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Abstract. One of the goals of computer code models of Nuclear Power Plants (NPP) is to demonstrate that 
these are designed to respond safely at postulated accidents. Models and codes are an approximation of the 
real physical behaviour occurring during a hypothetical transient and the data used to build these models are 
also known with certain accuracy. Therefore code predictions are uncertain. The BEMUSE programme is 
focussed on the application of uncertainty methodologies to large break LOCAs. The programme intends to 
evaluate the practicability, quality and reliability of best-estimate methods including uncertainty evaluations 
in applications relevant to nuclear reactor safety, to develop common understanding and to promote/facilitate 
their use by the regulator bodies and the industry. In order to fulfil its objectives BEMUSE is organized in to 
steps and six phases. The first step is devoted to the complete analysis of a LB-LOCA (L2-5) in an 
experimental facility (LOFT) while the second step refers to an actual Nuclear Power Plant. Both steps 
provide results on thermalhydraulic Best Estimate simulation as well as Uncertainty and sensitivity 
evaluation. At the time this paper is prepared, phases I, II and III are fully completed and the corresponding 
reports have been issued. Phase IV draft report is by now being reviewed while participants are working on 
Phase V developments. Phase VI consists in preparing the final status report which will summarizes the most 
relevant results of the whole programme. 

 
 
1. INTRODUCTION 
 
1.1 Background 
 
One of the goals of computer code models of Nuclear Power Plants (NPP) is to demonstrate that these are designed 
to respond safely at postulated accidents. Models and codes are an approximation of the real physical behaviour 
occurring during a hypothetical transient and the data used to build these models are also known with certain 
accuracy. Therefore code predictions are uncertain. To deal with these uncertainties the analyses can either use 
conservative or best-estimate (BE) codes: 
 
- The conservative codes contain assumptions to try to cover not known uncertainties. These assumptions are often 

unphysical and lead to predictions that could be worse than reality. 
- BE codes are designed to model all the relevant processes in a physically realistic. A calculation with a BE code is 

then considered the best approach of what is more likely to occur. In any case it is necessary to evaluate the 
uncertainty of the estimation. 

 
The reasons and motivation for using BE codes has been explained in many occasions [14] [15] [16]. 
 
As a consequence of the use of BE codes uncertainty methods are needed to estimate margins around the best-
estimate values. In the near past under the auspices of CSNI, the comparative exercise called UMS (Uncertainty 
Methods Study) has been launched on uncertainty methodologies used for thermal-hydraulic best-estimate codes [6]. 
More recently (from 2003) the OECD BEMUSE started with the aim of achieving a deeper understanding such 
methods [7].     
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1.2 Objectives 
 
The BEMUSE programme is focussed on the application of uncertainty methodologies to large break LOCAs.  
The objectives of this programme are: 

• To evaluate the practicability, quality and reliability of best-estimate methods including uncertainty 
evaluations in applications relevant to nuclear reactor safety. 

• To develop common understanding. 
• To promote/facilitate their use by the regulator bodies and the industry 

 
Using the same codes and similar methods should allow comparing the potential important uncertain parameters and 
the effects of different modelling for uncertainties can be evaluated. Therefore, the assessment of each methodology 
by comparison with experimental data is also one of the purposes of the programme.   
 
 
1.3 Steps and phases 
 
The BEMUSE program is divided in two steps. The first step is to perform an uncertainty and sensitivity analysis of 
LOFT L2-5 test calculations and the second is to perform this analysis for a NPP-LB. 
 
Each of these two steps is made up of three phases: 
 
•  First step (Phases 1, 2 and 3): 

- Phase 1: presentation a priori of the uncertainty evaluation methodology to be used (lead organisation: IRSN) 
- Phase 2: re-analysis of the ISP-13 exercise, post-test of LOFT L2-5 test (lead organisation: University of Pisa) 
- Phase 3: uncertainty evaluation of the L2-5 test calculations (lead organisation: CEA) 

 
•  Second step (Phases 4, 5 and 6):  

- Phase 4: best-estimate analysis of an NPP-LBLOCA (lead organisation: UPC) 
- Phase 5: uncertainty evaluation of the NPP-LBLOCA (lead organisation: UPC) 
- Phase 6: status report, conclusions and recommendations (lead organisation: GRS) 

 
 
2. SUMMARY OF PHASE I [1] 
 
2.1 Brief description of the Methodologies 
 
Nine out of ten participants adopt an uncertainty methodology based on a propagation of input uncertainties. These 
nine organisations have chosen to follow a probabilistic methodology. All these methods have a lot of common 
characteristics. In particular for evaluating the uncertainty margins a majority of them intend to use order statistics 
results as Wilks’ formula [8]. 
 
The Pisa University is using the CIAU [9] method which is an extension of the UMAE method [10], based on 
extrapolation of accuracy. It must be noted that no participants will use a deterministic method. 
 
2.1.1 Probabilistic methods 
These methods follow the three main steps (a, b, and c) that are summarized below. 
 
a) Determination of the Probability Density Functions 

Normally the determination method of PDFs is supported either by code qualification matrix, by experimental 
uncertainties analysis or by expert judgment. The probability density function associated to an uncertain 
parameter expresses the state of knowledge of fixed but inaccurately known parameter rather than stochastic 
variability. It is also stated that the sampling procedure must take into account the known correlations between 
parameters.  

 
b) Propagation of uncertainties 

All participants using such kind of methodology determine the sample size according to an order statistics 
theorem (Wilks’ formula). This theorem gives the minimum number of random and independent calculations to 
perform in order to meet the statistical tolerance limits chosen by the user. Scaling effects are expected to be not 
so important and are only partly considered following different practices as broadening the ranges of variation of 
the input parameters or using 3D modelling of the vessel when needed. 
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c) Determination of response uncertainty ranges 
All participants intend to use order statistics to derive uncertainty ranges for code responses. Among 
methodologies, to take into account scale-up effects or systematic discrepancies between code-calculated and 
experimental data encountered during the assessment process, some methodologies propose to add a bias in order 
to obtain final estimates of uncertainty ranges. For others, these uncertainties must also be modelled in a 
probabilistic way as the other sources of uncertainty. 

 
2.1.2 The CIAU method 
The CIAU method [9] is based on the principle that it is reasonable to extrapolate code output errors observed for 
relevant experimental tests to real plants. The development of the method implies the availability of qualified 
experimental data. A first step is to check the quality of code results with respect to experimental data by using a 
procedure based on Fast Fourier Transform Method. Then a method (UMAE) is applied to determine both Quantity 
Accuracy Matrix and Time Accuracy Matrix [10]. This matrix QAM and this vector TAM are used to estimate 
‘time-domain’ and ‘phase-space’ uncertainties for the considered scenario. 
 
The main advantage of this method is to avoid the necessity to select a reasonable number of variables and to 
provide uncertainty ranges (or distribution functions) for each of these variables. The main drawback of this method 
is the lack of formal (or mathematical) proof that the extrapolation calculation is conservative. 
 
 
3. SUMMARY AND MAIN RESULTS OF PHASE II [2] 
 
3.1 Scope and Objectives 
 
The scope of the Phase II [13] is to perform Large Break LOCA analysis making reference to the experimental data 
of LOFT L2-5 [11] in order to address the issue of the capabilities of computational tools including the 
scaling/uncertainty analysis. 
 
The objective of the activity is the quality demonstration of the system code calculations in performing LBLOCA 
analysis through the fulfilment of a comprehensive set of common criteria established in correspondence of different 
steps of the code assessment process. In particular criteria and threshold values for selected parameters have been 
adopted for:  
 

a) The developing of the nodalization  
b) The evaluation of the steady state results  
c) The qualitative and quantitative comparison between measured and calculated time trends.  

 
 
3.2 Used Methods and Work Performed  
 
Based on procedures developed at the host institution, a systematic qualitative and quantitative accuracy evaluation 
of the code results have been applied to the calculations performed by the participants to the Phase II. The 
qualitative accuracy evaluation is characterized by the selection of Relevant Thermalhydraulic Aspects (RTAs) and 
by the comparison between measured and calculated time trends. The qualitative step fulfilment is a prerequisite to 
the application of the Fast Fourier Transform Based Method (FFTBM) which quantifies the error in code predictions 
related to the measured experimental signals. The proposed criteria for qualitative and quantitative evaluation at 
different steps in the process of code assessment have been carefully pursued by participants during the developing 
of the nodalization, the evaluation of the steady state results and of the measured and calculated time trends.  
 
Sensitivity analyses have been proposed and performed by the participants to study the influence of different 
parameters (break area, gap conductivity, core pressure drops, time of scram etc.) upon the predicted LBLOCA 
transient evolution.  This study does not constitute an uncertainty evaluation for the analysis of experiments but shall 
be used as guidance for deriving such uncertainty (to be evaluated in Phase III).  
 
 
3.3 Main Results and Conclusions 
 
Significant achieved results may be summarized as follows:  
a) Almost all performed calculations appear qualified against the fixed criteria: few mismatches between results and 

acceptability thresholds have been characterized. 
b) Dispersion bands (See Figure 1) of results appear substantially less than in ISP-13 (even though a lower number 

of participants submitted calculation in BEMUSE with respect to ISP-13): this testifies of code improvements in 
the last 20 years but especially in techniques for performing analysis.  
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Figure 1: Calculated Hot Rod Temperature (BEMUSE Phase II). 
 
 
The revisiting of the LOFT International Standard Problem 13 (ISP-13) based on a LBLOCA experiment (double 
ended guillotine break in cold leg) has been completed. Fourteen new reference calculations have been submitted 
and processed, coming from eleven countries and involving the use of seven different thermal-hydraulic system 
codes.  
 
The technological importance of the activity can be derived from the following:  
a) LOFT is the only Integral Test Facility with a nuclear core where safety experiments have been performed.  
b) The ISP-13 was completed more than 20 years ago and open issues remained from the analysis of the comparison 
between measured and calculated trends.  
 
Main achievements of the Phase II, to be considered in the following phases are summarized as follows: 
- Almost all performed calculations appear qualified against the fixed criteria 
- Dispersion bands of reference results appear substantially less than in ISP-13  
- The sensitivity study shall be used as guidance for deriving the uncertainty bands in the following phase of the 

programme.  
 
 
4. SUMMARY AND MAIN RESULTS OF PHASE III [3] 
 
4.1 Scope and Objectives 
 
Phase 3 is devoted to uncertainty and sensitivity analysis applied to the LOFT L2-5 test [3]. Ten participants from 
nine organizations and seven countries took part in the exercise. Five thermal-hydraulic codes have been used, some 
of them in different versions.  
 
The coordinator prepared the step-by-step requirements [12], with four main parts clearly defined: 
 
a) List and uncertainties of the input parameters 
b) Uncertainty analysis results 
c) Sensitivity analysis results 
d) Improved methods, assessment of the methods (optional). 
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The main objective of Phase III was to estimate the 5% and 95% percentiles for the following 6 output parameters: 
 
• Scalar output parameters 

- First Peak Cladding Temperature  
- Second Peak Cladding Temperature  
- Time of accumulator injection 
- Time of complete quenching 
 

• Time trends output parameters 
- Maximum cladding temperature, whatever the location of the fuel rod in the core 
- Upper plenum pressure 

 
Other objectives of Phase III were to produce comparative plots summarizing both uncertainty and sensitivity results 
and also to compile some recommendations in order to improve the used methods. 
 
 
4.2 Used Methods and Work Performed  
 
As established in Phase I there are two kinds of uncertainty methods among those used by participants. One of them 
propagates input uncertainties and the other one extrapolates output uncertainties.  
 
Both kinds of methodologies have advantages and disadvantages. The probabilistic methods need to select a 
reasonable number of variables and to associate range of variations and distribution functions for each one. 
Selection of parameters and their distribution must be justified. Uncertainty propagation occurs through calculations 
of the code under investigation. 
 
The extrapolation on the outputs method has no formal analytical procedure to derive uncertainties, and needs to 
have “relevant experimental data” available. In addition, the sources of error cannot be derived as result of 
application of the method. The method seeks to avoid engineering judgement as much as possible. 
  
In BEMUSE Phase III, nine out of ten participants use the probabilistic approach, associated with Wilks’ formula. 
Only University of Pisa uses its method extrapolating output uncertainties. This method is called the CIAU method, 
Code with (the capability of) Internal Assessment of Uncertainty.  
 
 
4.3 Main Results and Conclusions  
 
Uncertainty analysis results are quite satisfactory. For cladding temperature-type outputs (i.e. both PCT, time of 
complete quenching and the maximum cladding temperature time trend), 8 out of 10 participants find uncertainty 
bands which envelop the experimental data.  
 
Figures 2 and 3 are selected as relevant of what has been said. Figure 2 shows the 2nd PCT bounds for all 
participants while Figure 3 those of the time of quenching. 
 

500

600

700

800

900

1000

1100

1200

1300

PSI GRS UPC NRI-1 IRSN UNIPI NRI-2 KINS CEA KAERI
organisation name

te
m

pe
ra

tu
re

 (K
)

lower uncertainty bound
reference 
upper uncertainty bound
experiment

 
 

Figure 2: 2nd PCT Bounds (BEMUSE Phase III). 
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Figure 3: Time of Quenching Bounds (BEMUSE Phase III). 
 
 
For the pressure-type outputs (time of accumulator injection and the time trend upper plenum pressure), 6 out of 10 
envelop roughly the experimental data. Nevertheless for both kinds of outputs, the spread of the uncertainty band is 
large depending on the participants: between 100 K and 700 K for the temperatures, between 0.2 and 2 MPa for the 
pressure, without taking into account the UNIPI method because of its specificity in its way of considering time 
uncertainty. Other comparative tables and figures can be found in the report [3]. 
 
The information shown in Figure 4 is an example of how the compilation of the results of individual working groups 
comes up with some added value. The figure shows the total ranking of the influence on the cladding temperature 
per parameter. It has been built putting together the significance given by each participant to each input parameter in 
relation to the selected output (PCT). Other figures are available on other output parameters. 
 
Recommendations provided as a result of Phase III are the following: 
 
• Increasing the number of code runs. For uncertainty analysis, performing 150 to 200 code runs and 

consequently applying Wilks’ formula at the order 4 or 5 for the estimation of the 95% percentile, reduces the 
dispersion of the estimated tolerance limit. Besides, the results of sensitivity analysis become more reliable. 

• A compromise seems to be found for the number of input parameters. In uncertainty analysis, there is no 
limitation of this number due to the use of Wilks’ formula. However, some difficulties can be encountered to 
determine the range of variation of numerous input parameters. In sensitivity analysis, the results are more 
reliable if the number of code runs is significantly higher than the number of input parameters. 

• The appropriate type of sampling when using Wilks’ formula is the simple random sampling (SRS). 
• For a proper use of Wilks’ formula, all the code runs must be successful or corrected in case of failure. 

Nevertheless, in case of one or two code failures, a conservative approach may be used by performing more 
code runs. 

• Focusing further studies on quantifying input parameter uncertainty. If experimental data exist, methods for 
statistical analysis of these data compared with the code results must be developed. Otherwise, expert 
judgement seems impossible to avoid, although such an approach would be definitely questioned by the 
authorities. In any case, expert judgement must be more formalised. 

• For sensitivity analysis, it seems difficult to perform additional code runs with respect to those already 
performed for uncertainty analysis, due to the CPU cost of each calculation of a reactor case. But in this case, 
only the very influential input parameters can be found with the classical influence measures such as the 
Pearson’s Correlation Coefficients, the Standardized Regression Coefficients, etc. In the case where more 
information from sensitivity analysis is desired, a comparative study of the advantages and drawbacks of each 
influence measure would be useful. Dealing with the issue of the best design of experiment, which is not 
necessarily the simple random sampling (SRS), might also be of interest. 
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Figure 4: Total Ranking of the Influence on the Cladding Temperature per Parameter (BEMUSE Phase III). 
 
 
5. SUMMARY AND MAIN RESULTS OF PHASE IV [4] 
 
5.1 Scope and Objectives 
 
The scope of phase IV of BEMUSE programme is the simulation of a LB–LOCA in a Nuclear Power Plant using 
experience gained in previous phase II [17]. Calculation results will be the basis for uncertainty evaluation, to be 
performed in next phase. 
 
The objectives of the activity are: 
 
• To simulate a LB–LOCA reproducing the phenomena associated to the scenario. 
• To have a common, well-documented basis for the execution of the uncertainty evaluation step in Phase V. 
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5.2 Used Methods and Work Performed  
 
The activity followed the example of Phase II. 
 
The selection of the plant is a quite important issue. When the project started in 2003, TMI-1 was the suggested 
plant. The main reason for such suggestion was that the plant was known by different participants as its input deck 
had been used in one previous common exercise. Once BEMUSE project was on-going, participants disagree on 
maintaining the original selection and some other options were considered. None of the considered options was 
actually made available by the different plant owners. At this point the group made the decision of using Zion plant 
and CSNI approved the choice. Zion Station was a 4 loop dual-reactor nuclear power plant of Westinghouse design. 
An input deck of the plant exists for TRACE and Relap5 codes. The main weak point was that, as it is in 
permanently shutdown condition from 1998, no detailed information could be made available if needed during the 
development of the project. 
 
NRC provided the input decks of Zion plant for TRACE and Relap5 codes and the coordinators prepared a 
specification that enables the users of different computer codes to produce their own Zion input decks. For this 
purpose along with plant parameters, the main features of the LBLOCA scenario were specified in order to assure 
common initial and boundary conditions.   
 
Similarly to the activity performed in phase II, a list of sensitivity calculations was proposed to study the influence 
of different parameters such as material properties, initial and boundary conditions upon the behaviour of key 
parameters of the scenario. 
 
 
5.3 Main Results and Conclusions 
 
Results can be summarized as it follows: 
 
• All participants managed to simulate the scenario and predict the main parameters with credible consistency. 
• Maximum values of PCT predicted by participants (See Figure 5) are quite close one each other. 
• PCT time trends and timing of complete core rewet still show some disagreements (See Figure 5). 
• A database, including comparative tables and plots has been produced. This database is suitable for providing the 

explanations needed for the following phases. 
 
Phase IV results are a step forward that contributes to the general goals of BEMUSE project.  
 
At the time when this phase IV draft is written, all participants are developing a phase V analysis based on the 
reference calculations produced in phase IV. The coordinators want to emphasize this point as a proof of how 
participants accept the usefulness of phase IV. 
 

 
Figure 5: Calculated Hot Rod Temperature (BEMUSE Phase IV). 
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Figure 6: Calculated Hot Rod Temperature / Code Effect considerations (BEMUSE Phase IV). 

 
 
It is clear that dispersion bands exist but it is also clear that the effort of explaining the reasons of such dispersion is 
a valuable outcome from this phase. The outcome of Bemuse phase IV is also helpful to understand the nuances 
existing inside the user effect and also to clarify the differences between user effect and code effect (See Figure 6). 
Assumptions made by the user due to the lack of information are not part of the traditional user effect and this report 
is useful to deal with them. 
 
Sensitivity calculation results are a good guidance for developing phase V uncertainty evaluation.  BEMUSE phase 
IV is a reference good enough to start with phase V development.  
 
 
6. OUTLINE AND STATUS OF PHASE V [5] 
 
The requirements needed to develop BEMUSE Phase V were prepared by coordinators and distributed in fall 2007. 
 
BEMUSE Phase-V is the uncertainty evaluation of a Large Break LOCA scenario in an actual plant. The reference 
plant is Zion and the reference case has been analyzed by participants during BEMUSE Phase-IV. Most of the 
participants have also been involved with Phase-III in which the uncertainty evaluation has been performed for L2-5 
LOFT test. Connection of Phase V with both Phase-III and IV has to be ensured. 
 
As a first general statement, the definitions given in BEMUSE Phase-III specification are adopted. Three different 
aspects help ensuring the connection with Phase-III: 
 
• Cooperation between coordinator teams 
• Output structure  
• Lessons learned  
 
For the first aspect, the main part of the specification has been prepared after some interchange of opinions among 
CEA, GRS and UPC and distributed in October 2007. In the preparation of such information most of the decisions 
made have been carefully approved by consensus. For the second aspect, the structure of the results to be sent to the 
coordinator team is almost identical in both phases. 
 
Lessons learned from previous phases (and mainly for Phase-III) have been included when they affect the content of 
the specification. Most of these lessons learned are part of the specification like considerations on input parameters 
(type and number). Some others are pieces of advice explained in the appropriate section of the specification 
depending on the subject they are related to.  
 
There is also another piece of advice that comes as a consequence of Phase-III. This one is related to the number of 
code runs. If the involved methodology allows it, it is recommended to increase the number of runs when we 
compare it with that of Phase-III. Phase-III proved that increasing the number of code runs (obviously successful 
code runs) comes up with reducing dispersion and improving reliability of sensitivity results. Again based on this 
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practice, participants are required to take into account this recommendation in the framework of the applied 
methodology. 
 
Finally, related to the sensitivity analysis, there is the issue of the form of the sensitivity measures to be gathered and 
compared. The sensitivity measures must include the range of variation of the inputs δXi (influences), and 
dimensionless influence values are preferable, i.e. )/)·(/( YXXY ii δδ∂∂  like values. Only those sensitivities which are 
really meaningful must be indicated. A meaningful sensitivity means that the either the parameter’s influence makes 
physical sense or that the parameter is influential from the statistical point of view. 
 
By today participants are developing their contribution to Phase V and they will send their results to coordinators by 
the end of April 2008. 
 
 
7. PENDING WORK AND EVALUATION 
 
Phase V work will be performed and submitted by all participants by April 30, 2008. The compilation of results and 
writing of draft report is a coordinators task that will be ready for July 15, 2008. All this will allow reporting to 
WGAMA in September 2008, subsequently finalizing the report and submitting to PRG in autumn 2008 for 
approval by CSNI in December 2008.  
 
The justification for the BEMUSE Programme derives from the consideration that a wide spectrum of uncertainty 
methods applied to best estimate codes exists and is used in research laboratories, but their practicability and/or 
validity is not sufficiently established to support general use of the codes and acceptance by industry and safety 
authorities. The consideration of the best estimate codes and uncertainty evaluation  for  Design  Basis  Accident  
(DBA),  by  itself,  shows  the  safety  significance  of  the  proposed activity. End users of the results are expected 
to be the industry, the safety authorities and the research laboratories.  
 
Following what has been said in this latter paragraph, BEMUSE Phase VI will consist in a status report which will 
summarize conclusions and recommendations connecting with end users and facing the justification of the 
programme. For this purpose the elected lead organisation GRS will take care of the needed coordination activities 
through an action plan performing some Phase VI work in parallel with the final activities of Phase V.  
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