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Reducmg ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ B T O}(J_dj_zing
hex = U030 ana ~ U0,"xH,0 (the mineraJ. schoepite) .

~ This sequence is consistent with the uranium-bearing phases identified in
K Basin sludges.

1e oxidation of nuclear fuel is enhanced by products formed by
radiolysis of water. This process forms radiolytic species (e.g.. H)0,. 0,,
€, €tc.) which produces an oxidizing environment near the fuel surface.
Radiolysis of aqueous solutions in contact with air also produces nitric acid
with concomitant 1crease in acidity (decreasing pH) and nitrate
co :entrations. Leaching studies of UO, under various H,0, concentrations
indicate the precipitation of studtite {U0,-4H,0 [ UO,;(H,0,)-3H,0]} on the
surface ¢ J),. The chemistry of the final oxidation products are typically
more comg for waters containing dissolved constituents, such as dissolved
calc ., issium, and silica. Schoepite (UD;-2H,0). for example, can
transform into more complex minerals, such as becquerelite (CaUg0,-10H,0),
co reignacite (KU 11H,0), uranophane [Ca(U0,),(S10;),(0H), 5H,0],
boltwoodite [K(H;0)U0,(Si0,) -xH,01. sklodowskite [Mg(UQ,),(Si0;),(0H),-5H,0], and
others.

The chemical reaction model MINTEQA2 was used to calculate the
solubilities an associated aqueous speciation ¢ dissolved uranium,
plutonium, and other relevant components for selected K East Basin floor,
weasel pit, and canister water compositions. The basin floor and weasel pit
water samples calculate to be at near equilibrit with respect to schoepite
(U0;-2H,0). The speciation of dissolved uranium in these two waters is
dominated by U(VI) carbonate complexes. such as (U0,),C0;(0H); and U0,(CO5)% .
The close agreement between the uranium solubilities predicted for oxidizing
conditions vers ; the uranium concentrations reported for the basin floor.
weasel pit, and canister water samples suggests that these waters represent
oxidizing conditions. :

The two canister waters, however, calculate to be oversaturated with
respect to schoepite. The aq :ous speciation of dissolved U(VI) at these
slightly acidic pH values are dominated by the uncomplexed 0% species and
hydroxyl complexes. such as (UQ0,);(0H): and (UQ,),(OH);. Uranium solubilities
were also calculated as a function of redox conditions for Eh values from
800 to -300 mV. The calculated concentrations of dissc ved uranium under
reducing conditions are six orders of magnitude lower than under oxidizing
conditions. :

The INTEQA2 results for dissolved plutonium in basin floor and wgase]
pit water samples indicates that aqueous speciation of dissolved plutonium is
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+ JREWORD

This document uses laboratory charac :rization data on KE canister
sludge. In some cases, the data has not been peer reviewed. and is reported
here prior to being reported and scussed in a formal laboratory report.

Sc¢ - information has been ol _1ined through, and-footnoted as, “personal

¢ munication”. It is possible that some changes in data cot d occur in the
process of pi * review and final reporting. This approach was made necessary
by the timing of this report. ' '
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Chapter 5 provides a detailed examination of the data relevant to the
characterization of the content of Tank AW-105. The chemical implications of
ad ng K basin sludge to AW-105 are then considered. The potential for
segregation of fissile particles from added iron is assessed using a
simplified 1-dimensional model. In addition, previous findings on particle
segregations from the mineral processing industry are reviewed. and
calculations are provided to assess the tendency of particles to flocculate.
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A.2.2.3.2 Thermodynamié Database.

The MINTEQA2 thermc mamic database includes the )9 equilibrium’
constants (log K¢ ) and enthalpies (heats) of reaction +.208) for aqueous
speci :ion, oxidation/reduction, mineral solubility, and gas solubility
reactions. The reference temperi ire for the MINTEQA2 database. as with most
chemical reaction models, is 298 K (25.0°C). The log equilibrium constants
(Tog K? 1) may be based on values that have been experimentally-determined or

calct ted from ( bs free energies of reaction (aG? 7) according to the
equal 1 '

al (A2.13)

log K:T = —_—

where T is temperature in degrees Kelvin, R is the gas constant (1.9872
cal/mol-K), and aG2; is in units of cal/mol. Values for 4@} 7 are calculated
from published v |ues for the Gibbs free energy of formation (aG$ ,,) for each
product and reactant in the aqueous speciation or solubility reaction by the
equation: . :

AG‘r"298 =Y AG‘;'298 (products) - Y AG‘;,298 (reactants) . (A2.14)

To calculate aqueous speciation and solubilities at temperatures other than
25°C, the equilibrium constants are recalculated by the MINTEQA2 code to the
temperature T of interest using the van't Hoff relation:

AHe
w8 (1 1 (A2.15)

log K° = ¢ K° -
B Ror 2303 R T 298

r,298

Values for entt Ipies of reaction are calculated from published enthalpy of
formation values (aH$ ,) using the equation:

AHS 0 = ¥ AH$ o, (products) - ¥ AH} ,;, (reactants) . (A2.16)

Values for aH? ,,4 cannot be calculated for some reactions. because aH$ 5gg
values have not been determined >r one or more reaction products and/or
reac’ 1ts. In these cases, the MIN" )A2 code assumes that

log K7 = log K2, . | (A2.17)

Because of the limitations in using the van't Hoff relation for extrapolations
over a wide range of temperature, applications of the MINTEQA2 code are
limited to temperatures 2ss than 100°C.

A2.12
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from basin operations or sampling campaigns, one might speculate that some of
the oldest corrosion prodi s, those nearest the | ;in floor, .y have altered
with 1 These materials may have experienced crystal growth and/or

alter: | To more complex uranyl hydrated oxide phases, such as becquerel te
(Ci ¢0wo-11H,0) and compreignacite (KoUsO19- 11H,0) as discussed in Section

A.l.2. .

A2.24
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insignificant 0.00049 %¥. Therefore, even if it is present in these sludge
samples, the UF,1.5H,0 phase is inconsequential as far as influencing any
physical and chemical properties of these sludges.

Goethite and lepidocrocite were two of the most common Fe-oxyhydroxide

inerals that were identified in basin and pit sludge samples (Table A.3. ).

Among the eighteen samples of basin and pit sludges, goethite occurred in 11
samples and lepidocrocite was reported in 9 samples.

Presence of goethite and lepidocrocite were also detected in some ¢ the
canister sludge samples. -~ansmission electron microscopy data indicated that
the basin (KES-M-13) and pit (KES-T-20) sludge samples contained amorphous Fe
material. The electron micrographs of this material indicate that this Fe-
bearir pt e is somewhat similar to microcrystalline (nm size) ~-1ir-

'rrihydrite characteri: 1 by Schwertmann and Corne | (see Figure 8-2 , 1991).

TEM data also indicate that other Fe-bearing phases such as akaganeite,
feroxyhte, maghemite, and magnetite are present in the basin (KES-M-13) and
pit (KES-T-20) sludge samples. Because these phases were not detected by XRD
in any of the other 16 basin and pit sludge samples. we can conclude that
these crystalline phases probably constitute only a minor or a trace fraction
of the basin and pit sludge mass.

A.3.4.2 Canister Sludges

Identification of U and Fe bearing solid phases in K East basin canister
sludges conducted y XRD (Silvers 1997) are listed in Table A.3.6. Five of
these sludge samples apparently contain three different U-bearing phases
namely UO,, U,0,. and U,0,,. Four other sludge samples apparently consist of
four U-bearing solid phases (U0,. U0y, Us0,, and UOy; 2H,0). According to
Silvers (1997), U0,. U,0,. and U,0, phases have very similar XRD patterns and
cannot be distinguished from each other. However, U0, is indicated to provide
the best fit for the measured XRD data. Four Fe-containing minerals o-(FeQOH,
y-FeOOH, v 0,, and Fe,0, were identified in one (96-09) of the canister
sludge samples. Lepidocrocite (y-FeOOH), and y-Fe,0, were identified in 96-
11-L sludge samr > (sample 96-11 was taken from an empty canister). These
data indicate solid phase composition of canister sludges are dominated mainly
by the U metal corrosion products. :
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dil :ion prior to transfer to the tank. That is, given the large quantity of
irc that would be added to the basin sludges, the nitrate concentration of
tl  treated basin sludge slurry would have to be kept below 5.5 M.

If no chemical processing of the K Basin sludges is undertaken, then the
amount of nitrate in the material to be transferred will be minor. For floor
and pit sludge, the maximum nitrate measured in the water above a centrifuged
sludge sample was 4.61 ug/ml or approximately 0.074 M. If equal amounts of
free hydroxide and nitrite are assumed (and dilution effects ring sludge ,
transport, etc, are ignored)., 0.015 M nitrite and 0.015 M free hydroxide would
be needed to meet the specification. However, ad tional NaOH will be
required to satisfy the caustic demand of the sludge. The caustic demand of
K East pit/floor sludge ranges from 4.9 x 10 to 1.2 x 10 moles of OH per.
gram of ¢ idge. This would require addition of 1e equivalent of 0.2 to
0.6 moles of NaOH per liter of sludge. Similar values of caustic demand are
obtai d fri K East canister sludge (2.4 x 10 to 4.5 x 10 with or value
less than 2.5 x 10®). If a dilution of 1:1 is assumed = the transport
container, the ionic strength of the transport container should be expected to
"~ be greater than 0.1 M.

However, nitrate will be added if iron is added to the sludge as
Fe(l ), or if the sludge is dissolved in nitric acid and then neutralized.
In these cases, the nitrate content may be >3 M and the corrosion
specification will require much higher levels of free hydroxide and nitrite to
meet corrosion specifications. The actual ionic strength of the supernate for
these transfers would depend on how the process were carried out, but would
likely be greater than 1 M unless the solids are washed prior to transfer.

A.4.2 State of Iron

The ‘state of the iron in the treated sludge will greatly depend on the
specifics of the treatment. Assuming an oxidized system, the iron will exist
in the +3 valence state. Dissolved Fe(III) concentrations are typically quite
low due to its tendency to precipitate or coprecipitate as hydroxide phases.
Dissolved Fe(III) concentrations are especially low in high pH systems. For
example, if the activity of dissolved iron is maintained by amorphous iron
oxides [Fe(OH);]. maghemite (y-Fe,0,). lepidocrocite (y-FeOOH), hematite (a-
Fe,0;). or »Hethite (x-FeOOH), a 1000-fold decrease in Fe* activity can be
expected for each unit increase in pH (Lindsay 1979). Most of the dissolved
Fe(III) species will 1ike y exist as hydroxyl and possibly carbonate aqueous
c plexes.

A majority of the iron in the sludge system will be in the so11q phase.
T » mineralogy of the iron is discussed below. The grain size of the iron
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e formation of inclusions occurs when one of the constituent is
present 1 trace quantities. e pretreatment processes envisioned for
sludges is unlikely to increase the absorber concentrations to the extent that
the fissile material in the coprecipitated mass could be considered as a trace
constituent. Therefore formation of mechanical mixtures would be the dominant
physical phenomenon that would occur when fissiles and absorbers are
coprecipitated during the pretrei nent process. However, the types and rates
of formation of each component in the mechanical mixtures would be controlied
by the initial valence states of each constituent, the rate and amount of
caustic addition, the rate of oxidation, and thermal treatment. These -issues
need to be examined during the development of the pretreatment process.

In conclusion it would appear that the precipitation of additional iron
hydroxides within the existing K Basin sludges would not facilitate strong
chemical bonding between the fissiles and added iron (neutron absorber)

r :rials. However. the dissolution of sludge and iron d rapid
reprecipitation will result in intimate mixing of the components and result in
formation of very small primary particulates for which agglomeration should
prevent differential settling. The existing sludges in both single-shell and
double-shell tanks have been shown to be extremely fine grained primary
particulates that readily agglomerate into larger clumps (see Whyatt et al.
1996). Tank sludge was formed by the same acid ssolution-rapid
neutralization process proposed herein for the K Basin sludges.

A.4.4 Mineralogical/Solubility Changes Compared to K Basin Conditions

As discussed in Section A.2.2.1, oxidation of uranium metal results in
the formation of uraninite (nominally UQ,) and its subsequent oxidation and
hydration to produce the uranyl [U(VI)] oxide hydrates, such as schoepite
(U0;-2H, 0) (Finch and Ewing 1990, 1992). Because schoepite always coexists
with alkali and alkaline earth uranyl oxide hydrates (Finch and Ewing 1991).
the addition of iron and caustic (NaOH) to the sludge should result in the
transformation of uranium corrosion products, such as uranyl hydroxides 1ike
schoepite, to more complex solids, such as becquerelite (CaUg0s-11H,0) and
compreignacite (KU0,-11H,0). As noted by Finch et al. (1995) from studies of
natural mineral specimens, becquerelite can remain stable for hundreds of
thousands of years in geologic environments. Moreover, although sodium urany]
hydrates, such as clarkeite [(Na,.Ca,Pb),U, (0,0H),], are rare in nature,
sodium uranates (e.g, aU,0,) have been identified as precipitates in
laboratory experiments involving high pH and high alkali solutions containing
dissolved uranium. Phases such as schoepite and becquerelite can in turn
transform to more chemically complex minerals such as uranophane
(CaU,Si,0,,-6H,0) and soddyite (U,Si0g-2H,0) in the presence of dissolved silica,
or the autunite series of uranyl phosphate minerals [e.g.. Ca(U0,),(P0,), 10H0]
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The chemical composition of the Sludge in Tank AW-105 is summarized in
Table A.5.16. ~ e is a distinctly different layer of sludge in the bottom-
most 12 inches of the tank that is treated as a separate type from the
remainder of the sludge. Currently there is approximately 286,000 gallons of
sludge that should equate to fi1ling the bottom 104 inches of the tank. Thus,
the unique 12-inch strata at the tank bottom represents only 12% of the total
sludge volume. The chemical composition of the sludge is difficult to
evaluate because all of the analyses available are measured on centrifuged or
t..t 1 samples that still contain a large but unmeasured amount of water.
Solids should be measured on a dry weight basis but no such measurements are
available. The values in Tab- A.5.16 are thus biase 1low by the presence of
an undetermined but substantial amount of interstitial fluid. In general the
sludge is predominately Zr, Na, F, nitrate, K, carbonate, Al, Fe, Si, and
nitrite. The sludge contains between 0.6 and 6.4 % by weight U and 4.3 to
68.3 wug/g of Pu-239. The presence of an enriched Pu. layer in the top layer
of sludge is not -conclusively supported by the recent grab samplies taken in
August 1996. The uppermost sludge sample taken in-August 1996 does show
significantly less Zr, ., sulfate, and nitrite then deeper sludges and
significantly more nitrate. Because the waste disposed most recently was
rather pure U(VI) nitrate the absence of cladding and cladding dissolution
related constituents [Zr and ] makes sense. The €levated nitrate may
represent the 1 M nitric acid solution that was neutralized.

A.5.3 Mixing the Basin and Tank Sludges

The chemical composition of the Basin sludges after treatment will be
quite similar to the existing AW-105 tank sludges (refer to Whyatt et al.
1996, for mineralogy of AW-105 tank sludges). Metal hydroxide/oxides such as
U, Fe, Zr, Al, Si, and alkaline earth carbonates/hydroxides (Ca, Mg )
predominate in both sludges. There should be no significant (and more
importantly unsafe) chemical reactions induced by mixing the sludges together.
The solution in the Basin sludge slurry will exhibit a high salt (NaN0,) and
high pH composition quite similar to the existing supernate solution in Tank
AW-105. In fact. as just presented in Section A.5.1 the Basin sludge
treatment process [Fe-nitrate/Na hydroxide] may need to be controlled by
additional water dilution so that the slurry used to transport the treated
< idge to the Tank remains below the upper 1imit nitrate specification of 5.5
M for corrosion control in inford tanks. In summary, there does not appear
to be any chemical incompatibility between the chemical composition of the
treated basin sludges and their slurry water with the existing AW-105 Tank
sludges and supernate solutions. Mixing the two waste streams should not
significantly impact solubility of the fissiles or neutron absorbers present

A5.28
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in both sludges.

A.5.4 Prediction of Particle Segregation Using 1-Dimensional Settling
Calculation

This section evaluates the potential for particle segregation resulting
from differences in the terminal settling velocities of different particles.
The potential for segrec :ion is evaluated using a simplified 1-dimensional
i @lytical model. The equ: ions used to calculate the settling velocity of
part :les are presented first followed by a description of the conceptual
model and a discussion of the results of two scoping calculations.

A.5.4.1 Theory

The equations for settling of spherical particles in a viscous fluid are
well « :ablished and are available from a variety of sources. The pertinent
equations below a1 taken from McCabe and Smith (1976). The selection of the
proper relationship for estimation of the terminal settling ve :ity of a
spherical particle pends on the Reynolds number of the particle. The

Du P
Re,p 11_—

(A5.1)

particle Reynolds number at terminal velocity is defined as:
w e

Nee ,= particle Reynolds number

D= particle diameter

u= terminal s¢ :1ing velocity

p = nsity of fluid

p = viscosity of f iid

For very small particles the settling velocities are low resultir in smal
particle Reynolds numbers. When the particle Reynolds number is <2, Stokes’
Law applies an can be solved for the terminal velocity to yield:

L ) (5.2)
t 18p
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component is divided among a number of specific particle sizes. Each particle, ’
in addition to having a specific size, is assigned a single compos..ion and
corresponding density. Particles of mixed composition (for example containing
both uranium and iron) would decrease the degree of segregation so assuming
particles consisting of a single component is conservative. Each particle
settles independently in the fluid at its terminal velocity which is
calculated using the appropriate equation presented in the previous section.
The mass and composition of particles that settle to the bottom of the
cylinder over each time increment is used to calculate the c__josition of
sludge which would be deposited over that time increment. By comparing the
composition of each settled layer to the initial composition of the uniform
slurry, an indicat »n of the degree of segregation that may occur is provided.
Tt comparison of compositions is perform¢ on a mass fraction of solids basis
which neglects the degree of sludge consolidation or neutron absorption from
...erstitial supernate in the sludge.

There are a number of phenomena the model does not simulate. No flow of
the fluid is modeled. No agglomeration of the particles is assumed. Particle
agglomeration can sigr ficantly interfere with segregation, especially at
sizes <10 ym. The model calculates the composition of solids reaching the
- coordinates of the bottom of the cylinder and does not model the moving

“boundary of settled solids. Also, no hindered settling effects are included
in the model. In previous work, calculations performed with a model which
included the formation of a sludge layer and hindered settling effects found
that the added complexity had little impact on the resulting segregat1on
(Whyatt et al. 1996).

The parameters for particle size distribution, particle densities.
initial slurry composition, fluid density and viscosity must be selected for
the calculation. The selection of parameters for the 1n1t1a1 scoping study
are provided below:

A.5.4.3 Case #1. Scoping Calculation

Uranium Oxide Size Distribution

In order to select a size distribution to represent uranium solids it
was desired to select data from a sample which consists largely of uranium.
Data for sludge from KW fuel is not available. However. analysis of si )le
96-06M indicates it is 83 wt% uranium, which when the additional weight of
oxides or hydrates is considered. implies it consists almost entirely of
uranium compounds. The Microtrac particle size data for the upper. middle and
lov * sections of 96-06M show a trend with the lower section having the most .

A5.32
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to be unirradiated and enriched to 1.25% U-235. The iron is assumed to exist J
as ..2matite with a density of 5.26 g/cm® and is assumed.to have bt 1

precipitated from acid solution resulting in small flocculated particles. The

particle size of precipitated iron was measured by Wang (1995). Measurements

were made using a Horiba CAPA particle size analyzer which works by measuring
sedimentation velocities under centrifugal acceleration. Upon precipitation,

the average particie (aggiomerate) size was about 8 microns. Upon stirring

and reacidification to pH of 2, the particle size was reduced to the 1 to 3

micro size range. For the purposes of the this calculation, the sizes of

iron particulate were selected as shown in Table A.5.17.

Other Materials

In addition to iron and uranium, other materials are present in some K
basi sludges. These materials are ignored in this evaluation because the
sludges of the greatest concern from a criticality standpoint are the K west
canistc  slu - Some of the K west fuel was initially enriched to 1.25% U-
235. In addition the sludge is in sealed containers such that the sludge
woL 1 be expected to consist primarily of uranium corrosion products with
1ittle material such as iron, aluminum and sand which is found in some KE
floor and pit sludges.

Case 1 Results

The case 1 results suggest severe segregat1on The Fe:U mass ratio
decreases from 2.54 in the uniform siurry to 2.6 x10° in the first thin
layers to settle. Within this layer 88% of the uranium is the result of the
1270 pm metallic particles. The settling model would predict the same
relative change in mass ratio if the iron addition were to be increased.
Thus, by increasing the iron addition by 1000 times. the calculation would
indicate that in the most concentrated regions the Fe:Pu mass ratio would be
similar to thi in the uniform slurry at the start of case la. However,
addition of this much iron is not practical and would greatly expand the waste
volume. Also, it would be difficult to defend a lack of segregation when the
driving force for segregation is so large. Repeated partial disturbance of
the sludge followed by resettling could result in higher enrichments than for
a single settling cycle. Clearly, the addition of precipitated iron to a
system with 1270 um metallic uranium particles does little to prevent the
metallic uranium from concentrating.

A5.34
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the iron and the uranium are subject to the size 1imits although in reality

the iron particles in the model represent agglomerates of finer particles.

However, for the purpose of a scoping calculation this treatment was deemed

sufficient. The settling calculation was repeated for maximum sizes

corresponding to each of the particle size groupings in Table A.5.17 (i.e.
500, 187.5, 100, 62.5, 37.5, 22.5, 15, 7.5, 3, 0.5 um).

The results are summarized in Figures A.5.2 and A.5.3. Figure A.5.2
prese s the ratio between iron and uranium predicted to occur in the most
uranium-rich layer formed by the settling slurry as the maximum particle size
is varied. The ratio is expressed in terms of a multiple of the infinite
geometry safe ratio for Fe:U at 1.25% enrichment. The safe ratio is assumed
to be 0.85 Kg Fe:Kg total U. Thus, at a valt of 1.0, there a 0.85 kg Fe
per Kg U. The average sludge composition is 2.54 kg Fe per kg U or a ratio of
3. As can be seen, in Figure A.5.2, when t maximum particle size:
large. the minii i " rat® oct 'ring tl m ¢ cem |
layers are very sma... s indicates that large metallic uranium particles
settle with very few iron particles. As the maximum size is reduced (moving
left on the horizontal axis) the minimum ratio becomes larger indicating more
iron in the most U-concentrated settled layers. At 22.5 microns, the minimum
ratio is 0.102. It should be noted that the decision to add an average of 3
times the safe ratio to the initial mix is somewhat arbitrary. Addition of.
larger amounts of iron would increase the degree of segregation that could
occur while still maintaining a safe Fe:U ratio. If the initial Fe:U mass
ratio was set at 30 times the safe ratio and the sludge were size reduced to
22.5 um, this calculation would indicate that the safe ratio would still be
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Uranium Oxide Size Distribution

1e same sample size distribution data (96-06M, no sonication) was used
but the distribution was divided into more particle size ranges in order to
reduce potential errors due to concentration of material at specific particle
sizes. While the previous calculation assumed some particles up to 0.05 in.
(1270 tm), this less conservative calculation assumes only the sizes indicated
in the measured distribution for sample 96-06M. The particle size
distribution used for modeling is summarized in Table A.5.18 in the same
mani ~ as for case 1. :

Uranium Densities

The breakdown of uranium phases was based on an evaluation of the dry
particle density and XRD data (see section A.3.5) which suggested that uranium
in s. ple 77 -06M consists of roughly 65% schi )ite with a density of 4.83

d i i wuranin._2 with a density of 10.98 g/cm®*. The potential
presence of up to 4.5 wt%¥ of the uranium in the form of metal or hydride,
which was included in the previous calculation, was neglected in this
calct stion.

Fluid Properties
Fluid properties were not changed from the previous calculation. The
fluid was assumed to be water with a density of 1 g/cm® and a viscosity of 1
cP. .

Iron Addition

e amount of iron addition and the assumed density was not changed from
the previous calct ition. However, the size distribution was assumed to be
more representative of the initial precipitated particle size measured by Wang
(1995) which results in a larger average particle size. Wang only reported
average particle size so a size distribution was assumed. The distribution
assumed is shown in Table A.5.18.

Other Materials

As in the previous calculation, materials other than iron and uranium
were neglected.
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&-Fe00OH (Feroxyhyte) + 3H* (aq) — Fe* (aq) + 2H,0
v-Fe,0; (maghemite) + 6H'(aq) — 2Fe* (aq)"+ 3H,0
Fe,0, (magnetite) + 8H'(aq) — 3Fe* (agq) + 0 + e

The second step of the process is to add Fe(NO,); to the solution and induce
precipitation of dissolved U and Fe from the acid solutions by titrating wi-

caustic (NaOH solution). When the titration reaches a pH value of about 6,
the dissolved U which exists as hexavalent species, would prec itate as.a
sodium uranate hydrate phase (Wamser et al.,1952),

7007 (a '+ + 2Na*(aq) + 160  (aq)+ 8H,0 — Nay(UD,),(OH)y 0 (solid)

If the titration is continued beyond pH of about 10, the precipitéted | 1se
will convert into a Na-r _ uranate phase (Wamser et al., 1952),

Na,(U0,);(OH),+8H,0 (sc id) + 4Na*(aq) + 4OH'( 1 —
Nas(U02)7(OH)20'6H20 (SO]‘Id)‘*’ 2H20

- From the known pathways formation of iron hydroxides. oxydroxides, and
oxides, we can expect that upon caustic addition, trivalent Fe would hydrolyze
and precipitate initially in the form of ferrihydrite. These reactions can be
represented as,

Fe* (aq) + 30H (aq) — Fe(OH),® (aq)
5Fe(0H);" (aq) — FeHOy -4H,0 (ferrihydrite) + 3H,0

Under highly alkaline conditions (pH ~ 12) that is expet ed to prevail as the
end point for caustic titration, ferrihydrite would transform in to goethite
via dissolution, nucleation and crystal growth as.

FesHOg -4H,0 (ferrihydrite) — 5o-FeQ0H (goethite) + 2H,0

According to Schwertmann and Cornell (1991) initially precipitated
ferrihydrite (density, 3.96) typically occurs as agglomerates of
microcrystals with average particle sizes as small as 1 to 2 nm. When aged at
room temperature (at 25°C) under highly alkaline conditions. its
transformation product, goethite (density, 4.26). normally occurs as acicular
crystals that range from 0.05 x 0.20 tm to 0.15 x 0.60 ym. However, goethite
aged at higher temperatures (70°C) under highly alkaline conditions (pH 11.3 -
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administrative limit requiring verification of compliance.
The consequences of an earthquake need careful consideration.

Option 4D Cylindrical tanks of limited diameter.

For 1.25 wt% enriched uranium pieces the subcritical 1limit cylinder
diameter is 48.3 cm (19.0 in.).. For a particle size less than 0.13 cm, the
: beritical 1imit diameter is 65.5 cm (25.8 in.). If the U enrichment is
mited to 0.95 wt¥, a cylinder diameter of 222.8 cm (87.7 in.) may be used.
" e total cylin r length needed to accommodate all K Basin slL Je is large.
A reduction in the length of cylinder can be realized by not combining the
| E ;in sludge with the KW Basin sludge. KE Basin sludge could be placed
cylinders of larger diameter.

Justification is required that a design basis earthquake would not be
¢ nable of changing the configuration such that a criticality would be
pnssible. Concerns associated with an earthquake can be mitigated by mixing -
1 2 sludge with neutron absorbing solid material. Loss of 1liquid from a
¢ rage tank (i.e., a leak into the ground) must not be able to contribute to
a criticality. '

2.8 OPTION 5: SMALL TANKS WITH MASS CONTROL

Disposal Option 5 is construction of small tanks to hold critically safe
I .ches of sludge without requiring processing. A safe batch of sludge is
" nited to no more than one-half of a subcritical limit mass of uranium.
Assurances must be provided that the batch 1imit can not be exceeded.

This option can be divided into possibilities:
Option 5A Construct a number of small tanks.

Option 5B Construct a tank with compartments to separate the batches
from each other.

For uranium as pieces_the batch limit for 0.95 wt% and 1.25 wt¥ enriched
uranium are 975 kg (9.2 kg U) and 266 kg (3.3 kg %), respectively. When
particles are limited to less than 0.13 cm (0.05.in.) diameter, t  batch
1 nit for 0.95 wt% uranium increases to 33,320 kg, and the batgg limit for
1.25 wt¥ enriched uranium increases to 682 kg uranium (8.5 kg #*U).

For KE Basin sludge the maximum estimated inventory is 26.281 kg of
uranium enriched to 0.95 wt% ?*U. As uranium pieces this represents 27
batches, but as 0.13 cm diameter particles it represents a single batch. For
KW Basin sludge the maximum estimated inventory is 12.969 kg of uranium
enriched to 1.25 wt% 2°U. As uranium pieces this represents 49 batches. but
as 0.13 cm diameter particles it represents 19 batches.
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Iron and uranium are the only two components in KE Basin sludge
Broviding_a significant contribution to ~ibcriticality and whose presence can
e relied upon. The margin of safety for K Basin sludge should be based
s¢ 21y upon the mass ratio of iron to uranium. The contribution of other
componer ; in the analyzed waste samples are viewed as -an added margin of
safety, but these components will not be used as a basis for ensuring
subcriticality.

Although half of the samples have sufficient boron to maintain
subcriticality, the presence of boron cannot be considered guaranteed.
Nevertheless, its presence does provide assurances that an evaluation of t @
subcritical margin based only on the uranium and iron content is conservative.

This sample data does not indicate what volume of waste each samﬁle
represents. However, using the maximum inventory data in Table 4-1, the
iron/uranium mass ratio for sludge on the basin floor is 1.2, in e
Weasel/Tech View/Dummy Pits is 6.9, 1d in the North Loadout Area is 2.3.
When the sludge in these areas are combined, the average iron/uranium mass
rat- is 2.3. This quantity of iron will guarantee a [ less than 0.60 (see
Table 5-4), provided the sludge in these areas is homogenized.

4.1.3 k. of Siud

Estimates of k. have been made for sludge in the Discharge Chute and in
the Weasel Pit. The Discharge Chute is located at one end of the basin in
front of the reactor. Fuel assemblies fell into the discharge chute after
being pushed out of the reactor. After sliding down the discharge chute the
assemblies came to rest at the bottom of the basin in the pickup area in front
of the chute. The Weasel Pit is a gallery off one side of the basin where
fuel was handled.

4.1.3.1 Sludge in Discharge Chute

Wittekind and Schwinkendorf (1993) calculated k. for representative
KE Basin sludge. Sludge compositions were obtained from chemical analysis of
samples from various locations within the 105-KE Discharge Chute and from the
Tech View Pit. Calculations were made for both homogeneous and heterogeneous
sludge. assuming the uranium is enriched to 0.947 wt% in 2. For
~compositions exactly as reported. the two largest neutron multiplication
constants from among five sludge samples were 0.12 and 0.03. The water
content was that for normal sludge conditions. Additional calculations were
made for sludge from the 100-KE Basin West Discharge Chute where the largest
values of k_ were found. The maximum k. over the entire range of water
moderation for sludge from the 100-KE Discharge Chute and from the Tech View
Pit is 0.38.

4.1.3.2 Slud @ in Weasel Pit

Frickson (1997) performed calculations of k. for sludge samples from the
Wease Pit reported by Makenas (1996). Sludge in the Weasel Pit arrived there
after nassing through a 0.635-cm (0.25-in.) mesh over the inlet portion of the
pL 1 ) protect the pump from damage by larger particles. For a homogeneous
mixture of 0.95 wt¥ uranium oxide in water. Erickson determined that the
maximum k_ over the entire range of water content is 0.98. and this occurs
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5.0 OPTION 1: DISPOSAL IN DST / 105

Dispo: " Option 1 is to combine K Basin sludge with the contents of
DST AW-105 with unrestricted usage for storage of other waste. Before K Basin
waste is sent to DST AW-105 for storage. a CSER must be completed.

Oxidation of uranium underwater can generate hydrogen gas and can
produce considerable heat. Although heat generation and hydrogen gas
production are i ortant safety issues, they are not part of a criticality

fety evaluation as they do not increase the potential for a criticality.

5.1 ACCEF \BLE MARGIN OF SAFETY

Transfers of waste into tank farms is governed by limits in the
Critice ¢ Prevention Specification (CPS). However, K Basin sludge does not
meet these requirements and a revision of discharge limits will be required to
pggm‘ receipt of K Basin sludge, unless an adequate volume of solids is
added.

5.1.1 Tank Farms CPS Requirements

The tank farms CPS 1imits the plutonium in incoming waste to no more
than 1 g, in settled waste solids. For waste already in DST AW-105 the #*U
in uranium enriched to 1.0 wt% has not been included in the fissile inventory.
For t s evaluation the ?*U con' 1t in excess of the 0.72 wt$ in natural
uranium_js assumed to be added to the fissile inventory. The sum of the
excess “*U and the plutonium is known as the "plutonium equivalent” inventory.
For 0.95 wt¥ and 1.25 wt% enriched uranium, the excess 2 is equal to 0.23
wt¥ and 0.53 wt% of the uranium, respectively. If one assumes an uranium
density in sludge of 1.5 kg/L. the *®*U concentration can be as high as 3.4 g/L
for 0.95 wt% and 7.9 g/L for 1.25 wt¥ enriched uranium. If a higher uranium
density is assumed. a proportionately higher **U concentration is found.

A criticality safety evaluation would provide justification for a higher
2% concentration and would become the basis for revising the CPS Timit.

5. .2 Limit on k.

A revision of CPS limits is proposed to permit discharges of K Basin
sludge based on the following criteria:

(1) The quantity of neutron absorbing solids well mixed with the
uranium must be at'least enough to ensure t 1t k. will not exceed
0.95 with optimal moderatic and ful reflection, after taking into
account uranium segregation through gravity settling and chemical
processes.

(2) The enrichment (before irradiation) for all uranium in a batch is

assumed to be either 0.95 wt% or 1.25 wt% according to the
following:
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a core samp]e are found s1gn1f1cant1y smaller. Using one core sample, the
mass fractions are 1.28 for zirconium, 0.78 for iron, and 0.46 for Tanthanum.

Braun et al. (1994) reports data fro eight waste samples-taken from DST
AW-105. The 1argest measured plutonium concentration is 0.024 g/L., and the
areal density of plutonium is 61 g/m?, a value 41.7 times less than the
minimum required for criticality. The solids-to-plutonium mass ratio is
estimated to be at least 50,000. The fraction of the actual-to-minimum
subcritical mass ratio for this waste is estimated to be 64. From eight
samples the smallest sum of the fractions for the insoluble components was
found to be only 0.50, and the smallest sum of fractions for soluble
components was 15.

5.3 K BASIN SLUDGE EVALUATION

A su ary is _provided of component/plutonium mass ratios for absorbers
found in K Basin sludge. Information is also provided on the quantity of
absorgegs which must be added to ensure that a specified k. will not be
exceede

5.3.1 Absorber/plutonium Mass Ratios

Twenty sludge samples reported by Welsh et al. (1996) are summarized in
Section 4. .2. These samples taken from the floor of the KE Basin and Weasel
Pit showed a wide variation in the content of the various components. and the
absorber content for several samples was less than required to assure an
adequate margin of subcriticality. However, using the maximum inventory data
the iron/uranium mass ratio for siudge on the basin floor is 1.22, in the
Weasel/Tech View/Dummy Pits is 6.9, and in the North Loadout Area is 2.3 (see
Table 5-1). When this sludge is combined, the average iron/uranium mass ratio
is 1.7. This quantity of iron will guarantee a k. i1ess than 0.60 (see
Table 5-4), provided the sludge in these areas is homogenized. The margin of
s*bg\ ticality is adequate, and no additional iron needs to be added to this
sludge.

Pearce (1997) estimates component masses in sludge from all l1ncations.
The most important component in this sludge for ensuring subcritice ity is
iron. The average iron/(**U + Pu) mass ratio for the KE Basin is shown in
Table 5-1 to be 153. This mass ratio is too small to provide an adequate
margin of subcriticality for all of the sludge. About two thirds of KE Basin
slud¢ contains almost no iron. The sludge without sufficient neutron
absorbers to guarantee an adequate margin of subcriticality 1s found in the
canisters and in the Wash Area.
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Tower than the values needed to support criticality. For this reason,
criticality in the supernatant 1liquid is not credible.

5.4 Contribution of KW Sludge -

Uranium i KW Basin sludge is more highly enriched than uranium in
KE Basin sludge, and the fraction of absorbers in KW Basin sludge is lower.
For these reasc ;, KW Basin sludge is capable of greater neutron
multiplication. Sludge in DST AW-105 has a Tower fissile concentration and a
~ ger absorber fraction than does either KE or KW Basin sludge. When these -
sluc s are combined, the margin of subcriticality is determined primarily by
KW Basin sludge. o

5.4.3 Pockets of Higher Plutonium Concentratic .

Since there is no evidence for pockets of high fissile concentration in
DST AW-105, the neutron multiplication for combined sludge, either mixed or
unmixed, will not exceed tl . of KW Basin sludge alone.

However, if it is assumed that a small volume with high plutonium
concentration exists in DST AW-105 and this is surrounded by K Basin sludge.
the resulting k., could increase significantly, unless K Basin sludge also has
low neutron mu Ciplication (k). Uncertainties in the composition of DST AW-
105 sludge makes it impossible to define the highest k. possible for the
combined sludge. For this reason. K Basin sludge must be assured of having a
Tow neutron multiplication.

5.4.4 Interaction with Contents_of DST AW-105

Chemical compatibility of the K Basin sludge with the existing contents
of D¢ AW-105 need only be addressed in so far as it causes concern for
criticality safety. For this evaluation, it is assumed that the evaluation of
chemistry documented by Serne et al. (1996) and by Whyatt et al. (1996) will
apply to OST AW-105, both before and after the transfer of K Basin sludge.

DST AW-105 cont: 1s 729.550 L of sludge from the PUREX zircalloy
decladding waste stream. This is 68.8 vol% of the total sludge volume.
Subcritical fractions reported by Whyatt et al., based on process records, are
shown in Table 4-4. The sum of subcritical fractions for iron, zirconium, and
uranium is 10.1, as compared to 2.6, based on analysis of core samples.

Agnew (1995) calculated the sum of the absorber actual-to-minimum
subcritical fractions to be 18.6 for insoluble components and 54.4 for soluble
components. Braun et al. (1994) estimates the solids/plutonium mass ratio to
be 50,000, and the fraction of the actual-to-minimum subcritical fraction to
be at 2ast 64. This \ lue, which 1 :ludes both soluble an insoluble
components, is in good agreement with Agnew’s value. For several samples
Braun et al. reports the s of subcritical fractions for the insoluble
components to be less than unity. This sample showed a_sum of*insoluble
subcritical fractions of 0.50. The smallest subcritical fractions found for
soluble components was 15. The sum of these two values is smaller (more
conservative) than the sum shown above derived from the total mass of solids.
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5.5.3 Chemical Separation of Components

A chemical process 1pat 2 of concentrating urani... (or plutonium) can
be postulated: the uranium (or plutonium) would first be dissolved ¢ 1 the
precipitated. For dissolution to occur., followed by | :cipitation. the
chemical environment of the tank must change. Dissolution requires a change
from high alkalinity (i.e., present tank conditions) to high acidity, and
precipitation requires the reverse. These changes can only be possible when
wastes of considerably different compositions are mixed. This would require a
major deviation from noi |1 operating procedures. _

If chemicals were to dissolve and remove neutron-absorbin components,
there are several natural controls preventing criticality. First, the Tow
plutonium areal density would preclude criticality even if all absorbers were.
removed. Second, the variety of chemicals that compose waste would mitigate
the impact of removing a specific absorber. Components removed chemically
would tend to be remixed with the waste.

5.5.4 Mixing

When small particles are mixed, the concentration of each comj 1ent in
waste tends to become closer to an average value. The overall waste mixture
becomes increasingly uniform in composition as the mixing continues. When
particles of varying size and density are mixed, however, they are capable of
settl 1g into layers of similarly sized (or dense) particles. This
segregation process is described in more detail for natural geologic processes
and ore benefaction processes by Serne et al. (1996). They also address
segregation in tank operations such as sluicing. mixing, and salt well
pumping. . :

5.5.5 Conditions that Prevent Plutonium Accumulation

There are several conditions that tend to prevent the accumulation of
plutonium in a small, compact volume. First, alkaline conditions limit the
mass ~f plutonium and uranium that can be found in solution (dissolution).
Secon the bulk of the p Ltonium and uranium would be | ‘:sent as precipitates
amongst a large mass of otner metal hydrous oxide particulates that are
neutr absorbers. These other materials would be capable of mixing with the
fissi  components during any mechanical disturbance which might lead to
segregation. Third, once the brief periodic transfers of new waste are
compl e there are no physical forces disturbing the siudge and causing
partic.e segregation or forcing precipitates of a particular type to a
local zed portion of the waste. The transfer of small volumes of waste slurry
into the tank 5 not expected to cause major mixing of the existing sludge,
especi¢ ly that near the bottom under the weight of the overlying material.
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5.6.2 Uranium Chemistry

The uranium in fuel elements is in the form of metal. When uranium
metal comes into contact with water, it readily oxidizes into uranium oxide.
The oxidation process occurs on the surface of the metal where the oxidized
metal sloughs off and falls into the basin water. This process reduces the
size of uranium metal particles and increases the fraction of particles of
micron size. Two important questions to be answered by a chemistry study are:
what is the rate of transformation of the uranium metal particles to micron
iize ‘anium oxide particles and to what degree is this process completed over

e :

5.6.3 Particles Size Restrictions

Particle size is of interest to criticality safety for two reasons:
smaller particles exhibit a Targer minimum critical mass and larger particles
can lead to stratification during settling. On the average, particle size for
K Bas 1 sludge is several times larger than in tank sludge, and the largest
particles are orders of magnitude larger. Tank waste was generated from
chemical processes that dissolved metals in a nitric acid solution and
reprecipitated tl 1 with sod” . hydroxide. This resulted in a prec’ itate of
very small particies.

A maximum particle dimension of 0.13 cm (0.05 in.) is adequately small
to en ire that mixtures and solutions containing 0.947 wt% enriched uranium
can nou be made critical, even with optimal moderation. A small size,
however, does not ensure subcriticality for 1.25 wt¥ enriched uranium.

The ability to concentrate particles during agitation and/or mixing is
relat | to particle size and density. When dense particles are suspended
throu | mixing or pumping, the larger particles will more rapidly settle and
might therefore form a layer of higher uranium concentration. The question of
how small particles must be to provide assurance that separation will not
occur is discussed in Appendix A.

5.6.4 pH
Criticality safety requires that waste sent to tank storage be alkaline

with a minimum pH of 8. A higher pH may be required for other reasons, such
as corrosion control.
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7.3.4 Soil

Soil is easy to obtain and cheap. Silicon dioxide, a major component of
sandy soil, is the most conservative form of soil. Although the ...nimum
critical plutonium concentration is r__iced in silicon dioxide. the mass of
plutonium reguired for criticality is increased. Other soil components
present would increase the margin of safety. See Section 5.3.2.5 for
additional information.

7.4 CHEMISTRY REQUIREMENTS

A chemistry study will be required with about the same level of detail
as a study rc tired for sending the sludge to DST AW-105. The primary
quest n is whether the uranium can be separated from other components.
Segreyation of uranium is prevented by Timiting the maximum particle size to-
10 micron or to a larger size justified by a study of the physical and
chemical characteristics of particle segregation. Segregation of uranium must
be prevented in any tank that does not use dimension or batch control to
preclude critic lity. :
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calculations.

Figure C-14. k. vs. Solution-to-Absorber Rod Volume Ratio.
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write(i,*)'+**

write (i, *) 'whead 1
write(i, *) 'nmesh 7°
write(i, *) ‘nregion 1

write(i,*) 'nmaterial 1°'
write(i,*) 'endp’

write(i,*) 'print 0
write(i,*)'cent’
write(i,*) 'mesh 7°
return

end

subroutine end(i)

write(i,*)'annulus 1 4.0000 1 +* infinite region of solution'

write(i, *) 'begin’
write(i,*)"«?
write(i,*)'* perseus calculations’
write(i, ) '+
write(i,*) 'wthes 1
write(i,*) 'print o'
write(i, *) 'begin’
write(i,*) '+’
write(i,*) 'wpip 1
write(i,*) 'print o’
write(i,*) yler 1.0e-5"
write(i,*) *omega 1.25°

te(i,*) in'
write(i,*) - -~=-
write(i,*)'* smear all meshes into one material’
write(i,*) '+«
write(i,*)'wsmear 1 2°'
write(i,*) 'mate 1
write(i,*) 'mesh 1
write(i,*) 'endp’
write(i, *) ‘newmat 1 1 2 3 4 5 6 7'
write(i,*)‘mcode 1°
write(i, *) 'begin’
write (i, *) '+
write(i,*)'* collapse to 2 groups'
write(i,*) '+
write (i, *) 'wcond 2 3
write(i, *) 'group 2°
write(i,*) 'endp’
write(i,*) 'part 27 69°
write(i,*) 'begin’
write(i,*) '+
write(i,*)'* print 2-group cross sections save it on
write (i, *) '+
write(i,*) 'winter 3°'
write(i,*) 'print’
write(i,*)'file 3
write(i,*) 'matrix"
write(i,*) 'snap’
write(i, *) 'begin’
write(i,*)'finish’
write(i,*) 'stop’
return
end

C-17
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annulus
qual 1
annulus
qual 1
annulus
.al 1
annulus
.qual 1
annulus
qual 1
annu. s
qual 1
annul s
qual 1
annulus
qual 1
annulus
qual 1
annulus

:gin

* pres
*

Wp:
groups
nuclide
nuclide
print
begin

*

HNF-SD-WM-ES-409, Rev. 0

2 20.700 2 * u/water solution
2 21.700 2 * u/v :er Hlution
2 22.700 2 * u/water solution
2 23.700 2 * u/water solution
2.24.700 2 * u/water solution
2 25.700 2 * u/water solution
2 26.700 2 * u/water solution
2 27.700 2 * u/water solution
28.700 2 * u/water solution

29.700 2 * u/water solution

calculation

1 2

15 27

2235 296.

8238 296.
0 .

* perseus calculations

*

wthes
print
begin
*

wres
groups
nuclide
nuclide
print
begin

*

2
0
2 3
15 27
2235 296.
8238 296.
0

* perseus calculations

*

wthes
print
begin
*

wpip
print

toler 1.

omega
begin
*

* 81 oar
*
wsmear
mate
mesh
endp
newmat

3
0
3
0
0E-5
1.25

all meshes into one material

3 4
1
1
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«ue following is a listing of one of the WIMS-E input files that helped produce Figure C-13.
This input file calculates a set of 1ttice k_ values for 1.2 wt% 2°U, 0.25-inch OD uranium
metal rods immersed in an iron/water solution, holding the mass of ur umeq  to the mass of

iron in the solution.

LA AR 2SS SRl 2222 R 2222222222222 222222222 2X22 222

* 1.2491 wt% u rods in fe/h2o solutions ...

L2222 222 X2 2R 222 X2 222222 X2 2222 222222 X222 X X X 2 3

ncycle 1 18
*

whea- 1
nmes 25
nreg n 2
nmat -ial 2
endp
print 0
cent
mesh 10 15
mate al 1 18.82 296.0 1
2235 1.2491 8238 98.7509 * wuranium metal
qui 2 1 * h/m = 237.8
material 2 1.09562 296.0 3
3001 10.0705 6016 79.9295 2056 10.0
qual 2 2 * h/m = 149.7
material 2 1.15064 296.0 3
3001 9.51102 6016 75.4890 2056 15.0
qual 2 3 * h/m = 105.7
material 2 1.21147 296.0 3
3001 8.95155 6016 71.0484 2056 20.0
qual 2 4 * h/m = 79.28
material 2 1.27909 296.0 3
3001 8.39208 6016 66.6079 2056 25.0
qual 2 5 * h/m = 61.66
material 2 1.35471 296.0 3
3001 7.83261 6016 62.1674 2056 30.0
qual 2 6 * h/m = 49.08
material 2 1.43982 296.0 3
3001 7.27314 6016 57.7269 2056 35.0
qual 2 7 * h/m=  39.64
material 2 1.53636 296.0 3 .
3001 6.71366 6016 53.2863 2056 40.0
gual 2 8 * h/m = 32.30
material 2 1.64676 296.0 3
3001 6.15419 6016 48.8458 2056 45.0
qual 2 9 * h/m = 26.43
material 2 1.77427 296.0 3
3001 5.59472 6016 44.4053 2056 50.0
qual 2 10 * h/m = 21.62
material 2 1.92317 296.0 3
3001 5.03525 6016 39.9648 2056 55.0
qual 2 11 * h/m = 17.62
material 2 2.09936 296.0 3
3001 4.47578 6016 35.5242 2056 60.0
qual 2 12 * h/m = 14.23
material 2 2.31108 296.0 3
3001 3.91630 6016 31.0837 2056 65.0
qual 2 13 * h/m = 11.33
material 2 2.57031 296.0 3
3001 3.35683 6016 26.6432 2056 70.0
qual 2 14 * h/m = 8.809
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omega 1.25
begin
*

* smear all meshes into one material
*
] ir 1
mate 1
mesh 1
endp
newmat 1 1 2 3 4 5 6 7 8 910
11 12 13 14 15 16 17 18 19 20
21 22 23 24 25

2

mcode 1
begin
*

* collapse to 2 groups
*

wcond 2 3

group 2
endp

part 27 69
begin

*

* print . jroup cross sections re it

o

winter 3
print
file 3
matrix
snap
begin
finish
stop

i unit 7
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