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ABSTRACT

This final safety evaluation report documents the technical review of General Electric-Hitachi’'s
(GEH’s) Economic Simplified Boiling-Water Reactor (ESBWR) design certification.

GEH submitted its application for the ESBWR design on August 24, 2005, in accordance with
Subpart B, “Standard Design Certifications,” of 10 CFR Part 52. The NRC formally docketed
the application for design certification (Docket No. 52-010) on December 1, 2005.

The ESBWR design is a boiling-water reactor (BWR) rated up to 4,500 megawatts thermal
(MW1) and has a rated gross electrical power output of 1,594 megawatts electric (MWe).

The ESBWR is a direct-cycle, natural circulation BWR that relies on passive systems to perform
safety functions credited in the design basis for 72 hours following an initiating event. After

72 hours, non-safety systems, either passive or active, replenish the passive systems in order to
keep them operating or perform post-accident recovery functions directly. The ESBWR design
also uses non-safety-related active systems to provide defense-in-depth capabilities for key
safety functions provided by passive systems. The ESBWR standard design includes a reactor
building that surrounds the containment, as well as buildings dedicated exclusively or primarily
to housing related systems and equipment.

On the basis of its evaluation and independent analyses, as set forth in this report, the NRC
staff concludes that GEH'’s application for design certification meets the requirements of 10 CFR
Part 52, Subpart B, that are applicable and technically relevant to the ESBWR design.

Appendix F includes a copy of the report by the Advisory Committee on Reactor Safeguards, as
required by 10 CFR 52.53.
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4.0 REACTOR

41 Introduction

In the economic simplified boiling-water reactor (ESBWR) design control document (DCD) Tier
2, Revision 9, Chapter 4 the mechanical components of the ESBWR reactor and reactor core,
including the fuel system design (fuel rods and fuel assemblies), nuclear design, thermal-
hydraulic design, reactor materials, and functional design of the control rod drive (CRD) system
are described.

DCD Tier 2, Revision 9, Chapter 4, also identifies certain areas as “Tier 2*” information,
departures from which require prior approval from the staff of the U.S. Nuclear Regulatory
Commission (NRC). Title 10 of the Code of Federal Regulations (10 CFR) Part 52, “Licenses,
Certifications, and Approvals for Nuclear Power Plants,” Appendix A, “Design Certification Rule
for the U.S. Advanced Boiling Water Reactor,” Section VIII.B(6.a), provides a definition and the
criteria governing Tier 2* information.

The following sections in DCD Tier 2, Revision 9, Chapter 4, include Tier 2* information:

Section 4.2.7
Section 4.3.6
Section 4.4.8
Appendix 4A
Appendix 4B
Appendix 4C

4.2 Fuel System Design

The fuel system comprises the fuel assembly and the reactivity control assembly. The fuel
assembly consists of the full-length and part-length fuel rods, grid spacers, water rods, upper
and lower tie plates, and the channel. DCD Tier 2, Revision 9, Appendix 4B defines the fuel
licensing acceptance criteria that must be satisfied by any fuel design to be loaded into the
ESBWR core. DCD Tier 2, Revision 9, Appendix 4C defines the control rod acceptance criteria
that must be satisfied for any control rod design used in the ESBWR core.

4.2.1 Regulatory Criteria

The staff reviewed DCD Tier 2, Revision 9, Section 4.2, Appendix 4B, and Appendix 4C in
accordance with the regulatory guidance for the review of fuel system design, including
adherence to applicable general design criteria (GDC) discussed in NUREG-0800, “Standard
Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants (LWR Edition)”
(hereafter referred to as the SRP), Section 4.2, Draft Revision 3, issued June 1996. The staff
performed a comparison of the SRP version used during the review with the 2007 version of the
SRP. The 2007 version did not include any requirements, generic issues (Gl), bulletins (BL),
generic letters (GL), or technically significant acceptance criteria (except Appendix 4B, Interim
Criteria and Guidance for the reactivity initiated accidents) beyond those identified in the version
used by the staff. Therefore, the staff finds that the use of draft Revision 3 of SRP Section 4.2,
issued in June 1996, is acceptable for this review.



The following GDCs from 10 CFR Part 50, Appendix A and regulations are applicable in SRP
Section 4.2:

e GDC 10, “Reactor design,” as it provides assurance that specified acceptable fuel design
limits (SAFDLs) are not exceeded during any condition of normal operation, including the
effects of anticipated operational occurrences (AOOs);

e GDC 27, “Combined reactivity control systems capability,” as it relates to the combined
effect of the reactivity control system being designed with appropriate margin and capability
to control reactivity changes while at the same time maintaining the capability to cool the
core;

o GDC 35, “Emergency core cooling,” as it relates to emergency core cooling so that following
any loss of reactor coolant, 1) fuel and clad damage that could interfere with core cooling is
prevented, and 2) clad metal-water reaction is limited to negligible amounts.

e 10 CFR 50.46 as it relates to the cooling performance analysis
e 10 CFR 52.47(b)(1) which requires that a DC application contain the proposed ITAAC

In accordance with SRP Section 4.2, the objectives of the fuel system safety review are to
provide assurance of the following:

o The fuel system is not damaged as a result of normal operation and AOOs.

o Fuel system damage is never so severe as to prevent control rod insertion when it is
required.

e The number of fuel rod failures is not underestimated for postulated accidents.
e Coolability is always maintained.

The staff reviewed the Tier 1, Tier 2, and Tier 2* fuel design and control rod design acceptance
criteria to ensure that the requirements outlined in SRP Section 4.2 are satisfied.

The DCD requirements for the contents of applications appear in 10 CFR 52.47. SRP
Section 14.3.4 provides guidance related to the approval status of fuel system design and the
designation of DCD requirements, including the following:

e The specific fuel, control rod, and core designs presented in Tier 2 will constitute an
approved design that may be used for the combined operating license (COL) first-cycle core
loading without further staff review. If any other core design is requested for the first cycle,
the COL applicant or licensee must submit for staff review the specific fuel, control rod, and
core design analyses as described in DCD Tier 2, Revision 9, Chapters 4, 6, and 15. Much
of the detailed supporting information in Tier 2 for the nuclear fuel, fuel channel, and control
rod, if considered for change by a COL applicant or licensee referencing the certified
standard design, would require prior NRC approval. Therefore, for the evolutionary designs,
the staff concluded that this information should be designated as Tier 2* information.
However, the staff allowed some of the Tier 2* designation to expire after the first full-power
operation of the facility, when the detailed design would be complete and the core
performance characteristics would be known from the startup and power ascension test



programs. The NRC bears the final responsibility for designating which material in Tier 2 is
Tier 2*.

e Inspections, tests, analyses, and acceptance criteria (ITAAC) are not required for Tier 1
information in the fuel, control rod, and core design areas because of the requirement for
prior NRC approval of any proposed changes to the approved design.

o Post-fuel-load testing programs (e.g., startup testing and power ascension testing) verify
that the actual core performs in accordance with the analyzed core design.

Only fuel assembly and control rod designs that satisfy all of the ESBWR design requirements
and have been reviewed and approved by the NRC are to be used during the initial core
(Cycle 1) in any facility that adopts the ESBWR certified design.

4.2.2 Summary of Technical Information

DCD Tier 2, Revision 9, Section 4.2.1.1, describes the design basis of the ESBWR fuel
assembly. The thermal-mechanical fuel design provides the following capabilities:

e Substantial fission product retention capability during all potential operational modes to
comply with 10 CFR Part 20, “Standards for Protection against Radiation,” 10 CFR Part 50,
“‘Domestic Licensing of Production and Utilization Facilities,” and 10 CFR Part 100, “Reactor
Site Criteria”

o Sufficient structural integrity to prevent operational impairment of any reactor safety
equipment

The fuel assembly and its components are designed to withstand the following:

o Predicted thermal, pressure, and mechanical interaction loadings occurring during startup
testing, normal operation, and AOOs; infrequent events; accidents; and mechanical loads
from seismic events

e Lift loads and fuel drop events predicted to occur during fuel handling

In DCD Tier 2, Revision 9, Section 4.2 describes the fuel design and Appendix 4B provides the
licensing acceptance criteria for the fuel design, along with a brief description of the design
evaluations. An earlier version of DCD Tier 1, Section 2.8, provided principal fuel design and
performance requirements. In the final DCD, these criteria were reclassified as Tier 2* and
moved to Appendix 4B.

DCD Tier 2, Revision 9, Section 4.2.1.2, describes the design basis of the ESBWR control rods.
These structures are designed to have the following capabilities:

o Sufficient mechanical strength to prevent displacement of their reactivity control material
o Sufficient mechanical strength to prevent deformation that could inhibit their motion

In DCD Tier 2, Revision 9, Section 4.2 describes the control rod design and Appendix 4C
provides the licensing acceptance criteria for the ESBWR control rods, along with a brief
description of the design evaluations. An earlier version of DCD Tier 1, Section 2.9, provided



the principal control rod design and performance requirements. In the final DCD, these criteria
were reclassified as Tier 2* and moved to Appendix 4C.

4.2.3 Staff Evaluation

The regulatory criteria and the specific fuel, control rod, and core designs presented in Tier 2
will constitute an approved design that may be used for the COL first-cycle core loading without
further staff review. An approved fuel design with specific design and performance
requirements is a foundation for determining the acceptability of the plant systems’ response to
AOOs and postulated accidents.

To fulfill these regulatory requirements, the DCD references the approved GE14E fuel assembly
design documented in the following licensing topical reports (LTRs). NEDC-33240P,

Revision 1, “GE14E Fuel Assembly Mechanical Design Report,” and NEDC-33242P Revision 2,
“GE14 for ESBWR Fuel Rod Thermal-Mechanical Design Report.” The approved Marathon
control rod design is documented in topical report NEDE-33243P, Revision 2, “ESBWR Control
Rod Nuclear Design Report,” and NEDE-33244P, Revision 1, “ESBWR Marathon Control Rod
Mechanical Design Report.” The staff documented the basis for its approval of the GE14E fuel
design and the Marathon control rod design in the safety evaluations for LTRs NEDC-33240P,
Revision 1; NEDC-33242P, Revision 2; NEDE-33243P, Revision 2; and NEDE-33244P,
Revision 1. The safety evaluation report (SER) for NEDC-33326P Revision 1, “GE14E for
ESBWR Initial Core Nuclear Design Report,” provides the staff evaluation of the initial core fuel
design and core loading pattern.

During the July 2007 design audit of the GE-Hitachi Nuclear Energy (GEH) control rod and fuel
assembly, the staff found that the mechanical design of the ESBWR Marathon control rod blade
differed from that presented in NEDE-33243P and NEDE-33244P. The staff requested GEH to
issue a revision to these reports that would document the revised design of the ESBWR
Marathon and also capture any applicable responses to requests for additional information (RAI)
from the staff’'s review of the Marathon-5S control rod design for use in operating reactors
(RAI'4.9-12). GEH responded to RAI 4.9-12 by noting that it had addressed the differences in
NEDE-33243P, Revision 2, and NEDE-33244P, Revision 1. The staff reviewed the LTRs which
showed that the differences were addressed, therefore; RAI 4.9-12 is resolved.

4.2.31 ESBWR DCD Tier 1

The applicant has reclassified the ESBWR fuel and control rod principal design and
performance requirements, which originally were specified in DCD Tier 1, Revision 3, Sections
2.8 and 2.9 and moved them to DCD Tier 2, Appendices 4B and 4C (respectively) (See
Section 4.2.3.2 below).

Even though the applicant deleted the ITAAC for fuel and control rod design in later revisions of
the DCD, the following fuel-related design commitments are included in the ITAAC in DCD Tier
1, Table 2.1.1-3 for the reactor pressure vessel (RPV) system for verification:

e The initial fuel to be loaded into the core will withstand flow-induced vibration and maintain
fuel cladding integrity during operation.

e The fuel bundles and control rods for initial core have been fabricated in accordance with
the approved fuel and control rod design.



e The reactor internals arrangement will conform to the fuel bundle, instrumentation, neutron
sources, and control rod locations shown in DCD Tier 1, Figure 2.1.1-2.

In addition, the ITAAC for the nuclear boiler system in DCD Tier 1, Table 2.1.2-3 include the
following design commitments:

e The pressure loss coefficient of each of the following components is within the uncertainty
band of the pressure loss coefficient used in the natural circulation flow analysis:

— Steam separator

— Fuel bundle

— Fuel support piece orifice
— Control rod guide tubes
— Shroud support

e The hydraulic diameter, the geometry of heated surfaces, and flow area in fuel assemblies
are within the uncertainty band of the geometry used in the natural circulation flow analysis.

During the review of the GE14E fuel assembly design, the staff issued RAI 4.8-7 to request an
explanation regarding the lack of mechanical testing for flow-induced vibration for the proposed
bundle design. In response, GEH proposed specific flow-induced vibration testing for the
design of any fuel assembly to be loaded in the ESBWR. DCD Tier 1, Section 2.1.1,

Table 2.1.1-3, lists the required testing. NEDC-33240P identifies the acceptance criteria
specific to the GE14E fuel design. Therefore, based on the applicant’s response, RAI 4.8-7 is
resolved.

423.2 ESBWR DCD Tier 2

The fuel system consists of the fuel assembly and the reactivity control assembly (control rod).
The fuel assembly consists of the fuel bundle, channel, and channel fastener. The fuel bundle
consists of full-length and part-length fuel rods (some of which may contain burnable neutron
absorbers), water rods, spacers, springs, and assembly fittings DCD Tier 2, Appendix 4B
contains a set of design criteria to be satisfied by new fuel designs that are to be loaded into an
ESBWR.

A previous version of DCD Tier 2, Section 4.2.1.1.4, stated that the cladding oxide thickness
itself is not separately limiting, and therefore, no design limit on cladding oxide thickness is
specified. Likewise, a previous version of DCD Tier 2, Section 4.2.1.1.5, stated, “Mechanical
properties testing demonstrates that the cladding mechanical properties are negligibly affected
for hydrogen contents far in excess of that experienced during normal operation.” The staff was
concerned that these statements were too general and needed to be supported by mechanical
testing data. The staff issued RAI 4.2-2 and RAI 4.2-4 to request that corrosion limits,
expressed as oxide thickness in microns and hydrogen content in parts per million, be quantified
for each fuel rod design. At a minimum, the basis of these design limits should include: (1) an
oxide thickness that has been specifically accounted for in mechanical design calculations and
that limits localized surface defects that may promote nonuniform mechanical properties and (2)
a hydrogen content limit that maintains the cladding strain design limit (e.g., 1.0-percent plastic
plus elastic strain).

After several supplements regarding the original RAI requests, GEH proposed specific corrosion
limits that support the fuel mechanical design and cladding strain criterion for the GE14E fuel



design. Section 3.2 of the SER for NEDC-33240P and NEDC-33242P documents the basis for
NRC'’s approval of the corrosion limits for GE14E and therefore, RAI 4.2-2 and RAI 4.2-4 are
resolved.

DCD Tier 2, Section 4.2.3.1, refers to the GSTR-Mechanical (GSTRM) Fuel Model topical report
NEDC-31959P, “Fuel Rod Thermal Analysis Methodology (GSTRM),” issued April 1991, as the
approved fuel rod thermal-mechanical design model. The staff issued RAI 4.2-3 requesting the
licensing history of GSTRM, including the staff’'s review and any subsequent changes to the
various fuel performance models within GSTRM. In response, the applicant provided
documentation on GSTRM and identified several code modifications. In addition, the applicant
updated the cited GSTRM report in the DCD. Based on the applicant’s response and the
documentation they provided regarding code modifications, RAI 4.2-3 is resolved.

While performing FRAPCON-3 benchmark calculations in support of the GE14E fuel assembly
design topical report, the staff identified a potential nonconservatism in the GSTRM fuel
temperature calculation. It is believed that the lack of a burnup-dependent uranium oxide (UQO,)
thermal conductivity model is responsible for differences observed between identical
FRAPCON-3 and GSTRM calculations. A nonconservative fuel temperature prediction would
impact several thermal-mechanical design analyses (e.g., fuel melt, fission gas release) and
subsequently, the input to safety analyses (e.g., loss-of-coolant accident [LOCA] stored energy,
gap conductivity). The staff accepts the use of the GSTRM model for both gap conductance
and thermal conductivity in the ESBWR design certification. The conclusions and limitations for
ESBWR TRACG LOCA analyses contained in the staff evaluation of the GEH Part 21 report
(Appendix F to the safety evaluation for NEDC-33173P) are applicable to this safety evaluation.
The NRC must approve the use of other methods or analysis strategies for the ESBWR. Details
of staff evaluation of this issue are included in Section 21.6.3.2.14 of this report.

A previous version of DCD Tier 2, Section 4.2.4.9, stated, “Subsequent Marathon designs or
absorber section loadings will be within +5 percent Ak/k of the initial ESBWR Marathon design.”
The staff issued RAI 4.2-9 to request clarification of the meaning and the intent of this sentence.
In response regarding the proposed requirement and change criteria, GEH agreed to remove
any implied change process and to revise the DCD text accordingly. The staff finds the revised
text in DCD Tier 2, Section 4.2.4.9 acceptable; therefore, RAI 4.2-9 is resolved.

The summary of the changes made in the fuel topical reports were reviewed by the staff and as
documented in Section 3.2 of the SER for NEDC-33240P and NEDC-33242P, the NRC
approved the GE14E fuel design up to the specified rod power envelopes subject to the
limitations in the NEDC-33240P and NEDC-33242P SER.

4.2.3.2.1 Appendix 4B Fuel Licensing Acceptance Criteria

The original text of Appendix 4B was modeled after GESTAR-II and appeared to be an overview
of a fuel design change process. DCD Tier 2, Revision 9, Appendix 4B defines the specific

Tier 2 and Tier 2* thermal and mechanical fuel design and performance requirements. A
separate fuel assembly mechanical design topical report (or a COL application) will address
these requirements to demonstrate, using approved models and methods, the acceptability of a
proposed fuel assembly design for the ESBWR. The design certification process requires that
the NRC specifically review and approve the fuel assembly design employed in the initial core
(Cycle 1) in any facility that adopts the ESBWR certified design.



In response to RAI 4.2-5 regarding the documented change process, the applicant stated that it
would revise Appendix 4B to remove all of the design process information and provided a
significantly revised version. Staff concerns with the proposed revision included the lack of
specific Tier 2 and Tier 2* fuel thermal and mechanical design requirements and the continued
inclusion of a critical power correlation change process. In response to RAI 4.2-5, S01-S03,
GEH defined specific thermal-mechanical design and performance requirements and removed
the description referring to the change process mentioned in the preceding paragraph. DCD
Tier 2, Revision 4 incorporates these changes. Based on the applicant’s response, RAI 4.2-5 is
resolved.

Principal Fuel Design and Performance Requirements

DCD Tier 2, Revision 9, Appendix 4B.1, states that the specific fuel design to be used in any
facility that adopts the ESBWR certified design must comply with the following fuel design and
performance requirements, which are based on the fuel requirements for the advanced boiling-
water reactor (ABWR):

e Fuel rod failure is predicted not to occur as a result of normal operation and AOOs.

e Control rod insertion will not be prevented as a result of normal operation, AOOs, or
postulated accidents.

e The number of fuel rod failures will not be underestimated for postulated accidents.

e Fuel coolability will be maintained for all design-basis events, including seismic and LOCA
events.

o SAFDLs (thermal and mechanical design limits) will not be exceeded during any condition of
normal operation, including the effects of AOOs.

¢ In the power operating ranges, the prompt inherent nuclear feedback characteristics will
tend to compensate for a rapid increase in reactivity.

e The reactor core and associated coolant, control, and protection systems will be designed to
ensure that power oscillations that can result in conditions exceeding SAFDLs are not
possible or can be reliably and readily detected and suppressed.

Note that the following text and RAI responses may refer to DCD Tier 1, Section 2.8, instead of
the final location of the requirements in DCD Tier 2, Appendix 4B, as Tier 2* criteria. This is
because the design and performance requirements were reclassified after these RAls were
responded to by GEH (i.e., after DCD Revision 3).

DCD Tier 1, Revision 1, Section 2.8 defined six principal design requirements. In RAI 4.2-13,
the staff requested clarification on whether these six requirements are Tier 1 fuel design
requirements. In response, the applicant stated that the ABWR DCD Tier 1 design
requirements were more appropriate than those originally defined for the ESBWR (in DCD Tier
1, Revision 1). As a result, the DCD Tier 1, fuel design requirements were modified (as shown
above). DCD Tier 1, fuel design requirements (1) through (5) above conforms to the regulatory
criteria specified in DCD Tier 2, Section 4.2.1. Therefore, based on the applicant’s response,
RAI 4.2-13 is resolved.



If fuel design requirement (6) is met, the fuel design complies with GDC 11. If fuel design
requirement (7) is met, the fuel design complies with GDC 12. Based on consistency with past
certified designs and compliance with current regulatory criteria, the staff finds the fuel design
requirements acceptable.

Principal Fuel Channel Design and Performance Requirements

DCD Tier 2, Revision 9, Appendix 4B.1, states that the specific fuel channel design to be used
in any facility that adopts the ESBWR certified design must comply with the following three
principal fuel channel design requirements:

e During any design-basis events, including the mechanical loading from a safe-shutdown
earthquake event combined with LOCA event, fuel channel damage should not be so severe
as to prevent control rod insertion when it is required.

e Coolability will be maintained for all design-basis events.
e Channel bowing will not cause SAFDLs to be exceeded during normal operation and AOOs.

Although these requirements now reside as Tier 2* criteria in DCD Tier 2, Appendix 4B, due to
reclassification after GEH responded to these RAls, the following text and RAI responses may
refer to DCD Tier 1. In RAI 4.2-13 the staff requested that the applicant provide clarification
whether the fuel design requirements are in fact Tier 1 requirements, noting that the ESBWR
licensing approach differs from that of the ABWR. In response, the applicant stated that the
ABWR DCD Tier 1 fuel channel design requirements were more appropriate than those defined
for the ESBWR in DCD Tier 1, Revision 1. GEH modified the Tier 1 fuel channel requirements
to the fuel design requirements shown above. As part of this modification, the requirement “to
ensure that channel deflection does not preclude control rod drive operation” was removed.
Recent operating experience has demonstrated that channel bow may significantly impact
control rod movement. Control rod blade-to-channel clearance, blade design and materials, and
burnup history affect channel deflection and its potential impact on control rod movement. The
staff finds the removal of this requirement acceptable because Tier 1 design requirements
related to control rod insertion, which capture potential effects of channel bow, remain for both
the fuel design and control rod design. The DCD Tier 2, Revision 3, Appendix 4B, design
criteria are in agreement with the regulatory requirements and are acceptable, therefore; based
on the applicant’s response, RAI 4.2-13 is resolved.

Fuel Thermal-Mechanical Design Requirements

The revised Tier 2* fuel thermal-mechanical design requirements provided by GEH in response
to RAI 4.2-5 S01, are listed below:

(1) The cladding creepout rate due to fuel rod internal pressure shall not exceed the fuel
pellet irradiation swelling rate.

(2) The maximum fuel center temperature shall remain below the fuel melting point.
(3) The cladding circumferential plastic strain during an AOO shall not exceed 1.00 percent.

(4) The fuel rod cladding fatigue life usage shall not exceed the material fatigue capability.



(5) Cladding structural instability, as evidenced by rapid ovality changes, shall not occur.
(6) Cladding effective stresses/strains shall not exceed the failure stress/strain.

(7) Fuel pellet evolved hydrogen at greater than 1,800 degrees Celsius (C) (3,272 degrees
Fahrenheit [F]) shall not exceed prescribed limits.

With the exception of the fuel melt design limit (i.e., requirement [2]) and cladding strain design
limit (i.e., requirement [3]), the revised Tier 2* fuel design requirements are consistent with
currently approved fuel design criteria and are acceptable.

With respect to fuel melting, the staff had concerns about allowing limited fuel melting during an
AOO and the definition of core-wide versus local events. In a previous version of DCD Tier 2,
Appendix 4B.2 stated, “For local AOOs such as rod withdrawal error, a small amount of
calculated fuel pellet centerline melting may occur, but is limited by the 1 percent cladding
circumferential plastic strain criterion.” In RAI 4.2-6 the staff expressed concerns with: (1) the
ability to accurately model fuel volumetric expansion as fuel enthalpy approached incipient melt
temperatures and (2) the ability to accurately model the involved fuel pellets in future operation.
In response, the applicant stated that the rod withdrawal error during refueling has been
classified as an infrequent event and that it would remove the statement regarding fuel pellet
melting and revise the DCD accordingly. Based on the applicant’s response and subsequent
update to the DCD, RAIl 4.2-6 is resolved. Chapter 15 of this report discusses and resolves the
reclassification of Chapter 15 events, which was an open item in RAI 15.0-15.

Furthermore, the staff would not accept fuel melting for any AOO or infrequent event. On a
related subject, the interim criterion for reactivity-initiated accidents (e.g., control rod drop)
precludes fuel melting in order to meet the requirements of GDC 28, “Reactivity limits.”

In DCD Tier 2, Revision 3, Appendix 4B Tier 2* fuel design requirements, the text states, “...fuel
melting during normal steady-state operation and whole core anticipated operational
occurrences are not expected to occur.” This statement implies that it is acceptable to
experience fuel melt during local AOOs. In Revision 6 of DCD Appendix 4B, Section 4B.2, item
(2), “Fuel temperature,” the above statement was revised to state, “...fuel melting, during normal
steady-state operation and anticipated operational occurrences does not occur.” The staff finds
this acceptable because it satisfies the Section 4B criteria.

Based on the above, the staff finds the Tier 2* fuel thermal-mechanical design requirements (1)
through (7) acceptable.

Nuclear Designh Requirements

The revised Tier 2* nuclear design requirements are listed in DCD Appendix 4B and are listed
below:

e A negative Doppler reactivity coefficient is maintained for any operating condition.

e A negative core moderator void reactivity coefficient resulting from boiling in the active flow
channels is maintained for any operating conditions.

¢ A negative moderator temperature reactivity coefficient is maintained for temperatures equal
or greater than hot shutdown.



e To prevent a super prompt critical reactivity insertion accident originating from any operating
condition, the net prompt reactivity feedback due to prompt heating of the moderator and
fuel is negative.

e A negative power reactivity coefficient (as determined by calculating the reactivity change
due to an incremental power change from a steady-state base power level) is maintained for
all operating power levels above hot shutdown.

e The core is capable of being made subcritical with margin in the most reactive condition
throughout an operating cycle with the most reactive control rod, or rod pair, in the full-out
position and all other rods fully inserted.

The six Tier 2* nuclear design requirements are consistent with those listed for the ABWR
(incorporated by reference to Section 4B.4 of the ABWR DCD, Revision 4). The nuclear design
requirements related to fuel storage and mixed-vendor fuel loading were removed. DCD Tier 2,
Revision 9, Section 9.1 addresses the requirements regarding fuel storage criticality. Mixed-
vendor fuel loading is not applicable to the initial core. Based on consistency with past certified
designs and compliance with current regulatory criteria, the staff finds the Tier 2* nuclear design
requirements (1) through (6) acceptable.

Nuclear design requirements (1) through (5) satisfy the requirements of GDC 11 in that the net
effect of prompt inherent nuclear feedback characteristics in the core tend to compensate for
rapid increases in reactivity when operating in the power range. With respect to nuclear design
requirement (6), covered in RAI 4.3-10, the staff had concerns that this requirement was not
specific to the CRD system and that shutdown margin requirements could be interpreted as
including the standby liquid control system (SLCS). The applicant’s response for RAI 4.3-10
resolved these concerns by clarifying that the SLCS is not included in the CRD requirements.

The response to RAI 4.3-10 stated that:

“....if the selected rods were not neutronically coupled, then the worth of the
hydraulic control unit (HCU) rod pair would be equal to the sum of the worth of
the individual rods. The individual rod worth for each HCU pair would then be
additive and one would conclude (stated in Part C of RAI 4.3-10) that SLCS is
required to achieve sub-criticality with an HCU failure.”

The staff agrees that HCU rods are loosely coupled, rod worth is not additive, and sufficient
shutdown margin exists in the event of an HCU failure without the need for SLCS. Based on the
applicant’s response, the staff finds that sufficient shutdown margin exists in the case of an

HCU failure. Based on the applicant’s response, RAI 4.3-10 is resolved.

Critical Power Design Requirements

The design certification process requires that the NRC specifically review and approve the fuel
assembly design, along with its critical power correlation, for the initial core loading (Cycle 1) in
any facility that adopts the ESBWR certified design. The change process described in

Section 4B.3 was not acceptable because it implied that changes to the correlation are
acceptable without NRC review.

DCD Tier 2, Revision 0, Appendix 4B.5, stated, “99.9 percent of the rods in the core must be
expected to avoid boiling transition for core-wide incidents of moderate frequency....” This



criterion differs from GESTAR-II, which states, “Ninety nine point nine percent (99.9%) of the
rods in the core must be expected to avoid boiling transition.” In response to RAI 4.2-7
regarding this apparent change in philosophy, the applicant stated that it would revise the text to
be consistent with GESTAR-II. In response to RAI 4.2-7 S01, the applicant decided to remove
this text “because it is already covered in Chapter 15 of the DCD.” Based on the applicant’s
response and the removal of the “moderate frequency” statement, RAI 4.2-7 is resolved.

4.2.3.2.2 Appendix 4C, Control Rod Licensing Acceptance Criteria

DCD Tier 2, Revision 0, Appendix 4C, included an overview of a control rod design change
process. This appendix should have defined the specific Tier 2 and Tier 2* control rod design
requirements. The staff issued RAI 4.2-8 stating that: “Revision 0 of DCD Tier 2, Section 4C.1,
states, ’...designs meeting the following acceptance criteria are considered to be approved and
do not require specific NRC review.” This quoted statement was inaccurate. The NRC must
specifically review and approve the control rod design employed in the initial core (Cycle 1) in
any facility that adopts the ESBWR certified design. The staff requested that the applicant
define the specific Tier 2 and Tier 2* in the CRD requirements. In response, the applicant
agreed to revise the text by removing the implied change process. The staff reviewed and
accepted the revised text in DCD Tier 2, Revision 3, Appendix 4C, and based on the applicant’s
response, RAI 4.2-8 is resolved.

Control Rod Design Requirements

DCD Tier 1, Revision 1, Section 2.9, provided the following four principal control rod design
requirements:

e The control rod stresses, strains, and cumulative fatigue will be evaluated so that they do
not exceed the ultimate stress or strain limit of the material, structure, or welded connection.

e The control rod will be evaluated to be capable of insertion into the core during all modes of
plant operation within limits assumed in plant analyses.

o The material of the control rod will be compatible with the reactor environment.
e The plant core analyses will include the reactivity worth of all control rods.

DCD Tier 1, Revision 1, Section 2.9, and Appendix 4C.1 include a control rod design
requirement that states, “...lead surveillance control rods may be used.” The staff issued RAI
4.2-10 requesting clarification because; whether in a Tier 1, Tier 2, or Tier 2* design
requirement, the use of the term “may” needs to be revisited. In other words, there should
always be an indication of this type or magnitude of design change if it would warrant in-reactor
service before batch implementation. In response, the applicant removed any design
requirements related to lead surveillance of control rods. Because of the requirement that
control rod designs are NRC reviewed and approved, the staff accepted the deletion, and based
on the applicant’s response, RAI 4.2-10 is resolved.

DCD Tier 1, Revision 1, Section 2.9, and Appendix 4C.1 define principal design criteria for the
control rod. One of the design criteria (in a previous revision) stated that the stresses, strains,
and cumulative fatigue will be evaluated so that they do not exceed the ultimate stress or strain
limit of the material. Certain boiling-water reactor (BWR) control rod designs include long axial
welds between the square tubes and welds connecting the absorber wings to the handle and



connector. The staff issued RAI 4.2-14 to request that the applicant demonstrate that the
structural properties (e.g. weld regions) are never more limiting than the material properties. In
their response regarding the structural properties versus material properties of the control rod,
the applicant agreed to revise the design requirement to include the structure and welded
connection. The applicant also described mechanical testing that demonstrates that the base
material fails before any of the welds. Based on the applicant’s response, the staff finds design
requirement (1) above acceptable; therefore RAI 4.2-14 is resolved.

The discussion of principal design criteria in DCD Tier 1, Revision 1, Section 2.9, states, “The
material of the control rod will be compatible with the reactor environment.” In RAl 4.2-11 the
staff noted in recent years the phenomena of shadow corrosion has been identified. Those
phenomena are partly due to the interaction between the Zircaloy channels and stainless steel
control rods. The staff requested that the applicant discuss the implementation of this design
criterion with respect to shadow corrosion. In response, the applicant stated that this design
requirement was related to stress-corrosion cracking (SCC) resistance of the material and
deformation induced by B,C swelling. The applicant also discussed shadow corrosion, its effect
on channel bow, and the applicant’s strategy for mitigating the effects of shadow corrosion.
Based on the applicant’s response, the staff finds that design requirement (3) is fulfilled;
therefore, RAI 4.2-11 is resolved.

Design requirements (2) and (4), related to control rod insertion and worth, are consistent with
the regulatory criteria and are acceptable.

Initially, GEH included the fuel and control rod design requirements as Tier 1; later, GEH
incorporated them in the DCD as Tier 2* material.

The revised control rod design requirements in DCD Tier 2, Revision 9, Section 4C.1 are listed
below:

e Control rod stresses, strains, and cumulative fatigue are evaluated not to exceed the
ultimate stress or strain limit of the material, structure, or the welded connection.

e The control rod design is evaluated to be capable of insertion into the core during all modes
of plant operation within the limits assumed in the plant analyses.

e Control rod materials are shown to be compatible with the reactor environment.
e Control rod reactivity worth is included in the plant core analyses.
424 Conclusions

Based on the discussion above, the staff finds that the DCD Tier 2 and Tier 2* criteria related to
fuel system design and performance requirements (including the control assembly design)
satisfy all of the regulatory requirements and SRP guidelines identified in Section 4.2.1,
including the requirements of 10 CFR 50.46; GDC 10, 27, and 35; and 10 CFR 52.47(a).

As identified in Section 4.2.1 of this report, the specific fuel, control rod, and core designs
referenced within the DCD will constitute an approved design that may be used for the COL
first-cycle core loading without further staff review. To fulfill these regulatory requirements, the
DCD references the following NRC-approved topical reports:



o NEDC-33240P and NEDC-33242P, concerning the GE14E fuel assembly design
o NEDE-33243P and NEDE-33244P, concerning the Marathon control rod design
o NEDC-33326P, concerning the GE14E initial core nuclear design

The staff has confirmed that the cited GE14E fuel assembly design and Marathon control rod
design satisfy the design and performance requirements specified in DCD Tier 2, Revision 9,
Appendices 4B and 4C. The staff’s approval of the GE14E fuel assembly design and Marathon
control rod design includes limitations and conditions, which are addressed in the safety
evaluations for LTRs NEDC-33240P/NEDC-33242P and NEDE-33243P/NEDE-33244P. As
such, the staff finds the use of this fuel design system acceptable for ESBWR Cycle 1.

4.3 Nuclear Design

431 Regulatory Criteria

DCD Tier 2, Revision 9, Section 4.3.1, presents the ESBWR nuclear design bases. The staff
reviewed DCD Tier 2, Revision 9, Section 4.3.1 in accordance with the regulatory guidance for
the review of nuclear design, including adherence to applicable general design criteria (GDC)
discussed in NUREG-0800, “Standard Review Plan for the Review of Safety Analysis Reports
for Nuclear Power Plants (LWR Edition)” (hereafter referred to as the SRP), Section 4.3, Draft
Revision 3, issued June 1996. The staff performed a comparison of the SRP version used
during the review with the 2007 version of the SRP. The 2007 version did not include any
generic issues (Gl), bulletins (BL), generic letters (GL), or technically significant acceptance
criteria (except Appendix 4B, Interim Criteria and Guidance for the reactivity initiated accidents)
beyond those identified in the version used by the staff. Therefore, the staff finds that the use of
draft Revision 3 of SRP Section 4.3, issued in June 1996, is acceptable for this review.

The nuclear design must ensure that the SAFDLs will not be exceeded during normal operation,
including AOOs, and that the effects of postulated reactivity accidents will not cause significant
damage to the reactor coolant pressure boundary or impair the capability to cool the core, or
sustain unstable core conditions. To meet these objectives, the nuclear design must conform to
the following GDCs:

e GDC 10, requiring the reactor design (reactor core, reactor coolant system, control and
protection systems) are designed with appropriate margin to ensure that SAFDLs are not
exceeded during any condition of normal operation, including AOOs

e GDC 11, requiring a net prompt inherent negative feedback power coefficient in the
operating range

e GDC 12, requiring that power oscillations that can result in conditions exceeding SAFDLs
are not possible, or can be reliably and readily detected and suppressed

e GDC 13, “Instrumentation and control,” requiring a control and monitoring system to monitor
variables and systems to assure adequate safety including those that can affect the fission
process over their anticipated ranges for normal operation, AOOs, and accident conditions

e GDC 20, “Protection system functions,” requiring, in part, a protection system that
automatically initiates a rapid control rod insertion to ensure that fuel design limits are not
exceeded as a result of AOOs



e GDC 25, “Protection system requirements for reactivity control malfunctions,” requiring
protection systems designed to ensure that SAFDLs are not exceeded for any single
malfunction of the reactivity control systems

o GDC 26, “Reactivity control system redundancy and capability,” requiring, in part, two
independent reactivity control systems of different design principles that are capable of
holding the reactor subcritical under cold conditions

e GDC 27 requiring, in part, a control system designed to control reactivity changes during
accident conditions in conjunction with poison addition by the emergency core cooling
system (ECCS)

o GDC 28, requiring, in part, that the reactivity control systems be designed to limit reactivity
accidents so that the reactor coolant system boundary is not damaged beyond limited local
yielding

The acceptance criteria in the area of nuclear design, specifically power distributions, are based
on meeting the relevant requirements of the GDCs related to the reactor core and the reactivity
control systems.

The nuclear design basis for control requirements is that SAFDLs are met during normal
operation and AOOs. Therefore, the maximum linear heat generation rate (MLHGR) and the
minimum critical power ratio (MCPR) constraints shall be met during operation. The MLHGR
limit and operating limit MCPR (OLMCPR) are determined such that the fuel rods do not exceed
licensing limits during AOOs.

The MLHGR is the maximum local linear heat generation rate (LHGR) (more specifically, that of
the fuel rod with the highest surface heat flux at any nodal plane in a fuel bundle in the core).
The MLHGR operating limit is bundle-type dependent, and LTR NEDC-33242Pdescribes the
determination of this limit. The LHGR is monitored to ensure that all mechanical design
requirements are met. The fuel will not be permitted to be operated at LHGR values greater
than those found to be acceptable within the body of the safety analysis under normal operating
conditions. Under abnormal conditions, including the maximum overpower condition, the
MLHGR will not cause fuel melting or cause the strain limit to be exceeded.

The MCPR is the minimum critical power ratio of all of the fuel bundles. The critical power ratio
(CPR) for any bundle is the ratio of the bundle power that would result in transition boiling to the
current bundle power. Therefore, the bundle with the smallest CPR has the smallest margin to
transition boiling. The CPR is a function of several parameters; the most important are bundle
power, bundle flow, the local power distribution, and the details of the bundle mechanical
design.

The plant OLMCPR is established by considering the limiting AOOs for each operating cycle.
The OLMCPR is determined such that 99.9 percent of the rods avoid boiling transition during
the limiting analyzed AOOQO, as discussed in LTR NEDC-33237P, Revision 4 “GE for ESBWR -
Critical Power Correlation, Uncertainty, and OLMCPR Development,* July 2008.

To meet the provisions of GDC 10, the design bases affecting power distribution of the ESBWR
include the following parameters:



e Under abnormal conditions (including maximum overpower), the MLHGR will not cause the
fuel to exceed mechanical design limits.

e The MCPR during normal operation will remain greater than the OLMCPR to avoid boiling
transition during normal operation and AOOs.

GDC 13 provides the required criteria to evaluate core monitoring. Core monitoring is
performed using in-core nuclear instrumentation, in part to ensure that the core is being
operated within these limits and to ensure that automatic reactivity control systems are initiated
during adverse plant transients so that SAFDLs are met.

GDC 20, 25, 26, and 27 provide the required criteria for the reactivity control system. The
control rod system is designed to provide shutdown margin and reactivity control of maximum
excess reactivity anticipated during cycle operation. The control rods provide reactivity changes
that compensate for the reactivity effects of the fuel and water density changes accompanying
power level changes over the range from full load to no load and allow for control of the power
distribution within the core.

GDC 12 specifies the requirements relative to reactor stability. The staff has documented its
review of the compliance of the ESBWR with the provisions of GDC 12 in Section 4A of this
report.

The staff separately reviewed the compliance of a proposed initial core design that was
submitted in LTR NEDC-33326P, Revision 1. The staff's review of the initial core nuclear
design, in accordance with the aforementioned review criteria, is documented separately in the
staff safety evaluation of NEDC-33326P.

4.3.2 Summary of Technical Information
Core Description

The 4,500-megawatt-thermal ESBWR core consists of 1,132 fuel bundles and 269 control rods.
Several types of fuel bundles, similar except for differences in enrichment and burnable poison
content, are loaded in the reference pattern. The purpose of the bundle differences is to allow
for a flatter radial power distribution across the core and provide low reactivity assemblies that
are similar in their neutronic behavior to partially burnt assemblies.

Core Monitoring

The ESBWR core monitoring is accomplished with several in-core nuclear instruments that
cover the expected ranges for normal operation, AOOs, and accident conditions. The neutron
monitoring system comprises three separate measurement systems: the source range neutron
monitor (SRNM), the local power range monitor (LPRM), and the automatic fixed in-core probe
(AFIP). The power range neutron monitoring system (PRNM) receives signals from several
local detectors. These in-core nuclear instruments include the LPRMs, as well as automatic
fixed in-core gamma thermometers (GTs). For low powers characteristic of the source range
through a normal startup (greater than 10 percent of rated thermal power), the core neutron flux
is monitored using the SRNM system.

The LPRMs are arranged in 64 strings, each with four detectors, and distributed throughout the
core. DCD Tier 2, Revision 9, Figure 7.2-7, shows the locations of LPRM strings. For every



four-by-four array of bundles, there are four LPRM strings (one at each corner). The LPRM
strings comprise four LPRM detectors that are spaced evenly axially throughout the core. The
LPRM detectors are polarized fission chambers.

Inside the LPRM instrument guide tube are seven AFIPs. The AFIP is a gamma thermometer
(GT) instrument that is used to periodically calibrate the LPRM signal. DCD Tier 2, Revision 9,
Figure 7.2-8, shows the axial elevation of the AFIPs. Each LPRM instrument string contains
seven AFIPs. One AFIP is at the same elevation as the midplane of each of the LPRM
detectors. In between each LPRM detector, there is another AFIP. The AFIPs are evenly
distributed between the uppermost and bottommost LPRMs at 381-millimeter (15-inch) intervals.

To cover the entire range of normal operation, instruments are included to measure the neutron
flux and monitor the fission process in the startup range. Increased instrument sensitivity is
necessary to monitor the startup process when the reactor power is very low. According to
DCD Tier 2, Revision 9, Section 7.2.2.2.4.1, the SRNM comprises 12 detectors. These
detectors are fixed in-core regenerative fission chamber sensors. The 12 detectors are spaced
evenly throughout the core and located at the core midplane axially; DCD Tier 2, Revision 9,
Figure 7.2-6, shows the radial locations. The detectors are housed within pressure barrier
tubes. The SRNM detectors are capable of measuring the reactor flux over ten decades, from a
flux level of approximately 10° neutrons per square centimeter per second (n/cm?/s) to 10"
n/cm?/s. This range extends to approximately 10 percent of rated power. The LPRM monitoring
capability overlaps this range, as the LPRMs can monitor core power from the startup range
through the power range, from 1 percent of power to greater than rated thermal power.

The rod control and information system (RC&IS) is nonsafety-related. The RC&IS is a logic
system that provides controls on reactor maneuvering through control rod motion during normal
operation and maintains status information regarding the current control rod configuration for the
reactor.

Using local power indications from the LPRM detectors, the RC&IS subsystems issue rod
blocks to ensure that safety and operating limits are not exceeded as a result of control rod
motion. The automated thermal limit monitor and multichannel rod block monitor (MRBM) work
together above the low power setpoint to ensure that rod withdrawals are inhibited when local
detectors indicate power changes that challenge the MLHGR limit or the OLMCPR. The
MRBM, unlike conventional rod block monitors, uses several channels of LPRM indications
throughout the core to simultaneously monitor each region of the core where control rods are
being withdrawn during ganged withdrawal sequences. Below the low-power setpoint, the rod
worth minimizer (RWM) is used to compare the control rod withdrawal sequence at low power to
a preprogrammed control rod withdrawal pattern. In cases where the control rods are
withdrawn in a different manner, the RWM enforces control rod insertions and withdrawals at
low power to reduce the available reactivity worth of a control rod and thus mitigate the
consequences of a control rod drop accident during low-power operation.

Upon receipt of a scram signal by the reactor protection system (RPS), the RC&IS initiates a
fast fine-motion control rod drive (FMCRD) run-in as a backup to the hydraulic scram through
the diverse protection system (DPS). The RC&IS also sends selected control rod run-in
(SCRRI) signals to the DPS following specific AOOs, namely load rejection, turbine trip, and
loss of feedwater heating.

Another important function of the RC&IS is to interface with the plant computer to perform
LPRM calibration and plant simulator adaptation. This function is performed by using AFIP



signals in conjunction with three-dimensional nuclear models to determine gain adjustments and
nodal parameter corrections.

Reactivity Coefficients

The reactivity coefficients express the effects of changes in the core conditions, such as power
and fuel and moderator temperature and moderator density, on core reactivity. These
coefficients vary with fuel exposure and power level.

Reactivity coefficients, the differential changes in reactivity produced by differential changes in
core conditions, are useful in predicting the response of the core to external disturbances. The
base initial condition of the system and the postulated initiating event determine which of the
several defined coefficients are significant in evaluating the response of the reactor. The
coefficients of interest are the Doppler coefficient, the void reactivity coefficient, and the
moderator temperature coefficient. The combination of these reactivity coefficients dictates the
power reactivity coefficient. A combination of negative coefficients ensures that the reactor will
have an inherent negative reactivity feedback with increasing power.

To demonstrate that the Doppler reactivity coefficient remains negative in the power operating
range, the applicant calculated temperature-dependent eigenvalues for each of the fuel bundle
types. The Doppler reactivity coefficient is predominantly driven by the uranium-238 and
plutonium-240 content in the fuel, and while an inherent feature of the fuel, this coefficient does
not vary significantly between BWR fuel designs. The Doppler coefficient calculated for the
ESBWR initial core is negative for increasing fuel temperature and similar in magnitude to
operating reactor Doppler coefficients.

The void reactivity coefficient was estimated for both the power range of operation and for cold
shutdown conditions. The applicant’s analyses indicate a negative trend of core eigenvalue with
increasing core average void content in the power range of operation, indicating inherent
negative reactivity feedback under these conditions.

In RAI 4.3-6 the staff requested verification that the calculated values of the void reactivity
coefficient at the beginning of cycle (BOC), middle of cycle (MOC) and end of cycle (EOC) at
nominal operating conditions are negative. In response, the applicant provided the BOC, MOC,
and EOC void reactivity coefficients predicted by PANACEA based on enthalpy perturbations to
the core model. The staff finds that the results indicate a consistently large, negative void
reactivity coefficient.

The magnitude of the void reactivity coefficient, however, decreases with decreasing void
content. Therefore the applicant identified the cold shutdown condition as a limiting case,
particularly the EOC following depletion of burnable poisons. The analysis for the limiting
condition verifies that the void reactivity coefficient is negative.

Lastly, the applicant calculated the moderator temperature coefficient. During normal operation
the coolant is subcooled only near the core inlet and remains at a near constant temperature
once reaching saturated conditions. The EOC for the reference core loading was identified as
the condition with the least negative moderator temperature coefficient. The results indicate
that, at temperatures above 150 degrees C (approximately 300 degrees F), the core eigenvalue
decreases with increasing water temperature.



The moderator temperature coefficient decreases in magnitude over cycle exposure with the
withdrawal of control rods and the depletion of gadolinia burnable poisons. Late in the cycle,
the reduction in the poison content leads to conditions where the reactor could become over
moderated, thereby yielding a positive moderator temperature coefficient for cold conditions.
While the EOC moderator temperature coefficient is positive, it is small compared to the effects
of the void reactivity feedback. The applicant’s calculations show that the moderator
temperature coefficient at the EOC under cold conditions may be positive.

At cold conditions towards the EOC, the ESBWR neutron spectrum is slightly over moderated,
yielding a slightly positive moderator temperature coefficient for cold conditions at the EOC. In
RAI 4.3-5, the staff requested additional information regarding the moderator temperature
coefficient that is slightly positive at low temperatures and EOC. (The moderator temperature
coefficient remains negative for all operating conditions at and above hot standby.) In their
response, the applicant stated that the moderator temperature coefficient may become positive
when the reactor coolant is below rated pressure and temperature, but during these conditions,
a positive moderator temperature coefficient is manageable. Below rated conditions, the reactor
power is low, and therefore, the time it takes to heat the volume of coolant to result in an
appreciable increase in temperature is very long. In addition, the cooling rate for the fuel would
be slow if a power increase occurred, particularly since the heatup adds negative reactivity
through the Doppler Effect. Based on the applicant’s responses, the staff concludes that for all
operating conditions (with temperatures above hot standby) the moderator temperature
reactivity coefficient is negative. At temperatures below hot standby the Doppler reactivity
coefficient provides a prompt feed back to counter power increases. Therefore; based on the
aforementioned responses RAI 4.3-5 and RAI 4.3-6 are resolved.

Reactivity Control Systems

The control rod system is designed to provide shutdown margin and reactivity control of
maximum excess reactivity anticipated during cycle operation. The control rods provide
reactivity changes that compensate for the reactivity effects of the fuel and water density
changes accompanying power level changes over the range from full load to no load and allow
for control of the power distribution within the core.

In addition to providing the means for controlling core reactivity for power maneuvering, the
control rods provide the minimum shutdown margin following any AOO and are capable of
making the core subcritical rapidly enough to prevent exceeding SAFDLs. The control rods are
automatically hydraulically inserted upon receipt of a scram signal from the RPS.

The applicant has provided an analysis in DCD Tier 2, Revision 9, which shows that the control
rod worth is sufficient to ensure a subcritical configuration for xenon-free, cold shutdown
conditions at BOC. The BOC condition is limiting in terms of available shutdown margin.

The control rods are backed-up by the standby liquid control system (SLCS). The SLCS is a
second reactivity control system meant to provide a diverse and redundant capability to the
control rods. The SLCS is an accumulator-driven boron injection system. It is designed to
provide the capability of bringing the reactor, at any time in a cycle, from full power with a
minimum control rod inventory (which is defined to be at the peak of the xenon transient) to a
subcritical condition with the reactor in the most reactive xenon-free state if the control rods fail
to insert.



DCD Tier 2, Revision 9, Section 4.3, provides analyses of the shutdown capability of both the
control rod system and the SLCS. The analyses show that either system is capable of holding
the reactor subcritical at the limiting conditions in terms of exposure, temperature, and xenon.
In the case of the control rod system, the calculations consider a single failure of a rod to insert
and the single failure of a HCU to insert a pair of rods.

4.3.3 Staff Evaluation
Core Monitoring

The neutron monitoring system is designed to meet the requirements of GDC 13 and GDC 10.
Specifically, the PRNM and SRNM are designed to monitor the fission process during normal
operation and over the range of anticipated operation and accident conditions. The PRNM
comprises several LPRM detectors with the capability of monitoring the neutron flux in the
reactor between 1 percent of rated core power and well over 100 percent of the rated core
power (125 percent). The SRNM is designed to monitor the neutron flux at very low levels
(approximately 10° n/cm?/s) or approximately 10 decades below the normal operating level.
The combination of these two neutron monitoring subsystems allows for an overlapping
monitoring capability over the full range of neutron flux levels under normal operation, including
startup and AOOs. The LPRM capability extends to higher neutron flux levels, which allows for
monitoring of the reactor core power during accident conditions and anticipated transients
without scram (ATWS). Therefore, the staff finds that the ESBWR neutron monitoring system is
acceptable in that it provides sufficient capability to adequately monitor the neutron flux levels in
the reactor over the necessary ranges.

The in-core ESBWR neutron monitoring system is based on a series of distributed LPRMs. The
polarized fission gas chambers are substantially the same as those instruments widely applied
within the operating fleet of BWRs. The design differences between the ESBWR and
conventional BWRs will not impact the fundamental operation of the LPRMs so long as the
steady-state bypass void fraction remains below 5 percent as described in NEDC-33239P,
Revision 4, “GE14 for ESBWR Nuclear Design Report.”

These instruments also interface with the 3D MONICORE system to determine the operating
characteristics of the core. For the 3D MONICORE system to accurately assess the thermal
margin during operations and to ensure that the RPS accurately detects adverse transient or
accident conditions and initiates automatic protective actions such as scram, the instruments
must be periodically calibrated.

The neutron monitoring system includes in-core GTs to replace the function of the traversing in-
core probe system for conventional reactors. The GTs, much like gamma traversing in-core
probe instruments, are used to determine the axial power shape and LPRM gain adjustment
factors based on local gamma flux indications. The primary difference between the instruments
is that the GTs are distributed, stationary probes.

The staff reviewed the information provided by the applicant concerning the GT design and
found that, with regular calibration, the GT can be used to determine the local gamma flux.
When combined with coupled transport calculations to determine the detector response kernels
(or signal to power ratios), the GT indication may be used to adequately determine the local
nodal power in surrounding nodes. NEDO-33197, Revision 2, “Gamma Thermometer System
for LPRM Calibration and Power Shape Monitoring,” describes the NRC-approved methodology
for translating the GT signals to power distribution information. The GT instruments are spaced



within the core beside the LPRMs, giving a complete radial mapping capability if the core power
distribution is quadrant symmetric.

The 3D MONICORE system determines the margin to limits based on input from the neutron
monitoring system, and input from the core thermal hydraulic instrumentation (i.e., core flow).
The 3D MONICORE system is based on the PANAC11 calculational engine. NEDC-33239P-A,
Revision 5, describes the NRC-approved PANAC11 methodology.

However, GDC 13 also requires that appropriate controls be in place to ensure that the reactor
core is operated within prescribed safety and operating limits. The GDC 13 requirements for the
Neutron Monitoring System are fulfilled by prescribing limits that account for instrument and
measurement uncertainties. Of key importance to the prescription of these limits is the
accuracy of the neutron flux measurements. The pedigree of LPRM measurements in particular
is related to the efficacy of the AFIPs and process computer to effectively and accurately
calibrate the local indications of the neutron flux level. The staff issued RAI 4.2-12 and RAI 4.3-
2 to request additional information regarding the determination of the MLHGR value and the
uncertainties in the nuclear instrumentation, calibration, biases, and the 3D MONICORE
PANAC11 calculations. The staff reviewed the responses to RAI 4.2-12 and RAIl 4.3-2, and the
results of the review and the approval of these uncertainties are in the safety evaluation for
NEDC-33239P-A and NEDE-33197P-A. (NEDC-33239P-A is the GE14 ESBWR Nuclear
Design Topical Report and NEDE-33197P-A is the Gamma Thermometer System for LPRM
Calibration and Power Shape Monitoring) The uncertainties were correctly evaluated and
properly applied to the operating limits. The in-core instrumentation meets the requirements of
GDC 13 by providing monitoring capability over the range of expected operation and providing
sufficient information, given the capabilities of the 3D MONICORE system, to monitor core
operating parameters relative to associated operating limits. Therefore, based on the
applicant’s responses, RAI 4.2-12 and RAI 4.3-2 are resolved.

Maintaining the reactor within the OLMCPR and operating MLHGR limit ensures that the
SAFDLs are not exceeded during normal operation or as a result of AOOs. Therefore, the staff
finds that the design basis satisfies GDC 10.

In summary, the staff finds that the ESBWR design adequately meets the requirements of GDC
10 and GDC 13 and is therefore acceptable.

Reactivity Coefficients

As described above, GDC 11 requires that the core be designed so that in the power operating
range the net effect of the prompt inherent nuclear feedback characteristics tends to
compensate for a rapid increase in reactivity.

The applicant provided several analyses to indicate the nature and magnitude of the reactivity
feedback coefficients for the reference ESBWR core. NEDC-33239P-A describes the NRC
approved nuclear methods used. In each case, the applicant performed the analysis by
perturbing the steady-state calculation to determine the change in eigenvalue as a result of a
change in the fuel temperature, coolant temperature, or coolant void.

In general, the Doppler coefficient is a strong function of fertile heavy metal content

(e.g., uranium-238) and spectrum hardness. For the ESBWR, the enrichment and planar fuel
geometry are 