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ABSTRACT

At the Savannah River Site (SRS), high level radioactive wastes will

be immobilized into borosilicate glass for long term storage and

eventual disposal. Since the waste feed streams contain uranium

and plutonium, the Defense Waste Processing Facility (DWPF) process
has been evaluated to ensure that a subcritical condition is

maintained. It was determined that the risk of nuclear criticality in

the DWPF during initial, sludge-only operations is minimal due to the

dilute concentration of fissile material in the sludge combined with
excess neutron absorbers.

The DWPF's first sludge feed is composed of a small amount of fissile

material with an abundance of Fe, Mn, AI, U-238, Mg, Ni, Cr, and Hg.

Since iron (Fe) and manganese (Mn) constitute major portions of the

sludge solids and they are effective neutron poisons, Mn and Fe to

fissile material safe weight ratios have been developed for an infinite

system. The Mn and Fe to fissile material weight ratios are in excess

of the calculated safe weight ratios. The large margin of safety

associated with the Fe and Mn to fissile material weight ratios will

not be impacted during the normal operation of DWPF.

Furthermore, applying only Fe and Mn safe weight ratio is
conservative since no credit is taken for several other diluents in the

sludge feed which are also significant neutl_on absorbers. Abnormal



upset scenarios were also considered. Except for the Sludge Receipt

and Adjustment Tank (SRA'r) cleaning procedure, which has not been

completely defined, these scenarios do not change the Fe and Mn to

fissile material safe weight ratios.

INTRODUCTION

The Savannah River Site (SRS) High Level Radioactive Waste will be

vitrified in the Defense Waste Processing Facility (DWPF) for long

term storage and disposal. Since the DWPF feed streams contain

uranium and plutonium, 1 the DWPF process must be evaluated to

ensure subcriticality is maintained. This is an assessment of nuclear

safety issues and potential sources of nuclear criticality incidents in

the vitrification process.

The high activity radioactive wastes stored as caustic slurries in

tanks result from the neutralization of acid waste generated from

production of defense nuclear materials. As these wastes settle, they

separate into an upper supernate layer and lower sludge layer. In

the Defense Waste Processing Facility (DWPF) at SRS, the

radionuclides from the sludge and supernate will be immobilized in

borosilicate glass for storage and eventual disposal. During the first

sludge batch to be processed in the DWPF, simulated non-radioactive

Precipitate Hydrolysis Aqueous (PHA) Product will be used instead of

the PHA resulted from radioactive supernate processing.

SRS Tank Farm operations have evaluated the criticality potential of

the waste slurry feeds to the DWPF. 2-5 Since iron (Fe)and

manganese (Mn) constitute major portions of the sludge solids 6 and

they are effective neutron poisons, Mn and Fe to fissile material safe

weight ratios have been developed for an infinite system. The Mn

and Fe to fissile material weight ratios for the first sludge batch to

the DWPF are about four times the safe weight ratios. 7 And,

therefore, it was concluded that the DWPF slurry feeds are

inherently safe with respect to nuclear safety and nuclear criticality.



The overall strategy of the DWPF assessment process is to use these

criteria to demonstrate that DWPF processes are safe as long as the

fissile material does not separate from the bulk solids and

accumulate into an undesirable configuration. Detail Nuclear

Criticality Safety Evaluations (NCSE) have been performed for process

areas, such as the Chemical Processing Cell, and the Melt Cell, which

have significant physical and chemical interactions and they could

cause fissile material to separate and to accumulate. The analyses

confirmed that DWPF normal operations processing sludge-only

Batch 1 sludge are subcritical. 8-9

Subsequent coupled operations of the DWPF will involve both

radioactive sludge slurry and precipitate feed resulted from

supernate processing in SRS Tank Farm, after the Late Wash Facility

has been added to the DWPF. Criticality evaluation of the Late Wash

Facility and Salt Processing Cell will then be analyzed to cover the

coupled operations.

I)WPF.,, Sludge Feed Slurries

The sludge slurry feeds from Tank Farm to the S-Area are inherently

safe with respect to nuclear safety and nuclear criticality for the first

four sludge batches. Clemmons 3 concluded that the contents of

Tank 42 and 51, S-A,'_a Batch 1 sludge feed, are safe with respect to

nuclear criticality bc-ause of the dilute concentration of fissile

material in the sludge combined with excess of neutron absorbers.

Sludge feed from Batch 2 through 4 can also be demonstrated to be

safe using the Clemmons'3 methodology. There is an abundance of

neutron absorbing materials in sludge feeds, specifically iron (Fe)

and manganese (Mn). To take credit for the neutron absorbing

properties of Fe and Mn, they must remain in the process streams

throughout the S-Area DWPF process. The abundance of Fe and Mn

in the first four DWPF batches are documented by Fowler. 10-13
Reference 1 also contains the most recent data on Batch 1



composition. Throughout the DWPF process, iron essentially remains

insoluble throughout normal process operations. However, 50

percent of manganese is expected to dissolve during acid treatment

in the Slurry Receipt and Adjustment Tank (SRAT) process. 14 Choi

also showed an abundance of Fe and Mn throughout his material

balance of DWPF processing Batch 1 sludge. I

In "Fable 1, the weight ratios of Fe and Mn to Pu-239 and U-235

found in DWPF sludge batch 1 are compared to calculated safe weight

ratios 4-5. Two columns are used to represent the composition data

of Batch 1. The first column represents experimental analysis of
Tank 42 and Tank 51, which will be combined to form DWPF Batch 1

sludge feed. The second column represents data estimated from

accountability data and are known to have questionable accuracy.

Clemmons argued that although a documented fissile equivalency

between U-235 and Pu-239 has not yet been published, the

excessive margin of safety with these high ratios allows a simplistic

conservative equivalency model to be used. 3 Safe weight ratios of Fe

and Mn to Pu-239 are greater than the safe weight ratios of Fe and

Mn to U-2354-5, respectively. It is reasonable to assume that when

U-235 and Pu-239 exist together, the safe weight ratios of Fe and Mn

to this combination will be no greater than for an equal proportion of

Pu-239. Using this argument, the existing Fe and Mn to equivalent

Pu-239 (U-235 + Pu-239) weight ratio is much greater than the

infinite safe values, about 4 times. Applying only Fe and Mn safe

weight ratio is conservative since no credit is taken for several other

diluents in the sludge feed that are significant neutron
absorbers. 1,6-7,1 0-13

In Table 2, the weight ratios of Fe and Mn to Pu-239 and U-235

found in DWPF sludge batch 2 through 4 are compared to calculated

safe weight ratios 4-5. The composition data were estimated from

accountability data. From Table 1, the biggest difference of the ratios

from experimental data is about 50% of the accountability data for



the manganese to equivalent plutonium. Using the same argument

as above, Batch 3 represents the worst sludge feed which has twice

the weight ratio of Fe and Mn to equivalent Pu-239 (U-235 + Pu-

239) infinite safe values. If the accountability data underestimates

the amount of fissile material by 50 % as in batch 1, DWPF Batch 3

Table 1. Comparisons of Fe and Mn to U-235 and Pu-239
Weight Ratios vs Calculated Safe Weight Ratios for
DWPF Batch 1.

Absorber Batch 16-7 Batch 110 Safe Wt. 4-5

to Fissiles Wt Ratio Wt Ratio Ra_tios

Fe/U-235 1445:1 2600:1 77:1
Mn/U-235 192:1 474:1 30:1
Fe/Pu-239 3465:1 4007:1 160:1
Mn/Pu-239 460:1 730:1 32:1

Fe/Eq. Pu-239" 1019:1 1577:1 160:1
Mn/Eq. Pu-239" 135:1 287:1 32:1

*All U-235 assumed to be Pu-239 for comparison to safe Pu-239
weight ratios.

sludge feed is still within the safe weight ratio. It is also worth

mentioning that only DWPF Batch 1 feed composition is currently

known with any certainty. Before a sludge batch is ready to be

transferred to the DWPF, the same analysis will be performed to

evaluate nuclear safety of that sludge batch by the Tank Farm. This

type of analysis is also conservative since it ignores the contribution

of other diluents in the sludge feed that are significant neutron

absorbers, such as AI, U-238, Mg, Ni, Cr, and Hg.l,6-7,10-13

As mentioned earlier, iron remains essentially insoluble throughout

the whole DWPF processes during normal operation. About 50% of

manganese is expected to be dissolved during the SRAT reaction

cycle. 14 We are now investigating the dissolution of Mn and the co-

precipitation of Pu, Fe, and Mn in the SRAT using radioactive sludge.



However, as long as the Fe and Mn to fissile material weight ratios

are maintained in excess of the calculated safe weight ratios, all

processes involving sludges are critically safe.

The only process areas where nuclear criticality may still be an issue

are in the Late Wash Facility and the Salt Processing Cell. However,

for Batch 1 sludge-only operation, the Late Wash Facility will be

bypassed and the Salt Processing Cell will process nonradioactive

Table 2. Comparisons of Fe and Mn to U-235 and Pu-239
Weight Ratios vs Calculated Safe Weight Ratios for
DWPF Batch 2 through 4.

Absorber Batch 211 Batch 312 Batch 413 Safe Wt. 4-5
to Fissiles Wt Ratio WI Ratio Wt Rstio Ratios

Fe/U-235 866:1 521:1 953:1 77:1
Mn/U-235 46:1 93:1 2 86:1 30:1
Fe/Pu-239 427:1 1400:1 2112:1 160:1
Mn/Pu-239 242:1 251:1 635:1 32:1

Fe/Eq. Pu-239" 539:1 380:1 656:1 160:1
Mn/Eq. Pu-239" 91:1 68:1 197:1 32:1

*All U-235 assumed to be Pu-239 for comparison to safe Pu-239
weight ratios.

simulants. And therefore it can be concluded the whole DWPF

process during initial sludge-only operation is critically safe.

Abnormal upsets have also been considered and some of the

scenarios are discussed in sections specific to the Chemical Processing

Cell and the Melter. These upset scenarios, however, do not cause

separation and accumulation of fissile materials from the bulk solids,

except for the Sludge Receipt and Adjustment Tank (SRAT) oxalic

acid cleaning procedure, which has not been completely defined.

The DWPF process under the abnormal upset scenarios, except for

the SRAT cleaning procedure is also concluded to be critically safe

since the Fe and Mn to fissile material safe weight ratios are not

changed.



Chemical Process Cell

In the Chemical Processing Cell, the sludge will be processed in the

SRAT, and then transferred to the Slurry Mix Evaporator (SME)
where frit will be added to form a melter feed. A worst case

scenario in the Slurry Mix Evaporator (SME) is already

documented l5 to cause no concern. Following are nuclear criticality

concerns in the Chemical Process Cell, in particular, the SRAT vessel,

which have been evaluated for DWPF Batch 1 composition. 8

(1) Processing streams representing the start of the SRAT reaction

cycle (the sludge feed) and the end of the SRAT cycle (the SRAT

to SME transfer stream) are shown to be inherently safe with

respect to nuclear criticality during normal operating

conditions.8 The uranium and plutonium contents in these
streams are treated as U308 at 100% U-235 isotopes and PuO2

at 100% Pu-239 isotope in the nuclear safety evaluation8. The

infinite multiplication factor for a very large system (with no

neutron leakage), or Kinfinite, was shown to be less than 0.1 for
both of the SRAT and SME feed streams.

The fissile content in the SRAT process is sufficiently dilute so

that criticality is not a problem during normal operation, in

which the sludge solids are completely suspended in the

aqueous solution. This can also be interpreted that if the solids

are completely dissolved in aqueous solution, nuclear criticality
is incredible.

(2) To represent settling of solids in the SRAT, the analysis of the

solid mixtures in a range of dilution from full water, about 90%

by weight, to less than 1% water. It was assumed that the

metal oxides U308, PuO2, A1203, Fe203, and MnO2 remain in

the same ratio as in the insoluble portion of the feed. It was

shown that the system maintains a multiplication factor of less

than 0.92 as long as the U-235 weight percent in uranium



remains below 20%. Batch 1 sludge feed contains uranium with

less than 1% by weight U-235.2, 6-7

When Kinfinite is less than the safe value of 0.92, the system

remains subcritical no matter what geometry the fissile

material may assume. The result confirms the conclusion that

the Batch 1 sludge feed is inherently safe. Settling and

accumulation of sludge solids in process piping and transfer

lines pose no nuclear criticality problem, unless the sludge

composition is changed due to selective chemical dissolution of

significant neutron absorbers, such as Fe, Mn, AI, U-238, Mg, Ni,

Cr, and Hg, and leave uranium and plutonium solids behind.

During normal operations, including scheduled maintenance

operations, there is no known separation mechanism which will

effectively remove all of the significant neutron absorbers

without also removing uranium and plutonium.

Using only Fe and Mn, which are abundant in the sludge feed,

ratios to fissiles, the same conclusion that Batch 1 sludge is
nuclear safe is also reached. Available data for DWPF Batch 2

to 4 sludge feed compositions also indicated that nuclear

criticality is incredible for the sludge feed. Again, the reasons
are because of the abundance of Fe and Mn as shown in the

DWPF Sludge Feed section.

(3) There was a concern that plutonium oxide may be dissolved in

the mercury in the mercury trap in the SRAT. 16 It was

postulated that plutonium could accumulate over time in the

mercury trap, and cause a nuclear safety concern. This

question was raised in reference 18 and was resolved

experimentally 17.

The distribution of plutonium was experimentally determined

between the aqueous sludge slurry phase and the mercury

phase using both simulated sludge doped with known amount

of plutonium and Tank 42 sludge. It was found that the



plutonium dissolved in the mercury in the mercury trap during

the SRAT reaction cycle to be less than 6 x 10-6 grams of

plutonium per gram of mercury. 17 This concentration is too

low to accumulate enough plutonium in the mercury trap to

cause a concern. Furthermore, there is a possibility that

mercury would also provide neutron poisoning for any

accumulation in the mercury trap.

(4) The oxalic acid cleaning procedure of the SRAT vessel after the

abnormal process upset which blinds the coils with sludge

solids is a scenario that could cause changes in the Fe and Mn

to fissile material safe weight ratios. Preliminary results 8

using worst case assumptions indicated that there would be no

nuclear criticality concern if the uranium enrichment in the

sludge solids is below 5%, which is higher than the enrichment

in Batch 1 sludge. However, since the cleaning procedure has

not been formalized, the analysis has not been completed.

Melter

The waste sludge is vitrified in the melter in the Melt Cell. A

nuclear criticality evaluation9 was performed on the melter using

Batch 1 composition. It was concluded that the system remains

subcritical for an infinite system under normal operations. There

was no separation mechanism of plutonium and uranium in the

melter. The melter system is safe due to the large amount of Fe and

Mn in the sludge slurry, and the fissile materials not separating and

accumulating. Furthermore, there is a large amount of boron in the

glass frit that also contributes as effective neutron absorbers.

Following are discussion of two issues related to the nuclear safety of
the melter.

(1) There has been a concern about plutonium accumulation in the

melter which could be a potential source of a nuclear criticality



incident during the melter's 2-year life. 18 Experimental data

indicates that the plutonium oxide is soluble in borosilicate
glass at the ratio of 6 x 10-3 g PuO2 per gram of frit. 19 Using

optical and Mossbauer spectra, Karrakerl9 inferred that from

the valence state, Pu is a part of the borosilicate network.

Plodinec and Wiley indicated that as much as 7% plutonium

oxide is soluble in borosilicate glass.20 The plutonium oxide to

frit ratio during Batch 1 operation in S-area will be about 2 x

10 5 g PuO2 per gram of frit. 1 The amount of plutonium in the

melter is low compared to the amount of plutonium which is

known experimentally to be in solution with borosilicate glass.

Under normal melter operation, no plutonium separation and,

hence, no accumulation in the melter is possible.

(2) In an early nuclear safety assessmentl5 an abnormal upset
scenario was _onsidered where a SME batch was added to the

melter without the frit. It was determined that it was safe

because the Kinfinite was very low, 0.063. 21 The concern was

raised on what will happen when the fissile material is drained
into the dump canister. Since Kinfinite is valid for any

geometry, nuclear criticality in the dump canister or in the

drain valve under this scenario is impossible.

In a similar fashion, Williamson9 also showed that the infinite

multiplication factors for the SME feed with 1 weight percent

water is 0.73 using Batch 1 sludge composition and assuming

that the U-235 content is 20 weight percent of the total

uranium. Nuclear criticality is, therefore, considered

impossible if th SME feed is mistakenly added to the melter

without glass frit.

CONCLUSIONS

It was concluded that the DWPF will be able to process the first batch

of waste sludge in the sludge-only processing mode, with simulated



non-radioactive Precipitate Hydrolysis Aqueous (PHA) product, with

a minimal risk of nuclear criticality. The dilute concentration of

fissile material in the s'udge combined with an excess of neutron

absorbers, such as iron and manganese, make criticality throughout

the whole process incredible. Subsequent DWPF batches involving

both radioactive sludge slurry and precipitate feed will be analyzed

later pending the addition of the Late Wash Facility to the DWPF.

Batch 1 sludge feed is composed of a dilute concentration of fissile

material with an abundance of Fe, Mn, AI, U-238, Mg, Ni, Cr, and Hg.

The Mn and Fe to fissile material weight ratios are in excess of the

calculated safe weight ratios. Fe remains predominantly in the

sludge solids throughout the DWPF processes. 50% of Mn will be

dissolved in formic acid during Precipitate Hydrolysis Aqueous (PHA)

addition. But there is still a sufficient amount of Mn remaining to

maintain weight ratios well above the calculated safe weight ratios.

The large margin of safety associated with the Fe and Mn to fissile

material weight ratios will not be impacted during normal operation

of DWPF processing sludge-only Batch 1 feed.

In process areas such as the Chemical Processing Cell and the Melter

Cell, where there are significant chemical reactions taking place,

Nuclear Criticality Safety Evaluations (NCSE) were performed for each

processing cell. These analyses provide confirmation and verification

of the safety basis established by this report. Analysis of the

Chemical Processing Cell and the Melter Cell confirmed that DWPF

sludge-only Batch 1 sludge operations are subcritical.
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