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EXECUTIVE SUMMARY
I

Results of the analyses performed to evaluate the possibility of nuclear criticality in
the Low Level Radioactive Waste Disposal Facility (LLRWDF) trenches are
documented in this report. The studies presented in this document are limited to
assessment of the possibility of criticality due to existing conditions in the
LLRWDF. Since the analyses presented in this document address criticality
concerns for a static process, i.e., for a facility, namely the LLRWDF trenches, in
which operations have ceased, this document does not propose nor set limits for EU
burial in the LLRWDF and is not a nuclear criticality safety evaluation nor analysis.

i The calculations presented in this report are Level 2 calculations as defined by the
E7 Procedure 2.31 [1], "Engineering Calculations."

Despite conservative assumptions and large margins of safety employed throughout
the analyses, the study concluded that the potential of a nuclear criticality in the as-
is configuration of the LLRWDF is incredible, i.e., < 10-06. The combined
probability of a criticality in the LLRWDF is conservatively estimated to be 0.47 x
10-o6. Written procedures as well as verbal accounts of actual operations indicate
that efforts were made to separate waste containers containing a high content of EU.
Consideration of such operations contributes to making the probability of a
criticality in the LLRWDF much lower than the calculated 0.47 x 10-o6.
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1.0 INTRODUCTION

1.1 INTRODUCTION AND PURPOSE

During the time period of 1987 to 1989, large amountsof enricheduranium1 (EU) were
buriedin the Low Level Radioactive Waste Disposal Facility (LLRWDF) as a resultof
the closing anddecontaminationof theNaval FueL_FacUlty. Prior to being buriedin the
LLRWDFthe EU was placed in special waste containers(B-25 boxes and 55-gallon
dn_ns).2

Prior to the closure and decontamination of the Naval Fuels Facility, the majority of
waste containers sent to the LLRWDF containedless than 200 grams of EU.3 However,
closure of the Naval Fuels Facility resulted in large amounts of EU (more than100 kg)
being buried in the LLRWDF and burial grounds records indicate that more than one
hundred individual waste containers hadmore than 200 grams of EU each [3].

Waste Management Operations (WMO) procedureswere used to separate the containers
with EU to prevent possible criticality during normal operations [4]. However, an
investigation of LLRWDF trench records, for the Engineered Low-Level Trenches
(ELLTs) 2, 3, and 4 and 28 slit trenches, revealed that some sections contain sufficient
amounts of EU such that the possibility of criticality cannot be ruled out without further
studies [3]. ELLT 4 and 21 of the 28 slit trenches were found to be safe from a criticality
standpoint. Sections were judged to be safe from a criticality standpoint if one of these
two conditionswere applicable[3]:

O the entire section contains less than 700 grams of 235U,4 or

O the containers with greater than 115 grams of 235U were widely
separated(e.g., 40 ft.).

Following these findings, Westinghouse Savannah River Company (WSRC) decided to
perform further analyses in order to assess the nuclear criticality safety of ELLT 2 and
ELLT 3 and the seven remaining slit trenches of the LLRWDF: E17.40, N31.20, N31.50,
N21.50, Nll.90W, E29.60, andN19.30.

1 Enriched uranium implies that the percentage of 235U is increased above its natural value.
2 The geometry and material used in constructing these containers are described in detail in

Section 3.1 of this report.

3 There are only four incidents in which more than 200 grams of EUreached the burial
grounds in any single container [3].

4 The maximum mass of 235U that will remain subcritical under uniform composition and
distribution and optimum moderation and reflection is 700 grams [5].

I III
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The purpose of this. report is to document results of the analyses performed to evaluate
the possibility of nuclear criticality in the LLRWDF trenches that were determined in
Reference 3 to fail criteria O or @ listed on page 1 of this document. The studies
presented in this document are limited to assessment of the possibility of criticality due to
existing conditions in the LLRWDF. Since the analyses presented in this document
address criticality concerns for a static process, i.e., for a facility, namely the LLRWDF
trenches, in which operations have ceased, this document does not propose nor set limits
for EU burial in the LLRWDF and is not a nuclear criticality safety evaluation nor
analysis.

The work presented in this document was performed under work plan SRT-EAG-93-
8002, Criticality Analysis for LLRWDF Trenches (U) [6]. Although the analyses
presented in this document were performed prior to issuance of the E7 Procedure Manual,
"Conduct of Engineering and Technical _'upport (U) [1]," the analyses do conform to
Level 2 calculations as defined by the E7 Procedure 2.31 [1], "Engineering
Calculations."

1.2 SUMMARY OF ANALYSIS AND RESULTS

Conservative assumptions and large margins of safety were employed throughout the
analyses. Even so, the study concluded that the potential of a nuclear criticality in the as-
is configuration of the LLRWDF is incredible, i.e., < 10-06. The combined probability of
a criticality in the LLRWDF (in ELLT 2 and ELLT 3 and in the seven slit trenches of
interest) is conservatively estimated to be 0.47 × 10-06. Written procedures as well as
verbal accounts of actual operations indicate that efforts were made to separate waste
containers containing high content of EU. Consideration of such operations contributes
to making the probability of a criticality in the LLRWDF much lower than the calculated
0.47 x 10-06.

Conservative assumptions employed include the following:

Optimum moderation and reflection within each container.

_' EU at optimum density, i.e., optimum H:235U ratio, within the
containers.

>' Optimum geometrical distribution of EU within the containers.

orderly close-packed arrangement of the drums.

IIII I II IIIL_
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Neglected the effect of earth (soil) layers between the drumsas well
as the numerousother "clean" waste materialsburiedalong with the
drums.

_' Violationof WMOprocedurerequiringseparationof EU containers,s

1.3 ACKNOWLEDGMENT

This documentsummarizesworkperformedby a numberof researchers,physicists, and
engineers at Westinghouse Savannah River Company. The author would like to
acknowledgethe contributionsof N.P. Baummm,S.P. Harris,M.J. Muman,J.H. Weber,
T.G. Williamson,andR.S. Wittman.

1.4 REPORT ORGANIZATION

The reportis dividedinto the following sections:

1.0 INTRODUCTION The purposeand report intent are presented in Section
1.0. An overview of the problem is presented in _is
section. Summaryof results are also included in this
section.

2.0 METHODOLOGY The logical steps followed in assessing the criticality of
the LLRWDFsections are outlined in this section. The
nuclear criticality safety code, KENO/CG, and other
supportingcodes aredescribedin Section 2.0.

3.0 DESCRIPTIONOF The two types of waste containers used in the burialof
MODELS EU in the LLRWDFare described in this section. The

various materials employed in the analysis are also
described in this section. The Monte Carlo models
employedin the criticality calculations and the statistical
models used in predicting the probability distribution
within and among the containers are described in this
section.

5 WMO procedure states that "Enriched uranium (Type 20) burials must be separated
from all other shipments by a minimum of 3 horizontal feet of earth or 1 B-25 box for
engineered low level trench (ELL_ operation when buried' [3].

W$RC-TR-94-012 7 Page-3
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4.0 ANALYSIS The analyses performed to obtain minimum critical mass
loadings for various LLRWDF configurations are
presented in this section. Results of the statistical
analysis are also presented in this section.

5.0 SUMMARY OF Results of the nuclear criticality safety and statistical
RESULTS AND calculations are summar_ed in this section. The

CONCLUSIONS probabilities for obtaining a critical mass from the
various waste container configurations are summarized
in this section.

6.0 REFERENCES Documents referenced in this report are listed in this
section.

APPENDIX A Derivation of the model that calculates the assay
uncertainW (total 235U mass loading) in a configuration
of n containers is presented in Appendix A.

__
II II II Illll lill
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2.0 METHODOLOGY

2.1 INTRODUCTION

Presented in this section is a general overview of the methodology employed in the
nuclearcriticalitysafetyassessmentof theLLRWDF. An overviewof thenuclear
criticalitysafetycodeandmodelsemployedintheanalysesisalsopresented.

2.2 BASIS

When more thantheminimum criticalmassofafissionablematerial[5]iscontainedor

allowedtoaccumulateina givensystem,itisnecessaryto demonstratethatnuclear
criticalityisincredible.Inriskassessment,incredibilityisdemonstratedby quantifyinga
maximum probabilityforitsoccurrence.Foranongoingprocess,thisprobabilityshould
be lessthanoneeventpermillionyears.Forstaticsystems,suchasinactivewastetanks
andfilledburialgrounds,thisfrequencyconceptdoesnotstrictlyapply,soanequivalent
isrequired.Forthisstudy,theequivalentistakentobe amaximum probabilityofless
thanoneina millionthatcriticalitywilloccurovertherangeofthevariablesthatdefine
thesystem[7]. Examplesofvariablesdefiningthesystemare235U mass,neutron
poisons,andmoderation.

Quantificatior_ofa maximum probabilityissignificantlymore difficultiftransportand
relocationoffissilematerialisincluded.The analysesdocumentedinthisreportassume
thatthe55-gallondrumsand B-25 boxesstayintact,and thusthelocationsof their
contentsarcfixed.The geometryconstraintsimposedby thisassumptionleadstoready

quantificationofan acceptablemaximum probability.

The probabilityof nuclearcriticalityin the LLRWDF trenchesis conservatively
calculatedbythefollowingsteps,(whichdcfmcthelogicoftheapproach):

)_Parametricstudiesarcperformeduntilaminimum criticalmassforall
possiblewastecontainerconfigurationsiscalculated.The parametric
studiesallowthedeterminationofoptimummoderatorandreflector
configurationssubjecttoknown materialandgeometricalconstraints

(assuminguniformcompositionand distributionof fuel[8]).For
example,creditwas takenforthecarbonsteelwallsofthecontainers
forallconfigurationsexamined. Additionally,forthe four-drum
system,creditwas takenforthefactthatlow-levelsolidwasteis
packagedin2 litercardboardcartons(4.25"diameterx 8.5"high)[7].

II I I III II _ i
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_' Each system is examined to determine if that system is intrinsically
safe at the most optimum distribution within and among components
(drums and/orboxes).

If the system is not intrinsicallysafe, evaluate the probabilitythat the
distribution within and among components is such as to allow
criticality.

Show that the summed probabilitiesover all systems is less than one
in a million, i.e., the probabilityfor nuclear criticality is incredible.

2.3 CALCULATIONAL TOOLS & METHODS

In determining the probability of nuclear criticality in the LLRWDF, a munber of
computational codes were employed. This includes nuclear criticality safety codes and
codes developed to calculate the volumes formed by intersecting surfaces/bodies. These
tools (codes) are described in the following subsections.

2.3.1 Nuclear Criticality Safety Codes

There are a vast number of computer codes that are used in the nuclear industryfor
reactivity(criticality) calculations. These codes differ by the geometry they can model
(one-dimensional, e.g., sphere, versus general geometry), the solution method
(deterministic,e.g., discrete ordinates,versusprobabilistic, e.g., Monte Carlo), and the
nucleardata librm-iesand neutrongroups that they employ (two-, four-, sixteen-, ... n-
groupsversuscontinuous).

In performingthe eigenvalue(criticality) calculationsdocumented in this report,modules
from the JOSHUA nuclear criticality safety computer codes were used [9]. Modules
employed in the criticality calculations are the KOKO, HR.XN,ANISN, KENO-IV, and
KENO-IV/CG modules. A description of these modules follow:

KOKO is the drivermodule that controls the execution anddataflow
amongthe otherJOSHUAmodules.

)_ HRXN is a cross-section processormodule, which prepares 16-group
cross-sections based on the Hansen-Roach library [10].

-- IIII III I I |111 I II IIII --_
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_' ANISN is a one-dimensionalcode that solves the neutron transport
equationusing the discrete ordinatesmethod. This code was only
used to compareits resultswith the KENOcode.

The KENO-IV/CG code is a three-dimensionalMonte Carloneutron
transportcode that allows modeling of complicated configurations
using combinatorialgeometry.

The Monte Carlo method solves the neutron transport equation by following and
recordingall interactionsa neutronexperiences from the time its is born (e.g., nuclear
fission or n,2n reactions) until it disappearsby means of leakageor capture. The Monte
Carlo method tracksneutron interacfonswith variousnuclei on a randombasis thatobey
certain fundamental laws of probability. Data tracked and tallied in a Monte Carlo
calculationinclude the following:

productiontype, e.g., fission, (n,2n), (ct,n),or (7,n)reactions.

types of interactions,e.g., absorption,scattering,and fission.

_' distance traveled between interactions.

_' energies following interaction.

time duringandbetween interactions.

_' directionof travel.

type of loss, e.g., fission, capture,or leakage.

The Monte Carlo simulations1 were performedusing neutron cross-section data for 16-
energygroups based on the Hansen-Roachlibrary[10]. This cross-section data library
has been validated for fissile systems containing23_5Ufuel [11]. The validation was
performed with the ANISN code. The validation process consisted of computing the
eigenvalue, i.e., the neutron multiplicationfactor (Keff), for a broad range of critical
experiments. Keffis def'medas the ratioof the neutronproductionrate to the neutronloss
rate. The significanceof Keft is asfollows:

When the productionrate equals the loss rate, Keff is unity and the
system is consideredcritical.

1 Simulation is the trackingof all interactionsa neutronwill undergointhe definedsystem.
IIII IIII lill I .... III IIII IIIIIlll[lllllllllIII ....
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_' When the production rate is greater than the loss rate, Kefl-is greater
than 1.0 and the system is considered supercritical.

_' When the production rate is less than the loss rate, Keff is less than 1.0
and the system is considered subcritical.

A deviation or "bias" that is dependent on the H:235U ratio has been derived based on the
validation study documented in Reference II. The difference between the calculated
neutron multiplication factor for a critical system, Kcrit, and K=l.00 is the "bias" in the
computation. The bias, denoted by o b in this study, is a function of the H:235U ratio, and
is obtained by a conservative fit to Figure 1 of Reference ll for H:235U greater than 160.
The following Equation describes the fit as used in this study:

o_(H:USU) = 0.11 - 0.016 In(H:_SU) (2-1)

¢

KENO computations have been found to agree closely with results of an ANISN
validation study [11] when using the same the 16-group cross section library. Table 2-1
compares ANISN and KENO calculations (using the same cross section library) for
critical spheres, covering a range of H:235U that is, greater than considered for this
LLRWDF evaluation [7]. The critical spheres were composed of a homogeneous mixture
of H20 and 235U surroundedby a 30-cm thick H20 shell as a reflector. The Kcritvalues
are those from Clark's study [11]. The KENO calculations used the same core region
radius and material cross sections, but modeled the reflector as a 90 cm cube of water
surrounding the sphere. The cube is considered neutronically equal to the reflector shell
in the ANISN calculations. A schematic of the problem geometry is provided in Figure

,- 2-1.

Table 2-1. Comparison Between ANISN and KENO Calculations For Various
H:235U Ratios

!iii_!i!i_!!_iOOiiii_iiii!iii_i6.620 x lO-o4 11.275 0.9746 0.9724 ± 0.0039 0.23 %

i_:ii:_iiiiiiiii_:2!!O:::i_ili_i:_i!iiiii!3.3lO"x 10.04 12.324 ' 0.9779 ........0.9750 4.0.0045 0.30 %
i!ii_iiiii_iii!_O0111111_iiiii_iiiii_i_i1.655x 10-o4 14.448 0.9858 0.98494.0.0034 0.09%

ii_iiiiiiii_i_i_i_!i!:_iiiiiii!ii8.275 x 10-o5 19.361 0.9972 0.9986 4.0.0028 -0.14 %
11 i i i ii_iiiiiiiiiii_iii?'_''_iiiiiiii!iii_ii_iI0-o5 26 .............1200 5.517x .46 1.0044 1.00304.0.0025 0.14%II I I I IIIIIII II I I IIIIIII IIII IllllllIlll I IIIIIII II II I

1 CalculatedcriticalKeffusing the ANISN code.
2 Deviationof the KENO calculationsrelativeto the ANISNcalculations.

I II I I I I IIII II
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The resultsof this comparisonstudy,shownin Table2-1 and obtainedfromReference7,
indicate that ANISN and KENO calculationsfor the examined H:235U range are in
excellent agreement. (The difference between the two computationalmethods ranges
from-0.14% to 0.30%.) Based on this comparisonstudy, it is concludedthatthe derived
ANISN bias canbe used for KENO calculations. These computationsthen provideKcrit
values as P, function of H:235U ratio that are effective upperlimitsfor sub-criticaliW.

An addedpad, typically 5%, is frequentlysubtractedfrom Kcritto give a Ksafo,where
_= would be the maximumallowed neutronmultiplicationfactor. In this study, an
additional"pact' was not implementeddueto the following:

The analysis presented in this report is concernedwith evaluating the
potential, of a nuclear criticality in the as-is configuration of the
LLR_FDF,and does not proposelimits nor set boundsfor EU burial in
B-25 boxes or 55-gallon drums. The purpose of the analysis is to
determine the probability criticality and thus comparison of the
calculated Keff for possible configurationsto Kcritis more appropriate
than a comparisonto Ksafe, Comparisonto Ksafewould introduce large
margins of conservatism in the probabiliW determinations (critical
masses would be much smaller, greatly increasing the probability of
occurrence).

_' Large reactivity marginshave been employed in modeling the different
containersand containerarrangements,as shown in Section 3.0 of this
report.

Figure2-1.
Schematicof the Model

Used in/he KENO/ANISN
ComparisonStudy

• ............. , .. ,, , __ _ -- _
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2.3.2 Volume of Intersecting Bodies

The analyses presented in this document determined the minimum critical mass of the
examined configurations by assuming the fissile region consists of the region formed by
the intersection of a sphere(s) with cylinders (55-gallon drums) and/or rectangular
parallelepipeds (13-25 boxes) and full spheres and cylinders in each container. These
configurations, although unlikely to occur, provide the most neutronically reactive
configurations. That is, intersecting spheres normally givelower critical masses than any

I other configuration. The intersecting spheres can be simply modeled in the KENO/CG
i code.

The volume (and thus, mass) of the full spheres and cylinders can be easily obtained.
However, the volume of the fissile region formed by the intersection of a sphere with the

i containers can not be obtained Two models in of thiseasily. were developed support
work to calculate the region formed by the intersection of a sphere with the containers
and are documented in Reference 12. The models are the following:

_' sphere intersecting with cylinders (to model the most reactive fissile
region inside 55-gallon drums) and

sphere intersecting with rectangular paraUelepipeds (to model the most
reactive fissile region inside the B-25 boxes).

' '' ' ' ' ' - -- - ' " "' Wi_RC-TR-94-O'I27Page-10
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3.0 DESCRIPTION OF MODELS

3.1 INTRODUCTION .

The geometry and material used in the construction of Se two types of waste containers
used in the burial of EU in the trenches and slit trenches of the LLRWDF that are being
investigated in this document are described in this section. The various materials
employed in the analysis are also described in this section. Additionally, descriptions of
the Monte Carlo models employed in the criticality safety assessment and the statistical
models used in predicting the probability distribution within- and among the containers
are presented in this section.

3.2 DESCRIPTION OF LLRWDF CONTAINERS

i For the trenches and slit trenches investigated in this study, there are only two types of
containers used in the burial of EU. They are B-25 boxes and 55-gallon drums. Table 3-
1 lists the dimensions of the B-25 boxes while a schematic of the B-25 boxes is presented
in Figure 3-1. As shown in Figure 3-1, the iid liRing lugs (top) and box lifting lugs
(bottom) provide spacing between stacked B-25 boxes, thereby decreasing the neutronic
interaction among the boxes. The top lifting lugs of the B-25 boxes are smaller than the
box lifting lugs. The function of the box lifting lugs is to provide space for the fingers of
the fork-lifts. The height of the box lifting lugs at the bottom of the B-25 boxesprovide a
minimum vertical separation distance between stacked boxes of 3 inches [7]. The top
lifting lugs of the B-25 boxes are smaller than the box lifting lugs. For conservatism, the
vertical spacing between stacked boxes is assumed to be 2.5 inches.

The 55-gallon drums employed in the EU burial correspond to the DOT-17C drum [7]. A
schematic is presented in Figure 3-2 and relevant dimensions are presented in Table 3-2.

Table 3-1. Dimensions of the B-25 Box "Waste Container" [7]
ii!ii_fi_t_!_ii_::_:::_ii]:!:iii iii:i:, i i:: i ! :: "72" 182.9cm
iii_i_i_i!_[__ii=iiiii_:!:_):_i'::i:il.ii:_,_.::::::,ii:::,i:_:ii/:ill :il::i!i!:,!::, 46"_ ..... 116.8 cmI Illl II I II I II --

iiiiii:ili:'"':'"i_i:ii:_i_i:i:!"::iii::'iiii!iii!i!:iiii!iii i_iiiii:i:!i:_!ii_iiii!__!i!:ii:ii_iliii:ili:il!i:!ii:ii!i:!iii:i_!::ii!ii_i!:i:iT!!:
47" 119.4 cm

iiiiiii_!ii__Th!¢_ss_i!_I![igaug_)i!_i_i_i_=_!_i_:_?_!_i_0.075" .... _ 0.19_05cm
:i:i-i:F'i:i-":-:':i:i:i:i=i:i:i:-": :':::":::_:i'i=i:i-": 8i:i:iSi:i=i=i=:•= :i=!:::i:i:i:i=:ii _ :i:::i:i:i.:i::ii::z,:i::::: =:i:i:i:i:: , 3t 0ii!!ili!iilBOX!_!_ift.!,g_Lu._s_i!_i_i_!_i_!_i_=_i_i!_i_i_i_._i!_!ii:_i_i_i!!_._7.62_cm
::::::::::::::::::::::::::::::::::...i.i..:• . " _a_::: '"'u:...........:!:::!::!:::!:!:i:::::!! .::"?i:!:i:i:!:!:i::!:.:::::!:'.ii:::::.................::::::::::::::::::::::::::::: :::::::::::::::::::::::::::..,.....

l II -- II -- _ -- II
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Lid Lifting_ LidHandles
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-- F3_" _- -- _H_
{ {

_._re3-2.SchematicandDimensionsofthe5_Gal|onDrums,TypeDOT-17C[7]/
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Table3-2.Dimensionsofthe55-GallonDrums [7]
""'"""''"""'°"'""'"':''" ........"'"""'""""''":"""""'""" "'""'""''""'"'''""" ::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::_:"'°":i";::'': _"_-'":-':::::'::i"_:'::; :".i'-'-': _::;';::_"_:::::;"

IV"'"''"'::n':::::::a':n'::::::::::_ .... _............. "r ...... :'"::;:_ ....... n..... :'": ....... -.... n_ nnI l illll ill I Pl I I I i ! '

IBody & Heads: DverallDiameterOver RollingHoops 23 27/32
CarbonSteel, 16 Gage OutsideDiameterOverFalse Wire 23 1/2
Nominal 0.0598", 0.1519 cm OverallHeight OverLockingRing 34 13/16

OverallHeightwithCover Off 34 3/8
LockingRing: MinimumConvexityof Each Head 3/8
CarbonSteel, 12 Gage RollingHoops (3) 5/8
Nominal0.1046", 0.2657 cm

"FopEdgeof Body metal rolledto form
Inner Drum Liner: a 1/2"false wire.

Pol_,eth_,lene,0.23 cm thick Depth of cover 7/8"

3.3 MODEL DESCRIPTIONS

3.3.1 Description of the KENO/CG Models

The burial of the waste containers in the LLRWDF varies depending on the waste
containertype. That is, the B-25 boxes are stackedin a close-packedorderlyarraywhile
the drumsare more or less randomlydistributedand orientedwith soil spacing common
between drums. This makes it unlikely that more than two drums will be in close
proximity arounda common point. The maximumcontent of any two drumsis well
below the critical limit. Since randomspacing is difficult to quantify, the drumsas well
as the boxes are assumed to be in an orderlyarrayin the horizontal plane and stacked
directly on top of each other in the vertical direction. Random spacing will tend to
increase the separationdistance between interactingvolumes. This assumption of an
orderlyarrayallows a configurationwhich can be modeled in KENO and results in the
most neutronicallyreactive condition. Increasingthe separation distances between the
drumsof a system of fourdrumswas found to cause a decreasein the reactivity(Table4-
3). The assumption of orderlyspacing adds a large but un-quantifiable marginof safety
for the drumsand for the interactingdrumsand boxes, but not for the boxes considered
alone.

The boxes are assumed to ha_,ea minimumseparationbetween successive layers of 2.5"
due to the box lifting lugs attached to the bottom of each B-25 box. No separationis
assumed at the sides or ends of the B-25 boxes. The 55-gallon drumsare conservatively
assumed to have an edge-to-edgespacing of 5/8" providedby one rolling hoop. No credit
is takenfor the doubleseparationone would have if both barrelsare exactly at the same
elevation. The vertical separationbetween drumsis takento be 1.0 inch. This choice is
conservativelyderivedfrom the actual separationdefined by the convex shapeof the top

WSRC- TR-94-OI2 7 Page-13
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and bottom which varies from a minimum 1.5 inches at the outer diameter to a nominal
0.75 inch at the center. For the case of 4, 5, or 6 drum interaction, the outer half of the
drum'sradius is most important being nearest the center of the intersecting sphere. Over
this range, the separation varies from about 1 inch to 1.5 inch.

In modeling the B-25 boxes, the assumption used, which is based on operation practices
[3], is that boxes containing 235U are never placed edge-to-edge on the 46" x 47" faces.
It is assumed, however, that four boxes containing 23sU can be stacked in a rectangular
array 72" wide by 92" wide by 96.5" high (including 2.5" separation). A schematic of
this configuration is shown in Figure 3-3. The uranium is assumed to be contained within
the volume defined by the intersection of the box interiors and a sphere centered in the
array. The fissile region was assumed to consist of 235U in full density polyethylene.
That is, while maintaining the density of polyethylene at 0.92 g/cm 3, 235U was added to
the fissile region. The density of the fissile region would be that of polyethylene (0.92
g/cm 3) plus the density of 235U. The remainder of each box is filled with full density
polyethylene (0.92 g/cm3). As part of this study, the effects of the polyethylene density
on the reactivity was examined. The results, shown in Figure 4-1, indicate that full
density polyethylene results in the most reactive configuration. The vertical separation
between boxes is taken to be filled with wet soil, the composition of which is presented in
Table 3-5.

Although it is unlikely that the lifting lugs on the bottom of the B-25 boxes have
collapsed or that they made deep indentations in the box immediately below, this case has

i

Top View Schematic C'H2
CH 2

Polyethylene, CH 2 CH 2 235 U

Fuel: in C H_

Fuel Fuel

Fuet/_ I_Fuel

___ CH 2 CH 2

I
Carbon Steel Walls--

_ Figure 3-3. Schematic of the Four B-25 Box Configuration Model ji

Illll Illll
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also been evaluated and the results are presented in Table 4-7. The geometrywas the
same as aboveexceptthat the verticalclearancebetweenthe boxes was reducedto zero.

Forthe six drumcase, the arrayis takento be threecontactingdrumsin a triangulararray
on top of another set of three drums. The uraniumis taken to be containedwithin the
volumedefinedby the intersectionof the interiorvolumes of these drumsand a sphereat
the centerof the array. A side and top view schematicof this configurationis shown in
Figure3-4.

The five drumcase is taken to be the six drumcase with one drummissing. Forthe four
drum case, the arrayis taken to be two side-by-side contacting drums on top of two
additionaldrums.The sphereagainis at the centerof the array,as shown in Figure3-5.

For the dnmdbox interactioncase, the arrayis taken to be the bottom of two adjacent
drumsplacedfiat againstthe ends of two adjacentB-25 boxes, as shown in Figure3-6.

!
i

i

f Side View SchematicTop View Schematic

CH2

CH2

Fuel: 235U in CH 2

._,Fuel

Fueg _ uel

CH2 CH2

Carbon Steel Walls---

igure 3-4. Schematic of the Six 55-Gallon Drum Configuration Model_
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Side View Schen_tlc

C',H2 _'12 _

Fue uel

CH2 CH2SteelWaHs_

_gure 3-5. Schematic of the Four 55-Gallon Drum Configuration Model_Illl I

I I I

f Top View Schematic nfr

P°lyethylene' CH 2 nil
.._ Side View Schematic Ill]

r _;.._...,- %II '":°_°°_1111

_. Figure 3-6. Schematic of the Two Box/Two Drum, Configuration Model_

I I
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In both the drum and B-25 KENO/CG models, the array is placed in a close fitting
rectangular BOX. The region inside this BOX and outside the drums or B-25 containers
is filled with wet soil. The region outside the BOX is a reflector with the composition of
soil, wet soil, or concrete. Concrete was employed for comparison purposes only. The
composition of these materials is listed in Table 3-5.

3.3.2 Description of Materials Employed in the Analysis

Throughout the analysis, five different distinct regions were modeled: fuel (fissile)
region, internal reflector region, container walls region, intermediate reflector region, and
external reflector region. These regions along with the various materials employed in
them are described as follows:

)_Fissile Region. The fissile region consists of a homogeneous mixture of
235U with polyethylene. That is, while maintaining the density of
polyethylene at 0.92 g/cm3, 235Uwas added to the fissile region. The
density of the fissile region would be that of polyethylene (0.92 g/cm3)
plus the density of 235U. The density of the 235U was varied until the
optimum moderation (H:235U) for each configuration was obtained. An
embedded conservative assumption is that the fuel is 100% 235U. The
naval fuels waste containing EU is =97% 235U [3].

)_Internal Reflector. This region consists of the remaining region inside
the drmns or boxes. Full density polyethylene was assumed and was
found to be the most reactive.

Containers' Wall Region. The containerwalls were modeled as carbon
steel.

_Intermediate Reflector Region. This region consists of the region
between the interacting containers. The effects of various intermediate
reflector materials on the reactivity were examined: dry soil, wet soil,
pure water, and concrete.

)_External Reflector Reeions. This region surrounds the
systems/configuration examined. As with the intermediate reflector
region, the effects of various materials and thicknesses of these
materials on the reactivity were examined: dry soil, wet soil, pure
water, and concrete.

I I I I
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Although the 55-gaUondrumsemploy a 0.23 cm thick polyethylene liner, this liner was
not explicitly modeled. While maintainingthe drums for a system of four drums in
contact,the separationdistanceof the fissile regions fromthe interiorwalls of each drum
was varied. The resultsindicatedthat the reactivitydecreasesas this separationdistance
increases. Since the remainingregion inside the drums (outside the fissile region) is
modeled with full densitypolyethylene, then increasin8the separationdistance between
the fissile region and the drum'sinteriorwall implicitly models the polyethylene liner.
The analysis concludedthatmodeling the polyethylene liner reducesthe reactivity. This

1 is due to an increase in the over-all separationdistance between the interactingregions,
f which in turnreduces the neutronicc3upling among the fissile regions of the different

drums.

Listed in Table 3-3 are the various materialsutilized in the five distinct regions. The
compositions of these materials (with the exception of 235U in water, 235U in
polyethylene, and SavannahRiverSite soil) are listed in Table 3-4. The soil composition,
which is shown in Table3-5, is typical soil compositionfound at the Savannah River Site

'i (SRS) [7]. In modeling the soil, the 5.1 I%organicmatterwas conservativelyassumedto
be polyethylene (CH2), an effective neutron moderator. Table 3-5 indicates that
phosphorus(P) has been omitted fromthe description. This was done since the neutron
cross section library utilized in the analysis does not provide data for phosphorus.
However,due to the relativelylargeabsorption-to-scatteringratio (_0.04) for phosphorus
compared with other soil elements, e.g., 0.009 for hydrogen, the effect of neglecting
phosphorusis conservative.

it

_,) Also shown in Table 3-5 is the composition of wet soil. The difference in the
composition of the soil and wet soil is the hydrogen and oxygen content, i.e., H20 was

Table 3-3. List of Materials Empl ,ed in Five ions of All Interactin Systems
Iniernai jCOnt_lner's intermedlate: ]"EXt:erl6r':

........ii ! :_:_i:>_:'_ > _ Region _ Refiect6r ::Wails Reflect0r V!RefieCtor:I
I

!iiii:iiii?i.iiiiii.!iii':""?:i:i!!:i:i:>::iii:i:i!.:5:i::_ii!:""":::.. ::..i? :2-::i :.

......>:+,>>>>Eirbon>Stee!..................... X

:::;::::;::::;.:::'".'. ",:::'..;, "_,',',;.: :,,:: :::::,:;::::.,,.

::iillii ::!i_ef.i_u,id:i::i:i_iil,ii:.i::!:,i:::i:i; X X X'" _ ........ I I II I

!i!i!iii iili',i',',!!ii  iiiiii i'Oi:i:: x x x
!illi ii_8i_;_ih:_i6fie"'::"i'::.: X X X

[ ........ ] ii I I
:::::::::::::::::::::::::::::::::::i:7":i"'::::_:::"::i:'.:: : : : :'i. • :": :::: ::

i!ii::!::_::_i::!::::::_::::::iiii_:_O_;:::::;::-:::>::_:_:_::_:_ X X X
_

I I I
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Table 3-4. Com m of Selected Materials Em red In this Stud

1.70 x
5.56 × 10-4
1.93 x i0-4 8.35x 10-2
1.11 × i0"2
1.86 x 10-3
4.03 x

6.67 × 7.94 x 10"2 8.50 x 10"3

3.35 x 10"2 3.55 x 10"2
3.97 × 2.02 × 10-2 3.92x

1OakRidgeconcrete,whichisa standardHRXNmixture[9].
2 A_ndard HRXNmixture[9].

added to the soil to arrive at the wet soil composition. The amount of H20 added was
determined as follows:

From the theoretical density and weight percent of the constituent and
from the density of the soil of 1.6 grams/cm3 (shown in Table 3-5), the
theoretical volume fraction that constituent would occupy is calculated
using the following:

V/_ = W.p._/P. (3-1)
where

V_/: theoretical volume fraction of the constituent;

We: weight fraction of the constituent in the soil;

p=" density of the soil (1.6 grams/cm3); and

p" theoretical density of the constituent.

__ lllllll.... l l .. -- II l Ill llllllll| fill l lll!ll l I l l
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Table 3-5. Corn _itlonof the SRS Em in This

37.5 6.0136 x 6.0136 x 10-3
36.39 6.8772 x 6.8772 x
10.47 1.2633 x 1.2633 x

_::_:_ii%_i_i,:_i_0.21 __:_i_iiii:i_iii_i_i::_!_/i_ii_3.6083x 3.6083x
0.44 1.0519x 1.0519x

_:::__,:._.:0.71 ::.i_:_.i_ii_i::Ki_i!_:_,.ili:_,'_ii:_1.4525x 1.4525x
0.05 1.5546x 1.5546x

0.94 I.1339x 1.1339x I0,4

.........::: 0.21 _:i_i_i_i:;i;IS_;_:I_:::, 1.5644x 1 1.5644×

_':_....................0.i3 1.6299x 1.6299x

........._.........................._.... 0.12 2.1577x 3.8243×

5.11 _ _q 3.2095x 4.0428x

13.6 3.5146× 10-3 3.5146×

,,m3 .... 69

1Theweightpercentsarethoseforsoil,i.e.,notwetsoil.Theweightpercentsoftheconstituents
addtoI05.88%.Theoriginalreference,whichwas"TheNatureandPropertiesofSoils,"was
alsofoundtocontainthesameweightpercentsprovidedabove.Aspartofthisstudy,increasing
thedensityofthesoilwasfoundtoincreasethereactivity.Forexample,increasingthedensityof
thesoilfrom1.6g/cm3to2.5g/cm3causeda 1.2%8/kincrease.Therefore,usingthe105.88%
values(i.e.,densityof1.69g/cm3)wasconservative.

Thetotalvolumefractionwas obtainedby summingEquation(3-I)over
allconstituents,andwas foundtobe0.747.

_'The wetsoilcompositionwasthenobtainedbyfillingtheresidual0.253
ofthetheoreticalvolumewithH20.

3.3.3 Description of the Statistical Models

The probability distributions within the containers (55-gallon drums or B-25 boxes) and
the probability for juxtapositioning the individual drums are both utilized in the statistical
model. The internal probability was derived from the following model:

O Each drum or box is considered to be made up of uniform cells which
are small boxes for the B-25 boxes and pie-shaped sectors for the
drums.
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@ All of the 235Uis assumedto be containedin one compact optimum
volume (sphere, intersecting sphere, or cylinder) defined by the
configurationbeing examined, e.g., four B-25 box model. The 235U
contentwas that for the criticalmass limit. The H:235Uratio was that
resultingin the highestreactivity.

• The value of I_ is computedfor the intersectingspherewith uniform
23SUin each container.'This establishesa referenceI_ff.

O The value of K_ is computedfor the same configurationbut with the
235Uremovedfromone drumor box.

• The value of Keff is computedfor the same configurationexcept that
the drum with the 235U removed now has an optimally moderated
sphere(with the same amountof 235U that was presentin the original
drum)in the cell closest to that fromwhich the 235Uhadbeen removed.

• It is determinedthat the difference in Kefl.between steps 4 and 5 is
within the individualuncertaintiesand thatthese uncertaintiesare small
comparedto the differencebetween step 3 and step4. If this is not the
case, the cell size is increased(numberof cells withinthe containersare
decreased) and step 5 is repeated until this criteria is satisfied, i.e.,
neutronic(nuclear) decouplingis obtained.

For the drum,a division of the drum into 4 vertical levels with quadrantsat each level
satisfied the above conditions. This gives a probabilityof 1/16 per drumthat the 235U
will be in the cell nearest the centerof the 4 or 6 drumarray. The probabilityfor the
235U in all 6 drumsto be in the nearestcell is then 5.96 ,<10.0s, 5 drumsis 9.54 ,<10.07,
and 4 drums is 1.526 ,< 10-05. The probability for a given drum configuration is
calculatedusing the following:

P. - 1/16" (3-2)

where n is the number of drums in the system, i.e., 4, 5, or 6 and Pn is the internal
distributionprobabilityforthatsystem.

For the boxes, the intersectingspherewas placedat the centerof fourboxes, as shownin
Figure3-6. A cell size 1/5the heightandbreadthand 1/7 the width was found to satisfy
the conditions for nuclear uncoupling. Utilizing this internal sub-division results in an
internalprobabilitydistributionperbox of 1/175 that the 235U will be in the cell required

....... III II IS!_ I II|1Ill IIIIllil
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for nuclear interaction. Results of the _O calculationsfor the drumsand boxes are
presentedin Table4-5.

The assumptionof equal probabilityamong the cells is believed to be conservativeor
neutralforthe following:

Ifthenon.unlformltyIsduetogravitationalcompression,theresultant
gap would be at the top. This would uncouple successive vertical
layers, reduce the number of Interacting units by a factor of two, and
thus eliminate all possibility of criticality. The same argument applies
to a preferentlal placement offlsslle material at the top or bottom of the
B-2._ boxes. The only preferred placement that could increase the
Interactionprobability is the deliberate loading of the drums such that
nearly all of the fissile material ts tn one corner of every drum. It ts
known that this was not done.

To complete the statistical evaluation it is necessary to conservatively evaluate the
expectationvalue for 4, 5, or 6 drumsto be in a close-packedarrayand containa critical
mass. The expectationvalueis closely relatedto the probability.Numerically,it is equal
to the sum of the probabilityfor at least one combination,plus the probabilityfor atleast
two combinations, ...etc. If the probabilityfor at least one combinationis low, then the
probabilityfor two or more is negligibleand the expectationvalue becomes equal to the
probability. The following procedurewas used to evaluatethe expectationvalues, where
the expectationvalue is that for the summed contentof six &'urnsexceeding the critical
mass limit. For simplification,only the six drumcase is discussed. The four and five
drumcases follow mutates mutandis.

O A section of trenchis selected in which the contents of six or fewer
drums sum to more than the computedmass limit. The boundaryof
each region is definedby an interval30 feet wide in which there areno
six-drumcombinationswith enough235Uto sum to the limitingvalue,
includinga two-sigmauncertainty.

@ A tabulationof individual235Ucontents is made of all drumswithin
this interval, includingthose devoidof 235U. The assay of each drumis
obtained from COmputerizedBurialRecord Analysis (COBRA) data
files [ 13].

• It is assumed that the drums from one active interval are randomly
selected.Units of two stackeddrumsare thensequentiallyarrangedin a
close packedtwo-tierarrayso thatateach stepa new six-drumarrayis

lll_ll I I I I I IIII IIII I I _ I I I I I
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formed,u showninFigure3-7.Withthisarrangement,the235U
s_ed overthelastsixdrumsgivesthetotalforthatsix-drumarray.
If the sum exceeds the allowed mass, one has a possible critical
confi_tion. _or the five-dramcase the drumsare addedone-by-one
ratherthan in pairs. For the four-drumcase, a separatesum is made
over each adjacentpair, i.e., in Figure3-7, drums 5 and 6 would be
summedwith drumsI and2 aswell as drums3 and4).

O A utility code randomlysortsthe orderof the dramsand then checks to
see how often a sequentialsix dramsaddedtwo at a time sum to more
than the allowed mass [7]. Theprocess is repeateda thousandor more
times in orderto obtainthe averageexpectationvalue.

The procedurefor the interactionof dramswith boxes is similar. It is conservatively
assumed that any combinationof two drums will be in the optimum geometry, i.e.,
centeredand flush againstthe face of two boxes as in Figure3-6. A separatelisting is
made of all of the 235U bearingdrumsin the vicinity of the boxes and of all the 235U
bearingboxes in the vicinity of the drums. For the statistical evaluation,the drumsare
arrangedin randomsequence. Pairsaredefinedin sequence. The 235Ucontentsof each

S'succe stve pair of drams in turn has added to it the contents of two randomlyselected
boxes. (The list of boxes from which the two were selected includedall 235Ubearing
boxes in the vicinity. The dilution by "empty" boxes was not included.) The summed
contents of the two drums_andtwo boxes is then checkedto see if the minimumcritical
mass, including a two sigmauncertainty,is exceeded. The expectationvalue for the two
dnun/two box combinationis thenobtainedby repeatingthe process numeroustimes to
obtain the average numberof times per sequence that the minimum critical mass is
exceeded. A similarevaluationhas beenindependentlymadefor the stackedboxes. This
evaluation derived probabilitiesratherthan expectation values, but since the derived
probabilitieswere small theyarenumericallyequivalent.

3.3.4 Assay Uncertainties

Certain scrap containers (2-liter containers)are reclassified waste sent to the burial
ground(LLRWDF)inside a 55-gallondrumor B.25 Box. The estimateduncertaintiesfor
the Low Density Scrap Assay system used in measuringthe 235U content in the 2-liter
scrapcontainersare a 10%randomerrorand a 2% systematicerror[14]. These percent
errorsare assigned a 95% (two-a) confidencelevel [14]. Then the one-a values are 5%
and 1%forthe randomandsystematicerrors, respectively.
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Figure 3-7. Schematic of the Drum Stacking Model for jthe Expectation Values Calculations
....... i___ I llll I

The original study employed the following Equation for calculating the assay uncertainty
in a given configuration [7]:

Err [ = or. +ff_n (3-3)
where:
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ErrL:overall uncertainty in the mass loading of 235U for the configurationwith n
containers;

¢r,: systematicerrorof the Low Density Scrap Assay system(2%);and

or,: randomerror(10%).

Equation(3-3) was conservativelyemployedin the originalanalysis [7]. A moreaccurate
model for estimating the assay uncertainty in a given configuration i_ derived in
AppendixA and presentedas Equation(A-9). However, applyingEquation(3-3) to the

systems of 4, 5, and6 containersresultin a 2o2, uncertaintyof 7%, =6.5%,and =6.1%,

j respectively, which are higheruncertaintylevels than calculatedby use of Equation(A-
9). EmployingEquation(3-3) ratherthan Equation (A-9) is conservative since it results

J, in assigning higher uncertainty levels in the analysis and thereby over estimating the
',! probabilityof criticality in the LLRWDF.
!

Use of the 2o 2. levels calculatedby Equation(3-3) in the analysisis as follows:

O A sub-criticalmass loading (underoptimumneutronicconditions) for
each examined configuration is determinedusing the methodology
describedin Section 2.0.

@ To account for the assayuncertainty,the selected maximumsub-critical
mass loading arereducedby the percentagescalculatedusing Equation

(3-3) to arrive at the 95% confidence level, i.e., employing 2o2'
uncertainty.

@ The probabilityfor obtaining configurationsexceeding the sub-critical
mass loading value calculatedin step 2 above for each trench area is
then calculatedusing the methodologydescribedin Section3.3.3.

II IIII III II Ill I II I II IIIll
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4.0 ANALYSIS

4.1 INTRODUCTION

The analyses performed to obtain minimum critical mass loadings for various LLRWDF
configurations are presented in this section. In obtaining the optimum neutronic
conditions (reactivity), the LLRWDF configurations are modeled to minimize neutron
losses (via absorption and leakage) and amplify neutron production. This implies
obtaining the most neutronically reactive configurations in terms of geometric
distribution, moderation, internal and external reflectors, and separation distances
between containers. Results of the statistical analysis are also presented in this section.

4.2 REACTIVITY CALCULATIONS AND ANALYSIS

The geometry models of configurations examined in the sections that follow are set up in
combinatorial units, which are regular solids such as spheres, right parallelepipeds, and
right circular cylinders. The combinatorial configuration is enclosed in a tight fitting
cuboid. Reflector slabs may also be placed outside this cuboid or boundary conditions
equivalent to certain standard built in reflectors may be used.

For the parametric studies, the following terms are defmed:

"containers:" 55-gallon drums and B-25 boxes.

"fuel region:" a homogeneous mixture of 235U in polyethylene.

"internal reflector:" region outside the fissile region but inside the containers.

"intermediate reflector:" region inside the cuboid and outside the containers.

"external reflector:" region outside the cuboid.

4.2.1 235U Moderation

The optimum 235U density in polyethylene for a given configuration is obtained by
varying the volume of the fissile region and the 235U density in the fissile region while
maintaining the mass loading at a fixed amount. The fissile region was assumed to
consist of a mixture of 235U in full density polyethylene. That is, while maintaining the
density of polyethylene at 0.92 g/cm3, the 235U density was varied while varying the
volume of the entire fissile region so that the mass loading of 235U is fixed. The

I
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configuration with the highest reactivity (bias, using Equation (2-1), is added to the
calculated K_ is then chosen. For example, shown in Figure 4-1 is a plot of Keff,
expected value of Keff as obtained fi'om the KENO/CG code, as a function of the 235U
density in polyethylene. The data shown in Figure 4-1 correspond to the following
configuration:

a 4-drum configuration in a square pitch;
wet soil as the external moderator and reflector material;

)' 80 cm of reflector;
} side-by-side drum separation distance of 5/8" (=1.59 cm);
)_ head-to-head drum separation distance of 1" (2.54 cm);
)_ polyethylene at 0.92 g/cm3 as the drum'sinternal reflector material
)_ 235U mass loading of 300 grams/dnun (1,200 grams total); and
)_ fuel region formed by the intersection of a sphere, which is centered

between the drums, with the drums.

Listings for the KENO/CG and HRXN input files for the configuration listed above are
provided in Reference 7.

The results of Figure 4-1 indicate that, when the statistical uncertainty in the calculated
Keff is accounted for, Keff is approximately flat for the 235U density range of =80 to =120
gram/liter. For further analyses involving the four-dnnn configuration with intersecting

Figure 4-1. Reactivity of a Four Drum System as a Function of 235U
1.06 Moderation in Polyethylene

1.055

1.05 _ x
.it ;t

1.045 x

_ 1.04 x
1.035 x

LO3

_ 1.025
1.02

1.015 x *Statisitcaluncertaintyin theMonteCarloSimulationis ~ 0.003
I01 ..............:....:....:....:....:....;....:....:....:. i !

40 50 60 70 80 90 100 110 120 130 140 150

235U Density in Polyethylene (g/qiter)

II
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sphere, a 235U density of 90 gram/liter is selected as the optimum density in

polyethylene, which, corresponds to a H:235U ratio of =340.

The optimum 235U density is calculated in a similar manner for other examined
configurations. The results, i.e., optimum 235U density, for the different examined
configurations are listed in Table 4-1.

4.2.2 External Reflector

Effects of the composition and thickness of the external reflector region on the reactivity
were investigated. The reactivity, for the four-dnun case, was found to be insensitive to
composition and thickness of the external reflector region. This indicates that the
intermediate reflector region and the internal reflector region are sufficient for reflecting
neutrons back into the fissile regions and minimizing neutron leakage from the system.

Table 4-1. Optimum 235U Density in Polyethylene for the Different Examined
Confi _ns

75 I Fuel region formed by the intersection of a sphere with the boxes. I

80 ] Fuel re_ion formed by the intersection of a sphere with the drums.

80 Fuel region formed by the intersection of a sphere with the containers.I

iiii!:_!_/_!i_i_:!i::_:ii_::!!i:_i_ii!::i::i::iiiiiiil_i iiii!i::i iii:_:FOURDRUMS_:......IN A SQUA_ PITCH .... .:_..............::_:::_:.:.

90 Fuel region formed by the intersection of a sphere with the drums.
601 Fuel region formed by the intersection of a sphere with the drums.
80 Each drum contains a full sphere for its fissile region each.

200 Each drum contains one cylinder with a 5.4 cm radius.
100 Each drumcontains two cylinderswith a 5.4 cm radius each.
90 Each drumcontains three cylinders with a 5.4 cm radius each.
80 Each drum contains four cylinders with a 5.4 cm radius each.

70 Each drum contains five cylinders with a 5.4 cm radius each.

1 FuelhomogeneouslymixedwithH20 (i.e.,H20 is themoderator).
I
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Table 4-2. Neutron Multiplication Factor as a Function of the Composition of the
Intermediate Reflector Region

80 cm of wet soil as the external reflector Polyethylene as the internal reflector

0.916

1 Contains 1200 grams of 235U distributed in twelve 5.4 cm radii cylinders at 90 g/1 in polyethylene.
2 Contains 1350 grams of 235U distributed in the region formed by the intersection of a sphere with the

drumsat _80 g/l.
3 Contains1070gramsof 235U distributedintheregionformedby the intersectionof a spherewiththe

boxesat_90 g/l.
4 Keff as calculated by the KENO code withoutthebias, and values in parentheses are the statistical

uncertainty of the calculated Keff.

4.2.3 Intermediate Reflector Region

With wet soil as the external reflector at 80 cm thick, the composition of the intermediate
reflector region was varied for the four drum configuration. The results are shown in
Table 4-2. Since the intermediate reflector region is either soil or wet soil, and since the
wet soil produces a higher Keff, the intermediate reflector region was modeled with wet
soil for further calculations.

4.2.4 Internal Reflector

The reactivity of the four drumconfiguration model as a function of the interior container
reflector region composition is presented in Table 4-3. Table 4-3 indicates that the
polyethylene results in a higher reactivity than water. Since the containers contain
hydrogenous material in the form of plastic and possibly water (due to water leakage), for
further calculations, the internal containers are conservatively modeled to contain
polyethylene.
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Table 4-3. Reactivity of the Four Drum Configuration as a Functlon of the

Composltlon of the Container's Internal Reflector Region
80 cm of wet soil as the external reflector 90 grams/liter of 23sU in polyethylene
Drums in contact in a square pitch 1200 grams of 23SUin twelve cylinders
Wet soil in the intermediate re

1 Kcffa s calculatedby theKENO/CGcode withoutthe bias.
2 Statisticaluncertaintyof thecalculatedKeff.

Shown in Figure 4-2 is a plot of Keff as a function of the void fraction in the polyethylene
internal reflector region. The results indicate that Keff is highest for full density
polyethylene, i.e., void fraction of zero. For all further calculations, full density
polyethylene is employed.

I II IIII IIIIll II I II

1 Figure 4-2. Calculated Keffas a Function of the Void

I Fraction in the Internal Reflector (Polyethylene)x
0.95

X

0.9

0.85

90 g/I of 235 U in Polyethylene

80 cm of wet soil as external

0.8 1200 grams of 235Uin system

Each drum contains 3 cylinders with a 5.4 cm radius
X

0.75 ........................................

0 10 20 30 40 50 60 70 80 90 100

Internal Reflector (Polyethylene) Void Fraction

II I
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4.2.5 Containers' Separation Distance

' UThe reactivity of a system containing vano s fissile units is a function of two main
phenomena:the intrinsic reactivityof each individualunit and the neutroniccoupling
(neutronivinteraction)amongthe variousunits. The intrinsicreactivityis dependenton
the neutronic characteristics of the fissile units, e.g., quantity and enrichment of the fissile
material, moderation, and reflection, while the neutronic coupling depends on the
separation distance and moderation between the interacting units and the shape and size
of the interacting units. In this part of the study, the effect of separation distance between
drums on the overall reactivity was examined.

Due to the rolling hoops, drums in contact have an inner surface-to-inner surface
separation distance of 5/8" (edge-to-edge separation between adjacent fissile regions).
Additionally, the vertical separation distance between the fissile region of interacting
drums that are in contact is assumed to be 1", refer to Section 3.3.1. Listed in Table 4-4

is the calculated Keff as a function of the separation distance between the drums of a four
drum system.

Table 4-4. Reactivity of the Four Drum Configuration as a Function of the
Separation Distance Between the Drums

80 cm of wet soil as the external reflector 90 g/l of 235U in polyethylene
Full density polyethylene as the internalreflector 1200 grams of 235U in twelve cylinders
Wet soil in the intermediate reflector ion

iiiiii_i_iii_iiiiiiii_iii_i_/_!i/_:i_i_ii_i_:_i_iiiO_ili_i_:il_ 0.03 0.970 0.0035
'_iiiiiiiii'_',ii',il ,',ililliii:O_25_,i_:_',_',ii_/;_':_il:_ 0.25 0.946 0.0035

i_i i_iii!_ili_ii_iii:_i_iiiiil_!0_!50_,i:i_::_:_ i ::::/_:i_: 0.50 0.937 0.0033I Ill

!iiiiiiiiiiiiiiiiiiii_iii i'_i!i_i',_;,'_O_TSiii_i_'!:_' 0.75 0.927 0.0035

i ii_iiii!!iiii iii,_, _i!i_,i_iO0!_i!__:ii_ii'_:iii_ii_/: i:__ i 1.00 0.921 0.0035
_i iliiiiii_ii!i !!iiilii!',_i_50:iiii_.I__ii: i, i_ 1.50 0.889 0.0033I

!!iiiiiiii_iiiiii ii!iiilii_:i:_2_O0'_i_iii_,i_i_i_il' i ii 2.00 0.868 0.0037
t

iii!!iiiiiiii! !i i! _::_!0_:51_/_/:....._:::_: 0.0 0.959 0.0039
i ':::,_::,:,'/,!',i!ii!i!::!iO_01_,i!i_i_,ii: i_ii__ 0.5 0.945 0.0037

..... _ r • " ' " [

1 ExpectedKeffas calculatedby the KENO/CGcode withoutthe bias.
2 Statisticaluncertaintyof the calculatedKeff.
3 Actualedge-to-edgeseparationdistancebetweenthe fissile regionsof adjacentdrums is 5/8".
4 Actualhead-to-headseparationdistancebetweenthe fissile regionsof the drumsis 1".

I I
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The results of Table 4-4 indicatethat a decreasein the calculatedKeffis obtainedas the
separationdistanceincreases. Additionally, the results indicate that increasing the head-
to-headseparationdistancecausesa greaterdecrease in the reactivitythan increasingthe
edge-to-edge separation distance. This indicates that the neutronic coupling among
adjacentdrumsis smallerthan the couplingamongfacing drmn.

J

4.2.6 Neutronic Interaction Among the Containers

The assumption of isolated cells within the containers employed in Section 3.3.3
(Statistical Model) of this reportareverifiedin this section. Listed in Table 4-5 are the
results of the analysis performedto examinethe extent of fissile materialisolationwithin
the containers for the 4 B-25 boxes and the four- and six-drum configurations. The
results of Table 4-5 indicatethat the 55 gallon drumsand B-25 boxes can be assumedto

. have 16 and 175 cells thatare neutronicallyindependent.

Table 4-5. Keffas a Function of the Fissile Material DistributionWithin
the Containers

iii_$:f_fii_$!'_:_:se4::::,, ................... _i:i " ......" 0.962 (0 0039) 0.970 (0.0026) 0.952 (0.0049)

_!!iiO:fi:_!!!i_ib_:i_tffdel_e_:0ved5 0.905 (0.0039) 0.910 (0.0028) 0.909 (0.0048)................... !11 ....... ii

ii!!_i_:_|i61_:!iii!:ii:::_i:::::i_:::_:i::_, :, 0.907 /0.0040) 0.913 (_0.0027) 0,903 _0.0038_)

:ii_ii!_|ffi!ii:iii::i:i:i::!::i::i::::::i: :i!:i 0.898 (0.0040) 0.900 _0.0033) 0.910 (0.0040)

IBoxeshave2.5"verticalseparationandI070gramsof235Uat65g/linpolyethylene.
2Drumscontain1200gramsof235Uat90g/linpolyethylene(eachdrumcontains3cylinderswitha

5.4 canradii).
3Drumscontain1350gramsof 235Uat 80 g/! inpolyethylene.
4Fuel arrangedin most reactiveconfiguration.
$Each systemcontainsonly 75%or 83%of the Referencecase fuel.
6For theB-25 case, one fuel sectormovedone cell in the six foot dimension.
7Forthe B-25 case, one fuel sectormovedone cell in the fourfoot dimension.

I I I
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4.2.? Mass Distribution Among the Containers

The effects of'un-even distributionof the fuel among the containersfor the four B-25
boxes andthe six drumssystems have been examined. In this set of'analyses, the total
235U loading in each system was fixed while the loading per containeris varied. The
results arelisted in Table4.6. The resultsof'Table4-6 indicate that in general,the most
reactive configurationis when all containershave an even mass loading throughoutall
containers.

I Table 4-6. Keffas a Functionof the Fuel DistributionAmong the Containers

, ., •

i i • lil ,i nl _1

._ 0.962 (0.0039) 0.952 (0.0049)tl

, I _!01_!!ili_ii_'i_i,_!three bOXeS! 0.962 (0.0045) Not Examined...... L..... m ii ii i --

_'_i','_i_:'_!_i'_|n_:: ii:_hreeb0Xes....0.9:;0 (0.0046) Not Examined

_':_!i|:_i!i',_'_|fi|:fi:_,fi_e!d_UmS: : Not Examined 0.944 (0.0042)

IBoxes have2.5" verticalseparationand1070gramsof 235Uat 65 g/1in polyethylene.
2Drumscontain1350 gramsof 235Uat 80 g/! in polyethylene.
3Fuel arrangedin most reactiveconfiguration.

4.2.8 Sub-Critical Loading

Based on the analysis presentedin Sections4.2.1 through 4.2.7, the most neutronically
reactive configurationswereused in obtainingthe sub-criticalloading for each examined
system. The limitingsafe 235U loadingwas obtainedby varying the 235Ucontentuntil a
Keff[safevalue of less than 1.0 is obtained. TheKeff[safeis based on the calculatedKeff,
the bias of the KENO calculation,andthe statistical uncertaintyof the calculatedKeff,as
follows:

K_ _" = K_ + o'b(H:mU) + 3or, (4-I)
where:
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£w: theeigenvalue as calculated by theHRJCN_O modules.

oi,: bias in the _O calculated Keft defined in Section 2.3. I and presented by
Equation (2-1).

_: statistical uncertainty in the KENO/CG calculated Keff.

The subcritica1235U mass loading for the various configurations examined in this study
are summarized in Table 4-7.

Table 4-7. 235U Safe Loadln

_......._':_ ..............._/_....... DeScription - 235UMiUiLi_it_
i llllll Ill Ill Ill i llll lllllII i i i llll llllll i i Ill

Four B-25.....Boxes with a 2.5" vertical spacing2 1070
Four B-25 Boxes with a 0" vertical spacing2 700

I I

Three B-25 Boxes with a 0" vertical spacing2 756I II I

Six and Five Drum Confi_Jrations 2 1350I I IIII II

Four _ Configuration
Fuel region formed by the intersection of a sphere with the drums 920

Each drumcontains a full sphere for its fissile region 1520
Each drum contains one cylinder3 with a height of 21.8 ¢m each. > 1400
Eachdrum containstwocylinders3withaheightof17.5cm each. 1280
Eachdrumcontainsthreecylinders3withaheightof12.Icm each 1200
Eachdrum containsfourcylinders3withaheightofI0.9cm each. 1280

Eachdrumcontainsfivecylinders3wi_ aheightofI1.9cm each. 1520

1 Calculatedmaximumsafe 235Umass. Basedon assay uncertainty,the systemsof 4, 5, and 6
containersresultina 2o uncertainty(at 95%confidencelevels)of 7%,6.5%,and6.1%, respectively,
usin8 Equation(3-11). The 2a uncertaintyfor these configurationsare 5.4%, 5.0%, and 4.6%,
respectively,whenEquation(3-10)is employed.Equation(3-11)wasusedintheoriginalstudyandits
use,althoughnotaccurate,resultsinuncertaintylevelsthatarehigherthanthosecalculatedbyEquation
(3-10). Thiscausesthe235UsafeIoadingslistedinthistableto bereducedmorethanneeded.

2 Fuelregionformedbythe intersectionof a spherewiththecontainers.
3 Eachcylinderradiusfixedat5.4cm.
I....... I I _____I I I IIII I IIIlll I II II [ I I I IIIIII
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4.3 STATISTICAL ANALYSIS

Theexpectationvaluesforobtaining4, 5, or6 drumsin a close packedarraythatexceed
the sttbcriticJtj235U mass loading (listed in Table 4-7) minus 20 (assay uncertainty) are
listed in Table 4-8. These expectation values were obtained using the procedure outlined
in Section 3.3.3 of this document and in Reference 7. The mass loadings of the dnxmsin
the various trench areas were obtained fi'omthe COBRA database [ 13].

1Actualcalculatedminimumcriticalmassreducedby6.1%toarriveat 1267grams.
2 Sixdrum235Ulimitwas conservativelytakenas limitforthefivedrumcasebasedontheresultsofTable

4-6.
3 Actualcalculatedminimumcriticalmassreducedby7%to arriveat 1116grams,

I I I IIIIIIII I IllIll[Ill II
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5.0 SUMMARY OF RESULTS A_ CONCLUSIONS

t

$.1 _ODUCI'ION

Results of the nuclear criticalitysafety and statistical calculationsare summarizedin this
section. The probabilitiesfor obtaininga critical mass from the variouswaste container
configurationsare determinedand summed in this section.

5.2 BOXES

The limiting reactivityfor four boxes with the lifting lugs intact was found to be with a
contentof 1070 gramstotal,as shownin Table4-7. Includingthe 2-0 uncertaintyof 7%1
reduces the assay IL,nit to i000 grams. A statistical evaluationof the probabilityfor
findingcombinationsof threeor fourboxes containingmore than limiting masses of 630,
700, or 820 gramshasbeen made [17]. Thatanalysis concludedthe following:

_' The expectation value for 3 or 4 adjacentboxes summing to I000
gramsis zero.

). The 700 gram case for 3 boxes is applicableto the presentevaluation,
with a summedprobability(expectationvalue)of 0.01043.

_' The probability was very low for finding 4 boxes summing to 700
gramsin which the highest 3 did not independentlysumto 700 grams.
For example, in ELLT2, the probability of a critical configuration
summingto 700 grams ormore of 235U in fora 4 box configuration in
which the highest 3 did not sum up to 700 grams is 5.7 x 10.o6 [18].
This fact coupled with the addedreduction of the internal distribution
probabilityby an addedfactorof 1/175reduces considerationto the 3
box geometry only.

The probabilityfor f'mdingthe requiredoptimum internaldistribution is found from the
following argument:

ITh¢ 2o uncertaintyfor this configurationis actually 5.4%when Equation(3-10) is employed. Equation
(3-11) was used in the original study andits use, althoughnot accurate,resultsin uncertainty levels that
archigherthan those calculatedby Equation(3-10). This causes the reduced235U safe Ioadingslistedin
this tableto be lowerthan needed.

I I I I II I - I I
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Inthefirstboxconsideredthefuelmustbefoundinoneoftheseven

cellsalongtheedgecommontoallthreeboxes.Thisprobabilityis
7/175.The fuelinthef'maltwoboxesmustbe inthesinglecell
adjacent to that in which the fuel was located in the first box. This
probabilityis 1/175for each, giving a total probabilityof 1.31 × 10.06
for the internal distribution. The combined probability is 1.37 × 10"
08

Q

5.3 SIX AND FIVE DRUMS

The KENO computationsfor six drumsgive a limit of 1350 grams total, as shown in
Table4-7. The computedexpectation value for 6 drumssumming to a 1272 grams (1350
grams minus 2 sigma) was 0.275 for six drums. Since this also includes 5 drums
summingto the same value, the 5 drumcase was also evaluatedfor the same 1272 gram
limit. The expectation value here was 0.123, leaving 0.152 for the 6 drum case.
Combinedwith the internaldistribution,one obtains a maximumcriticality probabilityof
9.05 x 10-o9for the 6 drumcase and 1.173 × 10.o7for the 5 drumcase.

5.4 FOUR DRUMS

The KENO computationsgive a limit of 920 grams total for the four-dnan combination
when the fissile region of the system is assumed to be formedby the intersection of a
spherewith the dnans. However, when credit is taken for the fact that low-level solid
waste is packagedin 2-liter cardboardcontainers(5.4 cm radius), the 235U limit increases
to 1200 grams (case in which each drum contains three cardboardboxes, as shown in
Table4-7). Forthe statistical analysis, the 1200 gram limit is chosen, i.e., creditis taken
for the way that low-level solid waste is packaged. The computed expectation value for
four drums summing to 1122 grams (1200 grams minus 2 sigma) is 0.024. Combined
with the internaldistribution,one obtains a maximumprobabiliw for criticality of 3.20 ×
10.O7.

5.5 INTERACTING BOXES AND DRUMS

In ELLT3a numberof drumshave been piled up againstboxes presentingthe possibility
of drum/boxinteraction. For this combination, the geometric arrangementhaving the
highest criticalitypotential is with the bottom of two touching drumsplaced flat against
the ends of the boxes, as shown in Table 4-7. The KENO limiting concentration for this
case is 800 grams. A number of combinations of drums at this site and boxes in the
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vicinity sum to this value, so it is necessary to use statistical arguments, The probability
for internal locations for 2 drums and 2 boxes is 1.276 x 10-07, i.e., (1/16)2 x (1/175).2
The method for conservatively estimating the expectation value that 2 drums and 2 boxes
will be juxtaposed so as to exceed the critical mass is discussed above. The value
obtained is 0. 118. Combined with the internal probability this gives a net probability of
0.15 x 10-07.

5.6 ENTIRE SYSTEM

The conservatively estimated probability sums to 0.467 x 10-o6. It should be emphasized
that large margins of safety have been embedded in the modeling and are not accounted
for in the analysis. That is, the safety margins embedded in the modeling would cause
the probability of a criticality to decrease further. The safety margins include the
following:

_'The assumptionofanorderlyclose-packedarrangementofthedrums:drums

aremoreorlessrandomlydistributedandorientedwithsoilspacingcommon
betweendrums.Thismakesitunlikelythatmorethantwo drumswillbe in

closeproximityarounda common point.Random spacingwilltendto
increasethe separationdistancebetween interactingvolumes. The
assumptionoforderlyspacingaddsa verylargebutun-quantifiablemargin
ofsafetyforthedrumsandfortheinteractingdrumsandboxes,butnotfor
theboxesconsideredalone.

> The assumption that the Waste Management procedure requiring separation
of EU containers has been violated [4], i.e., "Enriched uranium (Type 20)
burials must be separated from all other shipments by a minimum of 3
horizontal feet of earth or 1 B.25 box for engineered low level trench
(ELLT) operation when buried," and that "No other shipment of enriched
uranium will be buried in the same North-East coordinates." In this

analysis, it was assumed that four B-25 boxes containing EU can be placed
edge-to-edge.

The effect of periodic earth (soil) layers between the drums as well as the
numerous other "clean" waste materials buried along with the drums have
been neglected.

The assumption that the box lifting lugs on the bottom of the B-25 boxes
have collapsed or that they made deep indentations in the box immediately
below.

I 11111
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)_ The assumption that the distribution of fuel among the cells of the containers
(175 for the B-25 boxes and 16 for the 55-gallon dnuns) has equal
probability, refer to Section 2.4.3 for furtherdetail.

)_ The assumptions of optimum geometrical distribution and optimum
moderation and reflection within each container, which include the
following:

¢" The assumption of full density polyethylene in the
containers. The containers are expected to contain
hydrogenous material in the form of plastic and possibly
water (due to water leakage), voids, and other materials that
may have neutron-absorbing properties higher than
hydrogenous materials.

,/The assumption that the residual 25% of the soil's theoretical
volume is filled with H20 (Section 2.4.2). Additionally, the
density of the soil was assumed to be 106% of its nominal
value and the organic matter in the soil is in the form of
CH2.

,g The assumption of the fuel being at optimum density, i.e.,
optimum H:235U ratio.

5.7 CONCLUSIONS

Although conservative assumptions were employed throughout the analysis, which are
summarized in Section 5.6, the analysis concluded that the potential of a nuclear
criticality in the as-is configuration of the LLRWDF is incredible. The combined
probability of a criticality in the LLRWDF (in ELLT 2 and ELLT 3 and in the seven slit
trenches of interest) was conservatively estimated to be 0.47 x 10-06.
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APPENDIX A

Presented in this appendix is the derivation of a model that calculates the assay
uncertainty (total 235U mass loading) in a configuration of n containers. The original
study documented in [7] erroneously used an equation, reproduced as Equation (A-3) in
this report, that over estimated the uncertainty in the total mass loading of 235U.

The measured 235U content in the ith container, accounting for the relative random error

(6ri) and relative systematic errorI (ss) [15], can be represented by the following
Equation:

X? = X_ (I + 8,_+ 6,) (A-l)

where X7 and X_ are the measured and actual 235U content in the ith container. The
form in which Equation (A-1) is presentedassumes that both gri and t_s have zero means
[15]. Alternatively, Equation (A-I) can be written as follows:

X7 = X_ z,_ _, (A-2)

when both eri and t_s have means of one [15]. Although Equations (A-l) and (A-2) are
not equivelant, they would yield equivelant results when employed to calculate the

variance of XT. In deriving the model for calculating the assay uncertainty (total 235U
mass loading) in a configuration of n containers, the form of Equation (A-1) will be used.

Then, if ,2" is the total measured 235U content for a given configuration (system

represented by n containers), Z _ can be given by the following Equation when the form

of Equation (A- 1) is used:

n n n n 0 n

2 = X X7 ffi EX(i+ 6,)= X X 6riX + 6,XX7 (A-3)
i=1 i=1 i=1 i=1 i=1

Let the actual total 235U content in a given configuration be represented by 2*. The

value of Z ° is equal to the following:

IThe systematic error is the error involved in the calibration of the instruments used in
estimating the 235U mass loading in a given container.
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#I

z' = z x_ (A-4)
|=!

Since the randomerrorsof all i containersare assumedto be independentof'each other
andindependentof the systematicerror,and bothrandomand systematicerrorshave zero

means [15], then the varianceof the sum, i.e., the varianceof Z', V(Z'), is given by the
following:

v(z') = _(_)_ [x_j' + _(_,)[__x_]_ (A-S)
i=l i=l

where V(¢ri) and V(Es) are the relative variances of the random and systematic errors,
respectively.

In this study, the effects of mass distribution among the containers were investigated.
The results, which are presented in Section 4.2.7 and Table 4-6, indicate that the most
reactive configuration is when all containers have an even mass distribution. Therefore,
and as an added conservatism, all containers are assumedto have the same 235Uloading,

i.e., X? ffi X7 for all i containers in a given configuration. This assumption impliesthe
following:

_: [X_I2 = n[X_!_ (A-6)i=i

and [_,X_i' = nz[X_l z (A-7)i=l

Substituting Equations(A-6) and (A-7) into Equation(A-5) and dividingboth sides of the

resultant Equation by n_[X_l_ the relativevariance is obtained, which is equal to:

V(Z") _ ,V(¢r) + v(cs) (A-8)
v(z_): .'[x_l' .

The relative error of Z", i.e., standard deviation of Z', is just the square root of its
relative variance,that is

o z- = v(e,) + v(6,)n = %_ + _n (A-9)

II I
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where:

oz'" overalluncertaintyinthemass loadingof235U fortheexaminedconfiguration
withn containers;

0.t,: systematic error of the Low Density Scrap Assay system (1%); and

0.e," random error (5%).

Applying Equation (A-9) to the systems of 4, 5, and 6 containers result in a 02-
uncertainty of _.2.7%, _2.5%, and --2.3%, respectively. The assay uncertainties for a

system (configuration) of 4, 5, and 6 containers with a 95% confidence level, i.e., 20"2-

uncertainty, are _5.4%, _.5.0%, and --4.6%, respectively.

-: _ / -_
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