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ABSTRACT - The use of best estimate codes for safely analysis requires quantification of the uncertainties.

These uncertainties are inherently linked to the chosen safety analysis methodology. Worldwide, various

methods were proposed for this quantification. The purpose of this paper was to identify the needs of the Code

Scaling, Applicability, and Uncertainty (CSAU) methodology and then to answer the needs. The specific

procedural steps were combined from other methods for uncertainty evaluation and new tools and procedures

were proposed.

The uncertainty analysis approach and tools were then utilized for confirmatory study. The uncertainty

was quantified for the RELAP5/MOD3.2 thermalhydraulic computer code. The results of the adapted CSAU

approach to the small-break loss-of-coolant accident (SB LOCA) show that the adapted CSAU can be used for

any thermal-hydraulic safety analysis with uncertainty evaluation. However, it was indicated that there are still

some limitations in the CSAU approach that need to be resolved.

1. Introduction

After revision to acceptance criteria on Emergency Core Cooling System (ECCS) by
United States Nuclear Regulatory Commission (US NRC) the use of best estimate codes for
safety analysis requires quantification of the uncertainties. The Code Scaling, Applicability and
Uncertainty (CSAU) method was developed. In this pioneering study of quantifying the safety
margins of best estimate code [1] the response surface was used for the uncertainty evaluation
of the peak cladding temperature during large-break loss of coolant accident (LB LOCA).
Because recognizing the far reaching impact of this US regulatory decision on future
developments in this field an international open discussion was held. The letters with comments
were published in journal Nuclear Engineering and Design (NED) [2].

Since that time several applications of the CSAU method were done trying to resolve
the identified shortcomings of the method. First application to a small-break (SB) LOCA [3]
was done in 1992. To show the practicality best estimate analysis for LB LOCA was
performed [4] closely as possible following the CSAU methodology [1]. The analysis
demonstrated that the CSAU methodology could be applied to an individual plant.

In 1996, the US NRC approved a methodology, based on the CSAU, developed by
Westinghouse [5]. They applied the methodology to the large break LOCA. This application
demonstrates that the CSAU methodology is a practical methodology, suitable for safety
analysis of loss of coolant accidents.

406



In 1998, a tool for continuous uncertainty evaluation of transient predictions was
developed [6]. Then the uncertainty of SB LOCA analysis was quantified following CSAU
methodology and using the tool for uncertainty evaluation [7]. A new, innovative approach
designed to eliminate considerable resources to evaluate important parameter uncertainties, to
replace response surface functions with Latin hypercube sampling [8] and to be automated was
proposed when using an advanced thermal-hydraulic code such as RELAP5-3D. This impacts
several steps of the original CSAU. However, the method and code were not yet applied.

This paper presents an example how to eliminate some shortcomings of the original
CSAU and to make it more practical for application to any thermal-hydraulic code and
transient. At the end the confirmatory application of adapted CSAU to a SB LOCA is
presented.

2. Identified needs of the CSAU method

The initial critique perceived for development of the CSAU method was that published
in the. journal NED [2]. The comments addressed mainly the needs of the CSAU method,
which is shown in Figure 1. It was indicated that more-severe plant status (i,-e. critical accident)
would be required (step 1). The application of the CSAU method requires also some
improvement to the way in which uncertainties are combined, in particular addressing the issue
of engineering judgement. Ever better would be, if the method could be developed further that
its application would not need the involvement of a group of experienced people (step 3). The
next step to be further improved is development of nodalization (step 8). There is also a need
how to take into account the user effects and effect of nodalization. The practicality of the
method was also questioned. The CSAU method should be applicable to small-break LOCA
and other transients. The better solution should be found to overcome the limitations due to
computational time economy. Namely, the number of sensitivity runs is not systematically
justified (step 12). The critique was perceived also for the use of biases and that the physics of
problem is non-linear therefore regression analysis will probably not be a good fit (step 13).
Application to other type of transients would require a method to evaluate uncertainties of
calculated continuous-valued parameters (continuous functions of time) like water inventories
and mass flows. In spite of the critique perceived the general conclusion was that the
development of the CSAU methodology is a very important step in an effort to find a practical
way to quantify the uncertainties associated with best estimate light water reactor safety
assessment.

Later new methodologies emerged and were compared [9, 10, 11] for code uncertainty
assessment. For the CSAU method the need for continuos-valued parameters was again
reported [10]: "no continuous-valued parameter was chosen in this or any other case,
indicating the inability to determine uncertainties for such parameters. Restriction to single-
valued parameters, or only one or two of them, may oversimplify the problems and lead to
wrong conclusions." It was shown [11] that among the most important methods only the
CSAU method has no feature "continuous-valued output parameters".

3. Answer to the needs

The CSAU methodology, shown in Figure 1, consists of three elements subdivided into
14 specific procedural steps. In the paper some specific procedural steps were combined from
other methods for uncertainty evaluation and new tools and procedures were proposed.
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Figure 1: Code scaling, applicability and uncertainty (CSAU) evaluation methodology

Namely, the specific procedural steps prescribe what and why has to be done while the
user selects the tools and decides how to perform these steps. The original steps of the CSAU,
adapted in the frame of this study, are shaded. These steps are 1, 3, 8, 12 and 13. The changes
and/or modifications are described in the paragraphs below.
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Specify scenario (step 1): For a small-break loss-of-coolant accident the procedure to select
the critical scenario was proposed. During the discussions within the Committee on the Safety
of Nuclear Installations (CSNI), Principal Working Group 2 (PWG2), critical comments were
made with regard to a SB LOCA study performed in 1992 [3]. It was suggested that a more
challenging SB LOCA case should be analyzed in future studies. In ref. [11] dealing with an
overview of the methods, one of the issues for future discussion and investigation was also
identification of critical transients. Therefore, a procedure for selecting a critical enough
scenario was developed.

The proposed procedure to select the critical scenario is the following: First the
scenarios assumed to be critical are identified. For SB LOCA the critical transient was defined
as a transient where core heatup occurs before core melt and many phenomena are involved.
Then the flow regimes and heat transfer regimes calculated with best estimate code are
observed in the main components of the nuclear power plant. In the case of RELAP5/MOD3.2
the flow regimes are: bubbly, slug, annular mist, mist pre-CHF, mist, mist post-CHF,
horizontal stratified and vertical stratified flow. The heat transfer regimes are condensation,
liquid convection, nucleate boiling and post-critical heat flux.

Then phenomena, which occur in the candidate scenarios, are observed. Finally, the
parameters characterizing the plant status of the PWR are compared to select the critical
scenario. The following six parameters are considered sufficient to characterize plant status
[12]: reactor power, primary and secondary pressure, inventory in the primary system, cladding
temperature in the middle part of the core and steam generator level.

Identify and rank phenomena - PIRT (step 3): Another proposal was done for step 3 of
CSAU method to use a conventional classification [13], in which phenomena are considered on
a larger scale, for phenomena identification. In OECD/CSNI report a total of 67
thermalhydraulic phenomena of interest in light water reactor LOCA and transient analysis
were identified and characterized with respect to nuclear reactor safety. These 67 identified
phenomena formed the first basis for a more detailed list of relevant phenomena. It was
proposed to identify the dominant basic phenomena during selected scenario based on
OECD/CSNI phenomena list, engineering judgments, a review of relevant literature and earlier
simulation results.

After phenomena identification, the plant is divided into components and appropriate
forms which list phenomena during each phase are created. These forms are submitted to the
experts which had to rate phenomena by assigning grades from 1 (lowest importance) to 10
(highest importance), for each component in which phenomenon occurs. The criterion is the
importance with respect to nuclear safety. The plant components are then ranked according to
the three different criteria:

• by sum of the grades over all phenomena,
• by number of phenomena, which occur in the component,
• by average grade per phenomenon.

The ranks are then added up, and components are ranked according to the sum of
ranks. Final ranking of phenomena is done by weighting the average grade by a factor which
takes into account the final rank of plant component. The weighting factors (wy) are defined as:

wf = \-(0.05'(r-l)) (1)

where r represents the rank of the plant component. In this way, the influence of other
phenomena, which occur at the same time and in the same plant component as phenomenon
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under consideration, is taken into account. An overall PIRT is obtained by calculating the mean
value of average grades in selected phases of scenario. For more details refer to [14].

Define nodalization for nuclear power plant (NPP) calculations (step 8): Further proposal
is in step 8 of CSAU to use tools and criteria for nodalization qualification, suggested by the
UMAE method [15]. The CSAU process dictates that the plant model should be nodalized in
enough detail to capture the important phenomena and design characteristics. To choose the
nodalization, code calculations using plant nodalization are compared with separate effects
tests (SETs) and integral effects tests (IETs). If nodalization change is needed, after
nodalization changes new calculations are performed and compared with SETs and IETs. This
process is iterative until the desired nodalization is set. It was recommended by Technical
Program Group (TPG) [1] that the preferred path is to establish a standard NPP nodalization
for the subsequent analysis since quantification of nodalization uncertainty can be very costly
and is very user-dependent [16].

The proposal is to use standard input deck (or develop a new one) and to avoid
subjectivity [16], the input deck to qualify according to the procedure determined by the
UMAE method [15]. This procedure consists of two stages, steady state and transient
qualification.

A nodalization can be considered qualified when it has geometrical fidelity, is
reproducing the nominal measured steady-state condition of the plant and shows satisfactory
behavior in time-dependent conditions. Both qualitative and quantitative criteria must be
fulfilled to qualify the steady state. The following qualitative criteria must be met:

• Geometrical fidelity
• Materials fidelity
• The nodalization is, in principle, suitable for any transient.
• Logics of normal and "off-normal" operating systems are included.
• All available boundary conditions are included.
• Code user is qualified.
• Code documentation is carefully followed.
Quantitative steady-state criteria consist of criteria for nodalization development,

acceptability of the nodalization as an input deck (nodalization level) and a calculated steady
state. For 14 groups, the parameters must be stable within an inherent drift smaller than 1% per
100 seconds.

The transient qualification is... done by qualifying the subsystem models with data
measured at the plant during surveillance tests or during operational (startup) transients and
with transients from integral test facilities. The code predictions are compared to the scaled up
experimental data using a method based on the fast Fourier transform, described in ref. [17].

Perform NPP sensitivity calculations (step 12): The sensitivity calculations are divided into
groups. When calculations for the first group are known the second group is calculated. For
each group the mean value and 95th percentile value of the most important safety parameter is
preliminarily calculated to see how the number of selected calculations influenced the safety
parameter (for example peak cladding temperature). When the values converge with increasing
number of calculations, we can stop calculations. Larger number of best estimate code
calculations can increase the confidence level. Typically in an actual NPP uncertainty study it is
likely more than 50 simulations would be performed. Doubling the number of calculations
would probably not contribute much to the final result compared to the costs. However, the
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more calculations are performed, the more information can be statistically obtained from the
calculations, thereby increasing the confidence level of the results.

Combine biases and uncertainties (step 13): A new tool called optimal statistical estimator
was developed and demonstrated for response surface generation of complex and non-linear
phenomena for single value and continues-valued parameters. The optimal statistical estimator
(OSE) is expressed as a linear combination of code calculated output values and coefficients
representing the similarity between the code and a given input dafa. This linear combination is
used to replace the code-calculated value when Monte Carlo method is used to generate an
approximate distribution that characterizes uncertainty in a certain parameter.

When comparing the OSE to the regression analysis, we found that for the regression
analysis with the polynomial the amount of data is prescribed while in the OSE more data mean
more information that can be extracted. When comparing the nature of the phenomena the
advantage of OSE with respect to the regression analysis, is in its ability to predict very
complex and highly non-linear fijnctions. Finally, the algorithm for OSE is suitable for
computer automation, while for regression analysis statistical packages are used. These
findings suggest that optimal statistical estimator can be used for response surface generation
of any safety or system parameter in the thermal-hydraulic safety analyses with uncertainty
evaluation. The optimal statistical estimator is expressed as a linear combination of code
calculated output vector Ha and non-linear coefficients Cn:

fmHm, (2)
n=l

where N is the number of calculations with the best estimate code and G is vector of input
uncertainty parameters. The OSE is described in detail in ref. [6].

4. Confirmatory application of the adapted CSAU to SB LOCA

In the confirmatory study the steps proposed to be modified and/or new tools
developed were implemented for uncertainty evaluation. For a critical scenario a small-break
loss-of-coolant accident with 5.08 cm break in cold leg was selected from a spectrum of break
sizes by observing flow regimes and heat transfer regimes, phenomena and parameters
characterizing the plant status.

The best estimate RELAP5/MOD3.2 thermalhydraulic code was selected for analysis.
To avoid subjectivity, the standard input deck was qualified according to the procedure
determined by the UMAE method for steady state and transient qualification [15].

The response surface was generated by optimal statistical estimator and Monte Carlo
method. In total 59 calculations were performed using qualified nodalization. Based on
phenomena identification important phenomena were selected through the PIRT process. The
uncertainty ranges and distributions were based on the results from the literature. In total five
input uncertainty parameters were selected, while for output uncertainty parameters nine
system and safety continues-valued output parameters were chosen with additional three single
safety parameters: peak cladding temperature (PCT), severity of the accident (S) and time of
PCT occurrence (/per) For comparison the results obtained by regression analysis and OSE,
the probability statement for single value safety parameters is presented in Table 1. The quality
of the fit is determined by a coefficient of determination (R2) and root mean square error.
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Table 1: Probability statement for selected safety parameters.

Safety parameter

PCT (regression)

PCT(OSE)

5' (regression)

S (OSE)

P̂CT (regression)

fpcx (OSE)

5th

percentile
value

1041.2 K

1029.1 K

21.88 m-s

21.63 m-s

1127 s

1098 s

mean
value

1079.3 K

1085.3 K

24.01 m-s

24.49 m-s

1222 s

1216 s

95(h percentile
value

1122.9 K

1157.3 K
26.37 m-s

27.62 m-s

1342 s

1326 s

maximum
value

1173.6 K

1233.0 K

29.37 m-s

31.03 m-s

1580 s

1412s

R2

0.42

0.97

0.52

0.97

0.88

0.99

root mean square
error

37.5 K

1.6 K

1.67 m-s

0.08 m-s

33 s

I s

5. Results discussion

The application of the adapted CSAU showed that it can be applied to small-break
LOCA scenario. However, there are still some limitations in the CSAU approach that need to
be resolved. The main drawback in the practicality of the methodology is step 3, because the
process of phenomena identification and ranking is very time consuming and is relying on the
expert opinion and engineering judgement. The phenomena are connected among each other,
so when you rank one phenomenon you may rank more than one. Also a highly ranked
phenomenon might be very well calculated by the code giving low- contribution to the
uncertainty; as a contrary a low ranked phenomenon might be very badly calculated, having a
large impact on the resulting uncertainty. In the proposed statistical approach there is no
limitation to the number of input or output parameters. However, the number of input
parameters increases the number of code calculations needed. The problem of scaling effects
and additional margins were also not addressed but improvements are needed.

6. Conclusions

Based on the needs the adapted CSAU was proposed and new tools and procedures
were developed. The uncertainty analysis approach and tools were then utilized for
confirmatory study. The uncertainty was quantified for the RELAP5/MOD3.2 thermalhydraulic
computer code. The results of the adapted CSAU approach to the small-break loss-of-coolant
accident show that the adapted CSAU can be used for any thermal-hydraulic safety analysis
with uncertainty evaluation. The most important is improvement of the uncertainty analysis
part of the CSAU with developing the optimal statistical estimator for response surface
generation and introducing the nodalization qualification procedure developed by UMAE
method. However, it was indicated that there are still some limitations in the CSAU approach
that need to be resolved.
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