1.00) 380 (1.00)
Net Change Volume, liters 46 1098 0 18 11 0
Weight, kg 46 1181 "0 18 11 0
Na, kg -——= 0.02 -— -—- - -
Fe, kg -— <0.01 -— -—— = T
N, kg -—- 36 -— -— - -
Ru, gm -—= 166 -—- -—= - -
Head Tanks Net Change Volume, liters -84 —1173(g) -992 0 0 -1052
(Chemical Additions) Weight, kg -85 -1259(g) -1058 0 0 -1054
Sugar, g-moles -4.7 -12 0 0 0 -16.6
N, kg 0 -31(g) -25.2 0 0 0
Na, kg 0 -1.4(9) 0 0 0 0
Ru, gm 0 731(9) 0 0 0 0
Net Change Volume, liters -203 -27 -437 -264 -307 -120
Weight, kg -236 -69 -461 -309 -450 -226
Na, kg 0.05 ~-2.3 1.0 -2.0 -2.8 0.6
Fe, kg -3.76 NA -0.3 2.4 0 -0.9
al, kg -0.46 NA 1.6 3.9 2.3 NA
P, kg -7.3 -8.7 -0.7 -6.1 9.6 -9.5
S, kg - - -2.5 1.1 -0.02 -
N, kg 3.7 -5.8 -3.4 -2.3 -6.1 ~3.9
Ru, gm -80 30 -78 -51 <6 -43
Percent Recovery(h) Volume, liters 93 98 87 90 91 95
Weight, kg 93 98 88 90 89 95
Na, kg 100 68 109 88 76 106
Fe, kg 86 NA 94 132 100 97
Al, kg 52 NA 184 241 160 NA
P, kg 74 76 96 79 75 78
S, kg -—= —-— 62 112 98 -
N, kg 109 94 93 93 91 94
Ru, gm 60 113 <28 <23 106 85
a. Elemental material balances are based on analysis of samples taken from each process tank over a total
sampling period from 2 to 4 hours (i.e. only one tank is sampled at a time). Volume and weight
balances are based on measurements made for all process tanks 1 hour before and after each run.
Sulfate in feed is based on known quantity added during feed makeup due to inability to accurately
analyze for sulfate in high rare earth salt solutions.
c. Not included in sodium material balance. High sodium due to residual solids from Run SS-3
which were flushed from the solidifier vent lines during first few hours of Run SS-4.
d. Solid sodium metaphosphate, NaP03, added to melter during Runs SS-3 and SS-4.
e. Not included in material balances. Estimated amount of calcine retained in calciner following
the run and not transferred to receiver pot.
f. Estimated values based on performance data from nonradioactive tests. Values do not include
about 4 liters of nonradioactive spray solidified PW-1 waste produced during prerun equipment
test and do not include about 13 liters (about 59 kg) of radioactive cell waste stored in
product receiver prior to Run $5-1.
g. Includes 979 liters (1048 kg) of solidifier condensate from Run PC-3 which was stored in the in-cell
head tank TK-112 for addition to the auxiliary evaporator (TK-113) during Run SS-2 (see Figure 9.2).
h. Poor elemental recoveries are due primarily to inability to completely dissolve the product sample
for an accurate chemical analysis.
i. M = Not Available.
TABLE 9.3. Material Balances for Spray Solidification Runs SS-1 Through ss-6(2)

62T-
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TABLE 9.4. Distribution of Radioactivity for Spray
Solidification Runs SS-1 Through SS-6

Fraction of Total Radioactivity Fed to Solidifier

Radio- During Run
adio(a) ®)

Process Vessel nuclides ss-1 SS-2 SS-3 5S-4 SS-5 SS-6
Process Condensate, Ru 750 NA(C) 710 gg; 110 700 540
TK-113, 10~ Ce 0.53 NA 100( ) 1.4 0.64 0.71

Cs 0.13  NA 120'€ 14 1.8 4.6
Zr 1 NA NA 3.4 NA 2.9
Sr NA NA NA o) NA NA 0.75
T-Ru 0.54  NA 100 '€ 1.4 0.64 0.72
Fractionator, Ru 8200 40,000 24,000 14,000 64,000 65,000
TK-115, 1077 Ce <10 63 40 9.6 4.8 7.9
Cs 20 NA 82 110 NAa 5.9
Zr <2 660 NA 17 NA NAa
T-Ru <10 63 40 9.6 4.8 7.9
Fractionator Distillate, Ru 390 3000 8,000 27,000 60,000 20,000
TK-116, 1072 Ce 630 2.4 31 3.5 0.3 6.2
Cs 78 32 52 39 60,000 NA
Zr 30 NA NA NA NA NA
T-Ru 64 2.4 31 3.5 0.3 7.0
Process Condensate Ru ——— 770 - -— -— -
(Mode B Modified), (f) Ce —— 0.16 _— -— _— _—
TK-117, 10-3 Cs - 0.63 -—- - - -—-
Zr -— 0.31 ——— - - -—
T-Ru -—-- 0.16 —-—- -—- - ———
Scrubber, Ru 320 2500 25,000 36,000 85,000 36,000
TK-118, 102 Ce 290 <1 22 68 17 5.7
Cs 13 NA NA 110 NA 12
Zr 82 NA NA NA NA NA
T-Ru 290 <1 22 68 17 5.7
Stack Off-Gas, 10712 Ru <1000 <880 <100 <210 <300 <100
T-Ru (9) 10 3.6 11 <1.2 <0.9 <0.6
Ratio of Radioactivity in Ru 16 45 37,000 140,000 180,000 22,000
Fractionator Distillate r-Ru (1) 140 1.5 940 870 1100 510
to 10CFR20 Limits
Ratio of Radioactivity in Ru . 150 <71 <4 <4 <4 <4
Process Off- Gases tg T-ru (1) 16 15 37 <16 <21 <16
10CPR20 Limits, 10~
a. Radionuclides are Ru = 106guy-rh, Ce = l44ce-Pr, Cs = 137cs, 2r = 952zr-Nb, and Sr = 90sr.
T-Ru is total radioactivity less the 106Ru-Rh radioactivity and represents the total
nonvolatile radioactivity.
b. All data based on radioactivity in feed only and does not include radioactivity in
process condensate from Run PC-3 which was added to the auxiliary evaporator from
the in-cell feed tank (TK-112) during Run Ss-2.
c. MNA = Not Available. Samples taken from the auxiliary evaporator (TK-113) were
contaminated throughout Run SS-2 due to inadequate sampling techniques.
d. P()Ies not include radioactivity due to high calcine entrainment from broken calciner
ilters.
e. High values caused by high calcine entrainment to auxiliary evaporator from
broken calciner filters.
f. Solidifier condensate was accumulated in a separate catch tank (TK-117) during
Run SS-2 only (see Figure 9.21.
g. T-Ru value based on total beta reading for stack gas filter sample during operating
week and total 144ce-pr in feed to solidjfier (seeFigure 9.5).
h. Nonvolatiles (T-Ru) are represented by Ce-Pr.
i. T-Ru value based on 10CFR20 limits for 99sr in air and total beta reading for stack

gas filler sample during operating week. (See Figure 9.5) .
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TABLE 9.5. Average Centerline Temperature in the First
Six Spray Solidification Pots
Air-Cooled Furnace(a) In Ambient Air(a)
Pot Average ) T% Data Average (c) T Qdata
Waste Diam., Tg, o, (c for Tg, - Qfor
Run No. Type in. °C +oC Zones No: °C fogc Zones No:
_4 (b} _ L
ss-1 PW-1 12 192 - 5 NA —— NA
SS-2 PAS1 8 287 8 3,4,5 NA —_— NA
S5-3 PW-2 8 312 - 5 NA - NA
SS-4 PA-2 8 508 4 4,5 NA — NA
SS-5 PA-1L 8 640 13 2,3,4,5 595 14 2,3,4,5
SS-6 PA-1 8 734 9 2,3,4,5 709 15 2,3,4,5

a. Temperature data used only for pot zones with about two pot diameters of
solid waste above and below the thermocouple position,

data for zone six (about 6 inches above bottom of pot] was not used due to

end effects.

and the temperature

b. The level of the solid waste in the pot was about 5 inches above the
centerline thermocouple position of zone 5.

c. Standard deviation for average of zone temperature data.

(a)

Average Wall Temperatures for the First
Six Spray Solidified Waste Pots

TABLE 9.6.
Pot
Waste D.i am.,

Run No. Type in.
ss-1®) pw-1 12
SS-2 PA~1 8
SS-3 PN-2 8
Ss-4 PW-2 8
SS-5 PAAL 8
SS-6 PA-L 8

Air-Cooled Furnace In Ambient Air(a)
Average (c) Ty Data  Average (c) Ty Data
Tw, o, for Tw, o, for
°C t°C Zones No: °C £°C Zones No:

160 -—- 5 NA —_— NA
218 8 3,4,5 NA - NA
233 -——= 5 NA T NA
287 3 2,4,5 NA —_— NA
370 4 2,3,4,5 319 3 1,2,3,4,5
429 9 2,3,4,5 373 2 2,3,4,5

a. Temperature data used only for pot zones with about two pot diameters of
solid waste above the thermocouple position and the temperature data for
Zone 6 (about 6 inches above bottom of pot) was not used due to end effects.

b. The level of the solid waste in the pot was about 5 inches above the
centerline (position of thermocouples) of Zone 5.

c. Standard deviation for data available from zones used.
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TABLE 9.7 Average Centerline-to-Wall Temperature Differences
for the Pirst Six Spray Solidified Pots

Air-Cooled Furnace(a) ' In Ambient Air(a)
Pot Average (c) AT Data Average (c) AT Data
Waste D%am., %T, 0,°> fqr . éT, .og, for (a)

Run No. Type in. C =°C Zones No: / C +°C Zones No:
ss-1®) py-1 12 32 -—- -5 NA -—- NA
Ss-2 PW-1 8 69 8 3,4,5 NA —_—— NA
SS-3 PW-2- 8 79 - 5 NA -——= NA
ss-4 PW-2 8 221 4 4,5 NA -— NA
Ss-5 PW-1 8 270 13 2,3,4,5 276 14 2,3,4,5
SS-6 PW-1 8 305 9 2,3,4,5 336 15 2,3,4,5

a. Temperature data (p ¢ centerline-to-wall AT) pse® only for pot zones with about
two pot diameters o f30lid waste above the thermocouple position and the tem-
perature data for Z n® 6 (about 6 inches abovp bottom of pot)owas not used
due to end effects.

b. The level of the so 19 waste in the pot was about 5 inches o> ve the centerline
of Zone 5.

c. Standard deviation &r AT data used.

T6ET-TMNE
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TABLE 9. 8. Feed Pump Experience During WSEP Denonstration Runs'
Pumg Feed
No. () Service Runs Type Hours Date Remarks
P-3 RLG-2 PW-1 29 8-22-66 Installed on feed tank
P-3 PC-1 PA2 44 2-03-67 Connector was corroded away
(sampler leaked on connector
clamp)
P-3 SS-1 PV-1 37 1-04-67
P-3 CSCM10 PA22 15 -——=
P-3 SS-2 PW-1 57 3-30-67 Repaired reinstalled on feed
tank
P-3 PC-6 (Part 1) PN-2 23 8-22-67 Pump shaft froze during PC-6.
Total: 205
P-11 SS-3 PW-2 36 7-7-68 New pump installed prior to
—_— SS-3.
Total: 36
P-12 SS-4 PW-2 42 9-12-68 New pump installed prior to
SS-4.
p-12 S8-5 PW-1 45 10-16-68 Same pump used as for SS-4
p-12 S5-6 PV 77 11-4-68 Same pump used as for SS-4
—_— and 5 and will continue to
Total: 164 be used for SS-7 and 8

a. Additional pump experience reported in Waste Solidification Program,
Volumes 4 and 5.

b. Pum
Bro

Prérs bamps Tncs

Pumps,

Pumps P-11 and P-12 are Deanline made by Dean

T6ET~"TIMNA
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