EPJ Web of Conferences 247, 15015 (2021) https://doi.org/10.1051/epjconf/202124715015
PHYSOR2020

ANSWERS® TOOLS FOR UNCERTAINTY QUANTIFICATION AND
VALIDATION

Paul N Smith, Dave Hanlon, Geoff Dobson, Richard Hiles, Tim Fry, Magda Stefanowska,
Simon Richards, Christophe Murphy

Kings Point House, Queen Mother Square, Poundbury, Dorchester, United Kingdom, DT1 3BW
paul.smith6@woodplc.com, david.hanlon@woodplc.com, geoff.dobson@woodplc.com,

richard.hiles@woodplc.com, tim.fry@woodplc.com, magda.stefanowska@woodplc.com,
simon.richards@woodplc.com, christophe.murphy@woodplc.com

ABSTRACT

ANSWERS" is developing a set of uncertainty quantification (UQ) tools for use with its major
physics codes: WIMS/PANTHER (reactor physics), MONK (criticality and reactor physics)
and MCBEND (shielding and dosimetry). The Visual Workshop integrated development
environment allows the user to construct and edit code inputs, launch calculations, post-
process results and produce graphs, and recently uncertainty quantification and optimisation
tools have been added.

Prior uncertainties due to uncertainties in nuclear data or manufacturing tolerances can be
estimated using the sampling method or using the sensitivity options in the physics codes
combined with appropriate covariance matrices. To aid the user in the choice of appropriate
validation experiments, the MONK categorisation scheme and/or a similarity index can be
used. An interactive viewer has been developed which allows the user to search through, and
browse details of, over 2,000 MONK validation experiments that have been analysed from the
ICSBEP and IRPhE validation sets. A Bayesian updating approach is used to assimilate the
measured data with the calculated results. It is shown how this process can be used to reduce
bias in calculated results and reduce the calculated uncertainty on those results. This process
is illustrated by application to a PWR fuel assembly.
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1. INTRODUCTION

When calculating best estimate reactor parameters of interest it is not only important to provide an accurate
estimated value of a given parameter, but also to provide a reliable estimate of the uncertainty on that
estimated value. The move in recent years from pessimistic estimates to BEPU (best estimate plus
uncertainty) requires the use of sophisticated tools for uncertainty quantification (UQ) [1]. The aim of an
ongoing strand of ANSWERS [2] development work is to establish UQ tools for use with the major
ANSWERS?’ physics codes, including: WIMS/PANTHER (reactor physics), MONK (criticality and reactor
physics) and MCBEND (shielding and dosimetry). For some years ANSWERS has been developing Visual
Workshop, an Integrated Development Environment to accompany the physics codes. This allows the user
to construct and edit code inputs, launch calculations, post-process results and produce graphs, and recently
uncertainty quantification and optimisation tools have been added.
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Initial UQ tool development focused on the sampling method in which the user can specify statistical
distributions rather than numerical values for user-specified input parameters [3]. We have also produced
sampled nuclear data libraries in which the data on the evaluated nuclear data files are selected from
statistical distributions, rather than using the reported central values. Monte Carlo sampling or Latin
hypercube sampling can be chosen by the user. Additionally, capabilities have been included in the physics
codes to calculate sensitivities which can be combined with a covariance matrix for the input parameters as
an alternative way of undertaking UQ. These methods are described and results for a PWR fuel assembly
are presented.

The above approaches do not account for evidence obtained from plant measurements or validation
experiments, which can be used to refine best estimate values for parameters and their uncertainties. When
using validation data, a major concern is what constitutes appropriate data. Two main tools are provided to
aid the user in the choice of appropriate experiments: the MONK categorisation scheme (see ref [4] for
details) and a similarity index described in Section 5. To aid this an interactive viewer has been developed
which allows the user to search through details of roughly 2,000 MONK validation experiments that have
been analysed from the ICSBEP and IRPhE validation sets.

ANSWERS has investigated a number of methods for combining plant calculations and validation data
including: data assimilation, Bayesian updating, maximum likelihood estimation and extreme value theory.
In this paper we concentrate on the Bayesian updating approach and describe how this is implemented in
ANSWERS software. It is shown how this process can be used to reduce bias in calculated results and
reduce the uncertainty on the estimated quantities. This process is illustrated by application to a PWR fuel
assembly.

2. VISUAL WORKSHOP

Visual Workshop is the ANSWERS’ IDE (integrated development environment) for preparing and
verifying models, launching calculations, post-processing results and graphical display, see Figure 1. It is
designed to work with ANSWERS’ physics codes, including WIMS, MONK®, MCBEND and
RANKERN. Visual Workshop also contains tools to help the user undertake uncertainty analyses with
ANSWERS’ codes, as described in Sections 3 to 6 below.

e

Figure 1. Example Visual Workshop Display Showing 3D Geometry View

3. SAMPLING TOOL FOR UNCERTAINTY QUANTIFICATION

Tools have also been implemented in Visual Workshop for uncertainty quantification and optimization
[5]- A sampling methodology is available for estimating prior uncertainties, by running a number of
calculations in which uncertain input parameters are varied by choosing values from user-specified



EPJ Web of Conferences 247, 15015 (2021) https://doi.org/10.1051/epjconf/202124715015
PHYSOR2020

distributions; Monte Carlo, stratified and Latin hypercube sampling options are currently available [3].
Wilks method [6] is also available for user-defined probability and confidence levels [3]. Figure 2 shows
an example input for the sampling tool, for estimating prior uncertainties due to uncertainties arising from
manufacturing tolerances (geometry, composition and density). In this simple, illustrative example, a 19 x
19 UQO; fuel assembly partially immersed in water is investigated. The uncertainty in the calculated value
of k-effective (using MONK’s “K(THREE)” estimator) arising from uncertainties in fuel enrichment, fuel
density, length of fuel pins, pitch of the fuel pins, fuel pellet diameter and clad thickness, is estimated.
This is achieved by sampling the uncertain parameters from normal distributions in this instance;
truncated-normal, uniform and beta distributions are also available. Only five sampled calculations are
requested in order to keep the output to manageable proportions for display in Figure 2! An additional,
sixth, calculation is automatically performed, labelled Run No. 0 in the output, see Figure 2. Run 0 has all
parameters set to their nominal values. Six processors are requested as six calculations are performed on a
parallel computer in this instance. The results are saved to a csv (comma-separated values) file and can be
displayed in the Visual Workshop viewer in tabular form, as shown in Figure 2.

1 case77_01 ext - Visual Workshop 3C_DV4 (No Library Loaded) SN

File Help

[ Spruce Y

Control Data:
Run Ref |case77_01_ext_uncertainties |
Output Directory | /home ftantillo/inputs /monk SPRUCE | srowse |
Methad [Montecarlo E|
Num Runs s
Num Processes: | 615
Parameter Selection
Parameters Name - (ws ~|POF: [normal ~|mean: [2.596 |sp :[0.005 | (@l
Name : | DENSUG2 ~|PDF: [normal = Mean:[10.4 |sp:[0.05 | \£|
Name : [STACKLENGTH ~| PDF [normal  ~|mean:[144.15 |sp:fo3 | (&l
Name : [pitch =|POF: [normal ~|Mean: 1849 |sp:[0.002 | \1!
Name : | ~|POF: [normal ~|Mean:[1.25 |sp:[0.005 ] (&)
Name : [dadThickness =| FDF :[normal = |mean: [0.0835 |sD:[5.08-4 | (@l
)
Result Selection:
Selaction Type: (Al (@ Last
Resuits [kTHRED) L=
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Qutput:
[ Load configuration || save Configuration | [ mn ] [ cose |
Memory Usage : 8 of 2534
1 SPRUCE Calculation Results SR
RunNo. | K(THREE) | DENSUO2 | STACKLEMGTH | w5 | cladThickness | fuelDiameter | pitch |
0 10012 10.4000 144.1500 2.5960 0.0835 1.2500 1.8490 |~
1 0.9960 10.3290 144.6803 25972 0.0833 1.2595 1.8470
2 0.9996 103617 1443917 25913 0.0844 1.2489 1.8507
3 0.9983 10.3405 144 1464 2.6034 0.0832 1.2569 1.8500
4 0.9992 10.3905 144.2303 2.5969 0.0841 1.2467 1.8464
5 0.9986 10,4977 143.9488 25957 0.0240 1.2532 1.8472
[¥]Show Parameter Values | Graph || copyto Clipboard | [ Save Parameters || Close |

Figure 2. Visual Workshop Display Showing Sampling Input for Uncertainty Quantification and
the Resulting Output
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From the output it is a simple matter to estimate the mean and standard deviation and such basic statistics
are saved in the runref.statistics.csv file.

The nuclear data used by the codes are themselves subject to uncertainty. The values of the cross-sections
etc. in the evaluated nuclear data files, such as the JEFF, ENDF/B, CENDL and JENDL series of
evaluations, are provided with uncertainties by the evaluators. The cross-sections etc. must be processed
to produce the continuous energy (BINGO) nuclear data libraries required by the MONK and MCBEND
Monte Carlo codes and also to produce the multigroup libraries required by WIMS/PANTHER. In order
to propagate the evaluated nuclear data uncertainties through the physics calculations, sets of nuclear data
libraries have been produced in which the evaluated parameters are drawn from statistical distributions
chosen to represent the nominal values and their associated uncertainties. These are processed into sets of
sampled BINGO and WIMS libraries as described in [5]. Sets of 25, 60 and 120 Latin hypercube sampled
libraries have been produced. In addition a set of 1,000 Monte Carlo sampled libraries has been generated
in the WIMS energy group scheme as a reference set. These libraries can be chosen for use with the UQ
calculations to allow the uncertainty resulting from nuclear data to be evaluated. The sampled libraries
can also be used in combination with variations in the geometric and compositional data to estimate the
total uncertainty [3].

4. VALIDATION DATABASE VIEWER

Once the prior uncertainty has been estimated the next task is to choose measured data for validation. Here
“validation” is defined to be the process by which measured data are combined with calculated results to
refine the calculated values for parameters of interest; i.e. to remove calculation bias and update the
estimated uncertainty. At the time of writing, the ANSWERS’ criticality database contains 828 Tier 1
(independently checked) experimental configurations and 1205 Tier 2 (self checked) configurations for use
with the MONK reactor physics and criticality code, see ref [5] for more details. The Tier 1 and 2 validation
cases are displayed in Figure 3 as a function of the average energy of neutrons causing fission. The dots
show the ratio of calculated to measured values (C/E) and the vertical lines show the estimated uncertainties.
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Figure 3. C/E Values for Tier 1 & 2 Validation Cases

To assist with the choice of measured data for MONK analysis, a validation database viewer has been
implemented in Visual Workshop. The viewer allows the user to search and browse the Tier 1 and 2 cases
in the MONK validation database, and click on individual cases to display details, as shown in Figure 4.
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§ untitled.dat - Visual Workshop (Mo Library Loaded) - o x

File Help

| MONK Validation Database Viewer |
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MONK ...
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Filter by: Fissile Material: |All | Fissile Form: | All ~| OR Category Number: |All ot

Found 93 experiments:

Exp. Description

79 Plutonium (33.89% and 423% ***Pu) Nitrate Solutions in Two Water-Reflected Cylindrical Concentric Tanks

80 STACY: Unreflected 10%-enriched uranyl nitrate solution in a 60-cm-diameter cylindrical tank

81 STACY: Concrete reflected 10%-enriched urany! nitrate solution Reflected by Concrete

82 ZEUS: Intermediste-Spectrum Critical Assemblies with a Graphite-HEU Core surrounded by a Copper Reflector

83 Plutonium/Uranium Nitrate Solution in Slab Geometry

84 STACY: Borated Concrete reflected 10%-enriched uranyl nitrate solution in 3 60-cm-diameter cylindrical tank

85 STACY: Polyethylene reflected 10%-enriched uranyl nitrate solution in 2 60-cm-diameter cylindrical tank

89 Light Water Moderated and Reflected Low-enriched (3wt.% ***U) Uranium Dioxide Rod Lattices - DIMPLE S01

90 Cruciform array of Light Water Moderated and Reflected Low-enriched (3ut.% 2**U) Uranium Dicxide Rods - DIMPLE SO6A/B
91 Water-Moderated Hexagonally Pitched Lattices OF U(5%)0, Stainless Steel Clad Fuel Rods

92 VVER Physics Experiments: Regular Hexagonal (1.10-cm Pitch) Lattices of Low-Enriched U(5.5 We.5% >°U)0, Fuel Rods In Light Water st Different Core Critical Dimensions

Found 5 experiments in preparation:

Exp. Description

9% KRITZ-2:19 Experiment on Regular H,0/Fuel Pin Lattices with Mixed Oxide Fuel at Temperatures up to 245 °C
96 Under-moderated MOX (11wt. % Pu0,} Lattice in the EOLE Reactor

97 *U(aa%) Spheres Surrounded by Beryllium or Graphite Reflectors

Close
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) x
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Experimental Reference ~[Rod Lattices
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Revision 0, September 30 2002 EXPERIMENT NO. 90
|Analysis IANSWERS/MONK/VAL.1/90 Mean Results DICE Format Data Libraries
eetrectl e 7
SUMMARY ‘ _ [ leeftective | Calculat -
= Tl

Figure 4. Screen Shots from the Validation Database Viewer
5. SIMILARITY INDEX

As an aid to the choice of appropriate validation data, a tool to calculate a similarity index has been
implemented in Visual Workshop. This is based on evaluating and storing the vector of the calculated
sensitivities of Kefteciive to €ach of the nuclear data parameters for each experiment. The corresponding vector
of uncertainties for the application case is calculated and combined with the experimental uncertainties to
produce measures of similarity. The main one of interest produced, Esuus, is defined as a normalised scalar
product of the vectors for a base case B (e.g. the system of interest) and a second case S (e.g. one of the

experiments) [7]:
B'S
Esum = 1515 M

This gives a value that indicates how similar the nuclear data sensitivities of systems B and S are, that
essentially ranges from 0 (no similarity) to 1 (complete similarity). A Similarity Index tool evaluates the
similarity indices for each of the validation experiments appropriate to the chosen application and displays
the results in descending order of magnitude.

https://doi.org/10.1051/epjconf/202124715015



EPJ Web of Conferences 247, 15015 (2021)

PHYSOR2020

§ untitled.dat - Visuzl Workshop (No Library Loaded) O X
Eile Help
MONK Similarity Inex Tool
Control Data : Output
Base Case | (C\davidh\Calcs\vwSens\vwTesting\FullSets\MONKOutputs\Ict060_01.out | Browse Visual Workshop 4A_BETA1
Compusson Fies: Similarity Index Tool
Chdavidh\Cales\wwSens\vwTesting\FullSets\MONKOutputs\case10_01.out : N R
Configuration
C\davidh\Cal g\FullSets\MONKOutputs\case10_02.out
Base Case
C\davidh\Cale: Testing\ MONKOutputs\case10_03.0ut
CAdavidh\Calcs\wwSens\wwTesting\Fullsets\MONKOutputshcase10_04.out * C'davidhiCalcswwSenswvwTestingiFullSetsMONKOuputsict060_01 out
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Add || Remove Results
Similarity Summary
Options :
Showing top 50 matching files ordered by Esum
Number of matches to report 505
Match  FileName  Sensitivity  Avals DSum ESum MONK Case
Base Case | ict060_01out | 13766113103 2 5654746674 | 00000000000 1.0000000000 109
1 case?_05.oul | 1.1627143971 | 22679753042 | 1.1922440143 0.9478349118 121
2 casef5_01.out| 13181083912 | 2 2608676771 | 12340407372 00454558004 | 121
3 case7_06out | 11794312231 22578675389 | 1 1883693655 09451330814 121
4 case?4_12out| 13330127157 | 22637501680 | 12480836500 0.9430821045 121 Hl
5 case7_07 ot | 11442620800 22027560838 | 11008500902 00438362676 100
8 casef1_12 out | 13259307388 23|255674?€. 11137089713 09432691881 109
7 case@_10.0ut| 1 5197 | 23308201940 | 11110204465  0.0431966005 109
8 case7_D4out | 13114676078 | 22345451220 | 1. 2458537906  0.9419733610 121
9 casef1_11.out| 13524348527 |2 127{‘.9732!3. 11239231939 | 0941922 o
10 casef1_02out | 1.3102906113 2350235
" case64_150ut| 13173195013 | 2321
12 casef1_13.out| 13029014289 2319 7065. 11260593592 ' 09416323957 109
13 case50_17.out| 1.3224799923 | 2 3646180565 | 1.1160415880 0.9415531431 109
14 case74_13 out| 13797284440 2 3182857542 | 1 2804690346 09414142795 121
15 case74_11.out| 13450620100 22052.5-1?35-0. 12238502112 | 09411679432 121
16 casef1_05out| 13003706216 | 2 3369116762 | 1 1483783703 | 0.9411464588 109
17 case7d_04 out| 13577764760 | 2 3432060701 | 12511526362 | 0 9410648435 121
18 case74_150u |1 5 23372350528 12441251163 | 0.0404612002 | 121
19 casefi1_01.out| 1.3199622511 | 23602247366 | 11540874907 | 09403406482 109
20 case7_02.out | 11728265532 | 2 3025136367 | 1.2723962921 | 0.9403106447 121 o
Load Configuration | Save Configuration Run Save Repart Close

Figure 5. Screen Shot from the Similarity Index Tool

An example is shown in Figure 5. In this case, the top 20 matches all have Esyy similarity indices
between 0.94 and 0.95. (Also given are the total sensitivity and two quantities, Ay4zs and Dsyas, associated
with an alternative similarity measure not discussed here.)

6. VALIDATION

A number of methods are being made available within Visual Workshop to combine the measured data
with the calculated results to improve the estimated value of Kefreciive and its uncertainty. The UK Working
Party on Criticality (WPC) produced a summary of general techniques available to derive the safety
criterion used in criticality assessments [8],including (where Epp = error in physical data and USL = upper
sub-critical limit):

e Epp — standard error method;
Epp — standard deviation method;
Systematic bias and uncertainty — subtraction;
Systematic bias and uncertainty — addition;
USL method 1 — H to fissile material ratio;
USL method 1 — mean log of exponential energy of neutrons causing fission (MLENCF);
USL method 1 — mean log of exponential energy of neutrons causing capture (MLENCC).

In addition, a Bayesian updating scheme is available based on the method discussed in ref [9] and also the
generalized linear least squares (GLLS) method described below. The estimated bias for application case
a, Ko bias, 1S given by (using the Einstein summation convention over repeated suffices):

https://doi.org/10.1051/epjconf/202124715015
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where S,; , Sg; 1s the sensitivity of the application (o), experiment (g), respectively to nuclear data item i,
C;j is the nuclear data covariance matrix, C,s is the covariance between experiments € and 8 resulting from
uncertainties in dimensions and compositions etc. and (Akgs)/ks is the relative code bias for experiment 6.

The posterior uncertainty, oﬁ,post, is related to the prior uncertainty, Uozz,prior’ by:

- . -1 .
O-c%,post = Gé,prior - SaiCijSSj[SskalS& + CSS] SamCmnSsn (3)

7. EXAMPLE CALCULATION

An example calculation has been performed for a GBC-32 flask holding PWR fuel elements with a
burnup of 45 GWd/te and five years of cooling; actinide only compositions were transferred from the
reactor to the flask using the COWL material transfer facility in MONK [10]. The similarity to 1967
experimental configurations was evaluated and those with similarity index > 0.78 were chosen, giving
175 experiments for consideration. The prior uncertainty was estimated using the sensitivity matrix and
the nuclear data covariance matrix (Sg;C;;S,;). The MONK calculations were run using 5,000
superhistories per stage with a target standard deviation of 0.0002 on Kefrective.

The results of the GLLS analysis are displayed in Table I. Note that the use of the experimental data has
more than halved the estimated uncertainty on the calculated result. Also the bias corrected value of
Kefrective plus three standard deviations is less than 0.95. Note, however, that the correlation between
experiments within an experimental series has been neglected. Estimating such correlations is a complex
and time-consuming process. A way to approach this is described in [11, 12]. A simple approach to get
around this is discussed below. Note that, although the posterior estimate of Kefrective 1 higher than the
prior estimate, the posterior estimate of Kefreciive plus three standard deviations is lower than the prior

estimate.
Table I.: Prior and Posterior Statistics using 175 Experimental Configurations
Prior Kefrective Prior Kprior + 3 | Posterior Posterior Kposterior  + 3
(Kprior) Uncertainty standard Ketfective Uncertainty standard
(pcm) deviations (Kposterior) (pcm) deviations
0.9241 585 0.9417 0.9272 261 0.9350

For comparison, results for two of the methods listed in Section 6 are displayed in Table II. Both of the
methods indicate that the maximum allowable value for the prior Kefrciive 15 less than the value of 0.9241
arrived at above. Hence the operation would be not be considered safe despite the GLLS analysis
indicating that the posterior best estimate value of Kefrcive 18 nearly nine standard deviations below 0.95.

Table I1.: Epp and USL Methods using 175 Experimental Configurations
Epp - standard deviation method USL method 1 - MLENCF
0.914 0.923

Neglecting correlations in the uncertainties of experiments in a single series can lead to an underestimate
of the uncertainty. One way to address this is to use only a single experiment from each series. In this case
the experiment with the highest similarity index was chosen from each series. This reduced the number of
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experimental configurations used to 13. The results of the revised analysis are shown in Table III. Again
the use of the experimental data leads to a significant reduction in the estimated uncertainty. In this case
0.95 is more than seven standard deviations above the posterior best estimate value for Kefreciive.. Although
the posterior estimate of Kefrective 1S higher than the prior estimate, the posterior estimate of Kegrective plus
three standard deviations is again lower than the prior estimate.

Table II1.: Prior and Posterior Statistics using 13 Experimental Configurations

Prior Kefrective Prior Kprior + 3 | Posterior Posterior Kposterior  + 3
(Kprior) Uncertainty standard Ketfective Uncertainty standard

(pcm) deviations (Kposterior) (pcm) deviations
0.9241 585 0.9417 0.9256 343 0.9358

For comparison, results for two of the methods listed in Section 6 are displayed in Table IV. In this case
use of the Epp methods would again indicate that the operation is not safe, but the USL method would
suggest that it is safe. This illustrates some of the issues associated with establishing safe critical limits,
but also shows that the ANSWERS tools available for uncertainty analysis can greatly assist in providing
increased confidence, or when used carefully could potentially support a less conservative approach.

Table IV.: Epp and USL Methods using 13 Experimental Configurations

Epp - standard deviation method

USL method 1 - MLENCF

0.924

0.928

8. CONCLUSIONS

ANSWERS is developing a coherent set of tools to aid the user in the estimation of uncertainty
on predicted values. The tools are implemented in the Visual Workshop IDE so that they are
available for use with ANSWERS’ WIMS/PANTHER, MONK and MCBEND physics codes.
The tools have been applied to the criticality safety of irradiated PWR fuel elements in a flask.
More traditional approaches are compared to the best estimate plus uncertainty (BEPU)
approach. The BEPU approach is shown to provide a higher degree of confidence in the
criticality safety of the configuration studied.
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