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NuScale Topical Report “Evaluation Methodology for the Stability of the
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REFERENCES: 1. Letter from NuScale Power to NRC, “Submittal of the Approved
Version of NuScale Topical Report ‘Evaluation Methodology for the
Stability of the NuScale Power Module,” TR-0516-49417, Revision
1," dated March 18, 2020 (ML20078Q094)

2. NRC Letter to NuScale, “Final Safety Evaluation for NuScale Power,
LLC Topical Report TR-0516-49417, Revision 1, ‘Evaluation
Methodology for Stability Analysis of the NuScale Power Module,”
dated December 19, 2019 (ML19352E777)

3. Letter from NuScale Power, LLC to NRC, “NuScale Power, LLC
Submittal of Topical Report TR-0516-49417, ‘Evaluation
Methodology for Stability Analysis of the NuScale Power Module,’
Revision 0 (NRC Project no. 0769),” dated July 31, 2016

4. Letter from NuScale Power, LLC to NRC, “NuScale Power, LLC
Submittal of ‘Evaluation Methodology for Stability Analysis of the
NuScale Power Module,” TR-0516-49417, Revision 1,” dated
September 17, 2019 (ML19262J750)

By referenced letter dated December 19, 2019, the NRC issued a final safety evaluation
report documenting the NRC Staff conclusion that the NuScale topical report “Evaluation
Methodology for the Stability of the NuScale Power Module,” TR-0516-49417, Revision 1, is
acceptable for referencing in licensing applications for the NuScale small modular reactor
design. The referenced NRC letter requested that NuScale publish the approved version of
TR-0516-49417, within three months of receipt of the letter.

Accordingly, Enclosure 1 to this letter provides the approved version of TR-0516-49417-P-A,
Revision 1. The enclosure includes the December 19, 2019 NRC letter and its final safety
evaluation report.

This letter amends the material provided in Reference 1, to clarify the use of the table presented
in Section C. This letter replaces Reference 1 in its entirety.
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A listing of the requests for additional information (RAls) are included in Section C of
Enclosures 1 and 2. Changes from these RAls have been incorporated into the body of the

report, and the contents of all listed RAIls and their responses are part of the approved
version of this topical report.

Enclosure 1 contains proprietary information. NuScale requests that the proprietary version
be withheld from public disclosure in accordance with the requirements of 10 CFR § 2.390.
The enclosed affidavit (Enclosure 3) supports this request. Enclosure 2 contains the
nonproprietary version of the approved topical report package.

This letter makes no regulatory commitments and no revisions to any existing regulatory
commitments.

If you have any questions, please feel free to contact Matthew Presson at 541-452-7531 or at
mpresson@nuscalepower.com if you have any questions.

Sincerely,

}7/
Zackary W. Rad

Director, Regulatory Affairs
NuScale Power, LLC

Distribution: Robert Taylor, NRC, OWFN-8H12
Gregory Cranston, NRC, OWFN-8H12
Michael Dudek, NRC, OWFN-8H12
Bruce Bavol, NRC, OWFN-8H12

Enclosure 1: “Evaluation Methodology for the Stability of the NuScale Power Module,”
TR-0516-49417-P-A, Revision 1, proprietary version
Enclosure 2: “Evaluation Methodology for the Stability of the NuScale Power Module,”
TR-0516-49417-NP-A, Revision 1, nonproprietary version
Enclosure 3: Affidavit Zackary W. Rad, AF-0320-69414
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UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

December 19, 2019

Mr. Zackary W. Rad

Director, Regulatory Affairs

NuScale Power, LLC

1100 NE Circle Boulevard, Suite 200
Corvallis, OR 97330

SUBJECT:  FINAL SAFETY EVALUATION FOR NUSCALE POWER, LLC TOPICAL
REPORT TR-0516-49417, REVISION 1, “EVALUATION METHODOLOGY FOR
STABILITY ANALYSIS OF THE NUSCALE POWER MODULE”

Dear Mr. Rad:

By letter dated July 31, 2016, NuScale Power, LLC (NuScale), submitted Topical Report (TR)
TR-0516-49417, “Evaluation Methodology for Stability Analysis of the NuScale Power Module,”
Revision 0, to the U.S. Nuclear Regulatory Commission (NRC) staff for review and approval in
support of the application for the design certification of NuScale’s small modular reactor (SMR).
By letters dated September 17, 2019, and November 22, 2019, NuScale submitted
TR-0915-17564, Revision 1, which incorporated changes from requests for additional
information responses and corrects a minor error to the TR, respectively.

The NRC staff has found that TR-0516-49417, Revision 1, is acceptable for referencing in
licensing applications for the NuScale SMR design to the extent specified and under the
conditions and limitations delineated in the enclosed safety evaluation report (SER). The SER
defines the basis for acceptance of the TR.

The NRC staff requests that NuScale publish the applicable version(s) of the SER listed above
within three months of receipt of this letter. The accepted version of the TR shall incorporate
this letter and the enclosed SER and add “-A” (designated accepted) following the report
identification number.

Document transmitted herewith
contains sensitive unclassified
information. When separated from
the enclosure, this document is
“DECONTROLLED.”

CONTACT: Bruce M. Bavol, NRR/DNRL
301-415-6715



OFFICIAL USE ONLY — PROPRIETARY INFORMATION
Z. Rad 2

If the NRC staff's criteria or regulations change, such that the conclusion that the SER is
acceptable is invalidated, NuScale and/or the applicant referencing the SER will be expected to
revise and resubmit its respective documentation, or submit justification for continued
applicability of the SER without revision of the respective documentation.

Prior to placing the public version of this document in the publicly available records component
of NRC’s Agencywide Documents and Access Management System (ADAMS), the NRC staff
requests that NuScale perform a final review of the SER for proprietary or security related
information not previously identified. If you believe that any additional information meets the
criteria, please identify such information line by line and define the basis pursuant to the criteria
established in Title 10 of the Code of Federal Regulations, Part 2, Section 3.90, “Public
inspections, exemptions, requests for withholding.”

If after a ten-day period, if you do not request that all or portions of the SER be withheld from
public disclosure, the SER will be made available for public inspection through the publicly
available records component of NRC’'s ADAMS.

If you have any questions or comments concerning this matter, please contact Bruce Bavol at
301-415-6715 or via e-mail address at Bruce.Bavol@nrc.gov.

Sincerely,

/RA/ Bob Caldwell for
Anna Bradford, Director
Division of New and Renewed Licenses
Office of Nuclear Reactor Regulation
Docket No. 52-048
Enclosures:
1. TR-0516-49417 SER (Non-Proprietary)
2. TR-0516-49417 SER (Proprietary)

cc: DC NuScale Power, LLC Listserv (w/o Enclosure 2)
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U.S. NUCLEAR REGULATORY COMMISSION
NUSCALE POWER, LLC
SAFETY EVALUATION FOR TOPICAL REPORT TR-0516-49417-P,
REVISION 1, “EVALUATION METHODOLOGY FOR STABILITY ANALYSIS OF THE
NUSCALE POWER MODULE”
(CAC NO. 471)

1. Introduction and Background

This safety evaluation report documents the U.S. Nuclear Regulatory Commission (NRC) staff’s
(hereafter referred to as the staff) safety evaluation of the NuScale Power, LLC (hereafter
referred to as the applicant), topical report TR-0516-49417-P, “Evaluation Methodology for
Stability Analysis of the NuScale Power Module,” issued July 2016 (hereafter referred to as the
Stability TR) (Agencywide Documents Access and Management System (ADAMS) Accession
No. ML16250A851).

The applicant submitted the Stability TR by letter dated July 31, 2016 (ADAMS Accession

No. ML16250A851). The staff performed an acceptance review of the Stability TR and
determined that the report did not contain sufficient information for the staff to begin technical
review. By letter dated October 19, 2016, the NRC gave the applicant an opportunity to
supplement the report with additional information (ADAMS Accession No. ML16271A307). The
applicant provided the supplemental information by letter dated December 3, 2016 (ADAMS
Accession No. ML16340A756). The TR Supplement provided under that letter (ADAMS
Accession No. ML16340A756) provided the requested information and allowed the staff to
proceed with detailed technical review of the Stability TR.

By letter dated September 17, 2019, NuScale submitted Revision 1, TR-0516-49417,
“Evaluation Methodology for Stability Analysis of the NuScale Power Module,” (ADAMS
Accession No. ML19262J750) which incorporate changes from request for additional
information (RAI) responses. By letter dated November 22, 2019, the applicant submitted an
errata to Revision 1 of the Stability TR correcting a minor error (ADAMS Accession No.
ML19325D018).

2. Regulatory Evaluation and Review Conduct

The staff conducted its review in accordance with the applicable standard review plan (SRP)
guidance contained in Design-Specific Review Standard 15.9.A, “Thermal-Hydraulic Stability
Review Responsibilities” (ADAMS Accession No. ML15355A311), and NUREG-0800, “Standard
Review Plan for the Review of Safety Analysis Reports for Nuclear Power Plants: LWR
Edition,” Section 15.0.2, “Review of Transient and Accident Analysis Methods” (ADAMS
Accession No. ML070820123).

2.1 Regulatory Evaluation

Title 10 of the Code of Federal Regulations (10 CFR) 52.47, “Contents of Applications;
Technical Information,” and 10 CFR 52.79, “Contents of Applications; Technical Information in

Enclosure 1



Final Safety Analysis Report,” require a final safety analysis report (FSAR) to analyze the
design and performance of the plant’s structures, systems, and components. Safety
evaluations, performed to support the FSAR, require analysis of reactor stability to establish a
partial basis for demonstrating compliance with certain general design criteria (GDC) in

10 CFR Part 50, “Domestic Licensing of Production and Utilization Facilities,” Appendix A,
“General Design Criteria for Nuclear Power Plants.” In particular, Design-Specific Review
Standard 15.9.A spells out the associated acceptance criteria in terms of the following GDC:

o GDC 10, “Reactor Design,” requires that specified acceptable fuel design limits
(SAFDLs) not be exceeded during any condition of normal operation, including
conditions that result in unstable power oscillations with the reactor trip system available
and other effects of anticipated operation occurrences.

° GDC 12, “Suppression of Reactor Power Oscillations,” requires that power oscillations,
which can result in conditions exceeding SAFDLs, be either impossible or reliably and
readily detected and suppressed.

° GDC 13, “Instrumentation and Control,” requires instrumentation provided to monitor
variables and systems over their anticipated ranges for normal operation, for AOOs, and
for accident conditions, and to maintain these variables and systems within prescribed
operating ranges as may be required by a long-term stability (LTS) solution.

° GDC 20, “Protection System Functions,” requires the reactor protection system to initiate
automatic action to assure SAFDLs are not exceeded as a result of AOOs, such as for
conditions that result in unstable power oscillations.

° GDC 29, “Protection against Anticipated Operational Occurrences,” requires LTS
solution design to assure an extremely high probability of accomplishing safety functions
in the event of AOOs.

The scope of the Stability TR must address how the LTS solution meets the above GDC.
According to the Stability TR, the LTS solution involves an exclusion region where the unstable
region is protected by a module protection system (MPS) trip based on indicated subcooling
margin in the riser section. The solution relies on the supporting analysis method (the applicant
refers to the code used to execute the stability analysis method as “PIM”) to demonstrate that
the reactor remains stable under all postulated conditions (including the effects of anticipated
operational occurrences (AOOs)) outside of the exclusion region.

PIM, the supporting analytical transient method, must be acceptable to perform the associated
analyses. Therefore, the Stability TR must also address the criteria of SRP Section 15.0.2
pertaining to analysis methods. The associated review criteria from SRP Section 15.0.2 include
the following:

° “Evaluation Model.” Models must be present for all phenomena and components that
have been determined to be important or necessary to simulate the accident under
consideration. The chosen mathematical models and the numerical solution of those
models must be able to predict the important physical phenomena reasonably well from
both qualitative and quantitative points of view. The degree of imprecision allowed in the
models will ultimately be determined by the amount of uncertainty that can be tolerated
in the calculation. To the extent that the calculated results or trends in the results may
be misinterpreted, models that cause nonphysical predictions are not acceptable.



“Accident Scenario Identification Process.” The purpose of the accident scenario
identification process is to identify and rank the reactor component and physical
phenomena modeling requirements based on (1) their importance to the modeling of the
scenario and (2) their impact on the figures of merit for the calculation. The accident
scenario identification process must be structured. It must include evaluation of physical
phenomena to identify those that are important in determining the figure of merit for the
scenario. The models that are present in the code and their degree of fidelity in
predicting physical phenomena must be consistent with the results of this process. For
example, if the accident scenario identification process determines that a certain
physical phenomenon is important to the scenario under consideration, the code must
have a relatively accurate model for that phenomenon, and a detailed assessment of
that model must be provided. Phenomena that have lower ranking may be represented
by models with larger inherent uncertainty. The formality and complexity of this process
should be commensurate with the complexity and importance of the event under
consideration.

“Code Assessment.” Assessments of all code models to be used in the evaluation
model must be provided. All assessments must be performed with the frozen version of
the evaluation model that has been submitted for review. Assessments performed with
other versions of the evaluation model should be justified on a case-by-case basis
because even “small” changes to the evaluation model can have unintended
consequences on calculation results that were thought to be unaffected by the changes.

Separate effects testing must be performed to demonstrate the adequacy of the physical
models to predict physical phenomena that were determined to be important by the
accident scenario identification process. Separate effects testing must also be used to
determine the uncertainty bounds of individual physical models.

Integral effects testing must be performed to demonstrate that the interactions between
different physical phenomena and reactor coolant system (RCS) components and
subsystems are identified and predicted correctly.

Assessments against both separate effects tests (SETs) and integral effects tests (IETs)
must be performed with the code. All models need to be assessed over the entire range
of conditions encountered in the transient or accident scenario. Assessments must also
compare code predictions to analytical solutions, where possible, to show the accuracy
of the numerical methods used to solve the mathematical models. Code options used in
the assessment calculations must be the same as those used in plant accident
calculations.

A scaling analysis must be performed to identify important non-dimensional parameters
related to geometry and key phenomena. The assessment must identify and evaluate
scaling distortions and their impact on the code assessment. Calculations of actual plant
transients or accidents can be considered, but only as confirmatory supporting
assessments for the evaluation model. This is because the data available from plant
instrumentation are usually not detailed enough to support code assessment of specific
models. Plant data can be used for code assessment if it can be demonstrated that the
available instrumentation provides measurements of adequate resolution to assess the
code. The assessment cases must compare code predictions to all important measured
variables to show that good predictions of one test variable do not result from
compensating errors. Assessments must include a description of all assessment cases,



specific models that are being assessed in each case, and acceptance criteria used.
Acceptance criteria must be supported by quantitative analysis whenever possible. Staff
review of the specific acceptance criteria and the associated quantitative analysis for the
subject review matter is described in Sections 3.2, 3.3 and 3.4 of this SER.

“Uncertainty Analysis.” The uncertainty analysis must address all important sources of
code uncertainty, including the mathematical models in the code and user modeling
such as nodalization. The major sources of uncertainty must be addressed consistent
with the results of the accident sequence identification process. When the code is used
in a licensing calculation, the combined code and application uncertainty must be less
than the design margin for the safety parameter of interest. The analysis must include a
sample uncertainty evaluation for a typical plant application.

“Quality Assurance Plan.” To meet the requirements of Appendix B to CFR Part 50, the
quality assurance (QA) plan covers the procedures for design control, document control,
software configuration control and testing, and error identification and corrective actions
used in the development and maintenance of the evaluation model. The program also
ensures adequate training of personnel involved with code development and
maintenance, as well ensures adequate training for those who perform the analyses.

The Stability TR provides a phenomenon identification and ranking table (PIRT) that identifies
and ranks phenomena associated with the scenarios of interest (stability during normal
operating conditions and AOOs). The PIRT informs the development of the analysis code, PIM,
which is also described by the Stability TR. The associated figure of merit in these analyses is
the decay ratio (DR). The Stability TR includes assessment of PIM against experimental data
collected in scaled, integral tests performed at the NuScale Integral Systems Test-1 (NIST-1)
facility. Finally, the Stability TR provides an acceptance criterion of [ ] for the DR. The staff
audited the applicant’s implementation of the QA plan for PIM, as described in the audit plan
dated June 7, 2017 (ADAMS Accession No. ML17151B024).

The Stability TR covers four major topics related to the NRC’s acceptance criteria:

(4)
2.2

Phenomena Identification and Ranking (Stability TR Section 4, Appendix A, and the TR
Supplement)

Description and Validation of PIM (Stability TR Sections 5, 6, and 7)
Analysis Results and Stability Demonstration (Stability TR Sections 8 and 9)
Stability Protection Solution and Methodology (Stability TR Section 10)

Summary of Application

2.2.1 Phenomena Identification and Ranking

The Stability TR attempts to identify all possible instability modes for the NuScale power
module. In a broad sense, the possible mechanisms can be divided into static or dynamic
instabilities. “Static” refers to cases where the effects of inertia are not important and reflect
instability modes that involve the system’s transition between viable steady-state conditions.
The static modes include the following:

flow excursion (Ledinegg)



boiling crisis

flow pattern transition (relaxation) instability
flashing instability

geysering

The “dynamic” modes include the following:

pressure drop oscillations

acoustic oscillations

density waves

xenon oscillations

natural circulation instability

thermal stratification oscillations
coupled (compound) instability modes:

parallel channel instability

primary circuit flow coupling to secondary-side steam generator (SG)
neutronic coupling to natural circulation instability

NuScale natural circulation instability

O O O O

The Stability TR evaluates these modes of instability and concludes that the main instability
mode relevant to the NuScale power module is the final compound mode, “NuScale natural
circulation instability.” Throughout the Stability TR, this mode is also referred to as the “riser
instability mode.”

Appendix A and the TR Supplement address the issue of secondary-side instability modes.

Based on the identified instability modes and the determination of the main instability mode, the
applicant developed a PIRT and summarized the results in Table 4-1 of the Stability TR. The
PIRT ranks phenomena by their importance in evaluating system response in terms of riser
instability for the NuScale power module. The PIRT forms the basis for subsequent portions of
the Stability TR, namely the development of the PIM code and validation of PIM against
applicable experimental data to ensure that PIM adequately captures the important phenomena.

2.2.2 Description and Validation of PIM

PIM is a thermal-hydraulics code that solves the nonhomogeneous, nonequilibrium,
time-dependent mass, momentum, and energy conservation equations for two-phase flow in
one dimension. PIM determines the two-phase flow void fraction according to a drift-flux
formulation. PIM solves the momentum equation on the basis of conservation of momentum of
the two-phase mixture. The thermal-hydraulic model includes closure relationships for pressure
drop, form losses, drift-flux parameters, evaporation and condensation rates, and heat transfer
coefficients. PIM does not model the dynamic response of the pressurizer; rather, the user
supplies the pressure boundary conditions.

To complete the necessary modeling for the NuScale power module, PIM also includes (1) a
point-kinetics neutronics model to simulate reactivity feedback, (2) a cylindrical fuel rod
conduction model, and (3) a simplified heat transfer model to represent the heat removal by the
secondary side of the helical coil SG.



The point-kinetics model accounts for moderator temperature and fuel temperature feedback
mechanisms. The transient power calculation, however, does not vary the decay heat—the
decay heat is specified as a constant thermal power that is maintained during the transient
calculation. Nor does the model consider the reactivity effect of a reactor trip. In subsequent
demonstration analyses, the timing of the MPS trip can be inferred from the system response;
however, PIM does not explicitly evaluate the effect of the trip.

The fuel rod conduction model is relatively simple in that the entire core is modeled by a single
average fuel segment representing the average fuel rod and pellet. The applicant uses the
calculations to infer the average heat transfer from the fuel to the coolant and to compute the
average change in fuel centerline and surface temperature.

The model also includes simplified heat removal to the secondary side. The SG model
considers the modeling of the secondary-side fluid conditions, conduction through the SG tubes,
and heat transfer on both sides of the tubes. The code solves the energy and mass
conservation equations (the code does not include a momentum equation), based on specified
user boundary conditions, to infer secondary-side fluid conditions. Primary-side heat transfer is
modeled consistent with the formulation in the version of RELAP5 modified by the applicant for
NuScale (NRELAPS). User input effectively determines the secondary-side heat transfer.

The applicant validated PIM through comparison of calculated DR results to measurements
performed at the NIST-1 integral test facility. The applicant performed two types of stability
measurements at NIST-1. In Type | tests, the applicant applied either a power or feedwater flow
perturbation over a short duration, restored the initial condition, and then observed the transient
response of the primary-side flow rate. The applicant then used successive peaks in the
primary-side flow response to compute the DR. In Type Il testing, the applicant operated the
loop for a long duration (about 10 hours) in a steady-state condition and inferred the DR using
noise analysis.

The applicant performed a total of 19 tests over various power levels ranging from 61 kilowatts
(kW) to 319 kW. In general, PIM predicts a DR that is roughly 0.05 higher than the tests and
predicts an oscillation frequency that is in generally good agreement with the tests.

2.2.3 Analysis Results and Stability Demonstration

Section 8.1 of the Stability TR provides analyses to demonstrate NuScale stability under
conditions of steady-state operation. The applicant considered a variety of power levels to
demonstrate that the DR remains below the acceptance criterion ([ ]) for all conditions. The
most limiting case the applicant analyzed was for low power (1 percent of rated thermal power)
for which the DR is 0.74.

Section 8.2 of the Stability TR addresses stability during AOOs. The applicant considered a
variety of AOOs, consistent with the classification of these events in Chapter 15, “Transient and
Accident Analysis,” of the SRP. The categories of AOOs considered in the Stability TR are
those that result in the following:

increase in heat removal by the secondary system
decrease in heat removal by the secondary system
decrease in RCS flow rate

increase in reactor coolant inventory

reactivity and power distribution anomalies



° decrease in reactor coolant inventory

The applicant analyzed these events in PIM by adjusting time-dependent boundary conditions
(e.g., secondary-side flow rate) to simulate an operational transient falling into one of the above
categories. In each case, the applicant performed the calculations to demonstrate either that
(1) the reactor evolves to a new stable, steady-state condition or (2) the MPS would initiate a
protective reactor trip based on the core exit thermocouple readings (which indicate low
subcooling margin) before the onset of instability.

2.2.4 Stability Protection Solution and Methodology

The LTS solution proposed in the Stability TR is based on an exclusion region. The exclusion
region is defined by maintaining subcooling margin in the riser section of the power module. An
MPS trip that will trip the reactor under a condition where the subcooling margin reaches a limit
specified by the technical specifications (TS) enforces the exclusion region. The
instrumentation determines subcooling margin by comparing core exit thermocouple
temperature readings to saturation temperature based on pressurizer pressure.

On a cycle-specific basis, any licensee referencing the Stability TR must confirm that the
maximum (positive) moderator temperature coefficient (MTC) assumed in the generic analysis
bounds the cycle-specific value and that the riser subcooling margin remains within the TS
value.

3. Technical Evaluation

The staff reviewed the Stability TR for two applications: (1) the use of the PIM evaluation model
to perform stability safety analyses and (2) the applicability of the LTS solution based on an
exclusion region. The staff technical evaluation includes five major areas.

The first area is the staff evaluation of the instability modes and phenomena identification and
ranking. The staff evaluated the content of the Stability TR, TR Supplement, and responses to
requests for additional information (RAIs) to establish that the applicant had identified all the
relevant instability modes for the NuScale power module and adequately ranked the important
phenomena affecting the stability performance of the power module. The staff compared the
PIRT documented in the Stability TR to a PIRT independently developed by the staff (ADAMS
Accession No. ML17033A144). Since the applicant performed analyses to demonstrate
compliance with GDC 12, this portion of the review determines whether the applicant has
adequately considered all the phenomena that can meaningfully contribute to such analyses.

The second area is the staff review of the PIM code. The staff reviewed the description of the
PIM models against the applicable criteria given in SRP Section 15.0.2. The staff reviewed the
PIM code to determine that it includes models for all phenomena and components that have
been determined to be important or necessary to simulate the transient under consideration and
that the mathematical models are able to predict the important physical phenomena reasonably
well from both a qualitative and quantitative standpoint. The staff reviewed the assessment of
PIM against relevant separate effects and integral effects test (SET/IET) data, including
consideration of the scaling of the experimental data to determine the adequacy of PIM to
analyze NuScale power module stability.

The third area is the staff evaluation of the analysis methodology and acceptance criteria. The
overall analysis method includes the code and evaluation model, but it also includes the way
any particular code is exercised to generate relevant results. In turn, the results must be used



to generate figures of merit to be compared to acceptance criteria. In the Stability TR, the
applicant seeks approval to use PIM in a manner consistent with the described inputs to
generate DR results for comparison to a DR acceptance criterion and to predict the power
module transient response to AOOs that could lead to instability. The staff review in this area
considered the methods by which the code is exercised, code outputs processed into the figure
of merit, and how uncertainty in the analysis is treated to ensure that adequate margin to the
analysis acceptance criterion is included. The staff reviewed the methodology as it relates to
demonstrating compliance with GDC 12.

The fourth area of the staff review is directed at the efficacy of the LTS solution as it relates to
GDC 10, 12, 13, 20, and 29. The Stability TR describes an LTS solution based on an exclusion
region whereby the LTS prevents the reactor from becoming unstable under normal operating
conditions (including the effects of AOQOs), thus ensuring compliance with GDC 10 and 12. The
safety-related MPS and associated instrumentation provide a protective trip that prevents the
reactor from reaching unstable conditions, ensuring that GDC 13, 20, and 29 are met.

Lastly, the fifth area of the staff review compares analyses performed by the applicant to
confirmatory analyses performed by the staff. The purpose of the staff’'s independent
calculations was to confirm the results provided by the applicant and the statements made in the
Stability TR.

3.1 Instability Modes and Phenomena ldentification and Ranking
3.1.1 Identification of Instability Modes

In Section 4.3 of the Stability TR, the applicant identified the potential modes of instability of the
NuScale power module. For most identified modes, the applicant provided a disposition of the
mode. In many cases, the modes do not apply to the power module or are addressed
elsewhere in the safety analysis. Broadly, the instability modes are divided into static and
dynamic instabilities. The applicant’s identification of the modes informs the development of the
PIRT, which further guides evaluation model development. The staff reviewed the descriptions
of the modes and dispositions.

3.1.1.1 Static Instabilities

The applicant described the static instability modes and associated dispositions in Section 4.3.1
of the Stability TR. The staff reviewed this information and generally agrees with the applicant’s
conclusions, as explained below.

Section 4.3.1.5 of the Stability TR addresses geysering, and the staff agrees that this mode
does not apply to the NuScale power module because the high pressure suppresses void
formation. However, it is not clear if the Stability TR fully considers the implications of
subcooled boiling. The disposition refers to the treatment of metastable liquid states being
addressed by the analysis method because of the impact that this can have on the primary
instability mechanism. In RAI 8946, the staff requested additional information about subcooled
boiling. In its September 27, 2017, response to RAI 8946, the applicant stated that PIM
calculations explicitly account for the energy carried by subcooled voids from the core into the
riser section and that the calculation of condensation results in heat deposition in the riser fluid
from these voids (ADAMS Accession No. ML17270A280). Therefore, the staff finds that the
PIM calculations account for the heat transfer mechanism.



A limitation of the PIM methodology is the one-dimensional nature of the calculation. While the
response to RAI 8946 correctly states that the planar average void fraction is the important
parameter affecting the natural circulation flow rate, the planar averaging inherent in the PIM
calculations can result in overestimation of void condensation close to the reactor core. As an
example, in a code like TRAC-RELAP Advanced Computational Engine (TRACE), which uses
three-dimensional modeling of the vessel, the fluid exiting the region of the core around the hot
assembly will have slightly higher void fraction and slightly hotter liquid temperature. The rate of
void condensation will be locally lower in this region in the TRACE calculation compared to the
rate of condensation predicted in PIM for the same axial elevation because PIM essentially
averages the liquid temperature across the plane. In a more detailed representation, and
indeed, in the hypothetical reactor, hot streaking may occur, which allows subcooled voids to
propagate upward through locally warmer regions of the riser transition region above the core.
However, the applicant also dispositioned the importance of this phenomenon in the RAI 8946
response by relating the magnitude of this effect to the dominant processes affecting stability
and characterizing this subcooled boiling heat deposition effect as of low importance. In the
September 28, 2017, response to RAI 9019, the applicant calculated the heat deposition in the
riser from void collapse to contribute about 0.14 Kelvin (K)/% temperature increase in the riser
per percent of planar average subcooled void (ADAMS Accession No. ML17271A332). The
staff finds that this temperature contribution for modest void fractions remains small compared
to the core temperature rise of 67 degrees Fahrenheit (F) (37 K). The staff also finds that PIM is
able to capture the effect of subcooled boiling and the subsequent effect of heat transfer from
the condensation of those voids. The staff notes that the PIM model is approximate and,
because it lacks detailed three-dimensional modeling capability, would not be able to capture
the effect of hot streaking on void axial propagation in the riser transition zone with high
accuracy. However, the staff agrees with the applicant that this effect is not important to the
overall stability analysis. Therefore, the staff finds that the applicant appropriately considered
the phenomenon in its modeling.

The staff developed an independent PIRT for NuScale stability (ADAMS Accession

No. ML17033A144) and did not identify any static instability modes outside of those identified by
the applicant in Section 4.3.1 of the Stability TR. Therefore, the staff finds that the applicant’s
identification is thorough and therefore acceptable.

On the basis of the dispositions in Section 4.3.1 of the Stability TR for: flow excursion
(Ledinegg), boiling crisis, flow pattern transition (relaxation) instability, flashing instability, and
geysering and the clarifications in the responses to RAls, the staff agrees with the applicant that
the identified static instability modes are either not possible, or are separately addressed by
other safety analyses, or do not apply to the NuScale power module.

3.1.1.2 Dynamic Instability Modes

The applicant identified other dynamic instability modes and provides dispositions for these
modes in Section 4.3.2 of the Stability TR. The staff reviewed these other modes and
compared the identified modes with those phenomena identified by the staff during the
development of the staff’'s independent NuScale stability PIRT. For completeness, this safety
evaluation report discusses each of these other modes:

o pressure drop oscillations—This mode is addressed by the Ledinegg instability mode
(See Section 4.3.1.1 of the Stability TR, Sections 3.1.1.1 and 3.1.3 of this report). The
staff agrees with the disposition because pressure drop oscillations form the underlying
principle behind Ledinegg instability.



° acoustic oscillations—This mode is relevant for boiling-water reactor (BWR) steamlines
but does not apply to NuScale because of the absence of long pipes with high velocity
where resonance can occur in the NuScale power module. The staff agrees with the
disposition.

o density waves—The staff evaluated this mode and considered it to be important for the
secondary side. Section 3.1.1.4 of this report discusses the density-wave mode in more
detail. The staff agrees with the disposition insofar as density waves on the primary side
are part of the primary identified instability mode (the riser mode; see Section 3.1.1.5 of
this report for further discussion of the staff review).

° xenon oscillations—This mode is not likely to become unstable for the NuScale power
module because of the small size of the reactor core; however, the staff requested
additional clarification of this topic. Section 3.1.1.3 of this report documents that this is
outside the scope of the current Stability TR review.

o natural circulation instability—This is the primary mode of instability. Section 3.1.1.5 of
this report documents the staff review.

o thermal stratification oscillations—This mode is not possible because of the NuScale
geometry. The staff agrees with the disposition.

. compound modes: parallel channel instability and primary circuit flow coupling to
secondary-side SG—These modes are related to the secondary side. The staff
addresses them in Section 3.1.1.4 of this report.

o compound modes: neutronic coupling to natural circulation instability and NuScale
natural circulation instability—This mode is related to the riser instability mode except
the description in the Stability TR accounts for neutronic feedback and to a certain extent
feedback related to the secondary system. The staff agrees that this coupling is
important, and that the natural circulation/riser instability mode is the primary instability
mode for the NuScale power module. Section 3.1.1.5 of this report discusses this mode
in greater detail.

3.1.1.3 Xenon Oscillations

Xenon instability is outside the scope of the current Stability TR review. The review of
Section 4.3 of the NuScale design certification application will address this topic.

3.1.1.4 Secondary-Side Instability and Interactions

Section 4.3.3.2 of the Stability TR and Appendix A to the Stability TR discuss the disposition of
secondary-side instability effects on the primary side. Further, bullet 4 of Section 5.2 and
Section 5.5.3 of the Stability TR describe the modeling approach for the secondary side.

The staff considered the importance of the secondary side in an independent PIRT for NuScale
stability and reached different conclusions than the applicant (ADAMS Accession

No. ML17033A144). The staff identified several phenomena as having high importance

(e.g., Ledinegg instability) and other phenomena as having medium importance based on the
expected design of the system (e.g., density-wave oscillation and superheat control). Briefly
summarized, the staff’s rationale is that the primary side is expected to respond to any
oscillations in the secondary side, which result in changes to the total heat removal from the
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primary side. The applicant analyzed this response in Section 8.2.7 of the Stability TR; the
results indicate that a sinusoidal oscillation in the secondary system creates an oscillation in the
primary system. From this, the staff concluded that instability on the secondary side (affecting
total heat transfer) would result in instability on the primary side. That is, if the primary side
oscillates in response to secondary-side oscillations, the staff expects that growing
secondary-side oscillations would result in growing primary-side oscillations (regardless of
resonant interaction).

The staff considered the potential for different instability modes in the secondary system. One
obvious mechanism is density-wave instability. The secondary side of the SGs represents a
system analogous to a vertical boiling channel and therefore can be expected to have similar
susceptibilities to instability driven by density waves. Appendix A to the Stability TR attempts to
disposition this issue, but the rationale is incomplete.

The Stability TR appears to correctly identify an issue that the staff also identified. That is, even
at the same tube pressure drop, density-wave oscillations or flow regime transitions within a
tube can result in significant changes in heat transfer coefficient without producing similar
changes in the pressure drop. Therefore, the staff agrees that significant heat transfer
oscillations may take place even with a constant feedwater flow rate. However, imagining the
heat transfer on the secondary side during a density-wave oscillation, the flow in the tube will
likely oscillate in such a manner that, at low flow, a larger portion of the heat transfer is in
single-phase vapor convection and, at high flow, a larger portion of the heat transfer is in
single-phase liquid convection. The staff expects either of these cases to produce poorer heat
transfer compared to heat transfer occurring in the nucleate boiling regime. A flow oscillation
that leads to an oscillation in the heat transfer within minima at both the high- and low-flow
conditions is conceivable. This tendency could result in an in-phase reduction in heat transfer
occurring in two tubes with flow oscillations that are out of phase. Therefore, the argument that
out-of-phase oscillations will tend to be self-cancelling, as described in Appendix A to the
Stability TR, is not compelling without more detailed analysis. If heat transfer oscillations
remain in phase even with flow being out of phase, then total heat transfer oscillations remain
possible.

Further, while the staff agrees that control systems will attempt to maintain total feedwater flow
rate, this is not the only boundary condition affected by the secondary-side controllers. Other
boundary conditions will be controlled in tandem with the intention of achieving the desired flow
rate and superheat. While the Stability TR does not provide details, the staff expects that the
secondary side of the NuScale reactor module may be operated in a manner similar to that of
the Babcock & Wilcox plants with once-through SGs. These plants rely on a complex control
system that adjusts pressure, feed flow, and feed temperature simultaneously to achieve the
desired degree of outlet steam superheat. If heat transfer oscillations are possible when
out-of-phase flow oscillations occur, then instability driven by density waves on the secondary
side can result in an oscillation in the SG outlet superheat. Once this is possible, the control
system feedback can result in a reduction of stability margin for the in-phase mode, as the
feedback will change parameters at the boundary conditions of the SG tubes (e.g., feed flow,
feed temperature, steamline pressure).

The negative feedback that could be induced by the secondary integrated control systems could
reduce the in-phase stability margin. Appendix A to the Stability TR states that inlet flow
resistance is increased to ensure individual channel stability. However, the response to

RAI 9093, Question 01-39, dated November 9, 2017, states that the applicant will revise this
requirement in the original Stability TR to allow density-wave instability on the secondary side as
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long as the limit-cycle oscillation magnitude is restricted to 10 percent in the SG inlet mass flow
rate (ADAMS Accession No. ML17313B233). The applicant later submitted a supplement to its
RAI 9093, Question 01-39, response to remove the 10-percent limit (ADAMS Accession

No. ML18129A164) dated May 8, 2018. Furthermore, control system feedback could
significantly reduce stability margin. The applicant did not provide any details to support the
statement that the SG is properly designed to prevent in-phase instability driven by density
waves. Such an analysis would have to consider local pressure losses, as well as feedback
that could occur because of secondary-side control systems. Additionally, the staff can foresee
the potential for a coupled instability mode with out-of-phase flow oscillations inducing an
associated in-phase instability mode, as controllers intervene in a manner that affects total SG
pressure drop.

For out-of-phase flow oscillations on the secondary side, the Stability TR discusses the potential
for tube out-of-phase flow oscillations to develop a modal characteristic similar to BWR regional
mode instability. In a BWR, the neutronic coupling between parallel, hydraulically isolated
bundles can result in the regional mode, in which bundles in one area of the core oscillate
together. The applicant believes that a similar mechanism is not present in the NuScale SG.
As discussed above, the staff postulated a means for out-of-phase oscillations in flow to
produce in-phase oscillations in heat transfer. One key difference between the SG and a BWR
could make this possibility more likely. In a BWR, the interassembly bypass flow area is
generally at, or near, saturation temperature. As a result, heat transfer from the bundles to the
bypass is negligible, leading to a more complete hydraulic isolation of the individual channels.
However, in the case of the NuScale generator, a heat transfer reduction in one tube would
result in higher local primary coolant temperature near that tube, which in turn, would promote a
higher rate of heat transfer to the surrounding tubes in the SG. In essence, the fluid between
the tubes on the primary side does not serve to isolate the SG tubes in the same way that these
are isolated in a BWR core. The analysis in the Stability TR does not consider this mechanism
of communication between the SG tubes’ nearest neighbors. While the applicant did not
analyze this mechanism, it casts doubt on the simple analysis presented in Appendix A to the
Stability TR, insofar as it is not clear that the tube flow oscillations would necessarily occur with
an even distribution of phase shifts. Mechanisms allowing coupling between a tube and its
nearest neighbors would tend to promote something similar to regional mode oscillation as
observed in BWR cores. Therefore, it is not clear if self-cancellation for heat transfer is a
reasonable assertion based purely on the Appendix A analysis. For this reason, the staff based
its review on the experimental demonstration in the TR Supplement, which is discussed in
greater detail later in this section.

There is also the matter of primary/secondary system interaction feedback. The staff was
concerned that once control functions are considered on the secondary side, and since the
primary side in pressurized-water reactors (PWRs) tends to follow the secondary side,
perturbations initiated on a marginally stable primary side may be enhanced through
secondary-side feedback. For example, PIM might predict that the primary side is marginally
stable in response to a core inlet flow perturbation; however, if that perturbation is propagated
through the system, the secondary side might contribute to negative feedback, eroding the
overall system stability margin. Without additional details of the control system operation and
without a means of simulating the feedback associated with the secondary side and its
interaction with the primary side, it was not clear if the stability margins predicted by PIM were
reliable.

The applicant largely addressed the staff considerations in the TR Supplement, which stated
that the Stability TR did not include the design of the control system. However, the TR
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Supplement also states that the module control system must satisfy the requirement that it does
not contribute any destabilizing effects. The staff agrees with this requirement for the design of
the control system. Therefore, while the applicant’s approach addresses the interactions of the
control systems, it was still necessary for the staff to consider the thermal-hydraulic phenomena
leading to density-wave instability on the secondary side.

Many of the secondary-side thermal-hydraulic phenomena or considerations are complicated by
the presence of many SG tubes of different lengths, which would imply families of tubes in the
SGs with slightly different natural frequencies. The staff was concerned that the applicant does
not consider this in the disposition; however, if the argument relies on demonstrating strong
self-cancellation, then this difference in natural frequency between banks of tubes should be
considered in a more detailed analysis or demonstration. As discussed later in this section, the
staff considered experimental data provided by the applicant that support the conclusion that
out-of-phase flow oscillations result in self-cancellation.

The staff initially considered the experimental data from the NIST-1 test facility as presented in
the Stability TR, as these data may shed light on some of these issues. However, many of the
issues are related to the parallel channel effect and the question of the differing tube lengths
remains, so it is not clear how to derive conclusions from the current NIST-1 stability
experiments. Further, the Stability TR points out scaling issues in applying such results directly.
Therefore, the staff could not rely on the NIST-1 experimental data to disposition the applicant’s
claims concerning self-cancellation of secondary-side oscillations.

The applicant addressed secondary-side instability in the supplement to the Stability TR
(ADAMS Accession Nos. ML16340A756 and ML16338A014). The TR Supplement clarifies the
possible flow oscillation modes in the SG tubes. In terms of the in-phase oscillation, the TR
Supplement clarifies that the feedwater flow is controlled based on steam flow demand, and that
any pressure drop variation as a result of density-wave oscillation in the SG tubes will be minor
relative to the driving head provided by the feedwater pumps. If the SG tubes are designed to
be inherently stable with respect to density-wave-driven oscillation, then the staff finds this
disposition to be reasonable and agrees that the primary concern is the possibility of
out-of-phase oscillation of the tubes. However, because the applicant revised the requirement
for the SG tubes to be inherently stable in the response dated November 9, 2017 and May 8,
2018, respectively for (ADAMS Accession Nos. ML17313B233 and ML18129A164) to RAI 9093,
Question 01-39, the staff was required to reconsider this disposition in more detail with respect
to in-phase flow oscillations.

The staff considered two cases in its evaluation of the secondary-side instability and the impact
of such instability on the primary side. First, the staff considered a scenario in which the
secondary-side controllers are idealized and can maintain the SG tube pressure drop at a fixed
value. This idealized condition is consistent with assumptions in the applicant’s stability
analyses. In this case, the SG tubes share a common pressure drop that is fixed. Under a fixed
pressure drop, if any SG tubes become unstable, they can be expected to oscillate out of phase
such that total SG flow rate remains unchanged. Second, the staff considered a scenario in
which the SG tubes may become unstable, but the SG tube pressure drop is not fixed because
controllers that affect the inlet and outlet pressures will respond to dynamic changes caused by
a perturbation. In the second case, the pressure drop is not fixed across the SG. If the
pressure drop can be dynamic, there is the possibility for the flow in the SG tubes to oscillate in
phase. The staff considers each of these scenarios below.

Fixed Steam Generator Tube Pressure Drop
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The TR Supplement states that the tubes are expected to be designed to preclude out-of-phase
density-wave oscillations; however, the response to RAI 9093, Question 01-39, supersedes the
original documents. Since SG tube flow oscillations are permitted, the argument of
self-cancellation in Appendix A to the Stability TR is much more relevant to demonstrating that
GDC 12 is met with respect to how secondary-side instability could affect primary-side power
and flow. Experimental data collected during the SIET-TF2 tests also support the argument for
self-cancellation. The TR Supplement states that the purpose of providing the results of the
tests was to strengthen the basis for concluding that the dynamic feedback loop between the
primary flow and the out-of-phase mode in the SG is broken for all practical purposes. The
experimental data provided demonstrate the system response to significant out-of-phase flow
oscillation in various instrumented tubes. The results of the test confirm the Appendix A
rationale that the out-of-phase oscillations are self-cancelling and that these oscillations do not
produce an in-phase oscillation in the heat transfer as originally conjectured by the staff.

In RAI 9171, the staff requested additional information about the specific test conditions for the
SIET-TF2 test described by the TR Supplement. The staff asked for this information to confirm
that the tested conditions are applicable to drawing conclusions about the operation of the SG at
normal operating conditions or other conditions relevant to power module stability (such as
those encountered during AOQOs).

In the response dated February 16, 2018, to RAI 9171, (ADAMS Accession No. ML18047A737)
the applicant stated that the SIET-TF2 flow oscillation tests were not intended to be
representative of the operating conditions of the NuScale power module. However, the
response still provides the test conditions and compares these test conditions for the normal
operating conditions in the secondary side of the power module. The response also compares
the geometry of the SIET-TF2 test to the NuScale SG design, and Table 3 of the response
shows that the geometry is quite similar, apart from the coil length.

The staff compared the unstable SIET-TF2 test conditions to the NuScale power module SG
conditions under conditions of normal operation. The bases for the staff's comparison are the
dimensionless subcooling and phase change numbers (Nsuw and Npch, respectively). For the
unstable SIET-TF2 test conditions, the phase change number was computed based on the total
power delivered to the secondary side (which was inferred by the primary-side flow and
temperature drop), as well as the total secondary-side flow rate. Figure 1 compares the
SIET-TF2 tests to the NuScale power module secondary-side operating conditions. The
comparison shows that the SIET-TF2 tests consider a wider range of Npcn, but a slightly lower
range of Nsuw. A higher Ny would indicate more unstable conditions, but this is not as clear
with respect to the Nswo. In any case, the comparison indicates that the operating conditions of
the power module during its startup fall in the same range of parameters as unstable test
conditions based on SIET-TF2 tests. In Figure 1, the staff has approximated the stability
boundary based on the method of Ishii (Ref. 4) and the result agrees with the stability boundary
shown by Papini, et al. (Ref. 6), which shows that the NuScale power module and SIET-TF2
points are in the unstable range. Therefore, the staff concludes that the test conditions are
reasonably representative of the NuScale power module operating conditions and, furthermore,
that the secondary side can be expected to become unstable during normal operating
conditions, at least during the startup maneuvers.

[
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Figure 1: [
]

In many of the SIET-TF2 tests, significant flow oscillations developed. The applicant provided
plots of these oscillations in its response to RAI 9171. Test TW0001 Run 806 is a good sample
case because the test conditions are the most like those of the normal NuScale power module
operation at power. The SIET-TF2 TW0001 Run 806 results show substantial tube inlet flow
oscillations with flow reversal. The flow rates oscillate between -0.4 to 0.6 kilograms/second
(kg/s) in the sample test. During this test, however, the primary-side to secondary-side heat
transfer was not appreciably affected, as is evidenced by the relatively steady value of the
primary-side temperature drop (see Figure 3 of the applicant’s response (ADAMS Accession
No. ML18047A736).

The experimental demonstration of the self-cancellation effects in the SIET-TF2 tests is a
sufficient basis to demonstrate that these types of oscillations do not propagate to the primary
side. However, the staff based its conclusions on the SIET-TF2 experimental data, which were
limited in terms of the achieved oscillation magnitude of the tube flow and were controlled in
such a way as to fix the secondary-side boundary conditions.

If oscillation magnitude of the secondary-side tube flow instability becomes nonlinear and
reaches its limit-cycle, it is not clear if the impact of such flow oscillations would still result in
self-cancellation. Therefore, the staff requested additional information in RAI 9580. In its
response, dated December 31, 2018 (ADAMS Accession No. ML18365A282), the applicant
asserted that out-of-phase oscillations are self-cancelling, which the staff agrees with in the
linear regime. While the response does not address nonlinearity of the out-of-phase
oscillations, it does consider large amplitude in-phase flow oscillations, which would certainly
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bound any consideration of the out-of-phase oscillations, whether linear or nonlinear.
Therefore, the staff review focused on the analysis of in-phase flow oscillations, which is
discussed further in the following section of this report.

Dynamic Steam Generator Tube Pressure Drop

The staff notes that the frequency of density-wave oscillations in the secondary side is very
different from the natural frequency of the power module, and therefore, no resonant interaction
can be expected between the instability modes of the two sides. However, the possibility
remains that an oscillation on the secondary side generated by other phenomena, such as
temperature variation or control system operation, which may occur at much lower frequency,
could induce a resonant effect on the primary side if the frequency of the secondary-side
oscillation is close to the natural frequency of the power module. The applicant separately
addressed the issue of possible resonant interaction between the secondary and primary side in
Section 8.2.7 of the Stability TR. Section 3.4.3.7 of this report presents the staff review.

As part of the review of the resonant interaction between the primary and secondary side, the
staff requested in RAI 9089 that the applicant perform analyses at various frequencies. In the
response, dated January 19, 2018, the applicant provided a figure that shows the primary-side
gain as a function of frequency over a wide range (ADAMS Accession No. ML18019A944). The
response shows that above a frequency of 0.05 hertz (Hz), the gain becomes very small. For
example, a primary flow amplitude of 0.05 kg/s, which is the approximate primary flow amplitude
at 0.05 Hz (based on visual inference), corresponds to a gain of approximately 2 percent. Using
the information from the response (ADAMS Accession No. ML18047A737) to RAI 9171, dated
February 16, 2018, the staff was able to estimate the SG tube transient time. Assuming pure
liquid (i.e., zero void fraction) conditions, the maximum transit time is approximately 3 seconds.
Because the SG tubes under conditions of power greater than 20 percent will be in two-phase
conditions, this represents an upper estimate of the transit time. This implies that the natural
frequency of secondary-side density-wave oscillation would be greater than 0.3 Hz.

The dramatic reduction in the gain with increasing frequency makes sense, because any
oscillations in the heat transfer on the secondary side can affect the primary side only if that
change in heat transfer, dynamically, is comparable to the transit time of the primary side of the
RCS flow as it traverses the axial expanse of the SG tubes in the annulus. If the frequency of
secondary-side oscillations is very high, a slug of flow traversing the annulus on the primary
side will experience several maxima and minima of the secondary-side oscillation, which will
tend to cancel out in terms of the effect on the temperature of the slug as it leaves the annulus
and enters the upper downcomer region. Since the flow in the RCS is relatively slow compared
to the flow in the SG tubes, the gain can be expected to be very small at high frequency.

A frequency as high as 0.3 Hz (and more likely a frequency closer to 1 Hz) appears to be off
scale for the results presented in the response to RAI 9089, but one can infer that the gain will
be less than 2 percent for the range of interest. If the secondary-side oscillation magnitude is
confined in some manner to, for example, 10 percent, the impact on primary-side flow resulting
from secondary-side instability will be less than 2 percent of 10 percent or 0.2 percent, which is
insignificant.

As stated above, the in-phase oscillation could occur if the secondary-side control system was
designed to allow the SG tube pressure drop to change dynamically. The staff’'s analysis so far
has assumed that the controllers would allow such an oscillation and that the oscillation would
develop at the natural frequency of the SG tubes. However, without a detailed analysis of the

16



secondary side, including the controllers and equipment, the staff cannot conclude whether
such an oscillation is possible. The staff can conclude that secondary-side,
density-wave-driven, in-phase oscillations would not have a significant safety impact on the
primary side if the oscillation magnitude is constrained. As shown in the staff's analysis above,
a 10-percent oscillation would produce a negligible effect on the primary-side flow.

In the TR Supplement, the applicant stated that in-phase oscillations can be dismissed in part
because the feedwater flow control is applied to a frequency-controlled feed motor that provides
a large driving head and the relative magnitude of the SG pressure drop to the feedwater pump
head is very small. Therefore, density-wave-driven instability in the tubes could not produce a
significant enough change in the SG tube pressure drop to have an appreciable effect on the
pump head. The staff is inclined to agree with this analysis, but it is not clear if the analysis also
applies to a pressure regulator on the steamline that may be acting in tandem with the
feedwater pump controller. It also may not be accurate that the secondary side is controlled in
such a way that the feedwater flow is controlled to achieve a given turbine flow demand,
especially for a plant design that operates with superheated steam coming from the SGs. For
example, if the feedwater control system adjusts feed flow through a feedwater-regulating valve
or with a combination of a flow control valve and pump motor speed, then the applicant’s
argument with respect to pump head is moot. Therefore, in RAI 9580, the staff requested
additional information about the secondary side.

In response (ADAMS Accession No. ML18365A282) to RAI 9580, the applicant confirmed that
the secondary-side flow oscillation amplitude is not constrained to any prescribed limit (i.e., the
10-percent flow oscillation limit previously described in other RAI responses and Stability TR
change pages). However, the applicant conceded the staff’s point that control functions may
result in large amplitude flow oscillations on the secondary side that are in phase. The applicant
analyzed a series of flow oscillations at 20- and 100-percent power at different points in cycle
using PIM and assuming that the feedwater flow controller was supplying an oscillation of a
given magnitude. The applicant analyzed a feedwater flow oscillation that was equal to

100 percent of the nominal feedwater flow, arguing that this oscillation magnitude is bounding of
any possible secondary-side flow oscillation produced by the feedwater flow control system.

The staff contends that the oscillation may become nonlinear, which would result in the
possibility for positive flow peaks that are more than twice the average, but this point is not
important. The applicant’s calculations using PIM do not simulate reactor trip functions and,
therefore, do not show the power and temperature oscillations that would ensue if such large
feedwater flow oscillations persisted. The applicant correctly argued that such oscillations
would result in reactor trip because of either high power or loss of steamline superheat. At high
reactor power (100 percent of rated power), the smallest power peak caused by a 100-percent
feedwater flow oscillation was a 22-percent increase over the average, which is above the
reactor high-power trip setpoint. In these high-power cases, the steamline superheat also
reaches 0 degrees F, which would also prompt a reactor trip. Therefore, the oscillations on the
secondary side analyzed by the applicant are certainly bounding.

While the applicant has not identified any limit-cycle nonlinear limiting conditions on the
secondary side that constrain the oscillation magnitude, the staff accepts that MPS reactor trip
functions that would shut down the reactor provide an acceptable constraint on the oscillation
magnitude that must be considered. At high reactor power, the applicant has demonstrated that
the reactor trip functions would actuate given secondary-side oscillations smaller than those
analyzed in the RAI 9580 response.
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The rationale suggested by the applicant is that the flow oscillations induced by this limiting
secondary-side flow oscillation would not challenge thermal limits. This is evidenced by the
applicant’s calculation results showing that the minimum critical heat flux ratio (MCHFR)
remains well above unity in all calculation cases. PIM has not been qualified to calculate
thermal margins, and the staff review explicitly limits the use of PIM for this purpose (see
Section 3.2.1.9 of this report for further details). However, even though PIM is not qualified to
determine the thermal margins, the staff still considered the applicant’s argument that the
thermal margins predicted by PIM are so significant that they could be expected to remain
significant even if a qualified critical heat flux (CHF) correlation was used. While this argument
is more difficult to make for lower values of MCHFR, the staff finds the applicant’s rationale
particularly convincing for the lower power case (at 20 percent of rated power) where the
calculated MCHFR remains significantly larger than the CHF ratio calculated for normal
full-power operation. While the staff finds this argument compelling, this does not constitute an
endorsement of PIM to produce reliable predictions of thermal margin. Rather, the staff
understands that these calculations indicate that there is likely to be substantial thermal margin
at lower power levels during postulated large-amplitude, secondary-side flow oscillation.

The staff finds that unconstrained, in-phase, secondary-side flow oscillation may occur, but the
MPS will constrain the magnitude of these oscillations by actuating a reactor trip in response to
a loss of steam superheat or in response to excessive reactor power. On this basis, the staff
finds that the applicant has analyzed an oscillation magnitude far exceeding the worst oscillation
that could conceivably occur and persist in the plant. For low reactor power levels, the applicant
shows such a substantial thermal margin using PIM that the staff agrees that even though these
calculations are not qualified, they are still sufficient to demonstrate a reasonable expectation of
thermal margin under these conditions.

At higher power levels, the applicant’s response shows that the effective oscillation magnitude
that could persist on the secondary side is much more constrained than the oscillation analyzed.
While unable to accept the same argument regarding the thermal margin calculated by PIM in
this case, the staff does find that the possible range of flow oscillation would be much smaller
and lead to a much smaller change in the thermal margin than analyzed.

The staff further notes that the applicant’s analysis considers the worst possible period of the
secondary-side oscillation from the standpoint of possible resonant interaction. By analyzing
the flow oscillations at a resonant frequency, the applicant’s analysis produces the largest
possible primary-side flow oscillation that can be induced by the secondary side. The resonant
period tends to be comparable to the primary-side loop transit time. At high power, the limiting
period varies from 55 to 500 seconds. This implies that the rate of feedwater flow change on
the secondary side occurs over a period of approximately 1 to 10 minutes, which is long
compared to the time it would take for a malfunction of the secondary side to produce an
equivalent change in the feedwater flow rate during a postulated AOO. Therefore, the rate of
feedwater flow change in the applicant’s current analysis is relatively small during the postulated
oscillations when compared to AOOs that are analyzed for the power module associated with
changes in the secondary-side heat removal. In addition, the PIM calculations provided by the
applicant cover several periods, and these calculation results further illustrate that there is no
resonant effect leading to growing oscillations on the primary side. As a result, the primary side
follows the secondary side in the response, in that the secondary-side heat removal oscillation
magnitude essentially matches the oscillation magnitude in the feedwater flow rate. In other
words, because there is no resonant interaction, the secondary side does not cause the
primary-side oscillations to grow from period to period, making each period an indistinguishable
limit cycle in the linear range.
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The flow conditions analyzed as part of the AOO analysis must consider an appropriate
constraint on the maximum upset allowable by plant equipment and control system functions,
such as the maximum credible increase or decrease in feedwater flow stemming from an
equipment or controller failure. Therefore, the thermal margin changes in response to changing
secondary-side flow can be expected to match those analyzed in the scope of AOOs analyzed
as part of the design certification for changes in secondary-side heat removal. Because there is
no resonant interaction, the primary-side response to a change in oscillatory flow would match
the primary-side response to a monotonic change in secondary-side flow of the same
magnitude. Therefore, the staff finds that no special consideration is needed in those analyses
to address possible primary-side flow instability. Demonstration of adequate thermal margin in
Chapter 15 of the FSAR is adequate to show that thermal margins are maintained during
postulated changes in the secondary-side flow. In turn, this is sufficient to confirm that
adequate thermal margins would be maintained during postulated secondary-side flow
oscillations.

To summarize, the staff finds the applicant’s argument that flow oscillation is inherently
constrained by MPS protective trips resulting from reactor power and steamline superheat
compelling. The applicant analyzed secondary-side flow oscillations in excess of the limits that
would be imposed by these trips and demonstrated that, at low power, substantial thermal
margins can be reasonably expected to last throughout the oscillation. In the case of higher
power, the staff finds that the interaction between the primary and secondary sides is such that
the primary side will follow changes in the secondary side without any resonant interaction (see
Section 3.4.3.7 of this report for further detail). Therefore, changes in thermal margin resulting
from changes in secondary-side heat removal that demonstrate thermal margins as part of the
Chapter 15 FSAR analysis would be sufficient to demonstrate that thermal margins are
maintained during postulated secondary-side oscillations.

Therefore, the staff finds that no further analysis is needed to address secondary-side flow
instability as part of the PIM stability analysis methodology beyond what is already required as
part of the design certification review. Further, the staff finds the response to RAI 9580
acceptable insofar as it gives reasonable assurance that thermal margins will be maintained
during the worst case allowable secondary-side flow oscillations, considering the MPS
functions. This finding assumes, of course, that the applicant's AOO analyses in Chapter 15 of
the FSAR demonstrate adequate thermal margins (these are the subject of a different NRC
review and are outside the scope of the current evaluation). If the Chapter 15 analyses do not
demonstrate adequate thermal margins, then the NuScale design would not meet the applicable
acceptance criteria and could not be certified by the NRC.

3.1.1.5 Natural Circulation or Riser Instability

The natural circulation or riser instability mode is the primary mode of instability for the NuScale
power module. Section 4.3.2.5 of the Stability TR addresses the basic mechanism, but
Sections 4.3.3.3 and 4.3.3.4 of the Stability TR describe how this mechanism interacts with, or
is compounded by, other phenomena. The staff reviewed these sections and concludes that the
riser instability mode is similar to density-wave instability, except that instead of requiring
prescribed pressure boundary conditions, density waves affect the flow by virtue of a closed
loop with a two-part hot side (core and riser) and a two-part cold side (SG and downcomer).
The riser instability mode can be understood by considering a positive flow step perturbation;
such a step perturbation traverses the core and reduces coolant temperature at the core exit
relative to the initial steady-state temperature. Thus, the density at the bottom of the riser is
higher. There is a delay while this temperature (and density) propagates upwards to populate
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the entire riser with fluid at a lower temperature. This creates the delay between the effect of
reducing temperature and increasing the static pressure head as that reduced temperature
wave propagates up the riser. The feedback is negative because a positive flow perturbation
creates a lower temperature, lower temperature means higher density, and higher density
means higher gravitational head, which translates to a lower flow under natural circulation
conditions. The delay, coupled with the negative nature of the feedback, makes it possible for
the loop to become unstable in this mode.

The staff finds that this mode is coupled with two other primary physical processes. The first is
the neutron kinetic response to changes in the core thermal-hydraulic condition, which changes
the core power. In addition, changes in primary circuit flow rate will change the heat transferred
to the secondary side around the SG annulus. Therefore, a detailed systems analysis of the
power module stability must also consider how these phenomena interact with, or compound,
the riser instability mode.

The staff's discussions of the phenomena affecting the NuScale power module stability in its