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ABSTRACT

The State of the Art Reactor Consequence Analyses (SOARCA) project published best estimate
analyses for select accident scenarios at the Peach Bottom Atomic Power Station and Surry
Power Station in 2012. This work was followed by an integrated uncertainty analysis (UA)
performed on the unmitigated long-term station blackout (LTSBO) scenario for Peach Bottom, a
draft UA on the unmitigated short-term station blackout (STSBO) scenario for Surry, and a UA
on the unmitigated STSBO scenario for Sequoyah. The approach developed for the Peach
Bottom UA was further enhanced for application to the subsequent UAs. Consequently, the
current Surry UA not only benefits from additional knowledge gained since the original Surry
SOARCA best-estimate calculation but also the other UAs. The UA projects include an
integrated Monte Carlo analysis using the MELCOR and MACCS codes. Regression analyses
and separate sensitivity analyses were conducted to understand the contributions of uncertain
input parameters to the uncertainty in key figures of merit, such as radionuclide release to the
environment and individual latent cancer fatality risk to the offsite public. Single realizations
were analyzed to investigate individual parameter effects, typically associated with the extreme
bounds, and to confirm phenomenological explanations of variations in system behavior and
results. Consistent with the previous UAs, rank regression, quadratic regression, recursive
partitioning, and multivariate adoptive regression splines (MARS) techniques were used to
identify the importance of the input parameters regarding the uncertainty of the results. Using
the insights gained from the previous UAs including the draft Surry UA and their respective
ACRS reviews, the Surry model, the uncertain parameter definitions, and the uncertainty
characterizations were revised for the UA documented in this report. Like the previous UAs, the
analyses herein corroborate the conclusions of the original SOARCA study and further extend
the body of knowledge on severe reactor accidents.
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EXECUTIVE SUMMARY

The evaluation of accident phenomena and potential offsite consequences of severe nuclear
reactor accidents has been the subject of considerable research by the NRC and its contractor,
Sandia National Laboratories, over the last several decades. As a result of this research, the
capability exists to conduct more detailed, integrated, and realistic analyses of severe accidents
at nuclear power reactors. A desire to leverage this capability to address conservative aspects
of previous reactor accident analyses was a major motivating factor in the State-of-the-Art
Reactor Consequence Analyses (SOARCA) project. Through the application of modern analysis
tools and techniques, the SOARCA project [1] developed a body of knowledge regarding the
realistic outcomes of theoretical severe nuclear reactor accidents with best estimate analyses of
selected accident scenarios at the Peach Bottom Atomic Power Station (Peach Bottom) and the
Surry Power Station (Surry). The SOARCA project continued with an integrated uncertainty
analysis (UA) of the unmitigated long-term station blackout (LTSBO) at Peach Bottom [2],
integrated deterministic and uncertainty analyses of station blackouts at the Sequoyah nuclear
plant station [7], and, documented in this report, the uncertainty analysis of an unmitigated
short-term station blackout at Surry.

The SOARCA project [1] analyzed selected scenarios, first assuming the events proceeded
without the 10 CFR 50.54(hh) mitigation measures (i.e., unmitigated), and then assuming that
the 10 CFR 50.54(hh) mitigation measures were successful (i.e., mitigated). While these
analyses have generally met the SOARCA project objectives, certain additional severe accident
consequence analyses were warranted to expand upon the body of knowledge developed in
SOARCA and to support and inform other NRC activities including the Site Level 3 Probabilistic
Risk Assessment (PRA) project and the lessons learned from the Fukushima accident. These
additional analyses are discussed in SECY-12-0092, “State-of-the-Art Reactor Consequence
Analyses — Recommendation for Limited Additional Analysis,” [4], where NRC staff
recommended performing a UA for a severe accident scenario at Surry. The UA insights would
inform the NRC'’s Site Level 3 PRA project. The Commission’s Staff Requirements
Memorandum in SECY-12-0092 further noted that the ongoing SOARCA studies should support
post-Fukushima regulatory activities including Tier 3 items [4].

An integrated UA on the unmitigated LTSBO at the Peach Bottom [2] boiling water reactor
(BWR) with a Mark | containment was completed in 2015. The Peach Bottom study provided a
quantitative analysis of the robustness of the deterministic calculations, and in the process,
demonstrated the feasibility of producing integrated uncertainty results. The ability to implement
an integrated UA permitted consideration of epistemic uncertainty in parameters, and to some
degree aleatory uncertainty, across accident progression, release, and consequence modeling
domains. The uncertainty aspect included sampling severe accident model parameters over
defined distributions and performing regression analyses to identify the importance of the input
parameters with regard to the uncertainty of the results. The Peach Bottom UA yielded
interesting insights for an unmitigated LTSBO at a BWR with Mark | containment and staff
thought it would be valuable to conduct a UA for the Surry plant too. After the Peach Bottom UA,
a draft UA was performed for Surry based on the unmitigated short-term station blackout
(STSBO) [8]. The draft Surry UA was reviewed by members of the NRC’s Advisory Committee
on Reactor Safeguards (ACRS) cognizant subcommittee who offered suggestions for
improvement. For programmatic reasons, a UA was performed for the Sequoyah nuclear power
plant [7] before updating the draft Surry UA. The Sequoyah UA was also based on the
unmitigated STSBO but had a particular emphasis to evaluate uncertainty of the ice condenser
containment response. The ACRS also reviewed the Sequoyah UA. The current report is a
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refinement of the lessons learned in the Peach Bottom UA, the Sequoyah UA, and the draft
Surry UA. Like the previous studies, the quantitative results are dependent on the specific
reactor design, the accident scenario, and site-specific characteristics.

The Surry UA followed the approach developed from the previous UAs. Lessons learned from
the previous Peach Bottom, Sequoyah, and draft Surry UAs and the feedback from the ACRS
were considered, as well as additional knowledge gained since the original Surry SOARCA
calculations [3]. An objective of the Surry UA was to quantify the robustness of the Surry
SOARCA analysis. However, since the completion of the Surry SOARCA study [3], there have
been many enhancements and updates to the state of the art in modeling severe accidents.
Nonetheless, this UA provided a comparison of the results of the Surry best estimate analysis
[3] with the current, more advanced, severe accident modeling systems applied in an uncertain
framework. Additional objectives included:

e determining whether the Surry UA results corroborate the general conclusions and insights
from the original SOARCA best estimate study,

¢ developing insights into the overall sensitivity of results to uncertainty in selected modeling
inputs,

¢ identifying influential input parameters contributing to accident progression and offsite
consequences through application of an uncertainty analysis methodology, and

¢ informing the NRC’s Site Level 3 PRA and post-Fukushima activities including Tier 3 items
[4].

Figures of merit were selected to support the analysis and investigation of results. The accident
progression and source term (MELCOR) figures of merit were the environmental release
masses of cesium and iodine, the in-vessel hydrogen production, and the accident-induced
steam generator tube creep failure. The consequence (MELCOR Accident Consequence Code
System [MACCS]) figures of merit were the individual latent-cancer fatality (LCF) risk and the
individual early fatality risk at specified distances.

The Surry SOARCA unmitigated STSBO was selected as the accident scenario in part because
of the importance of station blackout scenarios and in part because the accident progression
occurs relatively quickly under the postulated conditions. The relatively quick accident
progression provides a basis to assess the effect of offsite response parameters while the
release is potentially underway. Of the scenarios selected for Surry in the SOARCA best
estimate study, the unmitigated STSBO with an induced steam generator tube rupture (SGTR)
was also one of the two scenarios with the highest conditional individual LCF risk [1].

To meet the objective of developing insights into the overall sensitivity of SOARCA results to
uncertainty in selected modeling inputs, the project team chose a reasonable number of
parameters important to the figures of merit being assessed. Many of the parameters for a
severe accident consequence analysis are basic input, such as reactor and containment
geometry, population distributions, etc., with little uncertainty. However, the severe accident
phenomenological models and associated processes have uncertainty. The selection of
uncertain parameters was an iterative process to identify those expected to influence the
results. The current UA was especially impacted by the ACRS member comments on the safety
valve and steam generator tube failure models [150].
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Most of the parameters characterized epistemic uncertainty and a few characterized aleatory
uncertainties. Based on the findings of the previous UAs, some uncertain parameters were
discarded where their impact was not influential. The range of the many uncertain parameter
distributions encompassed the best estimate value used in the original analysis. However, when
additional or new knowledge was available, this information was considered, and this resulted in
the range of some parameters being different than the SOARCA best estimate value [3].
Examples of larger deviations from the SOARCA best-estimate values include the valve failure
characteristics, the inclusion of gaseous iodine, the inclusion of steam generator tube flaws,
variable times in the fuel cycle, and the incorporation of aerosol aerodynamic shape factors.

As a new approach for this study, the results from UA realizations (i.e., the MELCOR
calculations) were processed to identify two reference realizations that closely represented the
median results of the key figures of merit (i.e., iodine and cesium release to the environment,
in-vessel hydrogen production, and containment failure timing)." The results from two reference
realizations illustrate the median responses with and without a SGTR. The selection process of
the reference realizations using the UA results provided insights into the parameter settings that
generated median results rather than vice versa.

The state-of-the-art for this UA has progressed in three ways since the original SOARCA work.
First, the MELCOR, MelMACCS, and the MACCS computer codes are continually enhanced,
updated, and maintained as part of the NRC research program. Consequently, the code used in
this UA includes new improvements. Second, some key input model corrections and changes
were made that are documented in Appendix A of the draft Surry UA report [8]. Finally, the state
of knowledge has changed since the original SOARCA study, which led to new modeling
approaches. The new modeling approaches are documented in Appendix A of the draft Surry
report and further improved in the current report (i.e., see Section 3.1 and Section 4) also
impact the results.

The selection of the uncertain parameters and their associated distributions was expanded and
updated for this UA study. Some of the key uncertain parameter updates or additions since the
draft Surry UA include:

e The primary and secondary safety valve failure characteristics include a higher likelihood of
the valve failure to close on the first demand versus subsequent demands. The valve failure
data rely on actual plant data rather than test data;

e The primary and secondary safety valves are expected to fail in a slowly leaking or fully
open position rather than in a partially open position;

e The steam generator tube flaw depth is based on an integration of results from the historical
Surry steam generator tube inspection reports and fleet-wide data for less severe flaws not
quantified in the inspection reports;

e The time at cycle was discretely sampled for 14 times from 0.5 days to 550 days to obtain
the MELCOR and MACCS required inputs for radionuclide inventories and associated decay
heat;

' The uncertain parameter inputs for the realizations that best matched the median of the key figures of merit were
also reviewed to ensure they were close to the mode of their distributions.
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The gaseous iodine fraction was sampled with distributions that varied with the time at cycle.
The remaining iodine mass was used to specify the cesium iodide mass. The remaining
cesium mass was allocated based on the sampled cesium chemical form. Consequently,
each realization had unique cesium and iodine mass distributions;

The containment design leakage uncertainty distribution used recent data following the
industry’s implementation of the revised containment testing criteria as outlined in
NUREG-1493, “Performance-Based Containment Leak-Test Program” [9]; and

Three in-vessel steam-zircaloy oxidation models were sampled to examine uncertainty in the
in-vessel hydrogen production.

Sandia’s high-performance computing clusters were used to execute a Monte Carlo simulation
of 1200 MELCOR runs. There was a 96% (1147 realizations) simulation completion success
rate to 72 hours.? Each MELCOR run was identified with a unique realization number. In the
1147 successful realizations (i.e., MELCOR calculations), the key results are as follows:

A SGTR occurred in 144 realizations (12.5% of realizations). Although SGTRs were
calculated to occur inside and outside of the hot thermal plume regions, most of the SGTRs
occurred from deep flaws in the colder region of the steam generator (SG)3;

There was no rupture of an unflawed SG tube in any UA realization;

A hot leg nozzle rupture occurred in all but one realization#;

In every realization that predicted a SGTR, a hot leg nozzle rupture also occurred that
subsequently reduced the direct release of radionuclides through the SGTR from the high
pressure primary system;

o The median timing between a SGTR and hot leg failure was 31 min.

o The largest cesium release occurred in a realization with 2 SGTRs, which had a delayed

hot leg failure 87 min later.

A failure of one or more reactor coolant system (RCS) secondary side safety valves (SV) to
close occurred in 373 realizations (32% of realizations); and

One or more pressurizer SVs failed to close in 121 realizations (10% of the realizations); 10
of the realizations had 2 SV failures; and no realizations had 3 SV failures;

There was a small portion (<5%) of the calculations that had convergence problems that caused an early
termination before completing the 72-hr transient. The completion percentage was judged to be very good. The
parameter distributions from the successful calculations were reviewed. There was no evidence that the
convergence failures diminished the intended range and shape of the parameter uncertainty distributions.

The SGTR flaw sampling was apportioned by the size of the regions inside and outside of the hot plume region
entering the steam generator. The cooler region of the steam generator was three times the size of the hot plume
region and assumed to be three times more likely to sample a deep flaw. However, for a given flaw depth, the
tubes in the hot plume region were more likely to fail a steam generator tube than the cooler region.

The broad scope of UA calculations suggested hot leg failure was almost certain. However, one realization with
a partially stuck-open pressurizer SV achieved enough primary system depressurization and intermittent but
prolonged accumulator injection to prevent hot leg failure.
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e The steel containment liner yielded and tore in 1091 realizations (95% of realizations) while
56 realizations (5%) had no containment failure prior to 72 hr®; and

e The containment rebar yielded (and the concrete fractured) in 16 realizations (1.3% of
realizations).

The uncertainty analyses produced sets of time-dependent results referred to as horsetail plots
which were used in the analysis. Figure ES-1 shows the horsetails for Cs release over the
72-hour analysis period. The non-SGTR and SGTR reference realizations are highlighted as
well as coloring for the non-SGTR and SGTR results. There are significant differences in the
non-SGTR and SGTR results. The SGTR realizations have a rapid, higher release of cesium to
the environment following the SGTR but flatten after the hot leg fails. The rapid depressurization
of the primary system through the failed hot leg initially stops the outflow through the SGTR until
the primary and secondary system pressures equilibrate. The subsequent release of
radionuclides from the core primarily goes out the failed hot leg into the containment. Although
there is continued containment and SGTR leakage after the hot leg failure, the magnitude of the
releases is small relative to the initial release.

The non-SGTR realizations show the start of the release starting before 4 hours due to the
nominal intact containment leakage. However, as the containment continues to pressurize, the
liner failures start at 34 hr with a median failure timing of 50 hr. The cesium releases to the
environment are predicted to increase at this time but benefit from considerable gravitational
settling time and dilution in the containment. Consequently, the median non-SGTR cesium
releases are almost two orders of magnitude less than the SGTR results as shown in

Table ES-1 and ES-2, respectively.

5 The realizations without containment failure had low decay due to an early sampled time at cycle (i.e., 0.5 days).

XXiX



101 E T T T T T T T
100 £
—
o)
X 10} :
S i——
%
® 102 ¢
Q
o
103 ¢
S
=
8 10-4 3 i /
O i =
Non-SGTR
10'5 E SGTR 3
RIz 459 (NonSGTR) | 1
i Riz 37 (SGTR)
10-6 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70

Time (Hrs)

Figure ES-1 Non-SGTR and SGTR Cesium Mass Released to the Environment Over
72 Hours and the Respective Reference Realizations

Table ES-1 Cs Release to the Environment by 72 hr (SGTR)

Released Cs Released Cs
fraction (kg)
Minimum 1.06E-03 0.24
5t Percentile 3.78E-03 0.80
Median 1.15E-02 2.15
Mean 1.32E-02 2.52
95th
. 2.45E-02 4.71
Percentile
Maximum 7.30E-02 11.46
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Table ES-2 Cs Release to the Environment by 72 hr (Non-SGTR)

Released Cs fraction | Released Cs (kg)
Minimum 7.29E-06 1.00E-03
5th Percentile 1.22E-05 1.89E-03
Median 3.65E-05 7.18E-03
Mean 7.05E-05 1.38E-02
95th Percentile 3.29E-04 6.53E-02
Maximum 9.21E-04 1.34E-01

Figures ES-2 and ES-3 show the non-SGTR iodine and cesium environmental release masses
as compared to the original Surry SOARCA non-SGTR calculation [3]. The original SOARCA
calculation initially compares well with the new realizations until the containment failure at 25 hr.
The SOARCA calculation is subsequently higher due to a combination of modeling changes and
corrections that were described in the draft Surry UA (Appendix A of Reference [8]). The two
largest impacts were the incorrect specification of limestone concrete in the reactor cavity in the
original study and changes to the containment failure modeling in the current UA. The high
non-condensable gas generation from the core-concrete interactions in the limestone concrete
promoted larger releases in the original SOARCA calculation than the current UA realizations.
The containment liner failure in the current UA occurred between 35 hr to >72 hr and had
smaller leakage rates due to significantly lower non-condensable gas generation from the
basaltic concrete.
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Additional insights related to accident progression were obtained through investigation of
selected single realizations to identify phenomena affecting the Cs and | releases to the
environment and the in-vessel hydrogen production. The key parameters and phenomena
identified in the MELCOR single realization analysis affecting the accident progression and
source term include:

The largest non-SGTR release of cesium to the environment had a high sampled
containment leakage rate that is characteristic of an isolation failure;

The largest overall (i.e., SGTR and non-SGTR realizations) release of cesium to the
environment occurred in a realization with 2 SGTRs;

The earliest release of 1% of the gaseous iodine to the environment occurred with a SGTR
after but near the time of the cladding gap failures;

The latest release of 1% of the gaseous iodine to the environment among realizations with a
1% release occurred with a high sampled containment failure pressure with low containment
leakage and no SGTR;

The realization with the largest in-vessel hydrogen production (i.e., 777 kg) occurred with
the earliest time at cycle (i.e., 0.5 days). The slower heatup allowed for more hydrogen
production before the core collapsed and became less supportive of significant hydrogen
generation.
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e The chemical form of the cesium was ranked in the regression analysis as a less important
parameter to explain the magnitude of the cesium release. The containment leakage rate
was the most important parameter, which was significantly more important than the volatility
differences between cesium molybdate and cesium hydroxide. However, the individual
realizations showed some correlation with the following expected trends,

o The smallest cesium release to the environment occurred with a high cesium molybdate
fraction, which has lower volatility than other forms of cesium.

o The largest releases of cesium occurred with a lower cesium molybdate fraction.

e The earliest SGTR occurred when the maximum possible flaw depth was sampled in the
cold region. Due to the higher number of tubes in the cold region of the steam generator, the
most severe flaw was more likely to be there. However, the cold region required a very
severe flaw to generate a SGTR relative to the hot upflow and hottest tube regions.

e The earliest RPV lower head failure occurred when the combined seal leakage from all three
pumps was very high. A high RCP leakage rate also combined with a small leakage rate in a
stuck-open pressurizer SV to cause the earliest hot leg rupture; and

e The realizations with a non-dimensional stuck-open pressurizer SV area fraction >0.36 led
to the pressurizer relief tank (PRT) boiling dry in 54 of the 56 realizations. The subsequent
heat up and revaporization of the cesium hydroxide and cesium iodide (i.e., the
non-chemisorbed portion) initially retained in the PRT water could increase the
environmental source if the dryout timing occurs near or after the containment liner failure.

Separate regression analyses were performed on the UA source term (i.e., MELCOR) and the
consequence (i.e., MACCS) results. In the analysis in the source term regressions, the
realizations with a SGTR dominated the regression results due to their substantial impact on the
higher early radionuclide release behavior (e.g., see Figure ES-1).6 Consequently, it was
difficult to sort the important parameters impacting key figures of merit. Table ES-3 summarizes
the regressions used to identify and describe the key parameters influencing the MELCOR
source term figures of merit. By isolating the non-SGTR realizations, the important parameters
impacting the released cesium and iodine to the environment could be evaluated without the
dominating influence of the SGTR results. After a review of the in-vessel hydrogen production
regressions for non-SGTR, SGTR, and all realizations separately, there was not an appreciable
difference in the results. Consequently, all realizations were used for the in-vessel hydrogen
production regression. Finally, the impact of uncertain parameters on the SGTRs was focused
on their occurrence. Eight separate creep parameter regressions were performed for the SGTR
realizations (i.e., separate regressions for SG A and B for four types of tubes). The SGTR
realization regressions for the released cesium and iodine to the environment were also
reviewed. However, the small number of SGTR realizations relative to the number of uncertain
inputs led to poorer quality regression results. Consequently, no SGTR regression results are
discussed for the released cesium and iodine to the environment. Instead, the SGTR discussion
focused on their occurrence.’

6 Regression analyses are used to determine which inputs, amongst those that are uncertain, are driving the output
uncertainty.

7 The results of the SGTR regressions of the iodine and cesium release to the environment are archived in
Appendix E.
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Table ES-3  Surry UA Realizations Used in MELCOR Regression Analyses
for each Figure of Merit

Figure of Merit Regression Summary

In-vessel
Released Cesium Released lodine Hydrogen SGTR Tube Creep (SG A & B)
Production

T QT i} k3 g

T 0 530 2o %
Non-SGTR Non-SGTR All S 2 =02 £2 e3
o8 ow =® o 0o =
™ I I T :‘5)

The source term regression analysis was performed for results obtained at the end of
the 72 hr MELCOR realizations, which included the important accident progression
phenomena of the core degradation, vessel failure, and containment liner plate yield.®
The results from each regression technique for the individual contribution of a parameter
and the conjoint influence® of a parameter on the results are calculated. The overall
influence of a parameter is reported as an average of the influence suggested by the
four regression techniques.

As shown in Tables ES-4 and ES-5, the most influential parameters contributing to
cesium and iodine environmental release fractions for non-SGTR realizations varied
(i.e., non-SGTRs are 87% of the completed realizations). The cesium release to the
environment was most strongly impacted by the time at cycle (ORIGENDay) and the
design containment leakage rate (designLeakLA). In addition to those parameters, the
iodine release to the environment was also impacted by the gaseous iodine fraction
(I2GasGapFraction) and the containment rupture pressure (rupture).

The cesium release was impacted by the nominal containment leakage rate
(designLeakLA) prior to containment failure due to the higher containment airborne
concentration during the earlier core degradation phase. Due to the relatively late timing
of containment failure and the corresponding lower airborne concentration of cesium
aerosols, the containment failure pressure (rupture) was less impactful on the total
environmental release. The aerosol form of iodine was impacted in a similar manner.

The time at cycle (ORIGENDay) impacted the cesium and iodine inventories in different
ways but was the second most important parameter in both regressions. Although iodine
reached an equilibrium concentration in the fuel before 100 days and was relatively
constant thereafter, the sampled concentration of gaseous iodine increased with the time
at cycle. The amount of gaseous iodine was very important to the environmental release
because it does not settle and would eventually leak. The build-up of iodine was also
important when the time at cycle was less than 100 days. However, the time at cycle had
a lower impact than the design containment leakage rate for cesium releases and the

8 The Surry UA extended the duration of the calculations to 72 hr, which is adequate to capture key accident

progression phenomena and the evacuation phase for all but the 0.5 day time at cycle realizations. The 0.5 day
time at cycle realizations had a signficantly slower containment pressurization that did not challenge the
containment integrity until much later than 72 hr and days after the end of the evacuation phase. The post-
Fukushima Daichii accident, the SOARCA Sequoyah analyses, and the Containment Protection and Release
Reduction analyses documented in NUREG-2206 also use a 72-hr simulation timeframe.

Conjoint influence is the influence of two or more input parameters acting together, which may have synergistic
effects that would not be uncovered by studying the influence of each parameter separately and individually.
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gaseous iodine gap fraction for iodine releases. In contrast to the relatively constant
iodine inventory after 100 days, the cesium inventory continuously increases throughout
the cycle and therefore corresponded to more cesium released from the fuel and more
available for environmental release. This was the second highest parameter affecting the
non-SGTR cesium release to the environment.

The failure pressure of the containment (rupture) had a small importance on iodine release.
Unlike cesium, which is in aerosol form in the containment and can settle, a portion of the iodine
is gaseous. The timing of the containment rupture dictated how long gaseous iodine could
release at a higher rate before the end of the calculation. A lower containment rupture pressure
corresponded with a longer time between the start of enhanced containment leakage until 72 hr.

Table ES-4 Regression Analysis of Cesium Release Mass in Non-SGTR Realizations

& S

- 20

Rank Regression Quadratic Recursive Partitioning MARS % g % g:

Final R® 0.82 0.96 0.94 0.97 e T3
Input R2 contr. SRRC Si Ti Si Ti Si Ti 3 3

designLeakLa 0.50 0.70 0.94 0.96 0.96 0.99 0.92 0.96 0.800 0.027

ORIGENDay 0.21 0.46 0.02 0.04 0.02 0.04 0.02 0.06 0.068 0.024

rupture 0.05 -0.22 0.00 0.01 0.00 0.01 0.015 0.005

shapeFactor 0.03 0.18 0.01 0.02 0.01 0.01 0.011 0.005

Cs2MoO4Fraction 0.03 0.16 0.01 0.01 0.008 0.000

Zr_brkout_T 0.00 -0.04 0.00 0.01 0.000 0.005

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1
Table ES-5 Regression Analysis of lodine Release Mass for Non-SGTR Realizations

9 24

Recursive 2= S0

Rank Regression Quadratic Partitioning MARS g: % g" 'g:

Final R? 0.81 0.94 0.81 0.93 & g3
Input R2contr. | SRRC Si | T si [ T Si | T 3 3

12GasGapFraction 0.20 0.48 0.44 0.61 0.82 0.89 0.54 0.72 0.444 0.131

ORIGENDay 0.49 0.54 0.11 0.21 0.07 0.10 0.14 0.25 0.193 0.077

rupture 0.07 0.26 0.05 0.09 0.02 0.09 0.07 0.12 0.049 0.046

designLeakLa 0.04 0.20 0.05 0.08 0.03 0.03 0.08 0.13 0.045 0.029

EU_meft T 0.00 0.06 0.01 0.07 0.01 0.04 0.004 0.032

RCP_Leak 0.00 0.16 0.00 0.02 0.001 0.054

secSVfract 0.00 0.07 - 0.001 0.000

priSVirac 0.00 0.10 - - - 0.001 0.031

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1

The calculated mean and median of the in-vessel hydrogen production distribution at 72 hours
were lower in magnitude than the original Surry SOARCA calculation [3] (see Figure ES-4). The
differences in the results are attributed a number of factors including an important code change
and the UA uncertain parameter settings. The code change concerned the fuel quench
modeling following the accumulator discharge at hot leg failure (see Appendix D, Reference [7]).
Earlier code versions often predicted high stainless-steel oxidation after the accumulator
discharge that contributed to higher total in-vessel hydrogen amounts. The UA uncertain
parameter modeling included realizations with lower fuel eutectic melting temperatures and
lower molten zircaloy breakout temperatures, which tend to lower total in-vessel hydrogen
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production (i.e., see hydrogen regression parameters in Table ES-6).'° Nevertheless, the
original SOARCA hydrogen results were relatively consistent with the new UA results and not
significantly higher than the mean or the median.

The regression results for in-vessel hydrogen generation in all realizations is shown in

Table ES-6. Five parameters were identified as being important to hydrogen generation. The
time at cycle (ORIGENDay) was the most important parameter, which led to higher in-vessel
hydrogen generation earlier in the time at cycle. The lower amount of decay heat earlier in the
cycle contributed to a slower heatup before core degradation and more time for
high-temperature hydrogen generation. Similarly, the hydrogen production increased when the
fuel melted at a higher temperature (EU_melt_T) and the molten zircaloy inside the fuel cladding
oxide shell was released at a higher temperature (Zr_brkout_T). In the reverse trend,
significantly less hydrogen was generated when the fuel melting temperature approached the
zircaloy cladding melting temperature or the molten zircaloy released at a lower temperature.
The primary system SV failure area (priSVfrac) and the pump seal leakage (RCP_Leak) had
weak influences that slightly increased hydrogen production with a larger SV failure area or
more pump seal leakage.

source_lenm_parameler_ua [ H2_mass_wilh_slals_and_old.png
18-Ocl-2018 09:36:39
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Figure ES-4 Non-SGTR In-Vessel Hydrogen Generation Over 72 Hours as
Compared to SOARCA

0 Alower time at cycle increases the in-vessel hydrogen production, especially at the lowest time at cycle
(i.e., 0.5 days). This parameter does not explain the lower in-vessel hydrogen production in the UA.
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Table ES-6 Regression Analysis of Hydrogen Production in All Realizations

2 2.

Recursive 3= 2 o

Rank Regression Quadratic Partitioning MARS g2 5%

Final R 0.40 0.44 0.76 0.61 2 23

Input R2contr. |  SRRC si [ T si [ T Si Ti = >

ORIGENDay 0.02 -0.14 0.27 0.27 0.51 0.53 0.42 0.43 0.195 0.006
EU_mell_T 0.23 0.46 0.34 0.39 0.20 0.31 0.26 0.30 0.172 0.043
Zr_brkout T 0.10 0.29 0.11 0.14 0.05 0.16 0.08 0.11 0.057 0.038
priSVfrac 0.03 0.33 0.10 0.12 0.05 0.06 0.10 0.10 0.043 0.007
RCP_Leak 0.00 0.08 0.10 0.10 0.02 0.03 0.07 0.08 0.026 0.004
Zr_drn_rate 0.02 -0.14 0.02 0.02 0.01 0.05 0.03 0.03 0.013 0.011
Ox_model 0.01 0.09 - - 0.00 0.02 0.01 0.01 0.003 0.005
tubeHotA_NFD - - 0.01 0.01 0.00 0.01 0.002 0.003

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1

The SGTR regressions were handled in two manners and focused on the magnitude of the tube
damage rather than the environmental source term. First, regressions were performed on the
cold tube, the hot upflow tube, and the hottest tube using the flawed tube creep damage
parameter as the primary figure of merit. The results were dominated by the flaw depth for the
particular location being evaluated (e.g., SG A cold tube creep is dominated by the Cold Tube A
flaw depth). The flaw depth analysis revealed the following:

o The likelihood of a SGTR from a cold tube flaw significantly increased when the
non-dimensional flaw depth is >0.80;

e The likelihood of a SGTR from a hot upflow tube flaw significantly increased when the
non-dimensional flaw depth is >0.68; and

e The likelihood of a SGTR in the hottest tube significantly increased when the
non-dimensional flaw depth is (a) >0.42 or (b) >0.31 with a maximum normalized hot plume
temperature >0.48 (i.e., >75™" percentile of the maximum normalized plume temperature
distribution).

The individual steam generator cold and hot upflow tube regression analyses also showed that
the magnitude of the main steam isolation valve (MSIV) leakage and the flow area of a
stuck-open pressurizer SV are factors influencing the cold tube creep but significantly less
important relative to the flaw depth. A large MSIV leakage increased the pressure difference
across the tube to increase creep whereas a larger failed pressurizer SV area decreased the
pressure difference to decrease creep.

The regression on the hottest tube also showed that the maximum normalized plume
temperature is important (see Table ES-7). The normalized plume temperature is interpreted
from detailed computational fluid dynamics (CFD) simulations to identify the maximum
sustained plume temperature. It is applied as a boundary condition for the hottest tube
calculation to predict conditions for the most thermally vulnerable tube. It was the second most
important parameter but significantly less important relative to the flaw depth. The MSIV leakage
rate was also an important parameter for the hottest tube but the pressurizer SV failure area
was slightly below the criterion for high importance.
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Table ES-7 Regression Results for the Hottest Tube Creep in SG A

& &
2= 28
Rank Regression Quadratic Recursive Partitioning MARS g' g- g' *;

Final R2 0.59 0.88 0.77 0.85 S ]
Input R2contr. | SRRC si | T si | T si | T 3 3
tubeHotA_NFD 0.18 0.72 0.64 0.89 0.78 0.97 0.70 0.90 0.485 0.179
ThotA_norm 0.19 0.42 0.03 0.16 0.03 0.20 0.02 0.27 0.063 0.152
msiv_leak_a 0.14 0.39 0.01 0.09 0.00 0.02 0.00 0.00 0.038 0.029
priSVfrac 0.05 -0.47 0.01 0.05 == - 0.02 0.02 0.016 0.012
secSVfrac1 0.03 0.31 0.00 0.02 --- == 0.00 0.02 0.007 0.009
RCP_Leak 0.02 0.15 0.00 0.05 --- --= --- --= 0.005 0.014

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1

The second SGTR regression technique was handled in a non-intuitive manner. When the
flawed tube creep parameter is the figure of merit, the corresponding flaw depth overwhelmed
all other parameters. By considering an unflawed tube creep parameter as the figure of merit,
the regressions were independent of the flaw depth. Since no unflawed tubes failed in the
realizations, the unflawed tube creep magnitude also has the advantage of being more
continuous. The attributes of the important parameters from the unflawed tube regressions can
be used to identify factors that increase the likelihood of a consequential tube failure.

Separate unflawed tube regressions were performed for the hottest tube creep parameter in
SG A and B. The comparison of results between steam generators shows the same
phenomenology for tube damage and the same important parameters. Table ES-8 shows the
regression results from SG A. As expected, the hot tube flaw depth is missing. However, the
order of the top three parameters in Table ES-8 is the same as parameters two through four in
Table ES-7. Consequently, the unflawed analysis confirms the importance of the next most
important parameters. The key new insight is the stronger influence of the hot tube maximum
normalized plume temperature on the unflawed creep magnitude of the hottest tube versus the
flawed tube creep evaluation.

Table ES-8 Regression Results for an Unflawed Hottest Tube Creep in SG A

S g
2= 28
Rank Regression Quadratic Recursive Partitioning MARS -é- g. -g;‘- 'g

Final R2 0.56 0.79 0.81 0.76 g- g- 2
Input R2contr. | SRRC si | T si | T si | T 3 3
ThotA_norm 0.29 0.52 0.62 0.73 0.60 0.60 0.62 0.76 0.435 0.120
msiv_leak_a 0.18 0.44 0.15 0.23 0.17 0.17 0.16 0.29 0.139 0.103
priSVfrac 0.04 -0.44 0.05 0.08 0.01 0.01 0.05 0.08 0.032 0.017
RCP_Leak 0.02 0.18 0.03 0.06 - - 0.03 0.03 0.017 0.013
secSVfrac1 0.03 0.32 0.00 0.01 == = 0.00 0.01 0.007 0.009

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1

Consequence Results

The consequence results for individual, latent cancer fatality (LCF) risk were estimated based
on the assumption of linear, no-threshold (LNT) dose response. All consequence results in this
study are presented as conditional risks, which are the risks assuming that the accident occurs.
They do not account for the very small likelihood that the assumed accident might occur.

The emergency phase used in this analysis is seven days following the beginning of release to

the environment. An intermediate phase duration of 1 year and then a long-term phase of
50 years follows the emergency phase. Results for the LNT dose-response show that the large
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majority of the LCF risk is from the intermediate and long-term phases at all five distance
intervals evaluated, even for the realizations with SGTR. The mean values of the fraction of risk
from the emergency phase are 1 percent within 10 miles and about 15 to 17 percent at
distances beyond 10 miles. Only a handful of realizations have emergency-phase contributions
that exceed the intermediate and long-term phase contributions to LCF risk.

Like the original SOARCA study and all other subsequent UAs, the Surry UA demonstrates that
early fatality risks are negligible, essentially zero. LCF risks are somewhat lower than those
evaluated in the original SOARCA study for Surry. Table ES-9 shows that the mean LCF risks
from this uncertainty analysis, conditional on the occurrence of a STSBO scenario at Surry, are
about 3x10-° within 10 miles of the site and that the risk diminishes at longer distances. This
mean value includes the 12.5 percent of the realizations with induced SGTRs. For comparison,
this value is about a factor of three lower than the SOARCA unmitigated STSBO risks (which
exclude the occurrence of SGTRs, cf., Table 7-4 in [3]). The 95" percentile LCF risk from this
UA is about one-third less than the mean risk for the unmitigated SOARCA STSBO with induced
SGTR (cf. Table 7-6 in [3]). This is a meaningful comparison because the top 12.5 percentile of
the results from this UA represent SGTR realizations. Within 50 miles of the site, the LCF risks
are similar but slightly less than the comparable values from the original SOARCA study.

Table ES-9 Mean, Individual LCF Risks using LNT Dose Response, Conditional on
Surry Unmitigated STSBO Occurring (per event) at Different Radial

Distances
0-10 miles | 10-20 miles | 0-50 miles

UA Mean 3.2E-05 1.8E-05 9.0E-06
UA Median 2.2E-06 7.1E-07 3.4E-07
UA 5" percentile 3.2E-07 1.2E-07 5.4E-08
UA 95" percentile 2.1E-04 1.2E-04 6.3E-05
Original SOARCA estimate, STSBO 9.4E-05 N/A 1.5E-05
Original SOARCA estimate, STSBO with | 3.2E-04 N/A 6.5E-05
SGTR

Regression analyses of the UA results were performed to determine the uncertain inputs that
most affect the LCF risks. No regression analyses were performed for early fatality risks
because only one realization estimates a risk greater than zero and even this risk is extremely
small.

Table ES-10 provides the regression results for the complete set of realizations (including
SGTR and non-SGTR). The highlighted values under the column labeled “Main Contribution”
are the ones considered to be significant. They are ordered from largest to smallest, so the most
influential of the uncertain parameters appear at the top of the list. Highlighted values under the
column labeled “Conjoint Contributions” indicate parameters that have a significant influence on
LCF risk in conjunction with one of the other parameters.

The top three parameters are all measures of SGT flaw depths in different regions of the steam
generators, and these directly influence the likelihood of a SGTR. Risk increases with all three
of these measures of flaw depth. The next most important input parameter is the containment
leakage area, which is proportional to containment leakage rate prior to containment failure.
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This parameter is more influential when a SGTR does not occur, but it plays a role even when a
SGTR does occur. The next most influential parameter represents the long-term groundshine
shielding factor. Overall, groundshine is the most important dose pathway in this analysis and
long-term groundshine doses are proportional to this parameter. The last of the highlighted
contributions is the day during the operating cycle that the accident is modeled to occur. This
parameter plays a dual role in that it affects the level of decay heat in MELCOR and it affects
the isotopic inventory in MACCS. Both contributions tend to increase LCF risk when the
accident occurs later in the operating cycle.

Table ES-10  Mean, Individual, LCF Risk (LNT Dose Response) Regression Results
within a 50-mile Circular Area for all Realizations

& &
2= E
Rank Regression Quadratic Recursive Partitioning MARS % g. % %
Final R 0.48 0.60 0.48 0.65 g’- g’- El
Input R’ contr. SRRC S, T, s, T, S; T, s s
tubeColdA_max 0.01 0.09 0.23 0.35 0.40 0.52 0.30 0.32 0.133 0.049
tubeUpflowA_NFD - 0.09 0.15 0.21 0.24 0.08 0.19 0.070 0.039
tubeColdC_max 0.00 0.07 0.10 0.15 0.11 0.11 0.18 0.39 0.058 0.057
designLeakLa 0.15 0.38 --- == 0.00 0.03 - --- 0.039 0.005
GSHFAC_2 0.11 0.34 0.02 0.08 0.01 0.05 0.033 0.020
ORIGENDay 0.09 0.28 0.02 0.07 0.024 0.011
tubeHotC_NFD 0.00 0.03 0.04 0.05 0.03 0.03 0.012 0.008
CFRISK_8 0.03 0.19 0.00 0.13 0.00 0.12 0.02 0.22 0.011 0.088
VDEPOS_1 0.01 0.10 0.01 0.03 0.04 0.04 -—- === 0.009 0.004

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1

As shown in Table ES-11, the most important of the uncertain input parameters is the MACCS
parameter representing long-term groundshine shielding factor for realizations with a SGTR.
Two cancer fatality risk factors, for residual and colon cancers, are next in importance. These
are proportional to the risks of the corresponding cancer types, which are the two types with the
largest risk factors. Next is the MELCOR parameter for dynamic shape factor of the aerosols. A
larger value of this factor causes less deposition to occur in the reactor coolant system and
containment, thus increasing the environmental release. This parameter also biases the aerosol
size distribution to be larger, and this enhances deposition in the environment. The last of the
highlighted parameters is the containment leakage area, which is proportional to the
containment leakage rate prior to containment failure. Also, notice that two parameters have a
significant conjoint influence. One of these, which also has a significant main contribution, is the
cancer fatality risk for residual cancers, which are the set of cancers not specifically treated in
the consequence analysis. The conjoint influence is with the dose and dose-rate effectiveness
factor for residual cancers. This conjoint influence results from the fact that these two
parameters appear in the equation for residual cancers, one in the numerator and one in the
denominator.
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Table ES-11 Mean, Individual, LCF Risk (LNT Dose Response) Regression Results
within a 50-mile Circular Area for Realizations with a SGTR

%] %]
S | £9
Rank Regression Quadratic Recursive Partitioning MARS 5 g. 5 %
Final R* 0.59 0.93 0.54 0.62 § § g

Input R* contr. SRRC S T 5 T S T = =
GSHFAC_2 0.35 0.61 0.07 0.11 0.29 0.39 0.20 0.21 0173 0.032
CFRISK_T 0.07 0.27 0.06 0.10 0.44 0.48 0.34 0.49 0.143 0.049
CFRISK_8 0.11 0.35 0.05 0.40 013 0.22 0.21 0.34 0.088 0.155
shapeFactor 0.06 0.27 0.01 0.02 0.01 0.02 0.10 0.10 0.035 0.002
RCP_Leak - 0.08 0.21 - 0.00 0.01 0.024 0.041
SGTRB_loc — 0.03 0.35 = 0.01 0.02 0.010 0.101
SGTRC_loc - 0.03 0.04 - 0.008 0.005
CWASH1 — 0.02 0.21 = 0.005 0.060
msiv_leak_c - - 0.01 0.06 - 0.00 0.02 0.004 0.019

* highlighted if main contrib

ution farger than 0.02 or conjoint contribution larger than 0.1

For the realizations without a SGTR, the most important of the uncertain input parameters are
design leakage area of the containment, long-term groundshine shielding factor, the day the
accident occurs during the operating cycle (time at cycle), and the cancer fatality risk factor for
residual cancers. The reasons that these parameters are important are the same as those
described in the preceding paragraphs.

Table ES-12  Mean, Individual, LCF Risk (LNT Dose Response) Regression Results
within a 50-mile Circular Area for Realizations without a SGTR
& S o
2=z ERS
Rank Regression Quadratic Recursive Partitioning MARS 5 g. 5 %-
Final R® 0.77 0.94 074 0.95 g &3
Input R® contr. SRRC S; T S, T, s, T, 3 S
designLeakLa 0.27 0.50 0.45 0.78 0.57 0.88 0.53 0.80 0.404 0.265
GSHFAC_2 0.17 043 0.07 0.23 0.06 0.38 0.08 0.20 0.089 0.166
ORIGENDay 0.15 0.37 0.02 0.03 0.02 0.03 0.03 0.04 0.055 0.006
CFRISK_8 0.04 0.20 0.04 0.13 0.00 0.04 0.03 0.12 0.026 0.064
rupture 0.04 -0.18 0.01 0.02 0.00 0.00 0.00 0.03 0.011 0.014
DDREFA_8 0.01 -0.12 0.01 0.07 0.00 0.14 0.01 0.04 0.008 0.064

* highlighted if main contribution larger than 0.02 or conjoint contribution larger than 0.1

Sensitivity studies were conducted to determine the relative importance of the different chemical
groups. Results were generally similar for source terms with and without a SGTR. For a SGTR,
the cesium group contributes about 88% of the risk, mostly from groundshine exposures during
the intermediate and long-term phases. Of the 88%, about 64% is from Cs-137 and the
remainder is mostly from Cs-134. Next, the tellurium group contributes about 4.5% of the LCF
risk, and most of that is from Te-132. Most of the tellurium contribution is from exposures during
the emergency phase. Third in importance is the molybdenum group, which contributes about
4.0% of the risk, and the major contributor to that group is Nb-95. Exposures from the
molybdenum group are more from the intermediate and long-term phases (2.5%) than from the
emergency phase (1.5%). Fourth is the iodine group, which contributes about 2.6%. The
majority of that is from 1-131, but I-133 also contributes significantly. Most of the exposures from
iodine occur during the emergency phase. Other isotopes, Ru-106, Mo-99, Kr-88, Ba-140,
Xe-133, and Xe-135 combined, contribute about 1% to the overall risk, and this is almost
exclusively from exposures during the emergency phase.
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For the non-SGTR source term, about 84.5% of the LCF risk is from the cesium group, 5.5% is
from the iodine group, 3.4% is from the tellurium group, 3.3% is from the xenon/krypton group,
and 2.2% is from the molybdenum group. An evaluation of the contributors at the level of the
individual isotopes was not performed for the non-SGTR source term, but the contributions are
expected to be similar to those for the SGTR source term, as described in the preceding
paragraph. The barium and ruthenium groups contribute a combined total of 1.1%. The other
two groups cerium and lanthanum, do not contribute to LCF risk to the precision of this
calculation.

The largest difference between the SGTR and non-SGTR realizations is that the noble gases
contribute significantly more when the source term is small. This is because the noble gases are
generally released in large fraction even when other chemical groups are not. Thus, the relative
contribution of the noble gases is greater for smaller source terms.

Summary

As described above, the Surry UA includes distributions for parameter values that previously
were modeled with fixed values and applies multiple regression techniques to support an
understanding of the results. Such an analysis produces substantial information, which is
described in detail in this document. A summary of important accident progression and source
term insights is provided below:

e SGTRs occur in 12.5 percent of the UA realizations and have iodine and cesium release
masses one to two orders of magnitude larger than the non-SGTR realizations. The most
influential parameters are the SG tube flaw depth and flaw location followed by the
magnitude of the MSIV leakage and whether a pressurizer SV sticks open.

e The original Surry SOARCA [3] iodine and cesium environmental release fractions were
similar to the mean or median of the UA realizations until the containment failure at 25 hr.
An incorrect specification of the reactor cavity concrete composition in the original SOARCA
calculation caused faster containment pressurization during the ex-vessel CCl, an earlier
containment failure, a larger containment failure leakage rate, and higher post-containment
failure radionuclide releases to the environment.

e The most influential parameters impacting the cesium and iodine environmental releases for
the non-SGTR realizations (i.e., 87% of realization outcomes) are slightly different. The
cesium release to the environment is most strongly impacted by the time in the operating
cycle when the postulated accident occurs and the design containment leakage rate. The
iodine release to the environment includes those parameters but is also impacted by the
gaseous iodine fraction and the containment rupture pressure.

The consequence portion of the uncertainty analysis considers a set of uncertain source terms
from MELCOR in conjunction with other consequence-analysis-specific inputs. Most historical
consequence analyses have modeled these parameters to be fixed and considered, at most, a
set of source term groups to quantify the types of accidents that might occur and a set of
weather trials to capture weather variability. A summary of the most important offsite
consequence conclusions and insights from this Surry UA is provided below:
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¢ Mean (over epistemic uncertainty and weather variability), individual, LCF risks, conditional
on the occurrence of an accident, estimated in this uncertainty analysis of the Surry STSBO
are very low, approximately 3x10° within 10 miles and lower at longer distances.

e Most of the mean risks (about 99% within the 10-mile emergency planning zone (EPZ) and
83% to 85% beyond 10 miles from the plant) are from intermediate and long-term exposures
following the emergency phase.

o Early fatality risks for this scenario are essentially zero, as they were in all the other
SOARCA studies.

e MELCOR parameters that determine the likelihood of a SGTR, primarily flaw depths for
various groups of steam generator tubes, are the most influential parameters for latent
cancer fatality risks overall. Containment leakage area is also important, especially for the
subset of realizations that do not result in a SGTR.

e The most influential MACCS-specific parameters are the long-term groundshine shielding
factor, the day during the operating cycle that the accident occurs, and two of the cancer
fatality risk factors, those for residual and colon cancers.

The Surry UA project informed the Level 3 PRA project by including staff in Surry parameter
development meetings, presenting Level 3 PRA staff early Surry UA results, and interacting with
Level 3 PRA staff on key issues of interest. In addition, like the SOARCA Peach Bottom UA [2]
and the SOARCA Sequoyah UA, the results of this Surry UA corroborate the conclusions from
the SOARCA project [1]:

¢ Latent cancer and early fatality risks from severe nuclear accident scenarios modeled are
smaller than those projected in NUREG/CR-2239.

e The delay in releases calculated provides more time for emergency response actions (such
as evacuating or sheltering).

e ‘“Essentially zero” absolute early fatality risk is projected.
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1 INTRODUCTION

The evaluation of accident phenomena and potential offsite consequences of severe nuclear
reactor accidents has been the subject of considerable research by the NRC over the last
several decades. As a result of this research, the capability exists to conduct more detailed,
integrated, and realistic analyses of severe accidents at commercial nuclear power reactors. A
desire to leverage this capability to perform more realistic analyses to address conservative
aspects of previous reactor accident analyses was a major motivating factor in the State of the
Art Reactor Consequence Analyses (SOARCA) project (NUREG-1935). Objectives of the
SOARCA project included: (1) evaluating the potential benefits of post-9/11 mitigation
improvements, (2) updating the quantification of offsite consequences found in earlier NRC
publications, such as the 1982 Siting Study (NUREG/CR-2239 [5]), and (3) enabling the NRC to
better communicate severe accident related aspects of nuclear safety to stakeholders, including
Federal, State, and local authorities, licensees, and the public (NUREG/BR-0359). Through the
application of modern analysis tools and techniques, the SOARCA project [1] developed a body
of knowledge regarding the realistic outcomes of theoretical severe nuclear reactor accidents for
selected accident scenarios at the Peach Bottom Atomic Power Station (Peach Bottom) and the
Surry Power Station (Surry). The SOARCA project continued with an integrated uncertainty
analysis (UA) of the unmitigated long-term station blackout (LTSBO) at Peach Bottom [2], the
Sequoyah Integrated Deterministic and Uncertainty Analyses [7], and the Surry integrated UA of
the unmitigated short-term station blackout (STSBO) presented herein.

The original SOARCA project [1] analyzed selected scenarios, first assuming the events
proceeded without the 10 CFR 50.54(hh) mitigation measures (unmitigated), and then assuming
that the 10 CFR 50.54(hh) mitigation is successful (mitigated). While these analyses have
generally met the SOARCA project objectives, certain additional severe accident consequence
analyses were warranted to expand upon the body of knowledge developed in SOARCA and to
support and inform other agency activities including the Site Level 3 Probabilistic Risk
Assessment (PRA) and Fukushima lessons learned projects. These additional analyses are
discussed in SECY-12-0092, “State-of-the-Art Reactor Consequence Analyses —
Recommendation for Limited Additional Analysis,” dated July 5, 2012 [4], where staff
recommended performing a UA for a severe accident scenario at Surry; the insights from which
would inform the Site Level 3 PRA. The Commission’s Staff Requirements Memorandum on
SECY-12-0092 further noted that the ongoing SOARCA studies should support post-Fukushima
activities including Tier 3 items [4].

MELCOR and the MELCOR Accident Consequence Code System (MACCS) are the NRC
developed codes for analysis of severe accidents and their consequences. These codes were
used in all the SOARCA calculations. The SOARCA analyses show that successful
implementation of existing mitigation measures can prevent reactor core damage, or delay, or
reduce offsite releases of radioactive material [1]. All SOARCA scenarios [1], even when
unmitigated, progress more slowly and release much less radioactive material than in earlier
studies (e.g., NUREG/CR-2239, commonly referred to as the 1982 Siting Study [5]). The
SOARCA analyses show that emergency response programs, implemented as planned and
practiced, would reduce the scenario-specific risk of health consequences among the public
during a severe reactor accident at the plants evaluated [1]. As a result, the calculated risks of
public health consequences from severe accidents modeled in SOARCA are very small.

In 2013, an integrated UA was completed on the unmitigated LTSBO for Peach Bottom [2]. This
first-of-a-kind UA study provided a quantitative analysis of the robustness of the deterministic
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SOARCA calculation [1], and in the process, demonstrated the feasibility of producing
integrated uncertainty results. The Peach Bottom UA results are informative; however, the
analysis was conducted for the unmitigated LTSBO scenario for a boiling water reactor (BWR).
As with the Surry UA presented herein, the application of the results must be tempered with the
understanding of the reactor type, containment type, scenario for which results were produced,
and site-specific characteristics. This UA of the unmitigated STSBO at the Surry Power Station
continues the SOARCA work.

The Surry UA followed the approach developed for the Peach Bottom UA. The unmitigated
STSBO was selected as the accident scenario for the Surry UA, in part because of the
importance of station blackout (SBO) scenarios and because SBO accident progression
provides opportunity to assess the offsite response parameters while the release is potentially
underway under the postulated conditions. The unmitigated LTSBO analyzed in the Peach
Bottom UA [2] showed that battery life is important in delaying the start of releases. For the
Surry UA, the short-term variant on the SBO was selected to investigate the potential for early
release and greater consequences. Of the scenarios selected for Surry in the SOARCA study,
the unmitigated STSBO with induced SGTR was also one of the two scenarios with the highest
conditional individual LCF risk [1]; the Surry UA effort considers induced SGTR. As an
unmitigated scenario, a few operator actions were considered to be attempted, but were not
successful as described in Section 2.1. Lessons learned from the Peach Bottom UA and
feedback from the NRC’s Advisory Committee on Reactor Safeguards (ACRS) on the Peach
Bottom, draft Surry, and Sequoyah UAs were included, as well as additional knowledge gained
since the publication of NUREG/CR 7110 Volume 2 [3] (also referred to as the original SOARCA
or Surry SOARCA throughout this study) and the integrated deterministic and UA for the
Sequoyah Nuclear Plant (Sequoyah) [7].

For this UA, epistemic uncertainty was explored by randomly sampling distributions for selected
parameters. In NUREG/CR 7110 Volume 2, the only uncertainty considered was that associated
with weather conditions at the time of the accident, which is aleatory [3]. In NUREG/CR 7110
Volume 2, the reported offsite consequence values represented the mean value (arithmetic
average) for a large number of these aleatory weather trials. This best practice approach [6] to
weather uncertainty was also applied for the Surry UA.

A distribution was developed for each varied parameter with the intent of representing the
degree of belief in the expected range. Often, the mode (most likely value) of the distribution
corresponded to the best estimate value used in the original SOARCA analysis [3]. Each of the
probability distributions were applied in the respective MELCOR and MACCS models (e.g., the
specific Surry model). For MELCOR, this often required enhancing the model to accept the
distributions. When final runs were ready to be executed, the most current MELCOR and
MACCS code versions available at the time were used. These changes to the codes made it
very difficult to make a direct comparison of results to understand the precise robustness of the
original SOARCA calculation; particularly for MELCOR, because MELCOR Version 1.8.6, used
in the original SOARCA study, is no longer maintained. The MELCOR accident progression and
a comparison of the MELCOR Version 1.8.6 and Version 2.1 results are presented in the draft
Surry UA documentation [8]. However, the present work used MELCOR Version 2.2 and a
comparison between results presented in the draft Surry UA documentation[8] and this work
was not conducted.
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11 Background on SOARCA

The NRC, the US nuclear power industry, and the international nuclear energy community have
devoted considerable research over the last several decades to examining severe reactor
accident phenomena and offsite consequences. These updated analyses incorporate the wealth
of accumulated research and use the most detailed, integrated, and best estimate modeling to
date. An insight gained from post-9/11 security assessments was that the NRC needed updated
analyses of severe reactor accidents to better reflect realistic estimates of the more likely
outcomes; considering the current state of plant design, plant operation, and the advances in
understanding of severe accident behavior [1].

The NRC initiated the SOARCA project in 2005, and in the original phase completed in 2012,
developed best estimates of the offsite radiological health consequences for potential severe
reactor accidents at Peach Bottom and Surry. Peach Bottom is a U.S. operating reactor using
the General Electric boiling-water reactor (BWR) design with a Mark | containment. Surry is a
U.S. operating reactor using the Westinghouse pressurized-water reactor (PWR) design with a
large, dry (sub-atmospheric) containment [1].

Preparations for SOARCA [1] included extensive cooperation from the licensees to develop
high-fidelity plant system models, define operator actions (including the most recently developed
mitigation actions at the time), and develop models for simulation of site-specific and
scenario-specific emergency response. In addition to input for model development, licensees
provided information on accident scenarios from their PRAs. Through tabletop exercises of the
selected scenarios with senior reactor operators, PRA analysts, and other licensee staff,
licensees provided input on the timing and nature of the operator actions to mitigate the
selected scenarios. The licensee input for each scenario was used to develop assumed
timelines of operator actions and equipment configurations for implementing available mitigation
measures which include mitigation measures beyond those routinely credited in the licensee’s
current PRA models. A human reliability analysis was not performed for SOARCA, but instead
tabletop exercises, plant walkdowns, simulator runs, and other inputs from licensee staff were
employed to ensure that operator actions and their timings were correctly modeled [1].

Updated and benchmarked standardized plant analysis risk (SPAR) models and available
plant-specific external events information were used in the SOARCA scenario selection process
[1]. Scenarios common to both Peach Bottom and Surry included the STSBO and LTSBO. Both
types of SBOs involve a loss of all alternating current (AC) power. For Surry, the STSBO also
involves the loss of turbine-driven systems through loss of direct current (DC) control power or
loss of the condensate storage tank, and therefore proceeds to core damage more rapidly
(hence “short term”). The STSBO has a lower core damage frequency than the LTSBO since it
requires a more severe initiating event and more extensive system failures. SOARCA assumed
that a SBO is initiated by a seismic event, since this is the most extreme accident sequence in
terms of both the timing and amount of equipment that fails [1]. SBO scenarios are commonly
identified as important contributors in PRA because of the common cause failure for both
reactor safety systems and containment safety systems.

1.2 Objectives

The overall objective of the SOARCA project was to develop a body of knowledge regarding
realistic outcomes of theoretical severe nuclear reactor accidents. The UAs further expand this
body of knowledge. The objectives of the Surry UA include:
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1. Evaluate the robustness of the NUREG/CR 7110 Volume 2 SOARCA Surry deterministic
results [3].

2. Determine whether the Surry UA results corroborate the general conclusions and insights
from the original SOARCA study [1].

3. Develop insights into the overall sensitivity of SOARCA results to uncertainty in selected
modeling inputs.

4. Identify influential input parameters contributing to accident progression and offsite
consequences through application of an uncertainty analysis methodology.

5. Inform the NRC’s Site Level 3 PRA and post-Fukushima activities including Tier 3 items.

Regarding informing the Level 3 PRA, this was accomplished by including NRC Level 3 PRA
staff in Surry UA meetings, beginning early in the project. This continued through parameter
development and as early results became available.

1.3 Scope

The scope of the Surry UA was to produce a state of the art UA that achieves the objective of
evaluating the robustness of the original SOARCA analysis and provides insights into the overall
uncertainty of the best estimate results and conclusions. This required the following:

Developing distributions for selected parameters;

Implementing MELCOR and MACCS model enhancements to accommodate distributions;
Implementing additional enhancements to improve selected features of the MELCOR model;
Performing the severe accident and offsite consequence analyses;

Performing regression analysis;

Conducting sensitivity analyses and investigating single realizations; and

Examining results to identify parameter importance and severe accident insights.

To achieve the scope within a reasonable level of effort, project limitations were necessary.
Each sampled parameter in MELCOR and MACCS required extensive research, and in some
cases model enhancements; therefore, a reasonable number of parameters was selected. The
scope of this project does not include model uncertainty or completeness uncertainty.

14 Methodology

A methodology for the integrated investigation of uncertainties in MELCOR accident progression
and MACCS offsite consequence analyses was developed in the Peach Bottom UA [2]. The
methodology for the Surry UA generally followed the same approach. Like Peach Bottom, the
accident scenario was selected, followed by identification of parameters of interest to be varied
in the analyses, specific to a PWR reactor type. A minor departure from Peach Bottom was that
some sensitivity analyses and ‘one-off’ calculations'" were performed earlier in the process to
help inform some of the parameter distributions [8]. This approach was suggested during the
ACRS review of the Peach Bottom study. The Surry UA also applied the insights from the

" MELCOR analysts run periodic analyses to view the effects on model performance or results of a specific
parameter.
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Sequoyah UA [7], and expanded and enhanced selected project activities based on lessons
learned. Thus, the Surry UA is continuing the advancement of the state of knowledge and
understanding relevant to severe accident analyses.

The Surry UA team conducted a lessons-learned meeting to identify the processes and
applications that worked well for the Peach Bottom UA [2] and the Sequoyah UA [7], and
applied those that could have worked better. The lessons learned, a few of which are described
below, are addressed throughout the report.

o Better parameter documentation. For the Surry UA, a storyboard approach was
implemented to justify and defend the parameter distributions early in the effort. A
‘storyboard’ is simply a specified format for each author to document key parameter
information.

e The results of the sensitivity analyses could have been useful in informing the selection of
parameters for investigation. For the Surry UA, some sensitivity analyses were completed
early in the process to better inform the overall effort.

¢ MACCS output volume was very high causing post processing to take longer than planned.
For the Peach Bottom UA, the amount of data to be post-processed overwhelmed the
capabilities of MACCS and was addressed on an ad hoc basis. For the Surry UA, the code
was modified to resolve the issue.

e While the quality assurance (QA) of the Peach Bottom UA model inputs was implemented, it
was not systematic or documented. For the Surry UA, a systematic and rigorous QA of the
MELCOR and MACCS inputs and model enhancements was performed; including legacy
values when appropriate (e.g., dose coefficients).
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2 UNCERTAINTY ANALYSIS APPROACH

The approach implemented for the Surry UA generally followed that applied with the Peach
Bottom UA [2] and the Sequoyah UA [7]. The major activities included:

Selecting the accident scenario;

Selecting input parameters and developing distributions;
Model modifications and enhancements;

Analysis; and

Investigation of results.

To meet the objective of developing insights into the overall sensitivity of SOARCA results to
uncertainty in selected modeling inputs, the modeling inputs important to the figures of merit
being assessed, were identified. The MELCOR figures of merit for the uncertainty analysis are
environmental releases of cesium and iodine, and the in-vessel hydrogen production. Due to the
differences in the early radionuclide response, the figures of merit for the realizations with steam
generator tube ruptures are discussed separately. The MACCS figures of merit are individual
latent-cancer fatality (LCF) risk and individual early fatality risk at specified distances. The
accident scenarios and parameter selection process are described below. The code
modifications, analysis, and investigation of results are described in subsequent sections.

2.1 Accident Scenario

The Surry SOARCA unmitigated STSBO [3] was selected as the UA accident scenario in part
because of the importance of station blackout scenarios to nuclear power plant risk, and
because accident progression occurs relatively quickly under the postulated conditions. The
relatively quick accident progression provides an opportunity to assess the offsite response
parameters while the release is potentially underway. of the scenarios selected for the SOARCA
Project, the Surry unmitigated STSBO with induced SGTR was also one of the two scenarios
with the highest conditional individual LCF risk [1]. This scenario, as detailed in the Surry
SOARCA study [3], is initiated by an earthquake (0.5—1.0g peak ground acceleration) and has
an estimated frequency of 1x10° to 2x10 per reactor year (pry). System failures were specified
in the Surry SOARCA calculation [3] based on the type of event.

The seismic event causes a loss of offsite power and failure of onsite emergency AC power
resulting in a SBO where neither onsite nor offsite AC power are recoverable. All systems
dependent on AC power are unavailable, including all active emergency core cooling systems
(ECCSs) and the containment engineered safety systems (e.g., the containment sprays and fan
coolers). The reactor coolant system (RCS) and containment are undamaged, and the
containment is isolated. No instrumentation is available.

Additionally, significant auxiliary structural damage outside containment is judged to have
occurred, including structural failure of the turbine building and loss of access to the condenser
blow down valves [3]. Also, this seismic event causes a failure of the emergency condensate
storage tank (ECST), which is the source of water for the turbine driven auxiliary feedwater
(TDAFW) system making this a STSBO rather than a LTSBO.

The available systems include the passive ECCS accumulators, as well as unused mitigative
equipment including portable power supplies, portable air bottles, and portable high-pressure
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(Kerr) and low-pressure (Godwin) diesel driven pumps. The containment spray and firewater
piping are assumed to remain intact, but these systems were not active in the unmitigated
analysis.

Although mitigative actions would be recommended and attempted throughout an emergency,
the unmitigated STSBO in this analysis assumes no mitigative actions are successful. The
mitigated response, analyzed for Surry SOARCA [3] included successful implementation of
mitigative actions, which are intended to prevent the accident from progressing, termination of
core damage (if it begins), maintenance of the integrity of the containment (as long as possible),
and minimizing of the effects of offsite releases. As described in NUREG/CR 7110 Volume 2 [3],
an expected National level response to a severe nuclear power plant accident provides a basis
for truncating the environmental release to no later than 48 hours after the accident begins. Past
studies, including NUREG-1150 [16], typically truncated releases after 24 hours. Consistent with
the SOARCA Project [1], the Peach Bottom UA [2] also considered a 48-hour truncation
timeframe. Consistent with more recent analyses post-Fukushima, such as the Containment
Protection and Release Reduction technical basis (NUREG-2206) and the SOARCA Sequoyah
analyses [7], and due to the inclusion of relatively low beginning of cycle decay heat which
suggest a 48-hour timeframe may not be appropriate, a 72-hour truncation time is considered
for environmental releases in this UA.

2.2 Selection of Uncertain MELCOR Parameters

MELCOR uses thousands of input parameters and sensitivity coefficients in the evaluation of
the equations and algorithms embedded in its constituent models. Many parameters are basic
well-known inputs, e.g., core inventory, material properties, sizes and lengths of piping.
However, there are many input parameters for which the base values were established through
comparison to experiments. Additionally, some input parameters were established long ago by
subject matter experts (SMEs) and were assumed reasonable for the present application.

The extensive investigation into parameters for the Peach Bottom UA [2] and Sequoyah UA [7]
were leveraged for the Surry UA; as well as, insights from previous Surry UA draft work [8]. The
Peach Bottom UA input parameters were used as the starting point in the review of this work
because they were initially chosen by collective expert judgment, and due to their proposed
impact on key portions of accident progression, such as in-vessel melting. Although some of the
input parameters used in this work did not show importance in either the Peach Bottom UA or
the Sequoyah UA results, the parameters were maintained for further investigation because
they could be important for a different reactor type, different containment type, and different
scenario. A suite of common input parameters was kept at this stage primarily because in the
Peach Bottom analysis, the overwhelming importance of a handful of parameters in determining
whether the accident progressed to main steam line (MSL) rupture, which in turn was a large
determinant of release magnitude, could mask parameters that are important for other scenarios
and reactor types. However, the Peach Bottom UA input parameters specific only to BWRs
were removed from consideration, such as parameters related to drywell refueling dome
leakage.

The chosen set of input parameters is not an exhaustive list of all parameters important for
MELCOR analyses nor was a phenomena identification and ranking table (PIRT) conducted.
There are many alternative parameters that could represent the phenomenology of interest, and
a practical subset was chosen to capture important aspects of modeling without introducing
unnecessary complications, such as the need to extensively specify correlations.
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Developing the input parameter list was a multi-step and iterative process. An initial input
parameter list was prepared and reviewed jointly by Sandia and NRC staff early in the project.
These meetings included brainstorming sessions where additional input parameters were
discussed and added to the list. Next was a more comprehensive team review from a systems
approach with detailed consideration of the following:

Sequence issues,

In-vessel accident progression,
Ex-vessel accident progression,
Containment response, and
Radionuclide behavior.

During these reviews, the Sandia analysts described the phenomenology and characteristics of
each system and discussed why the input parameters should be considered candidates for the
UA. After the systems review, the candidate input parameter list was updated. At this point,
identification of parameters through expert judgment had been completed and the parameter list
was relatively complete.

Next, a phenomenological based review was conducted of the MELCOR Reference Manual [14]
rather than a mechanistic review of parameters in the MELCOR User’s Guide [15], because a
review of the User’s Guide, which contains thousands of parameters and inputs, was not
practical. In fact, experience from other UAs suggested more insights could be determined from
a small set of uncertain parameters.

First, the uncertain physics or phenomenological parameters were discussed. The notes from
the review meeting as a function of the MELCOR physics packages are listed below.

e Burn Package
o Consider variations in the hydrogen flammability limit.
o Consider uncertainty in flammability limits based on uncertainty in the initial propagation
direction.

e Cavity Package
o Consider addressing uncertainty in the amounts of gasses generated by molten
core-concrete interaction by sampling the proportions of common sand and aggregate
in the concrete.

e Condenser Package
o Not applicable. The Surry units do not have isolation condensers or a passive
containment cooling system.

e Core Package
o Consider uncertainty in the core blockage user input
o Address uncertainties in core degradation including fuel collapse
o Address uncertainties in core material eutectic melting temperature
o Address uncertainties in the oxidation kinetics

e Control Volume Hydrodynamics-Flow Path Packages
o No related parameters identified as potentially significant.
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Decay Heat Package
o Address variation in decay heat dependent on where the core is in its lifecycle
when the accident occurs.

Fan Cooler Package
o This is a SBO scenario, and without AC power the fan coolers would not be
operating.

Fuel Dispersal Package
o This parameter is only important if the analysis shows a high-pressure ejection. After
the initial set of MELCOR uncertainty runs were complete, the results were reviewed
and confirmed the fuel dispersal package parameters did not require investigation.

Heat Structures Package Manual
o Condensation was identified as a potential parameter. The effect of the presence of
non-condensable gas on condensation rate.

Material Properties Package Manual
o Eutectic temperatures for zircaloy oxide and uranium oxide

Non-condensable Gas and Water Package
o No uncertainty modeling suggested here.

Passive Autocatalytic Hydrogen Recombiner Package Manual
o Not applicable because there are no passive autocatalytic hydrogen recombiners at
US reactors.

Radionuclide Package
o Model uncertainty in dynamic shape factor
o Chemical form (CHEMFORM) of cesium and iodine

Containment Sprays Package
o Not applicable. Containment sprays are not available in the SBO scenario.

In addition to uncertainties in the severe accident phenomenology, the following
sequence-related parameters were considered for inclusion. Sequence-related parameters
included hardware failures and possible operator actions (i.e., parameters not related to the
physics models). The notes on the sequence-related parameters are listed below.

Valve behavior
o Consider uncertainty in stochastic failure of the pressurizer and steam generator
safety valves to open or close
o Consider uncertainty in thermal failure of the pressurizer and steam generator
safety valves to open or close
o Consider uncertainty in failure area when a valve does not close
o Consider uncertainty in the main steam isolation valve leakage area

Pump seal leakage
o Consider uncertainty in pump seal failure and the resultant leakage rate
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e Steam generator tube rupture
o Consider uncertainty in the depth and location of steam generator tube flaws
o Consider uncertainty in the temperature and flowrate of the hot thermal plume
entering the steam generator

e Containment performance
o Consider uncertainty in the containment nominal leakage rate
o Consider uncertainty in the containment failure criteria (pressure, temperature, and
leakage area)

e Operator actions
o Consider availability of firewater injection systems at different times
o Consider availability of power for relief valve flow at different times

The merits of various parameters that could be used to characterize uncertainties in the various
MELCOR physics models and sequence-parameters were debated. The list of parameters has
evolved through the insights from the previous uncertainty assessments [2][7][8]. As knowledge
was gained on the importance of parameters from the other uncertainty assessments, the list of
parameters was adjusted. In response to ACRS member comments, the parameters used to
characterize the uncertainty varied. The final list of parameters is summarized in Table 2-1.

Although operator actions were discussed, the scope of the effort was limited to an unmitigated
accident. This allowed a more in-depth investigation of phenomenological and hardware-related
parameters without the complications of operator and mitigative actions that can radically alter
the accident progression.

The next step in the uncertain parameter development included the rationale for the parameter
selection. To facilitate development of parameter justification and rationale, a storyboard
process was implemented. Figure 2-1 illustrates the form that was created to identify the
parameter, technical justification for uncertainty, type of distribution, rationale for the distribution,
and which related parameters were considered and rejected for inclusion (discussed further in
Section 2.2.1 below). The intent was to capture, in a concise format, specific information
regarding each parameter from which the detailed technical bases could ultimately be
developed.

The storyboards were reviewed internally where analysts explained and defended each
parameter. The team challenged the technical leads to explain the basis and defend the
appropriateness of supporting data. This approach often resulted in the need for additional
research to support the rationale. When significant changes were required to a storyboard, the
parameter was again reviewed internally. Once a set of storyboards was ready, Sandia
coordinated a joint review meeting with NRC staff SMEs to review and critique the parameter
distributions and rationale.

The storyboards were presented in ACRS subcommittee meetings to solicit input on the
parameter selection process. A frequent ACRS member comment was for the technical team to
clearly identify the point of departure from a known technical basis, at which use of professional
judgment begins. Such judgment was often required in the development of parameters and has
been identified, where applicable, within this project. Another area of interest in the ACRS
members’ review was the level of detail of the technical justification for the uncertainties
assigned to each parameter and the rationale for the type of distribution used to characterize
the uncertainty.
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Table 2-1 Surry MELCOR Model Uncertain Input Parameters

MELCOR Input Parameters

Sequence

Primary safety valve (SV) stochastic failure to close

Primary SV open area fraction

Secondary SV stochastic failure to close

Secondary SV open area fraction

Reactor coolant pump seal leakage

Normalized temperature of hottest steam generator (SG) tube

Steam generator non-dimensional flaw (NDF) depth

Main steam isolation valve (MSIV) leakage

In-Vessel Accident Progression

Zircaloy melt breakout temperature (SC1131(2))

Molten clad drainage rate (SC1141(2))

Effective temperature at which the eutectic formed from zircaloy oxide (ZrO2) and
uranium oxide (UOz2) melts

Decay heat based on time within the fuel cycle

Oxidation kinetics model

Containment Response

Hydrogen ignition criteria (H2 LFL)

Containment design leakage rate

Containment fragility curve (CFC)

Containment convection heat transfer coefficient

Radionuclide behavior

Chemical form of iodine (CHEMFORMion'

CHEMFORM cesium fraction

Dynamic shape factor

Secondary side decontamination factor (ARTIST)

" This parameter is also informed from the Decay Heat section.

2-6



Type of

Parameter Name: Distribution:

Technical justification for the uncertainties:

Rationale for type of distribution:

Were similar or related parameters considered and rejected.

Graphic: (plot of the distribution)

Figure 2-1 Key Information Evaluated in the Uncertain Parameter Storyboards

2.21 MELCOR Parameters Considered but not Included

The process described above included multiple review steps, each of which provided an
opportunity to add parameters or justify why further consideration of a parameter was not
needed. The parameters below represent some of those that were considered but not included
in the analysis.

Other Primary SV Failure Modes

SV reseat pressure (the pressure at which a SV closes, lower than the opening condition) was
considered, but was omitted from further investigation based on insights from the Peach Bottom
UA [2] and because SV dynamics are well represented in the Surry analysis [3]. The Peach
Bottom UA identified that the SV setpoint drift will produce analogous results to the distributions
considered for SV stochastic failure to close (FTC) [1]. A delay in the SV stochastic FTC will be
representative of those sequences within the Surry analysis that have long SV cycle periods
prior to stochastic failure. These long SV cycle periods will produce sequence results similar to
what would be expected from uncertainty in the SV reseat pressure.

In the draft Surry UA [8], the valve failure to open (FTO) mode was included. However, a FTO of
all three primary SVs was not sampled due to the very low probability. The subsequent
Sequoyah UA [7] includes an analysis that shows the probability of all three valves FTO is
almost three orders of magnitude lower than the probability of that at least one SV stochastic
FTC. Based on this very low probability, the FTO mode was not included in this UA.

The draft Surry UA [8] included passing water through the SV as uncertain variable. The
subsequent Sequoyah UA [7] documents discussions with nuclear valve testing personnel and
Idaho National Laboratory Licensee Event Report (LER) data base specialists identified passing
water is not necessarily threating to a SV but passing ‘cold water’ is a problem (cold being
relative to valve design conditions). The conditions that promote water flow through the
pressurizer SV during the STSBO is when the fluid is heated near saturated conditions (i.e.,
much different than the historical problem of cold condensed water in the loop before the valve).
Consequently, the uncertainty of SV failure due to passing water is not included.

The draft Surry UA [8] included thermal failure of the primary SV FTC as uncertain variable. The
accident progressions during the draft Surry UA did not reach high SV temperatures where
thermal failures would be likely (i.e., unlike the responses observed in the Peach Bottom UA
[2]). Consequently, the uncertainty of SV FTC failure due to passing high temperature gases is
not included.
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Concrete Properties

Core-concrete interaction (CCI) is an important phenomenon in ex-vessel accident progression
where uncertainty is expected. Varying CORCON parameters was considered but was not
included. The team considered the potential for varying the aggregate quantity of the concrete
mix, which could affect gas generation. A sensitivity analysis on concrete aggregate was
performed in the draft Surry UA [8], which provided the insights on the impact of the concrete
properties.

Reactor Pressure Vessel (RPV) Lower Head Penetration Failure

SOARCA and ACRS reviewers have commented that failure of instrument tube and other lower
head penetrations (e.g., RPV drain line) should be considered in addition to gross lower head
failure. For example, an analysis of the margin to failure of the TMI-2 vessel suggests
competing failure mechanisms of instrument tube rupture, instrument tube ejection, global
vessel failure, and localized vessel failure [11]. Post-accident examinations of the TMI-2 lower
head from the Vessel Integrity Program (VIP) revealed that several of the instrument nozzles
were severely ablated. Similarly, Reference [12] describes detailed methodologies for
estimating the likelihood of an earlier penetration failure that are not currently modeled in the
MELCOR code. The numerical evaluation of penetration is dependent upon multi-dimensional
heat transfer, core melt flow physics, the weld strength and geometry, and the composition and
temperature of the debris adjacent to the lower head, which is beyond the current capabilities of
MELCOR.

The impact of this limitation was considered in the Sequoyah UA [7] and determined to be most
important for the timing of an early containment failure (i.e., hydrogen deflagrations which failed
containment). It would also be particularly important for mitigated accidents that include injection
recovery after core damage. However, the impact of the penetration failure was judged to be
less important to the magnitude of the source term for the unmitigated Surry STSBO, which
always progresses to containment failure well after vessel failure. Due to the lack of an
adequate mechanistic model and lower importance for this study, this vessel failure mode was
not further considered.

Secondary Decontamination Factor

The Aerosol Trapping in a Steam Generator facility (ARTIST) built at the Paul Scherrer Institute
(PSI) in Switzerland hosted a series of tests to try to determine the amount of decontamination
that occurs within a steam generator following a steam generator tube rupture (SGTR) [13]. An
alternative to implementing the ARTIST approach was reviewed and would have included
turning on MELCOR models for aerosol capture and settling on the secondary side. For this to
be a reasonable alternative, significant effort would have to be made to model all possible
deposition structures on the secondary side, and there is uncertainty regarding whether such an
approach would produce a more physical result due to MELCOR limitations (e.g., lack of a
particle bounce model). Because of this, the total secondary decontamination factor (DF)
(ARTIST approach) was selected.

Radial Solid and Molten Debris Relocation Rate

MELCOR uses relocation time constants to specify the radial movement of solid and molten
debris from ring to ring. This is one of a few MELCOR parameters, which could be modified to
influence uncertainty to in-vessel debris movement. Although many experiments exist to inform
axial fuel relocation, there is a decided lack of data available to inform radial debris relocation.
The main reason for this is because the test facilities, such as Phebus and CORA, were too
small in scale to really observe the effects of radial relocation. he MELCOR default for the radial
solid relocation constant (360 s) and the radial molten debris relocation constant (60 s) are

2-8



used, which were used for the original SOARCA calculations [3] and the Sequoyah UA [7].
These parameters lack a good technical basis for their uncertainty range and were not identified
as an important parameter in the Peach Bottom UA [2] and draft Surry UA [8]. Consequently,
these parameters were not selected as uncertain parameters and the defaults are used.

2.3 Selection of Uncertain MACCS Parameters

There are also potentially thousands of input parameter values that could be varied in MACCS.
Therefore, an early effort was to select a reasonable number of parameters important to the
figures of merit being assessed. The figures of merit for MACCS are LCF risk and early fatality
risk at specified distances. The project team again began with a review of the MACCS
parameters in the Peach Bottom UA [2], the draft Surry UA [8], and the Sequoyah UA [7]. There
was no compelling reason to remove any of the parameters from consideration. Furthermore,
the plant type and accident scenario differences could show a different priority of importance of
the Peach Bottom parameters when applied in the Surry analysis. Therefore, the full list of
MACCS parameters used in the Peach Bottom UA was the starting point.

A complete review of MACCS parameters identified in Appendix D, “Glossary of Input File
Variables,” of NUREG/CR-6613 [80] was conducted. The following parameter sets were
included in the analysis with each set consisting of multiple individual input parameters;

Deposition,

Dispersion,

Shielding,

Early Health Effects,
Latent Health Effects, and
Emergency Response.

Both epistemic and aleatory uncertainty exists for many MACCS parameters, and the combined
effect adds complexity when developing the uncertainty distributions. Furthermore, for some
MACCS parameters, compromise values were necessary when a large number of different
situations (e.g., weather trials and time of day) exist, but only one input value may be assigned.
The specified values selected were deemed the most appropriate to use for these situations. As
a result, the epistemic uncertainty distributions for these parameters attempt to characterize the
uncertainty of the most appropriate values.

Aleatory uncertainty in weather is treated in MACCS. Weather conditions that would apply in the
case of a potential accident at some time in the future cannot be known in advance. MACCS
accounts for weather variability by analyzing a statistically significant set of weather trials, and
the modeled results are ensemble averages of weather trails that represent the full spectrum of
meteorological conditions. This sampling strategy was chosen to represent the statistical
variations of the weather and is consistent with MACCS best practices [6].

The MACCS input parameters varied in the analysis are listed in Table 2-2. The storyboard
process described in Section 2.2 was also implemented for MACCS parameters. Some of the
parameters in Table 2-2 are actually groups of individual parameters; for example, the CFRISK
is actually a set of eight organ-specific risk factors (discussed further in Section 4.2).
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Table 2-2 Surry MACCS Model Uncertain Input Parameters

Epistemic Uncertainty

Deposition

Wet Deposition Coefficient (CWASH1)

Dry Deposition Velocities (VDEPQOS)

Shielding Factors

Groundshine Shielding Factors (GSHFAC)
Inhalation Protection Factors (PROTIN)

Early Health Effects

Early Health Effects LDso Parameter (EFFACA)
Early Health Effects Exponential Parameter (EFFACB)
Early Health Effects Threshold Dose (EFFTHR)
Latent Health Effects

Dose and Dose Rate Effectiveness Factor (DDREFA)
Lifetime Cancer Fatality Risk Factors (CFRISK)
Long Term Inhalation Dose Coefficients
Dispersion

Crosswind Dispersion Linear Coefficient (CYSIGA)
Vertical Dispersion Linear Coefficient (CZSIGA)
Emergency Response

Evacuation Delay (DLTEVA)

Evacuation Speed (ESPEED)

Hotspot Relocation Time (TIMHOT)

Normal Relocation Time (TIMNRM)

Hotspot Relocation Dose (DOSHOT)

Normal Relocation Dose (DOSNRM)

Aleatory Uncertainty

Weather Trials

2.31 MACCS Parameters Considered but Not Included

As with the MELCOR input parameters, the MACCS storyboard process included multiple
review steps, each of which provided an opportunity to add parameters or justify why further
consideration of a parameter was not needed. The parameters below represent some of those
that were considered but not included in the analysis.

Risk of Early Injury

Parameters to estimate the risk of an early injury, specifically pneumonitis, were made uncertain
in the Peach Bottom UA [2]. However, early injuries were not reported in the Peach Bottom
study, so there was little value to treating this uncertainty. Early injuries are not commonly
reported because they are not life threatening and are of relatively less concern than fatalities.
Therefore, for the Surry UA, the parameters for early injuries were set to the values used in the
original SOARCA Surry study [3].
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Ingestion Pathway

The ingestion pathway was not treated in the SOARCA project [1] because it does not
contribute to individual LCF and early fatality risks, the SOARCA figures of merit. In addition,
uncontaminated food and water supplies are abundant within the United States, and it is judged
unlikely that the public would eat radioactively contaminated food [3].

Habitability

The habitability criteria is considered to be an important uncertain parameter, but was not
included with the Surry UA because a detailed sensitivity analysis was performed with the
Peach Bottom UA [2]. The Peach Bottom UA showed, as would be expected, that when the
dose truncation models were used, the LCF risks within the emergency planning zone (EPZ)
were orders of magnitude lower when the habitability criteria were below the dose truncation
level. Beyond the EPZ, the habitability criteria still showed an important, though smaller, effect
on the overall LCF risk when a dose truncation model was applied.

Non-Evacuees

Evacuation research has documented that some residents refuse to evacuate [85][86] and the
fraction of this population is uncertain. MACCS does not have a capability to reapportion
population fractions in an uncertain application. It was determined the code modifications to
support varying population fractions could not be completed during the course of this effort, and
the non-evacuating cohort fraction was kept at a single point estimate.

Wet Deposition

The wet deposition model parameters include CWASH1 and CWASH2. CWASH1 was selected
to vary because there is considerable research and data available to support development of
the uncertainty distribution. The same is not true for CWASH2. Although this would be a
reasonable parameter to evaluate, it was not considered because there are insufficient data to
support development of a defensible distribution. Furthermore, CWASH1 captures the effect of
wet deposition sufficiently, such that it was not necessary to evaluate CWASH2 as an
‘exploratory’ uncertain parameter.

Cloudshine Shielding Factor

The cloudshine shielding protection factor (CSFACT) was included in the Peach Bottom UA [2].
However, in the storyboard process for the Surry UA, it was discovered that there was an error
in the reference from which the cloudshine distribution was taken. There was no other source
found to inform an accurate distribution for this parameter. Since this was not identified as an
important parameter in the Peach Bottom UA and the team lacked a basis for specifying an
uncertainty distribution for this parameter, a single point estimate was used.
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3 DESCRIPTION OF CODES AND REGRESSION ANALYSIS

The NRC severe accident codes were applied in this UA, and regression analyses were
conducted on the results. The codes and techniques applied in this study were the same as
those used in the Peach Bottom UA [2] and Sequoyah UA [7]. Some updates have been
implemented in both the codes and in the regression approach since the Peach Bottom UA;
these are described below.

3.1 Severe Accident Analysis Codes

MELCOR, MelMACCS, and MACCS are the three primary codes used in the integrated
analysis. These codes are continually enhanced, updated, and maintained as part of the NRC
research program. Version control numbers are assigned to each code throughout this process.
The codes were designed to work in conjunction with one-another with the outputs from one
code becoming inputs for the next code, making deterministic analyses easier. The codes have
been integrated for use in analyzing uncertainty in the same manner as implemented for the
Peach Bottom UA [2], as illustrated in Figure 3-1. The full Surry UA analysis also uses the
MELCOR uncertainty engine and an external macro that creates appropriate unique RN
inventories based on the time at cycle and other uncertain radionuclide sampling inputs. A brief
description of each code is shown below.
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Figure 3-1 Diagram of the UA Framework and Information Flow
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The MELCOR uncertainty engine implements two processes, illustrated in the vertical path on
the left of Figure 3-1. Based on the desired number of uncertainty calculations, ‘N’, the
uncertainty engine software creates a base set of ‘N MELCOR input file sets’ that define the
Surry model and the transient specifications (i.e., often described as the input *.gen files).
Included in each set of realization files are the unique set inputs based on the sampled
uncertainty parameters, which are specific to each MELCOR run. It is at this point in the process
where the uncertainty parameter ‘time at cycle’ is used to additionally vary the radionuclide
inventory. Additionally, based on the selection of the uncertain radionuclide uncertainty
parameters, radionuclide distributions are created using supporting scripts, which are discussed
in Section 4.1.4.

3.11 MELCOR

MELCOR is a fully integrated, engineering level computer code that models the progression of
severe accidents in nuclear power plants [14]. A broad spectrum of severe accident
phenomena in both boiling and pressurized water reactors is treated in MELCOR in a unified
framework. This includes the thermal-hydraulic response in the reactor coolant system, the
reactor cavity, the containment, and the confinement buildings; the core heatup, degradation,
and relocation; the core-concrete attack; the hydrogen production, transport, and combustion;
and the fission product release and transport behavior. An illustration of applying MELCOR in
an uncertain framework is provided in Figure 3-2.
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Figure 3-2 MELCOR Source Term UA Framework

The MELCOR SOARCA Surry analysis in NUREG/CR 7110 Volume 2 was performed with
MELCOR 1.8.6 YV3780 [3] circa 2007. A code modernization effort initiated in early 2000
resulted in the conversion of the source code from Fortran 77 (MELCOR 1.8.6) to FORTRAN 95
(MELCOR 2) that changed the input deck structure but not the underlying models. MELCOR 2.2
is current code version and the earlier versions of the code are no longer maintained (e.g.,
Version MELCOR 1.8.6). This uncertainty analysis was performed using MELCOR 2.2, Revision
10479 dated February 26, 2018.

A direct comparison of newly performed MELCOR 2.2 runs to the MELCOR 1.8.6 runs
performed for the original MELCOR SOARCA Surry analysis [3] is not straightforward. There
have been many code enhancements and improvements between MELCOR 1.8.6 and
MELCOR 2.2. In addition, there have been improvements in the state-of-the-art severe accident
modeling as well as some input corrections. Appendix A of the draft version of the current
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analysis documents the impact of the code enhancements, model improvements, and model
corrections [8].

Since 2007, the STSBO model used in NUREG/CR 7110 Volume 2 has continued to be
advanced to support other non-SOARCA activities. Therefore, the first MELCOR activity for the
Surry UA was to reconcile the SOARCA STSBO model with the most recent Surry model. Once
this was complete, the SOARCA MELCOR 1.8.6 model was converted to MELCOR 2.1 input
format. A limited set of additional enhancements were then implemented to improve areas of the
model known to be weak or under represented. The model corrections and enhancements are
described in Appendix A of Reference [8]. The key changes are listed below:

¢ New ex-vessel, core-concrete interaction (CCl) models to improve debris to concrete heat
transfer;

¢ A refined steam generator nodalization on the inlet side to better predict the hot plume heat
transfer (illustrated in Figure 3-3);

¢ Addition of the hottest steam generator tube representations for each loop;
e Added igniter logic to Ho/CO burn modeling;
o RCS hot leg nozzle creep rupture input was modified to:

o Reflect that both the carbon and stainless steels of the nozzle need to fail for the pipe to
rupture and that the carbon steel will fail first;

o Consider whether the carbon steel of the nozzle has failed when determining the stress
on the nozzle (realizing that the stress would increase markedly when the carbon steel
failed); and

o Reflect that the nozzles are clad (on the inside) with 1/8” stainless steel and that the
wall thickness of the nozzles is 27%” inclusive of cladding;

¢ Identified the appropriate heat structure nodes to be examined for temperature
dependencies in the creep failure logic; and

¢ Implemented the Surry core inventory, as described in Appendix A of Reference [8].

During the model enhancements and parameter research, several errors in the Surry SOARCA
model [3] were identified and corrected. These errors include:

e Errant vapor pressure coefficients for control rod materials silver, indium, and cadmium were
corrected.

¢ The chemical composition of the aggregate in the concrete in the Surry reactor cavity was
corrected from limestone (used in the SOARCA study [3]) to a basalt-based aggregate. The
SOARCA study [3] modeled a limestone-based aggregate, which was used in the Surry
Modular Accident Analysis Program (MAAP) model. However, during research related to the
UA, the team identified that the individual plant examination (IPE) model had specified a
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basalt-based aggregate. Sandia obtained copies of the concrete test results from the
University of Virginia which confirmed that basaltic based aggregate was used.

Errant particle density function was corrected.

Steam drains were not isolating.

Following the completion of the initial set of calculations in 2015 [8], the results were reviewed
by the responsible subcommittee of the ACRS. In addition, a separate uncertainty study was
performed based on the Sequoyah plant [7]. The Surry model was subsequently revised using
the insights from the ACRS reviews and the Sequoyah UA study to include the following
improvements.

The H,/CO burn modeling was updated to reflect improvements included in the Sequoyah
analyses [7]. This included error corrections in the draft Surry UA that were previously
assessed to have a small impact. The combustion model was also modified to require an
ignition source from hot debris in the reactor cavity or from hot plumes above the auto
ignition temperature exiting the reactor coolant system. The potential for hot plumes was
monitored at the hot leg rupture, the PRT rupture disk, and the pump seal leakage
pathways.

The pressurizer relief tank modeling was updated to include three heat structures that
separated regions for gravitational settling versus the sides and the top of the tank.
Convective and radiative heat transfer from the tank to the containment were also
implemented. The wall thickness of the tank was corrected.

The steam generator tube creep failure models were updated to include thick-walled stress
calculations for the hottest tube, the hot upflow region, and cold region of each steam
generator. The stress calculations were moved to formula control functions to support
uncertainty sampling based on the flaw depth in the steam generator tubes (see Appendix
B).

Non-flawed tube creep rupture calculations were added for the hottest tube, the hot upflow
region, and the cold region of the steam generator. The non-flawed creep evaluations
provide the margin between flawed and non-flawed tubes in each location.

Revision and addition of many External Data File (EDF) outputs to monitor accident
progression variables in the MELCOR calculations.

Implemented updates per the recommendations found in NUREG-1922 for natural
circulation flow splits in the steam generator, recirculation ratio, and hot leg drag coefficient
[52]. The MELCOR counter-current flow (CCF) model was implemented for the natural
circulation exchange in the hot leg.

The solid and molten radial relocation constants were set to the default constant values
(i.e., rather than being a sampled variable). '

After review of the findings from the draft Surry UA and discussion with the ACRS, these parameters were
excluded from the uncertainty evaluation. The two parameters had low importance in the parameter regressions.
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e Updated RCP seal leakage to sample each loop independently. '
¢ Containment leakage was altered to be a flow multiplier of the allowable mass leakage.

o The lowest opening pressure safety valve on each SG was updated to allow uncertainty
sampling on the FTC.

Finally, the following uncertainty parameter definitions and/or distributions were refined since the
draft evaluation of the Surry uncertainty assessment [8]. These uncertain parameters are more
fully discussed in Section 4.1.

e The primary and secondary safety valves FTC distributions were updated to follow the
approach in the Sequoyah UA [7]. Following the draft Surry UA, the SV failure attributes
were changed based on discussions with nuclear valve testing personnel and closer
examination of Licensee Event Reports. The SV behavior was updated to reflect the expert
judgment that the probability of the FTC on the first challenge is weighted differently than
subsequent challenges.

e The primary and secondary safety valves failure area distributions were also updated to
follow the approach in the Sequoyah UA [7]. The discussions with nuclear valve testing
personnel and closer examination of Licensee Event Reports indicated a higher likelihood of
either a slowly leaking (mostly closed) or a mostly open failure position.

e The steam generator tube flaw distribution was reevaluated based on historical Surry steam
generator inspection reports and results in the NRC consequential steam generator tube
rupture study [10].

o The Zircaloy steam oxidation kinetics correlation was added as an uncertainty parameter to
be consistent with the Sequoyah UA [7].

¢ The nominal or design containment leakage uncertainty distribution was redefined to reflect
industry and Surry improvements from performance-based testing [9].

e Fourteen decay heat and initial radionuclide inventories were calculated to span the
operating cycle of the plant. The uncertainty algorithm samples uniformly on the time in the
cycle and then selects from the closest decay heat profile and associated radionuclide
inventory.

e The uncertainty parameters for the cesium speciation and the initial iodine gas mass are
used to apportion the radionuclide masses from the appropriate radionuclide inventory
results identified in the previous bullet. The apportioning algorithm conserves the
radionuclide masses when assigning them to the various radionuclide classes identified in
the uncertainty sampling (see Appendix D).

A comparison of the results from the direct conversion of the MELCOR 1.8.6 model to the
MELCOR 2.1 model is described in Appendix A of Reference [8]. The comparison was

3 Surry has upgraded their reactor pump seals to low leakage, Flowserve N-9000 seals [151]. The model for the
higher leakage seals was retained in the UA, which allows comparison to the other UAs and an assessment of
the parameter importance on the key figures or merit.
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performed in two steps. First the original SOARCA results were compared to the MELCOR 2.1
results (i.e., a straight conversion with no input model changes). The thermal-hydraulic
responses are very similar prior to the hot leg creep rupture. After the hot leg creep rupture
failure, the MELCOR 2.1 accident progression proceeds slightly more slowly than the original
MELCOR 1.8.6 calculation. However, the key timings to lower core plate failure, the vessel
lower head failure, and the containment failure were within 1 hr of each other. Considering the
complex physics after the hot leg failure, the agreement between the two calculations was
judged relatively good.

The second step compared a reference UA input model ™ to the converted SOARCA model.
Whereas the first comparison assessed the impact of the code changes for the same input
model, the second comparison assessed the changes in the input model using the same code
version. In contrast to the relatively close agreement in the first comparison step, the second
comparison step revealed significant changes in the response due to new assumptions on the
decay heat power, the reactor coolant pump seal leakage, the steam generator and pressurizer
safety valve failure timing, the effective fuel eutectic melting temperature, the containment
leakage and failure modeling, the containment reactor cavity concrete composition, the
speciation of cesium, the inclusion of iodine gas, the aerosol aerodynamic shape factor, and the
lower flammability limit for hydrogen. These changes led to a significantly new trajectory for the
accident progression and a significant decrease in the source term at 48 hr. The most significant
impact to the source term was the slower containment pressurization from the ex-vessel CCI
with basaltic concrete versus the limestone concrete used in the UA study (i.e., corrected for the
UA study, see discussion above). The slower containment pressurization from CCI with basaltic
concrete delayed containment liner plate failure until after 41 hr versus 26 hr in the SOARCA
analysis with limestone concrete.

4 The reference model was defined using approximately median settings for the uncertain parameters used in the
draft Surry UA study [8].
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Figure 3-3 Comparison of the SOARCA and the UA Steam Generator Nodalizations
3.1.2 MELMACCS

MACCS requires isotopic breakdowns of the RN classes present in the MELCOR source term
output and obtains these breakdowns from a pre-processing program called MeIMACCS, which
takes as input masses and activities for nuclides separated by ORIGEN-S output libraries (i.e.
light elements, actinides, and fission products) and reactor model type. MELMACCS requires
both nuclide mass and activity because it does not contain nuclear decay data, such as decay
constants. The activity and mass of the radionuclides is specified as a function of time from
ORIGEN-S. Historically, nuclide masses were used to linearly scale the activities by comparing
the appropriate MELCOR class mass (in the MELCOR plot file) to the class mass in
MelMACCS, which is calculated by summing the applicable user-specified nuclide masses. The
SNL process for automatic generation of consistent MELCOR and MACCS inventories directly
from ORIGEN-S output supersedes the need for the scaling algorithm. This method is both
more consistent and accurate.

MelMACCS Version 1.7.7 SVN-2575 was used in this analysis. Implementation of MeIMACCS
required additional inputs that are not direct outputs from MELCOR [6], including:
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¢ a set of radionuclide inventory files to reflect fuel burnup and the type of reactor (PWR or
BWR),

time of accident initiation in the MELCOR time frame,

grade (ground height) relative to the MELCOR coordinate system,

building height and initial plume width and height for building wake calculations,
parameters and choices used to estimate deposition velocities,

mass-fraction thresholds for paths and plume segments to be considered, and

time intervals for plume segments.

Version 1.5.1 was used in NUREG/CR-7110 Volume 2. A discussion of MeIMACCS
improvements from Version 1.5.1 to Version 1.7.0 is provided in Appendix C of
NUREG/CR-7155 [1]. Major changes to MelMACCS from Version 1.7.0 to Version 1.7.7,
important to the Surry UA, are described below.

The major change from Version 1.7.0 to 1.7.1 was the ability to read MELCOR plot files (.ptf) in
Windows 7. Important changes from Version 1.7.1 to 1.7.2 included:

e The ability to edit and add radionuclide inventories (e.g., Surry BOC, MOC, and EOC
inventories),

e The ability to read MELCOR 2.1 plot files (.ptf or .plt),

e The ability to leverage a computers dynamic memory for reading MELCOR pilot files into
MelMACCS,

e The addition of the user having to define the risk dominant plume segment (MAXRIS),

e An adjustment to the algorithm that chooses time of first mass release to start at the
MELCOR time step just prior to the release to ensure all mass is captured, and

¢ An adjustment to the algorithm calculating gas density (PLMDEN) adjusting the lower bound
of the integral to the time corresponding to the first nonzero temperature.

The only change from Version 1.7.2 to Version 1.7.3 was the change in ‘MELCOR height
associated with ground level’ from 0 to 1000 meters to -1000 meters to 1000 meters. There
were no major changes from Version 1.7.3 to Version 1.7.4 that affect the Surry UA. Major
changes from Version 1.7.4 to Version 1.7.5 include:

Added the core inventory scale factor (CORSCA),

Allowed the manual adjustment of the plume release height for each release path,
Changed the upper bound for surface roughness from 0.2 meters to 1.0 meters, and
Changed the model setting lines in the MelMACCS output file to comment lines.

There were no major changes from Version 1.7.5 to Version 1.7.7 that affect the Surry UA.
313 MACCS
MACCS uses a Gaussian plume dispersion model and incorporates plume depletion, exposure

pathway assessment, emergency response, and dose analysis. The MACCS Best Practices for
SOARCA document [6] describes the code in detail and identifies the best practice approach for
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implementation of the model. The MACCS application for the Surry UA was consistent with the
best practices document except that recommended values were characterized as an uncertain
distribution.

MACCS Version 2.5.0.0 was used in the Surry SOARCA study [3]. Version 3.10.0.0 SVN-2560
was used in this Surry UA. MACCS code changes made between Version 2.5.0.0 and Version
2.5.0.9 are described in software quality assurance documentation [17]. Changes between
MACCS Version 2.5.0.9 and Version 3.6.2 used in the Peach Bottom UA are described in
Section 3 of NUREG/CR-7155 [2]. Important changes from Version 3.6.2 to Version 3.10.0.0 are
described below. None of these changes resulted in a significant difference in the results
calculated. Changes include:

e Provide file locations on MACCS cyclical files (e.g., MeIMACCS source term files) to provide
enhanced traceability between inputs and results;

¢ Increased maximum plume segments (MAXNP) allowed from 200 to 500;

o Addition of simple random sampling as an uncertainty analysis input variable option;

¢ Implemented a lower plume density limit consistent with the MACCS User Manual;

e Change to a FORTRAN compiler compatible with the Windows 7 operating system;

e Correction of the NRC Regulatory Guide 1.145 plume meander model [10]. This feature was
not used in the original SOARCA and was therefore not used in this UA. It likely would have
had a minimal impact on the predicted doses because this model only affects the plume

dimensions at relatively short distances [6];

e The allowable upper limit of the early phase (ENDEMP) was increased to 40 days to allow
modeling of prolonged releases;

e The addition of a new dose-projection period for the emergency phase (DPPEMP) and
intermediate phase (DPP_INTERPHAS); and

e The relocation times calculated in CHRONC for health effect risks were corrected to
consider multiple cohorts (evacuation and non-evacuation cohorts) within the same grid
space.

3.2 Uncertainty Quantification and Propagation

3.21 Introduction

The inclusion of uncertainty is an inherent part of any risk analysis of complex systems. The
approach chosen for this Surry analysis is consistent with the methodologies used for the Peach
Bottom analysis [2], with minor changes implemented based on the lessons learned.

3.2.2 Uncertainty Type

When analyzing a complex system, it is useful to classify the uncertainty under consideration
into aleatory uncertainty and epistemic uncertainty [25]. Aleatory (or stochastic) uncertainty

3-9



refers to the (apparent) inherent randomness in the properties or behavior of the system. For
example, the weather conditions at the time of a reactor accident are inherently random.
Another example is the variability in the possible future environmental conditions to which a
system component could be exposed. Alternative designations for aleatory uncertainty include
variability, stochastic, irreducible, and type A.

Epistemic (or subjective) uncertainty derives from the lack of knowledge about a known, but
usually fixed, quantity (or at least a quantity that has a fixed representative value in the context
of the analysis). For example, the pressure at which a given reactor containment would fail for a
specified set of pressurization conditions is fixed but not precisely known. This type of
uncertainty is usually reducible by increasing the knowledge about the parameter or model
under consideration®. The use of a probabilistic framework to characterize lack of knowledge
uncertainty is not necessarily the best approach. Over several decades, multiple mathematical
structures were developed to better represent this uncertainty type [26]. However, these
methods are computationally intensive and lack the clarity of a simple probabilistic approach.
Therefore, in this study, epistemic uncertainty is represented by the classical probabilistic
approach. Alternative designations for epistemic uncertainty include state of knowledge,
subjective, reducible and type B.

The main reason to separate aleatory and epistemic uncertainty is that it brings more insight to
decision making [27][28]. Estimates can be made regarding which part of the uncertainty is
irreducible, which part can be reduced with further study, and the relative and cumulative effects
of both types of uncertainty. Regression analyses are used to determine which inputs, amongst
those that are uncertain, are driving the output uncertainty, i.e., where to focus future work.

The analysis of complex systems typically requires answering the following four questions:

1. What can happen?

2. How likely it is to happen?

3. What are the consequences if it happens?

4. What is the confidence level in the answers to the first three questions?

The first three questions are referred to as the Kaplan-Garrick ordered triplet [21]. The
separation of uncertainty with respect to aleatory and epistemic classifications allows for the
definition of a formal mathematical framework in which aleatory uncertainty is used to answer
the first two questions (as they deal with randomness in future events and the conditions at the
time of the event that may affect the consequences). For this study, a STSBO is assumed and
the first question relates to the amounts of release of hydrogen and radionuclides that are
possible within that scenario. The second question pertains to the likelihoods of the possible
release amounts. The third question is answered by the models, which estimate
(deterministically) the consequence, given a fixed set of inputs. The consequences are the
health effects associated with the release amounts. Epistemic uncertainty answers the fourth
question (as confidence increases with the state of knowledge that directly depends on
epistemic uncertainty), which is investigated with sensitivity and stability analyses.

5 Epistemic uncertainty includes parameter, model, and completeness uncertainty. See NRC’s Regulatory
Guide 1.174, “An Approach for Using Probabilistic Risk Assessment in Risk-Informed Decisions on Plant-Specific
Changes to the Licensing Basis,” for a more complete discussion [19]. The scope of this project does not include
model or completeness uncertainty.
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While it is desirable to keep a separation between epistemic and aleatory uncertainty, this is not
always possible in practice. First, the separation requires a simulation to include two embedded
loops (see Section 3.2.4 for MACCS implementation). If high accuracy is necessary for both
loops, the number of realizations may quickly become prohibitive. Second, while the definitions
of aleatory and epistemic uncertainties are unambiguous, the characterization may be much
more complex. It is not uncommon to find both an aleatory and an epistemic component in the
uncertainty associated with a given input. See Section 4.1.1.1 for an example of a MELCOR
parameter that embodies both epistemic and aleatory uncertain components.Section

3.23 Uncertainty Characterization

Each input that is considered uncertain in this analysis has its uncertainty represented with a
probability distribution assigned to potential values of that input. The process through which the
parameters are selected, and how the associated uncertainty is represented (via a probability
distribution) is a crucial part of any probabilistic analysis, as the results will be strongly affected
by the choices. The methodology developed to build the uncertainty distributions can be
summarized as follows:

e Data and information was gathered and categorized based on relevance and reliability. For
instance, observations and measurements were given more credit than expert judgment by
itself. In the same spirit, data associated with the same mechanism or from Surry were
considered more representative than proxies.

¢ Depending on the amount of data available, an appropriate selection of distribution
representation was selected. The choice varied from simple distribution fitting when enough
observations were available, to Bayesian updating, and to judgment when limited data was
available.

¢ Consequent effort was made to document the rationale and assumptions to demonstrate the
depth of the technical basis because the results are interpreted conditionally upon those
assumptions.

3.24 Uncertainty Propagation for Source Term and Consequence Analysis

Monte Carlo methods were developed in the late 1940’s [30] as an answer to a specific
problem: how can a function of a large number of inputs be estimated numerically? The problem
of dimensionality quickly led to an impractical number of runs. The Monte Carlo technique
consists of covering the input space by randomly sampling a value in that input space. A dense
coverage insures that the approximation of the function is close enough to reality so that the
appropriate conclusion can be reached. Demonstrations showed that the Monte Carlo approach
will converge to the true solution as the sample size increases. The Monte Carlo method is the
core of any sampling-based approach, notably when the input space represents uncertainty with
respect to the system. The original Monte Carlo method is characterized by sampling randomly
in each direction and is sometimes called Simple Random Sampling (SRS).

Latin hypercube sampling (LHS) was developed in the 1970’s [31] [33] to improve the Monte
Carlo technique by stratifying each distribution in order to ensure a dense coverage throughout
the input space. LHS reduces the variance in each estimate without introducing a bias. The
technique can be effective at ensuring samples at the tails or low probability portions of the
distributions. However, a limitation of LHS is that the stratification requires the sample size
under consideration to be known at the beginning of the analysis. This limits the utility of LHS
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when the sufficient sample size is unknown ahead of time or when realizations fail to converge
(i.e., MELCOR realizations do not run to completion), resulting in a reduction of the pre-defined
sample size and a change in the input space stratification.

These limitations of the LHS application resulted in the decision to use SRS in the present
context. MELCOR is a complex code that requires a change in the time-stepping or
discretization for some realizations to reach convergence. Some of these refinements are so
demanding that they are computationally impractical. The Peach Bottom UA [2] showed that
rejecting some of the realizations due to a lack of convergence did not invalidate the coverage
of the input space and did not bias the results toward a specific region. Such an analysis is once
again necessary considering that it is not practical to have convergence for all realizations.
However, the cost of the removal of these non-convergent realizations is that the required
pre-specified sample size for LHS to insure complete stratification of the input space is reduced
post-sampling, resulting in incomplete stratification. Also, because the sample locations are
dependent, an additional set of simulations cannot be used to replace the failed realizations.
Thus, the use of LHS is not recommended and the SRS technique was used. MACCS is not
affected by the same problem and each realization leads to a convergent result. Nevertheless,
in order to maintain a consistent approach, the SRS technique was also used for the MACCS
analysis.

The traditional method utilized to distinguish between aleatory and epistemic uncertainty is to
use an inner loop for aleatory uncertainty and an outer loop for epistemic. The order of the loops
could be reversed in theory, but a preference towards an inner aleatory loop and an outer
epistemic loop is derived from what each uncertainty type represents. Aleatory uncertainty in the
context of risk analysis is typically represented as a summary statistic (e.g., mean or median) or
a distribution. For a given epistemic set (i.e., for a specific set of input parameter values in the
outer loop), risk can be represented conditionally on the assumption that one would have
perfect knowledge about the value of the parameter. Epistemic uncertainty is then represented
as a distribution on the representative value (e.g., distribution of mean or median of aleatory
outcomes) or a set of distributions showing confidence in the results given the current state of
knowledge. The MACCS code was developed with this strategy in mind, and thus distinguishes
between random inputs (mostly weather conditions) and epistemically uncertain inputs. This
distinction is preserved and the outputs of interest (individual LCF risk and individual early
fatality risk at various locations or areas) are estimated as expected values over aleatory
uncertainty.

3.3 Analyzing Uncertainty Results

In the last step of a probabilistic approach, results are statistically analyzed (via uncertainty
analysis) and the influence of input parameter uncertainty over the variance of each output
under consideration is assessed (via regression analysis). Such analyses help to draw insights
with respect to the results. Many techniques have been developed to perform such analyses,
several of which are presented in Storlie, et al. [29].

3.31 Uncertainty Analysis
Uncertainty analysis usually refers to the determination of the uncertainty in the output of
interest that derives from the uncertainty in the inputs. Its main purpose is to assess the extent

of uncertainty in the results of interest given the uncertainty in the overall system. When a
sampling-based approach is used to propagate uncertainty, a sample is generated for each
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output under consideration. Uncertainty analysis thus corresponds to a statistical analysis of the
results of interest.

Graphical representations, such as probability density functions (PDF) and cumulative or
complementary cumulative distribution functions (CDF and CCDF), are usually used to visualize
the extent of the uncertainty under consideration. Statistical measures such as moments (mean,
standard deviations) and percentiles (e.g., median, 5" and 95" percentile) are used to
summarize the distributions.

3.3.2 Regression Analysis

The purpose of the regression analysis was to determine the contributions of individual
uncertain inputs to the uncertainty of the analysis results. Several techniques can be used to
estimate the influence of each uncertain input on the output uncertainty. Some methods are
qualitative while some are more quantitative and can assess the importance of each input
relative to the others with respect to uncertainty [23].

The four regression techniques applied in the Peach Bottom UA [2] were also applied in this
analysis to assess quantitatively the importance of uncertain inputs. The results of these four
regressions are presented showing the influence of the uncertainty of each input parameter
according to each of the techniques. The conclusions of these techniques are supported by the
qualitative graphical representations of the relations using scatterplots.

Rank regression, quadratic regression, recursive partitioning, and multivariate adaptive
regression splines (MARS) were the four regression techniques used in this analysis to estimate
the importance of the input parameters on the uncertainty of the outputs. The use of a set of
regressions, instead of a single technique, was demonstrated to be beneficial in the Peach
Bottom analysis [2] and was motivated by the fact that there is no universal regression approach
capable of capturing all possible relationships from a given sample. Some regression
techniques (such as linear regression) have the advantage of being robust (in the sense that
they will not overfit the model and lead to artificial R? values) but are unable to capture complex
relationships (nonlinear and non-monotonic influences, conjoint influences). Other techniques
are more flexible but may still include some assumptions on the nature of the relationship.
Furthermore, such techniques can be less robust and might give importance to spurious
relations. In particular, techniques considering conjoint influence can examine so many
possibilities that they identify a combination that appears to drive the uncertainty of the output of
interest when this is not the actually the case.

Using a suite of regression techniques allows for better coverage of potential relations between
input uncertainty and output uncertainty, while also increasing the confidence that an influence
is not spurious if it is captured by multiple regressions. The results of each regression were
studied by professionals experienced in the physical phenomenon under simulation to confirm
that the regression results were expected in the physical sense based on the variation of the
related input values. Although the use of multiple regression techniques leads to a more
complex interpretation of the results, it was considered a necessary step since the application of
a single regression technique could lead to a misinterpretation and erroneous conclusions. A
short description of each selected technique follows, and more detailed descriptions of the
techniques can be found in [23], [24], and [27].
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3.3.2.1 Rank Regression

The rank regression technique uses a rank transformation over the input and output variables
under consideration. The smallest value of a variable is given a rank of one, the next a rank of
two, and so on up to the largest value having a rank of n (i.e. sample size). A stepwise linear
regression is then applied to the rank-transformed data. The model is linear and additive and is
shown in the following form:

n
Y=a0+a1X1+a2X2+-~-+aan+s=a0+ZaiXi+s
i=1

Eq. 3-1

where ¢ represents (for this regression and the subsequent ones) the difference between Y and
the regression estimate Y for Y.

The stepwise approach starts with trying to find the best fit with only one parameter by testing all
possible input parameters. It then builds up from this initial fit by selecting the best fit with two
parameters, conditional upon keeping the first parameter, and so on. A stopping criterion is set
via a generalized cross validation approach. Rank regression is effective in capturing monotonic
relationships between inputs and outputs. The non-parametric aspect makes it less sensitive to
outliers. This technique is limited to additive models where no conjoint influences are
considered and may perform poorly on non-monotonic relationships.

Two metrics are included for each input variable used to display rank regression results. One is
based on the coefficient of determination, noted conventionally as R?, which represents the
amount of variance explained by the regression model. The coefficient of determination is a
normalized value which varies between 0 (no variance explained) and 1 (all the variance
explained).

e R?%.nt gives the incremental gain in R? when the i" variable has been added compared to the
model with (i — 1) variables. It is a good indicator of the contribution of this specific variable
in explaining the variance of the output in consideration. The sum of all R%.nt values is R?.

o The rank regression coefficient (RRC) is an indication of the strength of the influence. An
absolute value close to zero means that the parameter has a small influence, while an
absolute value close to one indicates a very strong influence. The RRC also indicates the
positive or negative direction of the influence of this input variable on the considered output.
A negative sign represents negative influence in which high values of the input lead to low
values of the output and low values of the input lead to high values of the output. A positive
sign represents positive influence where high values of input lead to high values of the
output and low values of the input lead to low values of the output. For notational
consistency with results obtained in traditional linear regression, results obtained in rank
regressions are often presented with standardized rank regression coefficients (SRRCs).
However, when there are no ties in the data, RRCs and SRRCs are equal.

3.3.2.2 Quadratic Regression, Recursive Partitioning, and MARS Techniques

The three additional regression techniques (i.e., quadratic regression, recursive partitioning and
MARS) are treated differently, as their models do not provide a direct estimate of the
contribution to each individual input to the variance of the output. These regression techniques
lead to analytical models that can quickly be run a large number of times (over the course of
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seconds to minutes). Once the regression model is available, it can be used to generate a large
number of realizations via a variance decomposition technique known as the Sobol’
decomposition. The Sobol’ decomposition is a technique that can estimate the contribution of
each input and their potential interactions (i.e., conjoint influence) via an integral decomposition
of variance [22]. However, this technique requires a large number of realizations (tens of
thousands) to be accurate (within a few percentages) and cannot usually be applied directly to a
computationally demanding model. Once the Sobol’ decomposition is applied, the importance of
each variable (according to its uncertainty) can be assessed given the regression model. For
each of these models a coefficient of determination (R?) is estimated for the entire regression
technique and can be used as an indicator of how the regression performed. The answer is thus
strongly dependent on the quality of the regression model and caution should be applied when
the R?value is relatively low. In some situations, a regression technique may overfit and lead to
an artificially high R?. However, scatterplots can be used to confirm whether there is indeed a
relation or not.

The Sobol’ decomposition leads to different measures of effect than those used in stepwise
linear regression. The two metrics selected for this analysis are described below:

o Sirepresents the first order sensitivity index and characterizes how much of the variance of
the selected output is explained by the input parameter under consideration by itself (i.e.,
without conjoint influence). This index therefore estimates the same quantity as R?:on: for the
rank regression technique and it is acceptable to compare these two quantities.

e The second measure, labeled T;, characterizes how much of the variance of the selected
output is explained by the input parameter alone plus its interaction with the other uncertain
parameters (i.e., conjoint influence). It has no analogue in the rank regression model as the
additive model does not capture conjoint influences. The difference between T; and S;
provides an estimate of the conjoint influence for a single input on the output considered.

3.3.2.3 Quadratic Regression

Quadratic regression techniques apply the same approach as linear regression, including
individual input variables, the square of these variables, and second order multiplicative
interaction terms. The prediction model is of the form:

n n n n
Y=aO+ZaLXl+ZleIZ+ZZ CiXin+€
i=1 i=1

=1 j=i+1

Eq. 3-2

Quadratic regression is not solely additive, as it can capture second order interactions. It can
also capture the parabolic influence measured by the square of variables in the regression
model. However, a complex relationship between variables and the output, like asymptotic
behavior, may still be hard to capture with this technique and the method remains parametric,
making it sensitive to outliers. Similar to traditional regression and rank regression, quadratic
regression can be performed in a stepwise manner. As mentioned above, quadratic regression,
like recursive partitioning and MARS, may overfit the data and lead to an artificially high R?
value.
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3.3.2.4 Recursive Partitioning

Recursive partitioning, also known as a regression tree, is a regression method that captures
conjoint influences. A regression tree splits the data into subgroups of uncertain parameters that
generate similar values of the figures of merit. The regression function is constructed using the
sample mean of each subgroup. This approach results in a piecewise constant function over the
input space under consideration. The predictive model is:

n°P
Y = Z(dsls(xi))izl,...,n t+e
s=1
Eq. 3-3

Recursive partitioning is well adapted to the present study as it strives to capture the effect of
thresholds (e.g., a low value for one parameter and a high value for another parameter, or when
a certain parameter reaches a threshold value). MELCOR includes many such threshold
conditions to initiate key events or processes in its physical models. One of the drawbacks of
this regression is that it examines such a high number of potential relations that it can overfit by
capturing spurious correlations. Consequently, checking the relations only found by this
regression using scatterplots is recommended and was performed. In addition, the tendency to
overfit was discouraged by increasing the default number of realizations that must be in a
subgroup in order for the model to attempt a split.

3.3.2.5 Multivariate Adaptive Regression Splines (MARS)

MARS is a combination of (linear) spline regression, stepwise model fitting and recursive
partitioning. A regression with a single input starts with a mean-only model and adds basis
functions in a stepwise manner while adding the overall linear trend first. Then, a second model
using linear regression via least squares is fit to the data. This model is added to the basis
functions in a way that reduces the sum of squared error (SSE) between the observations and
predictions. A fourth basis function is then added to minimize the SSE again. This process is
repeated until M (set by default at 200) basis functions have been added.

At this point, the MARS procedure will try to simplify the model using stepwise deletion of basis
functions while keeping the y-intercept and linear trend. The M — 2 candidate leading to the
smallest increase of SSE will be selected. This deletion will be applied until regressed to the
original linear model.

Stepwise addition and deletion leads to the creation of two different M — 2 models. The “best”
model is chosen using a generalized cross validation score which corresponds to a SSE
normalized by the number of basis functions considered. With multiple inputs, the basis
functions will consider main effects and multiple-way interactions. The options used for this
analysis consider only two-way interactions to avoid the exponential cost of considering more
interactions.
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MARS usually leads to similar results as linear regression with a greater accuracy, and with the
inclusion of non-monotonic effects and conjoint influences. However, it performs poorly with
discrete inputs due to the use of splines.®

3.3.2.6 Ranking the Variables According to the Four Regression Techniques

A consequence of the use of multiple regressions is that the ranking of the inputs amongst
themselves is not obvious when the different regressions disagree. A qualitative approach has
been used in the past [1] based on the physics considered in the problem and expert
knowledge, but such an approach introduces some subjectivity and is hard to document. A more
quantitative approach for the current analysis was implemented, along with the continued
understanding that such a quantitative ranking is an indicator and should be supported by
expert opinion based on the physics of the problem.

Two effects of the uncertainty in the input on the output of consideration are estimated in the
present study. The individual or “main” effect represents the influence of the uncertain input by
itself and is estimated with R2,,,, in the stepwise regression and S; for the other three regression
techniques. Then the effect of the uncertain input from its interaction with other variables, which
is ignored by the stepwise regression as it is an additive regression, is estimated with T; — S; for

the other three regressions.

The first effect of the uncertainty in the input was considered the most important, and a decision
was made to rank the variables according to this main effect. Stepwise regression provides an
estimate of the main effect for each variable directly. For the other regressions techniques, the
real effect has to be adjusted by the efficacy of fit of the model (i.e. the R? value from the
regression model). In order to accomplish this, each S; value is multiplied by the R? value of the
regression model. Finally, if a variable is not included in a given regression, it is supposed that
its main effect is null, and the corresponding value is set to 0. This weighted average is
represented by:
Rgont‘l'z?zl Rjz' -Si,j

4

Main influence =

Eq. 3-4

where RZ,,,; is from rank regression, j is the index of the three non-linear regression techniques,
and Rjz is the final R?for each non-linear technique.

The conjoint influence is captured by estimating T; — S; for each of the last three regressions,
adjusted using the R? value as a weight. An average is taken again, represented by:

3 2
Xj=1 Rj*(Tj=Si ;)

Conjoint influence= -

Eq. 3-5

6 A spline is a numeric function that is piecewise-defined by polynomial functions. Several uncertain parameters in
Section 4 used discrete distributions (e.g., valve failure area, Section 4.1.1.2) that were driven by physical
explanations and data for non-continuous distributions.
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If the average value is greater than 0.1 (meaning 10 percent of the regression is explained via
conjoint influence with this input), the T; are emphasized to draw attention to a potential
important conjoint influence. As the first order indices (i.e., S;) and total order indices (i.e., T;)
are estimated numerically using a Sobol’ decomposition, they are approximations. If no conjoint
influence is present, it may happen that T; is estimated slightly lower than S;. This is an artifact
of how the S; and T; are calculated. In such situations the confidence intervals around S; and T;
were calculated and compared. Comparisons showed that the confidence intervals were the
same, demonstrating no statistically significant difference between T; and S; and the value of
(T; — S;) was set to 0. These two metrics, main contribution and conjoint contribution, are added
to the summary tables for the four regression results, as an indicator of the importance of the
input uncertainty to the output uncertainty. This represents a best estimate of the input
uncertainty influence on the uncertainty of the output considered.

The first four major columns in the regression tables presented in the analysis sections are
labeled with the regression technique used to create the results. The last two columns contain
average values of the main contribution of the parameter on the result metric and the conjoint
influence of the parameter on the result metric. For ease of reading the regression tables which
are presented with the results, highlighting is applied in the main contribution and conjoint
contribution columns to identify the input parameters with potentially strong importance, based
on the overall analysis. The cutoff for the main contribution effect was set at 0.02, and the cutoff
for conjoint effect was set at 0.1. The reason for a difference in the contribution effects is that
conjoint contribution influence looks at a larger range of possible interactions (for instance, with
20 inputs variables, the main contribution looks at 20 potential relations while conjoint influence
of 2 inputs looks at 190 potential relations) and is more likely to identify spurious correlations.
Therefore, an approach that concentrates on the larger contribution was considered
appropriate. The threshold values of 0.02 and 0.1 were selected based on the knowledge
acquired during Peach Bottom UA [2] and the regressions tables for the present analysis, such
that important parameters would be acknowledged, and negligible influence would not be
highlighted. In all cases, the highlighted and non-highlighted input parameters were plotted
against the figure-of-merit to qualitatively verify that important parameters were identified.

3.3.2.7 Testing for Potential Over-Fitting

Higher order methods, such as quadratic regression and MARS may lead to an artificially

high R?. When a single regression technique identifies a strong relation, it is necessary to check
for the validity of the relation found. An approach aimed at checking a relation’s validity created
a random output for each realization and used this to check on the result of the regression
technique. Six random variables (three discrete, three continuous) were generated. The four
regression techniques were then used with the same inputs to regress on these random
outputs. The results can be used to infer whether the selected regression technique can be
trusted or not. The tests showed that only recursive partitioning was likely to over fit; all other
models consistently fit to random outputs with an R? less than 0.15. Recursive partitioning
models had an R? of that varied between 0.24 and 0.43, with mostly conjoint influence captured
(no high S; values, only high T; values). This suggests that high conjoint influences in the
absence of significant main effects should be interrogated for overfitting and overfitting is most
likely to occur with the recursive partitioning model whether the output is discrete or continuous.
As a result, for any set of regressions leading to only T; influence, the results of the regressions
were verified using scatter plots and regression trees to identify the specific interactions and
compare the behavior to known phenomenology.
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3.3.2.8 Scatterplots

The use of scatterplots is a qualitative yet powerful technique that completes the suite of
regression techniques applied in this analysis. Scatterplots display a set of points, one per
realization, whose coordinates correspond to the value of one selected input for the x-axis and
of the output considered on the y-axis. It confirms graphically that the relation estimated by any
of the regression techniques is indeed present and not spurious.

3.3.2.9 Recursive Partitioning Tree

The quadratic, recursive partitioning, and MARS regression models all identify parameters with
significant conjoint influences, but the regression results do not explicitly identify the parameter
interactions that account for those influences. It is possible, for example, that a parameter has
an important conjoint influence because it interacts in a small way with many other parameters.
In this instance, the influence is likely spurious and not physically meaningful. For this reason, it
is important when conjoint influences are significant that the specific contributors are identified.
One technique for accomplishing this uses three-dimensional scatterplots, where the third
dimension is either spatial (difficult to interpret in two-dimensional presentations) or represented
using color. If the interaction is not easily identified, however, this process is inefficient. This UA
utilized regression trees. These are the graphical presentations of the recursive partitioning
model and explicitly depict the interactions included in the models. For each figure-of-merit,
regression trees are presented and used to help explain the phenomenology responsible for the
conjoint effects.

3.3.2.10 Regression Analysis of Failed Realizations

A certain number of MELCOR realizations fail to converge within a reasonable computational
time for various reasons. An analysis is thus completed to determine whether there is a
correlation between failed runs and a particular area of the input space. Such a situation would
indicate that a particular value for one input (or combination of values for several inputs) would
lead to failure, biasing the conclusion that could be drawn by only analyzing the successful runs.
In order to detect a potential relation between input uncertainty and failure, a regression
analysis (using the four regressions techniques described in Section 3.3.2) was performed,
using an indicator function set to 0 when the realization failed to run to completion and 1 when it
ran up to the end as the output of interest.

Another regression analysis was performed using a random permutation of the realization
success indicator. The same regression techniques that were applied in the analysis of failed
runs were used with the random permutation. Similar regression results for all three regressions
indicated that the instance of realization failure is random with respect to the input space,
showing that the completed realizations are representative and there is not a significant
relationship between input values and realization completion.

The results indicated that the eutectic melt temperature may have a small contribution to
realization failures. However, the impact was only identified by the recursive partitioning model
using eight uncertain input parameters. The nature of the complex, multi-parameter technique
suggested that the result was either a numerical artifact or limited to a small range of many input
parameters. Since no strong correlation was identified in the other three regression methods
and the there was a relatively small number of realization failures, the overall regression results
were judged valid.
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4 UNCERTAIN INPUT PARAMETERS AND DISTRIBUTIONS

The discussion of the uncertain parameters is separated into the accident progression and
source term model uncertainty (i.e., the MELCOR modeling inputs) and the consequence model
uncertainty (i.e., the MACCS modeling inputs). The various MELCOR and MACCS uncertain
parameters are discussed in Sections 4.1 and 4.2, respectively. The quality steps taken to
control the model inputs and implement the uncertain parameters are discussed in Section 4.3.

4.1 Source Term Model Uncertainty (MELCOR Inputs)

As discussed in Section 2.2, the MELCOR uncertain parameters were selected to cover the
following issues of severe accident phenomenological areas:

Sequence,

In-vessel accident progression,
Containment response, and
Radionuclide behavior.

Table 4-1 lists the distributions and bounds related to each MELCOR parameter sampled in this
analysis. The parameters and uncertainty distributions also used in the Sequoyah UA [7] are
indicated in Table 4-1."" The sampling approach for many of the parameters is quite complex
and is described in the following sections along with the rationale for each distribution, and
justification for the upper and lower bounds. The basis for defining many distributions is strong
where known physical or chemical phenomena are well understood. For some parameters, the
technical basis for establishing the distribution was less defensible. In such cases, these
distributions were considered exploratory and intended to inform the severe accident community
on the effect of applying a distribution to these parameters. The bounds for exploratory
parameters were generally based on professional judgment, and in some cases were based on
sensitivity analyses conducted early in the course of this project.

Correlations of MELCOR parameters were considered but ultimately no direct parameter
correlations were implemented. It was originally planned in the draft Surry UA [8] to correlate the
molten Zircaloy breakout temperature, the eutectic melt temperature, and the time at
temperature model. However, the sampling on the time at temperature was removed from
consideration, and the sampling for breakout temperature and eutectic temperature were 85
percent exclusionary. Furthermore, any correlation relationship was uncertain and there was a
desire to understand each parameter’s uncertainty individually. Consequently, no parameter
correlation was implemented. Correlation of radial relocation times for molten and solid debris
was also considered in the draft Surry UA. These parameters were consistently shown to have
little importance in past UAs and were not retained for the UA documented in this report.

Two parameters were indirectly correlated. The SV FTC parameters were effectively correlated
by sampling according to a single model and appropriately using a single value of the epistemic
parameter across all SV samples in a realization (see Section 4.1.1.1 for further discussion).
The gaseous iodine fraction sampling was dependent on time at cycle. Based on the time at

7 An emphasis of the Sequoyah UA was the ice condenser performance. Consequently, the selection of the UA

parameters was different. The Surry UA also further refined some uncertain parameter distributions used in the
Sequoyah UA based on feedback from the ACRS (e.g., the time at cycle sampling).
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cycle, the gaseous iodine fraction was randomly sampled based on uncertainty range for the
corresponding time at cycle fuel burn-up (see Appendix D). There were no other MELCOR
parameters where correlation was determined necessary.

Table 4-1 MELCOR Sampled Parameters
Uncertain Parameter OB Distribution Parameters SR I
type Bound Bound
Sequence Parameters
Primary SV stochastic FTC (-) 175
(priSVcycle, Beta' a: 75 6 5 0 1
Section 4.1.1.1) SEQ B:756.
Bin Prob
Primary SV open area Piecewise 0.01-01 0.5
fraction (-) (priSVfrac, linear 0.1-0.3 0.1 0.01 1
Section 4.1.1.2) SEQ 03-0.9 0.1
09-1.0 0.3
Secondary SV stochastic FTC 175
-) (secSVcycle, Beta ! a1l 0 1
(-) (secSVey 756.5
Section 4.1.1.3) SEQ B:756.
Bin Prob
Secondary SV open area Piccewise 0.01-0.1 0.5
fraction (-) (secSVfrac, linear 0.1-0.3 0.1 0.01 1
Section 4.1.1.3) SEQ 0.3-0.9 0.1
0.9-1.0 0.3
Bin (gpm) Prob.
Reactor coolant pump seal 21 0.79
leakage (gpm/RCP) Discrete 76 0.01 21 480
(RCPSL, Section 4.1.1.4) 182 0.1975
480 0.0025
Normalized temperature of 437
hottest SG tube (-) Beta o By 0 1
(Hot Tube, Section 4.1.1.5) B:34.
SG tube NDF depth (-) . 2 i e
(NDF Depth, Section 4.1.1.6) Discrete Specified distributions 0.3 0.9
MSIV leakage (in?) .
(MSIV, Section 4.1.1.6) Uniform - 0.01 10
In-Vessel Accident Progression Parameters
Zircaloy melt breakout
temperature (SC1131(2)) (K) Scaled Beta 3 a:3.83 2100 2540
(Breakout, B:3
Section 4.1.2.1) SEQ
Molten clad drainage rate
SC1141(2)) (kg/m-s Log triangular Mode: 0.2 0.1 2
( g 9 9
(Zr Drain, Section 4.1.1.2) SEQ
Effective melting temperature
of the eutectic formed with .
UO2 and ZrOz2 (K) Normal Meir_1.823479 - -
(EU_melt_T, )
Section 4.1.2.3) SEQ
Time in the Cycle (-) . 4 )
(CYCLE, Section 4.1.2.4) ssa+ | Uniform 0 550
Discrete Bin Prob.
UH (MELCOR default): 0.25
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Table 4-1

MELCOR Sampled Parameters (Continued)

Uncertain Parameter D'Sttr L= Distribution Parameters SR I
ype Bound Bound
Oxidation kinetics model Leistikov-Schanz/ 05
(Ox_Model, Prater-Courtright: )
Section 4.1.2.5) 559 Cathcart-Pawel/UH 0.25
Containment Behavior
Bin Prob.
Hydrogen ignition criteria (%) . 4% 0.33
(H2 LFL, Section 4.1.3.1) SE Discrete 6% 0.33 ~4% ° ~9%°
9% 0.33
Containment design leakage Bin Prob.
rate multiplier (-) Log Uniform, 01-1.0 09 0.1 10.0
(designLeakLa, Uniform ’ ’
Section 4.1.3.2) 1.0-10.0 0.1
Containment fragility curve (-) a:5.6
(CFC, Section 4.1.3.3) Scaled Beta * 563 1.09 2.03
Containment convection heat
transfer coefficient (-) Triangular Mode: 1.4 1.0 20
(Section 4.1.3.4) SEQ
Radionuclide Behavior Parameters
CHEMFORM iodine (-)
(CHEMFORM 12, Lognormal ® Various 0.0 -
Section 4.1.4.1) SEQ*
CHEMFORM cesium (-)
Fraction of Cesium as Cesium 9
Molybdate Beta « 0.0 1.0
(CHEMFORM Cs, p:3
Section 4.1.4.2) SEQ+
Dynamic Shape Factor (-) 1
(Shape_Fact, Scaled Beta® @ 1.0 5.0
Section 4.1.4.3) SEQ B:5
Bin Prob.
1 0.02
Secondary side rupture 2 0.03
location and decontamination 3 0.05
factor (-) Discrete 1 7
(ARTIST, Section 4.1.4.4) 4 0.08
5 0.14
6 0.25
7 0.43
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Table 4-1 MELCOR Sampled Parameters (Continued)
Notes:

SEQ = Same as the Sequoyah UA [7],

SEQ+ = Same parameter as the Sequoyah UA but modified for the Surry UA.
' The sampling scheme is more complicated than a simple Beta. The probability of failure
conditional on demand is described by the given beta, but then is updated based on a
distribution.

The non-dimensional flaw depth for the steam generator tube uses specified profiles
based on historical data. Two distributions. Separate distributions are used for the hottest
tube versus the hot upflow and cold regions.

A Beta distribution has bounds of 0 and 1. Any Beta with other bounds can be referred to
as a Scaled Beta.

This parameter impacts the decay heat power and the initial radionuclide inventory.
Although the time in the cycle is uniformly sampled, the resultant values are discretely
assigned to the nearest ORIGEN result (i.e., 0.5, 25, 50, 75, 100, 150, 200, 250, 300,
350, 400, 450, 500, and 550 days).

A lognormal distribution based on the burnup at the time in the cycle is used to determine
the gaseous iodine percentage. The lognormal distribution was developed by the French
CEA from the scatter of gaseous iodine concentrations in the fuel cladding gap for LEU
and mixed oxide fuel (see Section 4.1.4.1).

The exact values of the lower flammability limit vary based on the local steam
concentration but are approximately 4% and 9% for upward and downward flame
progression, respectively.

411 Sequence

Following the draft Surry UA [8], the SV failure attributes were changed based on (a)
discussions with nuclear valve testing personnel, (b) closer examination of Licensee Event
Reports, and (c) review of the draft Surry UA results. Only the FTC was retained as an uncertain
parameter. FTO, failure due to passing water, and thermal failure of the SV were not included
for the reasons described next.

A FTO of all three pressurizer SVs was not sampled due to the low probability. The Sequoyah
UA [7] includes an analysis that shows the probability of all 3 valves failing closed is almost
three orders of magnitude lower than the probability that at least one SV would FTC.
Consequently, the FTO mode was not included.

The valve testing specialists identified passing water isn’t necessarily threating to a SV unless it
was cold, which is not observed in the unmitigated STSBO. The conditions that promote water
flow through the pressurizer SV is during level swells after the fluid is heated near saturated
conditions (i.e., much different than the historical problem of cold condensed water in the loop
before the valve). Consequently, the uncertainty of SV failure due to passing water is not
included.

The STSBO accident progressions in the PWR UA calculations did not reach high temperatures

where thermal valve failures would be likely. Unlike the Peach Bottom STSBO accident
progression [2], the PWR SVs are located significantly further away from the degrading core. A
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thermal failure of the SV was unlikely before some other breach of the reactor coolant system
(e.g., hot leg or lower head failure). Consequently, the uncertainty of SV failure due to passing
high temperature gases is not included.

Finally, the discussions with the valve specialists led to changes in the failure area following a
FTC. The primary and secondary safety valves failure area distributions were also updated to
follow the approach in the Sequoyah UA [7]. The discussions with nuclear valve testing
personnel and closer examination of Licensee Event Reports indicated that the valve will fail in
either a slowly leaking (mostly closed) or mostly open position. The primary and secondary SVs
use the same approach for their respective FTC and failure open area uncertainty parameters.
While the same distributions are used for the primary side and secondary side SVs, no
correlations were assumed between these two sets of valves because the two locations use
different types of valves and the valves are exposed to different environmental conditions (i.e.,
see Section 4.1.1.1).

The reactor coolant pump leakage parameter distribution is unchanged since the draft Surry UA
[8]. The remaining sequence uncertain parameters address uncertainties contributing to a
steam generator tube rupture, which was not evaluated in the Sequoyah UA. These parameters
are the normalized temperature of hottest SG tube, the non-dimensional depths of the tube
flaws in the steam generators, and the MSIV leakage area. The normalized temperature of the
hottest SG tube is unchanged since the draft Surry UA [8]. However, the non-dimensional depth
of the tube flaws in the steam generators was revised since the draft Surry UA to include
consideration of the Surry tube inspection data. The MSIV leakage was included as an
uncertain variable due to its importance in affecting the stress across the steam generator
tubes.

4.1.1.1 Primary SV Stochastic Failure

The Surry pressurizer has three SVs with differing opening set-points. The spring-loaded valves
open when primary system pressure rises to the set-point, which release steam to the
Pressurizer Relief Tank (PRT). Once the primary system pressure reduces to 96 percent of the
set-point, the valve re-seats. This is considered one “cycle” of the SV. Every opening and
closing of the SV has a failure probability associated with the state transition.

In the Surry SOARCA analysis [3], the SV stochastic failure was modeled for the FTC failure
mode of the lowest-set-point SV. The mean probability of failure per demand was to determine
the number of SV demands at which failure occurred. Equations 4-1 and 4-2 show the
probability distribution and cumulative distribution functions for the negative binomial
distribution:

fulp) =PWN =nlp) =pQ1-p)"L,0<p<1,n~[123..] Eq. 4-1
Fnlp)=P(N<nlp)=1-1-p)"L0<p<1,n~[123..] Eq. 4-2
where.

p is the probability of a failed state for the SV per demand and
n is the number of valve cycles the SV experiences.
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Once the distributions were defined, the SOARCA study used the mean of the number of SV
demands at which failure occurred to define the number of cycles at which FTC occurs [3].

A new uncertainty characterization of stochastic SV failure was developed following the draft
Surry UA and was also used in the Sequoyah UA [7]. The new SV FTC uncertainty
characterization was informed by Table 20, Failure probabilities for PWR code safety valves
(behavior after scrams), from NUREG/CR-7037 [35]. Table 20 reports on SV operation
subsequent to scram events in operating nuclear reactors. Information is included for both main
steam system (MSS) and RCS valves. The authors note that the MSS and RCS SVs are similar.
Inquiries to SV testers revealed that these valves are similar but not identical, in that there are
some physical and maintenance differences. However, there was significantly more data for
MSS valve demands than the RCS valves (i.e., RCS valve demands are extremely rare).

While there are differences between the MSS and RCS SVs, the following judgments were used
to exclude the RCS valve data. First, the RCS data only consists of four data points with two
valve failures. Only four data points are insufficient to draw representative conclusions about
RCS valve failure. In contrast, NUREG/CR-7037 reports 769 MSS valve demands (i.e.,
including all failures). Second, a review of the Licensee Event Reports (LER) for the two
failure-to-close events on the RCS SVs indicate that the failure mechanism in one of those two
events (noted as the passing of relatively cold water from a loop seal ahead of the valve) does
not exist at Surry nor at the majority of operating PWRs in the US. The cold water valve failure
issue was addressed following an EPRI evaluation of problem and issuance of a
recommendation in the mid-1990s [123]. Third, the lack of instrumentation or reporting in the
LER has potentially left additional successful valve cycle demands undocumented, thus causing
an attribution bias. As a result of these factors, the failure probability distribution for the RCS
valves was calculated using the MSS valve data.

Recovered valve function (e.g., a previously stuck-open valve closing when pressure reduces)
was not taken to be successful valve operation. In reviewing the Licensee Event Reports for the
recovered SV events, there was typically no subsequent cycling demands reported on a
recovered valve. Consequently, there was no information to assess the recovered valve
performance.

The valve responses to scram events in the Main Steam System Code Safety Valves section of
Table 20 [35] was used to develop the valve failure distribution. The value for all events reports
zero failures to open and 15 failures to close in 769 demands considering all failures, recovered
and non-recovered. The reported failure rates are derived from actual events at US plants.
NUREG/CR-7037 (Table 22) also reports on failure rates in SV testing but the rates differ
markedly from the rates evidenced by actual plant events suggesting that aspects of the testing
were inconsistent with actual conditions experienced by an installed valve. Further inquiries on
valve testing and review of testing requirements show that the focus of testing is to demonstrate
that the valves will unseat at design pressures to relieve pressure during a design-basis
overpressure event. The testing does not fully stroke a SV at pressure like an actual demand. In
fact, no testing facility in the United States has the flow capacity to fully stroke a SV. As such,
the testing data was not considered applicable for the purpose of this UA of a severe accident
scenario.

The data collection for NUREG/CR-7037 ended in 2007. A new search was performed for the
Sequoyah UA to identify additional valve operating events between 2007 and March 2016 using
the methodology from NUREG/CR-7037. Most of the SV operating experience data comes from
licensee event reports (LERs) to the NRC. LER data reporting, as described in NUREG-1022
[36], requires licensees to report valid emergency core cooling system signals or critical scrams,

4-6



but does not explicitly require reporting of relief valve actuations or demands. NUREG-1022
does, however, require reporting of SV failures thus leading to credible failure information.
There were ~3,000 LERSs in the initiating event database from calendar year 1987 to 2007. Each
of these initiating event LERs was reviewed in the preparation of NUREG/CR-7037, and
post-2007 LERs (i.e., through March 2016) to determine whether valves were actuated and/or
demanded (observed lift) and whether they failed. Many LERs describing the plant response to
scram report the operation of SVs, but a significant portion of the LERSs just use phrases like,
“All systems operated as expected.” Hence, expert judgment must be used to interpret the
information provided in the LERs, which may undercount actual demands. A handful of the
operating experience data came from review of SV failures reported in the proprietary EPIX
database.' The numbers in Table 4-2 reflect updated data compared to Table 20 in
NUREG/CR-7037 [35], and is separated between initial demands and subsequent
demandsTable .

The data from actual scram events is typically only for failures in a single SV cycle, so there
may be some limitation in extrapolating to repeated valve cycles during a severe accident, but
this is the best data available. There is sufficient resolution in the data, however, to separate it
into two groups. The first group consists of all of the initial demands and the number of valve
failures on initial demand. There were no valves that failed after the initial demand, so the
second group consists of the number of cases in which a subsequent demand occurred, and the
valve did not fail on subsequent demand. This separation of the data (Table 4-2, [35]) specifies
two separate failure probability distributions: one for the probability of failure on the initial
demand and another for the probability of failure on subsequent demands.

Table 4-2 SV FTC data (from actual scram events) and associated epistemic
uncertainty distributions for probability of occurrence on demand
Demand # Failures # Demands Distribution*
N B(a=16.5B =
Initial 16 621 605.5)
Subsequent 0 223 B(a=0.5, B =223.5)

*Development of indicated distributions is described below.

A beta-binomial distribution is used to model cycles until a FTC event. However, the sampling
includes uncertainty in the cycles-to-failure. For a FTC on the initial demand, the model consists
of a beta distribution on the probability of a FTC event on initial demand and a binomial
distribution on the cycles to failure given the sampled value for FTC probability. Similarly, for
FTC on subsequent demand, the model consists of a beta distribution on the probability of a
FTC event on subsequent demand and a negative binomial distribution on the subsequent
cycles-to-failure. Hence, both for failure on the initial demand and failure on the subsequent
demand, the beta-binomial model facilitates two stage sampling that incorporates both
uncertainty in the probability of the valve failure-to-close-on-demand, and in the cycles-to-failure
experienced by a valve given that probability of failure.

The beta distribution on the probability of FTC on initial demand is plotted in Figure 4-1a. For
each realization, one sample of a FTC probability was taken from the distribution and used to

8 http://nrcoe.inl.gov/resultsdb/RADS/
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generate a binomial distribution. The binomial distribution was sampled once for each valve. If
the value sampled was 1, then the valve failed on initial demand, otherwise the valve did not fail
on initial demand. This sampling process leads to the distribution of FTC on initial demand in
Figure 4-1b.

=08 0.8
E
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0 067 =067
o @
(0] cC
= o
B oal O o4}
3
E
3
© o2 0.2
0 0 : :
107 1072 10° Closes FTC
Probability of FTC Results for Initial Demand
a) (first cycle) b) (negative binomial distribution)
Figure 4-1 Cumulative Probabilities (per valve) of a FTC event on Initial Demand for

the Pressurizer SVs (priSVcycles) and the Resulting Distribution of FTC
on Initial Demand

For valves that did not fail on initial demand, the beta distribution for probability-of-failure on
subsequent demand is plotted in Figure 4-2(a) with the corresponding negative binomial
distributions on cycles-to-failure plotted in Figure 4-2(b) '°. Each cycles-to-failure distribution in
Figure 4-2(b) is the negative binomial distribution that results from a single sample of a failure
probability from Figure 4-2(a). The development of these distributions is described further
below.

9 The same beta distribution was sampled for the SG SVs (secSVcycles).
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Figure 4-2 Cumulative Probabilities (per valve) of a FTC event on Subsequent

Demand for the Pressurizer SVs (priSVcycles) and the Resulting
Distributions of Cycles-to-Failure on Subsequent Demand

The beta-binomial distributions were derived to reflect the high level of uncertainty surrounding
valve failure. To do this, the beta distributions were calculated by incorporating the data from
Table 4-2 to refine a Jeffreys uninformed beta distribution?°. The Jeffreys uninformed beta
distribution, defined as Beta(0.5 0.5), is commonly used as a prior distribution in Bayesian
analysis with limited data [43]. The mean of the Jeffreys prior can be interpreted as roughly half
a failure per trial, representing the lack of knowledge about the probability-of-failure. This
methodology is preferable when the data is sparse because it allows sparse data to be used in
informing a distribution without placing undue confidence on the data. For example, the point
estimate based on the data in Table 4-2 for the probability-of-failure on subsequent demand is
0. However, due to the limited quantity and applicability of the data to the circumstances
experienced by valves in a STSBO scenario, it is not reasonable to assume that the
probability-of-failure is actually 0. Applying the data to a Jeffreys prior provides a robust method
for incorporating the data while including a level of uncertainty commensurate with the
limitations of the data. For a data set that consists of k FTC events out of n demands, the
updated distribution for FTC probability is Beta(0.5 + k, 0.5 + n — k). In particular, note that as n
increases, the effect of the initial 0.5 parameters is lessened; the uncertainty around the failure
probability represented in the distribution decreases as a function of amount of available data.
This formula was used to calculate the posterior beta distributions for all of the failure
probabilities, pictured in Figure 4-1b and Figure 4-2b.

The probability-of-failure on initial demand distribution? for the pressurizer SVs and the steam
generator SVs is plotted in Figure 4-3 with the initial Jeffreys prior to illustrate the development
of the distributions. There is a clear shift in the mean value and decreased variance due to the

20 http://www.nrc.gov/reading-rm/doc-collections/nuregs/contract/cr6823/

21 This distribution was also used for the SG SVs (secSVcycles).
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incorporation of the data. Similarly, the probability-of-failure on subsequent demand
distribution? for the primary SVs and the steam generator SVs is plotted in Figure 4-4 with the
initial Jeffreys prior, again showing a shift in the mean due to incorporation of data, but
maintaining a fairly high variance due to the smaller number of demands in the subsequent
demand valve data set (see Table 4-2).

Probabilities from these beta distributions form families of negative binomial distributions for
cycles-to-failure (one family for the initial demand and one family for subsequent demand).
Thus, uncertainty in the probability-of-failure is incorporated into the uncertainty in
cycles-to-failure. The beta distribution in Figure 4-2a represents the uncertainty in the failure
probability, modified from a Jeffreys prior by including the data. Then each failure probability
data point within that distribution gives rise to one of the negative binomial distributions seen in
Figure 4-2b. Each individual negative binomial distribution characterizes the uncertainty in the
cycles-to-failure and the whole family characterizes the uncertainty due to uncertainty in the
failure probability.

To illustrate this connection between the beta and binomial distribution, consider the notional
example in Figure 4-5. Notice that the median probability-of-failure in Figure 4-5(a) is
approximately 0.01, implying that half of the time failure should occur by approximately 100
trials. This is reflected in the medians of the negative binomial distributions in Figure 4-5b which
are centered on 100 trials. The medians of the negative binomial distributions vary around 100
trials, rather than falling precisely at 100 trials, due to uncertainty in the failure probability.
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Figure 4-5 Notional Example lllustrating a Beta Distribution on a Failure Probability

and the Family of Distribution in Trials until Failure that Results from the
Uncertain Failure Probability

To determine the cycles-to-failure for this uncertainty input, the following two-stage sampling
procedure was applied. First, for each realization, a probability of failure for the first cycle, p,,
and a probability of failure for subsequent cycles, p.,;,, were both sampled from their beta
distributions (Figure 4-1(a) and Figure 4-2(a) respectively). The sampling was performed such
that the draws from each distribution would be obtained from the same quantile. In other words,
if p; corresponded to the 95" percentile of its distribution, then p,,; corresponded to the 95"
percentile of its distribution. The rationale for this correlated sampling is that the same valves
are under consideration, so a valve that has a high probability of failing on the first cycle due to
its construction or service experience would also have a high probability of failing on
subsequent cycles due to its construction or service experience.

Second, for each sampled probability-of-failure, a cycles-to-failure distribution was created using
that probability (Figure 4-1(b) and Figure 4-2(b)). Because p, only applies to one cycle, the
distribution for cycles-to-failure on initial demand is a binomial distribution, Binomial(p,). For
subsequent demands, the cycles-to-failure distribution is a negative binomial, which models the
number of trials until failure given a specific failure probability. The distribution for
cycles-to-failure on subsequent demand is NegativeBinomial(1, pgyp)-

Third, one random draw was taken from each of the cycles-to-failure distributions for each
valve. This means that each valve in the system has the same probability-of-failure on the initial
demand, but not necessarily the same outcome. Similarly, each valve in the system has the
same probability-of-failure on subsequent demands, but the actual number of cycles-to-failure is
different for each valve. The draw from the binomial distribution for initial demand failure is
either 0.0 or 1.0. If it is 1.0, the valve fails on initial demand so cycles-to-failure for that valve is
assigned the value of 1.0. If it is 0.0, the valve does not fail on initial demand so cycles-to-failure
for that valve is assigned the value sampled from the subsequent cycles-to-failure negative
binomial distribution. A notional example of the sampled values and the corresponding
MELCOR input is provided in Table 4-3. Note that the cycles-to-failure for each individual valve
are sampled separately but they are sampled from the same distribution. This reflects the
stochastic nature of valve failure but accounts for the failure probability shared by all three
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valves in the system. In this notional example the first valve would fail on the 25" cycle, the
second valve would fail on the initial demand, and the third valve would fail on the 124
demand. The actual number of cycles experienced by the valves may be less, but not more,
than the sampled value if the system depressurizes before the sampled number of cycles is
reached.

Table 4-3 Notional Example of a Sample and Corresponding MELCOR Input
D1 Dsub Initial Failure | Subsequent Cycles-to-failure
[SV1 SV2 SV3] [SV1, SV3, SV3]
Sample 1 0.0407 | 0.0057 [0,1,0] [25,63,124]
MELCOR Input 1 - — - [25,1,124]

This sampling scheme implements two types of uncertainty in the UA. First, the uncertainty in
cycles-to-failure of the three valves within one realization is representative of the stochastic
nature of valve failure (aleatory uncertainty), in that one cannot predict when a particular valve
will fail even given a probability-of-failure. Second, the uncertainty in cycles-to-failure between
different realizations is representative of the uncertainty induced by uncertainty in the
probability-of-failure, state-of-knowledge or epistemic uncertainty stemming from not knowing
the actual probability of failure-on-demand.

4.1.1.2 SV Open Fraction

The pressurizer SV FTC open area fraction is represented by the MELCOR uncertain variable
priSVfrac. A piecewise-uniform distribution is used to represent uncertainty with a lower bound
of 0.01 and an upper bound of 1.0. The distribution assigns a higher probability to open area
fractions on the interval [0.01, 0.1] and the interval [0.9, 1] than on the interval [0.1, 0.9]. This
allows for some samples in which the open area fraction is between 0.1 and 0.9 but only
infrequently, as SMEs deem open area fractions in this range to be unlikely, though possible.

Each pressurizer SV uses a separate random failure area. The same failure area distribution is
also used for the lowest pressure SV on each main steam line, which is also randomly selected
for each valve (see Section 4.1.1.3). The Sequoyah UA [7] used the same SV open area
fraction uncertainty distribution.

Rationale for Distribution

Small open area fractions that do not lead to depressurization and large open area fractions that
causes rapid depressurization are judged the most likely events. This suggests that the
distribution on open area fraction should result in more sampling at the extremes of the interval
than in the middle of the distribution. The lower end of the distribution with small open areas
represents a leaking valve, something observed in failure events during operations [123]. The
higher end with large open areas represents a valve that energetically opens fully and suffers a
mechanical deformation of internal parts that prevents re-closure. There are no substantiated
failure mechanisms observed to result in the middle part of the distribution for open areas, and
hence these open areas are judged less likely. However, given the sparse data on SV failures
during actual operating events, the intermediate areas are still assigned a non-zero probability.
The lower end was truncated at 0.01; though small open area fractions are possible, by
definition a valve cannot fail to close and also have an open area fraction of 0.0. The value of
0.01 was chosen so if all three valves fail to close and all three valves have small open area
fractions, the combined open area fraction of all three valves will still fall within a realistic range
for a FTC mode.
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A piecewise-uniform distribution between 0.01 and 1.0 with four sub-regions was selected to
measure the potential effects of a FTC event on accident progression. The sub-regions are the
intervals of open area fraction from 0.1% to 10%, from 10% to 30%, from 30% to 90%, and from
90% to 100%. All of the open area fractions within a sub-region have the same probability.
However, the first and last sub-regions are more likely to be sampled than the middle
sub-regions reflecting expert opinion that valves are likely to either leak or to fail full open. The
region 10% to 30% was assigned a slightly higher probability than the region 30% to 90%
because for one of the 16 failure-to-close events on which the SV failure probability is based,
the event description indicated a ~20% flow area. The density function?? that illustrates the
sub-intervals is plotted in Figure 4-6. The cumulative distribution?® is shown in Figure 4-7. A
comparison of (a) the density function and (b) cumulative distribution of priSVfrac for this effort
(blue line) and the draft UA [8](orange line) is presented in Figure 4-8.

22 This density function was also used for the SG SVs (secSVirac).

23 This cumulative distribution was also used for the SG SVs (secSVfrac).
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4.1.1.3 Secondary SV Stochastic Failure to Close and Open Area Fraction (secSVcycles and
secSVfrac)

The SG SV FTC cycles-to-failure and open area fraction are represented by the MELCOR
variables secSVcycles and secSVfrac respectively. The data and subsequent sampling
distributions for stochastic FTC are taken from the MSS valve data in Reference [35], which is
the same approach used in the Sequoyah UA [7]. The FTC open area fraction distribution used
for the pressurizer SVs is also used for the SG SVs, which is also the same approach used in
the Sequoyah UA [7]. The sampling was only conducted on the lowest opening pressure SV for
each of the three recirculation loops. The remaining SVs are treated as cycling as designed
(i.e., no additional SV failures). While the same distributions are used for the primary side and
secondary side SVs, no correlations were assumed between these two sets of valves because
the two locations use different types of valves and the valves are exposed to different
environmental conditions. Conversely, the samples from the first and subsequent distributions
on the number of cycles until valve failure and between the steam generators within a given
realization are correlated (as described for the pressurizer SVs in the previous section) because
the same class of valves are being analyzed.

4.1.1.4 Reactor Coolant Pump Seal Leakage (RCPSL)

The reactor coolant pump seal leakage rates upon loss of seal cooling system are represented
by RCPSL parameter. Specifically, the potential for above nominal leakage 13 minutes into the
accident transient is sampled. A discrete distribution is used to represent uncertainty of 4
different leakage rates. The uncertainty in the flow rate of reactor coolant pump (RCP) seal
leakage can change the evolution of an accident scenario by precluding failure of the SVs. As
observed in the Surry SOARCA STSBO analysis [3], when the RCP seal leak rate increases
above 21 gpm, the primary depressurizes at a sufficient rate that there is no longer a demand
on the SVs.

Under normal operating conditions, cooling water is supplied to the RCP seals at a higher
pressure than the primary. As a result, the water keeps the RCP seals cool while preventing any
primary coolant from flowing up the RCP shaft and contaminating areas outside the primary
system boundary. When a loss of AC power occurs, the RCP seal cooling system no longer
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supplies cooling water. The primary coolant begins leaking along the RCP shaft through the
mechanical seals at a nominal rate of 21 gpm per RCP at the nominal operating system
pressure (based on calculations from a Westinghouse Owners Group model [40]). The RCP
seal leakage begins at 21 gpm per pump for all sequences following the loss of AC power [47].
However, the mechanical seals may thermally or mechanically fail as the primary system heats
up. Depending on the seal component failures, the higher leak rates are estimated at 76 gpm,
182 gpm, or 480 gpm per RCP as described in NUREG-1953, Table 13 [49]. Any increased
leakage is specified to occur at 13 min, which is the time required to fill the RCP seal cavity with
the hot primary system water [40]. The leakage rates described with this parameter are
identified relative to the nominal flow at the normal primary system operating pressure.
However, the MELCOR UA leakage model will adjust the leakage as the primary system
pressure and temperature conditions change.

The SOARCA analysis specified an initial leakage rate of 21 gpm per RCP but transitioned to
182 gpm per RCP once the primary system fluid near the pump approached saturation
conditions [3]. While the seals are more likely to fail when leaking saturated or two-phase water,
the Westinghouse Owners Group model is judged to better characterize the probability of higher
seal leakage.

Rationale for Distribution

There are four discrete leak rates specified in Table 13 of NUREG-1953. The probability of
occurrence for each leak rate is also taken directly from Table 13 and is based on work done by
the Westinghouse Owners Group [48]. If the seal is sampled to fail, the increased RCP leakage
occurs at 13 minutes after the RCP seal cavity fills with the hot primary system water. A
summary of the various leak rates and their probabilities are given in Table 4-4. While there will
be a very limited number of realizations with leakage of 76 or 480 gpm per RCP, there is no
technical justification to adjust these probabilities.

Since the original SOARCA work, Surry installed the Flowserve N-9000 pump seals as part of
their post-Fukushima safety enhancements [151]. The N-9000 seals have dramatically improved
leakage characteristics. Consequently, the seal leakage in a STSBO would be very small

(i.e., <<21 gpm/RCP). However, the older RCP seal uncertainty distribution was retained to
provide comparison with the Sequoyah UA [7] and the previous SOARCA work [3]. The higher
leakage seal parameter also adds insights to other plants without the pump seal enhancements.

Table 4-4 RCP Seal Leak Probabilities at Operating Pressure
Time = 0 min Time 2 13 min Probability
21 gpm/RCP 21 gpm/RCP 0.79
21 gpm/RCP 76 gpm/RCP 0.01
21 gpm/RCP 182 gpm/RCP 0.1975
21 gpm/RCP 480 gpm/RCP 0.0025

4.1.1.5 Normalized Temperature of the Hottest Steam Generator Tube

The NRC and industry have been studying SG tube ruptures for decades because of their
importance in maintaining the RCS pressure boundary [37][38]. In particular, a tube failure
during a severe accident has the potential for radioactive release to the environment that
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bypasses the containment. At high temperature conditions during a severe accident, natural
circulation flow patterns are established where high temperature gases from the core circulate
into the hot leg and SG. The effectiveness of the high temperature gases to heat the SG tubes
is an important factor in determining their failure. The NRC and industry performed 1/7"" scale
experimental tests to characterize the natural circulation flows between the vessel and the
steam generator [39][40]. The tests were studied using computational fluid dynamics techniques
[50]. The computational fluid dynamic techniques were subsequently scaled to full plant
geometry and severe accident conditions. NUREG-1922 developed recommended modeling
parameters to characterize the natural circulation for lumped parameter codes [52]. The specific
recommendations included (a) the hot leg discharge coefficient, (b) the SG mixing fraction,

(c) the ratio of the hot leg flow to the SG recirculation flow, (d) the percentage of tubes involved
in up-flow versus the circulatory return flow, (e) the maximum normalized temperature of the
hottest tube, and (f) the hot and cold stream flow split into the surge line. The computational
fluid dynamics calculations included sensitivity studies that estimate the variation in these
parameters under a variety of conditions and assumptions [52]. The following conclusions were
drawn from the NUREG-1922 sensitivity studies.

a. the hot leg discharge coefficient remained relatively constant with maximum variations of
less than 8 percent,

b. the SG mixing fraction was found to vary by only a few percent over the range of conditions
considered,

c. the recirculation ratio is not sensitive to the secondary side temperature,

d. the hot tube fraction was difficult to predict with confidence because some of the tubes
change direction. However, the hottest tube region was not significantly affected by changes
in the overall size and shape of the hot tube region,

e. the normalized temperature of gases entering the hottest tube is an important parameter
because it refers to the portion of the tube bundle where the thermal loading is most severe.
The sensitivity of this parameter to changes in the modeling parameters was significant.

f. the tube bundle heat-transfer rate was found to impact the recirculation ratio in previous
work. However, the reasonable variations around best-estimate heat transfer conditions are
well characterized by a recirculation ratio of 2.4.

Based on these conclusions, the normalized inlet temperature (7,) of the hottest tube was
selected as the most significant parameter for use in this uncertainty study. The observed
variation of T, in the computational fluid dynamics calculations is partly due to variations in the
recirculation ratio and the SG mixing fraction. Hence, the variability in 7, is somewhat
representative of the variability in the mixing and recirculation ratio parameters. The normalized
temperature is defined below as:
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Eq. 4-3

where:
Ty Normalized hot tube temperature

The Hottest tube temperature
Ty Hot leg hot stream temperature

Tt Cold tube temperature

An example computational fluid dynamics temperature distribution is shown in Figure 4-9 [52]
where T} is the red portion of the flow leaving the vessel and 7., is the dark blue return flow to
the SG inlet plenum. Both T} and T, are calculated internally by MELCOR. By sampling the
normalized hot tube temperature 7,, the temperature of the hottest tube 7, can be calculated
using Equation 4-3. The time-dependent temperature is imposed as a boundary condition to the
single-tube models, which was a MELCOR model enhancement implemented for this project.
The single tube model is used to evaluate the potential for creep rupture at the hottest tube
location in each SG.

24 The single tube models (i.e., one for each SG) monitor conditions in the system model to evaluate the potential

for a SGTR at the hottest tube inlet conditions. The single tube models are incorporated into each realization
calculation. The single tube model only simulates the inlet section of the hottest tube using time-evolving
boundary conditions from the system model and the sampled value of the normalized inlet temperature of the
hottest tube.
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Figure 4-9 CFD Predictions Indicating Expanded Mixing Region

Rationale for Distribution

Two methodologies were applied in NUREG-1922 [52] to evaluate the hottest tube
temperatures, and the CDF created is based on data from both methodologies. First, the
normalized temperature range was divided into 20 subranges (0.0-0.05 up to 0.95-1.0) and the
fraction of tubes within each range was obtained for each of the 140 data sets in the base case
prediction. The data from the normalized temperature groupings ranged from 0.0 to 0.7. The
data in the upper three ranges (i.e., 0.55-6, 0.6-65, and 0.65-0.7) represented less than a single
tube in the computational fluid dynamics model and were considered insignificant. Even the
data in the 0.5-0.55 range only represented an average of 0.6 percent of the tubes, which is
two tubes in the computational fluid dynamics model. The location of the two tubes in the 0.5-
0.55 range also varied with time.

With the second methodology, the hottest tubes were considered individually. A mass-weighted,
average normalized temperature was determined for each tube in the model. The single hottest
tube over the 140 data sets was described with a normal distribution with a mean of 0.43 and
standard deviation of 0.1. The data was broken down into seven groups containing 20 data sets
each, which yielded 7 normalized temperature predictions ranging from 0.38 to 0.51. The author
notes that these predictions may slightly under predict the prototypical hottest temperature, due
to the enlarged size of the tubes (i.e., the computational fluid dynamics model uses one tube to
represent nine prototypical tubes) but the impact is expected to be small.

The CDF was created using data from both methodologies, which recognizes the uncertainty in
the computational fluid dynamics results (e.g., one computational fluid dynamics tube
corresponds to 9 tubes). A 90 percent confidence, based on analyst judgment, was applied to
the seven averaged normalized temperatures from the second methodology (i.e., the second
method was recommended for lumped parameter calculations by NUREG-1922). Each of the
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seven values from the data set were considered equally likely. The seven points were ordered
by increasing temperature and assigned equal relative probabilities from 0.0 to 0.9 on the CDF.

The CDF was completed using the three highest data sets from the first method. These three
values were weighted with the remaining 10 percent confidence (i.e. defining the CDF from 0.9
to 1.0). The three values had higher normalized tube temperatures than the specific tube
method (i.e., the second methodology), but with low reliability (i.e., unsteady at a particular tube
location and low frequency of occurrence). The probabilities of the highest temperatures
confidence interval were weighted by their relative frequency of occurrence.

In summary, the seven data points from the second methodology with the maximum sustained
temperature at a specific tube were combined with the three data points from the first
methodology with the maximum sustained temperature at any tube. The 10 discrete points
comprising the CDF were fit with a beta distribution due to the irregular intervals, which is shown
in Figure 4-10. The beta distribution has parameters of 0=43.7 and $=54.9. The lower and
upper bounds were taken to be the physical limits of 0.0 and 1.0, although almost all samples
will be in the 0.3-0.6 range.
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Figure 4-10 CDF of Normalized Hottest Tube Temperature

The normalized SG tube temperature distribution is used to determine the inlet temperature to
the hottest tube.?® Since the calculation for the hottest tube inlet temperature is dependent on
the hot stream and cold tube temperatures from the system model, the temperature changes

25 The normalized SG tube temperature is calculated using the hot leg and cold tube temperatures (see Eq. 4-3). A

normalized fraction of 1 means the peak tube inlet temperature is equal to the hot leg gas temperature (i.e., no
mixing with cooler gases). A normalized fraction of 0 means the cooler gas exiting the SG returns back into the
hottest tube (i.e., no hot gases from the hot leg enter the SG).
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dynamically during the accident progression. Hence, the hottest tube temperature evaluation is
dynamically coupled to the overall system calculation through the gas temperature used in the
normalized hottest tube evaluation (i.e., see Eq. 4-3).2 For example, pressurizer SV cycling can
disrupt natural circulation flow while the valve is open, which impacts the hot stream and cold
tube temperatures. The single tube model is only used to calculate the potential for creep
rupture in the hottest tube and is not part of the overall system energy balance.

4.1.1.6 Steam Generator Tube Flaw Depth

In the original Surry SOARCA analysis [3], a SGTR induced by creep rupture was only predicted
after prescribing a stuck-open secondary SV in the model and lowering the creep rupture failure
criterion on the tube. This approach was necessary due to limitations in the MELCOR input
model. Due to the importance of a SGTR bypass release path on the total environmental
release, the prediction of the SGTR was improved for the Surry UA. The new modeling uses
separate single steam generator tube models for each loop, which run concurrently with the full
steam generator models. The separate tube models specify the response of the maximum
plume temperature entering the steam generator tubes based on NRC CFD analysis [52]. In
particular, the hot tube model monitors the developing conditions and uses the normalized
scaling results from Ref. [52] to specify the sampled maximum SG tube inlet temperature

(i.e., see Section 4.1.1.5 for a description). The hot tube model is combined with the limiting
tube flaws in this region. Since a SGTR creep failure is dependent on the local temperature and
the tube thickness, the new hot tube representation better predicts the most vulnerable tube
location in the steam generator. If a steam generator tube creep rupture failure is predicted in
the tube model, then a leak path is opened in the full model. Steam generator tube creep
rupture is also monitored in two other locations, which are representative of the hot upflow
region and the cooler regions in the steam generator. Consequently, three locations are
monitored for creep rupture in each steam generator.

Tube Modeling

The calculation of a creep rupture failure depends on the tube temperature and stress. The
temperature variation is impacted as described above using the hot plume sampled temperature

described in Section 4.1.1.5. The calculation for circumferential or hoop stress (Ge) can be
estimated using the differential pressure (AP), the tube radius (r), and the tube wall thickness (t)
according to the equation:

__Apr
% ="

The differential pressure (AP) across the tube is influenced by accident conditions. The Surry
UA includes modeling of SG safety valve failures and MSIV leakage that usually results in a low
secondary side pressure by the time of the core damage. However, the primary system
pressure may also be low due to the sampling of the pressurizer SV failure, which could also
impact the calculated stress. The tube radius (r) can change if a tube balloons; however, any

Eq. 4-477

26 The single tube model also uses the system model pressure and fluid composition (e.g., void, gas composition)
as boundary conditions.

27 The simplified thin-walled formula for hoop stress is shown for discussion purposes. The uncertainty evaluation
uses the more accurate thick-walled hoop stress evaluation. The more complex thick-walled evaluation can
account for flaws on inside, outside, or both sides. In this analysis, it is assumed that the flaw only erodes the
outer radius. The maximum difference is approximately 10% (see Appendix B).
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change in the radius is not expected to be significant. The remaining variable, the tube
thickness (t) of a flawed tube is a sampled parameter for the stress calculation. The degradation
in the tube thickness can also be equated to a stress multiplier, which is often used in other
studies (e.g., [38]).

First the bounds of the flawed tube distribution were determined. An estimate of the lower limit
for the wall thickness is the thickness at which the yield strength of the material (Inconel 600)
would be exceeded at normal operating conditions. The tube hoop stress must be lower than
the yield strength. A representative yield strength for Inconel 600 is 45,000 psi. Using the
normal operating differential pressure across the tube of 1426 psi, the bounding analysis
indicates that the minimum tube thickness is 0.312 mm. This corresponds to a through-wall flaw
of 75 percent or a maximum stress multiplier of 4. The minimum thickness was not strictly
enforced in the final UA distribution but presented here as a reasonable bounding flaw.

The upper limit is guided by previous NRC research that showed stress multipliers of 1.5 (i.e., a
flaw through-wall depth of 0.35) is needed for a tube rupture prior to hot leg failure [38]. The
minimum flaw depth needed to result in tube rupture prior to hot leg failure ranges between 0.3
and 0.4 in NUREG-2195, so only flaws deeper than 0.3 are considered. Less severe flaws are
not considered because they are not predicted to cause a tube failure prior to another
thermally-induced failure of the reactor coolant system (e.g., hot leg or the surge line) in severe
accident conditions.

Consideration of Surry Plant Data

NUREG-1771 [125] and NUREG-2188 [126] summarize the results of the Surry ISI reports
since their steam generator replacements in 1980 and 1981 until December 2013. The most
recent Surry SG inspection reports were also reviewed [130][131][132][133][134][135]. By
2016, Surry Units 1 and 2 had 111 (1.1%) and 99 (1%) tubes plugged over 334 and 333
Effective Full Power Months (EPFM) of operation since the first in-service inspection,
respectively. NUREG-2188 reports that only 2,734 tubes (1.0 percent) of the 281,262 thermally
treated Alloy 600 tubes placed in service at 18 units between 1980 and 2013 have been
plugged. Consequently, Surry is typical of the plants with thermally treated Inconel 600 tubes.

Surry adopted Technical Specification Task Force 449 (TSTF-449) in 2007 and adopted
TSTF-510 in 2013 [126]. The technical specifications require developing a steam generator
program to maintain steam generator tube integrity for the operating interval between tube
inspections. The technical specifications define what constitutes tube integrity through the
establishment of performance criteria. The specifications require monitoring
primary-to-secondary leakage, inspecting tubes periodically, assessing the condition of the
tubes relative to the performance criteria, and defining criteria for plugging tubes. The
requirements in the technical specifications are largely performance based; however, they are
supplemented with some prescriptive requirements. Since Surry adopted TSTF-449 in 2007,
they inspect 100% of the tubes every two refueling outages.

Detailed information is provided in the NUREG-1771 and NUREG-1988 from the Surry’s ISI
reports that summarizes the inspection results. The ISI reports include a table summarizing the

28 The flaw distribution described from actual plant in-service inspection reports guided the bounds limits.

Bounding limits were used to limit the maximum depth flaws that would fail at normal operating conditions
(described further later in this section).
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wear observed at the Anti-Vibration Bars (AVBs) at the top of the tube bundle, a known location
for tube wear that is carefully monitored. In the six most recent inspection reports, the maximum
tube degradation at the monitored locations was less than 25%. The Surry IS| experience is
consistent with the other units with Inconel 600 tubes. Approximately 42 percent of the plugged
tubes were plugged because of wear at a support structure (e.g., an anti-vibration bar) for the
18 units with thermally-treated Inconel 600 tubes. The wear at these locations generally
increases at a predictable rate and can be managed effectively in the ISI program. For example,
Surry 2 reported the AVB wear rate is approximately 1.5 percent through-wall per cycle in 2005
[126].

The second most common reason for plugging thermally-treated Inconel 600 tubes is due to
damage by loose parts. The IS reports include detailed information on every tube plugging not
due to AVB wear, which includes loose parts damage. Surry also had some problems with
sludge build-up in the bottom of the steam generator from a chemistry excursion occurring
because of an issue with the condenser. The lancing equipment used to clean out the sludge
caused damage to sixteen tubes, which led to their plugging in 2003.

The Surry ISI report includes the tube location, the outage when plugged, the reason for
plugging, and the measured flaw depth if that was the reason for plugging. The measured flaw
depth is provided for all the tubes damaged from loose parts or maintenance activities. The
flawed tube data were extracted for all the steam generators from both Surry units since their
installation (circa 1980) through the Fall of 2016. The non-dimensional flaw depths ranged from
0.10 to 0.98 (see Table 4-5). There were 76 tubes with reported flaws. 56 of the plugged tubes
were located on the inlet side of the steam generator, which is more susceptible to creep
rupture failure in a severe accident than flaws on the outlet side. 46 of the plugged tubes with
flaws on the inlet side of the steam generator occurred between the tube sheet and the second
grid support. Figure 4-11 shows the locations of the flaws on the inlet side of the SG with color
coding for the non-dimensional flaw depth. Since the flaw results from all three steam
generators from both units are shown, some of the indicated flaw locations have multiple flaws.

Table 4-5 Surry Tube Flaw Depth Distribution

N";I:\'nggz't%”a' Stress Multiplier N“T'L‘ggg e
0.0 t0 0.1 1010 1.1 0
0.110 0.2 111013 9
0210 0.3 1310 1.4 15
0.3 0 0.4 1410 1.7 11
041005 1710 2.0 21
0510 0.6 201025 9
0.610 0.7 2510323 5
071008 3.3105.0 2
0.8100.9 5010 10 1
0.9t0 1.0 10 o = 3

Figure 4-11 also shows the likely locations for the hot plume during a severe accident [52]. The
hot leg piping connects in an asymmetric manner to the inlet plenum. Since the orientation of
the hot leg connection is unknown, both possible hot plume locations are shown in the figure.
However, it is believed that the tube columns start numbering from the hot leg inlet side.
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Consequently, the left-hand plume region would have the hottest tubes in a severe accident.
Only two flawed tubes are identified in either plume region.

There are two interesting findings from the historical Surry tube flaw locations. First, 70% of the
tube flaws were located on the hot inlet side of the steam generator. In fact, 61% of the flaws
were located between the tube sheet and the second grid support. The higher occurrence of
flaws on the inlet of the hot side of the steam generator is significant because the hot gas plume
enters the steam generator on the inlet side [52]. Second, many of the flawed tubes were
plugged due to unexpected loose parts damage. The loose parts damage has occurred
regularly through the Surry steam generator life cycle. The loose parts damage almost always
occurs near the bottom of the steam generator. When located on the inlet side of the steam
generator, the loose parts-induced flaws near the tube sheet are more susceptible to failures
due to higher inlet temperatures during a severe accident. The potential failure of a steam
generator tube due to creep rupture is strongly influenced by the heating from the hot plume.

The Surry ISI reports show some very severe tube defects in Unit 1 during the 1984 RFO

(i.e., tubes with 89% and 96% through-wall degradation) and in Unit 2 during the 2005 RFO
(i.e., tubes with 90% and 98% through-wall degradation). The hoop stress is 2.5 times design
yield strength of Inconel 600 at a through-wall thickness of 0.9. Based on the minimum tube
thickness calculations in the Tube Modeling section, tubes with flaws greater 0.75 would not be
expected to remain intact at normal operating conditions. It is believed that the discrepancy is
due to the simplifying assumptions in the interpretation of the flaw depth. In particular, it is
assumed that the flaw causes a uniform circumferential radius reduction. In fact, Surry
MELCOR model testing with these severe flaws using a uniform radius reduction resulted in
tube failures at normal operating conditions. The actual characteristics of the flaw shape (length,
width, depth, etc. in all radial directions) with more detailed structural models are needed to
improve the failure prediction. The MELCOR tube failure model only addresses strain
accumulation with a one-dimensional thick-walled hoop stress evaluation. Alternate modes of
failure and multidimensional effects are expected to be important for asymmetric flaws,
especially at lower temperatures.
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The MELCOR thick-walled stress and Larson-Miller creep models were parametrically varied to
identify a reasonable minimum thickness using the simplifying assumption of a uniform
circumferential radius reduction. Figure 4-12 shows the tube failure timing responses from
MELCOR Larson-Miller Inconel Tube creep rupture correlation as a function of the flaw depth
and the tube temperature. As shown in the figure, the tube response is highly sensitive to very
deep flaws. When there is a deep flaw (e.g., Surry reported values to 0.98), the Larson-Miller
creep rupture model fails the tube during the steady state prior to the STSBO. Based on the
results in Figure 4-12, the maximum tube depth of the 3 deepest flaws is limited to the range of
0.8 to 0.9. A flaw depth of 0.9 will fail in ~3 min at a temperature of 700 K at a maximum
pressure difference, which is just above normal operating conditions. Consequently, limiting the
maximum flaw depth to 0.9 still results in a very severely degraded tube that could fail very early
in the core heatup.

SG Tube Failure Timing vs Temperature and Flaw Depth
P at SV setpoint and P,on4ary depressurized

primary

Flaw=0.98
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Figure 4-12 Summary of the SG Tube Failure Timings Versus Temperature and Flaw
Depth

Application of NUREG-2195 Methodology

A recent NRC study (NUREG-2195) for the evaluation of consequential SGTRs was reviewed
for generic guidance on flaw distribution [10]. NUREG-2195 includes a database of recorded
flaws from SG inspections. The database provides the probability of the flaw depth and length
for thermally treated Inconel 600 and 690 tubes in both pressurized water reactor plant types
with U-tube steam generators (i.e., Westinghouse and Combustion Engineering plants) based
on detected flaws. Table 4-8 shows the size distributions for the detected flaw depths, the
associated stress multipliers, and the probability of occurrence.
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The final column in Table 4-8 shows the expected number of tubes with flaws in each of Surry’s
steam generators following the example described in NUREG-2195. The following steps were
performed to determine the number of tubes with flaws. Surry has 3 SGs with 3342 tubes in
each. The expected number of flaws is identified at k EFPY's for three types of flaws:
volumetric/wear, circumferential cracks, and axial cracks. The equation is defined below
(Equation 6-2 from Reference [129]).

NFlaws = (#tubes)(#SGs)[1 — exp[—0.5uk? + Qk]] (Eq. 4-5)

The coefficients for each flaw type are defined below (and in Table 6-2 in Reference [10]).

Table 4-6 Parameters from NUREG-2195 for Estimating the Number of Flaws of
each Flaw Type
Wear/Volumetric Axial. Crack Circ. Crack
Flaws Flaws Flaws
Q 0.0013236 0.0002 0.0001
u 0.000064166 0 0

Applying this equation to a single SG at Surry at 36 EFPY's results in an estimated

285.29 volumetric/wear flaws, 23.98 axial flaws, and 12.01 circumferential flaws. Surry has a
1.5-year fuel cycle and completes a 100% inspection of the tubes every two refueling cycles.
Consequently, new flaws could appear for up to 3 years. If it is assumed that the previous
inspection was three years ago, then the total number of new flaws would be the difference
between the estimated number of flaws at 36 EFPYs and at 33 EFPYs.?° The total number of
flaws and the estimated number of new flaws are summarized in Table 4-6.

Table 4-7 Number of New Flaws Expected by 36 EFPYs
Wear/Volumetric Axial Crack Circ. Crack
Age Flaws Flaws Flaws Total
33 EFPYs 252.68 21.99 11.01 285.68
36 EFPYs 285.29 23.98 12.01 321.28
Difference: 32.61 1.99 1 35.6

Consequently, is estimated that there are 321 flawed tubes per steam generator predicted at 36
EFPYs. By accounting for the SG inspection schedule at Surry, 35.6 new flaws appear between
the 33 and 36 EFPYs.

The SG flaw size distribution from all plants with thermally-treated Inconel 600 and 690 SG
tubes is summarized in Column 3 in Table 4-8 (from Table 7-3 [10]). The number of tubes with
flaws depths between 0.0 and 0.3 are multiplied by 321 tubes/SG, or the expected lifetime
accumulation of flaws. The number of tubes with flaws depths between 0.3 and 0.9 are

2% The number of new flaws for any SG conservatively assumes 3 years of new flaw development to the 24th RFO
on the 36th EFPY of operation. The number of new flaws could be smaller because the UA considers accidents
throughout the entire fuel cycle (i.e., not just at the end of the cycle), which would reduce the estimated number
of new flaws accordingly. In addition, Surry typically performs a 100% tube inspection of either one or two SGs
each RFO. Consequently, the tubes inspected at the last RFO would have 1.5 years less of new flaw
development than the tubes inspected at the prior RFO.
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multiplied by the number of new flaws (i.e., 35.6 tubes/SG) by the 36" EFPYs of operation.3°
The estimated flaw distribution as a function of flaw depth in each Surry SG at 36 EFPYs is
presented in Column 4 of Table 4-8.

Previous analysis with SCDAP/RELAP5 shows a stress multiplier of about 1.5 (i.e., through-wall
depth of approximately 0.35) is needed for a tube failure prior to hot leg failure [38]. The timing
of the tube failure relative to a hot leg failure or some other primary system depressurization
mechanism (i.e., SV FTC) is critical for determining the occurrence of a tube rupture. Once the
primary system depressurizes, the tube stress drops below a value where a tube failure would
be expected. Consequently, only more deeply flawed tubes (i.e., >0.35 through-wall depth) have
a likelihood of failing prior to a primary system depressurization. Table 4-8 shows a cumulative
total of 4.27 flawed tubes with a through-wall depth >0.3.

Table 4-8 Probability of Flawed Tubes as a Function of Flaw Depth from
NUREG-2195
Non-dimensional Stress Multiplier Probability Nunf!ber of Tubes
Flaw Depth [129] with Flaws *!

0.0to0 0.1 1.0to 1.1 7.78E-02 3
0.1t00.2 1.1t01.3 5.29E-01 170
0.2t0 0.3 1.3t01.4 2.73E-01 88
0.3t00.4 14t01.7 8.78E-02 3.126
0.4t00.5 1.7t02.0 2.41E-02 0.858
0.5t0 0.6 20to2.5 6.08E-03 0.216
0.61t00.7 251t03.3 1.46E-03 0.052
0.7t00.8 3.3t05.0 3.39E-04 0.012
0.8t0 0.9 5.0to 10 7.70E-05 0.003

The NUREG-2195 statistical analysis is based on flaws that are detected. The 321 flawed tubes
per steam generator does not account for the hidden flaws that are not detected during
in-service inspections. The larger and deeper the flaw, the higher will be the probability of
detection (POD). NUREG-2195 cites NUREG/CR-6791 [137] as providing techniques for
evaluating the POD and judges the impact is relatively small. In consideration of other
uncertainties in this analysis and the relatively small number of deep flaws identified in the
replacement SGs at Surry, it is assumed that the hidden flaws would not substantially change
the expected size distribution or the total number of flaws.

For prediction of the tube failure characteristics, there are three distinct regions of interest. NRC
Computation Fluid Dynamics (CFD) analysis of natural circulation flow patterns during severe
accidents [52] can be used to identify the region of the hottest tube, the broader hot upflow
region, and the remainder of the steam generator. The fraction of the flaws in the three regions
are identified as follows,

30 The NUREG-2195 methodology assumes more severe flaws (i.e., >0.3) are plugged when discovered.
Consequently, only the new flaws each year contribute to the flaw depth range greater than 0.3.
31 The total number of flaws in all three steam generators.
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Xnot = (0.41)*(0.13)*(0.61) = 0.032
Xupfiow = (0.41)*(1 - 0.13)*(0.61) = 0.22
Xeoid = 1 = (Xnot + Xupfiow) = 0.75

where,
41% of the steam generator tubes are in hot upflow during natural circulation
13% of the hot upflow region has the hottest tubes
Surry ISI reports show 61% of the flaws are on the inlet side of the SG

NRC CFD analysis of natural circulation through the steam generator [52] estimates that only
41% of the tubes have upflow from the steam generator inlet plenum. The hottest tubes are
located in 13% of the hot upflow region, which had the most sustained inflow from the hottest
part of the plume (i.e., the region modeled in the single hot tube model). The hot upflow and hot
zone regions from Reference [52] are shown in the upper left-hand side of Figure 4-11. The hot
tube region is removed from the hot upflow region to just represent the remainder of the tubes
outside the hottest location. The cold zone is assigned to all the other regions of the steam
generator. Table 4-9 summarizes the results of the flawed tubes in the three regions of the SG.

Only flawed tubes with through-wall damage greater than 0.3 are shown based on findings from
NUREG/CR-6995 [38].

Table 4-9 Number of Flawed Tubes in the Three SG Regions Based on NUREG-2195
Non-dimensional Nl_meer of '!'ubes Nl_meer of '!'ubes Nl_meer of '!'ubes
Flaw Depth with Flaws in tge with Flaws in the33 with Flaws |n3£he
Hottest Zone Hot Upflow Zone Cold Zone
Zone Factors 0.032 0.22 0.75
0.3t0 0.4 1.01E-01 6.75E-01 2.35E+00
041t00.5 2.77E-02 1.85E-01 6.45E-01
0.5t00.6 6.98E-03 4.67E-02 1.63E-01
0.6t0 0.7 1.68E-03 1.12E-02 3.91E-02
0.7t0 0.8 3.89E-04 2.61E-03 9.07E-03
0.8t00.9 8.84E-05 5.92E-04 2.06E-03
Total 1.377E-01 9.212E-01 3.208E+00

The Surry tube flaw depths reported in the ISI reports were also used to predict the likelihood of
various depth tube flaws. Most of the flaws appeared without warning between inspections due
to loose parts damage. Although the location of the flaws on the hot side of the generator were
generally outside of the hottest plume region, many flaws could be within the broader hot upflow
region, which is also exposed to relatively hot gases (Figure 4-11). For the purposes of this
analysis, the flaws were assumed to be uniformly spread across all tubes in the steam
generator but 61% of the flaws are specified on the inlet side versus the outlet side of the
generator based on observations from the Surry ISI reports.

82 Column 2 shows the expected number of flawed tubes per steam generator in the hot zone region. The

multipliers for the hot zone flaw depths of 0.3 to 0.9 are calculated using

(11 tubes/SG)*(0.41)*(0.61)*(0.13)*(3 years)*(flaw depth probability from Column 3 of Table 4-8).

The calculations for the upflow zone is identical to the hot zone except without the 0.13 multiplier for the hot zone
is replaced with (1-0.13) for the region in upflow outside of the hot zone.

The calculations for the cold is the remaining regions of the SG times the flaw depth probability from Column 3 of
Table 4-8.

33

34
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UA Distribution for Tube Flaw Depth

Similar to the NUREG-2195 discussion, the Surry flawed tube data were scaled per unit, per
steam generator, and per inspection period. There were 76 flawed tubes identified and plugged
over 24 fuel cycles from the operation of the six steam generators in the two units. 52 of those
tubes had flaw through-wall depths greater than 0.3.%° Since the adoption of TSTF-449, Surry
completes a 100% inspection of all SG tubes over two consecutive refueling outages. Based on
the Surry ISI reports, 0.72 flawed tubes with a through-wall depth >0.3 are currently predicted in
the Surry SG.3¢

Table 4-10 Number of Flawed Tubes in the Three SG Regions Based on Surry ISI

Reports
Non-dimensional N:Imber e "I:lL:ll;?agev:ict,lz #:&:il;itt); NL.lmber e '!'ubes
Flaw Depth ugged Flaws in the Flaws in the Hot Cotidn e I e
Tubes Cold Zone*
Hottest Zone®’ Upflow Zone3®
Zone Factors 0.032 0.22 0.75

0.3t0 0.4 11 4.93E-03 3.30E-02 1.15E-01

0.4t00.5 21 9.41E-03 6.30E-02 2.19E-01

0.5t00.6 9 4.03E-03 2.70E-02 9.40E-02

0.6t00.7 5 2.24E-03 1.50E-02 5.22E-02

0.7t00.8 2 8.96E-04 6.00E-03 2.09E-02

0.8t00.9 4 1.79E-03 1.20E-02 4.18E-02

Total 52 2.330E-02 1.559E-01 5.430E-01

Comparing Table 4-9 and Table 4-10 shows a relatively large difference in the number of flawed
tubes in each region. The difference in the number of flawed tubes from the two approaches is
in the lower portion of the flaw range. The reason for the differences is attributed to the large
size of the NUREG-2195 database and its inclusion of unplugged tubes with through-wall
depths less than 0.4. Conversely, the number of more deeply flawed tubes (i.e., >0.5) are in
good agreement between the two data sets.*° For example, NUREG-2195 predicts 0.8% of the
flawed tube depths are greater than 0.5, which corresponds to 0.26 deeply flawed tubes per SG.

NNUREG-2195, flaw >0.5 — 3.96 tubes/SG * 0.008 = 0.32 tubes

Similarly, the Surry IS reports have 20 tubes over the lifetime of the replacement SGs in the two
units with through-wall depths of 0.5, which corresponds to 0.28 deeply flawed tubes per SG.

35 The tube flaw depths greater than 0.9 were included in the range between 0.8 and 0.9, as discussed previously.

3 (52 flawed tubes) / [2 units x 3 SGs/unit x 24 fuel cycles/(2 fuel cycles per inspection)] = 0.72 flawed tubes per
inspection period.

87 Column 2 shows the expected number of flawed tubes per steam generator in the hot zone region. The
multipliers for through-wall depths are calculated using (0.72 tubes/SG)*(0.41)*(0.61)*(0.13)*(3 years)*(number in
the range/52 tubes with flaws >0.3). The multipliers for through-wall depths 0.9 are calculated using
(0.72 tubes/SG)*(0.41)*(0.61)*(0.13)*(3 years)* (number in the range/52 tubes with flaws >0.3).

38 The calculations for the upflow zone is identical to the hot zone except without the 0.13 multiplier for the hot zone
is replaced with (1-0.13) for the region in upflow outside of the hot zone.

3 The calculations for the cold is the remaining regions of the SG times 0.72 tubes/SG.

40 The depth flaws (i.e., >0.5) are where MELCOR has predicted tubes failures prior to hot leg failure [16].
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Nsurry, flaw 0.5 = 0.72 tubes/SG * (20 tubes >0.5/52 tubes >0.3) = 0.28 tubes

Using the NUREG-2195 distribution as the basis for the number of flawed tube per steam
generator, the number of flaws expected in the hot, hot upflow, and cold regions are,

Nhot = NNUREG-2195 * Xhot = (4.27)*(0.032) = 0.14 tubes
Nupfiow = NNUREG-2195 * Xupfiow = (4.27)*(0.22) = 1 tube
Neold = NNUREG-2195 * Xeold = (4.27)*(0.75) ~ 3 tubes

The UA flaw distribution is specified by using the total number flawed tubes from the
NUREG-2195 distribution in Table 4-8 between 0.3 and 0.5. As described above, the total
number of flawed tubes with flaw depths above 0.5 through-wall is similar between the two
methods but the Surry ISI reports include more severe flaws with through-wall depths greater
than 0.7. Consequently, the Surry flaw distribution is used for tubes with through-wall flaw
depths between 0.5 and 0.9. As shown in Table 4-11, the relative probability of each flaw range
is calculated using the combined flawed tube distributions.

Table 4-11 Number of Flawed Tubes in the Three SG Regions Based on Surry
ISI Data
Non-dimensional | NUREG-2195 | Surry Data Total Surry Data & Relative
Flaw Depth | Jotal Flawed | Flawed Tubes |\ ;prG 5195 Probability
Tubes per SG per SG

0.3t00.4 3.126 Not included 3.126 7.33E-01
041t00.5 0.858 Not included 0.858 2.01E-01
0.5t00.6 Not included 0.125 0.125 2.93E-02
0.6t00.7 Not included 0.069 0.069 1.63E-02
0.7t0 0.8 Not included 0.028 0.028 6.52E-03
0.8t00.9 Not included 0.056 0.056 1.30E-02
Total 3.98 0.278 4.26 1.00E+00

For each realization, five flaw samples are randomly selected. The maximum of three of the
samples will be used for the cold region flaw depth as only the most severely flawed tube in this
region will be modeled. Another sample will be used for the hot upflow region. The fifth flaw
sample will be used for the hot zone flaw. The cumulative flaw distribution for the hot region is
specified so that the sampled flaw is used 14% of the time and there is no flaw 86% of the time.
The cumulative distribution function versus flaw depth and the effective stress multiplier used in
the UA are shown in Figure 4-13 and Figure 4-14, respectively. Both figures include the
corresponding scaled cumulative probability for the hot zone. The five probabilities cited in
Table 4-11 are used for the hot zone but are scaled to occur within the final 14% of the
cumulative probability distribution. The effective stress multipliers range from 1.4 to 10. The
resultant cumulative probability distributions are summarized in Table 4-12.
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Table 4-12 Cumulative Flaw Distributions for Hottest, Cold, and Hot Upflow SG

Regions
Non-dimensional | Effective Stress el e [FEnE 10 U CDF for Flaws in the
Flaw Depth Multipliers sl L e e Hottest Region
egions
0.0 1.0 0.000E+00 8.600E-01
0.1 1.1 0.000E+00 8.600E-01
0.2 1.3 0.000E+00 8.600E-01
0.3 1.4 0.000E+00 8.600E-01
04 1.7 7.335E-01 9.653E-01
0.5 2.0 9.348E-01 9.915E-01
0.6 2.5 9.641E-01 9.953E-01
0.7 3.3 9.804E-01 9.975E-01
0.8 5.0 9.870E-01 9.983E-01
0.9 10.0 1.000E+00 1.000E+00
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Cumulative Flaw Probability versus Flaw Depth
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Rationale for Distribution

The UA tube flaw distribution was developed from two sources, NUREG-2195 and the Surry SG
ISI reports. The NUREG-2195 study represents a much larger database of flaws than the Surry
SG ISI reports and includes all reactors with thermally-treated Inconel 600 and 690 tubes. Using
the NUREG-2195 methodology, the total number of more severe flaws in each Surry steam
generator was calculated using the total number of flaws based on the Surry replacement SG’s
EFPYs age*! times the probability of the flaws having a through-wall depth greater than 0.3.
The results of this evaluation predicted 4.27 flawed tubes with a through-wall depth greater than
0.3 in each steam generator and 0.28 tubes with a flaw depth greater than 0.5 through-wall.

The Surry ISI reports show 76 incidences of tube plugging due to flaws during the replacement
steam generator’s lifetimes. 61% of the identified flaws that led to tube plugging were located
between the tube sheet and the second grid support, or close to the hot side of the steam
generator inlet. Most of the flaws occurred due to loose parts or damage from a lance during
sludge maintenance near the top of the SG tube sheet. The higher occurrence of flaws near the
inlet of the hot side of the steam generator is significant because this location is susceptible to
the highest temperatures during a severe accident [52]. The potential failure of a steam
generator tube due to creep rupture is strongly influenced by the temperature of the tube. These
insights were incorporated into the hottest and hot upflow region sizes.

Similar to the NUREG-2195 analysis, the Surry ISI reports were used to predict the number of
flawed tubes in each steam generator. The total number of flaws was calculated by accounting
for per unit (i.e., both Surry 1 and 2 flawed tube data were used), per steam generator, the
number of RFOs, and Surry’s pattern of two RFOs to inspect 100% of the tubes. The results of
this evaluation predicted 0.72 flawed tubes with a through-wall depth greater than 0.3 in each
steam generator and 0.28 tubes with a flaw depth greater than 0.5.

Although the expected number of flawed tubes with through-wall flaw depths greater than 0.5
are similar for the two methods discussed, the expected likelihood of flawed tubes is much
different below that value. In particular, the number of plugged tubes at Surry between
through-wall depths of 0.3 and 0.5 is more limited than the NUREG-2195 distribution. The
NUREG-2195 distribution has many more samples of unplugged tubes with through-wall depths
between 0.3 and 0.5 (i.e., the Surry ISI reports were limited to only plugged tubes). The number
of flawed tubes in each flaw range were combined to use the larger database from
NUREG-2195 for the flaws with depths below 0.5 through-wall and the Surry ISI distribution for
flaws with depths above 0.5 through-wall. The total number of flawed tubes with flaw depths
above 0.5 through-wall is similar between the two methods but the Surry distribution had a
greater likelihood of a severely flawed tube with a through-wall flaw depth greater than 0.7.
Consequently, the probability of a flawed tube uses a combination of plant-specific findings for
the more severe flaws and the larger NUREG-2195 database from all reactors with thermally
treated Inconel 600 and 690 tubes for the less severe flaws.

The NUREG-2195 statistical analysis and the Surry ISI reports are based on flaws that are
detected. The number flawed tubes from the two approaches does not account for the hidden
flaws that are not detected during in-service inspections. The larger and deeper the flaw, the

41 From Equation 6-2 in Reference [10], 35.6 new flaws/SG are expected between the 33 and 36 EFPYs at Surry.
The number of new flaws is applied to the probabilities of flaws greater than 0.3 as described in the
NUREG-2195 methodology.
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higher will be the probability of detection (POD). NUREG-2195 cites NUREG/CR-6791 [137] as
providing techniques for evaluating the POD and judges the impact is relatively small for deep
flaws. In consideration of other uncertainties in this analysis and the relatively small number of
deep flaws identified in the replacement SGs at Surry, it is assumed that the hidden flaws would
not substantially change the expected size distribution or total number of flaws.

4.1.1.7 MSIV Leakage (MSIV)

The MSIVs on a PWR are located on the secondary side of the system, off the steam
generators’ main steam lines. There is the potential that seal failures could lead to MSIV
leakage, which would depressurize the secondary side. The resulting larger pressure difference
between the primary to the secondary system increases the stress across the steam generator
tubes and increases the likelihood of their failure. The occurrence of a SGTR, along with the
MSIV leakage, provides a release path for radionuclides to bypass containment and reach the
environment. A major improvement to the MELCOR model for the Surry UA is the improved
modeling of a potential steam generator tube rupture by monitoring multiple locations and
flawed tubes. Due to the importance of the primary to secondary pressure difference for the
tube creep failure, the uncertainty in secondary side depressurization is an important factor.

To inform the uncertainty range for MSIV leakage, it was desirable to have the technical
specification for a PWR. An in-depth search was conducted, both in-house and at NRC. This
including checking the FSAR and plant data book for Surry, a search of licensee testing reports,
and a discussion with a former PWR operator who is now with the NRC. Although the PWR
MSIV performance is controlled by technical specifications for closure timing, there is no
requirement for leak-tightness. No direct information was obtained for measured leakage of
PWR MSIVs.

The guidance for this uncertain parameter was obtained from several sources. First, the BWR
MSIV performance was reviewed. These values are available since the BWR MSIV leakage is
controlled by technical specifications as a primary barrier of the reactor vessel for containment
isolation (i.e., steam generator tubes alleviate the need in a PWR). Sandia reviewed the
impacts of MSIV leakage in BWRs with both Mark-I and Mark-IIl containments [149]. A typical
specification for BWR MSIV leakage is 11.5 scfh (standard cubic feet per hour) maximum when
tested at 25 psig. This value is confirmed by a 1976 letter from Monticello (a BWR) to the NRC
informing them of the failure of 3 of 8 MSIVs to meet the technical specification during initial
outage testing. One MSIV had leakage as high as 33.26 scfh. Observation evidence by
in-house experts has also shown that MSIV leakage is much higher than the technical
specifications during initial testing and significant machining has to be done to meet the required
leakage.

Next, parametric MELCOR calculations were performed to examine the secondary
depressurization rate for a range of leak sizes. The hot leg failure of the reactor coolant system
occurs at ~4 hr in the Surry STSBO. Consequently, the secondary pressure at 4 hr has the most
significance in the competition between a hot leg failure and a steam generator tube failure.
After the hot leg failure, the primary system depressurizes and there is no more threat of a tube
rupture. Figure 4-15 shows that leakages less than 0.025 in? do not show any significant
depressurization within 4 hr whereas a leak of 0.2 in? or greater depressurizes the secondary
below 1 MPa by 4 hr. Consequently, a range of 0.25 in? to 0.2 in? has the most significance for
this parameter, albeit not informative to the likely amount of leakage.
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Finally, Licensing Event Reports (LERs) on PWR MSIV problems since 2000 were reviewed
(see Appendix C). The PWR LERs document problems associated with MSIV testing and their
performance. The SMEs were encouraged that regular performance testing is done on the
MSIVs but concerned about the noted failures in the LERs. In particular, there are several LERs
that report failure of the MSIVs to close on demand. There was no mention of leakage testing in
the LERSs, which is not required for the MSIV closure timing technical specification. The SMEs
believed that large leakages could be observed in the testing, which would lead to repairs.

The specification of the distribution was influenced by the lack of knowledge on PWR MSIV
leakage, BWR technical specifications, PWR LERs, and information from MELCOR calculations
on the range of leak rates affecting the likelihood of a tube rupture. To put the BWR technical
specification into perspective, 0.1 in? and 0.5 in? leakages correspond to approximately 4600
and 23,000 scfh, respectively, which is very large compared to the BWR technical specification
of 11.5 scfh. In fact, Reference [149] notes 33 scfh as a large reported failure. These
observations are offset by the lack of required testing for PWRs and the large number of LERs.
After considerable debate, the MSIV leakage was specified to span from 0.01 in? to 1 in? using a
uniform distribution.*?
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Figure 4-15 SG A Pressure as a Function of MSIV Leakage Size

42 The focus of the Sequoyah UA was containment response and did not include MSIV leakage as an uncertain
parameter. However, the Sequoyah UA used 0.1 in?/SG [7], which is within the Surry UA parameter range.
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Rationale for Distribution

The only available values for MSIV leakage are BWR specific. Although a PWR only has one
MSIV on each steam line, as opposed to the two in series on a BWR, the two on a BWR quickly
equilibrate and therefore the leakage rates should be directly applicable. However, this ignores
any specific MSIV design differences between BWRs and PWRs, which may be significant. The
specification of the distribution was influenced by the lack of knowledge on PWR MSIV leakage.
A range of 0.01 in? to 1 in? using a uniform distribution is specified, which reflects very low
leakage that does not depressurize the secondary within 4 hr to a large leakage that fully
depressurizes the secondary. The uniform distribution conservatively biases the results toward
depressurizing the secondary system. However, there will be several samples with small
leakage to assess its impact. It should be noted that previous studies that investigated the
potential for SGTRs included leakages of 0.5 in? [38], which is the median of the range used in
this study.

41.2 In-Vessel Accident Progression

The in-vessel accident progression includes three parameters related to the core degradation,
(1) the Zircaloy melt breakout temperature, (2) the molten clad drainage rate, and (3) the
effective temperature at which the eutectic formed from UO; and ZrO, melts. These uncertain
parameters are unchanged from the draft Surry UA [8] and are the same as the Sequoyah UA
[7]. The next in-vessel accident progression uncertain parameter concerns the time in the cycle.
In the draft Surry UA [8] and the Sequoyah UA [7], the time in cycle addressed three discrete
times in the operating cycle. The time in cycle was updated for the final Surry UA by considering
a more continuous evaluation of time in cycle using 14 distributed times. The time in cycle also
specifies the initial radionuclide inventory. The last uncertain parameter concerns the in-vessel
hydrogen product via the steam-Zircaloy oxidation correlation. The uncertainty evaluation of the
oxidation kinetics modeling is the same approach as the Sequoyah UA [7].

4.1.2.1 Zircaloy Melt Breakout Temperature (SC1131(2))

The Zircaloy melt breakout temperature and its associated distribution characterize the
uncertain properties that determine the temperature at which the ZrO; shell releases underlying
molten Zircaloy, which can occur for two reasons, both captured by this parameter. First, the
outer oxide shell can crack due to physical stresses from the extreme environment, and second
the molten Zircaloy can chemically reduce the oxide, leading to localized failures. The oxide
shells have a high melting temperature relative to that of unoxidized cladding and, as shown in
the Phebus experiments [54], can maintain fuel geometry as Zircaloy interior to the shell melts
and drains away. Uncertainty is represented by a beta distribution («. 3.83; £:3) with a lower
bound of 2100 K and an upper bound of 2540 K.

The fuel rod cladding ruptures and releases fission products from the fuel-cladding gap once the
temperature reaches 1173 K (i.e., the MELCOR default). However, the fuel rods remain
standing and form an oxide shell (i.e., ZrO) as the steam oxidizes the hot cladding. After

2100 K, the zirconium that does not fully oxidize forms an a-phase ZrO fluid which is held up by
the ZrO; shell. The ZrO also migrates through the fuel pellet cracks and forms a (U,Zr)O2.x
mixture through slow dissolution of the irradiated UO; fuel. The thickness of the ZrO, is primarily
a function of:

e Steam supply of oxygen to the a-ZrO, thus increasing the ZrO; shell thickness.
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e Oxygenation of the a-ZrO from the ZrO- shell, thus decreasing the shell thickness (does not
occur below 2273 K [57]).

¢ Rod temperatures, which heavily influence reaction rates (i.e., a higher temperature yields
faster reactions).

It is noted that the a-ZrO can also extract oxygen from the UO; pellet. Schematic
representations of the zirconium melt breakthrough process can be seen in Figure 4-16 and
Figure 4-17. An approximation of the oxygen content in the a-ZrO can be seen in Figure 4-17.
When zirconium-melt breaks through the ZrO; shell, it also removes some dissolved uranium
and fission products and stops the heat generation from the zirconium oxidation reaction. This
dissolution process is simulated in SOARCA by assuming 0.2 kg of UO> (via COR_CMT) is
dissolved for every 1 kg of Zr melt generated by the candling process.

Pre-Breakthrough Post-Breakthrough

Steam

Irradiated UO>
Irradiated UO2 and (U,Zr)O2x
/| Zr0, Cladding

ZrO2 Cladding

(U.Zr)O2x

a phase ZrO

/| o phase ZrO

ZrO2 thinning from
a-ZrO oxidation

ZrO, growth from
steam oxidation

Figure 4-16 Schematic of Zirconium Melt Breakthrough
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Figure 4-17 Depiction of the Fuel Rod Degradation
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Figure 4-18 Qualitative Oxygen Concentration in the a-ZrO Region

It has been shown, using structural models of the oxide shell, that the high temperature failure
(a.k.a., flowering) of the ZrO. shell can occur through two primary failure modes. The first occurs
when the oxide shell grows too thick under intermediate rate temperature ramps:

Eq. 4-6

where K is temperature in Kelvin, s is time in seconds, T is temperature, and t is time. This
results in the surface stress exceeding the flexural limits. The stress causes cracks in the ZrO;
shell, which are filled with melt. The melt then oxidizes, causing more cracks. Eventually, the
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oxide shell expands to the point where the incompressible melt applies enough internal
pressure to rupture the oxide shell.** Simulations with the code S/Q [57] have been conducted.
The second failure mode occurs when the oxide shell erodes and is too thin under rapid
temperature ramps to contain the melt:

{dT S 6K}
dt s

Eq. 4-7
This thinning of the oxide shell is caused by internal erosion from the melt.

The last possibility of failure that is beyond flowering occurs when the oxide shell completely
oxidizes the melt. This is predicted to occur under extremely slow temperature ramps:

{dT < 31(}
dt s

Eq. 4-8

It is noted that the CORA experiments suggest that the temperature ramps allowing for
complete oxidation of the melt are closer to 0.3K/s [104].

The breakout temperature initiates the downward drainage of molten Zircaloy on a ring and axial
level basis in the MELCOR simulation and can act in terminating or decreasing oxidation
reaction rates in the originating core cell. Previous SNL studies [55][56], determined that at the
"breakout temperature" oxidizing molten Zircaloy is relocated to cooler regions at a time when
the oxidation rate is at its maximum value. Fuel temperatures are increasing rapidly (~10K/s) at
this time, hydrogen generation rate is locally at a maximum, and fission product release rates
are large. The relocation of the oxidizing melt has the effect of terminating the intense local fuel
heating, since the chemical heating source has relocated to a cooler region of the vessel. This
should affect release rate for volatile fission products and total localized releases of low-volatile
species.

Rationale for Distribution

This distribution for Zircaloy melt breakout temperature is created by Bayesian updating the
Peach Bottom Zircaloy Melt Breakout Temperature (prior distribution) with the S/Q simulation
results [57] provided in Table 4-13. A binomial likelihood function was used to update a scaled
version of the prior distribution and then rescale the posterior distribution to the appropriate
range.

Table 4-13 Zircaloy Melt Breakthrough Temperature Estimates from S/Q Simulations
of
Two ZrO; Failure Modes

Failure Mode Temperature | Assigned Weight

#1-Surface stress exceeds the flexural limits. 2393 K 0.5

43 Small variations in pellet diameter can dramatically change the predicted failure temperature.
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#1-Surface stress exceeds the flexural limits. 2223 K 0.5

#2-Oxide shell erodes and is too thin. 2372 K 1

The prior distribution was defined as a triangular distribution. The lower bound value is the
Zircaloy melting temperature of 2100 K. The value of 2100 K also corresponds to fragile outer
oxide shells that are incapable of retaining molten Zircaloy. The upper value of 2540 K was
selected in the original hydrogen uncertainty study based on fuel rod failure in 15 minutes using
the time at temperature model (precluding failure by Zircaloy breakout), which in turn is based
on qualitative consideration of the alpha-Zr(O) phase diagram and observations/analyses of the
Phebus experiments [54]. The mode is default value in MELCOR (2400 K), which was used in
the Sequoyah UA [7] and the SOARCA analysis [3]. The selection of a triangular distribution
suggests that a most probable value for the uncertain parameter is recommended (mode), with
decreasing likelihood for values away from the most probable. The CDF is presented in

Figure 4-19.

Two simulations were conducted for failure mode #1 to show variability due to pellet diameter
uncertainties that result because individual pellets have differential thermal expansions during
reactor operation. During the updating process, the two failure modes were assigned equal
weight, and the two variability simulation results were assigned equal weight. To ensure that the
weights are additive in the product likelihood function, the updating equation shown in Eq. 4-9
was used.

N
1 : wi
n(TemplE) = Zn(Temp) [ [{L(E|Temp))
i=1

Eq. 4-9

In Eq. 4-9, n(Temp) represents the state of knowledge of the values for the Zircaloy melt
breakout temperature (SC1131(2)) without simulation estimates, m(Temp|E) represents the
state of knowledge for SC1131(2) given the estimates in Table 4-13, L(E!|Temp) is the
likelihood that if the actual value for SC1131(2) was Temp, the i evidence (E*) would be
observed, w' is the weight of the i" evidence as defined in Table 4-13, and ¢ is a normalization
constant. The likelihood function was assumed to be proportional to the binomial function if the
evidence was transformed to fall within 0 to 1, given zero represented the lower bound of the
distribution (2100K) and one represents the upper bound of the distribution (2540K).

Because the MELCOR uncertainty engine cannot sample from user specified distributions, a
maximum likelihood estimate fit (beta distribution) of the posterior distribution was sampled. The
shape parameters of that distribution are a = 3.83 and 3 = 3.0 with upper and lower bounds set
the same as the prior triangular distribution [2100.0, 2540.0].
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Figure 4-19 Zircaloy Melt Breakout Temperature Cumulative Distributions

The Zircaloy melt breakout temperature showed importance in the Peach Bottom UA [2].
Intuitively, it is suspected that molten Zircaloy breakout must occur before ZrO, and UO-
eutectic reactions (and other chemical reactions) cause local fuel failure, which is supported by
experimental observations of fuel oxidation and failure. The temperature at which the eutectic
formed from UO; and ZrO- melts is another uncertain parameter in this Surry UA and correlation
between the two was considered. However, it was calculated, that with the distributions for the
two parameters, Zircaloy breakout would occur before fuel failure by eutectic reactions in 85
percent of the sampled realizations. By not correlating the two parameters, the sequence of
events that is intuitively expected and experimentally supported, will occur the majority of the
time, but some samples will allow for the exploration of the alternative scenario.

4.1.2.2 Molten Clad Drainage Rate (SC1141(2))

MELCOR uses sensitivity coefficients SC1141(1) and SC1141(2) to control the candling model
when molten material has just been released after holdup by an oxide shell or by a flow
blockage (crust) [15]. The sensitivity coefficient (SC1141(2)) is defined as the maximum melt
flow rate per unit width after breakthrough (with units of kg/m-s) and is described herein as the
molten clad drainage rate. The molten clad drainage rate is an uncertain input in MELCOR that
influences the in-vessel accident progression. A log triangular distribution was implemented with
a mode of 0.2 kg/m-s, a lower bound of 0.1 kg/m-s and an upper bound of 2 kg/m-s.

In MELCOR, when molten material has just been released after holdup by a flow blockage or

oxide crust, the assumption built into the candling model of constant generation of melt over the
timestep is no longer valid. Behavior of the model related to the amounts of mass refrozen in
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lower core cells would thus be highly dependent on the size of the current timestep. Therefore,
for those situations involving the sudden release of a large mass of molten material built up over
perhaps several previous timesteps, application of the candling model is modified slightly. In
order to eliminate dependencies on molten pool mass and timestep size, SC1141(1) is a
constant timestep used for the breach of an oxide shell, while SC1141(2) is the maximum flow
rate (per unit surface width) of the molten pool after breakthrough of a flow blockage, which is
used to calculate a timestep according to:

M,, Az]

At ontact = max |At,
Fmax AS

Eq. 4-10

Where At.onac is the timestep used after failure of a flow blockage holding up a molten pool, At is
the nominal MELCOR timestep, [}, 4,is the maximum flow rate, M, is the mass of molten
material, 4z is axial cell height and A; is the surface area available for flow.

In other words, a large molten pool is allowed to discharge at a maximum rate of [,
(SC1141(2)), and the amount refreezing onto structures below (candling) will be a linear
function of the total mass of the pool. This effect can be visualized as the melt pool moving
axially down a fuel rod in the open space between 4 closest fuel rods in the square assembly
lattice.

The release timestep and the maximum melt flow rate affect subsequent code calculations for
heat transfer, refreezing, core degradation kinetics, and overall in-vessel accident progression.

Rationale for Distribution

A log triangular distribution is used for SC1141(2) with a mode of 0.2 kg/m-s and 0.1 and

2.0 kg/m-s respectively for the lower and upper bounds. The mode of 0.2 kg/m-s is the current
MELCOR best practice [58] and was used in the SOARCA analysis [3]. It was determined by
observing video of the CORA-13 experiment showing movement of molten material following
the breakthrough of a flow blockage and calculating the flow rate. There is no citable technical
basis to inform the bounds of the distribution, making the uncertainty of this parameter
exploratory. For an exploratory study, an approximate order of magnitude uncertainty range was
desired to allow investigation of a large amount of uncertainty. Had the regression results
indicated high importance for this parameter, the distribution would have been revisited.

The selection of a log-triangular distribution suggests that a most probable value for the
uncertain parameter is the recommended value (i.e., the mode), with decreasing likelihood for
values away from the most probable. A triangular distribution would give too much weight to
sampling near the bounds. Since the parameter represents the maximum possible flow rate, it is
more beneficial to sample larger values (i.e., smaller rates below the prescribed maximum
specified by this parameter may occur naturally during the MELCOR runs). Additionally, the
historical default value for MELCOR was 1 kg/m-s and it is beneficial to analyze some runs at
and above this value. Because of these two reasons and the desire to have an approximate
order of magnitude range, an upper limit of 2.0 kg/m-s and lower limit of 0.1 kg/m-s were
selected. This selection gives approximately 10 percent of samples above the previous default
of 1 kg/m-s, while keeping the majority of samples near the mode. The CDF is presented in
Figure 4-20.
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The corresponding timestep size following rupture through an oxide shell is not considered.
Although it is also an uncertain parameter that affects subsequent code calculations, only the
variation of the maximum molten pool flow rate after breach of a blockage is considered in the
Surry UA. The maximum molten pool drainage rate parameter is a carryover from the Peach
Bottom UA.

4.1.2.3 Effective Temperature at which the Eutectic Formed from Zircaloy Oxide and Uranium
Oxide Melts (SC1132)

This parameter represents the temperature at which the eutectic formed from UO, and ZrO,
melts. Within MELCOR this is input as a eutectic sensitivity coefficient (SC1132) and a melting
temperature. By including the temperature of the eutectic reaction between ZrO; and UO; as a
sampled parameter, general fuel failure of when the fuel collapses and when it becomes molten
is affected. There are other failure mechanisms and possible eutectic reaction** between core
materials, some of which are described in more detail in the related parameters section within
Section 4.1.2.1.

The binary phase diagram for ZrO»/UQO- suggests the melting point for equilibrium conditions is
approximately 2800 K for a 50/50 molar mixture; hence this was the historical MELCOR default

44 |tis noted that the pure UO2/ZrOz2 system has only a melting point, not a eutectic point. High burnup pins have
complex intermetallic effects which are referred to as eutectic reactions in the VERCORS [56] experiments and
the MELCOR users guide. This nomenclature is maintained for this analysis.
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value. Any liquefaction below this temperature accounts for the effect of molten Zircaloy metal
or alpha-Zr(O) ‘wetting’ the oxide surfaces. Observations of the Phebus and VERCORS
experiments suggest that irradiated fuel and oxidized cladding exhibit eutectic liquefaction at
significantly lower temperatures; thus, the MELCOR default was subsequently modified to
2500 K. Following significant local cladding oxidation, the effective liquefaction of ZrO, and UO-
mixtures results in local rod collapse as molten material, rather than as rubble or debris. The
parameter treatment for this work attempts to approximate the combined uncertainties
associated with burnup, eutectic composition, material properties, and non-equilibrium effects
on ZrO»/UQO; eutectic reactions.

The fuel melt associated with this parameter is a localized effect. This means that MELCOR
evaluates the temperature independently for each core cell and allows the fuel in that specific
cell to melt when it reaches a failure temperature, such as the temperature at which the eutectic
formed from UO; and ZrO- melts. Thus, the entire core will not fail at once when the hottest
region reaches the sampled temperature. It is possible that melting of a core cell can cause the
subsequent failure of fuel above in the same radial ring that was previously supported by the
failed cell. However, this is a physical effect and still only affects a section of a single ring,
hence keeping it a localized effect.

In MELCOR, eutectic reactions are approximated by user-modification of melting and failure
temperatures in model input. Thus, to effectively represent the temperature at which the eutectic
formed from UO- and ZrO; melts, the user must modify:

1. The sensitivity coefficient SC1132(1), which defines the cladding temperature resulting in
rod collapse without Zr-metal cladding remaining (discussed further in Section 4.1.2.1), and

2. The melting temperatures of both UO; and ZrO in the input deck (MP_PRC records).
Rationale for Distribution
Six experimental data points for eutectic induced core collapse are readily available from the

VERCORS experiments to help inform the uncertainty distribution [56]. Table 4-14 shows the
VERCORS test results along with the mean and standard deviation.

Table 4-14 VERCORS Test Results for Collapse Temperature

Test Collapse Temperature (K)
T1 2525
HT1 2550
HT2 2400
HT3 2525
V_6 2525
RT6 2350
Mean 2479
Standard Deviation 83
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In selecting this experimental data, observed core slump is projected to a eutectic reaction. This
was strongly indicated by the test results but cannot be definitively confirmed due to a lack of
instrumentation.

The selection of a specific distribution is complicated by the lack of detailed experimental data
over ranges of severe accident conditions and reactor operation (e.g., high burnup). While the
VERCORS testing matrix does not provide randomly distributed evidence of eutectic formation
temperatures, these tests do provide a range of temperatures over which eutectics were
significant enough to cause core collapse. A normal distribution fitted to the data in Table 4-14
was used to assess uncertainty in the average core collapse temperature for higher burnup fuel.
The simple parameter treatment is not intended to rigorously quantify eutectic effects on severe
accidents and core degradation; such treatment is impossible when the MELCOR eutectic
model is not activated. Rather, the proposed treatment roughly evaluates the influences that the
physical state of the core debris has on core degradation kinetics and subsequent severe
accident progression. A lower temperature for this parameter results in an increased generation
of molten pools in the RPV during core disassembly. Alternatively, a higher temperature for this
parameter results in a decreased generation of molten pool formation for ZrO, and UO; debris.
The relocation and cooling of molten pools after formation are treated by several other models
and parametric inputs in MELCOR; hence the eutectic parameter only affects the initial creation
of molten pools for ZrO; and UO; immediately upon rod collapse.

Even though the testing data was derived from independent, identical tests, a normal
distribution was fitted to the VERCORS data in order to describe the general range of potential
collapse temperatures for the varying environmental conditions (i.e., see Figure 4-21). This
normal distribution has a mean of 2479 K and a standard deviation of 83. The red star in

Figure 4-21 represents the 2800 K value used in SOARCA. Even left unbounded, the probability
of sampling beyond these bounds is effectively de minimis, thus the bounds should not affect
the results of this work.
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4.1.2.4 Time of the Cycle

The time in cycle parameter was included to understand the extent to which the fuel burnup
influenced simulation results. This was accomplished by including an uncertain parameter
named CYCLE, which identifies the point during the fuel burnup cycle at which the accident
occurs. The time in cycle is discretely assigned to 14 decay heat and radionuclide inventory
evaluations across the 550-day operating cycle to characterize the parameter distribution. The
fourteen points within the cycle are taken as ‘representative’ times to constrain the problem.
One of fourteen corresponding radionuclide inventories is assigned once the time in the cycle is
selected.

The CYCLE parameter directly affects the MELCOR source term calculation through the decay
heat and affects the MACCS consequence analysis through the fission product inventory. The
inventories of shorter lived isotopes increase with burnup only until secular equilibrium is
established. However, the inventories of longer lived isotopes, like Cs-137 which grows
monotonically throughout the cycle, can nearly double from the beginning to end of the fuel
burnup cycle. Because the longer-lived isotopes have an effect on LCF risk, especially in the
long-term phase, this parameter is significant to the predicted results.

In the Sequoyah UA [7], the cycle was represented using three point estimates: the beginning
(BOC), the middle (MOC), and the end of cycle (EOC). The BOC and EOC results occurred at
7 days and 505 days in the cycle, which were biased towards the beginning and the end of the
cycle, respectively. There is a markedly lower decay heat at BOC (within a few hours after
shutdown) due to short recent irradiation time, which results in lower inventory of the
shorter-lived nuclides that dominate decay heat a few hours after shutdown. Similarly, the
radionuclide inventory at 505 days was near the maximum activity of the long-lived isotopes
during the cycle, which will dominate the decay power for longer decay time. The inability to
characterize the continuous variation from the start to the end of cycle with only three points
was identified a weakness in the original approach.

Thus, from a decay heat perspective, using representative days at 14 points throughout the
cycle rather than three allows for more precise examination of higher decay heat later within the
accident scenario which could be important for RPV lower head response, ex-vessel behavior,
and long-term containment response. Additionally, the motivation for differentiating between
time in the burnup cycle, and especially days after the beginning of cycle, is the long-lived
radionuclide inventory that affects the MACCS consequence analysis for LCF risk. The activity
levels of the inventories for short-lived isotopes increase with burnup only until secular
equilibrium is established. However, the activity levels of the inventories for long-lived isotopes
grow monotonically throughout the cycle, and nearly double over the course from beginning to
end of cycle (see Figure 4-22).
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The decay heat power from ORIGEN calculations for the fourteen times in the cycle were
integrated through 4 hours (see Figure 4-23). The integrated power during the first four hours
(i.e., the core degradation phase of the STSBO accident) rapidly changes at the start the cycle.
The delineation between the startup phase of the cycle is about 100 days before the integrated
decay heat is relatively constant. Although the integrated decay heat stabilizes after ~100 days,
the radionuclide inventories continue to change (e.g., see Cs-137 in Figure 4-22).

The discrete points in the cycle for the uncertainty evaluation were selected to characterize the
initial buildup of the short-lived isotopes and decay heat power as well as the steady increase in
long-lived isotopes through the length of the cycle. A finer discretization of days was used
towards the beginning of cycle to capture the initial rapid increase in decay heat over the first
100 days with a broader time interval for the remaining days. This defines two regions for
sampling: one region on [0,100] with a representative ORIGEN calculation every 25 day and
one region on [100,550] with a representative ORIGEN calculation every 50 day. This results in
ORIGEN calculations for 0.5, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 450, 500, and 550
days. Note that 0.5 days is used as a more reasonable initial day than 0 in order to capture the
effects of a very early accident.
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Figure 4-23 Plot of the integrated decay heat for ORIGEN calculations used in the
Surry UA

Because the new ORIGEN calculation days are evenly distributed within each of the two

regions, sampling for UA realizations is facilitated by with 218 samples uniformly on the first
(100 days—0 days)
(550 days)

(550 ?;g;;;g:)days)). For each sampled day, the nearest ORIGEN calculation is

used. Note that this implementation enforces that precisely the correct proportion of realizations
is sampled in each of the two regions.

region (1200 samples x

)and 982 samples uniformly on the second region

(1200 samples x

The scatter plot in Figure 4-24a shows the realization number (1 to 1200) and the corresponding
sampled day (integer between 0 and 550). Figure 4-24b shows this distribution of samples when
each of the sampled day is assigned to the nearest-neighbor ORIGEN calculation. Both plots
illustrate the randomness of Time in Cycle with respect to the realization. A comparison of the
plots demonstrates that the discretization by ORIGEN calculations is a reasonable
approximation to the continuous distribution. This is also demonstrated in the empirical CDFs of
these samples in Figure 4-25.
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Days by ORIGEN calculations
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Rationale for Distribution

Varying the decay heat and inventory entails a large amount of data reduction and input
generation for MELCOR and MACCS, which SNL has automated in support of similar efforts for
Fukushima-related research [99]. Using plant-specific data, ORIGEN-S/ARP calculates decay
heat and inventory, and a post-processing tool directly generates consistent MELCOR inputs of
decay heat and lumped RN-class inventories (including class specific decay heats), along with
consistent detailed nuclide input for MACCS.

The timing of the accident initiator relative to the last operating cycle (assumed to be cycle 20) is
treated as inherently random; thus the first step of the decay heat uncertainty analysis involves
uniform sampling of the time of reactor shutdown with assignment to closest of 14 pre-chosen
times (see Figure 4-24). The corresponding decay heat and radionuclide inventory from the 14
points in the cycle survey the initial build-up of short-lived isotopes and the long-term increase of
the long-lived isotopes (e.g., see Figure 4-22). The CYCLE parameter uniformly surveys the
entire range of the fuel cycle from 0 to 550 days with consistent values of decay heat and
radionuclide inventory.

The time of the cycle for the MELCOR run is seamlessly transferred to the MELMACCS code

for consequence calculations. Consequently, the specific radionuclide inventory selected for the
MELCOR realization is used in the subsequent MACCS calculation.
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The draft Surry UA only used 3 points in the operating cycle [8], which did not continuously
survey the range of the decay heat or radionuclide activity. The results showed a bifurcation in
the response from the earliest time in the cycle to the latter two times. For example, no BOC
results showed a containment liner overpressure failure within the simulation duration whereas
nearly all the MOC and EOC results had or were trending to containment liner failure. The
uncertainty in the decay heat was considered at the three specific times in the cycle in the draft
study but only one radionuclide inventory was used for each time. The new methodology has a
more continuous evaluation of results that improves the evaluation of the time in the cycle on
the key response and consequence measures. It was not practical to incorporate uncertainty in
the decay heat and radionuclide inventory at a specific cycle time. However, the results from the
draft UA suggest this uncertainty is most important at the beginning of the accident (i.e., <100
sec). The 14 distributed times of the decay heat and radionuclide inventories from 0.5 days
(i.e., the calculated earliest time) to 550 days (i.e., the latest calculated time) in new study is
judged to be a practical and improved approach to characterize the operating cycle parameter.

4.1.2.5 Oxidation Kinetics (Ox_Model)

The Sequoyah UA realizations [7] showed a high sensitivity of the early containment failure
timing to the amount of hydrogen released to the containment prior to the first ignition. Whereas
the amount of hydrogen released to the containment prior to ignition is strongly influenced by
the pressurizer SV failure characteristics, the uncertainty in the oxidation rate also impacted
early containment failure. Four aspects of the oxidation modeling were considered for possible
inclusion as uncertainty variable(s). The four aspects were: (1) the oxidation rate correlation
used in the steam-Zircaloy parabolic kinetics model, (2) the oxidation rate correlation used in the
steam-steel parabolic kinetics model, (3) the fuel collapse modeling, and (4) the fuel quenching
model.

After review of the four aspects effecting oxidation, only the oxidation rate correlation used in
the Zircaloy parabolic kinetics model was selected as an important uncertainty in the Sequoyah
study. The other parameters were dismissed due to their lower importance in the peak
combustion magnitude in the initial hydrogen burns. The remaining uncertainty variable is
steam-Zircaloy oxidation kinetics. The draft Surry UA [8] used the default Urbanic and Heidrick
steam-Zircaloy oxidation kinetics model in MELCOR [14]. It is a two-temperature region
oxidation model that uses parabolic kinetics with appropriate rate constant expressions for
Zircaloy oxidation-limited gaseous diffusion. The solid-state diffusion of oxygen through an oxide
layer to unoxidized metal is represented by the parabolic rate equation:

d(W?)
dt

= K(T) Equation 4-1

where W is the mass of metal oxidized per unit surface area and K(T) is a rate constant
expressed as an exponential function of surface temperature, T, [14]. The Urbanic and Heidrick
model uses a low region temperature rate constant correlation through 1853 K and a separate
high temperature correlation above 1873 K. The high temperature regime is characteristic of an
open oxide structure that greatly increase the oxidation kinetics. The low and high temperature
Urbanic and Heidrick steam-Zircaloy oxidation rate coefficients are shown in Figure 4-26. The
rate constant is interpolated between the low- and high-temperature regions. As shown in the
figure, the oxidation rate constant grows rapidly with temperature and especially increases after
the transition to the high temperature region.
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Figure 4-26 Urbanic and Heidrick Steam-Zircaloy Kinetics Rate Coefficient

The Paul Scherrer Institute (PSI) of Switzerland recently developed a new model for air and
steam oxidation that were incorporated into MELCOR 2.1 [138]. While the most significant
enhancements were for air oxidation, multiple steam oxidation correlations are included from
well-referenced correlations including the default Urbanic and Heidrick model.

With respect to the other correlations included in the new PSI model, the Sokolov correlation
was developed for VVER E110 cladding which includes niobium [139]. It was discarded as not
being prototypical to PWR fuel. Similarly, a newer VVER E110 oxidation correlation by Grosse
was not included because it is not prototypical to PWR fuel. Finally, two options are available in
the PSI model that use the Leistikov and Schanz correlation. The Leistikov and Schanz
correlation was developed based on data through 1600°C and therefore not appropriate for the
very high temperature range [140]. The option of Leistikov-Schanz combined with
Prater-Courtright was included because Prater-Courtright addresses the high temperature
region. However, the PSI option of the Leistikov and Schanz that did not include a
high-temperature correlation was dismissed. After dismissing the VVER correlations and the
Leistikov and Schanz without a high-temperature correlation, the remaining correlations built
into the MELCOR code are shown in Figure 4-27.
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Figure 4-27 Oxidation Rate Coefficient Correlations used for Sampling

Rationale for Distribution

While reviewing comparisons to experiments (e.g., [138][140][141]) and other computer code
defaults (e.g., [142]), the Cathcart-Pawel correlation is often cited as providing best oxidation
comparisons up to the high temperatures. At high temperatures, the Prater-Courtright
correlation is benchmarked against high temperature data from ORNL data [143]. For example,
Reference [144] showed better predictions at temperatures above 1800 K using the
Prater-Courtright correlation than the Urbanic and Heidrick correlation. However, it is noted that
the differences of the three correlations below the transition at ~1900 K were smaller than
above.

Three correlations commonly used in the literature were selected for the uncertainty analysis.
The Urbanic-Heidrich correlation is historically important due to its use in MELCOR analysis,
including the original SOARCA analysis [1] and the previous Peach Bottom UA [2]. The
Cathcart-Pawel correlation is identified for wide-spread citations in the literature and for default
code settings [142]. The Leistikov-Schanz correlation is the only correlation in MELCOR that is
coupled with the Prater-Courtright correlation [14]. All three correlations had similar values
below the high-temperature transition point near 1900 K. Two of the correlations used the rate
constants from the Urbanic-Heidrich correlation above 1900 K, which was significantly lower
than the Prater-Courtright correlation. To equally survey the two different high-temperature rate
correlations, a 50%, 25%, and 25% distribution is used (see Figure 4-28). A 50% probability is
assigned to the correlation that included the high-temperature Prater-Courtright correlation and
25% each to the correlations with Urbanic-Heidrich high-temperature correlation.
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413 Containment Response

There are four containment response uncertain parameters. The first parameter addresses
hydrogen combustion in the containment, the next two uncertain parameters address
containment leakage and failure, and the final parameter addresses containment heat transfer.
The hydrogen ignition criteria has been changed from the draft Surry UA [8] to only allow
ignition with an active source, which is the same approach as the Sequoyah UA [7]. However,
the hydrogen ignition uncertainty parameter distribution is the same. The containment leakage
uncertain parameter is updated for the final Surry UA to recognize industry and Surry-specific
efforts to improve containment leak tightness [9]. The remaining two uncertain parameters for
the containment fragility curve and containment heat transfer are unchanged from the draft
Surry UA [8].

4.1.3.1 Hydrogen Ignition Criteria

The hydrogen ignition criteria determine the ignition location for a hydrogen deflagration and the
corresponding flammability limit (volume percent of hydrogen). The uncertainty parameter is
characterized using upward, horizontal, or downward propagation from the ignition source. This
is accomplished by sampling on the location of the ignition source in each MELCOR control
volume representing containment compartments. A discrete distribution was chosen with an
equal probability for each of three bins that represent ignition location and corresponding
flammability limit.
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Hydrogen combustion has uncertainties in the ignition location, ignition timing, flammability
limits, and combustion intensity. Ignition timing uncertainty includes both known sources like hot
leg creep or presence of random ignition sources (not modeled in this study). The
implementation of the hydrogen ignition criteria supports examination of two of these
uncertainties (ignition location and flammability limits). The previous SOARCA calculations [3]
included combustion at the default limit for spontaneous ignition (10% hydrogen concentration
within the atmosphere). The presence of steam and other diluents precluded combustion in the
containment during the unmitigated STSBO scenario except upon the initial release of
hydrogen-rich gas following hot leg creep rupture failure. The hydrogen ignition criteria are
selected to explore the uncertainty in the lower limits of flammability for possible combustion at
other times. A key uncertainty in the lower limit for combustion is the location of the ignition
source relative to the reactants. The flammability, or propagation, limits are greatly influenced
by the initial direction of propagation from the ignition source. For example, the limits for
hydrogen-air mixtures for upward, horizontal, and downward initial propagation of the flame are
approximately 4, 6, and 9 percent hydrogen, respectively, demonstrating the effect of buoyancy
[59].

The sampling is performed on upward, horizontal, and downward propagation direction when
there is an identifiable ignition source. The identifiable ignition sources include hot gas jets from
a hot leg failure, the PRT rupture disk, and the reactor coolant pump seals. The ex-vessel debris
in the reactor cavity is also an active ignition source. Although there are defined ignition
sources, the ignition propagation is assumed to occur randomly within a compartment (i.e.,
upward, downward, or horizontally). When gas concentrations are within the sampled
flammability limits and there is an active ignition source, the burn will begin at the ignition
source, propagate from there into a deflagration. It is assumed that the ignition sources in these
three categorizations of ignition location/propagation direction characterize the lower
flammability possibilities for a large-scale burn throughout a compartment.
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Rationale for Distribution

The variable flammability limit approach was initially conceived for random ignition in the draft
Surry UA [8]. The sources of ignition were assumed to be present throughout the
compartmentalized containment such that the location(s) where hydrogen would ignite and the
direction(s) the flame(s) would need to propagate would be uncertain and random. The current
Surry UA follows the same approach as the Sequoyah UA [7], which only allows ignition when
with well-defined sources of ignition. Consequently, combustion only occurs with an active
ignition source (i.e., hot gas jets or ex-vessel debris) and the control volume gas concentration
satisfies the sampled flammability limit.45

The current UA and the Sequoyah UA maintain uncertainty sampling on the initial direction of
the flame propagation. Although there is an active ignition source, the direction for the flame
propagation is assumed to be uncertain. For example, the source of the hot jet or ex-vessel
debris may be located at the bottom of the compartment, but the ignition may originate near the
top of the compartment after mixing with the room air. The discrete thresholds for upward and
downward propagation are supported by experimental information [59]. A uniform weighting of
the three discrete initial propagation directions and their corresponding flammability limits is
assumed.*® Figure 4-29 shows the discrete distribution for initial propagation direction; each is
equally likely.
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(Propagation Direction)

0.9 -

0.8 -
- 0.7 -
0.6 -
0.5 -
0.4 -
03 -
0.2 -
0.1 -

Probabilit

Upward Horizontal Downward

Direction

Figure 4-29 Uncertainty Distribution for Ignition Propagation Direction

4.1.3.2 Containment Design Leakage Rate (designlLeakLa)

Prior to containment overpressure failure, radionuclide releases through nominal leakage tends
to be relatively small (0.1% air volume per day at an overpressure ratio [P/Ppesign] Of 1). As an

45 The combustion evaluation checks for adequate oxygen, the sampled value of hydrogen or carbon-moxoide, and
the limiting steam and carbon-dioxide concentration.

46 Independent of the initial ignition location and propagation arguments, it was also desirable to have three
thresholds that sampled a weaker but more likely ignition threshold (i.e., upward or 4%), a middle value (i.e.,
horizontal or 7%), and a less likely but more powerful deflagation (i.e., downward or 9%). Consequently, the
updarwd, horizontal, and downward framework was retained.
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example, release fractions are less than 10 of the core inventory (excluding noble gases) in the
unmitigated SOARCA STSBO scenario (see Figure 5-36 in NUREG/CR-7110 Volume 2 [3])
before containment overpressure failure near 26 hours. Releases due to design leakage
remained low and steady for about 20 hours before containment rebar failure in the SOARCA
STSBO, after which release fractions increased by several orders of magnitude due to
containment functional failure (CFC parameter). Consequently, the designLeakLa parameter
can have an effect on population dose during the first day of the accident, the containment
failure timing, cumulative release, and consequences during evacuation.

Nuclear power plant control of containment leak tightness is governed by the Code of Federal
Regulations Appendix J. Appendix J specifies containment leak-testing requirements, including
the types of tests required. For each type of test required, Appendix J specifies the leak-rate
acceptance criteria, how such tests should be conducted, the frequency of testing, and reporting
requirements. Appendix J requires the following types of containment leak tests:

e Measurement of the containment integrated leak rate (Type A tests, often referred to as
ILRTS).

e Measurement of the leak rate across each pressure-containing or leakage-limiting boundary
for various primary reactor containment penetrations (Type B tests).

e Measurement of containment isolation valve leak rates (Type C tests). Type B and C tests
are referred to as local leak rate tests (LLRTS).

The NRC implemented an initiative to allow performance-based requirements to replace
prescriptive requirements of Appendix J with only a marginal impact on safety. NUREG-1493
provided the technical bases for the NRC's rulemaking to revise leak-testing requirements for
nuclear power reactors [9]. The most significant change in the performance-based requirements
was to reduce the Type A testing interval in place of Type B and C testing. NUREG-1493
concludes that the ILRTSs identify only a few potential containment leak paths that cannot be
identified by Type B and C testing, and the leaks that have been found by Type A tests have
been only marginally above existing requirements.

In response to the performance-based update to Appendix J, the Nuclear Energy Institute (NEI)
developed performance-based testing to extend the Intervals of Type A, B, and C testing. The
NRC in Regulation Guide (RG) 1.163 accepted the NEI proposal with some limitations
extending Type A test intervals up to 15 years and extending Type C test intervals up to 75
months. The ACRS recently noted in a review of RG 1.163 that 94 operating reactors were
given one-time 15-year ILRT interval approval [145]. Approximately 75 reactors have completed
15-year Type A tests and no test failures have been reported. Furthermore, ACRS noted that
the performance results from the extended test intervals that have been applied to date do not
indicate that any new failure modes have been missed. The ACRS endorsed a revision to RG
1.163 that allowed continual extension of extended testing intervals without requiring new
approvals every 15 years.

A publicly available report from EPRI on Type B and C testing by 26 units from 1996 to 2010
was reviewed [146]. The study reports on 349 plant-years of experience with 8529 Type C
LLRTs on 2055 valves. 148 valve failures were reported. Seven instances of failures involved
redundant valves in single penetrations, which is approximately 4.7% of the 148 failed tests.
The maximum failure leakage rates were 0.22 (i.e., 22%) of the allowable leakage rate (La) and
within the acceptance criteria. None of the reported Type C tests exceeded the 0.6 La criterion.
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NRC review of Surry the Unit 2 application for extension of LLRT testing to 15 years noted that
the last three ILRTs have been successful. The as-found leakage rates ranged from 0.061 La to
0.728 La and are shown in Table 4-15 [147]. Based on this performance and their ongoing
containment surveillance program, the NRC approved an extension to 15-year testing on the
ILRT.

Table 4-15 Surry Unit 2 ILRT Results

November October Acceptance
Test Date 1986 May 1991 2000 Criteria
Total As-Found 0.728 La 0.452 La 0.061 La 1.0 La
Leakage
Total As-Left 0.638 La 0.418 La 0.06 La 0.75 La
Leakage

La = 0.1 percent by weight of containment air per 24 hours at calculated peak pressure (Pa)

The previous discussion supported a maximum leakage rate less than 1.0 La to be consistent
with Appendix J requirements. However, SMEs for this UA believed that consideration of
isolation failure was needed. A historical review of ILRTs prior to risk-informed testing was
consulted. NUREG/CR-4220 concluded that a 30% unavailability of the containment due to
leakage in the 1.0 to 10.0 La range [148]. While such a high unavailability is not supported by
current results, it provides an upper bound based on historical findings.

The containment leakage rate was sampled assuming uncertainty in the parameter can be
reasonably represented having lower and upper bounds of 0.1 La to 10.0 La, respectively. The
recent testing data at Surry and across the fleet supports most of the distribution being less than
1.0 La. A piecewise distribution is used to represent the parameter from 0.1 to 10.0. A uniform
logarithmic distribution is used from 0.1 to 1.0 and a linear distribution is used from 1.0 to 10.0
(see Figure 4-30 for semi-log scale and Figure 4-31 for linear scale). The distribution assigns a
higher probability to leakage rates on the interval [0.1, 1.0] than on the interval [1.0, 10.0]. The
selected distribution allows for some samples in which the leakage area is between 1.0 and
10.0 but only infrequently, as SMEs deem leak rates in this range to be unlikely, though
possible.
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Rationale for Distribution

The results of the performance-based containment leakage testing program has been very
successful. The program reports 75 successful ILRTs from the adoption of performance-based
testing and no failures. Similarly, an EPRI study shows successful results from Type B and C
testing. The three most recent Surry Unit 2 ILRTs have been successful with leakages ranging
from 0.061 La to 0.728 La with a trend for improvement.

Leakage in excess of 1.0 La is certainly possible. However, it is a violation of the technical
specifications, which results in corrective actions to shorten the time between the testing
intervals. The draft Surry UA study explored leakage to 10 La and found this parameter to be
significant on several consequence metrics [8]. It was concluded that the extension beyond 1 La
is interesting (in part because NUREG-1493 cites low risk significance’). The SMEs believed
that consideration of isolation failure was needed. Consequently, the range of DLEAK is
extended to 10 times the allowable leakage to consider possible but unlikely isolation failures,
which is assigned a 10% chance. A uniform semi-log scale was used from 0.1 to 1.0 La to
increase the number of samples at smaller leakage, which is consistent with Surry 2’s most
recent ILRT. A linear scale is used for La greater than one due to the high uncertainty of the
leakage rate within this range.

The base value for containment design leakage was implemented into the MELCOR Surry
model by defining a flow path that is limited by a choked flow condition. The flow path

47 This difference may be due in part to the UA’s focus on a single unmitigated scenario, versus NUREG-1493's
reliance on PRAs considering a variety of different scenarios to construct an overall risk profile.
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accommodates a 0.1 percent volume per day flow of air at P/Ppesign=1. A continuous logarithmic
DLEAK distribution is sampled from the piecewise CDF shown in Figure 4-30. The sampled
DLEAK parameter is implemented into the MELCOR model as a discharge coefficient on the
choked flow model.

4.1.3.3 Containment Fragility Curve (CFC)

The Containment Fragility Curve (CFC) refers to a set of containment pressure ratios at which
failure modes occur and leakage increases. The ratio at which the lowest point in the curve,
liner plate yield, occurs is sampled and the remainder of the data points can potentially shift,
depending on the sampling. Uncertainty in liner plate yield was represented with beta
distribution («. 5.6; f:6.3) with a lower bound of 1.09 and an upper bound of 2.03 for P/Ppesign

(45 psig).

For accident scenarios without containment bypass, enhanced containment leakage due to
overpressure is the dominant release path for radionuclides in the Surry MELCOR model used
in SOARCA. The SOARCA model for containment overpressure failure is based on over 25
years of research. This research included both experimental and advanced computational
efforts, such as the scaled PWR containment experiments at SNL (particularly the 1:4 for
pre-stressed concrete and 1:6 for reinforced concrete) and nonlinear finite element simulations.
These tests show that upon pressurization, PWR concrete containments exhibit significantly
increased leakage before failing catastrophically due to the physically redundant arrangement of
the steel-liner enclosed in a concrete shell. Large leakage effectively precludes catastrophic
containment rupture for reasonable pressurization rates. Leakage following overpressure is
most likely to occur near equipment hatches and other penetrations through the containment;
these are regions of material and geometric discontinuities that cause high local stresses.

The SOARCA model for containment overpressure uses experimental data from the SNL 1:6
scaled experiments, since the Surry containment is reinforced concrete, in conjunction with a
very simple NRC method to reconcile scale and the idealized nature of the experimental
models. Specifically, the test data for normalized mass flow rate is used in the SOARCA
MELCOR model while a set of very simple stress calculations provides the internal pressures at
key stages of containment pressurization. This process yields tabular data of containment
pressure vs. enhanced mass leak rate. Informed by the experimental observations, the
hand-calculations estimate the internal containment pressures associated with the following
events:

e Liner plate yield: 82.1 psig. Liner yield is defined to be the onset of enhanced containment
leakage and is associated with a leak rate that exceeds design leakage by an order of
magnitude.

e Rebar yield: 119.36 psig

e 2 percent global containment strain: 126.71 psig.

In SOARCA, each of the calculated internal pressures was conservatively reduced 15 percent to
roughly embody the large uncertainties associated with the rudimentary nature of the hand

calculations, as well as uncertainties in material properties.

The SOARCA model for containment overpressure is uncertain for several reasons. The scaled
tests for containment overpressure were performed at ambient temperature with nitrogen and
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did not consider the effects of high temperature steam, which could be saturated or superheated
due to generation of non-condensable gases (from in-vessel oxidation and/or CCl). The
experimental models were non-prototypical with respect to aging, corrosion, and the
arrangement of penetrations. Finally, the SOARCA hand-calculations for pressure at the various
stages of containment overpressure are very simple and are reduced 15 percent for
conservatism. Therefore, the Surry UA treats the containment pressure at which to initiate the
fragility (failure) curve as an uncertain parameter, and the treatment is informed by SOARCA,
the 1:6 scale experiments, and finite element simulations for degraded containments [107].

Rationale for Distribution

The data points shown in Figure 4-32 reflect leak rate data collected from the 1:6 scale
experiments [62] and associated with NRC supplemental calculations of pressure for each stage
of containment overpressure. These data points were generated in SOARCA to help inform the
Surry containment leakage model. The three calculated pressures were all reduced 15 percent
in SOARCA for conservatism; a fourth data point (liner plate yield shown at 1% volume / day in
Figure 4-32) is adopted directly (both pressure and leak rate) from experimental data, but again
with the pressure reduced 15 percent. The original SOARCA model [3] implemented a 3™ order
polynomial through these data points and neglected the liner yield point; thus overpressure
leakage before rebar yield was assumed to be subsumed by design leakage, and early
enhanced leakage was assumed insignificant for calculation of integral releases. The Surry UA
modeling approach was slightly different to facilitate uncertain parameter treatment of
containment failure by overpressure and to maintain consistency with experimental
observations. The Surry UA model considers functional failure to begin at liner plate yield, which
is associated with a 1.0 percent mass/day leak rate (i.e., 10 times the original design leak rate,
which is now an acceptable design basis leak rate under 10CFR50 Appendix J). This approach
provides a model reflecting containment yield-before-rupture which was confirmed by the
structural experts involved in the 1/6™ scale reactor containment tests [108] as more realistic.
Also, simple linear interpolation is used between the four data points of the fragility curve
instead of a polynomial fit. The liner yield point is taken to be the sampled quantity from the CDF
of overpressure ratio for the start of effective containment failure created in this work, and this is
appropriate since past research has determined it to be the onset of significantly increased
containment leakage.

After review of the containment research which documents finite element simulations for
significant corrosion at mid-height of the containment [107][108], methodologies considered for
severe accidents in NUREG/CR-6433 [109] and recent severe accident analyses in
NUREG/CR-7149 [110], a CDF was created for the liner plate yield point of the CFC and is
shown as the blue line in Figure 4-33. This CDF was also informed by discussions with
containment experts and engineering judgment. It places the SOARCA pressure for liner plate
yield (P/Ppesign = 1.55) significantly below the 50" percentile of the CDF, which reflects the
conservatism introduced by the 15 percent reduction in the calculated pressure for liner plate
yield. The majority of sampled values are between the SOARCA [3] value and the original
experimental data point without conservatism of about 1.75. This reflects the best current state
of knowledge about the most probable value to start overpressure leakage. The bounds of the
distribution are set based on physical limits. The lower limit of P/Ppesign Of 1 is because while it
would be possible to have containment degradation to the point of damage at atmospheric
pressure, leakage below design pressure would be detected during outage testing. The upper
limit is simply set to about the experimental point of rebar yield, which is an advanced damage
state.
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The CDF for the Surry UA differs from other CDFs (e.g., Surry IPE and NUREG/CR-6920), but
is used to create sampled values for the liner yield pressure, which initiates overpressure
leakage at a relatively low pressure and leak rate. Additionally, the CDF allows investigation into
the interplay due to the effect of severe containment degradation with MACCS evacuation
parameters (i.e., potential early release frequency consequence analyses).

The data points beyond liner plate yield (rebar yield and beyond) with higher leak rates are
lowered appropriately for P/Ppesign according to the sampled P/Poesign for the liner plate yield data
point along the CDF in Figure 4-33. However, these over pressure data points (rebar yield and
beyond) are not raised for a subsequently higher liner plate yield data point along the CDF. The
rebar yield (~2.25 P/Ppesign) and beyond data points in Figure 4-32 are considered the maximum
value since they are based on experimental data and are considered fixed within structural
mechanics (rebar yield and 2% global strain). While it could be envisioned that these data points
could be reduced (e.g., corroded rebar), there is no justification to raise these data points within
the current understanding of severe accident containment response.

As an example, consider the 20" and 80" percentile data from Figure 4-33. These percentiles
translate to a P/Poesign Of 1.45 and 1.75, respectively, for the liner plate yield data point in

Figure 4-32. For the 20" percentile, the subsequent data points (rebar yield and beyond) are
reduced for P/Ppesign by ~0.1 (e.g., 2.155 for the rebar yield data point) and these new data
points are linearly interpolated between the data points for the containment functional failure
model in MELCOR. For the 80" percentile, the subsequent data points (rebar yield and beyond)
remain at the same P/Ppesign (€.9., 2.255 for the rebar yield data point) and the new liner plate
yield data point is linear interpolated with the original subsequent data points to produce the
containment functional failure model in MELCOR.

Uncertainty in the leak rates are neglected since estimations of experimental error are not
readily available for the Surry UA. It is assumed that most of the uncertainty lies in the pressure
associated with each of the four data points representing increasing leak rates, which were
estimated by simple hand calculations informed by the experiments.

For compatibility with the MELCOR uncertainty engine, a beta distribution was fit to the CDF

described above and shown in Figure 4-33. This distribution has the parameters: LB = 48.9 psi
(P/Ppesign=1.09), UB=103.6psi (P/Ppesign=2.03), a = 5.6, B = 6.3.
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4.1.3.4 Containment Convection Heat Transfer Multiplier

To address uncertainty in containment convection heat transfer, a multiplier (defined as
XHTFCL in MELCOR) is modified for containment wall heat structures. The uncertainty in the
unitless multiplier was represented by a triangular distribution with a mode of 1.4, a lower bound
of 1.0 and an upper bound of 2.0. This parameter is identified as CONDENS in the regression
tables in Section 6.1.

The heat deposited in concrete and steel in containment is significant in a MELCOR severe
accident simulation and the rate at which the heat is deposited has associated uncertainty.
Greater heat deposition rates relate to slower containment pressurization. Important to heat
deposition rate (or heat transfer rate) is heat transfer coefficient (HTC). The calculation of HTC
in MELCOR involves determining Nusselt number (Nu) as it does in the CONTAIN computer
code [111]. Increasing the leading coefficient in the relation for Nu from 0.10 (default in
MELCOR) to 0.14 (CONTAIN default) has historically been found to give more realistic results in
comparisons with applicable experimental data [114]. Nu is a multiplier in the relation for HTC
and increasing the leading coefficient in the relation for Nu from 0.1 to 0.14 increases HTC by
40 percent. The value of 0.14 is only applicable to laminar natural circulation so its use in other
accident sequences or models may require a new distribution.

Rationale for Distribution

HTC can be increased in MELCOR by increasing the leading coefficient in the relation for Nu,
just as in CONTAIN. Doing so, however, globally affects all heat structures in the model. A
different means of increasing HTC is to increase the HTC multiplier XHTFCL individually
associated with each heat structure. This was done for each heat structure representing a wall
of containment. The uncertainty in HTC was represented by employing a triangular probability
distribution for the multiplier with mode 1.4, lower bound of 1.0 and upper bound of 2.0. The
same specific multiplier was applied to all the containment walls in a given realization. The
mode of 1.4 reflects the 40 percent increase reported as beneficial in the CONTAIN work. The
value of 1.0 assigned to the lower bound is the default value of the multiplier. The value of 2.0
assigned to the upper bound reflects a doubling of the HTC MELCOR would assign on its own.

MELCOR documentation recommends that the XHTFCL and mass transfer (i.e., condensation
and evaporation) coefficient multiplier XMTFCL not be modified independently to avoid
computational difficulties [11] (Section 2.6). Consequently, the XHTFCL and XMTFCL multiplier
have been defined together as the same value in each realization. The associated PDF and
CDF for the heat transfer coefficient and mass transfer multipliers are shown in Figure 4-34 and
Figure 4-35, respectively.
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41.4 Radionuclide Behavior

The final grouping of uncertain parameters includes those addressing uncertainty in the
radionuclide behavior. The first two parameters address uncertainties in the speciation of iodine
and cesium released from the fuel. Although the uncertainty distribution is unchanged from the
draft Surry UA [8] and the approach in the Sequoyah UA [7], a new UA implementation of the
fractional specifications for the various iodine and cesium chemical compounds was automated
to generate separate chemical class inventories for each of the 14 times in the cycle (see
Section 4.1.2.4).

The third uncertain parameter addresses the dynamic shape factor of the airborne aerosols.
This parameter is unchanged from the previous UAs. The final parameter addresses the
retention of radionuclide aerosols released to the secondary side of the steam generator
following a SGTR.

4.1.4.1 Chemical Form of lodine

The Surry Uncertainty Analysis considers a distribution of gaseous iodine fractions and a
compatible set of Csl fractions. The fraction of gaseous iodine versus an aerosol form of iodine
is based on data that was acquired by Sandia National Laboratories from the Atomic Energy
and Alternative Energies Commission (CEA) detailing fraction of fission gas released to the
fuel-cladding gap as a function of burnup. Figure 4-36 summarizes data provided by the CEA
from French reactors for low enriched uranium (LEU) and mixed oxide fuel.*® The fuel was
removed from operating reactors, and the cladding was punched to determine the gases
present in the gap. The uncertainty in the measured gap gas mass (i.e., represented as a
fraction of the total iodine inventory) at a particular burn-up from the CEA data is the sampling
distribution for the gaseous iodine mass (see Figure 4-36). The sampled fraction for each
realization is assumed to reside in the gap and released when the cladding fails.

For each of the specified times selected during the Surry fuel cycle in Section 4.1.2.4, there is
an associated ORIGEN simulation. The ORIGEN simulation gives a burnup for each fuel
assembly and thus a closed interval of burnup values to consider. For each of the ORIGEN
calculations, the range of burnup values is identified. The relevant CEA data is fitto a
log-normal distribution, and the gaseous iodine fraction is sampled from that distribution. The
sampled fraction of the total iodine inventory is applied uniformly across the entire core. For
each of the fourteen times in the cycle where ORIGEN inventories are calculated, a log-normal
distribution is defined for the gaseous iodine sampling (i.e., a separate iodine distribution for
each of the fourteen ORIGEN runs).

The gaseous iodine distributions used for the ORIGEN runs are shown in Figure 4-37 through
Figure 4-40. The data is represented with the empirical curve and the sampled range for the
particular time in the cycle is shown with the fitted curve. The all data curve shows how the
selected time in the cycle compares to all the data, including burnup values outside the range of
ORIGEN calculations. A comparison of fitted data curve to all data curve illustrates the effect of
restricting the sampled distribution to the specified time in the cycle.

48 The cladding gap gas data was obtained from Sandia interactions with CEA and is not available in referenceable
material.
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Rationale for Distribution

Gaseous iodine can greatly influence the source term magnitude due to its high mobility and

immediate release upon cladding failure. The Surry SOARCA analysis [3] assumed all released
iodine combines with cesium to form cesium iodide (Csl) [3]. However, past radionuclide release

studies, such as NUREG-1465 [121], have assumed that as much as 5 percent of the total
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iodine inventory is released as gaseous iodine. The current revision of NUREG-1465, ongoing
at Sandia, has maintained this 5 percent gaseous iodine fraction as of the publication of this
study. Additionally, recent experiments at the Phebus facility show that gaseous iodine is found
within containment [54]. With the different core make-ups of the various Phebus tests, the
percentage of iodine in the containment that is gaseous has varied from as low as 0.2 percent to
as high as 7 percent. Understanding the uncertainty regarding the chemical form of iodine is
important because the iodine chemical behavior affects the amount and timing of iodine release
from containment to the environment.

Because there is a lack of understanding on gaseous iodine behavior from the Phebus tests, the
recommended approach is that fission gas release to the fuel/cladding gap be used as a
surrogate for the gaseous iodine fraction. This is an applicable surrogate because past research
performed for reports such as WASH-1400 [82] (pg. IX-5) and NUREG/CR-7003 [83] (pg. 2-4)
has shown that (i) the percentage of iodine released to the gap relative to the total inventory is
similar to the corresponding percentage for noble gases like xenon and (ii) iodine and xenon
have about the same diffusion coefficient. Second, analysis of used fuel rods has shown that
iodine in the gap is gaseous. Finally, the consensus based on multiple severe accident
experiments is that the iodine retained in the fuel rod and not transported to the gap will later be
released in the form of Csl. Therefore, it is assumed that all gaseous iodine is located within the
fuel/clad gap at essentially the same percentage as all fission gas.

4.1.4.2 Chemical Form of Cesium

CHEMFORM Cs determines the fraction of total cesium that is not bound to iodine that
becomes Cs2Mo0Q4, with the remainder as CsOH. Results from the Phebus test facility indicated
that cesium deposited into containment as cesium hydroxide (CsOH) and Cs:MoQO4 with a
smaller fraction as Csl. Analysis of the results further indicated that late-term reactions between
the Cs:MoO. and steam led to revaporization of the cesium as CsOH. While the UA’s Csl
fraction is modelled to be stoichiometrically limited by the initial non-gaseous iodine mass, the
initial fraction of the remaining cesium mass in the fuel rod that is Cs:MoQO4 versus CsOH is
uncertain.

Phebus data showed an 80:20 ratio of Cs:MoO4 to CsOH in containment. However, MELCOR
has no model for the creation of CsOH from steam reactions with Csl and CsMoOQOa.
Consequently, the long-term transformation to CsOH must be addressed through the initial
inventory specifications of CsOH and Cs2MoOs..

The fractional distribution of elemental Cs as Cs;Mo0Qs is a beta distribution with shape
parameters a equal to 9 and 8 equal to 3 (see Figure 4-41). The beta distribution is naturally
bounded between zero and one, which makes it well-suited for a fractional sampling. Further,
the shape parameters give a mode of 80% Cs2MoOs, to agree with Phebus data, while also
possessing a noticeable amount of negative skewness to explore the effects of higher CsOH
concentrations upon release.

4-73



Cesium Distribution

w
o

AN
/

N
(3, ]
AN
/

-

3,
N
/

/

/ \

0.2 0.4 0.6 0.8 1
Fraction of Cesium as Cesium Molybdate

-
o

Probability Distribution Function ()
o N
(3} o
—

o
o
o

Figure 4-41 The Beta Distribution used to Sample the Fraction of Cesium as Cesium
Molybdate

Once the uncertain parameters for the time in the cycle (Section 4.1.2.4) and chemical forms of
cesium and iodine (Section 4.1.4.1) are identified, Appendix D describes the process for
calculating the specific amounts of each compound.

Rationale for Distribution

The predominant next speciation of cesium described in the Surry SOARCA analysis [3] was
based on detailed chemical analysis of the deposition and transport of the volatile fission
products in the Phebus facility tests. The chemical analysis revealed molybdenum combined
with cesium and formed cesium molybdate (Cs2MoQ,). This is based on cesium and
molybdenum having been found deposited in the same locations that were at temperatures too
high for cesium hydroxide to remain deposited. However, there was also evidence from the
Phebus tests that cesium is revaporized at temperatures consistent with the cesium hydroxide
chemical form. It is presumed that reactions between cesium molybdate and steam cause
cesium hydroxide to form after release from the fuel. Prior to the Surry SOARCA analysis [3],
the MELCOR default chemical form of remaining cesium (beyond the creation of Csl) was 100
percent cesium hydroxide. Understanding the uncertainty regarding chemical form of cesium is
important because cesium chemical behavior affects the amount and timing of the cesium
release from containment into the environment (e.g., late phase revalorization of cesium).

The parameter being sampled is the fraction of cesium that becomes Cs:MoO4and so there are
clear limits at 0.0 and 1.0. These limits include the ‘best practice’ for cesium in past work for
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SOARCA [3] with 100 percent cesium molybdate (Cs2MoO4) and prior to SOARCA where the
best practice was 100 percent cesium hydroxide (CsOH). A beta distribution is used to
approach the bounds of the previous ‘best-practice’.

The best estimate for cesium partitioning based on examination of Phebus results indicates that
outside of the primary system (and in containment) cesium will have a speciation of 80 percent
Cs2Mo0QOsand 20 percent CsOH. This may not represent the cesium distribution at the time of
release from fuel, but within MELCOR there is no model for the cesium chemistry within the fuel
and its subsequent release, so the environmental release forms need to be initialized within the
fuel.

Partitioning the initial core inventory of cesium among certain allowable chemical forms for
release and transport is managed within 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 Surry.
A script was written that takes input from the sampled continuous distribution and pre-creates
the necessary MELCOR files. Fixed partition fractions are used to preserve mass balances.

Again, it should be noted that this distribution of cesium is applied to the amount of cesium
remaining after it reacts with iodine to form Csl and after 4.65 percent of remaining cesium
beyond form Csl is introduced to the fuel gap as CsOH, since there is no significant
molybdenum within the fuel gap.

4.1.4.3 Dynamic Shape Factor

The dynamic shape factor is defined as “the ratio of the actual resistance force of the
non-spherical particle to the resistance force of a sphere having the same volume and velocity”
[117]. This unitless dynamic shape factor is used to account for the stringing out of aerosol
agglomerates in a linear or complex manner as opposed to growing as a perfect sphere. The
dynamic shape factor is sampled directly, and the uncertainty of it is represented with a scaled
beta distribution with the parameters of a=1 and =5 and bounds of 1.0 and 5.0.

A value of 1.0 is a perfect sphere and it is the lower limit for the dynamic shape factor. This
value is also the default value in MELCOR and was used in the Surry SOARCA analysis [3].

Rationale for Distribution

The MAEROS model in MELCOR is used to determine the mass concentration evolution of
aerosols in a spatially homogenous volume, as well as deposition on surfaces and
injection/removal from volumes. One of the critical assumptions of this model is that
non-spherical particle effects are adequately parameterized with the dynamic shape factor, the
collision shape factor, and the effective material density. The importance of these parameters is
demonstrated in several uncertainty analyses of the MAEROS aerosol model performed in
support of the development of the MELCOR program [112][113]. To determine the uncertainty
of this model, the uncertainty of the dynamic shape factor is addressed.

Kasper et al [116] (Tables 9 and 10), experimentally measured values for the dynamic shape
factor for linear chains with their long axis either parallel or perpendicular to the settling
direction, as shown in Figure 4-42. As seen in Figure 4-42, the shape factor is reasonably linear
with respect to the number of spheres. This data supports an upper bound of 2.8, with a
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weighting toward values less than 2.0. Compiled data from Hinds [117] (pg. 48) also supports a
range of 1.0 to 2.04. However, Brockmann, J. E., et al. [118], compiled data and models that
yield a range of 1 to 10 for the dynamic shape factor. The same report includes a correlation for
loosely-packed spheres which calculates dynamic shape factors will be in the range of 1 to 5 for
void volumes ranging from 26 to 99 percent. Based on these sources, a range of 1to 5 is
reasonable and is the range used for this project.
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Figure 4-42 Dynamic Shape Factor Compared to Number of Spheres within a Chain

Although the bounds of the distribution were informed by the experiments described, these
works cannot inform the shape of the distribution since they do not contain information on the
normal shape of aerosols during a severe accident. Kissane [119] compiled information on
aerosols from a number of nuclear accident experiments, including the Phebus fission product
tests (FPT). The report concluded, “Concerning particle shape, relatively compact particles
without branching chain-like structures appear to be typical in the RCS;” although a visual
inspection of post-test deposition images did show slight evidence of aerosol chains. Since a
compact, spherical particle has a shape factor of 1.0, the distribution is weighted more heavily
toward the lower end of the range (1.0). Additionally, most references support weighting more
heavily in the 1.0 to 2.0 range. Because of this weighting, a beta distribution is used, with the
parameters of a=1 and =5, and the CDF of the distribution is shown in Figure 4-43. The a
parameter yields a function that has a peak as close as possible to the lower bound of 1.0, while
the B parameter gives the desired shape to the PDF and yields about 75 percent of samples
between 1.0 and 2.0 while still allowing some samples at physically possible values up to 5.0.

4-76



b

4
w

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Cumulative Probability

0 1 2 3 - 5
Dynamic Shape Factor (-)

Figure 4-43 CDF of the Dynamic Shape Factor

Additionally, there is a fundamental MELCOR limitation for aerosols in that the dynamic and
collision shape factors and density are set globally at the beginning of the run and cannot be
updated as the accident progresses. This means that the dynamic shape factor chosen from the
uncertainty distribution cannot be changed during the accident progression.

4.1.4.4 Secondary Side Decontamination Factor (SGTRLOC)

The ARTIST SGTRLOC parameter determines the number of steam generator stages traversed
by radionuclides following a SGTR, which is used to calculate decontamination factors in the
secondary side of the steam generator. There is a total of seven stages, and a discrete
distribution is used with an assigned probability to each of seven bins representing number of
stages. This parameter is identified as SGTRLOC in the regression tables in Section 6.1.

Following a SGTR in a severe accident scenario, there is some portion of the radionuclide
inventory that would be transported from the primary system to the secondary side and
subsequently to the environment. However, there is a tortuous path through the steam
generator that would result in a deposition of radionuclides; significantly reducing the total
environmental release. A series of tests were performed in the ARTIST facility to determine the
amount of decontamination that occurs within a steam generator following a SGTR under
various conditions. The results were extracted and interpreted from the ARTIST final report. The
majority of the deposition occurs due to inertial impaction of large particles in the bends and
obstacles. In contrast, the smaller aerosols smaller particles can follow the flow stream and are
not captured. The total DF drops to one (i.e., no decontamination) at lower particle sizes instead
of slowly, asymptotically approaching one.

The ARTIST results are broken out into a DF per steam generator stage*® and are shown in
Figure 4-44, as well as a separate DF for just the steam dryer and separator as shown in
Figure 4-45. The applicable ARTIST results for the Surry scenario modeled in this work

49 A PWR steam generator includes support grids to align the tubes. The tube region between the grids is
described as a stage. There are seven grids or stages in the Surry steam generator.
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included three aerosol particle sizes and three measurement techniques (although not all types
of measurement were conducted with every ARTIST test). Functions were fit to these results
which were implemented into the Surry UA model. The shape of the correlation between data
for the various measurement methods and particle sizes for the steam separators and dryers in
Figure 4-45 is consistent with decontamination by inertial impaction, but reflects the ‘bounce’ of
large particles that prevent surface retention. The correlations produce a DF that is applied to
the each aerosol section (i.e., size range) exiting the SGTR to the secondary side. The normal
MELCOR aerosol capture and settling models on the secondary side are disabled.
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Figure 4-44 Decontamination Factor per Steam Generator Stage Versus Particle Size
and Associated Confidence Bounds
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The total DF for mono-dispersed particles is dependent on the DF per stage to the power of the
number of stages in the flow path; thus, the uncertainty in tube rupture location dominates
uncertainty from the ARTIST experiment (shown by the dotted lines in Figure 4-44). As Surry
has seven steam generator stages, a discrete distribution will be sampled for N; where N is the
number of stages traversed.

The median particle size in each aerosol section (i.e., size range) is used to determine two DFs
based on the functions for a single steam generator stage and for the steam dryer and
separator. The DF for a single stage is raised to the N*" power, where N is the number of steam
generator stages between the SGTR and the steam dryer and separator. N was sampled in this
work to determine the axial temperature on the steam generator tube for input into the MELCOR
control logic for a SGTR. The calculated total DF for the tube section will be multiplied by the DF
from the steam dryer and separator function to yield a total DF for that aerosol section (i.e., size
range).

The ARTIST tests were done with flow conditions and particles chosen to be representative of
conditions in reactor accidents [13]. However, the ARTIST results require some scaling to match
the calculated flow conditions in the MELCOR simulations (i.e., time-varying versus the steady
values in the ARTIST tests). The effective particle size calculated and used in the two DF
correlations. Assuming that the dominant retention mechanism is inertial impaction, the test
results can be scaled by preserving the Stokes number. The effective particle diameter, ds,

was related to the actual particle diameter, d,,, by:
1
d =d Uacc Pacc Htest 1 ] /2 = 1.4x10"%*d UgccPace
eff P Utest ptest Macc Xacc . P .uacc)(acc

4-79

Eq. 4-11



where, U,.. and U, are the superficial gas velocities (m/s) through the steam generators in
the accident and in the test, respectively, p is density, u is gas viscosity, and y is the aerosol
dynamic shape factor.

Rationale for Distribution

The number of stages through which a particle travels is an integer value and represented with
a discrete distribution. Surry has seven steam generator stages, giving seven discrete bins. The
probability of a SGTR in a particular stage was determined based on the axial temperature
distribution Figure as predicted using computational fluid dynamics [51]. The creep function is a
strong function of temperature and the pressure difference across the tube. At any given time
during the severe accident phase, the pressure variation in the tube is negligible. However,
there is a very strong axial temperature variation. The axial temperature profile from the
computational fluid dynamics work was axially normalized. Seven points are selected from a
curve fit to the data, based on the locations of tube supports within the Surry steam generators.
The distribution of temperatures is directly taken as the probability of failure in each location.
This creates the discrete PDF distribution in Figure 4-46. Since temperatures are higher closer
to the primary side inlet of the steam generator, there is a much greater probability at those
locations (i.e., N=7 in Figure 4-46), but there will still be a significant number of samples
throughout all seven tube locations.

The distribution for the SGTR location did not include the insights from the Surry ISI flaw
locations, especially the loose parts locations near the tubesheet. Furthermore, the sampling
does not reflect the relatively flat temperature cold zone (see Section 4.1.1.6). No further
sophistication was applied as the current approach included conservatisms of a lower a DF from
fewer stages (i.e., the SGTR at a higher location). Due to the shape of the stage DF correlation,
the large aerosols are effectively captured, and the small aerosols pass through the steam
generator to the environment. The natural circulation processes during the core degradation
generate small aerosols. Consequently, the stage number had a smaller impact than expected.
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4.2 Consequence Model Uncertainty (MACCS Inputs)

The MACCS consequence model (Version 3.10.0.0 SVN-2560) was used in this analysis to
calculate offsite doses and their effect on members of the public. Since the publication of
NUREG/CR-7110 Volume 2 [3], MACCS and MELCOR have continued to be updated and
improved, making a direct comparison with the Surry SOARCA analysis [3] not practical. To
allow some comparison, the Surry SOARCA analysis [3] site file, which includes demographics,
was maintained. The early fatalities are those expected to occur within a relatively short period
from the time of exposure (deterministic early health effects), and the latent cancer fatalities are
those expected to occur over the lifetime of the exposed individuals [120]. The MACCS figures
of merit were LCF risk and early fatality risk at specified distances.

Many of the uncertain MACCS parameters have both epistemic and aleatory contributions, and
the combined effect adds complexity when developing the distributions. The focus of this UA is
on epistemic uncertainty; however, some of the distributions developed for the uncertain inputs
include aleatory uncertainty as well. For example, some of the evacuation parameters include
the effects of weather, which is considered aleatory uncertainty. While the effects of adverse
weather on evacuation speed are partially accounted for in the model, they are not fully
accounted for and this leads to some uncertainty in the input parameters resulting from weather
uncertainty. No effort was taken to deconvolve aleatory and epistemic uncertainties when they
both contribute to individual parameters; instead, a simple approach is taken where weather is
considered to be aleatory in nature, and all other uncertainties are considered to be epistemic in
nature. A total of 622 parameters were sampled for the MACCS portion of the analysis. These
parameters are described as parameter groups in Table 4-16.

Weather conditions that would apply in the case of a potential accident at some time in the
future cannot be known in advance. In this analysis, MACCS accounts for weather variability by
analyzing a statistically significant set of weather trials, and the modeled results are ensemble
averages of weather that represent the full spectrum of meteorological conditions. This sampling
strategy was chosen to represent the statistical variations of the weather and is consistent with
MACCS best practices [6]. Emergency response to a potential accident cannot be predicted in
advance either, because it is dependent on source term magnitude, time of day, weather, and
site-specific characteristics. Modeling of emergency response includes the timing of response
actions related to protecting the public health and safety. MACCS represents protective action
response activities through movement and sheltering of cohorts. A cohort is defined as a
segment of the population with unique response characteristics. The cohorts established in the
best estimate analysis [3] were maintained for this UA and are listed below.

Cohort 1 represents the maijority of the public residing within the 10 mile EPZ.
Cohort 2 represents the shadow evacuation population of 20 percent.

Cohort 3 represents the schools within the EPZ.

Cohort 4 represents the special facilities residents within the EPZ.

Cohort 5 represents the evacuation tail for the 0 to 10 mile public.

Cohort 6 represents the small fraction of the public within the EPZ that does not
evacuate.

As described in Section 2, MACCS parameters expected to be important to the figures of merit
were selected as uncertain inputs. Table 4-16 lists the distributions and bounds related to each
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parameter. For many of these parameters, the sampling approach is quite complex and is
described in detail later in this section.

Several of the parameter distributions selected for this analysis are based on expert elicitation
data captured in NUREG/CR-7161, “Synthesis of Distributions Representing Important
Non-Site-Specific Parameters in Off Site Consequence Analysis” [73]. The United States and
the Commission of European Communities conducted a series of expert elicitations to obtain
distributions for uncertain variables used in health consequence analyses related to accidental
release of nuclear material. The distributions reflect degrees of belief for non-site specific
parameters that are uncertain and are likely to have significant or moderate influence on the
results. The methodology in reference [73] used a resampling of the expert values and equal
weights of the expert opinions.
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Table 4-16 Uncertain MACCS Parameters Applied in the Analysis
. Distribution Lower Upper
Uncertain Parameter Mode PP
type Bound Bound
Wet Deposition (CWASH1) . 5 4
(Section 4.2.1) Log uniform 10 10
1 0.000405 0.000128 0.00128
2 0.000373 0.000118 0.00118
3 0.000488 0.000154 0.00154
- - 4 0.000823 0.00026 0.0026
Dry Deposition Velocities (VDEPOS, m/s) Triangular | 5 0.00161 0.000509 0.00509
(Section 4.2.2) 6 0.00329 0.00104 0.0104
7 0.00636 0.00201 0.0201
8 0.0104 0.0033 0.033
9 0.013 0.0041 0.041
Evacuation for All
Cohorts N/A 0.0415 1
. Normal Activity for All
Groundshine
Shielding Factors but Cohort 4 andLong o N/A 0.0265 0.8820
N Term Activity for Entire Piecewise Linear
(GSHFAC) .
(Section 4.2.3.1) Population
Sheltering for All
Cohorts and Normal N/A 0.0075 0.4965
Activity for Cohort 4
Evacuation for All
Cohorts N/A 0.9 1
Normal Activity for All
Inhalation Protection but Cohort 4 and
Factors (PROTIN)* Long Term Activity for Piecewise Linear N/A 0.336 0.896
(Section 4.2.3.2) Entire Population
Sheltering for All
Cohorts and Normal N/A 0.098 0.699
Activity for Cohort 4
Early Health Effects Hematopoietic 5.6 2.0 16.5
LDso Parameter . . .
(EFFACA)* Pulmonary Piecewise Uniform 20.1 10.0 76.5
(Section 4.2.4.1) Gastrointestinal 10.3 4.8 30.0
Early Health Effects* Hematopoietic 6.0 2.4 16.0
Exponential . . .
Parameter (EFFACB) Pulmonary Piecewise Uniform 4.8 3.7 217
(Section 4.2.4.2) Gastrointestinal 44 3.2 19.9
Early Health Effects Hematopoietic 2.18 0.67 8.55
Threshold Dose . . .
(EFFTHR)* Pulmonary Piecewise Uniform 12.0 5.3 37.5
(Section 4.2.4.3) Gastrointestinal 6.5 2.0 15.0
Dose _and Dose Rate Breast Continuous N/A 1 3
Effectiveness Factor
(DDREFA)* ' .
(Section 4.2.5.1) Other (?(;i(t:livl\:(ljsues N/A 1 8
Lifetime Cancer
Fatality Risk Factors Multiole orqans Truncated Log Varies by Varies by Varies by
(CFRISK) P 9 normal organ organ organ
(Section 4.2.5.2)
Long Term Inhalation Multiole organs and
Dose Coefficients ra%ionu%li des Log normal Varies Varies Varies
(Section 4.2.5.3)
Crosswind Dispersion A/B Continuous Lo 0.7507 0.3002 1.8768
Linear Coefficient tri | 9
(CYSIGA, m) c rlangular 0.4063 0.1625 1.0158
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Table 4-16 Uncertain MACCS Parameters Applied in the Analysis (Continued)

Uncertain Parameter e Mode I Upper
type Bound Bound
(Section 4.2.6.1) D 0.2779 0.1112 0.6948
E/F 0.2158 0.0863 0.5395
AB 0.0361 0.0144 0.0903

Vertical Dispersion
Linear Coefficient Continuous Log

(CZSIGA, m) triangular
(Section 4.2.6.2) D 0.2636 0.1054 0.659

C 0.2036 0.0814 0.509

E/F 0.2463 0.0985 0.6158

Cohort 1 2 1 4

Evacuation Delay
(DLTEVA, hr) Cohort 2 3 1 4
(Section 4.2.7.1)

Cohort 3 Triangular 2.75 0.5 4
Cohort 4 5 3 10
Cohort 5 4 1 10
Cohort 1 1 0.5 12
Cohort 2 5 0.5 15

Evacuation Speed

(ESPEED, mph) Cohort 3 - 1 0.5 15
(Section 4.2.7.2) Triangular
Cohort 4 5 0.5 20
Cohort 5 10 0.5 20
Hotspot Relocation Time (TIMHOT, hr) .
(Section 4.2.7.3) Uniform N/A 12 30
Normal Relocation Time (TIMNRM, hr) .
(Section 4.2.7.4) Uniform N/A 16 48
Hotspot Relocation Dose (DOSHOT, rem) .
(Section 4.2.7.5) Triangular 5 1 7.5
Normal Relocation Dose (DOSNRM, rem) Triangular 1 05 2

(Section 4.2.7.6)
Weather Trials - Aleatory Uncertainty N/A
(Section 4.2.8)
*Multiple values, refer to specific parameter section for discussion

421 Wet Deposition Model (CWASH1)

CWASHT1 is a linear factor in the expression for the wet deposition rate for aerosols. A log
uniform distribution was used to represent uncertainty with a lower bound of 10 and an upper
bound of 10. Under rain conditions, wet deposition is very effective and rapidly depletes the
plume. This process can produce concentrated deposits on the ground and create what is often
referred to as a hotspot (i.e., an area of higher radioactivity than the surrounding areas) [84].
The epistemic uncertainty associated with CWASH1 is potentially important in reactor accident
consequence calculations because increasing values for CWASH1 result in increased local
concentrations of radionuclides deposited by rainfall events. In turn, such increased local
radionuclide concentrations can have two opposing effects on radiation exposure and resulting
health effects. First, high local radionuclide concentrations can increase early individual
exposure and resulting early health effects. Second, high local radionuclide concentrations can
increase the total fraction of a radionuclide release that is interdicted, and thus decrease long
term population exposure and resulting latent health effects. This happens because the
localized, high-concentration area created by the rain is likely to be interdicted, reducing the
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exposures to the residents in the long-term. Populations at longer distances receive less
exposure because most of the plume has been washed out by the rain.

Rationale for Distribution

The model used in MACCS for wet deposition of aerosols over a unit area for a time interval [{;,
ti1] is formally given by

dC(t)/ dt = -AC(t) = —¢,R?C(1),
Eq. 4-5

where t = time (units: s), C(t) = vertically integrated aerosol concentration in the plume at time ¢
(units: Bg/m?), 4 = ¢,R® = fractional removal rate for aerosols (units: 1/s), R = rainfall rate

(units: mm/hr), and C; (units: 1/ s(mm/hr)2) and C; (units: dimensionless) are constants used in
the definition of A. In turn,

D(ti’ti+l )= C(ti )- C(ti+1 )
= C(ti )- C(ti )exp[_l(tiﬂ —1 )]
= At —4)C(¢)

i+1

Eq. 4-6

is the estimated aerosol deposition (units: kg/m?) that takes place over the time interval [t;, ti1].

In the computational implementation of aerosol deposition in MACCS, the rainfall rate R
changes hourly for each rainfall event; however, the same values for C;and C; are used for all
rainfall events. Although rainfall rate is taken into account in the definition of 4, it is well known
that many additional properties of a rainfall event affect aerosol deposition, including (i)
distribution of aerosol size, (ii) chemical and physical properties of aerosols, (iii) distribution of
rain drop size, (iv) different aerosol removal rates within clouds (i.e., rainout) and below clouds
(i.e., washout), and (v) short-term temporal variations in rainfall rate that are lost in

reported hourly rainfall rates [60][64][65][66][67].

Given that MACCS uses fixed values for C;and C: for all rainfall events over the course of one
year, the indicated range of properties that can affect aerosol deposition presents a major
challenge in defining uncertainty distributions for C;and C.. Specifically, the values used for C;
and C;in MACCS are compromise values that are used for a large number of different rainfall
situations, while being the most appropriate values to use for only a few of these situations. As a
result, the epistemic uncertainty distributions for C;and C, should characterize the uncertainty
in the locations of the most appropriate values to use for C;and C; given that a single value for
C;and a single value for C; are used for all rainfall events. Given the manner in which C;and
C; are used in MACCS, care must be taken to avoid using distributions for C;and C:that are
intended to characterize the variability in C;and C. over the range of individual rainfall events,
as the use of such distributions may produce unrealistic uncertainty analysis results. For
example, the results of the expert elicitations for the wet deposition of aerosols in Appendix A of
[68] appear to be for aleatory uncertainty over individual rainfall events.
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The strategy adopted here to quantify the epistemic uncertainty associated with values for C;
and C; chosen for universal use (i.e., for all rainfall conditions in a year of weather data) was
first to look at the results of a number of studies that obtained values for C;and C from data for
real rainfall events or from computational models that incorporate effects that are difficult to
quantify for observational data (e.g., [60], Tables 10 and 11; [65], Tables 7-11; [66], Table 3;
[67], Equations (16) and (21); [69], Table 1; [70], Equations (1) and (2); [71], Figures 2 and 3;
[72], Table 9). Next, choose a range of possible values for C;and C; that is representative of
these values, while avoiding extreme values. The outcome of this effort was a range of [107,
104 for C; and a fixed value of 0.7 for C.. A fixed value for C, was selected because, given a
potential range of perhaps [0.6, 0.8] for C,, the effects of the much larger range for C;should
dominate the effects of the uncertainty associated with C.. Given the absence of a reason to
assign a particular distribution to the possible values for C;, a log-uniform distribution is specified
for the indicated range of [10-%, 10~] so that each order of magnitude is assigned the same
probability (i.e., 0.5). The CDF is presented in Figure 4-47. C;and C-in the above discussion
correspond to CWASH1 and CWASH2 in the MACCS framework, respectively.

As noted above, the CWASH2 parameter was also considered, but there are insufficient data to
support development of a defensible distribution. Furthermore, CWASH1 captures the effect of

wet deposition sufficiently such that it was not necessary to evaluate CWASH2 as an
exploratory parameter.
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4.2.2 Dry Deposition Velocities (VDEPOS)

Dry deposition velocities are established by aerosol bins to represent the dependence of
deposition velocity on particle size. A triangular distribution is used to represent uncertainty in
each of nine aerosol particle sizes. Dry deposition is the only mechanism for deposition onto the
ground for more than 90 percent of the hours of the year at Surry (i.e., the hours during which
precipitation does not occur). Since long-term exposures usually contribute more than 50
percent of the overall exposure, deposition is important because deposited material is the only
source of exposure during the long term. Furthermore, the PB UA indicated that dry deposition
velocity is the most important parameter of all those considered for individual latent cancer risk.

Dry deposition involves a variety of mechanisms that cause aerosols to deposit, including
gravitational settling, impaction onto surface irregularities, including buildings and other
manmade structures, and Brownian diffusion. Dry deposition is a much slower process than wet
deposition, but occurs continuously, whereas, wet deposition occurs intermittently. Larger
values of dry deposition velocity result in larger long-term doses at shorter distances and
smaller doses at longer distances. The converse is also true that smaller values of dry
deposition velocity result in smaller long-term doses at shorter distances and larger doses at
longer distances.

Rationale for Distribution

As a starting point, the distributions for dry deposition velocity use the expert elicitation data in
NUREG/CR-6244 [68]. These expert data are evaluated in Synthesis of Distributions
Representing Important Non-Site-Specific Parameters in Off-Site Consequence Analysis [73],
Section 3. The expert data show uncertainty ranges of nearly five orders of magnitude for small
particles (0.1 um) and about three orders of magnitude for large particles (10 um). These
ranges seem larger than should be expected for representative values that are to be applied to
an entire year of weather trials. In reviewing the expert elicitation documents, it is likely that the
experts interpreted the uncertainty to represent instance by instance uncertainties rather than
representative values for a large set of weather trials to represent one year of weather data.

In NUREG/CR-4551, Vol. 2, Rev.1, Part 7, pp. 2-18 to 2-20 [74] the authors describe the
uncertainty in deposition velocity for NUREG-1150 [16]. In that study, a single deposition
velocity was used to characterize the entire range of aerosol sizes that would be released into
the atmosphere during a reactor accident. The best estimate, based on empirical equations and
physical models, was that deposition velocity is 0.3 cm/s and that the reasonable range of
uncertainty is 0.03 to 3 cm/s, a range of a factor of 100. This range accounts for uncertainties in
aerosol size, wind speed, surface roughness, and aerosol density. Of these uncertainties,
aerosol size is explicitly accounted for in the current study, but uncertainty in the other three
parameters should have an effect on the overall uncertainty in deposition velocity. This
reasoning should lead to an uncertainty range for a specific aerosol size that is less than two
orders of magnitude, which is clearly narrower than the range provided in the expert elicitation
study. Another parameter not discussed in the NUREG-1150 documentation is aerosol shape
factor, but this should have a relatively minor contribution to uncertainty in deposition velocity.

Estimation of the importance of wind speed, surface roughness, and aerosol density can be
made from Eq. 4-14, which is equation 3.1 in [73]. The coefficients a through f were chosen to
be 50" percentile values from Table 3-1 in the same reference. For establishing a range of
deposition velocities considering uncertainties in surface roughness and wind speed, the
important parameters in the equation are e and f, which are respectively 1.061 and 0.169 in the
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table. By examining the meteorological data file for Surry, a representative range for wind speed
is 1 to 10 m/s, with 2.2 m/s being the annual mean wind speed at Surry. From Equation 4-14,
this range in wind speed leads to about a factor of 5 in deposition velocity. A representative
range for surface roughness at Surry is 0.1 to 0.6 m [3]. Based on Equation 4-14, this range in
surface roughness leads to about a factor of 2 in deposition velocity. Aerosol density has a
significant effect for larger particles and a negligible effect for small particles, as can be seen
from Figure 2-13 in [74]. For larger particles, a range of 4 in particle density corresponds to a
range of about 2 in deposition velocity. For small aerosols, particle density has almost no effect
on deposition velocity and for that reason it is not included here. From this discussion, assuming
that the influences of wind speed and surface roughness are independent, which is reasonable,
then the uncertainty range in deposition velocity to account for these effects should be about a
factor of 10.

In(vg) = a+b(Ind,) +c(Ind,)* +d(Ind,)* +e-zo+ f -V
Eq. 4-714
Where
d, = hydrodynamic particle diameter, (um)
zy = surface roughness,m
vy = deposition velocity,cm/s
V = wind speed,m/s
a, b, c, d, e, f = correlation coefficients

The above discussion corresponds to the following equation, which is simply the difference in
Eq. 4-14 evaluated at an upper bound and a lower bound set of values:

Va)us
(Va)Le

m(wg)ysg —m(vg) g = ln( > =e [zo)us — @o)el + f - [(Wys — V)18l

=1.061-(0.6 —0.1) +0.169-(10—1) Eq.4-15

where
UBindicates an upper bound value

LBindicates a lower bound value

Solving Eq. 4-15 for the ratio of the upper bound to the lower bound value of deposition velocity
produces a factor of about 8. This value is rounded up to a factor of 10 to account for variations
in particle size and density within a bin.

To construct distributions to be used in this study for each aerosol size, the 50" percentile
values from the expert elicitation are used as the modes of a set of triangular distributions.
These values were chosen because, although the distributions from the expert elicitation
process are considered too wide, the median values from these distributions should represent
best estimates from the group of experts. The lower and upper bounds of triangular distributions
are chosen to be the mode divided and multiplied by the square root of 10, respectively. The
50™ percentile values from the expert elicitation (modes of the triangular distributions) are
evaluated from Eq. 4-14 with choices for surface roughness to be 0.22 m (based on the newer
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approach to estimating surface roughness, as described in [7]) and wind speed to be the mean
Surry wind speed, 2.2 m/s. The distribution parameters are tabulated in Table 4-17 and shown
in Figure 4-48.

Table 4-17 Dry Deposition Velocities

DT;::E?]:E;S Deposition Velocity (m/s)
Aerc?:cflrg?ae::tteiz‘r,?pm) Lower Bound Mode Upper Bound

0.15 1.46E-04 4.62E-04 1.46E-03
0.29 1.34E-04 4 24E-04 1.34E-03
0.53 1.76E-04 5.55E-04 1.76E-03
0.99 2.96E-04 9.36E-04 2.96E-03
1.8 5.79E-04 1.83E-03 5.79E-03
34 1.18E-03 3.75E-03 1.18E-02
6.4 2.28E-03 7.22E-03 2.28E-02
12 3.75E-03 1.18E-02 3.75E-02
22 4.72E-03 1.49E-02 4.72E-02
41 1.63E-02 5.15E-02 1.63E-01
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Figure 4-48 CDF of Dry Deposition Velocities for Mass Median Diameters
Representing MACCS Aerosol Bins

VDEPOS is assumed to be perfectly rank-order correlated across aerosol sizes. This prevents
small aerosols from depositing faster than large aerosols, which would contradict our
understanding of aerosol physics. Rank-order correlation is the most commonly used method of
computing a correlation coefficient using the rank order of the sampled values between two
variables, rather than the absolute value sampled from the distribution.

4.2.3 Shielding Factors (GSHFAC and PROTIN)

As described in the MACCS code manual [80], in general the dose equation for an early
exposure pathway in a given spatial element is the product of the radionuclide concentration,
dose conversion factor, duration of exposure, and a shielding or protection factor. For the cloud
inhalation exposure pathway, the quantities are the ground-level air concentration within a
spatial element, inhalation dose conversion factor, duration of exposure, and inhalation
protection factor. For the groundshine pathway, the quantities are the ground concentration,
groundshine dose conversion factor, duration of exposure, and groundshine shielding factor.
MACCS calculates groundshine dose as though an individual were located on an infinite flat
plane onto which deposition occurs, consistent with Federal Guidance Report (FGR) 12 [80].
The shielding factor accounts for effects of surface roughness and shielding offered by a
building or set of buildings that block a portion of the gamma radiation.

The shielding or protection factor is a unitless quantity used to reduce the radiation dose to
account for protection provided by a given protective action or mitigating environmental
condition. Shielding or protection factors are specified by the user for the cloudshine, inhalation,
groundshine, and skin dose exposure pathways, and for three activity types (evacuation, normal
activity, and sheltering) [80]. A shielding factor of unity represents the limiting case of a person
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receiving the full dose (i.e., standing outdoors and completely unprotected from exposure), and
a shielding factor of zero represents the limiting case of complete shielding from the exposure.
As part of the SOARCA project, Dr. Keith Eckerman provided an updated technical basis and
methodology for radiation dose and health risk estimation [76]. This reference provided much of
the basis for the shielding factors, as described below, and other risk factors discussed within
this study.

During the investigation of the cloudshine shielding factor, CSFACT, issues were identified
regarding the source data, which was an unpublished internal Sandia document
"Recommendations for MACCS2 Parameter Uncertainty Distributions," prepared by Heames, et
al. in 2003. The internal Sandia report was an attempt to use data from expert elicitation to
create distributions for MACCS parameters, and was based on an earlier Sandia letter report
[75]. However, while the distributions in Gregory [75] for inhalation and groundshine are
identical to Heames, there is no distribution in Gregory [75] for cloudshine and no supporting
discussion. Physically, cloudshine shielding and inhalation protection are completely different.
Protection from cloudshine represents the fraction of radiation from a plume external to a
structure is able to reach the interior of the structure; inhalation protection is the fraction of the
external concentration that leaks into a structure and is able to be inhaled. Because physically
the two distributions should not be identical and because there is no discussion in either source
regarding the basis for a distribution for cloudshine shielding factor, a point value was used in
the UA. Since the cloudshine pathway is typically a small contributor to overall dose in MACCS
analyses, using a point value for the shielding factor should have a minor effect on the
estimated uncertainties.

4.2.3.1 Groundshine Shielding Factors (GSHFAC)

The values of GSHFAC are important because the doses received from groundshine are
directly proportional to these factors and groundshine is usually the most important of the
long-term dose pathways. Uncertainty exists in factors that affect GSHFAC, such as indoor
residence time, household shielding value, and departures from the infinite flat plane
assumptions. There are additional contributions to uncertainty in the energy deposited within a
human organ for a specified incident radiation, which is represented by the groundshine
deposited energy (GSDE) scaling factor. GSDE is a dimensionless scaling factor used to
account for the amount of ionizing radiation energy deposited within various human organs from
external radiation emanating from the ground. These uncertainties of the deposition in individual
organs stem from age, height, and weight variations of the exposed population and are
incorporated into GSDE uncertainty; but GSDE is not a specific MACCS input. So the
uncertainty in GSDE is incorporated into GSHFAC uncertainty distribution, as explained below.
The two mechanisms, shielding from structures and energy deposition into organs, are
independent and so are treated as being uncorrelated.

Rationale for Distribution

Piecewise uniform distributions (normal activity, sheltering, and evacuation) for the combined
GSHFAC and GSDE uncertainty were implemented in MACCS as an overall uncertainty for
GSHFAC. Construction of this distribution function is described in the following paragraphs.
The piecewise uniform values used in GSHFAC represent a combination of uncertainty derived

from NUREG/CR-6526 [77] and uncertainty in GSDE. Gregory et al. [75] evaluated the expert
data to derive distributions for groundshine from NUREG/CR-6526. In Gregory et al. [75], three
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types of activity, normal, sheltering, and evacuation, are evaluated for the groundshine dose
pathway, resulting in three sets of shielding factors, shown on Figure 4-49.

Regarding GSDE, to simplify the implementation of uncertainty in the energy deposited within a
human organ for a specified incident radiation, Eckerman [76] recommends that a single
triangular distribution be applied as a multiplicative factor for all radionuclides and for all organs.
Eckerman [76] recommends a triangular distribution with a minimum of 0.5, a peak (mode) of
0.8, and a maximum of 1.5 which incorporates variations in ionizing radiation energy and human
body variations from age, sex, height, and weight. The triangular distribution used to represent
uncertainty in the dose coefficients for GSDE is shown in Figure 4-50.

Furthermore, Eckerman [76] suggests that the uncertainties in organ-specific groundshine dose
conversion factors are highly correlated. As a result, this UA combines the uncertainty in
GSHFAC and the uncertainty in the dose coefficients (i.e., through the GSDE uncertainty
distribution) into a single uncertainty factor, which can be implemented as an overall uncertainty
in the GSHFAC input for MACCS. The uncertainties in the GSHFAC and the groundshine dose
coefficients are treated as uncorrelated, since they have no relation (i.e., the shielding from a
building (GSHFAC) does not bear upon variations in organ geometry or variations in ionizing
radiation energy).

Table 4-18 shows the combination of uncertainty in GSHFAC and GSDE for all cohorts
considered. For long-term groundshine exposure, the distribution is assumed to be the same as
for normal activity. GSHFAC is specified to be the same for each of the six cohorts in this UA,
with one exception. Cohort 4, which is the population in special facilities, uses the same
shielding factors for normal activity as for sheltering because this cohort is normally indoors and
resides in fairly stout concrete structures that provide better shielding than typical housing.

The distributions for normal activity and evacuation are uncorrelated, i.e., a rank correlation
coefficient of 0.0. The distributions for normal activity and sheltering are correlated with a rank
correlation coefficient of 0.8 because both represent fractions of time spent indoors. The
distributions for sheltering and evacuation are taken to be uncorrelated. The distributions for
normal activity and long-term groundshine shielding factors are considered perfectly rank
correlated (RRC is 1.0). No correlation is assumed between GSHFAC and inhalation protection
factors (PROTIN).

Figure 4-51 shows the final piecewise uniform distributions used for GSHFAC. The Surry
SOARCA [3] values are also provided for the normal, sheltering, and evacuation activities and
long-term activity. The long-term shielding factor is taken to be identical to the value for normal
activity during the emergency phase.
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Table 4-18

CDF of GSHFAC accounting for uncertainty in GSDE

Groundshine Shielding Factor Distribution Parameters. A Value of Unity

Represents Full Groundshine for a person standing on an Infinite Flat
Plane with Uniform Concentration; a Value of Zero Represents Complete

Shielding
Cont_inu_ous_ HICEL Groundshine Shielding Factor (-)
Distributions
Normal Activity for All .
Quantile Value Evacgation el B3 Gl z_’a_nd Cgl?s:'ttz"al%fﬁ;ﬁ:al
ohorts Long-'_l'erm Act|V|_ty for Activity for Cohort 4
Entire Population
0 0.0415 0.0265 0.0075
0.001 0.0692 0.0394 0.0120
0.01 0.1001 0.0552 0.0179
0.05 0.1491 0.0784 0.0286
0.1 0.1804 0.0967 0.0361
0.25 0.2504 0.1354 0.0563
0.5 0.3635 0.1979 0.0969
0.65 0.4464 0.2433 0.1288
0.75 0.5146 0.2816 0.1549
0.83 0.5843 0.3211 0.1818
0.9 0.6717 0.3719 0.2148
0.95 0.7768 0.4297 0.2533
0.99 0.9665 0.5441 0.3226
0.999 N/A 0.6660 0.3975
1 1.0000 0.8220 0.4965
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4.2.3.2 Inhalation Protection Factors (PROTIN)

The inhalation dose protection factor is represented by PROTIN. Population dose is reduced
through the PROTIN inhalation protection factor based on the activity the population is engaged
in, such as sheltering, evacuating, or performing normal activities. The inhalation shielding
factors used in the MACCS calculation are important because the doses received from
inhalation are directly proportional to these factors and dose is a key metric in this analysis. The
distributions used in this UA are derived from NUREG/CR-6526 [77] which collected data from
an expert elicitation panel on deposited material and external doses. The expert data indicates
that there is a large range of uncertainty in expert best estimates on the inhalation protection
factor.

Rationale for Distribution

Gregory et al. [75] evaluated the expert data in [77] to derive distributions for the inhalation
protection factor. Three distributions were derived, one each for normal activity, sheltering, and
evacuation. Only data from the U.S. expert were used to determine the time spent in various
structures (outdoors, vehicles, and low-, medium-, and high-shielded buildings). These data
provided the needed information for the normal activity type. The times were shifted towards
outdoors in vehicles for evacuation and shifted towards high shielded buildings for sheltering. To
determine the final distributions from all the experts, the air concentration ratios
(indoors/outdoors) were considered for both normally ventilated buildings and buildings with all
windows closed.

In reviewing these distributions, it appears that the ranges of the distributions are too large,
especially for sheltering and evacuation, with the protection factor for sheltering skewed toward
too little protection and evacuation skewed toward too much protection. The experts seemed to
be answering the question of what are the maximum and minimum possible protection factors
for any individual person in the zone, whereas for this work, a representative value for all people
in the zone is needed.

To verify that these judgments are correct, the Gregory distributions were compared to
distributions for inhalation protection factor given in NUREG/CR-4551 [74], which were prepared
for NUREG-1150. This source recommended a uniform distribution from 0.15 to 1.0 for normal
activity, a uniform distribution from 0.1 to 0.4 for sheltering, and a constant value of 1.0 (no
protection) for evacuation.

The recommended distribution for normal activity is similar to the distribution in [75]; whereas,
the distribution for sheltering has a significantly smaller range because it only allows for
relatively high amounts of protection, indicating sheltering is in stouter building structures. In
practice sheltering may be enforced wherever people currently are (shelter in place), so the
higher values in [75] are plausible for some individuals but not for an entire cohort.

Thus, the decision was made to use the ranges for sheltering and normal activities from [75],
except with a truncation at the 0.2 and 0.8 quantiles of each CDF to be representative of cohorts
instead of a single member of a cohort. New CDFs were drawn, using the 0.2 and 0.8 quantile
values as the upper and lower bound with an additional 0.5 quantile value anchor. The
distributions are defined to be piecewise-uniform. Figure 4-52 also shows the SOARCA values
as black triangles, which were obtained from the NUREG-1150 defaults [16].
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The single inhalation protection factor of 1 for evacuation [74] is significantly different than the
values from the distribution in [75], which includes low values for PROTIN that are difficult to
defend. Additionally, the SOARCA default for evacuation of 0.98, which came from
NUREG/CR-6953, Volume 1 [78], is still considered the best estimate. Therefore, the best
judgment was to create a uniform distribution from 0.9 to 1.0, which allows for a limited
uncertainty investigation in PROTIN for evacuation but doesn’t include high amounts of
protection indicated in Gregory that do not seem physically possible for an entire cohort.

The distribution for the long-term inhalation protection factor is assumed to be the same as the
distribution for normal activity during the emergency phase. PROTIN must be specified for each
cohort (population group) in a MACCS analysis. In the Surry SOARCA analysis [3], shielding
values for Cohorts 1, 2, 3, 5, and 6 are identical. Cohort 4 represents special facilities, which
had different shielding values in the Surry SOARCA analysis [3]. Because normal activity for
Cohort 4 would be approximately the same as sheltering due to the robust nature of the special
facility buildings, the distribution for normal activity was chosen to be the same as for sheltering
for Cohort 4. These distributions are shown in Figure 4-52 as dashed lines overlaying the base
distributions.

The distributions for normal activity and sheltering are correlated with a rank correlation
coefficient of 0.75, based on the assumption that the majority of normal activity is indoors.
Therefore, if sheltering is sampled with a lower value, normal activity should also be a lower
value. The distributions for normal activity and long-term inhalation are also perfectly rank
correlated. No correlations are assumed between PROTIN and the groundshine shielding factor
(GSHFAC) for any of the three activity types, evacuation, normal activity, and sheltering.
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Table 4-19
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Inhalation Protection Factor (PROTIN)
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CDFs of PROTIN for Normal Activity, Sheltering, and Evacuation

Inhalation Protection Factor Distribution Parameters. A Value of Unity

Represents Direct Inhalation from a Passing Plume; a Value of Zero
Represents Complete Protection

Inhalation Protection Factor (-)

Implemented as a
Uniform Distribution

Continuous Linear Distributions

Quantile Value

Evacuation for All

Cohorts

Normal Activity for All
but Cohort 4 and
Long-Term Activity for

Sheltering for All
Cohorts and Normal

Entire Population Activity for Cohort 4
0 0.9 0.336 0.098
0.5 N/A 0.460 0.251
1 1.0 0.896 0.699

4.2.4

Early Health Effects (EFFACA, EFFACB, EFFTHR)

When radioactive material is inhaled and retained in the respiratory system, an individual may
continue to receive a radiation dose for long periods of time after the material was inhaled.
Depending on particle size and chemical form, clearance mechanisms may remove the material
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from the body or transport it from the respiratory system to other organs of the body. The
MACCS early health effects model accounts for dose protraction from radioactive material
inhaled and retained within the body and calculates an effective acute dose, i.e., a one-day
dose that would induce the same effects as the protracted dose [80]. External radiation is only
received during the exposure period, so dose protraction is not usually an issue.

The individual risk of an early fatality is modeled in MACCS using a three-parameter hazard
function, expressed in Eq. 4-16 for specified target organs (i.e., red bone marrow, lungs, and
stomach) with an acute dose threshold. The early health effects parameters represented in the
equation include:

e Early Health Effects LD50 Parameter (EFFACA),
o Early Health Effects Exponential Parameter (EFFACB), and
o Early Health Effects Threshold Dose (EFFTHR).

The Weibull function contains the EFFACA parameter for the lethal dose to 50 percent of the
population (LDso), EFFACB as an exponential parameter that defines the steepness of the
dose-response function, and a threshold dose defined by EFFTHR.

DOSE EFFACB
H=0.693 (EFFACA)
Eq. 4-16
Where:
H= hazard function for individual risk of an early fatality (unitless)
DOSE = effective acute dose (Gy) to a target organ. DOSE is set to zero
when it is below the threshold, EFFTHR

EFFACA =  LDso (Gy) for a specific health effect
EFFACB = the exponential parameter in the hazard function (unitless)

All three of the variables used to determine the individual risk of early fatality in Eq. 4-16 are
treated as uncertain. Furthermore, there are three values for each of the parameters for the
three organs listed above. A dose to each of the organs is associated with a specific type of
early fatality, as follows: (1) an acute dose to the red bone marrow is used to assess
occurrences of the hematopoietic syndrome, (2) an acute dose to the lungs is used to assess
occurrences of the pulmonary syndrome, and (3) an acute dose to the stomach is used to
assess occurrences of the gastro-intestinal syndrome.

When estimating early health effects, it is appropriate to use gray (Gy) as the unit of measure
for doses. Doses measured in gray and Sieverts (Sv) are the same for low linear energy transfer
(LET) radiation (gamma and beta), but different for high LET radiation (alpha). Doses in Sieverts
are based on a standard radiation weighting factor for high LET radiation of 20; doses from high
LET radiation in units of gray are based on either a value of unity or a nonstandard value for
radiation weighting factor. In the case of latent health effects, a Sievert captures the biological
effects of radiation in terms of the risk of cancer induction. In the case of early health effects, a
nonstandard radiation weighting factor of 10 is used for acute doses. This difference is because
high LET radiation has a different biological impact for early health effects than it does for latent
health effects.
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4.2.4.1 Early Health Effects LDso Parameter (EFFACA)

The EFFACA parameter represents LDsp, the lethal dose to 50 percent of the population, in the
hazard function for a target organ [80]. The effective acute dose commitment period is up to one
year for inhaled radionuclides. The EFFACA distribution is based on data provided for the
estimation of four types of early health effects, hematopoietic syndrome, gastrointestinal
syndrome, pulmonary syndrome, and pneumonitis [73]. The first three of these early health
effects are potentially fatal and are included in the documented results. Pneumonitis is
generally nonfatal, and was not reported.

Rationale for Distribution

The EFFACA distribution for the three target organs considered are piecewise uniform and are
based on linear interpolation between data points taken from Table 6-1 of NUREG/CR-7161,
Bixler et al. [73]. The basis for the EFFACA distribution are uncertain characteristics associated
with estimation of four types of early health effects, and are taken directly from Bixler et al. [73]
and are derived expert elicitation values provided in NUREG/CR-6545. The parameter
distributions and SOARCA values associated with the three fatal, early health effects are shown
on Figure 4-53. The upper and lower bounds of each of the distributions incorporate the entire
range of the expert elicitation data [73].

Bixler et al. [73] recommended that EFFACA be correlated with the early health effects

threshold parameter (EFFTHR) for the same health effect using a 1.00 rank correlation
coefficient [73].
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4.2.4.2 Early Health Effects Exponential Parameter (EFFACB)

The EFFACB parameter represents the exponential or shape factor in the hazard function for
the target organ [80]. The same target organs identified with EFFACA are considered here.
Again, pneumonitis is nonfatal, was not included as an uncertain parameter, and does not
contribute to any reported results.

Rationale for Distribution

The EFFACB distribution for all three target organs considered are piecewise uniform, and are
based on linear interpolation between data points taken from Table 6-1 of Bixler et al. [73]. The
basis for the EFFACB distributions is derived from NUREG/CR-6545 and evaluated by Bixler et
al. [73]. The parameter distributions and SOARCA values associated with these three potentially
fatal early health effects for EFFACB are shown on Figure 4-54. The Surry SOARCA values [3]
are the median values from these distributions, as shown in the figure. The upper and lower
bounds of each of the three distributions incorporate the entire range of the expert elicitation
data [73].
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4.2.4.3 Early Health Effects Threshold Dose (EFFTHR)

The EFFTHR parameter represents the threshold dose associated with the target organ [80].
The same target organs identified with EFFACA and EFFACB are considered here.
Pneumonitis is not included for the reasons discussed above.

Rationale for Distribution

The EFFTHR distribution for all three target organs considered are piecewise uniform, and are
based on linear interpolation between data points taken from Table 6-1 of Bixler et al. [73]. The
EFFTHR distributions are derived from NUREG/CR-6545 and evaluated by Bixler et al. [73].
The parameter distributions and SOARCA values associated with these three potentially fatal
early health effects for EFFTHR are shown on Figure 4-55. The Surry SOARCA values [3] were
chosen to be the medians of these distributions. The upper and lower bounds of each of the
three distributions incorporate the entire range of the expert elicitation data [73].

For each health effect, EFFTHR is correlated with the early health effects LDsy parameter
(EFFACA) for the same health effect using a rank correlation coefficient of 1.00 [73].
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4.2.5 Latent Health Effects (DDREFA, CFRISK, Long-Term Inhalation Dose
Coefficients)

4.2.5.1 Dose and Dose Rate Effectiveness Factor (DDREFA)

The dose and dose rate effectiveness factor (DDREFA) is a dimensionless dose- and
organ-dependent reduction factor. Epidemiological studies used in the development of radiation
exposure risk models involved subjects who experienced high radiation doses delivered in a
relatively short time period [76]. There is evidence that indicates that the biological response per
unit dose at low doses may be an overestimation if one extrapolates from observations made
with high, acutely delivered doses [76]. The degree of overestimation is commonly expressed in
terms of a dose and dose rate effectiveness factor. DDREFA is used in MACCS to modify the
organ-specific lifetime cancer fatality risk factors (CFRISKSs) in order to distinguish between low
and high dose exposures incurred during the early phase. There is significant uncertainty in
DDREFA because there is a large amount of scatter in dose-response data at lower dose
levels.

For this analysis, low dose is defined as 0.2 Gy (20 rad) or less and low dose rate is defined as
0.1 mGy/min (600 mrad/hr) or less [76]. MACCS only considers dose and not dose rate in the
implementation of DDREFA. In MACCS, doses received during the emergency phase are
divided by DDREFA when the committed dose is less than 0.2 Gy. Doses received during the
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long-term phase are assumed to be controlled by the habitability criterion to be well below
0.2 Gy, so these doses are always divided by DDREFA in the calculation of latent health effects.

Rationale for Distribution

Age- and gender-averaged cancer mortality risk uncertainties were developed for SOARCA
[3][76]. Additionally, Eckerman [76] recommends a PDF specific for breast cancer and all other
types of cancer for low LET radiation. However, the PDFs provided did not integrate to unity;
therefore, the PDF equations were normalized as shown in Figure 4-56. An upper limit of
DDREFA is 3.0 for breast and 8.0 for other cancers [76].

Eckerman recommended that high LET radiation be assigned a DDREFA of unity (1.0) with no
uncertainty [76]; however, the distinction between low and high LET radiation to an organ
cannot be distinguished within the MACCS framework; therefore, the PDFs suggested for low
LET radiation are applied to all types of radiation. To implement the uncertainty in DDREFA, the
CDF was segmented into equally spaced quantiles to construct a piecewise uniform distribution
as shown in Figure 4-57. The SOARCA values are represented in Figure 4-57 by the blue
triangles.

The value of DDREFA for each organ is independent of the other organs and so they are not
correlated [76]. The DDREFA for each organ has a corresponding CFRISK parameter, and
these parameters are also uncorrelated.
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4.2.5.2 Lifetime Cancer Fatality Risk Factors (CFRISK)

The lifetime cancer fatality risk factors (CFRISK) are based on a 50-year lifetime dose
commitment to specified target organs (risk/Sv). The probability of a lifetime cancer fatality is
calculated separately for each cancer syndrome related to each target organ and is based on
the technical approach described in the National Academy of Sciences / National Research
Council Biological Effects of lonizing Radiation (BEIR) V report. The BEIR V risk models are
used in FGR-13.

Radiation dose to organs and tissues of the body are involved in the decision to allow the
evacuated population to return and in the estimation of the potential health effects in the
population. Return of the population falls within the scope of radiation protection and uses the
standard dosimetric quantities of radiation protection, i.e., effective doses. Estimation of health
effects involves calculating doses to specific organs and applying cancer risk factors to estimate
the number of excess cancer fatalities in a population. Both the dose coefficients

(Section 4.2.5.3) and risk factors are uncertain. Uncertainties in the cancer fatality risk factors
are evaluated in this section.

Rationale for Distribution

Truncated log-normal distributions were selected for the cancer fatality risk factors based on
guidance from Keith Eckerman [76]. Estimates of the gender and age averaged uncertainty in
CFRISK for each of the organs used for latent health effects were obtained from Eckerman [76];
whereas, the estimates used in the earlier Surry SOARCA analysis were from BEIR V (the blue
triangles in Figure 4-58) in [3].
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The uncertainty distributions provided by Eckerman [76] indicate that cancer risk for leukemia
seems to be relatively well quantified; lung, breast, colon, and residual (cancer sites not
explicitly identified — esophagus, stomach, skin, ovaries, bladder, kidney, etc.) are moderately
well quantified; and thyroid, liver, and bone are relatively poorly quantified. Eckerman [76]
concluded this based on the premise that inconsistency in expert judgment is a valid measure of
uncertainty in CFRISK.

Each log normal distribution is truncated at +3 sigma for each distribution. This represents a
truncation at quantile 0.001 and 0.999. CFRISK for each organ is considered independent of the
other organs and therefore the risk factors are not correlated [76].

Data: Table 4.2-11
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Figure 4-58 CDF for CFRISK for each of the Organs Included in the Analysis

4.2.5.3 Long-Term Inhalation Dose Coefficients

The long-term inhalation dose coefficients are used to calculate the committed organ-specific
equivalent dose or the committed effective dose (Sv) from the inhalation of 1 Bq of a
radionuclide over a 50-year commitment period. Uncertainties in inhalation dose coefficients
were examined by Pawel et al. [79] to evaluate the uncertainties in the cancer risk coefficients of
FGR-13. Based on the Eckerman report for SOARCA [1], the assignment of uncertainty
distributions to long-term inhalation dose coefficients for individual radionuclides is difficult
because these values are the end products of complex calculations. These calculations involve
a collection of uncertain biokinetics and dosimetric coefficients and assumptions, which Pawel
et al. [79] determined to be the largest uncertainty for most risk coefficients.

The LCF risk factors in MACCS are based on the technical approach described in BEIR V in
which long-term inhalation dose coefficients are part of that approach. The assessment of the
uncertainty in dose is evaluated on the basis of sensitivity analyses in which various
combinations of plausible biokinetics and dosimetric models are used to generate alternative
dose coefficients, such as those discussed in Pawel et al [79], and Eckerman report [76].
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Rationale for Distribution

For the long-term dose coefficients related to the inhalation pathway, Eckerman [76]
recommends that the uncertainty distributions for the coefficients be treated as truncated log
normal distributions with the geometric means and standard deviations for the 58 radionuclides
listed in Table 4-9. The upper and lower values used to create the distributions are assumed to
represent the 90 percent confidence interval for each dose coefficient.

For an individual radionuclide, the long-term inhalation dose coefficients are treated as
correlated with a rank correlation coefficient of 1.0 for all of the organs except the lung. The lung
is correlated with a rank correlation coefficient of -1.0 with the dose coefficients of all of the
other organs (red bone marrow, bone, breast, thyroid, liver, colon, and ‘residual’). This, in effect,
means that only one input is sampled independently (e.g., long-term inhalation dose coefficient
for the red bone marrow) to represent all organ-specific long-term inhalation dose coefficients
uncertainty. The logic behind this is that the inhaled radionuclides may spend more or less time
(residence time) in the lungs, depending on the chemical form of the radionuclide and its
solubility, and subsequently after departing from the lung, the radionuclide is carried through the
blood stream to other systemic tissues. Thus, the longer the time spent in the lungs, the greater
the dose in the lungs and the less the dose to the other systemic tissues. The shorter the time
spent in the lungs, the smaller the dose in the lungs and the greater the dose to the other
systemic tissues. MACCS uses the bone as the corresponding organ to correlate the other
organ-specific long-term inhalation dose coefficients.

There are 69 radionuclides considered in the Surry SOARCA analysis [3]. Of those, only 58
radionuclides have nonzero dose coefficients for inhalation. In this UA, these 58 radionuclides,
listed in Table 4-20, are assigned uncertain long-term inhalation dose coefficients for each of
the eight organs used in this analysis, which are lung, red bone marrow, bone, breast, thyroid,
liver, colon, and residual. The residual® dose coefficient represents the collection of organs that
are not specifically represented and that are important for cancer induction.

Figure 4-59 and Figure 4-60 provide examples of the truncated log normal distributions for two
radionuclides, Cs-137 and Pu-241, for the eight different organs included in this analysis.
Uncertainties in the acute inhalation dose coefficients (used to estimate the early health effects
discussed in Section 4.2.4) were considered to be less important and were not included in this
UA.

SOARCA did not include the ingestion dose pathway and neither does this UA. Uncertainty in
groundshine dose coefficients is treated through uncertainty in the groundshine shielding
factors, as explained above. Cloudshine uncertainty is not treated because it is a relatively
unimportant dose pathway, compared with groundshine and inhalation.

50 The version of MACCS used in this analysis was limited to eight organs.
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Table 4-20 Radionuclides Treated as having Uncertain Inhalation Dose Coefficients

Radionuclides

Co-58 Y-90 Nb-97 Te-127 1-132 Ba-140 ([Pr-144 Cm-242
Co-60 Y-91 Mo-99 Te-127m 1-133 La-140 [Nd-147 Cm-244
Rb-86 Y-91m | Tc-99m Te-129 1-134 La-141 Np-239

Rb-88 Y-92 Ru-103 Te-129m [ [-135 La-142 | Pu-238
Sr-89 Y-93 Ru-105 Te-131 Cs-134 |Ce-141 |Pu-239
Sr-90 Zr-95 Ru-106 Te-131m | Cs-136 |Ce-143 |Pu-240
Sr-91 Zr-97 Rh-103m | Te-132 Cs-137 |Ce-144 | Pu-241
Sr-92 Nb-95 Rh-105 1-131 Ba-139 ([Pr-143 [Am-241
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Figure 4-59 Cs-137 Lifetime Inhalation Dose Coefficient Distributions for Organs
Included in the Consequence Analysis
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4.2.6 Dispersion (CYSIGA, CZSIGA)

Dispersion of a radioactive plume following a severe accident directly affects doses to members
of the population and resulting health effects. Thus, the dispersion parameters used to estimate
atmospheric dispersion are important to the outcome of the calculation. The coefficients used to
calculate dispersion were chosen to be the median values from an expert elicitation [73], but
there is significant uncertainty in these values.

In terms of predicted health effects, these parameters tend to have a non-linear effect when
using the linear, no-threshold (LNT) hypothesis for estimating latent health effects because
dispersion influences the amount of land that is interdicted. Dispersion has an even greater
influence on estimated health effects when truncation is used in the dose-response model
because a smaller dose to an individual can reduce a nonzero risk to zero and, conversely, a
larger dose can raise a zero risk to be nonzero.

Within MACCS, plume dispersion is calculated using the Gaussian plume model, shown in Eq.
4-17 for the simple case of an unbounded plume.
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Eq. 4-17

where x(x,y,z) is the air concentration at a downwind location (x,y,z), Q is the source strength, G
is the mean wind speed, h is the release height, and o, and o, are the standard deviations of
the normal crosswind and vertical concentration distributions, respectively. Q and h are
determined by the accident sequence, while G, g, and g, are functions of weather. Uncertainty
in o, is used to capture the uncertainty in crosswind dispersion. The function used to define g,
is given in Eq. 4-18.

oy = CYSIGA - xCYSIGB
Eq. 4-18

where x is the downwind distance and CYSIGA and CYSIGB are empirical constants chosen to
fit observed results. A value for both of the constants must be entered for each of the six
Pasquill-Gifford stability classes (A-F).

In this work, it was beneficial to only sample one of the two constants to simplify the
specification of uncertainty. Bixler et al. [73] characterized the uncertainty as an uncertainty in
CYSIGA and this characterization is used here.

4.2.6.1 Crosswind Dispersion Linear Coefficient (CYSIGA)

The crosswind dispersion linear coefficient is represented by CYSIGA. The SOARCA best
estimate values for CYSIGA were chosen to be the median of the results of an expert elicitation
[73]. Distributions were fit to the expert data and these were roughly lognormal. The median of
the distributions is considered to be a reasonable best estimate value for this parameter;
however, the distributions created from the elicitation are not used in this analysis. The expert
data indicate about one order-of-magnitude uncertainty within the 90 percent confidence interval
and about two orders of magnitude at the 100 percent confidence interval.

In retrospect, it appears that the experts considered the question: what is the uncertainty in the
dispersion at a specific point in time, i.e., for a specific weather instance. The appropriate
question for this UA is: what is the uncertainty in dispersion that is representative of a year of
weather data? The second question leads to a narrower distribution because a single set of
dispersion parameters is selected to represent a whole year of weather variability.

There are a number of other sources for CYSIGA, three of which are given as examples in the
MACCS User’s Guide [80]. These values were compared to the best estimate values from
expert elicitation. It was found that two thirds of the values were within a factor of 3 of the best
estimate value and were about evenly distributed between larger and smaller. These historic
values (from 1977, 1979, and 1989) were used by multiple experts in constructing their
distributions, showing they continue to be regarded as reasonable bases to estimate dispersion.

Additionally, NUREG/CR-6853 [81], compared results from MACCS (a Gaussian plume code)
with 3 other codes for transport and dispersion and found that the results from the 4 codes were
within a factor of 2 for compass averaged concentrations and 3 for sector specific
concentrations. This factor can be considered to be an approximation of the uncertainty in
transport and dispersion. As a first-order approximation at short distances, the uncertainty in
plume concentration is inversely proportional to the uncertainty in o, multiplied by the
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uncertainty in 0,. Accounting for an uncertainty in concentration of a factor of three above and
below the median corresponds to a range of uncertainty in CYSIGA from 1/1.73 to 1.73 times
the median assuming that both cross-wind and vertical dispersion have the same ranges of
uncertainty. If this range is considered to be the uncertainty at the 90 percent confidence level,
the entire range of uncertainty is reasonably chosen to be bounded by factors of 1/2.5 and 2.5
on the median value for CYSIGA.

Rationale for Distribution

The 50" percentile of the distribution from the expert elicitation [73] is a reasonable and
defensible choice for the best estimate value to use for CYSIGA. Expert elicitation results are
based on a combined category for stability classes A and B and a combined category for
stability classes E and F, yielding 4 distributions for A/B, C, D, and E/F. Based on the previous
discussion, the bounds of the distribution are set to be a factor of 2.5 higher and lower than the
best estimate value for each weather class. All calculated values are found in Table 4-21.

In the previous Peach Bottom UA, a piecewise log-uniform distribution was used for CYSIGA
because the expert elicitation data were approximately lognormal [2]. Since the range of
uncertainty was chosen to be different for this analysis, a simpler log-triangular distribution was
chosen. This choice is consistent with a most likely value at the center of the distribution and a
likelihood that decreases as the bounds are approached. A log-triangular distribution was used
instead of a triangular one because it gives equal sampling weight on either side of the mode
when using a multiplicative factor for the lower and upper bounds.

Table 4-21 Log-Triangular Values for Dispersion Parameter CYSIGA for each Stability

Class
Class Lower Bound Mode Upper Bound
A/B .3002 .7507 1.8768
C 1625 4063 1.0158
D A112 2779 0.6948
E/F .0863 .2158 0.5395

CYSIGA and CZSIGA are perfectly rank correlated across the four stability classes. These
values are also perfectly rank correlated with the values of CZSIGA, the vertical dispersion
parameters discussed below. This indicates that uncertainty in CYSIGA is partially caused by
changing weather conditions that would result in an increase or decrease in both the crosswind
and vertical dispersion together. It also ensures that the order between the stability classes is
preserved. The CDF is presented in Figure 4-61.
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Figure 4-61 CDFs of CYSIGA for Individual Stability Classes
4.2.6.2 Vertical Dispersion Linear Coefficient (CZSIGA)

The SOARCA best estimate values for CZSIGA were also based on the results of an expert
elicitation [73]. Distributions were fit to the expert data, which were again roughly lognormal. The
best estimate values used in SOARCA were chosen to be the 50" percentile of the distributions,
and that value is appropriate as a median value in the UA for Surry. However, the distribution for
CZSIGA has the same issues as the one for CYSIGA described above, so a narrower
distribution is developed and used in this work. The same approach described in the previous
section leads to distribution bounds on CZSIGA that are also factors of 2.5 above and below the
median value for each stability class.

Rationale for Distribution

The 50" percentile of the distribution from the expert elicitation [73] is a reasonable and
defensible choice for the best estimate value for CZSIGA. Based on the previous discussion,
the bounds are set at a factor of 2.5 higher and lower than the best estimate value for each
stability class. The distribution parameters are provided in Table 4-22.

CZSIGA distributions are perfectly rank correlated with each other and across the weather
stability classes. They are also rank correlated with the crosswind coefficients (CYSIGA). This
indicates that uncertainty in CZSIGA is partially caused by changing weather conditions that
would result in an increase or decrease in both the crosswind and vertical dispersion together. It
also ensures that the order between the stability classes is preserved. Figure 4-62 shows the
CDFs of a log-triangular distribution for each of the four SOARCA stability class groupings.
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Table 4-22 Log-Triangular Values for Dispersion Parameter CZSIGA for each Stability

Class
Class Lower Bound Mode Upper Bound
A/B .0144 .0361 .0903
C .0814 .2036 .509
D .1054 .2636 .659
E/F .0985 .2463 .6158
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Figure 4-62 CDFs of CZSIGA for Individual Stability Classes

4.2.7 Emergency Response (Evacuation and Relocation)

MACCS input parameters related to emergency response and evacuation were developed
primarily from the 2012 Surry Evacuation Time Estimate (ETE) study [86]. The ETE provided
the mobilization times, travel times for cohorts, and evacuation route information. Licensees are
required under Appendix E, “Emergency Planning and Preparedness for Production and
Utilization Facilities,” to 10 CFR Part 50 and 10 CFR 50.47, “Emergency Plans,” to estimate the
time to evacuate the EPZ. Appendix E.IV.3 to 10 CFR 50 provides that nuclear power reactor
licensees shall use ETEs in the formulation of protective action strategies. Therefore, it may be
expected that the information in the ETE report will be used in the response decisions.

In the Surry SOARCA analysis [3], information from the 2001 Surry ETE was used to develop
these response times [3]. NRC has since published updated guidance for developing ETEs in
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2005 and 2011 [90][91]. The 2012 Surry ETE [86] follows the current guidance and includes
detailed demographic information and measures of effectiveness that were useful in developing
the delay and speed parameter values for each cohort. The cohorts established in the Surry
SOARCA analysis [3] were maintained for this UA and are described below.

Cohort 1 represents the public residing within the 10-mile EPZ. One cohort was used to
represent the entire public within the EPZ (with the exception of the evacuation tail
described as Cohort 5, and the non-evacuating fraction described as Cohort 6). Current
analyses [97] separate the public into smaller population segments, creating additional
cohorts to represent the response of the public. Expanding the number of cohorts was a
new advancement in MACCS when SOARCA was initiated, and due to concerns over
computer run time, which never materialized, it was determined at the time that a
maximum of 6 cohorts should be used.

Cohort 2 represents the shadow evacuation which was defined as 20 percent of the
population within the area 10 miles beyond the EPZ. A shadow evacuation typically
occurs after widespread news of a nearby emergency is broadcast, and residents
outside the official evacuation zone begin to evacuate. The area of 10 to 20 miles was
specific to SOARCA. More current research [20] and ETE guidance [90] suggests that
20 percent of the population of the area extending 5 miles beyond the evacuation area is
appropriate. However, to maintain a consistent demographic population distribution for
risk comparisons, the Surry SOARCA [3] approach of 20 percent of the public from the
area 10 to 20 miles beyond the EPZ was maintained.

Cohort 3 represents the schools within the EPZ. The 2012 Surry ETE report identifies
sufficient resources for a single wave evacuation with enough buses to serve all of the
schools [86].

Cohort 4 represents special facilities residents within the EPZ and includes ambulatory,
wheelchair bound, and bedridden patients. Special facilities can take longer to evacuate
than the general public because special transportation resources must be mobilized and
loading patients must be done with care. The facilities evacuate individually following
facility-specific evacuation plans [87].

Cohort 5 represents the evacuation tail for the 0 to 10 mile public. The evacuation tail is
the last 10 percent of the general public and as such follows the general public
evacuation [88]. The initial speed of the tail is the same as the final speed of the general
public, but because the tail enters the roadway network late in the event, the roadways
begin to clear, and the tail eventually has a faster evacuation speed [88].

Cohort 6 represents a small fraction of the public assumed to refuse to evacuate. A
value of 0.5 percent was used in NUREG-1150 and has been applied in subsequent
studies, including SOARCA [3]. This value is supported through recent research which
included a survey of evacuees by Mitchell, et al. that identified 98.4 percent of the public
evacuated in response to the Graniteville chemical spill [93][94]. Thus, 1.6 percent of the
public did not evacuate in this event. The EPZ has a siren system and backup
capabilities to alert the public, and the EPZ population receives emergency response
information at least annually; therefore, response from the EPZ public may be expected
to be more efficient than the ad hoc evacuation for Graniteville. Additionally, as identified
in a national telephone survey of EPZ residents, the public has a good understanding of
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the emergency response expectations [20]. The speed and delay parameters are not
applicable to this cohort, but the relocation parameters apply.

Figure 4-63 shows a typical response timeline as implemented in MACCS.

Accident Initiation

Alarm
Delay to Shelter | Delay to Evacuate |
v v v
I Normal Activity | Sheltering | Evacuation No Further Dose

Figure 4-63 General Response Timeline Representing MACCS Activities

For each cohort, MACCS uses the following duration and travel speed parameters:

e Delay to shelter (DLTSHL) represents the duration of time from the accident initiation until
the population becomes aware of the emergency and begins sheltering. During this period,
shielding parameters are applied assuming normal activity.

e Delay to evacuate (DLTEVA) represents the duration of time from the start of sheltering to
the start of evacuation. During this period, shielding parameters are applied assuming
sheltering.

e Duration of beginning phase (DURBEG) of evacuation is the first of three emergency
response time periods in MACCS and is typically used to represent the time from start of
travel until evacuees are in the evacuation queue. This phase begins when the sheltering
period ends. During this phase, a travel speed (ESPEED1) is applied for each cohort. For
each of the three evacuation phases, shielding parameters are applied for evacuation.

e Duration of middle phase (DURMID) of evacuation is typically used to represent the time of
travel after DURBEG until the cohort travels beyond the EPZ. This period begins when
DURBEG ends. During this phase a second travel speed (ESPEED2) is applied for each
cohort.

The third and final phase of evacuation is defined as the period of time from the end of DURMID
to the end of the early phase, which is 7 days from the time of the first radiation release in this
analysis and in SOARCA [1]. During this phase, a third travel speed (ESPEED3) is used to
represent the travel speed beyond the EPZ. The population travels at ESPEED3 until they have
reached a distance of 30 miles from the plant, at which point they are modeled to receive no
further early phase radiation exposure. As distances increase radially beyond the EPZ, the
roadway network becomes more expansive providing increased capacity which facilitates
greater speeds.

It is not necessary to make each of the above parameters uncertain. In determining which
parameters to select, it was decided that one delay parameter and one speed parameter would
adequately represent the uncertainty of the set. Because DURBEG and ESPEED1 represent
the early part of the evacuation (only 15 minutes for most cohorts), assessing the uncertainty for
this duration would be of less interest than assessing the middle phase which comprises most of
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the travel time inside the EPZ. The third phase occurs primarily beyond the EPZ and at faster
speeds and would also be of less interest. Therefore, ESPEED2 was selected to be uncertain
because this occurs during the middle phase when congestion within the network is at its
greatest, and vehicles are slowly moving out of the EPZ.

When a General Emergency is declared, licensees have 15 minutes to make a declaration and
provide a protective action recommendation (PAR) to the offsite response organizations
(OROs). After receipt of the accident declaration, OROs make a protective action decision,
activate sirens, and issue an Emergency Alert System (EAS) message. The data used in Surry
for this time period was developed from exercise information. A sensitivity analysis was
conducted on delaying notification in the Surry SOARCA analysis by one hour [3]. The results
showed there was little effect from this delay [3].

The effect of weather is partially addressed in emergency response. An evacuation speed
multiplier was used to reduce travel speed when precipitation is occurring, as indicated from the
meteorological data file. This multiplier is used to address adverse weather, consisting of rain,
ice, or snow, any of which can affect the response. The evacuation speed multiplier was set at
0.7, which reduces the ESPEED values to 70 percent of the fair weather travel speed.

In addition to speed and delay, relocation parameters are sampled to reflect uncertainty in
post-evacuation activities. Relocation was first introduced in the CRAC model [82] to
instantaneously remove the public from areas that exceed specified dose limits at a specified
time after plume arrival. This evolved into the MACCS hotspot and normal relocation
parameters. Following a release of radioactive material, levels of deposition can vary resulting in
areas with elevated dose rates called hotspots [84] which may warrant the relocation of
residents from affected areas. These areas of elevated contamination would typically be
identified after the initial evacuation, but still during the early phase, based on dose projections
from state, utility, and federal agency computer modeling and field measurements.

The U.S. Environmental Protection Agency (EPA) protective action guides (PAGs) for
evacuation are typically used in MACCS as the dose thresholds at which the public would be
relocated. When these thresholds are exceeded, OROs would be expected to relocate
individuals from the affected areas. This application is typically considered for residents beyond
the EPZ, but also applies to residents within the EPZ who may have refused to follow the initial
evacuation orders. It is assumed these individuals will relocate when they understand a release
has occurred, and they are informed they are located in elevated dose areas. MACCS
implements relocation with the hotspot and normal relocation parameters, which are specific to
the MACCS model.

Hotspot and normal relocation are determined in MACCS based on the total effective dose
commitment projected to be received by an individual who remained in place for the entire
emergency phase period while engaging in normal activity. The pathways used for calculating
the total effective dose commitment are cloudshine, groundshine, direct inhalation, and
resuspension inhalation. The reference time for the relocation dose criteria is plume arrival.
Relocated individuals are removed from the problem for the duration of the emergency phase
and receive no additional dose during this phase [6].

4.2.7.1 Evacuation Delay (DLTEVA)

The evacuation delay (DLTEVA) defines the duration of the sheltering period that occurs
immediately before evacuation. Lengthy delays could increase the potential for receiving dose.
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However, there are reasons for expecting such delays to be limited; for example, there is high
confidence in the alert and notification system used to warn the public. Sirens are tested at least
monthly and the performance characteristics for siren systems are maintained under the
Reactor Oversight Process (ROP). The ROP data for Surry showed a 99.9 percent performance
indicator at the time of the Surry SOARCA analysis [3]. Furthermore, research has found that
EPZ residents understand actions that may be expected during an emergency and are well
prepared, with 20 percent of EPZ residents having go-bags and are ready to leave promptly
[20]. Wolshon et al. [88] found that delay is not uniform with most of the evacuees experiencing
a smaller delay (e.g., 90 percent of the public evacuates in about 60 percent of the response
time). The variation in public response makes this a good candidate for the UA. Information
used to develop the DLTEVA distribution was obtained from the ETE report [86].

Rationale for Distribution

A triangular distribution is used to represent DLTEVA uncertainty because there is some
confidence in the mode which was based on a site specific telephone survey conducted to
support the ETE [86]. Delays can occur for many reasons, and this is represented by the
bounds. Delays can increase due to a slow response to the evacuation order, a need to wait for
the return of commuters, a need to wait for public transportation, a need to shut down
operations prior to leaving work, etc. Likewise, those members of the public with go-bags may
respond rapidly, with little or no delay. Because delays vary individually, they would not apply to
the entire cohort. However, MACCS moves cohorts as a whole based on population fraction;
therefore, compromise values, based on the ETE data, are used to represent the entire cohort
response.

The DLTEVA parameter is applied at the cohort level. Response timing is sampled for each
cohort. Cohort 1 represents the first 90 percent of the 0-10 mile general public (the EPZ). The
SOARCA baseline DLTEVA value was 1 hour [3]. A mode of 2 hours represents the expected
time, which is taken as an approximate average of the mobilization time for residents with and
without commuters as presented in the ETE report [86]. A lower bound of 0 hours would indicate
there is no delay after the public has been notified. Such conditions could occur as
demonstrated in spontaneous evacuations where some people leave when they observe an
emergency, such as a fire, but prior to receiving evacuation orders [92]. However, it would not
be realistic that the entire cohort would leave immediately. With a mode of 2 hours and
understanding that there are situations where the public may become aware of a need to
evacuate prior to receiving formal notification, 1 hour was judged to be reasonable for the lower
bound of the entire cohort. With regard to the upper bound, the ETE report shows the longest
the general public cohort (the first 90 percent of the public) is expected to take 4 hours [86] in
the case of residents waiting for commuters to return home during snow, and this was used for
the upper bound.

Cohort 2 represents the shadow evacuation in the 10 to 20 mile area. The size of the shadow
evacuation can be influenced by communication during the emergency. The timing and content
of messaging can cause the shadow to increase or decrease and can cause residents to leave
earlier or later in the event depending on the perceived risk of the residents [92]. The shadow
evacuation typically begins shortly after the general evacuation begins. The lower bound for
Cohort 2 is established as 1 hour, which allows time for the general evacuation to get underway.
The 1 hour value was based on analyst judgment and review of emergency evacuation
information [85]. A value of 5 hours was judged to be reasonable for the upper bound. A mode
of 3 hours was judged reasonable to reflect this cohort usually follows the evacuees from the
hazard area (e.g., the general public cohort).
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Cohort 3 represents the schools within the EPZ. When the SOARCA project [1] was initiated, it
was decided at the time to select a winter weekday scenario that includes school evacuation.
Although this scenario only occurs on weekdays over a range of a few hours, it challenges the
response agencies with additional logistics and responsibilities. For this scenario, the Virginia
Department of Emergency Management would notify schools when a Site Area Emergency
(SAE) is declared [3]. This notification triggers activities to mobilize buses and evacuate the
schools. The baseline SOARCA DLTEVA was 1 hour based on the 2001 ETE, which assumed
that transportation resources were immediately available. The ETE report [86] identifies
sufficient resources for a single wave evacuation, indicating there are enough buses to serve
every school at the same time. A lower bound of 0.5 hours was judged reasonable for this
cohort. This includes time for OROs to notify the schools and assumes the evacuation occurs in
the morning at the beginning of school or in the afternoon at the end of school when buses are
already mobilized. The 2012 ETE report provides school bus mobilization times that range from
145 minutes to 180 minutes [86]. An upper bound of 4 hours was established to account for the
mobilization time and potential delay in notification, communication with drivers, delay in travel
due to weather or other impediments, etc. A mode of 2.75 hours was selected to represent an
average of the mobilization times presented in the ETE [86].

Cohort 4 represents the special facilities within the EPZ and was modeled in SOARCA [3] with a
DLTEVA of 11 hours based on the 2001 ETE. There are 12 special facilities identified in the
2012 Surry ETE [86], and these facilities would evacuate as resources are available. It is not
necessary, to model each facility individually; therefore, special facilities are modeled as a
group. The departure was set later in the evacuation with a time that represents an average of
when the facilities may depart. The 2012 ETE report identifies 3 hours as the average time for
buses to arrive at the facilities. Additional time was estimated for loading the residents prior to
beginning the evacuation [86]. It is unlikely resources for all facilities could be obtained and
mobilized much faster than 3 hours, because the ETE report identifies there are insufficient
ambulances to complete the evacuation in a single wave, making a second wave necessary.
Therefore, 3 hours was judged reasonable for the lower bound. A mode of 5 hours was judged
reasonable to reflect the vehicle mobilization time, lack of transportation resources to mobilize in
a single wave, and the time to load residents. A factor of 2 was applied to the mode providing a
value of 10 hours. The factor of 2 was based on analyst judgment which considered there are
cooperative agreements with neighboring counties to acquire additional resources. This gives
confidence that resources would eventually become available. However, additional time would
be needed to acquire these resources, and for such an event, there could be competing
priorities with the cooperative agreement counties. The upper bound may also represent a
potential delay in availability of transportation resources, communication with drivers, delay in
travel due to weather, or other impediments.

Cohort 5 represents the evacuation tail for the 0 to 10 mile public. The SOARCA [3] DLTEVA
value was 11 hours, based on the 2001 ETE. In the 2012 ETE [86], Scenario 6 represents the
midweek winter day good weather evacuation, which is similar to the SOARCA scenario. The
2012 ETE report shows that 90 percent of the general public completes their evacuation in
about 4 hours, which is the time the tail would begin. The evacuation ends at about 6 hours. A
lower bound of 3 hours was judged reasonable to reflect efficient evacuation of the general
public. An upper bound of 10 hours was judged reasonable to reflect a range of potential delays
that contribute to the tail, such as waiting for commuters, shutting down equipment, and other
delays. A mode of 4 hours was selected based on the ETE [86] which represents the expected
time for this scenario.
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Table 4-23 provides a listing of the cohorts and the values used in the triangular distribution.
The cohort sampling approach is shown in Figure 4-64. Evacuation delays are sampled
independently for each cohort. Although it was intended the evacuation tail be correlated with
the public, because the tail leaves after the public, the modeling was not implemented in this
manner. This modeling error would likely have a negligible effect on the results. For each cohort
the timing of evacuation is specified independently at each radial distance in the grid (a ring).
These values are rank correlated so that the entire cohort begins to evacuate at approximately
the same time.

Table 4-23 MACCS Uncertain Parameters — Evacuation Delay

Parameter SOARCA Value Mode Bounds
Cohort 1 (0-10 LB =1.0 hr.
Public) 1.0 2.0 UB = 4.0 hr.
Cohort 2 (10-20 10 30 LB =1.0 hr.
Shadow) ’ ’ UB =4.0 hr.
LB =0.5 hr.
Cohort 3 (Schools) 1.0 2.75 UB = 4.0 hr.
Cohort 4 (Special 1 50 LB =3.0hr.
Facilities) ’ UB =10.0 hr.
Cohort 5 1 4.0 LB =1.0 hr.
(Evacuation Tail) ’ UB =10.0 hr.
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Figure 4-64 CDF of DLTEVA for each Cohort
(Note: Cohort 4 and 5 SOARCA values fall outside of their respective CDFs)
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4.2.7.2 Evacuation Speed (ESPEED)

The ESPEED2 parameter represents the speed for each of the evacuating cohorts for the
duration of the middle phase. As mentioned earlier, the Surry SOARCA analysis [3] values were
based on the Surry ETE report dated 2001. The current Surry ETE report [86] includes
additional detail, measures of effectiveness, and updated time estimates.

Rationale for Distribution

A triangular distribution was used to represent uncertainty because there is confidence that the
mode derived from the ETE report is the most likely value. The ETE report was developed
following NRC guidance and reviewed by NRC staff. Average speeds for the entire roadway
network and for select evacuation routes are provided in the ETE [86]. These speeds can vary
by cohort depending on the evacuation routes selected by each cohort, the location of the
cohort within the EPZ (e.g., schools may be near the edge of the EPZ), and the time the cohort
enters the roadway.

For Cohort 1 (the 0-10 mile public) the Surry SOARCA [3] speed was 1 mph based on the 2001
ETE report and accounted for MACCS loading the entire public cohort at one time. In reality,
evacuating residents would load the roadway network over a longer period of time and travel at
different speeds based on congestion at the time they enter the roadway network. The current
ETE identifies an average network speed of about 12 mph for the duration of the evacuation
[86]. This average speed includes the beginning, middle and late phases in MACCS, and
includes areas west of the James River, which experience a faster free flow speed (i.e.,
unimpeded traffic flow) and areas east of the river, which experience congested flow as
illustrated in Chapter 7 of the ETE report [86]. Because the speed is being sampled for the
middle phase duration, a lower bound of 0.5 mph is judged reasonable and reflects a potential
for congestion and impediments to the evacuation. Such impediments can range from drivers
stopping to ask emergency personnel questions to power outages that affect stoplights or
infrastructure damage that requires alternate routes. An upper bound of 12 mph was judged
reasonable to represent the average speed identified in the ETE report, which represents
evacuation under normal conditions. A mode of 1 mph was judged reasonable, again
accounting for MACCS loading the entire public cohort at one time and accounting for the fact
that the parameter is ESPEED2 which occurs during the congested period. The current ETE
shows speeds of less than 2 mph on several evacuation routes under normal conditions [86].

Cohort 2 represents the 10 to 20 mile shadow evacuation which is travelling on different
roadways than the EPZ population, thus the speeds are not directly related to the EPZ
evacuees. The speed was set at 1 mph in the Surry SOARCA analysis [3] because most of the
shadow population is located in the densely populated areas east of the James River. The lower
bound is established at 0.5 mph. Although shadow evacuations occur in response to
emergencies, the effect of the shadow evacuation on the evacuees from the EPZ is seldom
significant. This is quantified in Appendix M of the ETE study [86] which shows that an increase
in the shadow population to 25 percent of the public has no effect on the ETE, and an increase
to 60 percent, only has a 25 minute increase on the ETE. The upper bound of 15 mph was
judged reasonable to account for limited traffic congestion and increased roadway capacity
beyond the EPZ. A mode of 5 mph was judged reasonable to reflect these evacuees are
beyond the congested EPZ when they begin their travel.
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For Cohort 3 (schools), a speed of 10 mph was used in the Surry SOARCA analysis [3]
because schools are notified directly, allowing them to begin evacuation prior to the general
public. For this accident scenario, schools are assumed to receive orders to evacuate after
declaration of the SAE, which is about 2.5 hours prior to the general public [3]. The 2012 ETE
shows the schools require approximately 3 hours to mobilize buses. This puts the school cohort
on the evacuation route during periods when traffic congestion is building. The current ETE
report shows average speeds for the school evacuation ranging from 1.1 mph to 33 mph. The
school speeds largely depend on the proximity to the EPZ boundary and the level of congestion
on the evacuation routes travelled. The school with a 33 mph speed is located about 0.5 miles
from the southeast edge of the EPZ; thus, this school evacuates ahead of the rest of the
population on uncongested roadways and is not typical of other schools. Most of the average
speeds for schools were estimated at less than 10 mph [86]. A lower bound of 0.5 mph was
judged reasonable to account for congestion and potential impediments to the evacuation. An
upper bound of 15 mph was judged reasonable based on the potential for less congestion due
to evacuation early in the event, which could occur in the mornings or afternoons while buses
are already mobilized. A mode of 1 mph was chosen based on the speeds used for the general
public and the current ETE which shows the schools evacuating with the general public [3].

Cohort 4 represents the special facilities within the EPZ which were modeled in the Surry
SOARCA analysis [3] as starting evacuation later in the event, near the end of the peak traffic
congestion. The lower bound of 0.5 mph was judged reasonable to represent these evacuees
entering the roadway network during heavy congestion. These facilities evacuate individually,
and the potential exists to enter the roadway network when traffic congestion is heavy. The
upper bound of 20 mph was judged reasonable to represent evacuating late in the event when
roadways are less congested. This would be consistent with sheltering for an extended period
until specialized vehicles arrive to support the evacuation. A mode of 5 mph was judged
reasonable reflecting facilities that evacuate independently, on average, are likely to enter the
roadway network while some congestion exists.

Cohort 5 represents the evacuation tail for the EPZ public, which begins evacuation at the end
of the general public evacuation. The initial speed of the tail is the same as the general public
because they enter the roadway immediately behind the general public. As evacuees exit the
EPZ, the roadways begin to clear and the evacuation speed of the tail increases [88]. The lower
bound was set at 0.5 mph because the tail enters the roadway network at the end of the peak
congestion, which is represented by the lower bound for Cohort 1. The upper bound of 20 mph
represents roadways that are relatively free of congestion once the majority of vehicles have left
the area. A mode of 10 mph was judged reasonable to reflect that in most instances, the tail has
left late enough that there is less congestion.

Table 4-24 provides a listing of the cohorts and the values used in the triangular distribution.

Cohorts are sampled as shown on Figure 4-65. Evacuation speeds are perfectly rank correlated
between cohorts.
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Table 4-24 MACCS Uncertain Parameters — Evacuation Speeds

Cohort SOARCA Mode Bounds
Value (mph) (mph)
Cohort 1 (0-10 Public) 1 mph 10 '(JBBZ%SO
Cohort 2 (10-20 Shadow) 1 mph 5.0 bBBZ%g 0
Cohort 3 (Schools) 10 mph 1.0 bBBZ(;'g 0
Cohort 4 (Special Faciliies) | 10 mph 5.0 bBBZ%g 0
. . LB=0.5
Cohort 5 (Evacuation Tail) 10 mph 10.0 UB = 20.0
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Figure 4-65 CDFs of ESPEED for each Cohort
4.2.7.3 Hotspot Relocation Time (TIMHOT)

The hotspot relocation time (TIMHOT) is the estimated time needed to relocate residents from
areas that exceed the hotspot dose threshold (DOSHOT). This user specified time is
implemented in MACCS after plume arrival. The relocation time should include all temporal
elements that contribute to the relocation activities. This includes time for OROs to define the
affected areas, develop messaging and initiate the EAS to notify the public. This also includes
time for the public to prepare to leave and travel out of the affected area. Each of these
elements can be influenced by factors such as size of the affected area, number of affected
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residents, location of residents when the warning is received, available resources to coordinate
the relocation, clarity of data, weather, etc. Notification may be augmented by route alerting
(which is identified in the state emergency plan), Reverse 911®, or other communication
methods [85].

MACCS implements this parameter by removing the entire affected population from the dose
equation at point in time, the time specified by TIMHOT after plume arrival. Because relocation
occurs over a period of time, this was developed as an average for the affected population.
Establishing a distribution to account for a range of source terms, population densities, and
other characteristics that influence relocation is challenging.

Rationale for Distribution

A uniform distribution was used to represent uncertainty, because the potential influences in
activity duration during the emergency make any value within the range described below
possible. Few of the time contributing activities can be estimated with confidence prior to an
event, such as the affected area, affected population, available transportation infrastructure,
need for traffic control, and plume travel speed. There are no empirical data available related to
prompt relocation of residents. NUREG/CR-7110 Volume 2 [3] used a relocation time of

24 hours.

Relocation is expected to occur after evacuation is complete. This approach allows emergency
responders who were supporting the evacuation to transition to relocating residents, and helps
limit extra traffic in areas where the evacuees are travelling. The lower bound was developed
based on an optimal relocation implemented promptly after plume arrival. Capabilities exist to
project hotspot areas, and OROs could request the public make preparations to leave, prior to
the release. Relocation could then begin promptly once it is determined the plume has passed.
Assuming the public is prepared to leave, the final time element is travel out of the affected
area. A review of the SOARCA results from NUREG/CR-7110 Volume 2 [3] shows that the
release fraction of cesium for the STSBO scenario may only exceed the hotspot dose threshold
in a few areas up to 5 miles beyond the EPZ. Therefore, the affected area may be small and
associated population for hotspot may represent only a small fraction of the population. From
SecPop [87], the 2010 population within the radial area 5 miles beyond the EPZ (i.e., 10 to 15
miles from the plant) is about 150,000. The Surry emergency response scenario includes an
assumption that 20 percent of the population in this area evacuates as a shadow evacuation,
which reduc