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Defense Nuclear Facilities Safety Board Recommendation

97-2 to U.S. Department of Energy

« Establish a pro%_ram to interpolate and extrapolate such
existing calculations and data as a function of physical
circumstances that may be encountered in the future, so that
useful guidance and bounding curves will result.

« The decreasing order of preference should be experimental
data, theory benchmarked against experimental data, and
non-benchmarked criticality analysis with an adequate
safety margin.

 Organize the records of calculations and experiments
conducted to ensure the criticality safety of DOE's past
operations so as to provide guidance for criticality safety in
similar situations in the future and avoid repetition of past
problems.

* Collect and issue the experimental and theoretical data from
the above in a publication as guidance for future activities.

DEFENSE NUCLEAR FACILITIES
SAFETY BOARD

625 Indiana Avenue, NW. Sulte 700, Washington, D.C. 20004
(202) 2084400

May 19, 1997

The Honorable Federico F. Pefla
Secretary of Energy

1000 Independence Avenue SW
Washington, D.C. 20585

Dear Secretary Pefla;

On May 19, 1997, the Defense Muclear Facilities Safety Board (Board), in accordance
with 42 U.S.C. § 2286a(a)(5), unanimously approved Recommendation 97-2, which is enclosed
for your consideration. This recommendation addresses the continuation of criticality safety at
defense nuclear facilities in the Department of Energy (DOE) complex.

42 U.8.C. § 2286d(a) requires that after your receipt of this recommendation, the Board
promptly make it available to the public in DOE's regional public reading rooms. The Board
believes the recommendation contains no information that is classified or otherwise restricted. To
the extent this recommendation does not include information restricted by DOE under the Atomic
Energy Act of 1954, 42 U.S.C. §§ 2161-68, as amended, please arrange 10 have it promptly
placed on file in your regional public reading rooms.

The Board will also publish this recommendation in the Federal Register.

Sincerel ly,

/ A o
John T. Conway
Chairman

Enclosure

¢ Mr. Mark B, Whitaker, JIr.
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Knowledge management
“There are known knowns; there are things we know that we know. There are known
unknowns; that is to say, there are things that we now know we don't know. But there
are also unknown unknowns — there are things we do not know we don't know.”
-United States Secretary of Defense, Donald Rumsfeld, 2002

KNOWN KNOWN
KNOWNS UNKNOWNS
Measurements/Observations Uncertainty Quantification
UNKNOWN UNKNOWN
KNOWNS UNKNOWNS _ -
Communication Safety Margins o P ——

“All models are wrong, some are useful.”
-George E. P. Box — Statistician, Professor, Univ. of Wisconsin
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Sensitivity/Uncertainty (S/U) Analysis for Validation

» Establish impact of data uncertainties on results
(uncertainty quantification)

— Bias margins for criticality safety
— Design margins for advanced reactors
— Safety margins for decay heat and criticality in UNF analysis

» Selection and design of benchmark experiments for
validation (similarity analysis)

— Maximizes information contained in existing integral
experiments

— Enables design of more relevant experiments

» Consolidation of measured and computed results for
Improved reliability (assimilation/adjustment)

— Provides adjusted data that reduces bias and uncertainty in
calculations

— Recommend data improvements to nuclear data evaluators
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Introduction to sensitivity coefficients

 Sensitivity coefficients provide insight on the sources and
Impact of uncertainty in nuclear engineering models.

w 3 Monte Carlo Code 2 .

Input Information: Output Information:
Nuclear Data () k., Dose Rate,
Number Densities (N) 5R/R Fission Rate, etc...
Material Densities (p) R, Y, — Output Uncertainty:

Input Uncertainty: 52}6/296 Ak, ., A Dose Rate,

AZ, AN, Ap AFission Rate
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Sensitivities of the k4 of a shipping cask to cross section
data
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Uncertainties In cross-section data

% Standard Deviation
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SCALE 6.2 covariance data library

©
=

« ENDF/B-VII.1 contains data for 187 isotopes.

« SCALE 6.1 data retained for ~215 missing
nuclides. JM—FLHW

« Modified ENDF/B-VII.1 23°Pu nubar, 2%°U nubar, = = % _@& & & =
H capture, and several fission product !
uncertainties, with data contributed back to
ENDF/A repository.

 Fission spectrum (chi) uncertainties processed
from ENDF/B-VII.1 and from JENDL 4.0 (minor
actinides).
* Previous SCALE chi uncertainties were generated

from Watt spectrum data and data were missing for
minor actinides.

» 56- and 252-group energy structures. L L L L L LT

Energy group: u-235 z,fission
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' data for

10N Covariance

Uncertainties due to cross sect
benchmark experiments
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Sensitivity per Unit Lethargy

ldentifying important processes and uncertainties
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Similarity Analysis: ldentifying experiments representative
of targeted application
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k-eff

Setting safety limits — similarity as a trending parameter

tsunami, c(k) trend for mpc24cask_sen
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Applications of S/U methods to DOE safety analysis

ORNL/TM-2001/262

EANAGFD By UT-RATTELLE
FOIR THE DERSRTRAEST OF SRERGY

Investigations and
Recommendations on the
Use of Existing Experiments
in Criticality Safety Analysis
of Nuclear Fuel Cycle Facilities
for Weapons-Grade Plutonium

B. T. Rearden
K. A. Elam

e

LT-02TTCLLE
prmpep

0AK RIDGE ORNLITM-2008/156
NATIONAL LABORATORY

MWIANAGED BY UT-BATTELLE
FOR THE DEPARTMENT OF ENERGY

Application of the SCALE TSUNAMI
Tools for the Validation of Criticality
Safety Calculations Involving #°U

January 2009

Prepared by

D. E. Mueller

B. T. Rearden
D. F. Hollenbach

LUT-BATTELLE

e )

%
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Regulatory basis for applicability

ORNLTM-2005/48

S USNRC

Uniced Sraces Wuclear Regularory Commissian
I RIDET

Frotecting People and the Enviverrment

AR AT

PASHAGER BY UT-RATTE LT
F2E T2 CEFARTMEMT OF ZRER6T

Evaluation of Cross-Section
Sensitivities in Computing
Burnup Credit Fission Product
Concentrations

FCSS ISG-10, Rev. 0 -1-

Sensitivity and Uncertainty 1ISG-10 (2005)Justification for Minimum Margin

AnalFSIS O'Ij gommerCIal Ck 20.95 of Subcriticality for Safety
Reactor Criticals for recommended
Burnup Credit

Prepared by

Division of Fuel Cycle Safety and Safeguards

Office of Nuclear Material Safety and Safeguards

Issue
Office of Nuclear Regulatory Research

Technical justification for the selection of the minimum margin of subcriticality for safety for fuel

cycle facilities, as required by 10 CFR 70.61(d)




S/U methods used to help design new experiments In
US and France
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Application to design of MIRTE
reference experiments

= Design of reference experiments (without material)
%, Need to optimize the number of reference experiments 4
(to perform reproducibility exp. for uncertainty treatment)

= Studies performed with SCALE 5.1
= KENO V.A calculations for reference experiments design (criticality)

— Keep lattices dimensions and reduce critical water height

— Keep critical water height and reduce lattices dimensions

=  TSUNAMI calculations to obtain sensitivity coefficients

— Comparison of sensitivity profiles for Uranium cross sections
between experiments with and without material ¥.0AK RIDGE

National Laboratory



Experiment design

* Required step(s) in NCSP C_dT process:

USE OF SENSITIVITY AND

UNCERTAINTY ANALYSIS IN THE

FISEI0ON REACTORS

KEYWORDE: sonsialy &g wi
cerdamniy anplper, sapeomaes cle-

DESIGN OF REACTOR PHYSICS i ity et
AND CRITICALITY BENCHMARK
EXPERIMENTS FOR ADVANCED

NUCLEAR FUEL

B. T. REARDEN Qak Ridge Nanomal Laboratory, P03 Bex 200§

Qak Kidee, Temnessee 378314170

WL ANDERSON Fromamme AVE, foc, P00 Sox W25, 2205 QL Foress Road

Lynchtnrg, Vieginie 245060035

A.HARMS Samdia Navionel Laborareries, PO Box S50

Albuguergue, New Mexica §7JA5. 1146

Received June £, 2004
Accepied Tor Poblication Sepember 14, 2004

Fromatome ANP, Yandie Natione! Laboratories
(ENLL, Ok Kidpe Natioral Leboratery (ORNL). and the
Uiniversity of Flarida are cooperating o the Deparr-
ment of Enerpy Nuclear Energyy Rexearch Ieitiafive { NERT)
project 20000024 to design, axvemble, execute, anclyze,
and document a reries of critical experimenis do vali
reactor physics and criticality sefety codes for the analy-
s of commercial pawer reactor fuels convisting of |
with U enrichments =5 wif. The experimenty 1
condwcted af the SNL Pulred Reacter Faci

Framatome ANP and SNL produced fwo series of
conceptual experiment desiprs bared on Hypical parem-

L INTRODUCTION

Framatome ANF, Sandia National Laboralories
{ ‘1L'I Oak Ridge National Laborilory (ORNL), and the
University of Florida { UF) are collaborating on the U
Diepastment of Enerpy Noclesr Enerpy Besearch In
tive (NERI) project 2001-0124 e des: gn assemble, an-
alyae, and document a series of ©
validate resclor phvsics and eriti :
the snalysis of commercial pressurized waler resclor

*E-mail: reardenb@oml.gov

NUCLEAR TOCWSOLOGY WL 151 AU, 2008

eters, sweh ar fuel-do-moderater ratios, thar meet the
Frogrammalic reguirementds of thir project wilkin the given
restraints on availafble materials ard facilitdes. CORNE
used the Toois for Jensili and Dacertainty Analysis
Metkodalogy impil, \ementation {TXUNAMI) fo asvess, Sream
a detailed physics-based perspective, the similarity of
the experiment desiprs to the commercial systems they
are imtended fo validate. Baved on the resulls of the TEL-

NAMT analysis, ene reries of experiments woy jound to
be preferable fo the ather and | provide sigrificanr
new didn for the validation of reacter physics ard criti-

cality safery codes,

[PW R} and boiling water reactor {BWE) UG fuels with
M enrichments =5 wit.

Al the inception of this project, 2 supply of nuclear
leel. omginally manafactured for the PATHFINDER sys-
tem intended lor assembly al The Pennsylvania Se
Universily {Penn State) in the 19605, was wdentified for
use in the expemments. The PATHFINDER program was
eveniully canceled; the foel was never irradiated and
his been in slocspe al Penn Stale lor many years, For this
wurrent progect, the PATHFINDER luel kzs been shipped
o SNL for disassemibly. Dissssembly is necessasy be-
cause the PATHFINDER feel is ~2 m long and bundbed

133

%
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Data adjustment techniques — combining information from
many different types of experiments

® |nitial C/E Ratio

1.04 -

» Experimental benchmark
data (E) is used to 103}
Improve the accuracy of
the initial computed
responses (C).

e This assimilation
consistently adjusts the
underlying nuclear data.

L Tt gl i
* Inconsistent experiments ! ol L] |

are systematically
removed from analysis. l!
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Cross section adjustments for consistent C/E for all
benchmark experiments

— u-235 fission |
: ~ u-238 n,gamma
* Experimental Ll —u-238nn
benchmark data (E) __pu-z39n.gamma
. ) = pu-239 elastic
IS used to improve £
§ 8f
the accuracy of the 3
initial computed : |=
C 4
responses (C). 5
e This gSS|m|Iat|o_n % ﬁk L
consistently adjusts — — il
the underlying
Al
nuclear data.
8t
105 0.0601 o.dm 0.61 0:1 1I 1IO 160 1OIDO 10600 1DDIOOO 165 16?
Energy (eV)
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System bias is computed as well as energy-dependent
bias Is estimated for each nuclide and reaction

0.06[
0.0471
0.021

0.00
-0.02
-0.04|
-0.06|
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—0.12[ ||
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-0.32

Bias pu-239 nubar

Bias u-235 nubar
Bias pu—-239 fission

Bias per Unit Lethargy

1.0E-04 1.0E-02 1.0E00 1.0E02 1.0E04 1.0E06
Energy (eV)
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Inclusion of integral experiments reduces uncertainty in

nuclear data

e Original Uncertainty Is:
0.520% Ak/k

e Adjusted Uncertainty Is:
0.119% Ak/k

e Interpretation: ~80% of uncertainty Is
guantified through validation with
experiments.

e Remaining uncertainty highlights
gaps in available validation data.

NUCLIDE | REACTION %%Ngﬁgg?g

u-238 n,gamma -2.1084E-01
pu-239 nubar 1.2761E-01
pu-239 fission 3 98T2E-02
o-16 elastic 3.2243E-02
pu-239 n,gamma -2.5810E-02
pu-239 chi 1.0248E-02
u-235 chi 2.9940E-04
fe-56 n,gamma 1.7158E-02
u-235 fission -1.2351E-02
pu-240 n,gamma -1.3162E-02
u-238 elastic 2.7715E-03
u-235 n,gamma 1.0599E-03

h-1 elastic 2.7348E-03
u-238 nn' -6.8963E-03
u-235 nubar -4.1298E-03
fe-56 elastic -6.0079E-03

h-1 n,gamma 4. 1893E-03
u-238 nubar 3.1408E-03

%OAK RIDGE
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Regulatory basis for fission product burnup credit

I I NRC NUREG/CR-7108
=N . . ORNL/TM-2011/509

Unired Srares Nuclear Regularory Commission

Protecting People and the Environment

An Approach for Validating
Actinide and Fission Product
Burnup Credit Criticality Safety
Analyses—Isotopic
Composition Predictions

Office of Nuclear Regulatory Research

l I N R C NUREG/CR-7108
\ - - ORNL/TM-2011/514

Unired Srares Nuclear Regularory Commission

Protecting People and the Environment

An Approach for Validating
Actinide and Fission Product
Burnup Credit Criticality Safety
Analyses—Criticality (Kesf)
Predictions

Division of Spent Fuel Storage and Transportation

Interim Staff Guidance - 8 Septem ber 2012

Revision 3

Issue: Burnup Credit in the Criticality Safety Analyses of PWR Spent Fuel in
Transportation and Storage Casks

Introduction:

Title 10 of the Code of Federal Regulations (10 CFR) Part 71, Packaging and Transportation of
Radioactive Material,' and 10 CFR Part 72, Licensing Requirements for the Independent
Storage of Spent Nuclear Fuel, High-Level Radioactive Waste, and Reactor-Related Greater
Than Class C Waste,? require that spent nuclear fuel (SNF) remain subcritical in transportation
and storage, respectively. Unirradiated reactor fuel has a well-specified nuclide composition
that provides a straightforward and bounding approach to the criticality safety analysis of
transportation and storage systems. As the fuel is irradiated in the reactor, the nuclide
composition changes and, ignoring the presence of burnable poisons, this composition change
will cause the reactivity of the fuel to decrease. Allowance in the criticality safety analysis for
the decrease in fuel reactivity resulting from irradiation is termed burnup credit. Extensive
investigations have been performed both within the United States and by other countries in an
effort to understand and document the technical issues related to the use of burnup credit.



Expert Group on Uncertainty Analysis for Criticality
Safety Assessment (UACSA)

« Expert group under OECD Nuclear Energy Agency |
Working Party on Nuclear Criticality Safety since |
2007

« ~40 participants from ~15 nations

* Phase | — Comparison of validation methods

* Phase Il — Assessment of technological
uncertainties 3 B

- Phase Il — Computation of sensitivity coefficients "UACSA 2017 T T F

* Phase IV — Integral experiment correlation data | ' “We'll always have Paris” |

« Phase V — Validation of MOX powder systems | |
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Challenges for S/U-based validation techniques

« Covariance data gaps and inconsistencies

 [nconsistent experimental uncertainty estimates and lack of
correlations between experiments

%QAK RIDGE
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C/E

Covariance data testing

For CSEWG and new OECD/NEA WPEC SG-44

Investigation of Covariance Data in General Purpose Nuclear Data Libraries
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Different interpretations of experimental uncertainty

Rod spacing in LEU-COM-THERM-007 Case 1

Highly correlated

Mostly independent
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Comparison of experimental uncertainty results

ICSBEP Evaluation SCALE 6.2 Co'j'rge?;i’e ] " d'(\a”;es:]'gen t
: : Sampled Sampled
Case Expected K Experlmgntal Nominal K. Nominal ke Standard Standard
Uncertainty Uncert. Deviation Deviation
LCT-700-001 1.00000 0.00140 0.99392 0.00010 0.00461 0.00029
1.08
Lo + Correlated = Independent
104 | o T ., * ‘ .’ ICSBEP: 0.14%
oz 1 ¢ R S A LI Highly Correlated: 0.46%
o ¢ @ ¢ o * %o o, ., v @
M0 e T, e T R e R e e :
FRR 2 poh el " e, Mostly Independent: 0.029%
0.98 - :; v . .. °"w . " % * . .,
096 4 * o ot t ¢ & 0 : " . S . ‘
0.94 - ’
0.92 - .
0.90 . . . T . T .
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W. J. Marshall, Determination of Critical Experiment Correlations Via the Monte Carlo Sampling #OAK RIDGE
Technique, The University of Tennessee (2017) (in review)
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Correlations in critical experiments with different methods
Highly correlated Mostly independent

3333333333

Pitch sampled: all pitches are the same and are the All fuel rod positions are sampled independently and
same for all cases differently in each case
Coefficients range from 0.96 to 0.98 Coefficients range from ~0 to ~0.23

(For cases with the same pitch)

Fuel rod position modeling makes a difference!

W. J. Marshall and B. T. Rearden, “Determination of Critical Experiment Correlations for Experiments
Involving Arrays of Low-Enriched Fuel Rods,” Proc. of ANS NCSD 2017 - Criticality safety - pushing

the boundaries by modernizing and integrating data, methods, and regulations, Carlsbad, NM, ;yQOAK RIDGE
September 10-15, 2017.
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Effect of experimental correlations on upper subcritical limit
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« Using data from a

previous transportation
package criticality safety
assessment, the inclusion
of experimental
correlations impacts the
USL by as much as

3% Ak/k

V. Sobes, B. T. Rearden, D. E. Mueller,

W. J. Marshall, J. M. Scaglione, and M.

E. Dunn, “Upper Subcritical Calculations
Based on Correlated Data,” ICNC 2015

— International Conference on Nuclear
Criticality Safety, Charlotte, NC,
September 13-17, 2015. %OAK RIDGE
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Comments on advanced methods for criticality safety
assessment

* Provides systematic approach for interpolating and extrapolating among
existing experiments.

 Allows for combining information from many diverse experiments.

« Extracts and projects bias information from replacement experiments.

* Provides margin in gaps where experiments are not available.

» Assists in design of new experiments targeted to meet application needs.
 Tools are readily available for production use.

» Challenges still exist in uncertainties and correlations in benchmark
experiments and nuclear data.

%QA RIDGE
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Backup Slides
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SCALE Tools for Sensitivity and Uncertainty Analysis
Methodology Implementation (TSUNAMI)

e Understanding the Sensitivity of a System to Different Processes:
TSUNAMI-1D/2D/3D

* Nuclear Data Uncertainty Propagation:
TSUNAMI-1D/2D/3D or TSUNAMI-IP

e [dentifying Neutronically Similar Systems:
TSUNAMI-IP

 Estimating Computational Biases:
TSUNAMI-IP or TSURFER

» Adjusting Cross Section Data by Assimilating the Results of Irradiation Experiments:
TSURFER

 Sensitivity Analysis for Replacement Experiments:
TSAR

%OAK RIDGE
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MCNP Whisper methodology

* Non-parametric, extreme-value theory method for determining USL'’s
and margins of subcriticality (MOS).

— Developed by Kiedrowski at LANL in 2014

* Whisper USL'’s are designed to be conservative.
— Adding more benchmark cases can only increase the MOS.
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Whisper methodology

» Whisper weights the importance of experiments based on their similarity
to the target application.

(Clic . Cltéhreshold)

(max(cy) — ¢t

Welghti = hreshold)

« Whisper includes additional benchmark experiments until a cumulative
weight of 25 is obtained.

— Treatments exist for applying the Whisper method to cases with few similar
benchmarks.

« Covariance data derived from multi-lab “low-fidelity” project.

%OAK RIDGE
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Whisper methodology

» Whisper uses data assimilation methods to identify inconsistent
benchmark experiments and omit them from the USL calculation.

* Whisper uses the adjusted response uncertainty to provide additional
subcritical margin.

— Performing a convergence study on the adjusted response uncertainty is
helpful for Whisper analyses.

MOS = Ivlossoftware t MOSdata t I\/IOSappIication
A detalled discussion of the Whisper methodology Is available In:

B.C. Kiedrowski, et. al., “Whisper: Sensitivity/Uncertainty-Based Computational Methods and Software
for Determining Baseline Upper Subcritical Limits,” Nucl. Sci. Eng. (2015).
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Propagating cross section uncertainties

e Sensitivity coefficients can be combined with cross section
uncertainties to quantify the uncertainty in a response.

T _
Skz, © Covg 3 Sks, = Ok

Sk /k AT\ Sk /k Ak
=z &) &) &
The Sandwich Equation
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Benchmark similarity assessment

» The similarity coefficient, c(k) or c,, describes the amount of nuclear
data-induced uncertainty that is shared by two systems.

T 2
SRl»Zx . Covzx'zy . SRZJZy o O-RliRZ 2

R R s

SR/R S5R/R
(m) (AZ/Z)? (m) (AR/R)?
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