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Motivation

NPPs seek to improve core management

e Power uprates, improved efficiency of fuel utilization, enhanced operational
flexibility

Knowledge of operational safety margins is crucial

=>» Need realistic uncertainty estimates:

1. Base uncertainty estimations for core simulations on
uncertainties of input data
(nuclear data uncertainties, technological parameters
tolerances, ...)

2. Include operational experience in uncertainty estimation:
Improved future predictions by past measurements
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Outline

1. Description of the NUDUNA/MOCABA methodology
applied to SEANAP core analysis:

SEANAP: PWR simulation system
NUDUNA: Nuclear Data Random Sampling
MOCABA: Bayesian updating

2. Application of the methodology to SEANAP core analysis

Direct boron letdown curve updating
Nuclear data library updating

3. Conclusions
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Chapter 1

Description of the NUDUNA/MOCABA
methodology applied to SEANAP core
analysis

A
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Description of the
SEANAP-NUDUNA/MOCABA methodology

» Uncertainty assessment based on Monte Carlo methodology
» Improve predictions by adding measurements (Bayesian updating)

fluced System Integral M OCA BA
Data Parameters: Experiments
\ § Manufacturing _—
> TO (0) | S u Sed . N = Tolerances, etc. |

SEANAP:
Updated
e PWR simulation system uncert:a\inty
N U D U NA: osterior |'I \

e random sampling of Evaluated
Nuclear Data Files

MOCABA:

e Bayesian updating

SEANAP

Nii— X
NUDUNA L
forward-looking energy;
AREVA
Improved PWR Simulations by Monte-Carlo Uncertainty Analysis and Bayesian Inference- E. Castro - All rights are reserved, see liability notice.  forward-looking energy

29/05/2015 - AREVA GmbH Proprietary - RESTRICTED AREVA © AREVA - AL: N- ECCN: N -p.6



SEANAP

» SEANAP: Sistema Espafol de Analisis de Nucleos de Agua a
Presion. System developed at Universidad Politecnica de Madrid for
the analysis of PWR reactors

Applied in many cycles of Spanish PWR for the last 25 years by the facilities

SIMULA

> WIMSD_MARIA NodaIF:cto
Lattice code ( L |

69 groups nuclear data library.

COBAYA

| WIMSD-MARIA |

o000 00608>
©000000000
©000000000 ™|
0000000000 &
900000008080
)} 9000000000
®000000000

Provides cross sections homogeneized
at pin scale and whole assembly, in 2
energy groups.

2-DFull Core

(perPin/cell)
3-DFullCore
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SEANAP

» SEANAP: Sistema Espafol de Analisis de Nucleos de Agua a
Presion. System developed at Universidad Politecnica de Madrid for
the analysis of PWR reactors

Applied in many cycles of Spanish PWR for the last 25 years by the facilities

SIMULA

> COBAYA Nodal Facto -

and
Pin by pm Pin Powers | |
2D

| WIMSD-MARIA |

COBAYA
>

OO0 0860
0000000000
®o00000000 ™

9000000000 \

Diffusion equation

Finite difference, two energy groups

0000000000

method ©000000000
i . ®000000000
Provides:

¢ Nodal discontinuity factors
e Hot-pin to node average power ratios

2-DFull Core
(perPin/cell)

3-DFulliCore
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SEANAP

» SEANAP: Sistema Espafol de Analisis de Nucleos de Agua a Presion.
System developed at Universidad Politecnica de Madrid for the analysis
of PWR reactors

Applied in many cycles of Spanish PWR for the last 25 years by the facilities
~SIMULA

> S| M U LA . NodalFactors
and
Nodal core simulator Pin Powers
3D
4 nodes per Fuel Assembly [ wimsp-maRIA | Eec ],
0000000000

9000000000
®000000000
0000000000
0000000000
©000000000
®000000000

Solver: finite difference few group diffusion
calculation

Uses the nodal discontinuity factors

2-DFull Core
(perPin/cell)
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NUDUNA: nuclear data random sampling

» Nuclear Data random sampling tool, developed at AREVA GmbH.

» Direct sampling of ENDF-6 data based on
its covariance information

Neutron multiplicities (File 1)

Resonance parameters (File 2) NUDUNA

_ _ Random
Cross sections (File 3) Random ACE

Angular distributions (File 4) Sampling <@

_ _ Random
Decay data (File 8, Section 457) GENDF

» Automatic creation of transport code AREVA
libraries out of random ENDF6 data N U DU NA orvarionking neray
Based on NJOY 99, PUFF IV
Support for MCNP, SCALE & WIMSD-4 (ALEPH, SERPENT, APOLLOZ in development)

Arbitrary temperatures and broad group structures

» Limitations

No sampling of fission spectra (y, File 5) and no isotope-isotope correlations (in development) A
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MOCABA procedure (part |)

mean vector covariance matrix

1. MC sampling of nuclear data (NUDUNA): @,,~ oC p(a)z Nia, X

2. Calculation of mtegral quantities: MC draws of application case system parameters

/ T
. MC MC
Ymc = (yA,l(aMC’XA oo Y AN, (Apc Xa ) YB,1(°‘|\/|C),~-,YB,nB (“Mc))
=~ v -~ S~ .z -~
Appl. Case N, Benchmarks
3. Calculation of prior mean and prior covariance matrix: 20A Z0AB
1 1 T
Yo :—ZyMC,i 2, = —1Z(yMC,i —YO)(YMC,i —YO) “~ ZixEE
mc 5 Nme =15
: S : reflects uncertainty
> Prior distribution: p(y) = N( yO’ZO )‘_due to nuclear data uncertainty A
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MOCABA procedure (part Il)

4. Evaluation of likelihood function of integral measurements:

Covariance matrix of T
p(VB Vs ) o« N( Vg.Zyg 9 integral quantities zvl?;vs ZxB S

f Sensitivity matrix
Measurement vector : :
Covariance matrix of
benchmark system parameters

5. Bayesian updating
Updated model parameters

2, :
p(y | Vg ): p(VB Vs )p(Y) = N(y*,Z *) ZoaB  20B

r

* . .
Prior Yoa/B = YA/g Posterior Impact gf bgnchmark mfgrmaﬂon
on application case prediction
> determined by similarities between
* ] . .
_/\ ZOA/B —> ZA/B benchmarks and application case
— correlations D
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Chapter 3

Application of the methodology to
SEANAP core analysis
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Application of the NUDUNA/MOCABA
methodology to SEANAP core analysis

Cycle A

» Objective:

Improve the predictions of cycle B, based on the
measurements and simulations of the previous

cycle (cycle A)
» PWR core specifications: it wabas
(Number of wabas)

157 Fuel Assemblies Fresh fuel without wabas
2775 MW, Cydle B

Fresh and used fuel

Wabas as burnable absorber.

» Random libraries generated with NUDUNA from
ENDF/B-VII.1:

U-235 and U-238, Pu-239
Hydrogen, B-10, O-16 - -
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Application of the NUDUNA/MOCABA
methodology to SEANAP core analysis

NUDUNA: 1. Generation of random libraries with NUDUNA
N random libraries generation

2. Simulate the burnup of cycles A and B with each

l random library using SEANAP
SEANAP: 3. Apply MOCABA to update the results of cycle B
N core simulations using the measurements of cycle A

» Measurements in cycle A improve the
predictions of cycle B.

CYCLE A:
Prior results

CYCLE B:
Prior results

Applications = Current cycle (B).
Benchmark - Previous cycle (A).
Error in the measurements:

MOCABA: Measurements e Boron conc.: 6 ppm (rel. error: 0.6-100%)
Bayesian updating of Responses
CYCLE A e Boron curve
e WIMS Nuclear Data Library
CYCLE B:
Posterior results A
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» B =Dboron concentration (ppm).

135
1340
2487
2842
3591
4441
5549
6692
/716
8823
10284
11351

~— 50
£
987 45 a4
867 44 _§40
763 43 S
-
733 43 9
o
664 43 O
-
500 42 S
8
487 42 2
383 42 2
.g 10
200 41 £
197 41 8
= 0
74 40
215 40

Boron prior results for cycle B

o = one standard deviation (ppm)

3]
ol
|

73]
o
|

[
o
|

P2
o
|

(9]
1

(—\

----------------------------------------------------------------------------------------------------------

Total uncertainty
due to U-238 —
due to Pu-239 —
due to U-235 ——

Burnup (GWd/t)
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Results of the MOCABA updating:
Boron posterior results for cycle B

» B = boron concentration (ppm). o = one standard deviation (ppm)
135 087 45 086 4.2 10.7 Boron concentration for cycle B. Difference to measurements
) ) 60 ; ; ; ; ;
) Measurement %r;rl_grr:_

1340 867 44 868 33 13,3 N
2487 763 43 767 27 15,9 i |
2842 733 43 737 2,6 16,5 -l

3591 664 43 668 24 17,9 s |l |

5549 487 42 494 2.2 19,1 @ ol T
6692 383 42 391 24 17,5

7716 290 41 298 2,6 15,8

8823 197 41 206 28 14,6 . . . . o
E— > g o 3,2 12’5 0 2000 4000 B, ;o(obtjl Walo 8000 10000 1200
11351 -15 40 -4 3,5 11,4 A
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Results of the MOCABA updating:
Boron posterior results for cycle B

» B = boron concentration (ppm). o = one standard deviation (ppm)
135 087 45 086 4,2 10,7 30 ‘Application 7 updates (5‘549 MWd/t)l |
Simulaﬁgabar;og i
1340 867 44 868 3,3 13,3 o0 Measurement uncer?alne(y— |
2487 763 43 767 2,7 15,9
510
2842 733 43 737 26 16,5 Em
3591 664 43 668 2,4 179 3 1 1T 1
S 490
4441 590 42 595 23 18,3 £
< 480
5549 487 42 494 272 19,1 —>S
6692 383 42 391 24 175 £
| . L aEo
7716 290 41 298 2.6 15.8 60 Uncertainty Reduction: 95%
8823 197 41 206 2,8 14,6 7
10284 74 40 85 3.2 12,5 0% 2 4 6 5 10
Number of considered benchmarks
11351 -15 40 -4 3,5 11,4 A
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Results of the MOCABA updating:
Boron posterior results for cycle B

Correlations matrix

I3 -8

BOC] |/ 1

Large correlations between cycle A and B 0.99
\
>0.92 P 0,0 et 0.98
gceB ‘ 0.97
EoC / 0.96
N BOC

v 0.95
Large impact of the Bayesian updating Op s 0.94
0.93
Eoc M 0.92

Posterior boron concentration improves in all cases.
Posterior uncertainty is reduced by one order of magnitude.
All posterior results are within the error band of the measurements

A
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Nuclear Data Library Updating with MOCABA

» MOCABA can also be used to update nuclear data.
» U-235, U-238, Pu-239 and H-1 nuclear data updated for the 69 energy groups.

» Problem: huge amount of nuclear data (over 10.000 for H-1)
- Need proper memory management

» Converts all » Updates the » Creates an
random wims nuclear data updated WIMS
formatted libraries based on the formatted library
into a file for measurements of from the output of
MOCABA cycle A MOCABA

Repeat for U-235, ULSS, Pu-239 and H-1

e

Updated Nuclear Data Library A
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Nuclear Data Library Updating: Results

» Boronin cycle B with the

updated library (ppm)

135
1340
2487
2842
3591
4441
5549
6692
7716
8823
10284
11351
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987
867
763
733
664
590
487
383
290
197
74
-15

088
870
769
739
670
597
496
393
300
207
85
-5

-5
2
8

3 I T
XSpost_ EJI’iOI’ Pu-239 (n,fiss) —
STD . U-235 (n,fiss) —
2 fon b U-238 (n,gamma) — |
1

Updates of the cross sections

0 10 20

» Fast groups: 1-14

» Resonant groups: 15-27
» Thermal groups: 28-69

30 40 50 60 70

Energy group
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Nuclear Data Library Updating
vs. Direct Boron Curve Updating

Boron concentration for cycle B. Difference to measurements

60 ; ;
Measurement error
Prior
Boron updating —
40 - Nuclear data updating — -
Differences<2ppm
20 -

Brneas (PPM)

TN TP
[am]
-20 - _
40k i
-60 1 1 1 1 1
0 2000 4000 6000 8000 10000 1200¢
Burnup (MWd/t)

Consistent results with both updating schemes:
direct vs. nuclear data updating A
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Chapter 5

Conclusions
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Conclusions
NUDUNA/MOCABA applied to SEANAP yields very good results:

» Boron curve

MOCABA improves mean values and leads to massive uncertainty reduction (up to 95%)

e Update cycle by previous cycle measurements (6ppm meas. error)
e Uncertainty=40 - 45 ppm before update = 2 - 4 ppm after update

» Nuclear data library updating
Updated library provides improved predictions
Difference ~2ppm between results based on updated library and direct updating

Other applications:

e Evaluated Nuclear Data Libraries updating.
e Homogeneized Cross Sections Libraries

» NUDUNA/MOCABA advantages:

Easy to implement due to Monte Carlo methodology (Black Box approach)
Applicable to any integral function of nuclear data

A
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Convergence check

Prior standard deviation of boron concentration for cycle B
47 : : . .

st balf — st palf —

Prior boron concentration for cycle B
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