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REPORT SUMMARY

A consistent methodology for analyzing the effects of a pressurized water reactor (PWR) control
rod ejection accident (REA) on fuel has been developed. The methodology is based on state-of-
the-art three-dimensional (3D) neutron kinetics codes together with probability-based
assumptions about core initial conditions. In licensing calculations, this methodology is expected
to provide a more precise estimate of the number of fuel rods (if any) that can reach enthalpy
levels high enough to result in fuel failures during an REA.

Background

Laboratory experiments on high-burnup light water reactor (LWR) fuel have raised concerns
about the adequacy of current regulatory criteria for fuel failure and core coolability during a
reactivity-initiated accident (such as an REA in PWRs). As a result, the industry, through the
EPRI-managed Robust Fuel Program, proposed a reduction in the criteria at higher burnups,
consistent with measured changes in fuel mechanical properties (EPRI report 1002865). As the
criteria are reduced, however, the question of whether high-burnup fuel can reach high enough
enthalpy levels to result in failures during an REA event becomes more important. Typical
Nuclear Regulatory Commission (NRC) approved REA analysis methodologies have used overly
conservative analytical approaches based on zero or one-dimensional kinetics models coupled
with static neutronics to capture the 3D core power distribution effects. Such methodologies
greatly overestimate fuel response since they must expand what, in reality, is a localized
phenomenon on a core-wide basis. Recently, there have been significant advances in
computational capabilities as well as in developing 3D kinetics methods to the point that a more
realistic analysis of this event is now possible.

Objectives
» To develop a three-dimensional neutron kinetics methodology for analyzing rod ejection
accidents in PWRs.

» To develop a consistent approach to licensing calculations that will be required for introducing
burnup extensions or new fuel designs.

Approach

Issues relating to fuel response to transient events or to accidents are addressed under Working
Group 2 of the Robust Fuel Program. Under the auspices of this group, an REA Analysis Focus
Group was established and charged with developing a methodology based on the new 3D
kinetics codes. The group’s intent was to achieve more realistic results that can accommodate
anticipated reductions in failure criteria. The focus group consisted of members from utilities and
fuel vendors that have licensed traditional conservative analytical methods. The focus group
examined current (zero- and one-dimensional) analysis methods and modeling assumptions that



are being made for licensing calculations. The group then evaluated how these assumptions
would have to be changed when 3D methods are used and proposed a common set of
assumptions.

Results

Focus group members developed a common methodology that is independent of individual
member’s currently licensed methods or codes. The proposed methodology is based on 3D
kinetics codes as well as probability-based arguments to define the set of core initial conditions
to be analyzed. The methodology also provides a two-tiered approach to treating analytical
uncertainties as a user option. Key parameters with the most significant impact on analytic
results are identified and an option for treating uncertainties in these parameters either
statistically or deterministically is provided. Demonstrations of how the methodology would be
used by different organizations for different types of PWRs are provided in appendices.

EPRI Perspective

This work is part of an industry-wide effort under the Robust Fuel Program aimed at extending
fuel rod average burnup levels above currently licensed limits. The methodology described here
will be submitted as a topical report to the NRC for acceptance on an industry-wide basis. It is
anticipated that each organization intending to implement this common methodology will be
required to submit for NRC review a separate REA methodology report. Such a report will
provide details of their implementation relating to use of their specific codes and providing
justification for any deviations. This two-step approach to licensing the new REA analysis
technologies is intended to reduce each organization’s effort as well as facilitate the NRC review
process.

3D kinetics methodologies are considered necessary for demonstrating that high-burnup fuel will
remain well below the revised failure criteria proposed in the topical EPRI report 1002865.

Keywords
Reactivity-initiated accident
PWR rod ejection analysis
Safety analysis

LWR fuel

Burnup extension

Robust fuel
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EXECUTIVE SUMMARY

The analysis of postulated rod ejection accidents (REA) is a part of the licensing basis accident
analyses required for pressurized water reactors (PWR). The REA analysis simulates the reactor
coolant system, core, fuel rod, and fuel pellet response to the transient induced by the rapid
positive reactivity insertion. One part of this analysis is to calculate the fuel thermal response
during the accident, which is typically reported as the peak radial average enthalpy (cal/gm) of
the hottest fuel pellet. These results are then compared to the regulatory limits on peak enthalpy
to ensure that the fuel design meets safety requirements.

The current regulatory limit on core coolability for PWR rod ejection accidents is 280 cal/gm.
Recent experiments have shown that the current regulatory limit may be set too high, especially
at higher fuel burnup values. This has led to a research program by the U.S. Nuclear Regulatory
Commission (NRC), and the expectation that the 280 cal/gm regulatory limit will be lowered in
the future.

Current vendor and licensee NRC-approved REA analysis methodologies use a variety of
conservative analytical methods. These methodologies typically include point kinetics or one-
dimensional kinetics models, and syntheses of these kinetics models with static neutronics
models to capture the three-dimensional (3D) core power distribution effects. The traditional
approach to include conservative values for all initial and boundary conditions is used, and
contributes to the overall conservatism of the REA analysis. Recently there have been significant
advances in analysis methods and computational speed, particularly in the use of 3D kinetics
methods and high-powered workstations. These methods have been demonstrated to more
realistically predict reactor power transients, especially in the case of a localized power
excursion as occurs in the REA. The industry and NRC have increased the application of
probability-based approaches in the resolution of various issues associated with nuclear power
plant safety. Inclusion of a probability-based approach to the REA analysis has merit based on
the recognized low probability of the REA event.

The Electric Power Research Institute (EPRI) has chartered a Robust Fuel Program to advance
the design of nuclear fuel assemblies to meet the future needs of the industry. One element of the
Robust Fuel Program, Working Group #2, is addressing the fuel response to transients and
accidents. Under the auspices of Working Group #2, the REA 3D Analysis Focus Group has
been charged with developing a REA analysis methodology based on a 3D kinetics code, with
the intent of achieving less conservative analysis results that can accommodate a future reduction
in the 280 cal/gm regulatory limit.

The REA 3D Analysis Focus Group membership consists of licensees and fuel vendors that have
developed and licensed traditional conservative REA analytical methods. To meet the future
reduction in the REA cal/gm regulatory limit, these existing methods are likely to need revision
including a shift to a 3D kinetics-based method. To lessen the burden on each organization to
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Executive Summary

develop and license upgraded REA methods, the Focus Group members have come together to
develop a common REA 3D methodology that is independent of individual members’ licensed
methods or codes. This report describes the proposed common methodology. The report will be
submitted to the NRC for generic review and approval. Each organization intending to
implement this NRC-approved methodology would then be required to submit for NRC review a
separate REA methodology report that would specify the specific computer codes and details of
the application of the generic methodology, and justify any deviations from the methodology.
This two-step approach to licensing upgraded REA analysis methodologies is intended to lessen
the development and licensing effort at each of the organizations, as well as to facilitate the NRC
review process at less cost.

The REA analysis methodology described in this report is limited to the calculation of fuel
enthalpy for the PWR REA. There are other aspects of REAs, such as the calculation of
departure from nucleate boiling and the pressurization of the reactor coolant system, that are not
addressed here. The methodology uses 3D kinetics methods. It uses probability-based arguments
to define the set of core initial conditions to be analyzed. It also provides a two-tiered treatment
of the analytical uncertainties, as an option to the user. In this approach, the user may choose to
treat analytical uncertainties in a deterministic manner, or combine the uncertainties statistically.
The significant analytical variables were found to be the worth of the ejected rod in dollars, the
fuel Doppler temperature coefficient, the moderator temperature coefficient, and the nuclear
peaking factor uncertainty. Uncertainties in these variables are treated either statistically or
deterministically.

Appendices A through D of the report provide demonstration analyses using analytical methods
from different organizations. Analyses of two-loop and four-loop Westinghouse reactors, a
B&W reactor, and a Westinghouse/Combustion Engineering reactor are presented. These
demonstration analyses are not intended to be bounding results for PWR designs or reload core
designs. For example, the uncertainty values used in the demonstration analyses are for
demonstration purposes only. The purpose of the demonstration analyses is solely to demonstrate
the 3D REA analysis methodology presented in the body of the report.

Appendix E of the report provides proposed changes to the two primary regulatory documents
that affect PWR REA analysis, Regulatory Guide 1.77 and Section 15.4.8 of the Standard
Review Plan, NUREG-0800. The intent of providing this information is to highlight how the new
analysis methodology relates to the current regulatory requirements and to facilitate NRC review
of the new methodology.

The proposed REA analysis methodology based on 3D kinetics will result in improved analysis

results that are expected to accommodate a future reduction in the REA cal/gm regulatory limit,
while maintaining a level of conservatism appropriate for this low probability initiating event.
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INTRODUCTION

1.1 Background

The licensing of light water reactors requires analysis of a set of design basis transients and
accidents. One class of these accidents is the reactivity insertion accident (RIA), where the issues
are the ability of the nuclear fuel to maintain its integrity in a fast power excursion, and the
ability of the reactor coolant system to accommodate any resulting pressurization transient. The
main concern is that in a fast power excursion enough energy could be deposited in the fuel rod
in a very short period of time to cause cladding failure and result in a loss of coolable geometry.

In a pressurized water reactor (PWR), the most severe of this class of accidents is considered to
be the rod ejection accident (REA). This accident is initiated by a sudden failure of a control rod
drive housing in the reactor vessel head, resulting in the ejection of a control rod assembly due to
the pressure differential. The resulting insertion of positive reactivity into the core region around
the ejected control rod assembly can cause the deposition of a large amount of energy in the fuel
within a few hundred milliseconds.

If the core is initially subcritical or at low power, and the rod ejection event does not cause the
reactor to go prompt-critical, there is no risk of core and plant damage. If the reactor goes
prompt-critical, irrespective of the initial condition of the core, the response will be characterized
by a rapid power excursion. The magnitude of the increase in neutron flux will of course depend
on the amount of positive reactivity inserted by the rod ejection event, and the delayed neutron
fraction. The localized rapid increase in neutron flux will cause a power excursion in the fuel
rods in that region of the core. The associated energy deposition in the fuel rods will cause a
temperature increase. As the fuel temperature increases, there will be a negative reactivity
feedback due to the Doppler broadening of the U-238 absorption cross-section. This Doppler
effect provides the most significant negative reactivity feedback to counter the positive reactivity
insertion. It provides sufficient negative reactivity to overcome the positive reactivity insertion
caused by the ejected control rod, and terminates the power excursion. The moderator
temperature responds to the power increase with a delay due to the fuel thermal time constant.
Direct heating of the moderator also occurs. A moderator temperature increase provides
additional negative reactivity feedback if the moderator temperature coefficient is negative. If the
moderator temperature coefficient is positive, additional positive reactivity will be inserted.
Termination of the event occurs when a reactor trip setpoint is reached, the control rods drop into
the core, and the power and temperature decrease back to initial levels or lower.

In a typical REA initiated from a hot zero-power critical condition, a rapid power increase,
associated with prompt criticality, occurs within a few hundred milliseconds. The fuel
temperature increases at about the same rate. The negative fuel temperature coefficient limits the
power excursion, and then power begins decreasing very quickly. The rapid decrease in power
stabilizes the fuel temperature. The cladding temperature lags the fuel temperature due to the
thermal time constant of the fuel rod.
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The main issues are whether the fuel rod will withstand the temperature increase without
experiencing cladding failure and the associated release of radioactivity, and whether fuel failure
will lead to a loss of core coolability. Experimental data from RIA experiments in test reactors
have been historically used to set regulatory limits on the amount of energy deposition in the fuel
rod that could cause cladding failure and loss of coolability. The energy deposition is
characterized in terms of the increase in the peak average enthalpy of the hottest fuel pellet. The
key analysis result used to assess fuel integrity in the event of a REA in this report is the increase
in peak average fuel pellet enthalpy (Acal/gm). This Acal/gm result is then added to the initial
enthalpy to obtain the peak cal/gm result.

1.2 Accident Mitigation

PWRs have several design features that are relevant for mitigating rod ejection accidents. These
include the mechanical design features, which prevent the accident from occurring in the first
place, the general design criteria for the reactor which limit the reactivity associated with an
ejected control rod, the inherent negative fuel Doppler temperature coefficient, and other design
and protection features to mitigate the accident if it happens.

In terms of mechanical design, the control rod drive housing is designed and tested to the high
standards of the ASME code. Hydro-testing is conducted after installation.

The control rods and core loading patterns are designed and operating limits are specified to limit
the reactivity worth of an ejected rod to acceptable values. The reactor is normally operated with
the rods inserted only partially at full power. Thus the amount of reactivity that could be inserted
in a postulated REA at full power, which is the initial condition during most of the time that the
reactor is critical, is minimized. At lower power levels the control rod insertion limits are based
in part on limiting the ejected rod worth. The design, location, and grouping of the control rod
banks are also selected to limit the reactivity addition.

The position of the control rod assemblies is continuously indicated in the control room. If a
bank of assemblies approaches its insertion limit, or if an assembly deviates from its bank, an
alarm will typically result and corrective actions will be taken.

The reactor protection system includes an automatic reactor trip to mitigate the REA and put the
reactor in a subcritical state. The reactor trip keeps the core subcritical after the excursion is
initially mitigated by the fuel Doppler feedback.

1.3 Regulatory Criteria

Regulatory criteria for assessing REA events are based on meeting the intent of General Design
Criterion, GDC-28 - Reactivity Limits, of I0CFR50, Appendix A. Regulatory limits for analysis,
as well as guidance on how to perform a conservative analysis suitable for licensing purposes,
can be found in NRC Regulatory Guide 1.77 [1] and the NRC Standard Review Plan (NUREG-
0800), Section 15.4.8 [2]. The regulatory concern is that in postulated REA events, there could
be sufficient energy deposition in the fuel to cause rupture of the fuel pins and rapid
fragmentation and dispersal of fuel material into the coolant. This would result in rapid heat
transfer to the water from the finely dispersed fuel particles. Conversion of this cnergy to
mechanical energy could conceivably disarrange the reactor core or breach the primary system.
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Acceptance criteria for REA events are based on meeting GDC-28 requirements as it relates to
the effects of postulated reactivity accidents neither resulting in damage to the reactor coolant
pressure boundary greater than limited local yielding, nor causing sufficient damage to impair
significantly the capacity to cool the core [2]. Specific acceptance criteria used for evaluating
postulated REA events are [2]:

1. Reactivity excursions should not result in a radially averaged enthalpy greater than 280
cal/gm at any axial location in any fuel rod.

2. The maximum reactor pressure during any portion of the assumed excursion should be less
than the value that will cause stresses to exceed the “Service Limit C” as defined in the
ASME Boiler and Pressure Vessel Code, Section III, “Nuclear Power Plant Components”.

3. The fission product inventory in the fuel rods calculated to experience a departure from
nucleate boiling (DNB) condition is an input to the radiological evaluation conducted to meet
the radiological criteria given in Regulatory Guide 1.77, Appendix B [1].

These regulatory limits have been used for licensing and considered satisfactory for PWRs for
many years since their publication in the regulations. However, beginning in 1993, RIA
experiments at the CABRI test reactor in France indicated that cladding failure and fuel dispersal
could occur for high burnup fuel at very low values of energy deposition, significantly lower
than the 280 cal/gm regulatory limit. Other RIA test results were subsequently obtained at other
test reactors in Japan and Russia. These new research results have caused renewed interest in this
regulatory issue, and have led to discussions on whether the regulatory limits should be lowered.

In August 1994, the U.S. Nuclear Regulatory Commission issued Information Notice IN-94-64,
notifying U.S. utilities about the recent experimental data, particularly from the CABRI test
reactor in France. The NRC also assessed the safety significance of the test results with respect
to operation of current reactors. It was concluded that the rod ejection event, with the current
regulatory limits, would not have a significant impact on public health and safety because of the
low probability of the event and the mitigation measures in place.

Since then, there has been considerable international research and investigation into reactivity
insertion accidents. The NRC commissioned a study to identify and rank phenomena that could
occur following a PWR REA. This study is focused on high burnup fuel. The study is expected
to provide guidance for further research efforts. Concurrently, there is an ongoing effort to
determine a revised set of acceptance limits for energy deposition in fuel rods as a consequence
of this type of an accident. It appears likely that the acceptance limits will be lowered, and/or
made burnup dependent.

The nuclear industry, through the Nuclear Energy Institute, has proposed new PWR REA
cladding failure and core coolability acceptance limits for REA for high burnup fuel. The new
proposed limits were developed by the Electric Power Research Institute (EPRI) on behalf of the
industry, and are detailed in “Topical Report on Reactivity Initiated Accident: Bases for RIA
Fuel and Core Coolability Criteria [16]”. This report was submitted to the NRC in June 2002.
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1.4 Analytical Methods

NRC-approved REA analysis methodologies generally employ point kinetics or one-dimensional
kinetics approaches in combination with static 3D neutronics models to calculate the transient
core power distribution. It is more accurate and realistic to use 3D space-time kinetics models to
calculate the power excursion and the power distribution. This is especially the case in the REA
where the issue is one of calculating the local power in a small region of the core. The 3D
methods essentially ensure that the calculation of the core power response utilizes the actual
spatial and temporal distribution of nuclear parameters that affect the detailed response of the
core and fuel during the REA. This avoids the averaging and approximations that are necessary
with the less sophisticated simulation approaches.

A comparison of 3D methods versus 1D methods used by Westinghouse have been reported by
Ray, et al. [3], and Risher, et al. [4]. The case chosen was representative of a limiting case, in the
sense that the initial conditions represented hot zero power conditions, with rods inserted at the
insertion limits typical for this condition. All other input parameters were assumed similar in the
comparison analysis and were typical of assumptions used in current licensing analyses. The
results showed that the peak fuel enthalpy reached during the transient by the peak power fuel
rod, as calculated by the 3D model, was about 50% less than that predicted by the 1D model
(about 100 cal/gm for the 3D analysis compared to about 200 cal/gm for the 1D analysis). Risher
et al. [4] also showed that with more realistic input assumptions (compared to the conservative
licensing assumptions), the peak fuel enthalpy would be further reduced by about 50%.

Dias, et al. [5] used 3D kinetics methods developed at EPRI to study the PWR REA. The study
looked at a realistic set of input assumptions, for initial conditions corresponding to hot zero
power (HZP) and hot full power (HFP). The limiting case, which was the HZP case, did not
indicate a prompt jump when the accident was initiated, which then resulted in a gradual power
increase until the accident was terminated by reactor trip. This case used a reactivity insertion of
$0.88, which was considered realistic for the core studied. Typical reactivity insertion values
assumed in some licensing analyses would be about $1.30. The limiting case was then re-
analyzed with this reactivity insertion. The results this time did indicate a prompt power
excursion, but the fuel enthalpy did not increase beyond 40 cal/gm. These results are consistent
with the results reported by Risher, et al. [4].

It appears from these studies that:
1. Use of 3D kinetics models, even with conservative licensing-type input assumptions, would

result in a significant reduction in the calculated peak fuel enthalpy. One study has shown
this reduction to be about 50%.

19

Use of realistic input assumptions, combined with the use of 3D kinetics models, would also
produce a significantly reduced calculation of the peak fuel enthalpy. One study has shown
this effect to be about 50%.
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1.5 Probability-Based Assumptions

Traditional transient and accident analysis methodologies have employed conservative scenarios
and input parameter assumptions in conducting the analyses. In general, as a transient or accident
scenario undergoes research, analytical methods become more refined, and additional data
becomes available, it is justifiable to perform a less conservative analysis that still meets the
general design criteria for nuclear plants. With the work that has been done in recent years by the
industry and regulators, both domestically and internationally, on RIA testing and REA analysis,
it is possible to more narrowly define the analysis scope than was done before. In particular,
probabilistic-based arguments can be used to define and limit the scope of REA analyses.

1.6 Uncertainty Analysis

Given the low probability of an REA event, it is also reasonable to treat the effects of
uncertainties in key variables statistically. The NRC sponsored PWR REA PIRT project has
identified the important variables in the analysis. Recent work on REA (Ramos, et a. [6],
Diamond, et al. [7]) have shown that it is possible to perform a conservative REA analysis
without bounding all variables and combining them in a deterministic fashion. Hence, the
analysis ought to be able to use statistical methods to combine uncertainties such that the overall
uncertainty in the calculated fuel energy deposition is bounded at a reasonably high probability
level. This approach has been applied successfully in other types of transient and accident
analyses.

1.7 Scope of Methodology

U.S. nuclear plants desire to achieve higher burnup limits in fuel rods. This would allow longer
fuel operating cycles which offers economic advantages. Recent tests conducted in France,
Japan, and Russia have raised questions about whether the current regulatory limits for reactivity
insertion accidents are sufficient. The NRC is actively engaged in re-examining these regulatory
limits. At the same time, it has been well established that the current methods used for licensing
analysis in this area are overly conservative. Considering these issues, EPRI Robust Fuel
Program, Working Group #2 - Response to Transients, formed a REA 3D Analysis Focus Group
in 1999. The Focus Group has representatives from fuel vendors and licensees. The members of
the Focus Group are Westinghouse, Framatome Advanced Nuclear Power, Electricite de France,
Dominion Generation, the Nuclear Management Company, and Duke Power.

The mission of the Focus Group is to develop a standard method for performing the PWR REA
analysis using 3D core modeling which will be licensable in the U. S. The objective of this new
methodology is to remove excess conservatism by providing a more realistic analysis for a low
probability event. The methodology starts from the specification of the initial core and plant
conditions, continues with all modeling assumptions (in particular the level of conservatism at
each step of the methodology), and extends into the calculations necessary to show compliance
with the regulatory limit.

The Focus Group has completed this assignment. This report describes a standard PWR REA 3D
analysis methodology that is intended to be a template for upgrading the current REA analysis
methods. The new methodology should gain sufficient margin to meet the expected future
reduction in the REA peak fuel enthalpy regulatory limit.
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OBJECTIVE OF NEW METHODOLOGY

The objective of this new methodology is to provide a generic PWR REA 3D analysis guideline
for the calculation of the fuel enthalpy increase and peak fuel enthalpy. This report is intended to
be a generic licensing document. The methodology is considered applicable to all current U.S.
PWR core and fuel designs.

The methodology in this report is intentionally independent of any specific computer codes and
can be used by any organization. This allows use of the methodology by various organizations. It
is expected that each organization will develop appropriate computer codes for use with this
methodology and will license the codes with the NRC as appropriate. This report is intended to
serve as a reference for organizations performing REA analysis and to serve as a generically
applicable standard method. This approach is expected to result in less licensing effort by each
organization, and also facilitate NRC review,

The report describes a methodology for performing the PWR rod ejection analysis using 3D
kinetics and probability-based assumptions for the purposes of meeting the future lower cal/gm
acceptance limits that will be proposed by the NRC for high burnup fuel. The methodology
incorporates less conservatism than has traditionally been reflected in the assumptions employed
in the rod ejection analyses that have been licensed with the NRC and that are presented in
Chapter 15 of current FSARs. The justification for lowering the conservatism is based on the
improved accuracy of the 3D kinetics core model, the overall low probability of the REA event,
and the use of a probability-based approach to justify some of the initial and boundary
conditions.

The methodology starts with 3D core kinetics analysis of the REA event, and continues through
to the calculation of the Acal/gm and peak cal/gm in the hot fuel pellet. A two-tiered approach is
proposed for the treatment of analytical uncertainties. The first tier will be a deterministic
approach with less conservatism than in the past. The second tier will use a statistical
combination of uncertainties for the key physics parameters only, which will provide more
margin to the acceptance limits. The second tier will likely only be used by organizations that
need additional margin.

The methodology has been tested by several organization running demonstration analyses. These
analyses have used different computer codes for the physics and fuel rod response calculations.
The report includes the results of these demonstration cases.

One recognized issue is that the future lower cal/gm acceptance limits (which may be a function

of burnup) have not been finalized. It is expected that this proposed methodology will be
successful in meeting the new acceptance criteria.
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Objective of New Methodology

The report includes proposed revisions to Reg. Guide 1.77 [1] and Standard Review Plan (SRP)
15.4.8 [2]. The purpose of this is to facilitate NRC review and understanding of how the
proposed REA methodology would affect the current regulatory guidance.

It is recognized that cladding integrity is affected by other issues in addition to the fuel enthalpy
increase, such as the calculation of departure from nucleate boiling. There are also other issues
associated with the rod ejection event, such as reactor coolant system over-pressurization. Those
issues are not addressed by the methodology described in this report. The focus of this
methodology is only to calculate the fuel enthalpy increase and peak enthalpy following a PWR
REA.
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3

DESCRIPTION OF METHOD

3.1 Introduction

This section describes the proposed methodology for PWR REA analysis, along with technical
Jjustification for the methodology and assumptions made. The focus of the methodology is on the
fuel enthalpy calculation associated with the REA event. The computer codes used for the
analysis may be used for other aspects of the REA analysis, such as DNBR calculation, but this
methodology only deals with the application of these codes to the calculation of energy
deposition in the fuel rod and the associated enthalpy increase.

The methodology is not specific to any computer code or suite of codes in use by various

organizations. It assumes that the computer codes have been sufficiently benchmarked and have

been approved by the NRC as necessary. The methodology is not constrained to any particular

core designs, and is not limited to a particular value of fuel burnup. The intent of this

methodology is to take advantage of 3D kinetics and a probability-based approach to define the

scope of core initial conditions to provide more analytical margin than exists with currently

licensed methods. |

The methodology includes guidance for a full scope analysis for the first application to a
particular reactor and core design, and an abbreviated scope of work required to assess REA
events for core reloads.

Individual organizations will need to submit the plant-specific elements associated with this
generic methodology to the NRC for review and approval. It is expected that this report will
serve as a reference for these organizations. Use of this report as a reference is expected to result
in a reduced scope of development and licensing work by each organization, as well as facilitate
the NRC review.

3.2 Significant Variables and Uncertainty Analysis

As part of the regulatory and industry followup to the CABRI test results, the NRC convened a
panel of experts to develop a phenomena identification and ranking table (PIRT) for the PWR
REA. A primary purpose of the study was to identify the experimental and analytical
uncertainties associated with this event to provide guidance for further research. Results of the
study have been issued [8]. The study focused on the effects of high burnup fuel. In the study,
the rod ejection event considered was initiated from hot zero power conditions. The analysis of
the transient power distribution and the calculation of the fuel temperature increase were
considered separately. In the calculation of pin power, the variables that were determined to be
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the most important were the ejected rod worth, fuel temperature (Doppler) feedback, delayed
neutron fraction, and fuel cycle design. In the calculation of fuel enthalpy increase, the heat
capacities of fuel and cladding were the only parameters considered important. The study also
notes that these variables are well-known variables, indicating that the uncertainty in these
variables can be bounded at a high confidence level.

Diamond, et al. [7] studied the uncertainty in fuel enthalpy calculation for a PWR REA event.
The analysis used engineering judgement and insights from point kinetics methods to determine
that the significant variables in the analysis would be the ejected rod worth, the delayed neutron
fraction, the fuel Doppler reactivity coefficient, and the fuel specific heat. Sensitivity studies
were carried out using a best-estimate 3D physics code to determine the impact of these variables
on the fuel enthalpy. It was determined that the uncertainty in the fuel enthalpy would be
determined primarily by the uncertainties in the ejected rod worth and the delayed neutron
fraction. Based on the sensitivity studies, Diamond, et al. [7] also concluded that only events
with rod worth in excess of S1 (essentially prompt-critical events) need be considered in the
analysis.

The recent studies noted above, conducted with 3D kinetics methods, have essentially identified
only a few significant parameters in the calculation of fuel enthalpy increase for a PWR REA
cvent. These variables are:

e Time-in-cycle

e Core peaking factor

e Ejected rod worth

¢ Delayed neutron fraction

e Fuel Doppler temperature coefficient

e Moderator temperature coefficient

Sensitivity studies have also been conducted as a part of developing currently used licensing
analysis methods. This experience provides knowledge on the variation of the fuel enthalpy
increase with other, less important variables. The current licensing analyses are generally
conducted with a combination of nominal and bounding values for these less important variables.

The approach used by the Focus Group in developing this methodology benefited from
knowledge of the REA event from current licensing analyses and the studies referenced above.
In addition, the Focus Group performed additional sensitivity analyses to obtain results where
previous results or knowledge were lacking. Based on this body of knowledge, Table 3-1 shows
a list of parameters used in typical REA analysis, the judgement of the Focus Group regarding
the sensitivity of the REA fuel enthalpy increase to each parameter, and the recommended
analytical assumption for cach parameter. The fuel heat capacity is judged to be sufficiently
well-established that values from the literature can be used directly. The hot pin peaking factor is
also judged to be well-established within each organization’s analytical methods for predicting
core power distributions. The ejected rod worth in dollars, the fuel Doppler temperature
coefficient, and the moderator temperature coefficient are treated as uncertainty variables. In this
approach, the uncertainty associated with the calculation of the transient power distribution
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(code uncertainty) is addressed by including the standard uncerta’inty value for the core peaking
factor as an uncertainty variable, and by crediting the conservatism in the transient core power
distribution resulting from the uncertainty applied to the ejected rod worth.

The uncertainty analysis employs a combination of deterministic and statistical treatments to
produce fuel enthalpy calculations that are bounded at a high probability level. This approach
treats less important variables by assuming them to be at either nominal or bounding conditions,
as done in current licensing analyses. Initial conditions that are not ruled out by probability-
based arguments are treated explicitly. Uncertainties in the other significant variables (ejected
rod worth in dollars, fuel Doppler temperature coefficient, moderator temperature coefficient,
core peaking factor) may be treated deterministically by applying all uncertainties
simultaneously, or by using a statistical combination.

3.3 Overview of Methodology

The REA analysis methodology starts with identifying the scope of core initial conditions to be
analyzed. These initial conditions must lead to a significant Acal/gm result. The probability-
based approach is used to identify which off-normal core conditions must be considered. For the
cases to be analyzed the initial conditions in the core and the fuel rod are then established. The
3D kinetics code and the hot rod code are then initialized to those conditions. The 3D kinetics
model REA analyses are then run. The fuel rod model, either the model integral to the 3D code
or a stand-alone hot rod model code, is then used to calculate the enthalpy increase in the hot fuel
pellet as a function of time, and the peak enthalpy value. This is the key result of the calculation.
This method can be done deterministically, with all of the uncertainties applied, or using the
statistical combination approach. The methodology is described in greater detail as follows:

Step 1 - Identification of REA Scenarios with Potential for Large Acal/gm Result

Core initial conditions for which a significant cal/gm increase can occur are identified. This is
basically limited to core conditions for which there is the potential for the ejected rod worth to
exceed one dollar of reactivity. Typically these core conditions will require some control rods to
be substantially inserted and the reactor at or near a critical condition. Most likely, the hot zero
power (HZP) initial condition will be the most limiting. Fuel burnup needs to be treated as a
variable. Thus the analysis would need to consider beginning-of-life (BOL) as well as end-of-life
(EOL) fuel rod initial conditions.

Step 2 - Identification of Off-Normal Core Initial Conditions

Technical specifications and core operating limit reports typically allow operation with
deviations from nominal operating conditions. These off-normal conditions include:

o Core tilts

e Mis-positioned control rods
e Power distribution effects

e Adverse xenon distributions

e Long term operation with control rods inserted
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In addition, intermediate power levels occur during startups and shutdowns, and can also occur
due to equipment problems or planned operation at less than full power. All such core initial
conditions that have the potential for worsening the core response to a rod ejection accident are
to be identified.

Step 3 — Determine the Probability of Off-Normal Core Conditions

The rod ejection accident is recognized as a very low frequency event. For a rod ejection to occur
during off-normal core initial conditions is even less probable. Below a frequency of 1.0E-
07/RY, an initiating event does not warrant consideration as a design basis event from a
probability-based perspective. Justification for this approach and the details of performing this
probabilistic assessment are described in Chapter 4 of this report. Off-normal core initial
conditions that cannot be screened out must be addressed in the rod ejection analysis.

Step 4 — Determine Uncertainty Values for Key Rod Ejection Analysis Parameters

Based on industry experience in analyzing rod ejection accidents with three-dimensional
transient neutronics codes, the following core physics parameters (derived from three-
dimensional modeling) have been identified as the key parameters that warrant consideration of
an uncertainty allowance in the methodology:

e Ejected rod worth divided by beta-effective (ERWS)
e Doppler coefficient
e Moderator coefficient

e Core peaking factor (F,)

The moderator coefficient has a smaller effect relative to the other key parameters. However, it is
labeled as a key parameter in the methodology to ensure that the presence of a positive
moderator coefficient is addressed. Uncertainty values for these parameters over the range of
core conditions that are valid for a particular rod ejection analysis core initial condition must be
established. The basis for choosing these variables as the significant variables in this analysis is
discussed in Section 3.2.

Step SA - Conservative Deterministic Analysis Including Uncertainties

For the probable core initial conditions including off-normal considerations resulting from Steps
1-3, perform 3-D rod ejection analyses including the uncertainty values for the key parameters
identified in Step 4. If the ERWS value with uncertainty is less than what is necessary to produce
a significant Acal/gm result, then that case can be screened out. The methods used for the 3D
analysis need to be sufficiently robust for the purpose. Chapter 5 of this report further discusses
requirements for the 3D kinetics method. Chapter 6 of this report discusses the hot fuel rod
analysis method. It is expected that a simple fuel rod model can be used within the 3D core
kinetics calculation provided that this approach is clearly conservative or has been justified by
appropriate benchmarking. Organizations may also choose to use a separate more detailed hot
fuel rod model to calculate the fuel enthalpy increase with boundary conditions from the 3D
kinetics calculation.
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The cases to be evaluated should include critical hot zero power initial conditions at beginning-
of-cycle (BOC) and end-of-cycle (EOC). A spectrum of ejected rod locations is to be evaluated
to ensure that the limiting cases are identified. The maximum Acal/gm result and the peak
enthalpy value are then determined based on the simulated fuel rod thermal response or based on
deposited energy. The fuel rod model may be assumed to be adiabatic. If heat transfer from the
fuel pellet is modeled, it needs to be justified.

The results of the analysis are then compared to the acceptance limits. If the acceptance limits
are not exceeded, then the methodology is complete. If the acceptance limits are exceeded, then
one of the following options can be taken: a) perform a hot rod analysis as a function of burnup
to take advantage of more detailed modeling of the fuel rod transient response, b) re-design the
core to obtain more favorable rod ejection analysis results, c) change allowable operating
conditions, i.e., the rod insertion limit, or d) use the statistical methodology approach of Step 5B.

Step 5B —Statistical Combination of Uncertainties Analysis

For the probable core initial conditions including off-normal considerations resulting from Steps
1-3, perform a best-estimate rod ejection analysis without uncertainties. This is expected to
include critical hot zero power initial conditions at BOC and EOC. A spectrum of ejected rods is
to be analyzed to ensure that the limiting cases as a function of burnup are obtained. The best
estimate Acal/gm as a function of burnup is then determined for each case. The limiting cases,
which will be referred to as the reference cases, are then determined from the initial case
spectrum. For the reference case(s), sensitivity analyses that vary one key parameter at a time by
including the uncertainty allowance are run. These sensitivity analyses are performed for the
ejected rod worth in dollars, the fuel Doppler coefficient, and the moderator coefficient. The
differences in the Acal/gm for each sensitivity case are then determined relative to the reference
case. The core peaking factor uncertainty sensitivity result is determined by multiplying the
Acal/gm result of the reference case by the core peaking factor uncertainty value. A A/Acal/gm
sensitivity result is then obtained for each of the four sensitivity results by subtracting the
reference case Acal result. These four individual A/Acal/gm results are then combined using the
Square-Root-Sum Squares (SRSS) method to obtain the statistical A/Acal/gm result.

This statistical A/Acal/gm result is then added to the reference case Acal/gm result to obtain the
statistical Acal/gm result. This result is then added to the initial cal/gm value to obtain the
statistical peak cal/gm result. If the acceptance limits are exceeded, then one of the following
options can be taken: a) perform a hot rod model analysis as a function of burnup to take
advantage of more detailed modeling of the fuel rod transient response, b) re-design the core to
obtain more favorable rod ejection analysis results, or ¢) change allowable operating conditions
such as the rod insertion limit.

Step 6 — Reload Core Checks

Each reload core must be evaluated to confirm that the basic assumptions (fuel design, reactor
operation, control rod insertion limits, fuel rod burnup, etc.) in the REA analyses of record
remain valid. Each reload can then be screened for the ejected rod worth in dollars (ERWS). If
the ERWS$ including uncertainty is too small to produce a significant Acal/gm result, then the
reload does not need to be analyzed. If the reload is not screened out by the above ERWS$ check,
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then the key REA physics parameters must be evaluated to determine if the REA analyses of
record remain bounding. If this determination cannot be made with confidence, then the REA
must be reanalyzed to bound the reload core and shown to meet the acceptance limits.

In addition, if the future regulatory limit on fuel enthalpy are a function of burnup, and if a
sufficient margin to the limit does not exist for the REA at all burnups, then the spectrum of
possible ejected rod locations will likely require reanalysis each reload to address the reload
design-specific nature of the REA analysis results.

Table 3-1
Parameters for PWR 3D REA Fuel Enthalpy Analysis
Parameter SensiEt::/tit:y;l:r; Fuel Analysis Value
Initial Conditions

Initial power High HZP
Core design High Reactor and cycle-specific
Time-in-cycle High BOC and EOC
Initial core peaking factor Low Nominal
Rod position during depletion High Nominal
Xenon condition High Analysis-specific
Initial rod insertion High To the insertion limit
Coolant pressure Low Nominal
Coolant temperature Low Nominal
Coolant flow rate Low Nominal

Kinetics Parameters

High Key parameter - uncertainty

Ejected rod worth ($) value included

Fuel Doppler temperature Key parameter - uncertainty

coefficient High value included

Moderator temperature L Key parameter - uncertainty
. ow .

coefficient value included

Neutron velocity (3D equivalent
to prompt neutron lifetime in Low Nominal
point-kinetics)

Trip worth Low Bounding low
Trip insertion curves Low Bounding slow
Ejection time Low Bounding fast




Table 3-1
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Parameters for PWR 3D REA Fuel Enthalpy Analysis (Continued)

Parameter

Sensitivity on Fuel
Enthalpy

Analysis Value

Fuel Parameters

Fuel conductivity High Nominal

Fuel heat capacity High Nominal
Cladding conductivity Low Nominal
Cladding heat capacity Low Nominal
Cladding-coolant heat transfer Low Bounding low
Time of DNB Low Bounding early
Initial gap conductivity Low Bounding low




4

PROBABILITY-BASED APPROACH FOR SELECTING
INITIAL CONDITIONS

4.1 Background

The traditional approach to performing analyses of UFSAR Chapter 15 transients and accidents
has relied on selecting initial conditions and boundary conditions that bound the design of the
plant and the applicable modes of operation. This approach is intended to ensure an overall
conservative analysis result by selecting conservative values for the key parameters that
influence the transient response, and then setting the parameters of lesser importance to nominal
values. The conservative values typically include an allowance for uncertainty, whereas the
nominal values do not. This selection process includes consideration of the range of parameter
values that are specified in such documents as the technical specifications, the core operating
limits report, the UFSAR, plant procedures, and design basis documents. The range of plant
operating conditions such as initial power level, time-in-cycle, status of control systems, and
operator actions must also be considered. The large number of combinations of these possible
plant conditions and parameter values must be systematically evaluated to determine a
manageable number of cases to be analyzed. From the set of analyzed cases the limiting case or
cases are then obtained and serve as the design basis analyses.

This traditional approach has always included consideration of the likelihood of the various plant
operating conditions or values of key parameters. However, until recently this has typically been
a qualitative process based on engineering judgement and experience. The use of quantitative
probability-based arguments lends itself well to the selection and specification of inputs to
UFSAR accident analyses. The extent to which application of a probability-based approach can
add value is highly dependent on the complexity of a particular transient or accident and the
objectives of the analysis. This technology can be applied in a limited way to establish, for
example, the range of initial power levels that should be analyzed for a given accident scenario.
It can also be applied to quantify the change in the core melt frequency, for the purpose of
determining whether or not a particular scenario has a high enough probability to warrant
inclusion in the design basis.

Given that the REA is a low probability event, there is merit in using a probability-based
approach to define the scope of REA analysis. The range of possible applications of a
probability-based approach to the REA analysis was evaluated based on the objectives of the
REA 3D methodology and the nature of the REA event. One possible application was to
determine if the rod ejection accident was of sufficiently low probability that it could be
eliminated as a design basis accident. This concept was discussed in various meetings within the
industry and with NRC as the CABRI test results were released and the safety significance of the
test results was being characterized. The industry conclusion was that pursuing elimination of the
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REA from the spectrum of design basis accidents was not widely supported. Consequently,

the application of probability-based arguments in the REA 3D methodology is proposed for
determining the core initial conditions that are analyzed. In particular, off-normal conditions

that can occur during operation and that are permitted by the technical specifications and the core
operating limits report will be included or deleted from the scope of the REA 3D methodology
using a probability-based approach.

4.2 REA Initiating Event Frequency

A rod ejection event has never occurred in the history of commercial pressurized water reactor
operation, and is generally recognized as a low probability event. The REA initiating event
frequency will be based on zero occurrences in the history of commercial PWR operation using
the following formula to estimate the mean value for the frequency [9]:

o 2s+1
2T
where,
f = frequency of the cvent .
s = number of occurrences of the event
T = the time period

Given that “s”, the number of occurrences of REA events, is zero, the frequency “f” reduces

to 1/2T. The value of *“T” is chosen as the total number of PWR years of operation during which
a REA was possible. From Reference 10, the total world-wide experience for “western style”
PWRs through 1997 is 3362 calendar years. From Reference 11, there are 256 total PWRs in
operation world-wide, with 204 of “western-style” as of December 2000. With 4.25 calendar
years after 1997 through December 2001, the total calendar years of PWR operation of

interest is:

Western-style PWR years = 3362 + (204)(4.25) = 4229
To estimate the fraction of time that a PWR would be pressurized, and therefore capable of

ejecting a control rod, a factor of 60% is chosen. This is a conservatively small value. This factor
is applied to obtain the value for “T” and the REA initiating event frequency as follows:

"

T (4229)(0.60) = 2537 reactor-years (RY) and pressurized

f

12T = 1/(2)(2537) = 1.97E-4 /RY (This will be labeled “F-rea™)

This value of the REA initiating event mean frequency “F-rea” will be used in the methodology
along with the probability of other core conditions to define the scope of the initial conditions for
the REA analysis.
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4.3 Evaluation of REA Core Initial Conditions

The objective of the REA 3D methodology is to more accurately calculate the REA Acal/gm
analysis result in anticipation of a lower cal/gm regulatory acceptance limit in the future. This
objective enables a narrow focus on the REA event as a core transient event rather than a plant
transient event, since the Acal/gm result of interest occurs in the first few seconds following the
ejection of the control rod, and the plant response in that time period does not significantly
influence the Acal/gm result.

The most important parameter in the REA analysis is the reactivity worth of the ejected rod. First
principles, industry REA analysis experience, and the results of sensitivity analyses performed
by the EPRI REA 3D Focus Group in the development of this methodology, have confirmed that
an ejected rod worth in excess of one dollar of reactivity is necessary to obtain a significant
Acal/gm result. This leads to a review of the core operating conditions for the reactor of interest
to determine what conditions can produce a sufficiently large ejected rod worth. Typically the
control rod must be fully or mostly inserted. The control rod insertion limits and nuclear analysis
calculations of the ejected rod worth will determine the probability of an ejected rod event
having a sufficient ejected rod worth to produce a significant Acal/gm result.

Consistent with the requirement for the control rod to be fully or mostly inserted to have a
sufficiently high ejected rod worth is the likelihood that the reactor will be at a low power level.
This is in fact one of the key considerations in the setting of the control rod insertion limits, i.e.
the ejected rod worth is limited as a function of power level by the rod insertion limits. This
leads to a review of the operating history for the reactor of interest to determine the probability
of operating at the low power levels and corresponding control rod positions that are required to
produce a sufficiently large ejected rod worth. The probability of operating at these conditions of
interest at the time that a rod ejection occurs will contribute to the overall probability.

4.4 Methodology

The methodology uses a frequency of 1.0E-7/RY as a screening criterion to determine which
core initial conditions combined with the initiating frequency of the REA event are sufficiently
probable to be included in the UFSAR REA analyses. For REA events from core initial
conditions with a combined frequency of less than 1.0E-7/RY, the event is of sufficiently

low frequency that it can be screened out or dropped from further consideration. The value of
1.0E-7/RY has previously been used in Reference 12 for the same purpose of quantifying REA
sequences that can be neglected. ANSI/ANS 51.1-1983 (Reference 13) states the following.

“If the frequency of occurrence of an event is shown to be <10-6/reactor year on a best estimate
basis, this event shall not be considered for the design.” These references show both a precedent
and a margin of conservatism in the selection of the proposed REA screening criterion.

The REA initiating event frequency, “F-rea”, described above, is then combined with the

frequency or probability of the core conditions needed for a REA analysis to produce a
significant Acal/gm result.
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The control rods must be fully or mostly inserted with the reactor critical or near critical for a
REA of concern to occur. The probability based on the fraction of time that the core is at these
conditions will be labeled “P-critical”. For analysis purposes it is convenient to distinguish
between the “P-critical” period of time at beginning-of-cycle (BOC) following a refueling outage
(P-critical/BOC), and the other times during the fuel cycle (P-critical/not-BOC). The values of
this parameter are obtained based on historical data for the number and duration of periods of
operation at these core conditions for which a significant REA event could occur. The historical
average number of hours per year at these conditions is then divided by 8760 (hours in one year)
to obtain the probability.

For a given reactor design at the above “P-critical” core conditions of interest, not all control
rods will have sufficient ejected rod worth to cause a power excursion that can result in a
significant Acal/gm result. Assuming that a rod ejection is equally probable for all of the

control rods, the probability that a control rod can cause a significant Acal/gm result during the
“P-critical” core conditions of interest can be determined by nuclear analysis. This factor will be
labeled *P-prompt” to indicate the probability of an ejected control rod causing a significant
prompt-critical response.

Based on industry experience in REA analysis and the sensitivity studies performed by the EPRI
REA 3D Focus Group, there exist a number of off-normal core conditions that can worsen the
core response during a REA, and produce a higher Acal/gm result. The most significant off-
normal condition is an adverse xenon distribution. The effect of an adverse xenon distribution is
to increase the ejected rod worth. The methodology addresses the effect of xenon in the
following way. For the “P-critical/BOC” core condition, which is limited to the initial startup
following a refueling outage, no xenon is present and therefore does not need to be modeled.
For the “P-critical/not-BOC” core conditions, which include all other periods of operation with
the control rods inserted or mostly inserted, and with the reactor critical or near-critical, the
effect of xenon on the core initial conditions will be considered. A xenon penalty will be
considered for the xenon distributions that can potentially exist, but can exclude the xenon
distributions during the time to recover from a reactor trip or shutdown. This credits only the
shortest time to restart the reactor based on current plant procedures, and excludes the xenon
distributions while the reactor is shut down. In other words, the xenon distributions are to be
consistent with the plant evolution prior to the initiation of the accident. An alternative
acceptable approach is to simply assume a bounding xenon distribution for the REA analyses.

Other off-normal core conditions will be handled using the following approach. First, the
possible off-normal conditions that could potentially worsen the REA Acal/gm analysis results
must be identified. These off-normal conditions are typically allowed by the plant technical
specification or core operating limits report, and include:

e Sustained operation at less than full power
¢ Load follow operation
¢ Operation with a core power tilt

e Operation with control rods out of alignment
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These off-normal conditions all have the potential for increasing the ejected rod worth and/or
increasing the pre- or post-ejected power distribution, and thereby increase the Acal/gm result.
The fraction of time during the core conditions of concern that the off-normal conditions exist
must then be quantified as a probability. The methodology addresses these off-normal core
conditions by determining if the probability of these conditions (labeled “P-offnormal”), in
combination with the product of the other terms defined above, is greater than or less than the
REA screening criterion of 1.0E-7/RY. This can be expressed by the following total frequency
labeled “F-total™:

IF F-total = (F-rea)(P-critical)(P-prompt)(P-offnormal) <1.0E-7/RY

THEN the core conditions represented by “P-offnormal” can be excluded from the core
conditions assumed in the UFSAR REA analysis.

Conversely,

IF F-total 2 1.0E-7/RY, THEN the core conditions represented by “P-offnormal” must be
included in the core conditions assumed in the UFSAR REA analysis.

The off-normal core conditions are to be considered in combination during this step of the
methodology, if applicable.

4.5 Demonstration of Methodology

This probability-based approach to selecting the core initial conditions to be analyzed in the REA
3D methodology is demonstrated here with some arbitrary values.

P-critical/BOC is obtained from the fuel cycle length and the duration of core conditions during
the initial startup following the refueling outage. Assuming a two-year fuel cycle and a 20 hour
period of time at which the core is critical or near-critical, and some control rods are fully or
mostly inserted:

P-critical/BOC = 20 hours/(2 x 8760) = 1.14E-3

P-critical/not-BOC is obtained from the number of reactor startups per year excluding the initial
startup following the refueling outage. Assume two startups per year and an 8 hour period of
time at which the core is critical or near-critical, and some control rods are fully or mostly
inserted: '

P-critical/not-BOC = (2)(8)/8760 = 1.83E-3

P-prompt is obtained from a nuclear analysis of the ejected rod worth for all inserted or mostly-
inserted control rods, for the P-critical core conditions above. The analysis determines how many

control rods have sufficient ejected rod worth to cause a significant Acal/gm result. Assume that
there are 53 control rods, and that 8 can produce a sufficiently large ejected rod worth:

P-prompt = 8/53 = 0.15

The value of P-prompt will be zero if no control rods are capable of causing a significant

Acal/gm result. A zero value of P-prompt justifies that no REA analyses are necessary to show
that the cal/gm regulatory limit is met.
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The xenon distributions that must be considered are based on whether or not the core condition is
the beginning-of-cycle startup following a refueling outage or not. For the BOC core condition
no xenon is appropriate. Assume that the shortest time to restart the reactor following a shutdown
or trip is 12 hours. Then, for the non-BOC core conditions being analyzed, exclude the xenon
distributions that can only occur during the first 12 hours post-trip or post-shutdown.

To evaluate P-offnormal, assume an annual off-normal core condition during which the core is
operated at 50% power for 30 days due to a reduced demand for power. Since this is not at BOC,
the P-critical/not-BOC probability from above will be used. The value of P-offnormal is
calculated by:

P-offnormal = 30 days / 365 days = 8.22E-2

To determine if the 50% power core initial condition must be analyzed as a REA initial core
condition, calculate F-total:

F-total (50% power) = (F-rea) (P-critical/not-BOC)(P-prompt)}(P-offnormal)
= (1.97E-4/RY) (1.83E-3) (0.15) (8.22E-2)
=4.45E-9/RY

Since this frequency is less than the screening criterion of 1.0E-7/RY, the 50% power off-normal
core conditions do not need to be analyzed. For this numerical example, since the product of the
first three terms is less than the screening criterion, no off-normal core conditions must be
analyzed. This result indicates that for the example conditions the probability of a large ejected
rod worth is very small, and additional low probability off-normal core conditions do not need to
be considered.

4.6 Confirmation of Continued Validity of the Approach

The probability-based approach involves quantifying plant-specific values for the inputs
necessary to implement the methodology. These inputs include the number of unit startups per
year, the number of hours per year that the core conditions necessary for a significant REA event
to occur exist, the fraction of the control rods that can lead to a prompt-critical REA event, etc.
These inputs to the methodology must be checked on a periodic basis to ensure continued
validity. For example, if a switch from annual to 2-year fuel cycles is made, the value of
P-critical/BOC will decrease by a factor of two. Similarly, if operating experience data shows
that the number of unit startups per year changes, then the value of P-critical/not-BOC will
change accordingly. The selection of the inputs can also be made with attention to the margin
available in the results of the application of the methodology, so that there is less chance that the
input value will be exceeded in the future. This periodic check can be incorporated into the
review of the REA analysis that is required for each reload core design. If an input value is
exceeded then an evaluation of the impact of the change must be performed. The results of

the evaluation might include a reanalysis or implementation of other compensatory measures.

4.7 Alternative Approach

As an alternative approach to the probability-based methodology, the REA 3D analysis can
assume conscervative bounding values for analysis inputs without consideration of probability.
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CORE MODEL

Three-dimensional (3D) core models for transient analysis are usually based on a similar 3D
model used for static core analysis and fuel management. The core is usually divided into a
number of radial and axial nodes. The radial nodalization of a fuel management model typically
uses 2x2 radial nodes per assembly to correctly account for the effect of exposure gradients on
the radial power distributions. For transient analysis, especially at end-of-cycle, a 1x1 radial node
per assembly model with node properties homogenized from a 2x2 fuel management model may
be adequate. Axial nodalization is usually a result of practical considerations such as the location
of axial zone boundaries, which occur because of part length absorber rods, axial blankets, and
other discontinuities. A typical PWR with a 12 foot fuel active length is typically divided into
16-24 axial nodes.

Starting with the 3D core model and the initial conditions for the REA analysis, ejected rod
worths are determined from static calculations for the possible ejected rods. A transient REA
analysis is then conducted for ejected rods of sufficient worth to produce a significant Acal/gm
result. The 3D transient REA calculation provides fuel temperature results for each node in the
core. These results can be used directly to calculate fuel enthalpy on a node averaged basis. Due
to local power peaking effects, the hottest pin in a node and the hottest pellet in the hot pin will
have higher power than the node average. These local effects must be addressed in the
calculation of the fuel enthalpy. The transient core power and power distribution obtained from
the 3D model can also be used as initial and boundary conditions to drive a separate detailed hot
rod model.

5.1 Code Requirements

The 3D kinetics code must solve the three-dimensional space-dependent reactor static and
transient neutronic problem with thermal-hydraulic feedback.

The problem can be stated as a set of time and space-dependent coupled partial differential
equations. In a multigroup diffusion theory approximation these are written in a matrix form with
brackets denoting the matrices as:

v* [D(’_'J)]z [q)(f’ t)] - [ZT(Zs t)] [d)(r’ t)]
+1-)l ] 3v2 )] (o)
+3 4, [216E) = L' 2ok

d=1
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And,
1 r 0
[ 4v ] el Ac =2, )sa =1,2...p

Where,

D(rt) = diffusion coefficient

O(r,t) = flux

z(r t) = macroscopic total cross section minus scattering cross sections

p = total delayed neutron fraction

Xn = prompt fission neutron fraction

A = cigenvalue

v = neutron yield per fission

X, = macroscopic fission cross section

A = delayed neutron decay constant

Xa = delayed fission neutron fraction

O
&
I

delayed neutron precursor concentration

=
=
L
—
il

inverse neutron velocity

Ba

delayed necutron fraction

The above notation is standard except that the matrix [Z,(r, t)] contains the macroscopic total
cross section minus scattering cross sections and 3 represents the total delayed neutron fraction,
while B, represents the delayed neutron fraction for each delayed neutron group.

This problem has been solved by fine-mesh diffusion theory methods, although these are very
computer-resource intensive. Coarse-mesh diffusion theory methods are very inaccurate unless
modified. Modified coarse-mesh diffusion theory methods have been successfully applied to this
problem. Various finite-element models have also been successfully applied to this problem.
Many current 3D models use an advanced nodal method, incorporating transverse —integrated
leakages. Advanced nodal methods typically accept homogenized fuel assembly cross sections as
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input, with assembly discontinuity factors to account for the heterogeneous fuel. The global flux
distributions in the assembly can be readily calculated. This allows for overlaying local flux
variations on the global solution in the assemblies to reconstruct pin power distributions. Pin
power reconstruction from global fluxes and local variations is a useful capability.

Cross-section models must account for exposure, fuel and moderator temperatures, boron and
fission product concentrations, temperature history and boron history effects, and control rod
history effects.

The thermal-hydraulic feedback part of the calculation requires static and transient models of
fuel temperature and water temperature or density. The essential feedback variables are the
average fuel rod temperature, the average coolant temperature, and the average coolant density.

Very brief transients can be solved using an adiabatic assumption that no heat is transferred from
the fuel to the coolant. This adiabatic assumption can potentially produce overly-conservative
results. However, this assumption is non-conservative in the presence of a positive moderator
coefficient.

The fuel rod model requires material properties and powers from the nuclear calculation, and
coolant conditions and heat transfer coefficients as boundary conditions. The coolant model
requires material properties, heat transfer coefficient models, and boundary conditions such as
inlet flow, temperature, and exit pressure. Calculated fuel temperatures and moderator
temperatures or densities are fed back to the cross section model to determine cross sections in
the solution mesh.

The transient solution is typically obtained by breaking the transient up into time steps. The time
steps may be completely specified by the user, or calculated by the code based on limiting the
magnitude of change per time step for key parameters, or other algorithms. The solution in each
time step is usually as follows:

1. Apply cross section changes due to external perturbations

o

Update thermal-hydraulic boundary conditions

3. Update coupling and advance flux solution

4. Update thermal-hydraulic variables

5. Update cross sections

6. Update delayed neutron precursors and prompt and delayed neutron solution
7. Perform edits and start next time step

Note that the nuclear and thermal-hydraulic calculations may have different limiting time steps,
and both must be accounted for. Generally, time-step sensitivity studies will be necessary to
assure numerical convergence. Higher Acal/gm values are usually associated with larger power
excursions or smaller pulse widths, and hence require smaller time steps.

The power is calculated for every node in the core at every time step in the course of the
transient calculation. The power distribution for any assembly in the core can then be obtained. If
pin power reconstruction techniques are used, or if a pin-to-box factor is applied, the power
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distribution for any fuel pin in the core can be obtained. This result can also be used as a
boundary condition for a hot rod model.

The 3D core model input typically consists of:

e Code options and iteration parameters

e Core neutronic boundary conditions

e Core composition and mesh spacing

e Cross sections and delayed neutron parameters
e Transient time step inputs

e Thermal-hydraulic parameters and conditions including inlet flow, inlet temperature, and
core pressure

e Control rod positions
e Control rod, thermal-hydraulic and boron perturbations during the transicnt

e Fuel rod thermal parameters

Cross sections are almost always obtained from external library files. Delayed neutron
parameters may also be obtained from external library files.

Reactivity parameters such as control rod worth, Doppler coefficient, and moderator coefficient
are functions of the input geometry, initial state variables, and the cross scction library. It is
seldom possible to change one parameter without influencing others in a 3D model. For example,
a change in control rod worth will also change peaking factors.

The 3D core model output for practical reasons consists of a chosen subset of the parameters
calculated during the transient. It is possible to produce powers and state variables (such as fuel
temperature) for every solution node for every time step in the core. Since this would be
impossibly voluminous, a more limited set of solution nodes and time steps is normally chosen.
Parameters such as the total core power, maximum peak-to-average power, and peak power
location may be edited frequently, while the power distribution and/or the thermal-hydraulic
parameter distribution may be edited at less frequent intervals.

Important variables in the analysis are the fuel arrangement, fuel cross sections and delayed
neutron parameters, fuel node exposure and history parameters, initial control rod positions and
initial thermal-hydraulic parameters.

5.2 Typical Initial and Boundary Conditions

The worst condition for a rod ejection accident is typically at the end-of-cycle (EOC) for the hot
zero power (HZP) condition with control rods at the insertion limit. The HZP condition has the
largest allowable rod insertion limits (maximizing potential ejected rod worth) and minimizes the
benefit of thermal-hydraulic feedback on the event. The EOC exposure minimizes the value of
beta, the delayed neutron fraction, thereby maximizing the cjected rod worth in dollars.
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5.3 Rod Ejection Accident Modeling Elements

The REA 3D Analysis Focus Group developed a table to identify the elements to be considered
in the development of the proposed REA 3D analysis methodology. As a starting point for
identifying these elements, Regulatory Guide 1.77 [1] was used. Table 5-1 identifies the
elements and the disposition of each element in the proposed REA 3D methodology as decided
by the Focus Group. The elements that are related to the fuel rod model are shown in Chapter 6,
Table 6-1. It is also noted that additional elements that were identified by the Focus Group that
were not included in Regulatory Guide 1.77 were added to the table at the bottom.

Table 5-1
REA 3D Methodology / 3D Kinetics Model Elements

REA Analysis Considerations For Elements | Focus Group Decision For Proposed REA 3d
Of Reg. Guide 1.77 Methodology

A. Initial Core Conditions

Zero power (BOL & EOL) Use probability-based approach to determine
what initia! core conditions must be analyzed. As
Low power (BOL & EOL) a minimum analyze HZP initial condition at BOC

Full power (BOL & EOL) and EOC.

B. Loss of Primary System Integrity
Effects to be included RCS overpressure not part of the scope

C. Ejected Rod Worth

a. Maximum inserted position based on a. Consistent with rod insertion fimits

power level
b. Additional fully or partially inserted b. Use probability-based approach to address
misaligned or inoperable rods if off-normal conditions
allowed
¢. Increase worth to account for ¢. Key parameter - uncertainty value included.
calculation uncertainties The uncertainty in ejected rod worth will be
included in combination with the uncertainty in
beta-effective. This is based on how rod
worths are measured.
d. Increase worth to account for xenon d. No xenon penalty for HZP BOC case since no
transients xenon should exist. For HZP EOC and other

cases, xenon distributions are to be consistent
with the plant evolution leading to the core
initial conditions.

D. Reactivity Insertion Rate

a. Based on differential rod worth curve a. The 3D model will predict the reactivity worth

and rod position vs. time curve as a function of ejected rod position.
b. Rate of ejection based on maximum b. Considered in input to model. Typical ejection
AP and weight and cross-sectional time is 0.1 second (from full insertion).

area of the control rod and drive shaft
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Table 5-1

REA 3D Methodology / 3D Kinetics Model Elements (Continued)

REA Analysis Considerations For Elements
Of Reg. Guide 1.77

Focus Group Decision For Proposed REA 3d
Methodology

E. Effective Delayed Neutron Fraction and
Prompt Neutron Lifetime

a. Use available data and average based
on fission fractions

b. Use minimum calculated value for the
given reactor state

c. Consider both the power excursion
and the power reduction when
selecting a conservative value

a. Use of 3D model allows nodal values to be
used

b. Values consistent with time-in-cycle will be
used

c. Key parameter - uncertainty value included.
The uncertainty in beta-effective will be
modeled in combination with the ejected rod
worth uncertainty. The prompt neutron lifetime
is replaced by the inverse velocity when using
a 3D model. This parameter is not a key
parameter as determined by sensitivity
analyses, and nominal values will be used.

F. Initial Pressure, Flow, and Temperature

For the Acal/lgm analysis, nominal values are
suitable for the 3D analysis. Use conservative
values in the hot rod analysis. Ensure that flow is
consistent with technical specifications.

G. Fuel Thermal Properties
a. Fuel-cladding gap gas conductivity
b. Fuel thermal conductivity

c. Direct moderator heating

a) Bounding low
b) Nominal
c) Nominal

Refer to Table 6-1 for Fuel Rod Model

H. UO, Specific Heat

Use nominal values in 3D code

Refer to Table 6-1 for Fuel Rod Model

. Moderator Reactivity Coefficient

To include effects of voids, pressure,
temperature, and boron

Key parameter - uncertainty value included. The
uncertainty will be quantified and applied either
deterministically or statistically.




Table 5-1

Core Model

REA 3D Methodology / 3D Kinetics Model Elements (Continued)

REA Analysis Considerations For Elements
Of Reg. Guide 1.77

Focus Group Decision For Proposed REA 3d
Methodology

J. Doppler Coefficient

To include corrections for pin shadowing
and should compare conservatively to
data. Uncertainty in fuel temperature to be
included.

Key parameter - uncertainty value included. The
uncertainty will be quantified and applied either
deterministically or statistically.

K. Control Rod Reactivity

Insertion on reactor trip to include correct
initial position, differential worth curve, etc.

Use minimum trip worth and conservative rod
position vs. time.

L. Reactor Trip Delay Time

Use conservative trip delay time.

M. Computer Code
Coupled t-h/nuclear model

All reactivity feedback mechanisms

Axial and radial nodes

a
b
c. Atleast 6 delayed neutron groups
d
e. Coolant flow modeled

f.

Trip on flux or pressure

All addressed by use of 3D code.

N. Analytical Models and Computer Codes
a. Documented and justified

b. Conservatism evaluated by
comparison with experiment or more
sophisticated codes

¢. Changes in flux shapes should be
investigated

d. Conservatism of the flux shapes used
for reactivity input and feedback, peak
energy deposition, total energy, and
gross heat transfer to the coolant
should be evaluated

e. Sensitivity studies on Doppler, power
distribution, fuel heat transfer
parameters and other relevant
parameters should be included

These issues will be addressed by each
organization in the submittal describing their
specific application of the 3D method.

O. Pressure Surge

RCS overpressure not part of the scope.

P. Pin Census

Conventional approach to performing a pin
census is acceptable




Core Model

Table 5-1

REA 3D Methodology / 3D Kinetics Model Elements (Continued)

REA Analysis Considerations For Elements
Of Reg. Guide 1.77

Focus Group Decision For Proposed REA 3d
Methodology

Additional items not

Called Out in R.G. 1.77

AA. Initial Power Distribution / Cross Sections

Initial power distribution and cross sections to be
consistent with technical specifications and core
operating limits. Modifications to cross sections
are then implemented to obtain the desired
changes in ejected rod worth, Doppler feedback,
and moderator feedback. Off-normal conditions,
such as core tilt and misaligned control rods to be
evaluated by the probability-based approach in
Chapter 4.

BB. Pin-to-Node Factor

The effects of local power peaking are to be
addressed

CC. Reload Checks

Conventional approach will confirm that the
analysis of record remains valid for each reload
core. Otherwise the analysis must be revised, or
the core must be re-designed.

DD. Pellet-Cladding Gap Model

Use nominal values in the 3D code, with static or
dynamic gap model. Ensure modeling is
appropriate if cal/gm resuits are sensitive.

Refer to Table 6-1 for Fuel Rod Model

EE. Onset of DNB Can be predicted by an approved CHF correlation
or assumed to occur at a bounding time.

FF. Post-DNB Heat Transfer Any credit for post-DNB heat transfer must be
justified.
Refer to Table 6-1 for Fuel Rod Model

GG. Calculation of cal/gm Can use either the 3D code fuel rod model heat

transfer solution, or a calculation of energy
deposition. Need to include the local power
distribution effect. Need to ensure that any heat
transfer from the fuel pellet is conservatively
modeled.

Refer to Table 6-1 for Fuel Rod Model

HH. Fuel Pellet Radial Power Profile

The effect of the pellet radial power profile must
be considered.

Refer to Table 6-1 for Fuel Rod Model
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FUEL ROD MODEL

The most important factors in the fuel rod analysis for calculating the fuel enthalpy increase are
the power produced and the fuel heat capacity. Fuel rod models in rod ejection analysis have two
purposes. One is to calculate fuel rod temperatures in the 3D nodal code to determine Doppler ?
feedback. The other is to calculate the fuel enthalpy or to provide input for fuel rod enthalpy ‘
calculations in a hot rod model.

These models can range from simple adiabatic models, to lumped parameter models with user
input parameters or input from material property routines, to more detailed heat conduction
models which explicitly represent the fuel, clad, gap, coolant and surface heat transfer effects.

Using an adiabatic assumption for the surface heat transfer, the fuel temperature is found directly
from the power and heat capacity such that:

%7;— = Power density/heat capacity

In a lumped parameter model, an equivalent heat capacity and equivalent thermal conductivity
for the fuel rod are found for the combined fuel, gap, and cladding. The heat transfer at the rod
surface and the coolant properties are determined separately.

Node average models can be used to find the fuel rod enthalpy on a node average basis. Pin
power peaking factors, obtained from pin-to-box factors or pin power reconstruction, are
necessary for analysis of the highest power rod.

The time-dependent core power and power distribution obtained from a 3D nodal code can be
used to drive a hot rod model. In a simple case, the hot rod model could be basically the same as
the nodal model, but using the higher powers associated with the peak rod. In the extreme case,
the hot rod model could be a transient fuel mechanical model with a complete dynamic
representation of a fuel rod with fuel relocation, clad expansion, dynamic gap conductance, and
other mechanical and thermal-hydraulic effects accounted for.

6.1 Code Requirements

The fuel rod model must calculate fuel temperatures, either node-averaged for use in Doppler
feedback calculations, or pin-specific, to determine the fuel enthalpy values. The ultimate

purpose of the fuel rod model is to produce fuel rod enthalpy in cal/gm or a Acal/gm values.

The fuel enthalpy can be determined from a correlation of UQ, enthalpy to UQO, temperature,
such as that of Kerrisk and Clifton [14].

The fuel heat capacity can be input by the user or found from material property routines such as
MATPRO [15].
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Fuel Rod Model

Heat transfer to the coolant during the event will affect the fuel temperature and enthalpy
depending on whether the moderator coefficient is positive or negative. The Doppler feedback
will increase with a decrease in heat transfer to the coolant, which would tend to decrease the
peak power in the event. Moderator feedback can cither increase or decrease reactivity and the
peak power in the event. Heat transfer may be by conduction through the cladding and heat
transfer at the fuel rod surface, or by direct moderator heating in the coolant from neutrons and
gamma radiation.

6.2 Initial and Boundary Conditions

All models must have an initial value of fuel temperature. For fuel rod models with heat transfer
to the coolant, the initial coolant conditions of flow, pressure, and enthalpy or temperature must
be supplied. The pellet-cladding gap must be characterized in terms of width, gap conductivity,
etc. The occurrence of a departure from nucleate boiling condition must be predicted with an
appropriate critical heat flux correlation.

Assuming an adiabatic boundary condition for the fuel rod would tend to give more conservative
results, as none of the heat produced in the rod during the event is lost. The only factors in an
adiabatic fuel rod analysis are the power produced and the fuel heat capacity.

6.3 Rod Ejection Accident Modeling Elements

Similar to the information presented on the core physics modeling elements in Table 5-1,
Table 6-1 shows the Focus Group position on the various elements of Regulatory Guide 1.77
[1] related to fuel rod modeling.

Table 6-1
REA 3D Methodology/Fuel Rod Model Elements

REA Analysis Considerations for Elements Focus Group Decision for Proposed
of Reg. Guide 1.77 REA 3d Methodology
G. Fuel Thermal Properties
a. Fuel-cladding gap gas conductivity a. The gas conductivity is modeled as a bounding
low value
b. Thermal conductivity b. Use standard values for material properties
¢. Direct moderator heating ¢. Use nominal value
H. UO, Specific Heat Use standard values for material properties.
DD. Pellet-Cladding Gap Model Static or dynamic gap model can be used. Any

increase in heat transfer, such as would occur due to
gap closure, must be justified.

EE. Onset of DNB Can be predicted by an approved CHF correlation or
assumed to occur at a bounding early time.

FF. Post-DNB Heat Transfer Any credit for post-DNB heat transfer must be justified

GG. Calculation of cal/gm The effects of 3D local power peaking must be
included.

HH. Fuel Pellet Radial Power Profile The effect of the pellet radial power profile must be
considered.
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DEMONSTRATION ANALYSES

7.1  Overview

The objective of the REA 3D methodology is to provide a conservative but more realistic REA
analysis methodology through the explicit 3D analysis of the REA core response. The proposed
REA 3D methodology described in the previous chapters of this report is applied in
demonstration analyses that are detailed in Appendices A, B, C, and D. These demonstration
analyses are summarized in this chapter.

The methodology is demonstrated for four reactor types - a two-loop Westinghouse reactor
(Appendix A), a two loop Westinghouse/CE reactor (Appendix B), a four-loop Westinghouse
reactor (Appendix C), and a B&W reactor (Appendix D). The analyses employ three different
3D core kinetics codes. Some of the demonstration analyses also employ a separate hot fuel rod
analysis code.

End-of-cycle was selected due to the typically higher value of ejected rod worth in dollars
(ERWS), and due to interest in the effect of higher burnup fuel. In addition, all of the analyses
assumed a value of 10% for the uncertainty in the ejected rod worth in dollars, the Doppler fuel
temperature coefficient of reactivity, and the moderator coefficient of reactivity. The value of
10% uncertainty is chosen for demonstration purposes only.

None of the demonstration analyses include “off-normal” core conditions as described in the
probability-based approach in Chapter 4. This can be interpreted as being consistent with having
shown by following the methodology of Chapter 4 that the off-normal core conditions were of
sufficient low probability that they could be excluded from the cases analyzed.

The statistical analysis approach described in Chapter 3 is applied for each of the demonstration
analyses.

The ejected rod worth for some of the demonstration analyses was increased from the actual
value to a value large enough to obtain a prompt-critical power excursion. This was
accomplished by applying a multiplier to the appropriate cross section inputs. Increasing the
ejected rod worth was necessary to demonstrate the methodology. Otherwise the core response to
the actual ejected rod worth would be benign in most cases.
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Demonstration Analyses

7.2 Summary of Results

The details of the analysis results are provided in the respective appendices. Some of the key
observations are as follows, with key results summarized in Table 7-1.

1.

19

For some cores, the ejected rod does not have sufficient worth to cause a significant prompt-
critical core power response.

The ejected rod worth in dollars is the dominant input parameter. A value in the range of
S1.40 is necessary to obtain a significant power excursion.

An cjected rod worth on the order of $1.50 will result in a peak enthalpy increase of about 45
Acal/gm, and a peak fuel enthalpy of about 65 cal/gm.

The pulse width decreases with increasing ejected rod worth. Values ranged irom 25 to 28
msec for the more limiting analyses.

The margin gained from the statistical analysis approach was small. For larger ejected rod
worths or higher uncertainty values the margin gain can be larger.

A pin census analysis was not performed in the demonstration analyses because the peak
cal/gm result was small.

At the time of publication of this report the future cal/gm regulatory acceptance limits are still a
topic of discussion between industry and the NRC. Consequently, no conclusions can be made
relative to the acceptability of the results of the demonstration analyses. Nevertheless, the
proposed 3D methodology does provide a significant improvement in accuracy in the modeling
of the REA in pressurized water reactors. The application of a probability-based approach to
determine the core conditions to be analyzed is consistent with current regulatory initiatives. The
combination of more accurate analytical methods and more realistic assumptions provides
margin needed to address the current regulatory issue.

Table 7-1
Summary of Demonstration Analyses Results

Reference Reference Conservative Statistical Conservative
Reactor Design | Ejected Rod Case (Acaligm | Case (Acallgm | Case (Acalﬁ;m Case Pulse
Worth (S) and Peak and Peak and Pea Width (msec)
cal/gm) cal/gm) cal/gm)
W Two-Loop 1.28 241744 36/56 33/53 39
W/CE Two-Loop 1.45 30/48 43/61 38.1/56.1 32
W Four-Loop 1.32 24/39 33/49 31/47 28
B&W 1.39 31/46 42 /57 39/54 25

RN —
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CONCLUSIONS

A methodology for PWR REA analysis has been developed that uses 3D kinetics methods to
more accurately represent the transient power distribution in the reactor core, and hence the
energy deposition in the hot fuel rod. The methodology uses probability-based assumptions to
limit the number of accident scenarios to be investigated. Key parameters in the analysis have
been identified, and the uncertainties in these key parameters can be treated deterministically or
statistically, as options to the user.

Using probability-based assumptions, an approach is provided to determine what initial
conditions need to be considered in the scope of REA analysis for quantifying the margin to the
cal/gm limit. This approach involves plant-specific data, but it is expected that most off-normal
core initial conditions can be screened out based on low probability. The initial xenon
distribution is also an important core initial condition that must be determined consistent with the
evolution of plant operations at the time of the event. An approach for determining the range of
initial xenon conditions to be considered is provided.

The key parameters in PWR REA analysis are determined to be the worth of the ejected rod in
dollars, the fuel Doppler reactivity coefficient, the moderator reactivity coefficient, and the core
power peaking uncertainty. Other parameters are known with good accuracy, and therefore
nominal values can be assumed. A deterministic application of the methodology involves explicit
analysis using conservative values for these key parameters. An analysis is performed for each of
the core conditions that can result in a significant Acal/gm result. In a statistical application of
the methodology, a reference case calculation is performed by assuming nominal values for the
key parameters. Then sensitivity cases are run which separately include the uncertainties in the
key parameters. The results of these sensitivity cases are then combined using the SRSS
methodology to obtain the statistical result.

A demonstration of the methodology has been undertaken for four different reactor types —a
two-loop Westinghouse reactor, a two-loop Westinghouse/CE reactor, a four-loop Westinghouse
reactor, and a B&W reactor. The demonstration analyses used similar initial conditions and
assumptions for ease of comparison. The results of the demonstration cases should not be
interpreted as bounding. For example, the uncertainty values used were assumed values only, and
the probability-based element of the methodology was not performed. The results of the
demonstration analyses do indicate that a substantial margin gain in the cal/gm result should be
achieved relative to current licensing basis results.

The information presented in this report is considered to be useful as a standard REA 3D
methodology approach to gain margin in the cal/gm result. Implementation of this methodology
on a plant-specific basis will require additional methodology development and licensing actions
to obtain NRC approval prior to implementation.
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DEMONSTRATION ANALYSIS FOR TWO-LOOP
WESTINGHOUSE REACTOR

A.1 Overview

Prairie Island Units 1 and 2 have been in operation for more than 25 years. They represent an
early Westinghouse core design consisting of a two-loop NSSS plant rated at 1650 MWth. The
core consists of 121 14x14 fuel assemblies, currently all fabricated by Westinghouse. The core
size, together with an optimized (aggressive, 4.95% U enrichment, 8% Gadolinium) core design
and loading in order to achieve longer cycles, results in best-estimate ejected rod worths already
above the $1 threshold. This REA study addresses the Prairie Island Unit 1 Cycle 19 core
specifically. Figure A-1 shows the core loading pattern for that cycle. Assuming the core at hot
zero power (HZP) and end-of-cycle (EOC), Figure A-2 identifies the ejected rod worths,
assuming a 1/8" core symmetry, based on the most limiting condition of all rods at the
appropriate insertion limits. Note that these ejected rod worth values are obtained from a best-
estimate model, no cross-section modification was needed. The nodalization scheme used for the
REA simulations presented here specified 4 nodes assigned to each fuel assembly (2x2 radial
nodalization per assembly) and 24 equally spaced axial planes.

CORETRAN [1] is an EPRI code developed for simulating light water reactor cores during both
normal (e.g., depletion, core-follow) and transient operations. It is based on the Analytical Nodal
Method (ANM) and allows a full three-dimensional time-dependent treatment of the reactor
core. The ANM is derived from the 2-group time-dependent diffusion equations together with
the assumption of six delayed neutron precursors families. All neutronic parameters (cross-
sections, ADF’s, Betas, velocities, pin-powers form functions) are treated as fuel type dependent
and accordingly functionalized so that their dependence on both historical and transient feedback
conditions can be emulated. CORETRAN offers 3 options for thermal-hydraulics: the
Homogeneous Equilibrium Mixture (HEM) option (identical to the EPRI code VIPRE-01), the
Closed-Channel Drift Flux option, and the Two-Fluid 6-equation option. For the study reported
here, the second option was chosen where a nodal-averaged characteristic pin heat radial
conduction is finite-mesh solved and coupled with the thermal-hydraulic condition of the local
coolant. Fuel (UO,) properties are based on MATPRO [2] correlations. CORETRAN is expected
to be brought to the NRC for review in the near future. Some of its components, however, have
already been accepted by the NRC as in the safety evaluation report [3] granted to Duke Power
for their REA analysis and the recent safety evaluation report [4] granted to RETRAN-3D [5].
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PI119 EOC Assembly Average Burnup Distribution
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Figure A-2

PI119 Control Rod Pattern at HZP Insertion Limits

CORETRAN calculates the fuel enthalpy on a nodal average basis, using a MATPRO correlation
where fuel enthalpy is expressed as a function of fuel temperature. The same average fuel
temperature (obtained from the volume-averaging of the fuel temperature resulting from the heat
conduction solution over the fuel pellet) that is used for Doppler feedback purpose is therefore
“expressed” as stored energy (cal/gm) within the fuel. In order to obtain the fuel enthalpy at the
hottest pin and not the average pin, a small post-processing program was developed making use
of the time-dependent nodal powers and pin-powers calculated by CORETRAN. Assuming an
adiabatic condition, one can say that all the power developed within a pin during the transient is
equivalent to a rise in stored energy; i.e. enthalpy. This approach leads to a relationship where
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the ratio between the enthalpy rise and energy deposited/stored for a given pin is the same as the
ratio for the average pin. The adiabatic approach is carried up to 0.5 sec into the transient,
roughly corresponding to the point in time when the Doppler effect has controlled the power
excursion. Based on the average time-constant for the heat to be conducted out of the fuel

(1 to 2 seconds), the adiabatic assumption is a rather good approximation and yet conservative.

A.2 Description of Analysis

The initial conditions for the REA study are summarized in Table A-1 and, as identified in
Figure A-2, the rod to be ejected is at position K7, with an ¢jected worth of $1.28. This is the
“reference” case, no modification so far has been applied to the core model. Figure A-3 shows
the average assembly power radial distribution at the onset of the rod ejection.

The rod is ¢jected in 0.1 seconds, assuming a constant cjection speed. No consideration is given
to trip signals since, by the time control rods are scrammed into the core, the real “bang” of the
transient has already taken place, with Doppler being responsible to control the power excursion.
Peak fuel enthalpies occur well before the effect of inserted control rods. The transient is
simulated over a 1 second period.

In order to establish the sensitivity of the “reference” case to key specific parameters (ejected rod
worth, Doppler temperature coefficient, and moderator temperature coefficient), a series of extra
REA simulations were performed where the “reference” case is slightly modified and the
resulting peak enthalpy rise is then compared against the reference value Acal/gm. This was a
way of quantifying the effects of uncertainties in these key parameters and their effect upon the
Acal/gm results. By the use of specific multiplicative factors, the CORETRAN user can request
changes to ejected rod worth, Doppler temperature coefficient, and moderator temperature
coefficient, among other core integral parameters. Each of the three key parameters was
adversely changed by 10%. Also performed was a “‘conservative” case REA simulation where all
three key parameters are modified at the same time.

Table A-1
Pl1119 Core Initial Conditions
Parameter Condition Value

Time-in-cycle EOC 500 EFPD
Power level HZP 1.0 MWatt
Temperature HZP T-inlet 547°F
Core flow 100% design flow 73.43 E6 Ibm/hr
Control rods HZP rod insertion limit Bank D: 0 swd, Bank C: 41 swd, Bank B: 173 swd
Boron Critical 349 ppm
Xenon No xenon
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PI119 Initial Normalized Assembly Radial Power Distribution
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Finally, under a statistical analysis approach, a SRSS combination of uncertainties methodology
is applied to the Acal/gm results of the three sensitivity analyses plus a fourth value which is a
10% increase on the results of the “reference” case to account for the uncertainty in the
prediction of the power peaking. The result of the statistical calculation is an alternative to the
result of the “conservative” case in which the uncertainties in the key parameters are applied
simultaneously. The Acal/gm results are converted to peak enthalpy values by adding the initial
enthalpy value of 20 cal/gm.

A.3 Results

Table A-2 summarizes the results from the sensitivity studies that were performed, including
CORETRAN’s prediction for Fq and FAH. Note that the hot pin fuel enthalpy rise is less than
10% higher than the corresponding nodal average fuel enthalpy rise. The pulse widths were
calculated at the half-height of the power pulses. The MTC perturbed case was not run
(historically: one did not expect to see that much of an effect; instead, one decided to observe the
compound effect of modifying both ERW and DTC). The effect of singly modifying the MTC
can be inferred by comparing against the “conservative” casc.

Table A-2
PI119 REA Sensitivity Cases
Ap Acal/gm | Acal/gm Peak Pulse
Cases SM Nodal Pin cal/gm Fq FAH Width
g {(msec)
Reference Case 1.28 22 24 44 7.38 3.93 56
+10% rod worth 1.40 30 32 52 8.19 4.21 40
-10% Doppler 1.28 24 26 46 7.40 3.93 56
+10% rod worth,
-10% Doppler 1.40 32 35 55 8.21 4,22 40
+10% rod worth,
-10% Doppler, 1.40 33 36 56 8.23 4.21 39
-10% MTC

Figure A-4 shows the power excursion observed for the “reference” case. Figure A-5 is the
resulting nodal fuel enthalpy rise also observed from the “reference case”. Figure A-6 shows
how the radial power was distributed at the time the power peaked during the “reference” cases
simulation. As expected, there is a major shift of power towards the area where the rod is ejected.

Figures A-7 & A-8 are provided in order to compare the *“reference case against the
“conservative” case. Figure A-9 shows the radial power distribution at the time of the peak
power for the “conservative” case. The concentration of power around the ¢jected rod is now
even more prevalent, as expected.
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1 2 3 4 5 6 7 8 9 10 1 12 13
A 0.162 0.171 0.163
B 0232 | 0560 | 0595 | 0362 | 0595 | 0559 | 0.231
c 0274 | 0622 | 0595 | 0556 | 0435 fo.’sss’; 0595 | 0621 | 0274
D 0265 | 0674 | 0542 | 0608 | 0894 0.6_45,’ 0.893 ‘o./eO7 0540 | 0672 | 0.265
E 0684 | 0701 | o674 | 0715 | 0811 | 0700 | 0811 | 0713 | 0673 | 06se | oss2

F 0.220 0.785 0.714 1.101 0.927 1.083 0.774 1.052 0.924 1.098 0.712 0.783 0.220

G 0.256 0.539 0.635 0.915 1.062 0.947 0.504 0.945 1.059 0.913 0.634 0.537 0.256

H 0.267 0.993 0.931 1.469 1.301 1.578 1.241 1.576 1.300 1.467 0.929 0.991 0.267

l 1.011 1.103 1.152 1.403 1.813 1.862 1.812 1.401 1.149 1.101 1.009

J 0.454 1.282 1.185 1.642 1.641 1.183 1.280 0.453
K 0.636 1.725 1.723 0.636

L 0.745 1.945 0.745

M 0.748 0.837 0.747

- power > 2.0

Legend: - 1.5 < power<2.0

-1.0 < power < 1.5

-0.5 <power<1.0

- power < 0.5

Figure A-9
PI119 Normalized Assembly Radial Power Distribution @ “Conservative” Case Peak Power
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Figures A-10 & A-11 show together all the simulations performed for this study. It is rather clear
that the most significant parameter is the Ejected Rod Worth, followed by the Doppler
Temperature Coefficient and the Moderator Temperature Coefficient, in that order.
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The statistical approach combines the change (i.e. A/Acal/gm), relative to the “reference” case
result of 24 Acal/gm (44 cal/gm), in the Acal/gm results for the three sensitivity analyses, along
with the +10% peaking uncertainty value based on the reference case result, using the SRSS
combination of uncertaintics methodology. This statistical result is then compared to the results
of the “conservative” case (36 Acal/gm / 56 cal/gm) to determine the potential margin gain with
the statistical approach.

Result of +10% ERW sensitivity case = 32 Acal/gm (A/Acal/gm = 8)

Result of —10% DTC sensitivity case = 26 Acal/gm (A/Acal/gm = 2)

Result of —=10% MTC sensitivity case = 25 Acal/gm (A/Acal/gm = 1) <= (inferred-see above)
Result of +10% increase in F, in reference case = (A/Acal/gm =24 x 1.1 =2.4)

SRSS (A/Acal/gm) = SQRT (8" + 27 + ' + 2.4°) = 9 A/Acal/gm

Statistical result = reference case result + SRSS uncertainty = 24 + 9 = 33 Acal/gm
(53 cal/gm)

The results of the statistical analysis approach indicate that a reduction in the “conservative”
REA result from 36 to 33 Acal/gm (56 to 53 cal/gm) can be demonstrated.
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DEMONSTRATION ANALYSIS FOR TWO-LOOP
WESTINGHOUSE/CE REACTOR

B.1 Overview

The Westinghouse/CE Rod Ejection Accident (REA) demonstration analysis was performed for
a 2815 Mw(th) System 80 plant. These plants employ 177 fuel assemblies having a 16 X 16 fuel
matrix, and have an active fuel length of 150 inches. The control rods that are allowed to be
inserted in Mode 1 and 2 are comprised of four large B,C fingers that are inserted into guide
tubes that displace a 2 x 2 region of fuel. An equilibrium fuel cycle was modeled. Figure B-1
shows the fuel management layout.

All control rods that are allowed to be at least partially inserted at the HZP PDIL (Power
Dependent Insertion Limit) are assumed to be fully inserted in the demonstration analysis. This
both maximizes the worth of the ejected rod and eliminates the sensitivity of ejected worth to
axial power shape that would occur if control rods were modeled as partially inserted. The
locations of the control banks that were inserted in the demonstration calculation are shown in
Figure B-1. Note that not all of the banks shown in this figure are actually allowed by the PDIL
to be fully inserted at Hot Zero Power (HZP). Also, an additional control rod bank that actually
is not allowed to be inserted at HZP was inserted near the core center. These control rods were
added to ensure that future fuel managements were enveloped, and are shown in gray in

Figure B-1. This extra bank increases ejected rod worth and peaking, ensures that the ejected rod
is located towards the core periphery creating a greater power distribution asymmetry, and forces
the highest power assembly to be adjacent to the ejected rod location.

The location of the highest worth control rod is shown in yellow on Figure B-1. The nominal
worth of the highest worth ejected rod is approximately 0.42 %Ap. This worth, in conjunction
with a minimum value of f,, (EOL) results in a nominal ejected rod worth < 13, and
consequently there would be no prompt power excursion. To accommodate the possibility of
higher ejected rod worth in future cycles, the worth of the ejected rod for the Reference Case was
increased to 0.64 %Ap by increasing control rod absorption cross sections. To accommodate
future higher burnup cycles, the value of B, was also reduced to 0.0044, increasing the ejected
rod worth of the Reference Case to $1.45.

The REA was performed using the HERMITE multi-dimensional space-time code. This code is
described in detail in Reference 1. Reference 2 is the NRC issued SER approving HERMITE for
solving the few-group transient diffusion equations. HERMITE has been referenced in a number
of license applications and topical reports, including support for Reference 3, the C-E control rod
methodology topical report. The HERMITE model employed four neutronic nodes per fuel
assembly and 24 planes axially. Two neutron groups were employed with cross sections
generated by the DIT code described in Reference 4.
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HERMITE contains options for both open and closed channel modeling of the coolant channels.
Since little heat is transferred from the fuel rod to the coolant during the rapid initial part of the
control rod ejection transient, the simpler closed-channel option was employed. Prompt heat-up
of the coolant by gamma absorption and neutron interactions results in some (second order
effect) T-H feedback, which serves to mitigate the control rod ejection transient. Such mitigating
feedback has been neglected in the Reference calculation.

As described more fully in Reference 1, HERMITE incorporates a simplified fuel rod mode that
solves the one-dimensional radial heat conduction equation for the temperature distribution at
each axial node within a fuel pin. Power dependent gas-gap conductivity is input to this
calculation. Sensitivity studies have shown that the change in enthalpy during the control rod
ejection event is insensitive to the precise conductivity used. A conservative conductivity

(200 BTU/Hr-ft>-°F), somewhat lower than the minimum value calculated at beginning of cycle,
was used. The resulting fuel temperatures are then used to calculate initial and final hot rod
enthalpies (radial averaged enthalpy at he hot spot). Since the 3-D HERMITE calculates directly
only nodal powers, an allowance is added to the calculation of Acal/gm to including local (pin-
to-node) peaking. This allowance, as well as other adjustments to the enthalpy increase, is
discussed in more detail below.

B.2 Description of Analysis

The demonstration analysis was performed from hot zero power (HZP) initial conditions. HZP
was selected because of the increased control rod insertion allowed by the PDIL. End-of-Cycle
(EOC) was selected to minimize the value of B_,; the combination of HZP and EOC results in the
highest ejected rod worth (expressed in $). Other initial conditions are shown in Table B-1. The
Reference calculation was performed for equilibrium, full-power xenon conditions (simulating a
rapid power reduction from HFP); the xenon free condition (simulating an ejection after long
term operation at HZP) also was addressed. Figure B-2 shows the initial axial power distribution.
A highly top-skewed axial shape was selected, reflective of the tendency of the axial shape to
shift towards the core top at HZP. Figure B-3 provides the radial power distribution prior to
control rod ejection.

Table B-1
Core Initial Conditions Reference Case
Parameter Condition Value
Time-in-Cycle EOC See Note 1
Power Level HZP Critical 1.0 E-5 MwTh
Temperature HZP T-inlet 565 °F
100% Power | ----- 2800 MwTh
Core Flow DesignFlow | ==
Boron | ese- 0 ppm
Xenon Equilibrium Xe —
Control Rods Augmented HZP rod insertion limit See Note 2
Notes:

EOC is more adverse because of the lower value of 8, An artificially low value of §_,, 0.0044, was employed to envelop extremely

high burnup cores.

In order to envelop future operating cycles, control rod worth was increased, rods were inserted beyond the allowed zero power

insertion limit, and extra banks were added. See text.
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The highest worth control rod, which is shown in Figure B-1 was assumed to be ejected from the
full in position. The assumption that the control rod is fully inserted at the time of ejection
maximizes the worth of the ejected rod. It also eliminates the sensitivity of ejected rod worth to
axial power shape that occurs with partially inserted control rods. The control rod is assumed to
be ejected over a period of 0.05 seconds; this is much more rapid than the physical time for
ejection. The reactor trip was not modeled. Modeling of the reactor trip was unnecessary since,
as illustrated in Figure B-5, peak power occurs prior to the time when control rods can act to
mitigate the event (due to processing times, time for holding coil decay, and time for insertion,
no credit is typically taken for reactor trip during the initial two seconds of the transient).
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As noted above, the Reference Case employed a rod worth increased by about 50% and a
reduced P, to envelop future operating cycles. Control rod worth was increased by increase the
control rod absorption cross section, while f3,, was reduced by uniformly reducing the six-group
B.. s input to HERMITE. Enthalpy increase was found to be approximately linear with control
rod worth ($), as is illustrated in Figure B-4. Increasing rod worth by increasing control rod cross
section has a somewhat greater effect on enthalpy increase than does decreasing 3, because the
former also increases core peaking.
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Figure B-4
Enthalpy vs. Ejected Rod Worth
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Core Average Power vs Time - Reference Case

The sensitivity of the Reference Case to key physics parameters was also established. Each of
these sensitivity analyses represents a quantification of the effect on enthalpy due to uncertainties
in physics parameters. The capability to apply multiplicative factors to cross sections in
HERMITE was employed to alter ejected rod worth, moderator temperature coefficient (MTC),
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and fuel Doppler temperature coefficient (DTC) to the desired values. Specifically, the
sensitivity to rod worth, MTC and DTC were established by changing cach of these parameters
by £10%. The sensitivity to xenon was also determined by running cases with both zero and
equilibrium xenon distributions. The REA sensitivity cases and conditions are listed in

Table B-2. In addition, a “conservative” case was run that deterministically combines all
sensitivity factors.

Table B-2
Demonstration Analysis Cases
Description Notes
Reference Case EWR=$1.45

+10% ejected rod worth (ERW) uncertainty sensitivity | Actually, 11% increase (EWR=$1.61)

-10% DTC uncertainty sensitivity

-10% MTC uncertainty sensitivity No significant effect

Xenon sensitivity Change from equilibrium to no xenon

Conservative Case Uncertainties deterministically included in
calculation

(+10% ERW, -10% DTC, no xenon, 10% power

distribution uncertainty

B.3 Results

The results of the REA demonstration analysis are provided in Table B-3 and Figures B-5
through B-9. Figure B-5 shows the neutron power transient for the Reference Case. Peak power
of about 400% occurs after approximately 300 msec. The pulse width is approximately 45 msec.
Power is seen to decrease to about 6% after 2 sec. This near asymptotic power level is relatively
low because of the low value of gap conductance employed (the power would return to zero for a
true adiabatic heatup). The post-cjection radial power distribution is shown in Figure B-6. Note
that the peak power location does not occur in the most highly irradiated fuel, but rather in
adjacent first exposure fuel. Most appropriately, an acceptance criterion based on burnup should
be employed and compared to the enthalpy change of specific fuel assembly. However, for
simplification, only the largest enthalpy change is calculated for comparison to the most
restrictive enthalpy acceptance criteria. Figure B-7 shows the change in enthalpy of the peak pin
(radial averaged enthalpy at the hot spot) with time for the Reference Case. As this figure
illustrates, the peak enthalpy change of 29.1 cal/gm essentially is reached two seconds into the
transient.

Figure B-8 compares the peak powers for the various cases listed in Table B-3. As this figure
illustrates, only the case with increased ejected rod worth (and the “Conservative” case with
includes the increased ERW) exhibit a significant increase in peak power relative to the reference
case. The “Conservative” case is seen to reach a peak power of 879% of Full Power after 229
msec. The pulse width is approximately 32 msec. Figure B-9 compares the change in enthalpy
for each of the cases. Again, only those cases with increased ejected rod worth exhibit a
significant increase in enthalpy relative to the reference case. The change in peak pin enthalpy
for the “Conservative” case is 45.3 cal/gm.
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Table B-3
Demonstration Analysis Results
Peak T::::'? J ERW ERW Max Max Pulse
Case Power Power (% Ap) ) F, Acal/gm | Acal/gm | Width
(%FP) ° 6P (Node) | (Pin) [ (msec)
(sec)
Reference 404 0.295 0.638 1.45 14.5 27.70 29.09 45
+10% ERW 732 0.233 0.710 1.61 14.8 33.70 35.38 33
-10% DTC 456 0.294 0.638 1.45 14.6 30.72 32.26 45
No Xenon 450 0.286 0.638 1.45 14.6 28.87 30.32 43
+10% Peaking 404 0.295 0.638 1.45 15.2 30.47 32.00 45
Conservative 879 0.229 0.710 1.61 16.7 39.18 45.26 32

The statistical approach combines the change in enthalpy (A/Acal/gm), relative to the reference
case result of 30 Acal/gm, with the sensitivity established for each of the key parameters
identified in Table B-3 using the SRSS (square Root of the Sum of the Squares) combination of
uncertainties methodology. The components of the uncertainty analysis are summarized below:

Reference Case 29.1 Acal/gm

+10% ERW 35.4 Acal/gm (A/Acal/gm = 6.3)
-10% DTC 32.3 Acal/gm (A/Acal/gm = 3.2)
No xenon 30.3 Acal/gm (A/Acal/gm = 1.2)
+10% Peaking 32.0 Acal/gm (A/Acal/gm =2.9)

o=4632+322+122+2.9% =7.7cal/ gm
Statistical result = Reference Case result + uncertainty

=29.2 +7.7=136.8 Acal/gm

The results of the statistical analysis indicate that a reduction in the conservative REA result
from 45.3 to 36.8 Acal/gm (61 to 56 cal/gm) can be demonstrated.
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DEMONSTRATION ANALYSIS FOR FOUR-LOOP
WESTINGHOUSE REACTOR

C.1 Overview

The Westinghouse four-loop plant REA 3D Acal/gm demonstration analysis is performed for the
Catawba Unit 2 Cycle 11 (C2C11) core design by Duke Power Company. Catawba Unit 2 is a
Westinghouse four-loop NSSS plant rated at 3411 MWth. The core consists of 193 17x17 fuel
assemblies. The C2C11 core is a transition (mixed) core consisting of 72 Westinghouse RFA
fuel assemblies and 121 Framatome ANP Mark-BW fuel assemblies. The C2C11 loading pattern
is a ring-of-fire low leakage design as depicted in Figure C-1. It is designed to achieve a
maximum cycle burnup of 510 EFPD. The REA demonstration analysis is performed at end-of-
cycle (EOC) hot zero power (HZP) conditions. Figure C-1 shows the two-dimensional (2D)
assembly average exposures at 510 EFPD. Note that the nominal EOC HZP conditions for

C2Cl11 do not yield sufficient ejected rod worth to achieve the desired prompt critical power
response for the demonstration of the REA 3D analysis methodology. The nominal C2C11 EOC
HZP ejected rod worth and beta-effective are 413 pcm and 0.00514, respectively. Therefore a
multiplier on the ejected control rod cross sections is applied to obtain sufficient ejected rod
worth to demonstrate the methodology. For C2C11, a multiplier of 1.18 yields an ejected rod
worth of 680 pcm ($1.32) for the REA “reference” case.

The Studsvik-Scandpower SIMULATE-3K (S3K) code (Reference 1) is a 3D transient neutronic
version of the SIMULATE-3P code. S3K uses the QPANDA full two-group nodal spatial model
developed in SIMULATE-3P, with the addition of six delayed neutron groups. The program
employs a fully-implicit time integration of the neutron flux, delayed neutron precursor, and heat
conduction models. Beta-effective is fully functionalized similar to other cross sections to
provide an accurate value of beta-effective for the time varying neutron flux. The S3K kinetics
code is approved by the NRC for REA analyses in Reference 2. The REA analysis is performed
using Version 1.26 of the S3K code.

The S3K thermal-hydraulic model includes spatial heat conduction and hydraulic channel
models. The heat conduction model solves the conduction equation on a multi-region mesh in
cylindrical coordinates. Temperature-dependent values may be employed for the heat capacity,
thermal conductivity, and gap conductance. A single characteristic pin conduction calculation is
performed consistent with the radial neutronic node geometry, with an optional calculation of the
peak pin behavior to represent a hot rod model. A single characteristic hydraulic channel
calculation is performed based on the radial neutronic node geometry. The S3K enthalpy
calculation is performed by solving for a radial temperature distribution and integrating across
the pellet to obtain the average enthalpy. The S3K REA demonstration analysis employs a
multiplier on the predicted convection heat transfer coefficient at the cladding surface to
appropriately limit heat transfer during the time period of interest.
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In addition to calculating the core thermal response and the peak fuel pellet enthalpy within the
S3K code, the EPRI VIPRE-01 thermal-hydraulic subchannel analysis code (Reference 3) is also
used with transient core power and peaking factor boundary conditions from the S3K analyses.
This hot rod analysis uses the Duke Power NRC-approved VIPRE model and methodology for
REA fuel rod thermal analyses as described in Reference 4.

43.101 | 43.427 43432 | 43.107

43107 | 43432 43.427 | 43.101

41.574 | 41.281

First Cycle

Second Cycle

Third Cycle

Fourth Cycle

Figure C-1
C2C11 EOC Assembly Average Burnup Distribution
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C.2 Description of Analysis

Initial conditions for the REA demonstration analyses are described in Table C-1. These
conditions along with the previously described ejected rod worth multiplier and convection heat
transfer coefficient multiplier define the “reference” case. The initial core radial power
distribution for the reference case is provided in Figure C-2.

The control rod is ejected at core location D-12 in 0.1 seconds. The S3K excore power range
detector model is used to generate a reactor trip signal on high flux low setpoint. The trip signal
is generated when the 3“ highest excore detector indicates 42% full power, which is the 25%
technical specification setpoint plus 17% for measurement uncertainty and margin. A 0.5 second
time delay between reaching the reactor trip setpoint and the start of control rod insertion is
assumed. The duration of the analysis is 3 seconds, which is sufficient to obtain all of the
analysis results of interest.

Three “sensitivity” analyses to the reference case are performed for the key physics parameters
to obtain the results necessary for the statistical analysis approach. Each of these sensitivity
analyses represents a quantification of the effect on the Acal/gm result due to the uncertainty in
the physics parameter. S3K has the capability to apply multiplicative factors to physics
parameter cross sections to drive ejected rod worth (ERW), moderator temperature coefficient
(MTC), and fuel Doppler temperature coefficient (DTC) to desired values. Each of these physics
parameters are changed by 10% in the conservative direction for the three sensitivity cases. The
REA sensitivity cases and conditions are listed in Table C-2. In addition, the results of a
“conservative” case that combines all three sensitivity factors are given. The Acal/gm results are
converted to peak enthalpy values by adding the initial enthalpy value of 16 cal/gm.

Table C-1
C2C11 Core Initial Conditions

Parameter Condition Value
Time-in-cycle EOC 510 EFPD
Power level HZP critical 1.0 E-7
Temperature HZP T-inlet 561°F
Core flow 78% design flow (3 RCPs) 106.31 E6 lbm/hr
Control rods HZP rod insertion limit Bank D @ 0 swd, Bank C @ 47 swd
Boron Critical 356 ppm
Xenon No xenon
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Initial Conditions Assembly Radial Power Distribution

Table C-2
C2C11 Demonstration Analysis Cases

Description S3K Cross Section Multiplier

Reference case RODOUT=1.18

+10% ejected rod worth (ERW) uncertainty sensitivity RODOUT=1.212

-10% MTC uncertainty sensitivity RODOUT=1.18, TMO=0.9

-10% DTC uncertainty sensitivity RODOUT=1.18, TFU=0.9

Conservative case (+10% ERW, -10% MTC, & DTC) RODOUT=1.212, TMO & TFU =0.9

C-4
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The hot rod analysis using the VIPRE-01 code is a conservative model and methodology. A
multi-subchannel model of the hot rod and adjacent fuel and non-fuel rods is driven with
transient radial peaking factors corresponding to the hot pin from the S3K REA analysis. The
axial power shape is assumed to remain at the initial shape for simplicity, which has been shown
to be a conservative modeling approach. The gas gap conductivity remains at the initial value to
maximize the pellet enthalpy. The VIPRE code then calculates a peak average fuel temperature
as a function of time for the hot spot on the hot rod during the REA. This transient temperature
result is then converted to enthalpy units using the equation from the MATPRO manual
(Reference 5).

The statistical analysis approach applies the SRSS combination of uncertainties methodology to
the Acal/gm results of the three sensitivity analyses plus a fourth value which is a 10% increase
on the results of the reference case to account for the uncertainty in the prediction of the power
peaking. The result of the statistical calculation is an alternative to the result of the conservative
case in which the uncertainties in the key physics parameters are applied simultaneously.

C.3 Results

The results of the REA demonstration analyses are provided in the following tables and figures.
Table C-3 provides a summary of the REA demonstration case results for the following
parameters:

e Case — description of each analysis (see Table C-2)

e Peak Power Time (sec) — time of peak neutron power

¢ Trip Signal Time (sec) — time that the trip setpoint is reached

o Peak Power (%FP) — peak neutron power

o RHO (8) - ejected rod worth in dollars

e RHO (AK/K) — ejected rod worth in AK/K units

e Core Average Moderator Temperature (’F) — maximum core average moderator temperature
e Core Average Fuel Temperature (°F) — maximum core average fuel temperature
e F_DEL-H - maximum radial pin power

¢ F-Q - maximum total power

e Max Acal/gm (Pin) — maximum Acal/g on a pin basis

e Max Acal/gm (Node) — maximum Acal/g on a nodal basis

e Peak cal/gm — peak pellet total cal/gm

e Pulse Width (msec) — full-width/half height based on core average power
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Table C-3
C2C11 Demonstration Analysis Results Case Summary
.o Core Avg.
Case Pea¥i:12wer Tn;;:r:gnal Peak Power| RHO RHO Moderate
(% FP) ) (DK/K) Temperature
(sec) (sec) (F)
Reference 0.325 0.291 549 1.32 6.80E-03 564
10% ERW 0.263 0.236 1031 1.45 7.50E-03 565
10% DTC 0.326 0.291 602 1.32 6.80E-03 564
10% MTC 0.324 0.291 557 1.32 6.80E-03 564
Conservative 0.265 0.236 1148 1.45 7.50E-03 565
CO':J';V g. Max Max Peak Pulse
Case F_DEL-H F-Q Acal/gm | Acal/gm Width
Temp(;r)ature (Pin) (Node) cal/gm (msec)
Reference 629 5.26 13.03 23 22 39 39
10% ERW 643 5.72 14.26 30 28 46 28
10% DTC 628 5.26 13.03 26 24 42 39
10% MTC 631 5.26 13.03 24 23 40 39
Conservative 643 5.72 14.26 33 31 49 28

Figure C-3 shows the neutron power transient response for the reference and conservative cases.
The peak power for the reference case is 549% and occurs at 0.32 seconds. The peak power for
the conservative case is 1148% and occurs at 0.26 seconds. Figure C-4 shows the radial fuel
assembly (2D) and total nodal (3D) power distributions at the peak power statepoint for the
reference case. Figure C-5 shows the radial fuel assembly and total nodal power distributions for
the peak power statepoint for the conservative case. Figure C-6 plots the maximum 3D Acal/gm
transient response on a pin basis for the reference and conservative cases. The maximum 3D
pellet average enthalpy increase is 23 Acal/gm (39 cal/gm) for the reference case and 33 Acal/gm
(49 cal/gm) for the conservative case.

Figure C-7 shows the core average neutron power response for the reference case, the
conservative case, and the three sensitivity cases. The peak power results for the sensitivity cases
are 1031% for the +10% ERW case, 602% for the -10%DTC case, and 557% for the -10%MTC
case (Table C-3). Figure C-8 shows the same results as Figure C-7 but the axes have been
reduced so that the REA pulse shape and width can be illustrated. The pulse widths are given in
Table C-3 and range from 28 to 39 milliseconds. Figure C-9 shows the 3D maximum delta-
enthalpy results for all cases. These results show the ejected rod worth to be the only significant
sensitive parameter in the 3D REA analysis.

The VIPRE-OI1 hot rod analysis result for the conservative case is shown in Figure C-10.
The maximum value is 35 Acal/gm (51 cal/gm). This compares well with the S3K result of

C-6




Demonstration Analysis for Four-Loop Westinghouse Reactor

33 Acal/gm (49 cal/gm) for the conservative case. The trend of the temperature prediction also
compares well with the S3K result. It can be concluded that the fuel rod and pellet thermal
models in S3K are an acceptable method for calculating the Acal/gm result for the REA.
However, if the cal/gm result predicted by S3K approaches the regulatory acceptance limit, then
the more detailed VIPRE-01 hot rod model should be used to confirm that the analysis results
meet the acceptance limit.

The statistical approach combines the change (i.e. A/Acal/gm), relative to the reference case
result of 24 Acal/gm, in the Acal/gm results for the three sensitivity analyses, along with the
+10% peaking uncertainty value based on the reference case result, using the SRSS combination
of uncertainties methodology. This statistical result is then compared to the results of the
conservative case (33 Acal/gm ) to determine the potential margin gain with the statistical
approach.

Result of +10% ERW sensitivity case = 30 Acal/gm (A/Acal/gm = 6)

Result of -10% DTC sensitivity case = 26 Acal/gm (A/Acal/gm = 2)

Result of —10% MTC sensitivity case = 25 Acal/gm (A/Acal/gm = 1)

Result of +10% increase in reference case peaking = (A/Acal/gm =24 x 1.1 =2.4)
SRSS (A/Acal/gm) = SQRT (6° + 2° + 1 + 2.4°) = 7 A/Acal/gm

Statistical result = reference case result + SRSS uncertainty = 24 + 7 = 31 Acal/gm
(47 cal/gm)
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Figure C-3
C2C11 Core Average Neutron Power
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R- P- N- M- L- K- J- H- G- F- E- D- C- B- A-
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C2C11 Reference Case Power Distribution at Peak Power Statepoint
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Figure C-5
C2C11 Conservative Case Power Distribution at Peak Power Statepoint
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C2C11 Maximum 3D A cal/gm
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Figure C-10
VIPRE-01 Hot Rod Analysis

The results of the statistical analysis approach indicate that a reduction in the conservative REA
result from 33 to 31 Acal/gm (49 to 47 cal/gm) can be demonstrated. This is not a significant
margin gain for this particular demonstration of the REA 3D methodology. The statistical
approach can also be applied to the VIPRE hot rod model analysis results.
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D

DEMONSTRATION ANALYSIS FOR TWO-LOOP B&W
REACTOR

D.1 Overview

The B&W design REA 3D Acal/gm demonstration analysis is performed for the Oconee Unit 1
Cycle 19 (O1C19) core design by Duke Power Company. Oconee Unit 1 is rated at 2568 MWth.
The core consists of 177 Framatome ANP Mk-B10 15x15 fuel assemblies.. The O1C19 loading
pattern is an in-in-out, low leakage design as shown in Figure D-1. It is designed to achieve a
cycle burnup of 500 EFPD. The REA demonstration analysis is performed at end-of-cycle (EOC)
hot zero power (HZP) conditions. Figure D-1 shows the two-dimensional (2D) assembly average
exposures at 500 EFPD. Note that the nominal EOC HZP conditions for O1C19 did not yield
sufficient ejected rod worth to achieve the desired prompt critical power response for the
demonstration of the REA 3D analysis methodology. The nominal O1C19 EOC HZP ejected rod
worth and beta-effective are 297 pcm and 0.00516, respectively. Therefore a multiplier on the
ejected control rod cross sections is applied to obtain sufficient ejected rod worth to demonstrate
the methodology. For O1C19, a multiplier of 1.46 was applied to the ejected control rod cross
sections to yield an ejected rod worth of 774 pcm ($1.50) for the REA “reference” case.

The Studsvik-Scandpower SIMULATE-3K (S3K) code (Reference 1) is a 3D transient neutronic
version of the SIMULATE-3P code. S3K uses the QPANDA full two-group nodal spatial model
developed in SIMULATE-3P, with the addition of six delayed neutron groups. The program
employs a fully-implicit time integration of the neutron flux, delayed neutron precursor, and heat
conduction models. Beta-effective is fully functionalized similar to other cross sections to
provide an accurate value of beta-effective for the time varying neutron flux. The S3K kinetics
code is approved by the NRC for REA analyses in Reference 2. The REA analysis is performed
using version 1.26 of the SIMULATE-3 Kinetics (S3K) code.

The S3K thermal-hydraulic model includes spatial heat conduction and hydraulic channel
models. The heat conduction model solves the conduction equation on a multi-region mesh in
cylindrical coordinates. Temperature-dependent values may be employed for the heat capacity,
thermal conductivity, and gap conductance. A single characteristic pin conduction calculation is
performed consistent with the radial neutronic node geometry, with an optional calculation of the
peak pin behavior to represent a hot rod model. A single characteristic hydraulic channel
calculation is performed based on the radial neutronic node geometry. The S3K enthalpy
calculation is performed by solving for a radial temperature distribution and integrating across
the pellet to obtain the average enthalpy. The S3K REA demonstration analysis employs a
multiplier on the predicted convection heat transfer coefficient at the cladding surface to
appropriately limit heat transfer during the time period of interest.

D-1
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Figure D-1

01C19 EOC Assembly Average Burnup Distribution

In addition to calculating the core thermal response and the peak fuel pellet enthalpy within the
S3K code, the EPRI VIPRE-01 thermal-hydraulic subchannel analysis code (Reference 3) is also
used with transient core power and peaking factor boundary conditions from the S3K analyses.
This hot rod analysis uses the Duke Power NRC-approved VIPRE-01 model and methodology
for REA fuel rod thermal analyses as described in Reference 2.
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D.2 Description of Analysis

Initial conditions for the REA demonstration analyses are described in Table D-1. These
conditions along with the previously described ejected rod worth multiplier and convection heat
transfer coefficient multiplier define the “reference” case. The initial core radial power
distribution for the reference case is provided in Figure D-2.

The control rod is ejected from core location L-10 in 0.15 seconds. The reactor is assumed to trip
on high flux at the time of peak neutron power, although the actual trip would occur a few
milliseconds earlier. A 0.4 second time delay between trip actuation and the start of control rod
insertion is assumed. The duration of the analysis is 4 seconds, which is sufficient to obtain all of
the analysis results of interest.

Three “sensitivity” analyses to the reference case are performed for the key physics parameters
to obtain the results necessary for the statistical analysis approach. Each of these sensitivity
analyses represents a quantification of the effect on the Acal/gm result due to the uncertainty in
the physics parameter. S3K has the capability to apply multiplicative factors to physics
parameter cross sections to drive ejected rod worth (ERW), moderator temperature coefficient
(MTC), and fuel Doppler temperature coefficient (DTC) to desired values. Each of these physics
parameters are changed by 10% in the conservative direction for the three sensitivity cases. The
REA sensitivity cases and conditions are listed in Table D-2. In addition, the results of a
“conservative” case that combines all three sensitivity factors are given. The Acal/gm results are
converted to peak enthalpy values by adding the initial enthalpy value of 15 cal/gm.

Table D-1
01C19 Core Initial Conditions

Parameter Condition Value
Burnup EOC 500 EFPD
Power HZP critical 1.0E-7 %
Temperature HZP T-inlet 532°F
Core flow 77% design flow (3 RCPs) 101.78 E6 Ibm/hr
Control rods HZP rod insertion limit Banks 5-7 fully inserted
Boron Critical 236 ppm
Xenon No xenon
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Table D-2
01C19 Demonstration Analysis Cases
Description S3K Cross Section Multiplier
Reference case RODOUT=1.4582
+10% ejected rod worth (ERW) uncertainty sensitivity RODOUT=1.4997
-10% MTC uncertainty sensitivity RODOUT=1.4582, TMO=0.9
-10% DTC uncertainty sensitivity RODOUT=1.4582, TFU=0.9
Conservative case (+10%ERW, -10% MTC & DTC) RODOUT=1.4997, TMO & TFU =0.9
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Figure D-2

01C19 Initial conditions Assembly Radial Power Distribution
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The hot rod analysis using the VIPRE-01 code is a conservative model and methodology. The
hot rod is driven with transient radial peaking factors corresponding to the hot pin from the S3K
REA analysis. The axial power shape is assumed to remain at the initial shape for simplicity,
which has been shown to be a conservative modeling approach. The gas gap conductivity
remains at the initial value to maximize the pellet enthalpy, and is a conservative assumption.
The VIPRE code then calculates a peak average fuel temperature as a function of time for the hot
spot on the hot rod during the REA. This transient temperature result is then converted to
enthalpy units using the equation from the MATPRO manual (Reference 4).

The statistical analysis approach applies the SRSS combination of uncertainties methodology to
the Acal/gm results of the three sensitivity analyses plus a fourth value which is a 10% increase
on the results of the reference case to account for the uncertainty in the prediction of the power
peaking. The result of the statistical calculation is an alternative to the result of the conservative
case in which the uncertainties in the key physics parameters are applied simultaneously.

D.3 Results

The results of the REA demonstration analyses are provided in the following tables and figures.
Table D-3 provides a summary of the REA demonstration case results for the following
parameters:

e Case — description of each analysis (see Table D-2)

e Peak Power Time (sec) — time of peak neutron power

e Trip Signal Time (sec) — time that the trip setpoint is reached

e Peak Power (%FP) —~ peak neutron power

¢ RHO (8) — ejected rod worth in dollars

e RHO (AK/K) - ejected rod worth in AK/K units

e Core Average Moderator Temperature (°F) — maximum core average moderator temperature
o Core Average Fuel Temperature (°F) — maximum core average fuel temperature
o F_DEL-H — maximum radial pin power

e F-Q - maximum total power

e Max Acal/gm (Pin) — maximum Acal/g on a pin basis

e Max Acal/gm (Node) — maximum Acal/g on a nodal basis

e Peak cal/gm — peak pellet total cal/gm

e Pulse Width (msec) — full-width/half height based on core average power

Figure D-3 shows the neutron power transient response for the reference and conservative cases.
The peak power for the reference case is 1168% and occurs at 0.33 seconds. The peak power for
the conservative case is 2113% and occurs at 0.29 seconds. Figure D-4 shows the radial fuel
assembly (2D) and total nodal (3D) power distributions at the peak power statepoint for the
reference case. Figure D-5 shows the radial fuel assembly and total nodal power distributions for
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the peak power statepoint for the conservative case. Figure D-6 plots the maximum 3D Acal/gm
transient response on a pin basis for the reference and conservative cases. The maximum 3D
pellet average enthalpy increase is 31 Acal/gm (46 cal/gm) for the reference case and 42 Acal/gm
(57 cal/gm) for the conservative case.

Table D-3
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