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Section 1.0 Introduction

On July 12, 2010 the Nuclear Regulatory Commission (NRC) project management for
the State-of-the-Art Reactor Consequence Analyses (SOARCA) project requested that
Sandia National Laboratories (SNL) technical staff prepare recommendations for an
uncertainty analysis that could be executed in time to inform public meetings planned at
that time for January, 2011. This report details the resulting recommendations and
supporting technical basis. It should be emphasized that this is a draft plan that may be
modified after further consultation with NRC technical staff and management and
feedback from the SOARCA peer reviewers.

The goal of this uncertainty study is to confirm the robustness of the SOARCA
predication of the most likely outcomes, and to develop insight into the overall sensitivity
of the SOARCA results to uncertainty in key modeling inputs.This initial study will
leverage existing models and software, along with a representative set of uncertain
parameters to evaluate the method and feasibility of conducting a uncertainty analysis
and will benefit a longer term study by identifying areas requiring more focused effort [1,
Tasks 9, 10, 11, and 12]. The principal elements of the SNL technical staff
recommendations are described briefly in the following list. A more comprehensive
discussion of these recommendations and their associated technical basis is provided in
the subsequent sections of this report.

Recommendation 1: The SOARCA Peach Bottom Unmitigated Long-term Station
Blackout (PB LTSBO) scenario should be used to develop
insight into the overall sensitivity of the SOARCA analysis to
the input uncertainty.

Formally, the SOARCA proposal specifies the exploration of input uncertainty sensitivity
for a single accident scenario examined as part of the SOARCA project [1] but this
limitation is also consistent with the schedule constraints placed on this analysis effort.
Additional support for the selection of the PB LTSBO is provided in Section 2.1.

Recommendation 2. Uncertain parameters and their associated uncertainty
distributions should be identified by senior SNL and NRC
technical staff based on their expert judgment and detailed
knowledge of the SOARCA project.

In general a formal expert judgment elicitation process [18] involving a large number of
topical area experts would provide more robust uncertainty distribution estimates.
However, the resource and schedule constraints of this uncertainty analysis effort make
the execution of a more formal process infeasible. Recommendation for the specific
parameters to be studed and their associated distributions are provided in Section 2.2 and
Section 4 respectively.
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Recommendation 3." An "inner weather loop" approach which isolates the influence
of weather uncertainty from other uncertainties should be
employed to evaluate the overall sensitivity to input
uncertainty.

Although an alternative "outer weather loop" approach has also been considered by SNL
and NRC staff, it is the judgment of the SNL technical staff that the "inner weather loop"
approach will promote the direct comparison to the published SOARCA best estimate
results as well as allow for better resolution of the effects of input uncertainty on both the
source term results and the consequence results. The peer review committee also
recommended the "inner weather loop" approach (supplemented by a limited exploration
of the "outer weather loop" approach, which has been completed). Detailed discussions
of the treatment of uncertainty in complex systems and the SOARCA probabilistic
analysis methodology are provided in Sections 2.3 and 2.4 respectively. How the
treatment of uncertainty determines the overall software structure used for the analysis is
discussed in Section 3.

Section 2.0 Approach

2.1 Scenario Selection

Sandia recommends the Peach Bottom Unmitigated Long Term Station Blackout
(LTSBO) Scenario as the accident scenario used to develop insight into the overall
sensitivity of the SOARCA analysis to uncertainty in key inputs. The justifications for
this choice are both technical and programmatic:

1. The performance of the SRV as it impacts MSL failure in the LTSBO scenario
was an important sensitivity study identified by the peer review committee.

2. Several implied and explicit commitments have been'made by SNL and NRC
staff to further explore this issue in the uncertainty analysis.

3. The LTSBO release timing and consequences are characteristic of the majority of
the SOARCA scenarios, i.e., long release timing relative to evacuation time and
correspondingly small off-site consequences. This makes the choice of the
LTSBO consistent with the objectives of the SOARCA project to explore the
center of the risk distribution as opposed to a more outlying case such as the
Surry ISLOCA or SGTR.

4. The Peach Bottom LTSBO has already been the subject of an earlier uncertainty
quantification pilot study. As a result a number of uncertain parameters and
associated distributions have already been explored by the NRC/SNL technical
team.

5. The Peach Bottom MELCOR model has proven to be robust which will lead to
fewer failed MELCOR simulations and better statistics for the uncertainty study.

It should be noted that while Task Order Agreement #N6306, Rev.3 [1], only prescribes
that a single scenario be investigated for the uncertainty characterization effort. Perhaps
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more limiting is that the proposed time frame does not allow for a comprehensive
uncertainty characterization that includes all scenarios. In this respect, the PB LTSBO
scenario is sufficient in that the risk of trying to analyzing two scenarios could not be
justified since two scenarios would not yield a significantly better understanding of the
uncertainty. In addition, much of the off-site consequences are controlled by evacuation
planning which are largely the same for all scenarios. Lastly, the selected scenario has
been evaluated in great detail and was used in the preliminary scoping uncertainty
analysis conducted earlier this summer, which greatly minimizes the likelihood for
unknown computational issues which could put the activity at risk given the proposed
schedule constraints.

2.2 Uncertain Parameters

For the uncertainty study a set of fifteen MELCOR parameters and twelve independent
MACCS2 parameters have been selected. A discussion of the selected parameters is
provided in Sections 4.1 and 4.2 for the MELCOR and MACCS2 parameters
respectively. Table 2.2-1 lists the uncertain parameters. (Note that some of the MACCS2
parameters listed in Table 2.2-1 contain multiple sub-parameters, and thus actually
denote a set of parameters.)

Table 2.2-1. SOARCA Uncertain Parameters

SOARCA Uncertain Parameters
MELCOR MACCS2

In- Vessel Accident Progression Parameters
SRV Stochastic Failure to Reclose Linear Coefficient in Washout Model
Battery Duration Dry Deposition Velocities
Zr melt breakout temperature Shielding Parameters
Molten clad drainage rate Early Health Effects
SRV thermal seizure criterion Dispersion Parameters
SRV open area fraction Habitability
Steam line creep rupture Groundshine
Fuel Failure Criterion Hotspot relocation (dose, time)
Radial debris relocation time constants Normal relocation (dose, time)

Ex- Vessel Accident Progression Parameters Evacuation delay (chorts I - 5)
Debris lateral relocation - cavity spillover and Evacuation speed (chorts I - 5)
spreading rate

Containment Behavior Parameters
Containment over-pressure failure Weather Trials
DW liner failure flow area
Hydrogen ignition criteria (where flammable)
Railroad door open fraction (inner/outer)

Chemnical Forms of Iodine and Cesium
Iodine fraction (RN04)

2.3 Treatment of Uncertainty
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In the design and implementation of analyses for complex systems, it is useful to
distinguish between two types of uncertainty: aleatory uncertainty and epistemic
uncertainty [2-14].

Aleatory uncertainty arises from an inherent randomness in the properties or behavior of
the system under study. For example, the weather conditions at the time of a reactor
accident are inherently random with respect to our ability to predict the future. Other
potential examples include the variability in the properties of a population of system
components and the variability in the possible future environmental conditions that a
system component could possibly be exposed to. Alternative designations for aleatory
uncertainty include variability, stochastic, irreducible and type A.

Epistemic uncertainty' derives from a lack of knowledge about the appropriate. value to
use for a quantity that is assumed to have a fixed value in the context of a particular
analysis. For example, the pressure at which a given reactor containment would fail for a
specified set of pressurization conditions is fixed but not amenable to being
unambiguously defined. Other possible examples include minimum voltage required for
the operation of a system and the maximum temperature that a system can withstand
before failing. Alternative designations for epistemic uncertainty include state of
knowledge, subjective, reducible and type B.

The analysis of a complex system typically involves answering the following three
questions about the system:

What can happen? (Ql)

How likely is it to happen? (Q2)

What are the consequences if it happens? (Q3)

and one additional question about the analysis itself:

How much confidence exists in the answers to the first three questions? (Q4)

The answers to Questions (Qi) and (Q2) involve the characterization of aleatory
uncertainty, and the answer to Question (Q4) involves the characterization of epistemic
uncertainty. The answer to Question (Q3) typically involves numerical modeling of the
system conditional on specific realizations of aleatory and epistemic uncertainty. The
posing and answering of Questions (Q1)-(Q3) gives rise to what is often referred to as the
Kaplan/Garrick ordered triple representation for risk [ 13].

Strictly speaking, some parameters may have both aleatory and epistemic attributes, but be treated as

epistemic for analytic convenience.
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While not arbitrary, the definitions of aleatory and epistemic uncertainty do depend in a
fundamental way on the system under study. This is the fundamental concept relating to
the recommendation that the "inner weather loop" approach be taken to evaluating the
uncertainty in the SOARCA best estimate consequence calculations (Recommendation
3). Figure 2.3.1 provides a graphical description of the difference between an "inner"
and "outer" weather loop in the context of the SOARCA accident progression and off-site
consequence calculations.
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Figure 2.3.1 - Inner (a) versus outer (b) weather looping in the context of the SOARCA
uncertainty quantification analysis where xj,k is the kth instance of the MELCOR epistemic input
vector xi and Xjk is the kth instance of the MACCS2 epistemic input vector xj. Sk is the source term
output from MELCOR which is an intermediate result.

In the modeling system used to generate the SOARCA best estimate results, weather is
treated as an aleatory parameter. Each best estimate calculation represents the mean off-
site consequence for a given accident sequence calculated from a large number of
weather trials. In this way, the SOARCA best estimate calculation seeks an answer to the
question, "What is the expected consequence of a given accident scenario, e.g., a long
term station blackout, at the Peach Bottom site?" (i.e., expected outcome over all aleatory
sequences) as opposed to, "What is the expected consequence of a given accident
scenario during a snow storm in February at the Peach Bottom site?" (i.e., results
conditional on a specific weather trail). While it is certainly feasible to obtain a
reasonable estimate of the consequences of a long term station blackout at the Peach
Bottom site during any given weather scenario, in the context of the SOARCA best
estimate modeling system, this would not be a useful result. In the SOARCA best
estimate modeling system, it is not known what the weather conditions might be during
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such an event and no amount of additional information will serve to reduce that
uncertainty.

Since weather represents an aleatory parameter in the SOARCA best estimate model
system, it must be treated in the same way to quantify the uncertainty in that modeling
system. This leads to the recommendation to use an "inner weather loop" when
quantifying uncertainty in the SOARCA best estimate calculations. The "outer weather
loop" would be more appropriately applied to evaluating the uncertainty in a best
estimate modeling approach that did not consider weather uncertainty. In other words,
the "outer weather loop" evaluates the uncertainty of a modeling system that was not
used to derive the SOARCA best estimate results.

Considered iin a different way, the "inner weather loop" used to obtain the SOARCA best
estimate results removes weather from the epistemic parameter space all together. Since
the SOARCA best estimate is not conditional on the weather trials, and the mean result
represents the average over the aleatory uncertainty (weather conditions).

The SOARCA "best estimate" consequences including weather uncertainty is illustrated
in Figure 2.3.2. A single source term release SBE dependent upon the best estimate input,
xi, BE, was used as input to a consequence analysis dependent upon the best estimate
input, yi.BE. The result is a distribution of consequences conditional on the best estimate
values (Q3), over the weather variability (Q1 and Q2). The mean value, IHII, is the mean
of the CCDF and is the mean consequence over the weather variability. However, to
address Q4 (How much confidence exists in the answer to the first three questions?), a
series of analyses must be conducted that quantify the effects of epistemic uncertainty in
the system over all possible weather conditions. These concepts are detailed in a
mathematical description of the probabilistic analysis in the following section.
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Figure 2.3.2: Typical CCDF of Consequence
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2.4 Description of the Probabilistic Analysis Methodology for SOARCA

As described in Sect. 2.3, a consequence analysis for a nuclear power plant, or in general
any type of engineered facility, is an analysis intended to answer three questions about
the facility (i.e., Q1, Q2 and Q3) and one question about the analysis itself (i.e., Q4).

In turn, answering the four indicated questions leads to an analysis based on three
basic mathematical structures or entities: EN I, a probability space characterizing aleatory
uncertainty; EN2, a function that predicts the physical behavior of the facility under
consideration; and EN3, a probability space characterizing epistemic uncertainty [15;16].
The probability space corresponding to EN1 characterizes aleatory uncertainty and
provides the basis for answering Questions Q1 and Q2. In practice, the function
corresponding to EN2 is one or more very complex numerical models and provides the
basis for answering Question Q3. The probability space corresponding to EN3
characterizes epistemic uncertainty and provides the basis for answering Question Q4.
The nature of the basic analysis components EN1, EN2 and EN3 in the context of the
SOARCA uncertainty analysis is elaborated on in this section.

The first entity, ENI, corresponds to a probability space (A, A, PA), where A is

the set of everything that could occur in the particular universe under consideration (i.e.,

over some specified time period for the facility under analysis), A is a suitably restricted

set of subsets of A for which probability is defined, and PA is the function that defines

probability for elements of A (i.e., ifS is an element of A, then PAS() is the probability of

S) ([43], Sect. IV.3). In the usual terminology of probability theory, A is called the

sample space or sometimes the universal set; elements of A are called elementary events;

elements of A are called events; PA is called a probability measure; and PA(S) is the

probability of the event S. Elements of A are often called futures; elements of A are often

called scenarios or scenario classes; and PA(S) is the probability of a scenario S.

For nuclear power plants, the probability space (A, A, p.4) for aleatory uncertainty

is usually defined to characterize the occurrence of potential future events over some time
period of interest (e.g., for a time period corresponding to one year plant operation or
perhaps the intended operating life of the plant) that could affect the
behavior/performance of the plant. Specifically, each element a of the sample space A is a

vector of the form a = [a1,a2,... , a, ], where the elements of a characterize the properties of

one potential sequence of occurrences over the time interval under consideration. The
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probability space (A, A, p,4), for aleatory uncertainty is typically developed with

extensive use of fault and event trees to define the probabilities of all possible scenarios,

For the SOARCA analysis, A corresponds to the set of all possible five day

sequences of weather conditions that could potentially occur at the PB site. Specifically,

A = {a = vector characterizing 5 day sequence of weather conditons at PB site}. (2.4.1)

In a full consequence analysis for a nuclear power station, the indicated vector of weather

conditions would be only one of many components of each element of A (e.g., see

summary of the NUREG-1150 reactor consequence analyses in Ref. [44]. In the
SOARCA analyses, weather bins (i.e., sets of weather sequences with similar

characteristics) correspond to elements of the set A. Further, the probabilities that are

defined by the function pA4 are approximated on the basis oln one year of hourly weather

data collected at the PB site (i.e., if WV8 is a weather bin, then pA(WB) is the probability

of this weather bin, with this probability being approximated on the basis of one year of
weather data).

Although the concept of a probability space is important conceptually and

convenient notationally, calculations involving a probability space (A, A, PA) are often

described with a density function d.4(a), where

PA (S) = JSdA (a) dS (2.4.2)

for S E A, a E S, and dS corresponding to an increment of volume from S. Then, the

expected value, variance, cumulative distribution function (CDF), and complementary
cumulative distribution function (CCDF) at time c (yr) associated with a real-valued

function y =J(Tla) defined on A are defined by

EA[f(rIa)] = Af(rIa)dA(a)dA, (2.4.3)

VA [f(z I a)] = A {f (r I a)-E [f(r I a)]}2 dA (a) dA, (2.4.4)

PA [f(r I a)_ y] = JAS~ [f(r Ia)] dA (a) dA, (2.4.5)

and

PAly<- f(r I a)] = A V[f(rIa)] dA(a)dA' (2.4.6)
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respectively, where

LO otherwise, YO otherwise,

and dA represents an increment of volume from A.

The equalities in Eqs. (2.4.5) and (2.4.6) in effect define a cumulative distribution
function (CDF) and a complementary cumulative distribution function (CCDF),
respectively. Specifically, if [Ym...ny,,,Y] includes the range of possible values for y, then
the plots defined by the points

{Y' PA [f (T I a):! •y]} and {Y' PA ly < f(7- 1 a)]} (2.4.7)

for y,,m • y< y,,< , correspond to the CDF and CCDF, respectively, for y. A CCDF is
defined in Eq. (2.4.6) because of the typical usage of CCDFs to represent uncertainty in
risk assessments. In particular, a CCDF answers the question "How likely is it to be this
bad or worse?.", which is usually the question asked with respect to individual
consequences in a risk assessment. In particular, CCDFs constitute the standard
uncertainty structure used in the presentation of off-site consequence results calculated
with MACCS.

The second entity, EN2, corresponds to a model, or more realistically a large
system of interacting models, that predict the behavior of a nuclear power plant under
accident conditions and various summary measures of this behavior (e.g., radionuclide
release rates). Notationally, this model can be represented by a function of the form

f (r I a) = [.f, (r I a),f2 (-r I a),..., f,,, (-cI a)], (2.4.8)

where -c corresponds to time (yr), each element fj(-la) of f(rla) is a specific calculated
result, and a is an element of the sample space A for aleatory uncertainty. In general, the

value of f(cla), and indeed the actual structure of the individual models that are combined
to produce f(rcla), will change with changing values for a. In the SOARCA uncertainty
analysis, the function f(,ula) corresponds to combined calculations performed with models
implemented within the MELCOR and MACCS2 programs. Consistent with the notation
used in Eq. (2.4.8), the indicated models produce a large number of time dependent
results.

In practice, functions of the form indicated in Eq. (2.4.8) are usually too complex
for quadrature-based evaluations. This is certainly the case for results obtained with
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MACCS2 due to the complexity of the conditions associated with weather sequences and
the extensive calculations that underlie the estimation of off-site consequences. As a
consequence, results of the form indicted in Eqs. (2.4.3)-(2.4.6) are usually estimated
with some form of sampling procedure. One possibility is to use simple random sampling
from the sample space A for aleatory uncertainty. With this approach, a random sample

ai =Ea,pa2j ..... a,, ],j = 1,2,...,nSE, (2.4.9)

is generated from A consistent with the defining probabilities for the probability space

(A, A, PA). Then, the results in Eqs. (2.4.3)-(2.4.6) are approximated on the basis of this

sample. For example, the approximations to the expected value in Eq. (2.4.3) and the
exceedance probability in Eq. (2.4.6) for an elementj(ila) of the function f(-la) in Eq.
(2.4.8) are

nSA

E, [f(rIa)] f(rIaj)/nSA (2.4.10)
j=l

and
nSA

PA Ey.-< f(r I a)] • S Z .[f(rI aj)]/ nSA, (2.4.11)
j=l

respectively.

An alternate procedure is to subdivide A into a sequence of disjoint subsets Aj,] =

1, 2, ... , nSA, and randomly sample a single element ajfrom each set A1. Then, the results

in Eqs. (2.4.3)-(2.4.6) are approximated on the basis of the sets Aj and the sampled

elements aj. For example, the resultant approximations to the expected value in Eq.
(2.4.3) and the exceedance probability in Eq. (2.4.6) for an elementfl a) of the function
f(-cla) in Eq. (2.4.8) are:

nSA

EA [f(r I a)] = If(rIaj)pA.(AJ) (2.4.12)
j=1

and
nSA

PA Ey_ f(r I a)] s4 ,[f( I aj)]PA (A), (2.4.13)
j=l

respectively. This approach corresponds to use of the Kaplan-Garrick ordered triple

representation for risk.
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A variant of the approach indicated in the preceding paragraph is used with
MACCS2 in the SOARCA analyses in the estimation of expected values and exceedance
probabilities. In this variant, the sets Ajj = 1, 2, ... , nSA, correspond to )IVBj,j = 1, 2,

36 = nWB, weather bins (i.e., subsets of the set A in Eq.(2.4.1)), and aj , k = 1, 2,

nWBj, elements are sampled from each weather bin V313j. In the SOARCA uncertainty

analyses, nWBj is defined by

[O.05nWBTj] ifl2<0.05nWBTj
nWB1 =l 2 if0.5 nWBT1 <12<nWBT1  (2.4.14)

LnWBTj if nWBTj < 12,

where nWBTj is the number of elements in VIVBj estimated on the basis of one year of

weather data and [-] corresponds to the greatest integer function. Then, the results in Eqs.
(2.4.3)-(2.4.6) are approximated on the basis of the sets VVI3j and the sampled elements

ajk. For example, the resultant approximations to the expected value in Eq. (2.4.3) and the

exceedance probability in Eq. (2.4.6) for an elementJ( za) of the function f(-Cla) in Eq.
(2.4.8) are

EA[f(r1a)]- [ 'f(raJk)/nWBJ A(WBj) (2.4.15)

J=L k=1

and

PA[Y- f(rIa)] 3 8[fi(r Iajk)]/nWBj pA (wL3j), (2.4.16)
.i=j k=1 1

respectively.

The third entity, EN3, corresponds to a probability space (8, IE, PE) for epistemic

uncertainty. The conceptual properties associated with probability space (8, IE, PE) are the

same as indicated in Eqs. (2.4.2)-(2.4.6) for the probability space (A, A, PA) for aleatory

uncertainty. In general, the elements of the sample space E are vectors of the form:
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e =[eA, eAt]
= eAl, eA2,..., eA,nEA, eA1,e eM2," eM,hEM (2.4.17)

=[el, e2 , ... , enE ], nE = nEA + nEM,

where eA = [eAl, eA2, ... , eA,nEA ] is a vector of epistemically uncertain quantities used in

the characterization of aleatory uncertainty (not considered in this analysis as no aspect of
the weather trials are treated as being epistemically uncertain) and
eM = [em 1, em 2, ... , eM,nEmf] is a vector of epistemically uncertain quantities used in

the evaluation of f(Tla).

In the SOARCA uncertainty analysis, the vector eM of epistemically uncertain

model parameters has two components: a vector eME of epistemically uncertain
parameters used in MELCOR calculations and a vector eMA of epistemically uncertain
parameters used in MACCS2 calculations (Table 2.2-1). Spcifically, the form of eM in
the SOARCA uncertainty analysis is

eM = [eME, eMA ]

= [eMfE,1, eME,2,.... eMEnME' eMq41, eA•42,... eA,nMA (2.4.18)

= [e, e2 ,..., eEnE =nME + nMA

with nME= 12 and nMA = 9.

In practice, the probability space (F, E, PE) is defined by assigning probability

distributions to the individual elements of e. In addition, correlations and other
restrictions involving the elements of e may also be specified. The specified distributions
serve as mathematical summaries of all available information with respect to where the
appropriate values for the elements of e are located and are often developed through
expert review processes [18-27]. The development of the distributions characterizing
epistemic uncertainty in the SOARCA uncertainty analysis are discussed in Sect. 4.1.

With the introduction of the probability space (S, E, PE) for epistemic uncertainty,

the representation for the system model in Eq. (2.4.8) becomes

f(r j a,e,.) = [f (r I a,eA,),f 2 (rI a,eA), ... If, (r I a, el)]. (2.4.19)

Further, given that there is no uncertainty in the characterization of aleatory uncertainty
as is the case in the SOARCA analysis, results of the form in Eqs.(2.4.3), (2.4.5) and
(2.4.6) become:
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EA [f(rI ae),:)] =fAf(r I aeA,)dA (a) dA, (2.4.20)

pA[f(-ra, eM): y]=JA] V,,[f(rIa, eM)]dA(a)dA, (2.4.21)

and

PA [v< f(rla, e,,)]= A V[f (rzIa, e,)] dA(a)dA, (2.4.22)

wherej(-ta,eM) corresponds to one of the functions fj(-ca,eAl) contained in f('Cja,eM). As
eM changes, each of the preceding quantities also changes and has a probability
distribution that derives from the probability space (V, E, PE) for epistemic uncertainty.

In concept, probability distributions over epistemic uncertainty for quantities of
the form defined in Eqs. (2.4.20)-(2.4.22) are defined by integrals over the sample space
S for epistemic uncertainty. In practice, such integrals are too complex for quadrature
approximations and, as a consequence, must be approximated with sampling-based
procedures. Specifically, a random or Latin hypercube sample [28;29]

efi [eil, el2, ... , elE],i = l,2,...,rnSE, (2.4.23)

is generated from S in a manner consistent with the probability distributions that
characterize epistemic uncertainty. Then, analysis results of interest (e.g., results of the
form in Eqs. (2.4.20-2.4.22)) are determined for each element eA1i of the indicated
sample. For example, if random sampling is used to approximate integrals over aleatory
uncertainty as in Eqs. (2.4.10) and (2.4.11), the approximations to the results in Eqs.
(2.4.20) and (2.4.22) become:

EA [f(r I a,eM/)] fA f(r I a,e,) d., (a) dA

nSA

-•-"f(r Iaj,eAfi)/7SA (2.4.24)
./i=1

f A [f (r Ia, e,,i)
and
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PA y < f(r I a, eM,)] fA [J, [f(r I a,egJ)] d, (a) dA

nSA

[f (r Iaj, Af)] /nSA(2.4.25)
j=1

=PA [y < f(r I a,ege.)]

for each element eAg, of the indicated sample. Approximations to distributions
summarizing epistemic uncertainty can now be obtained from results of the form in Eqs.
(2.4.24) and (2.4.25) with an equal weight of I/nSE assigned to the results obtained with
each sample element. Further, mappings of the form

[eM1, k' [i(r a, eA,, )]],/= 1,2,..., nSE, (2.4.26)

and

[eM , PA [y < f(r I a, e,,)]],i= 1, 2,..., nSE, (2.4.27)

form the basis for the application of a variety of sensitivity analysis procedures as
discussed in Sect. 3.2.

In the SOARCA uncertainty analysis, a sample of size nSE = 100 is used to
generate the sample indicated in Eq.(2.4.23). Specifically, the component egEof eAf will
be sampled with random sampling and the component eA.4of em will be sampled with
Latin hypercube sampling. In turn, SOARCA results of the form indicated in Eqs.
(2.4.15) and (2.4.16) will be approximated by

EA[f(rIa,eA,,i)]- El f(r I ajke0i)/nWB1 A(wz) (2.4.28)

= EA [i(r a, eA,)]

and

PAEy< f(Trlaeg')]= { Zj Z'Ef(7lajk'eMi)1/nWBj}PA (W3,) (2.4.29)

=PAEy<- f(rla, eM)]

for each sample element eA.fi. As discussed in the preceding paragraph, results of the form
in Eqs. (2.4.28) and (2.4.29) provided the basis in SOARCA for assessing the effects and
implications of epistemic uncertainty.
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Section 3.0 Code Integration and Analyses

3.1 Description of Code Integration [Wiring Diagram]

Figure 3.1.1 provides a conceptual representation of the uncertainty analysis:

* Uncertain MELCOR and MACCS2 parameters are sampled
* MELCOR is run for each set of its sampled values
* MACCS2 is run for each set of its sampled values in conjunction with the

associated MELCOR source term outputs

In this section a description of the elements and processes (e.g., codes, files) used to
implement the conceptual representation is provided. Figure 3.1.1 shows the information
flow of the SOARCA uncertainty analysis. A description of each item in Figure 3.1.1 is
described in this section.

MELCOR Uncertain Parameters: The chosen uncertain parameters in the
MELCOR model for the Peach Bottom LTSBO scenario are defined by their
distribution types and associated parameters (e.g., uniform distribution with a
lower and upper bound) (see Section 4.1). These distributions are incorporated
into the MELCOR Uncertainty Engine input template file.

MELCOR Input Deck: The input for the MELCOR model of the Peach Bottom
LTSBO scenario is divided into a set of input files. The files listed in Table 3.1-1
contain the majority of the information that describe the model. The file
jelly_DAK.gen uses the MELCOR R*I*F feature to incorporate the individual
input files in Table 3.1-1 into one a single MELGEN 2 file. The file jellyDAK.cor
contains the MELCOR input information.

MELCOR Uncertainty Engine Input Template: The MELGEN/MELCOR
uncertainty engine template file consists of three sections. The first section
contains the uncertain parameter definitions. Also, variables are defined for each
uncertain parameter. The second section contains the model's MELGEN input
records. These are incorporated by using the R*I*F feature to read in the
jellyDAK.gen file. The MELGEN records which contain uncertain parameters
are also located in this section of the template file. The uncertain parameters in
each record are replaced by their respective variables (defined in the first section
of the template file). The third section contains the model's MELCOR input

2 MELCOR executes in two parts. The first is a program called MELGEN, in which most of the input is

specified, processed, and checked. When the input checks are satisfied, a restart file of all the information
in the MELCOR database is written for the initial conditions of the calculation. The second part of
MELCOR is the MELCOR program itself, which advances the problem through time based on the database
generated by MELGEN and any additional MELCOR input. See the MELCOR Users' Guide for more
details.
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records. These are incorporated by using the R*I*F feature to read in the
jelly_DAK.cor file.

MELCOR Uncertainty En2ine: Based in the input template, the MELCOR
Uncertainty Engine creates N MELCOR input files. Monte Carlo sampling is used
to generate N samples of the uncertain parameters. In each input file the uncertain
parameter variables are replaced with their corresponding sampled value. In
addition, an output file is created which contains the sampled values.

Sampled MELCOR Uncertain Parameters: The MELCOR Uncertainty Engine
generates an Excel .csv file which contains the sampled uncertain parameter
values.

RN Parsing Uncertainty Deck Generator: The uncertainty in the partitioning of the
initial iodine core inventory between RN class 4 and RN class 16 cannot be
directly implemented as a single sampled parameter value. Rather, that sampled
value is an input into the core inventory calculation where it influences the masses
RN classes 2, 4, 7, 16, and 17. The RN Parsing Uncertainty Deck Generator
implements the inventory partitioning calculation as an Excel VBA macro in an
Excel workbook. The sampled value of the fraction of the initial iodine core
inventory in RN class 4 is manually copied and pasted into the Excel workbook.
The macro performs the partitioning calculation for each sampled value. The
results of the calculation are incorporated into the appropriate records of the dch-
mdcymod.gen and rnmass midcy mod.gen files. A separate dch-
mdcymod.gen and rnmass_midcymod.gen is created for each sampled value.

Containment Failure Uncertainty Deck Generator: The uncertainty in the mode of
containment failure cannot be directly implemented as a single sampled parameter
value. Rather, each containment failure mode is characterized in a separate
MELGEN input file. The sampled value for the containment failure mode is used
to determine which file to use in a given realization. The Containment Failure
Uncertainty Deck Generator implements the containment failure mode as an
Excel VBA macro in an Excel workbook. The sampled value for the containment
failure mode is manually copied and pasted into the Excel workbook. The macro
selects the containment failure MELGEN input file based on the containment
failure mode sampled value and creates a properly named version of that for the
given realization.

N MELCOR Input File Sets: A MELCOR input file is created for each set of
sampled values (i.e., realization). That file incorporates the original input deck
with its uncertain parameters set equal to their sampled values. For uncertainties
that cannot be directly implemented as a single parameter value (e.g., fraction of
initial iodine core inventory partitioned into RN class 4) additional input files are
generated, which are incorporated via the R*I*F feature (see Figure 3.1.2)
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MELGEN/MELCOR: The MELGEN and MELCOR executables are used to run the
N MELCOR input files. Each run creates its own set of output files.

N MELCOR Output File Sets: Each MELCOR run has its own set of output files
(see Figure 3.1.2).

MELMACCS Template File: The MELMACCS template file contains input needed
by MELMACCS to extract the source term information from the MELCOR .ptf
output files and generate the source term input files used by WinMACCS.

MELMACCS: The .ptf file from each MELCOR run is processed by MELMACCS
to extract the information on the source term released to the environment and put
it into a MACCS2-compatible format.

N MELMACCS Output Files: A MELMACCS output file is created from each
MELCOR .ptf output file.

WinMACCS 3 Uncertain Parameters: The uncertain parameters in the WinMACCS
model for the Peach Bottom LTSBO scenario are defined by their distribution
types and associated parameters (e.g., uniform distribution with a lower and upper
bound) (see Section 4.2). These distributions are incorporated into the
WinMACCS input file using the WinMACCS GUI. The distributions are sampled
(using LHS) when WinMACCS is run.

WinMACCS Input File: The WinMACCS input file contains input used by
WinMACCS (e.g., weather, evacuation parameters, etc.) to perform consequence
calculations.

WinMACCS: WinMACCS is used to calculate consequences for the N source term
inputs (from the N MELMACCS output files) in conjunction with the uncertainty
in the WinMACCS parameters. Weather uncertainty (using weather bin
sampling 4) is evaluated for each source term input and associated WinMACCS
uncertain parameter sample.

N WinMACCS Output Files: A WinMACCS output file is generated for each
source term input.

3 WinMACCS is the GUI shell that executes MACCS2
4 see the MACCS2 Users Guide, Section 5.1
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Figure 3.1.1: SOARCA Uncertainty Analysis Wiring Diagram
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Figure 3.1.2: MELCOR Input Files
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Table 3.1-1. SOARCA Peach Bottom Long-
Files

-Term Station Blackout MELCOR Model Input

lOxlO-rn-set.gen mp.gen

lOxlO-rpv-cvh.gen rb-cvh.gen

lOxlO-rpv-fl.gen rb-fl.gen

lOxIOcore.gen rb-hs-depos.gen

burn.gen rb-hs.gen

cav.gen rcic2.gen

cf-midcy.gen rcs-sys.gen

cf2.gen recirc.gen

chex-layman-midcy.gen rhr2.gen

cont-cvh.gen rn-cor-struc.gen

cont-cvhmod.gen rn-mass-midcy.gen

cont-hs.gen rn.gen

core-sc.gen rpv-hs.gen

cvtype.gen seq-trip.gen

dch-midcy.gen sloca-rcic.gen

dir.txt sp-heatcap.gen

dw-liner-melt.gen srv-fl2.gen

hpci.gen srv-tailpipe.gen

hpci2.gen WriteOutput.gen

Ipcs.gen

3.2 Parameter Sensitivity and Uncertainty Analysis Methodology

Closely associated with the characterization of epistemic uncertainty provided by the probability
space corresponding to EN3 and the answering of Question Q4 are the concepts of uncertainty
analysis and sensitivity analysis, where uncertainty analysis designates the determination of the
epistemic uncertainty in analysis results that derives from epistemic uncertainty in analysis
inputs and sensitivity analysis designates the determination of the contribution of the epistemic
uncertainty in individual analysis inputs to the epistemic uncertainty in analysis results.
Basically, uncertainty and sensitivity analysis are the means by which EN3 gives rise to the
answer to Question Q4. A number of approaches to uncertainty and sensitivity analysis exist,
including differential analysis, response surface methods, variance decomposition methods, and
sampling-based (i.e., Monte Carlo) methods [25-32]. A parameter uncertainty analysis will be
conducted using the methods described below for both source term and radiological
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consequences to evaluate the effects of the uncertainty in key inputs on the selected accent
scenario [1].

Several of the approaches to sensitivity analysis that can be used in conjunction with a sampling-
based uncertainty analysis are listed and briefly summarized below. In this summary, (i) xj is an
element of a vector x = [xi, x,, ... , x,,,] of epistemically uncertain analysis inputs, (ii) Yk is an
element of y(x) = [vO(x), y 2(x), ... , y,,n{x)], (iii) Xi = [x1 , xi ,...,x,,,], i = 1, 2, .... nS, is a
random or Latin hypercube sample from the possible values for x generated in consistency with
the joint distribution assigned to the xj, (iv) yi = y(xi) for i = 1, 2, ... , nS, and (v) xj and Yik are
elements of xi and yi, respectively.

Scatterplots. Scatterplots are plots of the points [,Ci., YJk] for i = 1, 2, ... , nS and can reveal
nonlinear or other unexpected relationships (Fig. 3.2.1). In many analyses, scatterplots provide
all the information that is needed to understand the sensitivity of analysis results to the
uncertainty in analysis inputs. Further, scatterplots constitute a natural starting point in a
complex analysis that can help in the development of a sensitivity analysis strategy using one or
more additional techniques. Additional information: Sect. 6.6.1, Ref. [33]; Sect. 6.1, Ref. [32].

BRAGFLO (E2 at 1000 yr, R1, R2, R3) BRAGFLO (E2 at 1000 yr, R1, R2, R3)

50 Time: 10000 yr Time: 10000 yr

Frame 6a 9.0 *. Frame 6b
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TRI-6342-5371-0 TRI-6342-5372-0

Fig.3.2.1. Examples of scatterplots obtained in a sampling-based uncertainty/sensitivity
analysis (Figs. 8.1, 8.2, Ref. [341).

Correlation. A correlation coefficient (CC) provides a measure of the strength of the linear
relationship between T.j and Yk. The CC between xj and Yk is equal to the standardized regression
coefficient (SRC) in a linear regression relating Yk to xj and is also equal in absolute value to the
square root of the R 2 value associated with the indicated regression. When calculated with raw
(i.e., untransformed) data, the CC is often referred to as the Pearson CC. Additional information:
Sect. 6.6.4, Ref. [33]; Sect. 6.2, Ref. [32].
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Regression Analysis. Regression analysis provides an algebraic representation of the
relationships between Yk and one or more xj's. Regression analysis is usually performed in a
stepwise fashion, with initial inclusion of most important xj, then two most important xj's, and so
on until no more xj's that significantly affect Yk can be identified. Variable importance is
indicated by order of selection in the stepwise process, changes in R 2 values as additional
variables are added to the regression model, and SRCs for the xj's in the final regression model
(Table 3.2-1). A display of regression results in the form shown in Table 3.2-1 is very unwieldy
when results at a sequence of times are under consideration. In this situation, a more compact
display of regression results is provided by plotting time-dependent SRCs (Fig. 3.2.2a).
Additional information: Sects. 6.6.2, 6.6.3, 6.6.5, Ref. [33]; Sect. 6.3, Ref. [32].

Table 3.2-1. Example of Stepwise Regression Analysis to Identify Uncertain Variables
Affecting the Uncertainty in Pressure at 10,000 yr in Fig. 5a (Table 8.6, Ref. [341)

Stepa Variableb SRCc R2d

I WMICDFLG 0.718 0.508

2 HALPOR 0.466 0.732

3 WGRCOR 0.246 0.792

4 ANHPRM 0.129 0.809

5 SHRGSSA T 0.070 0.814

6 SALPRES 0.063 0.818
Steps in stepwise regression analysis.
Variables listed in the order of selection in regression analysis.
SRCs for variables in final regression model.
Cumulative R2 value with entry of each variable into regression model.
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Fig. 3.2.2. Time-dependent sensitivity analysis results for uncertain pressure curves in
Fig. 5a: (a) SRCs as a function of time, and (b) PCCs as a function of time
(Fig. 8.3, Ref. [34]).

Partial Correlation. A partial correlation coefficient (PCC) provides a measure of the
strength of the linear relationship between Yk and xj after the linear effects of all other elements of
x have been removed. Similarly to SRCs, PCCs can be determined as a function of time for
time-dependent analysis results (Fig. 3.2.2b). Additional information: Sect. 6.6.4, Ref. [33];

Sect. 6.4, Ref. [32].

Rank Transformations. A rank transformation replaces values for yA and xj with their
corresponding ranks. Specifically, the smallest value for a variable is assigned a rank of 1; next
largest value is assigned a rank of 2; tied values are assigned their average rank; and so on up to
the largest value, which is assigned a rank of nS. Use of the rank transformation converts a
nonlinear but monotonic relationship between Yk and x1 to a linear relationship and produces rank
(i.e., Spearman) correlations, rank regressions, standardized rank regression coefficients
(SRRCs) and partial rank correlation coefficients (PRCCs). In the presence of nonlinear but
monotonic relationships between the Yj and Yk, the use of the rank transform can substantially
improve the resolution of sensitivity analysis results (Table 3.2-2). Additional information:
Sect. 6.6.6, Ref. [33]; Sect. 6.6, Ref. [32]; Ref. [35].

Table 3.2-2. Comparison of Stepwise Regression Analyses with Raw and Rank-Transformed Data for
Variable BRAALIC in Fig. 4b (Table 8.8, Ref. [34]).

Raw Data Rank-Transformed Data
Stepa Variableb SRCc R2d Variableb SRRCe R2d

1 ANHPRM 0.562 0.320 WMJCDFL -0.656 0.425
G

2 WMI CDFL -0.309 0.423 ANHPRM 0.593 0.766
G

3 WGRCOR -0.164 0.449 HALPOR -0.155 0.802
4 WASTWICK -0.145 0.471 WGRCOR -0.152 0.824
5 ANHBCEX -0.120 0.486 HALPRM 0.143 0.845

P 1
6 HALPOR -0.101 0.496 SALPRES 0.120 0.860
7 WASTWICK -0.010 0.869

Steps in stepwise regression analysis.
Variables listed in order of selection in regression analysis.

SRCs for variables in final regression model.

Cumulative R
2 

value with entry of each variable into regression model.

SRRCs for variables in final regression model.
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BRAGFLO (E2 at 1000 yr, R1)
Vol-Averaged Pressure Lower Waste Panel (WASPRES)

BRAGFLO (E2 at 1000 yr, R1, R2, R3)
Vol-Averaged Pressure Lower Waste Panel (WASPRES)
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Illustration of failure of a sensitivity analysis based on rank-transformed
data: (a) Pressures as a function of time and (b) PRCCs as a function of
time (Fig. 8.7, Ref. 1341).

For SOARCA the parameter uncertainty and sensitivity analysis will be based upon a mapping
between uncertain inputs and analysis results using: 1) Partial rank correlation coefficients
(PRCCs); 2) Stepwise rank regression analyses, and 3) Scatter plots.

PRCCs provide a measure of the strength of the monotonic relationships between an independent
variable and a dependent variable after a correction has been made to remove the monotonic
effects of the other independent variables in the analysis. PRCCs involve the analysis of rank
transformed data to transform monotonic relationships into linear relationships. In a stepwise
rank regression, the single independent variable that makes the largest contribution to the
uncertainty in the dependent variable is selected in the first step. This process continues until no
additional variables are found that make identifiable (i.e., significant) contributions to the
uncertainty in the dependent variable. A significance level of 0.01 will be used as the criterion
for terminating a stepwise regression analysis. In the context of stepwise regression analysis,
variable importance is indicated by (i) order of selection in the stepwise selection process, (ii)
incremental changes in cumulative R2 values, and (iii) the sign and size of the standardized
regression coefficients, (i.e., standardized rank regression coefficients (SRRCs), when rank
regression is being used) in the final regression model. Results will be presented as a set of
CCDFs. The 25-75% bounds on the CCDF results will be calculated using the bootstrap method.
A calculation of the confidence bounds on the mean values for the CCDF and other result
metrics (e.g., Fraction of the Cesium released to the environment) will be included.
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Section 4.0 Uncertain Parameters and Distributions

The scope and schedule of this uncertainty analysis do not allow for a detailed technical basis to
be developed for what parameters to include as uncertain inputs or their distributions. Instead,
the uncertain parameters and their distributions were identified/characterized by an informal
elicitation of subject matter experts. The subject matter experts were asked define distributions
for the parameters which they considered most important. They were also asked to provide a
technical basis for the distribution definitions. For some uncertain parameters the subject matter
experts were able to provide a documented technical basis, however, other uncertain parameters
currently have a limited to no documented technical basis. This issue of technical basis
documentation will be resolved in the report that documents the overall uncertainty analysis. The
results of the elicitation are contained in Sections 4.1 and 4.2 for the MELCOR and MACCS2
parameters, respectively.

4.1 MELCOR Parameters and Distributions

The MELCOR uncertain parameters are divided to cover the following issues:

" sequence issues
* in-vessel accident progression issues
* ex-vessel accident progression issues
" containment behavior issues
" fission product release, transport, and deposition

Uncertainty in Lambda in SRV stochastic failure to reclose: NUREG/CR-6928 describes an
analysis of industry-average experience for this event. The recommended distribution is
described in NUREG/CR-6928, Table 5-1 (SRV FTC -- SRV failure to close) (see Table 4.1-1
and Figure 4.1 -1).

Duration of DC power: This parameter is influenced by the efficiency of operator actions to shed
non-essential loads and the age of the batteries. The mode is the value used in the deterministic
SOARCA analysis (see Table 4.1-1 and Figure 4.1-2).

Table 4.1-1. MELCOR Uncertain Parameters - Sequences Issues

parameter distribution
beta distribution
mean = 7.95E-04

uncertainty in lambda in SRV stochastic failure to reclose alpha = 0.5
beta = 6.281 E+02
error factor = 8.4
triangle distribution

duration of dc power LB = 2.0 hr
mode = 4.0 hr
UB = 8.0 hr
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Zr melt breakout temperature: This parameter represents a collection of uncertain properties that
determine the conditions at which oxidized clad mechanically fails, releasing molten unoxidized
Zr. This initiates the downward drainage of molten Zr on a ring-by-ring basis in MELCOR.
Observed to be among the more important uncertain parameters in prior work on in-vessel melt
progression (H2 uncertainty study). The lower bound value is the Zr melt temperature; the upper
bound value is based on likely rod collapse temperature. The mode is the value used in the
deterministic SOARCA analysis (see Table 4.1-2 and Figure 4.1-3).

Molten clad drainage rate: Time constant for heat transfer to substrate vs downward flow.
Another key parameter in the H2 uncertainty study. This parameter represents effective
downward flow rate, balancing heat transfer and freezing on substrate against vertical
momentum. The mode is the value used in the deterministic SOARCA analysis (see Table 4.1-2
and Figure 4.1-4).

Criteria for thermal seizure of SRV due to heating after onset of core damage: Gas exposure time
during open cycles, heat conduction within valve and expansion of valve components. The
MELCOR model estimates the thermal response of a representative valve internal component
(perhaps the valve stem) as a solid steel cylinder, heated by the gas discharged through the valve
(when open). The valve is assumed to seize in the open position on the first cycle above a
specified component temperature. Uncertainty in valve thermal response, expansion, and seizure
is rolled up into the single value of this component temperature. The mode is the value used in
the deterministic SOARCA analysis (see Table 4.1-2 and Figure 4.1-5).

SRV open area after thermal seizure: Thermal expansion of valve would occur primarily during
periods of gas flow (open cycles), although penetration (conduction) of heat transferred to inner
surfaces would occur over a longer period of time (valve open or closed). These uncertainties
lead to large uncertainty on valve position immediately prior to seizure and to the final stem
position after seizure (see Table 4.1-2 and Figure 4.1-6).

Main steam line creep rupture area: Pre-existing flaws, weld locations, upper RPV and steam line
circulation flow patterns, pipe stress, etc. Creep rupture is monitored at two locations (main
steam line nozzle and initial length of main steam line piping). The current model preserves the
total flow area of the main steam line, but partitions this area between the intact pipe and the
rupture opening. Therefore, a rupture open fraction of 1.0 also closes flow through the main
steam line; a value of 0.5 partions the MSL flow equally between the intact pipe flow path and
the rupture flow path. Therefore, the creep rupture open fraction is the numerical complement of
the main steam line open fraction, which is defined in file 'MSLcreep.gen'. Uncertainty in the
parameters affecting the calculated potential for creep is neglected in this assessment because
prior experience suggests the L-M damage index transitions from zero to values well above unity
within a very short time (see Table 4.1-2 and Figure 4.1-7).

Fuel failure criterion (transformation of intact fuel to particulate debris): MELCOR lacks a
deterministic model for evaluating fuel mechanical response to the effects of clad oxidation,
material interactions (eutectic formation), Zircaloy melting, fuel swelling and other processes
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that occur at very high temperatures. In lieu of detailed models in this area, a simple
temperature-based criterion is used to define the threshold beyond which normal ("intact") fuel
rod geometry can no longer be maintained, and the core materials at a particular location collapse
into particulate debris. The temperature-based criterion rolls up uncertainties in numerous
physio-chemical processes that affect fuel rod integrity. The basic idea behind this "time-at-
temperature" criterion, however, is that the endurance of the upright, cylindrical configuration of
fuel rod bundles decreases with increasing temperature. A temperature-based 'cumulative
damage' criterion is used in the MELCOR model to define the remaining lifetime of normal fuel
rod geometry. The alternative functions represent shifts in temperature of +/- 100 K and fuel
endurance times of +/- factor of 2.0 (see Table 4.1-2, Figure 4.1-8, and Figure 4.1-9).

Radial debris relocation time constants: This specific parameter is used as a surrogate for the
broad uncertainty of debris relocation rate into water in the lower head. This, in turn, affects the
potential for debris coolability in the lower head (faster relocation rates decrease coolability;
slower rates improve coolability). Debris relocation in MELCOR is relatively discrete, and
occurs when the lower core plate in a particular ring yields. Molten material and particulate
debris in that ring immediately fall into the lower head and is followed by debris from adjacent
rings at a rate determined by the 'radial relocation time constant.' Adjustments in this parameter
should affect the overall rate at which debris enters the lower head after support plate failure.
Morphology and temperature distribution within debris field in the vicinity of lower core plate
failure. Configuration of debris 'pour' into lower head (see Table 4.1-2, Figure 4.1-10, and Figure
4.1-11).
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Table 4.1-2. MELCOR Uncertain Parameters - In-Vessel Accident Progression Issues

parameter distribution
triangle distribution

Zr melt breakout temperature LB = 2100 K
mode = 2400 K
UB = 2550 K
triangle distribution

molten clad drainage rate LB = 0. 1 kg/in-s
mode = 0.2 kg/m-s
UB = 1.0 kg/in-s
triangle distribution

criteria for thernal seizure of SRV due to heating after onset of core LB = 800 K
damage mode = 900 K

UB = 1200 K
uniforn distribution

SRV open area fraction after thermal seizure LB = 0.0
IJB= 1.0
uniform distribution

main steam line creep rupture area fraction LB = 0.0
UB = 1.0
discrete distribution
base line case = 0.8

fuel failure criterion (transformation of intact fuel to particulate debris) alternate-1 = 0.1
alternate-2 = 0.1

triangle distribution
radial debris relocation time constants - solid debris LB = 180 s

mode = 360 s
UB = 720 s
triangle distribution
LB = 30 s

radial debris relocation time constants - molten debris md = 60 s
mode = 60 s
UB = 120 s
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Fig. 4.1-9. Fuel failure criterion functions.
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Debris lateral relocation -- cavity spillover criteria and spreading rate: Lateral spread criteria
determine whether and when hot debris contact the DW liner. Two principal contributors: (a)
Debris (differential) height and temp required for "spill-over" from pedestal to quadrant of DW
floor adjacent to pedestal doorway. (b) Debris velocity as it flows across DW floor (from
pedestal doorway to liner). This is calculated by CFs assuming a minimum transit time from
pedestal to DW liner of 10 min if T(debris) > liquidus. Velocity is zero when T(debris)< solidus.
Linear interpolation between. Assume max velocity is fixed and base uncertainty on debris
temperature for mobility (liquidus). It is assumed lateral debris mobility (spill over from the
pedestal to the DW floor) is a function of debris temperature and the differential head (depth) of
debris inside versus outside the pedestal doorway. For simplicity, assume the temperatures at
which debris begins to move and the value at which its lateral velocity is a maximum are fixed at
the values used in the baseline model (i.e., the solidus and liquidus, respectively). Reflect
uncertainty in debris mobility by uncertainty in the height of debris (at those temperatures)
necessary for lateral movement (see Table 4.1-3, Figure 4.1-12, and Figure 4.1-13).

Table 4.1-3. MELCOR Uncertain Parameters - Ex-Vessel Accident Progression Issues

parameter distribution
uniform distribution

debris overflow head as a function of debris temperature -- T-solidus/no- LB di0.5 to

flow head at 1420 K LB = 0.5 m
UB = 5.0 in
uniform distribution

debris overflow head as a function of debris temperature -- T-liquidus at LB 0.05 to

1670 K LB = 0.05 m
UB = 0.25 in
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Fig. 4.1-12.
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Flow area resulting from DW liner failure: Failure area affects DW atmosphere discharge rate to
reactor building (or post-failure 'residence time.'). Debris temperature, depth against liner and
possibility of debris pluggin part of opening in liner (see Table 4.1-4 and Figure 4.1-14).

Hydrogen ignition criteria (where flammable): No consideration currently given to possibility of
the absence of an ignition source in the reactor building. Ignition source for combustion in
reactor building unclear during SBO. Default ignition parameters used in baseline calculations.
Accumulation of H2 due to absence of ignition source is credible (see Table 4.1-4 and Figure
4.1-15).

Railroad door open fraction due to over-pressure failure in reactor building: The mechanical
response of the large doors at both ends of the equipment tunnel into the reactor building affects
air infiltration and the establishment of a "chimney effect" through the building. This, in turn,
greatly reduces the aerosol residence time and the building DF. Smaller open areas are credible
and might reduce the airflow and increase residence time. The large equipment access doors on
the 135-ft level of the RB area assumed to be relatively weak when subjected to large internal
pressure loads. Failure by buckling seems rather certain during a modest to strong hydrogen
burn. However, the open area that results from failure isn't clear (see Table 4.1-4, Figure 4.1-16,
and Figure 4.1-17).

Table 4.1-4. MELCOR Uncertain Parameters - Containment Behavior Issues

parameter distribution
uniform distribution

flow area resulting from DW liner failure LB = 0.05 m2

UB = 1.0 m2

triangle distribution
hydrogen ignition criteria (where flammable) LB = 0.04

mode = 0.10
UB = 0.20
unifonn distribution

railroad door open fraction due to over-pressure failure in RB -inner door LB = 0.05
UB = 0.75
uniform distribution

railroad door open fraction due to over-pressure failure in RB -outer door LB = 0.05
UB = 0.75
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Chemical forms of iodine and cesium (1,, CH3I,CsI, CsOH, Cs 2MoO4.: Partitioning the initial
core inventory of cesium and iodine among certain allowable chemical forms (for release and
transport) is managed within a spreadsheet that generates MELCOR input files that define the
initial spatial mass distribution of each chemical species and its associated decay heat. Changes
to the mass fractions assumed for a particular chemical group directly affect the mass fractions of
other chemical groups, and hundreds of individual input records within the MELCOR model for
Peach Bottom. Due to the complexity of this general modeling uncertainty, a few alternative sets
of MELCOR input files are reconmmended to span the range of plausible combinations of
chemical forms of key radionuclide groups. Fixed partition fractions, preserving mass balances.
The phyical properties of methyl iodide are not currently defined for an RN class. Therefore,
input for a new class (and associated mass balance arithmetic in the core inventory spreadsheets)
would be necessary to model this form of iodine. This was considered beyond the scope of this
study and CH 3I is neglected. Note: physical properties of CsOH have been replaced by those for
Cs 2MoO 4 for RN Class 2 in the standard (DEFAULT 2.0) input. New input must be generated to
return RN Class 2 properties to those for CsOH to properly implement this uncertainty issue.
One of five alternative combinations of four chemical groups are defined with an associated
relative probability (see Table 4.1-5 and Figure 4.1-18).

Table 4.1-5. MELCOR Uncertain Parameters - Chemical Forms of Iodine and Cesium

parameter distribution
discrete distribution

combination #1 = 0.5
five alternative combinations of RN classes 2, 4, 16, and 17 (12, CsI, combination #2 = 0.125
CsOH, Cs2 MoO 4) combination #3 = 0.125

combination #4 = 0.125
combination #5 = 0.125

CsOH 12 Csl Cs 2MO 4
fraction iodine -- 0.0 1.0 --
fraction cesium5  

0.0 -- -- 1.0
fraction iodine -- 0.0 1.0fraction cesium 0.50 -- -- 0.50

fraction iodine -- 0.05 0.95 --
fraction cesium 0.0 -- -- 1.0

fraction iodine -- 0.05 0.95 --
fraction cesium 0.50 -- -- 0.50

fraction iodine -- 0.02 0.98 --
fraction cesium 1.0 -- -- 0.0

5 This represents the distribution of 'residual' cesium -- that is, the mass of cesium remaining after first reacting
with the amount of iodine assumed to form Csl.

SOARCA - Unceraintv Analysis Plan
Sandia National Laboratories

Page 43 of 70 DRAFT - Document Date: 10/19/2010



1.0

0.9

0.8 - -

0 .7 -i... ......... . . ...... ......... . . .... ... . . .... .... . . . . . .. . . . . . . . .. .

0 .6 .. . .... .........

combination #1

0.

0 .4 ........... .

0.3

0.2

combination 92 combination P43 combination #4 combination #5

0.1

00 --0

five alternative combinations of RN classes 2, 4, 16, and 17 (11, Csl, CsOH,

Cs2MoO4) [-1

CDF of five alternative combinations of RN classes 2, 4, 16, and 17 (12, CsI,
CsOH, Cs2MoO4.

Fig. 4.1-18.

SOARCA - Uncertainty Analysis Plan
Sandia National Laboratories

Page 44 of 70 DRAFT - Document Date: 10/19/2010



Aerosol deposition physics -- Dynamic and Agglomeration Shape Factors: The particular
selection of P and Q (p=l, q=3) produces a distribution that is biased towards 1.0, with
diminishing likelihood for Chi and Gamma as the limit of 5 is approached. This specification
expresses the belief that the shape factor lies closer to the range of 1 to 3 with diminishing
likelihood of having values approaching 5. The lower bound of 1.0 represents perfectly spherical
aerosol particles and the upper bound of 5 represents chains of particles. It is rationalized that
hygroscopic effects will induce some condensation of moisture on the particles causing the
particles to tend towards being spherical and limiting the degree of non-spherical shape (see
Table 4.1-6 and Figure 4.1-19).

Aerosol deposition physics -- Particle Density: Material density for the aerosol particles is taken
as uncertain within the range of 1000 to 5000 kg/mi3 with a bias around 2000 kg/mi3 based on the
fact that the aerosol can become wet and the particle agglomerates not fully dense with respect to
their apparent spherical size. A density of 5000 kg/mi would be representative of 50% dense
agglomerates of U0 2 (see Table 4.1-6 and Figure 4.1-20).

Table 4.1-6. MELCOR Uncertain Parameters - Aerosol Deposition.

parameter distribution
beta distribution
LB = 1.0

Dynamic and Agglomeration Shape Factors UB = 5.0
alpha = 1.0
beta = 3.0
beta distribution
LB = 1000 kg/mr3

Particle Density UB = 5000 kg/rn 3

alpha = 2.0
beta = 2.5
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4.2 MACCS2 Parameters and Distributions

Documentation of for the technical basis of the uncertain parameters for MACCS2 was provided
by the subject matter experts, based upon NUREG/CR 6 "Evaluation of Distributions
Representing Important Non-Site-Specific Parameters in Off-Site Consequence Analyses". This
document has not been assigned a NUREG number yet, as such, only the parameters and their
definitions are currently provided. This lack of documentation will be resolved in the final report
that documents the overall uncertainty analysis. The parameters used in this analysis are given in
Tables 4.2-1 through 4.2-10 and in Figures 4.2-1 through 4.2-15.

6 This document presents ranges of values and degrees of belief for non-site specific parameters that are uncertain in
health consequence analyses related to accidental release of nuclear material, based on a series of expert elicitations
conducted in the past by the United States and the Commission of European Communities.
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Table 4.2-1. MACCS2 Uncertain Parameters - Washout Model

Linear Coefficient in Washout Model Percentile CWASI
[1/sl

0 2.73E-08

I 2.92E-07

5 9.13E-07

10 1.73E-06

25 5.36E-06
continuous logarithmic distribution 50 1.89E-05

75 9.84E-05

90 2.59E-04
95 5.79E-04

99 3.78E-03

100 1.14E-02
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Table 4.2-2. MACCS2 Uncertain Parameters - Dry Deposition Velocities

Dry Deposition Velocities
VDEPOS [m/s]

Continuous Logarithmic Distribution
Aora~aI Rin/Aprn~nI NApdi~in fl~~m~tpr (mipran~

Percentile 1 10.12 2 1 0.21 3 1 0.40 4 0.74 5 1.38 6 2.57 7 1 4.79 8 1 8.91 9 116.59 10 20.00
0 4.44E-07 1.52E-06 4.71E-06 1.34E-05 3.56E-05 9.11E-05 2.28E-04 5.73E-04 1.47E-03 1.96E-03
I 6.25E-06 7.OOE-06 1.1OE-05 2.27E-05 5.571-05 1.51E-04 4.18E-04 1.08E-03 2.42E-03 2.96E-03
5 5.20E-05 3.99E-05 4.52E-05 7.05E-05 1.42E-04 3.42E-04 9.25E-04 2.62E-03 7.22E-03 9.66E-03

10 9.60E-05 7.30E-05 7.99E-05 1.19E-04 2.26E-04 5.19E-04 1.35E-03 3.76E-03 1.05E-02 1.42E-02
25 2.51E-04 1.86E-04 2.OOE-04 2.92E-04 5.38E-04 1.16E-03 2.75E-03 6.59E-03 1.49E-02 1.87E-02
50 8.80E-04 6.63E-04 7.47E-04 1.14E-03 2.10E-03 4.26E-03 8.56E-03 1.53E-02 2.21E-02 2.33E-02
75 3.13E-03 2.48E-03 2.69E-03 3.76E-03 6.36E-03 1.22E-02 2.47E-02 4.98E-02 9.39E-02 1.11E-01
90 7.35E-03 5.60E-03 6.03E-03 8.67E-03 1.57E-02 3.36E-02 8.03E-02 2.02E-01 5.03E-01 6.55E-01
95 1.45E-02 1.1 IE-02 1.21E-02 1.78E-02 3.32E-02 7.42E-02 1.87E-01 5.OOE-01 1.34E+00 1.79E+00
99 4.99E-02 3.92E-02 4.25E-02 6.06E-02 1.09E-01 2.33E-01 5.72E-01 1.53E+00 4.28E+00 5.84E+00

100 1.1 IE-0 8.92E-02 1.00-01 1.48E-0I 2.72E-01 5.83E-01 1.37E+00 , 3.35E+00 7.95E+00 1.02E+01

Note: VDEPOS is perfectly rank correlated across aerosol sizes.
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Fig. 4.2-2. CDFs of dry deposition velocities.
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Table 4.2-3. MACCS2 Uncertain Parameters - Shielding

Shielding Factors for Shielding Factors for Shielding Factors for Long-Term
Evacuation Normal Activity Sheltering Shielding Factors

_-_ _ -- I-I
Percentile Cloudshine Groundshine Cloudshine Groundshine Cloudshine Groundshine Groundshine

0 0.230 0.083 0.600 0.0528 0.500 0.0153 0.0528
1 0.232 0.128 -- 0.0683 -- 0.0222 0.0683
5 0.244 0.182 -- 0.0951 -- 0.0347 0.0951

15 0.350 0.243 -- 0.129 -- 0.0474 0.129

Continuous 25 0.457 0.280 -- 0.154 -- 0.0638 0.154
Linear 50 0.724 0.396 -- 0.216 -- 0.104 0.216
Distribution 75 0.877 0.552 -- 0.303 -- 0.168 0.303

85 0.938 0.641 -- 0.346 -- 0.203 0.346
95 0.999 0.755 -- 0.417 -- 0.250 0.417
99 -- 0.870 -- 0.489 -- 0.288 0.489
100 1 1.000 1 0.935 1 0.950 0.548 1 0.700 1 0.331 1 0.548

Note: (1) Ijloudslhine and groundsnine shielding factors are correlated tor each activity type using a 0.5 rank correlation coetticient.
(2) These parameters are the best information currently available, however it is known that they will possibly be revised as part of upcoming

SOARCA uncertainty analysis.
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Table 4.2-4. MACCS2 Uncertain Parameters - Early Health Effects

Early Health Effects

Hematopoietic S. Pulmonary S. Gastrointestinal S. Pneumonitis

LD-50 Beta Threshold LD-50 Beta Threshold LD-50 Beta Threshold D-50 Beta Threshold
Percentile EFFACA EFFACB EFFTHR EFFACA EFFACB EFFTHR EFFACA EFFACB EFFTHR EFFACA EFFACB EFFTHR

ISvl I-1 ISvI ISv] 1-1 ISvl ISvi 1-1 ISv] [Sv] [-I [SvI
0 2.00 2.39 0.667 10.0 3.7 5.3 4.80 3.21 2.000 5.00 3.47 2.67
1 2.41 2.54 0.803 12.0 3.8 6.7 6.18 3.25 2.932 7.30 3.62 3.48
5 3.32 2.83 1.113 16.6 4.4 8.6 7.88 3.41 3.773 8.86 4.04 4.43

10 3.69 3.19 1.316 17.8 4.7 9.6 8.51 3.64 4.499 10.27 4.65 5.05
25 4.38 4.15 1.716 19.9 5.6 11.5 10.02 5.99 5.351 12.90 5.14 6.51
50 5.59 6.07 2.319 23.5 9.6 13.6 12.12 9.31 6.516 16.59 7.34 9.24
75 7.24 10.23 3.560 33.6 13.8 18.4 14.94 11.04 7.671 20.33 14.83 11.34

90 8.89 13.22 4.629 42.0 16.9 22.1 17.65 16.01 8.784 25.75 19.29 14.25
95 10.32 14.28 5.256 45.0 18.7 24.0 19.14 18.03 9.522 31.10 22.06 16.58
99 11.84 15.82 6.188 55.7 21.4 32.4 23.35 19.52 12.962 36.53 65.41 20.74

100 16.50 15.99 8.550 76.5 21.7 37.5 30.00 19.94 15.000 55.50 83.83 28.50

Note: For each health effect, D-50 or LD-50 is correlated with the Threshold using a 0.99 rank correlation coefficient.
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[ai
Table 4.2-5. MACCS2 Uncertain Parameters - Dispersion

Linear, Crosswind Dispersion Stability Class
Coefficients, a(m) Percentile A/B C D E/F

(CVS]GA) [m] [m] [m] m

0 0.0650 0.0631 0.0341 0.0212
1 0.1515 0.0963 0.0562 0.0376

5 0.2586 0.1564 0.0961 0.0575

10 0.3381 0.2000 0.1253 0.0768
25 0.4861 0.2805 0.1845 0.1193

continuous logarithmic distribution 50 0.7507 0.4063 0.2779 0.2158

75 1.1379 0.5939 0.4282 0.3730

90 1.6222 0.8257 0.6080 0.5458
95 2.0731 0.9735 0.7570 0.6583
99 3.2179 1.3720 1.1511 0.9467
100 4.0698 2.0763 1.7618 1.5307

Linear, Vertical Dispersion Stability Class
Coefficients, a(m) Percentile A/B C D E/F

(CZSIGA) [m] [mI [m] [m]
0 0.0056 0.0487 0.0421 0.0533

1 0.0089 0.0683 0.0752 0.0756
5 0.0132 0.0871 0.1161 0.1141

10 0.0166 0.1106 0.1404 0.1310

25 0.0252 0.1491 0.1821 0.1598
continuous logarithmic distribution 50 0.0361 0.2036 0.2636 0.2463

75 0.0598 0.3492 0.4224 0.4617

90 0.0800 0.5287. 0.6048 0.8180
95 0.0961 0.7039 0.7504 1.1260
99 0.1336 1.2540 1.4634 2.2051

100 0.1951 1.8861 3.6880 4.5386

Note: CYSIGA and CZSIGA are perfectly rank correlated with each other and across the stability classes.
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Table 4.2-6. MACCS2 Uncertain Parameters - Habitability

parameter distribution
uniform distribution

long-term phase dose criterion LB = 1.0 REM
UB = 5.0 REM

Note: The long-ternn dose projection period is set equal to 5.0 yr (1.58E+08 s).
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Table 4.2-7. MACCS2 Uncertain Parameters - Relocation Doses and Times

parameter distribution
uniform distribution

hotspot relocation - dose LB = 1.0 REM
UB = 10.0 REM
uniform distribution

hotspot relocation - time LB = 6.0 hr
UB = 18 hr
uniform distribution

normal relocation - dose LB = 0.1 REM
UB = 1.0 REM
uniform distribution

normal relocation - timne LB = 12.0 hr
UB = 36.0 hr

Note: Relocation times are perfectly rank correlated. Relocation doses are perfectly rank correlated.
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Fig. 4.2-11.
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Table 4.2-8. MACCS2 Uncertain Parameters - Evacuation Delay

parameter distribution
triangle distribution

evacuation delay - cohort LB = 1.0 hr
mode = 2.5 hr
UB = 4.0 hr
triangle distribution

evacuation delay - cohort 2 LB = 1.0 hr
mode = 2.5 hr
UB = 4.0 hr
triangle distribution

evacuation delay - cohort 3 LB = 1.0 hr
mode = 1.0 hr
UB = 4.0 hr
triangle distribution

evacuation delay - cohort 4 LB = 1.0 hr
mode = 5.75 hr
UB = 6.0 hr
triangle distribution

evacuation delay -cohort 5 LB = 4.0 hr
mode = 5.75 hr
UB = 8.0 hr

Note: Evacuation delays are sampled independently for each cohort for each radial ring. The evacuation
delay is the sum of the delay to shelter and the delay to evacuate.
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Table 4.2-9. MACCS2 Uncertain Parameters - Evacuation Speed

parameter distribution
triangle distribution

evacuation speed (middle travel phase) - cohort I LB = 1.0 mph
mode = 3.0 mph
UB = 10.0 mph
triangle distribution

evacuation speed (middle travel phase) - cohort 2 LB = 1.0 mph
mode = 3.0 mph
UB = 10.0 mph
uniform distribution

evacuation speed (middle travel phase) - cohort 3 LB = 1.0 mph
UB = 10.0 mph
uniform distribution

evacuation speed (middle travel phase) - cohort 4 LB = 1.0 mph
UB = 10.0 mph
uniform distribution

evacuation speed (middle travel phase) - cohort 5 LB = 1.0 mph
UB = 10.0 mph

Note: Evacuation speeds are perfectly rank correlated between cohorts.
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Table 4.2-10. MACCS2 Uncertain Parameters - Dose Threshold

parameter distribution
uniforn distribution

dose threshold LB = 0.0 REM
UB = 2.0 REM
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Fig. 4.2-15. CDF of dose threshold.
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Section 5.0 Programmatic Constraints and Schedule for Analyses

5.1 Programmatic Constraints

The uncertainty analysis needs to be completed in six months. The NRC desires to have
the uncertainty quantification completed when the SOARC NUREG documents goes to
public comment in January and the analysis documented in a separate NUREG by the
time the SOARCA NUREG is final around June 2011.

1) August 31, 2010, SNL delivered in writing a draft plan for the uncertainty
analysis that includes: recommendation of the proposed accident scenario, a
description of the recommended approach, and list of parameters and their
distributions to be used in the study.

2) SNL-NRC continue to evaluate and revise the proposed plan.
3) October 26, 2010, Peer review committee meeting on the UA plan
4) November 1, 2010, NRC to make final decision on consensus plan.
5) Begin the uncertainty analysis November 1, 2010.
6) Complete the uncertainty analysis February 28, 2011.

The uncertainty analysis will be used to provide insight as to how uncertainty in a set of
important input parameters affect a specific scenario's results, rather than a
comprehensive SOARCA uncertainty and sensitivity analysis. The uncertain distributions
are highly plant and scenario specific.

1) The probabilistic method and uncertainty analysis will utilize the best available
software without modification. Currently the best available method utilizes the
SNL proposed "inner looping" approach.

2) A comprehensive PIRT is not in the work scope, therefore a limited set of
parameters and their distributions will be complied that relies heavily on the best
available data and expert judgment.

3) The uncertain. parameter sensitivity study uses a process which includes several
statistical methods, each of which analyze the results to look for monotonic
relationships between the uncertain parameters and the distribution of results
rather than a comprehensive analysis of each individual probabilistic realization.

4) Issues encountered during this analysis will be identified and documented in the
final report. A comprehensive analysis of the root cause and iterations (re-running
the calculations) will be limited due to schedule constraints.

5.2 Schedule

A draft schedule for completion of the analyses for the SOARCA uncertainty study is
attached. (Currently, this draft schedule is delayed by approximately one month.)
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