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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
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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
own independent PIRT (ADAMS Accession No. ML17033A144) closely match the rationale
given in the Stability TR. The staff reviewed the phenomenological description in the Stability
TR and agrees with the applicant on the identification of this mode, the compounding physical
processes, and the characterization of the mode as being the primary instability mode.

3.1.2 Stability Analogue and Reduced-Order Model

Section 7 of the Stability TR discusses the NuScale power module stability based on a
first-principles approach. This approach relies heavily on a published, simplified stability
analogue of the power module natural circulation loop (Ref. 1). The analogue simplifies the
modeling of many phenomena to derive analytical solutions of the dynamic response of the
module. The intent of this analogue is to understand the key phenomena and underlying
physical processes that affect the stability and stability trends for the NuScale power module.

The staff recognizes that this type of information is included in the Stability TR to assist in
understanding the nature of the natural circulation loop dynamics. However, the staff also
recognizes that important phenomena affecting stability characteristics are overly simplified in
the analogue model. Therefore, while the analogue fulfills the intended purpose of elucidating
the primary physical processes that dictate trends in the stability characteristics, it is not useful
in establishing quantitative stability margins. Therefore, the staff clarifies that this safety
evaluation report does not constitute approval of the stability analogue.

The TR Supplement describes a reduced-order model (ROM) similar to the analogue described
in Section 7 of the Stability TR. The applicant used the ROM in the TR Supplement to explain
the interaction between the power module and the SG. The ROM is also a simplified model,
and the staff understands that results from the ROM are intended only to elucidate the key
physical interactions between the primary and secondary sides. The ROM is not sufficiently
detailed to be used to quantify stability margins. Therefore, the staff clarifies that this safety
evaluation report does not constitute approval of the ROM. The limitation imposed by the staff
on the analogue and ROM is summarized below:

Stability Analogue and Reduced-Order Model Limitation

The stability analogue described by Section 7 of the Stability TR and the ROM
described by the TR Supplement are not approved for licensing purposes.
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3.1.3 Comparisons with the Phenomenon Identification and Ranking Table

According to SRP Section 15.0.2, the review of any safety analysis method relies on the
identification of important phenomena in a PIRT. Section 4.4 of the Stability TR presents the
PIRT supporting PIM. The staff reviewed this PIRT by reconciling differences between the PIM
PIRT and a NuScale stability PIRT that was independently developed by the staff. The staff
documented its independent PIRT (ADAMS Accession No. ML17033A144), which contains a
more detailed description of the rationale behind the staff’'s determination of the relative
importance of certain phenomena. Table 1 lists all phenomena that the staff ranked as highly
important. The phenomena are categorized according to the power module system and
component.

Table 1: Summary of Highly Important Phenomena from the NRC Staff’'s Independent NuScale
Stability PIRT (ADAMS Accession No. ML17033A144)

System Component Process/Phenomenon
core fuel rods fission power
core kinetics decay heat
core kinetics delayed neutrons
core kinetics fuel temperature feedback
core kinetics moderator density feedback
core kinetics moderator temperature feedback
core subchannel core pressure drop
core subchannel natural circulation
core subchannel single-phase convection
core subchannel single-phase pressure drop
core subchannel subcooled boiling
primary downcomer single-phase pressure drop
primary downcomer vertical/radial natural circulation
primary hot-leg riser flashing
primary hot-leg riser Ledinegg instability
primary hot-leg riser vertical/radial natural circulation
primary lower plenum vertical/radial natural circulation
primary SG annulus convection heat transfer to the SG tubes
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System Component Process/Phenomenon
primary SG annulus single-phase pressure drop
primary SG annulus vertical/radial natural circulation
primary upper plenum vertical/radial natural circulation
secondary SG tubes conduction through the tube wall
secondary SG tubes Ledinegg instability
secondary SG tubes two-phase heat transfer

There are several differences between the staff’s listing of highly important phenomena and
those identified in the Stability TR PIRT. For the core, the Stability TR PIRT and the staff’s
PIRT appear to be consistent in ranking the core power and reactivity feedback mechanisms as
highly important. There are differences in the ranking of pressure drop and subcooled boiling.
The staff considers the pressure drop to be highly important because of the effect that pressure
drop has on the natural circulation flow rate. This consideration applies to the pressure drops
throughout the primary flow circuit, leading the staff to rank these pressure drops and natural
circulation phenomena as highly important.

In RAI 9093, Question 01-36, the staff requested additional information to clarify the importance
ranking of pressure drop. In response, the applicant provided additional justification of the
medium importance ranking (ADAMS Accession No. ML17313B233). First, the applicant drew
a distinction between the impact of the pressure drop in calculating the steady-state flow pattern
and the impact of the pressure drop in calculating the response of the flow to a perturbation in
the flow from that steady-state condition. This difference, according to the applicant, justifies a
lower importance ranking for the pressure drop. This basis is not clear to the staff. When
imagining any closed-loop system such as NuScale, the magnitude of the core flow rate
predicted in the steady state can be expected to have an impact on the system transfer function.
Therefore, the staff expects that the steady-state predicted flow rate will influence the dynamic
behavior of the system. As an example, a higher core flow rate predicted in the steady state
would mean that any perturbation to that flow traverses the core region at a higher pace and
could therefore be expected to diminish the influence of core reactivity feedback on the overall
system response to a flow perturbation. Therefore, the staff does not accept the applicant’s
rationale that it is important to consider the second impact (i.e., the impact on changes to the
steady-state value during the transient calculation) only when determining the importance of a
given phenomenon.

Second, the response to RAI 9093, Question 01-36, states that the medium importance ranking
applied to the pressure drop highlights that the distribution of the pressure drop is less important
in the stability evaluation of the NuScale power module when compared to stability evaluation
for BWRs (ADAMS Accession No. ML17313B233). The staff agrees that the spatial distribution
of the pressure drop, particularly in the reactor core of a BWR, is highly important for stability
analysis in BWRs. However, this rationale does not appear to be relevant to the ranking. Even
though the spatial distribution of pressure drop within the major system components of the
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NuScale power module does not have a large impact on the stability characteristics, the relative
pressure drop of each component within the primary flow loop does. That is, the staff agrees
that the local pressure drop distribution along the axial elevation in the riser is certainly less
important than the total pressure drop of the riser; however, the pressure drop of the riser
compared to the pressure drop of the core and pressure drop of the downcomer is important to
determining the core flow rate and core flow rate transient response. The staff reviewed the
applicant’s discussion of the importance of pressure drop distribution in BWRs but does not
consider it relevant to determining the importance of pressure drop phenomenology for the
NuScale design.

Overall, the staff disagrees with the applicant’s ranking and disagrees with the rationale in the
response to RAI 9093, Question 01-36. However, at the end of the response, the applicant
stated that the stability analysis methodology treats medium-ranked and highly ranked
phenomena in the same way. Therefore, the staff finds that the treatment of the phenomenon in
the methodology is acceptable, even though the staff does not agree with the applicant’s
importance ranking.

Further, the staff identified the phenomena of subcooled boiling (in the core) and flashing (in the
riser) as highly important because the staff agrees with the applicant that void formation can
have a significant impact on the riser instability mode. The Stability TR dispositions the flashing
phenomenon by referring to the LTS solution, which protects subcooling margin in the riser.
The staff identified a similar disposition in its PIRT but did not rank the phenomenon as medium
because of the perceived possibility that there may be delays in the MPS to enforce the
subcooling margin, which, under transient conditions, could allow temporary riser flashing
before the control rods suppress core power. A similar concession appears to be made in the
Stability TR disposition.

However, the disposition in the Stability TR does not appear valid because the transient
analyses documented in subsequent sections of the Stability TR essentially demonstrate that
the LTS solution is effective in tripping the reactor before riser flashing occurs. Therefore, in
terms of flashing, the staff finds that the methodology relies on accurately determining the timing
of flashing onset relative to the timing of MPS trip. While an LTS solution is proposed to
preclude flashing, PIM must be capable of reliably predicting flashing to demonstrate that there
is margin between the timing of the MPS trip and the onset of instability. Therefore, the method
relies on predicting this phenomenon, which is important to the stability of the power module.

Since void formation in the riser is a significant contributor to the riser instability mode, the staff
requested in RAI 9018 that the applicant justify the medium importance ranking for riser
flashing. The staff asked the applicant to address this discrepancy and provide additional
information (such as model validation) consistent with a high importance ranking.

In the response to RAI 9018 dated October 2, 2017, (ADAMS Accession No. ML17271A157)
the applicant reiterated the rationale for ranking riser flashing as being of medium importance.
The applicant further stated that while riser flashing occurs during unstable conditions predicted
during the depressurization analysis, eventually the riser voiding becomes driven by a
combination of flashing and boiling within the core. The staff agrees with the statement in the
response that one aspect of the methodology is to analyze potentially unstable conditions to
demonstrate that the MPS protective trip occurs with sufficient margin in time to prevent adverse
consequences. Because the applicant analyzed conditions in which flashing contributes to riser
instability as a way to demonstrate the effectiveness of the LTS solution, the staff cannot
conclude that the phenomenon is of low importance because it occurs in a condition outside of
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the range of normal operation. The applicant’'s methodology specifically analyzes conditions
outside the normal operating range according to the applicant’s prescribed analysis scope to
demonstrate the LTS solution’s effectiveness. Therefore, the staff disagrees with the rationale
given by the applicant.

The response includes further rationale for the stabilizing effects of end-of-cycle (EOC)
condition reactivity coefficients and discusses CHF consequences. The reactivity feedback is
stabilizing, and EOC calculations of the same depressurization scenario could be expected to
produce mild limit-cycle oscillations. This would be consistent with the staff's own confirmatory
analysis.

The staff separately considered the applicant’s discussion of CHF. Section 3.2.1.9 of this report
documents the staff’s review of this topic.

In its own independent PIRT (see Table 1 and ADAMS Accession No. ML17033A144), the staff
concluded that riser flashing was highly important. Therefore, the staff does not agree with the
ranking or the rationale given in the RAI 9018 response. However, the response states that the
medium-ranked phenomena are treated in PIM with the same fidelity as the highly ranked
phenomena. The applicant’s discussion of the phenomenon of the medium-ranked riser
flashing is consistent with the discussion of medium-ranked phenomena in its

September 27, 2017, response (ADAMS Accession No. ML17270A268) to RAI 8922. Because
the applicant made no effective distinction between medium and highly ranked phenomena, the
staff can disagree with the ranking and the rationale, but ultimately, the applicant’s methodology
treats the phenomenon as if it were highly ranked. Solely on this basis, the staff finds that the
response to RAI 9018 acceptably resolves its concern about the applicant’s PIRT ranking of
riser flashing.

As for subcooled boiling, the staff was not sure if the Stability TR intended to include this
phenomenon under the broader category of vapor generation and condensation, as listed in
Table 4-1 of the Stability TR. The staff requested additional information about the consideration
of subcooled boiling in the PIRT in RAI 9093, Question 01-38. In its response, the applicant
stated that subcooled boiling is captured in the PIM methodology and is considered under the
broader category of vapor generation and condensation (ADAMS Accession

No. ML17313B233). Because the broader category is ranked as highly important, and
subcooled boiling falls under this category, the applicant treats subcooled boiling as a highly
important phenomenon in its methodology. The staff agrees with this ranking and finds the
treatment of subcooled boiling acceptable.

One of the differences between the staff’s listing of highly important phenomena and those
identified in the Stability TR PIRT is the ranking for Ledinegg instability. For the secondary side,
the staff considered the possibility of Ledinegg instability in the SG tubes to be highly important.
However, given the information in the TR Supplement, the staff agrees with the disposition that
secondary-side instability tends to be self-cancelling and would not have a significant influence
on the primary side. For the primary side, the applicant addressed the Ledinegg instability
phenomenon by stating that minimizing the flow resistance precludes flow excursion instability.
The staff finds that this argument is compelling but also finds that such static instabilities can be
analyzed in the steady state to determine if SAFDLs are met, which would be within the scope
of the steady-state thermal-hydraulic analysis. Especially as it relates to the secondary side, the
staff does not agree that Ledinegg instability is not applicable (as it is currently ranked in the
Stability TR); however, the staff finds that a ranking of low importance is warranted in light of the
experimental data provided by the TR Supplement. Because a ranking of N (not-applicable)
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versus L (low) does not have a meaningful impact on how the PIRT is used for evaluation model
development, the staff finds the applicant’s approach acceptable, even though the staff does not
agree with the ranking itself.

On a similar basis, the staff considered density-wave oscillations in the secondary side. In the
independent PIRT, the staff ranked density waves in the SG tubes as being of medium
importance under the assumption that the applicant would design the SG tubes with inlet flow
orifices to ensure that oscillations driven by density waves are inherently damped. The original
Stability TR and the TR Supplement both state that the SG tubes will be designed with inlet
orifices to ensure inherent stability. The staff’s preliminary findings on the Stability TR PIRT
ranking, as well as the staff’s independent PIRT, relied heavily on this design requirement
specified in the applicant’s submittals. In RAI 9093, Question 01-39, dated November 9, 2017,
the staff requested that the applicant describe the process by which the inlet orifices were
confirmed to provide inherent stability. In its response, the applicant revised the Stability TR
and stated that secondary-side instability would be allowed as long as the magnitude of the SG
tube inlet mass flow oscillations is constrained to 10 percent (ADAMS Accession

No. ML17313B233). The staff evaluated the consequences of secondary-side instability on the
primary side in Section 3.1.1.4 of this report. The staff has determined that approval of the
methodology is contingent on the disposition of secondary-side flow oscillation. The staff
considered this requirement in its review of the response to RAI 9093, Question 01-39, and how
that response affects the PIRT rankings. To complete its review, the staff required two
supplemental pieces of information.

First, the staff noted that the response did not address its original concern in RAI 9093,
Question 01-39, which focused on the process by which the applicant would demonstrate that
the SG tube inlet orifices were designed to preclude instability. However, the applicant’s
response, while changing the design requirement, does not describe the process for
demonstrating how that requirement is met. Therefore, the staff asked for supplemental
information in RAI 9580.

In the response (ADAMS Accession No. ML18365A282) to RAI 9580, the applicant stated that
there is no imposed constraint on the secondary-side flow oscillation amplitude and revised the
topical report to remove the limits previously discussed. The staff review of this revision,
discussed in greater detail in Section 3.1.1.4 of this report, focuses on the consequences of
unbounded, in-phase, secondary-side flow oscillations. Briefly, since unbounded oscillation
would result in reactor trip before thermal limits are violated as the result of other trips

(e.g., because of loss of steam superheat or high reactor power), it is not necessary to impose a
specific limit on secondary-side flow oscillation.

The staff considered the possibility for secondary-side instability and determined that both
out-of-phase and in-phase density-wave oscillation on the secondary side would not have a
significant impact on the primary side. Section 3.1.1.4 of this report discusses these topics at
greater length. During the review, the applicant provided several different dispositions of
secondary-side instability concerns but ultimately replaced these dispositions with an analysis of
a limiting secondary-side, in-phase flow oscillation to demonstrate that secondary-side instability
does not pose a challenge to thermal margins in the core. The staff reviewed these analyses
and determined that no special consideration of secondary-side instability is required to
demonstrate compliance with GDC 10, apart from what is otherwise required according to
Chapter 15 of the SRP. Therefore, while the staff cannot conclude that secondary-side
instability is of low importance because it is limited by the design of the SG tubes and the staff
disagrees with the disposition presented in the applicant’s PIRT, the staff has determined that
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the low ranking in the PIRT does not affect its conclusions about the effect of this phenomenon
on thermal margin and, subsequently, on the importance of its consideration in demonstrating
compliance with GDC 10. Therefore, the staff merely notes that it disagrees with the applicant’s
importance determination and disposition. Approval of the Stability TR should not be construed
as NRC approval of the applicant’s PIRT in this regard.

Another difference between the staff’s independent PIRT and the Stability TR is in the ranking of
heat transfer mechanisms from the primary to secondary side. The staff considered these
phenomena to be highly important, but the applicant ranked them as having medium
importance. The applicant’s disposition appears to concede the higher importance by stating
that the SG dynamics are important in the stability assessment, as they govern the cold-leg
density. However, the Stability TR disposition continues by stating that a lower ranking is
warranted because errors in the modeling associated with these phenomena would tend to be
self-cancelling. On the sole basis that these phenomena dictate the removal of the reactor heat
to the ultimate heat sink, the staff concludes that they are highly important. The staff agrees,
however, that in terms of the power module stability, the key process is the integrated heat
removal from the primary to the secondary side and that effects that would contribute to shifting
the primary-side density within the axial span of the SG annulus would have a second-order
effect on the natural circulation. To this end, the staff disagrees with the importance ranking but
agrees with the concept that the overall heat transfer, as opposed to local effects, is the key
consideration. However, it is unclear to the staff how certain errors would necessarily be
self-cancelling.

In RAI 9093, Question 01-40, the staff requested additional information on the disposition of the
heat transfer of the SG. The staff independently determined that the transfer of heat from the
primary to the secondary side was of high importance (ADAMS Accession No. ML17033A144).
In response to RAI 9093, Question 01-40 (ADAMS Accession No. ML17313B233), the applicant
conceded this point by agreeing that this is an important phenomenon. However, the applicant
stated in the response that the ranking applied in the PIRT for this phenomenon is medium.

The staff disagrees with the applicant because the physical process of heat transfer from the
primary side to the secondary side is the key phenomenon affecting the change in density in the
SG annulus of the power module. While disagreeing with the importance ranking, the staff
considers the response acceptable because the applicant stated that the methodology treats all
medium-ranked phenomena in the same manner as highly ranked phenomena.

In RAI 8869, the staff requested additional information about the disposition of self-cancelling
errors in the SG heat transfer. In its August 15, 2017, response, the applicant described how a
change in the SG heat transfer that may occur as a result of tube fouling would produce a
change in the temperature difference between the primary and secondary side (ADAMS
Accession No. ML17228A261). However, this change would affect the primary-side average
temperature but not the hot- and cold-leg temperature difference. Therefore, there would not be
a significant impact on the natural circulation flow. The staff agrees with this point; however,
increasing the primary-side average temperature may affect the transient calculations. Since
the stability margin is afforded by the MPS protective trip to enforce riser subcooling, it is
feasible that certain transient scenarios may become more adverse from a stability perspective
if the initial temperature in the primary side is higher. Therefore, based on the response to

RAI 8869 alone, the staff was unable to reach a conclusion on the importance of the SG heat
transfer as it would relate to the transient analysis. In RAI 9441, the staff asked the applicant to
provide supplemental information. The staff's request is divided into four items, which all focus
on the AOO aspect of the NuScale power module stability analysis.
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In the first item, the staff asked the applicant for an additional rationale for the importance
ranking of the SG heat transfer, given that the SG heat transfer can affect the initial subcooling
in the riser at the start of the transient. The staff stated that it would be acceptable for the
applicant to formulate the rationale using an example of a phenomenon that could affect SG
heat transfer such as fouling. In its response dated June 4, 2018, to RAI 9441, Item 1, the
applicant explained that fouling would not occur during the transient (ADAMS Accession

No. ML18155A625. This discussion was not relevant to the staff's question. It is clearly
understood that phenomena such as fouling or plugging would occur before the transient
initiation and would have the effect of reducing the SG heat transfer, thereby increasing the
primary-side temperature at the initial point of the transient. The higher temperature of the
primary side as an initial condition would mean that the initial subcooling in the riser would be
lower. The applicant provided a calculation that demonstrates this effect. However, the
applicant’s response does not address the staff’'s question, which relates to how a higher initial
temperature might affect the transient progression and how that impact on transient progression
would affect importance ranking.

In the second item, the staff asked the applicant to describe the limits on primary-side
temperature. In its response to RAI 9441, Item 2, the applicant stated that the only upper
constraint on the primary-side temperature is the exclusion region MPS protective trip, which
enforces a subcooling margin of 5 degrees F in the riser (ADAMS Accession

No. ML18155A625).

In the third item, the staff requested that the applicant consider all the different classes of AOOs
and evaluate whether the consequences would become more adverse and potentially more
limiting if the initial temperature of the primary side were much higher. In its response to

RAI 9441, Item 3, the applicant stated that the depressurization scenario is the only class of
transients that results in instability because of riser voiding (ADAMS Accession

No. ML18155A625). The applicant further stated in the response that additional calculations at
higher temperatures are not required because a higher initial temperature would merely result in
earlier actuation of the MPS protective trip. The staff reviewed this statement and agrees with
the applicant’s determination.

In the fourth item, the staff asked the applicant to evaluate any other AOOs that may be more
limiting when considering high initial primary-side temperature. In its response to RAI 9441,
Item 4, the applicant stated that no other limiting AOOs were identified based on such
consideration (ADAMS Accession No. ML18155A625). Therefore, the staff agrees that no
further analysis of other scenarios is required.

In reviewing the RAI 9441 response, the staff found that it did not fully address the question
about the importance of the impact of SG heat transfer on stability during transients. However,
the staff concluded that it is not necessary to reevaluate the stability during AOOs for the limiting
event (depressurization) because the impact of reduced SG heat transfer would not affect the
overall conclusions from the current analysis.

The staff maintains that the SG heat transfer is a highly important process in stability analysis
and can affect the key figure of merit (i.e., instability onset timing) in a transient analysis.
However, a higher ranking of this phenomenon for PIM would have essentially no impact on the
methodology or the subsequent analysis conclusions. The SG heat transfer in PIM, according
to the methodology, is adjusted to match the results from NRELAPS in the steady state.
Section 3.2.4 of this report describes this process in more detail. This adjustment means that
the PIM calculations will be very close to the predictions of NRELAP5, which would be required
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to accurately predict the SG heat transfer phenomenology and is the subject of a separate staff
review.

Therefore, while the staff disagrees with the applicant’s importance ranking, the staff finds that
these phenomena do not have to be treated as highly important in the PIM methodology
because the PIM methodology “anchors” the model to NRELAPS. Since these phenomena are
important to loss-of-coolant accident (LOCA) and non-LOCA transient analysis, they must be
treated appropriately in the applicant's NRELAP5-based evaluation model. The NRC staff is
currently reviewing TR-0516-49422, “Loss of Coolant Accident Evaluation Model,” issued
December 2016 (ADAMS Accession Nos. ML17004A202 and ML17010A427). As discussed in
more detail in Section 3.2.4, the staff's review of PIM is contingent on the staff’s review and
approval of NRELAPS.

Based on the applicant’s clarifications and responses, the staff has determined that the
applicant has ranked highly important phenomena as being of lesser importance in several
instances in its PIRT. Therefore, the staff’'s current review should not be construed as an
acceptance of the applicant’s PIRT. Rather, in all instances where the applicant ranked the
phenomenon’s importance too low, the staff has confirmed that the applicant treated that
under-ranked phenomenon as if it were ranked as highly important, except for secondary-side
density-wave oscillation. In the case of secondary-side density-wave oscillation, the applicant
provided a separate analysis to disposition this phenomenon; Section 3.1.1.4 of this report
documents the staff’'s review of that analysis. Since the applicant’'s methodology ultimately
treated all the requisite highly important phenomena appropriately, the staff finds the
methodology acceptable. However, the staff does not accept the applicant’s PIRT, and
approval of the associated TR should not imply approval of the PIRT. Therefore, the staff
imposes a restriction to make the scope of its approval clear:

PIRT Importance Ranking Restriction

The staff approval of the NuScale stability analysis methodology does not
constitute approval of the phenomena importance rankings described in the
PIRT in the Stability TR. The current evaluation shall not be construed as
approval of the applicant’s PIRT.

3.2 PIM Evaluation Model

Section 5 of the Stability TR describes the PIM evaluation model. The staff evaluated PIM
against the review criteria of SRP Section 15.0.2, as outlined below:

° Evaluation Model

The evaluation model includes the associated physical models of the PIM code,
including the thermal-hydraulics, neutronics and kinetics, conduction, and SG models.
These are exercised according to a particular nodalization and numerical solution
scheme. The staff reviewed each of these aspects of the evaluation model, as
documented below.

o Accident Scenario Identification Process
The identified scenarios relate to stability. For steady-state operations, the scenario is

well understood. However, GDC 10 and 12 require that the applicant demonstrate
acceptable stability performance during AOOs. Therefore, the applicant identified AOOs
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3.2.1

that potentially affect the stability of the NuScale power module and analyzed these
events. Section 3.4.3 of this report addresses more fully the aspects of the review
related to the identification of accident scenarios, and in that section, the staff
documents its review of the transient identification and analysis.

Code Assessment

The code assessment review covers three major areas: integral effects tests (IETs),
separate effects tests (SETs), and scaling. The following parts of this section cover the
staff review of the associated IET and SET validation, including consideration of scaling
distortions between the tests and the NuScale power module.

Uncertainty Analysis

The uncertainty analysis is necessary to establish analysis acceptance criteria that
provide reasonable assurance that the associated regulatory criteria are met. Therefore,
the uncertainty analysis is tied closely to the DR acceptance criterion of less than or
equalto[ ]. Section 3.3 of this report presents the staff review of the PIM uncertainty
and the acceptance criterion.

Quality Assurance Plan

The staff conducted a regulatory audit to review the QA plan to ensure that the plan
meets the minimum requirements described in SRP Section 15.0.2. These include
design control, document control, software configuration control and testing, error
identification and corrective actions, and training of personnel involved with code
development and maintenance. Section 3.2.8 of this report summarizes the audit
findings.

Thermal-Hydraulics Models

The PIM thermal-hydraulics model is defined by a combination of the conservation relationships
for mass, momentum, and energy and a series of closure relationships. This section documents
the staff review of the thermal-hydraulics model.

3.2.1.1 Conservation Equations

Mass

Section 5.5.1.1 of the Stability TR describes the mass conservation equations. Conservation of
liquid and vapor mass is formulated on a nodal basis. [
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] Therefore, the staff finds that the mass conservation equation is acceptable for the
purpose of PIM analysis.

Energy

Section 5.5.1.2 of the Stability TR describes the energy equation. The formulation of the energy
conservation equation allows the liquid and vapor phases to be in nonequilibrium but forces the
vapor to be at the saturation temperature. Since the LTS solution is intended to protect
subcooling margin in the riser section, PIM will not be used to analyze conditions in which the
vapor may become superheated on the primary side. Vapor will be superheated on the
secondary side, but the SG model does not use the same formulation as described for the
primary flow loop. Section 3.2.4 of this report describes the staff’s review of the SG model. The
nodal energy equations are referenced to the saturated liquid enthalpy, which, as stated in the
Stability TR, requires the user to adjust certain inputs based on system pressure. Because, as
stated above, PIM does not analyze conditions of primary side superheat, the staff finds the
approach acceptable. The nodal energy equation formulation is straightforward and acceptable
for the current purposes.

Momentum

Section 5.5.1.3 of the Stability TR describes the momentum equation. The applicant derived the
momentum equation from the one-dimensional, two-phase mixture differential equation shown
in Equation 5-12 of the Stability TR. The applicant assessed properties at a constant system
pressure and used them throughout all the nodes of the primary flow loop. The high pressure of
the NuScale power module ensures that the fractional change in pressure through the primary
loop will be small. Therefore, the staff finds that this is a reasonable approximation for the
calculation.

The momentum equation is integrated over the loop and balances the loop pressure drop. |

] Therefore, the staff finds that the momentum equation formulation is acceptable.

The solution methodology, by solving the momentum equation, determines the velocity field in a
series of one-dimensional nodes that form the closed primary circuit loop. This simplistic one-
dimensional flow loop precludes PIM from calculating the bypass flow through the core. This
limitation can result in PIM under-predicting the degree of subcooled boiling in the core because
the bypass flow rate is, in effect, combined with the active core flow in PIM. Under bullet 2 of
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Section 5.2, the Stability TR describes this limitation of PIM and briefly describes a method for
accounting for subcooled boiling error using parametric studies. In RAI 8870, the staff
requested additional information about this methodology.

The applicant referred to some sensitivity studies in its August 15, 2017, response (ADAMS
Accession No. ML17228A277) to RAI 8870. Because this response was insufficiently detailed
for the staff to reach a conclusion, the staff requested supplemental information in RAI 9438.
The applicant responded on May 30, 2018, to RAI 9438 and provided a much more detailed
analysis (ADAMS Accession No. ML18150A707). [

] The staff agrees with this point.

The applicant then contended that the subcooled boiling phenomenon is most relevant to
transient analysis where the reactor depressurizes and, furthermore, that suppressing
subcooled boiling produces conservative results. To support this conclusion, the applicant
provided the results of sensitivity calculations in the RAI 9438 response demonstrating the
transient response for various values of the subcooled boiling coefficient (as described by
Section 5.5.6.5 of the Stability TR). The coefficient was varied over a wide range, consistent
with the range considered in the RAI 8944 response (ADAMS Accession No. (ML17271A237),
dated September 28, 2017. The results of the sensitivity calculations demonstrate that the
default value of the boiling coefficient produces more adverse results when compared to
calculations performed using lower values. [

] Therefore, the staff finds that the current approach of combining the [
] is appropriate for the purposes of the current analysis.

As for the boiling coefficient and treatment of the subcooled boiling in the transient calculations
more generally, Section 3.2.1.8 documents the staff review of this model. To briefly summarize,
the staff finds that the treatment of the phenomenon is appropriate so long as the assumed
coefficient value is taken as the conservative, default value. The staff finds that the response to
RAI 9438 is sufficient insofar as the response adequately justifies the assumption inherent in the
PIM code to combine the active and bypass flows.

Another limitation of the formulation of the momentum equation is that PIM cannot treat flow
reversal. Therefore, the staff imposes a limitation on PIM with respect to flow reversal:
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Flow Reversal Limitation

PIM is not approved to analyze transients where the oscillations become
significant enough that flow reversal would occur anywhere within the primary
flow circuit.

Based on the discussion above, the staff finds the momentum equation acceptable
subject to the limitation imposed in this section.

3.2.1.2 Ambient Heat Loss

Ambient heat losses are considered in the Stability TR using a simplified model. The ambient
heat is calculated according to the bulk fluid temperature and the ambient temperature with an
ambient heat transfer coefficient provided by Equation 5-48 in the Stability TR. The heat loss
model neglects heat storage in the heat structures, but the staff agrees with the disposition in
the Stability TR that the analyses are generally performed for small perturbations about a
steady-state condition and that these effects can be ignored. The staff requested additional
information regarding the basis for the ambient heat loss model in RAI 9024. In its response,
dated October 10, 2017, the applicant described the calculations performed to determine the
ambient heat losses (ADAMS Accession No. ML17283A422). The ambient heat losses were
calculated using analytical models for heat transfer assuming emissivity values and heat
transfer coefficients for the inside wall of the reactor pressure vessel (RPV) and the outside wall
of the containment vessel. The applicant provided the values for these assumed quantities in
Table 1 of the RAI 9024 response. The staff finds that these values are reasonable engineering
approximations. Because ambient heat losses account for only a small fraction of the total heat
removal from the system and because the staff determined ambient heat losses to be a
phenomenon of low importance (ADAMS Accession No. ML17033A144), the staff finds that an
analytical model with approximate values is reasonable for the stability analysis purpose. The
applicant clarified in the response that the analytical models were exercised to produce a series
of results at fixed primary coolant temperatures because the models must be solved iteratively.
The applicant then fit the results with a third-order polynomial expression. The fitted polynomial
shown in the response is the same as the model described in the Stability TR; therefore, the
response adequately describes the basis for the ambient heat loss model. Based on the
discussion above, the staff finds that the overall approach is adequate given the low importance
of the phenomenon to the stability analysis.

3.2.1.3 Chemical and Volume Control System Model

The Stability TR describes the chemical and volume control system (CVCS) model in
Section 5.5.5. The CVCS model is relatively simple: first, some flow is let down from a
user-specified node in the downcomer; second, the extracted flow is passed through a heat
exchanger and pump; and third, the flow is returned to the primary loop after some lag to a
user-specified node in the riser. [

] In RAI 9172, the staff asked the applicant to provide a more detailed
description of the CVCS model.

In its January 26, 2018, response to RAI 9172, the applicant described the CVCS model in PIM
(ADAMS Accession No. ML18026A856). The staff reviewed the model assumptions, inputs,
and equations that dictate the performance of the model. The staff found the approach to be
straightforward and the assumptions and approximations to be reasonable for the purpose of
stability analysis. In the RAI 9172 response, the applicant stated that neglecting the momentum

32



effect of the injected fluid is stabilizing, and while the staff is inclined to agree, the effect has not
been quantified. However, the staff expects the momentum effect to be relatively small and
therefore concludes that the CVCS model is reasonable.

In RAI 8814, the staff asked the applicant to evaluate changes in core flow as a consequence of
malfunction of the CVCS. In its August 3, 2017, response to RAI 8814, the applicant considered
CVCS malfunction and showed how these types of events are generically bounded by events
leading to a decrease in secondary-side heat removal (ADAMS Accession No. ML17219A145).
Section 3.4.3.3 of this report describes the staff review more thoroughly. Since AOOs related to
CVCS malfunction are generically bounded and do not require specific analysis, the CVCS
model need only be sufficient to provide the right heat and mass balance to calculate natural
circulation RCS flow rates during the startup. The staff finds that to achieve this goal, the
simplified CVCS model, as described in the Stability TR, is sufficient and acceptable.

3.2.1.4 Fluid Properties

The fluid properties in PIM are based on curve fits, which are verified against the 1995 version
of the International Association of the Properties of Water and Steam (IAWPS). The staff finds
the use of properties from the IAPWS 1995 version acceptable but requested clarification of a
statement in the Stability TR concerning the range of analysis. Specifically, in RAI 9095, the
staff asked the applicant to clarify the range of analysis over which the fluid property curve fits
have been verified. The staff noted that the use of the IAPWS 1997 standard can cause issues
when the liquid becomes highly superheated (“TRACE V5.0 User's Manual,” Volume 2,
“Modeling Guidelines, issued June 2008 (ADAMS Accession No. ML120060402)). The staff
reviewed the applicant’'s November 9, 2017, response (ADAMS Accession No. ML17313B231)
to RAI 9095 and found that the applicant had adequately addressed the staff’s concern
regarding high superheat, justified the fluid property fits, and confirmed that the fits apply over
the range of conditions necessary to analyze NuScale power module stability. On these bases,
the staff finds the fluid property fits are acceptable.

3.2.1.5 Frictional Pressure Drop

Section 5.5.6.2.1 of the Stability TR describes the PIM model for single-phase friction factor.
The single-phase friction factor model is based on the RELAP5-3D model. The friction factor
depends on whether the flow is laminar, transition, or turbulent. [

] PIM user input defines the transition region, but values of Reynolds number (Re) of 2200 and
3000 are reported in the Stability TR and taken from RELAP5-3D. The staff finds this model to
be fairly standard and has found similar applications acceptable in the past. Therefore, the staff
finds the current usage to be acceptable. However, in RAI 8848, the staff requested some
clarification of the transition region. The Stability TR states that these values are user input but
does not specify that the listed Re values are used in the production methodology. The staff
imposes the condition that the laminar-turbulent transition be consistently defined in the
licensing analysis and that this transition region agree with the basis provided in the source
reference (i.e., RELAP5-3D). In other words, the numerical values of the Re transition region
must be the same as assured by the condition below. In its response to RAI 8848, the applicant
stated that the stability performance of the NuScale power module is largely insensitive to the
distribution of the friction pressure loss in the core, unlike the conditions in BWRs (ADAMS
Accession No. ML17234A731). Further, the applicant clarified that the flow in the core remains
in the turbulent regime for all the calculations and that the transition region is included for
completeness. The staff agrees that many of the calculations indicate turbulent flow in the core,
but because some calculations are performed at very low power (i.e., 1 percent) and
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correspondingly low flow, there may be certain conditions requiring the analysis of laminar
conditions in the primary flow circuit. Therefore, the staff concludes that the PIM methodology
should include transition region treatment modeling. Since the primary parameter affected by
the model is the core flow rate, and the applicant has confirmed that the use of the RELAP5-3D
transition region produces acceptable predictions of the core flow rate, the staff finds that the
continued use of the specific RELAP5-3D transition region is appropriate and should be used for
future analyses.

Laminar-Turbulent Transition Condition

When using PIM for licensing analysis, the user shall specify a laminar to
turbulent transition region between Re of 2200 and 3000.

The staff finds that the predictive performance of the model is linked to the specific hydraulic
parameters of a typical NuScale power module fuel assembly design. Acceptable performance
of the model for substantially different types of fuel has not been generically established.
Therefore, the staff finds that the acceptability of the model is tied to its application to fuel
assembly designs that are hydraulically compatible with a standard or typical NuScale power
module fuel assembly design. To this end, the staff concludes that the methodology be applied
only to compatible fuel designs as required by applicant’s Stability TR.

In a September 17, 2018, supplement to the RAI 9091 response (ADAMS Accession

No. ML18260A380), the applicant clarified that licensees or COL applicants may reference the
stability analysis documented in the Stability TR (or reference the methods described by the
Stability TR in reload licensing stability-related confirmatory analyses) for alternative fuel
designs without prior NRC approval only if the alternative fuel designs are hydraulically
compatible with the reference fuel design (i.e., introduction of the alternative design would not
significantly affect the total fuel assembly pressure drop characteristics and core flow rate). The
applicant captured this aspect of the Stability TR applicability in a revision to Section 10.4 of the
Stability TR. Therefore, the staff finds that the method’s applicability to future fuel assembly
designs is acceptably addressed.

Two-phase friction factor is derived by weighted average of the single-phase friction factors
based on flow quality and density. While the staff considered two-phase pressure drop to be of
only medium importance (ADAMS Accession No. ML17033A144), it is not clear how this
formulation of the two-phase friction factor performs in a systems analysis. The staff requested
additional information about the assessment of this model in RAI 8848. The applicant
responded on August 22, 2017, by clarifying that the two-phase friction model is based on the
correlation of Muller-Steinhagen and Heck and that the correlation has been assessed by
comparison with data (ADAMS Accession No. ML17234A731). The response further clarifies
that the applicant confirmed the correct physical trends in the implementation, but independent
assessment [

]. The staff’s independent PIRT ranked this phenomenon as being of medium importance
(ADAMS Accession No. ML17033A144), and therefore, the staff agrees that the confirmation of
the correlation performed by the applicant is sufficient. The correlation for two-phase friction
has been separately assessed in the peer reviewed literature (Ref. 5). On the basis of that
separate assessment the staff has found it acceptable.
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Based on the Stability TR, RAI responses, and the staff’'s independent PIRT, the staff concludes
that the friction factor models in PIM are acceptable and can be used to calculate friction
pressure losses for stability analyses.

3.2.1.6 Local Form Losses

Section 5.5.6.3 of the Stability TR describes the model for local form losses in PIM. The
approach involves specifying a flow-dependent local loss factor. The approach described by the
Stability TR is very similar to methods used in other systems analysis tools, such as TRACE.
The coefficient and flow-dependent factors are specified by user input, which is a common
approach. Because this common approach is widely used and has been previously found
acceptable by the staff, the staff finds the form loss model in PIM acceptable.

3.2.1.7 Dirift Flux Model

According to Section 5.5.6.4 of the Stability TR, PIM determines the void fraction according to a
drift-flux correlation. Equations 5-60 and 5-61 in the Stability TR provide the correlation
parameters. Drift-flux correlations are commonly used in similar systems analysis tools,
including time-domain stability methods. The Stability TR states that the methodology
determines the Zuber drift velocity parameter according to a correlation coefficient derived at
normal operating pressure, but that the coefficient is only a weak function of pressure. In

RAI 9096, the staff asked the applicant to clarify the range of pressure over which the
correlation parameter is applicable. The staff requested that the applicant compare the drift-flux
correlation to other common correlations such as Chexal-Lellouche and Modified-Bestion.

In the response to RAI 9096, dated October 26, 2017, the applicant compared the PIM
void-quality correlation to other correlations used in systems codes and concluded that |

]. The staff reviewed the applicant’s rationale, finds the reasoning of
the rationale to be sound as it related to the application of different void-quality correlations, and
agrees with the applicant’s determination. While justifying the application of the cited correlation
to the geometry of the large-diameter riser over the pressure range of interest, the applicant
also referred to sensitivity calculations performed in response to RAI 9017. In that RAI, the staff
asked the applicant to provide validation of the void-quality correlation.

In its response to RAI 9017, dated September 25, 2017, the applicant provided the results of
sensitivity calculations making changes to the subcooled boiling and drift-flux models in PIM
(ADAMS Accession No. ML17268A378). The staff reviewed the magnitude of the perturbations
made in the sensitivity calculations and concurs with the applicant that these sensitivity
perturbations are sufficiently large to bound uncertainty in the associated models. The results of
the analyses presented by the applicant indicate that the PIM method is either unaffected by the
perturbation or that the selection of the nominal models is conservative. Therefore, the staff
finds that the response is acceptable and addresses what would otherwise be a need to more
fully assess these models, as described by the SRP 15.0.2 acceptance criteria.

On the bases that (1) the void-quality correlation is applicable to the NuScale power module
riser geometry over the pressure range of interest and (2) the sensitivity analyses have
demonstrated that the effect of variations in the model over its uncertainty range have minimal
impact on key figures of merit, the staff concludes that the drift-flux correlation is acceptable.
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3.2.1.8 Evaporation and Condensation

Section 5.5.6.5 of the Stability TR describes the evaporation and condensation models. The
applicant based these models on the |

] The staff considers the simplifying modifications
to the models to be acceptable for the purposes of the current analysis because the void
formation is limited in the primary circuit by the nature of the LTS solution. Therefore, the staff
agrees with the applicant’s discussion in the Stability TR concluding that the analysis results will
not be very sensitive to the parameters of these models. In other words, the modifications to
the model, relative to the previously approved models, are small enough that they do not have
an impact on the stability analysis results. In RAI 8944, the staff requested clarification of an
empirical factor in the model. In response to that RAI, the applicant described the basis for the
boiling coefficient and justified the default value by demonstrating that the default value used in
the analysis was conservative (ADAMS Accession No. ML17271A237). The staff agrees that
using the conservative default value of the boiling coefficient is appropriate. However, when the
boiling coefficient is adjusted by the user [

] (the applicant showed this in the response (ADAMS Accession
No. ML18150A707) to RAI 9438). Therefore, the staff finds that safety analyses performed
using PIM must be based on a boiling coefficient that has been demonstrated to be
conservative for the application. To this end, the staff imposes the following condition:

Boiling Coefficient Condition

Stability-related confirmatory analyses, referred to as being within the scope of
the NuScale reload analysis methodology, shall be performed using the default
value of the boiling coefficient [ ] described in
Section 5.5.6.5 of the Stability TR.

Based on the previous staff approval of similar models and the clarification provided by the RAI
response, the staff finds the models acceptable as long as PIM is exercised in accordance with
the staff’'s condition regarding the default boiling coefficient.

3.2.1.9 Critical Heat Flux

Section 5.6.5 of the Stability TR describes the CHF model. However, because the LTS solution
precludes the reactor from developing unstable conditions, it is not necessary for the applicant
to evaluate the transient CHF in the stability analysis. The applicant states that compliance with
GDC 12 is afforded by the LTS solution insofar as instability is not possible. Therefore, the staff
finds that compliance with GDC 10 can be confirmed by demonstrating that the steady-state and
AOOQ conditions do not exceed SAFDLs (such as minimum CHF ratio). The staff agrees with
the applicant’s statement in the Stability TR that CHF calculations are not required to
demonstrate compliance with GDC 12 given the nature of the LTS solution, which is based on
an exclusion region.

Therefore, while PIM includes the capability to calculate and output information regarding CHF
predictions according to its internal models, these results are not required for the current
regulatory purpose. Therefore, the staff did not review the CHF model in PIM. The staff
approval of PIM does not constitute approval of the PIM CHF model and does not constitute
approval of PIM to perform analyses of thermal margin. The staff’'s safety evaluation imposes
the following limitation on the use of PIM:
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CHF Limitation

The PIM CHF model described by Section 5.6.5 of the Stability TR is not
approved for licensing purposes.

3.2.2 Neutronics and Kinetics Models
Section 5.6.1 of the Stability TR describes the neutron kinetics model in PIM. [

] The staff agrees that a point kinetics model is appropriate for the current
application for two reasons: (1) the small reactor core size led the staff to rank
three-dimensional neutronic phenomena as having low importance (ADAMS Accession
No. ML17033A144), and (2) it is not important to characterize local power distribution to
determine thermal margin, because the LTS solution is an exclusion region type and it is not
necessary to evaluate margin to SAFDLSs.

The staff evaluated the [ ] to the kinetics model and
determined them to be appropriate for the current application. While the staff agrees with the
applicant’s statement in the Stability TR that the neutronic feedback mechanisms are important,
the staff finds that when the feedback is strong, the core will act to stabilize, rather than
destabilize, the primary instability mode. This is because, with negative feedback coefficients,
the reactor core will respond to a flow perturbation to reverse the perturbation before that
perturbation propagates to the riser component (i.e., the core feedback is essentially in phase
with the flow), thereby acting to damp natural circulation flow oscillations.

Therefore, simplifying the kinetics equations is acceptable so long as the feedback coefficients
are appropriately determined and applied in the analysis. The staff further agrees that the [

] without an appreciable loss in analysis accuracy.

The Stability TR is not clear as to the source of parameters for the kinetics model, such as the
delayed neutron fraction, the [ ], or the neutron lifetime. These
parameters could be derived from the results of an NRC-approved nuclear design methodology,
but the Stability TR is not clear on whether these factors can be supplied by the user or if
generic values are applied in the calculations. Therefore, in RAI 8802, the staff requested
additional information on these kinetics parameters. The staff finds that the formulation of the
point kinetics equations is acceptable if the parameters are derived from an NRC-approved
nuclear design methodology.

In its August 15, 2017, response to RAI 8802, the applicant stated that the nuclear data are
SIMULATES (i.e., the applicant’s nuclear design analysis method) results derived for a
representative NuScale power module core (ADAMS Accession No. ML17228A249). The
response further states that PIM can calculate the reactivity according to either a moderator
temperature coefficient (MTC) or moderator density coefficient (MDC). As part of RAI 8802, the
staff asked the applicant to address the reactivity effect of a change in temperature, and while
the applicant stated that [

], the effect is inherently captured by fitting the kinetic data to SIMULATES
results. The staff had originally requested these additional details to ensure that the
methodology was sufficient for characterizing the reactivity feedback over the whole range of
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application, which includes AOOs and startup analyses. Therefore, to address staff's concerns,
the PIM stability analysis methodology must evaluate a wide range of power levels. In

RAI 9439, the staff asked for additional details of the fitting procedure and the specific
SIMULATES calculations that were performed.

In its response (ADAMS Accession No. ML18152B881) to RAI 9439, dated June 1, 2018, the
applicant contradicted the information provided in response to RAI 8802. In its RAI 8802
response, the applicant stated that the nuclear parameters were fit based on SIMULATES
calculations. However, in its RAl 9439 response, the applicant stated that the nuclear
parameters were calculated from CASMOS5 (i.e., the applicant’s lattice physics analysis
method). The RAI 9439 response is more consistent with the Stability TR, which refers to lattice
physics calculations as being the source of the nuclear parameters. The response to RAI 9439
is also consistent with the response to RAI 9097, Question 01-43, dated November 17, 2017,
(ADAMS Accession No. ML17321B078) which identifies the source of the nuclear data as
CASMOS5 calculations.

In the response to RAI 9439, the applicant conceded that the information appears contradictory
but asserts that use of CASMO5 or SIMULATES is equivalent. The applicant further asserted
that the only difference between using CASMOS5 and SIMULATES results is “bookkeeping.” The
staff disagrees with the applicant’s assertions that CASMO5 and SIMULATES are equivalent.
The applicant described one key difference in the original RAl 8802 response, which is that
SIMULATES would be capable of accounting for the moderator temperature effect implicitly,
whereas CASMOS5 would not. Therefore, despite the explanation provided in response to RAI
9439, the applicant has previously stated, and the staff agrees, that a SIMULATES-based
approach would be different from a CASMO5-based approach. Further, there are at least two
physical processes that the CASMO5/SIMULATES code system can treat that CASMOS5 alone
cannot.

First, CASMO5/SIMULATES, when coupled, will be able to calculate the water temperature and
density for a given power level in the reactor and, given sufficient branching of the cross
sections, would be able to calculate the change in the core multiplication factor in response to
changes in both the moderator density and temperature. The CASMOS calculations described
in the responses to Question 01-43 of RAI 9097 and RAI 9439 cannot account for the
temperature effect.

Second, CASMO5/SIMULATES, when coupled, is able to calculate the axial buckling that
occurs as a result of axial variation in fuel loading, such as enrichment cutbacks, enrichment
zoning, burnable absorber loading variations, and other aspects of the fuel design that may
have some axial variation, as well as axial buckling as the result of neutron leakage at the axial
extrema of the reactor core. CASMOS5 is an inherently two-dimensional methodology and
cannot account for these effects.

In its responses to RAI 9439 and RAI 9097, Question 01-43, the applicant stated that the
reactivity coefficients are calculated by performing [

] However, the NRC staff has not previously reviewed this feature for
application to safety analysis. Although the RAI 9439 response does mention SIMULATEDS, the
staff concludes that SIMULATES was not used in the generation of the nuclear data. The staff
believes that the RAI 8802 response is incorrect in its description of the methodology.
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Therefore, the staff has determined that the responses to RAI 9439 and RAI 9097,
Question 01-43, supersede the response to RAI 8802.

Because the staff has not | ] feature to perform the requisite
calculations to determine reactivity feedback nuclear parameters and because this methodology
cannot model all of the relevant physical processes (e.g., temperature effect and axial buckling),
the staff imposes the condition that the kinetics data must be confirmed against calculation
results from an NRC-approved nuclear design methodology.

While the staff has not found that CASMO5 can produce an acceptable representation of the
nuclear data without being coupled to a code such as SIMULATED, the staff must differentiate
between the use of CASMOS5 in the stability analysis for licensing purposes and for
demonstration analysis purposes. The Stability TR provides analyses to demonstrate the
stability solution for a representative NuScale module design and core design using the
CASMOb5-based approach for computing the nuclear data. Per the Stability TR, the applicant
states that the analyses must be re-performed to support licensing of the design and, in certain
cases, for reload licensing purposes. For the purpose of reviewing the LTS solution and the
analysis methodology scope and procedures the staff relies on the demonstration analyses
provided in the Stability TR. These demonstration analyses were performed using the
CASMO5-alone approach to generate the nuclear data and the staff separately considered
whether this approach would be acceptable for the purpose of reviewing the demonstration
analyses.

The staff notes that CASMOS5 is used as part of the nuclear design methodology which was
reviewed by the NRC (see ADAMS Accession No. ML18348B036) and can be expected to
produce results that are at least representative for NuScale. Further, while not capturing all of
the physical processes, the feedback calculated by PIM using the applicant’s current method
could be expected to represent, at least to the first order, the behavior of a hypothetical NuScale
power module. To that end, and for the current purpose of reviewing the demonstration
analyses, the staff finds that the calculations described in the Stability TR using the current
coefficients remain valuable in demonstrating the LTS solution principle (i.e., the acceptable
function of the MPS protective trip to enforce the exclusion region) on a generic basis.

However, the staff cannot conclude that these parameters will remain applicable to an actual
NuScale power module core loading. The analyses must be shown to apply or to conservatively
bound any cycle-specific core design. Therefore, the staff imposes the following condition.

Kinetics Parameters Condition

An applicant or licensee referencing the Stability TR shall, on a cycle-specific
basis, either: (1) confirm that the delayed neutron fraction, decay constant, and
prompt neutron lifetime assumed in the reference PIM safety analysis are
conservative relative values calculated according to an NRC-approved nuclear
design methodology for the current core loading, (2) reperform the PIM safety
analysis with user-defined values for the delayed neutron fraction, decay
constant, and prompt neutron lifetime that results in values equivalent to those
predicted by an NRC-approved nuclear design methodology for the current core
loading, or (3) reperform the PIM safety analysis with user-defined values for the
delayed neutron fraction, decay constant, and prompt neutron lifetime that result
in a conservatively bounding set of parameters compared to those as predicted
by an NRC-approved nuclear design methodology.
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Sections 5.6.1.1 and 5.6.1.2 of the Stability TR describe the models for the Doppler reactivity
feedback and moderator reactivity feedback, respectively. The Doppler coefficient is defined in
terms of an exposure-dependent coefficient (Cpopp) that is adjusted by a user-specified multiplier
(Mbopp). The Stability TR states that values can be explored in the analysis through this
user-input multiplier. To this end, the exact values of the coefficient output by the formula for
Coopp in Equation 5-77 of the Stability TR are not particularly important because the user can
control the value of the coefficient through the multiplier. Earlier in Section 5.6.1, the Stability
TR states that the reactivity feedback components can be obtained from fitting CASMO5 lattice
code calculation results. The approach of fitting the lattice calculation results seems reasonable
to the staff on the basis of engineering judgment. Similarly, it would also appear reasonable to
the staff to likewise fit results generated from a nuclear design analysis (such as the results from
the design control document, Chapter 4).

However, the staff considers the Doppler coefficient values currently used to be generic,
stand-in values for the purpose of performing the demonstration analyses reported in Sections 8
and 9 of the Stability TR at the design stage. The applicant or licensee referencing the Stability
TR must perform a cycle-specific analysis on the basis of the actual core loading to determine
appropriate values for the Mpopp. Further, the Stability TR is not clear on how the operating
conditions are considered. One aspect of the demonstration analysis in Section 8 of the
Stability TR is the evaluation of the stability characteristics at various power levels. These
changes in power levels will be accompanied by changes in the flow rate and fluid conditions
that are likely to affect the neutron spectrum in the reactor core. As such, the values of the
feedback coefficients such as the Doppler coefficient are expected to be a function of the
steady-state power level condition of interest. Therefore, in RAI 8802, the staff requested
additional information on the determination of an appropriate Doppler coefficient, given the initial
power level in the analysis.

As stated above, the responses to RAI 9097, Question 01-43 (ADAMS Accession

No. ML17321B078), and RAI 9439 (ADAMS Accession No. ML18152B881) supersede the
response to RAI 8802 (ADAMS Accession No. ML17228A249). The applicant provided the
conditions analyzed to determine the Doppler reactivity in the response to RAI 9439. [

] Therefore, the staff finds the
functional form of the Doppler coefficient fit is appropriate and applicable to the range of
application.

The default values for the Doppler reactivity feedback in the Stability TR (and the associated
analyses) can be referenced only if the Doppler coefficient assumed in the Stability TR analysis
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is conservative (i.e., smaller in magnitude) compared to the cycle-specific and
power-level-specific value determined according to an NRC-approved nuclear design
methodology. When the reference analyses are not bounding, a cycle-specific analysis can be
performed in which the user-input Mpopp is adjusted to match the cycle-specific analysis values
for the Doppler feedback coefficient or is adjusted to achieve a new conservatively bounding
value. In Section 10.2A, the Stability TR concedes a similar point; however, the description in
Section 10.2 refers only to the MTC. In addition, the staff notes that the coefficient applied in
the Stability TR is generated using the CASMO5 MxN feature instead of an NRC-approved
method. Therefore, the staff requires, on a cycle-specific basis, that the Doppler coefficient be
verified against NRC-approved methods by an applicant or licensee referencing the Stability TR.
The Doppler coefficient condition imposed by the staff is as follows:

Doppler Reactivity Coefficient Multiplier Condition

An applicant or licensee referencing the Stability TR shall, on a cycle- and
power-level-specific basis, either: (1) confirm that the Doppler coefficient
assumed in the reference PIM safety analysis is conservative relative to the
Doppler coefficient calculated according to an NRC-approved nuclear design
methodology for the current core loading, (2) re-perform the PIM safety analysis
with a user-defined Doppler coefficient multiplier that results in a Doppler
coefficient equivalent to that predicted by an NRC-approved nuclear design
methodology for the current core loading, or (3) re-perform the PIM safety
analysis with a user-defined Doppler coefficient multiplier that results in a
conservatively bounding (i.e., smaller in magnitude) Doppler coefficient
compared to the Doppler coefficient predicted by an NRC-approved nuclear
design methodology.

Section 5.6.1.2 of the Stability TR describes the moderator feedback calculation in PIM. In a
manner similar to the Doppler coefficient, the methodology weighs the MDC according to cycle
exposure between the beginning- and end-of-cycle (BOC and EOC) values. The overall worth
is adjusted by a user-defined multiplier (Mwp) in @ manner similar to the Doppler coefficient. The
primary difference is the functional form of the worth. Whereas the Doppler worth is computed
according to the difference in the square root of the temperature, the methodology applies the
density in a polynomial expression to determine the reactivity effect. The applicant provided the
polynomial curves by a series of coefficients in Section 5.6.1.2.

In RAI 9097, Question 01-43, the staff asked the applicant for additional details on the
polynomial fits, particularly whether the fits are fuel-design specific. In the response to

RAI 9097, Question 01-43, the applicant stated that the reactivity coefficient polynomial fits were
generated for a representative fuel design and are not intended to be fuel-design specific
(ADAMS Accession No. ML17321B078). For DR calculations, which maintain conditions near
the steady-state condition, the staff finds that the specifics of the fits are not as important as
applying the user-defined multiplier in the methodology to ensure that PIM safety analyses are
performed with a conservatively bounding MDC. Since negative feedback is stabilizing for the
power module, the analyses must consider the most limiting (i.e., most negative) MDC for any
given core loading (or a conservatively bounding value). The applicant and the staff agree on
this point, as described in Section 10.2 of the Stability TR.

The Stability TR appears to conflate the reactivity effects of changes in moderator density with

the reactivity effects of changes in moderator temperature. Approaches that combine these two
reactivity effects into a single coefficient are commonly used. Such an approach is acceptable,
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but it is not clear from the Stability TR whether these two effects are considered in the
polynomial fitting process. Therefore, in RAI 8802, the staff requested additional information on
the moderator temperature effect. In the response to RAI 8802, the applicant stated that
SIMULATES results are used to determine the MDC and that the temperature effect would be
effectively combined with the density coefficient (ADAMS Accession No. ML17228A249). The
staff agrees with the applicant’s assertion (i.e., that the temperature effect would be effectively
combined with the density coefficient); however, the RAI 8802 response is inaccurate in that
SIMULATES is not used to determine the reactivity feedback coefficients according to the
response to RAI 9439 (ADAMS Accession No. ML18152B881). In the response to RAI 9439,
the applicant described CASMO5 MxN calculations that were performed to derive the MDC
polynomial fit. The staff reviewed these calculations and determined that the calculations
ignored the moderator temperature effect.

Therefore, in RAI 9578, the staff requested clarification of the methodology for providing
upstream nuclear data to PIM. In its December 18, 2018, response to RAI 9578, the applicant
clarified how other nuclear kinetic parameters were computed for use in PIM (ADAMS
Accession No. ML18352B366). On the basis of the information provided by the applicant’s
response and its own engineering judgment, the staff found the applicant’'s methods reasonable.
In addition, the response confirms that nuclear data supplied to PIM will be generated with
NRC-approved nuclear design methods and states that Studsvik’s Core Management System 5
(CMS5) will be used in practice to provide nuclear data. The staff noted some deficiencies in
the use of CASMOS5 to provide the kinetics data (namely, that the CASMO5 method ignored
axial buckling and the moderator temperature effect). These effects, however, are inherently
treated in a core simulator code, such as SIMULATES or CMS5. Further, the staff notes that
the nuclear data are confirmed on a cycle-specific basis according to the Stability TR and the
RAI 9578 response. The staff finds this approach acceptable if the nuclear parameters are
calculated on a cycle-specific basis using an NRC-approved core simulator code and not based
solely on the lattice physics calculations. The staff agrees with the applicant’s response that
generic values for certain kinetics parameters can be embedded in the PIM method, but only if
the nuclear parameters are confirmed on a cycle-specific basis. Therefore, the staff imposes
the following condition on the cycle-specific confirmation of the nuclear kinetic parameters:

Core Simulator Nuclear Data for Cycle-Specific Confirmation or Reanalysis
Condition

On a cycle-specific basis, when the licensee or applicant referring to the PIM
stability analysis methodology is either confirming the nuclear kinetics
parameters or generating new nuclear kinetics parameters for analysis, the
licensee or applicant shall generate those nuclear kinetics parameters using an
NRC-approved core simulator code.

The staff notes that the results presented in the Stability TR to demonstrate the effectiveness of
the LTS solution are based on calculations using nuclear kinetics parameters generated from
the lattice physics code CASMOS5. As stated above, this method, as described in the applicant’s
RAI 8802, RAI 9439, and RAI 9578 responses (ADAMS Accession Nos. ML17228A249,
ML18152B881, and ML18352B366, respectively), ignores axial buckling and the moderator
temperature effect. These are second-order effects compared to the radial buckling and
moderator density effect. Therefore, even though the impact of these effects has not been
quantified, the staff is confident that these effects will not be sufficient to substantially change
the general conclusions of the analysis presented in the Stability TR. Therefore, the staff finds
that the current analysis is acceptable for generally demonstrating the principle of the operation
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of the LTS solution. However, on a cycle-specific basis, the nuclear parameters will be
evaluated, and the applicability of the generic analysis will be confirmed, or the analysis will be
reperformed using appropriate nuclear parameters. On this basis, the staff finds that any
deficiencies in the method based on lattice physics used for the Stability TR demonstration
analyses will not apply to any applicant or licensee referencing the LTS solution and associated
analysis methodology.

The Stability TR does not address the potential for the moderator feedback to be sensitive to the
power level. As for the Doppler reactivity coefficient, operation at various power levels will affect
the core flow rate and fluid condition, resulting in spectral changes at various power levels,
which would likewise affect the magnitude of the MTC or MDC. Because it was unclear how the
methodology addresses power-level dependence, in RAI 8802, the staff requested additional
information about the power-level dependence. The applicant’s response (ADAMS Accession
No. ML17228A249) to RAI 8802 did not accurately reflect the analysis methodology and was
superseded by the response to RAI 9439 (ADAMS Accession No. ML18152B881).

In RAI 9439, the applicant described how the moderator density reactivity coefficient is derived
from CASMO5 MxN calculations performed at a variety of moderator densities. The moderator
density was adjusted independent of temperature and covers a |

] The highest density certainly covers the
expected operating conditions down to low power. The maximum density required for analysis
would be consistent with cold conditions at pressure, which is consistent with the conditions
experienced during reactor startup. The lower density [ ] should bound any expected
thermal-hydraulic conditions encountered during PIM transient calculations at least through the
range of analysis up to the point of instability, which would generally occur with relatively low
void fraction in the riser (and hence low core exit void fraction). Assuming a 20-percent void
fraction (which is within the void fraction analyzed in the limiting AOO according to the RAI 8921
response (ADAMS Accession No. ML17268A387)) and a density at high pressure
(e.g., 1,850 pounds per square inch atmospheric (psia)), the minimum density would be about
0.5 g/cc, which is within the range analyzed by the applicant. A high-order polynomial fit is used
to fit the reactivity between these conditions, which is an acceptable method to account for the
nonlinear dependence.

Unlike the Doppler reactivity, the moderator density takes the axial adjoint distribution into
account. Equation 5-81 in the Stability TR combines the nodal values with a normalized flux
profile according to a neutron-flux squared weighting. The staff requested clarification in

RAI 9097, Question 01-44, of why the user supplies the axial power distribution but not the flux
distribution. The applicant clarified in the response to RAI 9097, Question 01-44, that the
weighting is based on the axial power distribution (ADAMS Accession No. ML17321B078). The
staff finds that the approximation made by using power instead of flux is reasonable for the
current application purposes using a relatively simple analysis method, such as PIM. In fact, the
staff’s TRACE code includes a similar weighting scheme for use in calculating point kinetics
transients (“TRACE V5.0, Theory Manual,” issued June 2008 (ADAMS Accession

No. ML120060218)).

The staff agrees with the Stability TR that the moderator density feedback tends to be
stabilizing. In instances where the MTC might be positive, the staff agrees that this could be
destabilizing. Early in the cycle, the high boron concentration could contribute to a slightly
positive MTC under certain conditions. Section 10.2 of the Stability TR states that the current
demonstration analyses described in Sections 8 and 9 of the Stability TR assume a positive
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MTC, which the staff agrees is the limiting condition from the standpoint of stability. Further, the
staff agrees that analyses would have to be re-performed if the MTC or the MDC is outside of
the envelope analyzed in the Stability TR. The staff also notes that the coefficient applied in the
Stability TR is generated using the CASMOS MxN feature instead of an NRC-approved method.
Therefore, the staff requires on a cycle-specific basis that the MDC be verified against
NRC-approved methods and imposes a condition for the MDC that is analogous to the Doppler
coefficient, as shown below:

Moderator Density Coefficient Multiplier Condition

An applicant or licensee referencing the Stability TR shall, on a cycle- and
power-level-specific basis, either (1) confirm that the MDC assumed in the
reference PIM safety analysis is conservative relative to the MDC calculated
according to an NRC-approved nuclear design methodology for the current core
loading, (2) reperform the PIM safety analysis with a user-defined MDC multiplier
that results in an MDC equivalent to that predicted by an NRC-approved nuclear
design methodology for the current core loading, or (3) reperform the PIM safety
analysis with a user-defined MDC multiplier that results in a conservatively
bounding (i.e., more negative) MDC compared to the MDC predicted by an
NRC-approved nuclear design methodology.

Section 5.6.2 of the Stability TR describes the decay heat model. The decay heat model is
greatly simplified in that PIM assumes a constant power contributed by decay heat throughout
the calculation. The simplified approach is acceptable because the reactor tends to be
stabilized by stronger feedback in the core. Holding the decay heat power level constant
effectively damps feedback from decay heat (even though this mechanism is relatively slow
compared to the dynamic timeframe of interest). Overall, the approximation would produce
reasonable, although probably slightly conservative, results so long as the decay heat power
fraction is properly determined at the start of the calculation.

Section 8.2.2.2 of the Stability TR refers to decay heat sensitivity calculations but does not
clearly define how the decay heat power level is properly specified by the PIM user to perform
safety analyses. During startup operations, the decay heat power levels will be lower than
those calculated according to steady-state nuclear design methods. Conversely, the decay heat
power levels during shutdown or down-power operations (as may occur during load-follow) will
be higher than those predicted by steady-state nuclear design methods. In RAI 8873, the staff
requested clarification of how an appropriate fraction of power is determined for the decay heat
power level.

In its August 18, 2017, response to RAI 8873, the applicant described how a conservative decay
heat fraction can be determined with respect to Doppler reactivity coefficient (ADAMS
Accession No. ML17234A748). Because the Doppler reactivity feedback is always stabilizing,
the effect of the Doppler feedback can be minimized in a sensitivity calculation by assuming a
large decay heat fraction. The applicant clarified in its response to RAI 8873 that in the specific
case in the Stability TR, the decay heat fraction was calculated by assuming constant operation
at nominal power level—calculating the decay heat at this power level—then maintaining that
amount of decay heat but at a lower total power level. This has the effect of increasing the
decay heat fraction. In this particular instance, the staff finds that this methodology is
appropriate because the reactor could operate at its highest power level before any down-power
maneuver. Further, since Doppler feedback is stabilizing and assuming a higher decay heat
fraction reduces Doppler feedback, this approach would conservatively account for operational

44



flexibility in the stability analysis. However, the applicant did not describe how this decay heat
fraction is calculated generally as a part of its analysis methodology. Also, the above discussion
applies to Doppler feedback, as well as to negative moderator temperature feedback, but there
may be conditions early in the cycle at lower power levels where the moderator temperature
feedback is positive. Under the condition of a positive MTC, it would be conservative to
minimize the decay heat fraction because the reactivity feedback would be destabilizing.
Therefore, although the methodology applied in the specific instance described above is
acceptable, it becomes inadequate when considering the general case.

For a general case, the decay heat fraction specified must conservatively bound operational
flexibility, while at the same time considering that the moderator reactivity feedback coefficients
may be either positive or negative.

In its September 17, 2018, supplement to the RAI 8873 response (ADAMS Accession

No. ML18260A378), the applicant provided a revision to Section 10.4 of the Stability TR. This
revision describes the calculation process for determining the conservative decay heat fraction
for stability-related confirmatory analyses. |

] Therefore, the staff finds the approach
acceptable.

Section 5.6.4.1 of the Stability TR refers to the direct energy deposition factor in the description
of the pellet heat transfer model, and Section 5.6.3 describes the cylindrical condition model.
However, these sections do not clearly state how the PIM models treat direct energy. In

RAI 8872, the staff requested additional information on direct energy deposition. The staff
asked the applicant to clarify the methodology in terms of how neutron and gamma heating is
computed, whether these factors are fuel-design specific, and how these factors are
incorporated in the overall methodology. On August 23, 2017, the applicant responded to
RAI 8872 by (1) confirming that the direct energy deposition is weighted by the liquid volume
fraction and (2) stating that the direct energy deposition fraction is much less important in the
analysis of NuScale power module stability than in the analysis of BWR stability (ADAMS
Accession No. ML17235B179). As to the first point, the staff agrees that this approach is
appropriate because it captures the inherent effect that energy deposition is related to density.

As to the second point, the staff agrees with the applicant. In an independent PIRT (ADAMS
Accession No. ML17033A144), the staff concluded that these phenomena are of low
importance, so the approach for determining these fractions and applying them in the analysis
can be simplified, and the use of approximate values is acceptable. The Stability TR reports a
direct energy deposition fraction of 0.026 as being typical for PWRs. The staff finds use of this
value acceptable for the current analysis purpose, which is to demonstrate the effectiveness of
the LTS solution.
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However, the applicant did not describe the process for selecting a value for licensing
calculations as requested by the staff in RAI 8872. Licensing calculations may be performed
by licensees for cycle-specific reloads using PIM according to the Stability TR methodology.
The response appears to indicate that using a value of 0.026 is acceptable to the applicant but
the Stability TR does not commit to utilizing this value in future licensing calculations. While the
precise value of the direct energy deposition fraction should not have a significant impact on the
stability analysis, it is prudent to use a reasonable value for the direct energy deposition fraction.
For example, the staff does not expect that using an extreme value of 1.0 would significantly
change the conclusions of the current analysis but utilizing a pathological value in the
calculations could be expected to produce results that are contrary to expectations based on the
actual physical processes. As an example, incorrectly inputting an artificially high direct energy
deposition fraction would significantly distort the calculation of thermal margin in the
nonconservative direction (the staff notes that the thermal margin is an ancillary result of the
PIM calculations). Therefore, the staff imposes the following condition on the selected value of
the direct energy deposition fraction:

Direct Energy Deposition Fraction Limitation

Any COL applicants or licensees referencing the Stability TR that use PIM for
licensing calculations shall either specify a value for the direct energy deposition
fraction that is 0.026 or specify an alternative, reasonable value based on the
results of calculations performed using NRC-approved nuclear design methods.

3.2.3 Conduction Models

The cylindrical heat conduction model is necessary to model the transfer of heat from the fuel
through the fuel heat structure to the coolant and likewise to model the transfer of heat through
the SG tubes from the primary to secondary side. Section 5.6.3 of the Stability TR describes
the cylindrical conduction model. Section 5.6.4 of the Stability TR describes the fuel rod heat
conduction model. In addition to calculating the transient cladding surface heat flux, the fuel rod
conduction model computes the fuel temperature that is used to drive the Doppler temperature
feedback calculation.

The cylindrical conduction model is very straightforward and can be used to predict the heat
conduction for the SG tubes, if appropriate material properties are assumed. In RAI 9098 the
staff requested clarification of the radial nodalization of the SG tubes and justification of the
nodalization scheme adopted. In its response to RAI 9098, dated November 6, 2017, the
applicant stated that four nodes are used (ADAMS Accession No. ML17310B545). The number
of nodes used in the SG tube model matches the number of nodes used in the fuel rod model,
and the applicant’s rationale for the nodalization is the same for each. As discussed at greater
length later in this section, the nodalization is appropriate because of the short time scale of
heat transfer across these elements compared to the time scale of the flow oscillation period.
This difference in the time scale means that a coarser model could likely have been adopted
and would have yielded nearly identical DR results.

The fuel rod heat conduction model expands on the cylindrical conduction model and includes
models for the pellet, gap, and cladding heat transfer. The calculations are based on [

] that is used to determine the core average parameters in terms of heat flux and fuel
temperature. Since the staff agrees that three-dimensional effects inside the core are of low
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importance (ADAMS Accession No. ML17033A144), the approach of using average quantities is
acceptable for performing the stability analyses.

In RAI 9098, the staff asked the applicant to provide the radial nodalization for the fuel cladding
conduction model. In its response to RAI 9098, the applicant stated that a lumped parameter
model would have likely been sufficient, but this was not known during the code development
process, and the applicant adopted a four-node model out of expediency (ADAMS Accession
No. ML17310B545). A four-node approach is used for both the SG tubes and the fuel rod. The
RAI 9098 response provides a series of sensitivity calculations that vary the gap conductance.
The purpose of the sensitivity calculation is to demonstrate that large changes in the calculated
fuel thermal time constant do not significantly affect the calculation of the DR.

Results presented at 20- and 100-percent power show only a small impact on the flow response
to a perturbation, which indicates that each calculation would produce essentially the same DR
result. This result makes sense because the time scale of conduction (measured in seconds) is
small compared to the period of the oscillations (measured in minutes). The sensitivity can,
therefore, be expected to be smaller at lower power levels where the period is longer. Because
the magnitude of the effect of varying the gap conductance over the range provided in the RAI
response would bound any impact from increasing or decreasing the number of nodes on the
fuel time constant, the staff finds that the applicant’s rationale is acceptable to justify the current
nodalization scheme. While no sensitivity results are provided for the SG tubes, the staff agrees
with the applicant that the same rationale applies. Therefore, the nodalization scheme is
acceptable.

PIM determines the transient heat flux by calculating the pellet heat flux using the heat
generation rate (which is derived from the kinetic response) and a fuel pellet time constant that
is based on the pellet material properties. In various analyses, the applicant has demonstrated
that the thermal inertia of the fuel has a very small effect on the stability performance. The long
flow transient time and oscillation period, compared to the fuel thermal time constant, explain
why the results are largely insensitive. The staff reviewed the parameter values assumed for
the fuel parameters listed in the response and concluded that these values are reasonable for
the NuScale reference fuel design and are therefore appropriate for the stability analysis.
Further, even though these parameters are exposure dependent, the staff finds that using
constant values is an acceptable approximation because of the mild sensitivity of the DR to
these parameters.

Section 5.6.4.3 of the Stability TR describes the method for calculating the pellet temperature
based on the heat flux and the gap conductance. The method is predicated on the pellet heat
flux being equivalent to the heat flux on the cladding inside surface; however, the fuel thermal
time constant does not account for the thermal resistance of the gap. The staff requested
clarification in RAI 9104, Question 01-46. The applicant stated in its RAl 9104 response, dated
September 17, 2018, that the time constant refers only to the pellet and that the effect of gap
conductance is separately captured (ADAMS Accession No. ML18260A383). The gap
conductance is provided as a user input to the PIM calculation. The applicant stated that the
response to RAI 9098 provides the results of sensitivity calculations that demonstrate that the
effect of gap conductance over a wide range on the DR is relatively small. The sensitivity
calculations that the applicant provided in the RAI 9098 response demonstrate a small
sensitivity of the DR to gap conductance over [

] (ADAMS Accession No. ML17310B545). The applicant also explained in the RAI 9098
response that the insensitivity stems from the large difference in time scale between the heat
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conduction (seconds) and the oscillation period (minutes); the staff agrees with the applicant’s
assessment. Therefore, the staff finds that the PIM approach can be used if the user specifies a
reasonable gap conductance.

The RAI 9104 and RAI 9098 responses are ambiguous on the assumed value, but the PIM input
deck provided as a supplement to the Stability TR indicates that the analysis used a value of [

]. The staff finds this acceptable. However, for any future licensing calculations performed
using the methodology, which may be required on a cycle-specific basis as part of the reload
licensing process, the staff requires that a reasonable value of the gap conductance be used.
An unreasonably low value could result in a nonphysical but large fuel thermal time constant,
which could distort the analysis results. While DR is insensitive over a normal range of gap
conductance, the user must not input unreasonable values far outside of the range evaluated by
the applicant.

In its September 17, 2018, supplement to the response to RAI 9104, the applicant further
clarified the gap conductance (ADAMS Accession No. ML18260A383). The gap conductance
varies over a range from [ ]. The staff reviewed these
values and concludes that they cover a reasonable range for fuel gap conductance. The
response also provides revisions to the Stability TR to clarify that the gap conductance values
shall be within this reasonable range or, alternatively, produced from an NRC-approved fuel
thermal-mechanical analysis method. While review of the applicant’s thermal-mechanical
analysis method (COPERNIC) is outside the scope of the current review, the staff finds it
acceptable to use values generated by such a method if the NRC has separately reviewed and
approved that method. Given the range of values listed in the revised Stability TR and to the
statement in the revised Stability TR that alternate values must be generated using an
NRC-approved method, the staff finds that the gap conductance model is acceptable.

Section 5.6.4.4 of the Stability TR describes how PIM calculates the temperature for use in
evaluating the Doppler reactivity. The Doppler temperature is based on a weighted average of
the calculated pellet surface and centerline temperature. This approach is relatively common in
computing the Doppler reactivity feedback, and a similar method is employed in the staff's own
TRACE/Purdue Advanced Reactor Core Simulator (PARCS) codes. In RAI 8808, the staff
requested additional information about the weighting factor. In its July 26, 2017, response to
RAI 8808, Question 29741, the applicant provided the exposure dependent parameter “a” but
did not describe the temperature weighting factor “w” (ADAMS Accession No. ML17207A905).
Therefore, the staff requested additional information in a supplemental RAI (RAI 9440,
Question 15.09-2).

In its May 17, 2018, response to RAI 9440, Question 15.09-2, the applicant provided additional
clarification (ADAMS Accession No. ML18137A618). The applicant gave references in the
literature to different temperature weighting factors confirming that a value of 0.85 is within the
range used for similar analyses. On this basis, the staff agrees that the value is reasonable.
Furthermore, the applicant performed sensitivity calculations to demonstrate that varying the
value between [ ] has essentially no impact on the stability results. The insensitivity is
expected because the oscillation period is much longer than the fuel thermal time constant.
Therefore, the staff finds that the value used in the current analysis is acceptable.

PIM computes the average pellet temperature by averaging the values of the surface and
centerline temperature. PIM uses this average temperature to compute the
temperature-dependent fuel pellet properties, such as thermal conductivity. Because the
method relies on core average quantities to determine the average heat flux and temperature, in
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RAI 8808, Question 29742, the staff requested clarification of how distributed core quantities
(such as the burnup distribution) are used to determine the appropriate fuel thermal
conductivity, which is dependent on fuel exposure.

The applicant responded to RAI 8808, Question 29742, by stating that the core average
exposure is used to calculate the conductivity using Equation 5-109 of the Stability TR (ADAMS
Accession No. ML17207A905). The applicant stated that the use of the conductivity is limited in
the methodology as it is used only to compute the Doppler reactivity feedback. The applicant
then discussed how multiple exposures were evaluated and the effect of different exposures
was minor. The staff is not certain of this assertion because the change in the cycle exposure
affects other nuclear parameters, most notably, the MDC (or MTC). The change from BOC to
EOC in the MDC can be expected to have a much larger effect on the stability performance than
the change in Doppler coefficient over the same exposure range. Therefore, it is difficult to
determine the impact on the stability performance attributable only to the change in the Doppler
feedback arising from a difference in the core average exposure. However, because the MDC
effect is more significant, the staff finds that using an average temperature for calculating the
Doppler feedback in the point kinetics methods is acceptable. The applicant’s approach is
reasonable for such an analysis, and therefore, the staff finds this acceptable.

The PIM method calculates the cladding surface heat flux by calculating a heat transfer
coefficient according to the Dittus-Boelter correlation. This approach is widely used and is
appropriate for pre-CHF heat transfer calculations.

The staff finds the heat conduction models to be acceptable. However, the staff notes that the
application must be limited to pre-CHF heat transfer because the models are not capable of
treating degraded heat transfer on the outer cladding surface and implicitly ignore heat transfer
phenomena that may become important in post-CHF regimes, such as radiative heat transfer
and axial conduction. While the method is not required to analyze these conditions for the
purpose described by the Stability TR, for clarity, the staff explicitly imposes the following
limitation:

Pre-CHF-Only Limitation

The staff's approval of the PIM stability analysis method covers only pre-CHF
heat transfer. PIM is not approved to analyze conditions of post-CHF heat
transfer.

As needed, an applicant or licensee referencing the Stability TR may demonstrate that the
analysis conditions predicted by PIM remain in the pre-CHF regime by analyzing the same
thermal-hydraulic conditions using an NRC-approved transient analysis method capable of
predicting thermal margin and approved by the NRC for that purpose.

The PIM methodology calculates heat conduction only for the fuel rods and the SG tubes.
However, in RAI 9019, the staff requested that the applicant evaluate the impact of heat
conduction and other heat deposition and heat transfer mechanisms in the riser component. In
the response to RAI 9019, dated September 28, 2017, the applicant described the effect of
conduction through the riser wall on riser temperature (ADAMS Accession No. ML17271A332).
The applicant stated that the conduction through the riser wall is [

]. This temperature difference was considered along with other mechanisms
that can affect riser temperature, namely, the decay of control rod activation products and heat
deposition from the condensation of subcooled boiling voids in the riser. These mechanisms
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affect the riser temperature, but the impact of all of them is small compared to the effect of core
power and core temperature rise. Nevertheless, the applicant performed a simplified analysis
using the ROM to show that the trend of riser cooling by conduction is expected to have a
stabilizing effect. The staff agrees that riser cooling by conduction would produce a feedback
that limits the amplitude of a flow perturbation to the out-of-phase component (which is the
integrated riser density) and would act as a stabilizing feature. The applicant stated in the
response that, while PIM does not treat these mechanisms, (1) they are small and (2) neglecting
them is conservative. The staff agrees with the applicant’s analysis and therefore finds that the
RAI response is adequate in demonstrating that heat conduction modeling for the riser wall is
not necessary in PIM.

On the basis of the above discussion, the staff finds that the PIM conduction models are
acceptable.

3.2.4 Steam Generator Model

Modeling the SG in PIM can be divided into four major areas: tube conduction, primary-side
heat transfer, secondary-side flow, and secondary-side heat transfer. Section 3.2.3 of this
report discusses tube conduction modeling in the SG. This section describes the staff review of
the remaining areas.

The PIM modeling is a one-dimensional method based on calculation of the average SG tube
performance. The staff considered phenomena that could occur as a result of asymmetric
loading in the SG tubes. The staff considered this for NuScale power module stability and
determined such effects to be of medium importance in its independent PIRT (ADAMS
Accession No. ML17033A144). In determining this importance ranking, the staff considered that
the imbalanced operation of the two SGs could affect the heat transfer patterns and flow
regimes on the secondary side. The SGs are intertwined, and therefore, an asymmetric loading
on the SG does not inherently produce any discernible effect on the primary side—in essence,
two SGs operating at 100 percent each would be indistinguishable from one SG operating at
200-percent heat removal, in terms of the primary flow. The staff considered that possible
asymmetries would be limited to a smooth azimuthal gradient that could appear over a length
limited by the pitch between tube centers, which would be small compared to the axial height of
the downcomer. However, plugging could result in asymmetric loading that would result in one
SG bearing more of the heat removal burden than the other, resulting in a difference in the
average boiling length for the more heavily burdened SG. In that case, one of the SGs may
become more susceptible to Ledinegg or density-wave instability owing to the difference in
average heat load. The asymmetric loading of SGs is typical in PWR operation. However, as
discussed in Section 3.1.1.4 of this report, secondary-side instability is not expected to affect
power module stability. Therefore, PIM is not required to analyze multiple SG tubes to
represent the two SGs.

Appendix A to the Stability TR and the TR Supplement discuss parallel channel effects
associated with the SG tubes within a single SG. Section 3.1.1.4 of this report addresses the
issue of parallel channel effects, but in summary, the staff did not find them to have a significant
impact on the stability performance of the NuScale power module. Therefore, PIM is not
required to analyze multiple SG tubes for stability calculations.

Primary-Side Heat Transfer
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PIM calculates the primary-side heat transfer coefficient according to the correlation in
Equation 5-44 of the Stability TR and correlation coefficients taken from NRELAP5
documentation. The applicant stated that the correlation coefficients are controlled by user
input, and other values may be applied based on the results of testing. Since the heat transfer
correlation is based on the NRELAP5 model (ADAMS Accession No. ML17004A202) dated
December 30, 2016, the staff defers the review of this correlation to the review of NRELAPS5.
The staff is currently reviewing NRELAPS for application to LOCA analysis (ADAMS Accession
No. ML17004A202). The staff noted that the PIM model description in Section 5.5.3 of the
Stability TR does not appear to agree with the NRELAP5 theory manual in terms of the
shell-side correlation. Furthermore, in the response to RAI 8846, Question 01-21, the applicant
provided the same correlation shown in Section 5.5.3 and stated that the same correlation is
used in the NRELAP5 model (ADAMS Accession No. ML17271A256). Therefore, in RAI 9136,
Question 01-51, the staff requested clarification of the shell-side heat transfer correlation.

In its response to RAI 9136, Question 01-51, dated January 2, 2018, the applicant clarified the
differences between the PIM shell-side heat transfer coefficient correlation and the NRELAP5
shell-side heat transfer coefficient correlation (ADAMS Accession No. ML18002A610). Both
appear to fundamentally use the same heat transfer correlation for the tube bundle based on the
Engineering Science Unit (EDSU) 1973 correlation. This correlation is provided in Section 5.5.3
of the Stability TR. However, the correlation is not implemented in the same way in NRELAPS5.
In NRELAPS5, the reference flow area is different, and the EDSU heat transfer coefficient is
combined with the heat transfer coefficient from Dittus-Boelter. Therefore, fairly substantial
differences are evident between the NRELAP5 heat transfer model for the shell side and the
PIM shell-side heat transfer model.

The applicant noted in its response to RAI 9136, Question 01-51, however, that the initial heat
transfer is adjusted according to a factor so that the initial conditions between PIM and
NRELAPS are in agreement. This initialization and adjustment procedure is the subject of the
staff’'s RAI 9443, which is discussed in greater detail later in this section. Briefly, the heat
transfer from the primary to secondary side in PIM is tuned by an adjustment factor during the
steady-state initialization so that PIM and NRELAPS5 predict the same primary-side fluid
conditions and primary-to-secondary-side heat transfer.

In the response to RAI 9136, Question 01-51, the applicant stated that the NRELAPS model has
been validated against experimental data, in particular the SIET-TF2 test data. The staff did not
review the NRELAPS5 validation as part of this Stability TR review. However, the approval of
PIM for stability analysis is inherently contingent on the staff's approval of NRELAPS as the
NRELAPS5 steady-state calculations form an element of the PIM calculation methodology.

Given that clarification, the staff finds that tuning the heat transfer at steady-state conditions
ensures that the base heat transfer under steady-state conditions is acceptable because the
process ensures that the results are consistent with the validated model.

The more complicated matter arises when PIM is used to evaluate the transient heat transfer.
PIM uses the EDSU correlation and does not perform the same adjustment as NRELAP5S
(NRELAP5 combines the EDSU correlation with the Dittus-Boelter correlation heat transfer
coefficients [ ). Therefore, during the transient calculation,
PIM will evaluate a change in the heat transfer coefficient arising from changing primary-side
flow conditions based on the functional dependence of the EDSU correlation, whereas
NRELAPS (which is the validated model) combines the effect of the EDSU dependencies with
those from Dittus-Boelter. The applicant provided sensitivity calculations with PIM. In one
calculation, the primary-side heat transfer is based on EDSU, and in the other calculation, the
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primary-side heat transfer is based on Dittus-Boelter. The staff agrees with this approach
because NRELAP5 combines these two correlations; a result that is consistent with the
NRELAPS5 model would, therefore, be bounded between these two sensitivity calculations. The
results of the sensitivity calculation show that transient results are essentially the same
regardless of which model is used. This is largely because of the initial tuning process and
because only the change in the heat transfer coefficient is being evaluated by the correlation.

In stability analysis, two types of calculations are performed. Section 3.3 of this report covers
those kinds of calculations in more detail, but it is important to distinguish between these two
types of calculations in evaluating the primary-side heat transfer model.

First, for DR calculations, the system is perturbed near its steady state. Therefore, the
magnitude of the change in the heat transfer is quite small, so the impact of the model
difference between PIM and NRELAPS5 can be expected to be quite small for these kinds of
calculations.

Second, for the transient (AOO) calculations, the system can undergo more dramatic changes
during the event. For example, the system may depressurize, which leads to more significant
changes in the primary-side flow conditions. These changes may lead to greater changes in, for
example, the Re in the SG annulus of the primary side and contribute to larger differences
between the PIM and NRELAP5 model results for shell-side heat transfer. However, two factors
still limit the overall magnitude of the change in the shell-side heat transfer: (1) the AOO
calculations are performed only to demonstrate the timing of the MPS trip, which means that
only mild transients that do not result in very rapid MPS actuation are considered, and

(2) control system function feedback is ignored (see Section 3.1.1.4 for more discussion of
control system feedback). These two factors mean that the AOOs modeled with PIM for stability
analysis tend to result in a smaller departure from normal steady-state conditions when
compared to AOOs typically analyzed to demonstrate thermal margin (see Section 3.4.3 for
more discussion of limiting transients). Therefore, similar to the argument for the DR
calculations, because there is not a very significant change in the primary-side conditions (as
would result in a rapid trip) and the boundary conditions are maintained fixed (control systems
do not provide any feedback), the heat transfer on the shell side will be generally near the heat
transfer predicted in the steady state.

Therefore, the staff agrees with the applicant’s argument that even though the shell-side heat
transfer model is different from the NRELAP5 model, because the results are adjusted to match
NRELAPS in the steady state, the PIM calculation results are as acceptable as the NRELAPS
calculation results. For stability analysis, PIM will not capture the same dependence of the
primary-side heat transfer on changing thermal-hydraulic conditions on the primary side as in
the validated NRELAPS model. Therefore, PIM calculations of the transient change in
primary-side heat transfer can be expected to be less accurate. However, because the range of
conditions analyzed by PIM is generally near the steady-state initial condition, both for DR and
AOO calculations, the staff concludes that the resulting inaccuracies of the PIM model do not
significantly contribute to any error in the PIM-calculated figures of merit.

Secondary-Side Flow

The secondary-side model of the SG is |
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] This approximation is reasonable for the specific case of
stability analysis. In the stability analysis, the calculation of the DR depends on calculating the
effect of different feedback mechanisms which occur with different dynamic time scales.
Measurements performed during the SIET-TF2 tests, as provided by the applicant in the TR
Supplement, indicate that the [

] This timeframe is much shorter than the
primary-side transit time ([

1). While the power module period remains higher than the SG period for all
power levels, the staff considered the analysis conditions most relevant to stability analysis.

Since the DR margin increases with power and natural period decreases with power, the region
of greatest interest from the standpoint of secondary-side instability is the lowest power where
there is significant voiding in the secondary system. In cases where the secondary side is cold,
the staff considers the approximation reasonable because liquid water is nearly incompressible.
The point of greatest interest is therefore the 20-percent power condition because this is the
lowest power level where the feedwater heaters are active. At 20-percent power, the
primary-side period is about 60 seconds. Therefore, the dynamic behavior of the secondary
side in response to changes in flow or pressure boundary conditions on the SG |

]. Therefore, the approximation of essentially instantaneous flow changes
is reasonable in the specific case of analyzing stability relative to steady-state operation.

The staff does not consider that such an approximation for the secondary-side flow response
would be reasonable for performing other analyses, such as fast transient calculations to
determine thermal margin. The approximation would be valid, however, for slow transients.
Slow transients in this context refer to changes in secondary-side conditions where the time
scale of the analysis is such that the quasi-steady approximation is reasonable. The transient
calculations described in Section 9 of the Stability TR and discussed in Section 3.4.3 of this
report are slow compared to the characteristic time scale of the secondary-side SG tubes, and
therefore, the quasi-steady approximation is reasonable for the scope of transient calculations
described by the Stability TR.

Secondary-Side Heat Transfer

The applicant stated that user input effectively determines the total SG heat removal in PIM, but
this approach is not clear to the staff based on the Stability TR. Therefore, in RAl 9443, the
staff requested additional information on the process for specifying these inputs.

In its May 17, 2018, response to RAI 9443, the applicant explained that the user has several
options in the PIM code for modeling the SG (ADAMS Accession No. ML18137A607). In the
PIM stability analysis methodology, only the input steam generator type [( )] option is
used for licensing. In this method, the detailed heat transfer models described by the topical
report are used to compute the heat transfer coefficients, but the SG heat transfer coefficient is
tuned by an adjustment factor so that the primary-side initial conditions match input conditions
that are derived from upstream NRELAPS calculations. PIM calculates the adjustment factor
internally using an iterative method. The response to RAIl 9443 clarifies the PIM methodology
and explains how the user input of the initial conditions affects the SG heat transfer. The
Stability TR explains how this adjustment factor, once determined during the initialization, is
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held constant during the transient calculations. The staff reviewed the RAI 9443 response and
found it sufficient to explain how the PIM methodology determines the adjustment factor from
upstream calculations and how this factor is applied in the transient calculations. Based on this
clarification, the staff was able to proceed with the review of the individual models that make up
the SG heat transfer package in PIM.

Secondary-side heat transfer is divided into different regimes that range from single-phase liquid
convection, to subcooled boiling, to nucleate boiling, to saturated steam cooling, to superheated
steam single-phase convection. The applicant also included natural convection heat transfer
and radiation heat transfer models but stated that this is only to constitute a physically
consistent SG secondary-side heat transfer model over a wide range of conditions (including
very low flow) and that these models do not contribute to the stability analysis. The staff agrees
that these modes of heat transfer are very small compared to the other modes such as
convective heat transfer or nucleate boiling. However, the staff notes that these conclusions are
predicated on the SG operating in a forced convection (instead of a natural convection) mode;
therefore, the staff explicitly imposes the following condition stating that its approval of PIM for
stability analysis is limited to those conditions of forced convection in the SG tubes.

Secondary-Side Forced Convection Limitation

PIM is approved only to analyze conditions of forced convection in the secondary
side.

For the primary-heat transfer regimes, the flow quality, with transitions between fixed quality
points, dictates the transition between the regimes. According to the Stability TR, the transition
from single-phase liquid convection to nucleate boiling occurs [

]. Lastly, the transition from steam cooling to superheated steam
cooling occurs at a quality of 100 percent. In RAI 8846, Question 01-22, the staff asked the
applicant to clarify the basis for the transition points.

In response to RAI 8846, Question 01-22, dated September 28, 2017, the applicant described
the advantages of a simple model that treats the transition points based on quality and
describes how these parameters were selected based on engineering judgment (ADAMS
Accession No. ML17271A256). The staff reviewed the rationale in the applicant’s response and
agrees that the approach is acceptable, particularly in light of the mild sensitivity of the key
figures of merit to the transition points.

PIM treats the transition regions by averaging the heat transfer coefficients determined by
correlations over the regimes above and below the transition. In RAI 9136, Question 01-52, the
staff requested additional information on the weighting scheme used in the averaging. In
response to this RAI, dated December 19, 2017, the applicant clarified the methodology
(ADAMS Accession No. ML17353A494). The applicant stated that the PIM method [

]. On the basis of its engineering judgment, the staff finds this approach to
be straightforward and reasonable and therefore finds the approach is acceptable.

The methodology determines the single-phase heat convection heat transfer coefficient for both
liquid and vapor according to the Dittus-Boelter correlation, which is commonly used for this
purpose. However, the applicant stated that the steady-state initialization process, which
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adjusts the SG heat transfer, means that added detail (such as Dean number dependence) on
the secondary-side heat transfer would essentially be lost during the initialization. The staff
concurs with this assessment. In the stability calculations, the initialization ensures consistent
predictions of the SG heat transfer between PIM and NRELAPS. This initialization process is
the subject of staff RAI 9443, which was described earlier in this section.

This dependency of the PIM method on NRELAP5 was discussed earlier in this section for the
primary-side heat transfer. The same rationale applies here to the secondary side. However, [

], secondary-side heat transfer changes only when the secondary-side boundary conditions
are explicitly changed in the analysis, such as during a feedwater flow oscillation. In that case,
the Dittus-Boelter correlation for the convective heat transfer still captures the transient change
even if the correlation does not include a refinement to account for the helical tube geometry.

The methodology determines the nucleate boiling heat transfer according to the Chen
correlation, which is also widely used for this purpose and is acceptable even for helical coil SG
tubes. The Stability TR states that subcooled boiling is treated by extending the Chen
correlation according to the approach of Collier. In RAI 9136, Question 01-54, the staff asked
the applicant to justify the application of the subcooled boiling model to helical coil SG tubes. In
response, the applicant stated that the rationale for using the Chen correlation is the same as
the rationale for using the Dittus-Boelter correlation without any adjustment to account for the
helical geometry (ADAMS Accession No. ML17353A494). The staff reviewed this rationale
above in the case for the Dittus-Boelter correlation application. On the same basis as stated
above, the staff concurs with the applicant. Therefore, the staff finds that the response to

RAI 9136, Question 01-54, is acceptable.

The Stability TR states that in any given SG tube node, any or all of the heat transfer regimes
may occur. This allows PIM to analyze conditions where there is a heat transfer regime
transition within a single node without numerical issues. However, it is not clear from the
Stability TR how this methodology is implemented in PIM. Therefore, in RAI 9136,

Question 01-55, the staff requested that the applicant provide additional details on this method.
In response, the applicant clarified how the [

] The applicant’s clarification is sufficient for the staff to
understand the method. The staff found that the method is reasonable on the basis of its
engineering judgment and is therefore acceptable.

The staff reviewed the applicant’s RAI responses and considered the possibility for heat transfer
regime oscillation to occur in the secondary side. This could take the form of a Ledinegg-like
instability occurring (even within a single node) in the PIM calculations of the tube side of the
SG. The SIET-TF2 experiments addressed density-wave oscillations on the secondary side
affecting the primary side and showed that significant flow oscillations do not propagate to the
primary side (see the TR Supplement and Section 3.1.1.4 of this report). However,
Ledinegg-like instability may occur because of heat transfer regime oscillations. Oscillations
occurring on the secondary-side heat transfer could affect primary-side stability performance.
However, the applicant separately addressed this through PIM analysis by performing
calculations in which secondary-side heat removal is purposefully forced to oscillate at the
resonant frequency. Section 8.2.7 of the Stability TR and Section 3.4.3.7 of this report address
this particular topic. Specific PIM calculation capabilities to simulate the impact of heat transfer
regime oscillation on power module stability are therefore not explicitly required, because PIM
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can perform calculations in which the secondary-side heat transfer is forced to oscillate via
feedwater flow boundary conditions.

In RAI 9136, Question 01-56, the staff requested that the applicant validate the SG
secondary-side heat transfer models. In response, the applicant did not provide direct validation
of the PIM secondary-side model (ADAMS Accession No. ML17353A494). Instead, the
applicant compared PIM to NRELAPS. The staff again notes that NRELAPS5 forms an element
of the PIM analysis methodology because it is used to tune the PIM SG heat transfer during the
steady-state initialization. The current results presented in the applicant’s response to

RAI 9136, Question 01-56, show some differences between the PIM and NRELAPS5 results.
The applicant argued that the impact of these differences on the calculation results is limited for
two key reasons: (1) the boundary conditions are the same at the inlet and outlet of the SG
secondary side, which limits how different the temperatures can be between the codes, and

(2) in the PIM calculation process, the SG heat transfer is tuned by an adjustment factor to
match NRELAP5. Therefore, the only observed difference in practice will be in the heat transfer
axial distribution in the SG. The staff reviewed the applicant’s response and agrees with the
rationale. The primary-side stability characteristics will depend on the [

] in the hot and cold legs. Therefore, small differences in the temperature profile in the span of
the SG annulus will have a very small effect on the stability calculations performed using PIM.
Consequently, the staff finds the heat transfer approach acceptable, but only if the staff
approves NRELAPS5 for performing the requisite steady-state calculations that provide the basis
for the PIM initialization.

Reliance on NRELAPS5 in Calculating Steam Generator Heat Transfer

Throughout this section, the staff has noted cases where the PIM calculation results may not be
accurate but have been adjusted to match the associated NRELAPS5 calculations during the
steady-state initialization. This is a key element in the stability analysis methodology because
NRELAPS has been validated against experimental data, whereas PIM has not. While the
calculation performance of PIM in the transient can be expected to yield less accurate results
than more detailed models, the models are typically exercised only within a relatively narrow
range of the initial condition for both DR and AOOQO calculations. Sensitivity calculations
performed by the applicant have shown minimal impact on key figures of merit in these analyses
to variations in the associated heat transfer parameters. However, the overall acceptability of
the method is inherently tied to the reliability and accuracy of the NRELAPS calculations that
form the basis for the steady-state initialization. Because of significant differences between the
PIM and NRELAPS5 heat transfer models for both the shell and tube side of the SG and given
the lack of validation of the PIM models, the staff cannot conclude that the PIM methodology is
acceptable for modeling the highly important phenomena associated with SG heat transfer
without the adjustment of the PIM results to match the NRELAPS calculation results.

Because the evaluation of NRELAPS is outside the scope of the current review, the staff
imposes a condition to reflect the ongoing review of NRELAPS separate from the current review:

NRELAPS Steady-State Condition

The approval of the PIM stability methodology, which relies on steady-state
calculation results from NRELAPS, is contingent on the staff review and approval
of NRELAPS for the purpose of performing best estimate steady-state
calculations for the NuScale power module.
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If the staff approves NRELAPS to predict best estimate, steady-state, thermal-hydraulic
conditions for the NuScale power module, then the staff finds that the downstream use of this
information as part of the PIM stability analysis methodology is both necessary and acceptable.
Given the above considerations and the staff's evaluation of the PIM SG models, the staff has
concluded that the models are acceptable when exercised within the conditions specified by this
section.

3.2.5 Numerical Methods

Section 5.8 of the Stability TR describes the PIM numerical scheme. In reviewing such
numerical schemes for stability applications, the staff’'s primary review concern is whether the
numerical methods contribute to artificial damping of oscillations through numerical diffusion.
The kinetics and conduction solutions are [

]. This type of approach for stability analysis is similar to the approach adopted
by the staff in using the TRACE/PARCS codes for BWR stability evaluation (Ref. 3) and is
acceptable. However, the solution may be subject to numerical diffusion if the time step results
in a Courant number substantially different from unity. This topic is addressed briefly in the TR
Supplement in terms of the ROM, but the staff finds it difficult to extrapolate conclusions made
with the ROM to PIM. To evaluate the Courant limit in the PIM calculations, in RAI 8801, the
staff asked the applicant to provide information about the nodalization, time-step size, and
velocity field.

In response to RAI 8801, dated August 7, 2017, the applicant described the nodalization
scheme, as well as the types of sensitivity calculations that were performed to test the
nodalization scheme and time-step size to ensure that the effects of numerical diffusion were
minimal (ADAMS Accession No. ML17219A738). The scope of the calculations described in the
RAI response are sufficient to address the concerns of numerical diffusion. Further, the staff
agrees with the applicant that numerical diffusion is likely to be less significant in the calculation
of the NuScale power module stability compared to the calculation of stability in BWRs. In a
BWR, the propagation of the density wave through the reactor core affects the local power
density though the void reactivity feedback mechanism on a small spatial scale; however, in the
NuScale design, the [

]. Therefore, the NuScale system is less sensitive to the diffusion effects
because | ]. The staff agrees with the
applicant’s technical approach and qualitative arguments. However, because the applicant did
not provide the numerical results of the referenced studies, the staff cannot confirm that the
sensitivity to nodalization or time-step size is small compared to the uncertainty or DR margin.
To reach this confirmation, the staff requested the numerical results in a supplemental RAI
(RAI'9417).

In its May 29, 2018, response to RAI 9417, the applicant provided the numerical values of the
calculation results (ADAMS Accession No. ML18149A652). The results confirm the sensitivity
of the DR calculations to nodalization and time-step size. A larger number of sensitivity
calculations were performed for the 32-megawatt (MW) (20-percent power) case. The results
show that the DR tends to be higher in the “standard” case, which uses the reference
nodalization scheme and time-step size. In this standard case, the core Courant number is [

]. When compared to the other cases, the results confirm that the DR is |
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], the results confirm that the nodalization and time-step size are adequate. The staff
finds that, through these refinement studies, the applicant adequately demonstrated that the
nodalization scheme and time-step size do not contribute significant error in the DR calculation.

RAI 9105 also asked the applicant to address the issue of numerical damping through
verification of PIM against relevant problems with analytical solutions. In the response to

RAI 9105, dated January 26, 2018, the applicant provided the results of calculations to address
kinematic and dynamic effects of numerical diffusion (ADAMS Accession No. ML18026A939).
The applicant stated that it was not possible to use PIM directly to evaluate certain analytical
problems, and the staff agrees with the limitations described in the response. In lieu of the
direct analysis, therefore, the applicant relied on alternative methods (e.g., using the ROM) to
quantify the effect of the numerical diffusion. The results of the analysis are consistent with the
staff expectations for similar types of analyses. Therefore, the staff finds that the applicant’s
analysis approach is acceptable. The staff reviewed the results from the calculations and found
them to be reasonable and to confirm that numerical diffusion can be expected to [

]

The Stability TR describes the explicit scheme in PIM, which is consistent with other systems
analysis methods approved by the staff for similar purposes. However, the response also
references an | ] scheme. While this scheme may be part of PIM, the staff did not
review it. Approval of the Stability TR does not constitute approval of the implicit scheme in
PIM. The staff therefore restricts the use of this alternative implicit scheme as follows:

Implicit Scheme Restriction

PIM is not approved to perform stability analysis using the implicit scheme for the
thermal-hydraulic solution.

The applicant evaluated nodalization schemes in the response and demonstrated that the
numerical diffusion effect decreases with increasing spatial resolution. Because the NuScale
nodalization is finer than the schemes analyzed, the staff agrees with the applicant that the
estimated numerical diffusion effects can be applied to the NuScale calculations. Based on the
calculations provided in the response, the applicant has determined that numerical diffusion has
[ ]. The staff has reviewed the analysis and concurs with the
applicant’'s assessment of the effect.

In the RAI 9105 response, the applicant described some of the physical processes that can
contribute to actual physical diffusion. The applicant argued in the response that some
numerical diffusion is therefore appropriate to account for physical diffusion (ADAMS Accession
No. ML18026A939). However, the applicant has not quantified these effects. The staff agrees
that, for example, molecular diffusion caused by turbulence can contribute to the diffusion of
temperature, but the effect has not been sufficiently quantified for the staff to independently
confirm that the degree of numerical diffusion in the PIM calculations is appropriate to mimic the
physical process. Furthermore, the applicant contended in the response that the effect of
physical diffusion would be difficult to quantify, because [

] The staff agrees with the applicant insofar as the staff finds that the [
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], and therefore, numerical diffusion effects are not as significant in the
calculations for NuScale as they would be in stability calculations for a BWR. However, the staff
cannot conclude that purposefully including diffusion is appropriate. Numerical diffusion, which
generally contributes to stabilizing a system in a calculation model, should be eschewed and not
exploited to simulate the unquantified effects of physical diffusion that are not treated explicitly.

NuScale’s response references calculations that were performed to assess the impact of the [

], and the applicant concludes that the PIM predictions of DR are conservative (ADAMS
Accession No. ML18026A938). The staff does not reach the same conclusion. It is not clear
which biases or uncertainties the applicant is referring to in the response. The staff is not aware
of a comprehensive uncertainty quantification performed by the applicant that would shed light
on the biases and uncertainties. Because of scaling concerns, the validation provided against
the NIST-1 tests does not provide any direct, quantifiable assessment of the PIM biases or
uncertainties with respect to the NuScale power module (see RAI 9037 response (ADAMS
Accession No. ML17297A693) dated October 24, 2017). Given the lack of applicable validation
data or a detailed uncertainty analysis, the staff cannot reach the same conclusion as the
applicant. Therefore, the staff does not agree that the analyses demonstrate any conservatism
in the PIM calculations. However, the staff does agree that the effect of numerical diffusion [

]. Section 3.3.1 of this report discusses the impact of the applicant’s numerical diffusion
assessment on the acceptability of the DR acceptance criteria.

3.2.6 Integral Effects Testing Validation

Section 6 of the Stability TR provides the validation of PIM against data collected at the NIST-1
test facility. Table 6-1 of the Stability TR summarizes the test results, which were performed
over a power range of 61 to 320 kW. The tests appear to indicate that the NuScale power
module is quite stable with DRs from the test in the range of about [ ]. Atthese low DRs,
it is generally difficult to reliably measure the DR with either the Type | or Type Il approaches
described in the Stability TR, so the experimental uncertainty for these data can be quite high.
This can be observed in the differences between runs conducted at similar power levels and
with different perturbation methods. The applicant performed a series of tests at power levels
between [

]

The applicant compared PIM results to these data and found reasonable agreement, with PIM
predicting very large stability margins under the conditions shown to be highly stable at NIST-1.
If anything, the PIM results appear to include a small conservative bias; however, it is difficult to
quantify the bias given that experimental uncertainty at low DR is relatively large.

The Stability TR also compares the measured and calculated oscillation periods. The standard
deviation in period is not reported in the Stability TR, but measurements performed at similar
power levels can indicate the experimental uncertainty in the measured period. For the data
collected at [

]. Using this as an indication of the measurement uncertainty, the comparison in

Table 6-2 of the Stability TR indicates that the predicted and calculated periods agree
reasonably well.
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Given the relatively large uncertainty in the experimental data in this highly stable regime and
given the limited number of measurements made, the staff considers the integral effect test
validation with NIST-1 insufficient to reach conclusions about the uncertainty in the PIM
calculations. The PIM predictions agree reasonably well with the available IET data, and these
data correspond with the highly stable conditions expected for normal NuScale power module
operation. However, this does not fully address PIM uncertainty in predicting DR.

Figure 7-1 in the Stability TR illustrates two concerns with drawing conclusions from the PIM
validation against NIST-1. First, there is the issue of scaling. The NIST-1 facility has been
scaled based on phenomena relevant to LOCAs, and therefore, there will be scaling distortion
when relating the NIST-1 stability characteristics to the NuScale power module. This concern is
illustrated by differences in the DR trend with power between the prototype (marked “NPM”) and
the test (marked “NIST”) in Figure 7-1 of the Stability TR. Second, there is the issue of stability
margin. Stability margins in the NuScale power module are degraded by low-power operation
and by voiding in the riser. The NIST-1 tests covered the stable range of operation but did not
go to low power levels where the DR is expected to increase sharply for the NuScale power
module. Section 7.2 of the Stability TR includes a discussion from first principles explaining
how accounting for cold-leg feedback explains the trend in DR with decreasing flow (and hence
decreasing power).

As for the first issue of scaling, the Stability TR derives various scaling parameters in Section 7
(i.e., a, To, and Sp). In RAI 9037, the staff requested information about the scaling and the
completeness of the test matrix. In response to RAI 9037, the applicant described these same
scaling parameters and confirmed that there are scaling distortions between NPM and NIST-1
with respect to stability (ADAMS Accession No. ML17297A693). However, these scaling
distortions are not numerically evaluated because NIST-1 does not form the basis of the LTS
solution. Further, the response clarifies that the NIST-1 benchmarking was performed to
demonstrate the modeling efficacy in PIM to capture the salient phenomena in an IET
assessment, but it was not used to quantify the bias or uncertainty in the PIM calculations.

In light of these scaling factors, in RAI 9106, Question-01-57, the staff requested additional
information as to how the uncertainty in DR derived from the NIST-1 assessment correlates with
uncertainty in the PIM calculations for the NuScale power module. In its response to RAI 9106,
Question 01-57, dated March 21, 2018, the applicant clarified that the NIST-1 validation is not
used to quantify the uncertainty in the PIM DR calculations (ADAMS Accession

No. ML18080A231). Section 3.3.1 of this report discusses at further length the acceptability of
the DR acceptance criterion (given the absence of a direct link between the DR calculation
uncertainty and the validation provided in the Stability TR). The applicant also discussed the
effect of riser heat transfer in the response to RAI 9106, Question 01-57, but this does not
appear to be relevant so was not reviewed by the staff.

As for the second issue, in RAI 9106, Question 01-58, the staff requested additional information
about the change in stability margin with decreasing flow rate and asked if there are
experimental data supporting the trend. In response to RAI 9106, Question 01-58, the applicant
provided further support for the lower power trend in DR for the NuScale power module
(ADAMS Accession No. ML18080A231). The applicant stated that the trend in DR at low power
is the result of the inverted density wave in the downcomer. The applicant’s response explains
how the density wave traverses the downcomer in the same direction as gravity (hence
inverted) with the SG acting as a heat sink. [
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] The staff reviewed the applicant’s analysis and concurs that the inverted density wave
is sufficient to explain the trend in DR. The staff also agrees with the applicant that this explains
the agreement in the PIM calculations and the trends predicted by the ROM. The applicant
referenced calculations provided in the response to RAI 9105 (ADAMS Accession
No. ML18026A939). The staff finds that these calculations are sufficient to demonstrate the key
physical process that explains the low-power trend in DR.

While the NIST-1 validation indicates that PIM provides reasonably accurate predictions of DR
and period for conditions similar to the normal operating conditions for the NuScale power
module, the staff does not find that the NIST-1 validation is sufficient to quantify uncertainty in
the PIM calculations for the NuScale power module. Furthermore, because the NIST-1 tests
consider only the very stable regime near normal operation conditions for the power module, it
is insufficient to validate the PIM models used in certain transient analyses where the power
module is predicted to become unstable. In particular, the NIST-1 experiments do not validate
the PIM models for void formation phenomena important to the riser instability mode.

Section 3.2.7 of this report discusses these models, for which the staff has requested additional
validation against SET data.

The TR Supplement provides some data from the SIET-TF2 IET. The applicant reported these
tests in the TR Supplement to address issues of secondary-side instability and did not use them
for IET validation of PIM. Section 3.1.1.4 of this report discusses the SIET-TF2 IET.

The staff reviewed the IET validation provided by the applicant in the form of the SIET-TF2 and
NIST-1 tests and concluded, for the reasons provided above, that these tests are insufficient to
quantify the uncertainty in the PIM predictions of the stability-related figures of merit.

3.2.7 Separate Effects Testing Validation

The Stability TR does not provide any validation of the PIM code against separate effects test
(SET) data. The SRP Section 15.0.2 acceptance criteria for code assessment state that SET
validation must be performed to demonstrate the adequacy of the physical models to predict
physical phenomena that were determined to be important in the PIRT. The PIRT in Section 4.4
of the Stability TR lists several phenomena that the applicant did not assess against SET data.
The assessment should cover the full range of applicability of the subject model. The staff
identified the subcooled boiling model and the drift-flux model as being related to vapor
generation, which is ranked as highly important. In RAI 9017, the staff asked the applicant to
validate the PIM models for these phenomena against relevant SETs.

In its September 25, 2017, response to RAI 9017, the applicant did not provide validation of
these models against SET data (ADAMS Accession No. ML17268A378). Rather, the response
evaluates the sensitivity of the analysis results to a broad range of parameter variation that
bounds any uncertainty in the models themselves. In the case of the boiling coefficient, a wide
parameter range was assumed to demonstrate conservatism in the default value. In the case of
the void-quality correlation, the correlation was compared to the homogeneous equilibrium
model, which would certainly provide a lower bound to the slip. The staff reviewed the response
and found that the sensitivity ranges explored are sufficient to bound any uncertainty in the
models. Since the results of the sensitivity analyses demonstrate no significant impact on the
key figures of merit, the staff agrees with the applicant that, in this case, the correlations from
the literature can be applied without NuScale-specific SET validation to justify the applicability of
these models.
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Flashing in the riser can be highly important in predicting the onset of instability in the power
module. The staff considered flashing in the riser to be a highly important phenomenon during
its independent PIRT development (ADAMS Accession No. ML17033A144). Therefore, in

RAI 9093, Question 01-37, the staff requested that the applicant provide SET validation of the
flashing models in PIM. In its response to the RAI, the applicant provided a simple analysis
intended to show that heat transfer between the riser and SG annulus and downcomer would be
sufficient to preclude the occurrence of flashing in the riser (ADAMS Accession

No. ML17313B233). The staff cannot reach the same conclusion. The focus of the staff’s

RAI 9093, Question 01-37, is the incidence of flashing that may occur in the riser during a
depressurization transient. Prediction of this phenomenon is important because it can affect the
timing of the onset of the instability. Therefore, the staff does not find the response to RAI 9093,
Question 01-37, sufficient to address its concern about flashing during transient calculations.
However, the applicant then referenced the RAI 8921 response (ADAMS Accession

No. ML17268A387) in the RAI 9093 response, which deals with the topic of flashing, but in a
different context. The RAI 8921 response is related to upper plenum flashing, not riser flashing.

In RAI 8921, the staff asked the applicant to describe how the PIM methodology captures the
effect of flashing in the upper plenum. The applicant’s response explains that it is not important
to capture the flashing effect in the DR calculations. First, the response refers to a calculation of
the riser quality that could occur as a result of flashing. [

] The staff is not certain if this quantity applies to the limiting AOO (i.e., depressurization); in
addition, because of the relationship between quality and void fraction, a small change in quality
at low quality can produce a much larger change in void fraction. For stability analysis, the
results are sensitive to the void fraction, rather than the quality, so it is not clear from the
applicant’s calculation of the quality whether there is an appreciable effect from flashing.

The applicant also provided analyses with PIM based on two different methods. In one method,
local pressure variation in the primary system is used in calculating the void, which allows for
flashing to occur (blue case); in the other method, the local pressure variation is not treated,
which precludes flashing (red case). The staff reviewed these two calculations and agrees that
they are sufficient to evaluate the sensitivity of the key figure of merit (i.e., instability onset
timing) to any uncertainty in the prediction of flashing.

The applicant’s sensitivity calculation shows that accounting for local pressure variation actually
slightly delays the instability onset timing by a small amount. In both the red and blue cases,
the calculations demonstrate that the MPS affords a similar protective margin. The blue case
calculation allows PIM to treat the local pressure in the riser section, which results in slightly
later voiding in the riser section because it accounts for slightly higher pressure at the bottom of
the riser compared to the pressurizer. While lowering the pressurizer pressure would more
rapidly affect the propensity for flashing in the top of the riser compared to the bottom, the
change in pressure in the pressurizer is essentially felt simultaneously throughout the whole
system because of the high speed of sound. As a result, the most significant contribution to
integrated riser void during the depressurization is the increase in core voiding and the transport
of these voids from the core to the riser. The red calculation shows an earlier void formation
and confirms the applicant’s claim that void production from the core is much more significant
than the production of void from flashing.

Because the sensitivity calculations provided by the applicant cover a sufficient range to bound
any potential uncertainty in the flashing model, the staff finds that this sensitivity analysis is
adequate to address the potential effect of uncertainty in the flashing model. Since the
applicant’s calculations confirm that the MPS trip provides essentially the same margin in the
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sensitivity calculations, the staff agrees with the applicant, in this specific case, that SET
validation of the flashing model specific to NuScale is not required.

However, in its review of the response to RAI 8921, the staff disagrees that the flow oscillation
magnitude predictions between the two cases are essentially the same. The applicant made a
statement to this effect in the RAI 8921 response (ADAMS Accession No. ML17268A387).
However, the results shown in Figure 1 of the RAI 8921 response clearly indicate that the flow
response in the blue case is more adverse than the red case from the standpoint of thermal
margin. As further discussed in Section 3.3.2 of this report, the accurate calculation of
oscillation magnitude is not required as part of the transient analysis methodology. Rather, the
stability analysis methodology with respect to transients requires demonstration that the MPS
trip would actuate with sufficient margin to ensure that the reactor is controlled before the onset
of instability. Therefore, for the current analysis purpose, it is not necessary for PIM to predict
the oscillation magnitude.

If PIM were used to evaluate the change in thermal margin as a result of oscillations, then the
staff would need to more thoroughly review the results of the RAI 8921 response sensitivity
analyses to determine the impact of flashing on oscillation magnitude. Since this is not part of
the stability analysis methodology, and the staff has not approved PIM to evaluate thermal
margin (see Section 3.2.1.9), the staff did not further review the implications of the applicant’s
sensitivity analysis with respect to the prediction of oscillation magnitude. The staff merely
notes its disagreement with the applicant on the sensitivity of the oscillation magnitude to
flashing.

On the basis of the above considerations and the staff’'s evaluation, the staff concluded that
SET validation of the flashing model was not required for the current application of PIM to
predict the stability-related figures of merit. However, the staff found that such validation would
be needed if future applications of PIM sought to quantify other figures (e.g., oscillation
magnitude).

3.2.8 Quality Assurance Plan and Change Process

According to SRP Section 15.0.2, the QA plan must meet requirements in the following areas:

° design control

o document control

° software configuration control and testing

° error identification and corrective actions used in the development and maintenance of

the evaluation model

° adequate training of personnel involved with code development and maintenance, as
well as those who perform the analyses

The staff review in this section builds on the staff evaluation (ADAMS Accession

No. ML120680132) of the NuScale QA program description (ADAMS Accession

No. ML16347A405), as well as an inspection conducted by the staff from August 24-27, 2015
(ADAMS Accession No. ML15268A186). The staff reviewed the design certification QA
program description, including the corrective action program, and found it to be acceptable
(ADAMS Accession No. ML120680132). During the August 2015 inspection, the staff inspected
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several aspects of the QA plan related to safety analysis codes (and NRELAPS5 in particular).
The staff found that the QA plan met the applicable requirements. Therefore, the scope of the
Stability TR audit as it applies to the subject review was limited only to verification of the
acceptable use of the relevant procedures for the PIM code in particular. The staff conducted
this audit of the QA plan to confirm that the plan meets the requirements listed in SRP
Section 15.0.2 for PIM and that independent peer reviews were performed by programmers,
developers, and end-users at key steps in the evaluation model development process.

The staff completed the QA audit and documented its detailed findings in an audit results
summary report (ADAMS Accession No. ML181614A253) dated June 20, 2018. The staff
summarizes its findings in each of the major areas below.

Design Control

In terms of design control, the staff found that the governing procedures are acceptable insofar
as they (1) provide documentation requirements that spell out the design requirements and
formalize the requirements for software in the form of a requirements traceability matrix,

(2) require independent verification of the implementation relative to the design requirements,
and (3) provide for a procedural feedback loop between the outcome of the verification and
allowed uses of the software.

Document Control

The applicant meets the requirements of document control by ensuring that the software
documentation is maintained as quality records. Furthermore, changes to these documents are
controlled by a procedure requiring independent review of proposed changes and tracking of
change impacts on other areas, including those areas important to nuclear safety. However,
currently, the NuScale procedures do not address the requirements of 10 CFR 50.59,
“Changes, Tests and Experiments,” in terms of evaluating changes. Therefore, the staff
identified an audit item with respect to clarifying how COL applicants or licensees will address
the requirements of 10 CFR 50.59. The staff notes that its review and findings are based on
Version 1.1 of the PIM software.

Software Configuration Control and Testing

The staff reviewed procedures associated with software testing and identified two audit items,
which are addressed by RAI 9333. The first audit item relates to the documentation of code
limitations that are identified as part of software testing. These limitations, according to NuScale
procedures, should be translated to the code user’'s manual to ensure that the codes are
executed in an acceptable manner. The staff identified two instances in which the applicant
appears to have identified code limitations through software testing, but the user’'s manual does
not reflect these limitations. In RAI 9333, Question 01-66, the staff asked the applicant to
address these two instances. The applicant responded to the RAI, dated April 3, 2018, by
describing how it has addressed these instances in the overall QA program and how they do not
require specific limitations in the code manual (ADAMS Accession No. ML18093B575). The
staff reviewed the specific actions taken by the applicant in response to these instances and
found, on the basis of its own judgment, the actions to be prudent and in accordance with the
applicable requirements. Therefore, the staff concurs with the applicant’s approach.

The second audit item relates to regression testing. The staff found that the regression testing
relies on comparison of code results to the previously approved code version. In this approach,
the code results are not compared to a static benchmark, and therefore, the code results may
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change a small increment during subsequent revisions that, when integrated, may result in a
large change that goes undetected. This process of small changes accumulating is referred to
as “code drift.” The staff identified regression testing and code drift as an audit item and
requested additional information in RAI 9333, Question 01-67. The applicant responded to the
RAI and provided specific examples of regression testing performed for Version 1.2 of PIM
(ADAMS Accession No. ML18093B575). The staff reviewed the implementation of the
regression testing described in the response but could not determine what specific aspects of
the software testing would preclude code drift. The applicant stated in the response that its
software testing and verification procedures would capture any future code drift; however, the
staff was not able to identify from the description in the response those aspects of the process
that would identify code drift. Therefore, the staff requested more information in supplemental
RAI 9576.

In response to RAI 9576, dated October 11, 2018, the applicant described how code drift is
assessed during regression testing by comparing several figures of merit between the current
code version and the 1.0 code version and confirming that the figures of merit for several
calculation cases remain within a tight tolerance window (ADAMS Accession

No. ML18284A487). Because the results are compared to a static code version (Version 1.0),
the staff finds that the approach is acceptable to assess code drift. The magnitude of the
acceptance criterion specified in the RAI 9576 response is acceptably small to ensure that code
drift will not adversely impact biases in the safety analyses. Therefore, the staff concludes that
the regression testing process adequately addresses code drift and is therefore acceptable.

Error Reporting and Corrective Action

The procedures meet the requirements for corrective actions by providing a process for
determining if error reports under the NuScale Error Tracking System are, in fact, items
appropriate for inclusion as condition reports in the corrective action program (CAP). In
addition, CAP condition reports are screened for potential 10 CFR Part 21, “Reporting of
Defects and Noncompliance,” requirements according to the appropriate criteria and reporting
timelines. The staff determined that NuScale faithfully adheres to the CAP-related quality
procedures previously approved by the NRC staff through its review of PIM-related specific
examples.

Independent Peer Reviews and Training

An external contractor performed the initial peer review of PIM. The staff reviewed the details
and confirmed that the external contractor was, indeed, independent, had the requisite technical
competency to perform the review, and was adequately trained in the applicable QA procedures
at NuScale. On the basis of the training records audited by the staff, the staff concludes that,
moving forward, NuScale staff are qualified in the QA procedures, stability phenomenology, and
the PIM code, and, therefore, are able to properly conduct the independent peer reviews
required by the procedures.

3.3 Analysis Methodology, Uncertainty, and Acceptance Criteria
Apart from the PIM code, the overall analysis methodology is defined by the means of execution
of the PIM code to derive the figures of merit (e.g., DR) and how the figure of merit is compared

to acceptance criteria that appropriately account for uncertainty in the method. This section of
the staff’s evaluation report addresses these aspects of the analysis methodology.
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The stability analysis methodology can be divided into two distinct areas. The first (described in
Section 8 of the Stability TR) is the steady-state DR method, and the second (described in
Section 9 of the Stability TR) is the transient method. In the first method, generally, a
perturbation is applied to a steady-state condition, and the transient response of the flow rate in
response to the perturbation is computed. This method uses the flow response to determine the
DR. In the second method, PIM simulates a transient condition and determines the point where
the MPS subcooling margin protective trip is activated based on predicted system parameters
(namely, core exit temperature). To demonstrate the effectiveness of the MPS subcooling
margin protective trip in preventing instability of the power module, the method then compares
the MPS subcooling margin protective trip timing to the timing for the onset of instability.

The methodology also considers the effects of cycle depletion, but the Stability TR was unclear
as to how stability behavior is necessarily verified at all points in cycle. In RAI 8868, the staff
requested additional information about how cycle exposure is considered in the methodology.
The applicant’s response, dated August 23, 2017, states that no sensitivity was identified for
parameters that would be affected on a cycle-specific basis (ADAMS Accession

No. ML17235B151). The response states that certain nuclear parameters, and most
importantly, the MTC, vary as a function of cycle exposure because of the effect of boron
letdown. The staff agrees with this characterization of the MTC. However, the staff does not
agree that the nuclear parameters are not affected on a cycle-specific basis. The applicant
appears to concede the same point in the Stability TR in Section 10.4, which states that
representative nuclear kinetics parameters and reactivity coefficients bound expected cycle
exposure conditions and that the least-negative MTC in the cycle may not occur at the BOC or
EOC condition. The staff cannot reconcile the RAI 8867 response with the Stability TR. The
Stability TR indicates that it would be a necessary step in the methodology to confirm that
cycle-specific nuclear parameters (at the worst point in cycle) are bounded by the analysis in the
Stability TR. However, the RAI 8867 response, states that no cycle-specific effects are
expected.

Furthermore, the RAI 8867 response and the Stability TR use conflicting language when
describing the assumptions for the nuclear parameters. In some instances, the Stability TR
refers to the assumed parameters as conservative, and in other instances, the applicant refers
to the parameters as representative. For the purposes of the current analysis (to demonstrate
the principle of the LTS solution), such differences are not important, as long as conservatism is
applied in the reload licensing process so that cycle-specific analyses are adequately
conservative to account for the impacts of core loading and cycle depletion on the nuclear
parameters.

Section 3.2.2 addresses concerns about the generic nuclear data. In that section, the staff
discusses conditions and limitations related to cycle-specific analyses (namely, that the COL
applicant or licensee referencing the Stability TR must confirm that the assumed nuclear
parameters are conservative or redo the analysis). However, the applicant’s response to

RAI 8867 implies that only the BOC and EOC conditions need to be evaluated. This contradicts
the Stability TR, and the staff agrees with the discussion in the Stability TR that the most limiting
point in cycle may not be the BOC or EOC.

In a supplement, dated September 17, 2018, to the RAI 8867 response (ADAMS Accession
No. ML18260A376), the applicant further clarified the methodology and provided a revision to
Section 10.4 of the Stability TR. Because the most limiting point in cycle may occur between
the BOC and EOC, on a cycle-specific basis, the staff determined that any COL applicant or
licensee referencing the Stability TR must verify that the nuclear parameters assumed in the
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PIM stability calculations are conservative for all points in the cycle. Based on the revised
Stability TR discussion, the staff concludes that NuScale acceptably addresses the variation of
nuclear parameters over the cycle by ensuring that limiting values are used in the stability
analysis. Therefore, the staff finds that the cycle exposure is adequately and acceptably
addressed by the applicant’s methodology.

In terms of the transient calculations that account for operational occurrences, the staff requires
that the scope of the analysis covers the range of allowable plant operation. Plant operational
flexibilities may include factors such as flow and temperature windows in terms of the secondary
side, power levels, and allowable equipment out of service. Any of these factors may affect the
stability of the power module. Therefore, in RAI 8831, the staff asked for confirmation that the
transient methodology considers initial conditions and plant response consistent with the most
adverse, limiting conditions allowed by the plant TS including any operational flexibility options
(e.g., reduced feedwater temperature operation, SG tube plugging).

The applicant considered the allowable operating range according to the TS in its

August 22, 2017, response to RAI 8831 (ADAMS Accession No. ML17234A750). In this
response, the applicant stated that the Stability TR included extensive parameter variations
covering a wide range of operation and design variability. However, the staff does not agree
with this description. The Stability TR provides an analysis to demonstrate the effectiveness of
the LTS solution for a representative design and representative operating maneuvers.
Parameters that could vary as the result of operational factors within the TS allowable range are
not considered explicitly. An example is primary-side temperature, which could increase
because of SG tube fouling or plugging. The Stability TR does not include analyses over a wide
range or extensive range of initial temperature variations to cover the anticipated operating
range allowable by the TS.

However, while the staff disagrees with the applicant’s description of the Stability TR analyses,
the staff does agree that it is appropriate for the COL applicant to perform confirmatory analysis
as part of the NuScale Reload Analysis Methodology. The response to RAI 8831 refers to
Section 10.4 of the Stability TR, which states that to utilize the stability methodology, the COL
applicant or licensee referencing the stability methodology must confirm that the MTC is within
the envelope of the generic analysis and that the riser subcooling is within the TS value.

Therefore, while extensive parameter variations are not present for all allowable operating
flexibilities within the current Stability TR, the response and Stability TR refer to cycle-specific
confirmatory analyses. The staff finds this acceptable because it would ensure that any
variations as a result of core reload are inherently captured in the reload licensing process. The
staff finds this acceptable.

In terms of thermal-hydraulic state conditions that are allowed by operating flexibilities, the
applicant refers to the TS value for riser subcooling. Riser subcooling is a key parameter. The
response to RAI 8831 explains that the system remains stable within a stated operating range,
with the exclusion of riser boiling. The LTS solution precludes the riser instability mode by
enforcing margin in the riser subcooling. In reviewing, for example, Section 9.2 of the Stability
TR, the staff observed that a higher initial primary system temperature other than that assumed
in the generic analysis could accelerate the timing of the instability onset and MPS trip.
Because a higher temperature would produce more adverse conditions from the standpoint of
stability during AOOs, the staff requested additional information in RAIs 9093, 8869, and 9441
about the relatively low ranking of SG heat transfer in the Stability TR PIRT and the impact of
higher temperature on the different classes of AOO events. Section 3.1.3 of this report
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discusses the responses to these RAls in greater detail. The staff finds that the general
conclusions of the analysis—that the MPS trip protects against the onset of instability—remain
applicable even for a higher primary-side temperature as long as riser subcooling margin exists
at the start of the transient.

Therefore, while operational flexibilities may affect the initial conditions within the primary
system, any of these flexibilities are ultimately constrained by the TS to ensure margin in the
riser subcooling. The staff agrees with the applicant that this is the key parameter that could be
affected by operational flexibility. Further, the staff agrees that a TS value directly controls this
key parameter. Since the COL applicant or licensee must confirm that the riser subcooling
remains within the TS value on a cycle-specific basis, the reload licensing process described in
Section 10.4 of the Stability TR will ensure that future operation remains within the appropriate
thermal-hydraulic constraints to protect against the riser instability mode.

Section 10.4 of the Stability TR states that a final analysis will be provided separately in the
FSAR for the final design and that an application of the methodology with a full analysis scope is
expected to support or disposition the stability impact of future NuScale power module design
changes. The staff agrees that design changes will affect the stability performance and that

PIM has flexibility in analyzing those plant design changes that can be reasonably expected
during the final detailed design process for the NuScale power module. The full scope of
analysis will have to account for any plant design changes; however, core design changes will
take place every cycle.

In the initial submittal, Sections 10.2 and 10.4 appeared to be in conflict where Section 10.2
appeared to indicate that cycle-specific consideration of the moderator feedback was required,
but Section 10.4 appeared to imply that such cycle-specific considerations need not be
considered in the licensing analyses. To clarify the scope of the analysis and to reconcile the
language of Sections 10.2 and 10.4 of the Stability TR, in RAI 9091, the staff asked the
applicant to provide a list of PIM models and PIM inputs that are fuel-design specific and would
be subject to revision with the introduction of a new fuel assembly design. The staff requested
that NuScale describe the process by which analyses are reperformed when parameters
specific to the fuel design change.

In the response to RAI 9091 (ADAMS Accession No. ML17313B219), the applicant discussed
which PIM models are fuel-design dependent. The response includes a table of the fuel-design
specific parameters and clarifies that these parameters are specified by user input. The
applicant also clarified that the introduction of a new fuel design would require evaluation of the
neutronic and thermal-hydraulic performance. In cases where the neutronic performance is not
bounded, the applicant stated that the case would require reanalysis using appropriate
neutronic parameters. If the fuel design introduces significant changes to the thermal-hydraulic
performance, the applicant stated that this would induce a change in the rated core flow.
According to the response, changes in the rated core flow rate that deviate from the licensed
flow range would trigger a reanalysis of all safety aspects (of which stability is only one part).
The staff finds that the response is reasonable insofar as expected changes in fuel design
characteristics can be addressed through user input. The staff concludes that changes in fuel
design that would cause substantial changes in the neutronic or thermal-hydraulic
characteristics of the core (i.e., pressure drop as a function of flow) have appropriate triggers for
reanalysis. Therefore, the staff finds that the characteristics specific to fuel design are
considered adequately in the Stability TR.
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3.3.1 Decay Ratio Calculation Method

There are several methods for calculating the DR from the PIM transient results. These
methods generally rely on calculating the flow oscillation peaks and examining the ratio of the
heights of peaks in the oscillation response. The two-peak method is a fairly standard way to
infer DR from time-domain transient analysis codes.

According to Section 8.1 of the Stability TR, PIM performs the steady-state DR calculations by
applying a perturbation and observing the power module transient response for a period of
approximately 10 circuit times. The circuit time is a function of the primary-side mass flow rate
and the system inventory. A problem time of 10 circuit times is used to ensure that short-term
effects are allowed to decay so that the long-term response gives a clean indication of the
stability behavior without any short-term effects. The staff agrees with this approach and finds
that this is an important element of the method used for the safety analysis.

Section 8.1 of the Stability TR lists the perturbation methods applied in the PIM safety analyses.
The specific perturbation applied in time-domain stability methods is not generally an important
detail of the analysis. The perturbation must be designed by the user in a way that avoids
inducing significant nonlinear effects that may result in underpredicting the DR. The
perturbation methods described by the Stability TR are relatively small and can be expected to
produce a response in the linear range. Therefore, the staff finds these types of perturbation
acceptable for the current purposes. The staff concludes that the possibility for the perturbations
to induce nonlinear effects is mitigated by the requirement that the analysis be performed for

10 circuit times, which would result in the damping of any short-term, nonlinear effects, to
ensure that the DR is inferred only from the long-term response. Therefore, the staff finds these
types of perturbation acceptable for the current purposes.

In RAI 8937, the staff requested clarification because Sections 5.8, 6.2, and 7.1.1 of the Stability
TR are not clear about the method for calculating the DR. For the validation against NIST-1, it
appears that the applicant calculates the DR based on a three-peak method. However, it is not
clear how this method is applied in accordance with the requirement in the TR that the response
consider 10 circuit times. In the response to RAI 8937, dated September 28, 2017, the
applicant described several methods for calculating DR (ADAMS Accession

No. ML17271A285); however, only one of these methods was adopted for the PIM
methodology. The applicant stated that the methodology does not rely on automated
techniques, but instead depends on the analyst visually inspecting the results and determining
the DR according to the ratio of two successive peaks in the transient flow response. The staff
takes a similar approach to calculating DR using TRACE and finds this method acceptable. The
applicant’s response clarifies that the signals are examined to determine a usable segment of
the flow response that does not have any interference from the initial perturbation. This aspect
of the method is consistent with the requirement to analyze the flow signals using PIM for at
least 10 circuit times. Therefore, the RAI 8937 response is sufficient to clarify the method for
calculating DR and is consistent with the calculation duration requirements described in the
Stability TR. The staff finds that the applicant’s approach is acceptable for calculating DR.

The response to RAI 9579, dated December 19, 2018, (ADAMS Accession No. ML18353B515)
however, contradicts the RAI 8937 response. The applicant explained in the RAI 9579
response that PIM includes algorithms for calculating the DR, but that this method often fails to
converge, and that manual analysis of the results in postprocessing is often used to calculate
the DR when the automated calculation fails to converge. This is acceptable to the staff as the
automated and manual methods rely on the same principles, but the manual method, as

69



discussed above, allows for the analyst to carefully consider the appropriate time interval for
calculating the DR. Therefore, while this approach is acceptable, the staff notes here that the
response to RAI 9579 supersedes the response to RAI 8937 and introduces alternatives to the
two-peak method for computing DR.

In the RAI 9579 response, the applicant further discussed the three-peak method and an
additional, new four-peak method that is programmed in PIM. The applicant’s response
describes how the four-peak method can be thought of as the geometric average of results from
the three-peak method using successive time intervals. The staff agrees with this interpretation
and further agrees that using either the three-peak method in the long term or the four-peak
method in the shorter term (while multiple modes are decaying) is sufficient to diagnose whether
the system is stable or unstable with a reasonable degree of accuracy in the calculated DR.

In summary the staff found that there are several DR calculation methods presented as part of
the applicant’s submittal which include automatic and manual methods. On top of those
presented in the Stability TR itself, the response to RAI 9579 includes an additional, new
method for DR calculation, which is programmed as an automatic method in the PIM code. The
staff reviewed this approach and finds that the methods are acceptable. Further, the manual
analysis method remains as a backup in case the PIM calculation results do not converge
during the automatic calculation process. The staff finds this acceptable as well. As stated
above, this new description of the calculation process and method supersedes the response to
RAI 8937; therefore, the staff’s final review did not consider the applicant’s statements regarding
the sole use of the manual method made in the response to RAI 8937.

The staff finds that the final PIM methodology relies on two possible automatic DR calculations
performed by PIM using either the three-peak or four-peak method. These methods are
acceptable to the staff, as described above. If these methods fail to converge the DR, the
methodology relies on manual postprocessing of the results, in which the analyst can judiciously
select the time interval for the analysis in order to infer the DR. According to the RAI 9579 and
8937 responses, this manual method relies on identifying a time interval in the transient
response in which successive peaks can be used to infer the DR of the dominant mode. The
process and criteria used for selecting such a time interval are generally well understood, and
the staff finds the current description of this process sufficient to ensure that the applicant’s
method will reliably infer the DR. Therefore, the staff finds this manual method and the
methodology described in the response to RAI 9579 to be acceptable.

According to the applicant, where the DR cannot be converged using the two-peak, three-peak,
or four-peak methods (either automatically or manually), the methodology can rely on another
backup calculation method. In the RAI 9579 response, the applicant refers to this final method
as the “envelope” method. The applicant’'s RAI 9579 response describes the envelope method
and the following summarizes the staff's understanding of the method based on the applicant’s
description. The envelope method can be applied when the flow oscillations are highly stable.
Therefore, during the decay of the dominant mode oscillation, there are multiple modes still
excited. This means that the oscillation cannot be interpreted purely as the decay of the
dominant mode. [

]
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] Because the envelope method is conservative as described above, the staff finds this
method acceptable for performing the DR calculations under the specific situations laid out in
the RAI 9579 response.

Section 8.1 briefly touches on the topic of time-step size and numerical diffusion effects by
stating that the [ ]. The method may underestimate the DR if there
is significant numerical diffusion. The TR Supplement includes a section devoted to discussing
results from the ROM and refers to numerical diffusion in the PIM calculations as a result of
having a Courant number less than unity. Section 5.8 of the TR describes the numerical
solution; however, it does not include sufficient detail about the required nodalization or
time-step size for the staff to determine the degree of numerical diffusion in the calculations. In
RAI 8801, the staff requested additional information on the nodalization and the velocity field in
the power module primary side. The velocity field will be dependent on the initial conditions
assumed in the analysis (namely, the core power). Furthermore, as the applicant described in
its response to RAI 8801, the time-step size also depends on the reactor power (ADAMS
Accession No. ML17219A738). In the response to RAI 8801, the applicant described the results
of sensitivity calculations that demonstrate that the effect of numerical diffusion for the given
nodalization and time-step size is small. Section 3.2.5 of this report discusses the staff review
of RAI 8801 and its supplement (RAI 9417).

The DR acceptance criterion must be defined with sufficient margin to account for biases (such
as those introduced by numerical diffusion) and uncertainty. The staff requested additional
information about the validation of PIM against NIST-1 in RAI 9037 and RAI 9106 assuming that
this validation formed, in part if not entirely, the basis for the acceptance criterionof [ ]. In
the responses to RAI 9037 and RAI 9106, the applicant clarified that the NIST-1 assessment
was not appropriately scaled for this purpose and that the validation was not used to determine
the acceptance criterion (ADAMS Accession Nos. ML17297A693 and ML18080A231,
respectively). Therefore, in RAI 9107, the staff asked the applicant to demonstrate sufficient
margin afforded by the [ ] acceptance criterion for DR to account for both uncertainty and
numerical diffusion effects.

In its response to RAI 9107 (ADAMS Accession No. ML18089A092), dated March 30, 2018, the
applicant stated that the acceptance criterion for the DR [

] is rather arbitrarily selected based on historical experience with BWR stability analysis
methodology acceptance criteria. The staff has previously reviewed several methods for BWR
stability analysis and has approved several such methods with a DR acceptance criterion of
about[ ]. Examples include boiling water reactor stability methods such as ODYSY and
STAIF (ADAMS Accession Nos. ML091100194 and ML090750216, respectively). These BWR
analysis methods are generally based on frequency domain and include full-scale IET validation
to support the uncertainty determination for the methods. Apart from analyzing a different
reactor plant type, the staff believes there are several reasons to conclude that the uncertainty
in PIM may be different from the uncertainty in the BWR analysis methods, which may require a
different margin afforded in the DR acceptance criterion.

First, PIM includes many simple models for thermal-hydraulic and neutron kinetic phenomena.
The simple nature of the PIM modeling in some instances would lead the staff to suspect that
uncertainty would be higher for PIM DR predictions when compared to other, higher fidelity
analysis methods.

Second, PIM is a time-domain stability analysis method, and is subject to numerical diffusion
effects. The applicant analyzed numerical diffusion separately but included the estimated effect
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in the response to RAI 9107. In response to RAI 9105, the applicant evaluated the numerical
diffusion effects and determined that numerical diffusion has an impact on the [

] (ADAMS Accession No. ML18026A939). The staff reviewed the RAI 9105 response and
agreed with the applicant’s analysis. Section 3.2.5 of this report documents the details of the
staff’'s review of the RAI 9105 response. Therefore, the staff accepts this quantity for the
numerical diffusion effect but was not able to independently confirm the additional claim that the
numerical diffusion effect is offset by conservatism afforded by the adiabatic assumption in the
riser.

The staff performed confirmatory calculations of the DR using TRACE, which are discussed in
Section 3.5 of this report. In performing those calculations, the TRACE model accounts for heat
transfer across the riser heat structure, and the staff also used higher order numerics to
minimize the effect of numerical diffusion. The staff’s calculations indicate excellent agreement
between the PIM and TRACE results, which lends credibility to the claim, but it is not clear if the
agreement is a result of these two effects canceling each other out or the result of multiple
different and smaller interacting effects.

Without specific validation of the PIM method to quantify the uncertainty, the staff was unable to
determine the uncertainty in the PIM-predicted DR. In RAI 9107, the staff proposed that the
uncertainty could be estimated based on sensitivity analysis combined with the results from SET
validation. However, the applicant did not provide such an analysis in the response to

RAI 9107, dated April 3, 2018, (ADAMS Accession No. ML18089A092). The applicant did
present some quantitative analysis with respect to possible uncertainty arising from hydraulic
characterization, but the results and discussion provided were not sufficient for the staff to fully
review the impact of these uncertainties on the PIM-predicted DR.

For the 20-percent power case, the staff used the figures provided in the response to infer the
DR but was limited in this effort by having to pull the values of peaks visually from the figures.
Using this visual approach, the staff estimated the difference in the DR for the high-flow and
low-flow cases at 20-percent power to be [ ]. However, the
difference calculated by the staff is smaller than the uncertainty introduced by the staff’s visual
approach, so the quantitative impact of the flow sensitivity on the DR was unclear. The staff
estimated the uncertainty introduced by the visual approach by computing the DR standard
deviation based on several peaks and finds the deviation to be [ ]. The staff could not
complete the review without more detailed information on the sensitivity analysis results.

Therefore, in RAI 9579, the staff requested additional information on these sensitivity
calculations. In response to RAI 9579, the applicant provided the numerical results of the
sensitivity calculations (ADAMS Accession No. ML18353B515). The applicant’s calculations
show that the DR sensitivity to the hydraulic perturbation depends on the power and time in
cycle. [ ] In many cases, the calculated DR
sensitivity is much smaller and consistent with the calculated values from the staff’s results
described above. Therefore, the staff finds that the calculated DR is largely insensitive to the
hydraulic range analyzed by the applicant. The applicant analyzed this result in the RAI 9579
response and showed that the insensitivity is the result of competing effects with respect to flow.
Lowering the flow from the nominal value can be destabilizing because the core exit
temperature change in response to a flow perturbation from the lower flow rate is higher but is
simultaneously stabilizing because a lower flow at a given power level implies higher friction
losses. These friction losses work in phase with the flow perturbation to damp the oscillation,
which is stabilizing.
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Because of these competing effects, the applicant finds that the DR is largely insensitive to flow
uncertainty. The staff reviewed the RAI 9579 response and the rationale regarding the
insensitivity to the core flow uncertainty and agrees with the applicant’s analysis of the results.
The sensitivity of the DR to flow uncertainty, however, must be considered in the determination
of the DR acceptance criterion.

The staff finds that the DR acceptance criterion is essentially based on the applicant’s
engineering judgment that the PIM method as applied to the NuScale power module would not
have a greater bias or uncertainty than historically approved BWR frequency-domain stability
analysis methods. The applicant’s responses to RAI 9107 and RAI 9579 both discuss this
rationale (see ADAMS Accession Nos. ML18089A092 and ML18353B515, respectively). In
considering this judgment, it is essential to recognize that, compared to PIM, the BWR analysis
methods tend to be high-fidelity methods with detailed models of the thermal-hydraulic and
neutronic phenomena. The applicant contended in the RAI 9579 response that this must be
considered along with the argument that the NuScale power module is likewise a simpler
system, and therefore, accuracy would not be expected to be compromised by relying on
simpler models in the stability analysis.

The staff went through each highly important phenomenon identified during its independent
PIRT evaluation (see ADAMS Accession No. ML17033A144) and examined how PIM treated
each of these important phenomena. In particular, the staff wanted to identify any phenomena
that were either treated with inherent conservatism or with detailed, high-fidelity modeling. In
the former case, it would not be necessary to account for the uncertainty in the modeling of such
phenomena in the assessment of the DR acceptance criterion. In the latter case, addressing
the phenomena with highly detailed models lends credence to the applicant’s claim that the PIM
uncertainty would be comparable to the uncertainty in other NRC-approved methods.

Table 2 of this SER describes the staff’s review of the highly important phenomena and how
they are treated in the PIM stability methodology and discusses the disposition of the
uncertainty. With few exceptions, the staff found that the highly important phenomena are
effectively treated in the stability analysis methodology using upstream calculations

(e.g., NRELAP5 and SIMULATES) or are treated with conservative approaches (e.g., adiabatic
riser approximation). In the few instances in which PIM uses best-estimate internal models
(e.g., SG tube conduction), the staff found that the DR would be negligibly affected by the
uncertainty in the associated models.

When an upstream method is used to supply input to PIM, these methods (NRELAP5 and
SIMULATED) include higher fidelity models that have been validated to justify the applicability of
these methods as best estimate tools to predict the thermal-hydraulic and neutronic
performance of the NuScale power module. The staff notes that the review of these methods is
outside the scope of the current effort, but they are the subject of separate NRC review and
approval initiatives (see ADAMS Accession Nos. ML17004A202, ML17010A429, and
ML16243A517).

The staff finds that the uncertainty in the DR as a result of modeling uncertainties is probably
within [ ] and further agrees with the applicant that the bias introduced in the DR as a result
of [ ]. However, without a detailed uncertainty analysis, the staff
cannot conclude that the margin afforded by the [ ] acceptance criterion is sufficient to
account for all sources of bias and uncertainty. Therefore, the staff requested additional
information in RAI 9579.
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The applicant’s response to RAI 9579 characterized different sources of uncertainty (ADAMS
Accession No. ML18353B515). Several component uncertainties were shown to negligibly
affect the DR results. Therefore, the applicant and staff agree that these uncertainties need not
be explicitly included in the DR uncertainty calculation. Of the remaining categories, the staff
agrees that there are two primary considerations: (1) the hydraulic uncertainty consideration and
the impact on DR, and (2) the impact of numerical effects.

For the first, the RAI 9579 response provides the results of DR sensitivity calculations for a
significant perturbation to the friction losses, which in turn, cause substantial differences in the
core flow. These differences are in the range of approximately | ] for the range of
friction losses that the applicant considered in its analysis. On the basis of engineering
judgment, the staff agrees that this range is a sufficient analysis range to cover the expected
uncertainty in the hydraulic characterization and core flow rate. [

]

For the second consideration, the staff reviewed the numerical diffusion effects evaluated and
the impact of the numerical diffusion effects on the DR. Section 3.2.5 of this report documents
this review. [

]

Given that these are the most significant sources of uncertainty and bias, and that the applicant
has quantified them to have a net impact of [ ] on the DR, the staff finds that the DR

acceptance criterion of [ ] is sufficient to provide adequate margin to account for uncertainty

and bias in the PIM stability analysis methodology.

The applicant’s response to RAI 9579 also briefly describes biases that can be assessed from
validation efforts. In particular, the applicant identifies this consideration as a specific category
in the DR uncertainty calculation method and then further describes the results of the
comparison between PIM and NIST-1 measurements. The staff reviewed the applicability of the
NIST-1 integral validation (see Section 3.2.6 of this report for a more thorough discussion of the
staff’s review with respect to the NIST-1 validation) and found that NIST-1 cannot be relied on
for DR uncertainty quantification. This is partly because of scaling issues. In RAI 9106, the
staff requested clarification of the use of NIST-1 in determining the DR uncertainty. In response
to that RAI, the applicant stated that the NIST-1 validation was not used to quantify the DR bias
or uncertainty (ADAMS Accession No. 18080A231).

Therefore, the staff finds that the response to RAI 9579 is partially misleading. The applicant
referred to the bias in the PIM results relative to the NIST-1 validation as a potential indication of
conservatism in the PIM method because the PIM calculated DR is larger than the NIST-1
measurements. The staff does not accept this as a valid consideration in the DR bias or
uncertainty determination. This is because of the issues raised and dispositioned by RAI 9106.
In the applicant’s own determination, NIST-1 cannot be relied on for quantification of the DR
bias or uncertainty for the NuScale power module. Therefore, the staff clarifies that it did not
consider the argument regarding the PIM bias from the NIST-1 validation in its review of the DR
acceptance criterion of [ ] and approval of the Stability TR should not be construed as the
staff’'s endorsement of the applicant’s argument.

This acceptance criterion is applied at [ ]. This range of power is

acceptable because the [ ] is sufficiently low that thermal margins are substantial
and would not be challenged by possible flow oscillation below this threshold. Therefore, the
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staff finds thatthe [ ] DR acceptance criterion applied above 5 percent of power affords
adequate margin to account for DR uncertainty in the range of power level where thermal limits
may be challenged and is therefore acceptable.
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Table 2: PIM Treatment of Highly Important Phenomena and Uncertainty Implications

Process/ Approach in
System Component PIM Uncertainty Disposition
Phenomenon
Methodology
The user inputs the initial fission power to establish the power level at the
start of the analysis. Changes in fission power are calculated according to the
neutron kinetics. The input could account for plant instrumentation
Core Fuel rods Fission power User input uncertainty in the measurement and monitoring of the core power level. [
]
The initial fraction of decay heat is set as a conservative minimum or
maximum value depending on the analysis according to the staff’'s condition
Core Kinetics Decay heat Conservative on decay heat fraction (see Section 3.2.2 of this report). In addition, decay
y heat fraction is held constant, which means that decay heat is treated
conservatively in the PIM methodology. Therefore, it is not necessary to
address uncertainty for decay heat.
The staff has imposed a condition on the kinetic parameters that ensure that
Supplied by the delayed neutron parameters (i.e., delayed neutron fraction and precursor
Delaved upstream code | decay constant) are consistent with NRC-approved nuclear design method
Core Kinetics neutri/)ns [( results or are conservatively bounding (see Section 3.2.2 of this report).

)

Uncertainty in the delayed neutron parameters should not significantly affect
the DR uncertainty since these parameters are calculated either according to
a high-fidelity, approved method or are conservatively input.
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Core

Kinetics

Fuel
temperature
feedback

Supplied by
upstream code

[(
)

The staff has imposed a condition on the feedback coefficients that ensure
that the feedback coefficient multipliers are set to produce feedback results
that are consistent with NRC-approved nuclear design method results or are
conservatively bounding (see Section 3.2.2 of this report). Therefore,
uncertainty in the feedback coefficient is consistent with the uncertainty in
high-fidelity, NRC-approved methods (e.g., [ ]1) and can be expected
to contribute to overall DR uncertainty in a manner consistent with such
methods. Alternatively, the user-supplied input must be conservative relative
to the value calculated by the NRC-approved method.

Core

Kinetics

Moderator
density
feedback

Supplied by
upstream code

(@)

The staff has imposed a condition on the feedback coefficients that ensure
that the feedback coefficient multipliers are set to produce feedback results
that are consistent with NRC-approved nuclear design method results or are
conservatively bounding (see Section 3.2.2 of this report). Therefore,
uncertainty in the feedback coefficient is consistent with the uncertainty in
high-fidelity, NRC-approved methods (e.g., [ ]) and can be expected
to contribute to overall DR uncertainty in a manner consistent with such
methods. Alternatively, the user-supplied input must be conservative relative
to the value calculated by the NRC-approved method.

Core

Kinetics

Moderator
temperature
feedback

Supplied by
upstream code

[(
)

The moderator temperature effect is ignored in the PIM models for reactivity
feedback; however, the effect is captured in nuclear design methods that
evaluate the moderator feedback coefficient (e.g., MTC). Because the staff
has imposed a condition in Section 3.2.2 of this report that ensures feedback
parameters are input in a manner that is either consistent with a high-fidelity,
NRC-approved method or conservative, moderator temperature feedback
uncertainty should not significantly affect the DR uncertainty
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Core

Subchannel

Core pressure
drop

Supplied by
upstream code

(O]

The core pressure drop as calculated by PIM is initialized based on more
sophisticated thermal-hydraulic analysis methods [( )], and PIM
results are anchored to these | ] calculated initial conditions
describing the primary-side hydraulics. Because the DR calculations evaluate
small perturbations to the initial condition, the PIM thermal-hydraulic models
will have a minor contribution to the uncertainty above the contribution from
uncertainty in the conditions supplied upstream by [ ]. As discussed
in Section 3.2.4 of this report, the staff has imposed the condition that [ ]
must be approved by the NRC staff to analyze the steady-state conditions
and provide best estimate results. Therefore, the contribution to the DR
uncertainty from this parameter can be expected to be similar to the
contribution from a high-fidelity, NRC-approved model.

Core

Subchannel

Natural
circulation

Supplied by
upstream code

(@)

Primary-side natural circulation flow as calculated by PIM is initialized based
on more sophisticated thermal-hydraulic analysis methods (i.e.,

[ ]) and PIM results are anchored to these [ ]
calculated initial conditions describing the primary-side hydraulics. Because
the DR calculations evaluate small perturbations to the initial condition, the
PIM thermal-hydraulic models will have a minor contribution to the uncertainty
above the contribution from uncertainty in the conditions supplied upstream
by [ ]. As discussed in Section 3.2.4 of this report, the staff has
imposed the condition that [ ] must be approved by the NRC staff to
analyze the steady-state conditions and provide best estimate results.
Therefore, the contribution to the DR uncertainty from this parameter can be
expected to be similar to the contribution from a high-fidelity, NRC-approved
model.
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Core

Subchannel

Single-phase
convection

Best estimate

The primary effect of single-phase convection on the NuScale power module
stability is the phase lag generated by the net thermal resistance of the fuel
element. Since the time scale of the natural period of the reactor is much
longer than the fuel thermal time constant (accounting for the heat transfer
resistance at the clad-coolant interface), the DR results are largely insensitive
to uncertainty in the heat transfer coefficient. Therefore, the staff finds that
the uncertainty in the PIM prediction can be expected to have a negligible
impact on the calculated DR.

Core

Subchannel

Single-phase
pressure drop

Supplied by
upstream code

(@)

The core pressure drop as calculated by PIM is initialized based on more
sophisticated thermal-hydraulic analysis methods (i.e., [ )], and PIM
results are anchored to these | ] calculated initial conditions
describing the primary-side hydraulics. Because the DR calculations evaluate
small perturbations to the initial condition, the PIM thermal-hydraulic models
will have a minor contribution to the uncertainty above the contribution from
uncertainty in the conditions supplied upstream by [ ]. As discussed
in Section 3.2.4 of this report, the staff has imposed the condition that [

] must be approved by the NRC staff to analyze the steady-state conditions
and provide best estimate results. Therefore, the contribution to the DR
uncertainty from this parameter can be expected to be similar to the
contribution from a high-fidelity, NRC-approved model.

Core

Subchannel

Subcooled
boiling

Conservative

PIM treats the phenomenon of subcooled boiling via the user input boiling
coefficient. In Section 3.2.1.8 of this report, the staff has imposed the
condition that the boiling coefficient must be input as the default value, which
the applicant has demonstrated to be conservative for PIM analysis.
Therefore, the staff finds that the PIM methodology conservatively treats
subcooled boiling, so it is not necessary to consider the uncertainty in
subcooled boiling in the DR uncertainty.
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Primary

Downcomer

Single-phase
pressure drop

Supplied by
upstream code

(@)

The primary mechanism by which pressure drop affects primary-side
instability is through the effect that such pressure drop has on the evolution of
the RCS flow rate during the transient perturbation analysis. However, the
pressure drop in the PIM primary side is adjusted so as to match the core flow
rate predicted by [ ] in the steady state. Since DR calculations
are based on small perturbations from the initial condition, the contribution of
the pressure drop uncertainty to DR uncertainty will be consistent with the
uncertainty contribution of a high-fidelity thermal-hydraulic method such as [

!

Primary

Downcomer

Vertical/radial
natural
circulation

Supplied by
upstream code

[ )l

Primary-side natural circulation flow as calculated by PIM is initialized based
on more sophisticated thermal-hydraulic analysis methods [( )], and
PIM results are anchored to these [ ] calculated initial
conditions describing the primary-side hydraulics. Because the DR
calculations evaluate small perturbations to the initial condition, the PIM
thermal-hydraulic models will have a minor contribution to the uncertainty
above the contribution from uncertainty in the conditions supplied upstream
by [ ]- As discussed in Section 3.2.4 of this report, the staff has
imposed the condition that [ ] must be approved by the NRC staff to
analyze the steady-state conditions and provide best estimate results.
Therefore, the contribution to the DR uncertainty from this parameter can be
expected to be similar to the contribution from a high-fidelity, NRC-approved
model.

Primary

Hot-leg riser

Flashing

Conservative

PIM includes a conservative assumption of adiabatic conditions in the riser,
which promotes riser flashing. This conservative treatment of the riser
ensures that PIM provides conservative predictions with respect to riser
flashing. Therefore, it is not necessary to consider the uncertainty in flashing
in the DR uncertainty.

Primary

Hot-leg riser

Ledinegg
instability

Outside of
scope

[
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Primary

Hot-leg riser

Vertical/radial
natural
circulation

Supplied by
upstream code

(O]

Primary-side natural circulation flow as calculated by PIM is initialized based
on more sophisticated thermal-hydraulic analysis methods [( )], and
PIM results are anchored to these [ ] calculated initial conditions
describing the primary-side hydraulics. Because the DR calculations evaluate
small perturbations to the initial condition, the PIM thermal-hydraulic models
will have a minor contribution to the uncertainty above the contribution from
uncertainty in the conditions supplied upstream by [ ]- As discussed
in Section 3.2.4 of this report, the staff has imposed the condition that [

] must be approved by the NRC staff to analyze the steady-state conditions
and provide best estimate results. Therefore, the contribution to the DR
uncertainty from this parameter can be expected to be similar to the
contribution from a high-fidelity, NRC-approved model.

Primary

Lower
plenum

Vertical/radial
natural
circulation

Supplied by
upstream code

(@)

Primary-side natural circulation flow as calculated by PIM is initialized based
on more sophisticated thermal-hydraulic analysis methods [( )], and
PIM results are anchored to these | ] calculated initial conditions
describing the primary-side hydraulics. Because the DR calculations evaluate
small perturbations to the initial condition, the PIM thermal-hydraulic models
will have a minor contribution to the uncertainty above the contribution from
uncertainty in the conditions supplied upstream by [ ] As
discussed in Section 3.2.4 of this report, the staff has imposed the condition
that [ ] must be approved by the NRC staff to analyze the
steady-state conditions and provide best estimate results. Therefore, the
contribution to the DR uncertainty from this parameter can be expected to be
similar to the contribution from a high-fidelity, NRC-approved model.
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Primary

SG annulus

Convection
heat transfer to
the SG tubes

Supplied by
upstream code

(O]

The SG heat transfer in PIM is adjusted during the initialization process to
achieve a heat balance consistent with [ ] predictions of the
primary-side thermal-hydraulic conditions. This ensures that the total heat
transfer from the primary to secondary side calculated by PIM is the same as
the heat transfer predicted by the more sophisticated [ ] method,
which, as stated in Section 3.2.40f this report, must be approved by the NRC.
The staff has considered the transient variation in these parameters affecting
heat transfer between the primary and secondary sides and finds that these
will be a minor contributor to the PIM uncertainty. Therefore, the DR
uncertainty caused by uncertainty in parameters affecting the phenomenon of
heat transfer from the primary side to the secondary side will be consistent
with the uncertainty contribution from a high-fidelity, NRC-approved
thermal-hydraulic method [( ).

Primary

SG annulus

Single-phase
pressure drop

Supplied by
upstream code

(@)

The primary mechanism by which pressure drop affects primary-side
instability is through the effect that such pressure drop has on the evolution of
the RCS flow rate during the transient perturbation analysis. However, the
pressure drop in the PIM primary side is adjusted so as to match the core flow
rate predicted by [ ] in the steady state. Since DR calculations
are based on small perturbations from the initial condition, the contribution of
the pressure drop uncertainty to DR uncertainty will be consistent with the
uncertainty contribution of a high-fidelity thermal-hydraulic method such as [

1.
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System

Component

Process/
Phenomenon

Approach in
PIM
Methodology

Uncertainty Disposition

Primary

SG annulus

Vertical/radial
natural
circulation

Supplied by
upstream code

I(
)

Primary-side natural circulation flow as calculated by PIM is initialized based
on more sophisticated thermal-hydraulic analysis methods [( )], and
PIM results are anchored to these [ ] calculated initial conditions
describing the primary-side hydraulics. Because the DR calculations evaluate
small perturbations to the initial condition, the PIM thermal-hydraulic models
will have a minor contribution to the uncertainty above the contribution from
uncertainty in the conditions supplied upstream by [ ] As
discussed in Section 3.2.4 of this report, the staff has imposed the condition
that [ ] must be approved by the NRC staff to analyze the
steady-state conditions and provide best estimate results. Therefore, the
contribution to the DR uncertainty from this parameter can be expected to be
similar to the contribution from a high-fidelity, NRC-approved model.

Primary

Upper
plenum

Vertical/radial
natural
circulation

Supplied by
upstream code

(@)

Primary-side natural circulation flow as calculated by PIM is initialized based
on more sophisticated thermal-hydraulic analysis methods [( ),
and PIM results are anchored to these | ] calculated initial
conditions describing the primary-side hydraulics. Because the DR
calculations evaluate small perturbations to the initial condition, the PIM
thermal-hydraulic models will have a minor contribution to the uncertainty
above the contribution from uncertainty in the conditions supplied upstream
by [ ]. As discussed in Section 3.2.4 of this report, the staff has
imposed the condition that [ ] must be approved by the NRC staff
to analyze the steady-state conditions and provide best estimate results.
Therefore, the contribution to the DR uncertainty from this parameter can be
expected to be similar to the contribution from a high-fidelity, NRC-approved
model.

Secondary

SG tubes

Conduction
through the
tube wall

Best estimate

The PIM model for tube conduction is based on first principles and uses a
detailed nodalization. The staff considered the potential uncertainty in DR
from uncertainty in the conduction prediction (which is expected to be small),
but because the time scale for tube conduction is much smaller than the
natural period of the reactor primary system, a significant variation in the tube
conduction would produce a small variation in the predicted DR. Since the
uncertainty in the conduction itself is small, the impact of this uncertainty on
DR uncertainty is expected to be negligible.
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Approach in

System Component oz PIM Uncertainty Disposition
Phenomenon
Methodology
Secondary SG tubes !.edmegg Outside of Ledinegg instability is not analyzed with PIM and is therefore not a factor in
instability scope the PIM DR uncertainty
The SG heat transfer in PIM is adjusted during the initialization process to
achieve a heat balance consistent with [ ] predictions of the
primary-side thermal-hydraulic conditions. This ensures that the total heat
Suoplied b transfer from the primary to the secondary side calculated by PIM is the same
Two-phase u stfepam co)(;e as the heat transfer predicted by the more sophisticated | ] method.
Secondary SG tubes P P The staff has considered the transient variation in these parameters affecting

heat transfer

I(
)

primary-to-secondary-side heat transfer and finds that these will be a minor
contributor to the PIM uncertainty. Therefore, the DR uncertainty resulting
from uncertainty in parameters affecting the primary-to-secondary-side heat
transfer phenomena will be consistent with the uncertainty contribution from a
high-fidelity, NRC-approved thermal-hydraulic method [( )]
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3.3.2 Transient Method

The second method, as described by the applicant’s Stability TR, includes a transient
calculation, performed by applying a time-dependent function to various boundary conditions
(e.g., system pressure). PIM then calculates the transient power module response. The
transient flow response can be analyzed to determine the point in time when the power module
becomes unstable (if the power module becomes unstable). This time can be compared to the
time when the MPS protective trip would actuate (based on calculation of the core exit
temperature). The method then uses the results of the calculation to demonstrate margin
between the MPS protective trip function and the onset of instability. The method uses margin
in the timing between reactor trip and instability onset to demonstrate the effectiveness of the
MPS protective trip to adequately enforce the exclusion region and prevent instability. The staff
finds this approach reasonable as long as the applicant demonstrates that the PIM code can
accurately predict the onset of instability. Time-domain methods may be subject to
nonconservatism in the prediction of instability onset if the reactor can attain an unstable
configuration, but the analysis code does not indicate the onset of instability because there is no
perturbation mechanism to initiate oscillation. The staff considers that in an actual operating
reactor, as opposed to a code simulation, noise would result in any unstable configuration
evolving oscillations. (For a more thorough description of this type of concern as it applies to
the NRC’s TRACE code, see Reference 2.) In the staff's TRACE code, noise can be applied to
the analysis through a feature in PARCS to ensure that the code predicts oscillation growth at
the point of instability onset. In RAI 9173, the staff requested additional information regarding
the efficacy of PIM to predict the instability onset and whether it was necessary to apply some
kind of perturbation or noise in the transient calculations.

In response to RAI 9173, the applicant provided the results of transient analyses using different
artificial perturbation methods (periodic disturbances and random noise) (ADAMS Accession
No. ML18099A374). The results of the calculations demonstrate that the instability onset timing
is the same regardless of whether noise is applied in the calculation. The staff reviewed these
results and concurs with the applicant’s determination that the inclusion of noise does not
appreciably affect instability onset timing. Therefore, the staff agrees that consideration of
artificial perturbations or noise is not required for the transient calculations performed using PIM
to reliably show the timing of instability onset.

The transient analysis method ignores any transient effects from control system operation that
may occur. The staff finds that this approach is acceptable as long as it has been demonstrated
that the control system functions are stabilizing.

Overall, the staff finds that the transient analysis method is acceptable to calculate the specific
figure of merit, which in this case is the difference in timing between the successful insertion of
the control rods and the onset of the instability so long as the control system functions have
been demonstrated to be stabilizing.

3.4 Stability Solution
3.4.1 Exclusion Region-Based Long-Term Stability Solution

Section 10.3 of the Stability TR describes the LTS solution. The LTS solution is an approach
based on an exclusion region, whereby GDC 12 is met by demonstrating that instability is not
possible within the allowable operating region. An MPS trip protects the exclusion region
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boundary by tripping the reactor. The applicant defined the operating region by a minimum
subcooling margin in the riser. Figure 10-1 of the Stability TR illustrates the LTS solution.

Because the primary instability mode is the riser instability mode for the power module, the staff
agrees that the LTS approach is adequate to demonstrate compliance with GDC 12 as long as
the exclusion region boundary is protected by the MPS trip on low riser subcooling.

The MPS trip setpoint affords a margin of 5 degrees F. This margin, however, is based on
comparing the core exit temperature to the saturation temperature as determined according to
pressurizer pressure. Because pressure at the core exit is slightly higher than the pressurizer
pressure, there is slightly more margin, but this conservativism is small.

PIM analyses have been performed to demonstrate that the DR is less than orequalto [ ]at5
percent of rated power or greater and when there is riser subcooling margin to demonstrate that
the reactor is inherently stable under these conditions, thus ensuring GDC 12 is met. The
applicant also performed transient PIM analyses to demonstrate that the MPS trip on riser
subcooling precludes the onset of instability during AOOs. These analyses demonstrate that
the LTS solution is effective in meeting the requirements of GDC 10 and GDC 12, assuming that
the reactor trip is sufficient to suppress any oscillations in the power module. Section 3.4.4 of
this report further addresses the topic of suppression.

The MPS trip that protects the exclusion region is based on safety-related instrumentation and
associated protection systems which trip the reactor. Therefore, the staff finds that the
proposed LTS solution meets GDC 13, 20, and 29 which require that the LTS solution be based
on appropriate safety-related instrumentation capable of sensing reactor conditions and a
reactor protection capability that inserts control rods that are effective in shutting down the
reactor when applicable setpoints are exceeded

3.4.2 Steady-State Demonstration

Section 8.1 of the Stability TR provides demonstration analyses performed with PIM to show
that the power module remains stable under steady-state operating conditions at various power
levels. The power levels considered the range from 1 percent to 100 percent of rated power
level. The applicant performed a special set of calculations at 20 percent of rated power

(32 MW) to account for startup procedures; in effect, the feedwater temperature increases once
the turbine is brought online and steam is fed to the feedwater heaters, so the applicant
performed calculations at both low and high feedwater temperatures at 32 MW.

The results of the calculations show that under conditions of steady-state operation, the
NuScale power module is stable. At high power, the stability margin is substantial. As power is
decreased, the DR increases, but this trend is expected based on the response (ADAMS
Accession No. ML18080A231) to RAI 9106, Question 01-58.

The Stability TR provides the results at 20-percent power, for the low-feedwater temperature
case and reports that the case for high-feedwater temperature is slightly more stable. In

RAI 9176, the staff requested additional information about the DR results. The staff asked that
the applicant provide the results of both calculations and analyze the differences on the basis of
the SG gain. The applicant provided more detailed analysis results in its response (ADAMS
Accession No. ML18058A786) to RAI 9176. The applicant provided the PIM-calculated DR for
the case [ ]. The applicant performed an
analysis using the analytical model described in Section 7 of the Stability TR (accounting for
changes in the heat sink temperature at lower feedwater temperature). The results from the
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analytical calculations show a milder sensitivity but indicate the same direction of the change in
DR with increasing feedwater temperature. The staff reviewed the applicant’s PIM calculation
results and the analytical results reported in the response and finds that the explanation is
reasonable and acceptable.

At low power, the DR increases, and the results show that the DR reaches [

]. This is below the proposed DR acceptance criterion of 0.8 in the Stability TR, but this
criterion applies only for [ ]. The results show that, even at very low
power levels, the calculations show the power module appears stable. The Stability TR
compares the long-term response for the 1-percent case to the 25-percent case (40 MW) and
concludes that the results are consistent, but the Stability TR does not make clear the way in
which the 25-percent and 1-percent power cases are consistent in their long-term response.
The 1-percent case shows that the oscillations are damped but persist for a long time because
of the relatively high DR, whereas oscillations decay faster in the 25-percent power case.

The calculations performed by the applicant using PIM demonstrate that the NuScale power
module is stable under all conditions of steady-state operation from low to nominal power levels,
thereby demonstrating that GDC 12 is met for steady-state operation. The DR trends observed
in the calculation results correspond well with the trends predicted by the stability analogue,
which confirms the applicant’s understanding of the physical processes driving the trend. On
the basis of the analysis results and RAI responses, the staff finds that the applicant has
adequately demonstrated that instability is not possible under conditions of normal, steady-state
operation. However, the staff agrees with the applicant’s discussion in Section 10.2 that the
applicability of these analyses must be confirmed on a cycle-specific basis based on the reactor
core design because of changes in the reactivity feedback coefficients. Further, from

Section 10.4 of the Stability TR, the staff understands that final analyses will be performed for
the final design and submitted to the NRC as part of the design certification application. The
staff finds that the steady-state demonstration analysis provided, which is based on the current
design information, serves as an adequate template for approach and scope in the final analysis
as it relates to compliance with GDC 12 on a steady-state basis. Section 3.4.3 of this report
discusses the staff review of the impact of AOOs as it relates to GDC 12.

3.4.3 Transient Demonstration

Sections 8.2 and 9 of the Stability TR address stability during AOOs. The Stability TR divides
these events into two categories—events where the reactor remains stable and events where
the LTS solution MPS protective trip is credited with precluding the onset of instability.

Section 8.2 of the Stability TR discusses the former, and Section 9 discusses the latter. The
applicant systematically considered AOOs according to the standard categories and addressed
potentially limiting events within each category. The staff similarly considered these types of
events in its independent PIRT (ADAMS Accession No. ML17033A144). The events identified
are not the same as those identified in Chapter 15 of the SRP because the Chapter 15 events
are considered based on challenging the thermal margin and tend to result in automatic trip. In
the current analysis, and particularly for the events described in Section 8.2 of the Stability TR,
the limiting events from the stability perspective are not necessarily the events that are limiting
from the standpoint of thermal margin, because the stability considerations are more significant
when the reactor does not automatically trip.

In addition to the AOOs, the applicant also considered certain plant transients: oscillating
secondary-side flow, gradual shutdown, and startup (nonnuclear heatup). The staff likewise
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separated startup and shutdown from AOOs in its independent PIRT (ADAMS Accession
No. ML17033A144), and the staff agrees with the applicant that these transients are appropriate
for consideration in the analysis to demonstrate transient stability.

3.4.3.1 Increase in Heat Removal by the Secondary System

Section 8.2.1 of the Stability TR addresses AOOs that increase heat removal by the secondary
system. The applicant analyzed an escalation in feedwater flow that results in an increase in
heat removal but is a sufficiently mild perturbation to the power module that it does not result in
an automatic trip of the reactor. The staff agrees with the applicant’s approach to determine the
limiting conditions with respect to this class of AOO for the stability analysis. The approach
determined a maximum feedwater flow increase to result in the maximum increase in power that
will not result in an automatic trip of the reactor. The applicant performed calculations using
PIM at rated power initial conditions and confirmed that the reactor remains stable. The
applicant performed a second calculation at 20 percent of rated power (the minimum power for
which the feedwater heater system and turbine are online). The applicant also confirmed that
the reactor remains stable at these lower power calculations.

3.4.3.2 Decrease in Heat Removal by the Secondary System

Section 8.2.2 of the Stability TR addresses AOOs that decrease heat removal by the secondary
system. The applicant analyzed a reduction in feedwater flow that results in a decrease in heat
removal but is a sufficiently mild perturbation that the reactor does not trip. In determining this
feedwater flow reduction, the applicant considered a 50-percent flow reduction, which would,
operationally, correspond to a partial loss of feedwater and a successful runback to avoid a
reactor trip. In the calculations, operation of the MPS to trip the reactor based on high rate of
flux change was not credited. Ignoring the rate of flux change trip is acceptable in determining a
bounding feedwater flow reduction. The staff agrees with the applicant’s approach to determine
the limiting conditions with respect to this class of AOO for stability analysis. The applicant
performed calculations using PIM at rated power initial conditions and confirmed that the reactor
remains stable. The applicant performed a second calculation at 20 percent of rated power (the
minimum power for which the feedwater heater system and turbine are online). The applicant
performed the lower power calculation with a decay heat power set to 35 percent. Since decay
heat is static in the PIM calculations, increasing the decay heat fraction has the effect of
damping reactivity feedback (reactivity feedback is generally stabilizing), and the staff agrees
that selecting a high value of decay heat fraction can produce conservative results. In

RAI 8873, the staff requested additional information regarding the methodology for selecting the
decay heat fraction. Section 3.2.2 of this report discusses this aspect of the method in greater
detail. The results of the calculations confirm that the power module remains stable at low
power.

Section 9.1 of the Stability TR expands on the analysis performed by the applicant in

Section 8.2.2. In Section 9.1, the applicant provided the results of an analysis assuming no
reactivity feedback from the moderator. Under these assumptions, the reactor power remains
relatively high even as the primary-side temperature increases. The reactivity still decreases as
the fuel temperature increases, as reflected in Figure 9-3 of the Stability TR. The applicant
performed the transient calculation under these conditions to demonstrate that the MPS
protective trip would occur before the power module becomes unstable.

Figure 9-1 illustrates the temperature transient and shows that the MPS protective trip occurs as
the core exit temperature reaches the saturation point. Figure 9-4 shows that, accounting for
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the MPS trip delays, the control rods would shut down the reactor very shortly after the first void
formation at the top of the riser. The staff finds that the analysis sufficiently demonstrates the
effectiveness of the MPS protective trip to protect against riser instability in the event of a
limiting decrease in secondary-side heat removal.

3.4.3.3 Decrease in Reactor Coolant System Flow Rate

Section 8.2.3 of the Stability TR states that the applicant does not consider a decrease in the
reactor coolant system (RCS) flow rate a credible event for stability analysis. However, the staff
disagrees with this assessment. During a postulated AQQ, it is easy to conceive of a sequence
involving inadvertent operation of components related to the CVCS that could lead to reduced or
increased primary system flow (such as CVCS pump overspeed, or pump trip). Since the
CVCS is essentially external to the primary flow circuit, such AOOs could impact the RCS
without other effects. In RAI 8814, the staff requested additional information on changes in
RCS flow rate as a result of CVCS malfunction.

In the response to RAI 8814, the applicant provided several paragraphs of commentary about
the importance of the CVCS flow (ADAMS Accession No. ML17219A145). The response
compared the CVCS flow rate and CVCS heat removal to normal operating conditions. The
staff does not find these discussions to be germane because the analysis methodology must
consider even low-power and low-flow conditions, such as reactor startup, where the CVCS can
play a more significant role. Regardless, the staff reviewed the balance of the applicant’s
response and found two aspects of the response sufficient to address its concern.

First, the response correctly states that a decrease in CVCS flow (for example, because of a
pump trip) would produce a more adverse condition in terms of stability because the CVCS
injects colder water into the riser. A loss of CVCS flow would therefore remove a source of cold
water from the riser flow and lead to a decrease in the riser subcooling margin; however, a loss
of heat sink would bound any AOQO initiated by a reduction of CVCS flow. Section 3.4.3.2 of this
report discusses events that result in a decrease in secondary-side heat removal. The staff
agrees with the applicant’s assessment and finds that events that reduce secondary-side heat
removal would generically bound AOOs initiated by a reduction in CVCS flow.

Second, the applicant described how an increase in CVCS flow would provide additional cold
water to the riser and thereby increase the riser subcooling. This event would increase the
stability margin. Therefore, from a stability perspective, an AOO initiated by a CVCS flow
increase is bounded by other AOO categories generically.

Since the applicant has demonstrated that AOOs initiated by malfunction of the CVCS are
generically bounded by other events, the staff agrees with the response insofar as it finds
performance of a stability analysis for CVCS malfunction unnecessary. As the CVCS
malfunction is the only precursor to independently initiate a change in RCS flow, the staff further
agrees that this general class of transients does not need to be specifically analyzed.

However, the staff disagrees with the applicant’s assertion in the RAI response that a CVCS
malfunction leading to a reduction in RCS flow rate is not a credible event. The staff finds that it
is a nonlimiting event, but the event is certainly credible because this event is classified by the
applicant as an AOO, see Section 15.5.1.1 of Chapter 15 of the NuScale DCD.

Further, the response discusses a trip based on low-low RCS flow. The staff did not consider

this trip in its current review because this trip is not part of the exclusion-based LTS solution
methodology. The staff finds that without consideration of this report, the response remains
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sufficient to demonstrate that events under the category of RCS flow decrease are nonlimiting
and do not require separate analysis.

3.4.3.4 Increase in Reactor Coolant Inventory

Section 8.2.4 of the Stability TR addresses AOOs that increase the RCS inventory. The
applicant first dispositioned pressurization events. The staff agrees with this disposition
because events that increase the RCS inventory and simultaneously increase pressure are
nonlimiting because the subcooling margin of the riser increases with increasing pressure.
Therefore, the primary type of event considered must be an increase in inventory without a
commensurate increase in pressure; this could only be achieved in the power module assuming
operation of pressurizer control systems such as heater and spray. A hypothetical malfunction
and inadvertent operation of the pressurizer spray would increase RCS inventory but could be
compensated by the pressurizer heater to maintain pressure. Under such a scenario, the
stability characteristics of the power module are not affected at all. The only other means for
increasing RCS inventory is through the CVCS; the primary effect of increasing the inventory
(assuming that pressure can be automatically controlled and maintained during the event and
that the inventory change is sufficiently small that trips related to the pressurizer level are
avoided) would be on the primary-side flow rate. A CVCS malfunction that injects cold water
into the riser would result in a small perturbation to the primary-side flow rate in addition to
adding inventory to the RCS; therefore, this event would track closely with the event postulated
by the staff in RAI 8814 and is the subject of the staff review documented in Section 3.4.3.3 of
this report. Although the Stability TR did not completely describe the possible injection sources
in the pressurizer, overall, the staff agrees with the applicant’s disposition that events that
increase inventory, but also maintain pressure, are very likely to be bounded by the events that
increase or decrease heat removal by the secondary side.

3.4.3.5 Reactivity and Power Distribution Anomalies

Section 8.2.5 of the Stability TR addresses reactivity and power distribution anomalies. Under
this category, the Stability TR states that boron concentration changes via the CVCS are
generally slow and that these events would likely be bounded by other analyses. The staff
agrees that a CVCS malfunction resulting in boration or dilution would likely be a slowly evolving
transient and would be bounded by, or at least similar to, the events that increase or decrease
heat removal from the primary system. In terms of control rod withdrawal, the staff agrees that
protective trips are designed to protect thermal margins for control rod withdrawal events.
Therefore, to be considered for further analysis, a reactivity insertion from a control rod
withdrawal would have to be sufficiently mild so as not to initiate a reactor trip on high flux or
high rate of flux change. To this end, the applicant analyzed a hypothetical reactivity increase of
25 cents over 10 seconds starting from low power (20 percent of rated). The staff finds this
approach to be reasonable given the above considerations. The analysis considers BOC and
EOC conditions, and the staff finds that both cases demonstrate a high degree of stability.

3.4.3.6 Decrease in Reactor Coolant Inventory

Section 8.2.6 of the Stability TR discusses a decrease in RCS inventory, and the staff agrees
that a decrease in inventory without a commensurate decrease in pressure would result simply
in a reactor trip based on low pressurizer level; therefore, those types of events need not be
considered. The applicant then discussed events that result in reduced pressure and concluded
that events that do not reduce pressure sufficiently to result in riser flashing will not result in
instability. The staff generally agrees with this assessment by the applicant but, in RAI 8921,
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sought clarification with respect to upper plenum flashing. The staff asked the applicant to
discuss the implications of upper plenum flashing on stability during depressurization AOOs.

In the response to RAI 8921, the applicant provided analyses that study the sensitivity of the
results to flashing (ADAMS Accession No. ML17268A387). The results confirm that the key
parameter affecting the stability performance is the riser void fraction. When the applicant
performed PIM calculations that suppress flashing, the results (in terms of instability onset
timing) are insensitive. The results are insensitive because the onset timing is driven by void
generation in the core more than by riser flashing. Section 3.2.7 of this report discusses the
staff review of associated phenomena at greater length. The staff finds that this demonstrated
insensitivity is sufficient to address any concerns associated with the modeling of flashing in the
upper plenum.

Section 9.2 of the Stability TR addresses AOOs that could result in riser voiding. The applicant
simulated a depressurization event that decreases the reactor pressure to |

]. The analysis conservatively ignores the low pressurizer pressure trip
setpoint of 1,600 psia. The purpose of the analysis is to demonstrate that the MPS protective
trip on low riser subcooling margin is sufficient to trip the reactor before the reactor develops
large amplitude flow oscillations. Figure 9-8 in the Stability TR shows the results of the
primary-side flow calculation, which confirm that the MPS trip occurs well before the onset of
flow instability. Therefore, the results confirm that the LTS solution is effective in preventing the
onset of instability as the result of riser voiding for depressurization AOOs.

3.4.3.7 Effect of Oscillating Secondary-System Flow

Section 8.2.7 of the Stability TR provides the results of an analysis performed with an oscillatory
feedwater flow perturbation. The purpose of the analysis is to demonstrate that secondary-side
perturbations do not produce a resonant effect on the primary side that leads to growing flow
oscillations. The applicant provided correction pages to this section of the Stability TR in
Enclosure 3 to the TR Supplement (ADAMS Accession No. ML16340A756). The correction
addresses an inconsistency between the Stability TR text and figures in this section with respect
to the magnitude of the applied perturbation. The case analyzed is the 20-percent power case
because the DR is higher at lower power, and 20 percent is the minimum power level at which
the turbine and feedwater heater system are active. The staff notes that the applied feedwater
flow [ ] is roughly double the natural frequency of the power module
under the analyzed conditions ([ ] per Section 8.1.5 of the Stability TR). The
natural period appears to be roughly half of the transit time based on the PIM calculations
provided in the Stability TR. The staff considered a positive temperature perturbation in a
localized pulse to the RCS flow, which would have a positive effect on the flow while the
temperature perturbation traverses the reactor core and riser but would have a negative effect
on the flow while the temperature perturbation traverses the SG tube annulus and downcomer.
Accordingly, it would make sense for the natural period to correspond with half of the transit
time. To assess the susceptibility of the primary system to resonant effects, the calculations
should be performed with a feedwater flow perturbation applied at the resonant frequency or
integer multiples of that frequency. Therefore, as part of RAI 9089, the staff asked the applicant
to perform additional analyses applying secondary-side feedwater oscillations with [

]. These periods account for twice the natural frequency, as well as a small band
around the natural frequency of the primary side.
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In its response to RAI 9089, the applicant provided an analysis of the primary-side flow
oscillation magnitude as a function of external excitation from a feedwater flow oscillation for a
wide range of frequencies, including the specific frequencies requested by the staff (ADAMS
Accession No. ML18019A944). The response showed that the primary-side flow oscillation
resonance is shallow and wide. The staff reviewed the results and agrees with the applicant
that excitation, even at the resonant frequency, does not result in growing primary-side flow
oscillations and is therefore acceptable. (For further discussion of the nature of interactions
between the secondary and primary sides, see Section 3.1.1.4 of this report.)

3.4.3.8 Stability during Gradual Shutdown

Section 8.2.8 of the Stability TR provides calculations for a gradual shutdown of the power
module. The analysis is performed in PIM starting from full power and then slowly reducing the
secondary-side feedwater flow rate. The primary side follows the secondary-side change in
flow, and power is gradually reduced. The analysis covers the window from 100-percent power
to a power level below 20 percent (below the level of feedwater heater system operation). The
change in flow rate is relatively slow, and for this reason, artificial perturbations are applied
during the calculation to determine the DR during the transient evolution. The staff agrees with
this approach of using artificial perturbations to induce oscillations to infer the stability margin.
The results are consistent with the trends observed in the steady-state calculation results in
Section 8.1 of the Stability TR. The calculations are presented for BOC, but the Stability TR
reports that EOC results are consistent though with smaller oscillations, as would be expected
given the stronger MTC. The staff reviewed the results and finds that they appear to
demonstrate that, for sufficiently slow shutdown operations via control by the feedwater system,
the power module stability matches that predicted by the steady-state calculations at various
power levels. The results and conclusion are reasonable. The staff finds that the steady-state
analyses shown in Section 8.1 of the Stability TR, in concert with the analysis provided in
Section 8.2.8, provide an acceptable basis for concluding that the reactor remains stable at
various power levels and during slow power reduction maneuvers that may occur during
operation.

3.4.3.9 Stability during Nonnuclear Heatup

Section 8.2.9 of the Stability TR addresses nonnuclear startup maneuvers. Several key
assumptions are made in the analysis. First, the exact startup trajectory can vary within an
operating window, so the analysis performed is intended to be representative. The applicant
assumed that any deviations from the demonstrated startup would have only a small impact on
stability. Second, the heat capacity of the power module structures is neglected. This means
that the analysis artificially increases the heatup rate of the primary system because the CVCS
also does not have to bring components such as the vessel up to temperature. Third, from a
stability perspective, CVCS heating and decay heat are indistinguishable during startup. While
the effects of these assumptions may be small, they must be considered in terms of the
calculated stability margins. In much the same method used for the shutdown calculations in
Section 8.2.8 of the Stability TR, perturbations are applied during the transient to observe
oscillations and infer the stability margins. Figure 8-57 of the Stability TR presents the key
result from this analysis. The flow oscillations are shown to damp in all cases where they are
applied. The staff concludes that the stability analysis demonstrates stability during nonnuclear
startup.
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3.4.4 Worst Rod Stuck Out, Return to Power, and Low-Power/Low-Pressure Considerations

Design Certification Application (DCA) Part 2, Tier 2, Chapter 15, “Transient and Accident
Analyses,” dated December 31, 2016, Section 15.0.6 of the Design Control Document
discusses the consequences of a return to power when the strongest control rod is stuck out of
the core during design-basis events (ADAMS Accession No. ML17013A286). The staff
considered that this presents a challenge to meeting GDC 10 and GDC 12. In a scenario such
as inadvertent opening of a reactor safety valve (RSV), this event would result in a reactor trip
and actuation of the decay heat removal system (DHRS). If, coincidentally, the worst rod is
stuck out (WRSO) as may occur due to a malfunction resulting in stuck rods, the event may
progress as follows:
(1) Reactor trip reduces the core average power level, but radial peaking is high near the
WRSO location.

(2) RCS pressure decreases in response to a combination of inventory loss through the
open RSV and cooling from the DHRS.

(3) Pressurizer heater is tripped off because of low level, and RSV ventline is isolated.
(4) RCS pressure and temperature continue to decrease in response to DHRS operation.

The staff was concerned that the combination of low core average power, flow, and RCS
pressure may create conditions where the reactor becomes susceptible to flow instability. If a [

], the staff finds that the RCS pressure will likely be [
] with coolant temperature of | ]. Low pressure could result in a smaller
subcooling margin combined with higher liquid water densities, increasing the likelihood of
instability and recriticality.

The staff considers that modest power levels of | ] would likely be sufficient to
result in flows of [ ] of nominal flow rate and lead to a core temperature rise of |
]. This could result in temperature approaching saturation if the core experiences a return to
power.

It should be noted that an instability that develops about 1 to 2 hours following a trip cannot be
suppressed because the reactor trip has already occurred.

The staff was also concerned that the exclusion-region-based approach to demonstrating
compliance with GDC 12 may not succeed because the protective trip does not preclude the
reactor from reaching conditions where reactor instability is possible.

The staff was not certain that GDC 10 would be met under these conditions. The applicant
analyzed an unmitigated instability for a depressurization scenario in which the reactor trip was
presumed to fail, and this case shows oscillation magnitude of [ ]in
core average flow rate. However, this failure was accompanied by power oscillation. The
presence of control rods would damp any inherent reactivity feedback mechanisms (but
reactivity feedback would be stabilizing).

The flow oscillation would be driven by the average core power level; however, very high radial
peaking is likely in the vicinity of the WRSO. If the peaking factor is about 5 to 10, the hot
assembly power may be about 25 to 100 percent of nominal power. Average core flow rate
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would be reduced to about [ ] of nominal. This would imply an already degraded
thermal margin even without consideration of flow oscillation.

If oscillations of about 30 percent occur in flow, the minimum flow may reach as low as about
20 percent nominal. Considering that the flow oscillation period is much greater than the fuel
thermal time constant [( )] and that the neutronic feedback is damped by the
control rods, the thermal margin may be significantly degraded because a situation would
develop that would be largely similar to (in the worst case) a steady-state condition at
100-percent power and 20-percent flow for the hot assembly.

Because the staff considered that a depressurization AOO in combination with the WRSO could
result in flow oscillations that may challenge SAFDLs, in RAI 8803, the staff asked the applicant
to analyze possible instability during such transients and to evaluate whether stability margin
would be maintained.

In its August 30, 2017, response (ADAMS Accession No. ML17242A333) to RAI 8803, the
applicant referred to its July 24, 2017, response (ADAMS Accession No. ML17205A649) to
RAI 8771, Question 15-01. However, the staff found that the response to RAI 8771,
Question 15-01, was focused on the return to power that may occur during a design-basis
LOCA event. The staff's RAI 8803 addressed flow instability that may occur during an AOO
after reactor trip but assuming WRSO. The pressure may be an intermediate value between
normal operating pressure and the low pressure experienced during LOCAs. Therefore, to
address depressurization AOOs that may result in a wider range of intermediate RPV
pressures, the staff requested supplemental information in RAI 9444,

In response to RAI 9444, the applicant provided an analysis of a depressurization event with a
return to power (ADAMS Accession No. ML18229A336). First, the applicant considered an
event without actuation of the emergency core cooling system (ECCS). The applicant assumed
that the RPV is cooled by the DHRS starting from an EOC condition and that the reactor trips
with the WRSO. The transient analyzed by the applicant is consistent with the type of AOO
considered by the staff. The event was analyzed at the EOC because this point in cycle has the
largest magnitude of the moderator feedback coefficient. At EOC, the cooldown can be
expected to produce the most severe return to power. Therefore, the applicant provided an
analysis at EOC to maximize the power level achieved during the cooldown. However, because
strong reactivity feedback is stabilizing, the applicant used a conservative methodology to
analyze the stability margin during the return to power.

NRELAPS5 was used to analyze the cooldown assuming EOC reactivity parameters. The
NRELAP5-predicted conditions were then fed into a PIM calculation to determine the DR during
the return to power. The PIM calculations were performed using the reactor conditions where
NRELAPS predicts that the reactor is critical and in a new steady condition. The applicant was
able to adjust the moderator feedback coefficient in the PIM calculation and conservatively
evaluated the DR with a zero moderator reactivity coefficient. The PIM calculations showed a |
]. These results confirm that the reactor remains stable with significant margin during postulated
depressurization scenarios. The applicant’s analysis methodology also includes substantial
conservatism by combining the worst combination of reactivity parameters for the two parts of
the calculation.

The applicant also considered the possibility of ECCS actuation. The ECCS may actuate under
certain circumstances following initiation of a depressurization AOO. The response to RAI 9444
states that the event with ECCS actuation would produce the most limiting conditions with
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respect to thermal margin. Actuation of ECCS will result in a significant release of RPV mass
and energy into the containment vessel, and as a result, the liquid level in the RPV will drop
below the riser. Because the natural circulation flow circuit is broken, the applicant could not
analyze the event with PIM. The staff has reviewed the PIM method and concurs that it would
not be able to analyze conditions when the level drops below the top of the riser.

Therefore, in the response to RAI 9444, the applicant used NRELAPS to analyze the ECCS
actuation phase of the AOO. The analysis shows that the flow oscillates in the long term, but
this occurs because the flow stagnates once the level drops below the riser. The flow becomes
oscillatory once the natural circulation flow pattern breaks because of the feedback between
flow driving head and core void fraction. Ultimately, the core power oscillation is limited by the
magnitude of the core void that can be sustained in the core and still remain critical. The staff
has reviewed the applicant’s analysis and concurs with the conclusions.

Ultimately, if the ECCS actuates in response to a depressurization AOO, then the level will drop
below the top of the riser, and the riser instability mode is not possible. Rather, flow oscillations
can be expected but will be limited by the dynamic interaction of core void formation, flow, and
density driving head. The staff agrees that PIM cannot analyze these conditions and that
NRELAPS is better suited to simulate these conditions. The results of the calculations
presented in the RAI 9444 response show substantial thermal margin.

Therefore, the staff finds that the applicant has adequately addressed the possibility of flow
instability as a result of depressurization with the WRSO. The applicant’s analysis of the AOO
scenario without ECCS actuation and WRSO is conservative and demonstrates significant DR
margin. The applicant’s analysis of the AOO scenario with ECCS actuation demonstrates that
the riser instability mode is not possible and that any flow oscillations that would develop are
limited and would not challenge the thermal margin.

Therefore, even considering the possibility of a reactor trip with the WRSO, the staff finds that,
subsequent to the MPS trip, the LTS solution is effective in precluding flow instability that would
challenge SAFDLs. Thus, the relevant requirements of GDC 10 and 12 are satisfied.

3.5 Confirmatory Analysis

The staff performed confirmatory calculations using TRACE. The staff used these calculations
to confirm (1) the trend of DR with power, which is described in Figure 7-1 and Section 8 of the
Stability TR, and (2) the transient depressurization results described in Section 9.2 of the
Stability TR.

3.5.1 Stability Trend with Power

The staff compares the TRACE calculation results to the applicant’s PIM results for different
power level cases in Table 3. At 1.6, 32, and 160 MW, the staff calculations are in excellent
agreement with the PIM reference results.
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Table 3: TRACE Confirmatory Calculations of DR and Period

TRACE

PIM

Power (MW)

DR

Period (s)

DR

Period (s)

[ ]

[ ]

[ ] [ ] [] [ ] [ ]

The staff’'s confirmatory calculations demonstrate the same trend of both DR and period as the
applicant’s PIM results.

3.5.2 Results of Analysis of Depressurization Anticipated Operational Occurrence

The staff analyzed a transient depressurization AOO consistent with the event description in
Section 9.2 of the Stability TR.

Figure 2
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Figure 2: [ ]

Apart from the small increase in core flow (about 5 percent) leading to the instability, which is
the result of subcooled boiling and riser voiding in the TRACE calculation, the staff’s
confirmatory calculation results are in excellent agreement with the reference PIM calculations.

The core flow rate is in good agreement [( )], the pressure at the onset of
instability is in good agreement [( )], and the timing of the
MPS trip is in good agreement [( )l. The TRACE

calculations confirm the riser instability mode and demonstrate margin to instability afforded by
the MPS trip.

4. Conditions and Limitations

The conditions and limitations on PIM for the NuScale Power Module Stability Analysis are
aggregated in this section and listed below.

Stability Analogue and Reduced-Order Model Limitation (Section 3.1.2)

The stability analogue described in Section 7 of the Stability TR and the ROM described by the
TR Supplement are not approved for licensing purposes.

PIRT Importance Ranking Restriction (Section 3.1.3)

The staff approval of the NuScale stability analysis methodology does not constitute approval of
the phenomena importance rankings described in the PIRT in the Stability TR. The current
evaluation shall not be construed as approval of the applicant’s PIRT.

Flow Reversal Limitation (Section 3.2.1.1)

PIM is not approved to analyze transients where the oscillations become significant enough that
flow reversal would occur anywhere within the primary flow circuit.

Laminar-Turbulent Transition Condition (Section 3.2.1.5)

When using PIM for licensing analysis, the user shall specify a laminar-to-turbulent transition
region between Re of 2200 and 3000.

Boiling Coefficient Condition (Section 3.2.1.8)

Stability-related confirmatory analyses, referred to as being within the scope of the NuScale
reload analysis methodology, shall be performed using the default value of the boiling coefficient
[( )] described in Section 5.5.6.5 of the Stability TR.

Critical Heat Flux Limitation (Section 3.2.1.9)

The PIM CHF model described in Section 5.6.5 of the Stability TR is not approved for licensing
purposes.

Kinetics Parameters Condition (Section 3.2.2)
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An applicant or licensee referencing the Stability TR shall, on a cycle-specific basis, either:

(1) confirm that the delayed neutron fraction, decay constant, and prompt neutron lifetime
assumed in the reference PIM safety analysis are conservative relative values calculated
according to an NRC-approved nuclear design methodology for the current core loading,

(2) reperform the PIM safety analysis with user-defined values for the delayed neutron fraction,
decay constant, and prompt neutron lifetime that result in values equivalent to those predicted
by an NRC-approved nuclear design methodology for the current core loading, or (3) reperform
the PIM safety analysis with user-defined values for the delayed neutron fraction, decay
constant, and prompt neutron lifetime that result in a conservatively bounding set of parameters
compared to those predicted by an NRC-approved nuclear design methodology.

Doppler Reactivity Coefficient Multiplier Condition (Section 3.2.2)

An applicant or licensee referencing the Stability TR shall, on a cycle- and power level-specific
basis, either: (1) confirm that the Doppler coefficient assumed in the reference PIM safety
analysis is conservative relative to the Doppler coefficient calculated according to an
NRC-approved nuclear design methodology for the current core loading, (2) reperform the PIM
safety analysis with a user-defined Doppler coefficient multiplier that results in a Doppler
coefficient equivalent to that predicted by an NRC-approved nuclear design methodology for the
current core loading, or (3) reperform the PIM safety analysis with a user-defined Doppler
coefficient multiplier that results in a conservatively bounding (i.e., smaller in magnitude)
Doppler coefficient compared to the Doppler coefficient predicted by an NRC-approved nuclear
design methodology.

Core Simulator Nuclear Data for Cycle-Specific Confirmation or Reanalysis Condition
(Section 3.2.2)

On a cycle-specific basis, when the licensee or applicant referring to the PIM stability analysis
methodology is either confirming the nuclear kinetics parameters or generating new nuclear
kinetics parameters for analysis, the licensee or applicant shall generate those nuclear kinetics
parameters using an NRC-approved core simulator code.

Moderator Density Coefficient Multiplier Condition (Section 3.2.2)

An applicant or licensee referencing the Stability TR shall, on a cycle- and power level-specific
basis, either (1) confirm that the MDC assumed in the reference PIM safety analysis is
conservative relative to the MDC calculated according to an NRC-approved nuclear design
methodology for the current core loading, (2) reperform the PIM safety analysis with a
user-defined MDC multiplier that results in an MDC equivalent to that predicted by an
NRC-approved nuclear design methodology for the current core loading, or (3) reperform the
PIM safety analysis with a user-defined MDC multiplier that results in a conservatively bounding
(i.e., more negative) MDC compared to the MDC predicted by an NRC-approved nuclear design
methodology.

Direct Energy Deposition Fraction Limitation (Section 3.2.2)

Any COL applicants or licensees referencing the Stability TR that use PIM for licensing
calculations shall either specify a value for the direct energy deposition fraction that is 0.026 or
specify an alternative, reasonable value based on the results of calculations performed using
NRC-approved nuclear design methods.

Pre-CHF-Only Limitation (Section 3.2.3)
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The staff's approval of the PIM stability analysis method covers only pre-CHF heat transfer.
PIM is not approved to analyze conditions of post-CHF heat transfer.

Secondary-Side Forced Convection Limitation (Section 3.2.4)
PIM is approved only to analyze conditions of forced convection in the secondary side.
NRELAPS5 Steady-State Condition (Section 3.2.4)

The approval of the PIM stability methodology, which relies on steady-state calculation results
from NRELAPS, is contingent on the staff review and approval of NRELAPS5 for the purpose of
performing best estimate steady-state calculations for the NuScale power module.

Implicit Scheme Restriction (Section 3.2.5)

PIM is not approved to perform stability analysis using the implicit scheme for the
thermal-hydraulic solution.

5. Conclusions

If the NRC’s criteria or regulations change so that its conclusions about the acceptability of the
methods are invalidated, the licensee or applicant referencing the Stability TR will be expected
to revise and resubmit its respective documentation or justify the continued effective applicability
of these methodologies without revision of the respective documentation.

The staff reviewed the Stability TR to determine the acceptability of the PIM Version 1.1 code, in
accordance with the described analysis methodology, to perform stability analyses for the
NuScale power module. In this review, the staff used the guidance and acceptance criteria
described in SRP Section 15.0.2 to evaluate PIM Version 1.1 and the associated analysis
methodology and acceptance criteria. The staff finds that when executed in a manner
consistent with the Stability TR description and within the conditions and limitations described in
the staff’s safety evaluation, PIM Version 1.1 and the associated analysis methodology satisfies
applicable regulatory requirements and is acceptable for performing the requisite stability
analyses. The conditions and limitations are marked throughout this report and are also
compiled in Section 4.

The staff examined the PIM QA plan through a regulatory audit. The audit findings are
documented more thoroughly in the staff's audit results summary report (ADAMS Accession

No. ML18164A253). To summarize, the staff found that the QA plan meets the minimum criteria
specified in SRP Section 15.0.2 and is therefore acceptable.

The staff reviewed the PIM code and does not intend to review the associated topical report
when referenced in licensing evaluations but finds the methods applicable only when exercised
in accordance with the conditions and limitations described in this report. When exercised
appropriately, the methods documented in the Stability TR are acceptable for performing the
prescribed stability analyses for the NuScale power module.

Furthermore, the staff has reviewed the NuScale power module LTS solution against the review
criteria described by the Design-Specific Review Standard 15.9.A. The LTS solution is based
on the exclusion region principle. Applicant analyses demonstrate that the power module
remains stable under normal operating conditions, including startup and shutdown maneuvers.
The staff also finds that the applicant demonstrated the efficacy of the MPS protective trip based
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on core exit temperature measurements to shut down the reactor before any riser flashing.
Therefore, the staff concludes that the LTS solution is acceptable for preventing the riser
instability mode. Since oscillations have been shown to be either not possible or prevented by
the LTS solution, the staff agrees that the LTS solution meets GDC 12. The proposed LTS
solution meets GDC 13, 20, and 29 because the exclusion-region protective MPS trip is based
on safety-related instrumentation and associated protection systems that are capable of sensing
the reactor condition and actuating a reactor trip to shut down the reactor when the appropriate
setpoints are exceeded. While other safety analyses (e.g., the Chapter 15 DCD analyses)
demonstrate compliance with GDC 10, this review supports the conclusion that demonstrating
compliance with GDC 10 under conditions of normal operation and AOOs is sufficient, and
these other safety analyses do not need to consider possible instability because flow instability
that could possibly challenge the SAFDLs is avoided by virtue of the LTS solution.

The staff understands that the power module design may change during the final design
process and may change during the design certification review process. Changes that can be
reasonably expected during these processes should not affect the findings of the staff review of
the stability methodology or general conclusion regarding the acceptability of the LTS solution.
Regardless, the Stability TR includes the commitment by the applicant to reperform the
analyses for the final design and submit these analyses to the NRC for review as part of the
design certification application.
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Abstract

This NuScale Power, LLC, (NuScale) topical report presents a methodology to address thermal-
hydraulic stability in the NuScale Power Module (NPM) as a basis to demonstrate compliance
with the applicable regulations. This report considers stability phenomena from the fundamental
level and describes computational methods for the analysis of the postulated instability modes of
the NPM during steady-state normal operation and anticipated transients.

NuScale requests approval of the computational methods described in this topical report for
demonstrating the stability performance of the NPM and approval of the regional exclusion
approach based on maintaining subcooling in the riser for protecting the onset of instabilities in
the NPM. This topical report is not intended to provide final design values or evaluation of stability.
Rather, example values for the various evaluations are provided for illustrative purposes in order
to aid the reader’s understanding of the context of the application of this methodology.
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Executive Summary

This NuScale topical report presents a methodology for addressing thermal-hydraulic stability in
the NPM as a basis to demonstrate compliance with 10 CFR 50 General Design Criteria (GDC)
10, GDC 12, and Design Specific Review Standard Section 15.9.A “Thermal Hydraulic Stability
Review” (Reference 12.1.2) for thermal-hydraulic stability. The basis of the NPM stability study is
a detailed phenomenological review, which identifies the following:

e possible modes of instability and the limiting instability mode
e operating conditions that may result in instability
e generic representations of anticipated transients where unstable oscillations may occur

The phenomenological review identifies the limiting instability mode as natural circulation
instability. For the limiting instability mode, the adiabatic riser response dominates the response
rather than wave propagation in the core. The dynamics of the steam generator (SG) and the
fission power response to reactivity feedback influence stability. This report emphasizes the
important distinctions from the familiar density wave instabilities in boiling water reactors (BWRs).
Specifically, the report emphasizes that the reactivity feedback is stabilizing in the NPM, and that
the increase in core inlet subcooling is not destabilizing, as is the case in BWR instability.

This report presents a description of the computational method for the analysis of the postulated
instability modes of the NPM during steady-state normal operation and anticipated transients. The
technical approach selected for the stability protection solution in the NPM that is demonstrated
in this report is the regional-exclusion type, not the detect-and-suppress type. The operational
domain identified with potential instability is characterized by loss of subcooling in the riser that
leads to vapor generation in the chimney above the core, which is excluded by the module
protection system (MPS) protective actions.

This fundamental level computational method is the basis for the PIM code. The objective of the
PIM code is to simulate the dynamics of the flow in the NPM coolant loop with attention to optimal
resolution of its stability. Predictions of the PIM code are compared with the NuScale Integral
System Test (NIST-1) facility test results to demonstrate the capability of the code to predict
accurate stability results. Stability tests were conducted at the NIST-1 facility to assess primary
system stability performance. A comparison of the NIST-1 test data is provided to demonstrate
that the PIM code predictions have a conservative bias for the predicted decay ratio of primary
system flow peaks that occur immediately after a feedwater flow perturbation. This report provides
a discussion of how this approach demonstrates acceptability of the PIM code as a conservative
predictive model for stability analysis of the NPM. Additionally, the report describes how the
stability tests performed in the NIST-1 facility demonstrate the stable response of the scaled test
facility for primary system stability.

The demonstrative examples in the report identify that no instabilities occur over the range of
power evaluated as long as a loss of riser subcooling does not occur. The methodology credits
MPS actuation to preclude onset of instability on loss of subcooling with sufficient margin to
accommodate instrumentation lags and other effects that delay the occurrence of a reactor trip.
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This topical report provides an acceptable methodology for performing the following:
o disposition of potential modes of instability in the NPM that affect the primary system

e acceptable computational methods to demonstrate the stability of the NPM for modes not
already dispositioned in the context of addressing GDC 12. Specifically, the computational
methods are acceptable for showing the reactor core and associated coolant, control, and
protection systems ensure that power and hydraulic oscillations that can result in
conditions exceeding specified acceptable fuel design limits are not possible. This
includes:

o the methodology is acceptable for demonstrating that the NPM is stable in the
region identified with single phase flow in the riser

o the methodology of stability protection by regional exclusion is acceptable. The
MPS enforces the regional exclusion by using safety-related systems for ensuring
the NPM maintains adequate riser subcooling relative to the saturation
temperature at the pressurizer pressure. The MPS automatic action is actuated by
the loss of core exit subcooling (high temperature or low system pressure), which
is relied on to protect plant operations for events other than stability

The methodology described in this report utilizes design features and parameters as assumptions.

NuScale is not requesting approval for these features or parameters as part of the review of this
report.
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1.0 Introduction
1.1 Purpose

The purpose of this report is to present an evaluation methodology for the stability analysis
of the NuScale Power Module (NPM), assess the analysis tools versus stability test data,
and introduce the stability protection solution that ensures occurrence of instability is
precluded in the NPM. This report forms the analysis methodology for addressing stability
considerations in the primary system of the NPM.

1.2 Scope

This report starts with a concise description the NPM to provide a frame of reference for
the stability issues related to its operation. The scope of the stability evaluation covers a
general review of instability modes and phenomena to narrow down and focus the
concepts with regard to their applicability to the NPM. Thereafter, a physical and
mathematical model for simulating the NPM dynamic response, with special attention to
the resolution of the oscillation phenomena, is described from first principles and the
numerical embodiment in a computer code is presented. Next, example numerical results
are provided that demonstrate the inherent stability of the NPM utilizing the methodology
described in this report. These results are provided as an example of the basic elements
of a stability protection solution that complies with the applicable regulations.

In summary, the scope of this report covers the following topics:

a general description of the design features that are utilized in the stability
methodology

e areview of stability phenomena that apply to the NPM
¢ a physical, mathematical, and numerical description of the models implemented
with the PIM code that is used in performing calculations of NPM stability

performance

e a summary of test data from the NIST-1 facility and comparisons of the analysis
tool results versus the NIST-1 test data

o example results from demonstrative calculations of the NPM stability performance

e a conclusion based on the above results supporting a stability analysis
methodology

The example analyses performed in this topical report utilize the current NPM design and
performance, including data for the following:

e geometric design

e operating conditions
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e nuclear kinetics parameters and reactivity coefficients for beginning and end of an
equilibrium fuel cycle

o MPS settings and delays

e event sequences

e critical heat flux modeling

As described above, the PIM code is used in performing calculations of NPM stability
performance. The PIM code is maintained in accordance with the NuScale quality
assurance program (Reference 12.1.1). Underlying elements of the quality assurance
program describe the software configuration control and software change processes.

1.3 Abbreviations

Table 1-1. Abbreviations

Term
AOO
BOC
BWR
CHF
CVvCs
EOC
GDC
MPS
MTC
NIST-1
NPM
NRC
NSSS
PWR
RCS
RPV
SAFDL
SG

© Copyright 2020 by NuScale Power, LLC

Definition

anticipated operational occurrence
beginning of cycle

boiling water reactor

critical heat flux

chemical and volume control system
end of cycle

General Design Criteria

module protection system
moderator temperature coefficient
NuScale Integral System Test
NuScale Power Module

Nuclear Regulatory Commission
nuclear steam supply system
pressurized water reactor

reactor coolant system

reactor pressure vessel

specified acceptable fuel design limit
steam generator
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Table 1-2. Definitions

Term
Decay ratio

Moderator reactivity
coefficient

© Copyright 2020 by NuScale Power, LLC

Definition

The measure of the change of peak amplitude of an oscillation relative
to that of the previous oscillation. A stable system has a decay ratio
less than unity, meaning oscillations resulting from a perturbation
decay with time.

The coefficient of reactivity related to change in moderator conditions.
Typically expressed in terms of moderator temperature for a single-
phase system, it can equivalently refer to changes in moderator
density. A negative moderator reactivity coefficient implies that
reactivity decreases with increasing moderator temperature or
decreasing moderator density.
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2.0

21

Background

The dynamic behavior of a nuclear power plant is a critical design and licensing
consideration. Operational and design basis considerations require that any nuclear plant
behaves in a reliable way when mildly disturbed (i.e., a disturbance in which the plant is
not automatically shut down by control rod motion). Feedback mechanisms should ensure
that the plant responds by transitioning to a new state upon being disturbed, where stable
operations are established at the new operating state. If this stable operation after
disturbance cannot be ensured, then protective measures are necessary to ensure safety
of the plant.

Boling Water Reactors (BWRs) are known to exhibit unstable operation in certain
circumstances that require rapid response of plant protection systems to prevent fuel
damage. This response can either come in the form of a reactor trip if the plant enters an
exclusion region or by detecting the onset of instabilities through plant instrumentation and
then suppressing the oscillations by a reactor trip. Forced circulation Pressurized Water
Reactors (PWRs) do not exhibit this behavior. However, the NPM is a PWR designed to
operate using natural circulation as the means of providing core coolant flow. This use of
natural circulation motivates added consideration for the potential of unstable operation,
which is addressed with the stability analysis methodology.

This topical report describes the stability analysis methodology in the context of
addressing specific regulatory requirements. Specifically, this report describes a
computational method that is designed to address stability-related issues and uses
generally accepted numerical approaches and phenomenological models. In addition to
the physical modeling, the code has many special features that enable a stability
calculation to quickly attain a converged steady-state configuration from a wide range of
different conditions. The attained steady state does not have to be physically correct (e.g.,
at the initiation of two-phase flow condition), but such cases are performed to explore
effects such as two-phase flow and SG performance on stability. Of particular importance,
the code can attain a converged steady-state configuration even if the system is in an
unstable condition. Various different perturbation mechanisms can then be applied to the
converged system that test the stability performance and assist in identifying cause and
effect.

Regulatory Requirements

The methodology is applied to demonstrate compliance with Title 10 of the Code of
Federal Regulations Part 50 (10 CFR 50), Appendix A “General Design Criteria for Nuclear
Power Plants,” Criteria 10 and 12.

Design Specific Review Standard 15.9.A, “Thermal Hydraulic Stability Review,” (Reference
12.1.2) for hydraulic stability provides the detailed guidance. The guidance for stability
with respect to the NPM is to:

e evaluate potential power and hydraulic stability mechanisms
¢ disposition those mechanisms for which extensive evidence exists that operation
is not affected
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o describe a methodology for demonstrating acceptable performance relative to
GDC 12 and specified acceptable fuel design limits (SAFDLSs)
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3.0 General Plant Description

The following sections provide a brief description of a single NPM as a background for the
rest of the report addressing the neutronic and thermal-hydraulic stability. Design aspects
not related to stability are not included in the description.

3.1 NuScale Power Module

The NPM is a self-contained nuclear steam supply system (NSSS) comprised of a reactor
core, a pressurizer, and two SGs integrated within the reactor pressure vessel (RPV) and
housed in a compact steel containment vessel (CNV). The NPM is designed to operate at
full-power conditions using natural circulation as the means of providing core coolant flow,
eliminating the need for primary coolant pumps. The reactor core is located inside a core
barrel connected to the hot leg riser. The reactor core heats primary coolant causing the
coolant to flow upward through the riser. When the heated primary coolant exits the riser,
it passes over the tubes of the helical coil SGs, which act as a heat sink. As the primary
coolant passes over the SG tubes, it cools, increases in density, and naturally circulates
down to the reactor core, where the cycle begins again.

The NPMs are partially immersed in a reactor pool that serves as the ultimate heat sink.
Each NPM has a dedicated chemical and volume control system (CVCS), emergency core
cooling system, and decay heat removal system.

Important features of the NPM include the following:

e An integral PWR NSSS that combines the reactor core, SGs, and pressurizer within
the RPV. Unlike a conventional PWR, this design eliminates the external piping
necessary to connect the SGs and pressurizer to the RPV.

e Buoyancy forces that drive natural circulation of the primary coolant, eliminating the
need for primary coolant pumps.

3.2 Nuclear Steam Supply System

The NSSS consists of the reactor core, helical coil SGs, and a pressurizer within a single
pressure vessel. The NSSS is enclosed in a cylindrical CNV that sits in the reactor pool
structure. The reactor core is located below the helical coil SGs inside the RPV. Using
natural circulation, the primary coolant flow path is upward through the riser, and then
downward around the SG tubes followed by return to the bottom of the core via an annular
downcomer. As the primary coolant flows across the outside of the SG tubes, heat is
transferred to the secondary side fluid inside of the SG tubes. The secondary side fluid is
heated, boiled, and superheated to produce steam for the turbine generator unit.

3.3 Reactor Pressure Vessel
The RPV consists of a steel cylinder with an inside diameter of approximately 9 ft and is
designed for an operating pressure of approximately 1850 psia. To provide a barrier

between the saturated water in the pressurizer and the primary coolant system fluid, a
steel pressurizer baffle plate is integral with the SG tube sheets and the RPV. The
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pressurizer baffle plate is integrated with the upper steam plenum, has orifices to allow in
and out surges of water, and to act as a thermal barrier.

3.3.1 Steam Generator

The NPM uses two once-through helical-coil SG units for steam production. The SG is
located in the annular space between the hot leg riser and the RPV inside diameter wall.
The SG tubes are connected to feed and steam plena with tube sheets. Preheated
feedwater enters the lower feed plenum through nozzles on the RPV. As feedwater rises
through the interior of the SG tubes, primary coolant adds heat, and the feedwater
experiences a phase change and exits the SG as superheated steam (Figure 3-1).

NOT TO SCALE

Figure 3-1.  Steam Generator and Reactor Flow

© Copyright 2020 by NuScale Power, LLC
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3.3.2 Pressurizer

The pressurizer provides the means for controlling primary system pressure. The design
of the pressurizer is to maintain a constant primary coolant pressure during operation.
Applying power to a bank of heaters installed above the pressurizer baffle plate increases
primary system pressure. Pressure in the primary coolant system is reduced using spray
provided by the CVCS.

3.3.3 Reactor Core

The core configuration for the NPM consists of 37 fuel assemblies, 16 of which include
control rod assemblies. The fuel assembly is a standard 17x17 PWR fuel assembly with
24 guide tube locations for control rod fingers and a central instrument tube. The assembly
is nominally half the height of standard plant fuel and several spacer grids provide support.
The fuel is UO, with Gd203 as a burnable absorber homogeneously mixed within the fuel
for select rod locations. The U%% enrichment is below 4.95 percent.

34 Chemical and Volume Control System

The CVCS is not required to function during or after an accident. During normal operation,
the CVCS recirculates a portion of the primary coolant through demineralizers and filters
to maintain primary coolant cleanliness and chemistry. A portion of the recirculated coolant
supplies pressurizer spray for controlling reactor pressure. Injection of additional water
controls primary system coolant inventory when primary coolant levels are low, during
letdown of primary coolant to the liquid radioactive waste system, or when coolant
inventory is high. Additionally, during the module start-up process, the CVCS adds heat to
the primary coolant via the module heatup heat exchanger (also referred to as the startup
heater) to establish natural circulation flow in the primary coolant system.

3.5 Startup and Shutdown

Figure 3-2 illustrates an example of the module startup path on a pressure-temperature
plane. During startup, the operating domain pressure and temperature are increasing
under CVCS heating and conditions are confined to a subcooled region so that no boiling
occurs. Subsequently, reactivity insertion brings the core power gradually to the rated
value while the system temperature increases while keeping a margin to core exit
subcooling.

In the shutdown path, the trajectory on the pressure-temperature plane remains in the
subcooled region so that no boiling in the riser is possible.
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Figure 3-2. Example Pressure-Temperature Operating Domain
3.6 Primary and Secondary Operating Conditions

Primary and secondary steady-state operating conditions are determined by engineering
evaluations for a wide range of operating power levels. The evaluations address a number
of design considerations, including control strategy (constant core inlet, average, or outlet
temperature as a function of power) and SG operating conditions considering the desired
steam temperature. Predictions are made for the NPM best-estimate primary coolant flow
rates as functions of reactor power level. As described in Section 10.0, the application
methodology addresses revisions to the best-estimate primary flow rate and addresses
the effects of design minimum and maximum flow rate.

The steady-state operating conditions incorporate the effects of ambient heat losses and
heat loss through non-regenerative heat exchange in the CVCS. {{

1}2@:€) The heat loss in the CVCS non-regenerative heat exchanger is assumed to

be {{ }}2@1) These heat losses are not critical, except as they reduce the total
heat transferred to the secondary system.
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Representative primary initial conditions at rated power are as follows:

core power: 160 MW

core inlet flow rate: 1304.9 Ibm/s

core inlet fluid temperature: 498.0 degrees-F
primary system pressure: 1850 psia

Representative secondary initial conditions at rated power are as follows:

o feedwater flow rate: 149.0 Ibm/s
o feedwater inlet temperature: 300.0 degrees-F
o steam pressure 500.0 psia

Table 3-1 lists representative values for primary system flow and core inlet temperature.
Core inlet temperature at 15 percent power and higher is chosen to maintain an
approximately constant core average temperature at all the power levels. Core inlet
temperature below this value is based on linearly increasing temperature starting from the
critical moderator temperature of 420 degrees-F.
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Table 3-1.

Primary Steady-State Conditions

Flow Core Inlet

% MWt (lbm/s)  Temp (°F)
1 1.6 218.9 427.3
5 8 440.9 456.3
10 16 566.7 492.6
15 24 656.4 528.9
19.99 31.98 728.5 526.2
20 32 728.5 526.2
25 40 789.8 523.8
30 48 843.7 521.6
35 56 892.2 519.5
40 64 936.4 517.5
45 72 977.2 515.5
50 80 1015.2 513.7
55 88 1050.8 511.9
60 96 1084.5 510.2
65 104 1116.4 508.6
70 112 1146.8 506.9
75 120 1175.8 505.4
80 128 1203.6 503.8
85 136 1230.3 502.3
90 144 1256.0 500.8
95 152 1280.9 4994
100 160 1304.9 498.0
102 163.2 1314.3 497.4

Representative secondary system steady conditions at off-rated power are chosen
consistent with expected plant operations, including transition of secondary conditions at
32 MW (20 percent) power from 50 degrees-F to 200 degrees-F feedwater temperature
as the turbine comes on-line and feedwater heating begins. Feedwater flow conditions are
chosen to give a steam temperature that is about 15 degrees-F lower than the core exit
temperate in the primary system once the turbine is online. These conditions consider the

effects of heat losses described earlier.
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3.7

Module Protection System

The NPM is equipped with a safety-related MPS that contains a full complement of
subsystems to evaluate safety-related process measurements for compliance with
specified limits. The MPS initiates protective measures when specified limits are
exceeded. In establishing limits to be used in the analytical demonstration of the MPS
performance, consideration for instrumentation response times, instrument uncertainty,
calibration intervals, and other effects is made to ensure the required safety measures,
such as safety limits for SAFDLs, are protected over a wide range of anticipated
operational occurrences (AOOs) and accidents.

The safety logic for performing a reactor trip is the primary protective measure for stability-
based events in the NPM. The main safety-related process measurements for the reactor
trip that play a role in protecting stability-based events are as follows:

e ex-core measurement of neutron flux

hot leg temperature as measured at the top of the riser section

pressurizer pressure

pressurizer level
e primary system flow

Other process measurements for SG secondary and containment conditions are also
present, but are not expected to play a role in protecting stability-related events.

The MPS compares the above process measurements to specified limits to determine if a
trip should occur using the following signals:

e high power

e high count rate

e high startup rate

e high power rate

e high hot leg temperature

e high pressurizer pressure
e high pressurizer level

e |ow pressurizer pressure

e low pressurizer level
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e low low primary system flow

Any of the above signals that exceed their specified limits are expected to result in a
reactor trip.

Setpoints used in the analytical demonstration of the MPS performance for protecting the
plant consider effects of uncertainties and delay times. Demonstrating these analytical
setpoints is a main function of nuclear safety analysis activities and depends on a wide
range of design input, including physical sensor design and placement, electrical system
design, time for breakers to open couplings to release the control rods, and time for the
control rods to physically enter the core.

Typical sensor response times used in determining analytical limits are approximately 1 to
10 seconds and Table 3-2 lists representative values. Typical electrical signal processing
times are 1.0 second and the typical trip breaker plus control rod delatch time is also 1.0
second.

Table 3-2. Assumed Safety Sensor Response Times

Response
Sensor .

Time, sec.
Temperature 7.0
Pressure 1.0
Power range flux 1.0
Source range flux 10.0
Level 2.0
Flow 5.0

While other MPS actuations may occur earlier than the times cited in Table 3-2, the
demonstration analysis described in this report utilizes the hot leg temperature instrument
combined with sensed pressure to provide an MPS trip that actuates when less than 5
degrees-F subcooling is detected in the riser region above the core. The analyses use a
total reactor trip delay time of 10 seconds from the time of physically exceeding the
setpoint to start of control rod insertion. As described in Section 10.0, the application
methodology addresses MPS settings and delays found in plant technical specifications
and other sources.

© Copyright 2020 by NuScale Power, LLC




Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1

4.0

4.1

4.2

Phenomenological Description of NuScale Power Module Stability
Introduction

As described in Section 3.0, the NPM is an integral PWR. The SG is integrated within the
RPV and the primary coolant flow is driven by natural circulation, which is an important
aspect of its passive design philosophy. The density difference between the relatively high
temperature flow exiting the core and the lower temperature flow returning through the
downcomer annulus where the SG is the heat sink creates the natural circulation driving
head. This configuration presents several flow circuits where thermal-hydraulic instabilities
are demonstrably excluded during the design stage with regard to causing reactor power
and flow oscillations. This section describes these flow circuits and the associated
feedback and delay mechanisms to cover the phenomenological aspect of the stability
behavior, and to put in perspective the subsequent mathematical and numerical studies
that demonstrate NPM stability.

The first flow circuit is the main circulation loop of the core coolant flow, which is subcooled
as required for PWR operation. However, in the absence of a recirculation pump, the
natural circulation head is dependent on the power level and flow rate, which is a feedback
mechanism that may potentially lead to unstable flow oscillations.

The second possible flow path for a potential instability is the closed path between two
fuel assemblies or regions in the core also known as the parallel channel mode. In this
mode, density waves in one region of the core oscillate out of phase with the flow in
another region. This condition would maintain the core pressure drop boundary condition
and the power and flow in each fuel assembly may oscillate if the necessary conditions
for density wave instability exist.

The third possible flow instability is in the secondary side of the SG where subcooled liquid
water is pumped into the helical tubes, boiling occurs, and superheated steam exits at the
other end. Density waves, which are common in parallel boiling channels, have been
identified as a potential instability mode within the SG tubes and studied experimentally.

Various feedback mechanisms are included, and special consideration is given to the
possible coupling of the SG dynamics and the flow stability in the primary loop. Feedback
coupling between the thermal-hydraulic phenomena and the neutron kinetics is important
where coolant and fuel rod temperatures provide reactivity feedback, and the core power
response affects the coolant temperature and the density head that drives the flow and
influences its stability. Pure neutronic stability, without thermal-hydraulic feedback
coupling, is addressed separately in dedicated neutronic analyses in the design
certification.

Background and Past Reactor Stability Studies

Open literature contains extensive studies of the stability of nuclear systems, which is only
a subset of the larger body of work when industrial activities in this area by reactor and
fuel vendors are included. The primary focus of historical stability work has been for
BWRs, where complex interactions of coolant density waves and nuclear reactivity may
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lead to flow and power oscillations -- a condition that must be excluded for normal
operation and licensing of the reactor.

Reference 12.1.3 by Lahey and Drew provides an early survey of the literature on stability
analysis and experimental data related to light water reactors. This extensive review
covers a wide range of data and analytical methods and instability types in two-phase flow.
The classification of physical instability mechanisms in Reference 12.1.3 is an expanded
version of the one given in the review article by Bouré et al. (Reference 12.1.4). Lahey
and Drew enlarged Bouré et al. classification by including nonlinear phenomena where
supercritical Hopf bifurcation leads to finite amplitude limit cycle oscillations and subcritical
bifurcation leads to the possibility of divergent oscillations if the initial perturbation is
sufficiently large even when the initial state is linearly stable. Professor Hennig and his
associates cover the topic of nonlinear oscillations for BWR conditions in several works
(e.g., Reference 12.1.5). Lahey and Drew also included neutron reactivity coupled
thermal-hydraulic instabilities, for which a later, more detailed monograph on the specific
instability mode of nuclear-coupled density waves is given in Reference 12.1.6. A
comprehensive review of BWR stability given in Reference 12.1.7 is another example of
the stability work in the nuclear industry. The works cited are examples from a large body
of literature that focuses on boiling flows, and does not mention single-phase flow
instabilities. Nevertheless, the review provides a useful reference on the methodology of
instability mode classification and a guide on how to approach stability analysis problems
in the NPM design, in which natural circulation under single-phase flow conditions is the
normal operation mode and substantial voiding is outside the range of intended operation.

The flow stability in PWRs has also been addressed in literature. A recent example in
Reference 12.1.8 for a large forced-circulation PWR, identified and summarily
dispositioned certain instability modes. Tong and Weisman (Reference 12.1.9) covered
the topic of stability as part of their monograph book on PWR thermal analysis. As part of
their stability discussion, they provided a classification of possible instabilities. A
comprehensive review of natural circulation flow phenomena, including stability, of light
water cooled nuclear plants sponsored by the IAEA with contributions from many leading
experts in the field is found in Reference 12.1.10. Stability of natural circulation flow of
two-phase and single-phase systems is covered with regards to phenomena, models, and
experiments in test loops. Of the most interest are Annex 7 through 10. The IAEA report
also provides tabulated classification of instability modes. Instability classification can be
also found in the recent review article by Prasad et al. (Reference 12.1.11).

The methodology presented in this report is based on contrasting a comprehensive
classification of flow instabilities in single- and two-phase flow with the particular flow paths
in the NPM in order to narrow down the relevant instability modes while excluding others
that do not apply. Once the potential instability modes are identified, the phenomena
governing the various feedback mechanisms are recognized for inclusion in the governing
equations of mathematical and numerical models.

Section 4.3 presents a typical instability classification and provides notes on the relevance
of each mode for the NPM and the method for disposition or further in-depth analysis.
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4.3

431

Instability Mode Classification

The instability modes are broadly classified as static or dynamic. Each category lists the
instability modes and provides a description of the mechanism for each mode. The
instability mode's relevance to the NPM is evaluated and determined as not applicable,
excluded as limited by other phenomena, or applicable. For instability modes identified as
applicable, a disposition or detailed analysis is presented, as appropriate.

Static Instabilities

There are no instabilities that are strictly static; rather, the definition of a static instability
requires that inertia effects are not important. Static instabilities refer to transitions among
operating states that are all valid solutions of the steady-state balance equations of a flow
system. Dynamic models are inherently able to detect static instability modes even though
the momentum conservation that is part of the dynamic models does not play an important
role. Examples of static instabilities include flow excursion (Ledinegg instability), flow
regime relaxation instability, and geysering.

4.3.1.1 Instability Mode: Flow Excursion (Ledinegg)

Description: In its original description, flow excursion (Ledinegg) instability is a type of
static instability that is determined by the relationship between the pressure drop
characteristic of a boiling channel and the pressure drop characteristic imposed by an
external system (e.g., a pump). An operating point is unstable if

an - aer Eq. 41
dm internal dm external

where

m = mass flow rate

AP = pressure drop

The subscript internal refers to the sum of pressure drop components along the flow path
and the subscript external refers to the external drive or a pump.

The condition given in Eq. 4-1 is possible only if the pressure drop as function of mass
flow rate is not a monotonic function and Ledinegg instabilities are caused by the particular
S-shape that the pressure drop versus flow rate characteristic that may be exhibited by a
boiling channel.

Natural circulation is a special case in which the flow is driven by buoyancy and the flow
path is closed. To conform to Eq. 4-1, it is possible to divide the natural circulation loop in
two and consider the downcomer as a pump. An equivalent formulation simply considers
AP as the integral of all pressure drop components along the closed loop, which includes
the density head in the riser side and the downcomer side with opposite signs. The
function Ap(m) describes the steady-state flow characteristics because there are no

inertia effects.
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A steady-state solution gives the mass flow rate that corresponds to AP=0.When AP (1)

is monotonic, that is the pressure drop increases with mass flow rate, there is only a single
valid solution of the mass flow rate corresponding to AP =0 . Multiple steady-state solutions
are possible only when there is an inflection in the flow characteristic function and the
slope is negative at one of the possible mass flow rate solutions. This condition is the
fundamental cause of this instability; there are multiple possible solutions for mass flow
rate with the same pressure residual.

In the special case in which the two-phase pressure drop is large and dominant, and the
two-phase pressure drop multiplier is large, as in a natural circulation loop with long riser
with small hydraulic diameter, an increase in the mass flow rate, which results in a
decrease in the flow quality downstream of the heated section (core) would result in a net
decrease in pressure drop. In this case, the slope of the function Ap () with respect to

the mass flow rate would be negative and that operating point becomes unstable.
Evaluation: This mode is applicable in principle and a disposition is given below.

There is no possibility for negative slope of the Ap () curve in the case of single-phase

natural circulation and it can be demonstrated that in a substantially unconstricted flow
path like the primary circuit in the NPM that this condition is also absent even under two-
phase conditions. Figure 4-1 plots the flow characteristic function ap(x) for several

power levels in which the pressure drop components are calculated for best-estimate
models of the NPM using PIM. Notice that the friction and form losses are calculated where
flow pattern transitions may occur and at low flow, the flow may be turbulent in one part
and laminar in another part of the flow circuit depending on the flow area and hydraulic
diameter around the loop. It is demonstrated that there is no negative slope at any power
at the steady-state balanced loop operating points where Ap =0 . Moreover, negative
slope is not found on the curve. Therefore, the flow excursion mode is not possible in the
NPM.

Conclusion: Since there is no possibility for negative slope of the Ap () curve inthe case

of single-phase natural circulation, the flow excursion mode cannot cause instabilities
within the NPM. No further consideration of this instability mode is required within the
stability analysis methodology.
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Figure 4-1.  Pressure Residual as Function of Total Flow Rate at Different Power Levels
4.3.1.2 Instability Mode: Boiling Crisis

Description: Boiling crisis occurs when a power increase results in a higher heat flux than
the flux that can be transferred by nucleate boiling. The state of the coolant in contact with
the fuel rod surface undergoes oscillations between the nucleate and film boiling regimes.

Evaluation: This thermal instability is mentioned in this report for completeness only. The
main reason for avoiding instabilities is to avoid reaching the point where boiling crisis may
occur and fuel damage may occur. Reactor operation is restricted such that a margin to
boiling transition is achieved by maintaining the minimum critical heat flux (CHF) ratio
above correlation limits.

Conclusion: Since the CHF ratio is maintained above correlation limits, the boiling crisis
mode cannot cause instabilities in the NPM. No further consideration of this instability
mode is required within the stability analysis methodology.
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4.3.1.3 Instability Mode: Flow Pattern Transition (Relaxation) Instability

Description: Flow regime transitions could in principle influence the pressure drop and
create inflections of the pressure drop versus flow rate that might result in instability under
certain conditions. Flow regime transitions include laminar-to-turbulent transitions and
bubbly-to-annular flow transitions.

Evaluation: The laminar-to-turbulent transition has already been included in the Ledinegg
instability evaluation and found to be unconditionally stable. Bubbly-to-annular flow regime
transitions occur at high steam qualities and are outside the operational range of the NPM,
which is single-phase flow with minimal, if any, local subcooled boiling. As shown later,
other instability modes become excited at lower steam quality in the NPM riser and,
therefore, the boiling regime transitions are bounded by these other phenomena.

Conclusion: The effects of flow regime transition are incorporated in the Ledinegg
instability evaluation in Section 4.3.1.1 and that mode cannot cause instabilities within the
NPM. Therefore, no further consideration of this instability mode is required within the
stability analysis methodology.

4.3.1.4 Instability Mode: Flashing Instability

Description: For heaters located under a tall, adiabatic riser where the hot liquid entering
the riser experiences a gradual decrease in static pressure as it travels up the riser, the
reduction in pressure results in evaporation (flashing), which increases the driving head.
The flow increase lowers the temperature of the liquid entering the riser and the flashing
is suppressed, which reduces the driving head and lowers the flow to the effect that heater
exit temperature increases and the cycle is repeated.

Evaluation: This instability mode is observed only in low-pressure systems with pressures
lower than NPM operating pressure, but may be encountered during the startup of a
natural circulation BWR. Therefore, this mode is not applicable to the NPM as a primary
instability mechanism.

Conclusion: Although not applicable as a primary instability mechanism in the NPM due
to the high operating pressure of the primary system, flashing may exacerbate other
instability mechanisms and the phenomena of vapor generation due to pressure changes.
The effect is therefore included in the stability analysis methodology.

4.3.1.5 Instability Mode: Geysering

Description: The description of the mechanism for geysering in the literature varies, in
which the common features are periodic, or chaotic, oscillations due to cyclical vapor
generation in a tall riser. The main difference between geysering and flashing instabilities
is that in geysering the vapor is generated first in the heater section. Part of the geysering
mechanism is the thermodynamic metastable liquid states in which liquid can become
superheated (liquid temperature higher than saturation) due to low flow and lack of
nucleation sites, and the equilibration occurs suddenly, generating large volumes of vapor.
In addition, the generation of a vapor slug may be attributed to subcooled boiling in the
heater section.
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4.3.2

Evaluation: Geysering instability is possible only in low-pressure systems with pressures
lower than NPM operating pressure, and therefore, is not an applicable primary instability
mode in NPM.

Conclusion: Although not an applicable primary instability mechanism in the NPM due to
the high operating pressure of the primary system, {{

}}Z(a),(C)

Dynamic Instabilities

The NPM is a dynamical system that can be modeled using a set of state variables. These
state variables include the parameters that define the flow field, such as liquid and vapor
mass flow rates and temperatures, core thermal power, and heat flux. Depending on the
model order, these variables can be defined at a number of locations in the NPM. The
dynamical system is defined by a set of ordinary differential equations where the time
derivative of each state variable is given as a generally nonlinear function of the state
variable and any constraints, such as boundary conditions and external controls. The
functions that determine the time derivatives of the state variables are obtained from the
laws governing the physical phenomena, such as the applicable conservation laws and
the equations governing fission reaction rates. In the case of a steady state corresponding
to given external control, the time derivatives of the state variables vanish and the resulting
system of equations can be solved for the set of the state variables (a point in the phase
space). A point in the phase space corresponding to steady state is a fixed point. The
steady-state solution may not be necessarily unique, where more than one fixed point is
obtained; in that case, transitions among these points is possible. The instability of a fixed
point when multiple steady-state solutions are possible has been discussed in Section
4.3.1.1 (Ledinegg static flow excursion).

The stability of a dynamical system refers to its behavior in the neighborhood of fixed
points. A perturbation of one or more of the state variables at a fixed point introduces
nonzero time derivatives and initiates a transient response. The system is stable if the
system returns to the fixed point, either monotonically or while undergoing oscillations of
decreasing magnitude. Linear stability is defined by the system returning to its fixed point
following a small perturbation. Conversely, a linearly unstable system diverges
exponentially from its initial fixed point either monotonically or by undergoing oscillations
about the fixed point with exponentially growing amplitude. Monotonic divergence is not
possible as it can occur only due to positive feedback mechanisms that are excluded by
design; for example reactivity coefficients must be negative. Even in certain operating
conditions where the boron concentration is high and moderator temperature reactivity
coefficient is positive, the overall reactivity coefficient is negative when accounting for
Doppler reactivity. Conversely, negative feedback mechanisms may lead to oscillatory
behavior that can diverge if the feedback is delayed and sufficiently strong. A diverging
oscillation is the type that is possible in principle and has to be prevented for normal
operation.
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Nonlinear stability analysis refers to the system behavior in response to a large
perturbation that can be induced externally or that results from the growth of a small
perturbation of a linearly unstable fixed point. Nonlinear effects can limit the divergence of
an oscillation (supercritical Hopf bifurcation, Reference 12.1.5) and the system settles into
a stable limit cycle oscillation. It is also possible in principle for a subcritical Hopf
bifurcation, that the nonlinear effects accelerate the growth of oscillation magnitude as the
oscillation magnitude grows (Reference 12.1.12). For the latter case, a stable fixed point
can become unstable given an initial perturbation of sufficiently large magnitude.

{{

}}Z(a),(C)

{{

}}2(6),(0)

In the following sections, specific dynamic instabilities are discussed and evaluated
according to their respective relevance to the NPM. These sections also provide the
phenomenological background for understanding the prevalent instability modes and
defining the requirements for the nonlinear time-domain tool to embody the NPM
dynamical system.
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4.3.2.1 Instability Mode: Pressure Drop Oscillations

Description: Pressure drop oscillations are the dynamic extension of Ledinegg static
instability. For both instabilities, pressure drop versus flow rate is a multi-valued function.
In the Ledinegg case, a flow excursion occurs once, bringing the flow from an unstable
operating point to one or another stable point, depending on the direction of the
perturbation. In the pressure drop oscillation, the transition from one flow state to the other
is accompanied by a storage mechanism, such as compressing a volume of vapor, which
causes a delayed rebound and cyclical transitions ensue.

Evaluation: The necessary condition of a multi-valued pressure drop versus flow rate has
been evaluated for the NPM as part of the Ledinegg analysis and found to be
unconditionally stable.

Conclusion: The effects of pressure drop oscillations are incorporated in the Ledinegg
instability evaluation in Section 4.3.1.1 and that mode cannot cause instabilities within the
NPM. Therefore, no further consideration of this instability mode is required within the
stability analysis methodology.

4.3.2.2 Instability Mode: Acoustic Oscillations

Description: The mechanism for propagating the disturbances responsible for the acoustic
oscillation instability is pressure waves in contrast to density waves, which are discussed
separately where the disturbance travels with the flow. Standing pressure waves (sound
waves) are resonant where the frequency is determined by the sound speed and the
length of the pipe that acts as an organ pipe. The frequency is usually high due to the high
speed of sound waves which is sensitive to vapor content. The energy that feeds and
sustains the instability is thermal in nature. In the compression phase, direct contact
between the liquid phase and the heated surface is forced by collapsing a vapor film and
heat transfer is enhanced, while in the rarefaction phase, the vapor film is reestablished,
and the cycle is repeated. High velocity flow may also provide the mechanical energy to
excite the standing waves.

Evaluation: There is no mechanism for feeding and sustaining this type of instability in the
NPM because the long pipe with geometry where an acoustic resonance is conceivable
is the riser, which is adiabatic. No high velocity flow is present in the NPM circulation loop.

Conclusion: No further consideration of acoustic instability is required in the stability
analysis methodology since the mode cannot be sustained in the NPM.

4.3.2.3 Instability Mode: Density Waves

Description: Density wave instability is the most studied of instability mechanisms due to
its relevance to BWRs. The instability may occur in vertical heated channels with or without
boiling. The fundamental mechanism of the instability is that any flow perturbation at the
inlet generates effects that propagate (wave) up the channel. A perturbation decreasing
the inlet mass flow rate results in increasing the flow enthalpy, which also lowers the
density either by liquid expansion in the case of single-phase flow or through increased
vapor generation. At steady state or quasi-steady state, or for low frequency perturbation,
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the inlet flow perturbation generates a negative feedback so that the system returns to its
initial state and is stable. Specifically, a perturbation decreasing the inlet mass flow rate
results in lowering the density in the channel, thus increasing the buoyancy pressure head,
which tends to restore the original flow rate. However, the situation is different depending
on the frequency of the perturbation in which delayed feedback, if sufficiently strong, can
be destabilizing. The delay mechanism is the time it takes for the propagating density
wave to transverse the heated channel length. There is a resonant frequency at which the
delayed effects of the perturbation reach the channel exit at the time when the inlet
perturbation reverses phase, and the original perturbation is reinforced. At this frequency,
the system is destabilized, given sufficiently strong feedback, which can occur when the
power is increased. For a single-phase heated channel, instability is conceivable only for
long heated channels as the density change of liquid due to change in enthalpy is relatively
small. Conversely, boiling increases the mixture density response to enthalpy change,
making a boiling channel less stable compared to the single-phase case. In addition, in
the two-phase case, the feedback from an initial inlet flow perturbation is not limited to
density head, but includes the response of friction pressure drop, which is significant due
to the two-phase multiplier.

The stability of density waves in a vertical boiling channel depends on the geometry and
operating conditions of the system. Specifically, increasing power and decreasing flow are
destabilizing. Axial power shapes skewed towards the inlet are also destabilizing. High
pressure suppresses the density difference between the liquid and vapor phases and is
therefore stabilizing. Increased inlet flow resistance is stabilizing, while increased exit
resistance is destabilizing. The distinction is attributed to the phase difference of their
respective effects due to the propagating wave. Inlet subcooling has a mixed effect; for
highly subcooled flow, further increase of subcooling is stabilizing as it suppresses boiling
in a larger part of the channel, but for low subcooling the system is destabilized by
increasing inlet subcooling. The destabilizing effect of inlet subcooling has been
demonstrated in both numerical and laboratory experiments, but has not been
satisfactorily explained in phenomenological terms. An attempt to do so is given here by
comparing the case of saturated inlet flow with a case of inlet subcooling. In the case of
saturated inlet flow, the total vapor generation rate is constant depending on the channel
power, but is not affected by flow perturbation. For the case of inlet subcooling, the vapor
generation is modulated with the inlet flow at constant power as the part of the power
needed to bring the subcooled liquid to saturation varies with the inlet mass flow rate,
forcing the rest of the power that is used to generate vapor to vary in time with delayed
effects due to wave propagation. By contrast, single-phase systems are insensitive to inlet
subcooling and insensitive to pressure, as long as pressure does not drop to the point
where vapor generation (flashing) may occur.

Evaluation: Density wave instability is seldom observed without compounding factors in
nuclear systems. In a BWR, the phenomena are complicated by the nuclear reactivity
feedback mechanisms and the time delay inherent in the heat conduction of fuel elements.
While density waves are present normally in a heated channel, they can occur in a heated
channel connected to a tall adiabatic riser as in simplified BWR’s with natural circulation.
Theoretically, the latter case is not particularly special if the adiabatic riser is simply
considered as part of a single channel with varying geometry where the heating axial
distribution is pushed down. Another compounding effect is flashing. Flashing may occur
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in a tall riser located atop a heated section because the reduced static head lowers the
pressure below the saturation point corresponding to the liquid enthalpy at the heated
section exit, and induces vapor generation as the liquid travels up the riser. By analogy,
flashing has the same effect on stability as a heat source generating vapor, making the
riser effectively no longer adiabatic in this aspect.

Conclusion: Density wave phenomena are important for assessing the stability of both the
primary coolant flow and the secondary side of the SG of the NPM. Density wave instability
is a concern for the flow in the secondary side of the SG of the NPM and must be
addressed. Density waves in the primary circuit are part of a compound interconnected
phenomena of a potential natural circulation riser instability and must be addressed as an
integral process with various components in the stability analysis methodology.

4.3.2.4 Instability Mode: Xenon Oscillations

Description: Xenon oscillation instability is a pure neutronic phenomenon. The products of
U2 fission include isotopes that are high neutron absorbers or decay into other isotopes
that are high neutron absorbers. In this way, fission product poisoning creates a delayed
feedback system. A fission product of particular interest is iodine (1'3°), which is radioactive
and decays into Xe'3%. The latter is a neutron poison with a large neutron absorption cross-
section. Thus, decay of I'% generates Xe'3® that is removed by either decaying or
absorbing a neutron.

The neutron absorption reaction that removes Xe'®S constitutes a positive feedback
process in which increased fission power leads to increased reactivity, which reinforces
the original power increase perturbation. However, the power increase perturbation also
generates 1'%, which decays into Xe'® and introduces negative reactivity, a delayed
negative feedback process.

Detailed analysis of the xenon reactivity indicates the possibility of unstable power
oscillations with a large period. These oscillations may involve the total reactor power or
a spatial mode of the power distribution. These spatial modes are the radial (first azimuthal
neutron flux mode) and the axial modes. For large PWR cores, the most susceptible mode
is the axial oscillations in which the power swings from the top to the bottom of the core.
In some PWRs with large cores, direct control to dampen axial xenon oscillations is
accomplished using axial shaping control rods. Small cores are more stable in
comparison.

Evaluation: Xenon stability calculations for the NPM core demonstrate that these
oscillations are highly stable as a pure instability mode. The oscillation period is longer
than two days, which is greater than the time scale of any thermal-hydraulic phenomenon
in the NPM. Thus, interaction between the xenon oscillation and thermal-hydraulic
feedback is precluded.

Conclusion: Xenon oscillations are unconditionally stable in the NPM core and no further
consideration is required in connection with compounding other possible instability modes
within the stability analysis methodology.
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4.3.2.5 Instability Mode: Natural Circulation Instability

Description: Flow instability in a natural circulation loop bears some resemblance to that
of density waves. While the density wave refers to the flow in a heated channel with fixed
or prescribed boundary conditions, the natural circulation system includes two legs: a riser
and a downcomer. The dynamics of the flow in the two legs depends on the heater design
and the heat sink (exchanger) and their respective location. The natural circulation
instability mechanism described in this report is for a natural circulation loop in which the
heater is located under a tall riser and the cooling heat exchanger is located near the top
of the cold leg. In steady state, the temperature in the riser is uniform and higher than the
temperature downstream of the heat exchanger, and the corresponding difference in their
respective densities create the force driving the flow. The steady-state temperature
difference is proportional to the power-to-flow ratio and the friction pressure drop around
the loop is proportional to the square of the flow rate; therefore, the steady-state natural
circulation flow is proportional to the cubic root of the power. A perturbation increasing the
flow rate results in a reduction in the heater exit temperature and an increase in its density.
The density perturbation travels up the riser and there is a time delay before the new
density is distributed throughout the entire length of the riser. This delayed feedback is
negative because the difference in temperature between the riser and the cold leg is
diminished and consequently reduces the density difference that drives the flow. If this
delayed negative feedback is sufficiently strong, the flow is destabilized and undergoes
growing oscillations. In the case of high friction in the loop that reduces flow, or if power
input is sufficiently increased, boiling in the riser can be induced. The density response to
an enthalpy perturbation is higher in the case of phase change than the case of single-
phase thermal expansion by nearly a factor of six for water at the NPM operating pressure.
The boiling natural circulation loop can be destabilized more readily than a single-phase
loop.

The most idealized natural circulation loop in the literature is the Welander problem
(References 12.1.10, 12.1.13, and 12.1.14). The Welander loop is symmetric with the
heater located at the bottom of the loop and the heat sink at the top of the loop, thus there
is no preference for the direction of the steady-state flow. The flow can be destabilized and
oscillate with increasing magnitude and when flow reversal occurs, the flow transitions to
oscillating around a negative flow rate point; these transitions were found to exhibit chaotic
behavior. The Welander problem is a one-dimensional version of the older Bénard problem
of a horizontal layer of fluid heated from below (Reference 12.1.15). While the Welander
problem is a simple one, the numerical results were reported to vary and deviate from the
experimental observations due to truncation errors and application of diffusive algorithms.

Evaluation: Reference 12.1.16 provides a more detailed analytical evaluation of the
natural circulation loop with simplifying assumptions.

Conclusion: Natural circulation instability is a possible mode for the NPM and
needs to be evaluated in depth in the stability analysis methodology. The
evaluation in this report addresses this mode as well as other compounding
phenomena. These compounding phenomena include the feedback from nuclear
reactivity and the dynamics of the heat exchanger. Detailed numerical algorithms

© Copyright 2020 by NuScale Power, LLC
28



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1

and models are used to avoid artificial damping, which overestimates the stability
of the physical system.

4.3.2.6 Instability Mode: Thermal Stratification Oscillations

43.3

Description: For purposes of the NPM, thermal stratification oscillations are a specific
extension of natural circulation instability that may occur in an ill-designed system, such
as when the heat source is located in a higher elevation than the cooling sink. In such a
configuration, heating of the water does not induce a reliable buoyancy-induced flow.
Instead, the liquid becomes stratified and a periodic back-and-forth oscillatory flow occurs.

Evaluation: The necessary condition of having the heat source positioned higher than the
cooling source does not occur in the NPM. The nuclear core is located sufficiently low in
the system that SG heat removal and ambient heat losses out of the vessel do not result
in thermal stratification oscillations. In addition, the CVCS charging line used to inject hot
water during NPM heatup is located low in the riser which prevents the effect.

Conclusion: No further consideration of this instability mode is required within the stability
analysis methodology since the necessary conditions to cause this mode to occur do not
exist in the NPM.

Coupled (Compound) Instability Modes

Fundamental, or pure, instability modes that have been presented above can manifest
themselves in systems with the geometry and physical properties that permit the
mechanisms for the respective mode to operate without interference of other phenomena.
By contrast, the compound instability modes include secondary phenomena that influence
or modify the primary mechanism significantly. The secondary phenomena may be
geometric in nature, or physical processes that interact with the primary mechanisms
through feedback that may reinforce or weaken the primary instability or modify its nature.
The stability of engineering devices are more likely to require the study of compound
instability phenomena, unlike laboratory experiments, which are often performed on
simplified apparatuses to resolve the fundamental mechanisms.

4.3.3.1 Instability Mode: Parallel Channel Instability

Description: When a fundamental instability mechanism is possible in a single heated
channel (e.g., density waves), the situation is complicated by having several such
channels connected to common plena. The common plena alter the boundary conditions
under which a single channel would have operated. The common pressure drop boundary
condition allows for multiple oscillation modes depending on the phase difference among
the oscillations in each channel. For example, if the flow in all channels oscillates in phase,
the stability of the group of channels would be the same as a single channel. However, for
two channels oscillating out of phase, the common pressure drop fluctuation is eliminated
(in the linear limit) as the effects of the flow oscillations in the two channels cancel out.
The fixed pressure drop boundary condition is destabilizing and therefore a set of two
channels connected in parallel are less stable than a single one. In the case of three
channels, the preferred phase difference is 120 degrees to maintain constant pressure
drop between the plena (Reference 12.1.6). For four tubes, two preferred mode
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possibilities exist: either the channels oscillate with a phase difference of 90 degrees from
one to the next, or two groups of two channels each oscillate out of phase while the
channels in each group oscillate in phase with one another. The parallel channel instability
mode is not necessarily tied to density waves. The compound effect is purely geometrical
if the channels are identical, but a richer spectrum of phenomena can be expected in the
more general case in which the channels differ in geometry or the power level and
distribution.

Evaluation: There are two subsystems in the NPM in which investigation of parallel
channel instability is required. The first subsystem is the tubes of the SG where the tubes
are connected in parallel to two common plena, and the flow inside them is two-phase and
subject to density wave instability. Appendix A addresses SG instability with a focus on its
interaction with the primary-side flow.

The second subsystem where parallel channel instability needs to be investigated is the
NPM core itself. The fuel assemblies in the core are not equipped with channels like BWR
fuel assemblies. Crossflow is possible among neighboring fuel assemblies. As a
conservative idealization for the sake of simplicity, the flow in each fuel assembly is
assumed to be one-dimensional without lateral mixing, as if the fuel assemblies are
channeled. The individual fuel assemblies are thus arranged in a parallel heated channel
configuration subject to a common constant pressure drop between the upper and lower
plena. It was shown in Reference 12.1.17 that this type of instability is dispositioned for
PWR conditions using the simplified conservative model of Ishii (Reference 12.1.18). The
neutron reactivity feedback is not needed for analyzing this mode as the destabilization
leading to flow oscillations in a single channel does not significantly excite a reactor power
response.

Conclusion: Parallel channel instability in the flow inside the tubes of the SG, if it occurs,
is benign because it does not result in resonant coupling to the primary coolant flow or
power oscillations. The SG tube inlet flow restrictor is designed to have a sufficiently large
pressure loss coefficient so that the magnitude of possible flow oscillations is limited to
meet SG performance criteria that is unrelated to primary coolant flow stability. This
throttling guarantees smooth operation of the SG. Further consideration of the stability of
the SG secondary flow is outside the scope of this report.

The parallel channel instability in the NPM core has been shown not to be a concern and
further consideration is not required in the stability analysis methodology.

4.3.3.2 Instability Mode: Primary Circuit Flow Coupling to Secondary Side Steam
Generator

Description: Density wave oscillations in the SG tubes (the secondary side), if they are in
phase, would result in an oscillating heat transfer coefficient and a corresponding
oscillation in the rate of heat removal from the primary coolant flow. The resulting
fluctuations in the heat sink correspond to cold leg density fluctuations and the flow of the
coolant in the primary circuit is induced to oscillate in response. Primary coolant flow
oscillations also induce core power oscillations. The oscillating primary coolant flow results
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in an oscillating heat transfer coefficient on the primary side, which affects the heat source
to the oscillating secondary side flow and the feedback loop is closed.

Evaluation: This primary-secondary coupling is of interest if the unstable oscillations in the
SG tubes are in phase, which is not the case because the tubes are coupled together
through common plena. This forces out-of-phase oscillations that cancel out the net heat
sink oscillations. Appendix A addresses additional aspects of this compound phenomenon.

SG secondary side flow coupling to the primary system-side flow is restricted to the effects
of the total secondary flow. Out-of-phase flow oscillations in the tubes are self-cancelling
and result in no net oscillatory effects. A change of the secondary flow by a forcing function
boundary condition influences the primary coolant flow, but the reverse is not possible.

Conclusion: The feedback loop between the SG and the primary side is broken in the
NPM. Therefore, no further consideration of possible destabilizing effects of primary-
secondary resonances is required in the stability analysis methodology. However, the
effects of an externally driven oscillation in the SG are addressed to show their influence
on the primary system. Section 8.2.7 addresses the effects of oscillating feedwater flow.

4.3.3.3 Instability Mode: Neutronic Coupling to Natural Circulation Instability

Description: Natural circulation instability was described earlier only considering
thermal-hydraulic phenomena. This mechanism is evaluated as a compound instability by
taking the effects of the neutron reactivity feedback into account. In response to a flow
increase perturbation at the core inlet, the core exit temperature is reduced if the core
power is kept constant. The reduction of the average coolant (moderator) temperature
introduces positive reactivity and the power is increased for the condition of a negative
moderator reactivity feedback. The power increase offsets the core exit temperature
reduction and the reactivity response becomes milder (reduced gain). However, the time
delay involved in these processes could result in reinforcing the perturbation if the resulting
phase shift is large. The case of BWR neutronic coupling destabilizes density waves
because the fluctuation in the energy added to the coolant through heat flux at the surface
of the fuel rods is delayed relative to the originating fluctuation in the fission heat
generation due to the radial heat conduction in the fuel rods. This time delay is significant
given a conduction time constant in the order of 2 to 3 seconds and the resulting phase
shift is close to 90 degrees, which is destabilizing. The reason for this large phase shift is
that the period of the density wave oscillation in BWR cores is 1.5 to 3 seconds. By
contrast, the oscillation period of the primary coolant flow in the NPM is at least an order
of magnitude larger than the BWR period, and therefore the conduction delay does not
result in a significant phase shift.

Evaluation: The conduction time delay between a fission power oscillation and the
resulting heat flux oscillation at the outer fuel rod surface is small compared to the NPM
flow oscillation period and therefore the negative moderator reactivity feedback is
stabilizing (opposite the effect in a BWR). The negative power feedback is shown to be
stabilizing in the analytical study given in Reference 12.1.16. Results of detailed numerical
studies presented in Section 8.0 confirm this result. Positive moderator feedback which
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may be present under certain conditions, has a destabilizing effect for NPM and this effect
is limited by the Doppler feedback.

Conclusion: The reactivity-to-power and power-to-heat flux phenomena are important for
the NPM stability performance and are included in the stability analysis methodology.

4.3.3.4 Instability Mode: NuScale Natural Circulation Instability

4.4

Description: The components of this compound instability were presented earlier.
Specifically, the stability of the flow in a natural circulation loop is first considered with
simplifying assumptions of constant heater power and constant density cold leg (due to
an idealized perfect heat exchanger/SG). The added phenomena include the reactivity-to-
power feedback. Further, the ideal SG assumption is relaxed where realistic modeling of
the heat transfer dynamics is considered. {{

2@ The system may include parts in which the flow is two-phase due to
subcooled boiling in the core and flashing in the riser, depending on the operating
conditions under investigation. The combination of the core with neutronic power
feedback, an adiabatic riser where density waves propagate with possible flashing, and {{

}}2@1© constitute
a dynamical system that is best modeled numerically.

Evaluation: The main instability mode is the NPM natural circulation instability, also called
riser instability mode. The evaluations rely on detailed numerical techniques where a
dynamical system is constructed using the:

e nonlinear differential equations governing the conservation of mass, momentum, and
energy of the generally two-phase flow field

e equations governing the fission power dynamics

e equations governing heat transfer

Section 5.0 describes the model. Sections 8.0 and 9.0 present results for various
representative operating conditions and sensitivity cases.

Conclusion: The limiting instability mode for the NPM is riser instability, also called NPM
natural circulation instability. Section 5.0 describes models used to analyze this instability.
Section 8.0 and 9.0 present the results for various representative operating conditions and
sensitivity cases using these models.

Phenomena Identification and Ranking Table

This section identifies and ranks the parameters and phenomena that are needed to
construct a working model for stability analysis. This identification is presented in a table
form in Table 4-1. The ranking is labeled H, M, L, or N for High, Medium, Low, and Not
Applicable, respectively. The "Not Applicable" category is reserved for phenomena that
were thought from past experience of other nuclear systems to be applicable and of some

© Copyright 2020 by NuScale Power, LLC

32



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1

importance, but were found not to apply to the NPM, nor to the case in which the excitation
of that phenomenon is preceded by another more important phenomenon and therefore
not limiting. The knowledge level for each item is included in parentheses, where (1)
indicates deficient knowledge and (4) indicates well characterized. Phenomena or
parameters ranking H(1) are of most concern and L(4) are of least concern.

Table 4-1 forms the basis for constructing the analytical model described in Section 5.0.
Section 10.1 examines the highly-ranked phenomena to show that they are accounted for
adequately in the evaluation methodology.

Table 4-1. Phenomena ldentification and Ranking Table

{{

@)
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5.0

5.1

5.2

Theory and Model Description of the PIM Code
Background

The objective of the PIM code is to simulate the dynamics of the flow in the NPM coolant
loop with special attention to optimal resolution of its stability. The extensive experience in
the field of BWR stability analysis, both numerical and first principle understanding, has
been utilized in addressing the new problem of single-phase natural circulation stability
that is unique to the NPM. The guiding principle in designing the PIM code is maintaining
simplicity, which is essential to the fidelity of stability analysis, while avoiding over
simplifications that would sacrifice the level of details needed to ensure the applicability of
the model to the actual reactor design and the important phenomena that were identified
prior to the stability work.

Based on industry experience, including work in national laboratories and universities in
the United States and abroad, it was found that a successful algorithm for
thermal-hydraulic stability is that of the RAMONA series of codes (References 12.1.19 and
12.1.20). The PIM code relies on the published description of the theory and numerical
methods of RAMONA, but is not a direct derivative of the coding, which has been
developed independently to address the geometry and specific needs of the NPM. The
main advantage of the RAMONA-type algorithm is the absence, or insignificance, of
numerical damping that affects other time-domain codes, and requires extensive studies
and adjustments before they can be successfully benchmarked and reliably used.

Even though frequency-domain methods in general are not affected by the numerical
damping problem as much as some time-domain methods, frequency-domain methods
have not been selected because they require linearization of the governing equations.
While linearization is accurate for small perturbations and properly identifies the decay
ratio and the conditions at the onset of instability, fundamentally frequency domain
methods are not suitable to analyze the stability of a highly-nonlinear system, such as a
natural circulation loop. A linearized model would not be able to discover the importance
of nonlinearities that may be manifested at relatively small perturbation amplitudes.
Fortunately, the RAMONA-type algorithm is capable of representing the nonlinear
interactions inherent in the natural circulation flow under study.

Assumptions and Limitations

The modeling in PIM is by necessity an approximation of the actual RPV and the flow
therein. The approximations are founded on basic assumptions regarding the geometry
and the representation of the flow fields and various interactions and feedback
mechanisms. Listing these assumptions and approximations is useful to put the results in
the right perspective and guide the assessment of uncertainties and accuracy of the
stability parameters. The major assumptions of the PIM code formulation are listed below
with the corresponding justification and engineering judgment regarding their impact on
the stability results. More details about modeling assumptions and their impact and
justifications are given in the respective sections describing various submodels:
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1. The flow around the primary loop of the NPM is one-dimensional where the flow area
varies along the flow path. This one-dimensional approximation is understandable
given the geometry of the loop where the flow direction is streamlined along the length
of the various components, core, riser, and downcomer. Two-dimensional effects
would be manifest, for example, if there were pumps distributed azimuthally around
the downcomer where not all of the pumps may be running. Two-dimensional effects
would also be manifested if there were multiple independent SGs where the SG in one
region is operated differently from other regions. The effects are not possible in the
NPM.

2. The flow in the core is represented by a single channel and coolant flow in the reflector,
control rod guide tubes, and instrument tubes is included in the active core flow. This
assumption is reasonable given that the individual fuel assemblies are not confined in
canisters or channels like those of BWR fuel assemblies. The alternative
approximation of several parallel channels to represent the flow in the core would
neglect crossflow, which is not obstructed in PWR cores. The extent of this
approximation is neglecting the effect of planar power distribution in the core on the
generation of subcooled voids that may survive, enter the riser section, and affect the
density head. {{

}}2(8),(0)

3. Power generation in the core is represented by a point kinetics model. Accordingly, the
axial power shape is invariant, which is a reasonable approximation given that only
minimal subcooled voiding is possible.

4. {

1@

5. The flow in the primary coolant loop is modeled as non-equilibrium two-phase flow in
which a drift flux formulation accounts for mechanical (velocity) differences between
the liquid phase and the vapor phase if vapor exists. Thermal non-equilibrium allows
the liquid to be in a subcooled, saturated, or superheated state, but the vapor is
restricted to the saturation state. Closing relations governing mass, momentum, and
energy exchange between the phases and the solid structures are adaptations from
commonly used correlations. The algorithms do not account for the possibility of
reverse flow.

6. The flow in the secondary side of the SG is modeled {{

}}Z(a),(C)
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}}Z(a),(C)

7. The pressurizer is not modeled. Pressure is specified by input and the dependence of
thermodynamic properties on pressure is uniform. This approximation implies that
pressure waves cannot be simulated where the sound speed is infinite. Given the long
transport times for fluid transit around the primary coolant loop and the low frequency
of the oscillations following any perturbation of the steady state, the impact of this
approximation on the stability calculation is negligible. {{

}y2@e)

8. A simplified model for ambient heat losses along the downcomer to the containment
vessel and reactor provides representative estimates for this small effect on natural
circulation driving head, which has some contribution at low power conditions. The
reason it is included is to improve consistency with plant operating condition estimates
for SG exit conditions. Not including this small effect would result in hotter steam exit
conditions than plant operating estimates. Additionally, it is useful to include it for
module heatup calculations when the SG is not online and the system is being heated
by the CVCS heater.

9. The solid structures within the RPV, except the fuel rods in the core and the SG tubes,
are assumed to have no heat exchange with the circulating fluid. This assumption
essentially neglects the thermal inertia of the RPV, so it is conservative. This
assumption includes the effect of heat transfer from the riser or core into the cold leg,
which is similarly conservative.

10. The total core thermal power, flow rate, pressure, and inlet temperature are specified
initial conditions for the primary coolant and SG secondary side. The specified
conditions are based on plant performance operational predictions associated with
plant design activities, or as chosen for sensitivity studies. Preserving these specified
conditions means that the SG total heat transfer performance is effectively specified.
Therefore, the SG heat transfer modeling performed here defines the relative heat
transfer profile of the SG and requires capabilities to establish the specified initial
conditions.

The following limitations of usage stemming from the theory and modelling apply:
1. Prediction of large oscillation amplitudes that produce reverse flow in the primary

system is not supported.

2. Prediction of effects of post-critical heat flux (CHF) heat transfer on fuel rods in the
core is not supported.

3. Evaluation of the effects of loss-of-coolant accident is not supported.
5.3 Conventions

The PIM code is programmed to receive input and give output in Sl units and dimensional
internal variables use Sl units. Units of meters, kilograms, and seconds are consistent
throughout the coding, except selected special modeling. The working unit for temperature
is Celsius. The unit of pressure and pressure drop is Pascal. Calculations such as change
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5.4

in pressure due to a form loss use this unit, but more convenient units of bar or millibar
are used in some cases to apply a sensible scale. Primary and secondary pressures are
input with units of bar and this unit is used for system pressure within the coding.

Theoretical discussions provided in this report utilize the above units, where departures
from the standard values are indicated by defining the units of a variable appropriately.

Geometry Representation

Figure 5-1 illustrates the geometry representation of the NPM pressure vessel for the
numerical simulation. The primary coolant loop is a one-dimensional flow path with
generally varying cross-section area along the flow direction. A heated section at the
bottom of the riser represents the core. A one-dimensional pipe, also of generally varying
cross-section area, represents the cold leg annulus. The helical coils of the SG fill part of
the cold leg volume and heat is exchanged between the downward flow in the primary
coolant loop and the secondary side (inside of the helical heat exchanger coil tubes). The
dashed line represents a pressure boundary condition that is imposed by the pressurizer.

Superheated Steam

Steam Generator

Feedwater

Core

)\

Figure 5-1.  lllustration of the Geometry Representation of the NuScale Power Module
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5.5 Thermal-hydraulic Model

The thermal-hydraulic model of the primary coolant loop is constructed by applying non-
homogeneous, non-equilibrium, time-dependent mass, momentum, and energy balance
equations for two-phase flow to the one-dimensional finite volume geometry representing
the NPM. The geometry of the primary coolant loop is represented by a one-dimensional
closed loop that is divided to N nodes or volumes of varying length and cross-section area.

{{

}}2(6),(0)
In the next subsections, the time-dependent conservation equations are written and
adapted to the one-dimensional finite volume geometry. Constitutive relations and
boundary conditions are also presented.
5.5.1 Conservation Equations

5.5.1.1 Mass Balance

The differential form of the vapor mass balance is written as

0 - ”
E(apg)+v-(apgvg)=l" Eq. 5-1
where
t = time
o = void fraction
P, = vapor density (a function of local conditions at the reference pressure)
v, = vapor velocity (vector)
r” = rate of vapor mass generated per unit volume

Integrating over the volume of a finite control volume and applying Gauss’s theorem,
considering that the flow velocity is perpendicular to the cross-section area of the control
volume, the mass balance equation becomes

0 ”

E(Vapg )n +(Aapgvg )n+1/2 —(Aongvg)H/2 =(I"7), Eq. 5-2
where
A = cross-section area
4 = volume
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and the subscript n refers to the average or bulk of the control volume, and n+1/2 refers
to the inlet and outlet boundaries of the control volume, respectively.

The differential form of the one-dimensional vapor mass conservation equation can be
obtained for a generally varying cross-section area along the flow direction,
A(z) , by considering an infinitesimal control volume and substituting » = 4(z)dz

in Eq. 5-2 to get

%((ng)+%aa_z(/lapgvg)= r Eq. 5-3

The form of Eq. 5-3, where the divergence term is replaced with a one-dimensional spatial
derivative with the cross-section area included in the differential and the term is divided by
the cross-section area, is valid for the transport of other conserved quantities such as
energy and momentum. {{

}y2@ne)

The vapor mass, M, in the control volume, 7, is obtained from
M, =(Vop, ) Eq. 5-4

and the vapor mass flow rate 5 at a given boundary from

My nyy2 :(A‘)Wg"g) Eq. 5-5

n—1/2
Substituting the vapor mass and vapor mass flow rate, and observing that the vapor mass

in the control volume is a function of time only, the partial time derivative is replaced by a
total time derivative gives {{

1@
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2@
5.5.1.2 Energy Balance

An energy balance equation for the vapor phase is not required because the vapor is
assumed to be in the saturation state in the reactor primary coolant loop. A single energy
equation is required to account for energy conservation. For the RAMONA code, a
mixture-energy equation is used, while here the equivalent option of liquid energy balance
is used.

For the liquid phase, the energy balance can be derived using the form of the mass
balance, and modifying the parameters to account for the energy carried by the mass flow
and including terms accounting for the heat of vaporization and heat transfer through the
wall of the control volume. Thus, for control volume, n, {{

}}Z(a),(C)
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5.5.1.3 Momentum Balance

The momentum balance equation for the two-phase mixture in the one-dimensional
differential form is given as (Reference 12.1.21)

G 19 ) 2\ 0P OoF . |
§+ZE(A(apgvg +(1-a)py; )) ——g—¥+g-z(apg +(1-a)p,) Eq. 5-13
where the mass flux G is obtained from
G=op,v, +(1-a)py, Eq. 5-14

is the two-phase mixture mass flux, and

pressure
wall and local friction function
gravitational acceleration vector

unit vector pointing to the flow direction

N> 09 T
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Notice that g-zZ=+g for downflow and upflow respectively, where the gravitational
constant g is positive.

{{

}y2@e)
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To sum up, the finite volume one-dimensional two-phase flow dynamic model differential
equations are {{

})2@.
5.5.2 Numerical Solution Procedure

This section describes the solution technique, followed by a presentation of the closing
relations and correlations in the following section.

The ordinary differential equations representing the flow transient are solved by a first
order finite difference approximation of the time derivatives and the equations are solved
by the explicit Euler method, except for the liquid enthalpy equation which is solved
implicitly. Thus, Eq. 5-7, Eq. 5-8, Eq. 5-12, and Eq. 5-35, respectively, are approximated
as {{

}y2@ne)

In the steady-state initialization, the void fraction is obtained directly for a given control
volume from the steam quality as
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o= Pe Eq. 5-40
C |1+ Pr_y | |4 e
Py m
where
x = flow quality
P, = saturated liquid density
P, = saturated vapor density
A = flow area
1 = mass flow rate
C, = drift flux concentration parameter

o drift flux velocity
The steady-state solution is obtained by a modified null transient for which the system of
differential equations is solved by time integration starting from an initial guess of the flow
field. The solution method differs from a true null transient method because the true null
transient does not converge in the important case of a physically unstable system, a

situation that is not known a priori. {{
JJ2@1e)

The void fraction during transients, including a null transient, is obtained from the vapor
mass in the control volume, which is a state variable. Thus,

o=—" Eq. 5-41

In the modified null transient, {{

}}2@()
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5.5.3

{{

}y2@()

In the above solution description, closing relations including the vapor generation and
condensation, drift flux correlations, pressure drop correlations, and the heat source/sink
from heat transfer in the core and the SG, are described separately in subsequent
sections.

Steam Generator Model

The PIM code uses a simplified model of the inclined, helically-coiled SG heat transfer
performance in which the secondary mass flow rate and feedwater inlet temperature are
specified for all nodes through initial conditions and transient boundary conditions. No
momentum solution is used and a simplified energy equation is used based on incremental
energy addition from the primary system through the SG tubes. Accordingly, the flow
enthalpy at the exit of an SG tube control volume (node) is calculated from

h. =h+0, Eq. 5-43
where
h, = flow enthalpy at a SG node boundary
0, = rate of heat transfer through the tube wall for the node
n = subscript indicating SG node number

Note that the geometry of the nodalization of the primary and secondary flow paths assigns
correspondence between the two such that energy is exchanged across the SG tube wall
between a single primary node and a single corresponding secondary node.

The purpose of the SG model is to provide a representative distribution of primary-side

fluid density in the vicinity of the SG by predicting axial evolution of total heat removal to
the secondary fluid along the axial length of the SG. The code user specifies {{

}}2(3),(0)
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Within the structure of the analysis model described in this section, the SG model
encompasses modeling of the secondary fluid conditions, conduction through the SG
tubes, and heat transfer at the primary-side and secondary-side tube surfaces. The SG is
incorporated into the analysis model via the rate of heat removal from each primary node

in the region of the SG, variable Qn of the energy balance shown in Eq. 5-9. At each time

step, the current-time primary temperature and flow rate associated with each node of the
SGis used {{

}}2(6),(0)

A single column of nodes, assuming the mass flow in the SG tubes is the same in each,
represents fluid in the secondary side of the SG. Total flow area within the SG tubes and
average tube length are used in the modeling. {{

}}2@.€) The heat transfer area of primary and secondary
control volumes associated with thermal conduction through the tubes and heat transfer
on the surfaces of the tubes is determined by the dimensions of the inclined helical
geometry of the SG tubes.

{{

}}2@)1) The enthalpy in each node of the
secondary is used to determine the fluid temperature and heat transfer regime associated
with heat transfer on the inside of the SG tubes.

As noted in the assumptions and limitations described in Section 5.2, the total heat
transfer performance of the SG is effectively defined {{

1@

The cylindrical conduction equation for the SG tube walls is solved consistent with the
description in Section 5.6.3.

The primary and secondary sides interact by exchanging heat through the SG tube walls.
Conditions for forced convective heat transfer on the primary side use single-phase
correlations appropriate for crossflow heat transfer on the exterior of the tubes (two-phase
models are not included). The modeling is consistent with the NRELAP5 heat transfer
package for primary-side crossflow heat transfer and has the following form,

Nu=CRe"Pr" Eq. 5-44
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where

Nu = Nusselt number
Re = Reynolds number
Pr = Prandtl number

The Reynolds and Nusselt numbers are based on a characteristic length taken as the
tubes' outer diameter consistent with the correlation definition. The area basis is the
minimum flow area (corresponding to the maximum fluid velocity) between tubes. The
correlation coefficients of Eq. 5-44 are given in the NRELAP5 documentation and verified
based on NuScale testing results with NRELAPS5 are as follows;

C=0.211
n=0.651
m = 0.34

The coefficients are user-input, and other values may be applied if warranted by testing.

Heat transfer modeling on the secondary side (inside the SG tubes) covers the entire
range from subcooled single-phase liquid to superheated vapor. The Dittus-Boelter
correlation is used for single-phase liquid and vapor forced convection heat transfer from
Eq. (8.59) of Reference 12.1.24

Nu=0.023 Re"® Pr'* Eq. 5-45

where the Reynolds and Nusselt numbers are based on a characteristic length taken as
the tubes' inner diameter.

Boiling heat transfer is modeled with the form of the Chen correlation extended to
subcooled boiling as proposed by Collier, Eq. (12-33) of Reference 12.1.25. Accordingly,
the heat flux is obtained from

q”:hNB (Tw _T;at)-‘rhc (Tw _T;)ulk) Eq 5_46
where
T, = wall temperature
T, =  fluid saturation temperature
Tyun = fluid bulk temperature

The nucleate boiling heat transfer coefficient, 7,, , is as shown in Eq. (12-31) and the
convective term, #_, is shown in Eq. (12-29) of Reference 12.1.25.

Laminar and turbulent natural convection contributions are computed in addition to the
forced convection effects described above. The forced and natural convection effects
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5.5.4 Ambient Heat Losses

A simplified model is used to optionally account for ambient heat losses from the primary
vessel to the containment and into the reactor pool. This heat loss reduces the amount of
heat passing through the SGs and is consistent with heat balance calculations. The model

is incorporated via the variable Q, of the energy balance shown in Eq. 5-9 for nodes

associated with the downcomer. Ambient losses are added to the SG heat rate for nodes
in which both effects are present.

At each time step, the current-time primary temperature of each node of the downcomer
is used to calculate a new-time nodal heat removal rate from the primary. The ambient
heat rate for node » is calculated from
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Qn = hamb ”Dvess,n AZn (]—‘bul/cn - T;zmb) Eq 5_47
where
B = ambient heat transfer coefficient
) essin = user-input vessel inner diameter
T, = user-input ambient reactor pool temperature

The ambient heat transfer coefficient is evaluated by a separate model (not inside the PIM
code). The model includes effects of conduction through the reactor and containment
vessels, thermal radiation between the vessel wall inside the containment volume, and
surface heat transfer rates. The results of this evaluation are fitted to a third order
polynomial which is a function of the coolant temperature on the inner surface of the vessel
wall. The heat transfer coefficient is as follows. {{

}j2@1)
Chemical and Volume Control System Model

Modeling of the CVCS is provided for two purposes. First, during at-power operations the
model simulates heat losses associated with cooling water to an acceptable temperature
for passing through the chemical exchange systems. This heat loss reduces the amount
of heat passing through the SGs and is consistent with heat balance calculations. Second,
the model is necessary to perform module heatup calculations, where a heater in the
CVCS supplies energy the primary system coolant and induces primary coolant flow.

In PIM, the CVCS is modeled by withdrawing letdown flow from a user-specified node in
the downcomer at the local node conditions, passing the extracted fluid through the CVCS
heaters and pumps, and returning charging flow to a user-specified node in the riser. The
fluid mass and energy are added to the node. {{

}@.e)

Modeling of the regenerative and non-regenerative heat exchangers is performed using a
total {{

}}2(6),(0)
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5.5.6 Closing Relations
The system of equations derived from the differential form of the mass and momentum
and energy balance require additional algebraic relations. These closing relations include
the following:

o fluid properties - thermodynamic state equations and transport properties

e pressure drop correlations including single-phase friction and two-phase multipliers
e form losses including two-phase multipliers

e drift flux parameters

e evaporation and condensation rates

o heat transfer coefficients
Except for heat transfer coefficients, the relations are presented in the following sections.
Heat transfer related to the SG is described in Section 5.5.3 and heat transfer related to
the core is described in Section 5.6.

5.5.6.1 Fluid Properties
Fluid properties are based on curve fits of the necessary fluid properties over the expected
range of analysis. Fits are verified by comparing to an implementation of the International
Association of the Properties of Water and Steam (IAPWS), 1995 version described in
Reference 12.1.26. Key properties necessary in PIM are described below.
The following saturation properties are calculated as functions of pressure:
e saturation temperature (degrees-C)
e liquid density (kg/m?3)
e vapor density (kg/m?)
¢ liquid enthalpy (J/kg)
e heat of vaporization (J/kg)
o liquid specific heat (J/kg-K)
e vapor specific heat (J/kg-K)
The following saturation properties are calculated as functions of saturation temperature:
e liquid viscosity (kg/m-s or Pa-s)

e vapor viscosity (kg/m-s or Pa-s)
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¢ liquid conductivity (W/m-K)

e vapor conductivity (W/m-K)

e surface tension (N/m)

The following subcooled liquid and superheated vapor properties are calculated:

¢ liquid temperature from liquid enthalpy (degrees-C), where the input liquid enthalpy is
referenced to saturation enthalpy

e liquid density from pressure and enthalpy (kg/m?3)
e vapor temperature from pressure and vapor enthalpy (degrees-C)
e vapor Prandtl number from pressure and temperature (-)

Other properties, such as liquid Prandtl number, are derived from the appropriate functions.
Inverse properties for liquid enthalpy as a function of liquid temperature are determined {{

}}2(6),(0)
5.5.6.2 Frictional Pressure Drop

Frictional pressure drop, AP, , across a node (control volume) ,#, is calculated using

standard techniques for two-phase conditions and is based on the single-phase Darcy
friction factor formulation. Dropping the subscript indicating the node to simplify notation

gives
.2
AP, = S A2 S Eq. 5-49

D, 2pA
where
I = friction factor (for single-phase or two-phase flow)
D, = hydraulic diameter
Az = length of node (control volume)
A =  flow area

The friction factor is correlated as function of Reynolds number for single-phase flow, and
a quality-weighted function of liquid and vapor friction factors for two-phase flow. The liquid
and vapor Reynolds numbers are calculate as
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Re Eq. 5-50

w:,uw,—A

where

m mass flow rate
Dy hydraulic diameter of the pipe or rod bundle
oy dynamic viscosity of the liquid or vapor

A flow area

The subscript 1¢ stands for either / (liquid) or v (vapor).

5.5.6.2.1 Single-Phase Friction Factor

A single-phase friction factor model is described that has more complexity than that
described in Reference 12.1.27, which addresses only the smooth-tube formulation of
Blasius for turbulent flow and does not address the transition region between laminar and
turbulent flow. Here, an explicit form of the Colebrook equation (Reference 12.1.28) for
friction factor as function of Reynolds number and roughness is used along with a
transition ramping model. The basis for the friction factor model described here is Section
3.3.8.6 of Reference 12.1.29.

The single-phase friction coefficient, f,, can be calculated as a function of the phasic
Reynolds number in Eq. 5-50 for three different regions as follows:

Siis laminar region Re, <Re,,
Jio = Srense transition region Re,, <Re, <Re,, Eq. 5-51
Jr1s turbulent region Re,., <Re,
where
Re,,, =  Reynolds number lower limit for the laminar-to-turbulent transition region
Re,., = Reynolds number upper limit for the laminar-to-turbulent transition region

The transition from laminar to turbulent regimes is consistent with Reference 12.1.29. The
value for these limits is user-input. The values described in Reference 12.1.29 are 2200
and 3000, respectively. The friction factor in the transition region is obtained by
interpolation between the laminar and turbulent values. The friction factor for the three
regions are the following:

C m
Siao(Rey, ) == Eq. 5-52
1¢
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Re ow Rehi h
fT””"W (Rel¢ ) ) (1 ) Rella J( Rehigh _gRe/uw J(fr,w (Rehigh ) - fL,1¢ (Relow )) + vaW (Relow) Eq.5-53
S L+ﬂ£1.14—2 loglo[i+L€D Eq. 5-54
frio (Rew) 37D, Re,, D, Rey,
where
£ = pipe roughness

The numerical value C,, =64 typically described for laminar flow is for flow in a round

pipe. However, as described in Chapter 9 Section IV.B of Reference 12.1.25, the
coefficient depends on geometry. According to Eq. (9.82) and Table 9-3 of Reference
12.1.25 for a rod bundle,

A A

2
C =35.55+263.7(;—1j—190.2(;—1) Eq. 5-55

lam

where 1/d is the pitch-to-rod diameter, resulting in C,,, =102 for 1/d =1.33 for the typical
NPM fuel bundle geometry.

5.5.6.2.2 Two-Phase Friction Factor
With single-phase friction factors evaluated based on liquid and vapor properties, the
Reference 12.1.27 approach is used to model the two-phase transition between these

conditions.

The single-phase friction factors are obtained from Eq. 5-51. The mixture friction factor is

obtained as
£ :(fz +2x[f”&‘f1D(l‘x)” +f 20 Eq. 5-56
v pv
where
x = flow quality
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5.5.6.3 Pressure Drop for Local Form Losses

The generally two-phase form loss coefficient needed for evaluating pressure drop
in Eq. 5-32 is correlated as function of the mixture Reynolds number. The latter is defined
from

inD,
Rez¢ :m—H

Eq. 5-57
“, 4 !

where the mixture viscosity is obtained from a quality-weighted interpolation of liquid and
vapor viscosities [Cichitti et al. relation shown in Eq. (11-80b) of Reference 12.1.25] as

u, =xu, +(1-x) 1 Eq. 5-58

The loss coefficient as a function of the two-phase Reynolds number in Eq. 5-57 takes the

form
AY| (4
@F(A—] C{A—} Rej,+c Eq. 5-59

ref ref
where the coefficients «, b, and ¢ are user-input along with a reference area 4,,
associated with the loss coefficients.
5.5.6.4 Drift Flux Parameters

The drift flux parameters used in formulating the flow equations are the concentration
parameter, C, , and the drift velocity, V. Homogeneous flow conditions can be imposed

by specifying C,=1 and V, =0.

For non-homogeneous flow, the values of the drift flux parameters are user-input. A
correlation for the drift flux parameters is obtained from Eq. (3.10) of Reference 12.1.30.

Accordingly,
C,=1.13 Eq. 5-60
( ) 0.25
= O
v, =141 [L‘jg] Eq. 5-61
P,

where ¢ is surface tension.

The numerical value V,; =0.14 m/s is calculated at the nominal NPM operating pressure
and it has only a weak dependence on pressure.
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5.5.6.5 Evaporation and Condensation

The correlation for phase change (evaporation and condensation) is adapted {{

1J2@.©) A boiling coefficient of 7=5000 kg/m’s
is the default value, where the user can change it by input. {{

}}Z(a),(C)
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The latent heat and the reference saturation enthalpy vary with pressure. While the
pressure is assumed to be uniform for all other considerations to avoid tracking acoustic
waves at the expense of density wave stability fidelity, an exception is made for the vapor
generation model. By adjusting the pressure due to static head, the physically correct
enthalpies are used and flashing in the riser can be calculated.

5.6 Core Modeling
5.6.1 Neutron Kinetics

A point neutron kinetics model represents the dynamics of the power generated in the core
with {{ 2@
These assumptions and simplifications are suitable to the simulation of a small PWR core.
The three-dimensional power distribution changes during transients originate in large local
reactivity variations, such as control rod motion, significant boiling, or out-of-phase density
wave instabilities, which may occur in a large core. These phenomena are not important
in the stability calculations of the NPM.

The time scale of reactivity changes corresponds to the time scale of flow and temperature
changes caused by possible flow oscillations. This time scale is larger than that of the
prompt neutrons. Prompt neutron criticality is not possible as a consequence of thermal-
hydraulic oscillations. This condition makes the prompt jump approximation physically
suitable, but not necessary. The prompt jump approximation is not used because it would
result in mathematical singularities in the case of applying the code outside its originally
intended scope where large reactivity insertion occurs.
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In the point kinetics approximation, the neutron flux distribution remains invariant during a
transient while the magnitude of the neutron flux changes with time. The same assumption
is applicable to the distributions of the delayed neutron precursors and the generated
fission power. Thus, following Reference 12.1.12, the point kinetics equations are given
as

%zﬂ(p—l)d)+ﬂ€ Eq. 5-67

%;:ﬁ¢—ic Eq. 5-68

where

dimensionless amplitude of the neutron flux, or equivalently power
amplitude of the delayed neutron precursor concentration
reactivity in dollars

prompt neutron generation, sec

delayed neutron fraction

decay constant of the delayed neutron precursors, sec™’

S>> O G

The time derivatives are approximated using first order finite differencing and an {{

}y2@©)
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5.6.1.1 Doppler Reactivity Calculation

Fuel temperature reactivity feedback is calculated from the effective fuel temperature for
Doppler reactivity (variable Tpoppier) Shown in Eq. 5-102 of Section 5.6.4.4. This is a single
temperature representing the average fuel temperature in the core. The fuel temperature
reactivity feedback accounts for effects, such as temperature dependence of resonance
integrals, in a manner similar to Eq. (14-34) of Reference 12.1.31 and is calculated from

N, =M, C, [\/TDWMO +273.15 [T, +273.1 5} Eq. 5-76
where
Akwp,, = change in multiplication factor due to the Doppler effect
TDOppIer effective fuel temperature for Doppler reactivity (degrees-C)
Toopplero = initial temperature at start of the transient (degrees-C)
CDW = Doppler coefficient
My, = user specified Doppler coefficient multiplier

The Doppler coefficient is exposure-dependent and has a form consistent with Eq. (14-36)
of Reference 12.1.31. The relative cycle exposure is used to {{

}}2@()
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5.6.1.2 Moderator Reactivity Calculation
The moderator reactivity feedback is accounted for based on change {{
}}Z(a),(C)
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Notice that at cold conditions in which the density is relatively high, negative moderator
density (positive moderator temperature) reactivity feedback is possible at low exposure
where the boron content is relatively high. This phenomenon is equivalent to a positive
MTC.

{{

}}Z(a),(C)

The total density reactivity feedback is calculated by summing over all nodes in the core
by node volume and neutron-flux squared weighting. The neutron flux distribution is taken
as the axial power distribution provided as a user input.

ZAkMD,n ( ¢n )2
Ak, =27 Eq. 5-81
2

2. (Az,9,)

n=1
where
Ak,,, =  change in multiplication factor in the core due to moderator density

change

Az, = height of node » (total number of core nodes is N)
®, = normalized neutron flux/power profile from input for core nodes, n
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5.6.1.3 Net Reactivity Calculation

5.6.2

5.6.3

The net reactivity feedback is calculated by the sum of change in multiplication factor due
to the Doppler effect and moderator density change. The reactivity in dollar units is then
obtained by dividing by the delayed neutron fraction and used to drive the point kinetics
equations.

The user can modify the reactivity feedback by adding or multiplying the calculated
reactivity for the purpose of sensitivity analysis as indicated in the last sections. External
reactivity can be added as a user-specified forcing function. This functionality allows the
simulation of boron concentration changes and control rod movement as functions of time.

Decay Heat

The decay heat is maintained at a constant thermal power throughout a calculation and is
input by the user as a percentage of the initial thermal power. This approach is taken
because the time response of decay heat is larger than an oscillation period and it allows
direct access to initial decay heat load for sensitivity studies.

Cylindrical Heat Conduction

The heat equation for transient conduction in cylindrical coordinates with constant
properties and no internal heat generation for the SG tubes and fuel cladding is

oT 1o oT
| = Eq. 5-82
Py ot rar(r arj a
where
T = temperature
r = radial position from tube center
P = density
k = thermal conductivity
c, = specific heat

This equation can be written in finite difference form and solved implicitly for temperature
at chosen radial mesh points.

Radial discretization is accomplished by dividing the cylindrical cross section into M-/
shells, that is M surfaces, including the inner and outer surfaces. The thickness of the
shells is uniform. Thus,

Eq. 5-83
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where
r=r, = outer surface radius
r=r = inner surface radius

Figure 5-2 illustrates the discretization scheme.

The implicit finite-difference equations for interior nodes, m=2,3,..,M -1, can be
expressed as

Ar)\( T, —T, Ar\( T, -T,
C (old) rm +— | rm 5 T AL
pC, T, -1, 2 Ar 2 Ar

k ot r,Ar

Eq. 5-84

where the superscript (old) refers to the previous time step value, and

ot = time step
shell radius at node m

7

Ts
Ty
Tm

T,

T4

r=ri r=rm

Figure 5-2.  Cylindrical conduction nodalization

The outer surface (node M) is exposed to fluid contact and is subject to a convective
boundary condition,

4%, -1 Eq. 5-85
r
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that leads to the finite difference form at the outer edge,
h Ar\( T, —T,
2(r _—7T )_ P i | etV Y T R
C oty Tu ( oM ~Au (M j( j
pPL, Ty =T, _ Tk 2 Ar Eq. 5-86
k ot ryAr/2
The equivalent equation for the inner surface node at m=1 is similarly written as
Ar\( T, -T, h
| = R P e A
C _ (old) (”1"" )( ) n ( 00,1 1)
Pey =0 2 Ar k Eq. 5-87

k ot rAr/2

Equations Eq. 5-84, Eq. 5-86, and Eq. 5-87 can be rearranged in matrix form for old- and
new-time temperatures and solved in a standard matrix solver. Material properties of the
SG tubes and clad are addressed in Section 5.7. Heat transfer coefficients are determined
for the SG as described in Section 5.5.3 and for the fuel rods as described in Section 5.6.4.

5.6.4 Fuel Rod Heat Conduction

The calculations of the fission and decay heat generation are described in previous
sections using a point kinetics model and user-input decay heat value. Most of the fission
energy is deposited in the UO, pellets in the fuel rods, while a small percentage resulting
from neutron slowing down and gamma absorption is deposited directly in the coolant.

The determination of the total heat source to the coolant requires performing the transient
thermal conduction in the fuel pins for the heat transfer through the fuel pin cladding wall.
In the steady state, all of the fission heat generated is equated to the heat source, but for
transients the effects of heat capacity and finite thermal conductivity of the fuel pins result
in a filtering effect in which the heat generated in the fuel pins is transferred to the coolant
with a damping of amplitude and a time delay.

In addition to determining the total heat source to the coolant, an effective fuel temperature
is necessary for use in fuel Doppler feedback to the point kinetics model, which requires
a single effective temperature for the fuel pellets in the core.

Both of these objectives require a fuel rod model that accounts for the pellet, pellet-clad
gap, cladding condition, and heat transfer from the clad surface to the coolant.

In performing these calculations, one single average pellet is analyzed to determine
temperature and heat flux based on the core average power deposited in the fuel pellet,
the core average coolant temperature, and the core inlet flow rate. Then, the total heat
rate to the coolant is apportioned to the individual nodes of the core based on the input
axial power profile. This single pellet model is a sufficient representation of the core for
the slow (with respect to the thermal time constant through the pins) stability events.
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5.6.4.1 Pellet Heat Transfer
An integral lumped parameter method is used to account for the heat conduction in the
fuel pellets that accounts for the temperature dependence of the pellet conductivity. This

approach is taken because the fuel temperature does not change quickly, and because
the method {{

}y2@ne)

The power deposited in the pellets is related to the total fission energy calculated from the
neutron point kinetics model as

Qpel/et = (1 - gD )Qﬁssion Eq 5-89

where ¢, is the fraction of energy deposited directly in the coolant and has a typical value
of 0.026 for a PWR.

Applying a finite difference approximation to the {{

}}2@()
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Section 5.7 addresses material properties of the fuel.
5.6.4.2 Cladding Heat Transfer Coefficient

Convective heat transfer from the surface of fuel rods is modeled for single-phase liquid
water. The models are consistent with the subcooled heat transfer in the SG secondary
described in Section 5.5.3, and mainly consists of the Dittus-Boelter equation for turbulent
heated fluid from Eq. (8.59) of Reference 12.1.24

Nuy, =0.023 Re)® Pr™ Eq. 5-93

where D is the fuel assemblies hydraulic diameter. Natural convection from the tube
surface and a convective lower limit are included, but they are generally unimportant in
stability calculations.

5.6.4.3 Numerical Solution Procedure
Knowing the old-time heat flux from the pellet, the user input-heat transfer across the

pellet-clad gap, and the old-time cladding inner temperature, the pellet surface
temperature is calculated as the following:

TS,pellez‘ = T;i + qu”"t Eq 5-94
AS, pellet hgap
where
I ue =  pellet surface temperature
T, = clad inner surface temperature
Ay = total pellet surface area
h = pellet-clad gap heat transfer coefficient (user input)

gap

This pellet surface temperature and pellet-clad gap heat transfer coefficient are in the
cylindrical heat conduction equation along with the core average coolant temperature and
cladding heat transfer coefficient to calculate updated cladding temperatures.
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The pellet-clad gap conductance is a function primarily of the size of the gap and
therefore varies from the beginning to the end of a cycle, with the gap conductance
increasing as the cycle proceeds and the gap closes. However, sensitivity studies have
shown that the stability solution is very insensitive to the gap conductance. The gap
conductance can be acquired from the range specified below or produced from an NRC
approved fuel performance code such as COPERNIC (Reference 12.1.36). The pellet-
clad gap conductance used in the stability analysis is a value averaged over the entire
core. The gap conductance at the beginning of cycle is hgapsoc =5 x 103 W/m? C and the
end of cycle value is hgapoc = 8 x 10* W/m? C. Intermediate values during the cycle are
determined using the following equation:

1
1 1 >(1 —%)

hgap, EOC I (hgap,BOC hgap, EOC

hgap(x) = Eq. 5-95

where x is the exposure fraction. Middle of a cycle corresponds to an exposure fraction
of x =0.5, for which a gap conductance of hgap = 10* W/m?2C is calculated from Eq. 5-96.

The heat rate from the clad surface to the coolant is then calculated by

qclad = _hclad Aclad (T;oolant _T;o) Eq 5 _96
where
Gotaa = heat rate from the clad surface to the coolant
ota =  clad surface heat transfer coefficient
Ay = total clad outer surface area
T, oion = coolant temperature
T, = clad outer surface temperature

The total heat source to the coolant is thus obtained from
Q = 8D Qﬁssion + qclad Eq 5-97

Equation Eq. 5-97 is then used in conjunction with a specified power shape for the core

to determine the rate of heat addition to each node in the region of the core, variable O,
of the Energy Balance shown in Eq. 5-9.

5.6.4.4 Pellet Centerline and Average Temperature
Information on pellet temperature is necessary for determining the average pellet

conductivity and fuel Doppler coefficient. Axial conduction is neglected, and the radial fuel
conduction equation with assumed uniform volumetric heating is

—27rk, Z’—T =nr’q” Eq. 5-98
r
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where
k, = fuel pellet conductivity
T = temperature
q” = volumetric heat generation rate for energy deposited in the fuel

The pellet conductivity dependence on temperature and burnup {{

}}Z(a),(C)

The average fuel temperature can then be estimated assuming uniform conductivity and
heat source by

1
T =5 (T +T5) Eq. 5-102

Finally, the effective temperature used in fuel Doppler feedback to the point kinetics model
includes surface importance weighting

TDoppler = a)T;vg + (1 - a)) TS Eq 5-103
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where
Dooppler = effective fuel temperature for Doppler reactivity
0] = temperature weighting factor, {{

}y2@i©)

5.6.5 Critical Heat Flux

The code analysis for the determination of the system stability does not result in any large
oscillation magnitude and therefore does not require CHF calculation. However, for
unstable cases that would result from inadvertent operation outside of the normal range,
it is important to determine if the CHF is reached. For this purpose, the EPRI-1 correlation
(Reference 12.1.32) is used to screen the results based on the relative change of the CHF
ratio compared with its initial value.

{{

}}Z(a)q(C)

The EPRI-1 correlation has the following basic form from Eq. (1) of Reference 12.1.32
(coefficients are indicated with a B instead of P for clarity relative to the reference). Note,
other modified correlation forms to account for cold wall effects, grid spacers, and axial
non-uniformities are proposed in Reference 12.1.32 and other references. These
modifications are not applied here because the purpose is to predict trends in CHF

= A i Eq. 5-104
qCHF C + (xL - xin )/qz q
with the coefficients
A=B phG" ) Eq. 5-105
C=B,phGP ) Eq. 5-106
where
qlnr = CHF (MBtu/hr-ft?)
qr = local heat flux through cladding (MBtu/hr-ft?)
X, = inlet equilibrium quality
X, = local equilibrium quality
G = mass flux (MIbm/hr-ft?)
P, = reduced pressure (input pressure divided by critical pressure) p. =p/p,.
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Dorit = critical pressure = 3206.2 psia (221.2 bar)
B = correlation coefficients for =1, 2,..., 8 with the following values

B, =05328 B, =0.1212
B,=1.6151 B, =1.4066
B,=-03040 B, =0.4843
B,=-0.3285 B, =-2.0749

Reference 12.1.32 describes the correlation parametric ranges to be pressure: 200 to
2450 psia, mass flux: 0.2 to 4.1 Mib/hr-ft?, quality: -0.25 to 0.75. Of these, the low flow
range affects PIM modeling. {{

}}2(6),(0)

In implementing the CHF correlation within the scope of the one-dimensional core model
of PIM, it is necessary to correctly account for radially non-uniform power (axial effects are
accounted for by the user-specified axial power profile). The radial nonuniformity effect for
the local hydraulic conditions {{

1@

The radial nonuniformity effect for the hot pin conditions at location L is accounted for by
calculating the local heat flux through the cladding (a fraction of the fission energy defined
by ¢, does not pass through the cladding) as follows;
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qz — qn-f;zxxyf;od Eq 5_108
AHeated
where
Sood = user-input hot rod peaking factor
q, = nodal heat rate leaving the cladding in the current node n
Ayma =  heated area of the fuel pins in the node

The assembly hot channel factor is selected to represent the local fluid conditions near
the hottest pin. The user selects the factor to account for local mixing effects (or lack of

mixing). {{

})2@)e
5.7 Material Properties
Material properties are modeled as follows:

Steam Generator Tube Materials: Selected material properties are necessary to model
conduction through the SG tubes. Values of the appropriate material for thermal
conductivity, specific heat, and steel density are input by the user from standard
references. Values are maintained constant for the duration of an analysis.

Fuel Rod Materials: Modeling of conduction within fuel rods is necessary to predict fuel
temperature feedback on neutron kinetics calculations. Except for fuel conductivity
described below, the material properties for fuel and cladding are taken from standard
reference sources such as MATPRO (Reference12.1.33) and maintained constant for the
duration of an analysis.

Fuel Conductivity: Temperature-dependent fuel conductivity is calculated during the
transient using Eq. (2-52) from Reference 12.1.34 without the gadolinium degradation
effect or annealing of irradiation defects terms. The first order burnup effect of the
reference equation is also implemented, but higher-order annealing effects are neglected.
The conductivity relation from the reference {{

}}2(3),(0)
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)2@i)
5.8 Numerical Solution

The numerical solution techniques have already been described for the main model parts,
namely the thermal hydraulics, the point neutron kinetics, and the pin heat conduction.
The overall numerical solution applies the same time step size to these model parts and
applies them in sequence. In that way, the {{

1@,

After converging to a steady-state solution that is not necessarily stable, the transient
calculations are performed as follows:

e The point kinetics model is solved implicitly to update the fission energy term.

e The fraction of the fission energy deposited in the pellets is used in the pin heat
conduction model to calculate the heat transfer at the clad surface. This term is
added to the direct energy deposition to obtain the energy source term in the coolant.
The conduction model is also used to get pellet temperature for Doppler reactivity to
be used in the subsequent time step.

e The SG model is integrated to get the heat transfer from the primary coolant loop
control volumes in contact with the SG secondary side.

e The core heat source term and the SG heat sink term are used in the thermal-
hydraulic explicit solution of the fluid flow conservation equations. Mass flow rate,
void fraction, and temperature fields are calculated. The coolant temperature in the
core section is used to calculate the moderator temperature reactivity term for using
in the subsequent time step point kinetics solution.

The stability of the calculated flow is optionally examined by introducing a user-defined
perturbation. This perturbation is typically accomplished by assigning a nonzero pressure |
residual term for a small period of time, but can also be accomplished with a reactivity
perturbation. The perturbed flow oscillates and the oscillations either grow if the system is
unstable or decay to return to the pre-perturbation state eventually. The stability
parameters, decay ratio and frequency, are calculated by a separate program using the

mass flow rate time series output generated by the PIM code.

© Copyright 2020 by NuScale Power, LLC |
77



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1

{{

2@ ©
Figure 5-3.  Computational flow chart of the major blocks in the PIM code
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6.0

6.1

6.2

Stability Testing and PIM Code Assessment

The analytical and numerical results make a complete picture of the natural circulation
loop stability when relevant experimental data are included. For this purpose, test data
from the NIST-1 facility are utilized. Stability tests were conducted in the NIST-1 facility to
assess primary system stability performance in an integral test and to provide information
to assess the capability of code models to predict the stability behavior. The following
subsections describe the facility, test results, and code assessment results.

Stability Testing in the NuScale Integral System Test Facility
The NIST-1 facility at Oregon State University simulates the thermal-hydraulic operation

of the NPM at prototypical primary loop conditions. The facility includes an integrated RPV
that houses an electrically-heated core bundle, a helical-coil SG, and a pressurizer. {{

}y2@©)

Testing Techniques and Results

Two testing techniques were used to allow the extraction of stability information from the
NIST-1 facility. {{

1@,
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}}2(a),(C)

Figure 6-1. Example of NuScale Integral System Test power excitation and the resulting
primary flow rate
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Figure 6-2.  Example of NuScale Integral System Test steam generator feedwater flow
excitation and resulting primary flow rate

{{

}}2(3),(0)
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Figure 6-3. Example of autocorrelation function extracted from a 10-hour NuScale Integral
System Test primary flow signal
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Table 6-1. Decay Ratio and Period Results (Test Type | perturbed by power and feedwater flow,
and Test Type Il is noise analysis with autocorrelation function).

{{

1@
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6.3 Code Assessment Results

Section 5.0 presents the model for stability analysis, including detailed governing
equations. The computer code PIM embodies the model presented. Predictions of the PIM
code are compared the NIST-1 test data in this section to demonstrate the capability of
the code to predict accurate stability results. In performing the assessment, analyses of
NIST-1 tests at {{

}y2@ie)

{{

1@

Figure 6-4. NuScale Integral System Test experimental data and PIM prediction of primary
flow response to a feedwater flow excitation at 160 kW

{{

}y2@e)

The decay ratio and period are estimated for all the cases by considering the first three or
four peaks following the initial perturbation and applying Eq. 6-1. Table 6-2 provides the
results for predicted decay ratio and period from PIM for analyzed power levels, with the
corresponding measured values. {{ }2@.)

© Copyright 2020 by NuScale Power, LLC
84



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A

Rev. 1
{{
2@
Table 6-2. Decay Ratio and Period for Measured and PIM-calculated NuScale Integral System
Tests
{{

}}2(3),(0)

The decay ratio and period for all the PIM code runs at different power levels are plotted
together with the NIST-1 measured values in Figure 6-5 and Figure 6-6.
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Figure 6-5 NuScale Integral System Test-measured and PIM-calculated decay ratios
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Figure 6-6 NuScale Integral System Test-measured and PIM-calculated oscillation period

The predicted decay ratio and period from PIM are in overall acceptable agreement with
the data when considering that the highly stable nature of the tests and the predictions
make it difficult to interpret results. Overall, predicted decay ratios are {{

}}?@)1 than the measured values, which is in the conservative direction for
assessing NPM stability.

6.4 Stability Test and Assessment Conclusions

Comparison of the NIST-1 test data with the PIM code predictions shows the PIM code
has a conservative bias for the predicted decay ratio of primary system flow peaks that
occur immediately after a feedwater flow perturbation. This difference is acceptable
because it demonstrates the PIM code provides conservative predictive model for stability
analysis of the NPM. Additionally, stability tests performed in the NIST-1 facility
demonstrate the stable response of the scaled test facility for primary flow stability. The
results of the NIST-1 testing cannot be directly used to draw conclusions about the stability
of the NPM, because the NIST-1 facility is not scaled to preserve stability behavior, and
different stability parameters and trends are not guaranteed between the two. The
important result is that PIM results for the NIST-1 simulation runs agree well with the data,
which confirms the suitability of the embedded models. This confirmation provides the
needed assurance that these models are accurate for analyzing the NPM stability.
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7.0

7.1

Support from First Principles Analysis

In this case, first principles analysis is possible only with simplifying assumptions, but it
provides valuable insights into the physical nature of the stability problem. It completes
the set of tools needed to understand and quantify the stability of the NPM. These tools
and mutual links are:

o The PIM code is the main stability analysis tool. Preceding sections presented detailed
code models and numerical techniques.

o Stability testing in the NIST-1 facility. The results of these tests, presented in preceding
section, cannot be compared directly to the NPM since the NIST-1 facility is not scaled
for stability. Instead, the NIST-1 stability results are compared with PIM calculations to
validate the code models and thus validated the code can be applied with confidence
to NPM.

o First principles analysis. Simplified models are used to provide decay ratio estimates
that are free from numerical diffusion problems, which historically caused code results
in the BWR context to be suspected of underestimating decay ratios. First principles
analysis can be used to study stability trends beyond the range of possible
experiments. Additionally, first principles can be used to provide scaling information,
which help the basic understanding of test results as they apply the full scale NPM.

The next two subsections present first principles analyses. The first one presents a stability
analogue for a single-phase natural circulation loop with the simplifying assumption of an
idealized heat sink. The second one presents an analysis of the stability trend if the
idealized heat sink assumption were to be relaxed.

Stability Analogue

A simplified analogue for the flow in the main loop of the NPM is accessible for analytical
solution. The loop geometry consists of a fixed-power heater representing a nuclear core
that is short compared to the riser section. The loop is closed by the cold leg downcomer
where the heat sink heat exchanger is placed at the top of the cold leg. The simple
analogue is idealized such that the heat exchanger is so efficient that the temperature
(and density) in the cold leg remain constant regardless of the temperature variations of
the fluid coming from the riser section. This idealization can be realized by substituting the
closed-loop geometry with an open-loop geometry in which the cold leg is substituted by
a large tank to impose constant pressure drop boundary condition. The analogue and
results are described in References 12.1.16 and 12.1.35. An overview of Reference
12.1.16 is provided here.

The dynamic momentum equation is given as a balance between the buoyancy force
generated by the density difference between the riser and the cold leg, and the friction
forces along the flow path. Thus,

dm
d t = buoyancy _AP fric

Eq. 7-1

© Copyright 2020 by NuScale Power, LLC

88



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A

Rev. 1

where
i = mass flow rate
1 = loop inertia, sum of length-to-area ratio of all sections of the loop
AR, oyancy buoyancy drive head
AP, = friction pressure drop
t = time
The buoyancy term in the steady state is obtained from

APbuoyancy :_gLAp:ngﬂAT Eq 7-2
where
g = gravitational acceleration
L loop height over which the density contrast is present

P coolant density
o) coolant coefficient of thermal expansion
AT temperature difference between the riser and cold leg

The temperature difference between the riser and cold leg is obtained from the energy
balance across the heater representing the reactor core. Thus,

AT = L Eq. 7-3
Cp m
where
(@) = heater power
c = coolant heat capacity

P

Combining Eq. 7-2 and Eq. 7-3, the steady state buoyancy term is obtained from

_8Lppo Eq.7-4

buoyancy ~ c. m
p

The friction term is taken as proportional to the square of the mass flow rate. Thus,
AP, =&’ Eq. 7-5

where the friction coefficient, £, is obtained by equating the buoyancy and friction forces
at steady state to get
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L
¢= % Eq. 7-6
c,m
where
m, = steady state mass flow rate

The buoyancy head under transient conditions is obtained using the average density along
the riser section, given constant cold leg density, thus

_gLppo voar
¢, ym(t=r)

Eq. 7-7

buoyancy ( )

where the integral used for the averaging is taken over the interval, 7, , which is the time

period it takes for a change in density resulting from a change in heating to completely fill
the riser.

Combining Eq. 7-1, Eq. 7-5, and Eq. 7-7, the momentum equation for the flow in the
natural circulation loop forms the Integro-difference-differential equation,

. 7 ’

. . Eq. 7-8
dt c,t, ym(t=r)
The linearized form of Eq. 7-8 is
d§ﬁ’l(t) a !
——L =" | om(t=1)dt' —2a St Eq. 7-9
el LU (1 ]
where §m is the flow perturbation, and the coefficient, a , is obtained from
L
a :i.,fQ Eq. 7-10
c,my 1

lends itself to analytical and non-diffusive numerical solutions.

Eq. 7-8 or its linearized form Eq. 7-9 represents the riser mode of stability because the
cold leg is decoupled by assuming its density is constant. The coefficient given in Eq. 7-10
and the time delay provide for scaling parameters to compare the stability performance of
different systems.
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7.1.1 Decay Ratio Estimate and Proof of Unconditional Stability of the Riser Mode
Eq. 7-9 is transformed to an algebraic equation by substituting
Srin(t) ~ &7 Eq.7-11
where
0] = oscillation frequency
o = damping coefficient

Separating the real and imaginary parts, we get the following two transcendental
equationsin ¢ and @,

T _
1+27,0+-2(0" @ ) = "% cos Eq. 7-12
a
5 o) or .
ot,| 1+— |=—e " sinwr, Eq. 7-13
a

Equations Eq. 7-12 and Eq. 7-13 can be solved numerically for a given pair (a,z'o) to get

(0,). The decay ratio is calculated from

DR=exp(270/ o) Eq. 7-14
and the oscillation period from
27
T="2 Eq. 7-15
w

When the instability threshold condition, o =0, is imposed on Eq. 7-13, we get

Smot, _ _, Eq.7-16
w7,

which is an impossible result and a contradiction; therefore; the riser mode is
unconditionally stable.

To quantify the decay ratio, numerical solutions were obtained for a wide range of the pair
(a,TO), which span both the NPM and NIST-1 geometry and operating conditions. The
interesting result is that the decay ratio of approximately 0.04 is obtained, signifying a high
degree of stability, with minor variation due to the choice of the coefficients (a,7,). This

rather low decay ratio is approximately the same as the measured NIST-1 decay ratio,
and comparable to PIM results for NPM at high power.
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Without this result, and since the NIST-1 and the NPM systems generally have different
coefficients (a,7,), the NIST-1 results could not be applied directly to draw NPM stability

conclusions. The NIST-1 results are doubly useful, first to validate the models of PIM, and
second by direct inference with NPM for situations in which the riser dynamics are
dominant considering the fixed cold leg density assumption to apply.

An important result from the analogue provided in References 12.1.16 and 12.1.35 is that
the system is destabilized when the buoyancy term is sufficiently amplified, which is the
case when riser boiling is allowed. This result is reproduced by the PIM code.

Another result from the analogue provided in References 12.1.16 and 12.1.35 is that the
negative moderator reactivity feedback is stabilizing. This effect is explained with regard
to a positive flow perturbation, which lowers the moderator temperature and increases
power due to the reactivity feedback. The increasing power reduces the core exit
temperature and dampens the riser density head response. This result is reproduced by
the PIM code where a negative MTC is stabilizing, and vice versa.

7.2 Stability Trend with Variation of Power

The results from the stability analogue are limited by the main assumption of frozen cold
leg density. An integral relaxation of this assumption in the analogue results in a higher
order system in which intuitive insights become difficult to attain. Instead, the cold leg
temperature (and density) response to flow perturbation is treated as a separate effect
and studied using a simple model for the SG as the heat sink.

Consider arelatively short SG compared with the height of the cold leg, which is consistent
with the assumption of short heater relative to the riser height in the original analogue.

{{

}}Z(a),(c)
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Figure 7-1.  Decay ratio trend as a function of power for the NuScale Power Module and the
NuScale Integral System Test
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8.0 Stability Demonstration within Allowable Conditions and Settings

Section 5.0 presented the NuScale model for stability analysis. The computer code PIM,
which embodies the model presented, performs analysis for the stability of the NPM at
different conditions. The code also performs sensitivity analysis to verify the theoretical
trends affecting stability.

The purpose of this section is to analyze the NPM over a wide range of power and primary
system flow operating conditions and possible scenarios to demonstrate that stability is
maintained. This section focuses on demonstrating stability performance when the plant
systems remain within MPS settings (e.g., a reactor trip is not relied on to protect against
occurrence of instability). Scenarios in which MPS setpoints are exceeded and a reactor
trip occurs are identified in this section and described in Section 9.0.

The operating states and events covered include:

o Stability of various steady-state operating power levels (at the corresponding
natural circulation flow) is analyzed to demonstrate the operating behavior with
regard to the stability of the NPM during power operations. Stability at BOC and
EOC conditions are verified, which addresses moderator reactivity variations in a
representative design.

e Stability during transients is analyzed to demonstrate the operating behavior of
the NPM during operational events, such as minor changes in feedwater flow,
that may occur during normal operations and during AOOs. Also considered is
the behavior of the plant to respond to gradual trends in feedwater flow, in which
core thermal power responds to changing primary coolant conditions.
Specifically, in the calculations presented, the plant is demonstrated to return to
stable plant operations, possibly at a new power/flow condition, for any situation
in which the riser subcooling is maintained (riser subcooling is protected by the
hot leg trip setpoint).

o Stability during heatup at subcritical conditions is analyzed to demonstrate the
operating behavior of the NPM during heatup using a non-nuclear heat source.
Specifically, the calculations presented show that the plant does not experience
unstable flow conditions as the system is brought to conditions necessary for
initial criticality. This demonstration includes the effects of the non-nuclear heat
source.

8.1 Stability Analysis for a Range of Steady-State Operating Conditions

The scope of this section is to demonstrate the stability performance of the NPM during
power operations for a range of power and flow conditions in case of a small perturbation
in the plant operations. In each analysis, the natural circulation flow rate is commensurate
with power level. Primary system flow, core inlet temperature, secondary inlet flow and
temperature, and the secondary steam pressure conditions are specified at each power
level. Modeling incorporates the effects of ambient heat losses and heat loss through the
non-regenerative heat exchange in the CVCS described in Section 3.6 to ensure
consistent thermodynamic modeling of plant operations. In modeling the CVCS,
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{ 12@.€) of primary system coolant is assumed to be withdrawn from the
downcomer and returned to the riser at evaluated power levels. Because supplementary
heating is not provided to the CVCS water, the water returned to the riser is colder than
the water taken out of the downcomer as a result of heat removal by the non-regenerative
heat exchanger indicated in Section 3.4.

The entire range of conditions described in Section 3.6 is considered. However,
calculations described in detail in this section are performed at representative thermal
power levels of 160, 120, 80, 40, 32, and 1.6 MW. These conditions are equivalent to 100,
75, 50, 25, 20, and 1 percent of rated power, respectively. The power level of 32 MW is
considered to address effects related to activation of the turbine and feedwater heater
system.

After reaching steady state in each calculation, a small perturbation is applied to the
steady conditions by the following approaches:

e A momentary (1 second) increase in pressure loss residual in the natural circulation
primary coolant circuit — The momentary pressure residual perturbation is chosen as
the main approach for its reliable effect on initiating a system-wide response and for
exciting all possible modes in the NPM.

e A one-cycle sinusoidal oscillation of pressure loss residual with specified oscillation
periods — This approach is used to selectively excite particular oscillation periods.

¢ A change in the secondary feedwater conditions that results in a primary system flow
disturbance — The feedwater perturbation is provided to illustrate an alternate
approach for perturbing the system in elected cases. This perturbation is also
consistent with a technique used in the NIST-1 testing.

After the primary system flow is disturbed, the transient response is calculated and time
series signals are recorded in output files for examining the system behavior and
evaluating its stability. The stability is deduced from the core inlet flow as function of time,
and the signal is selected in a time interval during which the signal clarity is optimal. There
are two different considerations in interpreting the transient response:

e The short window immediately after the perturbation highlights the apparent decay
ratio of the system to a perturbation. This apparent decay ratio illustrates the rapid
response of the system to a perturbation and in effect combines all possible modes.
The system quickly attempts to return to the initial conditions.

e The relatively long-term transient response of the system is to show very small
magnitude oscillations relative to the initial response to a sharp perturbation. These
oscillations are related to loop dynamics, in which the longest period osculation is
characterized by the overall time for fluid to transit about the natural circulation loop.
Modes of shorter periods, in principle, may persist longer.

Brief consideration for the early response and the resulting apparent decay ratio is given
in this section. However, the overall effect of any small perturbation that allows the system
to return to the initial condition is bounded by the response to operational events described
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in the next section. The primary emphasis of this section is to demonstrate the stability of
the long-term transient response.

Analyses are performed at each condition for a duration that represents approximately ten
circuits of coolant in the primary system. The time for coolant to make one circuit
corresponds to the primary system coolant mass (not including water in the pressurizer)
divided by the flow rate. Values of the primary system ftransit times are provided in
Table 8-1. This analysis duration is selected to allow sufficient time for the short-lived
effects to dampen, leaving a clean indication of the longer-lived effects.

{{

}}2(3),(0)
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Table 8-1. Primary System Transit Time

Primary system
Power (MW) transit time (sec)
{{
@)
32.0 122.5
{
}}Z(a)q(C)

A sample of analysis results is presented below that demonstrates the stability of the NPM.

In applying the perturbation for determining stability performance, it is important to
recognize that the magnitude of the resulting initial disturbance is not important as long as
the disturbance is small enough to introduce no nonlinear effects or to cause flow regime
or heat transfer transitions. What is considered is the relative change of a signal as the
disturbance propagates in time.

8.1.1 Stability at Rated Power

Starting at 160 MW core power with the core at BOC cycle exposure (closest moderator
reactivity to zero), a pressure residual perturbation is introduced at time zero. Figure 8-1
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depicts the primary coolant flow response starting 10 seconds after the perturbation and
shows highly-damped oscillations in the early time window that vanish on the plot scale
by 250 seconds. The early system damping is so strong that showing predictions starting
at 0.0 seconds results in scaling the y-axis of the graph so large that little detail is

discernable after 200 seconds.

Figure 8-2 shows the corresponding graph of power for fission plus decay heat and heat
removal by SG and ambient losses. This graph also illustrates the highly-stable response.
In inspecting the figures, the relative change in oscillation magnitude with time is the main
figure of merit, not the absolute change; the size of the perturbation and absolute scale on

the y-axis are not important.
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Figure 8-2.  Time trace of heat addition and heat removal response to perturbation at rated
conditions and beginning-of-cycle reactivity

The sensitivity of the stability at the rated conditions is examined for the effect of the
reactivity-to-power feedback related to core burnup. Figure 8-3 shows the primary coolant
flow rate following a perturbation at rated power for EOC reactivity conditions (most
negative moderator reactivity value). The system is again shown to be stable and the
oscillation damping is generally stronger (e.g., the system is more stable) for this case
than at BOC. In this analysis, the point kinetics parameters and fuel rod burnup level are
also changed to EOC conditions.
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Figure 8-3.  Time trace of primary coolant flow response to a perturbation at rated conditions
and end-of-cycle reactivity

Comparing the effects of BOC vs. EOC conditions, the neutron kinetics feedback from
negative reactivity effects at EOC provides a stabilizing effect (i.e., the more negative the
reactivity, the more stabilizing the effect).

8.1.2 Stability at 120 MW

Starting at 120 MW core power (75 percent of rated power) for BOC reactivity conditions,
a pressure perturbation is introduced at time zero. Figure 8-4 depicts the primary coolant
flow response 10 seconds after the perturbation and shows highly-damped oscillations
that vanish on the plot scale by 250 seconds.
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Figure 8-4.  Time trace of primary coolant flow response to a perturbation at 120 MW and
beginning-of-cycle reactivity

The flow response is highly stable at this power level, in which careful inspection relative
to Figure 8-1 shows slight increase in oscillatory behavior, but nothing of interest. Results
for EOC at this power level are consistent; less oscillation than BOC at this power level
and slight increase in oscillatory behavior relative to EOC at rated power shown in
Figure 8-3.

8.1.3 Stability at 80 MW

Stability at 80 MW core power (50 percent of rated power) for BOC reactivity conditions is
now evaluated. Figure 8-5 depicts the primary coolant flow response 10 seconds after the
perturbation and shows highly-damped oscillations that vanish on the plot scale by 350
seconds.
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Figure 8-5.  Time trace of primary coolant flow response to a perturbation at 80 MW and
beginning-of-cycle reactivity

The flow response is highly stable at this power level, but with the smallest hint of |
oscillation at 250 seconds on the plot scale. This is illustrated by graphing the core flow
starting at 250 seconds in Figure 8-6 and scaling the y-axis to highlight the oscillations.

The intent of Figure 8-6 is to show the relative change in oscillation magnitude with time,

so the absolute scale on the y-axis is not important.
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Figure 8-6.  Time trace of primary coolant flow response to a perturbation at 80 MW and
beginning-of-cycle reactivity after 250 seconds

Figure 8-6 indicates that some long-lived oscillations persist after 250 seconds. The
oscillation period is approximately 45 seconds, as seen by looking as successive peaks
in the figure, and the decay ratio is clearly less than 1.0.

Results for EOC at this power level are consistent with earlier results; there is less
oscillation than BOC at this power level and slight increase in oscillatory behavior relative
to EOC at higher power.

8.1.4 Stability at 40 MW

Stability at 40 MW core power (25 percent of rated power) for BOC reactivity conditions is
now evaluated. Figure 8-7 depicts the primary coolant flow response 250 seconds after
the perturbation. Results before 250 seconds are consistent with earlier figures. This figure
shows damped oscillations that vanish on the plot scale by 800 seconds.
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Figure 8-7.  Time trace of primary coolant flow response to a perturbation at 40 MW and
beginning-of-cycle reactivity after 250 seconds

The flow response is stable at this power level. However, oscillations persist and a
measureable decay ratio is present. The oscillation period of the observed oscillations is
approximately 57 seconds and the decay ratio is estimated to be 0.58 based on analyzing
the long-lived flow response from approximately 550 seconds through the end of the
analysis.

The result in Figure 8-7 provides the first clear indication of the relatively long-term
transient response of the system. Results for an alternate pressure residual perturbation
approach using a one-cycle sine variation with period of approximately 57 seconds are
shown in Figure 8-8. The purpose of this perturbation is to specifically excite the long-lived
oscillation observed with the short-pressure perturbation with sufficient energy that it can
be clearly observed. The resulting period and decay ratio are consistent with earlier results
in Figure 8-7, and this confirms the long-lived response is not a numerical artifact.

An additional sensitivity for a perturbation period coincident with the loop time constant at
this power shows the long-term response of the system returns to a similar period as
described above, so the long-term response is self-selecting of the system cannot be
imposed.
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Figure 8-8. Time trace of primary coolant flow response to a sine perturbation with period of
57 seconds at 40 MW and beginning-of-cycle reactivity after 250 seconds

Results for EOC at 40 MW are consistent with earlier results; EOC conditions are more
stable than BOC conditions as shown in Figure 8-9. In this figure, an oscillation of an
approximate 270-second period is observed. This oscillation is the feedback effect of large
negative moderator reactivity in core, which can be seen by inspecting the fission power
in Figure 8-10. The effect of negative moderator feedback is more clearly observable when
inspecting the operational events in Section 8.2.
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Figure 8-9.  Time trace of primary coolant flow response to a perturbation at 40 MW and end-
of-cycle reactivity after 250 seconds
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Figure 8-10.

8.1.5 Stability at 32 MW

1200

Time trace of heat addition and heat removal response to a perturbation at 40

MW power and end-of-cycle reactivity

Stability at 32 MW core power (20 percent of rated power) with a feedwater temperature
of 50 degrees-F for BOC reactivity conditions is now evaluated. Figure 8-11 depicts the
primary coolant flow response 250 seconds after the perturbation and shows damped

oscillations with a period of approximately 62 seconds.
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Figure 8-11. Time trace of primary coolant flow response to a perturbation at 32 MW and
beginning-of-cycle reactivity

This figure illustrates the extent of the oscillations. Damping of the oscillations after 400
seconds corresponds to a decay ratio of approximately 0.53. This case with feedwater
temperature of 50 degrees-F shows a slightly more unstable behavior than the same case
performed at 200 degrees-F. The two different feedwater temperatures correspond to the
conditions before and after the turbine and feed-water heater system are brought online
as described in Section 3.6. Results for EOC at this power level are consistent with earlier
results.

8.1.6 Stability at 1.6 MW

Stability at 1.6 MW core power (1 percent of rated power) at BOC reactivity conditions is
now evaluated. This condition has a core inlet temperature a little above 420 degrees-F.
At this temperature, the moderator reactivity feedback is slightly positive at BOC as
described in Section 5.6.1.2; however, the overall net reactivity is negative as a result of
the fuel Doppler coefficient.

The CVCS is active and results in {{ }}2@1© of heat removal. Ambient heat losses
consistent with primary system temperature are also included. These effects result in the
total heat removal by the SG of approximately {{ HP@e)
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Figure 8-12 depicts the primary coolant flow response 250 seconds after the perturbation |
and shows damped oscillations with a period of approximately 223 seconds. A decay ratio
of approximately 0.74 is calculated, which is less stable than the higher power cases.

—3— Core Inlet
219.8

219.6

219.4

219.2 _ \ /\

219

218.8

Flow (Ibm/s)

- —

218.6

&

—
—_—
—_—

218.4

218.2

218

500 1000 1500

2000 2500 3000 3500 4000 4500
Time (s)

217.8 L—

Run ID: Run on Jun/01/2016 at 01:02:51 with PID 020088

Figure 8-12. Time trace of primary coolant flow response to a perturbation at 1.6 MW and
beginning-of-cycle reactivity

The decay ratio in this condition is larger than seen at higher power levels. The result in |
Figure 8-12 shows the relatively long-term transient response of the system. Figure 8-13

shows results for an alternate pressure residual perturbation approach using a one-cycle

sine variation with a period of approximately 223 seconds. The resulting period and decay

ratio are consistent with earlier results in Figure 8-12, which confirms the long-lived
response is not a numerical artifact, but is consistent with the results for 40 MW.

An additional sensitivity for a perturbation period coincident with the loop time constant at
this power shows the long-term response of the system at 1.6 MW returns to a similar
period as described above, thus the long-term response is confirmed to be self-selecting
of the system and cannot be imposed.
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Figure 8-13. Time trace of primary coolant flow response to a sine perturbation with a period
of 223 seconds at 1.6 MW and beginning-of-cycle reactivity after 250 seconds

Results for EOC at this power level are consistent with earlier results; the behavior is more |
damped than BOC conditions in Figure 8-14. Figure 8-14 depicts the primary coolant flow
response 250 seconds after the perturbation. ‘
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Figure 8-14. Time trace of primary coolant flow response to a perturbation at 1.6 MW and
end-of-cycle reactivity

8.1.7 Stability at Rated Power with Feedwater Perturbation

Starting at 160 MW core power with the core at BOC cycle exposure (smallest moderator
reactivity), the feedwater flow rate is increased by 20 percent for 60 seconds, then returned
to the original value. Figure 8-15 depicts the primary coolant flow response starting at 0
seconds. Inspecting the results, one notable increase in primary system flow occurs at
approximately 110 seconds. After that time, the primary system flow gradually returns to
the initial value. The corresponding graph of power for fission plus decay heat and heat
removal by SG and ambient losses is shown in Figure 8-16. This graph also illustrates the
highly-stable response.
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Figure 8-15. Time trace of primary coolant flow response to a 60-second feedwater
perturbation at rated conditions and beginning-of-cycle reactivity
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Figure 8-16. Time trace of heat addition and heat removal response to a 60-second feedwater

perturbation at rated conditions and beginning-of-cycle reactivity

The sensitivity of the stability at the rated conditions to the same feedwater perturbation
is illustrated for the effect of EOC reactivity in Figure 8-17 for the primary coolant flow rate.
The stronger negative moderator reactivity strongly dampens the flow response as seen

in earlier sections.
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Figure 8-17. Time trace of primary coolant flow response to a perturbation at rated conditions
and end-of-cycle reactivity

8.1.8 Stability at 40 MW with Feedwater Perturbation

Starting at 40 MW core power with the core at BOC cycle exposure (smallest moderator
reactivity), the feedwater flow rate is increased by 20 percent for 60 seconds, then returned
to the original value. Figure 8-18 depicts the primary coolant flow response starting at 0
seconds. The corresponding graph of power from fission plus decay heat and heat
removal by SG and ambient losses is shown in Figure 8-19. Overall, the response is
consistent with rated conditions, but with a larger flow increase after the feedwater
perturbation. It is important to note that the relative magnitude of the initial primary system
flow response is sufficiently large that the long-lived oscillations illustrated in Section 8.1.4
are not discernable in these results.
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Figure 8-18.

Time trace of primary coolant flow response to a 60-second feedwater
perturbation at 40 MW and beginning-of-cycle reactivity
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Figure 8-19.

1200

Time trace of heat addition and heat removal response to a 60-second feedwater

perturbation at 40 MW and beginning-of-cycle reactivity

The sensitivity of the stability at the rated conditions to the same feedwater perturbation
is illustrated for the effect of EOC reactivity in Figure 8-17. The stronger negative
moderator reactivity strongly dampens the flow response as seen in earlier sections.
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Figure 8-20. Time trace of primary coolant flow response to a perturbation at rated conditions
and end-of-cycle reactivity
8.2 Stability Analysis for Operational Events

Because primary system flow of the NPM is dictated by natural circulation principles, the
range of flow for which the plant can operate in steady state at a given power level is
narrow, and governed by effects such as pressure losses and the helical-coil once-through
SG pressure and level. The system stability performance as representative of fixed points
along the power-flow operating line has been described in Section 8.1. It remains to
examine state points other than these steady-state points. In effect, the system may pass
through conditions (defined by power, flow, and other state variables) in a transitory way
that fall outside the evaluated steady state conditions. The purpose of this section is to
show the behavior of the NPM in transiting through these conditions and the behavior at
the event end point. Alternatively, the MPS will mitigate any potentially unstable conditions
before instability can occur. Section 9.0 evaluates the identified situations in more detail.

The type of stability investigation performed in this section widens the scope of the inquiry
beyond the strict requirement of initial conditions near a fixed point.However, the nature
of the natural circulation system performance narrows the analysis down to examining
transients that are credible and realizable in the physical NPM. For this, a set of
operational events is investigated, in which externally imposed boundary conditions are
applied to influence the system response. These boundary conditions may include
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reactivity insertion (either directly in the core or by changes in primary system conditions)
and plausible changes in primary and secondary conditions.

While not intended to be the final event evaluation, results are presented to demonstrate
proper behavior of the code and to identify an acceptable operating region for the NPM.
Formal application of the stability methodology is expected to address and disposition
plausible events associated with the licensing basis of the NPM. Events considered fall
into the following general classifications:

e increase in heat removal by the secondary system
e decrease in heat removal by the secondary system
e decrease in reactor coolant system (RCS) flow rate
e increase in reactor coolant inventory

e reactivity and power distribution anomalies

e decrease in reactor coolant inventory

The operational events addressed here are related to licensing basis AOOs. However,
typical licensing basis AOO scenarios are selected for their sizable system response and
reliance of the reactor protection system (including reactor trip) to mitigate the effects of
the scenario. Here, the focus is on events that do not instigate a reactor trip in order to
show the stable nature of the NPM. This condition is a key consideration because any
event quickly resulting in MPS trip will not experience instability, but a relatively mild event
within the limits of an MPS trip needs to be ensured not to progress toward unstable
operation.

The PIM code provides the NPM system response, which demonstrated system stability
at initially steady-state operation in Section 8.1. It should be noted that, unlike starting
from a steady state (fixed point), there is no need to apply an artificial perturbation. An
input forcing function is applied to the appropriate boundary condition to initiate the
transient, for example, user-specified feedwater flow changing as a function of time to
simulate a decrease in heat removal by the secondary system.

In addition to the above event classes, several additional events are addressed that do
not fall into the classifications. These events are identified based on a consideration for
events that may occur in the NPM, but may typically be of low interest in the safety analysis
because they show non-limiting transient response outside of stability considerations. The
following events are also addressed:

o effect of oscillating secondary system flow

o stability during gradual shutdown

o stability during non-nuclear heat-up (before criticality)
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While a typically non-limiting operational event, effects of sinusoidal flow oscillations in the
secondary system arising from a controller or valve behavior that may produce sinusoidal
oscillations in feedwater flow, temperature, or steam pressure are considered. This
sinusoidal behavior is addressed to evaluate the primary system response to an externally
driven influence to show the NPM does not experience resonant response to the excitation
that may lead to large oscillations in the primary system. In addition, the events related to
gradual shutdown of the NPM by following changes in feedwater flow (load following) and
the effects of non-nuclear heat sources used to heat the primary system before criticality
are evaluated.

8.2.1 Increase in Heat Removal by the Secondary System

Stability following an increase of feedwater flow is the event addressed in this class. In the
event, a hypothetical rapid increase in feedwater flow occurs due to a feedwater pump
speed increase, valve alignment changes, or other causes. However, the change is
sufficiently small that the MPS does not actuate on the change and control systems, such
as those for steam pressure, accommodate the change by maintaining other parameters
at the original value.

Other causes of increased heat removal, such as decreasing feedwater temperature or
decreasing steam pressure (that causes enhanced boiling in the SG), are bounded by
changes in feedwater flow. This bounding effect is because the potential for change in
feedwater temperature is more gradual when considering the entire feedwater system
train (e.g., preheaters and piping lengths) and large rapid changes in steam pressure are
expected to cause either compensating control actions or MPS trips.

8.2.1.1 Rated Power Conditions

The figures below provide results for an event at rated power in which feedwater flow
rapidly increases by 2.2 Ib/s (1.0 kg/s) after 10 seconds. Both BOC and EOC reactivity
conditions are considered. This relatively small change is chosen because larger changes
would result in a reactor trip on high reactor power. Figure 8-21 through Figure 8-24 show
the flow and power response for BOC and EOC core conditions.
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Figure 8-21. Time trace of primary coolant flow response to an increase in feedwater flow at
rated power and beginning-of-cycle reactivity
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Figure 8-22. Time trace of heat addition and heat removal response to an increase in
feedwater flow at rated power and beginning-of-cycle reactivity
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Figure 8-23. Time trace of primary coolant flow response to an increase in feedwater flow at
rated power and end-of-cycle reactivity
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Figure 8-24. Time trace of heat addition and heat removal response to an increase in
feedwater flow at rated power and end-of-cycle reactivity

The results show that the NPM is highly stable at BOC and EOC conditions, but behaviors
in the first 300 seconds illustrate the interactions between power and flow through the
moderator reactivity feedback. One important observation is the effect of large negative
reactivity at EOC. The NPM responds to the change in heat removal by the secondary
system more rapidly than at BOC conditions. This response leads to an overshoot in the
core power that is not observed in BOC conditions. The power overshoot is strongly
damped in EOC conditions and there is no potential for instability from this mechanism for
the modeled EOC reactivity coefficients.

Figure 8-25 and Figure 8-26 illustrate that both conditions maintain a large margin to CHF
limits. Recall that these predictions of CHF are qualitative in nature and intended to screen
the results based on the relative change of the CHF ratio compared with its initial value as
described in Section 5.6.5.

© Copyright 2020 by NuScale Power, LLC
125



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1

—3— CHFR —A— Trans. Min. CHFR
L S —

2.248

2.246

2.244 _ \

2.242 _ \

2.24

2.238 — \
\;

2.236 A——f — =]

CHFR ()

> S
iy
>

2284 Lol il e
0 100 200 300 400 500 600 700 800 900 1000

Time (s)

Run ID: Run on Jun/01/2016 at 21:33:47 with PID 010824

Figure 8-25. Time trace of critical heat flux ratio response to an increase in feedwater flow at
rated power and beginning-of-cycle reactivity
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Figure 8-26. Time trace of critical heat flux ratio response to an increase in feedwater flow at
rated power and end-of-cycle reactivity

8.2.1.2 Event at 32 MW Conditions

The figures below provide results for an event at 32 MW and 200 degrees-F feedwater
temperature in which feedwater flow increases rapidly by 2.2 Ib/s (1.0 kg/s) after 10
seconds. This condition is chosen to bound the lower limit of power where the turbine and
feedwater heater system are on-line.

Both BOC and EOC reactivity conditions are considered. The approximate 8-percent
change in feedwater flow is larger than considered at rated power. This power level and
feedwater condition are selected for analysis in part because it is the expected power at
which the turbine comes online and feedwater heating begins, as discussed in Section 3.6.
Therefore, the changes in feedwater flow can be considered as normal operation.
Figure 8-27 through Figure 8-30 show the flow and power for BOC and EOC reactivity
coefficients.
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Figure 8-27. Time trace of primary coolant flow response to an increase in feedwater flow at
32 MW and beginning-of-cycle reactivity
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Figure 8-28. Time trace of heat addition and heat removal response to an increase in
feedwater flow at 32 MW and beginning-of-cycle reactivity
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Figure 8-29. Time trace of primary coolant flow response to an increase in feedwater flow at
32 MW and end-of-cycle reactivity
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Figure 8-30. Time trace of heat addition and heat removal response to an increase in
feedwater flow at 32 MW and end-of-cycle reactivity

The results show that the NPM is stable at BOC and EOC conditions. Consistent with
observations in Section 8.1, the results show oscillation damping is not as strong as rated
power; this includes a more overshoot or undershoot in core power at EOC.

There is a large margin for CHF ratio at low power and the relative change in conditions
is small; therefore, CHF ratio limits are not violated for the presented demonstration of this
event.

8.2.2 Decrease in Heat Removal by the Secondary System

Stability following a reduction of feedwater flow is the event addressed in this class. In the
event, a hypothetical rapid decrease in feedwater flow occurs due to a feedwater pump
speed change, valve alignment changes, or another cause. However, complete loss of
feedwater is not considered because it would result in actuation of the MPS and a reactor
trip.

Other causes of decreased heat removal, such as increasing feedwater temperature or
increasing steam pressure (that causes suppressed boiling in the SG),
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are generally bounded by changes in feedwater flow for similar reasons discussed in the
last section.

8.2.2.1 Rated Power Conditions

The figures below provide results for an event at rated power in which feedwater flow
decreases rapidly by 50 percent after 10 seconds while maintaining feedwater
temperature and steam pressure. Both BOC and EOC reactivity conditions are
considered. This magnitude of change is selected to determine the acceptability of a
partial loss of feedwater and a successful runback that avoids a reactor trip.

The reduction in heat removal from the primary coolant flow initiates a transient in which
the primary coolant temperature starts to rise and negative moderator feedback affects
the fission power. The combined reduction of the heat sink and core power restores the
primary coolant temperature to a value above its initial value. The Doppler reactivity
compensates for the difference and the net average reactivity is restored to zero. The
density head driving the primary coolant flow is reduced and the flow is adjusted from its
initial value to approximately 75 percent of its initial value. Figure 8-31 through Figure 8-34
show the flow and power for BOC and EOC reactivity
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Figure 8-31. Time trace of primary coolant flow response to a 50-percent decrease in
feedwater flow at rated power and beginning-of-cycle reactivity
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Figure 8-32. Time trace of heat addition and heat removal response to a 50-percent decrease
in feedwater flow at rated power and beginning-of-cycle reactivity
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Figure 8-33. Time trace of primary coolant flow response to a 50-percent decrease in
feedwater flow at rated power and end-of-cycle reactivity
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Figure 8-34. Time trace of heat addition and heat removal response to a 50-percent decrease
in feedwater flow at rated power and end-of-cycle reactivity

The results show stable behavior at BOC and EOC conditions for a decrease in secondary
heat removal. Additionally, these figures are mirrors of their counterparts in Figure 8-21
through Figure 8-24, albeit the magnitude is larger considering the larger relative change
in feedwater flow. Discussion related to the increased feedwater flow in the last section
applies, including the (now undershoot or overshoot of power) effect of large negative
reactivity.

It is important to recognize that the MPS may actuate during these events. Specifically, a
reactor trip on large rate change in measured neutron flux may activate a reactor trip,
where a typical trip setpoint ensures the flux does not change more than +15 percent of
the rated thermal power per minute. Such a trip is not credited in these stability
considerations, but provides additional assurance that rapidly changing fission power is
detected and mitigated.

Figure 8-35 and Figure 8-36 illustrate both conditions maintain large margin to CHF limits.
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Figure 8-35. Time trace of CHF ratio response to a 50-percent decrease in feedwater flow at
rated power and beginning-of-cycle reactivity

© Copyright 2020 by NuScale Power, LLC
136



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1 |

—3— CHFR —A— Trans. Min. CHFR
5 |
45 | \

4 |
x I —p —0 x.
T 3.5
(6] I )z =l

3 |

M IR B

100 200 300 400 500 600 700 800 900 1000
Time (s)

Run ID: Run on Jun/01/2016 at 21:34:47 with PID 007232

Figure 8-36. Time trace of CHF ratio response to a 50-percent decrease in feedwater flow at
rated power and end-of-cycle reactivity

While the analyzed cases show stable behavior, varying the moderator feedback can bring |
the NPM to conditions in which instability may occur as a result of losing subcooling in the

riser. Figure 8-37 and Figure 8-38 illustrate the coolant temperature response for BOC

and EOC conditions. As illustrated, a loss of subcooled margin occurs for BOC conditions.

This effect is the result of slower core power response seen in Figure 8-32 in comparison

with the heat removal by the SG that leads to overall heatup of the primary coolant.
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Figure 8-37. Time trace of coolant temperature response to a 50-percent decrease in
feedwater flow at rated power and beginning-of-cycle reactivity
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Figure 8-38. Time trace of coolant temperature response to a 50-percent decrease in
feedwater flow at rated power and end-of-cycle reactivity

To bound the effect of losing subcooling in the riser, an analysis with zero moderator
feedback for this event at rated power is addressed in Section 9.0 to show the MPS role
in protecting the plant from undergoing an instability related to voiding in the riser.

8.2.2.2 Event at 32 MW Conditions with 35 Percent Initial Decay Heat

An event at 32 MW in which feedwater flow decreases rapidly by 50 percent after 10
seconds shows a behavior that is generally uninteresting when using a typical equilibrium
decay heat fraction of approximately 7 percent. More pronounced results of an alternate
event are shown in this section in which the plant is assumed to operate indefinitely at full
power conditions, then core thermal power is rapidly reduced to 32 MW by control rods or
other means. Once reaching this power, the feedwater flow immediately decreases rapidly
by 50 percent before the decay heat associated with full-power has a chance to move
significantly towards equilibrium from rated power to the lower power level at 32 MW. This
hypothetical scenario increases the decay heat fraction to 35 percent of the 32 MW initial
power level and it is held constant for the duration of the analysis. Because the decay heat
is not affected by the
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reactivity feedback mechanisms, the resulting effect is equivalent to a damping in both
Doppler and moderator reactivity feedback because decay heat does not respond to
changes in reactivity. Figure 8-39 through Figure 8-42 show the flow and power for BOC
and EOC reactivity for this event.
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Figure 8-39. Time trace of primary coolant flow response to a 50-percent decrease in
feedwater flow at 32 MW and BOC reactivity with 35-percent decay heat
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Figure 8-40. Time trace of heat addition and heat removal response to a 50-percent decrease
in feedwater flow at 32 MW and beginning-of-cycle reactivity with 35-percent
decay heat
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Figure 8-41.
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Figure 8-42. Time trace of heat addition and heat removal response to a 50-percent decrease

8.2.3

in feedwater flow at 32 MW and end-of-cycle reactivity with 35-percent decay
heat

The results demonstrate stable behavior at BOC and EOC conditions. Oscillations in flow
that are observed in the results are emanating from changes in core power. While the
choices of input (35 percent decay heat and maintaining decay heat constant through the
analysis) are extreme, the results show the NPM behaves stably even under these
extreme assumptions.

Decrease in Reactor Coolant System Flow Rate

The effect of a decrease in primary system flow rate (in isolation of other effects) is not
considered a credible event for stability analysis. This determination is because there is
no source for changing the primary system flow without other influences, because there
are no primary system pumps in the NPM to directly influence primary system flow.
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8.2.4 Increase in Reactor Coolant Inventory

Effects of increasing RCS inventory (for its effect in increasing system pressure) are not
important in the stability assessment. This determination is because additional subcooled
margin in the riser is obtained by the increase in primary system pressure and overall
stability behavior is not sensitive to pressure changes for a single-phase system.

The effect of adding cold water from the CVCS during an increasing RCS inventory event
is generally bounded by analyses of increased heat removal by the secondary system,
even when considering the potential for minor reduction in primary system flow resulting
from adding cooler water to the riser. This effect is due to the relatively small cooldown
that may occur at high power conditions and the long time for coolant to transit from the
CVCS return line located in the riser, around the primary system, and into the core during
low-power operations.

8.2.5 Reactivity and Power Distribution Anomalies

The effect of a reactivity anomaly associated with adding or reducing boron concentration
via the CVCS is generally bounded by other analyses. This effect is due to the relatively
slow change in core inlet boron concentration as a result of mixing in the RCS. Effects of
changing moderator reactivity due to changing boron concentration are generally bounded
by considering both BOC and EOC conditions.

An uncontrolled control rod assembly withdrawal or similar at-power event may occur that
results in reactivity insertion. Such events are analyzed in the safety analysis, including
the size of reactivity change and the rate at which it can be added, and are thus outside
the scope of this report. Specifically, control rod drive mechanisms are designed to limit
the rate of withdrawal to protect core thermal limits. From the perspective of stability
assessment, reactivity increases that do not result in a reactor trip on high flux or high rate
change in flux are expected to be relatively slow and generally bounded by effects of
increasing heat removal from the secondary side that are described in Section 8.2.1. In
addition, slow reactivity insertion events tend to trip on high pressurizer pressure in low-
power conditions when pressurizer level is being controlled.

The results provided below demonstrate the stability behavior for an event at 32 MW and
200 degrees-F feedwater temperature where, starting at 10 seconds, $0.25 of reactivity is
added to core in 5 seconds through user input while other reactivity components are
calculated as normal. Both BOC and EOC core reactivity conditions are considered. The
choice of 32 MW is to allow margin to the reactor trip setpoint and the high flux rate trip is
not considered. Figure 8-43 through Figure 8-46 show the flow and power for BOC and
EOC core reactivity conditions.
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Figure 8-43. Time trace of primary coolant flow response to an increase in core reactivity at
32 MW and beginning-of-cycle reactivity
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Figure 8-44. Time trace of heat addition and heat removal response to an increase in core
reactivity at 32 MW and beginning-of-cycle reactivity
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Figure 8-45. Time trace of primary coolant flow response to an increase in core reactivity at
32 MW and end-of-cycle reactivity
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Figure 8-46. Time trace of heat addition and heat removal response to an increase in core
reactivity at 32 MW and end-of-cycle reactivity

The results indicate stable behavior at BOC and EOC conditions for this addition of |
reactivity. There is nothing notable about the results beyond what was previously stated
specifically, effects of strong negative reactivity on the overshoot or undershoot of core

power.

Figure 8-47 and Figure 8-48 illustrate that large margin-to-CHF limits is maintained.
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Figure 8-47. Time trace of critical heat flux ratio response to an increase in core reactivity at
32 MW and beginning-of-cycle reactivity
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Figure 8-48. Time trace of critical heat flux ratio response to an increase in core reactivity at
32 MW and end-of-cycle reactivity

8.2.6 Decrease in Reactor Coolant Inventory

Effects of decreasing RCS inventory with constant primary pressure are not important in
the stability assessment. The protection system trips on low pressurizer level before any
appreciable effect regarding stability, so no consideration is made for this event.

Decreasing reactor coolant inventory that results in decreasing pressure (but does not
result in a level trip) is expected to produce no significant effect on stability as long as the
primary coolant in the riser remains subcooled. As described in Section 3.7, the MPS
includes measurement of hot leg temperature and system pressure, which generates MPS
trip signals that protect against an instability event before loss of riser subcooling can
occur. Further depressurization beyond the trip setpoint that results in riser voiding is
expected to destabilize the system. Therefore, because the trip protects the plant from
experiencing instability, Section 9.0 discusses the analysis and results. The existing
systems are shown to protect the plant against instability, including consideration of effects
of sensor and hardware delays.
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8.2.7 Effect of Oscillating Feedwater Flow

The feedwater flow response for a step increase and decrease were considered earlier.
The case of oscillating feedwater flow that may result from cycling a feedwater pump,
valve, or other component is of interest to examine the magnitude of the effect on the
primary coolant flow particularly when the oscillating feedwater period is chosen to
resonate with the primary coolant flow period. Recall that net heat sink oscillation feedback
to the primary system caused by unstable density waves in the individual SG tubes are
not possible because the out-of-phase tube oscillations cancel out as discussed in
Section 4.3.3.2.

The 0.05 kg/sec feedwater flow oscillation is imposed as a boundary forcing function at 32
MW and EOC conditions, where the large negative reactivity allows the core power to
follow the flow more closely than at BOC. The oscillation period is selected as 122 seconds

consistent with the loop transit time for this power level. Figure 8-49 and Figure 8-50 show
the results for flow and power.
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Figure 8-49. Time trace of primary coolant flow response to feedwater flow oscillation with
122-second period and end-of-cycle conditions
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Figure 8-50. Time trace of heat addition and heat removal response to feedwater flow
oscillation with 122-second period and end-of-cycle conditions

The results show that the primary flow is not responding with a resonance that might
otherwise induce large-amplitude primary flow oscillations. In addition, core power is
responding with damped oscillations relative to the SG heat removal as seen in
Figure 8-50. This behavior demonstrates the coupling of the SG and core power.
Sensitivities at BOC conditions with a 32-second and a 62-second oscillation period show
even more damping of flow and core power than illustrated here.

Evaluation of the oscillatory response shows that the NPM does not undergo a resonant
excitation that may cause large primary system oscillations.

8.2.8 Stability During Shutdown by Feedwater Reduction

Gradual shutdown of the fission power in response to changes in the feedwater system is
analyzed to illustrate the expected behavior in a load-following event. Starting from rated-
power conditions with BOC core reactivity in which response of power to changing primary
coolant temperature is slow compared to EOC, the feedwater flow is reduced at the
arbitrary rate of approximately 1 percent per minute, while feedwater temperature is held
constant. Unlike the case with a large sudden reduction of feedwater flow, the slow
reduction of feedwater produces no oscillations. Therefore, artificial pressure
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perturbations are applied every 1000 seconds to provide an indication if the system has
transited into unstable conditions. The primary coolant flow and power are shown in
Figure 8-51 and Figure 8-52. In addition to these, Figure 8-53 provides a zoom on the flow
oscillations occurring after an artificial perturbation at 5000 seconds. The zoom illustrates
the nature of oscillations that may occur doing the decreasing power trend; they are in line
with oscillations seen in Section 8.1 at power below 32 MW.
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Figure 8-51.

Time trace of primary coolant flow response for gradual feedwater reduction at
beginning-of-cycle reactivity
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flow reduction at beginning-of-cycle reactivity
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Figure 8-53. Time trace of primary coolant flow response from 5000 seconds to end of the
analysis for a gradual feedwater flow reduction at beginning-of-cycle reactivity

The results show the NPM is highly stable for a gradual shutdown. Sensitivity with EOC |
reactivity shows no discernable difference except that oscillations seen in Figure 8-53 are

less.

8.2.9 Stability During Non-Nuclear Heatup (Before Criticality)
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Figure 8-54. Time trace of equipment heat rates during the heatup phase
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Figure 8-55. Time trace of system pressurization during the heatup phase
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Figure 8-56. Time trace of coolant and saturation temperatures during the heatup phase
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Figure 8-57. Time trace of primary coolant flow calculated with artificial perturbations during
the heatup phase

© Copyright 2020 by NuScale Power, LLC
160



Evaluation Methodology for Stability Analysis of the NuScale Power Module

TR-0516-49417-NP-A
Rev. 1

{{

}}2(3)1(0)

Figure 8-58. Zoom of core flow showing the time trace of coolant flow damped oscillations in
response to an artificial perturbation
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9.0

9.1

Demonstration of Module Protection System to Preclude Instability

In certain circumstances, the NPM relies on actuation of the MPS to preclude onset of
unstable conditions during an operational event. As demonstrated in this section, the MPS
actuation occurs in time to prevent the onset of oscillations.

Of the events to be considered, those relying on a trip related to loss of subcooling in the
riser are the only events that are important in stability protection. If left unmitigated, the
loss of subcooling could lead to undamped flow instabilities.

Decrease in Heat Removal by the Secondary System

Stability following reduction of feedwater flow for a condition in which the moderator
reactivity coefficient is set to zero is explored in this section as a follow-on to Section 8.2.2.
In the earlier section, core power responds quickly enough to changes in the loss of heat
removal so that saturated conditions in the riser do not occur as shown in Figure 8-37.
This section provides analysis results that show the effects of having a zero moderator
reactivity coefficient, such that core power only responds to changes in fuel temperature
and not to changes in coolant temperature.

Results for the event are provided below. The event starts at 10 seconds with a 50-percent
reduction in feedwater flow while the feedwater and steam pressure remain at their initial
values. Figure 9-1 shows the coolant temperature through 120 seconds, which includes
indication of the time of MPS trip (about 90 seconds after the change in feedwater flow).
This trip occurs when the riser temperature in the vicinity of the hot leg temperature
sensors is within 5 degrees-F of the saturation temperature at the pressurizer pressure,
which is assumed constant in the analysis. The local saturation temperature in the riser is
slightly higher due to static head, but this small effect is not credited.

The control rods physically insert into the core within 10 seconds after the trip consistent
with the discussion in Section 3.7. This delay time is related to physical lag of the
temperature sensor instrumentation, delays in the MPS electronics, and in de-energizing
the control rod couplings. Figure 9-1 shows the time of shutdown by the control rods.
However, the effect of the shutdown is not included in the analysis; it is permitted to
continue for approximately another 10 seconds to demonstrate that there are no sudden
or drastic changes in the behavior of the NPM once the riser reaches saturation
temperature, which can be seen by inspecting the core flow in Figure 9-2.

Figure 9-3 shows the power response. Comparing this figure with Figure 8-32, the effect
of moderator feedback can be observed, where the BOC conditions in the reference figure
show a core power of 110 MW at 100 seconds compared with more than 140 MW in this
figure. Core power is reduced in Figure 9-3 as a consequence of fuel temperature
increase, not the moderator temperature increase, given the imposed zero moderator
reactivity feedback.

The void fraction exiting the core and at the top of the riser is shown Figure 9-4. Early
voiding that occurs at the core exit is related to subcooled boiling in the core, which does
not adversely impact the results before the riser actually reaches saturated conditions
because the voids generated by subcooled boiling quickly condense. Note, PIM uses a
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one-dimensional core model that does not model the subcooled boiling in the high-power
assemblies. Such localized boiling is judged not to affect results.

Figure 9-5 shows the CHF response for the event. There is a reduction in the CHF during
the event progression, but the overall CHF shows significant margin for protecting the fuel,
even well after the time when shutdown by control rod insertion would occur.
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Figure 9-1.  Time trace of coolant temperature response to a 50-percent decrease in

feedwater flow at rated power and zero moderator reactivity feedback
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Figure 9-2.  Time trace of primary coolant flow response to a 50-percent decrease in
feedwater flow at rated power and zero moderator reactivity feedback
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Figure 9-3.  Time trace of heat addition and heat removal response to a 50-percent decrease
in feedwater flow at rated power and zero moderator reactivity feedback
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Figure 9-4.  Time trace of void fraction response to a 50-percent decrease in feedwater flow

at rated power and zero moderator reactivity feedback
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Figure 9-5.  Time trace of CHFR response to a 50-percent decrease in feedwater flow at

9.2

rated power and zero moderator reactivity feedback
Decrease in Reactor Coolant Inventory

Decreasing reactor coolant inventory that results in decreasing pressure, but does not
result in a level trip, is expected to produce no significant effect on stability as long as the
primary coolant in the riser remains subcooled as described in Section 8.2.6. However,
further depressurization beyond the trip setpoint that results in riser voiding can destabilize
the system. This section provides analysis results that show the effects of depressurization
and the ability of the MPS to mitigate the event, including consideration of the effects of
sensor and hardware delays.

Results for the event are provided below for BOC core conditions. The event starts at O
seconds with an approximate 14.5- psi/minute (1 bar/minute) depressurization. The
depressurization is programmed to continue for 2000 seconds until the pressure is 1378
psia (95 bar) as shown in Figure 9-6. At this pressure, the riser is in saturated conditions
and the depressurization is halted, which allows the system to show an unstable behavior.
At this point, the system has already tripped and shut down on both riser subcooling and
minimum system pressure. However, the effect of the shutdown is not included in the
analysis; it is permitted to continue to demonstrate the extended duration before there are
drastic changes in the behavior of the NPM.
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Figure 9-7 shows the coolant temperature through 3000 seconds, which includes
indication of the time of MPS trip on loss of subcooling. This trip occurs at about 1608
seconds when the riser temperature in the vicinity of the hot leg temperature sensors is
within 5 degrees-F of the saturation temperature at the pressurizer pressure. The trip on
low-pressurizer pressure at 1600 psia would have occurred sooner. The control rods
physically insert into the core within 10 seconds after the trip, consistent with discussion
in the last section. The effect of the shutdown is not included in the analysis; it is permitted
to continue to demonstrate the behavior of the NPM once the riser reaches saturation
temperature, which can be seen by inspecting the core flow in Figure 9-8.

Figure 9-9 shows the power response. The figure demonstrates that limit-cycle oscillations
in reactor power are established for this condition after the depressurization is stopped at
2000 seconds. The limit-cycle characteristics are discussed further below.

The void fraction exiting the core and at the top of the riser is shown in Figure 9-10. Early
voiding that occurs at the core exit is related to subcooled boiling in the core as observed
for the partial loss of feedwater event.

Figure 9-11 shows the CHF response for the event. There is an overall improvement the
CHF during the event progression. This improvement is a result of a slight decrease in
power, increase in core flow, and the overall dependence of CHF on pressure within the
analyzed range. This improvement in CHF margin shows the fuel is not challenged from
the perspective of CHF for the analyzed event.
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Figure 9-6.  Time trace of programmed system pressure at rated power
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Figure 9-7.  Time trace of coolant temperature response to a depressurization at rated power
and beginning-of-cycle reactivity feedback
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Figure 9-8.  Time trace of primary coolant flow response to a depressurization at rated power
and beginning-of-cycle reactivity feedback
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Figure 9-9.  Time trace of heat addition and heat removal response to a depressurization at
rated power and beginning-of-cycle reactivity feedback
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Figure 9-10. Time trace of void fraction response to a depressurization at rated power and
beginning-of-cycle reactivity feedback
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Figure 9-11. Time trace of critical heat flux ratio response to a depressurization at rated power

and beginning-of-cycle reactivity feedback

Limit-cycle oscillatory behavior is observable in the results shown above. The behavior
arises from nonlinearities in the plant behavior that dampen the oscillation magnitude and
prevent the continued oscillation growth. Figure 9-12 shows limit-cycle oscillations in
primary system flow for a duration of 120 seconds. Oscillations with a period of about 17
seconds are evident in the figure. This period is related to the time for coolant to transit
from the core to the top of the riser.
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Figure 9-12. Time trace of primary coolant flow limit-cycle response more than 120 seconds to

a depressurization at rated power and beginning-of-cycle reactivity feedback

Growth of the oscillation amplitude seen in Figure 9-12 is saturated and reaches a limit
cycle due to nonlinear effects that limit further increase of the destabilizing phenomena.
In this case, the full collapse of the riser voids seen in Figure 9-10 marks the maximum
ability of the system to generate larger amplitudes as the range of the density head
variation becomes saturated.

Analysis of conditions at EOC for the same depressurization scenario described above
illustrates the importance of reactivity feedback on the strength of instability well after the
expected shutdown time. Figure 9-13 and Figure 9-14 show the primary system flow and
void fraction for this condition. The relatively strong negative moderator reactivity feedback
allows the plant to reach a new steady state (oscillation-free) condition after a short
transitory behavior.
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Figure 9-14. Time trace of void fraction response to a depressurization at rated power and
end-of-cycle reactivity feedback

Figure 9-15 shows the primary coolant flow for the same 120-second window that is shown |
in Figure 9-12. Oscillations with a period of about 19 seconds are evident in the figure;
however, the magnitude has no significance. ‘
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10.0 Stability Methodology

The physical basis of the stability analysis methodology was developed and presented in
detail in the preceding sections. A phenomena identification and ranking table (PIRT) was
created and used as basis for developing the stability analysis code that has been
exercised over a wide range of operating conditions and transients. Post-analysis
examination of the high-ranking phenomena was presented, and the general
characteristics of the stability behavior were established. This physical basis substantiates
for the stability analysis methodology.

The purpose of this section is to present two aspects of the stability methodology. The first
aspect pertains to the selection of regional exclusion as the solution type and the rationale
for this selection.

The second aspect pertains to the type and scope of the generic analysis that supports
the definition of the region to be excluded, and the margins and MPS trips that enforce it.
These elements constitute the stability analysis application methodology.

10.1 Revisiting High-Ranking Phenomena
{{

}}Z(a),(c)
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10.2 General Stability Characteristics

The characteristics of the stability behavior of the NPM were obtained based on the results
of the PIM code analysis and supported by first principles and experimental data. The
salient features of the stability characteristics are presented in the sketch provided as
Figure 10-1. The sketch shows the qualitative dependence of decay ratio on riser (or
equivalently core exit) subcooling. The decay ratio is generally small representative of a
stable system for subcooled riser conditions, and experiences a significant step increase
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in decay ratio as the operating state transitions to two-phase flow in the riser upon loss of
the subcooling margin. The high decay ratio state with no riser subcooling may exceed
unity, indicating an unstable system, and so is precluded by the regional exclusion stability
protection solution.

1 - |

Forbidden [ Allowed Operation
Operation

2

©

4

>

[0]

[&]

[0]

a

Safety Margin Stable

0 1 1 1
0 5 10 15

Riser Subcooling

Figure 10-1. lllustration of decay ratio band as function of riser subcooling showing range of
stability, possible instability, and safety margin

The band of decay ratio curves as function of riser subcooling indicates variation due to
other parameters. The main variation of decay ratio is due to the following parameters:

e Moderator density reactivity. For positive moderator density reactivity coefficient
(equivalent to negative moderator temperature coefficient for single-phase
moderator) the decay ratio is reduced, indicating a stabilizing effect. Small positive
moderator density reactivity coefficient (equivalent to positive moderator temperature
coefficient for single-phase moderator), which is possible at high boron concentration
and low moderator temperature at low power operation, increases decay ratio.
Decay ratio is likely to exceed unity and the system is unstable when vapor is
present in the riser and moderator density reactivity is small as in BOC. For EOC
conditions, voiding in the riser is not likely to result in instability.
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o Core Power. The system is highly stable (i.e., decay ratio is less than 0.5) for high
power operation. {{

}}2(8),(0)

From the above discussion, two parameters are identified as controlling the stability of the
reactor. The proposed stability analysis methodology considers these parameters as
follows.

e Riser Subcooling. The loss of riser subcooling is identified as the condition for which
instability is possible and likely. For this reason, riser subcooling is to be protected by
a technical specification value with margin, where the margin is sufficiently large to
cover instrumentation uncertainty and measurement delay. The riser subcooling
margin is independent of the core design and burnup state and therefore is generically
specified for the methodology and is not on a cycle-specific basis.

o Moderator Reactivity Coefficient. An analysis that utilizes the methodology described
in this report is required to demonstrate that the decay ratio is at or below 0.8 for power
at five percent of rated or above under the BOC conditions with subcooled riser, which
places a limit on the MTC maximum positive value. A conservative positive MTC is
used for the initial generic analysis, and therefore, a revision to the stability analysis
would be needed only if this conservative value is exceeded in subsequent cycles.

10.3 Stability Protection Solution

There are two stability protection types, which emerged from a long history of licensing
the operation of BWRs. These types are detect and suppress and regional exclusion. The
main features of these two types are presented below with the rationale for adopting the
regional exclusion type in this methodology.

o Detect and suppress stability solution. This is an automated solution in which in-core
instrumentation signals are processed and oscillation detection algorithms are applied
continuously to identify the onset of unstable oscillations. The system is functioning
over a wide operational domain defined on a two-dimensional power-flow operating
map. Reactor trip set points are based on statistical methods with assumed
distributions of oscillation frequency and decay ratios, taking into account reactor trip
delays. The system is sufficiently sensitive that it can respond to global and regional
mode instabilities and suppress them before thermal limits are violated. The detect
and suppress solution is used by most BWR utilities because it can efficiently protect
the fuel automatically without reliance on operator action. The advantages for BWRs
include the system’s ability to detect regional out-of-phase oscillations that are not
manifest in the average neutron flux signals, and doing so on a short time scale that
cannot be reliably managed by human operators. These two advantages are not
applicable to the NPM: regional mode oscillations are not possible and the oscillation
period is significantly longer than in BWRs.
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o Regional exclusion stability solution. This solution depends on a priori identification of
a conservative region on the two-dimensional power-flow map for BWRs in which
stability code analysis identifies the possibility of instabilities at any point in the
operational cycle. This analysis is validated for each fuel cycle. The identified exclusion
region is protected by an automatic reactor trip. A large region is identified which
requires manual action to exit the exclusion region to avoid unnecessary trips. This
solution is less favored by BWR utilities because the exclusion region is often too large
and conservatively defined which reduces operational flexibility.

In the case of the NPM, regional exclusion solution is the appropriate stability solution.
The rationale for this selection is presented.

e Automatic oscillation detection is not needed because the incipience and growth of the
oscillation in the NPM is slow, where the characteristic period is an order of magnitude
or longer compared with BWR oscillations. With such a slow transient, normal
operation maneuvers could be confused for instabilities.

e The exclusion region for an NPM is not a two-dimensional area on a power-flow map
that requires extensive cycle-specific analysis to define; rather, the exclusion region is
one-dimensional defined as a point on the riser subcooling (or temperature as a
function of pressure) range.

e The riser subcooling is protected by automatic action for other purposes. Therefore,
stability protection requires no new analysis or equipment.

o The analysis that supports the claim that instabilities in the NPM are possible only
when riser voiding occurs is not needed on a cycle-specific basis. The analytical
methodology to support this claim using the stability PIM code is extensive because it
is a unique analysis.

In conclusion, the selected stability protection solution for the NPM is the regional
exclusion solution. The region is defined by a single point specifying riser subcooling
margin. The stability exclusion region is protected by automatic action. Section 10.4
describes stability analysis application methodology using the PIM code.

10.4 Stability Analysis Application Methodology

The stability application methodology is defined by the transient PIM code and the range
of conditions to be analyzed to support the claim that the NPM is stable, given that riser
subcooling is maintained.

The application methodology described in this section addresses key considerations in
applying the computational methods of this topical report for calculations related to
confirming the NPM stability performance. The application methodology addresses
evolving design, performance, and operation by analyzing the effect of such evolutions in
the stability analysis. Changes may stem from effects such as revision of the plant design,
improved hydraulic and neutronic design of the nuclear fuel, cycle length changes, power
uprates, and cycle-specific application (e.g., the initial core).
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The following considerations are made in confirming the NPM stability performance and
acceptability of the regional exclusion solution when addressing evolving design,
performance, or operation of the NPM. These considerations are the key parameters
affecting NPM stability performance. {{

}}Z(a),(C)

Stability analyses are performed assuming a bounding conservative fraction of decay
heat. This is done by performing the stability calculation using the decay heat value that
results in the least stable response. The minimum value of decay heat is 0 and the
maximum value of decay heat is obtained by assuming extended steady state operation
at 100 percent power immediately prior to the analysis condition. These two cases must
be considered because decay heat is destabilizing for MTC<0 and stabilizing for MTC>0,
and so for conditions where MTC is greater than 0 the minimum value of decay heat is
used.

Demonstration examples of the scope of analysis conditions are provided in this report to
support the applicability of the analytical methods of the PIM code. Final analysis will be
provided separately for the final design. An application of this methodology with a full
analysis scope is expected to support or disposition the stability impact of future NPM
design changes.

In order to utilize the methodology described in this report, the applicability of the regional
exclusion stability protection solution by satisfying the condition that the conservative
maximum (positive) MTC is within the value used for the generic analysis and the riser
subcooling is within the technical specification value must be confirmed on a cycle-specific
basis.
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10.4.1 Stability Analysis Application Methodology Conditions

The following conditions and limitations must be met for a stability analysis using the
methodology in this report:

Fuel designs that are different than the reference design used in this topical
report must be hydraulically compatible with the reference fuel design.

The assumed decay heat must be a conservative value for the conditions at
which stability is being calculated as described in Section 10.4.

A default boiling coefficient value of y= 5000 kg/m3-s must be used. Any

modification to the boiling model must preserve the degree of the intended
conservatism which reduces subcooled boiling in a single-channel core
application.

A core average pellet-clad gap conductance must be determined in accordance
with the methodology defined in Section 5.6.4.3 of this topical report. Different
gap conductance values are used if obtained from an NRC-approved
thermo-mechanical code calculation.

Nuclear parameters used in the stability analysis must be the limiting values over
the entire cycle, whether this is beginning of cycle (BOC), end of cycle (EOC), or
any time during the cycle.
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11.0 Summary and Conclusions

A methodology for the evaluation of the stability of the NPM has been presented. The
stability phenomena are considered from the fundamental level and screened for
applicability to NPM. The ranking of these phenomena is the guide for the computational
models developed for the stability analysis and is assessed versus NIST-1 data and
supported by first principles analysis of trends.

No assumptions are made with regard to stability trends being in any way similar to past
experience, particularly with BWRs. Important differences between BWR and the NPM
stability trends are identified, namely:

o Negative moderator reactivity feedback is stabilizing in the case of the NPM,
unlike BWRs. Note that a small positive moderator reactivity coefficient, which is
destabilizing, is possible in principle for low exposure high boron and low-
moderator temperature.

e High core inlet flow subcooling is not destabilizing for the case of NPM, unlike for
a BWR.

o High-power operation is more stable than low-power operation, unlike a BWR
under natural circulation conditions.

e The period of flow and power oscillations in the NPM is one to two orders of
magnitude higher than the oscillation period in a BWR, hence the selection of
regional exclusion stability protection instead of the detect and suppress solution.

The NPM primary coolant flow is found to be stable for the entire operational domain for
the analyzed conditions. This finding is based on a wide range of exploratory calculations
with varied operating conditions and assumptions. Uncertainty analysis does not identify
the possibility of destabilization compared with the best-estimate hydraulic
characterization.

Instabilities can be excited only when operating outside the design range in which riser
voiding becomes possible. These instabilities are prevented by the reactor protection
system being triggered by trip setpoints on reactor pressure or core exit subcooling
violations. Simulating transients with growing oscillations destabilized by riser voiding do
not challenge SAFDLs in the example cases. For EOC, the negative moderator coefficient
suppresses the oscillation growth; while for BOC, the oscillations reach a large amplitude
limit cycles without significant loss of CHF margin. However, as benign as these
oscillations may be, the stability analysis methodology conservatively prevents their
occurrence.

The proposed stability protection solution for the NPM belongs in the class of regional
exclusion. The analytical methods support the identification of the unstable operating
region as the one in which riser voiding is possible regardless of the cause of the loss of
riser subcooling margin (e.g., high power, low pressure, or degraded SG heat sink). The
MPS trip enforces the exclusion region. The licensing basis of the identification of the
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exclusion region is generic and applicable to the final design, and confirmation analysis is
necessary in the case of design updates as explained in Section 10.0 above.
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Appendix A.  Stability of the Flow in the Steam Generator Tubes

AA1

Background

The SG is made up of many tubes helically wound to fit within the annulus space of the
reactor pressure vessel. The top and bottom of each tube is connected to an upper (steam)
plenum and lower (feedwater) plenum, respectively. The individual tubes of the SG are
subjected to the same pressure drop between the two plena.

In the SG, heat is transferred from primary-side single-phase fluid passing over the outside
of the tubes to the secondary-side fluid within the individual tubes. The primary-side fluid
enters the SG at the upper plenum at a temperature that exceeds the saturation
temperature of the secondary side. The secondary-side flow enters each individual tube
via the lower plenum in a subcooled state. The flow entering each tube is heated by the
primary side and is brought to boiling as it travels upward. Heating continues with full
conversion of the secondary-side fluid to steam, followed by heat transfer to single-phase
steam. The exit condition of the secondary-side fluid from the tube at the upper plenum is
superheated steam. The flow in individual tubes of the SG is subject to density wave
instabilities depending on the fluid two-phase conditions (e.g., the total power transferred
from the primary side), pressure, and inlet subcooling. Therefore, design considerations
are made within the NPM SG to limit the magnitude of possible flow oscillations within
individual tubes by increasing flow resistance at the inlet. However, as part of a
comprehensive effort to address the overall stability performance of the NPM within the
scope of GDC 10 and GDC 12, it is necessary to understand the effects of instabilities
within the SG on the primary side, and particularly for the SAFDLs. Therefore, a parametric
evaluation of the effects of flow oscillation on the primary side is provided.

Considering the experience and the considerable literature on density waves in boiling
systems, the flow is known to become less stable for higher power, higher inlet subcooling,
and lower pressure (References A.1 and A.2). With regard to the axial power distribution,
bottom peaking is known to be destabilizing. In the case of the heated tube, a considerable
segment of the flow is in two-phase conditions and remains at a constant temperature,
while the primary coolant temperature monotonically decreases as it travels downward.
Therefore, the temperature difference driving heat transfer is smaller in the bottom of the
tube, resulting in shifting the axial heating distribution upwards, which tends to have a
stabilizing effect.

The one unique feature of the helical-coil SG tubes that differs from the bulk of the
published studies of density wave instabilities is that the SG tubes are not vertical.
However, the helical tubes can be considered as inclined tubes assuming the impact of
the centrifugal forces on the flow stability to be negligible, and thus the gravitational
component of the pressure drop is scaled accordingly in the stability analysis. Therefore,
only quantitative, not qualitative, differences are expected compared with the existing
analysis and understanding of density waves in boiling channels.
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A.2 Density Waves in Parallel Channels

The oscillation mode, in which the flow in the parallel channels oscillates in phase, is not
the dominant mode because the net flow entering and leaving the SG also oscillates
against the damping forces of the feedwater pumps and friction in the inlet and outlet
piping connected to the SG. The damping forces of the components external to the SG
are eliminated for the oscillation modes in which phase differences in individual tubes
result in cancelling out any oscillations in the total SG flow and the pressure difference
between the plena remains constant. In the idealized case in which there are only two
tubes, the flow oscillations in one tube are out of phase with the other tube (180 degrees).
In the case of three tubes, the preferred phase difference is 120 degrees to maintain
constant pressure drop between the plena (See Reference A.3). For four tubes, two
preferred mode possibilities exist: either the tubes oscillate with a phase difference of 90
degrees apart from one to the next, or two groups of two tubes each oscillate out of phase
while the tubes in each group oscillate in phase with one another. Physically, there is no
mechanism that forces the grouping of tubes and locks the channels in each group to
oscillate in phase. This phenomenon is unlike the case of BWR fuel bundles in which the
flow in half the bundles is locked in phase and oscillates out of phase with the group of
bundles in the other half of the core. In the BWR case, the locking mechanism is the
excitation of the first azimuthal mode of the neutron flux. A similar mechanism is not
present in the helical coil SG design to lock the phase of oscillations in the SG tubes. With
hundreds of tubes in the SG, the oscillation phase difference in different tubes can be
randomized to create the preferred constant pressure drop between the plena.

A.3 Coupling Between the Primary and Secondary Fluids

The NPM is designed to operate without pumps in the primary system. Flow in the primary
side is driven by the density difference between the fluid in the riser, which is heated by
the core, and the fluid in the downcomer, which is cooled by the SG.

A perturbation in the flow of the SG tubes creates a corresponding perturbation in the heat
transfer from the primary side and downcomer density response, resulting in a reactor
coolant flow response. The reactor coolant flow response affects the heat transfer to the
SG. This feedback loop coupling does not result in self-sustained instability because the
flow response within the SG would be in phase in the tubes and encounters the damping
that results from the feedwater pump and piping external to the SG.

In the case of density wave oscillations in the SG tubes, the phase of the oscillation in
each of the tubes results in cancelling out any net oscillation effect on the heat transfer
and thus no feedback to the reactor coolant loop. It is therefore concluded that there is no
possibility of instability due to the coupling between the reactor coolant flow and the flow
in the SG tubes.
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A.4 Calculations and Results

As described above, the in-phase oscillation of secondary flow does not occur and the
out-of-phase oscillatory flow in individual tubes cancel out, so that the net secondary flow
is not oscillating. Therefore, the rate of heat transfer from the reactor coolant flow is
maintained without oscillation. However, the overall average heat transfer to the SG may
be affected. This effect is discussed below.

The overall heat transfer coefficient between the flow inside and outside a tube, #, is
obtained from the heat transfer coefficient from the inner surface of the tube to the inside

flow, 2 , and the outside heat transfer coefficient, #

’ m? out ?

the outer fluid. Thus,

accounting for the tube wall and

— Eq. A-1

The inner heat transfer coefficient has an oscillating component, assumed sinusoidal, due
to flow oscillations inside the tube; thus, the time-dependent overall heat transfer
coefficient is obtained from

h(t)= Eq. A-2
h h, +asinwt

where a<h, is the oscillation magnitude, and w is the oscillation frequency. The average

heat transfer coefficient for a number of tubes, n, oscillating at equal phase intervals, is
obtained from

1L 1
= Eq. A-3
NZ 1 1 a

h,, h +asin(wt+27(n—-1)/N)

Notice that for a finite number of tubes, the average heat transfer coefficient is still time
dependent where the magnitude of its oscillation is reduced and is retained as a second
order effect. lllustrating for the specific case of N =2, we get

— 1 1 1 1 h,h, (h, +h,)—h,a sin’® ot
hy (1) = 31 ; *—— 1 = Eq. A-4

L, 2t 1 (h,, +h,) —a’sin’ wt
h h +asinwt h h, —asinwt

out in out

where it can be observed that the average two-tube heat transfer coefficient oscillates with
the double frequency of the oscillation in each tube, and oscillates between the steady

. . e .2
operation as an upper value and a minimum value when sin”wt=1. Therefore, the
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average heat transfer coefficient over the oscillation period is somewhat diminished. This
effect can be explored further for the realistic case of a large number of tubes.

For a large number of tubes, the average heat transfer coefficient becomes independent
of time and is obtained from

- 17 deo h
h=— I 1 =h, - = Eq. A-5
2” 0 — + (hout + hin )2 - az

The ratio of the average heat transfer coefficient of many tubes relative to the steady (non-
oscillating) value, K, becomes

h h
R= [1 + —j 1- <1 Eq. A-6
hin (houf + hin )2 - az

Physically, the maximum reduction of the inner heat transfer coefficient does not cause it
to vanish completely. However, considering this extreme case by using a=#h_, the

minimum relative heat transfer coefficient becomes

R, = (l + Lj 1- i <1 Eq. A-7
hm \/( hout + h )2 - hli

in

in

The minimum relative heat transfer coefficient under the maximum possible inner heat
transfer coefficient oscillation magnitude depends on the ratio of the steady flow outer-to-
inner heat transfer coefficient. The minimum ratio of R, =0.828 is attained when the

steady flow outer-to-inner heat transfer coefficient ratio, #, /n, , is 0.414.

Even under the extreme assumptions of inner heat transfer coefficient oscillation
magnitude and most sensitive heat transfer resistance combination inside and outside the
tube, the overall heat transfer coefficient remains steady (not oscillating) with a downshift
of only 17 percent. For a realistic design, the heat transfer coefficient drop under severe
flow oscillations inside the tubes is only a few percent. For example, an inner heat transfer
coefficient oscillation magnitude of 50 percent results in the reduction of the effective heat
transfer coefficient by only 3.3 percent under the most sensitive heat transfer
corresponding to £, /h, =0.9.

The effect of the overall SG heat transfer coefficient drop due to parallel channel flow
oscillations inside the tubes is a gradual increase in the reactor coolant flow temperature,
which results in reducing the reactor power due to negative reactivity coefficient until the
heat balance is restored at lower power. It is possible that the new steady state under the
reduced reactor power would also restore the stability of the flow in the SG tubes.
Conversely, reactor reactivity control action to restore the original power level would result
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in a slightly higher primary coolant temperature compared with the stable SG flow case.
In all conditions, the primary loop flow is driven to oscillate in response to SG instability.

A.5 Conclusions

Based on the information provided in this appendix, it is concluded that the main effect of
density waves in the tubes of the helical coil SG is a small reduction in the effective heat
transfer coefficient between the two sides of the SG. Unstable flow oscillations impact on
heat transfer in individual tubes do not affect the overall heat transfer to the primary side
because the flow oscillations in the tubes are not in-phase and thus their individual effects
cancel out. Significant primary flow oscillations are not excited by the instabilities in the
SG tubes.

A.6 References
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Requests for Additional Information: Evaluation Methodology for Stability Analysis of the

NuScale Power Module

Set number eRAI Number NuScale Letter Accession Number | Topical Report Sections Affected
Number
15 8830 RAIO-0717-54876 ML17198K886 N/A
16 8801 RAIO-0817-55331 ML17219A738 N/A
17 8808 RAIO-0717-55082 ML17207A905 N/A
18 8814 RAIO-0817-55271 ML17219A145 N/A
8802 8802 RAIO-0817-55443 ML17228A249 N/A
8803 8803 RAIO-0817-55732 ML17242A333 N/A
8831 8831 RAIO-0817-55548 ML17234A750 N/A
8846 8846 RAIO-0917-56273 ML17271A256 N/A
8848 8848 RAIO-0817-55539 ML17234A731 N/A
8867 8867 RAIO-0817-55189 ML17213B040 N/A
8867 8867 RAIO-0918-61818 ML18260A376 Added Section 10.4.1. Changed prop markings
(Supplemental) in Section 11.
8868 8868 RAIO-0817-55633 ML17235B151 N/A
8869 8869 RAIO-0817-55444 ML17228A261 N/A
8870 8870 RAIO-0817-55449 ML17228A277 N/A
8871 8871 RAIO-0817-55450 ML17228A308 N/A
8872 8872 RAIO-0817-55634 ML17235B179 N/A
8873 8873 RAIO-0817-55515 ML17234A748 N/A
8873 8873 RAIO-0918-61819 ML18260A378 Revised Section 10.4 to clarify that stability
(Supplemental) analyses shall be performed using a
conservative value of decay heat.
8921 8921 RAI0-0917-56178 ML17268A388 N/A
8922 8922 RAIO-0917-56236 ML17270A268 N/A
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Set number eRAI Number NuScale Letter Accession Number | Topical Report Sections Affected
Number
8937 8937 RAIO-0917-56281 ML17271A285 N/A
8944 8944 RAIO-0917-56283 ML17271A237 N/A
8944 8944 RAIO-0918-61821 ML18260A381 Revised Section 10.4 to clarify that stability
(Supplemental) analyses shall be performed using a default
value for the boiling coefficient.
8945 8945 RAIO-0917-56237 ML17270A275 N/A
8946 8946 RAIO-0917-56238 ML17270A280 N/A
9017 9017 RAIO-0917-56177 ML17268A378 N/A
9018 9018 RAIO-0917-56275 ML17271A159 N/A
9019 9019 RAIO-0917-56269 ML17271A332 N/A
9024 9024 RAIO-1017-56518 ML17283A422 N/A
9024 9024 RAIO-1017-56826 ML17298C004 Section 5.5.4 to clarify concerning the ambient
(Supplemental) heat loss.
9037 9037 RAIO-1017-56781 ML17297A693 N/A
9056 9056 RAIO-1017-56554 ML17284A919 N/A
9089 9089 RAIO-0118-58263 ML18019A944 N/A
9091 9091 RAIO-1117-57094 ML17313B220 N/A
9091 9091 RAIO-0918-61830 ML18260A380 Section 10.4 to clarify that stability
(Supplemental) methodology can be used for alternative fuel
designs only if the alternative fuel designs are
hydraulically compatible with the reference
fuel design.
9093 9093 RAIO-1117-57040 ML17313B233 Section 4.1 and 4.2 for slight clarification and

prop marking changes, and Section 5.2
discussing the control of secondary flow
oscillations.
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Set number eRAI Number NuScale Letter Accession Number | Topical Report Sections Affected
Number
9093 9093 RAIO-0518-59875 ML18129A164 Table 4-1 to include update to SG tubes
(Supplemental) instability.

9095 9095 RAIO-1117-57087 ML17313B231 N/A

9096 9096 RAIO-1017-56837 ML17299A292 N/A

9097 9097 RAIO-1117-57261 ML17321B078 N/A

9098 9098 RAIO-1117-57035 ML17310B545 N/A

9104 9104 RAIO-1117-57263 ML17324B101 N/A

9104 9104 RAIO-0918-61831 ML18260A383 Sections 5.6 and 10.4 to describe the

(Supplemental) methodology for determining the input value

for fuel-clad gap conductance thatis a
reasonable representation of the core average
gap conductance for the subject core loading.

9105 9105 RAIO-0118-58326 ML18026A939 N/A

9106 9106 RAIO-0318-59230 ML18080A231 N/A

9107 9107 RAIO-0318-59362 ML18089A092 N/A

9136 9136 RAIO-1217-57792 ML17353A494 N/A

(Partial)

9136 9136 RAIO-0118-57999 ML18002A610 N/A

9171 9171 RAIO-0218-58724 ML18047A737 N/A

9172 9172 RAIO-0118-58329 ML18026A856 N/A

9173 9173 RAIO-0418-59474 ML18099A375 N/A

9175 9175 RAIO-0218-58621 ML18043B151 N/A

9176 9176 RAIO-0218-58872 ML18058A787 N/A

9177 9177 RAIO-0218-58737 ML18050A048 N/A

9218 9218 RAIO-0218-58644 ML18043B177 N/A

9333 9333 RAIO-0418-59403 ML18093B575 N/A

9388 9388 RAIO-0418-59676 ML18113B006 N/A
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Set number eRAI Number NuScale Letter Accession Number | Topical Report Sections Affected
Number

9417 9417 RAIO-0518-60208 ML18149A652 N/A

9438 9438 RAIO-0518-60222 ML18150A707 N/A

9439 9439 RAIO-0618-60250 ML18152B881 N/A

9440 9440 RAIO-0518-60030 ML18137A618 N/A

9441 9441 RAIO-0618-60298 ML18155A625 N/A

9443 9443 RAIO-0518-60029 ML18137A607 N/A

9444 9444 RAIO-0818-61457 ML18229A337 N/A

9465 9465 RAIO-0918-61722 ML18253A287 Prop marking changes throughout. Section 4.1
added minor clarification. Section 5.5.2 added
numerical solution details.

9575 9575 RAIO-1018-62120 ML18284A497 N/A

9576 9576 RAIO-1018-62105 ML18284A487 N/A

9578 9578 RAIO-1218-63909 ML18352B366 N/A

9579 9579 RAIO-1218-63911 ML18353B515 Section 10.2 to delete last sentence in point
describing core power.

9580 9580 RAIO-1218-63997 ML18365A282 N/A

9624 9624 RAIO-1218-93946 ML18354B190 Section 4.1 to clarify excluded thermal-

hydraulic items; Section 4.4 to clarify how
density waves in SG tubes are limited; Section
5.2, to clarify how secondary flow oscillations
are passively controlled.
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September 17, 2019 Docket No. PROJ0769

U.S. Nuclear Regulatory Commission
ATTN: Document Control Desk

One White Flint North

11555 Rockville Pike

Rockville, MD 20852-2738

SUBJECT: NuScale Power, LLC Submittal of “Evaluation Methodology for Stability Analysis of
the NuScale Power Module,” TR-0516-49417, Revision 1

REFERENCE: Letter from NuScale Power, LLC to Nuclear Regulatory Commission, “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 (ML16250A851)

NuScale Power, LLC (NuScale) hereby submits Revision 1 of the “Evaluation Methodology for Stability
Analysis of the NuScale Power Module” (TR-0516-49417).

Enclosure 1 contains the proprietary version of the report entitled “Evaluation Methodology for Stability
Analysis of the NuScale Power Module.” 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 report.

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 541-452-7831 or at
mpresson@nuscalepower.com if you have any questions.

Sincerely,

Zackary W. Rad

Director, Regulatory Affairs
NuScale Power, LLC

Distribution: Samuel Lee, NRC, OWFN-8H12
Gregory Cranston, NRC, OWFN-8H12
Bruce Bavol, NRC, OWFN-8H12
Michael Dudek, NRC, OWFN-8H12

Enclosure 1: Evaluation Methodology for Stability Analysis of the NuScale Power Module,
TR-0516-49417-P, Revision 1, proprietary version

Enclosure 2: Evaluation Methodology for Stability Analysis of the NuScale Power Module, TR-0516-
49417-NP, Revision 1, nonproprietary version

Enclosure 3: Affidavit of Zackary W. Rad, AF-0919-67014

NuScale Power, LLC
1100 NE Circle Blvd., Suite 200  Corvallis, Oregon 97330  Office 541.360-0500 Fax 541.207.3928
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Enclosure 2:

Evaluation Methodology for Stability Analysis of the NuScale Power Module, TR-0516-49417-NP,
Revision 1, nonproprietary version

Note: this enclosure to NuScsale's September 17, 2019 letter to the
NRC is identical to the topical report included in Section B of the
current NuScale Letter with two exceptions: the Section B version
includes "-A" in the document identification number and the date
was updated on the cover page.
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NuScale Power, LLC
AFFIDAVIT of Zackary W. Rad
I, Zackary W. Rad, state as follows:

(1) | am the Vice President of Regulatory Affairs of NuScale Power, LLC (NuScale), and as such, |
have been specifically delegated the function of reviewing the information described in this
Affidavit that NuScale seeks to have withheld from public disclosure, and am authorized to apply
for its withholding on behalf of NuScale

(2) 1'am knowledgeable of the criteria and procedures used by NuScale in designating information as
a trade secret, privileged, or as confidential commercial or financial information. This request to
withhold information from public disclosure is driven by one or more of the following:

(a) The information requested to be withheld reveals distinguishing aspects of a process (or
component, structure, tool, method, etc.) whose use by NuScale competitors, without a
license from NuScale, would constitute a competitive economic disadvantage to NuScale.

(b) The information requested to be withheld consists of supporting data, including test data,
relative to a process (or component, structure, tool, method, etc.), and the application of the
data secures a competitive economic advantage, as described more fully in paragraph 3 of
this Affidavit.

(c) Use by a competitor of the information requested to be withheld would reduce the
competitor's expenditure of resources, or improve its competitive position, in the design,
manufacture, shipment, installation, assurance of quality, or licensing of a similar product.

(d) The information requested to be withheld reveals cost or price information, production
capabilities, budget levels, or commercial strategies of NuScale.

(e) The information requested to be withheld consists of patentable ideas.

(3) Public disclosure of the information sought to be withheld is likely to cause substantial harm to
NuScale’'s competitive position and foreclose or reduce the availability of profit-making
opportunities. The accompanying topical report reveals distinguishing aspects about the method
by which NuScale develops its power module’s thermal hydraulic stability analysis.

NuScale has performed significant research and evaluation to develop a basis for this method
and has invested significant resources, including the expenditure of a considerable sum of
money.

The precise financial value of the information is difficult to quantify, but it is a key element of the
design basis for a NuScale plant and, therefore, has substantial value to NuScale.

If the information were disclosed to the public, NuScale's competitors would have access to the
information without purchasing the right to use it or having been required to undertake a similar
expenditure of resources. Such disclosure would constitute a misappropriation of NuScale's
intellectual property, and would deprive NuScale of the opportunity to exercise its competitive
advantage to seek an adequate return on its investment.

(4) The information sought to be withheld is in the Enclosure 1 to the “NuScale Power, LLC Submittal
of the Approved Version of NuScale Topical Report ‘Evaluation Methodology for the Stability of
the NuScale Power Module, ‘TR-0516-49417, Revision 1.” The enclosure contains the
designation “Proprietary" at the top of each page containing proprietary information. The
information considered by NuScale to be proprietary is identified within double braces, "{{ }}" in
the document.
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(5) The basis for proposing that the information be withheld is that NuScale treats the information as
a trade secret, privileged, or as confidential commercial or financial information. NuScale relies
upon the exemption from disclosure set forth in the Freedom of Information Act ("FOIA"), 5 USC §
552(b)(4), as well as exemptions applicable to the NRC under 10 CFR §§ 2.390(a)(4) and
9.17(a)(4).

(6) Pursuant to the provisions set forth in 10 CFR § 2.390(b)(4), the following is provided for
consideration by the Commission in determining whether the information sought to be withheld
from public disclosure should be withheld:

(@)

(b)

(e)

The information sought to be withheld is owned and has been held in confidence by
NuScale.

The information is of a sort customarily held in confidence by NuScale and, to the best of
my knowledge and belief, consistently has been held in confidence by NuScale. The
procedure for approval of external release of such information typically requires review by
the staff manager, project manager, chief technology officer or other equivalent authority, or
the manager of the cognizant marketing function (or his delegate), for technical content,
competitive effect, and determination of the accuracy of the proprietary designation.
Disclosures outside NuScale are limited to regulatory bodies, customers and potential
customers and their agents, suppliers, licensees, and others with a legitimate need for the
information, and then only in accordance with appropriate regulatory provisions or
contractual agreements to maintain confidentiality.

The information is being transmitted to and received by the NRC in confidence.

No public disclosure of the information has been made, and it is not available in public
sources. All disclosures to third parties, including any required transmittals to NRC, have
been made, or must be made, pursuant to regulatory provisions or contractual agreements
that provide for maintenance of the information in confidence.

Public disclosure of the information is likely to cause substantial harm to the competitive
position of NuScale, taking into account the value of the information to NuScale, the
amount of effort and money expended by NuScale in developing the information, and the
difficulty others would have in acquiring or duplicating the information. The information
sought to be withheld is part of NuScale's technology that provides NuScale with a
competitive advantage over other firms in the industry. NuScale has invested significant
human and financial capital in developing this technology and NuScale believes it would be
difficult for others to duplicate the technology without access to the information sought to be
withheld.

| declare under penalty of perjury that the foregoing is true and correct. Executed on March 18, 2020.

AF-0320-69301
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/Zac ary W. Rad
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