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Abstract -In recent years, non-parametricor order statistics methods have been widely used to
assess the impact of the uncertainties within Best-Estimate LOCA evaluation models. The
bounding of the uncertaintiesis achieved with a direct Monte Carlo sampling of the uncertainty
attributes, with the minimum trial number selected to "stabilize" the estimation of the critical
output values (peakcladding temperature (PCT), local maximum oxidation (LMO), and core-wide
oxidation (CWO A non-parametricorder statistics uncertaintyanalysis was recently implemented
within the Westinghouse Realistic Large Break LOCA evaluation model, also referred to as
"Automated Statistical TReatment of Uncertainty Method" (ASTRUM). The implementation or
interpretationof order statistics in safet analysis is not filly consistent within the industry. This
has led to an extensive public debate among regulatorsand researcherswhich can be found in the
open literature. The USNRC-approved Westinghouse methodfollows a rigorous implementation of
the order statistics theory which leads to the excecution of 124 simulations within a Large Break
LOC4 analysis. This is a solid approach which guarantees that a bounding value (at 95%
probability)of the 95th percentile for each of the three 10 CFR 50.46 ECCS design acceptance
criteria(PCT LMO and CWO) is obtained. The objective of this paper is to provide additional
insights on the ASTRUM statisticalapproach, with a more in-depth analysis of pros and cons of
the order statistics and of the Westinghouse approach in the implementation of this statistical
methodology.
1.INTRODUCTION
The 1988 amendment of the 10 CFR 50.46 rule
allowed the use of realistic physical models to analyze
Loss of Coolant Accidents (LOCA). Best-Estimate LOCA
methods are now extensively employed within the nuclear
industry. A key step in a Best-estimate analysis is the
assessment of uncertainties associated with physical
models, data uncertainties, and plant initial and boundary
condition variability. Based on the current 10 CFR 50.46
rule, an emergency core cooling system (ECCS) design is
required to satisfy three main criteria: (1) the Peak Clad
Temperature (PCT) should be less than 2200 F, (2) the
local maximum clad oxidation (LMO) should be less than
17% and (3) the core-wide oxidation (CWO) should be
less than 1%. The rule requires a best-estimate analysis to
demonstrate that there is a high level ofprobability that the
above acceptance criteria are not exceeded. Typically a
95% confidence that the 95th percentile of PCT, LMO and
CWO populations is within the specified acceptance
criteria is considered acceptable by the US NRC to

demonstrated the required "high probability". Section II of
this paper further discusses the LOCA aceptance criteria
and provides justification for the use of the so called 95/95
criterion for LOCA analyses.
As an additional requirement/clarification 10 CFR
50.46 states that "uncertainty must be accounted for".
Several different methods have been proposed to define
and combine uncertainties to achieve this requirement.
This paper will focus mostly on the second aspect, relative
to methods used in safety analysis for the combination of
uncertainties in the determination of the 95/95 values for
the licensing criteria. Non-parametric or order statistics
methods have been widely used in recent years by the
industry to assess the impact of the uncertainties within a
Best-Estimate LOCA evaluation models. The bounding of
the uncertainties is achieved in these applications with a
direct Monte Carlo sampling of the uncertainty attributes,
with the minimum trial number to "stabilize" the estimator.
A non-parametric uncertainty analysis is implemented
within the Westinghouse Realistic Large Break LOCA
evaluation model, also referred to as "Automated
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Statistical TReatment of Uncerainty Method" (ASTRUM)
(Nissley et al., 2005). The ASTRUM Evaluation Model
and its approach to the treatment of uncertainties was
approved by the US NRC in November 2004.
The implementation or interpretation of order statistics
in safety analysis is not fully consistent within the industry.
This has led to an extensive public debate among
regulators and researchers which can be found in the open
literature. The USNRC-approved Westinghouse method
follows a rigorous implementation of the order statistics
theory, which leads to the excecution of 124 simulations
within a Large Break LOCA analysis. This is a
fundamentally sound approach which guarantees that a
bounding value (at 95% probability) of the 95th percentile
for each of the three 10 CFR 50.46 ECCS design
acceptance criteria (PCT, LMO and CWO) is obtained
regardless of the degree of correlation between the
oxidation and the PCT.
Results from ASTRUM analyses were presented and
discussed in several previous papers (Frepoli, et al., 2004
and 2005). The objective of this paper is to provide
additional insights on the ASTRUM statistical approach,
with a more in-depth analysis of pros and cons of the
order statistics approach and of the Westinghouse approach
in the implementation of this statistical methodology.
11.10 CFR 40.46 LOCA Acceptance Criteria
A large break LOCA is categorized as a Design Basis
Accident. The current safety regulations of the United
States Nuclear Regulatory Commission (US NRC) are
stipulated in 10 CFR Part 50, Section 50.46.
The
regulation identifies five criteria which need to be satisfied
by a safety analysis (calculation):
1.
2.
3.

4.
5.

Peak clad temperature (PCT) should be less than
2200 F
Local maximum oxidation (LMO) should be less
than 17%
Core-wide oxidation (CWO) should be less than
1% (to limit the maximum amount of hydrogen
generated).
The core should maintain a coolable geometry
Long term cooling should be demonstrated

Typically the last two criteria (coolable geometry and
long-term cooling), are satisfied outside the BE LOCA
analysis.
Since 1988, realistic methods, sometimes referred to
as "best estimate", are allowed. Best estimate implies that
the calculation is based on a set of correlations and
methods which represent the LOCA phenomena using the
best available techniques. Once a best-estimate method is
chosen, the regulation requires that the uncertainty in the
calculations be evaluated.

10 CFR 50.46 requires that "-[] uncertainty must be
accountedfor, so that, when the calculated ECCS cooling
performance is compared to the criteria set forth in
paragraph (b) of this section, there is a high level of
probability that the criteria would not be exceeded"
Paragraph (b) of 10 CFR 50.46 contains the list of the
acceptance criteria.
10 CFR 50.46 does not explicitly specify how this
probability should be evaluated or what its value should
be. Additional clarification as to the US NRC expectations
on the acceptable implementation of the "high probability"
requirement is provided in Section 4 of Regulatory Guide
1.157 (Best Estimate Calculations of Emergency Core
Cooling System Performance) that states: "a 95%
probabilitv is considered acceptable by the NRC staff

I...'.
The regulatory guide was not developed to the point
of explicitly considering a statistical approach to the
uncertainties treatment, which would also require a
statement with regard to the confidence level associated
with a statistical estimate of the uncertainty. Regulatory
Guide 1.157 introduced however the concept of confidence
level as a possible refinement to the uncertainty treatment,
but does not expand further on this concept.
As statistical methods are implemented to perform
LOCA safety analyses, a statistical statement based on a
95% confidence level has been suggested by the NRC as
acceptable. In particular the Safety Evaluation Report
(SER) of the Westinghouse Best-Estimate Large Break
LOCA methodology (ASTRUM) states the following: "the
staff determined that a 95th percentile probability level
basedon best approximations of the constituentparameter
distributions and the' statistical atgoroach used in the
methodologv is appropriatelyhigh ".
Furthermore the SER states the following: "Because
this application only applies to LBLOCA design basis
analyses (which assume a single failure), a higher
probability [.i is not needed to assure a safe design."
Note that the single failure assumption is not the only
conservative bias/assumption included in the Westinghouse
methodology. The use of this and other conservative
assumptions further supports the conclusions that a 95/95
statistical statement is adequate to satisfy the acceptance
criteria, for the proposed evaluation model.
As a result, Westinghouse has selected for the
implementation of the ASTRUM methodology a 95/95
statistical statement for all three criteria (PCT, LMO and
CWO).
Ill. NON-PARAMETRIC METHODS AND THE
QUESTION OF THE "SAMPLE SIZE"
There are several ways in which the uncertainties can
be accounted for and combined. From a practical stand
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point current practice in the industry is to combine the
uncertainties with non-parametric methods.
Non-parametric order statistics was first introduced by
Wilks (1941) to solve the so called "problem of tolerance
limits". Historically the method has been widespread in the
manufacturing industry for dealing with inspection and
quality control in mass production.
The method is essentially a crude Monte Carlo
simulation used with the minimum trial number to stabilize
the "estimator". In LOCA Safety analysis the goal is to
obtain an estimate of the 9 5th percentile of the quantities
which are measured against the acceptance criteria (PCT,
LMO and CWO for instance). Wilks method is used to
determine the minimum number of trials needed to
guarantee that a target quantile (fraction of population) is
bounded with a given confidence level (probability).
The Monte Carlo process applies to all uncertainty
contributors considered within the specific evaluation
model. A probability distribution function exists for each
uncertainty contributor. The thermal-hydraulic systems
response and fuel rod model codes are used as a "black
box" which translates a given set of uncertainty attributes
to a response or multiple responses (PCT, LMO and/or
CWO).
The method is referred to as assumption-free with
regard to the distribution of the response. Note that Wilks
method only applies in case when a single response (say
PCT) is measured. More recently Guba, Makai and Lenard
(2003) have extended the method to situations where
multiple responses are measured (say PCT, LMO and
CWO).
The use of these methods, in the frame of realistic
calculations for safety analyses, originated in Europe with
the work by GRS (Glaeser, et al., 1998, and Glaeser,
2000). More recently in the US, both Framatome-ANP (in
2003) (Martin and O'Dell, 2005) and Westinghouse (in
2004) (Nissley et al., 2005) have developed NRC-licensed
Best-Estimate LOCA Evaluation Models based on the use
of these methods. Other applications in the industry are
the Extended Statistical Method (ESM) by FANP/EDF in
France (Sauvage and Keldenich, 2005) and the GE
application to non-LOCA events (Bolger et al., 2003).
While all of these implementations utilized essentially
the same technique to combine the uncertainties, there are
fundamental differences with regard to the interpretation of
how these calculation results are used to satisfy the
regulatory acceptance criteria.
This has led to an interesting debate within the
technical
community
regarding
the
practical
implementation of order statistics (Makai et al, 2003,
Wallis et. al, 2004 and 2005, Orechwa 2003 and 2005).
The focus of this debate has been mostly on the minimum
number of runs (sample size) required to satisfy the LOCA
licensing criteria (10 CFR 50.46).

In this framework, Westinghouse took the most
generic approach to the issue. The Westinghouse position
is that there are three criteria that need to be satisfied
simultaneously with a singular statistical statement in the
form of 95/95. Further, no assumption is made with regard
to degree of correlation between the three parameters
(PCT, LMO and CWO) which are measured against the
criteria.
Based on these assumptions, the sample size obtained
from the Guba and Makai equation (Guba, et., al., 2003)
results in 124 calculations. The maximum values for PCT,
LMO and CWO are extracted from the sample and used as
bounding estimators of the 9 5 h percentile for all three
quantities with 95% confidence level. The correct
interpretation of the results thus obtained is as follows:
there is at least a 95% confidence that the limiting PCT,
LMO and CWO from the sample exceed the "true" 9 51h
percentile). The actual probability of exceeding the 95"h
percentile will always be no less than 95%, depending on
the degree of correlation between the output variables (no
assumption relative to correlation, or rather the worst
possible degree of correlation resulting in the maximum
sample size is assumed in the determination of the sample
size). Some examples will be provided below to clarify this
statement.
In general, this approach has been considered (overly)
conservative, and various authors have suggested that a
reduced number of runs would be sufficient compared to
what considered in the Westinghouse methodology.
For instance, another approach assumes that while
nothing is known relative to the output variable PDF, a
strong correlation may exist between the output variables.
For example typically the local maximum oxidation is a
strong function of the PCT. However this approach may
require that such a correlation being demonstrated and
quantified for the specific analysis.
Both methods are considered acceptable, and each
presents advantages and disadvantages. Westinghouse feels
that the use of the most generic and robust approach
simplifies the licensing and approval process, without
requiring plant specific verifications relative to the degree
of correlation between the variables or the dominant nature
of one of the three criteria. Additionally oxidation is a
function of clad temperature and associated time history,
not merely of peak cladding temperature. Westinghouse
analysis have shown that while a high degree of correlation
between PCT and LMO exists, this is plant specific and a
generic statement of perfect correlation can not be
supported.
In an alternative approach presented in a recent paper,
Wallis (2005) has concluded that no matter what, there is
only one "output" of interest from a safety analysis, and
that is whether the regulatory criteria that apply to the
specific transient under consideration are verified.
Considering the application to a LOCA analysis, the
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question that Wallis therefore wants to address is "how
many computer code runs are necessary to guarantee, at a
95% confidence, that there is a 95% probability that a
LOCA will result in a PCT<2200F, a LMO<17% and
CWO<1%?" The Wallis answer is that if 59 runs are
performed, all resulting in as acceptable result (i.e.
PCT<2200F, a LMO<17% and CWO<I%), then a positive
answer to the above question can be provided.
The Wallis approach combines PCT, LMO and CWO
into a "single output". The criteria evaluation process is
absorbed into the "black box" and simply gives a binary
output if success or failure to pass the requirement
(compliance with the ECCS design acceptance criteria).
Wallis answers a simple "logical" question as depicted in
the Figure below which was extracted directly from his
paper (Wallis, 2005).
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Figure 1
The Wallis answer is correct in the context of the
question as posed, but has in our opinion some limitation
in the real application of the method to nuclear safety. In
particular the sample size (number of runs) derived
following Wallis's formulation is not sufficient to make a
singular statement (at 95/95 level) on the margin that is
actually available in the plant design for the three criteria.
In fact while there is a 95% confidence that the 95'h PCT,
LMO and CWO would be lower than the regulatory limits,
the analyst cannot make an estimation (at a 95%
confidence level) on how much margin is actually
available with respect to the three criteria considered,
without decreasing the confidence level or recurring to
argumentations based on the correlation between oxidation
and PCT.
The quantification and tracking of the margin is most
often requested by both the plant operator and the regulator
, and the Westinghouse approach (ASTRUM) was
sensitive to this issue. More specifically, tracking of PCT
margin is a regulatory requirement of 10 CFR 50.46 and
cannot be well supported without a quantification of the
margin available from the analysis of record.
In the following Section, a discussion on the effect of
sample size on the results is provided.

IV. ROBUSTNESS AND CONSERVATISM OF
METHOD
Order statistics is a rather robust method, albeit
conservative. As previously discussed, the number of runs
(sample size) needed to determine the required tolerance
limit at the desired confidence level is independent of the
number of uncertainty parameters. The method is virtually
assumption-free and the only requirement is that the
response (PCT, LMO and CWO) are continuous random
variables, i.e. Lebesgue-measurable.
This has an interesting positive implication. Threshold
effects which may occur in complex physical systems are
accounted for in the method. Threshold effects may occur
when a particular combination of sampled values for the
uncertainty parameters (like initial conditions, model
uncertainties, etc.) lead the output variable to jump to
significantly higher value. This may imply that the PDF of
the output variable may contain upper modes. From that
perspective the order statistics is a robust method because
it accounts of any part of the distribution function to the
extent of its probability weight. These upper modes may be
neglected by methods which assume a regular distribution
of the measured quantities.
However the method carries a high risk of being
overly conservative. This risk is the price to pay for the
selection of a limited sample size. Table IV.A illustrates
this risk in the case only one response is considered (say
PCT).

Real Quantile Max After 59 2" Max After 3YdMax Afleij 0 Max After

PCT

Trials

95%

95%

95%

95%

95%

97%

83%

77%

72%

68%

98%

70%

56%

45%

37%

99%

45%

24%

13%

7%

Table IEA

-

93 Trials

124 Trials

153 Trials

Probabilityto exceed a given quantile
(one response/ou!come)

The risk of overestimation decreases by increasing the
sample size and choosing a better estimator (Rank 2, 3 and
4 of larger samples), as the methods tends to a true Monte
Carlo approach with large number of runs. Increasing the
sample size helps stabilize the estimator and removes the
high risk of prediction in excess of the desired quantile,
while maintaining the same confidence level in the desired
quantile.
Considering the case of three independent output
variables, Table IV.B shows the probability of overestimation once three responses are measured (PCT, LMO
and CWO) and no credit is taken for the degree of
correlation between the three variables:
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Real Quamtile PCT/LMO/CWO

Max. After 124 Trials

95%
8
97%

98%

99%

95"' percentile of the distribution was calculated form the
distribution and resulted in 2046 F.

95%

I

72%
H4stogram lFMC

45%

Normal

13%

Table IVB - Probabilityto exceed a given quantile
(three responses/outcomes)
5

As determined by Guba (2003) and confirmed by Nutt
and Wallis (2003), the assumption of anti-correlation
between the output variables results in the maximum
sample size, and is therefore the working assumption used
to establish sample size to support the statement of "no
assumption is made relative to the degree of correlation
between the output variables"
If it is now assumed that instead a perfect correlation
exists between the variables, (Max PCT = Max LMO =
Max CWO case), the following can be readily calculated
using Wilks formula and assuming that a sample size of
124, as used in the ASTRUM methodology, is used (Table
IV.C).
Real Quantile PCT/LMO/CWO
95%
97%
98%
99%o

Max. After 124 Trials
99.8%
97.7%
91.8%
71.2%

2

1000

1200

1400

1600

1800
MC

2000

2200

2400

Figure 2 - Full Monte Carlo (MC) Simulation
Then 1000 samples of 59 cases were generated (for a
total of 59000 cases). The maximum of each of the 59
cases, which accordingly to Wilks formula represent a
bounding estimate of the 95"h percentile with 95%
confidence level, were extracted and stored in the
following histogram:
Histogram of WILKS-$9
Normal

Table IVC - Probabilityto exceed a given quantile
(three responses/outcomes)in case of perfect correlation.
The real confidence level in the calculation results
would naturally lie somewhere between the two extreme
conditions represented by Table IV.B and IV.C, with the
actual value being plant specific. The Westinghouse
approach assures, as discussed in Section II, that no matter
what the degree of correlation between the variables is,
there is at least a 95% confidence that the estimator exceed
the 95"' quantiles of the true population.
The question still remains on what this probability
means in term of PCT for instance. This may require a
complete Monte Carlo simulation which may include
several thousand of LOCA simulations. For the sake of
discussion an exercise was developed here, where the code
was replaced by a response surface. This example should
provide additional insights in the considerations discussed
above. The response surface can be seen as a "surrogate"
of the thermal-hydraulic code for a specific plant
application. Of course this is only to illustrate the concept
since in practice a non-parametric analysis requires the
execution of actual code runs.
Also to simplify, the following discussion is only
based on PCT (one response).
In this example, a large sample (N=10000) was
generated to produce the PCT distribution, Then the "true"
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Figure 3 - Histogram of Wilks-59 Predictors
Figure 3 shows that the mean value of the estimator is
about 100 F higher than the "actual" 951h percentile. Also it
show significant probability to sample relatively high
PCTs, well in excess of the "true" 95"h quantile
Next, a large sample of 124000 value was generated.
The third-maximum (Wilks Level-3) was extracted from
each set of 124 and stored in the histogram below:
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For a visual representation of the results, if a normal
distribution is assumed for the three examples before
(which is not completely correct, as the right end tail of the
distributions is cut close to the true 95'h quantile), Figure 5
shows an overlap of the results.

Histogram of WILKS-124
12

to

12.00%

21900

2000

2100

2200
Wiucs-12,

2300

2400

2000

Figure 4 - Histogram of Wilks- 124 Predictors
.0
Consistently with the theory, the predictor tends to
converge toward the "true" value and the risk of overprediction is reduced. The mean of the predictor is only
about 50 F higher than the true 9510 percentile with a
standard deviation of about 42 F compare to a standard
deviation of 76 F for the Wilks level-3 case (59 cases).

a,.

If we now consider an example of the Westinghouse
(ASTRUM) approach, the maximum from the sample
(rather than the 3P-Maximum) is extracted. The following
histogram is obtained, if only one output variable is
considered:

1900
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2200

2300

2400

2500

PCT (F)

Figure 6 - Probability Distributions
IV. CONCLUSIONS

Histogram of Westinghooe-124
N00mal
1210
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Figure 5 - Histogram of ASTRUM Predictors
In this case, as indicated by the theory there is 99.8
percent probability that the PCT is actually higher than the
95•h percentile (but the probability of bounding all three
951h quantiles for the output variables decreases if the
correlation between them is not perfect, as discussed
above). The mean is in this case about 140 F higher than
the "true" 95'h percentile with a standard deviation of about
70 F which is slightly lower than the standard deviation of
the Wilks Level-i estimator.

A key step in any best-estimate analysis is the
treatment of the uncertainties. Non-parametric order
statistics is now the chosen technique to address the issue.
However, the implementation or interpretation of order
statistics in safety analysis is not fully consistent within the
industry, in particular with regard on how the analysis
satisfies the acceptance criterai set by the regulatory body
(i.e. 10 CFR 50.46).
The
Westinghouse
NRC-approved
method
(ASTRUM) follows a rigorous implementation of the
order statistics theory, which leads to the excecution of 124
simulations within a Large Break LOCA analysis. This is a
fundamentally sound approach which guarantees that a
bounding value (at 95% probability) of the 95'h percentile
for each of the three 10 CFR 50.46 ECCS design
acceptance criteria (PCT, LMO and CWO) is obtained.
While the method is quite robust, it may lead to rather
conservative results. The expected degree of conservatism
is illustrated in the paper.
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