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1 Introduction

1.1 Background

Before the year of 1978 it was postulated that the most severe thermal shock scenarios
were large loss of coolant (LOCA). The large thermal stress on the reactor pressure
vessel (RPV) wall alone could cause RPV failure (crack through). The Rancho Seco
incident (March 20, 1978) raised concern that secondary system induced RCS over cool
down combining with RCS repressurization would result in maximum tensile stress
imposed on the inside surface of the RPV. When events such as the Rancho Seco
incident combine with reduced RPV wall toughness due to neutron irradiation, it was
suspected that small flaws existing on the surface or embedded in the RPV wall could
propagate and eventually crack through the wall. Since then pressurized thermal shock
(PTS) risk was designated as an unresolved safety issue (A-49)[Rosenthal 2001].

Between 1983 and 1985, the US Nuclear Regulatory Commission (NRC) selected three
pressurized water reactors (PWRs) for Integrated Pressurized Thermal Shock (IPTS)
analysis. These three plants were: Oconee Unit 1 (B&W), Calvert Cliffs Unit 1
(Combusting Eng.) and H.B. Robinson Unit 2 (Westinghouse).

Results concluded from the PTS study of Calvert Cliffs Unit 1, a Combusting
Engineering designed two-loop PWR, are [Selby, Ball ct al. 1984]:
e small break LOCA (SBLOCA) occurring during low decay heat conditions were
the most significant contributors to the PTS risk
e uncertainty in the RPV flaw density was the most important uncertainty
contributor to the overall uncertainty in the risk
+ the most important operator action in mitigating PTS risk was controlling
repressurization after a rapid cooldown

Results concluded from the PTS study of H.B. Robinson Unit 2, a Westinghouse
designed three-loop PWR, are [Selby, Ball et al. 1985]:
¢ main steam line breaks (MSLB) involving blowdown of more than one stream
generator (SG) were the most important contributor to PTS risk
¢ uncertainty of flaw density on the RPV wall was the most important uncertainty
contributor to the overall uncertainty in PTS risk
¢ The most important operator actions to mitigate the PTS risk were:
- closing main steam isolation valves (MSIVs) following a small or
medium-sized MSLB down stream of MSIVs, and
- isolating auxiliary feedwater (AFW) to low-pressure SGs following
MSLB incidents

In the study of Oconee Unit 1 [Burns, Cheverton et al. 1986], a B&W designed two-hot-
leg-and-4-cold-leg PWR, the PTS risk scenarios were grouped into three event
categories: MSLB, all turbine bypass valves stuck open, and 2-inch (2E-3m?) SB LOCA.
Conclusions are:



e MSLB was the most significant contributor to the through-the-wall crack (TWC)
risk
¢ the uncertainty of the downcomer temperature was the most important
contributor to the overall uncertainty in the risk
¢ thec most important plant features that mitigate the PTS challenge were
- RPV vent valves
- Feedwater pumps tripping on high SG levels
¢ the most important operator action to reduce the PTS challenge was isolating an
SG during MSLB

A number of studies had been performed in understanding PTS related risk such as
studying thermal hydraulic mixing impacts [Theofanous and Yan 1991; Bass, Pugh et al.
1999}, a probabilistic fracturc mechanics (PFM) sensitivity study using SBLOCA
transients as the leading conditions for the Yankee Rowe Reactor Pressure Vessel
[Dickson, Cheverton et al. 1993], assessing the impact of heat transfer coefficient
uncertainty [Boyd and Dickson 1999], and international efforts of understanding PTS
related materials characteristics [Ikonen 1995; Pugh and Bass 2001]. Results of these
studies provide insights for this analysis.

The most recent IPTS study was performed on the H.B. Robinson plant [Palmorse 1999].
Scenarios from four different initiating events were analyzed. The initiating events were
SBLOCA (2-inch break) at hot leg and cold leg, double ended MSLB at hot standby, and
SG overfeed. It indicated that SBLOCA and MSLB are the two most important PTS
risk event initiators. The conclusions indicate that the PTS challenge requires the
presence of both thermal stress and pressure stress. Presence of thermal stress alone
contributes little to PTS risk.

1.2 Achievements and Observations from this Study

The assessment of PTS risk uncertainty is achieved by the collaboration of multiple
disciplines including probabilistic risk assessment (PRA), thermal hydraulic (TH), and
PFM. This report discusses the method and results in analyzing TH uncertainty
contributing to PTS risk uncertainty. The following arc achievements from this study:
* Rediscovered large LOCA as a significant PTS contributor
Despite PTS initiators having been narrowed down to SBLOCA and MSLB, the
TH uncertainty study reassesses the whole event spectrum that could cause PTS
risk. Sensitivity assessment identified break size as one of the key parameters.
PFM calculation for LOCA at various sizes revealed that large LOCA is one of
the significant PTS risk contributors. It indicates that thermal stress alone could
cause TWC.
¢ Revised the Phenomena Identification and Ranking Table (PIRT) process
A top-to-bottom approach is developed to identify the key parameters. Sensitivity
assessment on the parameters could rank the parameters.
e Developed a PTS events classification matrix to facilitate analysis
A PTS event classification matrix was developed through the top-to-bottom
approach to classify event categories for PTS risk analysis. The matrix classifies



events with clear boundary conditions. The classification reduces the number of
key parameters needed for analysis, which reduces analysis complexity.
Developed a method to identify PTS risk representative scenarios

A scnsitivity indicator was identified for measuring sensitivities of individual
parameters. Justified assumptions are applied to assess aggregate sensitivity of
multiple parameters’ combined effect. The PTS risk representative scenarios are
identified directly. No numerical processing is required to generate artificial time
histories of the threc TH parameters relevant to PTS risk for the representative
scenarios. The three TH parameters are downcomer fluid temperature (Tqc),
downcomer pressure (Pg4.), and the heat transfer coefficient between RPV inner
wall and RCS fluid at the downcomer region (hac).

Performed a thorough parameter sensitivity assessment

The one-factor-at-a-time method is used to plan RELAPS calculations to assess
parameters’ sensitivities at various boundary conditions. Between 100 and 200
RELAPS calculations arc performed for each plant to assess parameters’
sensitivitics. After the RPV’s conditional probability of failures of these RELAPS
calculations are calculated, the results provide rich information in understanding
the relationship between TH behavior and PFM.

Obscrvations from the study arc concluded as follows:

For events with similar TH signature, the effect of P¢. uncertainty on PTS
uncertainty is small compared with the impact of T4 uncertainty. One exception
is the scenarios involving RCS repressurization.

Scenarios of large LOCA and PZR SRV stuck open and later self reseated are the
two most significant PTS risk event categories.

For PZR SRV stuck open and later self reseated scenarios, the SRV reseat timing
and the timing of operator throttle HPI could significantly affect PTS risk.
Reducing even a quarter of the HPI flow rate in small LOCA scenarios could
significantly reduce PTS risk

1.3 Products Requirements and Resources Restrictions
The following lists restrictions applied on the assessment:

PFM computational input

With the FAVOR ( the PFM computing program) input requirements, a class of

scenarios needs to be represented by one or a few representative scenarios. The

TH inputs to PFM analysis are the deterministic time histories of Tqc, Pqc, and hgc

of PTS risk representative scenarios and probabilistic distributions of the

representative scenarios.

Resource (i.c., budget) limitations

- TH uncertainty analysis is constrained to focus only on the PTS-dominant
event categorics

- Restriction in the number of representative scenarios could be chosen to
represent a huge number of scenarios in the PRA model (181,258 for Oconee,
8,298 for Beaver Valley, and 3,425 for Palisades)

FAVOR availability



FAVOR was under revision and was not available for production calculation
during the method development phase. The relationship between TH behavior
and its PFM impacts could not be assessed without FAVOR calculations. In
terms of assessing PTS significance from the PFM perspective, only the 300 °F
screen criterion is decisive. The other observations are qualitative statements
(e.g., RCS repressurization is PTS significant).

* Exclusive of external events
External events (e.g., fire, carthquake) are not included in the PRA model. Their
contributions to PTS risk are not included in the whole project.

1.4 Tasks and Process

PTS uncertainty analysis is a complex issue since it involves various uncertainty sources
such as uncertainties in PRA model construction, TH analysis, PFM calculation, and
interfaces. It requires collaboration of professionals in different disciplines to achieve the
goal. This project aims to develop a systematic way of analyzing PTS uncertainty to be
uscd for the other PWRs. In doing so, the project focuses are divided into three groups,
and NRC staff are supervising and coordinating the joint effort among the three groups.
The three groups and their responsibilities are discussed in the following:
¢ PRA group
The PRA group is composed of professionals from NRC, SNL, INEEL, and
SAIC. This group is responsible for interacting with plant staff to construct a
PRA model for PTS scenarios. In order to manage the huge number of event
sequences generated in the PRA model for further TH uncertainty analysis, a
limited number of bins are specified to bin the sequences having similar TH
responses. The probability of a bin is the accumulative probabilities of sequences
binned to it.
e TH group
Two subgroups exist for different purpose. This first subgroup assesses validity
of the TH program used for the analysis, RELAPS-gamma. The group composes
professionals from NRC, ISL (RELAP), LANL (TRAC), Oregon State University
(APEX experiments), and UMD (studying downcomer and cold leg flow patterns
by using a laser illuminated fluorescent dye and camera system). The second
subgroup develops methods to assess TH uncertainty and to identify uncertainty
representative scenarios. The group composes experts from NRC and UMD.
e PFM group
The PFM group is composed of professionals from NRC, ORNL, and UMD. This
group is responsible for FAVOR development and computation to assess final
PTS risk.

PTS uncertainty includes three types of uncertainty relating to the above three groups and
the interfaces between these groups. Figure 1.1 shows the conceptual process to
aggregate the uncertainties. The block on left hand side represents the event trees
constructed based on the PRA model. In order to manage such a huge number of
sequences, a number of bins (typically about 50 bins) are identified. Sequences that have
similar TH responses are binned together. Each bin represents an event cluster whose



frequency is an accumulative frequency of the scenarios binning to it. Binning is an
iterative process between experts in the PRA, TH, and PFM fields to ensure the bins
cover all PTS event categories.
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Figure 1.1 The conceptual model of the PTS uncertainty analysis process

Each bin represents an event cluster. TH uncertainty analysis assesses uncertainty of TH
behavior (i.e., Tac, Pyc, and hgy.) and selects a few representative scenarios to represent the
PTS risk of each bin. Each representative scenario splits the bin’s probability. Typically
3 to 5 scenarios are identified to represent the TH uncertainty of each event category.
RELAP5-gamma was used to calculate the representative scenarios to generate time
histories of Ty, Py, and hge, which along with the probability distribution of the
representative scenario, are data required for PFM analysis. PFM analysis is based on the
time history of Ty, Pyc, and hy. of each representative scenario to calculate its conditional
probability of RPV failure (CPF). The FAVOR’s post process accumulates the products
of event frequencies (probabilities) and CPFs for all representative scenarios to assess
total PTS risk.

Constrained by resource limitations, TH uncertainty was performed only on PTS-
dominant event categories. For the bins having less PTS risk, the TH uncertainties of
these bins were not analyzed. A conservative representative scenario was selected for the
bins. The bins having no PTS risk were eliminated from further analysis (Figure 1.2).




At the beginning of the PTS risk assessment process, the PRA group, TH group, and
PFM group develop their methods of approach independently. PRA group used a
bottom-to-top approach to build a PRA model (i.e., event trees) that differed from the TH
group’s top-to-bottom approach. However, at the end the two approaches reached the
same results in event classification except that there were minor differences in the scope
of some event categories. For example, LOCAs are divided into small (less than 2
inches), medium (2 — 6 inches), and large LOCAs (greater than 6 inches) in the PRA
model. In TH analysis, LOCA was divided into less than 1.5 inches, between 1.5 and 4
inches, between 4 and 8 inches, and greater than 8 inches, based on their TH similarity.
As a result the probability of a PRA bin could be split into two TH event categories, and
a TH event category could share probabilities from more than one PRA bin.

RELAP5 TH Uncertainty PFM
PRA Event Trees Runs Analysis Analysis
e = 1 g - e '
| | PTS Significant | | TH Uncertainty Analysis Performed | | |
i i ! P | ]
: - ; = Lou tHe < CPF,, Avy — |
2‘51 __PE, PE,ee ‘/‘a‘ 7,++Run 1 AGI—I— % AU > x CPFme;« . !
! Luar A e | e [P B N\o, 4+ x CPF — !
i N 1] Vi i 13 A‘Vn 1
i L/ R 2&92/ i 1
| L A/jtR +> 3 |
1 LA T Y i |
E PE,, PE, ees /) :'E’\ ® b Aq’“"‘"%" X CPFN A‘J’u - E
lE, 21 PEp LA S * . A - ) E Nee __,i_’x CPF,, Nt E
. fa A 22/
| RN ISR T
LA Jwmy g et e s
_: A ,afH Run m Aem \&TH Uncertainty Analysis Not Performed ?
] ®
i

-]

i
______________ Te P, by,
i b (e e - - e -
g : % Non \\ \ N\ Py L _
i | | PTS Significant }
i ! |
Sl ! { °

L ]
v X Aexzf
L fl ;d,;Run. 2 : Tdc Pu’c hdc
g ey v 2 S \,r\ [x Now| Fx CPE A
~ | RunX N\ 6w

................................

~
£
=
el
)
E
&~

Figure 1.2 The real process of the PTS uncertainty analysis for the Oconee-1 NPP

In this report, Section 2 reviews the most recent IPTS on H.B. Robinson NPP. Section 3
summarizes the task flow for TH uncertainty assessment, which includes identification of
factors affecting thermal stress and pressure stress, event classification and identification
of the key influencing parameters at the system level, determination of uncertainty
analysis scope, sensitivities assessment of influencing parameters, uncertainty
assessment, and selection of representative scenarios.

Section 4 discusses identification of factors affecting thermal stress and pressure stress,
event classification and identification of the key influencing parameters at the system
level, and determination of uncertainty analysis scope. A top-to-bottom approach is used
to identify the factors affecting thermal stress and pressure stress. The process




parameters and phenomena at the system level are discussed and their impacts arc
assessed. As aresult a PTS events classification matrix is constructed to facilitate the
analysis effort. The matrix classifies PTS event based on the main factors affecting
thermal stress and pressure stress. The boundary conditions of cach cell within the
matrix is clearly defined, which reduces the number of influencing parameters needed to
be considered for the analysis and dramatically reduces the analysis effort.

TH uncertainty analysis heavily relies on the RELAPS computational program. It added
another layer of uncertainty, model uncertainty, beyond the existing parameter
uncertainty. Paramecter uncertainty relates to the boundary conditions characterizing the
transicnt and is “what input to RELAPS5”. Model uncertainty relates to the
appropriateness of RELAPS used in analyzing the transicnt and is “how RELAPS models
it”. Section 5 discusses the model (RELAPS-gamma) uncertainty. Several RELAPS-
gamma modeling weaknesses resulting from inherent limitations of RELAPS are
discussed. Some of them are treated explicitly and some of them are not treated. For
example, the uncertainty of pluming in the downcomer region, which can not be modeled
by the 1-D code, is not treated. The key factors affecting modeling uncertainty are
discussed.

Section 6 discusses parameter sensitivity. The event category of primary system losing
subcooling is identified as the greatest PTS risk event category. The parameters affecting
PTS risk are identified, and their sensitivitics arc assessed. A sensitivity indicator (Tsen)
is chosen to measure parameter sensitivities. Te is calculated by averaging Ty, of the
first 10,000 scconds of a scenario, and Ts is a surrogate indication of thermal stress.

Use of Tseq allows identification of the representative scenarios without performing huge
number of RELAPS and FAVOR calculations. A matrix is developed for each plant to
assess the T, of each influencing factor using the one-factor-at-a-time method. Tses are
calculated by RELAPS5. Hundreds of RELAPS calculations are performed for sensitivity
assessment of the four plants.

Section 7 discusses analysis results of Oconee-1, Beaver Valley, and Palisades NPPs.
Medium LOCA, Large LOCA, and PZR SRVs stuck open and later sclf reseated
scenarios arc concluded to be the dominant initiators for PTS risk. Section 8 discusses
the relationship between Teen and CPF. In this analysis, the pressure stress uncertainty is
limited for each event category. The PTS uncertainty is mainly dependent on the
uncertainty of thermal stress. Tse, is used as a surrogate thermal stress indicator. It is
used to select the representative scenarios. The appropriateness of Tse, selection is
discussed.

Section 8 discusses the appropriateness of using Ty, as the sensitivity indicator.
Parameters’ sensitivities in Teen and CPF are compared.

Appendix A classifies events from a different perspective. Three types of event
categories are identified dependent on the system responses to perturbations. The
perturbations could have damped, proportional, or augmented effects on the system. The
key factors of different types of effects are discussed. It provides another viewpoint of



classifying TH uncertainty. Appendix B justifies the argument that hy. uncertainty has
insignificant contribution to PTS uncertainty.

Appendix B confirms the conclusion reached by Boyd and Dickson [Boyd and Dickson
1999] that energy transfer from the RPV wall is conduction limited over the entire
possible range of h(t) values. The evaluation of temperature gradicents within the wall
then depends principally on the fluid temperature Tqc(t), and the uncertainties associated
with the evaluation of h(t) have a small influence.

Appendix C reviews the range of temperature differences between the primary system
and the secondary side. It concludes that SGs are over designed when the reactor is
tripped. The amount of SGs heat capacity is substantial. With a huge amount of heat
transfer area, the secondary side becomes the heat source in some transients to moderate
the Ty decreasing rate when the primary system is coupling with the secondary system.

Appendix D places the Oconee-1 TH representative scenarios in the PTS event
classification matrix. Appendix E is the C++ computer code developed to calculate
multiple factors combined effects on Ty, and combination probabilities. The results
provide a foundation for identifying the uncertainty representative scenarios.

Appendix E lists the RPV conditional probability of failure (CPF) results calculated by
the FAVOR code for the parameter sensitivity study. It’s a study for validating the
appropriateness of use of Tyen.

Appendix F lists the RELAPS calculations performed by ISL and their placement in the
PTS event classification matrix.
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2 Literature Review and Study Restrictions

This chapter reviews the H.B. Robinson Unit 2 (HBR-2) PTS uncertainty study
[Palmorse 1999], which is the most recent NPPs PTS uncertainty study. The HBR-2 PTS
uncertainty analysis was in response to the SECY-92-283 regulation guideline, which
emphasizes the cold leg stratification impact on PTS challenge. The HBR-2 study docs
not intend to evaluate the PTS probability for all possible scenarios, instead, a few
scenarios concerning cold leg stratification were analyzed, and their TH uncertainties
were calculated.

The HBR-2 study modified the Code Scaling, Applicability, and Uncertainty (CSAU)
evaluation methodology [Boyack, Catton et al. 1990] to assess TH uncertainty. The
original and modified processes of the CSAU methodology are shown in Figures 2.1 and
2.2 respectively. The CSAU methodology was developed with the background of NRC
rules approved in 1988 allowing the results obtained from using the best-cstimate
methods to be used to provide more realistic estimates of plant safety margin. However,
the rules also require quantifying the uncertainty of the best-estimate results for
comparison with the prescribed acceptance limits provided in the 10 CFR Part 50. The
CSAU methodology was developed to quantify the best-estimate method’s (code’s)
uncertainty. A CSAU methodology demonstration was performed, assessing peak clad
temperature (PCT) uncertainty in quantifying reactor safety margin. The H.B. Robinson
study modified the CSAU methodology and implemented it on PTS uncertainty analysis.

In the HBR-2 study, four specific scenarios were selected for TH uncertainty study: 2-
inch diameter cold leg LOCA, 2-inch diameter hot leg LOCA, MSLB from HZP
conditions, and SG overfeed. For each scenario, a Phenomena Identification and
Ranking Table (PIRT) process, an expert judgment based parameter importance ranking
procedure, was first performed to weight parameters. Through the PIRT process, the
upper bound, nominal, and lower bound values of each important parameter were
identified.

Second, an uncertainty calculation matrix was developed to identify baseline TH runs. In
the original CSAU methodology, the surface response methodology was used to design
necessary runs, however, the HBR-2 study did not use the surface response methodology.
Instead, some important parameters were placed into common groups based on their PTS
impact commonalities. Two groups were created based on the parameters with similar
impact on RCS injection flow rate (i.e., HPI flow and accumulator pressure) and RCS
injection temperature (i.e., HPI temperature and refueling water storage tank (RWST)
temperature). Three parameters could not be grouped and were discussed separately.
The three parameters are PRV wall heat conductivity, flow distribution and mixing in
downcomer, and break flow. An uncertainty calculation matrix was developed based on
the impact magnitudes and PTS influence of these two groups and the threc individual
parameters’ directions. The calculation matrix typically includes a nominal run, an
extreme mitigate PTS challenge run, an extreme enhance PTS challenge run, and a few
other runs varying from the two extreme runs. In totally six RELAPS runs were



performed to assess PTS uncertainty of 2-inch hot leg LOCA. Differcnt TH calculation
codes, such as TRAC-P, REMIX, and COMMIX, were used to validate RELAPS results.

Finally, a numerical method was used to manipulate the results of the baseline RELAPS
runs to generate new Tqc, Pqc, and hys” time histories to create new scenarios. These new
scenarios include selecting the data with the maximum and minimum PTS contribution
from all baseline runs for each time step (e.g., lowest T4 and highest Pg.) to generate the
upper and lower bounds for PTS challenge. The mean scenario is the numerical product
of averaging all baseline runs. Uniform distribution was assumed for all parameters’
probabilities, thus the distribution between maximum and minimum bounding curves was
uniform. The new generated upper, mean, and minimum scenarios represent the 5% 50",
and 95" percentiles for TH uncertainty, and are used for PFM calculation.

As mentioned above, the uncertainty scenarios representing the 5%, 50%, and 95"
percentiles for TH uncertainty are numerically manipulated products rather than real
scenarios. For example, the 95% percentile scenarios have the lowest Tqe and highest Pg.
of all baseline scenarios, intended to produce the highest thermal stress and pressure
stress in one scenario. In real scenarios, scenarios with lower Tq. usually have lower Pg..
H.BR-2’s approach also overlooks the significant impact of RCS repressurization on PTS
risk. RCS repressurization caused by the scenario of PZR SRV stuck open and self
reseated in later of the scenario is identified as one of the PTS dominant event categories
in the current study.
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3 TH Uncertainty Assessment Process

This section summarizes the task flow for TH uncertainty assessment, which includes
identification of factors affecting thermal stress and pressure stress, event classification
and identification of the key influencing parameters at the system level, determination of
uncertainty analysis scope, sensitivities assessment, uncertainty assessment, and selection
of representative scenarios. These tasks are divided into nine steps. There are itcrations
between some steps. Some steps require PRA and PFM inputs. Figure 3.1 shows the
block diagram of the TH uncertainty assessment process. Steps 1 to 3 are the foundation
buildup process for understanding PTS and plant design influencing PTS analysis. The
purpose of these steps is to facilitate the analysis effort. The “real” uncertainty analysis
starts at Step 4. The following paragraphs provide an introduction to these steps. The
detailed process of each step is discussed in the rest of this report.

Step 1 Apply basic principles and plant-specific design characters to identify influencing
factors

TH uncertainty deals with the uncertainty of three parameters: the downcomer fluid
temperature (Tq4.), the downcomer pressure (Pqyc), and the heat transfer coefficient
between inner RPV wall and downcomer fluid (hqc).

The impact of hy. on the evaluation of temperature gradients within the RPV wall has
been studied [Boyd and Dickson 1999], and it has been concluded that heat transfer to
and from the RPV wall is determined primarily by the internal, conductive resistance,
that is, energy transfer with the RPV wall is conduction limited. The impact of hy.(t), as
well as the computational uncertainties that are associated with hy(t) is therefore limited.
Appendix B of this report provides additional support for this conclusion. As a result, the
effort of uncertainty assessment could focus on two parameters only: Tac(t) and Pac(t).

The basic factors affecting an open system’s temperature are the heat capacity of the
system and the heat sources and heat sinks introduced into the system. For RCS design,
downcomer temperature gradient could also be affected by the sccondary system thus
RCS flow pattern (i.e., forced circulation, natural circulation, and flow stagnation) also is
one of the influencing factors. Some plant-specific design could also change the fluid
temperature distribution inside the RPV, consequently Ty, is affected. For example, the
RPV vent valves of the B&W reactor could cause hot water/stcam at the core top region
to flow to the downcomer region to increase Tg.. The five Ty.-dependent factors are the
following:

¢ Hcat capacity
Heat source
Heat sink
RCS coolant flow rate
RPV intcrnal fluid/stream energy distribution

The basic factors changing an open system with constant volume pressure are the mass
and energy change of the system. For RCS the mass is the coolant in and out of the
system. The energy in and out of the system is dependent on the heat sources and heat
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sinks of the system. Besides mass and energy, steam condensation occurring in RCS
could change reactor pressurc. The following are the threc Py.-dependent factors:

e Change in RCS coolant inventory

¢ Change in heat source and heat sinks

e Steam condensation in RCS

The specific parameters relating to factors affecting Tq. and Py could be identified based
on system design. Some parameters might require morc elaboration to identify the basic
parameters. For example, a primary system breach would induce a heat sink to RCS.
The basic parameters relating to primary system breach could be breach size and breach
location (in hot leg or cold leg sections).

Step 2 Construct PTS event classification matrix

Based on the factor that the primary system and secondary system have huge heat
capacities, it is necessary to induce a huge heat sink to have PTS. There are a few
scenarios could cause a substantial heat sink to have PTS risk. A PTS cvent classification
matrix is constructed based on the scenarios. Three scenarios frame the matrix: breach in
primary system, depressurization in secondary system, and overfed secondary system.

An additional factor, HPI state, is considered in all scenarios, since the pressure
uncertainty is strongly dependent on HPI state for the interest of PTS.

The purpose of the matrix is to facilitate uncertainty analysis in three perspectives. First,
through well classified event categories with clearly defined boundary conditions the
number of influencing parameters needing to be considered can be reduced. This reduces
analysis effort. Second, the matrix provides a framework for analysts to perform scenario
propagation. It’s especially helpful in identifying operators’ actions. Operators’ actions
are one of the important factors contributing to PTS uncertainty. Third, the matrix
provides a framework to perform preliminary screening in order to focus on PTS
significant event categories.

Step 3 Apply conservative gualitative screening to identify event categories with PTS
potential

This step requires PRA inputs. The PTS event classification matrix provides a
framework for preliminary screening to eliminate the PTS-insignificant event categories.
Screening criteria could be low event frequency or low fracture mechanics challenge.
Since event frequencies of the initiating events that construct the matrix can be roughly
estimated, the frequencies of event categories involving one or several combined
initiating events can be estimated too. The current screen criterion for event frequency is
1E-8 per reactor year. For the fracture mechanics challenge screening, the event
categories that cannot decrease Ty to below 422 °K (300 °F) and cannot cause a Tg.
cooldown ramp greater than 56 °K/hr (100 °F/hr) are screened out from further analysis.

Step 4 Select dominant event categories for uncertainty analysis

This step requircs PRA and PFM inputs. Select onc or a few most likely or
representative scenarios in each remaining (not screened out) event category to have their
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CPF calculated. The CPF information along with the event frequencies could be used to
prioritize the event categories for uncertainty analysis. For the analyzed four plants it
happens that loss of RCS subcooling due to primary system breach is the dominant event
category contributing to PTS-risk. With resource limitations, TH uncertainty analysis is
performed on this category only.

Step 5 Refine event categories to bind pressure stress uncertainty

The defined event categories contain a wide range of Ty and Py uncertainties. It requires
finer classification to reduce uncertainty. It is observed that the variation of Pgc
contributing to PTS uncertainty is much smaller than contribution from Tq. uncertainty in
an event cluster. The exception is in the scenarios involving RCS repressurization.

Event categories could be refined further to eliminate contributions from P4 uncertainty.
The uncertainty analysis could focus on T4 uncertainty only. For the scenarios involving
RCS repressurization, the Ty, uncertainty and P4 uncertainty need to be analyzed
separately and combined together to determine the aggregated effect on PTS risk.

For example, the event category of primary system breach causing RCS loss of
subcooling includes two types of scenarios: LOCA and PZR valves stuck open. For
LOCA scenarios, sensitivity analysis indicates that greater than 1.5-inches LOCA could
cause RCS to lose subcooling. LOCA with break size between 1.5 inches and the max
possible break size arc within the event category. Pqc uncertainty in the event category is
too large to be neglected. In the analysis, LOCA is further subdivided into three groups
dependent on their break sizes: between 1.5 and 4 inches, between 4 and 8 inches, and
greater than 8 inches. For PZR SRV stuck open scenarios, RCS repressurization could
occur if the valve stuck open reseats during the later of the scenarios. In such situations,
Pg4c uncertainty needs to be taken into consideration. The PZR SRV stuck open scenarios
are divided into two groups. The distinction between the two groups is SRV rescating.

Thus five subcategories are generated from the original event category. Only one

subcategory requires handling Ty and Pq. uncertainties. The other four subcategories

decal only with T4 uncertainty. These five categorics arc listed below:

LOCA between 1.5-inches and 4-inches (consider only T4 uncertainty)

LOCA between 4-inches and 8-inches (consider only Tqc uncertainty)

LOCA greater than 8-inches (consider only Tq. uncertainty)

PZR SRV stuck open and remains open till the end of scenario (consider only Tgc

uncertainty)

e PZR SRYV stuck open and self reseated in the middle of the scenario (consider
both T4, and Pg4. uncertainties)

o o o o

Step 6_Identify sources of uncertainty and corresponding ranges
For each refined event category identified in Step S, if there are any, identify the key
parameters influencing T4 (and Py, if necessary). The system parameters relating to the
five Tq.-dependent factors and three Py-dependent factors specified in Step 1 need to be
identified. The key parameters affecting Tg. and Py are concluded to be the following:
Factors affecting T4 and the key system parameters of the factors:

e Heat capacity
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Liquid mass, steam mass, and structure mass of the primary system and secondary
system
e Heat source
Decay heat, RCPs pump heat, structure heat, and PZR heater
e Heat sink
- Breach size, breach location (i.e., elevation and HL vs. CL), breach flow
rate, PZR SRV rescat timing
- RCS coolant injection temperature, flow rate, timing of injection
- Energy transferred to the secondary system. Depressurization and
overfecding of the secondary system would induce an excessive heat sink
to RCS.
e RCS coolant flow rate
RCPs’ states, flow resistance
¢ RPV internal fluid/stream energy distribution
RPV vent valves states (B&W reactor only)

Factors affecting P4c and the key system parameters of the factors:
e Change in RCS coolant inventory

- Breach size, HPI flow rate, and PZR SRV reseat timing
Change in RCS energy
e Steam condensation

Uncertainty sources for the above parameters could be from model uncertainty or
parameter uncertainty. It is important to identify the common causes for different
parameters. For example, the HPI, accumulator, and LPI coolant temperatures vary with
scasonal differences. The season is a common factor for the temperatures of the HPI,
accumulator, and LPI.

For each identified factor, its range of variation needs to be identified. Its uncertainty is
discretely represented by its lower bound, nominal value, and upper bound with
appropriate probabilitics.

Step 7 Perform sensitivity analysis of each key parameter

Construct a parameter sensitivity assessment matrix based on the nominal range
sensitivity analysis (NRSA) method [Cullen and Frey 1999; Frey and Patil 2002] or the
one-factor-at-a-time (1-FAT) method. Since break size is an independent parameter, and
all the other parameters’ sensitivities in Ty, are dependent on break size, a parameter’s
sensitivities have to be assessed at various break sizes. Based on the representative
values identified for cach parameter in Step 6, a parameter’s sensitivitics arc assessed by
RELAPS calculations.

For example, winter’s effect could be assessed by comparing RELAPS results (i.e., Tsen)
with RCS injection coolant temperatures of spring/fall and of winter. The difference in
Tsen is the index of winter’s impact.
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Step 8 Determine the aggregated uncertainty and select representative scenarios

Linear additive analysis could be used to assess the combined effect of multiple
uncertainty sources on Tsen. This assumption is valid for the event category of primary
system breach being the dominant heat sink. The assumption does not work for scenarios
where parameters are strongly dependent on each other.

A small computing program (see Appendix D) is written to estimate the sensitivities of
all combinations. The sensitivity of a combination is the accumulative sensitivities of its
compositions. The probability of a combination is the product of its compositions’
probabilities. These combinations could be plotted in a probabilistic density function
(PDF) versus Teen plot as shown in the left hand side of Figure 3.1. Transferring the PDF
into a cumulative distribution function (CDF) plot, the representative scenarios can be
identified. In the CDF diagram, the distribution less than the 5 percentile and greater
than the 95" percentile are cut off from the representative scenarios selection process.
The distribution range from the 5" percentile to the 95 percentile is divided equally into
several sections, depending on the required detail. Each section generates a
representative scenario at the mean distribution. For example, a section’s probabilities
for the lower and upper bounds are P, and Py, respectively. The representative scenario
is selected at the (P + Py)/2 position. The probability for this representative scenario is
(Pu—Pp). The representative scenarios’ Tyens can be identified through reflecting the
selected percentiles to the CDF curve. Based on the Tiens, the exact combinations of the
representative scenarios can be identified from all the combinations (see the right hand
side of Figure 3.1). The probabilities of the cut off tails are distributed to the lower
bound and upper bound representative scenarios.
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Figure 3.1 The probabilistic density function and cumulative density function diagrams for
identification of uncertainty representative scenarios

Step 9 Estimate frequency distribution for each representative TH run

The uncertainty representative scenarios identified in Step 8 shares the event frequency of
their represented TH Bin, thus, their frequencies can be calculated by multiplying their
probabilities by the frequency of their represented TH scenario. In some cases, there are
some differences in scope definition between the PRA group and the TH group, and an
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adjustment factor might be needed to make them consistent with each other in
probability.

RELAPS is used to calculate all representative scenarios to generate the time histories of
Tadc, Pac, and hg. along with the scenarios’ probability distributions for PFM analysis.
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4 Important PTS Related System Characteristics and Event
Classification Matrix

Quantification of the uncertainties of Tqc, Pac, and hyc requires a carcful assessment of
their relative importance and their inter-dependence. These parameters vary in time, and
their uncertainty band varies as well, furthermore, for some types of transients, these
parameters are not independent, consequently neither are their uncertaintics. Secction 4.1
discusses the end parameters relating to thermal stress and pressure stress from a TH
perspective.

Irrespective of how the PTS significant transient scenarios are initiated, their evolution is
dominated by the mass/energy exchange rates imposed on the fluid of the primary
system. Therefore, terms in the mass/energy balance of the primary system fluid could
be used as classification criteria. The large number of ‘event’ based scenarios can be
classified into a significantly smaller number of categories. Section 4.2 illustrates a
simple Oconee-1 plant model to identify the factors that affect Tgc and Pg.. Section 4.3
discusses the Ty influencing factors, and Section 4.4 discusses the Pq. influencing
factors. Section 4.5 presents the PTS event classification matrix developed for this study
to facilitate analysis.

4.1 PTS Driving Forces from a Thermal Hydraulic Perspective

TH results are cmployed by PFM to evaluate stresses generated in the RPV wall.  The
two major stress components arc: thermal stress due to the temperature gradient across
RPV and pressure stress due to the pressure difference between the internal and external
RPV walls. The average temperature of the RPV wall is also important, because it
affects its material characteristics. Therefore, from the end use point of view, the three
relevant parameters are:

1) the average RPV wall temperature
2) the temperature gradient in the RPV wall
3) the pressure difference across it

Almost all reactor transients that are initiated by some malfunction will eventually lead to
a cool-down of the system. In time low Tg. values will therefore be present for most
transients. The above parameters thus cannot be considered in isolation. PTS relevance
is determined by a combination of sufficiently low average wall temperatures with a
commensurate total stress composed of thermal stress and pressure stress.  Note that the
role and importance of the pressure stress depends on just what fracture mode is being
determined. The two possibilities are: “crack propagation”, that is, propagating a crack
until it reaches zero thermal stress position, or “driving the crack through the wall”. For
the first mode, pressure difference is less important because crack propagation can occur
even for zero pressure differences. For the second mode, an appropriate pressure
difference is essential, because without it the crack can not move beyond the position of
zero thermal stress. FAVOR code defines a through wall crack (TWC) event as when the
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RPV wall has been 90% cracked through. In this sense, thermal stress plays a more
important role than pressure stress in CPFs calculated by FAVOR,

The Ty and hyc are important in that they provide the boundary conditions for
determining the heat flux at the inner RPV wall surface, which in turn determines the
time dependent internal temperature gradients. Their relative importance can be
assessed by considering the thermal characteristics of the RPV wall. 1t is a quite thick
(on the order of ~0.21 m) C-stecl slab, clad on the inside by a thin layer of stainless. The
thermal diffusivity of the wall material has a moderate magnitude; as a result, appreciable
time periods (on the order of several hundreds of seconds) are required for thermal
energy to penetrate into the interior. A quantitative measure of this characteristic is the
Bi number (ratio of internal to external resistance to heat transfer). For the RPV wall this
index is alwaiys well above 1 and for reasonable values of hy. (¢.g. ~2000 W/m2K or
~630 BTU/ft® hr F) can exceed 10. This implies that the cnergy transfer rate into the wall
is determined primarily by the internal resistance. The external resistance (1/hg.) has
relatively little effect. A recent study has evaluated the effect of hy. [Boyd and Dickson
1999]. A quantitative assessment covering the entire range of fluid conditions is
presented in Appendix B. For example, the time by which the centerline temperature
changes by 10% of the equilibrium value is ~480 seconds for the high hy. option and
~470 seconds for the low. The studies thus concur that if a physically reasonable value is
chosen for the expected flow conditions, the uncertainty contributed by this choice will
be small. The effect of hy. is not considered any further in this study.

For the P4. dependence, a distinction must be made between two different classes of
transients:

1) Transients for which the primary system remains single phasc and subcooled. For
these scenarios pressure is determined by boundary conditions imposed on the
primary system (¢.g. PORV pressure settings, or by operator control). Primary
system pressure is then independent of downcomer fluid temperature.

2) Transients for which a two-phasc region develops and persists in the primary system.
For these conditions the system pressure is equal to the saturation pressure of the fluid
located at some high elevation within the system, usually at the top of the RPV. For
these conditions Pg. = Pga(Thor) and is not independent of Ty, anymore. The degree of
dependences varies. If a sizable circulation rate is maintained Tyo =~ Tay =~ Ty, and
thus P4 and Tg. are coupled along the saturation line. For transients with modcrate or
low system flows, Tqc lags behind Tpe by a sub-cooling margin, which depends on the
relative HPI and circulation flow rates.

The system pressure can be uncertain for both cases, but a “TH analysis caused
uncertainty” can exist only for the second class of transients. For transients of the first
type, the uncertainty reduces to the human factor issue of just how the operators will
control the pressure. The exception is the case where HPI flow is not controlled, the
pressurizer fills, and pressure reaches the PZR PORV set point. When specific cases are
considered in this study, the pressure response of the transient is identified, and if it falls
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into the ‘controlled pressure’ category, a ‘nominal’ pressure trace is evaluated. The
uncertainty of Py time history is dominated by operators’ intervention.

The conclusion of this brief review is that of the three “PTS relevant variables”, Tyc(t) has
the largest impact on the generation of thermal stresses in the RPV wall. Ty isa
dependent variable, and its value is obtained from the output of a TH code like RELAPS
and is thus dependent both on the boundary conditions characterizing the transient and
the appropriateness of the model used in analyzing it. It is therefore subject to both
boundary conditions imposed and code related uncertainties that are parameter
uncertainty and model uncertainty, respectively. This dependence will be analyzed in
subsequent sections. An important conclusion is that time fluctuations of T4, which are
short in comparison to the thermal time constant of the RPV wall, need not be
considered.

The conclusion based on the relative magnitude of time constants has important
consequences. As will be shown, most of the TH time constants that characterize the
primary system (e.g. the fluid circulation time constant, and the thermal time constant
across the SG tubes) are shorter then the thermal time constant of the RPV wall. This
means that from the PTS point of view a computed result obtained by a mass/energy
balance (rather than instantaneous mass/energy transfer rates) is adequate in most cases.
System codes perform balance calculations accurately. Note, this does not imply that
“code related” uncertainties are not present. Such uncertainties exist in any computation
of mass/energy exchange rates. However, if the time constants characterizing these rates
are smaller then the thermal time constants of the RPV wall, the actual transfer rates (as
long as they are in the appropriate range) contribute little to the uncertainty of the result.
What matters is the equilibrium state of the system which is determined by the heat
capacity and the magnitude of the sink and source terms. The uncertainty of the
computed result is then directly related to the uncertainty of these parameters.

4.2 A Simple Oconee Nuclear Power Plant System Model

A useful standard that can be used to compare the magnitudes of the mass/energy source
and loss terms is the heat capacity of the primary system and its components. Fig 4.1
shows a generic schematic of the Oconee-1 nuclear plant that groups basic components
into control volumes suitable for PTS analysis. Starting from the grouping most
important to PTS issues these components are:

1) The downcomer and the pump discharge side of the cold legs

2) The RPV minus the downcomer

3) The hot legs, the primary system of the steam generator and the pump suction side of
the cold legs

4) The pressurizer and the surge line.

The combined component blocks 1 through 3 represent the normal ‘circulating’ side of

the primary system. The diagram indicates the location of the principal energy source
and sink. These are: core power or decay energy (o, ) and the energy transferred to the
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stcam generators (g,,). In addition, the locations at which mass/encrgy interchange can
take place during transients are shown. This includes:
e HPI and accumulator liquid feed into the primary system

e cold or hot leg break

e PZR PORV and PZR SRV at the top of the pressurizer

e RCP’s which are relevant not just because they greatly increase circulation but
also because they represent a significant energy source.
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Figure 4.1 Schematic of PWR relative heat capacities and mass/energy sink/source terms
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The reason it is valid to simplify an NPP to the simple model is that the ELAPS running
results that shows even in the liquid solid natural circulation mode, the RCS coolant flow
rate is large enough to assume the coolant is well mixed in each volume shown in Figure
4.1. For PTS concem at single-phase, the RCS pressure remains at the PZR PORV open
pressure. The Tg. and hy are related. From the TH point of view we can derive the
generic Tq4c change rate from the following Equation.

ATy 4 5o (Qu£8)~ (w,.,,,ié‘)x{[h,(r):té‘] [h,(T)i5]}+(QM,,i5) (O £6) ~ (0o £0)

dt
(Eq4.1)

[MP"MJX CPI(T )+(Mlnl mes +FGCXMEH mel) xCme(T )]i
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Where:
é %= decay encrgy rate (MW)

w.w!p,-= HPI flow rate (kg/s)
h(T;) = liquid enthalpy at entering temperature T (MJ/K)
h(T,) = liquid enthalpy at exiting temperature T. (MJ/K)

O jump= €nergy generated by RCPs
é s = energy lost from the primary system breach

é s¢= energy transferred to the two steam generators
M., ,= mass of primary liquid

M
M

Ext. met

t.mee = Mass of internal metal

= mass of external metal
Cp(T,,) = Heat capacities of respective material at T,y
d,,, = the variation of the effective metal heat capacity

Fac = fraction of external metal that adds to the effective heat capacity
0 = the uncertainty associated with the respective terms.

Equation 4.1 can be seen as a generic equation for anticipating the magnitude of dTa/dt,
however, the B&W reactor has a special design feature, in that the reactor vessel vent
valves (RVVVs) were evaluated to have significant influence on Tg.. The RVVVs
impact needs to be considered. In order to simply the PST uncertainty study, Equation
4.1 can be used for the PRA group to pre-screen or merge the huge number of event
sequences. The uncertainty of the dT4/dt comes from the heat sources and sinks
identified in equation 4.1 and the RVVVs. All the single phase scenarios, either from the
operators’ interaction with the plant or the component failures, can be concluded to
change these parameters’ quantities and induced timing.

The uncertainty induced by the TH code or expert judgments need to be studied further.
The most important energy sink is the exchange rate with the steam gencrators g and

the break flow through the primary system breach. In most cases, HPI is the dominant
mass injection to maintain RCS pressure in the PTS cvent interval of interest. The Tg.
and Py influencing factors are discussed in detail in Section 4.3 and 4.4.

4.3 Downcomer Temperature Influencing Factors

From the point of view of the local fluid temperature, the primary circuit of a PWR can
be considered as a series of volumes having large heat capacities. The primary fluid
circulates scquentially through these volumes and energy is added and/or subtracted as it
moves through them. The variation in the local temperature will depend upon:
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A) the relative magnitude of the heat sources or sinks (relative to the heat capacity of the
volume and energy distribution)
B) the rate of energy addition or subtraction (relative to the circulation ratc)

Items A and B indicate the heat capacity, heat sink, heat source, energy distribution, and
RCS coolant flow rate are the factors affecting downcomer temperature. Varying these
factors will therefore encompass all possible transient scenarios. These boundary
conditions can be imposed (e.g. by an accidental event or by operator action), or they can
be triggered and/or modulated by the state of the primary system (e.g. initiation and flow
ratec of HPI). The schematic shown in Figure 4.1 provides the basis for classifying the
PTS significant transients, analyzing how the uncertainties are associated with boundary
conditions, and transforming TH analysis into uncertainties of the PTS relevant
parameters that are Ty, Py, and hyc.

A list of these five Tq. influencing factors with their relevant components/system state
and phenomena follows.
¢ Heat Capacities
- Primary system heat capacity including liquid, steam, structure
- Seccondary system heat capacity including liquid, steam, structure
e Heat sources
- Decay heat
- RCPs
e Heat sinks
- Primary system breach
SGs
HPI
Core flood tank/Accumulator
- LPI
¢ RCS coolant flow rate
- RCPs
e RPV energy distribution
- RVVVs: mixing of core water in downcomer
- RCS flow interruption-and-resumption caused by vapor in candy cane
- Boiling-condensation

The component/system states and the phenomena of the above five groups are discussed
in detail in the following sections. The other parameters considered that have little
impact on Ty are not in the above list. For example, the PZR heaters generate about 1.6
MW, however, the PZR heater has little impact on Ti,.

4.3.1 Heat Capacitics

The primary circuit of the simple Oconec NPP model described in Section 4.2 is depicted
as a series of interconnected heat capacity blocks. The heat capacity of these blocks
together with the rate of fluid circulation limits the rate at which both the average and the
local fluid temperature can change.
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Table 4.1 shows the overall mass and heat capacity of the Oconee-1 primary system for
single phase and two phase conditions at an average temperature of 560 °K (~550 °F).
The unsurprising conclusion to be gained from the table is that the numbers are large. It

implics that only commensurately large energy removal rates can produce rapid

temperature decreases. The quoted heat capacities will change somewhat with the
average temperature of the plant, but the change is moderate. Thus for an average
tempcrature of 500 °K (~440 °F) the values decrcase by ~5%.

Table 4.1 Inventory and Heat Capacity of Oconee-1 Primary System

Liquid Vapor Combined Heat Cap
State of H E (MJEV
Primary Mass Heat Cap. Mass cat V2P | vapor+ apor -+
(kg) MJ/K) (kg) Cap. Energy Liquid Liquid +
(MJ/K) MJ) Metal
Liquid Solid 2.57ES* 1360** - - -- 1360 1690
25% Steam 1.93E5 1080 3170 16 4760 1030 1360
50% Steam 1.29ES 680 6350 32 9520 710 1040
*Without pressurizer

**Evaluated at p = 71 bar (1043 psi), Tsar = 560 °K, T =530 °K

SGs provide extra heat capacity. The amount of SGs’ heat capacity is substantial when
the secondary system becomes a heat source in some transients to moderate the rate of
decrease of Tq.. By design, after the reactor trips, the SGs’ water levels are maintained at
about 30 inches high if RCPs are running, and they are maintained at 240 inches high if
RCPs are tripped. The heat capacity of an SG with water levels of 30 inches and 240
inches are 121 MJ/K and 282 MJ/K, respectively. These are about 12% and 27% of the
RCS heat capacity in the situation where 50% of the RCS inventory is filled with steam.

4.3.2 Heat Sources

A decay heat curve is dependent on the operation time interval and the reactor power
before the reactor trips. Figure 4.2 shows three decay heat trends of reactor tripped at:
after having been operated for an infinite time interval, after having been operated 10
hours, and hot zero power(or warm start up). The decay heat trends of having been
operated for an infinite time interval and of hot zero power are used as the upper and
lower bounds for this study. Each RCP generates about 5.5 MW when it is running.
Four RCPs generate total energy of 22 MW. Tripping RCPs not only reduces 22 MW
immediately but also changes the RCS circulation flow pattern from forced circulation to
natural circulation or to flow stagnation. The flow pattern change enhances the reduction
of the heat sources’ impact on decreasing Tc.

4.3.3 Heat Sinks
Three important heat sinks that impact on Ty, are discussed: primary system breach,
secondary system malfunction, and RCS coolant injection.

Heat Sink Induced by Primary System Breach
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The primary system breach could be LOCA (e.g., hot leg LOCA, cold leg LOCA),
SGTR, or primary system valves (e.g., PZR PORYV, PZR SRVs) stuck open. Oconee-1
has a 1.1-inches PZR PORYV and two 1.8-inches PZR SRVs. Figures 4.3, 4.4, and 4.5
show the enthalpy flows of various breach sizes and locations calculated by RELAPS.
All these calculations assume that there are no other system failures, no operators’
actions, and no valve being reseated once the valve is stuck open. SGTR event does not
cause significant Ty, decrease.

Heat Sinks induced by the Secondary System

The SGs of a nuclear power plant are designed to be capable of removing ~150% of the

full nominal power. This means that for accidental conditions when power is supplied by

core decay heat, SGs are hugely ‘over-designed’. In effect, the available heat transfer
surface for those conditions is ~100 times larger then would be required. This large
miss-match of the energy source and the available heat transfer area has several important
consequences:

a) For a transient in which the SG operation is unimpeded and controlled, it is the SG
conditions that overwhelmingly determine the fluid condition in the primary system if
they arc coupled. Changes in values of primary system boundary conditions have
little impact.

b) For a transient in which the SGs malfunction, the fluid conditions in the primary
respond closely to the changes occurring in the SG if they are coupled.

¢) For transients in which the primary system and secondary systems become ‘de-
coupled, the temperature response in the primary assumes a qualitatively different
trend.

The observations listed above are the basis for a classification of uncertainties presented
in Table 4.2 Another consequence of SG importance is that a large number of PTS
relevant scenarios are initiated or compounded by SG malfunction. A schematic
representation of the boundary conditions that can be imposed on the once-through stcam
generator (OTSG) and their locations are shown in Figurc 4.6 The figure illustrates that
though the possible ways in which malfunctions could occur is large, the impact that they
have on the SG can be reduced to the variation of four independent boundary conditions.
These are: the feed water flow rate (i ,,), the feed water temperature (Trwa), the flow
area available for the exiting steam (Agow), and the location at which feed water is
introduced. The effect that these boundary conditions have on the primary system is
determined by TH analysis which combines their influence into a single time varying
parameter - the SG energy transfer rate (g ).
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Figure 4.2 The decay heat trends of reactor being tripped at having been operated for infinite time
interval, having been operated for 10 hours, and hot zero power.
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Figure 4.3 The enthalpy flows of different sizes surge line break. Assume all other systems function
properly, and there are no operators’ actions involved.
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A quantitative overview of the temperature difference between the secondary and
primary systems for a range of operational conditions is presented in Appendix C. Itis
shown that for a broad range of conditions, this ranges from less then 0.5 °K for
transients with operating RCP’s to ~3 °K for unfavorable low flow conditions. The
analysis includes the uncertainties associated with the evaluation of hegr across the SG
tubes.
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Figure 4.6 Types and location of boundary conditions for OTSG

For some transients (e.g. MSLB) the SGs’ heat capacities are of interest. Table 4.2
provides upper limit estimates of the total energy that can be removed during the initial
phase of an MSLB event for representative OTSG and U-tube type steam generators.

The maximum flashing rate is limited by the rate at which the primary system flow can
supply the necessary energy. A bounding estimation shown in the last column is
obtained by assuming that the boiling heat transfer coefficient on the secondary system is
large, and the resistance to heat transfer consists of the resistance of the tube metal and of
the convective resistance of the primary system. As shown in Table 4.2, though the total
amount of energy that can be removed in this manner is sizable, due to the very large heat
capacity of the primary system, the resulting temperature decrease is relatively modest.
This leads to the conclusion that even for MSLB break events, the important cool down
phase occurs after the highly dynamic events immediately following the rupture.  The
initial cool down caused by the flashing of the SG inventory provides an initial
temperature drop, but docs not produce temperatures which are ‘PTS relevant, except that
the uncontrolled feedwater flow system keeps pumping water into SGs.

29



Table 4.2 Encrgy Removal Capacity & Upper Bound of Encrgy Removal Rates for MSLB Events

Initial Encrgy .
secondary Amount Ieft required to rﬁi':‘nof Maximized
system. after 380K is | evaporate primary energy
i system duc to | removed rate
inventory reached unflashed evaporate MISSG
(kg) liquid P SG)
OTSG-SG
(Oconce) 27200 18240 4080 MJ 24K 19.5
U-tube SG
(Zion) 43000 28300 6340 MJ 28K 60.9

The secondary system malfunctions causing large amounts of heat transfer from the
primary system to the secondary system include secondary system breach (e.g., MSLB,
TBVs stuck open etc.) or excessive feedwater overfed SGs. For Oconee-1 any of the two
main steam lines is about 31.5-inches in diameter. Each MSLB has two 4.3-inches
turbine bypass valves (TBVs) and eight 4.4-inches SG Safety valves. Figure 4.7 shows
the magnitude of heat transferred rate from the primary system to the secondary system
of one SG at different sizes of secondary system breach

Figure 4.8 shows the heat transfer rate of an SG overfed by AFW and MFW. The AFW
water source is from the coolant storage tank with nominal temperature 70 °F. The MFW
water source is from the main condenser; its temperature normally decreases from 450 °F
to 100 °F in four hours. This water temperature difference causes a larger heat transfer
rate for AFW overfeed events than for MFW overfeed events.

Heat Sink due to Primary System Coolant Injection

The heat capacities shown in Table 4.1 can be placed in context by comparing them to
cnergy gain/loss rates of RCS after a reactor trip. Table 4.3 shows the decay energy
source at three time periods after the reactor is tripped (this is the full power, maximized
source) and four representative HPI flow and enthalpy removal rates. HPI flow is
inversely proportional to system pressure and therefore has a low value at the pressure of
the PORYV set points (~30 kg/sec for Oconee). To provide a broader indication, a simple
time dependent scenario is assumed in which the pressure decreases from 60 to 20 bar (~
900 to ~300 psi) in 3000 sec. The table shows the corresponding HPI flows and the
negative enthalpy addition obtained by assuming that break flow exits at the average
temperature of the system. This simple comparison shows that for the quoted pressures,
the negative enthalpy of HPI flows is almost twice as large as the decay energy and can
cool the entire system. The last two columns provide bounding values for HPI cooling.
The downcomer fill time is the time in which the HPI flow could displace the volume of
the downcomer if there were no system flows at all. The last column provides an
cstimate of the energy removal capacity of the SGs for the conditions where the
difference between primary system temperature and the secondary system temperature at
OTSG exit (Tprim — Tsee) is 5.5 °K. The potential heat sink is then seen to exceed o, bya

factor of ~ 3. Figure 4.9 shows the RELAPS calculation of HPI contributed negative
energy flow into the downcomer region.
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Figure 4.7 Heat transfer rate from the primary system to the secondary system of an SG at different
secondary system breaches. No operators’ actions are involved.
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