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Abstract 

The demand for best estimate calculations in nuclear reactor design and safety evaluations has 
increased in recent years. Uncertainty quantification has been highlighted as part of the best estimate 
calculations. The modelling aspects of uncertainty and sensitivity analysis are to be further developed 
and validated on scientific grounds in support of their performance and application to multi-physics 
reactor simulations. The Organization for Economic Co-operation and Development (OECD) / 
Nuclear Energy Agency (NEA) Nuclear Science Committee (NSC) has endorsed the creation of an 
Expert Group on Uncertainty Analysis in Modelling (EGUAM). Within the framework of activities of 
EGUAM/NSC the OECD/NEA initiated the Benchmark for Uncertainty Analysis in Modelling for 
Design, Operation, and Safety Analysis of Light Water Reactor (OECD LWR UAM benchmark). The 
general objective of the benchmark is to propagate the predictive uncertainties of code results through 
complex coupled multi-physics and multi-scale simulations. The benchmark is divided into three 
phases with Phase I highlighting the uncertainty propagation in stand-alone neutronics calculations, 
while Phase II and III are focused on uncertainty analysis of reactor core and system respectively. 

This paper discusses the progress made in Phase I calculations, the Specifications for Phase II and the 
incoming challenges in defining Phase 3 exercises. The challenges of applying uncertainty 
quantification to complex code systems, in particular the time-dependent coupled physics models are 
the large computational burden and the utilization of non-linear models (expected due to the physics 
coupling).  
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1. Introduction   

The demand for best estimate calculations in nuclear reactor design and safety evaluations has 
increased in recent years. Uncertainty quantification has been highlighted as part of the best estimate 
calculations. The modeling aspects of uncertainty and sensitivity analysis are to be further developed 
and validated on scientific grounds in support of their performance and application to multi-physics 
reactor simulations. The Organization for Economic Co-operation and Development (OECD) / 
Nuclear Energy Agency (NEA) Nuclear Science Committee (NSC) has endorsed the creation of an 
Expert Group on Uncertainty Analysis in Modeling (EGUAM). This Expert Group reports to the 
Working Party on Scientific issues of Reactor Systems (WPRS). Since it addresses multi-scale/multi-
physics aspects of uncertainty analysis, it works in close co-ordination with the benchmark groups on 
coupled neutronics-thermal-hydraulics simulations and on coupled core-plant problems. The Expert 
Group also coordinates its activities with the Group on Analysis and Management of Accidents 
(GAMA) of the Committee on Safety of Nuclear Installations (CSNI). 

Within the framework of activities of EGUAM/NSC the OECD/NEA initiated the Benchmark for 
Uncertainty Analysis in Modeling for Design, Operation, and Safety Analysis of Light Water Reactor 
(OECD LWR UAM benchmark). The general objective of the benchmark is to propagate the 
uncertainty through complex coupled multi-physics and multi-scale simulations. The benchmark is 
divided into three phases with Phase I highlighting the uncertainty propagation in stand-alone 
neutronics calculations, while Phase II and III are focused on uncertainty analysis of reactor core and 
system respectively. 

The objective of the performed work has been to define, conduct, and summarize an OECD 
benchmark for uncertainty analysis in best-estimate coupled code calculations for design, operation, 
and safety analysis of LWRs. Reference systems and scenarios for coupled code analysis are defined 
to study the uncertainty effects for all stages of the system calculations. Measured data from plant 
operation are available for the chosen scenarios.  

The utilized technical approach has been to establish a benchmark for uncertainty analysis in best-
estimate modeling and coupled multi-physics and multi-scale LWR analysis, using as bases a series of 
well defined problems with complete sets of input specifications and reference experimental data. The 
objective is to determine the uncertainty in LWR system calculations at all stages of a coupled reactor 
physics/thermal hydraulics calculation. The full chain of uncertainty propagation from basic data, 
engineering uncertainties, across different scales (multi-scale), and physics phenomena (multi-
physics) are tested on a number of benchmark exercises for which experimental data are available and 
for which the power plant details have been released. The principal idea is: a) to subdivide the 
complex system/scenario into several steps or Exercises, each of which can contribute to the total 
uncertainty of the final coupled system calculation; b) to identify input, output, and assumptions for 
each step; c) to calculate the resulting uncertainty in each step; d) to propagate the uncertainties in an 
integral system simulation for which high quality plant experimental data exists for the total 
assessment of the overall computer code uncertainty.  

The general frame of the OECD LWR UAM benchmark consists of three phases with three exercises 
for each phase: 

Phase I (Neutronics Phase)  

• Exercise 1 (I-1): “Cell Physics” focused on the derivation of the multi-group microscopic 
cross-section libraries.  

• Exercise 2 (I-2): “Lattice Physics” focused on the derivation of the few-group macroscopic 
cross-section libraries.  

• Exercise 3 (I-3): “Core Physics” focused on the core steady state stand-alone neutronics 
calculations.  

Phase II (Core Phase) 
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• Exercise II-1: “Fuel Physics” focused on fuel thermal properties relevant for transient 
performance. 

• Exercise II-2: “Time-Dependent Neutronics” focused on stand-alone depletion and kinetics 
performance.  

• Exercise II-3: “Bundle Thermal-Hydraulics” focused on thermal-hydraulic fuel bundle 
performance.  

Phase III (System Phase) 

• Exercise III-1: “Core Multi-physics” focused on coupled neutronics/thermal-hydraulics core 
performance.  

• Exercise III-2: “System Thermal-Hydraulics” focused on thermal-hydraulics system 
performance. 

• Exercise III-3: “Coupled Core/System” focused on coupled neutron kinetics thermal-
hydraulic core/thermal-hydraulic system performance. 

• Exercise III-4: Comparison of Best Estimate calculations with uncertainty quantification vs. 
conservative calculations. 

For each exercise Input (I), Output (O), and propagated Uncertainty (U) parameters are identified. 
One of the important tasks is identifying the sources of Input (I) uncertainties for each Exercise - 
which input uncertainties are propagated from the previous exercise and which one are the new ones. 
Other important parameters to be defined are the Output (O) uncertainties and propagated Uncertainty 
parameters (U) for each Exercise, which is directly related to the objective of each Exercise. The 
Output (O) uncertainties are for specified output parameters for each Exercise, used to test (evaluate) 
the utilized uncertainty method. The propagated Uncertainty parameters (U) are output parameters, 
which are selected to be propagated further through the follow-up Exercises in order to calculate the 
overall resulting uncertainty  

The OECD LWR UAM benchmark is organized following the modular approach, which allows for a 
maximum flexibility and benefit to the participants:  

a. Participants can participate in the 3 Phases and in all exercises propagating the uncertainties 
through all stages of coupled reactor physics/thermal hydraulics calculation scheme 

b. Alternatively participants can participate in selected exercises (the benchmark team will provide 
them with the input data following the established format of previous OECD/NEA benchmarks) 
and just follow the activities in the other exercises     

c. There are several types of operating LWRs to be followed in this benchmark representative of a 
Boiling Water Reactor (BWR), a Pressurized Water Reactor (PWR) and a Water-Water Energy 
Reactor (VVER). Participants can model one or more reactor types depending on their interests  

d. For each Exercise two types of test problems are designed – numerical test problems (provided 
with reference solutions) for these types of LWR reactors and experimental test problems 
obtained from publicly available databases. 

The selected LWR types are based on previous benchmark experiences and available data, in order to 
address all industrial issues and participants interests: 

a. Representative of operating PWR based on Three Mile Island 1 (TMI-1) Nuclear Power Plant 
(NPP); 

b. Representative of operating BWR based on Peach Bottom-2 (PB-2) NPP; 

c. Representative of operating VVER-1000 based on Kozloduy-6 and Kalinin-3 (V1000) NPPs; 

d. Representative of Generation III PWRs with UOX (Uranium OXide) and MOX (Mixed 
Oxide) cores. 
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The intention is to follow the established calculation scheme for LWR design and safety analysis in 
the nuclear power generation industry and regulation  

2.  Discussion of Phase I 

Phase I is focused on understanding uncertainties in prediction of key reactor core parameters 
associated with LWR stand-alone neutronics core simulation. Such uncertainties occur due to input 
data uncertainties, modelling errors, and numerical approximations. The chosen approach in Phase I is 
to select/propagate for each exercise the most important contributors which can be treated in a 
practical manner. The cross-section uncertainty information is considered as the most important 
source of input uncertainty for Phase I. The cross-section related uncertainties are propagated through 
the three exercises of Phase I. 

The Specification for Phase I, which includes the definitions of Exercise 1 of Phase I (I-1), of 
Exercise 2 of Phase I (I-2), and of Exercise 3 of Phase I (I-3) was finalized [1, 2].  

Exercise I-1 propagates the uncertainties in evaluated Nuclear Data Libraries - NDL - (microscopic 
point-wise cross sections) into multi-group microscopic cross-sections used as an input by lattice 
physics codes and associated multi-group covariance matrices. The participants can use any of the 
major NDLs such as ENDF, JEFF, and JENDL. The development of nuclear data covariance files is 
in progress in major NDLs. For the purposes of the OECD LWR UAM benchmark the availability of 
relative covariance data is important for: all relevant nuclides (actinides, fission products, absorbers 
and burnable poisons, structural materials and etc.) present in the reactor core and reflector regions of 
LWRs; covering the entire energy range of interest (from 0 to 10 MeV); and all relevant reaction 
cross-section types. The SCALE-6.0 [3] covariance library is the recommended source of cross-
section uncertainties in near term to be used and propagated in the OECD LWR UAM benchmark. In 
the longer term, when the complete covariance data becomes available together with evaluated 
nuclear data files, these more consistent data can be used without difficulty since the OECD LWR 
UAM benchmark establishes a framework for propagating cross-section uncertainties in LWR design 
and safety calculations.  

The SCALE-6.0 covariance library and updated versions of processing tools ANGELO and 
LAMBDA have been made available for the UAM benchmark work. The SCALE-6.0 covariance 
library replaces the earlier incomplete SCALE-5.1 covariance library, and it has the following 
important features: 

a. Assumes that the same relative uncertainties can be applied to different evaluated data sets;  

b. Approximate uncertainties span the full energy range 0-20 MeV; 

c. Approximate uncertainties are included for all the reaction cross-sections for all materials 
present in LWR cores;  

d. Includes uncertainties in the fission spectra, which is very important in multi-group reactor 
calculations; 

e. The 44-group covariance library is “generic” (problem-independent) and thus the participants 
have to address problem-specific resonance self-shielding effects for performing sensitivity 
and uncertainty analysis; 

f. The SCALE-6.0 44-group covariance library uses "high-fidelity" covariance data from 
ENDF/B-VII.0, preleased ENDF/B-VII.1, and ENDF/B-VI.8, as well as JENDL 3.3. These 
data include all energy, reaction, and nuclide correlations specified in the evaluations. For 
materials with no ENDF/B or JENDL covariance evaluations, approximate data were taken 
from the "Low-Fidelity" covariance project by BNL, LANL, and ORNL. These data are 
available from the National Nuclear Data Center website. The approximate covariances have 
correlations between energy groups, but not reactions or materials. 

In order to perform a comparative analysis of the multi-group cross-section uncertainty data obtained 
after processing within Exercise I-1, test problems are devised or utilized from the previously defined 
benchmarks and from the available experimental data. The first set of problems consists of two-
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dimensional fuel pin-cell test problems representative of BWR Peach Bottom (PB)-2, PWR TMI-1, 
and VVER-1000 Kozloduy-6. These problems are analyzed at Hot Zero Power (HZP) conditions and 
Hot Full Power (HFP) conditions. To enhance the differences between the three numerical test cell 
cases (PWR, BWR and VVER) for the Exercise I-1, the HFP case of the BWR is changed to 40% 
void fraction instead of 0%. Hence the PWR and BWR cases are for square pitch but with different 
spectrum, while the VVER case is for triangular pitch. In addition to the numerical test cases, 
experimental test cases 2.13 and 2.19 are utilized based on Kritz data. Figure 1 shows the temperature 
of different test cases used within the framework of Exercise I-1.  

 
Figure 1.  The operating temperature of the reactors and experiments 

Representatives of Generation III PWR pin cell test cases have been added also to the Exercise I-1 in 
the Version 2.0 of the Specification on Phase I [2], including UOX, UOX with Gd2O3, and MOX pin 
cells.  

In addition to defining different phases and exercises the benchmark team works on providing 
reference solutions for the numerical test problems for each exercise as well as conducting 
comparative analyses for each exercise using numerical and experimental test cases. Such study was 
conducted for Exercise I-1 utilizing the TSUNAMI-1D sequence of SCALE-6.0 [4]. The uncertainty 
in keff seemed to increase with decreasing temperature – see Figure 2. The largest contributor to the 
uncertainty is due to the 238U (n,γ) reaction. The majority of neutron captures in 238U occurs at 
intermediate energy and thus as the temperature increases, the neutron spectrum shifts into the 
epithermal range.  

The fuel cells, representative of Generation III PWR reactor designs, were analyzed for the purpose of 
comparing effect of the material composition on the uncertainty calculations. Three types of unit cells 
were analyzed at HFP: these include MOX, UOX, and UOX with Gd2O3. The multiplication factors 
and their uncertainties are presented in Table 2. 

For each unit cell, the calculated keff increases with increasing enrichment of fissile material while the 
uncertainty in keff decreases. With increasing fissile material, the amount of 238U is reduced. This is 
later found to be the most important nuclide contributor to the uncertainty in keff in the unit cell. The 
uncertainties of the MOX fuel cells are nearly twice than that of UOX fuel. The presence of 239Pu 
plays an important role in the increase in uncertainty. 

Recently an extension, named Pin Cell Burnup Case, was added to the Exercise I-1 with objective to 
address the uncertainties in the depletion calculation due to the basic nuclear data as well as the 
impact of processing the nuclear and covariance data [5]. The purpose of this calculation case is to 
evaluate criticality values, reactions and collapsed cross-sections, and nuclide concentrations 
computed as well as their uncertainties for depletion in a simple pin-cell model. The proposed fuel test 
is a typical fuel rod from the TMI-1 PWR 15x15 assembly design. 
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Figure 2. Changes in uncertainty in keff due to 

temperature 

 

Table 2. Uncertainty in keff in PWR Generation 
III unit cells 

 

In the current established calculation scheme for LWR design and safety analysis, the multi-group 
microscopic cross-section libraries are an input to lattice physics calculations to generate few-group 
assembly-homogenized macroscopic cross-section libraries. The multi-group cross-section 
uncertainties (multi-group cross-section covariance matrix) are propagated to few-group cross-section 
uncertainties (few-group cross-section covariance matrix) within the framework of Exercise I-2. In 
Exercise I-2 manufacturing and geometry (technological) uncertainties are added to account for them 
in lattice physics calculations – see Table 3.  

SCALE 6.1 with Generalized Perturbation Theory (GPT) implemented is now available for the 
participants [6]. Few-group covariance matrix can be obtained using GPT through the NEWT module 
of SCALE-6.1. The first set of test problems for Exercise I-2 consists of test problems representative 
of BWR PB-2, PWR TMI-1, and VVER-1000 Kozloduy-6 defined on assembly spatial scale – see 
Figure 3. These problems are analyzed at HZP conditions and HFP conditions to account for spectrum 
changes. For BWR case also different void fraction conditions are considered. PWR Generation III 
UOX and MOX assembly cases have been added also recently - see Figure 4. Continuous energy 
Monte Carlo calculations provide reference solutions. The second set of problems is based on 
publically available experimental data.  

Table 3. Manufacturing uncertainties for TMI-1 

Parameter Distribution Mean Sigma
Fuel density Normal 10.283 g/cm3 0.05666666 g/cm3

Fuel pellet 
diameter

Normal 0.9391 cm 0.000433333 cm

Gap thickness Normal 0.0186 cm 0.0008 cm

Clad thickness Normal 0.0673 cm 0.0008333333 cm

U235 enrichment Normal 4.85 % 0.07466 %
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Figure 3. TMI MCNP5 Assembly Model 

 

 

Figure 4. Specification of PWR Generation III assemblies  

In the current LWR calculation scheme the lattice averaged (homogenized) few-group cross-sections 
are an input to core calculations The few-group cross-section uncertainties (few-group covariance 
matrix) are obtained by participants as output uncertainties within the framework of Exercise I-2. In 
Exercise I-3 the few-group cross-section uncertainties are input uncertainties and are propagated to 
uncertainties in evaluated stand-alone neutronics core parameters. The propagation of the input 
uncertainties through core calculations to determine uncertainties in output core parameters within the 
framework of Exercise I-3 requires utilization of a core simulator code, and as the benchmark 
experience shows statistical sampling techniques. The primary differences between the different 
uncertainty analysis methods are the moment at which the perturbations are applied and the origin of 
the covariance matrix. One approach is to sample the multi-groups covariance matrix while in the 
second approach the few-group covariance matrix is then sampled. 

Test problems on two different levels are defined to be used for Exercise I-3:  

a. HZP test cases based on the realistic LWR designs – TMI-1, PB-2 and Kozloduy-6 (for which the 
continuous energy Monte Carlo method is used for reference calculations) – see Figure 5. Two 
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Generation II PWR core test cases are considered – a UOX core and mixed UOX/MOC core – see 
Figure 6. 

b. Documented experimental benchmark plant cold critical data and critical lattice data  

In summary, the Phase I of the OECD LWR UAM benchmark is focused on stand-alone neutronics 
core calculations and associated prediction uncertainties. Concerning the relevance of the 
experimental data used for Phase I, the desire has been to utilize experiments, which were conducted 
as close as possible to actual reactor conditions. Phase I does not analyze uncertainties related to cycle 
and depletion calculations. No feedback modelling is assumed. It addresses the propagation of 
uncertainties associated with few-group cross-section generation, but it does not address cross-section 
modelling (it will be addressed in the following Phases).   

  

 

 

 

 

 

 

Fuel assembly with 
enrichment 2.0% 

Fuel assembly with 
enrichment 3.0% 

Fuel assembly with 
enrichment 3.3% 

Profiled fuel assembly 
with enrichment 3.3%  

Reflector Assembly 

  
Figure 5. VVER-1000 Core  

 

 
 

Figure 6. Generation III PWR MOX core 

In order to investigate the uncertainties of kinetics parameters the SNEAK (fast core problem) was 
added as an optional test case to the test problems for Exercise I-3 since it has a unique set of 
experimental data for βeff uncertainties and can be used as an example on how to calculate uncertainty 
in βeff. The two high-quality reactor physics benchmark experiments, SNEAK-7A and 7B (Karlsruhe 
Fast Critical Facility) are part of the International Reactor Physics Benchmark Experiments (IRPhE) 
database [7]. It was demonstrated that the energy field responsible for βeff uncertainty is the same for 
fast and thermal reactors i.e. the SNEAK cases are relevant to the any kinds of kinetic parameters 
calculations validation. 
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Table 4. Measured kinetics parameters and associated uncertainties  

Parameters SNEAK 7A SNEAK 7B

Λ, µs 0.180 0.159

Λ, uncertainty 4.15% 3.21%

β 0.00395 0.00429

β, direct uncertainty 2.0 % 2.5%

β, uncertainty 2.4% N/A
 

Table 5. Participation in Phase I 

 

Organization Country Exercise I-1 Exercise I-2 Exercise I-3 

PSU/UPC USA/Spain X X X 

MkMaster/UPisa Canada/Italy X X  

ORNL USA X X X 

GRS Germany X X X 

PSI Switzerland X X  

VTT Finland X X  

UPM Spain X X  

KFKI Hungary X X  

CEA France X X X 

UM USA X X X 

TUM Germany X   

NECSA South Africa X X  

JNES Japan X X  

LPSC/CNRS-PM Canada/France X   

3.  Discussion of Phase II 

The obtained output uncertainties from Phase I of the OECD LWR UAM benchmark are utilized as 
input uncertainties in the remaining two phases – Phase II (Core Phase) and Phase III (System Phase). 
Phase II addresses time-dependent neutronics, core thermal-hydraulics and fuel performance, without 
any coupling between the three physics phenomena. In other words the Phase II takes into account 
other physics involved in reactor simulation, i.e. Thermal-Hydraulics and Fuel Physics and introduces 
time-dependence. For Phase II - Core Phase it is suggested to start on all exercises simultaneously i.e. 
each participant can start working on any exercise of Phase II – there is no a recommended sequential 
order as in Phase I. The Version 1.0 of the specification for Phase II has been prepared [8]. 

The Exercise II-1 is focused on determining uncertainties in fuel temperature, which is important for 
Doppler feedback modelling. This exercise is divided in two parts: 

a. Steady State - Exercise II-1a; 

b. Transient - Exercise II-1b.       
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The Exercise II-2 addresses uncertainties in time-dependent reactivity insertion, total power evolution 
and power peaking factors, exposure and isotopic content. It is also subdivided in two parts: 

a. Depletion – Exercise II-2a; 

b. Neutron Kinetics – Exercise II-2b.  

The Exercise II-3 deals with uncertainties in moderator temperature, density and void fraction, which 
are related to the moderator feedback. It consists of two sub-exercises: 

a. Steady State – Exercise II-3a; 

b. Transient – Exercise II-3b. 

The test cases for Exercise II-1 are assembled from the International Fuel Performance Experiments 
Data Base (IFPE) at OECD/NEA and from the IAEA Co-ordinated Research Programme on Fuel 
Modelling at Extended Burnup - FUMEX. Various uncertainty sources are accounted for in Exercise 
II-1 (Manufacturing, Modelling and Boundary conditions). The specified manufacturing and 
geometry (technological) uncertainties for Exercise II-1 are consistent with those specified for 
Exercise I-2. It is important to take into account the uncertainty in gap conductance.  

Additional sub-exercise is added to Exercise II-2 – Exercise II-2a – Standalone neutronics depletion 
to study the propagation of uncertainties in burn-up (depletion) calculation on fuel assembly level.  

The test cases for Exercise II-3 are numerical (following TMI-1, PB-2, VVER-1000 fuel bundles) and 
experimental test cases (using the databases of OECD/NRC BFBT and PSBT benchmarks). The 
experimental test cases are designed to test uncertainty and sensitivity methods on similar designs (as 
close as possible to the designs to be followed) by comparisons with measured data with uncertainties. 
For Exercise II-3 the data bases of the of OECD/NRC BFBT and PSBT benchmarks  are utilized for 
PWR and BWR test cases [9, 10]. For example for PWR bundle test cases the uncertain Input (I) 
parameters include boundary conditions, power shapes, geometry, and modelling parameters: 

1. Modeling parameters used in the codes as: 

o Friction factors (single-phase factor, two-phase multiplier, heating corrector); 

o Single-phase and two-phase heat transfer coefficients; 

o Boiling/condensation and interfacial mass transfer factors; 

o Turbulence and mixing coefficients; 

o Void drift model parameters; 

o Spacer loss coefficient; etc. 

2. Geometry effects as:   

o Diameter of the heated rod; 

o Thickness of the cladding; 

o Flow area of the sub-channel; 

o Wetted perimeter of the sub-channel, etc. 

 3. Boundary condition effects as:  

o Mass flow rate; 

o Inlet fluid temperature (or inlet sub-cooling); 

o System pressure; 

o Power. 
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The measurement uncertainties of void fraction for the PWR bundles are given in Table 7. 
Uncertainties for void fraction are under-estimated since these uncertainties cover only the 
measurement technique but do not include the bias due to the geometry.  

The Output (O) parameters are pressure drop, CHF/DNB, moderator density, temperature and void 
distribution while the Propagated uncertainty parameters (U) are moderator density, temperature and 
void distribution. The utilized Assumptions (A) are – stand-alone thermal-hydraulic steady state and 
transient modeling. 

Table 7.  Estimated Accuracy for Void Fraction Measurements 
Quantity Accuracy 

Void fraction measurement  
CT measurement  

Gamma-ray beam width 1 mm 
Subchannel averaged (steady-state) 3% void 
Spatial resolution of one pixel  0.5 mm 

Chordal measurement  
Gamma-ray beam width (center) 3 mm 
Gamma-ray beam width (side) 2 mm 
Subchannel averaged (steady-state) 4% void 
Subchannel averaged (transient) 5% void 

  
4.         Discussion of Phase III 

Phase III will include system thermal-hydraulics and coupling between fuel, neutronics and thermal-
hydraulics for steady-state, depletion and transient analysis. Figure 7 shows the envisioned 
interactions between input and output parameters in Exercise III-1.  

ExerciseIII-1

DNBR or CPR
out-of-phase instabilities

power distribution
(coreand pin level)

cycle length
CR position, boron concentration

corepressure drop

power history

models
correlations

depletion

transient

XS

TH boundary
conditions

heat transfer coef.
coolant temperature Fuel analysis

System TH
 

Figure 7. Main input and output parameters in Exercise III-1 

At the last OECD LWR UAM Benchmark workshop it was decided to move the time of conducting 
Exercise III-2 "System Thermal-Hydraulics" (which is system simulation without coupling with 3D 
coupled core thermal-hydraulics and neutronics) in parallel to Phase II activities as well as to add one 
more exercise III-4 – Comparison of Best Estimate calculations with uncertainty 
quantification vs. conservative calculations [11]. Benchmark participants have also agreed to 
rank transients (to be analyzed in Phase III) according to their complexity (models and 
uncertainties) and to their relevance for the industry and regulation in order to select the final 
targets of Phase III. 

Interactions and cooperation have been established between the LWR UAM benchmark team, 
with help of the OECD/NEA secretariat, and the following groups: 
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a. OECD/NEA NSC Expert Group on Fuel Performance; 

b. OECD/NEA NSC Expert Group on Uncertainty Analysis for Criticality Safety Assessment; 

c. OECD/NEA NSC Expert Group on Burn-up Credit Criticality Safety; 

d. OECD/NEA CSNI BEMUSE Project;   

e. IAEA CRP on Uncertainty Analysis in HTGR Modelling. 

5.  Conclusions 
The planning for the OECD LWR UAM benchmark activities envisions completing the benchmark 
activities on Phase I in the 2011-2012 time framework and beginning in 2011 in parallel the activities 
on Phase II.  

The expected results of the OECD LWR UAM project are: 

a. Systematic consideration of uncertainty and sensitivity methods in all steps. This approach 
will generate a new level of accuracy and will improve transparency of complex 
dependencies; 

b. Systematic identification of uncertainty sources; 

c. All results will be represented by reference results and variances and suitable tolerance limits; 

d. The dominant parameters will be identified for all physical processes; 

e. Support of the quantification of safety margins; 

f. The experiences of validation will be explicitly and quantitatively documented; 

g. Recommendations and guidelines for the application of the new methodologies will be 
established; 

h. Experience on sensitivity and uncertainty analysis. Several methods will be used and 
compared: 

• Deterministic methods; 

• Statistical sampling techniques; 

• Hybrid methodologies. 

i. New developments such as Adapted Global Sensitivity Analysis and Non-linear ESM 
approach to Hessian Matrix Construction. 

The benefits of participation for different organizations in this activity are seen as: 

a. To develop, propose and/or validate advanced  uncertainty and sensitivity methodology; 

b. Have access to different techniques in sensitivity / uncertainty analysis; 

c. Compare and exchange of know-how, resolve difficulties with the world experts; 

d. Improve understanding of model validity and their limitation; 

e. Provide evidence to model simplification; 

f. Have access to high quality integral experiments from experimental facilities and operating 
power reactors; 

g. Acquire competence in quantifying confidence bounds for physics and safety parameters in 
best estimate methods required for licensing. 

It is expected that the application of coupled codes for reactor design and safety analyses will be 
continuously growing. In fact, they are the only means to perform best-estimate calculations for 
accident conditions with a tight coupling of neutronics and thermal-hydraulics effects. The current 
tendencies in coupled code developments are towards systematic integration of uncertainty and 
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sensitivity analysis with simulations for safety analysis. The OECD LWR UAM benchmark activity is 
designed to address current regulation needs and issues related to practical implementation of risk 
informed regulation. Establishing such internationally accepted LWR UAM benchmark framework 
offers the possibility to accelerate the licensing process when using coupled best estimate methods. 
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OECD LWR UAM Benchmark Activity 

Status and Results of Phase I (Neutronics Phase)

Status of Phase II (Core Phase)

Priorities of Phase III (System Phase)

Conclusions and Outlook 

Outline



The principles that support the risk-informed regulation* should
be considered in an integrated decision-making process

Thus, any evaluation of licensing issues supported by a safety
analysis should take into account both deterministic and
probabilistic aspects of the problem

The deterministic aspects should be addressed using best
estimate coupled code calculations and considering the
associated uncertainties

In recent years there has been an increasing demand from
nuclear research, industry, safety and regulation for best
estimate predictions to be provided with their confidence
bounds

* Incorporating an assessment of safety significance or relative risk in NRC regulatory
actions. Making sure that the regulatory burden imposed by individual regulations or
processes is commensurate with the importance of that regulation or process to
protecting public health and safety and the environment.

Introduction



Uncertainty Analysis in Modeling (UAM) Expert Group (EGUAM) –
focuses on benchmark activities, which contribute to establishing a
unified framework to estimate safety margins, which would provide
more realistic, complete and logical measure of reactor safety:

Completed LWR coupled code benchmarks: LWR Core Transient
Benchmarks, TMI PWR MSLB, PB-2 BWR TT, Ringhals BWR Stability, PWR
MOX REA, and Kozloduy VVER-1000 CT

On-going LWR coupled code benchmarks – Kalinin-3 VVER-1000 and
Oskarshamn-2 BWR Stability

OECD LWR UAM benchmark - uncertainty propagation is being
estimated through the whole simulation process on a unified
benchmark framework to provide credible coupled code predictions
with defensible uncertainty estimations of safety margins at the full
core/system level

Objective - the chain of uncertainty propagation from basic data, and
engineering uncertainties, across different levels (multi-level), and
physics phenomena (multi-physics) to be tested on a number of
benchmark exercises for which experimental data is available and for
which the power plant details have been released

Introduction



Among the expected results of this project are:

Systematic consideration of uncertainty and sensitivity methods in all
steps. This approach will generate a new level of accuracy and will
improve transparency of complex dependencies

Systematic identification of uncertainty sources

All results will be represented by reference results and variances and
suitable tolerance limits

The dominant parameters will be identified for all physical processes

Support of the quantification of safety margins

The experiences of validation will be explicitly and quantitatively
documented

Recommendations and guidelines for the application of the new
methodologies will be established

Safety Implications



Among the expected results of this project are:

Experience on sensitivity and uncertainty analysis (several methods
will be used and compared):

Deterministic methods

Statistical sampling techniques

Hybrid methodologies

New developments:

Adapted Global Sensitivity Analysis:

Allows for combination of different input sources of uncertainties

Non-linear ESM approach to Hessian Matrix Construction:

In neutronics calculations, the responses behave linearly within cross-sections
variations, so first-order approximation are acceptable.

In multi-physics uncertainty quantification, thermal-hydraulics feedback is
expected to be strong, thereby higher order approximations will be needed.

Expected Results



Safety Implications

Source - NCSU



o The OECD LWR UAM activity will establish an internationally
accepted benchmark framework to compare, assess and further
develop different uncertainty analysis methods associated with
the design, operation and safety of LWRs

o As a result the LWR UAM benchmark will help to address current
nuclear power generation industry and regulation needs and
issues related to practical implementation of risk informed
regulation

o The use of coupled codes supplemented with uncertainty analysis
allows to avoid unnecessary penalties due to incoherent
approximations in the traditional decoupled calculations, and to
obtain more accurate evaluation of margins regarding licensing
limit

o This becomes important for licensing power upgrades, improved
fuel assembly and control rod designs, higher burn-up and others
issues related to operating LWRs as well as to the new Generation
3+ designs being licensed now (ESBWR, AP-1000, EPR-1600 and
etc.)

Safety Implications



Special thanks to Kevin Hesketh, who is leading the WPRS, and Tomasz 
Kozlowski for their support of the OECD LWR UAM benchmark activity



To develop, propose and/or validate advanced  uncertainty and 
sensitivity methodology

Have access to different techniques in sensitivity / uncertainty 
analysis

Compare and exchange of know-how, resolve difficulties with 
the world experts

Improve understanding of model validity and their limitation

Provide evidence to model simplification

Have access to high quality integral experiments from 
experimental facilities and operating power reactors

Acquire competence in quantifying confidence bounds for 
physics and safety parameters in best estimate methods 
required for licensing

Benefits of Participation



Phase I (Neutronics Phase) 
Exercise I-1: “Cell Physics”

Exercise I-2: “Lattice Physics”

Exercise I-3: “Core Physics”

Phase II (Core Phase)
Exercise II-1: “Fuel Physics”

Exercise II-2: “Time-Dependent Neutronics”

Exercise II-3: “Bundle Thermal-Hydraulics”

Phase III (System Phase)
Exercise III-1: “Core Multi-Physics”

Exercise III-2: “System Thermal-Hydraulics”

Exercise III-3: “Coupled Core-System”

Exercise III-4: “Comparison of BEPU vs. Conservative 
Calculations”

Description

UAM - LWR 
calculation

I. Neutronics –
Specification on Phase I 

II. Core – Specification on 
Phase II

III. System – Specification 
on Phase III



The OECD LWR UAM benchmark is organized following the
modular approach, which allows for a maximum flexibility and
benefit to the participants:

Participants can participate in the 3 Phases and in all exercises

propagating the uncertainties through all stages of coupled reactor

physics/thermal hydraulics calculation scheme

Alternatively participants can participate in selected exercises (the

benchmark team will provide them with the input data following the

established format of previous OECD/NEA benchmarks) and just follow

the activities in the other exercises

There are several types of operating LWRs to be followed in this

benchmark representative of a BWR, a PWR and a VVER. Participants

can model one or more reactor types depending on their interests

For each Exercise two types of test problems are designed – numerical

test problems (provided with reference solutions) for these types of

LWR reactors) and experimental test problems obtained from publicly

available databases

Description



The OECD LWR UAM benchmark framework is based on the
introduction of 10 steps (Exercises), which are grouped in 3 Phases

For each exercise Input (I), Output (O), and propagated Uncertainty (U)
parameters are identified

Identifying the sources of Input (I) uncertainties for each Exercise -
which input uncertainties are propagated from the previous exercise
and which one are new?

Other important parameters to be defined are the Output (O)
uncertainties and propagated Uncertainty parameters (U) for each
Exercise:

This task is directly related to the objective of each Exercise

The Output (O) uncertainties are for specified output parameters for each 
Exercise, used to test (evaluate) the utilized uncertainty method   

The propagated Uncertainty parameters (U) are output parameters, which
are selected to be propagated further through the follow-up Exercises in
order to calculate the overall resulting uncertainty

Description



Phase I 

Phase I – Neutronics Phase:

Exercise 1 (I-1) – Cell Physics:

Derivation of the multi-group 

microscopic cross-section 

libraries
U-1 (multi-group 

cross-section 

variance / 
covariance matrix)

Exercise 2 (I-2) – Lattice Physics: Derivation of the few-group macroscopic 
cross-section libraries
U-2 (two-group parameter variance / covariance matrix)

Exercise 3 (I-3) – Core Physics: Criticality (steady state) stand-alone 

neutronics calculations

U-3 (uncertainties in keff, power peaking factors, rod worth)



Phase I is focused on understanding uncertainties in prediction of key
reactor core parameters associated with LWR stand-alone neutronics
core simulation

Such uncertainties occur due to input data uncertainties, modelling
errors, and numerical approximations

Several LWR types are selected, based on previous benchmark
experiences and available data, in order to address all industrial
issues and participants interests.

Representative of operating PWR based on Three Mile Island 1 (TMI-1)
NPP
Representative of operating BWR based on Peach Bottom-2 (PB-2) NPP
Representative of operating VVER-1000 based on Kozloduy-6 and
Kalinin-3 (V1000) NPPs
Representative of Generation III PWRs with UOX and MOX cores

The intention is to follow the established calculation scheme for LWR
design and safety analysis in the nuclear power generation industry
and regulation

Phase I



The chosen approach in Phase I is to select/propagate for each exercise the most
important contributors which can be treated in a practical manner

The cross-section uncertainty information is considered as the most important
source of input uncertainty for Phase I

The cross-section related uncertainties are propagated through the 3 Exercises
of Phase I

In Exercise I-2 manufacturing and geometry (technological) uncertainties are
added to account for them in lattice physics calculations

Phase I

Parameter Distribution Mean Sigma

Fuel density Normal 10.283 g/cm3 0.05666666 g/cm3

Fuel pellet
diameter

Normal 0.9391 cm 0.000433333 cm

Gap thickness Normal 0.0186 cm 0.0008 cm

Clad thickness Normal 0.0673 cm 0.0008333333 cm

U235 enrichment Normal 4.85 % 0.07466 %

Manufacturing 
uncertainties 
for TMI-1

Source - PSU



Exercise I-1 propagates the uncertainties in evaluated Nuclear Data
Libraries - NDL - (microscopic point-wise cross sections) into multi-
group microscopic cross-sections used as an input by lattice physics
codes and associated multi-group covariance matrices

The participants can use any of the major NDLs such as ENDF, JEFF,
and JENDL

The development of nuclear data covariance files is in progress in
major NDLs

For the purposes of the OECD LWR UAM benchmark the
availability of relative covariance data is important for:

All relevant nuclides (actinides, fission products, absorbers and
burnable poisons, structural materials and etc.) present in the reactor
core and reflector regions of LWRs

Covering the entire energy range of interest (from 0 to 10 MeV)

All relevant reaction cross-section types

Exercise I-1
Exercise I-1, Cell Physics, is focused on the derivation of the multi-
group microscopic cross-section libraries



Exercise I-1

Number of materials and cross-sections with covariances of neutron 
cross-sections

Data files Number of materials Number of cross-sections

ENDF/B-VI.8 44 400

JEFF-3.1 34 350

JENDL-3.3 20 160

TENDL-2008 from F-19-Po-209 all

Number of nuclides and energy groups in the available multi-group 
covariance matrices

Name Number of nuclides Number of energy groups

ANL 42 17

NEA/OECD 31 15

SCALE5.1/ORNL
SCALE6.0/ORNL

299
401

44
44



Exercise I-1
The current status of the evaluated cross-section NDLs is such that the
most comprehensive covariance library is available with SCALE-5.1 and
now with the extension / improvement in SCALE-6.0

For this reason initially it was decided to utilize the nuclide dependent
multi-group covariance data from SCALE-6.0 for the purposes of
Exercise I-1

It is based on a 44-group structure. For other group structures,
NEA/OECD has provided the tools for handling and transforming the
cross-section covariance in a consistent way (ANGELO and LAMBDA)

Covariance data are relative values and can be used with different NDLs

SCALE 6.0 covariance library + updated version of ANGELO and
LAMBDA are delivered to all participants

SCALE 6.1 with GPT implemented is now available for the participants

Collaboration of the UAM benchmark group with ORNL:

Early access to Beta version of SCALE-6.2;

Access to standardized interface of SCALE to different sampling tools;

Interfaces to core simulators.



Exercise I-1

The data in the SCALE-6 library has been assembled from a variety
sources

Includes recent ENDF/B-VII covariance evaluations

Approximate uncertainties span full energy range 0-20 MeV

Approximate uncertainties included for all the reaction cross-sections 
for all materials present in LWR cores 

Includes uncertainties in the fission spectra which is very important in 
multi-group reactor calculations;

The 44-group covariance library is “generic” (problem-independent) 
and thus the participants have to address problem-specific resonance 
self-shielding effects for performing sensitivity and uncertainty 
analysis 

Only energy is fully correlated in the SCALE-6.0 44-group covariance 
library. There are no real cross-reaction and cross-nuclide correlations
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Exercise I-1

H-1, H-ZrH, H-poly, H-freegas, H-2, H2-freegas, H-3, He-3, He-4, Li-6, Li-7, Be-7, Be-9,  Be-bound, B-10, B-11, C-0, 
C-graphite, N-14, N-15, O-16, O-17, F-19,  Na-23, Mg-0, Mg-24, Mg-25, Mg-26, Al-27, Si-0, Si-28, Si-29, Si-30,  P-31, S-
0, S-32, S-34, S-36, Cl-0, Cl-35, Cl-37, Ar-36, Ar-38, Ar-40, K-0, K-39, K-40, K-41, Ca-0, Ca-40, Ca-42, Ca-43, 
Ca-44, Ca-46, Ca-48, Sc-45, Ti-0,  Ti-46, Ti-47, Ti-48, Ti-49, Ti-50, V-0, Cr-50, Cr-52, Cr-53, Cr-54, Mn-55, Fe-0, 
Fe-54, Fe-56, Fe-57, Fe-58, Co-58, Co-58(m), Co-59, Ni-58, Ni-59, Ni-60,  Ni-61, Ni-62, Ni-64, Cu-63, Cu-65, Ga-0, Ga-
69, Ga-71, Ge-70, Ge-72,  Ge-73, Ge-74, Ge-76, As-74, As-75, Se-74, Se-76, Se-77, Se-78,  Se-79. Se-80, Se-82, Br-79, 
Br-81, Kr-78, Kr-80, Kr-82, Kr-83,  Kr-84, Kr-85, Kr-86, Rb-85, Rb-86, Rb-87, Sr-84, Sr-86, Sr-87,  Sr-88, Sr-89, Sr-90, Y-
89,  Y-89, Y-90, Y-91, Zr-0,  Zr-90, Zr-91, Zr-92, Zr-93, Zr-94, Zr-95, Zr-96, Nb-93, Nb-94, Nb-95, Mo-0, 
Mo-92, Mo-94, Mo-95, Mo-96, Mo-97, Mo-98, Mo-99, Mo-100, Tc-99,  Ru-96, Ru-98, Ru-99, Ru-100, Ru-101, Ru-102, 
Ru-103, Ru-104, Ru-105, Ru-106,  Rh-103,  Rh-105, Pd-102, Pd-104, Pd-105, Pd-106, Pd-107, Pd-108,  Pd-110, 
Ag-107, Ag-109, Ag-111, Cd-0, Cd-106,  Cd-108, Cd-110,  Cd-111, Cd-112, Cd-113, Cd-114, Cd-115(m), Cd-116, In-0, 
In-113, In-115,  Sn-112, Sn-113, Sn-114, Sn-115,  Sn-116, Sn-117, Sn-118, Sn-119, Sn-120, Sn-122, Sn-123, Sn-124, 
Sn-125, Sb-121, Sb-123, Sb-124, Sb-125, Sb-126, Te-120, Te-122, Te-123, Te-124, Te-125, Te-126, Te-127(m), 
Te-128, Te-129(m), Te-130, I-127, I-129,  I-130, I-131, I-135, Xe-123, Xe-124, Xe-126, Xe-128, Xe-129, Xe-130, 
Xe-131,  Xe-132, Xe-133, Xe-134, Xe-135, Xe-136, Cs-133, Cs-134, Cs-135, Cs-136, Cs-137, Ba-130, Ba-132, 
Ba-133, Ba-135, Ba-136, Ba-137, Ba-138, Ba-140, La-138, La-139,  La-140, Ce-136, Ce-138, Ce-139, Ce-140, 
Ce-141, Ce-142, Ce-143, Ce-144, Pr-141, Pr-142, Pr-143, Nd-142, Nd-143, Nd-144, Nd-145, Nd-146, Nd-147, Nd-148,  
Nd-150, Pm-147, Pm-148, Pm-148(m), Pm-149, Pm-151, Sm-144, Sm-147, Sm-148,  Sm-149, Sm-150, Sm-151, 
Sm-152, Sm-153, Sm-154, Eu-151, Eu-152,  Eu-153, Eu-154, Eu-155, Eu-156, Eu-157, Gd-152, Gd-153, Gd-154, 
Gd-155, Gd-156, Gd-157,  Gd-158, Gd-160, Tb-159, Tb-160, Dy-156, Dy-158, Dy-160, Dy-161, Dy-162, Dy-163, 
Dy-164, Ho-165, Er-162, Er-164, Er-166, Er-167, Er-168, Er-170, Lu-175, Lu-176, Hf-0, Hf-174,  Hf-176, Hf-177, 
Hf-178, Hf-179, Hf-180, Ta-181, Ta-182, W-0,  W-182, W-183, W-184, W-186, Re-185, Re-187, Ir-191, Ir-193, Au-197, 
Hg-196, Hg-198, Hg-199, Hg-200, Hg-201, Hg-202, Hg-204, Pb-204, Pb-206, Pb-207, Pb-208, Bi-209, Ac-225, Ac-226, 
Ac-227, Th-227, Th-228, Th-229, Th-230, Th-232, Th-233, Th-234, Pa-231, Pa-232, Pa-233,  U-232, U-233, U-234, 
U-235, U-235, U-236, U-237, U-238,  U-239, U-240, U-241, Np-235, Np-236, Np-237, Np-238, Pu-236, Pu-237, 
Pu-238, Pu-239, Pu-240, Pu-241, Pu-242, Pu-243,  Pu-244,  Pu-246, Am-241, Am-242, Am-242(m), Am-243, Am-244, 
Cm-241, Cm-242, Cm-243, Cm-244,  Cm-245, Cm-246, Cm-247, Cm-248, Cm-249, Cm-250, Bk-249, Bk-250, Cf-249, Cf-
250, Cf-251, Cf-252, Cf-253, Cf-254, Es-253, Es-254, Es-255, Fm-255

In red : added nuclides / materials



Exercise I-1
In order to perform a comparative
analysis of the multi-group cross-
section uncertainty data obtained
after processing test problems are
devised or utilized from the
previously defined benchmarks and
from the available experimental data

The first sets of problems are two-
dimensional fuel pin-cell test
problems representative of BWR PB-
2, PWR TMI-1, and VVER-1000
Kozloduy-6

These problems are analyzed at Hot
Zero Power (HZP) conditions and Hot
Full Power (HFP) conditions

The BWR HFP case is at 40 % void is
added for different spectrum
conditions

Two critical experiments:

KRITZ 2.1 (UOX)

KRITZ 2.13 (UOX)

KRITZ 2.19 (MOX)

MCNP5 2-D model of the PB-2 BWR pin 
cell

Three types of fuel composition from a
representative Generation III LWR
specification (provided by CEA, France)
are analyzed at Hot Full Power condition:

UOX
MOX
UOX-Gd2O3

For each type of unit cell uncertainty in kinf

for different enrichments of fissile material
are compared



Exercise I-1
Test cases which cover extensive range of materials and 
temperature (void) and spectrum conditions: 

Analysis of temperature effect on uncertainty in kinf for selected unit fuel pin 
cells
Analysis of composition effect on uncertainty in kinf for selected unit fuel pin 
cells

Source UPC and PSU



Exercise I-1



Exercise I-1

Fuel pin-cell test problems from the KRITZ-2 LEU and MOX critical
experiments

The KRITZ-2:1 and KRITZ-2:13 experiments at two different temperatures and
boron concentration are selected since their rod pitch sizes are similar to
those of lattices present in the PB-2 and TMI-1 cores

The KRITZ-2:19 experiment is a representative of a MOX lattice and also is
analyzed

For each test problem and case participants have to calculate kinf, and
absorption and fission reaction rates for 234U, 235U, and 238U and associated
uncertainties

Based on 
SCALE-6

Source - IJS



In the current
established calculation
scheme for LWR design
and safety analysis,
multi-group
microscopic cross-
section libraries are an
input to lattice physics
calculations

The multi-group cross-
section uncertainties
(multi-group cross-
section covariance
matrix) should be
obtained by participants
as output uncertainties
within the framework of
Exercise I-1

Exercise I-2

Exercise I-2, Lattice Physics, is focused on the derivation 
of the few-group macroscopic cross-section libraries 

section libraries are an

Source - University of 
Pisa



Exercise I-2

GPT Sequence in TSUNAMI (available with SCALE-6.1)

Source - ORNL



Exercise I-2

The first set of problems are 
test problems representative 
of BWR PB-2, PWR TMI-1, and 
VVER-1000 Kozloduy-6 
defined on assembly spatial 
scale

These problems are analyzed 
at Hot Zero Power (HZP) 
conditions and Hot Full Power 
(HFP) conditions to account 
for spectrum changes. For 
BWR case also different void 
fraction conditions are 
considered 

Continuous energy Monte 
Carlo reference solutions The 
second set of problems are 
based on publically available 
experimental data 

TMI MCNP5 Assembly Model

Assemb
ly

Nuclear 
Data 
Library

Thermal 
Scattering 
Library

PURR kinf/Std. GROUPR kinf/Std.

TMI ENDF/B-
VII.0

lwtr.62t 1.05899 0.00016 1.05826 0.00015
lwtr.04t 1.05737 0.00016 1.05718 0.00016
th552.68t 1.06239 0.00025 1.06212  0.00025

JEFF3.1.1

lwtr.62t 1.05490 0.00015 1.05409 0.00015
lwtr.04t 1.05359 0.00015 1.05253 0.00016
th552.68t 1.05851 0.00023 1.05746 0.00025

JENDL3.
1

lwtr.62t 1.05544 0.00025 1.05511 0.00023
th552.68t 1.05924 0.00026 1.05849 0.00024



Exercise I-2

Source - JNES



Exercise I-2



Exercise I-2



Exercise I-2

Specification of PWR Generation III assemblies 
Source - CEA



Exercise I-3

In the current established
calculation scheme for LWR design
and safety analysis the lattice
averaged (homogenized) few-group
cross-sections are an input to core
calculations

The few-group cross-section
uncertainties (few-group covariance
matrix) should be obtained by
participants as output uncertainties
within the framework of Exercise I-2

In Exercise I-3 the few-group cross-
section uncertainties are input
uncertainties and must be
propagated to uncertainties in
evaluated stand-alone neutronics
core parameters

Exercise I-3, Core Physics, is focused on the core steady 
state stand-alone neutronics calculations 

PB-2 BWR HZP case 



Exercise I-3
The propagation of the input uncertainties
through core calculations to determine
uncertainties in output core parameters within
the framework of Exercise I-3 requires
utilization of a core simulator code

VVER-1000 Core

Generation III PWR MOX core
Source - CEA



Phase I
Test problems on two different levels are
defined to be used within Phase I of the
OECD LWR UAM benchmark:

HZP test cases based on the realistic LWR
designs (for which the continuous energy
Monte Carlo method is used for reference
calculations)

Documented experimental benchmark
plant cold critical data and critical lattice
data

In summary, Phase I is focused on stand-
alone neutronics core calculations and
associated prediction uncertainties

It does not analyze uncertainties related
to cycle and depletion calculations

No feedback modelling is assumed:

It will address the propagation of
uncertainties associated with few-group
cross-section generation, but will not
address cross-section modelling (it will be
addressed in the following Phases)

XSUSA Method with SCALE/ PARCS

Source – ORNL, UM and GRS



Phase I

Primary differences between
the random sampling and
two-step methods are the
moment at which the
perturbations are applied and
the origin of the covariance
matrix

Few-group covariance matrix
is obtained using GPT
through NEWT.

Few-group covariance matrix
is then sampled using the
uncertainty software package
DAKOTA

Two-Step Method Using 
GPT

Source - ORNL



Phase I

Infinite TMI-1 PWR 
mini-core

Source – UM and GRS



Phase I

UU U

U R U

UUU

Reflector Reflector ReflectorReflector Reflector

Reflector Reflector

ReflectorReflector

Reflector Reflector

Reflector Reflector ReflectorReflectorReflector

Reflected TMI-1 PWR 
mini-core

Source UM and GRS



Uncertainties of Kinetics Parameters
SNEAK (fast core problem) was added as an optional test case to the test 
problems for Exercise I-3 since it has a unique set of experimental data for 

eff uncertainties and can be used as an example on how to calculate 

eff.

The two high-quality reactor physics benchmark experiments, SNEAK-7A & 
7B (Karlsruhe Fast Critical Facility) are part of the International Reactor 
Physics Benchmark Experiments (IRPhE) database.

It was demonstrated that the energy field responsible for eff uncertainty is 
the same for fast and thermal reactors => SNEAK cases are relevant to the 
any kinds of kinetic parameters calculations validation 

Source - IRSN



Participation in Phase I

Organization Country Exercise I-1 Exercise I-2 Exercise I-3



Phases II and III

The obtained output uncertainties from Phase I of the
OECD LWR UAM benchmark will be utilized as input
uncertainties in the remaining two phases – Phase II
(Core Phase) and Phase III (System Phase)

Phase II will address core neutron kinetics, thermal-
hydraulics and fuel performance, without any
coupling between the three physics phenomena

Phase III will include system thermal-hydraulics and
coupling between fuel, neutronics and thermal-
hydraulics for steady-state, depletion and transient
analysis



Phase II 
Phase II - Core Phase:

Exercise II-1 – Fuel Physics: Fuel thermal properties relevant to steady-state
and transient performance

U-4 (uncertainties in fuel temperature – Doppler feedback)

Exercise II-2 – Neutron Kinetics : Neutron kinetics stand-alone performance

U-5 (uncertainties in time-dependent (dynamic) reactivity insertion,  total 
power evolution and power peaking factors)

Exercise II-3 – Bundle Thermal-Hydraulics: Thermal-hydraulic fuel bundle 
performance

U-6 (uncertainties in moderator temperature, density and void fraction –
moderator feedback)k)

Phase II will address 
core neutron kinetics, 
thermal-hydraulics and 
fuel performance, 
without any coupling 
between the three 
physics phenomena 

Source - PSU



Phase II 
Phase II takes into account other physics involved in reactor simulation, i.e. 
Thermal-Hydraulics and Fuel Physics and introduces time-dependence

Interaction with Uncertainty Analysis Exercises of the OECD/NRC BFBT and 
PSBT benchmarks

Content of Phase II:

Exercise II-1 - Fuel Physics

Steady State  - Exercise II-1a

Transient - Exercise II-1b

Exercise II-2 – Time-dependent Neutronics

Depletion – Exercise II-2a

Neutron Kinetics – Exercise II-2b

Exercise II-3 – Bundle Thermal-Hydraulics

Steady State – Exercise II-3a

Transient – Exercise II-3b
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Source - UPM



Exercise II-2

A 20 cm tall version of the Reflected TMI-1 PWR Mini-core

Withdraw control rod 5 cm in 10 seconds ~ $0.6 reactivity insertion

Reinsert control rod in 20 seconds / 100 simulations

0 10 20 30 40 50 60
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Time [s]

R
ea

ct
iv

ity
 [

$]

Source - UM



Exercise II-3

Input (I) – boundary conditions, 
power shapes, geometry, and 
modeling parameters

Output (O) – pressure drop, 
CHF/DNB, moderator density, 
temperature and void distribution

Propagated uncertainty 
parameters (U) – moderator 
density, temperature and void 
distribution

Assumptions (A) – stand-alone 
T-H steady state and transient 
modeling 

COBRA-3C and DAKOTA application to PWR 
bundle

Source – TRACTEBEL Engineering

Quantity Accuracy

Estimated Accuracy for Void Fraction Measurements in the 
PSBT database



Exercise II-3

Parameter Accuracy PDF

Pressure 1 % Normal

Flow Rate 1 % Normal

Power 1.5 % Normal

Inlet Temperature 1.5 C Flat

Subchannel Area 0.5 % Normal

Single-phase mixing coefficient 42 % Normal

Two-phase multiplier of the mixing coefficient 24% Normal

Equilibrium distribution weighing factor in void drift 14 % Normal

Nucleate boiling heat transfer coefficient 24 % Normal

Interfacial drag coefficient (bubbly flow) 32 % Normal

Interfacial drag coefficient (droplet flow) 26% Normal

Interfacial drag coefficient (film flow) 36 % Normal

COBRA-TF and SUSA application to BWR bundle

Source – PSU and GRS



Phase III 

Phase III - System Phase

Exercise III-1 – Core Multi-Physics: Coupled neutronics/thermal-hydraulics core
performance: U-7 (uncertainties in coupled history (depletion) and instantaneous
feedback (transient) modeling)
Exercise III-2 – System Thermal-Hydraulics: Thermal-hydraulics system
performance: U-8 (uncertainties in thermal-hydraulics boundary conditions)
Exercise III-3 – Coupled Core/System: Coupled neutronics kinetics thermal-
hydraulic core/thermal-hydraulic system performance: U-9 (uncertainties in safety
related parameters and margins)
Exercise III-4: “Comparison of BEPU vs. Conservative Calculations”

Main input and 
output parameters 
in Exercise III-1

Source - SEA



Benchmark web-site: 
http://www.nea.fr/html/science/egrsltb/UAM/index.html

Version 2.0 (final) of the Volume I of OECD LWR UAM Benchmark 
Specification (Phase I) has been finalized

Version 1.0 (draft) of the Volume II of OECD LWR UAM Benchmark 
Specification (Phase II) is being finalized

April 13-15, 2011 – UAM-5 workshop in 2011 in Stockholm, Sweden and 
was hosted by KTH – 52 participants from 27 organizations of 17 
countries

The SCALE 6.1 has been released in July 2011, which is important for 
some participants to perform Exercises I-2 and I-3

The UAM-6 workshop is scheduled for May 9-11, 2012 in Karlsruhe, 
Germany hosted by the Karlsruhe Institute of Technology (KIT) -
University of the State of Baden-Wuerttemberg and National Laboratory 
of the Helmholtz Association 

Status of the Benchmark Activities 



It is expected that the application of coupled codes for safety
analyses will be continuously growing

In fact, they are the only means to perform best-estimate
calculations for accident conditions with a tight coupling of
neutronics and thermal-hydraulics effects

The current tendencies in coupled code developments are
towards systematic integration of uncertainty and sensitivity
analysis with simulations for safety analysis

The OECD LWR UAM benchmark activity is designed to
address current regulation needs and issues related to
practical implementation of risk informed regulation

Establishing such internationally accepted LWR UAM
benchmark framework offers the possibility to accelerate the
licensing process when using coupled best estimate
methods

Conclusions
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