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1. Introduction 
 
The Code of Federal Regulations, Title 10, Part 50.46 requires that the Emergency Core Cooling 
System (ECCS) performance be evaluated for a number of postulated Loss-Of-Coolant-Accidents 
(LOCAs).  The rule allows two methods for calculation of the acceptance criteria ; using a realistic 
model in the so-called “Best Estimate” approach, or the more prescriptive following Appendix K to 
Part 50.    Because of the conservatism of Appendix K, recent Evaluation Model submittals to the 
NRC used the realistic approach.   With this approach, the Evaluation Model must demonstrate that 
the Peak Cladding Temperature (PCT), the Maximum Local Oxidation (MLO) and Core-Wide 
Oxidation (CWO) remain below their regulatory limits with a “high probability.”  Guidance for Best 
Estimate calculations following 50.46(a)(1) was provided by Regulatory Guide 1.157.  This Guide 
identified a 95% probability level as being acceptable for comparisons of best-estimate predictions to 
the applicable regulatory limits, but was vague with respect to acceptable methods in which to 
determine the code uncertainty.   Nor, did it specify if a confidence level should be determined. As a 
result, vendors have developed Evaluation Models utilizing several different methods to combine 
uncertainty parameters and determine the PCT and other variables to a high probability.    
 
In order to quantify the accuracy of TRACE calculations for a wide variety of applications and to 
audit Best Estimate calculations made by industry, the NRC is developing its own independent 
methodology to determine the peak cladding temperature and other parameters of regulatory interest 
to a high probability.   Because several methods are in use, and each vendor’s methodology ranges 
different parameters, the NRC method must be flexible and sufficiently general.   Not only must the 
method apply to LOCA analysis for conventional light-water reactors, it must also be extendable to 
new reactor designs and type of analyses where the acceptance criteria are less well defined.  For 
example, in some new designs the regulatory figure of merit (FOM) has been the reactor vessel level 
rather than PCT or MLO.   Thus, the methods developed by the NRC must be capable of being used 
for a wide range of plant designs and potential FOMs.  
 
Development and selection of an uncertainty methodology for the NRC was based on a review of 
available methods and a set of criteria considered important to agency goals and objectives.  The 
criteria included regulatory acceptance of the statistical method, feasibility of implementation, 
extensibility of the methodology, ease of use and effort to perform analyses, and the effort to 
implement the methodology.  Based on these criteria, an overall approach consistent with Code, 
Scaling, Applicability and Uncertainty (CSAU) but using order statistics is being adopted.  To 
implement the methodology in an efficient manner, the Symbolic Nuclear Analysis Package (SNAP) 
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has been modified to perform a Monte Carlo sampling of code input parameters, submit multiple 
cases for execution, and statistically evaluate the results.  SNAP performs the statistical analysis using 
DAKOTA (Design and Analysis Toolkit for Optimization and Terascale Applications), which is a 
code developed by the SANDIA national laboratories specifically for sensitivity and uncertainty 
analyses.   This paper outlines the NRC approach to uncertainty, describes the tools and activities in 
progress, and presents the rationale for several decisions.  
 
2. Regulatory Needs and Usage 

The TRACE nuclear systems analysis computer code is being developed by the NRC to be used to 
perform analyses for loss-of-coolant accident (LOCA) and other transients for a wide range of 
existing and new reactor plants.  Licensees and vendors are making increasing use of various 
uncertainty methods in combination with realistic licensing calculations submitted to the NRC.   To 
assist in the review and approval of these submittals, the U.S. Nuclear Regulatory Commission (NRC) 
is developing capabilities for a generalized uncertainty method.  Use of an uncertainty methodology 
has the advantage of yielding a quantitative margin to safety limits, along with a measure of the 
confidence that can be placed on the results.  Sensitivity studies making use of uncertainty methods 
are also expected to provide useful insight on code development priorities.  Models and correlations 
that can be identified as having dominant effects on analysis results due to their uncertainty become 
candidates for improvement and additional research.  

Various methods have been developed to assess uncertainty in thermal-hydraulic systems codes.   In 
general, the focus has been on the uncertainty in computer code predictions to obtain the plant 
response during a loss-of-coolant-accident (LOCA).  The output parameter of interest has usually 
been the peak clad temperature (PCT).   However, as new plant designs and new analysis applications 
are received by the NRC it is becoming apparent that other output parameters are of significant 
regulatory interest.  In some new plant designs with passive safety systems, the figure-of-merit (FOM) 
has been the liquid level in the reactor vessel.  Demonstrating, with certainty, that the coolant level 
remains above the top of the core assures that the more typical regulatory criteria (peak cladding 
temperature, local cladding oxidation, and core-wide oxidation) are satisfied.  In other applications, 
DNBR margin is an important FOM.  Thus, as uncertainty method must be adaptable as the regulatory 
FOM change from application to application.    

To accommodate these expected needs, the thermal-hydraulic code TRACE and the user interface 
SNAP are being developed so that code uncertainty can be determined.  Flexibility is being built-in to 
the NRC tools, so that the staff can examine the effect of individual uncertainty contributors and also 
estimate the uncertainty in several different output parameters.  This paper describes the initial NRC 
efforts and overall development effort.   
 
3. Uncertainty Methods 

Selection and development of an uncertainty process for TRACE started with a review and evaluation 
of available methods. Of particular interest are the practical aspects of uncertainty methods, and how 
they are applied in an analysis.  Overall code uncertainty was the subject of the Code Scaling, 
Applicability, and Uncertainty Evaluation Methodology (CSAU) approach, which was developed to 
provide a general and systematic methodology to quantify thermal hydraulic code uncertainty.  
Although the method was developed in the 1980s, much of the CSAU approach is used today, 
particularly with the Phenomena Identification and Ranking Table (PIRT) as a means of defining the 
overall problem.  Details of the CSAU approach are presented in NUREG/CR-52491. 

 
One of the important contributions that came from CSAU was the use of a Phenomena Identification 
and Ranking Table (PIRT) to guide development of an uncertainty methodology.   PIRTs are 
developed by a group of technical specialists who have expertise in the reactor system and are 

                                                            
1  Boyack, B., et al., Quantifying Reactor Safety Margins, NUREG/CR-5249, December 1989 
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knowledgeable in the thermal hydraulic behavior expected during the class of transients being 
considered.  As described in NUREG/CR-5249, the ranking technique is designed to direct the 
examination of uncertainty to those processes that have the most significant impact on the parameter 
being analyzed.  Technical specialists involved with the PIRT development examine the transients in 
question to identify the underlying thermal hydraulic processes and phenomena.  Then, the processes 
and phenomena are ranked with respect to the expected effect on the transient. 
 
There are numerous approaches to analyze uncertainty.  Most have been developed within the field of 
statistics and several of these approaches have been considered and applied in the field of nuclear 
safety.  Nuclear systems codes present a challenge, however, since these codes can require large 
computational times for a single transient.  If one had the ability of making an “infinite” number of 
computer runs, one could develop and analyze the exact distribution of the output variable to 
determine uncertainty.  Since that ability does not exist in a practical sense when using nuclear 
systems codes, the issue becomes the number of runs needed to quantify uncertainty.    Thus, a key 
aspect of selection of an uncertainty method is the number of code runs that needed to quantify the 
uncertainty of a code output parameter as defined by the probability of exceeding a given value to a 
certain confidence limit.   

In the CSAU study, a response surface was used to determine the uncertainty in the peak clad 
temperature.  Response surface methodology is a powerful tool for the development of empirical 
models of process variables for which little is known.  It is widely used for optimization of chemical 
or biological industrial processes.  Sampling of response surfaces was among the earliest methods for 
determining the uncertainty in computer code results.  A response surface is basically a polynomial fit 
to the data.  The number of experiments required to create the response surface depends on the 
complexity of the polynomial and the number of inputs selected.  Unfortunately, a LOCA and most 
other transients related to nuclear safety is complex and can involve processes that are difficult to 
simulate.  This creates difficulty in selecting parameters for the polynomial and adequate coverage of 
all processes that influence the result.   

It is noteworthy that the CSAU calculation matrix was based on a 7 factor, mixed (3 to 5) level 
experimental design that utilized a total of 184 TRAC runs (NUREG/CR-5249, p 82).  The CSAU 
report also notes that a complete three-level design would require more than 2000 TRAC calculations.  
With modern computer “clusters”, making 180+ TRACE runs is feasible, although for some 
applications this would still require a great deal of time. A key aspect of uncertainty methods is to 
evaluate other approaches used in uncertainty and make the number of TRACE runs required 
manageable.  Hence, a method that requires 180+ calculations is at least suspect, especially so in 
considering other issues related to response surface methodology.    

More recently, non-parametric methods have been used to determine the uncertainty in code output 
variables.  Non-parametric methods were first developed in the 1940’s and have been used in a variety 
of fields, including manufacturing.   The methods published by S.S. Wilks 2,3 in the early 1940s have 
been used as the basis for the non-parametric statistical approaches.    
 
Of particular interest is the method by Guba, et al.4 who discuss a statistical approach in the context of 
best-estimate analysis, that can be formulated as: 
 

XBE(licensing) = Xbase case + Plant uncertainty + Code uncertainty 
                                                            
2 Wilks, S. S., Determination of Sample Sizes for Setting Tolerance Limits, Annals of Mathematical Statistics, 
Vol. 12, No. 1, pp. 91-96, 1941.  
 
3 Wilks, S. S., Statistical Prediction with Special Reference to the Problem of Tolerance Limits, Annals of 

Mathematical Statistics, Vol. 13, No. 4, pp. 400-409, 1942 
 
4 Guba, A., Makai, M., and Pal, L., Statistical Aspects of Best Estimate Method – I, Reliability Engineering and 

System Safety Volume 80, pg 217-232, 2003 
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where the purpose of the uncertainty evaluation is to provide assurance that XBE which has a 
probability of 95% or more will not exceed the acceptance criteria for a given accident.  Guba et al. 
focuses on the determination of code uncertainty in his paper.  Guba’s basic premise is that the 
observed randomness of the code output variable is due to randomness of the code input variables.  
He does discuss the possibility of nonlinearities due to chaotic behavior in the computer model, 
however he assumes that there is no chaotic behavior in the computer code.  Given N independent 
calculations of the random code output and a continuous probability density function with an 
unknown distribution, using Wilkes, Guba proposes that the upper one-sided tolerance interval is 
 

N  1  
 
where   is the confidence level,   is the probability and N is the number of computer runs.  For a 
95% probability and 95% confidence level, the value of N becomes 59.  This equation is applicable to 
the case where there is a single code output parameter of interest.  Thus, a code methodology with this 
formulation may reduce the number of calculations (compared to the response surface approach in 
CSAU) and also provide a confidence level.  
 
To meet the requirements of 10CFR50.46, the criteria for peak clad temperature (< 2200 °F), total 
oxidation of the cladding (0.17 of the total cladding thickness before oxidation, and the total hydrogen 
generation (0.01 of the total amount of the fuel cladding were to oxidize and produce hydrogen) must 
be met.  As a result, there are three code output parameters of interest.  According to Guba, the sample 
size must be increased to account for the additional parameters.  The equation used to determine the 
number of computer runs needed for three parameters, assuming a one-sided tolerance interval is  
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where p is the number of parameters.  For the case where p = 3, and for a 95% probability and 95% 
confidence level, the value of N becomes 124.  While still a large number of calculations, this is 
feasible provided the code is robust and has few failures due to numerical difficulties.   
 
To determine an appropriate uncertainty method for the Next Generation Nuclear Plant (NGNP), 
these and other potential approaches to the treatment of code uncertainty were examined and 
evaluated.     It was concluded that that an order statistics based methodology be used in the NGNP 
EM uncertainty analysis based on considerations of:  
 

 Regulatory Acceptance 
 

 Feasibility of implementation 
 

 Extensibility of methodology 
 

 Ease of use and effort to perform analyses 
 

 Effort to implement methodology 
 
Regulatory acceptance was considered to the acceptability of the method in past and present licensing 
applications.  Ordered statistics is an approach that is being used by some applicants and international 
regulatory bodies5,6,7.   Another key factor in the suitability of the proposed methodology was its 

                                                            
5 C. Frepoli, “An Overview of the Westinghouse Realistic Large Break LOCA Evaluation Model”, Science and 
Technology of Nuclear Installations, Vol. 2008. 

NEA/CSNI/R(2013)8/PART2

151



5 
 

extensibility – the ability of the methodology to be adapted to changes in the structure, codes, and 
inputs.  Since in any of the available methods a large number of calculations is anticipated, the “ease 
of use” was likewise an important consideration.   While the focus of the uncertainty method 
evaluation was its application to the NGNP, the findings were considered general and can be applied 
to other systems such as light-water reactors (LWR).  Thus, an ordered statistics based approach was 
selected for TRACE applications.   Because 10 CFR50.46 requires that three parameters be within 
specified limits (peak cladding temperature, maximum local oxidation, and total core-wide oxidation) 
the method proposed by Guba et al. will be used.  The framework for code uncertainty using TRACE 
will allow a user to specify the number of desired output variables, along with the desired probability 
and confidence level and the expression by Guba will determine the necessary number of calculations.  
This will allow users to calculate multiple output parameters and also examine the sensitivity of the 
results to one’s definition of a “high probability.”   
 
4. Uncertainty Contributors 
 
The effort to implement an uncertainty methodology depends on several factors; the need to create 
new tools and/or the necessary modification of existing tools, and the resources required to 
accomplish these tasks.   The effort is seen to involve the type and number of uncertainty contributors.   
The approach in CSAU was, in effect, to use the PIRT to reduce the number of input parameters that 
require uncertainty quantification to a manageable set.  While the PIRT process is enlightening, 
PIRTs are subjective as they are based on the judgment and experience of the participating group of 
engineers.  In addition, PIRTs are specific to a particular plant design and transient.  Thus, in GRS 
method8, the guidelines suggest that the use of judgment to determine which parameters are important 
is not required and all inputs with uncertainty should be included, “because, the number of 
calculations is independent of the 
number of uncertain parameters, no a priori ranking of input parameters is necessary to reduce their 
number in order to cut computation cost.”.   Guidelines similar to the GRS approach put more effort 
on eliminating uncertain input parameters based on a PIRT, such that the number of code runs and 
number of input parameters requiring uncertainty information is limited9 .    
 
In the NRC uncertainty methodology currently under development, the CSAU approach of using a 
PIRT is being followed.  However, as the NRC’s objective is to develop a tool by which an 
applicant’s method can be evaluated, the uncertainty parameter selection is being expanded beyond 
what might be contained in an individual PIRT.   Rather, for each transient applicable PIRTs were 
reviewed, a comprehensive PIRT containing processes for a particular transient and plant type was 
developed.    Large break LOCA (LBLOCA), small break LOCA (SBLOCA), and Main Steamline 
Break (MSLB) transients were considered.  Plant types included Westinghouse 2-loop PWRs with 
upper plenum injection, Westinghouse 3 and 4 loop PWRs, Combustion Engineering PWRs, Babcock 
& Wilcox PWRs, General Electric BWRs, AP1000, EPR, APWR, ESBWR, and the ABWR.   For 
major plant type (PWR or BWR) and transient (LBLOCA, SBLOCA, MSLB) a comprehensive PIRT 
was established.   
 
                                                                                                                                                                                         
 
6 R. P. Martin and L. D. O’Dell, “AREVA’s realistic large break LOCA analysis methodology”, Nuc. Eng. And 
Design, Vol. 235, 2005. 
 
7 L. Blake, G. Gavrus, J. Vecchiarelli, and J. Stoklosa, “Best Estimate Plus Uncertainty Analysis of LBLOCA 
for a Pickering B CANDU Reactor”, ASME 2010 3rd Joint USEuropean Fluids Engineering Summer Meeting, 
August 2010. 
 
8 H. G. Glaeser, “Uncertainty Evaluation of Thermal-Hydraulic Code Results”, ANS International Meeting on 
Best Estimate Methods in Nuclear Installations Safety Analysis, Washington, November 2000. 
 
9 “Report on the Uncertainty Methods Study”, NEA/CSNI/R(97)35, June 1998. 
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These comprehensive PIRTs identified two overall categories of uncertainty parameters:   
 

 TRACE Code Model Parameters 
 

 Input Model Parameters 
 
That is, the PIRTs were used to identify which uncertainty terms could be ranged by varying input to 
TRACE, and which terms could be varied only with a modification of the TRACE executable.  Input 
model parameters also included parameters such as break discharge coefficient, containment back-
pressure and power shape, each of which could be considered as boundary conditions to the analysis.  
This helped to define the overall framework and approach.  Parameters that should be varied as part of 
the input can be addressed using SNAP, which is the NRC’s tool for input deck preparation. Model 
parameter changes must be made in TRACE, but with new input parameters to provide instructions to 
the code for a particular run.   Preparations are now being made to modify TRACE so that models and 
correlations can be ranged.  Specifics on how this is to be accomplished, is described in the next 
section on SNAP and the framework for making uncertainty calculations.   

  
 

5. SNAP Interface and Implementation 
 

The framework to be employed in uncertainty analyses is comprised of three principle items. These 
items specify and define the means through which the analysis is performed and the uncertainty in the 
selected FOM calculated. In broad terms the required items are: 
 

 Specification of an uncertainty quantification methodology 
 

 A means of performing any calculations required for the uncertainty and sensitivity analyses 
 

 A tool or set of tools for executing the analysis, including the uncertainty analysis and linked 
code executions 
 

 The framework for uncertainty analyses is based on SNAP and DAKOTA.  SNAP is used to 
coordinate the analysis and facilitate communication between each of the component of an evaluation 
model. DAKOTA is used to perform the quantification of uncertainty and the sensitivity analyses.   
 
 
SNAP10 (Symbolic Nuclear Analysis Package) is a framework created to simplify analysis for 
supported engineering codes.  SNAP provides utilities for graphically setting up models/input as well 
as facilities for running and monitoring supported codes. SNAP has been designed to allow users to 
create custom plug-ins for the support of additional codes. SNAP also contains functions to allow for 
the coupling of codes (using Job Streams) under SNAP11. It is possible to include codes that do not 
have SNAP plug-ins (Black box applications); however, full advantage of the features in SNAP 
cannot be utilized in these applications. SNAP also supports parametric inputs and has support for the 
DAKOTA code.  The uncertainty quantification (UQ) features implemented in SNAP makes heavy 
use of the DAKOTA code.   
 

                                                            
10 Applied Programming Technology, Inc., “Symbolic Nuclear Analysis Package (SNAP), User's Manual”, 
April 2007. 
 
11 Applied Programming Technology, Inc., “Symbolic Nuclear Analysis Package (SNAP), Job Stream Design”, 
DRAFT, July, 2010. 
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DAKOTA12 (Design and Analysis Toolkit for Optimization and Terascale Applications) is a code 
developed by the SANDIA National Laboratory that is designed to perform sensitivity and uncertainty 
analyses.   DAKOTA provides a means of performing detailed sensitivity and uncertainty analyses for 
general simulation codes.  DAKOTA acts as an interface that permits the imposition of uncertainty on 
code inputs, the execution of a simulation code, and post processing to perform detailed sensitivity 
and uncertainty calculations. The structure of DAKOTA allows for the execution of simulation codes 
through a direct library interface, system calls, or a process fork. 
 
DAKOTA is capable of generating samples (either random or using a Latin hypercube design) from a 
variety of distributions. These distributions include uniform, normal, triangular, gamma, beta, gumbel, 
and others. In addition, discrete parameters can be drawn from binomial, hypergeometric, Poisson, 
and others. A correlation matrix can be supplied to DAKOTA which specifies the relationship 
between the uncertain parameters. 
 
DAKOTA is capable of performing both local and global sensitivity results on the FOM.   DAKOTA 
is also capable of generating a variety of surrogate models relating the input parameters to the FOM. 
These include, least squares polynomial regression and Gaussian surfaces. 
 
Sensitivity methods include: 
 

 Morris One-At–Time (OAT)   (used as a data screening technique in DAKOTA) 
 

 Variance based approaches (similar to the Sobol method) 
 

 Correlation (both Pearson and Spearmann) 
 

 Local gradients 
 
The process flow showing the communications between SNAP and DAKOTA is shown in Figure 1.  
 
The SNAP graphical-user-interface simplifies the required user inputs for DAKOTA as well as 
controlling and gathering the output from the DAKOTA processes.  A soon to be available feature of 
the SNAP UQ implementation allows for multiple interactions with DAKOTA after the Monte-Carlo 
sampled runs have been completed, thus permitting SNAP to use DAKOTA’s more advanced  
uncertainty analysis features such as reliability methods; FORM (First Order Reliability Method) and 
SORM (Second Order  Reliability Method), nested (or second order) methods, as well as others.  
 
6. Using SNAP to Perform an Uncertainty Quantification (UQ) Analysis 
 
The process that an analyst must go through when using the SNAP uncertainty quantification (UQ) 
plug-in is straightforward.  In fact, certain aspects of the process may be implemented as SNAP based 
“templates” to allow faster processing of common types of analysis.   
 
Under the current design of the SNAP UQ plug-in a UQ analysis procedure would follow the 
following steps, also shown conceptually in Figure 2.  
 
1) Select appropriate plant model 

 
2) Identify model input parameters relevant to the transient.  SNAP engineering templates could be 

useful here to recommend to the analyst what parameters are important for particular transients. 

                                                            
12 B. M. Adams, et. al., “DAKOTA. A Multilevel Parallel Object-Oriented Framework for Design Optimization, 
Parameter Estimation, Uncertainty Quantification, and Sensitivity Analysis: Version 5.0 Developers Manual”, 
Sandia , SAND2010-2185, May 2010. 
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3) Use SNAP to “Tag” input parameters to designate the range and distributions to be used in the 

UQ process.  Again, SNAP engineering templates can be used to suggest useful ranges and 
values. 

 
4) Specify the parameters of the UQ, such as identifying the outputs of interest for this UQ and 

specifying the desired probability and confidence limits. 
 

5) Start the SNAP UQ job-stream.  The SNAP UQ job-stream then: 
 

 Generates the input to DAKOTA,  
 DAKOTA then generates the random variates 
 SNAP integrates the random variates into the model  
 SNAP then spawns a TRACE run corresponding to each set of variates  
 SNAP collects the results and generates another DAKOTA input deck 
 DAKOTA performs the requested analysis  
 SNAP collects the DAKOTA results and formats then into a report as specified by the analyst 

 
A visualization of the SNAP UQ job-stream is shown in Figure 3.   
     
7. Status of the SNAP UQ plug-in Capabilities 
 
The following features and capabilities are currently present in the SNAP UQ plug-in: 
 

1. Automatic calculation of the number of samples required for an order statistics uncertainty 
analysis 

2. Implementation of all DAKOTA Distribution types              
3. Report the Results of Uncertainty Analysis          
4. Implement Uncertainty Analysis in Engineering Templates (this provides the capability for 

UQ on a group of codes) 
 
The following features are being actively developed and should be available in SNAP by mid-201213: 
  

1. Inclusion of Sensitivity Analysis Options  
2. Inclusion of Variance Based and Morris Sensitivity Analysis Capability       
3. Inclusion of Local Sensitivity Analysis Capability   
4. Implement Looping Capability in Engineering Templates  

 
8. Summary 

 
The framework for an uncertainty methodology to be used with TRACE has been formulated and is 
under active development.  The framework makes use of SNAP to rapidly perform the numerous 
individual calculations that must be performed.  DAKOTA is used to perform the statistics.  While the 
PIRT process originally developed as part of CSAU is used to identify uncertainty parameters, the 
methodology is not restricted, nor dependent on the parameters that may have been selected.  A user 
will be able to add (to reduce) the number of parameters, if that is needed as part of the investigation.  
Recommended sets for each plant and transient will be developed as default, however, the user will 
have the ability to examine assumptions on the bias and uncertainty of a selected parameter.   Both 
plant input parameters and code model parameters can be ranged.   Flexibility is being built in to the 
framework to allow evaluation of most plant types of interest to the NRC.  

                                                            
13 Applied Programming Technology, Inc., “Symbolic Nuclear Analysis Package (SNAP), Uncertainty Analysis 
Plug-in Design”, DRAFT, August 2010. 
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Figure 1.  Process flow showing the communications between SNAP and DAKOTA.  
 
 
 

 
Figure 2.   SNAP UQ plug-in analysis procedure. 

Select plant type:
• PWR  / BWR  / AP1000 / ESBWR / etc.

(Recommended) Parameter List
On/Off PARAMETER Min Max Dist.
X Fuel Conductivity - 20% + 20 % Uniform
X Gap Conductance - 50% + 50 % Normal
X Wall HT Coefficient - 30% + 10 % Uniform
X ACCUM Init. Temp . - 20 +20 Uniform

X Tmin na na Bound
etc. 

Select transient :
• LBLOCA  / SBLOCA  / MSLB / etc. 

Modify:
• Add or Turn off Parameters 
• Change range or distribution 

Analyst SNAP
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On/Off PARAMETER Min Max Dist.
X Fuel Conductivity - 20% + 20 % Uniform
X Gap Conductance - 50% + 50 % Normal
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Figure 3.   The SNAP UQ job-stream. 
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Uncertainty Method Considerations

• TRACE is a “best-estimate” thermal-hydraulics code used by the NRC for audit 
calculations and resolution of safety issues for all light water reactors.   Currently, 
TRACE “realistic” calculations, without uncertainties are used. Most recent code 
development has been focused on new and advanced LWRs (AP1000, EPR, 
ESBWR, etc.). 

• We expect the industry to continue the trend towards Best Estimate (BE plus 
uncertainties),  as opposed to conservative Appendix K analyses.   A comparison 
between TRACE and industry calculations would be improved if the comparison 
were between 95/95 estimates  (95% probability level at 95% confidence level). 

• Eventually we expect BE Methods to be applied for more than just LOCA analysis 
(RIA, ATWS, BWR Stability, MSLB, Containment, etc.) .

• Gas cooled reactors will be analyzed with MELCOR/PARCS; a Best Estimate 
approach has been proposed. Uncertainty Methodology for GCRs is in the planning 
and design stages.



TRACE Development Effort

• TRACE code development was initiated in about 2000 with the 
objective of consolidating the major NRC codes; TRAC-P, TRAC-B, 
RELAP, RAMONA.

• Significant efforts (2002-2009) aimed at extension of TRACE to new 
and advanced LWRs; AP1000, ESBWR, EPR, ACR-700.  Some 
recent work (2009-present) is directed towards ABWR, SMR.  

• Additional efforts (2010-present) on development and assessment 
expended on BWR ATWS and stability. 

• Relationship to (NRC) Code Uncertainty  

– Generality in plant types
– Extension to new analyses



Framework Considerations

Framework Decisions Based On:

• Regulatory Acceptability
• Feasibility of Implementation
• Extensibility of the Methodology
• Ease of Use & Effort to Perform Analyses
• Resources to Implement Methodology

Evaluation of available methods lead to the conclusion 
that an “ordered statistics” approach should be used.   



Framework Considerations

• NRC Regulations have added “uncertainty” to the BEPU process. 
The 1988 rule, for example states: 

“when the calculated ECCS cooling performance is compared to the 
criteria set forth in paragraph (b) of the section, there is a high level 

of probability that the criteria would not be exceeded.” 

• Reg Guide 1.157 suggests that a 95% probability is adequate - -
however, this is a guide (not a regulation) and confidence level is 
not addressed. 

• Uncertainty and acceptable uncertainty methods were likewise 
vague in the CSAU demonstration study.   Uncertainty was 
determined using response surface methodology, but objective 
was not the statistical approach. 



Symbolic Nuclear Analysis Package 
(SNAP)

• Automate the sampling and ranging process using the SNAP uncertainty 
interface.   SNAP is used to develop, modify and submit input decks.  It 
currently has capability to automatically sample and change only input 
parameters, but modifications to both TRACE and SNAP are planned to 
accommodate the ranging of models and correlations.  

• Plan is to use SNAP as the “front-end” in sampling process and use it to 
automatically modify and submit calculations as part of an uncertainty 
method. SNAP will also be used for the “back-end” evaluation of results. 

• Being built in to SNAP are parameters to be sampled for a given plant 
type, the set of parameters to be ranged for a given scenario, and the 
range/distribution for those parameters.   Users will have the option to 
modify recommended sets if necessary.   



Approach: Uncertainty Parameters

• Available PIRTs (Phenomena Identification and Ranking Tables) have 
been reviewed for each plant type and accident scenario. 

Plant Types:

W 3- and 4-Loop PWR
CE PWR
B&W PWR
GE BWR

AP1000
EPR
APWR
ESBWR
ABWR

Transient Types:

LBLOCA
SBLOCA
MSLB

Uncertainty Contributor Types:

TRACE Code Model Parameters
Input Model Parameters



Approach: Analyst Actions

Select plant type:
• PWR  / BWR  / AP1000 / ESBWR / etc.

(Recommended) Parameter List
On/Off PARAMETER Min Max Dist.
X Fuel Conductivity -20% +20% Uniform
X Gap Conductance -50% +50% Normal
X Wall HT Coefficient -30% +10% Uniform
X ACCUM Init. Temp. -20 +20 Uniform

X Tmin na na Bound
etc. 

Select transient :
• LBLOCA  / SBLOCA  / MSLB / etc.

Modify:
• Add or Turn off Parameters 
• Change range or distribution

Analyst SNAP

(Modified) Parameter List
On/Off PARAMETER Min Max Dist.
X Fuel Conductivity -20% +20% Uniform
X Gap Conductance -50% +50% Normal
X Wall HT Coefficient -30% +10% Uniform
X ACCUM Init. Temp. -20 +20 Uniform
X Tmin -50 +50 Normal

etc. 
Determine number of runs :
• Select number of FOM(s).
• Select probability, confidence level.



Figures of Merit (FOM)

• Conventional LOCA analysis has three FOMs; Peak Cladding 
Temperature (PCT), Maximum Local Oxidation (MLO), and Core-
Wide Oxidation (CWO). 

• Advanced LWRs may have different limits; Minimum Inner Vessel 
Mixture Level, Minimum DNBR, Maximum Containment Pressure, 
etc.    

• TRACE will keep track of each FOM, and in some cases multiple 
FOMs must meet regulatory limits.   Because of multiple FOMs, 
Guba-Makai-Pal will be used to determine the necessary number 
of calculations:  



Approach: Calculations

SNAP

Cases Sufficient ?

No

Determine FOM(s) at / Value(s)

Yes

Sampled Parameter List
On/Off PARAMETER Sampled Value
X Fuel Conductivity +3%
X Gap Conductance -10%
X Wall HT Coefficient -4%
X ACCUM Init. Temp. +6
X Tmin -15

etc. 



DAKOTA

• The Design and Analysis Toolkit for Optimization and Terascale
Applications (DAKOTA) is a code developed by SNL for sensitivity 
and uncertainty analysis. 

• DAKOTA permits imposition of uncertainty on code inputs and 
performs post-processing for sensitivity and uncertainty 
calculations.  

• DAKOTA is capable of generating samples (either random or Latin 
hypercube design) from a variety of distributions.

• Sensitivity methods include:
– Morris One-At-Time (OAT)
– Variance based approaches
– Correlation (both Pearson and Spearman)
– Local gradients



SNAP – DAKOTA CommunicationSNAP – DAKOTA Communicatio

Server -side: 
Submitted Stream

Client -side: 
Generates the 
uncertainty parametric 
models

Job Stream 
Model

DAKOTA
Stream DAKOTA

Input

DAKOTA
Random
Variates generates

converted to
parametric tasks

invoked in
“pre -run” mode

generates

Stream
Manager

Solver

Parametric
fan -out

AptPlot Extract

Post -Run 
Results

Report

DAKOTA Step

Parametric
fan -in

DAKOTA Step Process

Step 1:

Generate post -run
results from
variable inputs

Step 2:

Execute DAKOTA
In “post -run” mode

Step 3:

Generate report
from results and
outputs

Modified inputs

AptPlot Extract

AptPlot ExtractSolver

Solver

DAKOTA
DAKOTA

Input



Current Status

• Completed: 
– Automatic Calculation of “N” TRACE Calculations
– Implementation of DAKOTA distribution types
– Results Reporting
– Uncertainty Analysis Templates

• Expected Soon:
– Additional sensitivity analysis options
– TRACE model & correlation parameter ranging



Current Status

• Addressing the “User Effect”

– Previous investigations have found the so-called “User Effect” 
to be important.  

– To reduce (but not eliminate the effect), specific guidelines are 
being produced for TRACE applications. 

– Guidelines for LWR applications are integral with assessment 
for separate and integral effects tests. 



Current Status

• Addressing model and correlation 
uncertainties:

– Considered the most difficult challenge!
– Performance many correlations are difficult to isolate 

in IETs or SETs.
– In some cases, “bounding” a poorly understood 

phenomena is acceptable to both regulator and the 
applicant (but not maybe the statistician). 

– Effect of some models & correlations is temporal.
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