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Uncertainty and sensitivity analyses for reactor safety
§ Uncertainty and sensitivity analysis methods and practices for multiphysics
problems and calculation sequences in reactor safety were developed in
USVA project

§ Computational simulations are a way to ensure the fulfilment of regulations
and thus the safe operation of nuclear power plants
• Quantifying the calculation uncertainties and sensitivities improves the confidence to
the simulation results

§ Results of the project are reported in 5 journal articles, 5 conference articles,
1 doctoral dissertation, 1 Master’s thesis, and 7 research reports

§ Many of the tasks were related to the topics of OECD Nuclear Energy Agency
(NEA) Benchmark for Uncertainty Analysis in Modelling (UAM) for the Design,
Operation and Safety Analysis of LWRs
21.3.2019
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Major research topics
§ Fuel behaviour

§ Reactor physics
Developments of uncertainty analysis
for the group constant generation with
Serpent

Development of an
automated uncertainty
analysis calculation
system for full-core
calculation chain

§ Reactor dynamics
Uncertainties and
sensitivities in reactor
dynamics simulations
21.3.2019
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Method for uncertainty
analysis of fuel and
neutronics

Reducing the
uncertainty in coupled
fuel performance –
reactor dynamics
simulations

• Comparison of statistical
sensitivity analysis methods
in fuel behavior modelling
• Sensitivity analysis of
uncertainties in a multicode
calculation chain of large
break loss of coolant
accident (LB-LOCA)

§ System thermal
hydraulics
Studies on methodologies
for determining input
uncertainties in thermal
hydraulics simulations
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Reactor physics

Nuclear data uncertainty propagation to
group and time constants generated
with Serpent
§ One of the main applications of the Serpent
Monte Carlo reactor physics code is the
generation of homogenized group and time
constants for reactor simulator codes
• Pre-processed nuclear data is used as an input
• Nuclear data is obtained through a combination of
experimental and theoretical work so it contains
uncertainties

§ Sensitivity calculation capabilities were
implemented into Serpent to enable propagation
of nuclear data uncertainties into various group
constants
21.3.2019
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Top contributors to the uncertainty of macroscopic
fission cross section homogenized by Serpent in a
Three Mile Island 1 (PWR) pin-cell
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Reactor physics and reactor dynamics

Nuclear data uncertainty propagation in
full-core calculation sequences
§ Adjoint-based sensitivity and uncertainty analysis
capability had previously been implemented into the
assembly-level reactor physics code CASMO-4
• Implementation enabled the uncertainty analysis of
assembly constants that were then passed on to codes
simulating a full reactor core

§ An automated calculation system was developed
for propagating nuclear data uncertainty through
assembly-level homogenization calculations with
CASMO-4 in fresh fuel cases

§ Nuclear data uncertainty was propagated through
the CASMO-4 – SIMULATE-3 (see fig.) and
CASMO-4 – TRAB3D calculation sequences with
application to a Three Mile Island 1 (PWR) scenario
21.3.2019
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Radial power distribution (left) and respective
uncertainties (right) for a PWR modelled with
CASMO-4 – SIMULATE-3 uncertainty analysis
sequence
Figures by Pusa, PHYSOR 2016
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Reactor dynamics

Uncertainties and sensitivities in
reactor dynamics simulations
§ Within the OECD/NEA UAM benchmark, uncertainties
are quantified in each stage of a calculation chain
(neutronics, thermal hydraulics, fuel) and finally
propagated to coupled transient simulations

§ Preliminary coupled simulations using group constant
data containing propagated uncertainties were
completed
• VVER switching off one main coolant pump (RCP) of
working four RCPs
• 500 simulation runs with HEXTRAN-SMABRE using group
constant data provided by benchmark organization

TRAB3D simulation of PWR control rod
ejection using group constant created with
CASMO-4 – SIMULATE at VTT

HEXTRAN-SMABRE
simulation of Kalinin-3
benchmark by using
500 separate group
constant sets

• PWR control rod ejection simulations with TRAB3D
using 100 group constant data sets created with
CASMO-4 – SIMULATE at VTT
21.3.2019
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Reactor dynamics and fuel

Reducing the uncertainty in
coupled fuel performance –
reactor dynamics simulations

Fuel temperature
during control rod
ejection transient
with various fuel
models

§ In safety analyses conducted with reactor dynamics
simulations, conservativity of widely used simple fuel
correlations is not obvious

§ A simplified model for burnup-induced fuel rod
deformations was created

§ Purpose of the model is to provide fuel rod related
information for multiphysics simulations, in which the use
dedicated fuel performance codes is not always possible
or reasonable

§ Comparison of the new model and steady-state fuel
performance code results showed that the simple model
simulates pellet and cladding displacements very
accurately

§ With the new model, the reliability of reactor dynamics
simulations is thus improved
21.3.2019
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Gas gap width
with and without
burnup
initialization and
during transient
in one fuel rod
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Reactor physics and fuel

Method for uncertainty analysis of
nuclear fuel and neutronics
§ Objective was to study the combined uncertainty
analysis of coupled neutron transport and fuel
behaviour codes for a simple test case

§ Fuel behaviour code FINIX and reactor physics code
DRAGON were coupled and applied to the PWR
pincell test case from the UAM benchmark

§ Nuclear data code NJOY was coupled to the
calculation system to allow uncertainty analysis

§ An important finding was that the uncertainties in
nuclear fuel modelling and neutronics modelling may
be propagated separately

§ The developed method applies the statistical
uncertainty analysis to univariate nuclear fuel
parameters and correlated neutron cross sections
21.3.2019

Nuclear data random sampling for
the capture cross section of U-235
Figure by Taavitsainen, Master’s thesis, 2016
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Fuel behaviour

Sensitivity analysis of fuel behaviour
§ Review and testing of various
commonly used and also novel global
sensitivity analysis methods for fuel
behaviour
• Assess efficiency and applicability
• Existing statistical steady-state simulation
data was made used of

§ Analysis showed that relying on simple
methods is not advisable
• Instead, it is proposed to use a mixture of
various methods efficiently
21.3.2019
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Various sensitivity measures for the gap
conductance at 22 MWd/kgU estimated for
various inputs
Figure by Ikonen, TopFuel 2015
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Fuel behaviour

Sensitivity analysis of fuel rod failures in large
break loss of coolant accident (LB-LOCA)
§ The data of previous statistical analysis of an LB-LOCA in an EPR type
power plant was made use of

§ Sensitivity analysis of multicode calculation chain
• Transient fuel behaviour code with various initial and boundary conditions
from a neutronics code, a system code and a steady-state fuel behaviour
code
Data visualization with a cobweb graph for
§ The most relevant parameters with respect to the cladding integrity were
screening the relevant input parameters
determined to be
ü Decay heat power during the transient
ü Thermal hydraulic conditions in the rod’s location in the reactor
ü Steady-state irradiation history of the rod, represented by the rod burnup

§ Meanwhile, the tolerances in fuel manufacturing parameters were found to
have negligible effect on cladding deformation

§ In a follow-up analysis, surrogate Support Vector Machines (SVM) were
applied to generate artificial data for the sensitivity analysis
• Similar sensitivity analysis results were obtained with the help of SVMs
than with real fuel performance code

Sensitivity indices
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Figures by Arkoma and Ikonen, TopFuel 2016

System thermal hydraulics

Methodology for determining input
uncertainties in thermal hydraulics
simulations
§ In the OECD/NEA PREMIUM benchmark, it was distinguished that the
methods for the uncertainty assessment of thermal hydraulics codes’
models needs to be further studied

§ Identification of uncertain input parameters of physical models and
defining their probability density functions

§ These models have been built based on fitting to experimental data and
laws of physics

§ The objective was to identify the most promising approaches and to set
up guidelines for Apros code on the research for upcoming years
21.3.2019
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Scientific publications
Journal articles

Conference papers

§ Arkoma, A., Ikonen, T., 2016. Sensitivity analysis of local

§ Arkoma, A., 2018. Predicting fuel rod failures and their

uncertainties in large break loss-of-coolant accident (LB-LOCA)
thermo-mechanical simulations, Nuclear Engineering and Design
Vol. 305, pp. 293-302

§ Ikonen, T., 2016. Comparison of global sensitivity analysis
methods – Application to fuel behavior modelling. Nuclear
Engineering and Design Vol. 297, pp. 72-80

§ Pusa, M., Isotalo, A., 2017. Uncertainty analysis of assembly and
core-level calculations with application to CASMO-4E and
SIMULATE-3. Annals of Nuclear Energy Vol. 104, pp. 124–131

§ Syrjälahti, E., Ikonen, T., Tulkki, V., 2019. Modeling burnupinduced fuel rod deformations and their effect on transient
behavior of a VVER-440 re-actor core, Annals of Nuclear Energy
Vol. 125, pp. 121-131

§ Vanhanen, R., Pusa, M., 2015. Survey of prediction capabilities
of three nuclear data libraries for a PWR application. Annals of
Nuclear Energy Vol. 83, pp. 408-421
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contributing factors with surrogate support vector machines in
statistical LOCA analysis. ANS Best Estimate Plus Uncertainty
International Conference (BEPU 2018), Lucca, Italy, May 13-19

§ Arkoma, A., Ikonen, T., 2016. Statistical and sensitivity analysis
of failing rods in EPR LB-LOCA. TopFuel 2016, Boise, Idaho,
USA, Sep. 11-16

§ Ikonen, T., 2015. Global sensitivity analysis in fuel performance
modelling. TopFuel 2015, Zurich, Switzerland, Sep. 13-17

§ Pusa, M., 2016. Uncertainty analysis of assembly and core-level
calculations with application to CASMO-4 and SIMULATE-3.
PHYSOR 2016, Sun Valley, Idaho, USA, May 1-5

§ Valtavirta, V., Aufiero, M., Leppänen, J., 2018. Collision-history
based sensitivi-ty/perturbation calculation capabilities in Serpent
2.1.30. ANS Best Estimate Plus Uncertainty International
Conference (BEPU 2018), Lucca, Italy, May 13-19
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Academic
§ Arkoma, A., 2018. Modelling design basis accidents LOCA and
RIA from the perspective of single fuel rods. Aalto University,
doctoral dissertation

§ Taavitsainen, A., 2016. CFENSS-SRS method for the uncertainty
analysis of nuclear fuel and neutronics. Aalto University, Master’s
thesis
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Final remarks
§ The project supported the long-term aim of establishing a comprehensive
methodology for uncertainty and sensitivity analysis for the entire reactor
safety field

§ The project promoted activities at the interfaces of different disciplines in
reactor safety
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Thank You for attention.
Questions?
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Back-up slides
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Fuel behaviour

Figures by Arkoma, BEPU 2018 conference

Sensitivity analysis of fuel rod failures
in LB-LOCA: support vector machines
(SVMs)

Cladding maximum hoop
stress in LB-LOCA
calculated with a fuel
performance code (x-axis)
and predicted by SVM
Sensitivity indices calculated with the help of SVM (left) and with fuel performance code data (right)
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