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ABSTRACT

Results of the first 18 months' operation of Hanford's vacuum evaporator-
crystallizer are reported.  This process reduces the volume of radio-
active waste solutions and simultaneously converts the waste to a less
mobile salt cake.  The evaporator-crystallizer is operating at better
than design production rates and has reduced the volume of radioactive

wastes by more than 15 million gallons.  A process description, plant
performance data, mechanical difficulties, and future operating plans

:             are discussed.  Also discussed is a computer model of the evaporator-
crystallizer process.

 "
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PROCESSING OF RADIOACTIVE WASTE SOLUTIONS
IN A VACUUM EVAPORATOR-CRYSTALLIZER

INTRODUCTION

Atlantig RiQ4field Hanford Company operates the Hanford Waste ManagementProgram\l, Z) as a. contractor for the Energy Research and Development
Administration.  Under the program, depicted in Figure 1, high-level

radioactive waste solutions are being converted to solid forms suitable
for the interim decades of storage required at this time.  The radio-
active waste solutions resulted from several processes used since 1944
to reclaim plutonium and uranium from reactor fuels and are stored in
underground carbon steel tanks to allow the short-lived fission products
to decay.  Two major long-lived heat-producing radionuclides, 90Sr and

137Cs, are now being separated from the wast 3  solidified, and double-
encapsulated in metal containers for storage .  The remaining, still
radioactive, waste liquors are being concentrated by evaporation of water
and converted to less mobile salt cake and concentrated liquors by an
evaporator-crystallizer process<2).  Radionuclide contamination in the

water discharged from the evaporator-crystallizer facility is below the
ERDA limits for release to an uncontrolled area.

SUMMARY

The vacuum evaporator-crystallizer  is successfully operating at, or

better than, design conditions and has reduced the volume of Hanford
waste by about 15 million gallons.  About 4.5 million gallons of the
less mobile salt cake plus about 4 million gallons of concentrated
liquor have been generated from the nearly 23.5 million gallons of the
waste processed to date.  The salt cake produced to date is composed
primarily of sodium nitrate and sodium carbonate plus some nondrainable
trapped liquor.

8:              Decontamination factors of 1 x 10  have been achieved from the slurry to
the process condensate for 137Cs.  Final decontamination by a filter and

an ion-exchange column increases the overall decontamination to about
1 x 109.  Strontium-90, the other prime radionuclide, is concentrated
in the salt.  The activity of the water when finally released to the

underground crib is well below release limits for an uncontrolled area.

A few operating problems have been encountered, the most difficult being

occasional severe vibration of the recirculation pump.  Steps taken to
reduce the potential for pump cavitation have stopped the occurrence of
severe vibrations during the last few months.
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After processing all Hanford waste in the evaporator-crystallizer using

current operating conditions, there will be about 10 million gallons of
concentrated liquor still requiring solidification.  Of the methods being
studied to solidify the waste, partial neutralization in the evaporator-
crystallizer is the most likely method to be used.  This process change

could make possible the removal of an additional three to four million
gallons of water from the radioactive wastes.

A computer model of the evaporator-crystallizer process has been devel-·.            oped and is used to provide production guidelines for process flow rates
needed to produce a uniform slurry.  An additional use of the model is

to aid in scheduling optimum utjlization of the underground waste
storage tanks.  Future processing options such as partial neutralization
are also being evaluated.

PROCESS DESCRIPTION

Figure 2 is a schematic of the evaporator-crystallizer process(5).  The

existing facility is located in the 200 West Area at Hanford and a
second facility is now being built in the 200 East Area.  The heart of
the process is a forced circulation evaporator which concentrates the

radioactive wastes and produces a slurry with up to 30 volume percent
crystalline solids.  The evaporated and condensed water is routed
through an ion-exchange column and into underground cribs while the slurry
is returned to other underground storage tanks.  After a suitable settling
time in the storage tanks, the concentrated liquor is pumped from the
tank in two stages, leaving behind a damp salt cake.  The free liquors at
the top of the tank are removed by floating suction pumps followed by

additional liquor recovery by pumps embedded deep into the salt cake.  The
salt cake is considerably less mobile than the original liquid waste.

During operation, the 24,000 gallons of slurry in the evaporator-
crystallizer are circulated at 14,000 gallons per minute through a
28-inch diameter recirculation loop by an in-line pump.  Process heat
required for evaporation is supplied by steam in the shell-side of the

reboiler.  Radioactive feed , a combination of dilute waste liquor and
recycled concentrated liquor, enters the circulating slurry stream
between the pump and the reboiler at 100 to 120 gallons per minute.  The
slurry passes through the reboiler and 40 to 50 gallons per minute of
water are evaporated at the liquid surface in the evaporator.  The
evaporator-crystallizer is maintained at operating temperatures and

pressures of about 140° F and 0.8 pounds per square inch absolute,
respectively.  Liquid level in the vessel is controlled by the removal
rate of slurry.
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Water vapor evaporated from the radioactive waste flows through two wire
mesh pads for mist deentrainment and into the condenser.  The upper wire

mesh pad is continuously sprayed with two gallons per minute of water to
flush entrained radioactive particles.  The lower pad is sprayed inter-
mittently to prevent or remove solids deposits.

Vacuum for the evaporator process is maintained at the process condenserby a two-stage steam jet. eductor system with the motive steam from the
primary jet discharging to an intercondenser and the steam from the
secondary jet discharging to an aftercondenser.  Noncondensable gases
are processed to remove particulate matter and are monitored before

release to the atmosphere.  Condensate from the vacuum system, approxi-
mately three gallons per minute, is combined with condensate from the
process in the collection tank.  The combined condensate is pumped through

a filter for removal of suspended solids, through a zeolite-filled ion-
exchange column for final decontamination and then the condensate is
discharged to the ground.

PLANT PERFORMANCE

Between November 1973 and March 31, 1975, the volume of waste has been
reduced about 15 million gallons.  About 4.5 million gallons of salt cake
and about 4 million gallons of concentrated liquor now contain nearly all
of the radioactivity in the original 23.5 million gallons processed to
date in the evaporator-crystallizer.

FEED COMPOSITION

High-level radioactive waste at Hanford resulted from a variety of chemical
processes use  to recover and separate plutonium and uranium from spent
reactor fuels\2).  Most of the wastes were acidic when generated; however,

sodium hydroxide was added to neutralize the waste for storage in carbon
steel tanks.  Figure 3 shows the average composition of the feed for the
evaporator-crystallizer. Major components in the feed are sodium hydrox-
ide, sodium nitrate, sodium nitrite, sodium aluminate, and sodium carbon-
ate.  The principal radionuclides in the waste are 90Sr and 137Cs, too

dilute for recovery by the present separation and encapsulation process.
Many of the short-lived radionuclides in the original waste have decayed
in the time since the waste was generated.

SLURRY COMPOSITION

A typical slurry from the evaporator-crystallizer has the compositions

shown in Figure 3.  The salts crystallize when the concentration of each
reaches saturation.  To date, the solids in the salt cake are about 95
percent sodium nitrate and about 5 percent sodium carbonate.  After
pumping out all recoverable concentrated liquor, the actual salt cake
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composition would still reflect a 20 to 30 volume percent holdup of
concentrated liquor held in the solids by capillary action.  These

liquors are nonpumpable even by submerged pumps placed deep into the
salt cake bed.  Concentrated liquor in the slurry has been about 5.5
molar sodium hydroxide, 3.0 molar sodium nitrate, 1.5 molar sodium
nitrite, 1.5 molar sodium aluminate, and 0.1 molar sodium carbonate.
Typically, the 137Cs remains in the concentrated liquor and the 90Sr
is in the salt cake.

Some of the concentrated liquor separated from the salt cake must be
recycled to the evaporator and mixed with the dilute liquor to prevent
the generation of greater than 30 volume percent solids in the slurry.

Sodium hydroxide is concentrated in the evaporator-crystallizer from
about 1.0 molar in the dilute. liquor to about 5.5 molar in the concen-
trated liquor, while the sodium nitrate concentration remains nearly
constant because it has reached saturation.  Sodium nitrate crystallizes
to form the salt cake as the slurry is concentrated.  Thus, processing
of dilute liquors, with low sodium hydroxide and .high sodium nitrate
concentrations, would generate too many solids in the slurry.  Therefore,

recycled concentrated liquor, with a higher sodium hydroxide molarity,
is mixed with dilute liquor to maintain less than 30 volume percent
solids in the slurry.

CONDENSATE

The evaporator-crystallizer was designed for a decontamination factor of
at least 1 x 106 based on comparing radionuclides in.the slurry to the

radionuclides in the condensate.  At the startup, radioactive levels in
the feed were less than 0.1 curies per gallon, but through concentra-

tion, the levels have increased to about 1.5 curies per gallon in theslurry. Recent decontamination factors, comparing tt'J
slurry and

condensate streams, have averaged about 1 x 108 for 1 7Cs.  An additional

decontamination factor of 10 has been achieved by the filter and the ion-
exchange column.

A comparison between actual radionuclide concentration in the evaporated
water released and the discharge limits established by ERDA for release
of waste streams in an uncontrolled area are compared in Figure 4.  As
seen, the plant has b operating an order of magnitude below the
discharge limits for  5nCs and below the limit for 90Sr.  The presence of
90Sr in the condensate indicates some entrainment of process solution.

PROCESS CONTROL PARAMETERS

The evaporator-crystallizer can be controlled to make a .relatively
uniform slurry product with up to 30 volume percent solids from any of
the Hanford wastes.  Process control parameters include feed flow rate,
liquid level, slurry specific gravity, steam flow rate to the reboiler,

slurry removal rate, and absolute pressure in the vapor header.
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The feed flow rate is controlled at a constant value while the liquid

level in the evaporator and the slurry specific gravity are regulated
by adjusting the slurry removal rate.  Control of the liquid level
interrelates the process flow rates for feed, slurry, and condensate to
achieve steady-state operation.  Slurry specific gravity is related to
the slurry composition and solids content.  Control of the steam flow to
the reboiler with the evaporator constant pressure determines the water
evaporation rate and the temperature of the slurry.  Absolute pressure
in the vessel is controlled by bleeding air into the system between the

condenser and the vacuum jets.  Pressure and temperature control can be
related to the composition of the concentrated liquor at boiling point
equilibrium.

The primary component affecting the boiling point is sodium hydroxide
and thus the operating temperature and pressure controls the concentra-
tion of sodium hydroxide in the slurry.  The pressure-temperature, sodium
hydroxide concentration relationship is shown by the graph in Figure 5.
These data show that increasing the temperature or decreasing the
absolute pressure will increase the sodium hydroxide concentration by
evaporating more water. The concentrations of the other components
will stay at the original mole ratio compared to sodium hydroxide up to
the particular component's solubility limit.  Sodium nitrate and sodium

carbonate are the first to reach saturation and crystallize to form salt
cake.

MECHANICAL DIFFICULTIES

During the first 18 months the evaporator-crystallizer operated with an
on-stream time efficiency of about 70 percent.  Some mechanical problems
have been encountered, as expected with any new process.  A description
of the mechanical problems and SolutiQns for these are discussed next.

PUMP VIBRATION

One mechanical problem has been occasional severe vibration of the recir-
culation pump.  Although all the causes of the vibrations have not been
completely resolved, the primary cause of the pump vibration appears to
be cavitation due to either insufficient hydrostatic head on the pump
suction or partial blockage of the pump suction by solids accumulations
falling from the vessel walls.  Changes initiated to alleviate these
problems include increasing the liquid level in the evaporator about 12
inches and periodically flushing the vessel with sprays for intermittent
local flushing of the vessel walls.  These changes have reduced the

occurrence of severe vibrations from three to four times per month to
none in March and April 1975.
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BROKEN DIP TUBE

Another problem occurred in January 1975, when a length of one-half-
inch stainless steel tubing used for determining levels in the vessel
broke loose and traveled through the recirculation pump.  The tubing
was chopped into fragments by the pump impeller and pieces of the tube
were caught at the inlet to the reboiler.  Figures 6 and 7 show some of
the pieces that were near the reboiler inlet; the photographs were taken

remotely after the vessel contents were dumped and the vessel was rinsed
out.  Damage to the pump impeller was slight as shown by Figure 8.  The
dip tube fragments were removed and operation was resumed using the
slightly chipped impeller with no detrimental results.

The circulating slurry created enough liquid turbulence to break welds
on the spacer holding the broken dip tube in a bundle with other dip
tubes in the vessel. The freed 163-inch-long tube then flexed due to
the turbulence and eventually broke away through metal fatigue.

A  new level detection unit was installed with the following design
changes:  the dip tubes were shortened to 65 inches, held together with
cross bars so better welds could be made, and placed inside a three-inch
schedule 40 pipe for increased structural strength.  No further problems
have occurred or are expected.

PLUGGED SLURRY LINE

Each slurry transfer line from the evaporator-crystallizer is equipped

with cleanout boxes at intervals along the line.  These were installed to
hydraulically mine salt from the lines in case the lines become plugged

and cannot be cleared by conventional flushing.  A schematic of these
cleanout boxes is shown by Figure 9.  A stream of water is introduced
into the plugged slurry line by passing a hose through the mining head.

Entry to the plugged slurry line can be made from both directions by
using either of the two curved pipes.  The dissolved and suspended
solids are removed with the water through the unused curved pipe and
transferred to another slurry tank.  As the solids are removed, the hose
is forced farther down the slurry line until the plug is cleared.  The
only plugged line occurred during startup and the cleanout box was
satisfactorily used to clear the line.

ION-EXCHANGE COLUMN

The lower retention screen holding the resin in the ion-exchange column
broke at tack welds holding the screen to a support grid, allowing a

very small amount of resin to escape with the column effluent.  This
condition was corrected by redesigning the screen supports to eliminate
tack welds on the screen.  There have been no further problems since the
column was modified in October 1974.
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FUTURE PROCESSING PLANS

It is currently estimated that, after processing all available Hanford
waste in the evaporator-crystallizer using current operating conditions,
there will be about 10 million gallons of concentrated liquor still

requiring solidification.  In order to further solidify and reduce the
volume of these concentrated liquors, it is necessary to either change
the operating conditions of temperature and pressure, or to introduce a
chemical additive to the waste to enhance the evaporation-crystallization
process.  Both increasing the operating temperature in the evaporator-

crystallizer and partially neutralizing a portion of the sodium hydroxide
in the waste with nitric acid have been tested in a pilot-scale
evaporator-crystallizer using nonradioactive synthetic liquors.  Partial
neutralization appears to be the better of these two alternatives.

PARTIAL NEUTRALIZATION

Partial neutralization is the continuous addition of nitric acid to the
slurry to neutralize a portion of the sodium hydroxide, resulting in the
evaporation of more water and the formulation of more sodium nitrate,
which crystallizes as the slurry is concentrated.  The acid is injected
into the system just upstream from the recirculation pump to take

advantage of the hydrostatic head and the pump mixing action.  The term
"partial neutralization" is used because the amount of acid is con-
trolled to prevent complete neutralization which would result in the
corrosion of the carbon steel underground tanks and associated piping.

Pilot plant tests showed that partial neutralization increased the amount

of solids and reduced the liquid volume while not significantly increasing
the sodium hydroxide concentration which could cause corrosion problems
in the underground storage tanks or make the salt cake hygroscopic under

average Hanford air conditions.  The volume percent solids in the slurry
is related to the amount of sodium hydroxide neutralized as shown in
Figure 10.  Neutralizing 15 percent of the sodium hydroxide produced a
slurry with about 10 volume percent solids; neutralizing 43 percent of
the sodium hydroxide produced a slurry containing near 40 volume percent
solids.

f                The potential volume reduction of liquid waste after partial neutraliza-
4,

tion is shown in Figure 11.  While not significantly changing the sodium
1   -           hydroxide concentration, the volume of liquid waste was decreased to
(

nearly 30 percent of the original feed volume when 43 percent of the

1               sodium hydroxide was neutralized.  The volume reduction factor compares
                the volume of slurry liquor to the volume of feed and does not include

either the acid or salt cake volumes.  The salt cake volume is important,
though, as it must be monitored and kept separated from the environment.
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At the neutralization levels tested in the pilot plant, the heat of
neutralization was less than the heat needed for water evaporation.
There was no evidence of reboiler fouling as indicated by normal heat
transfer rates and no flow restrictions in the recirculation lines.
Also, the pH of the process condensate remained near 10, indicating
little or no release of nitrogen oxides.

INCREASING TEMPERATURE

Increasing the operating temperature of the pilot evaporator-crystallizer
increased the volume percent solids, as shown in Figure 12, which would

decrease the volume of liquor to be stored.  At the higher solids con-
centration, the slurry actually becomes a "mush" product, which is
descriptive of its appearance.  Unfortunately, the sodium hydroxide
concentration in the concentrated liquor increased to nearly 18 molar

at evaporator operating conditions of 180° F and 0.8 psig.  At high
sodium hydroxide concentration, corrosion rates on the carbon steel tanks
could be prohibitive.  The solids formed at 160° F and higher also had
the undesirable characteristic of settling slowly and being hygroscopic

due to the high concentration of sodium hydroxide in the liquor held by
the solids.  The hygroscopic salt cake and potentially high corrosion
rates rule out simply increasing the operating temperature without further

development work and/or equipment modifications.  Decreasing the
operating pressure would likely give similar results, but again, equip-
ment modifications would be required.

COMPUTER MODEL OF THE EVAPORATOR-CRYSTALLIZER PROCESS

Variation in feed compositions necessitate the adjustment of process
flow rates to produce a more uniform slurry having a flow rate of about

50 gallons per minute and containing up to 30 volume percent solids.
Feed rate, condensate flow rate, and the mixing ratio of dilute and

concentrated liquors are adjusted based on material balances to produce
a uniform slurry product.  A computer model of the evaporator-crystallizer
process has been developed and program inputs and outputs are given in
Figure 13. Input information required includes the feed composition,
the total feed volume, and the estimated composition of the concentrated
liquor.  Program output lists the flow rates and total volumes of all
process streams, the required processing time, and the concentrated liquor
composition.  Any of the components in the feed could be used to make
the material balance, but sodium hydroxide is used because it remains in
the liquid phase of both the feed and the slurry over a large range of
concentrations.  The solubility characteristics of the waste's components
are known from laboratory data and the solids bulk densities are assumed
to be one-half of the theoretical particle densities.
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The three primary applications of the computer model are to provide
production guidelines for process control, to allow optimum utilization of
waste tank storage space, and to aid in the evaluation of future
processing options.  The flow rates predicted by the model can be used

as production guidelines for control of the evaporator-crystallizer
process.  The volumes of dilute liquor and recycled concentrated liquor
to add to the evaporator feed tank are determined so that evaporation
and concentration can be optimized without exceeding 30 volume percent
solids in the slurry. Condensate and feed flow rates are controlled to
regulate the composition and production rate of the slurry.  Storage

space can be scheduled for receiving evaporator-crystallizer products;
transfers of waste liquors can be planned; and future storage require-
ments can be predicted based on a knowledge of the total volumes of salt
cake and concentrated li4uor produced from a given feed volume and the
time required for processing.  The impact of future processing options
on the. treatment of concentrated liquors can also be evaluated.  For
example, the computer model has been used to support development of the

partial neutralization process.  Both a laboratory and a process test
of partial neutralization have been performed and the resulting flow
rates were within 10 percent of flow rates predicted by the model.  The
program is modified for partial neutralization so that sodium aluminate
is used to make the material balance because some sodium hydroxide is
consumed in the neutralization reaction.
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ACTIVITY LEVELS
IN PROCESS CONDENSATE
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EFFECT OF TEMPERATURE AND
PRESSURE ON THE NaOH CONCENTRATION
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THE EFFECT OF
NEUTRALIZATION ON THE VOLUME
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THE EFFECT OF
NEUTRALIZATION ON THE VOLUME
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THE EFFECT OF
TEMPERATURE ON THE VOLUME
PERCENT SOLIDS IN THE SLURRY
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EVAPORATOR-CRYSTALLIZER PROCESS MODEL
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