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Table 3. Rates of  rface vel Growth

| Rates (inches/day) | Comments

. Tank 101-SY

Average of Six major release events 0.071 + 0.003 Considers only major gas release
w7 1990 - May 1991 events, so probably underestimates
the true value.
Average of twelve data sets 0.11 + 0.02 Accounts for minor (<3 inches) gas

arch 1984 - December 1989
(Strachan 1991)

release events, so is probably the
most realistic value.
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It must be emphasized that the above discussion is only an estimate of the quantity of gases that
might be produced by t| mally driven degradation reactions. Synthetic wastes used in these
experiments were considerably less complex than actual wastes; speciation of the organic compo-
nents in the actual waste has not been performed to date. To accelerate the rate of gas genera-
tion in the synthetic waste studies, reaction temperatures in the range of 90 to 120°C were used
rather than the actual tank temperature of 60°C, requiring correction of the laboratory data to
account for the activation energy. One must be certain that the reaction mechanisms do not
change over the temperature range in question if such an estimation is to be valid.

The cause for the discrepancy between N,O yields estimated from synthetic waste studies and that
estimated from actual tank data is not known. Gas releases from Tank 101-SY have been found
to contain approximately equimolar quantities of N,O and H,, while synthetic waste results gener-
ally show N,O to be present at concentrations 6 to 10 times greater than H, (Tables 4 and 6).
Considerably more N,O production is estimated from synthetic waste studies than is indicated by
actual release data. One possible explanation involves the solubility of N,O, which is 20 times
greater than that of H, in water. This high solubility may provide a means for enhanced transport
of this gas through the liquid relative to H,, and greater continuous release rates from the tank
surface. Selective loss of N,O from reaction vessels was observed by Bryan et al. (1992), who
collected gaseous products over water. Monitoring of N,O and H, release from Tank 101-SY
between release events would be valuable in establishing whether the above is important.

Unknowns: Continued laboratory studies are needed to obtain a sufficiently detailed under-
standing of the chemical reactions leading to the production of H,, N,O, and other gases. In
general, these studies should identify critical reactants; determine threshold reactant concentra-
tions, if any; determine reaction stoichiometries, including individual gas generation rates; and
determine reaction energetics.

One of the primary needs is to determine individual organic species that are present in the actual
wastes. Results obtained by Lokken et al. (1986) for Tank 107-AN, a related v ‘e, shows
remarkable complexity. In addition, not all of the organic components were identified (=75 per-
cent, based on TOC). A considerable effort in developing analytical methodology is anticipated.
In that study, most of the o _ nic degradation products were observed in the synthetic wastes
within a matter of months at room temperature.

A large discrepancy exists between N,O generation rates predicted on the basis of synthetic waste
studies and that determined from actual tank data, the cause of which has not been established.

Nitrogen has been observed in both synthetic waste studies and in releases from Tank 101-SY.
The source of this product is unknown.
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were also determined, but N, was generally not detectable (but see below) and the addition of
organics reduced a small G(O,) from solution "P" to zero. In fact, O, initially present in test
solutions is consumed when organics are present. The other likely gaseous products that have not
yet been confirmed or denied are NH; and CO,.

The yield of H, should depend on the concentration of the organic material and its reactivity with
the H atom. In line with this finding, the G-values of H, show a qualitative correlation with the
number of C-H bonds in the additive and a linear dependence on organic concentration. The
G-values of H, and N,O are somewhat higher at the higher temperature. For H,, the increase is
in the range of 40 + 30 percent for a variety of additives and conditions. The variability in yield
could be due to differences in activation energy for the hydrogen abstraction reaction. For N,O,
the increases at 60°C are somewhat larger and generally fall in the range of 25 to 100 percent.
Because 60°C corresponds to the approximate temperature in Tank 101-SY, the G-values of H,
and N,O measured at 60°C will be discussed in the following, unless otherwise noted.

Independent of dose or dose rate, the generation of H, occurs with a G-value in the range

0.07 % 0.02 from solution "P" containing concentrations of the organic chelators and their
degradation products chosen to simulate Tank 101-SY wastes. This estimate of G-value is based
both on G-values measured when well-controlled additions of organic chelators were made and
the G-values measured on a solution that had been pre-irradiated to simulate the effects in

Tank 101-SY. Nitrogen was observed with a G-value of 0.13 from pre-irradiated material, but N,
was not detected from radiolysis of other simulated waste solutions. Generation of N,O from
solution "P" with added organics occurs much more efficiently, having a G-value of about 1, a
yield which does not appear to depend on dose or radiation intensity.

From these yields, H, and N,O generation rates of 2.5x10° and 3.6x10® moles liter 'min’,
respectively, are determined for synthetic Tank 101-SY wastes. A non-radiolytic yield of H, at
60°C of 1.3x10" moles liter’! min™ has been observed in solution "P" containing 0.17 M IDA; this
yield brings the total rate of H, generation to 3.8x10" moles liter 'min’l. Of course, application
of these numbers to the tank is an approximation both because it is not clear that this approach is
app” letor  hc T al composition
of the material in the tank is known; specific organic species | are | mnov

The yield of hydrogen will be strongly dependent on the organic and NO,™ concentration, but only
weakly on tt  NOj” concentration.

From the above measurements, yields of 21 moles per day of H, and 207 moles per day of N,O
are predicted (Table 6). To explain the quantity of H, generated per day based on slurry growth
data (Table 5), an H, production rate of approximately 64 moles per day and an N,O production
rate of 52 moles per day are needed. Thus, the measured production rates lead to about one-
third the H, production observed and about 4 times the N,O observed. Whether the radiolytic
yields from the inhomogeneous phases are sufficiently different to explain these disparities
remains to be determined. Hydrogen production from organic radicals catalyzed by particulates
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. The effect of degradation products from the organics and the production of H,O, on the
thermal yield of H,.

. The yields of NH; and CO,.

33 Steel Corrosio

General: Hydrogen and other gases may also be produced via corrosion reactions of the double-
shell steel tanks. General steel corrosion rates are expected to be very slow in strongly alkaline
solutions, less than 0.0005 inch per year (Divine et al. 1985; Mackey and Divine 1986) and
probably do not pose a significant structural problem. Given the large size of the Hanford
double-shell waste tanks, however, the quantity of gas that theoretically could be produced from
such an extent of corrosion is within an order of magnitude of the quantity of gas generation from
Tank 101-SY. No direct measurement of gas generation from steel corrosion in the presence of
actual or simulated double shell slurry waste has been performed to date.

Tank 101-SY and other double-shell tanks at the Hanford site are constructed of AL ..A A-537
Class I carbon steel plate. The nominal composition of this steel is (weight percent) C (<0.24),
Cr (<0.25), Cu (<0.35), Mn (0.6-1.4), Mo (<0.08), Ni (<0.25), P (<0.035), S (<0.04), Si (0.13-
0.55), with the balance Fe. A closely-related alloy, ASTM A-516, was used in the construction of
older, single-shell tanks (Divine et al. 1985).

Divine et al. (1985) performed a series of corrosion tests for ASTM A-537 steel, aiming to simu-
late conditions present in Hanford double-shell tanks. Major and minor waste components as well
as temperature were varied in these tests, with weight loss of steel coupons measured for periods
up to one year. From the results of these tests, a predictive equation was developc that allows
corrosion rates to be calculated as a function of waste composition and temperature (Divine et al.
1985; Mackey and Divine 1986). ...e predictive equation describes general corrosion processes;
localized and stress corrosion cracking were not observed in  : tests. Under conditions expected
in actual double shell waste tanks, corrosion rates were less than 0.0005 inch per year. Results of
these studies are in good agreement with predictions based on thermochemical data for iron
(Pourbaix 1974), where good corrosion resistance is afforded by the formation of passive layers of
iron (IT) hydroxide or magnetite.

The primary anodic (corrosion) reaction for A-537 steel is b eved to be (Divine et al. 1985)
2 OH + Fe = Fe(OH), + 2¢ v (1)
while, in anoxic wastes, the primary cathodic reaction is given by

H,0 + ¢ = 12 H, + OH-. )
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3.4 Microbial Act 1

Because gases being produced in Tank 101-SY are common microbial metabolites and because of
the presence of large quantities of organic matter, the possibility exists that some fraction of gas
production in this tank is mediated by microorganisms. No experimental investigation has been
performed to date to confirm or deny the presence of microorganisms in the Hanford waste tanks.
However, Stevens and Frederickson (in Bryan et al. 1992) briefly addressed this issue recently by
discussing the types of organisms that might be present and the experiments needed to confirm or
reject microorganisms as a cause of gas generation in double-shell tank waste.

Although many components of Tank 101-SY waste are attractive substrates for microorganisms,
conditions within the tank appear to present a severe challenge to the tenacity of life. An
extended adaption period is usually required before microbial -oliferation in such an extreme
habitat. The quick onset of gas production, as well as its occurrence above 100°C in simulated
waste mixtures, appears to rule out any need to invoke bacterial fermentation as a major cause.

However, until samples of actual waste can be examined for the presence of microorganisms, it is
not possible to rule out the possibility of active microbial fermentation. Simple experiments to
test these postulates in the double-shell tank wastes are briefly outlined below. If the first test is
positive, the remaining experiments should be done. Otherwise, microorganisms can be
discounted as a significant cause of chemical reactions in these wastes.

1) Microscopic Ex ination of Waste Samples. If microorganisms do exist in the double-
shell tank wastes, they are likely to be in zones where they might be protected from
extreme conditions. Such zones might be expected where the waste has separated into
phases, such as the crust, bottom sediments, or any less saline layers that may have
resulted from water injection. Films along the walls of the tanks could also be potential
refugia for microorganisms. Samples obtained from such zones in Tank 101-SY, or similar

tanks, should be examined by =~ "1-power, phase-cc  1st, and epifluorescence microscopy.
Phase contrast croscopyis: _le, 1d s ob:  ation of living cells, but in the
presence of many bacteria-si | particles, interpretation can be "™~ . T "7 iorescence
microscopy allows the use of various fluorescent reag s that | _ ifically to liv -
cells.

2) Sterilization of Active Waste Samples. If microorganisms are responsible for some

component of gas production = active waste subsamples, the gas production rate or its
composition should change after sterilizing treatments. An example of such a treatment
would be to autoclave three times, on three successive days, with incubation at ambient
temperature during intervening periods. Other methods are also possible. Sterilized and
non-sterilized samples should be analyzed for differences in gas composition and
production.

20



3)

Transfer of Activity by  culation. If some microbially-mediated reaction is eliminated
by the sterilization treatment, it should be possible to transfer this activity from active
samples to sterile, inactive waste samples of similar composition. Inactive samples could
be obtained from exper ent 2) described above, or from preparation of sterilized synthe-
tic waste. A small volume of the active sample should be transferred into the inactive
sample. After a suitat incubation period, any microbiological activity present in the first
sample should be observed in the second sample. The rate of gas production and the gas
composition of inoculated and uninoculated samples should be compared over time.
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within the crust included sodium aluminate, sodium carbonate, sodium carbonate monohydrate,
sodium nitrate, and sodium nitrate (Bryan et al. 1992; Strachan 1991), similar to solids identified
in actual crust (Herting et al. 1991). Actual c1 ‘s appear to be higher in sodium carbonate,
perhaps the result of long exposure to air, which contains carbon dioxide.

Synthetic as well as actual crust samples were found to contain substantial amounts of water.

High water contents are expected to lower the risk of crust flammability because of the high heats
needed to evaporate the water. Moist crust samples, both synthetic and actual, have been found
to contain more than 20 wt% water (Bryan et al. 1991; Herting et al. 1991). Dry actual crust
samples have been found to contain approximately 10 wt% water (Herting et al. 1991). X-ray
diffraction analyses of synthetic crusts have shown the presence of sodium carbonate monohydrate
(Bryan et al. 1992; Thomson in Strachan 1991); hydrated forms of sodium aluminate are also
expected. In addition, the solids comprising the crust are expected to remain partially wetted by
the aqueous solution if the equilibrium solid-liquid contact angle is to be maintained (Bryan et al.
1992).

Unknowns: While it is quite probable that crust growth and gas retention in these wastes are due
to the attachment of gas bubbles to solid particles in a manner controlled by surface tension
forces, this mechanism has not been conclusively established. Determining the mechanism for gas
retention in the wastes is among the most important issues to be addressed by the Tank Waste
Safety Program.

4.2 Models for Gas Release

General: Several models have been proposed to explain the n hanism responsible for periodic
gas releases from Tank 101-SY. These can be grouped in two classes: those in which gases are
held by the crust and those in which gases are held in the non-convecting (sludge) layer
(Reynolds 1990; Allemann et al. 1991). From analyses of the data available, Allemann et al.
(1991) concluded that the sludge overturn models are most probable. This conclusion is
supported by recent video pictu  taken duringarel et showt c toha the
consistency of loose oatmeal and the gas released as many small bubbles. However, from a
historical perspective, a brief review of - crust models is important.

Models based on the assumption that flammable ; s a trapped by a relatively impervious crust
at the top of the waste tank ii ude the "crust fracture” model and the "crust tilt" model. In the
"crust fracture” model, the crust is believed to be in the form of a flat plate that is supported by a
flat bubble of gas. This gas bubble is located directly underneath the crust but above the liquid
level. As gas gathers in the flat bubble, the crust level is raised. At the time of release, the crust
fractures, allowing gases to escape and the crust level to descend, reforming a seal. In the similar
“crust tilt" model, rather than fracturing to allow gases to escape, the crust tilts to one side. After
releasing the gases, the crust returns to a level position and reforms a gas seal. Recent video
pictures taken during a release event are not consistent with such models, however.
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Comparison to Tank 101-SY: Allemann et al. (1991) concluded that the sludge overturn models
most probably represent actual gas release events in the tank. These models include the Total
Sludge Buoyancy and Local Buoyancy Upset models. Evidence that an overturn does occur has
come from temperature profiles taken at 10-second intervals during the October 24, 1990, gas
release event. The pre-release temperature profile showed a temperature bulge near the bottom,
which collapsed simultaneously with a buildup of the temperature region just below the
temperature gradient of the crust region. Calculations made by Allemann et al. (1991) based on a
gross overturn driven by the buoyancy of the amount of gas (estimated from waste level drops and
from vent measurements) gave rise times on the order of 50 seconds, which is in close agreement
with thermocouple profiles in the tank.

Evidence points to the retention of significant amounts of gas in the waste after a release event
(Allemann et al. 1991). This could occur if only a small fraction of the sludge is involved in an
overturn, or, if the complete sludge layer is involved, only 25 to 30 percent of the trapped gas is
released. In crust growth studies using synthetic wastes, it was concluded that gas bubbles will
adhere to solid particles as a result of surface tension forces; because the solids are somewhat
hydrophobic as a result of the adsorption of certain organic waste constituents, stability can be
gained by displacement of some of the liquid in contact with solid surfaces by gas bubbles (Bryan
et al. 1992). Thus, since the surface tension of solids is lowered by attachment to gas bubbles, it
is unlikely that detachment of all of the gas will be easily accomplished.

Unknowns: While total sludge buoyancy and local buoyancy upset models appear to most closely
represent gas release events in Tank 101-SY (Allemann et al. 1991), unknowns associated with
modeling these phenomena are significant. Unknowns include the following:

. What controls the yield stress of the non-convecting layer? Presumably, when the yield
stress is exceeded by buoyancy forces, gases are released. Dendritic crystals of sodium
nitrite have been suggested to play a key role (Allemann et al. 1991).

. What fraction of gases that are stored in the waste tank are involved in  zase events?
Allemann et al. (1991) have cited evidence that less than one-third of trapped gases are
released.

. What is the mechanism for minor gas releases, which occur frequently?

. What is responsible for the slow decrease in the slurry level following a major release
event?
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5.1.5 Lower pH

Description: Additions of chemicals to lower the pH of the waste may be a means of reducing the
rate of flammable gas generation. The most probable method would be to add nitric acid in the
form of a concentrated liquid or by sparging the waste with an acidic gas such as NO,, SO,, or
CO.,.

Likelihood for Success: In earlier studies by Delegard (1980), the rate of flammable gas genera-
tion in synthetic wastes was found to depend directly on the hydroxide concentration in solution
up to 1.5 M. If the free hydroxide concentration could be reduced, gas generation rates are
expected to be lowered accordingly. However, lowering the pH is not expected to lower radiolytic
yields, so gas generation should continue at a significant rate.

Uniknowns: __.ie role of hydroxide ion in the mechanism of flammable gas generation needs to be
established. Associated questions include the quantity neede to yield a significant rate decrease.

Addition of nitric acid would lower the pH but would also add the oxidizing agent NO;™ and
evolve considerable heat. These effects could lead to increased reaction rates.

Addition of NO, would decrease the hydroxide concentration by a reaction that also forms NO;’
and NO,". Increasing the amounts of these two ions would not be favorable (Meisel et al. 1991a).

Addition of SO, would need to be considered very carefully. There is an extensive literature on
the very complex reaction of sulfite with nitrite. Almost all the reduction products possible from
nitrite (NO, N,O, N,, H;N, HONH,) have been observed depending on the conditions. Use of
SO, to lower the pH would also have a major impact on the final treatment of this waste as the
vitrification process can tolerate only small amounts of sulfate ion.

Addition of CO, would decrease the hydroxide concentration through formation of CO,?.
Sodii  carbonate would probably precipitate.

Sufficient decrease of the pH with CO, would probably also lead to precipitation of Al(III) in
some form. The p ipitate could be some fc  of sodium aluminate, or could be
NaAl(OH),CO; (the mineral _ awsonite). However, it is most likely that some form of Al(OH),
would precipitate, based on the phase diagram given by Barney (1976). The rheological
properties of the slurry might change with increasing amounts of AI(III) solids.

The impact of lowered hydroxide content on steel corrosion reactions needs to be addressed. As
reported by Divine et al. (1985), high hydroxide concentrations are needed to maintain steel

passivity.

Lowered gas production rates may lower the frequency of gas retention/release events, but the
hazards associated with each event may not change or even be increased.
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5.2 Methods to Decrease Gas Retention

Four possible strategies for decreasing gas retention have been considered: 1) adding surfactant,
2) inert gas sparging of the non-convecting layer, 3) ultrasonic irradiation, and 4) heating the
waste.

5.2.1 Surfactant Addition

Description: The addition of a surfactant is predicated on the hypothesis that the gas is being
retained in the waste by surface tension forces. The supposition is that some or all of the solid
particles have become coated wi* a hydrophobic layer, presumably some organic compound that
enhances particle-gas bubble adhesion. The gas bubbles eventually grow large enough to float the
slurry to the top where the gas is released, creating the gas release event. The added surfactant
would act as a depressant to stop the bonding of the gas with the particles and thus allow the gas
to be released continuously. The retention phase of the slurry growth cycle would thus be
eliminated.

A second theory is that the surface activity of the sludge allows it to gel or "set up” at certain
temperatures or concentrations and attain a strength that will trap generated gases. A surfactant
might destroy the ability to "set" under the conditions in the tank and allow the gas to be released
more or less continuously.

Usually, only a small amount of surfactant is required, perhaps less than 0.5 percent. The
surfactant would be added to the tank and allowed to mix by virtue of natural convection,
turnover, and diffusion, or perhaps be enhanced by mechanical mixing.

Likelihood for Success: Success of this mitigation approach depends on identification of an
appropriate surfactant that could inhibit the retention of gases in the waste. Rather stringent
properties are required, including the ability to counter the effects of rather large concentrations
of organic waste components and good stability under harsh chemical and radiolytic conditions.

If an appropriate surfactant can be identified, the advanta  are signifi  t. The goal of this
mitigation strategy is not to eliminate the source of flammable gases, but to prevent their buildup
in the waste. Gases would be vented continuously rather than in bursts, thus reducing the flam-
mability hazard to negligible levels. Implementation would require a minimum of equipment : 1
could be quite simply accompli ed.

Unknowns: The mechanism by which gases are retained in the waste has yet to be established
conclusively.

A surfactant that will be sufficiently active in strongly alkaline solution of high ionic strength has

yet to be identified. The surfactant must counter the effects of organic waste constituents,
approximately 3 M in total organic carbon.
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Waste mixing by jet pumping, probably required in combination with inert gas sparging, would
increase the heat load in the tank, and may enhance gas generation reactions in other ways.

Unknowns: Tt has not yet been conclusively established that the mechanism of gas retention in
Tank 101-SY is the adherence of gas bubbles to solid particles, held in the non-convecting layer
by insufficient buoyancy to overcome the shear strength of the waste. Further studies are
required to establish that mechanism.

It is not clear that inert gas sparging can be accomplished uniformly within the non-convecting
layer, even in combination with waste mixing methods such as jet pumping. If areas of the non-
convecting layer are not sparged with inert gases, pockets of ammable gases above the lower
flammability limit may be released during rollover events. Development of uniform gas
sparging/waste mixing methods in the non-convecting waste layer is needed.

It is not known whether energetic waste mixing activities may enhance the rate of flammable gas
generation.

5.2.3 Ultrasonic Irradiation

Description: Ultrasonic irradiation has been suggested as a means of preventing the retention of
gases in the non-convecting waste layer. Ultrasonic irradiation is expected to cause gas bubbles
that are generated in the waste to be released continuously, thus preventing gas retention/release
cycles, or to provide a means to control the gas release time and size .

Likelihood for Success: The ultrasonic irradiation approach seeks to prevent flammable gases
from being retained in the waste, rather than to reduce the source of the gases. While ultrasonic
irradiation has the potential for removing hydrogen bubbles from the surfaces of particles, this has
not been demonstrated. Ultrasound could also increase H, production. It is well-known that
ultrasonically induced chemistry can reproduce the chemistry that occurs in radiolysis by the
production of H' and OH' radicals. ..e H fi  :d d increase the production of H,. Margulis
(1974) has reported the formation of significant quantities of nitrite ions and hydrogen peroxide
in ultrasonically irradiated nitrate solutions at fairly low intensities.

Unknowns: An important unknown associated with ultrasonic irradiation is the effect on gas
generation. Uncertainties exist with regard to the minimum power density required to initiate
chemical reactions by ultrasonic irradiation and how to deliver the ultrasound into the waste. If
gas generation reactions are significantly accelerated by this approach, there may be no net gain.

It also has not been demonstrated to date that ultrasound is effective in breaking up gas bubble
particle combinations, believed to be the means by which gases are retained in the waste.
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