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By letter dated December 12, 2003 (Reference 1), E. J. Ferland of Louisiana Energy Services
(LES), L. P., submitted to the NRC applications for the licenses necessary to authorize
construction and operation of a gas centrifuge uranium enrichment facility. Revision 1 to these
applications was submitted to the NRC by letter dated February 27, 2004 (Reference 2).
Subsequent revisions (i.e., revision 2, revision 3, revision 4, revision 5, revision 6, and revision
7) to these applications were submitted to the NRC by letters dated July 30, 2004 (Reference

- 3), September 30, 2004 (Reference 4), April 22, 2005 (Reference 5), April 29, 2005 (Reference

6), May 25, 2005 (Reference 7), and June 10, 2005 (Reference 8) respectively. In addition, the
Reference 9 letter provided to the NRC the validation and verification report for the criticality
code used for the NEF nuclear criticality safety analyses (| e., Revision 0 of the MONK 8A
Validation and Verification report).

In the Reference 10 letter, LES committed to provide to the NRC, by December 30, 2005, a
revised validation report for the criticality computer code used for the NEF nuclear criticality
safety analyses. To satisfy this commitment. this letter provides Revision 1 of the MONK 8A
Validation and Verification report. This revision of the MONK 8A Validation and Verification

. report meets the LES commitment to ANSI/ANS-8.1-1998, “Nuclear Criticality Safety in

Operations with Fissionable Materials Outside Reactors,” and includes details of validation that
state computer codes used, operations, recipes for choosing code options (where applicable),
cross section sets, and any numerical parameters necessary to describe the input.

If you have any questions, please contact me at 630-657-2813.

Respecitfully,

Pz 2

R. M. Krich
Vice President — Licensing, Safety, and Nuclear Engineering

Enclosure:
MONK 8A Validation and Verification, National Enrichment Facility, Revision 1

cc: T. C. Johnson, NRC Project Manager
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DISCLAIMER

This document was prepared by Framatome ANP, an AREVA and Siemens company. The use
of information contained in this document by anyone other than AREVA, or the organization, for
which this document was prepared under contract, is not authorized and, with respect to any
unauthorized use, neither AREVA nor its officers, directors, agents, or employees assume any
representatlon as to the accuracy or completeness of the material contained in this document.
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ABSTRACT

The objective of this report is the validation of the MONK 8A, Monte Carlo computer code
package. The validated MONK 8A code is then used to verify the criticality calculations
perfarmed by Urenco for the National Enrichment Facility.

MONK 8A was validated against a set of 80 benchmark critical experiments. The average of
the validation runs was 1.0017 + 0.0005. This was in good agreement with the average of the
corrasponding MONK 8A benchmarks of 1.0016 + 0.0005 performed by the computer code
vendor.

Thirty Urenco criticality calculations were selected for verification. The average of the Urenco
results documented for the thirty cases used for comparison in this report is 0.8764. The
average of the verification runs is 0.8744 which is in good agreement with the Urenco results.

The purpose of Revision 1 of this report is to expand and reformat the report to add more detail
to ensure that the report addresses all of the commitments made in Chapter 5 of the National
Enrichment Facility Safety Analysis Report (Reference 11) .

Two specific items that have been added to the report are the description of the Area.of
Applicability (AOA) and determination of the Upper Safety Limit (USL).
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1 Introduction

1.1 Purpose '

The purpose of this report is to validate the criticality codes and determine the Upper Safety
Limit (USL) to be used for performing nuclear criticality safety calculations and analyses of the
National Enrichment Facility (NEF). ' '

1.2 Scope

The scope of this report is limited to the validation of the MONKBA Monte Carlo computer code
and JEF 2.2 data library and the verification of criticality calculations performed for the NEF.

1.3 Applicability

The area of applicability (AOA) is identified to cover the entire range of activities in the plant. .
Any accumulation of uranium is taken to be in the form of a uranyl fluoride / water mixture.

14 Backgro'und

'1.4.1 Overall NEF Design

The plant is designed to separate a feed stream containing the naturally occurring proportions of
uranium isotopes into a product stream - enriched in the uranium-235 (**U) isotope and a tails
stream - depleted in the ?°U isotope. The NEF will be constructed on a LES site and licensed
by the U.S. Nuclear Regulatory Commission (NRC) under Title 10 Code of Federal Regulations
(CFR) Part 70. The facility is designed to applicable U.S. codes and standards and operated by
LES.

1.4.2 Regulatory Requirements

10 CFR 70.61 requires that “under normal and credible abnormal conditions, all nuclear
processes are subgcritical, including use of an approved margin of subcriticality for safety.” In
order to comply with this requirement, NEF Safety Analysis Report (SAR) Section 5.2.1.5
(Reference 11) requires a validation report that (1) demonstrates the adequacy of the margin of
subcriticality for safety by assuring that the margin is large compared to the uncertainty in the
calculated value of ke, (2) determines the areas of applicability (AOAs) and use of the code
within the AOA such that calculations of ke are based on a set of variables whose values lie in a
range for which the methodology used to determine ks has been validated, and (3) includes
justification for extending the AOA by using trends in the bias, i.e., demonstrates that trends in
the bias support the extension of the methodology to areas outside the AOAs.

. Pége 1
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NUFIEG 1520 (Reference 2) Section 5.4.3.4.1 (8), which is incorporated by reference in SAR
Section 5.2.1.5, further states that the validation report should contain:

a)

b)

f)
a)

h)
i)

A description of the theory of the methodology that is sufficiently detailed and clear to allow
understanding of the methodology and independent duplication of results. .
A description of the area or areas of applicability that identifies the range of values for which
valid results have been obtained for the parameters used in the methodology. In
eccordance with the provisions in ANSI/ANS-8.1-1983, any extrapolation beyond the area or
egreas of applicability should be supported by established mathematical methodology.

A description of the use of pertinent computer codes assumptions, and techniques in the
methodology.

A description of the proper functioning of the mathematical operations in the methodology
(2.g., a description of mathematical testing).

A, description of the data used in the methodology, showing that the data were based on
reliable experimental measurements.

A, description of the plant-specific benchmark expenments and the data derived there from
that were used for validating the methodology.

A description of the bias, uncertainty in the bias, uncertainty in the methodology, uncertainty
in the data, uncertainty in the benchmark experiments, and margin of subcriticality for safety,
as well as the basis for these items, as they are used in the methodology. If the bias is-
determined to be advantageous to the applicant, the applicant shall use a bias of 0.0 (e.g.,
iri a critical experiment where the k.yis known to be 1.00 and the code calculates 1.02, the
applicant cannot use a bias of 0.02 to allow calculations to be made above 1.00).

A description of the software and hardware that will use the methodology.

A description of the verification process and results.

In addition, SAR Section 5.2.1.1 requires the validation report to meet the LES commitments to
ANSI/ANS 8.1-1998 and include details of validation that state computer codes used,
operetions, recipes for choosing code options (where applicable), cross section sets, and any
numerical parameters necessary to describe the input.

These requirements are addressed in the following sections of this report.

Page 2
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2 Calculational Method

The MONK 8A code package is the computational code used for NEF criticality analyses. The
code package is available through Serco Assurance. The MONK 8A code package is installed

and verified on the Framatome-ANP Personal Computer (FANP PC) hardware platform.

MONK 8A is a powerful Monte Carlo tool for nuclear criticality safety analysis. The advanced
geometry modeling capability and detailed continuous energy collision modeling treatments
provide realistic three-dimensional models for an accurate simulation of neutronics behavior to
provide the best estimate neutron multiplication factor, k-effective. Complex configurations can
be simply modeled and verified. Additionally, Monk 8A has demonstrable accuracy over a wide
range of applications. The NEF criticality analyses are performed using MONK 8A and the JEF
2.2 data library." Specifically, the data library files listed in Table 2-1 were used for the MONK
8A validation and verification runs. These files were provide by the computer code vendor,
Serco, and are stored on the FANP PC. The MATCDB data file is used for material
specification. This datafile is a database of composition of standard materials. The DICE
datafile is used for determining cross sections. The datafile is a point energy neutron library.
The THERM datafile is also used for determining cross sections. This datafile is the thermal
library file that must be used with DICE when hydrogen bound in water or polythene is present.

Aside from the use of these data libraries no other code options need to be chosen. The rest of
the input corresponds to building the proper geometry and material composmons to be used in
the calculations. The input for the geometry and material composition is stralght forward.
Attachment 1A includes one input file for each of the 13 experiments.

Table 2-1 Data Libraries for Validation and Verification

Library Types Library Names
MATCDB: monk_matdbv2.dat
DICE: dice96j2v5.dat
THERM: therm96j2v2.dat

3 CritiCaIity Code Validation Methodology

In order to establish that a system or process will be subcritical under all normal and credible
abnormal conditions, it is necessary to establish acceptable subcritical limits for the operation
and then show the proposed operation will not exceed those values.

The validation process involves three primary steps. The first step involves the procurement,
installation, and verification of the criticality software on a specific computer platform. For the
NEF, the MONK 8A code package was procured, installed and verified on the FANP PC
hardware platform. A label is placed on the FANP PC indicating that it is a computer used for

- QA condition for Nuclear Safety related activities and that the configuration cannot be changed

without authorization.- This computer is a standalone computer where no automatic updates are
allowed to occur to the operating system. This process ensures that the computer configuration

Page 3
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remains the same as used for the validation. This step is followed by the validation of the
criticality software, which is the purpose of this report. The final step involves the Nuclear
Criticality Safety Analyses (NCSA) calculations, which are presented in separate documents. A
summary of the results from the NCSA calculations is provided in Section 7.

- The criticality code validation methodology can be divided into four steps:

» Identify general NEF design applications

e Select applicable benchmark experiments for the AOA of interest.

- Model and calculate ke values of selected critical benchmark experiments

o Perform statistical analysis of results to determine computational bias and USL.

The first step is to identify the NEF design applications and key parameters associated with the
normal and upset design conditions. Table 3-1 lists key parameters for the NEF.

The second step involves several sub steps. First, based on the key parameters, the AOA ancl
expested range of the key parameter are identified. ANSI/ANS-8.1 defines the AOA as “the
limiting range of material composition, geometric arrangements, neutron energy spectra, and
other relevant parameters (such as heterogeneity, leakage interaction, absorption, etc.) within
which the bias of a computational method is established.” The NEF has only one AOA that
covers a uranyl fluoride/water mixture. The AOA is presented in Section 4. After identifying the

'AOA, a set of critical benchmark experiments is selected. Benchmark experiments for the AOA

are selected from the references listed in the International Handbook of Evaluated Criticality
Safety Benchmark Experiments (Heference 4). A description of all relevant experiments used is
provicled in Section 5. _

- The third step involves modeling the critical experiments and calculating the k¢4 values of the -

selected critical benchmark experiments. Attachment 1C presents the calculated results.

The final step involves the statistical analysis of the results in order to calculate the
computational bias and USL. Section 6 presents the computational bias and USL results.

Anothar important piece of the validation methodology is the conservative assumptions used by
the Nuclear Criticality Safety Engineer in performing NCSA. These conservative assumptions

lead to added conservatism in the methodology. This conservatism is important when
determining the proper amount of administrative margin that is reqwred These modeling

conseivatisms are discussed in Section 3.7.

3.1 MONK 8A Cases . ‘

ANSI/ANS-8.1-1998 requires a determination of the calculational bias by “correlating the results
of critical and exponential experiments with results obtained for these same systems by the
calculational method being validated.” The correlation must be sufficient to determine if major

- changes in the bias can occur over the range of variables in the operation being analyzed. The

standard permits the use of trends in the bias to justify extension of the AOA of the method
outside the range of experimental conditions. :

- Calculetional bias is the systernatic difference between experimental data and calculated

results. The simplest technique is to find the difference between the average value of the

Page 4
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calculated results of critical benchmark experiments and 1.0. This technique gives a constant
bias over a defined range of applicability.

The recommended approach for establishing subcriticality based on numerical calculations of
the neutron multiplication factor is prescribed in Appendix C of ANSI/ANS-8.1-1998. The criteria
to establish subcriticality requires that for a design application (system or operation) to be
considered as subcritical, the calculated muitiplication factor for the system, ks, must be less
than or equal to an established maximum allowed multlpllcatlon factor based on benchmark
calculations and uncertainty terms that is:

ks < kc 'Aks ‘Akc'Akm

where: : ,
Ks = the calculated allowable maximum multiplication factor, (kex) of the design application
(system)
Ke = the mean key value resuiting from the calculation of benchmark critical experiments
' using a specific calculation method and data
AKs = the uncertainty in the value of ks
Ak = the uncertainty in the value of k.
Akn = the administrative margin to ensure subcriticality.

Sources of uncertainty that determine Ak; include:

s Statistical and/or convergence uncertainties
e Material and fabrication tolerances
« Limitations in the geometric and/or material representatlons used.

Sources of uncertainty that determlne Akc include:

e Uncertainties in critical experiments

o Statistical and/or convergence uncertainties in the computation

» Extrapolation outside of the range of experimental data

» Limitations in the geometric and/or material representations used.

An assurance of subcriticality requires the determination of an acceptable margin based on
known biases and uncertainties. The USL is defined as the upper bound for an acceptable
calculation.

Critical benchmark experiments used to determine calculational bias (B) should be similar in
composition, configuration, and nuclear characteristics to the system under exammatlon Bis
related to K. as follows:

B =ke1
AB= Ak,

Using this definition of bias, the condition for subcriticality is rewritten as:
ks + Aks s 1' Akm+ B 'AB

Page 5
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A system is acceptably subcritical if a calculated ke plus calculational uncertainties lies at or
below the USL.

ks + Ak S USL
The USL can be written as:
USL = 1- Akt B -AB

Bias is negative if ke <1and positive if k. > 1. For conservatism, a positive bias is-set equal to
zero for the purpose of defining the USL. A is determined at the 95% confidence level for the

NEF.

The USL takes into account bias, uncertainties, and administrative and/or statistical margins
such that the calculated configuration will be subcritical with a high degree of confidence.

B is related to system parameters and may not be constant over the range of a parameter of
interast. If key values for benchmark experiments vary as a function of a system parameter,
such as enrichment or degree of moderation, then B can be determined from a best fitas a
function of the parameter upon which it is dependent. Extrapolation outside the range of
validation must take into account trends in the bias. - :

Both AB and B can vary with a given parameter, and the USL is typically expressed as a
function of the parameter. Normally, the most important system parameter that affects bias is
the degree of moderation of the neutrons. This parameter can be expressed as moderator-to-
fuel atomic ratio (H/U ratio).

In general, the bias can be broken down into components caused by system modeling error,
code modeling inaccuracies, cross-sectional inaccuracies, etc. Bias associated with individual
inaccuracies is usually combined into a total bias to represent the combined effect from all
sources that prevent code and cross-sections from calculating the experimental value of K.

One or two calculations are insufficient to determine calculational bias. In practice, it is
necessary to determine the “average bias” for a group of experiments. A statistical analysis of
the variation of biases around this average value is used to establish an uncertainty associated
with the bias value when it is applied to a future calculation of a similar critical system. The
lower limit of this band of uncertainty establishes an upper bound for which a future calculation
of ket for a similar critical system can be considered subcritical with a high degree of confidence.

NUREG/CR-6698 (Reference 8) describes two statistical methods for the determination of an
USL from the bias and uncertainty terms associated with the calculation of criticality. The first
method is the single sided tolerance band and the second method is the single-sided tolerance
limit. Both methods assume that the distribution of data points is normal. The following
discussion of each method in Section 3.2 and 3.3 is taken from NUREG/CR-6698.

Page 6
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3.2 USL Method 1: Single-Sided Tolerance Band

When a relationship between a calculated ko and an independent variable can be determined,
a one-sided lower tolerance band is used. This is a conservative method that provides a fitted
curve above which the true population of key is expected to lie. The tolerance band equation is
actually a calibration curve relation. This was selected because it was anticipated that a given
tolerance band would be used muitiple times to predict bias. Other typical predictors, such as a
single future value, can only be used for a single future prediction to ensure the degree of
confidence desired.

The equation for the one-sided lower tolerance band is

(x=%)° (n-2)
KL = Kﬁ!(x) —S”‘ JZFa(z 2)':':'?'*' Z(x _';,)2 + Z2p le )
. { £

K ,, (x) is the function derived in the trend analysis described in Section 3.5. Because a positive

bias may be nonconservative, the equation below must be used for all values of x where
K, (x)>1.

' e x—x)? ’ n-2
K, =1-§, \/;Fa(2 z){%"' Z,S(x _);)2} + 254 —‘—;lz z
i =Y.

where:

D =the desired confidence (0.95)

Ffend =the F distribution percentile with degree of fit, n-2 degrees of freedom. The
degree of fit is 2 for a linear fit.

n =the number of critical experiments key values

x = the independent fit variable

x; =the mdependent parameter in the data'set corresponding to the “I™ Ky value

x =the welghted mean of the independent variables

Zypq =the symmetric percentile of the Gaussian or normal distribution that contains the
P fraction

l1-p -
4 T2
Xy =the upper Chi-square percentile.

For a weighted analysis:
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5=

wul._:q‘
i -

o

PR

Wit wq
o

A ’ - MONK 8A Validation and Verification - December 20, 2005
AREVA : )
Z (x, ~x)*
> —x TS
n ‘71

Z'in
DY

where
— 2 n
g =
A
2
and

2 .
fit

niz Z{;l?[kfﬁ: K (x, )] 2}

n 0;3

3.3 USL Method 2: Single-Sided Tolerance Limit

A weighted single-sided lower tolerance limit (K,) is a single lower limit above which a defined
fraction of the tfrue population of ke is expected to lie, with a prescribed confidence and within
the area of applicability. The term “weighted” refers to a specific statistical technique where the
uncertainties in the data are used to weight the data point. Data with high uncenrtainties will
have less “weight” than data with small uncertainties. :

A lower tolerance. limit should be used when there are no trends apparent in the critical
expetiment results. Use of this limit requires the critical experiment results to have a normal
statistical distribution. If the data does not have a normal statistical dlstnbutlon a non-
parametric statistical treatment must be used.

Lowe:- tolerance limits, at a minimum, should be calculated with a 95% confidence that 95% df

the data lies above K. This is quantified by using the single-sided lower tolerance factors (U)
provicled in Table 3-2. For cases where more than 50 data samples are available, the toleranc e
factor equivalent to 50 samples can be used as a conservatlve number.

This method cannot be used to extrapolate the area of applicability beyond the limits of the

.vahdatlon data.

The o1e-sided lower tolerance limit is defined by the equation:

K, =kg-US,
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If T, 21, then K, =1-US,

where:

Sp = square root (pooled variance)
U =one-sided lower tolerance factor

Then USL = KL' Asm'AAOA

where, Ay is the margin of subcriticality and Aaoa is an additional margin of subcriticality that
may be necessary as a result of extrapolatlon of the area of applicability. If extrapolatlons are
not made to the area of applicability, Aaoa is zero.

3.4 Nonparametric Statistical Treatment

NUREG/CR-6698 states that data that do not follow a normal distribution can be analyzed by
non-parametric techniques. The analysis results in a determination of the degree of confidence
that a fraction of the true population of data lies above the smallest observed value. The more
data that is present in the sample, the higher the degree of confidence.

The following equation determines the percent confidence that a fraction of the populatlon is
above the lowest observed value:

L

m-

F=1-2 o ,(n Hd-a'a”

where:
q = the desired population fraction (normally 0.95)
= the number of data in one data sample
m = the rank order indexing from the smallest sample to the largest (m=1 for the smallest

sample; m=2 for the second smallest sample, etc.)

For a desired population fraction of 95% and a rank order of 1 (the smallest data sarﬁple), the
equation reduces to:

B=1-g"=1-095"

This information is used to determine Ky, the 'combination of bias and bias uncertainty.
For non-parametric data analysis, K is determined by:

KL = Smallest ke value - Uncertainty for Smallest Key — No.n-parametric Margin (NPM)

Where:
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NPM =Non-parametric margin. This non-parametric margin is added to account for small
sample size and it is obtained from Table 3-3 below. : '

Smallest key value = the lowest calculated value in the data sample.

If the smallest key value is greater than 1, then the non-parametric K becomes:
KL=1-Sp-NPM

where:

Sp = Square root of the pooled variance -

Theri USL = Ki- Agm-Baon |

where, Asm is the margin of subcriticality and Aaca is an additional margin of subcriticality that
may be necessary as a result of extrapolation of the AOA. If extrapolations are not made to the

AOA, Apoais zero.

3.5 Trend Analysis

Trends are determined through the use of regression fits to the calculated results. In many
instances a linear fit is sufficient to determine a trend in the bias. The use of weighted or
unweighted least squares is a means for determining the fit of a function. In the equations
belows, “x” is the independent variable representing some parameter (e.g., H/?%U). The variakle
“y” represents keq. Variables “a” and “b” are coefficients for the function.

The equations used to produced a weighted fit of a straight line to a set of data are given below.

"Y(x)=a+bx

] (Zx? » Lo m)
a= QX E-2 5%
0 )
= (S ANy
b= -2
1 «x} x Y

R I KT
=42 2 (Z z)

g,

3.6 Uncertainties

Unceitainties, as used in this report, refer to the uncertainty in ke associated with experimental
unkncwns or assumptions and the uncertainty values associated with Monte Carlo analyses.
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Experimental uncertainty (g.) — Modeling of validation experiments frequently result in
assumptions about experimental conditions. In addition, experimental uncertainties (such as
measurements tolerances) infiuence the development of a computer model.

Statistical uncertainty (os) — Monte Carlo calculation techniques result in a statistical uncertainty
associated with the actual calculation. This type of uncertainty is dependent upon many factors,
including number of neutron generations performed, variance reduction techniques employed,
and problem geometry. For this document, o, refers 1o the statistical Monte Carlo uncertainty
associated with the computer modeled validation experiment.

Total uncertainty — This is the total uncertainty associated with a calculated ks on a benchmark
experiment. The total uncertainty for an individual benchmark is the combined error of the
experimental and statistical uncertainties:

0= ((Ges)* + (0a))

where the subscript (i) refers to an individual benchmark calculation.

3.7 Conservatism in the Calculational Models

The NEF NCSAs use several conservative assumptions in the modellng These conservatisms
are as follows

For most components that form part of the centrifuge plant or are connected to it, any
accumulation of uranium is taken to be in the form of a uranyl fluoride/water mixture at a
maximum H/U atomic ratio of 7 (exceptions are product cylinders, vacuum pumps and UFg
sample bottles.). This is based on the assumption that significant quantities of moderated
uranium could accumulate by reaction between UFg and moisture in air leaking into the plant.
Due to the high vacuum requirements of a centrifuge plant, inleakage is controlled at very low
levels and thus the condition assumed above represents an abnormal condition. The H/U ratio
of 7 assumption is conservative and the H/U ratio is not expected to be higher than 7. Higher
H/U ratios due to excessive air in-leakage are precluded since the condition would cause a.loss
of vacuum which in turn would cause the affected centrifuges to crash and the enrichment
process to stop. In case-of oils, UF; pumps and vacuum pumps use a fully fluorinated PFPE
(perfluorinated polyether) type lubricant. Mixtures of UFs and PFPE oil (also referred to as
Fomblin 0|I) would be a less pessimistic case than the uranyl fluoride / water mixture considered
since maximum hydrogen fluoride (HF) solubility in PFPE is only 0.1% by weight (Reference
12).

A urany! fluoride water system is the worst combination of materials that can occur in a Urenco
enrichment plant with regard to criticality safety. - In addition, uranium compounds with alumina,
Fomblin oil or active carbon are less reactive than a uranyl fluoride water system. Alumina and
Fomblin oil systems are less reactive because they contain no hydrogen to act as a moderating
material, and active carbon systems are less reactive because carbon/graphlte is a less efficient
moderator than hydrogen. In addition, the uranyl fluoride water system is considered to be
much worst than any normal non-moderated system. Therefore, the uranyl fluoride water
system is the only system that needs to be included in the benchmark. Additional compounds
are used in the benchmark experiments.- The justification for using these additional compounds
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is discussed in Section 5.1.

With exception of the product cylinders, where moderation is used as a control, either optimurn
mod sration or worst case H/U ratio is assumed when performing criticality safety analysis.

Where appropriate, spurious reflection due to walls, fixtures, personnel, etc. has been
accounted for by considering 2.5 cm of water reflection around vessels.

The NEF will operate with 5.0 */; 2*U enrichment limit. However, the nuclear criticality safety
calculations used an enrichment of 6.0"*/, 2*U. This assumption provides additional
conservatism for plant design.

3.8 Application of the USL

For the NEF, the benchmark cases do not fall within a normal distribution. Therefore, it is
appropriate to arrive at the USL using the non-parametric technique discussed in Section 3.4.
The other statistical techniques are discussed in this report for completeness.

The USL is valid over the range of the parameters in the set of calculations used to determine

- the LISL, with the exception of the enrichment value associated with the Contingency Dump

System. ANSI/ANS-8.1 allows the range of applicability to be extended beyond this range by -

. extrapolating the trends established for the bias. No precise guidelines are specified for the

limits of extrapolation. Thus, engineering judgment should be applied when extrapolating
beyond the range of the parameter bounds. For the Contingency Dump System, the trend
analysis discussed in Section 3.5 is used to determine the equation of the line that is used to
properly account for the additional uncertainty to be applied to the USL. This additional
uncertainty is needed due to the enrichment value associated with the Contingency Dump
System being beyond the range of the parameter bounds.
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;] - Table 3-2 Single-Sided Lower Tolerance Factors
J R Expefiments o) | -l
10 2.911
11 - 2.815
] 12 - 2.736
) 13 2.670
- 14 2.614
[ . 15 2.566
] 16 2.5623
17 ) . 2.486
[ . 18 - 2.453
19 2.423
20 2.396
21 : 2.371
22 : 2.350
23 2.329
24 2.309
25 2.292
30 2.220
by 35 2.166
: } {) 40 5.126
' 45 2.092
50 2.065
|
{ )
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i;l Table 3-3 Non-Parametric Margins

1 ~ Noneparametric Margin (NPM): -
>90% ' 0.0
ﬂ ~ >80% 0.01
‘ >70% 0.02
>60% 0.03
1 >50% 0.04
I : >40% 0.05
<40% Additional data needed. (This corresponds
§ to less than 10 data points)
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4  NEF Design Application Classification

The NEF has only one.area of applicability for the entire plant. The AOA covers a uranyl
fluoride/water mixture.

4.1 Design Application — Uranyl Fluoride/Water Mixture

A urenyl fluoride water system is the worst combination of materials that can occur in a Urenco
enrichment plant with regard to criticality safety. In addition, uranium compounds with alumina,
Fomblin oil or active carbon are less reactive than a uranyl fluoride water system. Alumina ard

- Fomblin oil systems are less reactive because they contain no hydrogen to act as a moderating

material, and active carbon systems are less reactive because carbon/graphlte is a less efficient
moderator than hydrogen. In addition, the uranyl fluoride water system is considered to be
much worst than any normal non-moderated system. Therefore, the uranyl fluoride water
system is the only system that needs to be included in the benchmark. Additional compounds
are used in the benchmark expenments The justification for using these additional compounds -
is discussed in Section 5.1.

Table 4-1 summarizes the anticipated characteristics for the design of the NEF systems
involving uranic material. The systems are assumed to contain a uranyl fluoride/water mixture.
The table provides the relevant parameters (i.e., chemical form, isotopics, moderator to fuel
atomic ratio) for the application.
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Table 4-1 Anticipated Characteristic

s for the Design Application involving Uranyl
Fluoride

LR

“Gomponents Modeled

| CrignilcaiiForm .

" Prodh-ct Cyiihd'ér‘é '

Main Separations Product Cold Traps Uranyl fluoride
Plant, except water mixture wy 235
Contingency Dump P.”m_ps . 5%,*°U | 7t021
System Pipe work UF./CH; (oil)
Vacuum Cleaners
Contingency Dump . . o 235
System Sodium Fluoride Traps | UO,F2.3.5H,0 [1.56%,°°U |7
Waste Containers
UF,/CH;
Product Traps UF,/Carb
arbon
Technical Services = | Hex Bottles s
Building Pumps tJJZsI;Fa o 5%,%U |1to082
2V 2.9 2

Vacuum Cleaner
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5 Benchma‘fk.Experiments

s

5.1  Uranyl Fluoride/ Water Mixture

Thirteen plant specific benchmark experiments, consisting of 80 critical configurations, with
uranyl solutions are selected from the International Handbook of Evaluated Criticality Safety
Benchmark Experiments (Reference 4) to provide a good statistical base. All of the
experiments have a ke =1, with experimental uncertainties from 0.0008 to 0.0063. Therefore,
all experiments used are adequate and come from a reliable source. Attachment 1A contains a
sample MONK 8A input for each of the thirteen plant specific benchmark experiments.
Attachment 1B is a listing of critical experiment parameters used in the benchmark.

The list of the experiments is provided in Table 5-1. Detail descriptions of the criticality
experiments were extracted from the International Handbook of Evaluated Criticality Safety

s Benchmark Experiments and are tabulated in Table 5-2. A description of the key parameters of
1 these experiments is shown in Table 5-3 along side the key parameters used in the NEF NCSA.

Attachment 1A shows a sample MONK 8A input for each of the 13 benchmark experiments.
Also shown in Attachment 1B are the key input parameters used in the benchmark.

i As shown in Table 5-3, the resulting validated AOA contain the corresponding key parameters
of the NEF NCSA for which the MONK 8A code will be used to determine reactivity, with the

! exception of the enrichment value for NCSA of the Contingency Dump System. The NCSA for
R the MEF uses the chemical form uranyl fluoride. In addition, the uranyl fluoride water system is
considered to be much worst than any normal non-moderated system. Therefore, the uranyl

i " fluoride water system is the only system that needs to be included in'the benchmark. The
chosen benchmark cases have uranyl nitrate and uranium oxyfluoride fuel solution cases.
Urany! fluoride and uranium oxyfluoride are both the chemical form UO,F,. Therefore, uranyl
fluoride is adequately covered in the benchmark. The benchmark also includes many uranyl
nitrale cases. The reason for including the uranyl nitrate cases is to include as many possible
in-solution critical experiments as possible. The statistics for the uranyl nitrate cases were
compared against the statistics for the uranyl oxyfluoride cases. The average and standard
deviation of the cases are similar (i.e., 1.0016+0.0045 for the uranyl nitrate cases compared to
1.00°1810.0038 for the uranyl oxyfluoride cases). In addition, a urany! nitrate case is responsible
for lowest key calculated in the benchmark. Since the benchmark results are non-normal, the

: uranvl nitrate case causes the USL to be lower which is conservative. Therefore, these

i benchmark cases were included. The H/U ratio varies from 1 to 32 for the NEF NCSA. and -

: ranges from 0.103 to 1378 for the benchmark cases. Therefore the H/U ratio for the NEF NC5A
is bounded by the benchmark cases. The NEF NCSA assumes that the enrichment is at 6 "/,
except for NCSA associated with the Contingency Dump System. For the Contingency Dump
System, the NEF NCSA assumes that the enrichment is at 1.5 /,. The benchmark cases ranje
! from 4.89 to 93.65 “/,. Therefore, the enrichment used in the NEF NSCA for systems and
components other than those associated with the Contingency Dump System is also bounded
by th2 benchmark cases. For the Contingency Dump System, extrapolation beyond the AOA is
i required (i.e., from 4.89 */, to 1.5 */;). The high enrichment cases include a wide enrichment
: -range and are included to provide as many in solution critical experiments as possible.

) The tesulting validated AOA contains the corresponding key parameters of the anticipated NEF
--" NCSA for which the MONK 8A code will be used to determine reactivity, except for the
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enrichment parameter associated with the Contingency Dump System. As such, no
extrapolation beyond the AOA is required for use of the MONK 8A code to determine the
reactivity of systems or components not associated with the Contingency Dump System. For
use of the MONK 8A code to determine the reactivity for systems or components with an
assumed enrichment of 1.5 Y/, (i.e., the Contingency Dump System), extrapolation beyond the
AOA is required and additional AOA margin shall be assigned as reflected in Section 6.

If, in the future, a parameter value for design applications falls outside of the current validated
AOA for systems or components not associated with the Contingency Dump System or falls
outside the current extrapolated AOA associated with.the Contingency Dump System, LES shall

- revise the validation report to identify additional AOA margin and provide a letter to the NRC
describing the change prior to using results from calculations with a parameter value that falls
outside the current validated AOA (or current extrapolated AOA in the case of the Contingency
Dump System) in NCSAs.
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: Table 5-1 Uranium Solution Experiments Used for Validation
14
T 2L
_ i 13 High-enriched uranyl nitrate solutions at HEU-SOL-THERM-002
1) various H:U ratios (93.17 */, ®°U) HEU-SOL-THERM-003
: 23 Urany] nitrate solution (~ 95"/, enriched) 5 : HEU'SOIL\I"S’I‘ g RM-013
1 35 - High-enriched uranyl nitrate solutions (U 11 HEU-SOL-THERM-(109 -
! ] concentration from 20-700 g/L) HEU-SOL-THERM-012
o 43 Low-enriched uranyl nitrate solutions 3 LEU-SOL-THERM-202
; 51 Low-enriched uranium solutions (new 7 LEU-SOL-THERM-304
) STACY experiments) , :
63 Boron carbide absorber rods in urany! 3 LEU-SOL-THERM-205
i ‘nitrate (5.6 %/, enriched) ’
67 Highly enriched urany! nitrate solution 10 HEU-SOL-THERM-001
15 ‘ with a concentration range between
1) ' 59.65 and 334.66 g U/L .
T 68 Highly enriched uranyl fluoride/heavy 6 HEU-SOL-THERM-D04
q" ‘ ) _) water solution with a concentration range
between 60 and 679 g U/L and a heavy
. B water reflector
71 STACY: 28 cm thick slabs of 10%/, 7 LEU-SOL-THERM-016
! enriched uranyl nitrate solutions, water '
T Reflected ' A
"~ .80 STACY: Unreflected 10/, enriched 5 LEU-SOL-THERM-)07
urany! nitrate solutionina 60 cm
diameter cylindrical tank :
81 STACY: Concrete reflected : 4 * LEU-SOL-THERM-008 .
10 */o enriched uranyl nitrate solution )
| . reflected by concrete
84 STACY: Borated concrete reflected 10%/, . 3 LEU-SOL-THERM-009
" | enriched uranyl nitrate solution in a 60
.| cmdiameter cylindrical tank ‘
85 STACY: Polyethylene reflected 10%/, 4 ~ LEU-SOL-THERM-010
{ enriched uranyl nitrate solution in a 60
L . cm diameter cylindrical tank
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Table 5-2 Expanded De'scripﬁons of the Criticality Experiments

HEU-S OL-THERM-
002

Concretc Reflected
Cylinders of Highly
Enriched Solutions of
Uranyl Nitrate

Fourteen critical expenmcnts cach mvolvmg a smgle

reflected tank of highly enriched uranyl nitrate, were
performed at the Rocky Flats Plant, which was operated
at that time by Rockwell International. The critical height
for each experiment was determined by linear
interpolation between slightly supercritical and slightly
subcritical states. The tanks were cylindrical in shape and
placed at different locations in a concrete reflector.
Critical configurations had height-to-diameter ratios less
than 1.2. Uranium concentrations varied between 59.65
and 334.77 grams of uranium per liter (93.172 ¥/, 2°U).
(See NOTE 1]

HEU-SOL-THERM-
003

Plexiglas Reflected
Cylinders of Highly
Enriched Solutions of
Uranyl Nitrate

Nineteen critical experiments, each involving a single
reflected tank of highly enriched uranyl nitrate, were
performed at the Rocky Flats Plant, which was operated
at that time by Rockwell International. The critical height
for each experiment was determined by linear
interpolation between slightly supercritical and slightly
subcritical states. The tanks were cylindrical in shape and
placed at different locations in a Plexiglas reflector.
Critical configurations had height-to-diameter ratios less
than 2.4. Uranium concentrations varied between 60.32
and 345.33 grams of uranium per liter (93.172 “/,2°U).
[See NOTE 1)

HEU-SOL-THERM-

Unreflected 174 Liter

The four measurements included in this evaluation are

013 Spheres of Enriched part of a series of experiments performed in the 1950's at
: Uranium Nitrate the Oak Ridge National Laboratory with highly enriched
Solutions (93.18 "/, 2°U) uranium. Critical experiment
measurements were made with uranyl nitrate solutions
poisoned with boric acid in an unreflected 27.24-inch-
diameter sphere (174 liters). The sphere was fabricated
of 0.32-cm-thick 1100 aluminum. [See NOTE 2]
HEU-SOL-THERM- | Water-Reflected 6.4- The four water-reflected spheres included in this .
009 Liter Spheres of evaluation are part of a series of experiments performed
Enriched Uranium in the 1950's at the Oak Ridge National Laboratory with
Oxyfluoride Solutions | highly enriched uranium. Critical experiment

measurements were made with uranium oxyfluoride
(UQ,F,) solutions at various uranium concentrations
(93.17-93.19 ¥/, P5U) in two water-reflected spheres
nominally 9 inches in diameter (6.4 liters).

Spherical reactors with nominal inner diameter of 9
inches were fabricated of aluminum and surrounded by
an effectively infinite water reflector. The spheres were
supported in the water reflector only by the top and

bottom overflow and feed tubes, respectively.
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Table 5-2 Expanded Descriptions of the Criticality Experiments

Hiele Y
HEU-SOL-THERM-

010

Liter Spheres of
Enriched Uranium
Oxyfluoride Solutions

evaluation are part of a series of experiments performed
in the 1950's at the Oak Ridge National Laboratory with
highly enriched uranium. Critical experiment
measurements were made with uranium oxyfluoride
solutions at temperatures and uranium concentrations
(93.17-93.19 "/, 2%0).

A spherical reactor with nominal inner diameter of 26.4
cm (9.7 liters) was fabricated of aluminum and
surrounded by an effectively infinite water reflector. The
sphere was supported in the water reflector only by the
top and bottom overflow and feed tubes, respectively.

HEU-SOL-THERM.-
011

Water-Reflected 17-
Liter Spheres of
Enriched Uranium
Oxyfluoride Solutions

The two water-reflected spheres included in this .
evaluation are part of a series of measurements
performed in the 1950's at the Oak Ridge National
Laboratory with highly enriched uranium (93.2 */,2°U).
Critical experiment measurements were made with
uranium oxyfluoride (UO,F;) solutions in a water-
reflected 32-cm-inner-diameter (17-liter) sphere with an
aluminum wall 1.27 mm thick. To provide 19 cm of
water as an effectively infinite neutron reflector, the
sphere was mounted in a cylinder of appropriate
dimensions. The sphere was supported in the water
reflector only by the top and bottom overflow and feed
tubes, respectively.

HEU-$OL-THERM-
012

Water-Reflected 91-
Liter Sphere of
Enriched Uranium

Oxyfluoride Solution

This water-reflected sphere is part of a series of
experiments performed in the 1950's at the Oak Ridge
National Laboratory with highly enriched uranium

93.2 %/, 2°U). This measurement was made with a
uranium oxyfluoride (UO;F;) solution in a 27.9-cm inner
radius (91 liters) water-reflected sphere. The sphere was
fabricated of 0.20-cm-thick 1100 aluminum and
surrounded by an effectively infinite water reflector.
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Table 5-2 Expanded De_scriptions of the Criticality Experiments

002

174 Liter Spheres of

48 A

Low Enriched (4.9%)
Uranium Oxyfluoride
Solutions

of a series of measurements performed in the 1950s at -
the Oak Ridge National Laboratory with low-enriched
uranium (4.9 */,***U). Critical experiment measurements
were made with uranium oxyfluoride (UO,F;) solutions
in a 27.3-in-inner-diameter (174-liter) sphere with an
aluminum wall 1/16 in. thick. The sphere was supported
only by the top and bottom overflow and feed tubes,
respectively.

Three experiments are evaluated. One measurement was
made in an unreflected sphere and two measurements
were water reflected. To provide an effectively infinite
neutron reflector for these two measurements, the sphere
was mounted in a cylinder of appropriate dimensions.

LEU-SOL-THERM-
004

STACY: Water-
Reflected 10%-
Enriched Uranyl
Nitrate Solution in a
60-Cm-Diameter
Cylindrical Tank

Seven critical experiments included in this evaluation are
part of a series of experiments with the Static Experiment
Critical Facility (STACY) performed in 1995 at the
Nuclear Fuel Cycle Safety Engineering Research Facility
in the Tokai Research Establishment of the Japan Atomic
Energy Research Institute. In the first series of
experiments using the water-reflected 60-cm-diameter
and 150-cm-high cylindrical tank, seven sets of critical
data were obtained. The uranium concentration of the
fuel solution ranged from 225 to 310 gU/liter and the
uranium enrichment was 10 "/, *5U. On the bottom,
side, and top of the core tank was a thick water reflector.
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Table 5-2 Expanded Descriptions of the Criticality Experiments

LEU-S OL-THERM
005

Boon Carbidc

Absorber Rods in
Uranium (5.64% *°U)
Nitrate Solution

A largc number of crmcal expcnmcnts wuh absorbcr
elements of different types in uranium nitrate solution of
different enrichments and concentrations were performed
in 1961 - 1963 at the Solution Physical Facility of the
Institute of Physics and Power Engineering (IPPE),
Obninsk, Russia. The purpose of these experiments was
to determine the effects of enrichment, concentration,
geometry, neutron reflection, and type, diameter,
number, and arrangement of absorber rods on the critical
mass of light-water-moderated homogeneous uranyl
nitrate solutions. The experiments included ones with a
central boron carbide or cadmium rod, clusters of boron
carbide rods, and triangular lattices of boron carbide rods
in cylindrical tanks of different dimensions filled with
solutions of uranyl nitrate.

The three experiments included in this evaluation were
performed with uranium enriched to 5.64 */, 2°U.
Uranium nitrate solution with uranium concentration of
400.2 g/l was pumped into the core or inner tank, a
stainless steel cylindrical tank with inner diameter 110
cm. One experiment was performed without absorber
rods, another one with a central rod, and another one
with a cluster of seven absorber rods arranged at the
corners and center of a hexagon with a pitch of 31.8 cm,
inserted in the center of the core tank. There was a thick
side and bottom water reflector in these experiments.

HEU-50OL-THERM-
001

Minimally Reflected
Cylinders of Highly
Enriched Solutions of
Uranyl Nitrate

Ten critical experiments, each involving a tank of highly
enriched uranyl nitrate (93.172 %/, B5), were performed
at the Rocky Flats Plant, which was operated at that time
by Rockwell International. The critical height for each

experiment was determined by linear interpolation
between reactor periods of slightly supercritical and

- slightly subcritical states. The tanks were cylindrical in

shape and suspended in the approximate center of a large
room. Critical configurations had height to diameter
ratios less than 1.2. Uranium concentration varied
between 50 and 360 grams of uranium per liter.
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Table 5-2 Expanded Descriptions of the Criticality Experiments

004

HEU-S OL-THERM Rcﬂcctcd Uranyl-

Fluoride Solutions in
Heavy Water

In the early 1950, a series of cxpenments was
performed at the Los Alamos Scientific Laboratory to
investigate critical parameters of enriched
(93.65 "/, 2**U) uranyl-fluoride (UO;F,) heav -water
solutions over a wide range of deuterium to 22°U atomic
ratios. A total of 10 experiments were performed. Six’
experiments consisted of heavy-water reflected spheres
of uranyl fluoride in which the atomic ratio of deuterium
to 35U ranged from 34 to 430. The remaining four
asscmbhes were bare cylinders with deuterium to 23U
ratios ranging from 230 to 2080.

LEU-SOL-THERM-
016

STACY: 28-cm-Thick
Slabs of 10%-Enriched
Uranyl Nitrate
Solutions, Water-
Reflected

The seven critical configurations included in this
evaluation are part of a series of experiments with the
Static Experiment Critical Facility (STACY)
performed from 1997 to the summer of 1998 at the
Nuclear Fuel Cycle Safety Engineering Research
Facility (NUCEF) at