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UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

April 22, 2022

Mr. Peter Hastings

Vice President, Regulatory
Affairs and Quality

Kairos Power LLC

707 W. Tower Ave.

Alameda, CA 94501

SUBJECT:  KAIROS POWER, LLC - SAFETY EVALUATION FOR KP-TR-012, “KP-FHR
MECHANISTIC SOURCE TERM METHODOLOGY TOPICAL REPORT,”
REVISION 3 (EPID NO: L-2020-TOP-0051/CAC NO. 000431)

Dear Mr. Hastings:

This letter provides the final safety evaluation for the Kairos Power LLC (Kairos) topical report
“KP-FHR Mechanistic Source Term Methodology Topical Report,” Revision 3. By letter dated
June 30, 2020 (Agencywide Documents Access and Management System (ADAMS) Accession
No. ML20182A785), Kairos submitted the topical report for U.S. Nuclear Regulatory
Commission (NRC) staff review. On February 11, 2021 (ADAMS Accession No.
ML21056A074), the NRC staff provided its review questions to Kairos. The review questions
were discussed during closed meetings held between the NRC staff and Kairos on April 28,
May 26, June 9, June 24, July 13, and July 28, of 2021. By letter dated August 19, 2021
(ADAMS Accession No. ML21231A289), Kairos submitted Revision 1 of the topical report to
address the staff review questions. By letter dated February 16, 2022 (ADAMS Accession No.
ML22047A325), Kairos submitted Revision 2 of the topical report to address concerns,
discussed during a closed meeting held between the NRC staff and Kairos on February 7, 2022,
regarding experimental data for vaporization of fission products. By letter dated March 28, 2022
(ADAMS Accession No. ML22088A228), Kairos submitted Revision 3 to address administrative
errors in Revision 2 that redacted information that was previously made publicly available in
Revision 1.

The NRC staff’s final safety evaluation for “KP-FHR Mechanistic Source Term Methodology
Topical Report,” Revision 3, is enclosed.

Enclosure 1 to this letter contains Proprietary Information. When separated from
Enclosure 1, this letter is DECONTROLLED.
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The NRC staff provided Kairos a draft of the safety evaluation for the purpose of identifying
proprietary information on October 29, 2021 (ADAMS Accession No. ML21307A043). On
December 15, 2021, Kairos confirmed that the proprietary information in the draft safety
evaluation was appropriately marked (ADAMS Accession No. ML21349B381).

The Advisory Committee on Reactor Safeguards (ACRS) was briefed on this topical report and
the NRC staff draft safety evaluation on November 19, 2021, and November 30, 2021. The
ACRS provided its recommendations for the publication of this safety evaluation in a letter dated
December 20, 2021 (ADAMS Accession No. ML21342A179). By letter dated February 8, 2022,
the NRC staff provided its response to the ACRS recommendations (ADAMS Accession No.
ML22024A485). The enclosed safety evaluation is final, and a redacted version will be made
publicly available.

The NRC staff requests that Kairos publish an accepted version of this topical report within
3 months of receipt of this letter. The accepted version shall incorporate this letter and the
enclosed safety evaluation after the title page. The accepted version shall include an "-A"
(designating accepted) following the topical report identification symbol.

If you have any questions, please contact Samuel Cuadrado at
Samuel.CuadradodeJesus@nrc.gov.

Sincerely,

WMEKM

William B. Kennedy, Acting Chief

Advanced Reactor Licensing Branch

Division of Advanced Reactors and
Non-Power Production and Utilization
Facilities

Office of Nuclear Reactor Regulation

Project No.: 99902069

Enclosures:

1. Proprietary (Non-Public) Safety Evaluation
2. Redacted (Public) Safety Evaluation

ccC: Darrell Gardner
gardner@kairospower.com

Jim Tomkins
tomkins@kairospowerwer.com
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UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON, D.C. 20555-0001

KAIROS POWER, LLC — SAFETY EVALUATION REGARDING APPROVAL OF TOPICAL
REPORT KP-TR-012, KP-FHR MECHANISTIC SOURCE TERM METHODOLOGY,
REVISION NO. 3 (EPID NO. L-2020-TOP-0051)

SPONSOR AND TOPICAL REPORT INFORMATION

Sponsor: Kairos Power LLC (Kairos Power)

Sponsor Address: Kairos Power LLC
707 W. Tower Ave.
Alameda, CA 94501

Docket/Project No(s).: Project No. 99902069
Submittal Date: June 30, 2020

Submittal Agencywide Documents Access and Management System (ADAMS)
Accession No.: ML20182A785

Supplement ADAMS Accession No(s): KP-TR-012, Revision 3, March 28, 2022, ADAMS
Accession No. ML22088A231

Brief Description of the Topical Report: The subject topical report (TR) provides a
methodology to develop technology-specific mechanistic source terms (MSTs) for Kairos Power
Fluoride Salt-Cooled, High-Temperature Reactor (KP-FHR) designs. The resulting MSTs are
used in radiological consequence analyses that support applications for permits’, licenses,
certifications, or approvals submitted under Title 10 of the Code of Federal Regulations

(10 CFR) Part 50, “Domestic Licensing of Production and Utilization Facilities,” or Part 52,
“Licenses, Certifications, and Approvals for Nuclear Power Plants." Radiological atmospheric
release source terms for design basis accidents (DBAs) developed using the TR methodology
are for use in performing offsite radiological consequence analyses to show compliance with
regulatory requirements for siting and safety analyses. Radiological atmospheric release
source terms for anticipated operational occurrences (AOOs) and design basis events (DBEs)
developed using the TR methodology are for use in implementing the methodology described in
Nuclear Energy Institute (NEI) 18-04, Revision 1, “Risk-Informed Performance-Based Guidance
for Non-Light Water Reactor Licensing Basis Development,” (Reference 1), as endorsed by the

' As defined in 10 CFR 50.2, “License means a license, including a construction permit or operating
license under this part, an early site permit, combined license or manufacturing license under Part 52 of
this chapter, or a renewed license issued by the Commission under this part, Part 52, or Part 54 of this
chapter.”

Enclosure
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NRC in Regulatory Guide (RG) 1.233, “Guidance for a Technology-Inclusive, Risk-Informed,
and Performance-Based Methodology to Inform the Licensing Basis and Content of Applications
for Licenses, Certifications, and Approvals for Non-Light Water Reactors,” (Reference 2).

For additional details on the submittal, please refer to the documents located at the ADAMS
Accession No(s). identified above.

REGULATORY EVALUATION

Regulatory Basis: 10 CFR 50.34(a)(1)(ii)(D), 10 CFR 50.34(b)(1), 10 CFR 52.47(a)(2)(iv),
10FR 52.79(a)(1)(vi), 10 CFR 52.137(a)(2)(iv), or 10 CFR 52.157(d), as applicable

The regulations cited above require that the reactor license application safety analysis report
provides a description and safety assessment of the plant design features intended to mitigate
the radiological consequences of accidents. Included in this assessment, is an evaluation of the
safety features that are to be engineered into the facility and those barriers that must be
breached as a result of an accident before a release of radioactive material to the environment
can occur. The regulations also describe the main features of the evaluation, including
postulation of a fission product release from the core (i.e., source term) and release to the
environment, used together with applicable postulated site parameters, including site
meteorology, to evaluate offsite radiological consequences. The safety assessment analyses
are intended, in part, to show compliance with the radiological consequence evaluation factors
for offsite doses at the exclusion area boundary (EAB) and outer boundary of the low population
zone (LPZ). Applications for construction permits and operating licenses under 10 CFR 50.34,
“Contents of Applications; Technical Information,” and combined licenses under 10 CFR 52.79,
“Contents of Applications; Technical Information in Final Safety Analysis Report,” are also
required to provide an analysis of the site using the same radiological consequence evaluation
factors. Regardless of stationary power reactor application type, the radiological consequence
evaluation factors for each of the cited regulations are the same:

¢ Anindividual located at any point on the boundary of the exclusion area for any 2-hour
period following the onset of the postulated fission product release, would not receive a
radiation dose in excess of 25 rem total effective dose equivalent (TEDE).

¢ Anindividual located at any point on the outer boundary of the LPZ, who is exposed to the
radioactive cloud resulting from the postulated fission product release (during the entire
period of its passage) would not receive a radiation dose in excess of 25 rem TEDE.

In addition, for stationary power reactor applications submitted after January 10, 1997,
non-seismic siting criteria in 10 CFR 100.21(c)(2) require that the radiological dose
consequences of postulated accidents shall meet the criteria set forth in 10 CFR 50.34(a)(1).

The TR MST methodology addresses the regulatory requirements for applications for power
reactors cited above. The NRC staff acknowledges that portions of the methodology that
describe modeling of physical phenomena related to development of the MST and modeling of
atmospheric dispersion could be useful to inform analyses for non-power reactor applications,
including testing facilities and research reactors. If referenced by an applicant for a facility other
than a power reactor, the applicant should ensure that applicable regulatory requirements and
any variations from the TR methodology are described in any application submitted.
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There is no NRC guidance on radiological source terms specifically applicable to non-light water
reactor (non-LWR) designs. However, as a starting point for evaluation of non-LWR MST
methodologies, the NRC staff refers to guidance about accident source terms that is of a generic
nature (i.e., not dependent on the reactor technology) and positions on radiological
consequence analysis and atmospheric dispersion in the following NRC documents:

e NUREG-0800, “Standard Review Plan for the Review of Safety Analysis Reports for Nuclear
Power Plants: LWR Edition,” Section 15.0.3, “Design Basis Accident Radiological
Consequences of Analyses for Advanced Light Water Reactors,” (Reference 3)

e Regulatory Guide (RG) 1.183, “Alternative Radiological Source Terms for Evaluating Design
Basis Accidents at Nuclear Power Reactors,” (Reference 4), in particular Regulatory
Position 2, “Attributes of an Acceptable AST”

o RG 1.145, “Atmospheric Dispersion Models for Potential Accident Consequence
Assessments at Nuclear Power Plants,” Revision 1, (Reference 5)

o RG 1.194, “Atmospheric Relative Concentrations for Control Room Radiological Habitability
Assessments at Nuclear Power Plants,” (Reference 6)

In SECY-16-0012, “Accident Source Terms and Siting for Small Modular Reactors and
Non-Light Water Reactors,” (Reference 7), the NRC staff stated that non-LWR applicants can
use modern analysis tools to demonstrate quantitatively the safety features of those designs. In
the NRC staff requirements memorandum (SRM) to SECY-93-092, “Issues Pertaining to the
Advanced Reactor (PRISM, MHTGR, and PIUS) and CANDU 3 Designs and Their Relationship
to Current Regulatory Requirements,” (Reference 8), the Commission approved the NRC staff's
recommendation that source terms for non-LWRs be based upon a mechanistic analysis and
that the acceptability of an applicant’s analysis will rely on the NRC staff's assurance that the
following conditions are met:

e The performance of the reactor and fuel under normal and off-normal conditions is
sufficiently well understood to permit a mechanistic analysis. Sufficient data should exist on
the reactor and fuel performance through the research, development, and testing programs
to provide adequate confidence in the mechanistic approach.

e The transport of fission products can be adequately modeled for all barriers and pathways to
the environs, including the specific consideration of containment design. The calculations
should be as realistic as possible so that the values and limitations of any mechanism or
barrier are not obscured.

¢ The events considered in the analyses to develop the set of source terms for each design
are selected to bound severe accidents and design-dependent uncertainties.

¢ The design-specific source terms for each accident category would constitute one
component for evaluating the acceptability of the design.

In SRM-SECY-18-0096, “Staff Requirements — SECY-18-0096 - Functional Containment
Performance Criteria for Non-Light-Water-Reactors,” (Reference 9), the Commission approved
the NRC staff's proposed methodology for establishing functional containment performance
criteria for non-LWRs. In SECY-18-0096, “Functional Containment Performance Criteria for
Non-Light Water Reactors,” (Reference 10), the NRC staff described the functional containment
concept as “a barrier, or a set of barriers taken together, that effectively limits the physical
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transport of radioactive material to the environment.” Appendix C of RG 1.232, “Guidance for
Developing Principal Design Criteria for Non-Light-Water Reactors,” (Reference 11), provides a
rationale forcontainment design criteria for modular high temperature gas-cooled reactors. The
rationale states that the term “functional containment” is applicable to advanced non-LWRs
without a pressure retaining containment structure, and that a functional containment can be
defined as a barrier, or set of barriers taken together, that effectively limit the physical transport
and release of radionuclides to the environment across a full range of normal operating
conditions, AOOs, and accident conditions.

Guidance in RG 1.233 describes the NRC’s endorsement of NEI 18-04, Revision 1, which is a
technology-inclusive, risk-informed, and performance-based methodology to inform the licensing
basis and content of applications for non-LWR selection of licensing basis events (LBEs);
classification and special treatments of structures, systems, and components (SSCs); and
assessment of defense in depth. The term “licensing basis events” is not defined in Part 50 or
Part 52. As described in NEI 18-04, LBEs include AOOs, DBEs, DBAs, and beyond design
basis events. Guidance in RG 1.233 provides high-level information on considerations for
mechanistic source terms, including the relationship to probabilistic risk assessment.

TECHNICAL EVALUATION

The subject TR describes a methodology an applicant can use to develop MSTs for a KP-FHR
design for use in evaluating the offsite radiological consequences of DBAs, AOOs, and DBEs.
LBE identification for KP-FHR designs is not part of the MST methodology, and a list of KP-FHR
LBEs is not provided in the TR. Therefore, this TR does not provide final values for event-
specific MSTs. In the TR, Section 2.3.4, “Additional Design Information Used in the
Methodology,” provides a list of assumptions related to KP-FHR design information used in the
MST methodology, including some assumed LBE characteristics, based on the current state of
design for the technology. As described in TR Section 8.2, “Limitations,” Limitation 8 on the use
of the methodology requires that an applicant that uses the methodology verify that information
in TR Sections 1.2.2, “Key Design Features of the KP-FHR,” and 2.3.4 is consistent with the
specific KP-FHR design, or an applicant must justify deviations from the design assumptions
listed in the TR. The NRC staff finds that Limitation 8 is reasonable and necessary, given that
the design and LBE information used to develop the MST methodology consists of assumptions
about plant conditions that account for the current lack of design finality. If the design features
described in the TR are changed, the NRC staff determinations in this evaluation may not be
applicable.

Mechanistic Source Term Approach

Section 2, “KP-FHR Mechanistic Source Term Evaluation Approach,” of the TR describes the
approach to the accident MST methodology, which is based upon evaluation of the accident
source term phenomena and the concept of functional containment which are specific to the
KP-FHR design. Kairos Power used a Phenomena ldentification and Ranking Table (PIRT)
process to inform the MST methodology. The NRC staff notes that the KP-FHR radiological
source term PIRT covered phenomena associated with normal operations and transients that
appear to be within the scope of the TR. The NRC staff did not review in detail or approve the
PIRT as part of the review of this TR. However, based on the NRC staff’'s assessment of the
PIRT tables in Section 2 of the TR, the identification and ranking of the relevant phenomena
appear to be reasonable and no additional information was requested. In the TR methodology,
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the development of event-specific radiological releases to the environment is predicated upon
modeling the overall KP-FHR system as a series of sources of material at risk for release (MAR)
and release fractions for each barrier that contains the MAR. The NRC staff notes that this
system model is consistent with the description of functional containment in SECY-18-0096 and
the discussion of MSTs in SECY-93-092 and RG 1.233. This evaluation of the barriers to
release is also consistent with the safety analysis requirements in the regulations cited above.
Therefore, the NRC staff finds that the TR approach to developing MSTs by evaluating the
sources of MAR and release fractions from each barrier is acceptable.

The TR “Executive Summary,” states that the source term evaluation methodology for the DBAs
is deterministic and only credits the properties of the tri-structural isotropic (TRISO) particle fuel
and the Flibe coolant for retention of radionuclides in the KP-FHR functional containment. The
source term evaluation methodology for AOOs and DBEs uses a more realistic accounting of
radionuclide barriers, which is consistent with the methodology for licensing basis events
described in NEI 18-04. The NRC staff finds these aspects of the TR methodology acceptable
because using a more realistic evaluation of barriers is consistent with the RG 1.233 discussion
of LBE evaluation and related source terms. The NRC staff finds the evaluation of DBAs by
only crediting retention in TRISO and Flibe is acceptable because it is consistent with the
guidance in Standard Review Plan 15.0.3 and RG 1.183 on crediting safety-related SSCs and
modeling design information in accident source terms.

To aid in the evaluation of offsite radiological consequences, the TR methodology develops
event-specific radiological releases to the environment for LBEs (i.e., MSTs), and provides a
method for estimating site-specific atmospheric dispersion factors for distances under 1,200
meters. However, with respect to the overall accident radiological consequence analysis
methodology, the TR does not include specific positions on other factors in the consequence
analysis such as dose coefficients and assumptions on breathing rate, other than referring to
use of default parameters in the SNAP/RADTRAD computer code. The applicant using the TR
methodology in a licensing application will address these additional considerations in the
analyses that support the application.

Appendices A and B of the TR provide sample calculations to demonstrate the MST
methodology. The NRC staff did not evaluate the calculations in Appendices A and B;
therefore, the staff makes no finding on their acceptability for reference or use in licensing
applications.

Sources of MAR in the KP-FHR

In the TR, Sections 2.2, “Sources of Material at Risk in the KP-FHR,” and 2.3.1, “Ildentification of
MAR and affected barriers,” describe the methodology step to identify sources of MAR, with
more detailed discussion in subsequent sections of the identification of sources of MAR in the
fuel and graphite pebbles, Flibe, graphite reflector structures, cover gas, and other sources such
asgraphite dust, filters, and cold traps. The distribution of steady-state MAR throughout the
plant is an initial condition for the MST methodology. In the TR, Section 2.3.4 provides
assumed design information (including assumptions on radionuclide activity and MAR) and
relevant design bases. To address the initial conditions related to sources of MAR in the
coolant, cover gas, and other sources, TR Section 8.2 provides Limitation 5, which states that
an applicant may reference the TR for use only if the applicant establishes operating limitations
on maximum circulating activity and concentrations relative to solubility limits in the reactor
coolant, intermediate coolant, cover gas, and radwaste systems that are consistent with the

OFFICIAL USE ONLY PROPRIETARY INFORMATION
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initial condition assumptions in the safety analysis report. The NRC staff finds that Limitation 5
is acceptable to ensure that the plant operating limits provide operating conditions consistent
with the assumed initial conditions in the TR given that initial condition information is input to the
MST methodology that depends on the specific design information. The NRC staff will evaluate
the radionuclide inventories or initial activity concentrations in the coolant, cover gas, radwaste
systems and other potential sources as an initial condition for the MST during the review of a
licensing submittal which uses the MST TR methodology.

Section 2.5.1, “SERPENT2,” of the TR states that the radionuclide inventory in the core is
calculated by the SERPENT2 code (Reference 12). Kairos Power plans to verify and validate
SERPENT2 as part of the KP-FHR core design and analysis methodology, which will be
provided in a future licensing submittal. The developer of SERPENT2 describes it as a
multi-purpose three-dimensional continuous energy Monte Carlo particle transport code that has
been developed for use in reactor physics applications, including isotope generation and
depletion analysis. The guidance in RG 1.183, Section C.3.1, states that the core inventory
should be determined using an appropriate isotope generation and depletion computer code.
The NRC staff finds that, because SERPENT2 was developed to perform reactor isotope
generation and depletion analyses, the use of SERPENT2 to determine core inventory is
appropriate, consistent with the guidance in RG 1.183, and is acceptable. The NRC staff will
evaluate the development of the core inventory during the review of an applicant submittal that
uses the MST TR methodology.

Barrier Evaluation

Once the sources of MAR affected by an event sequence are identified, then the barriers to
release to the environment for that sequence are identified. Section 2.3.2, “Qualitative
Evaluation,” of the TR describes a qualitative evaluation of the barriers, while TR Section 2.3.3,
“Quantitative Evaluation,” describes the quantitative evaluation. The barrier evaluations develop
the modeling of the performance of the barriers (including performance of SSCs), phenomena
affecting radionuclide retention and transport, and treatment of model uncertainty. The
quantitative evaluation includes a step to screen sources of MAR based on a de minimis
threshold. This screening determines the MAR which cannot affect the offsite dose figure of
merit, and therefore can be treated conservatively. The de minimis screening for release
pathways includes two types of thresholds: absolute and relative. The absolute threshold
evaluates whether the release of the MAR ]

1l

The relative threshold evaluates whether for the release of the MAR []

11 For
pathways that meet the de minimis thresholds, the MAR is not transferred to the next barrier.

The radionuclide release figures of merit for the DBAs are determined based upon the
calculation of the worst 2-hour dose at the EAB and the dose for the duration of the plume at the
LPZ, which are consistent with the siting and safety analysis requirements cited in the
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Regulatory Evaluation section in this safety evaluation. The radionuclide release figures of
merit for AOOs and DBEs are determined based upon the calculation of a 95" percentile
representation of the 30-day doses at the site boundary, with consideration of uncertainty and
modeling choices. This is consistent with the NEI 18-04 methodology. The methodology also
has the user evaluate the effects of conservative inputs associated with screened MAR and
assess the effects of model uncertainty, reasonable alternatives, and assumptions made due to
lack of design detail on the radionuclide release figures of merit. The NRC staff finds that the de
minimis screening described in TR Section 2.3.3 is acceptable because it assures that a
comprehensive list of sources of MAR and release pathways (including those that are not likely
to contribute more than a small fraction of the total offsite dose results) are included in the
analysis with modeling assumptions consistent with their relative importance.

Software

The barrier evaluation determines whether detailed evaluation models are necessary to model
the radionuclide behavior. Section 2.5.2, “KP-Bison,” of the TR states that the MST
methodology uses KP-Bison, which is the Kairos Power version of the Bison code developed by
Idaho National Laboratory (Reference 13), to assess the mechanical integrity of the
TRISO-coated particles and the retention of fission products by intact or partially failed particles.
The TR states that Kairos Power plans verification and validation of the KP-Bison code as part
of the KP-FHR fuel performance methodology, which is currently under review by the NRC staff
(Reference 14). Section 8.2, “Limitations,” of the TR specifies that approval of the KP-FR fuel
performance methodology TR is Limitation 1 on the use of the TR methodology. The NRC staff
finds that this limitation is acceptable because the limitation ensures that the KP-Bison code will
be appropriate for use to determine radionuclide releases from the fuel.

The MST term methodology also uses KP-SAM (which is the Kairos Power version of the
System Analysis Module (SAM) code developed by Argonne National Laboratory (ANL)
(Reference 15) to provide event-specific thermal fluid conditions. Kairos Power states that it
plans verification and validation of the KP-SAM code as part of KP-FHR transient methodology,
which will be provided in a future licensing submittal. The NRC staff will evaluate the
implementation of the KP-SAM code as input to the MST methodology during the review of a
licensing submittalthat uses the MST TR methodology.

Section 2.5.5, “RADTRAD,” of the TR identifies use of the Radionuclide, Transport, Removal,
and Dose Estimation (RADTRAD) computer code within the Symbolic Nuclear Analysis
Package (SNAP) (Reference 16) to model radionuclide transport within the gas space of the
reactor building and calculate offsite doses. The TR states that non-applicable LWR models
within SNAP/RADTRAD will not be used. The NRC staff has extensive experience with the
SNAP/RADTRAD computer code, which was developed for the NRC for use in evaluation of
DBA radiological consequences. The NRC staff uses the code in analyses performed to
determine if the staff can confirm the results of licensee analyses submitted in license
applications. The code allows for radionuclide source input and compartment modeling with
user input on the source and transport between the compartments. Users of SNAP/RADTRAD
can also provide input on retention or removal within and between compartments, or use
correlation models included within the code, if appropriate. Based on its knowledge of and
experience with the code, the NRC staff finds that the SNAP/RADTRAD computational
framework to model transport and removal of radionuclides and estimate doses at selected
receptors is flexible enough to support radiological consequence analysis for non-LWRs,
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including the KP-FHR. Use of SNAP/RADTRAD, which is an NRC-developed computer code
that includes correlations and models discussed in RG 1.183, is consistent with guidance in RG
1.183 for accident radiological consequence analysis.

The MST methodology atmospheric dispersion modeling assumes use of the Atmospheric
Relative Concentrations in Building Wakes (ARCON) computer code (Reference 17), developed
for the NRC to estimate short-term atmospheric dispersion factors for use in DBA radiological
consequence analyses for receptors onsite, such as the control room. Although control room
radiological habitability analysis is not within the scope of the TR, the MST methodology
assumes the EAB and LPZ distances are less than 1,200 meters from the reactor building.
Because of the shorter distances, the TR describes use of the ARCON code in place of PAVAN
(Reference 18), the NRC-developed computer code traditionally used for estimation of short-
term atmospheric dispersion factors. The NRC staff has extensive experience with use of both
ARCON and PAVAN through performance of confirmatory analyses of results submitted in
license applications. The NRC staff’'s evaluation of the TR methodology’s use of the ARCON
code to estimate short-term atmospheric dispersion for the EAB and LPZ receptors is discussed
in the “Atmospheric Dispersion” section of this safety evaluation.

Radionuclide Retention in Fuel

Section 3, “Evaluating Fuel Retention of Radionuclides,” of the TR provides a description of the
modeling of radionuclide transport from and retention in the fuel. Radionuclide retention in
TRISO particles is considered by Kairos Power to be part of the functional containment. Kairos
Power used information from the Advanced Gas Reactor (AGR) tests and performed a PIRT to
identify fuel-related phenomena important to development of a radiological source term for
transients in which the reactor coolant boundary integrity is maintained. Section 3.2, “Sources
of Radionuclides in Fuel,” of the TR identifies the sources of radionuclides in the fuel and
qualitatively describes potential release from the fuel due to manufacturing defects, heavy metal
contamination, in-service fuel failures, and releases from intact TRISO fuel particles.

Section 3.2.1, “Manufacturing Defects,” of the TR states that the []|

11 The NRC staff is currently reviewing a separate Kairos Power TR on
fuel qualification (Reference 19), which includes development of a KP-FHR fuel specification
intended to ensure that the KP-FHR fuel pebble design can operate with the low failure fractions
observed in the AGR testing program. Because these radionuclide release mechanisms from
the fuel are consistent with the results of AGR program and known literature, the NRC staff finds
that the radionuclide release mechanisms from the fuel are identified appropriately.

TR Section 3.3: “Radionuclide Behavior and Retention Properties of Fuel”

The TR states that the TRISO particle is the primary medium for retention of fission product in
the KP-FHR, where the MAR in the fuel particle is held up by the fuel kernel and the three
coating layers. Table 3-1 of the TR provides a list of radionuclides that are assumed to be
retained within a TRISO fuel particle under various coating layer failure conditions.

Section 3.3.1, “Radionuclide Behavior in Fuel,” of the TR describes how the chemical forms of
the fission products were determined so that the movement of the radionuclides within the fuel
and transport from the fuel can be appropriately modeled, and the chemical forms also support
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the assumptions on radionuclide grouping in the fuel transport modeling. Section 3.3.2,
“Selection of Radionuclides,” of the TR describes the production of radionuclides and the
characteristics that affect their relative importance to support the selection of radioisotopes that
are included in the MST. Based upon its review of the information in TR Section 3.3, the NRC
staff finds that the TR provides an appropriate methodology to select radionuclides for inclusion
in the MST based upon consideration of fission product production, generation of activation
products, radioactive decay, and mobility of radionuclides in the fuel.

TR Section 3.4: “Radionuclide Transport in Fuel”

The KP-FHR MST methodology uses the KP-Bison code described in the KP-FHR fuel
performance methodology topical report, which is currently under NRC staff review. The
KP-Bison code will be used to model the transport of fission products through a TRISO particle,
based on assessing diffusion [| 11
through each coating layer and subsequent release to the carbon matrix in the fuel pebble. This
modeling results in time- and position-dependent sources for fission product transport analysis
in the pebble. The NRC staff finds that the TR modeling of radionuclide transport and release
by assessing diffusion through and from the fuel is consistent with common practice for
radiological source term analysis and the concept of developing an MST. In TR Section 8.2,
Limitation 1 states that approval of KP-Bison for use in fuel performance analysis as captured in
the KP-FHR fuel performance methodology topical report is a limitation on use of the MST
topical report methodology. Given Limitation 1, the NRC staff finds the use of KP-Bison to be
acceptable because it will mechanistically calculate the amount of failed fuel to use in
development of the initial MAR.

The KP-Bison models transport of fission products as the four elements for which releases were
historically detected and measured in post-irradiation testing on TRISO fuel in the AGR
program: cesium (Cs), strontium (Sr), silver (Ag), and krypton (Kr). Based on this AGR data,
these four elements have complete sets of diffusivities for the fuel pebbles. Table 3-3 of the TR
provides the list of elements included in the MST, and their grouping. The NRC staff finds the
grouping of radionuclides transported in the fuel acceptable because it is based on modeling
transport of radionuclides with similar chemical and diffusion behavior in a consistent manner.

Section 8.2 of the TR, Limitation 4, states that confirmation of minimal ingress of Flibe into the
pebble matrix carbon under normal and accident conditions, such that incremental damage to
TRISO particles due to chemical interaction does not occur as captured in the KP-FHR fuel
qualification methodology topical report, is a Limitation on the use of the TR methodology. The
NRC staff finds that this limitation is acceptable because the limitation ensures that the
conditions for radionuclide release from the fuel pebbles is bounded by the assumptions in the
TR methodology.

Radionuclide Retention in Flibe

Section 4, “Evaluating Flibe Retention of Radionuclides,” of the TR provides a description of the
modeling of radionuclide transport and retention in Flibe. Because of tritium’s unique qualities,
the NRC staff’s evaluation of the TR methodology for tritium transport and retention in Flibe and
graphite is described in a separate section below. Section 8.2 of the TR, Limitation 7, states
that the retention of radionuclides in solid Flibe is beyond the scope of the analysis described in
the TR methodology. The NRC staff finds Limitation 7 acceptable because the methodology
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described in Section 4 of the TR only covers phenomena related to molten Flibe and does not
address the chemistry of radionuclide retention in solid Flibe.

TR Section 4.2: “Sources of Radionuclides in Flibe”

The NRC staff evaluated the sources of radionuclides in Flibe to determine whether the
methodology accounts for the appropriate sources of radionuclides. The NRC staff finds that
the sources described by Kairos Power are appropriate as radionuclides born in Flibe and that
escape from the TRISO fuel are considered. Additionally, it is appropriate because different
pathways (e.g., transmutation, fission product release, etc.) are considered to determine the
MAR in Flibe.

TR Section 4.3.1: “Radionuclide Transport Groups in Flibe”

The NRC staff evaluated the part of the Kairos methodology to group radionuclides by their
reduction-oxidation (redox) reactions with Flibe. The NRC staff finds it acceptable to group
radionuclides by their chemical behavior in Flibe because this behavior will impact how the
radionuclides are retained by Flibe. Additionally, this part of the methodology is acceptable
because the grouping process [|

11 with the measurements taken as part of the Oak Ridge
National Laboratory (ORNL) Molten Salt Reactor Experiment (MSRE) (Reference 20).

The method to determine whether a species forms a salt-soluble fluoride is acceptable because
it uses fundamental principles of chemistry to determine whether a reaction proceeds.
Additionally, it is acceptable to [|

1l

The NRC staff finds the sorting of insoluble metallic phases acceptable because species in the
reduced metallic phase are not likely to form salt-soluble compounds and this grouping is
consistent with the MSRE behavior (References 20 and 21). Additionally, phase separated
radionuclides will not be inhibited by the Flibe barrier and are available to be released based on
representative vapor properties for the groupings.

For the radionuclides grouped as gases, the NRC staff finds the grouping acceptable because
1| 11 Additionally, MSRE
experience shows that low amounts of noble gases were found in the salt and high amounts
were found in the off-gas system. Therefore, the NRC staff finds it acceptable for Kairos Power

to[
1l

The NRC staff finds it acceptable to group radionuclides into groups for the reduced phase
(noble metals), salt-soluble fluorides, redox dependent species, and noble gases as shown in
Table 4-2 of the TR. This is consistent with the data generated during the MSRE. Additionally,
the NRC staff finds the radionuclide transport groupings acceptable because the methodology
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determines the thermodynamically favored chemical states for radionuclides in the Flibe and
groups them accordingly.

I 1
[l

]

Grouping of Radionuclide Elements by Exchange Reactions with Flibe

The NRC staff reviewed the part of the methodology to determine the transport groupings for
radionuclide oxides released from the TRISO fuel. The NRC staff finds it acceptable to assess
these exchange reactions because this method accounts for the chemical state of radionuclides
released from the TRISO to determine whether these radionuclides form salt-soluble
compounds or remain as insoluble oxides. Additionally, radionuclide species formed from these
reactions will be grouped in the same manner as those formed from redox reactions. As
described above in the discussion of TR Section 4.3.1, the NRC staff found the groupings
acceptable.

Quantification of Release Fractions for Flibe

This TR section generally describes the process through which radionuclides may escape from
the Flibe barrier. The details for the process are covered in TR Sections 4.3.1.1 through 4.3.1.5.
The NRC staff evaluation of the details in these sections are covered in the following sections of
this safety evaluation. Additionally, Kairos Power states that aerosolization is covered in TR
Section 7, “Evaluating Radionuclide Transport in the Gas Space and Atmospheric Transport,”
and therefore in its review of TR Sections 4.3.1.2 through 4.3.1.5, provided below, the NRC staff
only evaluates vaporization of radionuclides from the Flibe.

Ligquid Phase Equilibria in Molten Flibe Solutions

The NRC staff evaluated the part of the methodology that assess reactions between salt-soluble
radionuclides to determine the chemical state of the radionuclides. The NRC staff finds it
necessary, and acceptable, to consider reactions between radionuclides in the Flibe because
these reactions may impact the transport behavior of the radionuclides. Additionally, this
section of the methodology accounts for reactive vaporization of radionuclides that may occur in
certain scenarios (e.g., Flibe spill). The NRC staff finds this acceptable because all potential
radionuclide release mechanisms from the Flibe should be evaluated. Additionally, the NRC
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staff finds the method to use the Gibbs Free Energy of Reaction (Gibbs Energy) to determine
equilibrium quantities of radionuclides acceptable because the use of Gibbs Energy is
consistent with methods described by ANL in its development of a mechanistic source term
approach for liquid-fueled molten salt reactors (Reference 22).

This part of the methodology allows Kairos Power to determine the chemical activities of
radionuclide species to be analyzed in the transport analysis. The NRC staff reviewed the
method to determine the total quantity of each species that is formed. The NRC staff finds the
method acceptable because the TR states that activity coefficients are determined
experimentally and an activity coefficient of 1 is assumed for species in solution unless a smaller
value is justified. The NRC staff finds the use of pure compound vapor pressures acceptable,
as it will likely result in a higher calculated vapor pressure of radionuclide species when
compared to scenarios accounting for nonidealities (Reference 23), which is conservative and
will be supported by data as described in Limitation and Condition 11. Additionally, as
described below, Kairos Power provided certain measures to ensure a dilute solution of
radionuclides in the Flibe. This will help reduce the chance of nonidealities in the solution
causing increases in vapor pressures of radionuclides, and subsequent higher releases of
radionuclides from the Flibe.

The NRC staff also reviewed the rationale for assuming dilute solutions. A dilute solution is
necessary to minimize certain chemical interactions that could increase the vaporization of Flibe
and radionuclide species. The dilute solution assumption is supported by use of TRISO fuel,
which will only release a small quantity of radionuclides relative to the Flibe volume, and
Limitation 5 in TR Section 8.2, which states Kairos Power will establish a limitation on maximum
circulating activity in the salt. Having a maximum initial concentration coupled with no
radionuclides added to the salt above a de minimis level during a transient will allow the NRC
staff to verify that there is a dilute solution of radionuclides in Flibe during the source term
implementation. A dilute solution is also important to ensure that radionuclides do not have
significant impacts on the physical properties of the Flibe as described in Section 4.3.1 of the
TR. Additionally, the NRC staff finds this acceptable because the TR states that the MST
methodology is restricted to scenarios where radionuclides are in a dilute solution and
concentrations are well below solubility limits. The NRC staff finds Limitation 5 acceptable
because these controls on circulating activity in the salt are necessary to support the dilute
solution assumption used in the TR methodology.

TR Section 4.3.1.2: “Equilibrium Vapor Pressure of Pure Radionuclide Species Over Flibe
Solutions”

The NRC staff evaluated the part of the methodology that determines the equilibrium vapor
pressure of radionuclides over the Flibe. The NRC staff finds this part of the methodology
acceptable because Kairos Power will determine the quantity of radionuclides that are present
in the vapor phase above the salt at equilibrium between the salt and vapor phase based on
fundamental chemistry and physics. Using equilibrium vapor pressures is conservative because
it assumes that these pressures are reached instantaneously and not slowed by factors such as
mass transfer to the Flibe-gas interface or reaction kinetics for formation of volatile chemical
species. The methodology is also acceptable because the methodology conservatively
considers the vapor pressure of pure compounds, which will likely result in a higher calculated
vapor pressure than when accounting for non-idealities in the solution.
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TR Section 4.3.1.3: “Grouping Radionuclide Vapor Behavior”

The NRC staff reviewed the part of the methodology to choose a representative species for the
salt-soluble fluoride radionuclide transport group. The NRC staff finds it acceptable because the
methodology compares the vapor pressures of different potential species in the salt to
determine a representative species for the transport analysis. The NRC staff also finds the use
of cesium fluoride (CsF) as the representative species appropriate because CsF has a high
vapor pressure compared to radionuclide species that have insignificant vapor pressure at
operating conditions.

TR Section 4.3.1.4: Vapor Pressure of Radionuclide Phases Over Flibe Solutions

The NRC staff evaluated how the MST methodology calculates the vapor pressure of
radionuclides over the Flibe. The NRC staff finds the methodology acceptable because it uses
an appropriate thermodynamic relationship to determine the partial pressure of radionuclide
species above Flibe. The NRC staff finds this part of the methodology acceptable because it
uses representative species that appropriately models transport for each of the radionuclide
groups. Additionally, the NRC staff finds the use of an equilibrium relationship acceptable
because the use of TRISO fuel, which will only release a small quantity of radionuclides relative
to the Flibe volume, coupled with Kairos Power Limitation 5, which will set circulating activity
operational limits consistent with design basis accident initial conditions, allows for quantification
of maximum equilibrium concentrations of MAR available for release. Therefore, it is
conservative to use an equilibrium relationship because under these assumptions no
radionuclides are added to the coolant during a postulated event. Also, this relationship
assumes that equilibrium vapor pressures are reached instantaneously. This assumption
means that the equilibrium concentration of radionuclides in the Flibe will be highest at the start
of an event and use of this concentration will result in a higher vapor pressure of radionuclides
over the Flibe.

Section 8 of the TR, Limitation 2, states that Kairos Power will provide justification for use of
thermodynamic data and vapor pressure correlations for representative species in safety
analysis reports for licensing application submittals. This is necessary for the methodology to
determine vapor pressures of radionuclides over Flibe to be acceptable. This is because
Limitation 2 will ensure that the data used to calculate vaporization of radionuclides (i.e., vapor
pressures) is applicable to the KP-FHR operating conditions and that appropriate uncertainties
in the data are considered. The NRC staff finds Limitation 2 acceptable because it requires an
applicant that references this TR to analyze thermochemical data for representative species
used in the methodology to ensure the data is applicable to the Kairos Power design and that an
applicant can account for uncertainties and errors in the data. The NRC staff finds that it is
acceptable to analyze the specific radionuclides referenced because these are the species that
are used in the transport methodology described in Section 4 of the TR.

TR Section 4.3.1.5: “General Vaporization Rate Law”

The NRC staff reviewed the portion of the MST methodology used to calculate the rate of mass
transfer of radionuclide species from the Flibe to the cover gas. The NRC staff finds this part of
the MST methodology acceptable because it calculates the rate of mass transfer from the
surface of the Flibe to the bulk gas space atmosphere and uses the partial pressure of the
radionuclide species as the driving force for mass transfer. Use of the partial pressure over the
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Flibe is acceptable because it does not consider the partial pressure of the radionuclide in the
cover gas, which maximizes the driving force out of the Flibe, and is therefore conservative.

The method to determine the applicable mass transfer coefficient is acceptable because the
coefficient will be empirically derived and will represent the expected KP-FHR conditions.
Therefore, the NRC staff finds that the vaporization rate equation is acceptable to model the
rate of radionuclide vaporization from the Flibe.

TR Section 4.3.1.6: “Experimental Justification of Vaporization Rates”

The NRC staff reviewed the proposed experimental justification of vaporization rates described
in this section of the MST methodology. The staff finds this part of the MST methodology
acceptable because these experiments will provide data to demonstrate the portion of the MST
methodology used to calculate radionuclide vaporization is conservative. The staff has added
Limitation and Condition 11 to ensure these data are provided to the staff at the licensing stage
for review.

Radionuclide Retention in Flibe - Additional Limitations on Use of TR

The NRC staff reviewed Section 4 of the TR as it relates to the methodology to model retention
of radionuclides by the KP-FHR reactor coolant. As described above, the NRC staff finds this
portion of the methodology acceptable, subject to the limitations identified by Kairos Power in
TR Section 8.2. Several KP-FHR design features provide the NRC staff assurance that the
methodology is reasonable. These include limits on circulating activity in the Flibe, the margin
between postulated accident temperatures and the boiling point of Flibe, the near-atmospheric
operating pressure, and the ability of TRISO to retain radionuclides at postulated accident
temperatures. Based upon these findings and the influence of the unique features of the
KP-FHR design on the retention of radionuclides in the Flibe, the NRC staff imposes the
following additional limitation and condition on the use of the TR:

Limitation and Condition 9 - The use of this topical report is limited to the KP-FHR design
and is not applicable to other molten salt reactor designs because the KP-FHR utilizes
TRISO fuel which is stated to retain most radionuclides. As described in the topical
reportand the NRC staff safety evaluation, this allows for the use of certain simplifying
assumptions related to retention of radionuclides in the molten salt.

The NRC staff also imposed another limitation and condition on the use of the TR to ensure that
the proposed method to determine vaporization of radionuclides from the Flibe is supported by
experimental data.

Limitation and Condition 11 — An applicant that uses this methodology must provide
experimental data as described in Section 4.3.1.6 of this topical report.

Tritium Transport and Retention

In this TR, Kairos Power presents the tritium source term methodology that includes tritium
formation, and its transport and holdup in fuel pebbles and core moderator, graphite structures,
vessel, primary piping, and intermediate heat exchangers. Kairos Power properly treated tritium
as a unique contributor to the KP-FHR MST and recognized it in the MST methodology with
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appropriate attention to its unique attributes and phenomena involved in its potential release. In
the TR, Section 3.2.5 presents tritium formation, Section 3.5 presents retention of tritium in the
graphite pebble, Section 5.3.1 presents tritium speciation, and Section 5.3.2 presents tritium
retention and permeation. The NRC staff review of these sections follows.

TR Section 3.2.5: “Tritium”

Tritium (3H or T) is mainly produced in the KP-FHR via a set of neutron reactions in the Flibe
salt. Little tritium is generated in the fuel and Kairos Power assumed that tritium formation in the
fuel can be ignored based on the de minimis principle; hence Kairos Power did not consider
tritium formation in the fuel as relevant to modeling of the tritium contribution to the MST. The
NRC staff considers this assumption acceptable because the amount of tritium generated in fuel
is negligible compared to the tritium generated in the salt (Reference 24).

The neutron reactions in the Flibe salt that contribute to the majority of tritium production are
presented via Equations 7 through 12 of the TR. Equations 7 and 8 can be used to describe the
tritium generation through neutron capture by lithium (6Li and 7Li), a component of Flibe, and
the major source of the tritium in the KP-FHR. A much smaller fraction of tritium is produced
indirectly due to neutron capture by beryllium (9Be) and production of 7Li, which is expressed in
Equation 9. Likewise, the neutron capture by 9Be in Equation 11 contributes indirectly to the
production of tritium by the production of 6Li in Equation 12. The NRC staff considers this
tritium source characterization in Equations 7 through 12 to be appropriate as it is consistent
with the available literature (References 25 and 26).

TR Section 3.5: Retention of Tritium in the Graphite Pebble

This TR section states that there are two types of graphite materials in the KP-FHR core:
nuclear graphite reflector blocks and graphite in fuel pebbles and moderator pebbles. Since
graphite can retain tritium through absorption, it can be considered as a tritium sink. Pebbles
have a relatively high surface area and thus collectively store the most tritium MAR in the
primary system. The tritium source term methodology indicates how the tritium stored in
graphite pebbles and structures can be desorbed.

Kairos Power has modeled the tritium mass transfer between the pebbles and either the Flibe or
cover gas using Henry’s and Sievert’s Laws. These laws can be applied (with appropriate
uncertainty) to characterize how the tritium concentration in the salt increases via generation
and decreases via tritium retention in the graphite, as described on Section 3.5 of the TR. The
quantity of absorbed tritium in fuel pebbles is a function of the (i) Flibe tritium concentration, (i)
pebble removal rate (pebbles will float in the KP-FHR core, and will be removed from the top of
the core, partially desorbed, and re-inserted to the core bottom), (iii) temperature, and (iv)
operating history as pebbles are predicted to saturate quickly.

The volatile tritium species released in the Flibe are T2 and TF (tritium fluoride). Tritium uptake
into graphite in the core accounts for pebble recirculation and is only calculated for Tz in the
Flibe. The TR assumes that any TF present does not interact with graphite. The TR based this
approach on the tritium analysis results from graphite samples tested in the Massachusetts
Institute of Technology fluoride salt irradiation experiments (Reference 27). Based on
experimental verification provided in Reference 27, the NRC staff finds the assumption that TF
has no interaction with graphite to be acceptable for the MST methodology.
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In Equations 18 to 26, Kairos Power included a detailed set of mass transfer correlations that
describe the tritium retention models in the TR including tritium transit from the bulk salt to the
graphite pebble surface. Equation 19 shows the dependence of Reynolds number (Re) for fixed
and fluidized beds of spheres on the pebble diameter, as well as the density and viscosity of the
salt and the velocity of salt flow in the core. The correlation selected by Kairos Power for
Equation 19 corresponds to Item E in Table 5-23 of TR Reference 60. Based on a comparison
with the public literature, the NRC staff finds that Kairos correctly selected and applied the
correlation in Equation 19 in the TR. Equation 22 is a mass transfer correlation that was taken
from TR Reference 59 but is also listed in the TR Reference 60. The correlation is Item E in the
“Correlations” column in Table 5-23 of the TR Reference 60, and the Re range from 55 to 1,500
of Item E is used in the TR. Based on its review of public literature, the NRC staff finds that the
Kairos MST methodology correctly selected and applied the correlation in Equation 22.

TR Section 5.3.1: “Tritium Speciation”

This TR section states that tritium is instantly formed and remains at the equilibrium balance of
TF and T, predicted by the redox potential as shown in Equation 63 of the TR. The TF and T»
can both exist as dissolved gases in Flibe. The TF and T have different diffusivities and
solubilities in Flibe and have different transport paths in the reactor system. For example, T-
can permeate through metals whereas TF will not (Reference 26). However, both can evolve to
a gas phase above the salt, as discussed in Reference 28. The NRC staff finds that the tritium
speciation characterization presented in the TR is appropriate and consistent with the available
literature referenced.

TR Section 5.3.2: “Tritium Retention and Permeation”

As shown in TR Figure 7-8 and Section 5.3.1, respectively, tritium permeates through the
reactor vessel wall and other metals. Section 5.3.2 of the TR recognizes that tritium permeation
through piping, vessels, and the intermediate heat exchanger as a unique contributor to sources
of MAR for transients in the primary system is properly recognized in the methodology. For a
given tritium flux, there will be faster diffusion of tritium away from the salt/metal interface and a
much lower surface tritium concentration compared to the graphite case. The methodology
uses Sievert’s Law for the salt/metal interface. As illustrated in TR Figure 7-8, the tritium
retention in the graphite reflector is typically limited to regions near the outer surface of the
reflector, which interface with the downcomer. The NRC staff notes that the mechanism for
tritium retention in the reflector is similar to that in the fuel pebbles because, as noted in TR
Section 3.5, the MST methodology assumes that both contain graphite 1G-110.

In TR Section 5.3.2, Kairos Power models the reactor vessel downcomer as an annular flow
region between the graphite reflector as the inner diameter and metallic reactor vessel wall as
the outer diameter and uses Equations 67 to 71 to evaluate the tritium mass transport. Equation
67 was modified so that the Sherwood number (Sh) for mass transport in the region is obtained
from an empirical correlation measured for Reynolds numbers (Re) between 10,000 and
100,000 and Schmidt numbers (Sc) between 430 and 100,000. Kairos Power provided a
reference for the source of this correlation (see TR Reference 63). The NRC staff reviewed TR
Reference 63 and located the correlation that is used by Kairos Power as the modified
Equation 67 in TR. In evaluating Kairos’s choice among the several correlations presented in
TR Reference 63, the NRC staff found that the correlation selected by Kairos Power represents
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the data from all the runs in the experiment, with an average deviation of 5.4 percent and
maximum deviation of 13.2 percent. This correlation is also listed in Table 5-19 of the TR
Reference 60 as ltem R. Based on this review, the NRC staff confirms that Kairos Power made
the correct choice of correlation for the modified Equation 67 in the TR by comparing with public
literature.

Kairos Power used an alternate correlation for the Equation 68 in the TR. Here, TR Reference
64 is used to justify the use of the Chilton-Colburn analogy to construct an empirical mass
transfer correlation along with applicable Nusselt number (Nu) based heat transfer correlation
for both laminar and turbulent conditions. The Chilton-Colburn analogy is generally applicable
for laminar and turbulent conditions when Prandtl numbers (Pr) are between 0.6 and 60, and
Schmidt numbers (Sc) are between 0.6 and 3,000, as discussed in TR Reference 64. The NRC
staff reviewed TR Reference 64 and finds the correlation used by Kairos Power for Equation 68
to be acceptable because this equation is consistent with the equation in TR Reference 64,
which is a peer reviewed publication.

Tritium Source Term Limitations

Section 8 of the TR, Limitation 3, states that Kairos Power will address validation of the tritium
transport model in future submittals which use the MST methodology. The NRC staff finds this
limitation to be acceptable because Kairos Power recognizes the lack of validation needs to be
addressed in future submittals that use this methodology.

The TR methodology calculates tritium absorption into graphite using a bulk diffusivity as
modeling assumption and neglects graphite heterogeneous features like pores and grains.

The NRC staff notes that the TR methodology does not describe the validation of the
assumption on tritium diffusivity and solubility in Flibe and its effect on the calculations of tritium
absorption into graphite. Therefore, the NRC staff imposes the following additional limitation
and condition on the use of the TR:

Limitation and Condition 10 - In any future license application submittal that references
this TR, an applicant needs to provide information to justify that the calculation of tritium
absorption into graphite is not sensitive to the assumptions on tritium diffusivity and
solubility in Flibe.

Section 8 of the TR, Limitation 6, states that quantification of the transport of tritium in nitrate
salt and between the nitrate salt and the cover gas will be addressed in future submittals which
implement the MST methodology. The NRC staff finds the tritium source term method to be
acceptable given Limitation 3, which specifies that an applicant address validation concerns in
any future license application submitted for NRC approval, and Limitation and Condition 10,
which specifies that an applicant provide information to address the sensitivity of the
assumptions regarding tritium diffusivity and solubility in Flibe.

Radionuclide Retention for Other Sources of MAR

Section 6 of the TR provides a description of the modeling of radionuclide transport and
retention from sources of MAR other than the fuel, coolant, and graphite reflector. The TR
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identifies the potential sources of MAR and the phenomena associated with release from the
radioactive waste systems, chemistry control system, intermediate heat transfer system, and the
pebble handling and storage system (PHSS). The TR points out that the sources of MAR
described in TR Section 6 are radionuclides that were transferred from a previous barrier (e.g.,
coolant) and do not generate additional MAR. Unique sources of MAR and release for the
KP-FHR design (e.g., release from graphite dust) are described using information applicable to
accident and normal operating conditions and degraded barriers. The TR states that any other
phenomena that bear on dose criteria will be evaluated in subsequent licensing submittals.
Based on its assessment of the information provided, the NRC staff finds that the identification
of other sources of MAR and the potential release and transport phenomena are
comprehensive.

Section 6.3, “Model Interfaces,” of the TR states that the source term analysis for the identified
other sources of MAR will use the same methodology as used of the sources of MAR in the fuel,
coolant, and graphite reflector. The NRC staff finds this appropriate because the radionuclide
transport phenomena are not unique to the location of the MAR. The NRC staff finds the
discussion in TR Section 6, “Other Sources of MAR,” acceptable because the TR identifies
relevant sources of MAR, release mechanisms, and transport phenomena based on the current
state of knowledge of the KP-FHR design details, as being subject to the limitations in Section
8.2 of the TR.

Radionuclide Transport and Retention in Gas Space

Section 7, “Evaluating Radionuclide Transport in the Gas Space and Atmospheric Transport,” of
the TR provides a description of the modeling of radionuclide transport and retention in the gas
space, which includes releases to the reactor building, aerosol characterization, transport in the
reactor building, and use of the RADTRAD computer code for transport modeling. The
methodology identifies phenomena relevant to radionuclide transport methodology, which was
separated into two sets related to the condition of the reactor coolant boundary for the event.
Events with intact reactor coolant boundary included evaluation of [|

11, while events with a compromised reactor coolant boundary evaluate

[l 11

For the LBE evaluation, the methodology treats modeling of MAR transport and retention in the
gas space for AOOs and DBEs differently based on whether the event is risk-significant or not.
In general, barrier transport and retention for non-risk-significant AOOs and DBEs are modeled
in a more deterministic or conservative manner, similar to DBAs. Risk-significant AOOs and
DBEs have more detailed mechanistic modeling. The NRC staff finds this is consistent with the
guidance in RG 1.233 and is therefore acceptable.

The methodology states that the SNAP/RADTRAD code will be used to model the radionuclide
transport and retention in the reactor building and releases to the environment. As discussed
earlier in this safety evaluation, the SNAP/RADTRAD code was developed to model
radionuclide transport and retention in compartments (e.g., reactor building); therefore, the NRC
staff finds SNAP/RADTRAD is an appropriate tool for this type of assessment. Table 7-1 in the
TR provides the radionuclide groups for transport in the gas space. This grouping is based on
similar chemical and transport phenomena in the gas space. Although the grouping is a
modification of the default grouping in SNAP/RADTRAD, the KP-FHR MST-specific grouping
can be input by the user into the SNAP/RADTRAD code. The KP-FHR MST methodology only
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models two processes for decontamination in the reactor building: gravitational settling of
aerosol and radioactive decay. Therefore, the physical form of the radionuclides in the reactor
building and environment is modeled in SNAP/RADTRAD as either a gas or an aerosol. The
NRC staff finds the grouping and treatment of the physical form of radionuclides to be consistent
with the state of practice for source term analysis, and will evaluate the specific use of the
model (including computer code inputs) in subsequent license applications that reference the
KP-FHR MST TR.

Aerosol Characterization

Section 7.3, “Characterizing Aerosols,” of the TR describes the aerosol generation methodology
for two types of event scenarios in the KP-FHR design basis: pipe breaks and PHSS transients.
Unlike in LWRs, the aerosols generated in the KP-FHR are not a consequence of core
overheating and fuel melting, but instead are a result of coolant release and aerosolization of
the salt. Sections 7.3.1, “Material at Risk During a Pipe Break,” and 7.3.2, “Pipe Break Airborne
Release Fraction Approach,” of the TR describe the characterization of aerosols and airborne
release fractions for pipe breaks. For events with a compromised reactor coolant boundary
involving a pipe break, the MAR is the circulating activity in the molten salt within the pipe (either
Flibe or nitrate salt depending on the event scenario). Section 7.3.1 of the TR describes the
methodology to calculate an airborne release fraction for this MAR, considering the assumptions
in TR Table 7-2. Airborne release fractions are based on mechanical aerosolization of the salt
leaving the pipe or salt splashing on a surface, with the assumption all radionuclides dissolved
in the salt aerosolize at an equivalent fraction. Any potential retention in insulation materials
around the pipe is conservatively neglected. The assumed location of the postulated pipe break
is that which produces the highest activity in the gas space. The NRC staff finds that these
assumptions on retention in insulation and the location of the pipe break are conservative and
acceptable.

Section 7.3.1.2 of the TR describes aerosol formation from jet breakup as the salt is released
from the pipe by modeling the effects of gas entrainment in liquid jets based on theoretical
correlations. The methodology derives a formula based on theoretical correlations [|

1] to calculate a representative
diameter for the distribution of particles formed by the jet breakup and the airborne release
fraction as a function of driving pressure. The NRC staff evaluated the information in TR
Section 7.3.1.2 and finds that the assumptions are reasonably based on theoretical correlations
to physical phenomena and the supporting references are relevant to the modeling of aerosol
formation from molten salt by jet breakup.

Section 7.3.1.3 of the TR describes aerosolization of salt splashing on a surface occurring as a
result of entrained air in the developing pool causing bubble burst aerosol formation. The TR
model is based on correlations for continuous spills into already-formed pools, which are
bounding for splashing in the developing pool. The TR notes that the correlations used show
good agreement with experiments. The TR assumes a conservative bubble burst entrainment
coefficient to represent Flibe with impurities to result in a salt splash aerosol airborne release
fraction as a function of the volumetric flow rate of the spilled liquid. The NRC staff evaluated
the information in TR Section 7.3.1.3 and finds that the assumptions are reasonably based on
empirical correlations and the supporting references are relevant to the modeling of aerosol
formation from molten salt by spilling or splashing onto a surface.
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Section 7.3.3, “Material at Risk in the Pebble Handling and Storage System,” and Section 7.3.4,
“Airborne Releases for Material at Risk in the Pebble Handling and Storage System,” of the TR
describe the aerosol and gaseous airborne release fractions for releases from the PHSS. The
MAR in the PHSS includes the radionuclides in TRISO fuel, aerosols that are plated out on
graphite dust or Flibe dust, and in the cover gas. Mechanisms for release include diffusion of
MAR from fuel pebbles due to temperature transients in pebble handling or storage, mechanical
damage to the fuel pebbles, or cover gas leakage events. The NRC staff finds that assuming
equilibrium cycle PHSS loading to determine the MAR in the TRISO fuel is reasonable because
this provides the likely conditions during operation and is appropriate for modeling the releases
from fuel in PHSS events. The MAR associated with graphite dust in the PHSS will be
determined [|

11 The estimation of MAR associated
with graphite dust is based on the radionuclide loading and the graphite dust generation rate,
which will be evaluated as inputs to the MST in a licensing application which uses the TR
methodology. The TR describes that the MAR in Flibe dust formed from frozen Flibe is
assumed to have the same mass normalized activity levels as the molten reactor coolant, and
the airborne release fraction will be calculated taking into consideration bounding respirable
particle diameters less than 10 micrometers (um). Cover gas leakage events model the release
of MAR in the cover gas and settled graphite dust to the reactor building []

] Radionuclide release from mechanical damage to fuel pebbles is
based on assuming the loss of the functional containment for the fuel, [|

1. The
NRC staff finds that the modeling assumptions related to releases from the PHSS are based
upon conservative assumptions or detailed calculations considering uncertainty, and therefore
are acceptable.

Transport and Retention in Buildings

Section 7.4, “Building Transport Models,” of the TR describes the modeling of radionuclide and
retention in the buildings, including use of the SNAP/RADTRAD computer code. The TR
methodology describes how the code will be used to model the gas space in the reactor building
as a single volume. The specific reactor building volume used as input to the model is based on
site-specific design information, which will be evaluated by the NRC staff in a licensing
application that uses the TR methodology. The methodology provides for different levels of
mechanistic detail or conservatism in the modeling of transport in the reactor building depending
on whether it is modeling DBAs, non-risk-significant AOOs and DBEs, or risk-significant DBEs.

Radionuclides are sourced into the gas space, with the input based on the MAR transport and
release models for the previous barriers of fuel, coolant, graphite, and other sources of MAR.
The KP-FHR reactor building is not assumed to be a safety-related structure, will not be
leak-tight, and appropriately is not considered to be part of the functional containment. Although
dependent upon the event evaluated, releases from the KP-FHR reactor coolant boundary,
PHSS, or radwaste systems are not assumed to be at high pressure to force the release into the
reactor building. Therefore, the NRC staff considers it reasonable to conclude that the release
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can be modeled with a passive release rate, subject to Limitation 8 on the use of the TR.
Releases into the reactor building are located within the beryllium confinement, which is
assumed to have a passive leakage rate equivalent to releasing all radionuclides in the building
within a 2-hour window. The NRC staff finds the 2-hour release window to be acceptable
because it is consistent with assumptions used in RG 1.183 for passive release from an open
containment or other building for a LWR fuel handling accident, which also is not a high-
pressure release. The TR methodology assumes that during this holdup time, the radionuclides
within the reactor building gas space undergo radioactive decay and, depending on the event,
aerosol natural deposition. The KP-FHR MST models activity reduction through radioactive
decay only within the reactor building.

Section 7.5.2, “Volumetric Flow Rates,” of the TR describes the modeling of volumetric flow
rates in the reactor building. The TR methodology accounts for the operation of heating,
ventilation, and air conditioning systems, the effect of the temperature gradient between the
beryllium confinement and the rest of the building, and wind loadings on the exterior of the
building, depending on the event. Volumetric flow rates for DBA calculations will be prescribed
to give a conservative result, while AOOs and DBEs are modeled differently. The NRC staff has
evaluated the information in TR Section 7.5.2 and finds the modeling of volumetric flow rates for
DBAs acceptable because it generally is consistent with guidance on DBA radiological
consequence analyses and results in a bounding potential dose. The NRC staff finds the
modeling of AOOs and DBEs to be acceptable because it is consistent with the RG 1.233
guidance on using realistic assumptions in evaluation of LBEs for comparison to the
frequency-consequence target.

Aerosol Transport and Retention

Section 7.4.2, “Release Models,” Section 7.5.3, “Aerosol Formation Heights,” and Section 7.5.4,
“Aerosol Particle Density,” of the TR provide information on the transport and retention of
aerosols in the building. The KP-FHR methodology uses the Henry correlation (Reference 29)
implemented in the SNAP/RADTRAD code to model gravitational settling of aerosols. This
model correlates aerosol removal rate to the aerosol density within the volume, with the removal
rate proportional to the aerosol density and inversely proportional to the effective settling height.
It does not explicitly model gravitational settling rates differently for different particle sizes within
the applicable range of particles. As described in Reference 29, the Henry correlation is based
on aerosol removal experiments using sodium oxide aerosols and the correlation was compared
to other reactor aerosol experiments that included a range of particle sizes. The Henry
correlation takes user input on the settling height and theoretical particle density to adjust the
experimentally determined aerosol settling rates for the specific use. Kairos Power describes
the use of the Henry correlation as conservative when applied to Flibe, carbon, and nitrate
aerosols and TR Section 7.5.4 provides the theoretical densities for the particles for input to
adjust the correlation, as implemented in SNAP/RADTRAD.

The NRC staff finds implementation of the Henry correlation in SNAP/RADTRAD is conservative
because RADTRAD only accounts for radioactive aerosols in determining the aerosol density
within the volume, whereas the presence of non-radioactive aerosols would increase the
aerosol density and subsequently increase the aerosol settling rate. The TR methodology only
applies aerosol settling in the reactor building where temperatures assure that vapors have
condensed to aerosols (i.e., aerosol deposition is not modeled in the cover gas region), and it is
also conservative [|
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11 Based on its assessment of Reference 29 and the information in TR
Section-7.4.2, the NRC staff finds the correlation is acceptable for calculating gravitational
settling for aerosol concentrations under dry conditions such as those expected within the
KP-FHR buildings. The NRC staff notes that it found modeling of aerosol natural deposition
acceptable within the safety-related primary containment for several LWRs. Although the
KP-FHR, as described in TR Section 1.2.2, does not have a safety-related containment or a
similar structure that is leak-tight and pressure retaining, the Henry correlation modeling of
aerosol gravitational settling is applicable because it is dependent only on the settling height
and aerosol density in the volume of the building. Because settling height and the aerosol
density are not dependent on whether the structure is leak-tight and pressure retaining, the
NRC staff finds that both can be determined by the applicant based on the physical dimensions
of the final design. Therefore, based on the inputs to the Henry correlation, along with the
conservative deterministic assumptions in the TR modeling of the reactor building for DBAs, the
NRC staff finds the TR modeling of aerosol transport and retention in the reactor building to be
acceptable.

In the TR, Section 7.5.3 states that the settling height input for the Henry correlation is
determined by the aerosol formation height, with different modeling for LBEs as compared to
DBAs. The NRC staff finds the determination of aerosol formation height for input to the Henry
correlation to be consistent with the guidance in RG 1.233 for LBEs because the TR
methodology to determine the aerosol formation height uses realistic assumptions with
consideration of uncertainty. The NRC staff also finds that determination of aerosol formation
heights for DBA calculations is consistent with the conservative evaluation of DBAs because it
results in a conservative estimation of aerosol removal by the Henry correlation. Based on its
experience with the SNAP/RADTRAD code, the NRC staff finds that SNAP/RADTRAD can
estimate radioactive aerosol density for use in the Henry correlation to model aerosol removal
within the reactor building. Because user input on the volume and release height is important to
the calculation, the NRC staff will evaluate the use of the aerosol retention modeling when more
design detail is available in a future licensing submittal that uses the TR.

Section 7.6, “Building Transport Outputs,” of the TR describes the dose analysis outputs for
comparison to regulatory acceptance criteria for the DBAs or to the frequency-consequence
target in NEI 18-04 for the LBEs. For DBAs, SNAP/RADTRAD calculates and reports TEDE at
the EAB for the most limiting 2-hour period, which the NRC staff finds acceptable for
comparison to the offsite dose criteria for siting and safety analyses required by the regulations
cited above in the Regulatory Evaluation section of this safety evaluation. For DBAs, one TR
methodology result is that the TEDE at the outer boundary of the LPZ will be reported for an
exposure period after the start of the release of 30 days or for the duration of the passage of the
plume, whichever is longer. In the TR, Section 7.6.2, “Cumulative 30-Day Dose,” describes how
the user will adjust the SNAP/RADTRAD simulation time to ensure that if doses are still rising
after 30 days, the simulation will be extended until there is no further effective increase in
accumulated dose. The NRC staff finds this simulation time adjustment to enable the evaluation
of effectively the entire exposure to the radiological release is acceptable because the
adjustment is consistent with the requirements for evaluating the dose at the outer boundary of
the LPZ for the duration of the passage of the plume, as given in the regulations cited above in
the Regulatory Evaluation section of this safety evaluation. The NRC staff also finds the 30-day
TEDE at the site boundary, which is reported for the LBE evaluation acceptable because the
period is consistent with the metric in the frequency-consequence target in NEI 18-04 and
endorsed by RG 1.233.
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Not all information to complete the consequence analysis, such as dose factors and specific
design values related to the physical features of the plant, is described in the subject MST
methodology TR. The NRC staff will review the radiological consequence analyses which use
the MST methodology in future licensing submittals which reference the TR.

Atmospheric Dispersion

Section 2.5.4, “ARCON96,” of the TR states the MST methodology uses the ARCON96
computer code to calculate offsite atmospheric dispersion values (also known as relative
concentrations or x/Q values) at the EAB and outer boundary of the LPZ rather than the PAVAN
computer code. Both PAVAN and ARCON96 are NRC codes approved for calculating relative
concentrations. The PAVAN code implements the guidance in RG 1.145, “Atmospheric
Dispersion Models for Potential Accident Consequence Assessments at Nuclear Power Plants,
Revision 1, for determining offsite x/Q values at the EAB and outer boundary of the LPZ,
whereas ARCON96 implements the guidance in RG 1.194, “Atmospheric Relative
Concentrations for Control Room Radiological Habitability Assessments at Nuclear Power
Plants,” for determining onsite x/Q values for the control room.

Large LWR nuclear power plants typically have EAB and LPZ distances that range from 800 to
6,000 meters. The ARCON96 computer code was developed to model shorter distances in the
vicinity of buildings typical of control room habitability dose evaluations. The ARCON96
dispersion algorithms are based on field measurements taken out to distances of 1200 meters.
The TR states that, because the scope of the KP-FHR source term methodology is limited to the
evaluation of EAB and LPZ dispersion distances less than 1,200 meters from the reactor
building, Kairos Power considers the ARCON96 computer code methodology for calculating
offsite atmospheric dispersion values appropriate for KP-FHR applications. Kairos’
implementation of the methodology is discussed below.

The NRC staff notes that the methodologies for calculating x/Q values for the control room,
technical support center, and routine releases are not covered in the scope of this TR. Those
methodologies would need to be evaluated for applications using this MST methodology if
applicable. Also, certain locations are affected by atmospheric transport and diffusion
conditions that may be more restrictive than assumed in the contiguous 48 states, including
effects caused by variations in the duration of daylight and darkness (e.g., limited inversion
depths and extended persistence of various conditions). If the ARCON96 computer code
methodology for calculating offsite atmospheric dispersion values is to be used in these
locations (e.g., Alaska), the NRC staff notes that the applicability of the dispersion algorithms in
ARCON96 may not apply or may require further modification.

Atmospheric Dispersion Models

In the TR, Section 2.5.4 states that Kairos application of ARCON96 does not modify the source
code. Section 7.7, “Atmospheric Dispersion Models,” of the TR states that the KP-FHR source
term methodology includes the governing equations used by ARCON96. The TR states that
when the equations are coupled with the methodology described in TR Sections 7.7 through
7.9, “Dispersion Outputs,” for selecting inputs and processing outputs, it provides the technical
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basis and methodology for implementing ARCON96 to compute near-field EAB and LPZ x/Q
values for a KP-FHR design. The TR states that this methodology is consistent with the intent of
RG 1.145 regarding directional dependence.

Section 7.7.1, “Selecting the Conservative Release Distance,” of the TR outlines the
methodology for selecting the conservative release distance for the analysis. Computer code
ARCON96 will calculate the directionally dependent x/Q values from the side of building from
which radioactivem aterial is being released to the EAB and LPZ. [|

1l

Section 7.7.2, “Calculation of the Time Averaged Percentile x/Q Values,” of the TR outlines the
methodology for the calculation of the time averaged percentile x/Q values. The output of the
ARCON96 computer code model provides the time averaged directional 95" percentile x/Q
values. To calculate directionally independent 95" percentile values, Kairos Power will set the
sector window to 360 degrees when the model is run. This will effectively include all the hours
in the dataset and will therefore represent each wind direction, regardless of sector.

Kairos Power also outlined how it will calculate the 99.5™" percentile directionally dependent x/Q
values. The ARCON96 computer code produces a complementary cumulative distribution
function provided as one of its standard outputs. The ARCON96 computer code provides these
complementary cumulative distribution functions in terms of the total number of 1-hour periods
that would produce a x/Q value greater than a given value. The TR states that Kairos Power
plans to divide this frequency distribution by the total number of 1-hour inputs to produce the
probability that the x/Q value would be greater than a given value. The TR states that, from this
set of complementary cumulative distribution functions, a x/Q value greater than 99.5 percent of
the data can be determined for each time interval calculated by ARCON96. Kairos Power also
provides Equation 105 in the TR as a method to calculate a x/Q value for a given time interval
that does not start from zero. [|

]

Section 7.7.3, “Selecting the Conservative Release Wind Direction,” of the TR outlines how
Kairos Power will select the conservative release wind direction used in the analysis. For each
release location, Kairos Power will analyze all 16 wind directions consistent with the guidance
outlined in RG 1.145. For DBAs and non-risk-significant AOOs and DBEs, Kairos Power will
use the most conservative wind direction to determine dose at the receptor using the 99.5"
percentile x/Q value. For risk-significant AOOs and DBEs, all wind sectors are sampled
uniformly.
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The NRC staff reviewed the methodologies for selecting the conservative release distance and
wind direction used in the analysis and finds them to be consistent with NRC guidance. The
NRC staff used ARCON96 and its outputs to verify the methodology used for identifying the
directional 95" percentile provided by ARCON96 and calculating the directionally independent
95" percentile x/Q values using ARCON96. The NRC staff also performed an analysis of the
methodology used to calculate the 99.5" percentile directionally dependent x/Q values and
confirmed that the approach would produce results consistent with the guidance in RG 1.145,
which outlines a methodology to select 99.5" percentile values.

Atmospheric Dispersion Inputs

Section 7.8, “Atmospheric Dispersion Inputs,” of the TR, describes the ARCON96 computer
code input parameters that will be used in the analysis. The release height will be set to zero
meters and the applicant states that ground level releases are bounding for all release types in
this methodology. The TR discusses how to identify the receptor data. The direction to source
is the direction from the receptor to the source in degrees. The distance to the receptor is the
distance to the EAB and LPZ and the release locations will be defined as the building walls
closest to the EAB and LPZ. The TR states that the height to the intake (i.e., receptor) is the
height of the intake above ground level at the EAB and LPZ. The intake height will be set to a
ground level intake of 0.0 m for conservatism. The terrain elevation difference is the difference
in elevation between the base of the reactor building and the EAB and LPZ. The TR states that
the meteorological data will be consistent with the guidance of RG 1.23, “Meteorological
Monitoring Programs for Nuclear Power Plants,” Revision 1 (Reference 30). The TR states that
wind direction sector width for direction dependent calculations will be set to 45 degrees,
consistent with guidance in RG 1.145. For direction independent calculations, the wind
direction sector width will be set to 360 degrees. The minimum wind speed used for all
calculations is 0.5 m/s. Surface roughness and averaging sector width constant will be set to
default unless it is shown that it is more conservative to set a site-specific value. The TR also
outlines the use of the initial horizontal and vertical diffusion coefficients.

The NRC staff reviewed the atmospheric dispersion inputs listed in the TR. The NRC staff finds
the inputs acceptable for use because they are consistent with information outlined in RG 1.194.

Dispersion Qutputs

In Section 7.9, “Dispersion Outputs,” of the TR, Kairos Power again addressed the pre-
calculated 95" percentile x/Q values and complementary cumulative distribution functions
produced by ARCON96. The TR notes that ARCON96 reports 95" percentile x/Q values for
five different time intervals. The TR states that while ARCON96 does not directly report 99.5"
percentile directionally dependent, time averaged x/Q values, ARCON96 does report the
cumulative distribution functions for directionally dependent x/Q values. The methodology for
using the cumulative distribution functions to calculate the 99.5" percentile x/Q values is
outlined in TR Section 7.7.2. The NRC staff discussed the methodology above and found it
acceptable.

Example Figures and Calculations

The ARCON96 computer code is distributed with a sample problem as an example to
demonstrate its functions. Kairos Power used the outputs from this sample problem to
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demonstrate its methodology for determining the 95" percentile and 99.5"" percentile x/Q values
and plotted the results in Figures 7.9 and 7.10 of the TR. The methodology used is outlined in
Section 7.7.2 of the TR. The NRC staff focused its confirmatory analysis of this methodology on
the process and equations outlined in TR Section 7.7.2 as discussed by NRC staff above in this
document.

In the example calculations presented in the appendices of the TR, Kairos Power used x/Q
values from an application previously approved by the NRC and input parameters that do not
represent the atmospheric methodology set forth in the TR. Kairos Power is not seeking
approval of these calculations and the NRC staff did not use the information in the appendices
in its analysis of the proposed atmospheric dispersion methodology.

Conclusions for Atmospheric Dispersion

The Kairos Power MST TR describes the applicant’s methods for using ARCON96 to calculate
offsite atmospheric dispersion values for the EAB and outer boundary of the LPZ. Because the
methodology differs from the NRC’s guidance, the applicant outlined why the use of the
ARCON96 computer code methodology is appropriate for its KP-FHR source term methodology
and outlined how its use would be implemented. The applicant outlined the inputs that would be
used for the model and explained how the outputs from the model would be used to meet the
requirements in RG 1.145. The NRC staff reviewed the inputs and assumptions outlined in the
TR. The NRC staff performed an independent analysis on the offsite atmospheric dispersion
methodology and found that the approach would produce results consistent with the guidance in
RG 1.145. For these reasons, the NRC staff finds the use of the ARCON96 computer code
methodology for calculating offsite x/Q values at the EAB and outer boundary of the LPZ
acceptable for use in the KP-FHR mechanistic source term methodology subject to the
limitations and conditions listed below in this safety evaluation.

LIMITATIONS AND CONDITIONS

The NRC staff’s review includes the limitations and conditions identified by the applicant in the
TR and the staff’'s acceptance is partially based on the limitations and conditions as presented.
In addition, the NRC staff imposes three additional limitations and conditions on use of the TR
(Limitations and Conditions 9, 10, and 11). An applicant may reference the TR for use as
applied to the applicant’s facility only if the applicant demonstrates compliance with the following
limitations and conditions:

1. Approval of KP-Bison for use in fuel performance analysis as captured in KP-TR-010,
“KP-FHR Fuel Performance Methodology.”
2. Justification of thermodynamic data and associated vapor pressure correlations of

representative species.
Validation of tritium transport modeling methodology.

Confirmation of minimal ingress of Flibe into pebble matrix carbon under normal and
accident conditions, such that incremental damage to TRISO particles due to chemical
interaction does not occur as captured in KP-TR-011, “Fuel Qualification Methodology
for the Kairos Power Fluoride Salt-Cooled High Temperature Reactor (KP-FHR).”
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5. Establishment of operating limitations on maximum circulating activity and
concentrations relative to solubility limits in the reactor coolant, intermediate coolant,
cover gas, and radwaste systems that are consistent with the initial condition
assumptions in the safety analysis report.

6. Quantification of the transport of tritium in nitrate salt and between nitrate salt and the
cover gas.
7. The phenomena associated with radionuclide retention discussed in this topical report is

restricted to molten Flibe. The retention of radionuclides in solid Flibe is beyond the
scope of the current analysis.

8. The methodology presented in this topical report (KP-TR-012) is based on design
features of a KP-FHR provided in Section 1.2.2 and Section 2.3.4. Deviations from
these design features will be justified by an applicant in safety analysis reports
associated with license application submittals.

9. The use of this TR is limited to the KP-FHR design and is not applicable to other molten
salt reactor designs because the KP-FHR utilizes TRISO fuel, which is stated to retain
most radionuclides. As described in the topical report and the related NRC staff safety
evaluation, this allows for the use of certain simplifying assumptions related to retention
of radionuclides in the molten salt.

10. In any future license application submittal that references this TR, an applicant needs to
provide information to justify that the calculation of tritium absorption into graphite is not
sensitive to the assumptions on tritium diffusivity and solubility in Flibe.

11. An applicant that uses this methodology must provide experimental data as described in
Section 4.3.1.6 of this topical report.

CONCLUSION

The NRC staff concludes that Kairos Power’s topical report KP-TR-012, “KP-FHR Mechanistic
Source Term Methodology,” Revision 3, provides an acceptable methodology for development
of event-specific mechanistic source terms for use by Kairos Power Fluoride Salt Cooled High
Temperature Reactor designs in offsite radiological consequence analyses for AOOs, design
basis events, and design basis accidents based on: (1) the methodology being based on
models of the chemical and physical phenomena that are supported by empirical data; (2)
appropriate discussion of the consideration of model and design uncertainty; and (3)
consistency with the guidance on performing radiological consequence analyses, subject to the
limitations and conditions discussed above. Accordingly, the NRC staff concludes that
K-TR-012, “KP-FHR Mechanistic Source Term Methodology,” Revision 3, can be used for
development of MSTs for KP-FHR designs to support reactor licensing applications for permits,
licenses, certifications, or approvals under 10 CFR Parts 50 or 52.
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Executive Summary

Kairos Power is pursuing the design, licensing, and deployment of Fluoride Salt Cooled, High
Temperature Reactors (KP-FHR) including a nuclear test reactor and commercial power reactors. To
enable these objectives, the development of a technology-specific source term evaluation methodology
is required. This report has been prepared to document the methodology for evaluation of the KP-FHR
mechanistic source term to be used to calculate radiological source terms for anticipated operational
occurrences (AOOs), design basis events (DBEs), and design basis accidents (DBAs). These source terms
will be used to calculate a boundary dose for the exclusion area and low population zone, which are
anticipated to be at the site boundary or a boundary that is less than 1200 meters.

KP-FHR technology is fundamentally different from the existing light water reactor (LWR)
technologies because the fully-ceramic Tri-Structural Isotropic (TRISO) fuel used in KP-FHRs has large
thermal margins to damage, and the KP-FHR coolant is operated at low pressures, has high chemical
stability, and the capability to immobilize solid fission products. These characteristics make the safety
case of the KP-FHR technology fundamentally different from LWRs. Due to these inherent safety features
of the KP-FHR, the design relies on a functional containment approach to retain radioactive materials. The
functional containment approach is further simplified because the majority of the radioactive material at
risk for release (MAR) is retained within the TRISO fuel used in the KP-FHR. During normal operation, the
small fraction of fission products that are released from the TRISO fuel will diffuse into the molten fluoride
salt reactor coolant (Flibe) or are released into the gas space of the reactor vessel or the pebble handling
and storage system, depending on the location of the fuel pebbles. There will also be activation products
(including tritium) that will be created as a result of normal operation. This report provides the
methodology to calculate the source term for licensing basis events (excluding beyond design basis
events) based on the fission products and activation products generated from normal operation of a KP-
FHR.

The source term methodology is event-specific because it depends on the amount of MAR and
conditions of the MAR in the locations affected by the licensing basis event. The normal operation
conditions provide an initial amount of MAR, that is used to calculate the source term for licensing basis
event conditions. Due to the robust TRISO fuel design, there is not expected to be any significant
incremental fuel failure due to a design basis event. The evaluation of design basis events is outside the
scope of this report and are provided as part of licensing application safety analysis reports for a KP-FHR.

The source term evaluation method for AOOs and DBEs uses a more mechanistic or realistic
accounting of radionuclide barriers consistent with the methodology for licensing basis events. The source
term evaluation method for the DBAs is deterministic and only credits the properties of the TRISO fuel
and the Flibe coolant for retention of radionuclides in the KP-FHR.

The sample calculations included in this appendix are provided to illustrate how the methodology is
used and do not represent final design information. Kairos Power is not asking for NRC review and
approval of these sample calculations in a safety evaluation report.

Kairos Power is requesting NRC approval of the source term methodology presented in this report as
an appropriate means to calculate source terms to evaluate consequences of AOOs and DBEs for
frequency-consequence targets and quantitative health objectives (QHOs), and source terms to evaluate
DBA consequences at an exclusion area boundary and a low population zone boundary that is anticipated
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to be located at the site boundary or a boundary that is less than 1200 meters to ensure that the KP-FHR

meets the dose limits in 10 CFR 50.34.

© 2022 Kairos Power LLC

6 of 195



KP-FHR Mechanistic Source Term Methodology

© 2022 Kairos Power LLC

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022
Table of Contents

KP-FHR Mechanistic Source Term MethodOIOgY .......cccuvviiiiieii it e e e e 1
1 Tl dgeTe [N o1 o] o HO RO PSPPSRI 14
1.1 (T CoT g ot | I =T Y 01T o1 4 V7SR 14
1.2 DESIEN FEATUIES .o ———— 14
00 N D LYy T o I = =T =4 o 101 o USSR 14
1.2.2 Key Design Features of the KP-FHR.........ccooiiii ittt 15

1.3 Regulatory BACKgIrOUND ........ccocuiiiiiiiiee ettt et tte e e e etee e e et e e e e s bae e s e abaeeeennreas 16
00 T8 A 0= T [ =] g =T o SOOI 16

2 KP-FHR Mechanistic Source Term Evaluation Approach........ccccueeeeviiiiiiiiee e evee e 19
2.1 Material at Risk and Release Fraction Definitions........cccocveeeicciiiiiiiiiee e 19
2.2 Sources of Material at Risk in the KP-FHR ........cooiiiiiiiiiie ettt 21
2.3 KP-FHR Source Term EValuation .......c.uiiieiiiii ittt e st sbae e s s e e 21
2.3.1 Identification of MAR and Affected Barriers......cccccueeeecieeeeccieie et svnee e 21
2.3.2  Qualitative EVAlUGLION ..occueeei ettt et e e st e e s s te e e et e e e snraaeeean 22
2.3.3  QuUantitative EVAlUALioN .....ciiiciiii ittt e e sarae e e e 22
2.3.4 Additional Design Information Used in the Methodology ......cccccoeeciviieeeiiiicciiiieeeeee e, 23

2.4 Phenomena Identification and Ranking Tables ........cccuvveiiiiiccciiiiiee et 25
2.5 Software Used In KP-FHR Source Term Evaluation ........ccccceeieiiiiiee et 27
2.5. 1 SERPENT 2 e e e et e e e e e e e b e e e et e et e e e e e eaae b aeas 27
2.5.2 KP-BISOMN ettt et e et e e e e e e e et e e e e e e e e nbe et e e e e e e e nbaaeeeeeeeaannreneee s 27
e T oY Y 1V SRR 28
2.5.4  ARCONOG .....coctieetieeeiee ettt ettt e st e et e e st e e st e e s te e e aeeessteeaaseeessaeeasteeanseeeseeesseeeanseeeseeesnseesnseeans 28
2.5.5  RADTRAD ....uuttttttttttt e eae v are e e ea e ae e e e eeeaee e e e e e e e e e e e e e e e e e e e e e e e et e e et e et et eeaaeeaeaeaeteaeaeaaaeeaees 28

3 Evaluating Fuel Retention of RadionUCIIAES...........oeeieiiiii it 72
3.1 Important Source Term Phenomena Identified for FUEl.........ccovviiiciiiiiciiei e 72
3.2 Sources of RadionNUCHAES IN FUEI .....c.viiiiiiiiicieec ettt 73
I R | =Y o YU = Yor {0 1 Y= =Y Yot £ R 73
3.2.2  Heavy Metal Contamination ........ciccciiiiiiiiiec ettt e e re e e aa e e e eara e e e saneee s 73
3.2.3  IN-SEIVICE FQIlUIES..uiiiiiiiiieeiiee ittt ettt sttt e te e st e st e e ae e s sate e ssbeesbaeesaseesateessbeesnsseenns 74
3.2.4 Release from INtact PArtiCles ........ooociiiiiiiiiei ettt e e aaeee s 74
30 T I 1 11 o o SRRSO 74

33 Radionuclide BeHavior and Retention Properties of FUel.........ccouveeeeeiiiiiiiiieeii e 75
3.3.1 Radionuclide Behavior in FUEL.........ccuiiiiiiieicie st saaee s 76
3.3.2  Selection of RAdIONUCIIAES ...ccocueiiiiiiiiie ettt e s e e e e saaaeee s 76

3.4 Radionuclide Transport in FUEL.......oouiii ittt e e e s e e e 77
3.4.1 Radionuclide Transport Groups iN FUEL........ccivciiiiiiiiiie it see e s vee e s saeee s 78
3.4.2  KP-Bison Diffusion IMOGEL......ccccuuiiiiiiiiie ittt e e s e e s ssra e e s saaneae s 78

3.5 Retention of Tritium in the Graphite Pebble..........ccuviiiieiii e 80

4 Evaluating Flibe Retention of RadionNCUIIdES.......ccceoiiiiiiiiei et 93
4.1 Important Source Term Phenomena Identified for Flibe .........ccccoooeeiiiiciiii e, 93
4.1.1 Phenomena for Flibe with Intact Reactor Coolant Boundary ..........cccceeeeiieeeeecieecccieeeeee, 93
4.1.2 Phenomena for Flibe with Compromised Reactor Coolant Boundary.......c.cccceccvveeeevreeennee. 94

4.2 Sources of radioNUCHAESs IN FIIDE .....cocuiiiiieecieecee e saee e 95
4.3 Radionuclide Transport i FIIDE.......couvii e e e e e e 96
4.3.1 Radionuclides Transport Groups in FIIDE .......cccccuiiiiiiiiiiiciee e 96

7 of 195




KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022

5 Evaluating Radionuclide Retention in Graphite Structures.........ccoovveeeeeecciiiieeee e, 115
5.1 Radionuclide Retention Phenomena Identified for Graphite Structures.........cccceeeeevveeennnen. 115
5.1.1 Phenomenon Associated with Events Involving an Intact Reactor Coolant Boundary....... 115

5.1.2 Phenomenon Associated with Events Involving a Compromised Reactor Coolant Boundary.

115

5.2 Sources of Radionuclides in Graphite STrUCLUIES ........cccuviiiiiiiiii i e 115
5.3 Radionuclide Transport in Graphite StrUCTUIES........ccuveiiiciiieiiieee et 115
5.3.1  Tritium SPECIATION ..uuuiiiiiiiii e e e e e e e e e e e e e e e e e eeaeaaeaeaaaaaeaeaeaeeeas 116
5.3.2  Tritium Retention and Permeation ........cccueiiiiiiieiiiienieesiecsee e s 117
6 Other SOUICES OFf IMAR ....coiuiiiiiie ettt sttt et sttt s sat e e s be e sabe e s be e s ateesabeesnbaeesaeensteesabeesnseean 119
6.1 Important Source Term Phenomena Identified for Other Sources of MAR.........cccccecvverennnen. 119
6.2 Sources of RAdionuclides in the PHSS, chemistry control, and heat transport systems ........ 120
L3 2 R € - o] 1 I U PR SR 120
6.2.2  Vapor and Off-Gas in PHTS @Nd CCS.....ccoiciiiiiiiiee ettt eree e e s sivee e s aee e e 120
6.2.3 Cold Trap and Filters in the CCS ...t 121
6.3 Y oo [ I 10} €= o =Tl TP 121
6.4 Radionuclides present in Other sources of MAR.........c..ueiiiiiiicciiieee e 122
6.4.1 Radionuclides Born in Other Sources of MAR.......cccctiiiiiiiiiiiiec e 122
6.4.2  RAdioNUCHIAES TranSTer...cccuiiiieiiie et e s e bee e e s anes 122
6.4.3 Radionuclides Escaped or Transferred........ccccceeeeeciiiiiiie et e e rrre e e e 124
6.4.4 Impact of Degraded Barriers on Retention of Radionuclides .........cccceeecieieeccieecccieee e, 125
6.4.5 Radionuclide Transfer During AOOS OF DBES ........cccciiiiiiiiee ettt ceree e ettee e 125
6.4.6  Radionuclides Transferred DUMNG DBAS .......ccccueeeeiiiiieieciee ettt e etee e e eree e e 126

7 Evaluating Radionuclide Transport in the Gas Space and Atmospheric Transport........cccccceeeeecunnns 127
7.1 Important Source Term Phenomena Associated with Gas Space Transport .........cccccvveeeeennnn. 127
7.1.1 Phenomena for Gas Space with Intact Reactor Coolant Boundary ........cccceeeeciveeenciveeennns 127
7.1.2 Phenomena for Gas Space with Compromised Reactor Coolant Boundary...........ccueee..e. 127
7.2 2F: o [ oY Y0 ol [Te LI ] oYU o 1SRRI 128
7.3 CharaCterizing ABIOSOIS ...ciiciiiie ettt ettt e e e e et e e e et e e e sata e e e s abaeeeesaeeeeansseeesnnnaeeas 128
7.3.1 Material at Risk DUring @ Pipe BreaK......cuueiieuiiie ittt 128
7.3.2 Pipe Break Airborne Release Fraction APProach ........ceeeeeeeeiciiveeeeeeeeccciieeeeeeeeeeirreeeee e 135
7.3.3 Material at Risk in the Pebble Handling and Storage System .......ccccccevviiiveeeeeeeccinnreeeenen, 135
7.3.4 Airborne Releases for Material at Risk in the Pebble Handling and Storage System ......... 136
7.4 BUIlAINg TranSPOrt MOMEIS ...ccc.viiiiiiiiiee ettt e stee e e e te e s sbae e e s sbaeeesentaeaeeans 137
7.4.1 RADTRAD MOAEI SErUCTUIE ....eeeiiiiiiee ettt ettt e et e e e e e e e e etareaee e e e s e abbbeeeeeeeeennes 138
742 REIEASE IMOUEIS ...eeiiieiiiiieiiiee ettt e e s e e s bae e s s sabee e s s nreaeesneeas 138
7.5 BUIldiNg TranspOrt INPULS ..eeeeeiie ettt e ettt e e e e e e ectrrre e e e e e e e atareeeeeeeesnnrsnaeeeaesennnnes 140
7.5.1  Activities of RadioNUCIIAE SOUICES .......eviviiiiiiiiiiie e 140
7.5.2  VOIUMELFIC FIOW RAtES ..oieieiiieeiiiie ettt st e e st bee e s snbe e s e bee e s e nares 141
7.5.3  Aerosol Formation HEIGNtS .........uviiiiii ittt rrre e e e e e e e 142
7.5.4  Aerosol Particle DENSIY ..ucciii it e e e e e e e e e st rae e e e e e s e nnnes 143
7.5.5 Atmospheric DiSPersion RAtiOS .......ciiiiieciiiiiieii ittt e e etrree e e e s e saerre e e e e e e e eanes 143
7.6 BUilding Transport QULPULS ..ottt e e rrre e e e s e e eate e e e e e e senbsaneeeeeeenannns 144
7.6.1  WOIST TWO-HOUFI DOSE...ceiiiiiiiiiiieiee ettt e ettt e e e e ettt e e e e e s e saeree e e e e e s e snnreeeeeeeesannnee 144
7.6.2  CUMUIGLIVE 30-AaY GOSE.ciiiiiieiiiiiieee ettt e e e e e e e et e e e e e e e s sebte e e e e e e e snnbraneeeeesennnes 144
7.6.3  REIEASE FraClioNS ...coviiiiiiiiiiee ittt eiee ettt ste e sttt e e sbe e st e st essate e ssbeesbaeebaeesaseesabeesnseeen 144

© 2022 Kairos Power LLC 8 of 195




KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022

7.7 Atmospheric DiSPersion MOAEIS ........oouiiiiiiei e e e e e e e e e 144
7.7.1 Selecting the Conservative Release DiStanCe.........cccvuvivieeieiicciiiiieeee e eerrreee e 145
7.7.2  Calculation of the Time Averaged Percentile Y Q Values........cccocevvceeiiiienieescee e 145
7.7.3 Selecting the Conservative Release Wind Direction .........cccccuieeeeiiieiciiiienee e ccciieeee e 146

7.8 Atmospheric DISPErsion INPULS ........eeiii it e e e e e e e srerr e e e e s s e e sabrreeeeeesennnnnns 146
7.8.1  REIEASE INPULS ...uviiiiiiiieiciiiee ettt ette e et e e et e e e e bt e e e e bbeeeseataeeesstaeeesnsseeeennsaeeesnnsaeens 146
R T A (- Tol=T o] o] gl D 1= - PP PPPP PPN 146
7.8.3  MeteorologiCal DAta.......cccveiiiciiiiiciee e e a e e e are e e e naeas 147

7.9 [DIN] o1=] g o] g W O 1011 o 1V} K-S 148
7.9.1 Pre-calculated 95th PErceNntile ........ccveieeiiieieiiee e e e 148
7.9.2 Complementary Cumulative Distribution FUNCLIONS.......ccceeiviiiiiiiiiiiie e 148

8 CONCLUSIONS and LImMiItations ......eeeveeeriiieniieenieeeiee et sie et esiteesiteesbeesbteesiteesaseesabeeessseesaneas 164
8.1 (070 1ol [V 1] o o - PRSP 164
8.2 LIMITAtIONS oo 164

9 e o = N PSP 165
Appendix A. Sample Source Term Calculation: Anticipated Operational Occurrence........ccccocvveeeenne 169
Al SAMPIE CAlCUIALION weiiiiiiiie e e e e st e e e s bee e e esabeeessnreas 169
A2 EVENT DESCIIPTION ittt ettt e e e e ettt e e e e e s bbbt e e e e e e e s snnebaeeeeeesannnne 169
A3 SOUrCe TermM EVAlUation....cciiciiiiiiiiie ettt e ee e s s e e e s bae e e e sbae e e sanes 170
Ad (00 T Vol [U 1Y o] o -SSP SRR 173
Appendix B. Sample Source Term Calculation: Design Basis AcCident ........cccovvccvviieeeeiiiccviiineeeeeeeenns 182
B.1 YY) o] (S OF: | (ol U] = o o IS USSR 182
B.2 EVENt DESCIIPLION cooiiieiiiii i 182
B.3 SoUrce Term EValaUtioN....ccooiiiiiiiiee ettt e e s bbe e e s sbee e e s abes 183
B.4 (60 T 1ol [U 1Y To] o -SSP PP UP PP 185

© 2022 Kairos Power LLC 9 of 195



KP-FHR Mechanistic Source Term Methodology

Doc Number Rev Effective Date
KP-TR-012-NP-A | 3 March 2022

Non-Proprietary

Figures
Figure 2-1 Steady State Material at Risk Accumulation in the Heat Transport and Cover Gas Systems....70
Figure 2-2 Steady State Material At Risk Accumulation in the Pebble Handling and Storage System....... 71

Figure 3-1 Representation for T, Mass Transfer From Flibe to Graphite Pebble. ........ccccocoveiiiiiieiicnnnns 91
Figure 3-2 Notation for Tritium Gains and Losses Between NOdes............cceeeeeiieeieiiieeccciieee e 92
Figure 4-1 Schematic Depiction of Grouping of Radionuclides in Flibe Barrier®.........cccccceevvvveeecveeescnnenn. 112
Figure 4-2 Log Vapor Pressure EQUilibrium Constants........cccceeecuieeiiiiiie i e 113
Figure 4-3 Vapor Pressure Equilibrium Constants (K) for the Indicated Liquid-to-Gas Phase Change
REACTIONS ..t e e e s st ee e e s e e r e e e e e e e s rbe e e e e e e e s aane eeesannene 114
Figure 7-1 Airborne Release Fraction and Sauter Mean Diameter as a Function of Pipe Pressure ......... 154
Figure 7-2 Initial and Impact Velocity of the Salt Given a One Meter Drop as a Function of Pressure.... 155
Figure 7-3 The Froude Number and the Gas Entrainment Rate as a Function of Pressure............c......... 156
Figure 7-4 Entrainment Coefficient for Bubble Burst Aerosols from Ginsberg .......ccccccccevvvvveeevcieeecnnnen. 157
Figure 7-5 Airborne Release Fractions for a One Meter Drop Height as a Function of Pressure............. 158
Figure 7-6 A SNAP graphical schematic of a single source RADTRAD model.........cccccvvevvvivieeiirveeennnnenn, 159
Figure 7-7 A SNAP Graphical Schematic of a Multiple Source RADTRAD model........ccccceveeeeiiiiiniieeeeennn. 160
Figure 7-8 Notation for Tritium Flows in One Node of the Downcomer Region.........cccccceeeeevcciivieeeeeennne 161
Figure 7-9 Raw Complementary Cumulative Distribution Produced by the SAMPLE problem in ARCON96
.......................................................................................................................................................... 162
Figure 7-10 Complementary Cumulative Distribution Produced by SAMPLE Problem in ARCON96 With
Counts Converted 0 PErCENTIIES .......coviiiiiiiiiie et e s s abee e s s 163
Figure A-1 Mass of Aerosol Generated from the Leak as a Function of Time .......cccccovveevcieecccieeecnnen, 181
Figure B-1 Cumulative Release of Salt Soluble Fluoride and Elements Dependent on Redox from Flibe 191
Figure B-2 Cumulative Release of Noble Metals from FIiDe ..........cooociiiiieciiieicieee e 192
Figure B-3 Cumulative Release of Oxides from FIIDE ........cccuuiiieciiiiiiiie e 193
Figure B-4 Thirty Day D0OSES @t The EAB ........coiiiiuiiiiiciiee e ccieee et e ettt e e e rttee e e e tae e e ssataeeesnteeessabaeeessnsaeeesnns 194
Figure B-5 Thirty Day DOSES @t the LPZ........oviiiiiiiie ettt ettt e e et ee e s eate e e e s aaae e s eaaeaeeans 195

© 2022 Kairos Power LLC 10 of 195



KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022
Tables
Table 2-1 Fuel Phenomena for Accidents Involving Both Intact and Compromised Reactor Coolant
2 To YU o Vo - [ =TSP UP U PTI 30
Table 2-2 Coolant Phenomena for Accidents Involving Intact Reactor Coolant Boundaries ..................... 33
Table 2-3 Coolant Phenomena for Accidents Involving Compromised Reactor Coolant Boundaries........ 38

Table 2-4 Graphite Structure Phenomenon for Accidents Involving Intact Reactor Coolant Boundaries .52
Table 2-5 Graphite Structure Phenomenon for Accidents Involving Compromised Reactor Coolant

2 ToTUT g Vo b o TR 53
Table 2-6 Phenomena for Accidents Involving Radioactive Waste .......ccccccveeiecieeiiiiiee et 54
Table 2-7 Phenomena for Accidents Involving the Pebble Handling and Storage System.........ccccccecuuee.. 60
Table 2-8 Gas Space Phenomena for Accidents Involving an Intact Reactor Coolant Boundary ............... 66

Table 2-9 Gas Space Phenomena for Accidents Involving a Compromised Reactor Coolant Boundary ....68
Table 3-1 Functional Containment of TRISO Outer Coating Layers With Qualitative Impact on Fission

oo [0 A Y= 1T 1Y RSP 86
Table 3-2 Periodic Table of Chemical Groups, Valence Electron Orbital Shell, and Elements. ................... 87
Table 3-3 Notational Fission Product and Actinide Inventory List of Elements..........cccccveeeeeiieiciiieeeeeeenns 88
Table 3-4 AGR IN-Service Failure FraCtions .......ccuiiiiiiiieiicieee sttt see et e s s e e e 89
Table 3-5 Diffusion Coefficients for Selected RadionuClides .........ooivciiiiiiciiiiiiiiie e 90
Table 4-1 Bounding Conditions of Reactor Coolant Redox Potential, Esait, at 650 °C. ..vvvveeeeeeciiiiiieeeeenn, 110
Table 4-2 Radionuclide Groups for Transport Analysis in Flibe ...........ooveiiiiiiiiiiiii e, 111
Table 7-1 KP-FHR Radionuclide Groups and Representative Elements and Compounds for Gas Space

1= 1.1 T o PP 150
Table 7-2 Pipe Break Assumptions in Aerosol Characterization Methodology Demonstration............... 151
Table 7-3 Summary of the 95" Percentile ARF from NUREG/CR-6410 ........cccevvveererrerieeeereeseseeenenans 152
Table 7-4 Determination OF B.......co ittt et e e sate e st e et e e te e e neeeeateeeree s 153
Table A-1 Tritium Distribution in Primary System with no Permeation Barrier Coatings at 4.75 Years...175
Table A-2 Summary of the Activity Transmission from Flibe to Gas SpPace .........ccceecvveeviiieeeccieeecccneeen, 176
Table A-3 Radionuclides for AOO Leakage Conditions that Produce a Thirty Day TEDE Above 2.5E-05 rem

.......................................................................................................................................................... 177
Table A-4 Radionuclides for No Holdup Leakage Conditions that Produce a 30 Day TEDE Above 2.5E-05

I ceeeeietete ettt et ettt eeeeeeeeteeeeeeaeaeaaaaaaaaaaaaasasasasssasasasssasnssssssssnsnnnsnsnsnsnnnsnnnssnsssnsssnsnsnsnbnbnbnbnen seeeaeeeeeeeeeeeeens 178
Table A-5 Source Term Inventory Calculation Parameters........ccuveeeeeeieiiiiiieeee e e e 179
Table A-6 Summary of Release Fraction Values for Various Radionuclide Groups Across Various Barriers

.......................................................................................................................................................... 180
Table B-1 Tritium Distribution in the Primary System with no Permeation Barrier Coatings at 4.75 years

.......................................................................................................................................................... 186
Table B-2 Flibe Source Term Inventory Calculation INPULS........coccciiiiiiie i 187
Table B-3 Release Fractions of Radionuclide Groups in Flibe ..........coooiiiiciiiieeeiii e, 188
Table B-4 Cumulative Attenuation Factor of Flibe Radionuclide Groups.........ccccceeeeevciivieeeeeeeccciiireeeen, 189
Table B-5 EAB TEDE DOSE RESUILS ..cciicuiieiiiiiiee ittt scitee sttt ssitee s st e e s svte e e ssabee e e snteeessbeeeessnbeeessansneessnns 190

© 2022 Kairos Power LLC 11 of 195



KP-FHR Mechanistic Source Term Methodology

Non-Proprietary

Doc Number Rev

Effective Date

March 2022

KP-TR-012-NP-A | 3
Abbreviation or Definition
Acronym
AOO Anticipated Operational Occurrence
ARF Airborne Release Fraction
BDBE Beyond Design Basis Event
CCs Chemistry Control System
CFR Code of Federal Regulation
DBA Design Basis Accident
DBE Design Basis Event
DOE Department of Energy
EAB Exclusion Area Boundary
FHR Fluoride-Salt Cooled High Temperature Reactor
FP Fission Product
HALEU High Assay Low Enriched Uranium
HM Heavy Metal
HVAC Heating Ventilation and Air Conditioning
IHTS Intermediate Heat Transfer System
IHX Intermediate Heat Exchanger
IPyC Inner Pyrolytic Carbon
IRP Integrated Research Projects
KP Kairos Power
LPF Leak Path Factor
LPZ Low Population Zone
LWR Light Water Reactor
MAR Material at Risk
MHTGR Modular High Temperature Gas-Cooled Reactor
MSRE Molten Salt Reactor Experiment
NRC Nuclear Regulatory Commission
OPyC Outer Pyrolytic Carbon
ORNL Oak Ridge National Laboratory
PHSS Pebble Handling and Storage System
PHTS Primary Heat Transfer System
PIRT Phenomena Identification and Ranking Tables
PNNL Pacific Northwest National Laboratory
PRA Probabilistic Risk Assessment
PSD Particle Size Distribution
QHO Qualitative Health Objectives

© 2022 Kairos Power LLC

12 of 195




KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022
Abbreviation or Acronym Definition
RCB Reactor Coolant Boundary
RF Release Fraction
RG Regulatory Guide
RN Radionuclides
RVACS Reactor Vessel Auxiliary Cooling System
SAM System Analysis Module
SSC Structures Systems and Components
TEDE Total Effective Dose Equivalent
TRISO Tri-Structural Isotopic
uco Uranium Oxicarbide
13 of 195

© 2022 Kairos Power LLC



KP-FHR Mechanistic Source Term Methodology

Doc Number Rev Effective Date
KP-TR-012-NP-A | 3 March 2022

Non-Proprietary

1 INTRODUCTION

Kairos Power is pursuing the design, licensing, and deployment of a Fluoride Salt Cooled, High
Temperature Reactor (KP-FHR). To enable these objectives, the development of a technology-specific
source term evaluation methodology is required. This report has been prepared to document the
methodology for evaluation of the KP-FHR mechanistic source term to be used for radiological source
terms for anticipated operational occurrences (AOOs), design basis events (DBEs), and design basis
accidents (DBAs). Kairos is requesting NRC approval of this methodology as an appropriate means to
calculate: consequences of AOOs and DBEs for the evaluation of frequency-consequence targets and
guantitative health objectives; and DBA consequences at an exclusion area boundary (EAB) and a low
population zone (LPZ) boundary that is anticipated to be located at the site boundary or a boundary that
is less than 1200 meters to ensure that the KP-FHR meets the dose limits in 10 CFR 50.34.

1.1 HISTORICAL PERSPECTIVE

The KP-FHR source term methodology takes advantage of the inherent safety features of the KP-FHR
design. Historically, the nuclear accidents that resulted in a radioactive release involved the melting of a
large fraction of the reactor fuel. These accidents reached temperatures where most of the volatile fission
products were vaporized and released from the fuel. The molten fuel materials reached sufficiently high
temperatures that only non-volatile elements were retained in the frozen ceramic material (corium) that
remained. The most important volatile fission products that were released in these earlier severe
accidents were radioiodine and radiocesium. These accidents also resulted in the generation of
combustible hydrogen and high-pressure steam, providing a significant driving force to release the volatile
fission products.

KP-FHR technology is fundamentally different from these earlier reactor technologies because the
fully ceramic Tri-Structural Isotropic (TRISO) fuel used in KP-FHRs has very large thermal margins to
damage. The coolant used in KP-FHRs has a relatively low pressure, high chemical stability, and the
capability to immobilize solid fission products. These characteristics make the safety strategy of KP-FHR
technology fundamentally different from light water reactor (LWR) technologies.

While the KP-FHR LBEs will not result in the mobilization of radioiodine and radiocesium in amounts
comparable to the releases that have occurred in historical light water reactor severe accidents, the
capability to predict inventories of radioactive materials at risk (MAR) and their transport remains central
to effective design, analysis, and licensing of advanced reactors. This topical report provides a detailed
description of these predictive methods for KP-FHRs.

1.2 DESIGN FEATURES
1.2.1 Design Background

To facilitate NRC review and approval of this report for use by future applicants, key design features
are provided in this section which are considered inherent to the KP-FHR technology. These features are
not expected to change during the design development by Kairos Power and provide the basis to support
the safety review. Should fundamental changes occur to these key design features or revised regulations
be promulgated that affect the source term methodology for the KP-FHR, such changes would be
reconciled and addressed in future license application submittals.
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The KP-FHR is a U.S.-developed Generation IV advanced reactor technology. In the last decade, U.S.
national laboratories and universities have developed pre-conceptual Fluoride Salt-Cooled High
Temperature Reactor (FHR) designs with different fuel geometries, core configurations, heat transport
system configurations, power cycles, and power levels. More recently, University of California at Berkeley
developed the Mark 1 pebble-bed FHR, incorporating lessons learned from the previous decade of FHR
pre-conceptual designs. Kairos Power has built on the foundation laid by Department of Energy (DOE)-
sponsored university Integrated Research Projects (IRPs) to develop the KP-FHR.

Although not intended to support the findings necessary to approve the applicability of regulations
provided in this report, additional design description information is provided in the “Design Overview of
the Kairos Power Fluoride Salt-Cooled, High Temperature Reactor (KP-FHR)” Technical Report (Reference
1) and the “Testing and Development Program Overview for the Kairos Power Fluoride Salt Cooled, High
Temperature Reactor” Technical Report (Reference 2).

1.2.2 Key Design Features of the KP-FHR

The KP-FHR is a high-temperature, packed pebble-bed reactor with molten fluoride salt coolant
operating at near-atmospheric pressure. The fuel in the KP-FHR is based on the Tri-Structural Isotropic
(TRISO) high-temperature, carbonaceous-matrix coated particle fuel developed for high-temperature gas-
cooled reactors in a pebble fuel element. Coatings on the particle fuel provide retention of fission
products. The KP-FHR fuel is slightly buoyant with respect to the reactor coolant. The reactor coolant is a
chemically stable molten fluoride salt mixture, 2-’LiF:BeF, (Flibe with enrichment of the “Li isotope), which
also provides retention of fission products that escape from any fuel defects. A primary coolant loop
circulates the reactor coolant using pumps and transfers the heat to a heat exchanger. A pebble handling
and storage system connected directly to the reactor vessel head permits the continuous extraction and
insertion of fuel pebbles during operations. Pebbles are examined for burnup and damage and are either
returned to the vessel or directed to storage. The upper portion of the reactor vessel, including pebble
extraction and insertion penetrations, are maintained with an inert cover gas above the Flibe coolant. The
design includes decay heat removal capability for both normal conditions and accident conditions. Passive
decay heat removal, along with natural circulation in the reactor vessel, is used to remove decay heat in
response to a design basis accident. The KP-FHR does not rely on electrical power to achieve and maintain
safe shutdown for design basis accidents.

The KP-FHR design relies on a functional containment approach similar to the Modular High
Temperature Gas-Cooled Reactor (MHTGR) and to hot cell facilities used to handle radiological materials,
instead of the typical light water reactor (LWR) low-leakage, pressure-retaining containment structure.
The KP-FHR functional containment safety design objective is to meet 10 CFR 50.34 (10 CFR 52.79) offsite
dose requirements at the plant's EAB and LPZ with margin. A functional containment is defined in
Regulatory Guide (RG) 1.232 as a "barrier, or set of barriers taken together, that effectively limit the
physical transport and release of radionuclides to the environment across a full range of normal operating
conditions, anticipated operational occurrences, and accident conditions." RG 1.232 includes an example
design criterion for the functional containment (MHTGR Criterion 16). As also stated in RG 1.232, the NRC
has reviewed the functional containment concept and found it “generally acceptable,” provided that
“appropriate performance requirements and criteria” are developed. The NRC staff has developed a
proposed methodology for establishing functional containment performance criteria for non-LWRs, which
is presented in SECY-18-0096. This SECY document has been approved by the Commission.
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The functional containment approach for the KP-FHR is to control radionuclides primarily at their
source within the coated fuel particle under normal operations and accident conditions without requiring
active design features or operator actions. The KP-FHR design relies primarily on the multiple barriers
within the TRISO fuel particles and fuel pebble to ensure that the dose at the site boundary as a
consequence of postulated accidents meets regulatory limits. However, in the KP-FHR as opposed to the
MHTGR, the molten salt coolant serves as a distinct additional barrier providing retention of solid fission
products that escape the fuel particle and fuel pebble barriers. This additional retention is a key feature
of the enhanced safety and reduced source term in the KP-FHR.

1.3 REGULATORY BACKGROUND
1.3.1 Requirements

Applicants will pursue licensing for the KP-FHR under Title 10 of the Code of Federal Regulations (10
CFR) using a licensing pathway provided in Part 50 or Part 52. Regardless of the licensing path, there are
associated regulatory requirements to evaluate the potential dose consequences of the design. 10 CFR
50.2, Definitions, provides the following general definition of source term:

Source term refers to the magnitude and mix of the radionuclides released from the fuel, expressed as
fractions of the fission product inventory in the fuel, as well as their physical and chemical form, and
the timing of their release.

The regulation in 10 CFR 50.34(a)(1)(D) provides the requirement for an applicant submitting a
preliminary safety analysis report to document the following:

The safety features that are to be engineered into the facility and those barriers that must be breached
as a result of an accident before a release of radioactive material to the environment can occur. Special
attention must be directed to plant design features intended to mitigate the radiological consequences
of accidents. In performing this assessment, an applicant shall assume a fission product release
[Footnote 6] from the core into the containment assuming that the facility is operated at the ultimate
power level contemplated. The applicant shall perform an evaluation and analysis of the postulated
fission product release, using the expected demonstrable containment leak rate and any fission
product cleanup systems intended to mitigate the consequences of the accidents, together with
applicable site characteristics, including site _meteorology, to evaluate the offsite radiological
consequences. [emphasis added]. Site characteristics must comply with part 100 of this chapter. The
evaluation must determine that:

(1) Anindividual located at any point on the boundary of the exclusion area for any 2 hour period
following the onset of the postulated fission product release, would not receive a radiation
dose in excess of 25 rem [Footnote 7] total effective dose equivalent (TEDE).

(2) An individual located at any point on the outer boundary of the low population zone, who is
exposed to the radioactive cloud resulting from the postulated fission product release (during
the entire period of its passage) would not receive a radiation dose in excess of 25 rem total
TEDE.

This requirement is echoed for the final safety analysis report (FSAR) in 10 CFR 50.34(b)(1) and for
Part 52 licensing paths in 10 CFR 52.47(a)(2)(iv), 10 CFR 52.79(a)(1)(vi), 10 CFR 52.137(a)(2)(iv), 10 CFR
52.157(d). Footnote 6 cited in the above regulation is provided below:
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[Footnote 6] The fission product release assumed for this evaluation should be based upon a major
accident, hypothesized for purposes of site analysis or postulated from considerations of possible
accidental events. Such accidents have generally been assumed to result in substantial meltdown of
the core with subsequent release into the containment of appreciable quantities of fission products
[emphasis added].

The regulations cited above require an applicant to consider a fission product release from the core
to evaluate dose. However, the regulations do not require a specific type of accident or source term to be
evaluated. Footnote 6 states that core meltdown accidents have generally been assumed but stops short
of requiring that an applicant postulate such an accident.

The NRC recognizes the need for mechanistic source term evaluations to satisfy the above regulations
for advanced reactor designs and has released several SECY papers that provide guidance relevant to
mechanistic source terms. Two of these SECY papers were approved by the Commission in respective Staff
Requirements Memoranda (SRMs), and present a pathway for the NRC staff to review and approve
mechanistic source term results relying on a functional containment approach:

e SECY-93-092 provides staff positions on several issues pertaining to the advanced reactors
that were in preapplication engagement at the time (PRISM, MHTGR, and PIUS) as well as
the CANDU 3 design. In this SECY, the NRC staff recommended that source terms for
advanced reactor types base source term analyses upon a mechanistic analysis permitting,
data exists on the reactor and fuel performance through research, development, and testing
programs to provide confidence in such an approach. The transport of fission products would
also need to model all barriers and pathways to the environs, including specific
considerations of containment designs. NRC staff recommended that these calculations be
as realistic as possible so that the values and limitations of any mechanism or barrier are not
obscured and the events considered in the analysis to develop the set of source terms for
each design are selected to bound severe accidents and design-dependent uncertainties. The
Commission approved the staff’'s recommendations in SRM-SECY-93-092.

e SECY-18-0096 defines a functional containment as a “barrier, or set of barriers taken
together, that effectively limit the physical transport of radioactive material to the
environment. The staff recommends a technology inclusive, risk informed, and performance-
based method for evaluating the adequacy of an applicant’s functional containment design.
The Commission approved the staff’s recommendations in SRM-SECY-18-0096.

The NRC has various regulatory guidance documents that pertain to LWR source term methodologies.
While many of the guidance documents pertaining to the source term modeling within the plant do not
apply to the KP-FHR mechanistic source term methodology, the guidance available for atmospheric
transport and dispersion of radionuclides is either applicable or relevant. Specifically, the gas transport
methodology section of this report cites atmospheric transport guidance in Regulatory Guides 1.23, 1.194,
1.145, and 1.183. See Section 7 for areas where this guidance is utilized.

This report has been prepared to document and request NRC approval of the source term
methodology to be used for evaluating the consequences of anticipated operational occurrences (AOOs),
design basis events (DBEs), and design basis accidents (DBAs) consistent with the requirements in 10 CFR
50.34(a)(1)(D), 10 CFR 50.34(b)(1), 10 CFR 52.47(a)(2)(iv), 10 CFR 52.79(a)(1)(vi), 10 CFR 52.137(a)(2)(iv),
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2  KP-FHR MECHANISTIC SOURCE TERM EVALUATION APPROACH

The evaluation of the source term associated with licensing basis events is a key aspect of the KP-
FHR safety case. The source term represents the amount, timing, and nature of the radioactive material
available for release to the environment following an off normal event. The source term methodology
accounts for accident source term phenomena that are unique to the KP-FHR. The KP-FHR design relies
on a functional containment approach, described in Section 1.1.2 of this report, to meet 10 CFR 50.34
offsite dose requirements at the plant’s EAB and LPZ with margin. As discussed in Section 1.3.1 of this
report, Regulatory Guide 1.232 defines functional containment as a “barrier, or set of barriers taken
together, that effectively limit the physical transport and release of radionuclides to the environment
across a full range of normal operating conditions, AOOs, and accident conditions.” The KP-FHR source
term is evaluated using a mechanistic approach, consistent with the NRC staff position on mechanistic
source terms approved by the Commission in SRM-SECY-93-092.

2.1 MATERIAL AT RISK AND RELEASE FRACTION DEFINITIONS

The mechanistic source term for the KP-FHR is evaluated by decomposing the system into a series of
sources of radioactive material at risk for release (MAR) and release fractions (RFs) for each barrier that
holds up the MAR. To simplify terminology, this report refers to ‘barriers’ as any radionuclide transport
medium between the MAR generator and the receptor for which an RF can be assessed. Radionuclides
are divided and grouped into various classes of chemically similar isotopes to evaluate RFs which can be
used to derive the MARs contained within those barriers. For a given radionuclide group, the time
dependent source term at the receptor is:

J J
STH(t) = z MAR} (1) 1_[ RFL(t) Equation 1
j=1 j

Note that the final source term in Equation 1 is a linear combination of multiple sources of MAR in
the plant thus allowing the analyst to determine the relative fraction of each source of MAR that
contributed to the overall source term. While some non-linearities exist in the models used in this
methodology (e.g., aerosol deposition with the Henry correlation), these non-linearities typically increase
the expected RF within a barrier thus making a linear combination conservative.

For non-gas space barriers, RFji(t)is a ratio of the quantity of material that leaves a barrier to what
is contained in the barrier, as shown in:

K i
k=1 Nj-k (1) Equation 2

REf(6) == o
]

The RF is calculated by the ratio the radionuclide group’s mass or activity before and after the barrier.

For the gas space barrier, the process is different than that used for non-gas space barriers.
Limitations in RADTRAD make its use impractical. For instance, RADTRAD’s plot file only plots doses to the
receptor and will not report activity quantities elsewhere in the model (such as within the reactor
building). RADTRAD does report activities in output file, however it only reports these for major time steps
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which are typically hours apart. Radioactive decay, which is not explicitly evaluated in other barriers, is
evaluated by RADTRAD from the beginning of the accident. RADTRAD only reports activities, such that
providing an appropriate activity ratio that impacts the dose calculation is impractical.

Time-averaged x changes as a function of time after the initiator. As a result, a given quantity of
isotopes released in the first few hours will have a greater impact on offsite dose than that same quantity
of isotopes released long after the initiating event.

As such, the RF of the gas space is calculated via the following formula:

RFgs = DyE Hotaup Equation 3
DNo Holdup

where:
RFss =the release fraction for the gas space

D¢ Holaup = the dose over the relevant time period assuming whatever LBE building holdup conditions
are used

Dno Holdup = the dose over the relevant time period assuming no holdup

In Equation 4, RF is a function of the mechanical and thermal loadings applied to the barrier at a given
time. Conversely, MAR is an integral quantity that is impacted by generation (S), decay (A) into and out of
the group, and attenuation of radionuclides across barriers:

J
to . . . . .
510+ ) MARL(®) RFL;(6) - MARI(ORF(D)
k%) Equation 4

MAR}(to) = j

0

1
£ A - AOMARI (D

1+l

From a physical perspective, MAR will be generated and then move through and held up within
various barriers during normal operations. This held-up MAR may be mobilized during AOOs, DBEs, and
DBAs. In modeling space, once event sequence modeling begins (t,), MAR generation stops (the integrated
generation of MAR is negligible compared to the quantity of MAR generated during normal operations.)
Thus, for the event sequence analysis, Equation 4 simplifies to Equation 5 for most barriers and to
Equation 6 for building transport:

]
T
MARL(T) = MAR!(t,) + f Z MARL(t) RFL_, ;(t) — MAR (t)RF(t) Equation 5
t0 3=
— L ()MAR} (t)dt
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J
T
MARI(T) = MAR!(t,) +f Z MAR(t) RF{;(t) — MAR}(D)RFL(2)
Ol Equation 6

1
£ A - AOMARI(dt

l#i

As part of the analysis of each barrier, radionuclides are grouped together and transported at the
rate of a representative element.

2.2 SOURCES OF MATERIAL AT RISK IN THE KP-FHR

The sources of MAR in the KP-FHR are fission products and activation products (including tritium).
The primary locations for MAR-holdup in the KP-FHR include:

e Fuel and Graphite Pebble

e Flibe (circulating in the reactor vessel and primary heat transport system)
e Graphite Structures (reflector)

e Other sources of MAR (e.g., graphite dust, filters, cold traps)

e (Cover gas

These sources of steady state MAR are represented graphically in Figure 2-1 for the heat transport
and cover gas systems and in Figure 2-2 for the pebble handling and storage system. The steady state
distribution of MAR throughout the plant is the initial condition for MAR that can be mobilized in a
transient. Migration of MAR in steady state and transient conditions is discussed in more detail in
subsequent sections of this topical report.

2.3  KP-FHR SOURCE TERM EVALUATION

The radiological source term analysis for AOOs, DBEs, and DBAs is performed in a linear workflow
fashion. Additional details about the barrier methodologies that support these steps is provided in
subsequent sections of this topical report. The workflow includes the following steps:

1. Identify the MAR and barriers affected by the transient,

2. Qualitatively evaluate each barrier affected by the transient, and

3. Quantitatively evaluate the RFs for each barrier and provide the resultant site boundary
dose evaluation.

2.3.1 Identification of MAR and Affected Barriers

The first step in the source term evaluation is to determine the scope for the event being analyzed.
The source term analysis for the AOO, DBE, or DBA identifies:

1. The primary sources of MAR affected by an event sequence.
2. Barriers to radionuclide release separating each source of MAR from the EAB and LPZ for an

event sequence.

The sources of MAR and their associated barriers are discussed in Section 2.2, with further detail
provided in subsequent sections of this topical report. The characterization of specific KP-FHR licensing
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basis events will be included in safety analysis reports associated with licensing application submittals.
However, expected KP-FHR design aspects are provided in Section 2.3.4 to inform which licensing basis
events are covered by the source term methodology.

2.3.2 Qualitative Evaluation

The second step in the source term evaluation is to conduct a qualitative evaluation for each barrier
identified in Section 2.3.1 Item #2. This step will refine the information related to MAR, barriers, and
structures, systems, and components (SSCs) that will be used in the quantitative evaluation.

1.

2.3.3

MAR originating in the barrier at the start of the event sequence and the corresponding
radionuclide groups used to calculate attenuation through the barrier.
Neighboring barrier effects:

a) MAR from neighboring barriers that can attenuate into the current barrier during the
event sequence.

b) Neighboring barriers into which MAR can move, from the current barrier.

Barrier performance models:

a) The baseline RF assessment models for the barrier for the given AOO, DBE, or DBA.

b) If the performance of the barrier (e.g., RF) requires thermal fluid analysis (e.g., System
Analysis Module (KP-SAM) calculation) for the given AOO, DBE, or DBA.

c) Input parameters that drive the barrier performance. The selection of conservative
estimates, best estimate values, or uncertainty distributions should be justified for each
input parameter identified.

SSC performance, either passive or active, that will be included in the AOO, DBE, or DBA analysis.
Sources of model uncertainty and related assumptions: This includes consideration of
uncertainties associated with the first of a kind design and would affect the results of the source
term analysis. Uncertainties will be identified and assessed per the requirements in ASME/ANS
RA-S-1.4-2020, “Probabilistic Risk Assessment Standard for Advanced Non-Light Water Reactor
Nuclear Power Plants,” using an approach similar to that outlined in NUREG-1855 Revision 1,
“Guidance on the Treatment of Uncertainties Associated with PRAs in Risk-Informed Decision
Making.”

Quantitative Evaluation

The final step in the source term evaluation is to conduct a quantitative analysis for each barrier by
modeling:

1.

Thermal fluid evolutions of the reactor system if it was determined to be needed in Section
2.3.2 Item #3(b).

Attenuate screened sources (see de minimis threshold discussion below) of MAR using
demonstrably conservative (Reference 57) inputs for the timing and/or the magnitude of the
release. Screened MAR are not removed from the model or the simulation results. Instead,
screened MAR are identified as unable to challenge the dose figures of merit and thus are
conservatively treated so as to focus the analysis on sources of MAR that cannot be
conservatively bounded in a simplified analysis.

A pathway is considered de minimis (i.e., negligible or screened), thus only subject to either
conservative quantitative assessments or qualitative evaluations on the dose if either:
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a. Absolute: [[

1]
b. Relative: [[

1]

3. Attenuation of MAR which originated in the current barrier (i.e., identified in Section 2.3.2 Item

#1) as function of time. Identify any release pathways which meets the de minimis thresholds to
justify not transferring this MAR to the next barrier.

Attenuation of MAR within the current barrier which transports into the current barrier from
another barrier as a function of time.

The radionuclide release figures of merit are assessed as follows:

1.

Quantify the integral RF for the barrier on a radionuclide class or isotopic basis over the entire
transient. For RADTRAD simulations, the RF for key isotopes will be calculated instead of an RF for
radionuclide classes if the explicit radionuclide decay modeling results in various radionuclides
within a radionuclide class having different RFs depending on their ingrowth and decay rates.
Calculate either:
a. DBAs: The worst two-hour EAB and thirty-day LPZ doses and specify the key isotopes,
sources of MAR, and any SSC performance that drove the release for DBAs or
b. AOOs or DBEs: A probabilistic representation of thirty-day doses at the site boundary and
guantify the corresponding 95th percentile:
i. Include a horsetail representation of the time histories of releases.
ii. Specify the key isotopes, sources of MAR, and SSC performance, if any, that drove
the release.
Evaluate the effects of the demonstrably conservative inputs associated with screened MAR on
the timing and magnitude of the radionuclide release figures of merit.
Assess the effects of model uncertainty, reasonable alternatives and assumptions made due to
the lack of as-built and as-operated details on the figures of merit via either qualitative
descriptions or sensitivity studies.

2.3.4 Additional Design Information Used in the Methodology

Section 1.2.2 provides fundamental design information about a KP-FHR that defines the technology.
This section provides a list of additional KP-FHR design information (including some expected LBE
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characteristics) that is used in the KP-FHR mechanistic source term methodology. The characterization of
specific KP-FHR licensing basis events will be provided in safety analysis reports associated with future
licensing application submittals, therefore, the design information provided in this section is necessary to
determine which source term phenomena are within the KP-FHR design basis. This design information is

described below:

Beryllium is a constituent of the reactor coolant (Flibe) and requires control for personnel
protection. This methodology assumes that such controls will include a beryllium confinement
area within building enclosures that is designed to operate at a negative pressure induced by the
heating, ventilation, and air conditioning (HVAC) system during normal operation. This enclosure
or structure is assumed to be non-safety related from a confinement perspective.
Where the potential for internal flooding exists, it is assumed that flood barriers will be erected
to preclude Flibe-water interactions. Significant Flibe-water interactions are assumed to be
beyond design basis conditions.
The portions of the reactor vessel that ensure the pebbles are covered with Flibe are assumed to
be safety-related. The design of vessel penetrations and pump operation are assumed to
preclude fuel uncovery in the active region of the core. Therefore, reactor vessel failure, leakage
from the reactor vessel, and fuel uncovery in the active region of the core are assumed to be
beyond design basis conditions.
The reactor vessel head is assumed to be a nonsafety-related portion of the reactor coolant
boundary that retains cover gas in AOO, DBE, and DBA conditions. Under these conditions, the
vessel head is assumed to be transparent to radionuclides while retaining cover gas and
preventing air ingress. Significant air ingress in terms of oxidation co-incident with AOO, DBE, and
DBA unrelated to vessel head performance is assumed to be a beyond design basis scenario.
The KP-FHR design is assumed to preclude reactions of reactor coolant with large quantities of
chemical reactants that would result in the salt deviating from the range of redox potentials in
Table 4-1 Such reactions are assumed to be beyond design basis conditions.
Concrete surfaces upon which Flibe can be sprayed, splashed, or as a result of leaks or breaks in
the reactor coolant boundary will either be protected, shown to be non-reactive, or incorporate
other design solutions to ensure that chemical reactions with concrete only mobilize a de minimis
quantity of radionuclides (defined as less than five percent of any given radionuclide group
released by the spray). Therefore, excessive Flibe concrete reactions are assumed to be beyond
design basis conditions.
The design of the primary system is assumed to preclude:

o Syphoning of Flibe outside of the vessel

o Chemical reactions between reactor coolant and gasket materials

o The cessation of natural circulation to cool the core

o Two phase flow of cover-gas and Flibe out of the pipe break
It is assumed that flood barriers, catch trays, and/or other design features will preclude leaked
Flibe from pooling in an area where it either cannot cool and solidify or where it will be exposed
to quantities of water which can change the chemical potential of the Flibe beyond those
supported in this topical report.
Long-term evaporation of Flibe remaining in the primary system is assumed to be negligible
compared to other aerosol formation mechanisms because this would be governed by counter-
current exchange flow which is assumed to be precluded by design. The methodology also
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assumes no evaporation from the Flibe pool surface in the confinement during and after the spill
due to the high freezing point of Flibe.

10. The pebble handling and storage system (PHSS) and its surroundings are assumed to be designed
such that pebbles cannot form a critical geometry. Therefore, criticality of spilled pebbles will be
considered a beyond design basis scenario.

11. The pebble handling system and pebble storage systems are assumed to be designed such that
TRISO kernel temperatures will remain below TRISO failure limits of approximately 1600 °C under
loss of forced circulation conditions.

12. Cover gas activity is assumed to be monitored and detection of high activity would result in
stopping the movement of pebbles through the PHSS. Therefore, excessive mechanical grinding
of pebbles due to forced pebble circulation through the PHSS is assumed to be a beyond design
basis condition.

13. The KP-FHR design is assumed to result in oxidation levels that should preclude the formation of
a quantity of carbon monoxide that can support combustion. Therefore, combustion of carbon
monoxide is assumed to be a beyond design basis condition.

14. All circulating graphite dust is assumed to have the radionuclide activity density corresponding
to the highest graphite matrix activity of a fuel pebble.

15. The design of the PHSS is expected to prevent graphite oxidation during an air ingress event.

16. In the evaluation of MAR in other locations than the fuel and Flibe, it is assumed that mechanical
damage to the fuel is restricted to gradual generation of particulate matter. Bulk mechanical
damage that compromises the layers of the TRISO particle is not considered.

17. The steady state rate of radionuclides evaporation into the headspace gas is assumed to be much
lower than the rate of argon sweep gas through the system. As a result, these radionuclides will
be collected in the vapor and off gas cleanup systems at the rate at which they escape the Flibe.
Therefore, the MAR in the cover gas is assumed to be minimal.

18. The KP-FHR design basis is assumed to preclude the possibility of new MAR being generated in
quantities above the de minimis screening detailed in Section 2.3.3 after the initiation of a
transient.

19. The KP-FHR design limits on the quantities of MAR in the intermediate system (see limitations in
Section 8.2) will prevent safety-significant quantities of radionuclide accumulation.

2.4 PHENOMENA IDENTIFICATION AND RANKING TABLES

Phenomena identification and ranking tables (PIRTs) are an important step in the evaluation model
development and assessment process detailed by the NRC in Regulatory Guide 1.203. PIRTs rely on
analysis, scaling, and expert judgment to identify and rank key phenomenology in an evaluation model.
KP-FHR PIRTs were initiated early in the KP-FHR design process to aid in system design and evaluation
model development. The mechanistic source term methodology is informed by a KP-FHR radiological
source term PIRT.

The KP-FHR radiological source term PIRT covers phenomena associated with normal operations,
transients with intact reactor coolant boundary, leak or rupture of the external reactor coolant boundary
(a “compromised” reactor coolant boundary) with or without water, pebble handling and/or cleaning,
radioactive waste accidents, nitrate/graphite/Flibe reaction, and vessel failure. Some of the phenomena
identified during the PIRT process apply to scenarios that will be beyond the design basis of the KP-FHR,
which will be addressed in future licensing submittals. Since the PIRTs were performed prior to the
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formalization of KP-FHR event classifications, phenomena associated with the assumed BDBE conditions
are not addressed in this topical report.

The KP-FHR radiological source term PIRT combines rankings of importance and knowledge level of
the phenomena identified by the PIRT panel. The importance ranking is based on influence of the
phenomenon on safety, using the following scale:

e High (H): phenomenon has critical influence on evaluation criteria
e Medium (M): phenomenon has moderate influence on evaluation criteria
e Low (L): phenomenon has minimal influence on evaluation criteria

The evaluation criteria or figures of merit for judging the relative importance of phenomena relevant
to safety and reliability are:

e Top level: dose at site boundary due to fission and activation product releases. This regulatory
criterion, directly tied to source term analysis, will be common to all KP-FHR PIRTSs.

e Second level: releases of radioactivity that impact worker dose. This criterion will also be common
to all KP-FHR PIRTs.

e Lower level criteria for KP-FHR PIRTs are derived from top level regulatory criteria and from
reliability and investment protection criteria.

Knowledge level ranking is based on level of understanding of phenomena through existing
experimental data using the following scale:

e High (H): knowledge base is adequate for modeling, analysis, or decision making (approximately
70-100% of complete knowledge and understanding)

e Medium (M): knowledge base is incomplete for modeling, analysis, or decision making (30-70%
of complete knowledge and understanding)

e Low (L): knowledge base is sparse for modeling, analysis, or decision making (0-30% of complete
knowledge and understanding)

The combined rankings form a doublet (Importance, Knowledge) prioritized as follows:

e (H, L) and (H, M): Top priority tier. Merits further investigation and consideration of design to
eliminate/mitigate the phenomenon,

e (M, M) and (M, L): Second priority tier. Lower priority at the present time, use judgement, and

e Others: Lowest priority tier. No efforts beyond existing tools and data due to low ranking.

The source term methodology presented in this report addresses the design basis phenomena
identified in the top priority tier and second priority tier. The phenomena relevant to the source term
methodology presented in this report and the associated ranking for each phenomenon is provided in the
following tables:

e Table 2-1 Fuel Phenomena for Accidents Involving Both Intact and Compromised Reactor Coolant

Boundaries
e Table 2-2 Coolant Phenomena for Accidents Involving Intact Reactor Coolant Boundaries
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e Table 2-3 Coolant Phenomena for Accidents Involving Compromised Reactor Coolant Boundaries

e Table 2-4 Graphite Structure Phenomenon for Accidents Involving Intact Reactor Coolant
Boundaries

e Table 2-5 Graphite Structure Phenomenon for Accidents Involving Compromised Reactor Coolant
Boundaries

e Table 2-6 Phenomena for Accidents Involving Radioactive Waste

e Table 2-7 Phenomena for Accidents Involving the Pebble Handling and Storage System

e Table 2-8 Gas Space Phenomena for Accidents Involving an Intact Reactor Coolant Boundary

e Table 2-9 Gas Space Phenomena for Accidents Involving a Compromised Reactor Coolant
Boundary

Each barrier discussion in subsequent sections of this topical report disposition the high, high-to-
medium and medium importance phenomena identified in the PIRTs.

2.5 SOFTWARE USED IN KP-FHR SOURCE TERM EVALUATION
2.5.1 SERPENT2

SERPENT2 (Reference 3) is a multi-purpose three-dimensional continuous-energy Monte Carlo
particle transport code, developed at VTT Technical Research Centre of Finland, Ltd. The applications of
SERPENT2 can be divided into three main categories:

1. Traditional reactor physics applications, including spatial homogenization, criticality
calculations, depletion analysis, fuel cycle studies,

2. Multi -physics simulations, i.e. coupled calculations with thermal hydraulics, computational
fluid dynamics and fuel performance codes, and

3. Neutron and photon transport simulations for radiation dose rate calculations and shielding
analysis.

The KP-FHR source term methodology includes the use of SERPENT2 to provide core inventory
information as an input to other models. However, SERPENT2 will be verified and validated as part of the
KP-FHR core design and analysis methodology, which will be provided in a future licensing submittal.

2.5.2 KP-Bison

BISON has been selected as the platform to develop the KP-FHR fuel performance code. BISON is a
finite element-based nuclear fuel performance code applicable to a variety of fuel forms including TRISO
particle fuel (Reference 6). KP-Bison will model and simulate nuclear fuel behavior in the KP-FHR during
normal operating conditions and licensing basis event conditions. The latter include anticipated
operational occurrences, design basis accidents, and the early stages of beyond design basis accidents.
The KP-FHR source term methodology includes the use of KP-Bison to assess the mechanical integrity of
the TRISO-coated particles and the retention of fission products by intact or potentially failed particles.
KP-Bison will be verified and validated as part of the KP-FHR fuel performance methodology, which is
presented in Reference 4.
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2.5.3 KP-SAM

The System Analysis Module (SAM) has been selected as the basis to develop the KP-FHR systems
code, KP-SAM. SAM is a modern system analysis code being developed at Argonne National Laboratory
under the DOE Nuclear Energy Advanced Modeling and Simulation program (Reference 5). SAM focuses
on modeling advanced reactor designs, including SFRs (sodium fast reactors), MSRs (molten salt reactors),
and FHRs (fluoride-salt-cooled, high-temperature reactors). These designs use single-phase, low-pressure,
and high-temperature liquid coolants. The KP-FHR source term methodology includes the use of KP-SAM
to provide event-specific thermal fluid conditions for an LBE source term evaluation. KP-SAM will be
verified and validated as part of the KP-FHR transient methodology, which will be provided in a future
licensing submittal.

2.5.4 ARCON96

ARCON96 (Reference 9) is a near-field atmospheric dispersion tool designed to provide directional
source strength (Q) values for control room dose estimates consistent with guidance from Regulatory
Guide 1.194. ARCONO96 treats all RNs as gases and neglects aerosol depositions. As a result, the ARCON96
models are equally applicable to both FHRs and LWRs.

Traditionally, LWR applicants used the PAVAN atmospheric dispersion tool to evaluate dose at EABs
and LPZs that were typically over 1000 meters from the reactor building. As the NRC staff describes in the
Safety Evaluation of the NuScale Power, LLC Topical Report, TR-0915-17565, “Accident Source Term
Methodology,” (Reference 65) the traditional PAVAN model is inaccurate at short distances from the
reactor, while the ARCON96 code is more accurate at reduced distances. The scope of the KP-FHR source
term methodology is limited to the evaluation of EAB and LPZ dispersion distances less than 1200 meters
from the reactor building. Therefore, the ARCON96 models are appropriate for KP-FHR applications.

Sections 7.7 through 7.9 of this report detail the application of ARCON96 in the KP-FHR source term
methodology. This application of ARCON96 does not modify the source code, which the NRC has deemed
acceptable in RG 1.194 for near-field dispersion modeling applications, such as control room dose, but
instead details the methods for conservatively setting the inputs to ARCON96 and processing the outputs
consistent with the intent of RG 1.145, with respect to direction dependence, to result in conservative

near-field %s for use in offsite dose consequence analysis.

While ARCON96 does not directly report 99.5th percentile time averaged %s, ARCON96 does report
the cumulative distribution functions %s at1,2,4,8, 12,24, 48, 96, 168, 360, and 720 hours. From these

outputs, the following quantities can be calculated:

¢ Directionally independent 95th percentile %s

¢ Directionally dependent 99.5th percentile %s

2.5.5 RADTRAD

RADTRAD (Reference 10) is a control volume radionuclide gas transport code supported by the NRC
that evaluates design basis source term consequences for light water reactors (LWRs). While some models
are LWR-specific, the computational framework of RADTRAD has the flexibility to support KP-FHR source
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term analysis. However, the non-applicable LWR models within RADTRAD will not be used for the KP-FHR

source term analysis. The key outputs of RADTRAD are:

e the worst two-hour EAB dose used for DBA analysis and

e the cumulative simulated time dose which is either used for determining the duration of the
plume LPZ dose used for DBA analysis or the thirty-day EAB dose used for Licensing Basis Events

(LBEs) analysis (i.e., AOOs and DBEs).

RADTRAD does not include thermal fluid models and cannot calculate natural convection or forced

circulation flows.
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Table 2-1 Fuel Phenomena for Accidents Involving Both Intact and Compromised Reactor Coolant Boundaries

Index Relevant System

Phenomenon

Imp.

Imp. Rationale

K.L. | K.L. Rationale

Il
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Table 2-2 Coolant Phenomena for Accidents Involving Intact Reactor Coolant Boundaries

Index Relevant System

Phenomenon

Imp.

Imp. Rationale

K.L. | K.L. Rationale

Il

1]
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Table 2-3 Coolant Phenomena for Accidents Involving Compromised Reactor Coolant Boundaries

Index Relevant System

Phenomenon

Imp.

Imp. Rationale

K.L.

K.L. Rationale

Il
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Table 2-4 Graphite Structure Phenomenon for Accidents Involving Intact Reactor Coolant Boundaries

Index Relevant System | Phenomenon

Imp.

Imp. Rationale

K.L. | K.L. Rationale
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Table 2-5 Graphite Structure Phenomenon for Accidents Involving Compromised Reactor Coolant Boundaries

Index Relevant System

Phenomenon

Imp.

Imp. Rationale
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Index Relevant System | Phenomenon Imp. | Imp. Rationale K.L. | K.L. Rationale
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Table 2-7 Phenomena for Accidents Involving the Pebble Handling and Storage System

Index Relevant System

Phenomenon

Imp.

Imp. Rationale

K.L. | K.L. Rationale
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Table 2-8 Gas Space Phenomena for Accidents Involving an Intact Reactor Coolant Boundary

Index Relevant System

Phenomenon

Imp.

Imp. Rationale

K.L.

K.L. Rationale
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Table 2-9 Gas Space Phenomena for Accidents Involving a Compromised Reactor Coolant Boundary

Index Relevant System

Phenomena

Imp.

Imp. Rationale

K.L.
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Figure 2-1 Steady State Material at Risk Accumulation in the Heat Transport and Cover Gas Systems
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Figure 2-2 Steady State Material At Risk Accumulation in the Pebble Handling and Storage System
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* Only mobile FP groups  ** All FPs
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3  EVALUATING FUEL RETENTION OF RADIONUCLIDES

The KP-FHR fuel pebble is a carbon matrix sphere containing three regions: a low-density carbon
core, a fuel region containing carbon matrix material embedded with TRISO coated particles, and a fuel-
free carbon outer shell. The TRISO particles contain high assay low enriched uranium (HALEU) fuel
kernels in the form of uranium oxycarbide (UCO). The particle includes the UCO kernel, a porous carbon
buffer layer, an inner pyrolytic carbon (IPyC) layer, a silicon carbide (SiC) layer, and an outer pyrolytic
carbon (OPyC) layer. The TRISO IPyC, SiC, and OPyC barriers are part of the KP-FHR functional
containment strategy.

TRISO fuel particles have been irradiated in a series of Advanced Gas Reactor (AGR) test campaigns.
The AGR-1 and AGR-2 campaigns conducted safety testing and post-irradiation examinations to support
understanding of in-service failures, manufacturing defects, and the behavior of radionuclides (i.e.,
mobility and retention) in the TRISO particle. The information from the AGR program was reviewed in
Kairos Power’s evaluation of fuel source term. The fuel specification is described in the KP-FHR Fuel
Qualification Topical Report (Reference 8).

3.1 IMPORTANT SOURCE TERM PHENOMENA IDENTIFIED FOR FUEL

The radiological source term PIRT described in Section 2.4 above considered fuel related
phenomena for transients in which the Reactor Coolant Boundary (RCB) integrity is maintained, thus
excluding Flibe leaks and nitrate salt ingress as well as fuel related phenomenon in which the RCB was
compromised. In both cases, intact and compromised RCB, the PIRT results identify five phenomena
related to fuel and that have a high importance to safety. [[
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No fuel related phenomena were identified in the PIRT with a high-to-medium importance to safety
for event sequences involving an intact or compromised reactor coolant boundary. Table 2-1 also
summarizes phenomena which are listed as having a medium importance to safety relative to the fuel
for accidents involving an intact or compromised RCB. These phenomena are grouped into one category
discussed below.

[

3.2 SOURCES OF RADIONUCLIDES IN FUEL

The sources of radionuclides from the fuel include the release of fission products from
manufacturing defects, heavy metal contamination, in-service failures, and releases from intact TRISO
fuel particles. The evaluation of fuel performance, including fuel particle failure, is performed using the
methodology described in KP-FHR topical report KP-TR-010-P (Reference 4). These sources of fission
products are described below.

3.2.1 Manufacturing Defects

A manufacturing defect can lead to fission product release from the beginning of service life or lead
to a premature failure due to an in-service failure mechanism. Potential manufacturing defects include
malformed kernels, coating anomalies, defective SiC layer, carbon matrix impurity, IPyC defects, and
uranium dispersion. The Kairos Power TRISO fuel particle specification (Reference 8) is derived from the
TRISO fuel particle specifications developed and tested by the AGR program with critical parameters
from Table 5-5 of Reference 19. Manufacturing defects, as a source of fission product release during
normal and accident conditions, can be minimized or reduced in frequency during manufacturing
through process design, process specifications, and quality control inspections to align with the fuel
specification requirements.

3.2.2 Heavy Metal Contamination

Uranium, transuranic elements produced under a neutron flux, and elements that are present as
natural contaminants in materials used to fabricate TRISO particles and pebbles not contained within a
gas-tight, intact dense pyrocarbon or silicon carbide layer are considered to represent heavy-metal
contamination. The two types of heavy-metal contamination are exposed kernels and dispersed
uranium.

The radionuclide release fraction from exposed kernels can be higher than that from particles with
cracked coatings; the release fraction from all exposed kernels is reduced relative to dispersed uranium
by retention within the kernel. Retention within the kernel is a function of temperature as well as the
radionuclide of interest. The release fraction of dispersed uranium (i.e., uranium on or near the surface
of the OPyC layer and impurities within the matrix) is higher than that of exposed kernels. In the case of
dispersed uranium, retention is a function of temperature as well as the half-life and diffusion
characteristics of the radionuclide of interest.
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3.2.3 In-service Failures

TRISO particles can fail in-service during normal operation, and such failures historically consist of
two types of mechanisms: mechanical failure mechanisms and thermo-chemical failure mechanisms.
Mechanical failure mechanisms include over pressurization (i.e., in particles without manufacturing
defects), irradiation-induced failure of the OPyC coating, debonding between the IPyC and SiC layers,
and irradiation-induced cracking of the IPyC layer leading to potential SiC failure. Thermo-chemical
failure mechanisms include failure of the SiC coating due to kernel migration in the presence of a
temperature gradient, heavy metal dispersion in the IPyC coating, thermal decomposition (SiC =2 Si+C)
and fission product/SiC interactions.

The usage of UCO fuel at KP-FHR operating and accident temperatures limit the number of
potential failure mechanisms that need to be considered in source term analysis. Details about the
applicable failure mechanisms is given in Reference 4.

3.2.4 Release from Intact Particles

After the fuel kernel, the physical barriers against release are the outer coating layers (i.e., IPyC,
SiC, and OPyC) that surround the kernel and the buffer layer. These three coating layers act as a
functional containment to prevent or impede fission products from leaving the kernel and buffer layers.
Table 3-1 provides a list of various barrier conditions and a qualitative assessment of fission products
based upon the state of each of the coating layers. When the SiC layer remains intact, there is a marginal
release of historically observed fission products such as cerium, cesium, europium, and strontium.

3.2.5 Tritium

Tritium in the KP-FHR is primarily generated through neutron reactions with the Flibe. Each
component of Flibe has some contribution to total tritium generation, as shown in the reactions in
Equation 7 to Equation 12. The beryllium reaction in Equation 11 does not produce tritium directly but
produces lithium-6 through Equation 12. Therefore, an equilibrium tritium production rate in Flibe will
be reached once the depletion rate of lithium-6 matches the production rate from the reaction with
beryllium.

°Li +n - *He + 3H Equation 7
Li+n —» *He+3H+n' Equation 8

Be +n - "Li +3H Equation 9
YF+n->1Y0+3H Equation 10

Be + n - °He + “He Equation 11

®He - °Li+ B+ v, (t12=0.85) Equation 12

Tritium production is calculated from the reactions in Equation 7 and Equation 8 since these
reactions account for the majority of tritium generation in the KP-FHR. All isotopic concentrations are

© 2022 Kairos Power LLC 74 of 195



KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-O12-NP-A | 3 March 2022

assumed to be steady with time except for Lithium-6, which changes in time based on the differential
equation shown in Equation 13.

% = ¢NBe—9O-géai9VCore/VLoop - ¢NLi—6O-11,1i'fle)SVC0re/VLoop Fquation 13
where:
¢ = Average neutron flux [n/cm?-s]
oy = | Lithium-7 tritium production microscopic cross section [barn]

Npi—7- | Lithium-7 atomic number density [atoms/cm?]

o', = | Lithium-6 tritium production microscopic cross section [barn]
Nf;_¢ = | Lithium-6 initial (time=0) number density [atoms/cm?]
Veore = | Volume of Flibe in the core [m3]

Vioop = | Total volume of Flibe in the primary loop [m?]

a0 = | Lithium-6 total neutron absorption microscopic cross section [barn]
opate = | Beryllium-9 n,a reaction microscopic cross section [barn]

The volumetric tritium production rate as a function of time can then be calculated according to
Equation 14.

G"'(t) = ¢O{Li’:l',7NLi—7

V,
n,t 0 Core n,abs
+ 0" | Npi—g €Xp (‘ v OLi—6 t)

Loop Equation 14
¢O'géoi9NBe—9 1 VCore n,abs
+ n,abs —exp\— v Oi-6t
$01i_6 Loop

The equation requires that accurate 1-group cross sections have been generated, which depend
on the average neutron energy spectrum in the core.

3.3 RADIONUCLIDE BEHAVIOR AND RETENTION PROPERTIES OF FUEL

The fuel pebble has three physical barriers to radionuclide release: the TRISO particle fuel kernel,
the particle’s outer coating layers (i.e., IPyC, SiC, and OPyC), and the fuel pebble carbon matrix. The
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TRISO particle is the primary retention medium for fission products in the KP-FHR and the MAR in the
fuel particle is held up by the fuel kernel and the three outer coating layers. These layers have varying
manufacturing defects and in-service failure fractions that impact their radionuclide retention functions
during steady state operations. Table 3-1 provides a list of radionuclides qualitatively assumed to be
retained within a TRISO fuel particle under various barrier conditions. The radionuclides that are
retained within the TRISO fuel particle will determine the amount of MAR contained in fuel pebbles in
lieu of being captured by the Flibe as described in Section 2.3.2.

The fuel particles are divided into three groups for retention or release of radionuclides. The first
group includes TRISO particles with intact coating layers that are expected to retain fission products
during normal operations. The second group includes TRISO fuel particles where some of the coating
layers have failed. If only the IPyC and OPyC layers have failed, most of the fission products will be
retained by the remaining intact SiC layer. If the SiC fails and the PyC layers are intact, then mobile
metallic fission products will be increasingly released while gaseous fission products will be retained.
The third and final group includes TRISO particles where all coating layers have failed. [[

1]

3.3.1 Radionuclide Behavior in Fuel

The chemical form of fission products is important to determining their mobility when a pathway
is present for release from the fuel particle. Fission products generated in the fuel kernel react with free
carbon and oxygen from the UCO mixture of UO, and UCx (where UC, can be UC, UC; or a mixture of
both depending on carbon content and temperature) when uranium fissions. If the kernel has a lack of
free oxygen and carbon, then metallic fission products are more likely to be present. If a stable oxide or
carbide compound is formed, the diffusion of the fission product can be limited especially at lower
operating temperatures. Due to their higher mobility, the volatile fission products are most likely to be
released from the TRISO fuel particle when the coating layers are damaged or failed. Fission products
have been observed to follow similar trends based on the chemical group in the periodic table due to
the valence electron orbital shell. The chemical groups and common group names for elements found
in the periodic table are in Table 3-2. These groups are based on valence electrons being partial or filled
s, p, d, or f orbital shells. In the periodic table, blocks of elements correspond to these electron shells as
noted in Table 3-2.

Thermodynamic calculations were performed for KP-FHR fuel elements to determine the tendency
of fission products to take a chemical form at relevant conditions. [[

3.3.2 Selection of Radionuclides

Radionuclides of interest may be produced directly as fission products, indirectly as part of a fission
product decay chain, or as activation products. The characteristics that affect the relative importance
of radioisotopes and their selection as part of the source term are fission yield or activation cross
section, half-life, and mobility.
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3.3.2.1 Fission Product Yield Criteria

For fission products, the fission yield directly affects the rate of production within the fuel. For
decay chain radioisotopes, the fission yield of the originating fission product and the branching and half-
lives along its decay chain affect the production rate. For HALEU fuel the fission yields vary significantly
with burnup due to the depletion of U-235 and increasing concentrations of Pu-239 and Pu-241. [[

1]

3.3.2.2 Half Life

Radionuclides with very short half-lives (i.e., seconds to minutes) will decay before they can be
transported from their point of origin to a location of concern relative to occupational dose or public
safety. Conversely, radionuclides with very long half-lives will have relatively low specific activities and
thus may be of lesser radiological importance. However, they could also be released from the fuel
element and potentially compete with radioactive elements or precipitate in the salt coolant.

KP-Bison will not consider decay of radionuclides in the analysis of source term. Consequently,
transport and release of fission products from the fuel element will be evaluated regardless of their
half-lives. RADTRAD will be used to model radioactive decay (see Section 7).

3.3.2.3 Mobility

Mobility is the ability of a radionuclide to escape the kernel and diffuse through the intact coating
layers and the surrounding matrix. The mobility of a radionuclide is affected by its inherent
characteristics as well as the physical and chemical form. The mobility of fission products is described
by diffusion models of an element through the fuel kernel, coating layers, and matrix.

Radionuclides can remain in elemental form or form chemical compounds, significantly affecting
their mobility within the kernel and coating layers. The formation of chemical compounds within the
kernels is affected by the thermochemical environment, which varies with burnup in a UCO kernel due
to the buildup of fission and decay products and the depletion of oxygen. Gaseous and volatile fission
products will most significantly be released from fuel particles with failed coating layers. Fission
products that have limited or complete solubility in the fuel crystal lattice or form metallic or oxide
precipitates can diffuse through the fuel kernel and be released from failed fuel particles.

3.4 RADIONUCLIDE TRANSPORT IN FUEL

Most radioisotopes significant to source term are produced in the kernels of the coated TRISO
particles. Exceptions include recoil fission fragments near the kernel surface that are deposited in the
buffer layer and fission product decay or activation products that may be transported out of the kernel
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before decaying or being activated by neutron flux. Radioisotopes could also be produced by the fission
of dispersed uranium on the OPyC surface and in the carbon matrix.

Transport mechanisms for a given radioisotope are dependent upon the isotope’s properties and
location of origin. Location could range from near the center of the kernel of an intact TRISO fuel particle
to the carbon matrix near the surface of the pebble.

The release fraction of a radioisotope, which is obtained by normalizing its calculated release from
the pebble to its calculated inventory, can be affected by decay during transport within the pebble.
Therefore, short half-life radioisotopes (i.e., minutes, and seconds) will be eliminated, while the release
of intermediate half-life radioisotopes (i.e., hours, and days) will be reduced. Kairos Power uses KP-Bison
(described in Reference 4) to model the transport of mobile fission products through a TRISO particle.

3.4.1 Radionuclide Transport Groups in Fuel

Complete sets of diffusivities (i.e., diffusivities in the kernel, coating layers, and matrix) are
currently available for four elements (Cs, Sr, Ag, Kr). These elements were the most volatile of the
quantifiable elements observed from the fuel in the AGR campaigns. Elements of a class with a
representative element are, therefore assumed to be released at the same release fraction as the
representative element for that class, as shown in Table 3-3. Several classes of elements do not have
representative elements for their diffusion behavior and, as such, are represented by one of the four
existing models or are assumed to be completely retained within the TRISO particle or completely
released from the particle depending on the element class. For instance, release of iodine and xenon
has been historically observed with a behavior similar to krypton. Krypton is therefore representative
of iodine and xenon as shown in Table 3-3.

3.4.2 KP-Bison Diffusion Model

In KP-Bison, fission product transport is calculated successively through the TRISO particles and
through the fuel element matrix the particles are embedded in. First, transport is calculated for
individual fuel particles, assessing diffusion through each coating layer and subsequent potential release
into the surrounding matrix in the fuel element. Individual releases then serve as time- and
position-dependent fission product sources for fission product transport analysis in the fuel element.

[

1] Historically, post-irradiation testing on irradiated TRISO fuel
detected and measured the release of cesium, strontium, silver, and krypton. KP-Bison models the
transport of fission products as these four elements (Cs, Sr, Ag, and Kr) with Equation 15 and Equation
16.
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In addition to the release from intact or failed (in-service) TRISO particles, the model also includes
potential release from as-fabricated defective particles (e.g., exposed kernels or particles with defective

coating layers) and from dispersed uranium. [[
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3.5 RETENTION OF TRITIUM IN THE GRAPHITE PEBBLE

Tritium contained in the fuel pebbles is expected to be a low off-site dose contributor and thus the
release rates may be treated conservatively in analyses to demonstrate minimal contributions to dose.
Release rates using structural temperatures from the primary system will be used to estimate the
depletion of tritium from pebbles after shutdown by using Equation 18.

T 2 :
Tosurf < dr.g(Rpebble)> Equation 18
Kur, Ks g

where, T, g,,rf is the Flibe tritium concentration at the surface of the pebble, Ky 1, is the Henry’s law
coefficient for T, in Flibe, Td,g(Rpebbze) is the graphite tritium concentration at the surface of the pebble,

and Kg ;4 is the tritium solubility in graphite. These methods calculate holdup and release of tritium in
graphite pebbles.

The time-dependent uptake of tritium into the reactor vessel reflector graphite and graphite
moderator pebbles in the core accounts for pebble recirculation. In the model there is no distinction
between a fuel pebble and a moderator pebble, and all graphite is considered to be 1G-110 grade
material. Measurements applicable to the KP-FHR graphite grade are being made under NSUF RTE
Project 2840. The concentration of tritium fluoride (TF) and T, is determined for each “node” in the
reactor loop where the first node is the inlet of the reactor core. Concentrations are then updated for
each time step in the simulation. Inside of the core, tritium concentration in the salt increases based on
the tritium generation in each node and decreases according to a calculation for tritium retention in
graphite.

The tritium retention calculation first requires a mass transfer coefficient to represent tritium
transit from the salt bulk to the graphite pebble surface. The mass transfer coefficient is based primarily
on the Reynolds (Re) and Schmidt (Sc) non-dimensional numbers in the core. As shown in Equation 19,
the Reynolds number for a random packed bed of uniform spheres depends on the pebble diameter
dpebbie, as well as the density and viscosity of the salt — p and p, respectively. The Reynolds number also
uses the superficial velocity of salt flow in the core as defined in Equation 20, where V is the total
volumetric flow rate of salt through the core and Acx core is the cross-sectional area available flow through
the pebble bed if no pebbles were present. In Equation 21, the Schmidt number is defined based on the
ratio of salt viscosity to the product of density and diffusivity of T, in Flibe. The Reynolds and Schmidt
numbers are converted to a Sherwood number in Equation 22, which is a mass transfer correlation for
a packed bed of uniform spheres valid for Reynolds numbers between 55 and 1500, Schmidt numbers
between 165 and 10,690, and packed bed fluid fractions (€) of less than 0.75 (References 59 and 60).
The resulting Sherwood number is converted to the mass transfer coefficient for tritium retention in
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pebbles, krz,core, as shown in Equation 23. Since the Reynolds and Schmidt numbers have temperature-
dependent properties as inputs, the numbers are calculated at each node to account for temperature
changes around the reactor loop.

R _ PVsdpebbie Equation 19

€core =
) u
vs = V/Acx,core Equation 20
Sc - K Equation 21
Core ,ODT2 q
0.25 i
Sheore = - Re0-695.1/3 Equation 22
kr2,core = ShcoreDra/dpepbie Equation 23

Tritium uptake in graphite is only calculated for T, in the salt. Any TF present in the core is assumed
to have no interaction with graphite. This assumption is based on tritium chemical analysis from
graphite samples tested in the Massachusetts Institute of Technology (MIT) fluoride salt irradiation
experiments, which found only about 2% of total tritium retained in graphite samples was soluble in
water, which could be explained by either TF or HTO (Reference 21). With reducing salt conditions, the
majority of tritium is present as T, and thus neglecting interactions between TF and graphite does not
have a significant impact on the tritium distribution in the reactor.

With a mass transfer coefficient determined, the flux of T, to the graphite pebbles, jcore,2, can be
calculated according to Equation 24. The resulting flux depends on the difference between the T,
concentration in the bulk fluid and the T, concentration in contact with the graphite surface, T2,core and
Ta,surf, respectively. At the interface, the salt and graphite are both exposed to the same partial pressure
of T; and each material surface is assumed to be at an equilibrium condition. For the salt surface, Henry’s
law applies and thus the concentration can be related to the T, partial pressure according to Equation
65. Solubility of hydrogen in graphite has been observed to follow Sievert’s law, where the equilibrium
concentration in graphite depends on the square root of the charging gas pressure (Reference 26 and
Reference 27). Sievert’s law is shown in Equation 25, where cr is the concentration of tritium in graphite,
Ks is the Sievert’s law coefficient, and pr; is the partial pressure of tritium in the gas phase. By
rearranging Equation 65 and Equation 25 to solve for partial pressure tritium concentration at each side
of the salt/graphite interface can be related as shown in Equation 26. While the flux of tritium from the
salt to graphite must be continuous across the surface, the tritium concentration can change
significantly because of differences between the Henry’s law coefficient for T, in Flibe and the Sievert’s
law coefficient for tritium solubility in graphite. A graphical representation of the tritium concentration
profiles in the salt and graphite pebbles is shown in Figure 3-1 which also explains the concentration
relationship used for Equation 26.
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jCore,Tz = kTZ,Core(TZ,Core - TZ,Surf) Equation 24
cr = Ks\/pr, = P1, = (cr/Ks)? Equation 25
— 2 i
TZ,Surf/KH,Tz - (Td,g (Rpebble)/KS,g) Equatlon 26

Each axial node consists of a pebble group with the same tritium retention characteristics and
tritium concentration profiles. The total amount of tritium transferred into graphite at each node is the
flux as calculated in Equation 24 times the total surface area of pebbles in each node, Anode. Similarly,
each pebble inside the node is assumed to be exposed to the same salt concentration of T, at the pebble
surfaces. When calculating the concentration gradient in the salt, the only input provided is the T,
concentration at the beginning of the node. The change in T, concentration with respect to axial height
is shown in Equation 27, where G’(z) is the linear tritium production rate in the core and 44/AZ is the
amount of pebble surface area per height in the core. When z is in units of axial nodes, AA/AZ is the
surface area of pebbles per node, or Anode.

dT,(z)
dz

Equation 27

= (6"(@) — jcorer,(AA/AZ)) [V

After substituting in Equation 23 for T, flux, replacing the term Kcore 12 Anode/V With A for simplicity,
rearranging, and integrating over z, Equation 27 becomes:

Equation 28

f (exp(lz) d%ﬁz) + exp (Az) (AT, (z))) dz
= f exp (A2)(G'(2)/V + ATy surf (2))dz

Considering the term on the right side, G’(z) and T, surare defined to be constant throughout the
node. The tritium generation rate per node is a defined quantity and is uniform throughout the core in
the baseline case. A portion of the total tritium generation per node is converted to T, and referred to
as Granode. In true reactor conditions, the individual pebbles in the node could be exposed to a different
salt surface T, concentration. However, the calculation is defined such that all pebbles in each node
share the same T, surt. A nonlinear solver searches for the most appropriate T, sufto use as the average
for the node. Integrating Equation 28 then results in Equation 29 for the salt T, concentration
throughout the node.

G Equation 29
T,(z) = TZ\}—H}?de + Ty surf + C - exp(—Az) quat

The constant from integration, C, is fixed by solving the equation at the beginning of the node,

where z=0 and the T, concentration is known (T,"). Solving for the z=0 boundary condition results in
Equation 30.
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GTz,node Equation 30

T, @=THexp(An)+ (<22 4T, 50) (1-exp(-12))

Lastly, the average T, concentration across the node is determined by integrating z from node zero to
node one and dividing by one node. The mesh notation, concentration averages, and tritium sources
and losses for the core nodes are shown in Figure 3-2.

Grynoae (T4 — Tz,Surf) Equation 31
T3a0g — Tosurf = < ‘2/ 2z 7 exp(—21)
GT ,node
(TZN - T2,Surf + —ZV ) GTZ,node
" 2 7T

Calculating the average tritium concentration between the concentration nodes in the core results
in a more accurate flux of tritium into the graphite pebbles at each axial location. Once arriving at the
graphite surface, tritium transport within the pebbles is simulated with a series of transport and
trapping equations. In this treatment, tritium is separated into weakly trapped tritium which is able to
diffuse in the graphite bulk and strongly trapped tritium which is no longer mobile (Reference 22). Weak
trapping sites can be physically interpreted as dangling carbon bonds at graphite crystallite edges, while
strong traps are interstitial loop sites or point defects within crystallites (Reference 23). For both weak
and strong trapping sites, the retention mechanism is believed to be dissociative and therefore tritium
entering the graphite as T, will be retained as atomic tritium (Reference 24).

The transport equation for the weakly trapped tritium is shown in Equation 32 where Tq4 indicates
the diffusing tritium in graphite and Drgis the diffusion coefficient in graphite. Equation 32 can be
interpreted as Fick’s second law of diffusion with the addition of a trapping term, which converts the
diffusing tritium to trapped tritium as denoted by T:. The trapped tritium rate of change is solved with
Equation 33, where Cyois the total concentration of strong traps in the material, 24 is the desorption rate
constant and Z; is the trapping rate constant. As the strong trapping sites within the graphite fill up
during the simulation, the (Cro-T:)/Cro term approaches zero and the rate of trapping decreases. This
term is normalized by Cro in order to keep both rate constants 24 and Z; in units of s. The boundary
condition applied at the beginning of each time step is shown in Equation 34 which sets the tritium flux
at the graphite surface as twice the flux of T, from the salt. Inside the pebble, the flux of atomic tritium
is calculated using Fick’s law with a first-order radial derivative of the first and second outermost values
of diffusing tritium, Tag%and T4.%?, and the outer mesh spacing, AR,. The trapped tritium is updated at
the end of each time step, therefore Equation 34 is only calculated with the gradient of diffusing tritium.

0T, (x,t) 0T:(x,t) Equation 32
e =7 (Prg PTale0) =50
OT:(x,t) Equation 33
— =5 Ty (x,t) (CT0 — T, (x, t))/CTo — 2T (x,t)
2 'jCore,Tz = DT.g/ARO (Tc(i),g - Tcti).;l) Equation 34
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As shown inFigure 3-2 and Equation 26, the tritium concentration at the graphite surface relates to
the T, concentration at the interface in the salt phase. The T, surface concentration is used to determine
the concentration gradient in the salt and ultimately the flux of tritium into the graphite. However, the
interconnection between these variables requires that the equations be solved simultaneously. Four
variables are calculated by a nonlinear solver at each axial node in the core: T, flux to core pebbles
(jcoreT2), outer surface tritium concentration in graphite (Tgg(Rpebble)), salt surface T» concentration
(T2,surf), and average T, salt concentration in the node (T2,a). These variables are determined through
minimizing the 4-element matrix shown in Equation 35. Once all variables are calculated, the T,
concentration at the next node in the core can be found with Equation 36. This procedure repeats for
each axial node until the T, concentration at the top of the core is calculated.

Calculation of salt T, flux: Equation 24
Conservation of tritium flux: Equation 34 Equation 35
Henry's and Sievert's law equilibrium: Equation 26
Calculation of average T, concentration: Equation 31
TZI\H-1 = (TZNV + GTZ,node _jCore,TzAnode)/V Equation 36

For a core of static graphite pebbles, tritium retention will eventually drop to zero as the diffusing
and trapped tritium builds up and the salt/graphite boundary condition limits the T flux. The calculation
removes tritium through circulation and desorption of the fuel pebbles. In this case, the equilibrium
tritium retention rate in the core will be equal to the removal rate in the pebble circulation system. The
amount of desorbed tritium depends on the design temperature and holding time each pebble
experiences in the recirculation system.

An example calculation is shown below to demonstrate the procedure for calculating removal
assuming complete desorption of tritium.

Since graphite fuel pebbles will float in the KP-FHR core, the pebbles would be removed from the
top of the core, partially desorbed, and re-inserted into the core bottom. The amount of tritium removal
from the top of the core is calculated at each time step as shown in Equation 37, which is the volume
integral of the average tritium concentration of the top node pebbles times the pebble recirculation
rate. The recirculation rate is the total number of pebbles, Nyeubies, divided by the pebble residence time
in the core, T.

mol] N, .
Removal [ S ] = pe‘t:-bles f(Td,gNCore(T-) + Tt’chOre(T.)) dv Equation 37

For the rest of the nodes except the top of the core, the circulation of pebbles is simulated by
subtracting a portion of the tritium concentration profile from each node and adding it to the next
adjacent node, as illustrated in Equation 38 and Equation 39, where At is the time step of the model.
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Since the number of pebbles in each axial node is Npebbies/(Ncore-1) and the number of pebbles leaving a
node in each time step is NpebblesAt/T, the fraction of pebbles leaving the node is (Ncore-1)At/T. Therefore,
the (Ncore-1)At/T term is used to calculate the fraction of circulating tritium in each time step as shown

in Equation 38 and Equation 39. For complete desorption of pebbles, these equations would be
repeated for the strongly trapped tritium, Ti.

Tag" (1) = Tyg" (1) = (Neore — 1)(AL/D Ty 5" (1) Equation 38

Td,gN+1(r) = Td,gN+1(r) + (NCore - 1) (At/T)Td,gN(r) Equation 39
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Table 3-1 Functional Containment of TRISO Outer Coating Layers With Qualitative Impact on Fission

Product Release

State of the Coating Layer

Impact on Fission Product Release

IPyC SiC OPyC

Intact Intact Intact Marginal release of Ce, Cs, Eu, Sr
Intact Intact Compromised Marginal release of Ce, Cs, Eu, Sr
Intact Compromised Intact Increased fission product release;

Significant Cs release

Intact Compromised

Compromised

Increased fission product release;
Significant Cs release

Compromised Intact Intact Marginal release of Ce, Cs, Eu, Sr
Compromised Intact Compromised Marginal release of Ce, Cs, Eu, Sr
Compromised Compromised Intact Increased fission product release;

Significant Cs release

Compromised Compromised

Compromised

Increased fission product release;
Significant Cs release
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Table 3-2 Periodic Table of Chemical Groups, Valence Electron Orbital Shell, and Elements

Formal Common Name Sub-group Valence Electron Elements
Chemical Group | Chemical Group Common Name Orbital Shell
1 Alkali Metals - s-block Li, Na, K, Rb, Cs, Fr
5 Alkali Earth N s-block Be, Mg, Ca, Sr, Ba,
Metals Ra
3-12 Transition Metals --- d-block ¢ Y, Fe,CCdo, Ni, zn,
Refractor Ti, Zr, Hf, V, Nb, Ta,
4-7 -—- y d-block Cr, Mo, W, Mn, Tc,
Metals
Re
Ru, Os, Rh, Ir, Pd, Pt,
8-12 Noble Metals d-block Cu, Ag, Au, Hg
La, Ce, Pr, Nd, Pm,
-—- Lanthanides -—- f-block Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu
. Ac, Th, Pa, U, Np,
-—- Actinides -—- f-block Pu, Am, Cm, Bk Cf
Post-Transition Al, Ga, In, Tl, Ge, Sn,
13-17 Metals o p-block Pb, Sb, Bi, Po, At
13-16 Metalloids -—- p-block B, Si, Ge, As, Sb, Te
14-16 Non-metals - p-block H,C,N,P,0O,S,Se
16 Chalcogen - p-block 0, S, Se, Te, Po
17 Halogen - p-block F, Cl, Br, I, At
18 Noble Gases - p-block He, Ne, Ar, Kr, Xe,

Rn
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Table 3-4 AGR In-Service Failure Fractions

In-Service Failure

95% Confidence Fraction

Irradiation — TRISO Failure <2.3x10°
Irradiation — SiC Failure® <3.6x10°
1600°C Safety Testing — TRISO Failure <6.6x10°
1600°C Safety Testing — SiC Failure® <1.7x10*

(a) Historically there is no specification on SiC failure fraction; SiC failure fraction is higher than overall
TRISO failure fraction. However, “TRISO failure” implies all three layers, so a portion of the SiC failures

are included.
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Table 3-5 Diffusion Coefficients for Selected Radionuclides
D1 (m?/s) (k.I/Qn110I) D (m?/s) (k.I;lrrz\oI)
Cesium
Kernel 5.6x10°8 209 5.2x10* 362
Buffer & Buffer-IPyC Gap 108 0 - -
PyC 6.3x10°® 222 - -
5.5x107 x e14/5
sic where disthefast |, 1.6x107 514
neutron fluence (x10
n/m?, Eo > 0.18 MeV
Matrix 3.6x10* 189 - -
Strontium

Kernel 2.2x103 488 - -

Buffer & Buffer-IPyC Gap 108 0 - -
PyC 2.3x10°® 197 - -
SiC 1.2x10° 205 1.8x10° 791

Matrix 1.0x1072 303 - -

Silver

Kernel 6.7x10° 165 - -

Buffer & Buffer-IPyC Gap 108 0 - -
PyC 5.3x10° 154

SiC 3.6x10° 215 --- ---

Matrix 1.6 258 - ---

Krypton (lodine, Xenon)
Kernel (N.ormal 1.3x1012 126 N
Operation)

Kernel (Accident) 8.8x10%° 54 6.0x10" 480
Buffer & Buffer-IPyC Gap 108 0 -- -
PyC 2.9x10°® 291 2.0x10° 923

SiC (T > 1625.9K) 3.7x10! 657 --- ---

SIiC (T < 1625.9 K) 8.6x10°1 326
Matrix 6.0x10°® 0 -
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Figure 3-1 Representation for T, Mass Transfer From Flibe to Graphite Pebble.

Td,g(Rpebble)
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Figure 3-2 Notation for Tritium Gains and Losses Between Nodes
) ————
- JGore;T2An0de
T2,A\.rg b
+G
T2, node
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4  EVALUATING FLIBE RETENTION OF RADIONCULIDES

4.1 IMPORTANT SOURCE TERM PHENOMENA IDENTIFIED FOR FLIBE

There are two sets of phenomena that are relevant to the source term methodology for fission
product retention in Flibe: phenomena associated with events involving an intact reactor coolant
boundary; and phenomena associated with events involving a compromised reactor coolant boundary

(a leak or rupture of external parts of the coolant boundary).

4.1.1 Phenomena for Flibe with Intact Reactor Coolant Boundary

The following phenomena from the source term PIRT described in Section 2.4 are coolant-related
source term phenomena associated with an intact reactor coolant boundary that are identified in Table

2-2 as having a high or medium importance to safety:

e |l

An additional phenomenon identified outside of the PIRT process was [[
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4.1.2 Phenomena for Flibe with Compromised Reactor Coolant Boundary

The following phenomena from the source term PIRT described in Section 2.4 are coolant-related
source term phenomena associated with a compromised reactor coolant boundary that are identified

in Table 2-3 as having a high or medium importance to safety:

e |l
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4.2 SOURCES OF RADIONUCLIDES IN FLIBE

The MARin Flibe include radionuclides born in the Flibe as well as radionuclides that are transferred
to the Flibe from other media (e.g., fuel). The circulating activity of the Flibe is expected to be controlled
by operating limits for the KP-FHR as discussed in Section 2.3.4. The operational limits on circulating
activity will be provided in future licensing application submittals. The circulating activity operational
limits will be consistent with the initial conditions assumed in design basis accident source term
evaluations for the KP-FHR that require a quantification of MAR in the Flibe.

The radionuclides that are born within the Flibe are formed via nuclear reactions with the Flibe and
impurities that are subjected to the radiation field in the reactor core. Radionuclides born in the Flibe
include:

e Tritium (neutron reactions with °Li, ’Li, °Be, and *°F in the Flibe)

e Fission products, activation products and transmutation products from:
— Flibe impurities such as natural uranium and thorium
— Dispersed uranium migrated from the pebbles into the Flibe

Radionuclides that transfer into the Flibe come from other media in contact with the coolant,
including the fuel and structural materials. Radionuclides transferred into the Flibe include:

e  Fission product diffusion into the Flibe from the fuel,
e Tritium gas release from graphite structures and pebbles at high temperature, and,
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e Corrosion products absorbed in the coolant that can become activated in the reactor
core.

The five high-level categories of radionuclides in the Flibe are:

e oxides,

e noble metals (further subdivided into low- and high-volatility noble metals),
e gases (i.e., tritium and noble gases),

e salt-soluble compounds.

The design of the KP-FHR is expected to include a chemistry control system that will include design
features to remove a fraction of the suspended phase separated radionuclide elements, including oxides
and noble metals, from the primary loop (consistent with the design information discussed in Section
2.3.4). The remaining phase separated materials will be suspended in the flowing Flibe. The removal
features are assumed to process only a small fraction of the total primary system flow to remove phase
separated radionuclides while the remaining vast majority of the coolant flow continues to the
intermediate heat exchanger (IHX). This removal pathway is assumed to remove the phase separated
radionuclides that flow through the cleanup system. Natural deposition of these materials will also
contribute to the overall system removal rate to a smaller extent.

Other MAR are expected to come out of the Flibe and be transferred into the cover gas at steady
state conditions. The high-volatility noble metals, such as cadmium, may also be vaporized from the
pool surface. These processes assure that low concentrations of noble metal fission products will be
present in the Flibe at the initiation of the transient. The noble gases and tritium are expected to
saturate in the Flibe, therefore under equilibrium conditions they will be removed from the Flibe MAR
inventory at the rate they are generated.

All other radionuclides will form salt-soluble compounds and be predominantly retained in the
reactor coolant under steady state conditions.

4.3 RADIONUCLIDE TRANSPORT IN FLIBE
4.3.1 Radionuclides Transport Groups in Flibe

Grouping Radionuclides by Redox Reactions with Flibe

Radionuclides are sorted by their chemical behavior in the molten Flibe environment. This chemical
sorting separates radionuclide elements into representative groups that transport together. This section
describes the thermodynamic basis for the grouping of radionuclides in molten Flibe. These grouping
processes and their relation to RFs of radionuclide elements in the Flibe barrier are shown schematically
in Figure 4-1. [[

1]
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Independent of their origin, radionuclide elements in the Flibe either form insoluble phases that
do not chemically interact with the reactor coolant, or form compounds that are soluble in the molten
Flibe. Therefore, chemical behavior sorts radionuclides elements into two groups: those that remain
phase-separated, and those that dissolve into the molten Flibe.

The RF of radionuclide elements that form salt soluble species is determined by their concentration
in the molten Flibe solution and by the vapor pressure of their representative chemical species.

Phase separated radionuclide elements that are within the Flibe coolant exist within the reactor
coolant barrier in steady-state despite being phase separated as they are expected to transport with
the Flibe via entrainment or other mechanisms. However, after the initiation of a transient, the release
of radionuclide groups that are phase-separated from the Flibe, such as gases or solids, is not inhibited
by the barrier. Phase separated radionuclide elements have an RF determined by the vapor pressure of
their representative pure species with unit chemical activity (defined below).

Radionuclide gases are released as gases after reaching saturation in the Flibe.
The principle pathway for radionuclides to partition into the Flibe solution is through redox

reactions to form cations, becoming salt-soluble metal fluorides via Equation 40 below.

M +nF~ - MF, + ne” Equation 40

where:
M = a pure element in its reduced form
n = the number of electrons per equivalent in the electrochemical reaction.
If Equation 40 occurs spontaneously, a radionuclide metal will react to form a salt-soluble fluoride.
In this case, the RF of the Flibe barrier is derived from the vapor pressure of the representative species

for the salt soluble group on account of the unstable elemental phase, M, in the system. Alternatively,
if the reaction does not occur spontaneously, the RF of the Flibe barrier is determined by the vapor
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pressure of the representative noble metal element because the element, M, is stable in the metallic
form and Equation 40 results in a negligible quantity of the metal fluoride.

Each oxidation reaction is characterized by a Gibbs Free Energy of formation (AG) value, which is a
measure of the spontaneity of the reaction under a given set of conditions. The AG of numerous
fluorides is provided in databases of thermodynamic properties of material8.2. These free energies are
related to an electrochemical potential (E°) via Equation 41.

AG = —nFE?° Equation 41
where:
F = Faraday’s constant (96.485 kJ/V-mole)
E° = standard reduction potential of the element.

The redox potential of the system, E, can be related to the activities of potential-controlling species
via the Nernst equation shown as Equation 42.

nF  a,y Equation 42

where:
R= the gas constant (0.008314 kl/mole).

T= the temperature in Kelvin.

Qreq = the chemical activity of the reduced species, which is defined as a,.q = Yreq[Red]
where ¥,.q and [Red] are activity coefficient and concentration of the reduced
species, respectively.

a,y = the chemical activity of the oxidized species, which is defined as a,, = ¥,,[0x] where
Yox and [Ox] are activity coefficient and concentration of the oxidized species,
respectively.

The chemical activity of a species, a;, is further defined by Equation 43.

a; = y;[i] = p_é Equation 43

where, y; is the activity coefficient, [i] is the mole fraction, p; is the vapor pressure of the species in
solution, and p? is the vapor pressure of the pure species (also referred to as saturated vapor pressure).
The vapor pressure of a dissolved radionuclide species above a molten Flibe solution is therefore directly
proportional to its concentration in the solution. [[ 1

© 2022 Kairos Power LLC 98 of 195



KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022

[
1]

Chemical activity coefficients account for nonidealities of a chemical system. These coefficients are
used to account for nonidealities that influence the interactions between radionuclides species and
Flibe. Such nonidealities may arise from dissolved like-ion interactions, through the formation of
chemical complexes, or from other second order effects. The activity coefficient is a single intrinsic value
for a specific species in a designated medium that accounts for nonidealities in all such situations. [[

1]

Equation 42 provides the activity ratio of a species in its oxidized state to its reduced state,
equivalent to the equilibrium constant for the redox ration, K, which can be expressed as:

nF(E—E°) )
K = LGox _ e( RT ) Equation 44

Ared

These reduced-state elements are metals or gases. The activity for a solid metal (a,.4) is defined
as unity (a,-.q = 1), so in the case of a radionuclide, Equation 44 reduces to:

p (nF(g;EO)) Equation 45
=Qy, =€

Given a value for the potential of Flibe redox potential (Eribe), and assuming unit activity of the
reduced form a,.; (as conventionally done for pure solid species), Equation 45 calculates the
equilibrium chemical activity of each radionuclide species with knowledge of that metal fluoride’s
standard potential, E°.

Il

1]
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a,, represents the “equilibrium chemical activity” of the metal fluoride, and is equivalent to the
equilibrium constant of the metal fluoride in equilibrium with unit activity of its metal according to
Equation 45. The fraction of a radionuclide that will form either metallic (insoluble) or fluoride (salt-
soluble) phases is assumed to be related to this equilibrium chemical activity of the radionuclide
fluoride.

Metallic phases are insoluble in Flibe but are expected to transport with the reactor coolant via
entrainment or other mechanisms. Elements that exhibit equilibrium chemical activities of their
fluorides less than 10 under the most oxidizing conditions considered (Eribe = Fe**| Fe) are assumed to
remain in reduced chemical states under all possible Flibe redox conditions of the KP-FHR. (consistent
with design features provided in Section 2.3.4). If these metals are released from the fuel, they are
expected to transport as a suspension of metallic particles before plating out on solid materials. This
behavior was observed in the MSRE (Reference 20 and Reference 21). These metals may also be
removed from the system through filtration in the chemistry control system. The Flibe barrier RFs for
these elements is conservatively governed by the vapor pressure of a high volatility noble metal for the
respective radionuclide group. The source term treatment of the radionuclides that will remain as
metals is restricted to the vapor pressure of the pure elemental (metallic) phases, since the quantities
that will oxidize are negligible. The vapor pressure of pure elements is documented in References 32
and 33. The equilibrium vapor pressure of these noble metal radionuclides are used in Section 4.3.1.4
to evaluate their respective vapor pressures above molten Flibe solutions.

Chemically reactive radionuclides that react with beryllium fluoride to form their respective
fluorides and beryllium metal are sorted as salt-soluble radionuclides. These elements exhibit more
cathodic potentials than Be?*|Be, and as a result, the activities of the oxidized phases are greater than
unity over the range of Flibe redox potentials for the KP-FHR. The radionuclides that form salt-soluble
fluorides will dissolve into the reactor coolant and take on the physical properties of the melt. These
dissolved radionuclides are contained within the Flibe. The Flibe barrier RFs applied to radionuclides
that form salt-soluble fluorides are derived from their volatility as components of the Flibe solution. The
thermodynamics of evaporation of radionuclide phases from Flibe solutions is presented in 4.3.1.2.

Chemical activities of radionuclides in their metal fluoride states are calculated by Equation 45
using the two Flibe redox potentials in Table 4-1 This process, shown schematically in Figure 4-1,
organizes radionuclides into three groups: (1) those that remain in their reduced phase (noble metals),
(2) those that will oxidize to become metal fluorides (salt-soluble fluorides), and (3) those that will have
a distribution between oxidized and reduced forms dependent upon the redox condition of the Flibe
(redox-dependent elements). The distinction between noble elements and redox-dependent elements

is [[ 1]
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equilibrium between these phases depends on the redox potential of the Flibe, favoring the salt-
insoluble elemental phases under reducing conditions, versus favoring salt-soluble fluorides under
oxidizing conditions. The chemical behavior of each radionuclide element was evaluated according to
Equation 45 using the bounding salt redox conditions listed in Table 4-1. In this manner, the transport
properties for each element were evaluated under limiting cases of both oxidizing and reducing salt
conditions. Elements that have chemical activity of oxidized species greater than 1 are expected to
completely oxidize to form salt-soluble fluorides on contact with Flibe and are sorted as salt-soluble.
Radionuclide elements that are determined to be redox dependent are analyzed under bounding
chemical conditions in which their inventory is considered all oxidized or all reduced. For example, if a
radionuclide fluoride is highly volatile, then the Flibe redox potential is assumed to be oxidizing to
maximize the quantity of the radionuclide that forms the mobile phase. This approach is conservative
and does not credit the functions of the chemistry control system, as the Flibe redox condition is varied
between its bounding oxidizing and reducing conditions in the evaluation.

il

Grouping of Radionuclide Elements by Exchange Reactions with Flibe

The chemical state of the radionuclides prior to contacting molten Flibe may affect their behavior
while in contact with molten Flibe. In the TRISO fuel, fission products more chemically reactive than
molybdenum (Mo) are assumed to form oxides and carbides, while elements more noble than Mo are
likely to exist in their elemental phases. To account for these effects, the exchange reactions between
the active radionuclide oxides and beryllium fluoride, shown as Equation 46, are analyzed. Reactions
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with LiF are not analyzed because BeO and LiF are more stable than Li;O and BeF,. Similarly, BeO is more
stable than Be,C. Therefore, all radionuclides are conservatively treated as oxides, and not carbides.

M,0, + yBeF, — xMF(ZTy) + yBeO Equation 46

The AG and equilibrium constant of radionuclide oxides that react with BeF; are evaluated using
thermodynamic properties of the relative species. Elements that result in negative free energies in
Equation 47 go through exchange reactions with molten Flibe to form salt-soluble fluorides and BeO,
while elements that result in positive free energies in Equation 47 will remain as salt-insoluble oxides.

The equilibrium constant, K, is related to AG by:

—AG)

K = e(W Equation 47

where, R is the universal gas constant.

The equilibrium constant determines the distribution of reactants and products in a given chemical
reaction. For example, the amount of uranium oxide that reacts with Flibe at equilibrium according to:

UO, + 2BeF, - UF, + 2Be0 AG = —14.638 kJ/mole Equation 48

is described by the following equilibrium equation:

e( —14.638

2
a *Qa
000834%973) — 0 15 = JUF4 ¥ dBe0”

K= 2
QAyoz * ApeF2 Equation 49

where aspecies denotes the chemical activities of the indicated reaction species.

Elements that result in positive free energies in Equation 47 are grouped as oxides as they are
anticipated to remain as insoluble oxides upon contacting Flibe. [[

1]

Where specific data is not available, bounding assumptions are applied to elements that do not
exhibit favorable exchange reactions, and to those elements for which the equilibrium constant
determined by Equation 49 does not deviate significantly from unity. The bounding assumptions are
verified using dose at the site boundary as the figure of merit. Elements more noble than Mo are
expected to exist as metals in the TRISO fuel, so their chemical behavior follows predictions formed via
chemical analysis of their pure metallic state (Reference 32).
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Summary of Radionuclide Grouping for Transport in Flibe

Table 4-2 presents the radionuclide transport groups for the circulating activity in the Flibe. The
methodology used to group the radionuclide elements is shown schematically in Figure 4-1. A
thermodynamic study predicts whether each radionuclide will chemically react with the Flibe through
various mechanisms as described in this section. This study informs the grouping of radionuclides in
Table 4-2.

Quantification of Release Fractions for Flibe

Radionuclide escape from the Flibe barrier will occur through either vaporization of the
radionuclide chemical species, or aerosolization of the bulk reactor coolant. Vaporization is driven by
the relevant thermodynamic processes associated with the radionuclide group of interest, the solution
in which they are dissolved, and the properties of the gas phase that they are evaporating into. These
processes are covered in the subsections below. The methodology covering aerosolization processes
related to the KP-FHR is provided in Section 7.

Evaluation of radionuclide vapor transport out of the reactor coolant involves the chemical
equilibria of numerous radionuclides exchanging in both condensed and vapor phases. Radionuclides in
the Flibe can be mobilized through a series of potential pathways, and each is treated separately. The
following subsections discuss the chemical behavior of cesium halides in Flibe to illustrate the
methodology. Cesium is used for the illustration because it is the representative element for the salt
soluble fluoride group of radionuclides described in Table 4-2 The calculations and associated data
provided in this illustration of the methodology are not intended to represent design-specific results of
the KP-FHR source term analysis.

Following dissolution into the molten Flibe, radionuclides can undergo a variety of liquid-phase
chemical reactions. The quantity of a radionuclide that forms a given chemical species determines the
chemical activity of that species in the molten solution. For example, the chemical activity of cesium
iodide (Csl) will depend upon the relative concentrations of Cs* and I in the solution, their initial
chemical bonding states, and how likely they are to react to form molecular Csl. Section 4.3.1.1
describes methods to assess the chemical activity of radionuclide species in the reactor coolant. These
methods take the total number of radionuclide atoms in the reactor system as input and apply
thermodynamic free energy minimization models to evaluate the quantity of each radionuclide species
that will form. The Flibe source term methodology considers varying absolute and relative
concentrations of radionuclide elements as well as varied chemical conditions of the Flibe solvent.

Radionuclide species that dissolve into the Flibe take on physical properties of the molten solution.
Section 4.3.1.2 presents thermodynamic models of their dissolution into Flibe. These models adjust the
physical properties of radionuclide species to provide an accurate description of their transport
behavior in the Flibe solution. Specifically, the thermodynamic properties used to evaluate the
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equilibrium vapor pressure are reviewed to assess how radionuclide phases escape from the Flibe
solution through vaporization. The propensity of radionuclide species to escape the Flibe through
evaporation is proportionate to the RF that is applied to that radionuclide group for the Flibe barrier.

The equilibrium vapor pressures of relevant radionuclide species above molten Flibe solutions are
evaluated and compared in Section 4.3.1.3. Comparisons of the vapor pressures of radionuclide species
are used to select an appropriately conservative species to serve as the representative for the
radionuclide group of elements that dissolve into the Flibe. The thermophysical proprieties, including
vapor pressure, of the representative species are then used in transport analysis of all elements in that
radionuclide group.

In Section 4.3.1.4, the chemical activity determined in Section 4.3.1.1 is combined with the
equilibrium vapor pressures assessed determined in Section 4.3.1.2 to determine the vapor pressure of
radionuclide species above the molten Flibe solution. This conversion to vapor pressure above the
solution applies to radionuclides that do chemically interact with the molten Flibe and radionuclides
that do not chemically interact with the molten Flibe. Therefore, the methods presented in Section
4.3.1.4 facilitate the evaluation of the vapor pressure of all radionuclide elements above the reactor
coolant independent of their respective RFs in the Flibe barrier.

A generalized rate law quantifies the rate at which radionuclides will transport to the gas space.
The kinetic rate law in Section 4.3.1.5 converts vapor pressures into radionuclide release rates to the
gas space under a specified set of thermal hydraulic conditions.

4.3.1.1 Liquid Phase Equilibria in Molten Flibe Solutions

Once salt soluble radionuclides are dissolved into the molten Flibe solution, they can undergo a
variety of liquid (condensed) phase chemical reactions. The retention of radionuclides by the Flibe
barrier is dependent upon the chemical state of the radionuclide at the time of interest. Therefore, it is
necessary to evaluate what fraction of a radionuclide is expected to be present in a certain chemical
species under specified conditions. Once the composition of radionuclide species is known, the vapor
pressure of those species can be applied to determine the RF for that radionuclide element in the Flibe
barrier.

For example, cesium that is dissolved in the Flibe can react with other dissolved species in either
exchange or redox reactions. Several resulting Cs containing species may exist due to the following
generalized reactions:

Exchange: xCsl + MFy = xCsF + Ml Equation 50
Redox: Cs Halide + Be = Cs + Be Halide Equation 51

Evaluation of the quantity of a radionuclide species that will be present under a given set of
circumstances is attained by computing the Gibbs Free energy of reaction, AG, and the equilibrium
constant, K, for all possible reactions between the radionuclide of interest and other chemical species.
For example, the reaction of dissolved cesium fluoride and strontium iodide, shown as Equation 52, is
characterized by an intrinsic AG for the reaction.
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2CsF + Srl, — SrF, + 2Csl Equation 52
AG = AGSTFZ + ZAGCSI - ZAGCSF - AGSTIZ Equation 53

The AG of the reaction is then related to the equilibrium constant, K, as shown in Equation 54.

e(ﬁ) _ Ggppp * Qg Equation 54

K= RT

2
Qsrr2 * AcsF

where a.s; denotes the chemical activity of Csl in the molten Flibe solution. The equilibrium constant,
K, is used to quantify the fraction of a radionuclide that will exist in a given species. In the current
example, K will determine the ratio of Cs atoms that are in the form of Csl and CsF under equilibrium
conditions.

Once the equilibrium constants for various reaction pathways are assessed, the inventory of
radionuclide atoms available for reacting is applied to evaluate the number of radionuclide molecules
that will be present each species. The chemical equilibrium shown as Equation 54 is determined by the
number of radionuclide atoms that take place in the reaction. Radionuclide inventories are frequently
in the form of isotope inventories while the chemical equilibria in the Flibe solution is governed by
elemental concentrations. As a result, the input radionuclide inventories are consolidated by combining
the atom numbers for all isotopes of each element before conducting chemical analysis.

The methodology shown as Equation 52, Equation 53, and Equation 54 is used to evaluate the
effects of reactive vaporization that could occur if the Flibe contacts chemical reactants. The most
common example of a chemical reactant that could mobilize radionuclide phases through reactive
vaporization is water. An example of the effects of water on radionuclide chemistry in a Flibe solution
is the reaction of dissolved zirconium fluoride with water which is shown in Equation 55.

ZrE, +2H,0 - Zr0, + 4HF Equation 55

Reactions such as Equation 55 could occur during an AOO Flibe spill event in which the reactor
coolant contacts moisture in the atmosphere. These reactions tend to make radionuclide oxides, such
as ZrO,. The radionuclide MAR that reacted in this manner is grouped as an oxide phase in accordance
with Table 4-2 and treated by the vapor pressure of that phase. It is assumed that reactions of reactor
coolant with large quantities of chemical reactants that would result in the Flibe deviating from the
redox potentials listed in Table 4-1 are considered beyond the KP-FHR design basis (consistent with
design features provided in Section 2.3.4).

Independent of the source or the way in which a radionuclide phase is formed, the total quantity
of each chemical species is then divided by the inventory of Flibe to assess the concentration of the
radionuclide phase as a mole fraction. The activity of the radionuclide phase is obtained by multiplying
its mole fraction by the activity coefficient for that radionuclide phase in the Flibe solution according to
Equation 56.

acse = Yesr[CSF] Equation 56
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Activity coefficients are determined experimentally and adjust mole fractions to the dimensionless
value of activity which is a given species’ effective concentration.

The majority of MAR in the core of the KP-FHR is retained within the TRISO fuel form. Only trace
guantities of radionuclides are expected to diffuse out of the fuel into the reactor coolant during normal
operations. As a result, the quantity of MAR that will accumulate as dissolved solutes in the reactor
coolant will remain small. The concentration of radionuclides that will accumulate within the reactor
coolant will be accurately modeled as a dilute solution and will be well below relevant solubility limits.
Under these conditions, solute-solute interaction that could cause non-ideal solution behavior can be
neglected. The kinetic limitations of trace dissolved radionuclides interacting are such that the
formation of separate solute-solute species, such as Csl, can be neglected. The methodology described
herein is restricted to applications where radionuclides are present in the dilute solution limit and where
solute concentrations are well below their solubility limits. An activity coefficient of 1 is assumed for all
dissolved species, unless the use of smaller values is justified.

4.3.1.2 Equilibrium Vapor Pressure of Pure Radionuclide Species Over Flibe Solutions

The thermodynamics of vaporization out of a molten Flibe solvent are applied to evaluate the
equilibrium vapor pressure of a radionuclide species. The vapor pressure of a pure compound is
calculated from the equilibrium constant for the liquid-to-gas phase transition, K;, which is calculated
from the Gibbs free energy of the liquid-to-gas phase transformation. In the case of CsF:

CsF(lig) = CsF(g) Equation 57
AG = AGCSF(g) - AGCSF(liq) Equation 58
K = e(#) _ Dcsr(g) Equation 59

' aCsF(liq)

where, pcgr(g) is the vapor pressure of CsF in atmospheres, and acgp is the chemical activity of CsF
liquid in the molten Flibe. The chemical activity is equal to unity for a pure phase and is the product of
the mol fraction and activity coefficient when dissolved in a Flibe solution.

Adjustments to thermodynamic data of pure compounds are necessary to model the properties of
their solubilized phases in a molten solvent at temperatures below the freezing point of the pure
species. For example, CsF has a melting point of 682°C, but is solubilized as a fluid when dissolved in
molten Flibe at reactor operating conditions of 650°C. In order to accurately predict the behavior of
solubilized radionuclide phases under these conditions, the enthalpy of fusion must be added back to
the enthalpy and the heat capacity is used to then extrapolate liquid phase data down to the
temperature of interest. The gas phase thermodynamic data must be adjusted to reflect the
thermodynamic behavior of the gas phase in equilibrium with the solubilized liquid phases at these
lower temperatures. An analytical method for making the thermodynamic adjustments to model
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dissolution in Flibe was developed based on reference (Reference 29). Figure 4-2 shows the vapor
pressure equilibrium constant using an analytical method as well as the calculation (using the Factsage
thermodynamic database, Reference 34) adjusting for supercooled liquid thermodynamics (Section 8.2,
Limitation #2). Factsage performs this adjustment automatically, as illustrated in Figure 4-2.

The experimental data points in Figure 4-2 are from measurements of CsF vapor over solid-phase
CsF (Reference 30) and are therefore expected to under-predict the vapor pressure over the CsF liquid.
Superimposed on the calculated data is data from Reference 35 showing the physical measurements of
CsF vapor pressure over solid CsF in the indicated temperature range. The experimental data for CsF
sublimation in the lower temperature range exhibits lower vapor pressure than the calculated values
over the liquid phase. However, there is general experimental agreement with the theoretical results
from the Factsage calculations.

4.3.1.3 Grouping Radionuclide Vapor Behavior

An appropriate radionuclide species is selected to provide representative vapor properties for the
salt soluble fluoride radionuclide groups in Table 4-2 A species is chosen to model radionuclide vapor
transport out of the Flibe for the salt soluble radionuclide group by comparing the vapor pressures of
the likely species that could form.

Figure 4-3 shows the vapor pressure equilibrium constants of the alkali and alkaline earth fluorides
and iodides, as well as for the alkali and alkaline earth metals as calculated using the method described
in Section 4.3.1.2 shows vapor pressure vs. temperature calculated according to Equation 60.

—AG .
K;(torr) = 760e(ﬁ) Equation 60

where, AG is the Gibbs free energy for the liquid-to-vapor phase transition in kilojoules per mole, R is
the gas constant given as 0.0083145 kJ/K/mole, and T is the temperature in Kelvin. The factor of 760 is
necessary to convert atmospheres to torr. Figure 4-2 shows logio(K) vs. temperature and is in units of
log-torr, whereas Figure 4-3 shows K vs. temperature and is in units of torr.

As shown in Figure 4-3, Rb, Cs, and Bel, have high vapor pressures at or below the operating
temperatures of the KP-FHR. Therefore, if these phases form during normal operations, they would
accumulate negligible MAR in the Flibe barrier. This material is transported to the cover gas. The cover
gas system is expected to include purification capabilities (consistent with the design features discussed
in Section 2.3.4). Therefore, it is assumed that these species do not contribute to MAR exceeding the
de minimis thresholds discussed in Section 2.3.3.

As shown in Figure 4-3, of the species considered in this example, CsF has the highest vapor
pressure of the radionuclide phases that have insignificant vapor pressure at reactor operating
temperatures. Vapor pressure is the figure of merit for evaluating radionuclide release from
evaporation. Therefore, all radionuclides that are grouped as salt soluble fluorides are conservatively
modeled to transport with the vapor properties of CsF. This conservatism applies to anions such as
iodine, as Csl exhibits a lower vapor pressure than CsF. Therefore, transporting iodine with the salt
soluble fluorides is considered conservative.
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4.3.1.4 Vapor Pressure of Radionuclide Phases Over Flibe Solutions

The chemical activity determined using the methods described in Section 4.3.1.1, and the
equilibrium vapor pressure determined in Section 4.3.1.2 and Section 4.3.1.3, are used to determine
the vapor pressure of the radionuclide species over Flibe. Under the assumed dilute solution limit, the
vapor pressure of phase i, p;, is determined using Equation 61.

v = q;K; Equation 61

where, K; is the temperature dependent liquid-to-vapor equilibrium constant and a; is the activity of
phase i in the solution. Deviations from ideal behavior, arising from chemical interactions between
dissolved phases and the Flibe solvent, are accounted for in Equation 61 by the use of an activity
coefficient to reduce the uncertainty associated with the evaluation.

A consequence of Equation 61 is that the vapor pressure over a diluted solute is much lower than
the vapor pressure over a compound in its pure form. For example, CsF has an equilibrium vapor
pressure of approximately 0.26 atm at 1,100°C. If CsF is present in the reactor coolant at an activity of
1 ppm, assuming ideal solution behavior with a chemical activity coefficient of one, its partial pressure
in a cover gas at atmospheric pressure would be 2.6x107 atm.

Equation 61 applies also to radionuclide groups that do not chemically interact with the Flibe
reactor coolant, such as the oxides and noble metal radionuclides. These radionuclide species will
exhibit vapor pressures and chemical activities associated with their pure component species because
they have a chemical activity of unity by definition. Uranium dioxide is the representative oxide species
due to its relative abundance when compared to all other oxide phases. Cadmium is the representative
metallic phase of the high volatility noble metal group as is done in MELCOR (Reference 30). Palladium
was chosen as the representative element for the low volatility noble metal group due to exhibiting the
highest vapor pressure of any element in the group at reactor operating conditions. Therefore, using
palladium as the presentative element is conservative because vapor pressure is the figure of merit for
evaluating radionuclide release from evaporation. Krypton is the representative species for the Gasses
group as it has representative transport properties for the noble gases, and it is the representative
element in the fuel grouping structure.

4.3.1.5 General Vaporization Rate Law

A general rate law for vapor mass transfer, provided as Equation 62, is used to evaluate the rate of
radionuclide release under a given set of thermal hydraulic conditions.

hip;A Equation 62
RT

where, w; is the molar flow rate of phase i in moles per second, h; is the mass transfer coefficient of

species i, p; is the temperature dependent vapor pressure of radionuclide species i and A is the area of

the Flibe pool, R is the universal constant in appropriate units, and T is temperature.

Wi =

In the source term analyses, mass transfer correlations will be used in accordance with scenario
specific assumptions to obtain an applicable mass transfer coefficient. Mass transfer coefficients will be
obtained empirically.
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4.3.1.6 Experimental Justification of Vaporization Rates

Experiments will be performed to justify that the evaporation models for the salt soluble fluoride
elements presented in this chapter are conservative. The model shown in Equation 62 is based on kinetic
and thermodynamic principles. As discussed above, the kinetic aspects are accounted for in a mass
transfer coefficient and will be obtained empirically. For evaluating the transport of the salt soluble
fluoride group, the thermodynamic modeling input in Equation 62 is the vapor pressure of the
representative species, CsF. The vapor pressure of the representative species will be bound by
guantifying the mass of Cs that is transported into the gas space of the experimental apparatus during
high temperature vaporization of Flibe and condensed in colder locations in the system. For a fixed set
of conditions in which the mass transfer coefficient (hi), the area (A), and the temperature (T) in
Equation 62 are held constant, the ratio of [[

11 These tests will
demonstrate that the predicted integral quantity of surrogate radionuclides which evaporate using the
Equation 62 is conservative.
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Table 4-1 Bounding Conditions of Reactor Coolant Redox Potential, Es,it, at 650 °C.
© 2022 Kairos Power LLC 110 of 195



KP-FHR Mechanistic Source Term Methodology

. Doc Number Rev Effective Date
Non-Proprietary KP-TR-012-NP-A | 3 March 2022
Table 4-2 Radionuclide Groups for Transport Analysis in Flibe
[l
1]
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Figure 4-1 Schematic Depiction of Grouping of Radionuclides in Flibe Barrier®
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?HV indicates high vapor pressure, and LV indicates low vapor pressure.
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Figure 4-2 Log Vapor Pressure Equilibrium Constants
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Figure 4-3 Vapor Pressure Equilibrium Constants (K) for the Indicated Liquid-to-Gas Phase Change
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5 EVALUATING RADIONUCLIDE RETENTION IN GRAPHITE STRUCTURES

The graphite reflector of the KP-FHR has tritium retention properties that are accounted for in
the KP-FHR mechanistic source term methodology. Although other activation products and fission
products may be absorbed by the graphite reflector structures, they are assumed to be negligible (see
de minimis pathway release assumptions in Section 2.3.4).

5.1 RADIONUCLIDE RETENTION PHENOMENA IDENTIFIED FOR GRAPHITE STRUCTURES

The phenomena relevant to the retention of radionuclide in graphite structures are separated into
two sets: phenomena associated with events involving an intact reactor coolant boundary; phenomena
associated with events involving a compromised reactor coolant boundary.

5.1.1 Phenomenon Associated with Events Involving an Intact Reactor Coolant Boundary

Table 2-4 identified the following phenomenon relevant to graphite structures-related source term
methodology under conditions associated with an intact reactor coolant boundary as having a high
importance to safety:

o I

1]

5.1.2 Phenomenon Associated with Events Involving a Compromised Reactor Coolant
Boundary.

Table 2-5 identified the following phenomenon as relevant to graphite structures-related source
term methodology under conditions associated with a compromised reactor coolant boundary as having
a high importance to safety:

e |l

1]
5.2 SOURCES OF RADIONUCLIDES IN GRAPHITE STRUCTURES

The radionuclide production in the graphite structures is assumed to be negligible consistent with
the de minimis pathway release thresholds in Section 2.3.4. However, the tritium generated in the
Flibe will be in direct contact the graphite reflector. The source term methodology for tritium
production is described in Section 3.2.5.

5.3 RADIONUCLIDE TRANSPORT IN GRAPHITE STRUCTURES

Tritium transport is modeled using a set of time-dependent one-dimensional representations of
the KP-FHR design.
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5.3.1 Tritium Speciation

In the absence of other hydrogen isotopes, tritium will exist in Flibe as TF or T,. TF and T, have
different diffusivities and solubilities in Flibe and have a different set of transport paths in the reactor
system. For example, T, can permeate through metals whereas TF will not (Reference 36), but both TF
and T, can evolve to a gas phase above the salt (Reference 37).

The speciation of tritium between TF and T, is determined by assuming the salt is in a chemical
equilibrium at a given redox potential. The redox condition is specified using a fluorine potential, AG_FZ,
which is related to the TF:T, ratio according to Equation 63 (Reference 39)

AGr, = 2RTIn(pur/\[PH,) + 28GHF Equation 63

where, R is the universal gas constant, T is the temperature in Kelvin, and AG,‘}F is the standard free
energy of formation of HF gas, which is approximately equal to that of TF. Equation 63 uses the partial
pressures of HF and H; in the salt (pur and pu2), which are converted to concentrations. The solubility of
HF and H; in Flibe is observed to follow Henry’s law, where the partial pressure has a linear relationship
with the concentration of the species in Flibe (Reference 40 and Reference 41). Henry’s law relationships
for HF and H, are shown in Equation 64 and Equation 65, respectively, where Ky ur and Ky are the
corresponding Henry’s law solubility constants.

Cur = Ky urPur Equation 64
Ch, = Ku n,Pn, Equation 65

The redox potential is set during reactor operation. During operation of the MSRE, it was
determined that maintaining a 100:1 ratio of UF, to UF;5 in the fuel salt would result in satisfactory
reducing conditions to limit corrosion of structural alloys (Reference 42). The fluorine potential
corresponding to this chemical condition is -700.5 kJ/mol F, at 650°C (Reference 38). For Flibe salts
without uranium, a practical lower limit for fluorine potential is when Flibe is fully reduced and in
chemical equilibrium with beryllium metal, which occurs at -902.5 kJ/mol F, (Reference 39). The upper
bound for fluorine potential is set as the most oxidizing step during the purification process, typically
where a gas sparge of 1:10 HF:H, is used which results in -590 kJ/mol F, (Reference 39). Chemical
purification steps after the HF:H; sparge, such as pure H; sparging or beryllium reduction will move the
salt to a more reducing state (Reference 43). In practice, redox potential of Flibe is measured
electrochemically. The redox potential of the salt in volts can be converted to a fluorine potential
according to Equation 66 (Reference 43), where F is Faraday’s constant, Es: is the observed redox
potential of the salt, and Eg; is the electrode potential of the reduction of F, gas in Flibe (Reference 44).

Esqie = AGR,/2F + Ej, Equation 66
Chemical speciation of tritium can be calculated by modeling tritium generation in the correct

balance of TF and T, according to the specified redox potential. When T, or TF then leaves the reactor
systems, the balance is adjusted each time through the loop to maintain chemical equilibrium.
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5.3.2 Tritium Retention and Permeation

In the one-dimensional representation, the downcomer is modeled as an annular flow region with
the reflector as the inner diameter and the vessel as the outer layer. The Sherwood number for mass
transport in the region is found using Equation 67, which is an empirical mass transfer correlation
measured for Reynolds numbers between 10,000 and 100,000 and Schmidt numbers between 430 and
100,000 (Reference 63). Alternatively, the Sherwood number for the region can be calculated from the
Schmidt and Prandtl numbers along with an applicable Nusselt number (Nu) heat transfer correlation
using the Chilton-Colburn analogy as shown in Equation 68. The Chilton-Colburn analogy is generally
applicable for laminar and turbulent conditions when Prandtl numbers are between 0.6 and 60 and
Schmidt numbers are between 0.6 and 3000 (Reference 64).

Sh = 0.0096Re?9135¢0-346 Equation 67

/3 Equation 68

Sh=N (SC)
- Pr

For mass transfer correlation use in geometries other than simple tubes, such as the reactor
downcomer, the hydraulic diameter can be used as the length scale for converting a Sherwood number
to a mass transfer coefficient (Reference 60). The hydraulic diameter is defined as four times the cross
sectional flow area divided by wetted perimeter, which simplifies to Equation 69 for an annular
downcomer where dgpy is the inner diameter of the reactor vessel and dpc is the outer diameter of the
core graphite reflector (Reference 60). The mass transfer coefficient for the downcomer is then shown
in Equation 70.

dy = dgpy — dpc Equation 69
kDC,TZ = ShpcDra/dy Equation 70

A nonlinear solver is used to model retention in the reflector graphite. The total matrix requiring a
nonlinear solver is shown in Equation 71, which is conceptually similar to the matrix shown previously
for tritium uptake to core pebbles in Equation 35 but with additional rows added for the simultaneous
solution for tritium uptake in the reflector and tritium permeation through the vessel. The terms in
Equation 71 are shown graphically in Figure 7-8.
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jDC,TZ = kDC,TZ (TZ,Avg - Tz,DC,Surf)
2 'jDC,TZ = DT,g/ARO(Té,DC - é,_DlC
T pesurf/Kur, = (Té,DC/ KS,g) 2
jRPV,Tz = kDC,Tz (TZ,Avg - TZ,RPV.Surf)
2 'jRPV,TZ = DT,316/AR1'(T}€PV - }511/
TZ,RPV,Surf/ KH,T2 = (T}lépv/ KS,316) 2
drpy

TZ,Ang% = (TZ,DC,Surf + d_DCTZ,RPV,Surf) (A1 exp(—=2,) + (241 — A1) + ,T (1 — exp(—13))

M= kDC,TZAReflector,node/V Ay = 4 (1 +dgpy/dpc)
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6 OTHER SOURCES OF MAR

Based on the design features of the KP-FHR described in Section 1.2 and Section 2.3.4, MAR is
anticipated to be located in areas of the KP-FHR aside from the fuel, Flibe, and graphite reflector
described in previous sections of this report. This section details the various media that contain these
other sources of MAR and the associated release fractions. The media containing MAR detailed in this
section include:

e Graphite dust in the reactor vessel and PHSS
e Vapor and off gas in the PHTS and CCS

e Cold trap and filters in the CCS

e Radionuclides in the IHTS

e Vapor and off gas in the IHTS

Any additional sources of MAR that are not identified in this report that could challenge the dose
limits will be accounted for in future licensing submittals.

6.1 IMPORTANT SOURCE TERM PHENOMENA IDENTIFIED FOR OTHER SOURCES OF MAR

The phenomena relevant to other MAR are separated into two sets: phenomena associated with
radioactive waste systems, and phenomena associated with the PHSS.

Table 2-6identifies phenomena associated with events involving the radioactive waste systems that
have a high or medium importance to safety. The KP-FHR source term methodology addresses these
phenomena below:

e I

1]

Table 2-7 identifies phenomena associated with events involving the PHSS that have a high or
medium importance to safety:
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6.2 SOURCES OF RADIONUCLIDES IN THE PHSS, CHEMISTRY CONTROL, AND HEAT TRANSPORT
SYSTEMS

As noted above, other areas containing MAR that could be released are the graphite dust in the
PHSS as well as the reactor vessel, the PHTS and CCS vapor and off gas, the CCS cold trap and filters, the
radionuclides in the IHTS and the vapor and off gas from the IHTS. The nature of these sources of MAR
are described in this section.

6.2.1 Graphite Dust

Particulate matter consisting primarily of carbon, referred to as graphite dust, will be generated
from erosion and mechanical damage to graphitic materials throughout the KP-FHR. Graphitic materials
in the KP-FHR include fuel pebbles and structural graphite components in the reactor core. Source term
treatment of graphite dust will be consistent, independent of the precursor material from which it was
generated. Graphite dust has a relatively low density and is transported in the form of an aerosol
throughout various systems or areas that share common gas systems. Specifically, graphite dust will
move between the reactor vessel cover gas spaces and the pebble handling and storage system (PHSS).

6.2.2 Vapor and Off-Gas in PHTS and CCS

The cover gas spaces above Flibe in the reactor vessel and in the chemistry control system (CCS)
will contain various radionuclides that are transferred into the gas space from the Flibe barrier. Specific
systems that will promote transport of radionuclides to the cover gas include the primary salt pump in
the reactor vessel, and the inert gas sparging system in the CCS. Both systems will promote portioning
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of radionuclide chemical species in the reactor coolant (dissolved or physically entrained) into forms
that are transported with the cover gas. The off-gas systems that intake gases and vapors from Flibe
containing systems will consist of a series of filters and chemical traps used to sequester gaseous, vapor,
and aerosol radionuclides. Each system is expected to employ a series of filters or traps that will target
retention of specific chemical forms of MAR (consistent with the design features described in
Section 2.3.4).

6.2.3 Cold Trap and Filters in the CCS

It is anticipated that the KP-FHR design will include chemical control features that contain Flibe
filters and/or cold traps to remove materials and purify the Flibe (consistent with the design features
described in Section 2.3.4). Filtration of the reactor coolant will serve to remove solid matter such as
graphite dust or other foreign materials from the reactor coolant. Specific materials for removal by a
cold trap include beryllium oxide, corrosion product fluorides, as well as other MAR that may be
dissolved in the reactor coolant. Chemical reactants may be employed in the CCS. Induced chemical
reactions would act to form phase separated chemical species such as gases, oxides, or metals. Once
phase separated, these materials would be removed from the Flibe barrier by off-gassing, filtration, or
cold trapping. Filters and cold traps within the CCS will accumulate MAR inventory as a function of time
under steady state operation. Filters and cold traps will be designed to be replaced or decontaminated
when they have accumulated a pre-determined acceptable quantity of MAR.

As discussed in Section 1.1, the KP-FHR includes an intermediate heat transport system (IHTS)
which uses nitrate salt (60%NaNOs; — 40%KNOs) as the heat transfer fluid between the Flibe based
primary heat transport loop and the steam-based power conversion system. The intermediate heat
exchanger (IHX) isolates the nitrate salt from the Flibe and serves as a barrier for radionuclide transport
between the systems. The intermediate loop is at a lower pressure than the primary loop by design. As
a result, leaks in the IHX will result in the transfer of MAR from the Flibe barrier into the IHTS.
Additionally, at steady state, tritium is expected to diffuse through the IHX and accumulate in the IHTS.
MAR in the IHTS will be sequestered within the nitrate salt barrier where potential paths to release
include vaporization out of the molten salt, or mobilization of the bulk salt through aerosolization.

The off-gas system that intakes gases and vapors from nitrate salt in the IHTS is expected to contain
a series of filters and chemical traps used to sequester gaseous, vapor, or aerosol materials. These
features will have similar operating principles from those employed in the PHTS however they will differ
in design due to the chemical differences between nitrate and Flibe salts. Additionally, the chemical
species of given radionuclide elements within the two heat transport systems will be different. The gas
handling system in the IHTS will additionally employ a dehumidification system to sequester tritium
containing water vapor from the gas. The filters, traps, and dehumidification systems will accumulate
MAR inventory as a function of time under steady state operation. Each of these systems will be
designed to be replaced or decontaminated when it has accumulated a pre-determined acceptable
quantity of MAR.

6.3 MODEL INTERFACES

The source term analysis for these other sources of MAR will utilize the methodology for chemical
and evaporation modeling, KP-SAM for thermal-fluids modeling, KP-Bison for MAR transport and fuel
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performance modeling, RADTRAD for building transport modeling, and ARCON96 for offsite dispersion
modeling.

6.4 RADIONUCLIDES PRESENT IN OTHER SOURCES OF MAR

Other sources of MAR (i.e., those not discussed in Sections 3 — 5) do not produce additional MAR.
Radionuclides born in these “other MAR” were assessed in this topical report as were those transferred
into the barrier from a previous barrier. Those radionuclides that were transferred or escaped out of
“other MAR” under normal operating conditions were also considered. The impact of a degraded barrier
is also discussed below.

6.4.1 Radionuclides Born in Other Sources of MAR

MAR born in graphitic materials may include tritium as well as fission products due to the presence
of trace uranium. Bounding quantities of fission product MAR that is born in graphitic materials will be
calculated using KP-Bison.

Radionuclides born within the PHTS off-gas system will consist of daughter isotopes formed from
radioactive decay of gaseous, vapor, or aerosolized radionuclides which escape the Flibe barrier. These
daughters will consist of a variety of radionuclides formed through a series of decay chains.

Radionuclides born in the cold trap of the chemistry control system will consist of daughter
isotopes formed from radioactive decay of MAR that is dissolved in, or flows with, the reactor coolant.
Radionuclides form salt soluble fluorides and are entrained in the Flibe as phase separated particulates.
The chemical phase of radionuclides born within the cold trap will be different than the parent
radionuclides. The transport behavior of the daughter radionuclides in the Flibe environment of the cold
trap or filters will be independent of the chemical form of the parent radionuclide.

Radionuclides born in the nitrate salt of the IHTS will include decay products of any MAR
radionuclides that leak through the IHX. As a result, the IHTS will contain trace quantities of
radionuclides in the Flibe barrier. The nitrate salt is expected to be exposed to negligible neutron flux,
so transmutation of isotopes within the IHTS will be negligible.

Radionuclides born within the off-gas system of the intermediate loop will consist of daughter
isotopes formed from radioactive decay of gaseous, vapor, or aerosolized radionuclides that escape the
nitrate salt. Volatile radionuclides in the IHTS will be in different chemical forms from the PHTS due to
the oxidizing atmosphere of the nitrate salts. However, the KP-FHR design is expected to limit circulating
activity in the nitrate salt (consistent with the design features discussed in Section 2.3.4 and the
limitations discussed in Section 8.2) and limit the MAR in the nitrate salt to nonsafety-significant
quantities.

6.4.2 Radionuclides Transfer

MAR in graphite dust may contain trace amounts of tritium and fission product MAR transferred
into the graphite from the Flibe and fuel, respectively. Quantification of MAR transferred to the carbon
from the fuel will be done using KP-Bison.
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The rate of evaporation of radionuclides from the Flibe barrier at steady state is assumed to be
much lower than the rate of argon sweep gas through both the reactor vessel head space and the
sparging gas in the CCS. As a result, these radionuclides will be collected in the off-gas cleanup system
at the rate at which they escape the Flibe barrier. Therefore, the MAR in the cover gas is assumed to be
minimal relative to circulating activity MAR in the reactor and intermediate coolants.

Interfacing systems will promote transporting radionuclides from the Flibe barrier to the cover gas.
Dissolved gases in the Flibe barrier will be transferred to the cover gas due to gas sparging of the fluid
salt. Additionally, MAR that has phase separated in the form of oxides or noble metals could partition
to the gas phase via a series of aerosolization mechanisms associated with gas / salt mixing. This material
includes notable quantities of graphite dust containing MAR. Radionuclides in the form of volatile salt
soluble fluorides vaporize from the Flibe through congruent or reactive vaporization mechanisms.

The inclusion of cold traps and filters in the CCS will separate MAR from the Flibe through
mechanical filtration, chemical reactions, or precipitation. Any form of MAR that transports as a
dissolved component, or as an entrained phase, in the Flibe is separated by these features in the CCS
and its MAR is transferred to the associated medium. Oxide and low volatility noble metals that flow
with the reactor coolant as entrained solids are expected to accumulate in these system features.
Radionuclides that form salt soluble fluorides with low solubility limits are also expected to precipitate
on the cold trap and are removed from the Flibe. Chemical reactants, if employed in the CCS, are
expected to form phase separated chemical species such as oxides or metals. Upon phase separation,
this MAR would be transferred from the Flibe to the cold trap or filtration systems in the CCS.

The majority of MAR transferred into the nitrate salt of the IHTS under steady state operations will
be from tritium that diffuses through the IHX. Tritium diffuses through the intermediate heat exchanger
in the form of T° or T,. Upon contacting the nitrate salt tritium oxidizes and forms tritiated water (HTO
or T,0.) Molten nitrate salts have the potential to dissolve water at elevated temperatures. It is
anticipated that there will be a non-zero vapor pressure of tritiated water in the head space gas above
the intermediate loop, in addition to some quantity of tritium MAR in the form of dissolved tritiated
water in the nitrate salt. The cover gas of the intermediate loop will be continuously dehumidified to
maintain a low partial pressure of moisture within the system. The exhaust of the dehumidification
system will be sequestered and subjected to appropriate tritium storage and disposal regulations.

The molten nitrate salt will also accumulate MAR retained in the Flibe leaks in the IHX. This MAR
includes any radionuclides that transport in the primary heat transport system. IHX tube leaks from the
PHTS are an anticipated operational occurrence in the design basis of the plant. The flow of MAR
through the IHX is expected to be low due to the dilute nature of MAR in the primary loop. Subsequently,
the concentration of MAR that will accumulate within the IHTS will be low due to additional dilution
into the large inventory of nitrate salt. Upon contacting the nitrate salt, radionuclide chemical species
that were stable in the Flibe of the primary loop, are expected to undergo chemical reactions with the
nitrate salt. However, the quantity of non-tritium radionuclides allowed in the nitrate salt will be low
enough that the methodology can assume this MAR is released in place of rigorous studies of the
chemical reactions between radionuclides and the nitrate salt (operational limits on the allowed activity
of the nitrate salt are presented as a limitation in Section 8.2).
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Upon reacting with molten nitrate salt, various radionuclide elements could form chemical species
that are soluble in the molten nitrate salt. Radionuclide species that are expected to be soluble in the
nitrate salt include nitrates, nitrites, fluorides, and potential dilute concentrations of oxides. Once
dissolved in the nitrate salt these radionuclide species are expected to have similar transport
mechanisms as those described for the retention of salt soluble fluoride MAR in the PHTS.

Chemical reactions between radionuclides transferred from the Flibe barrier to the nitrate salt yield
radionuclide species that are insoluble in the IHTS. Specific examples include noble metals or oxides at
guantities above their solubility limits in the melt. These materials precipitate or are entrained in the
nitrate salt and have similar transport mechanisms as described for oxide and noble metal MAR in the
PHTS.

Chemical reactions between radionuclides transferred from the Flibe barrier to the nitrate salt yield
volatile radionuclide chemical species. This MAR will have a release fraction (RF) near unity in the nitrate
salt and will rapidly partition to the gas space of the IHTS.

Radionuclides in the cover gas of the intermediate heat transport loop will primarily consist of
various forms of tritium: T,, HTO, and T,0. Tritium transport is evaluated exclusively as a gas in
RADTRAD. This is conservative due to the likelihood of tritium being bound in the less mobile HTO, and
T,0 forms. Volatile radionuclide species that are formed from chemically reacting MAR transported by
the Flibe into the IHTS through leaks in the IHX will additionally accumulate in the cover gas of the IHTS.
The vapor pressure of nitrate salt is significant at operating temperatures. As a result, vaporization of
MAR contained within the nitrate salt is expected to transport to the IHTS cover gas system more readily
than in the primary system.

6.4.3 Radionuclides Escaped or Transferred

Trace quantities of MAR are released from graphite dust as it changes location and physical
conditions while transporting within the gas space. Graphite dust is mobile as an aerosol and it moves
within the gas space between the PHTS and the PHSS. When moving between these systems the
graphite dust will change conditions such as temperature, pressure, and chemical environment.
Changes in these conditions promote the release of MAR from the graphite dust to the gas space. Most
of the MAR that will be released from the graphite under normal operations will consist of tritium as it
exhibits a constant diffusion into and out of graphite.

Radionuclides carried as effluents from the off-gas systems of the PHTS and CCS as well as the IHTS
will be monitored in accordance with 10 CFR 20. It is expected that any filters, chemical reagent, resins
or sorption media used to sequester radionuclides are designed to be replaceable. These materials will
be replaced or decontaminated on a periodic basis to maintain levels of MAR accumulation within them
within pre-established limits.

Radionuclide retention in the filters and cold trap expected to be present in the CCS will be in an
equilibrium process with MAR continuously moving into and out of the barrier. Under normal
operations, trace quantities of MAR are expected to transfer from systems in the CCS into the Flibe
barrier due to inefficiencies in the filtration or trapping processes. Additionally, MAR may transfer to
the cover gas where it will be sequestered by separate filters and traps expected in that system. Filters
and cold traps will be replaced or decontaminated on a periodic basis to maintain quantities of stored
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MAR within them to pre-established limits. These maintenance operations will transfer MAR from the
CCS, and the material will be disposed of in accordance with appropriate regulations.

MAR in the IHTS is expected to form quantities of volatile radionuclide chemical species that will
gradually partition from the molten nitrate salt to the cover gas of the IHTS. Vaporization of these
radionuclides into the cover gas handling system, including tritium in the form of tritiated water, will
occur under normal operations.

6.4.4 Impact of Degraded Barriers on Retention of Radionuclides

The retention of radionuclides in graphite dust depends upon various physical conditions including
temperature and chemical environment. As graphite dust moves throughout the cover gas it will be
subjected to changes in these parameters and is expected to release trace quantities of MAR. Specific
examples include degassing of tritium as the graphite changes temperature, or through reactive
vaporization if exposed to trace quantities of moisture.

Degradation of the cold trap or filtration systems in the CCS will lower the efficiency of MAR
removal from the Flibe barrier. Underperformance of these systems would result in gradual increases
in the levels of MAR in the PHTS either through less efficient MAR removal, or by releasing MAR into
the Flibe. The flow of MAR between these systems will be slow due to the large inventory of reactor
coolant.

The nitrate salt barrier acts to dissolve MAR to lower the effective concentration and suppress
vapor pressure in an analogous manner as the Flibe barrier in the primary loop. Degradation of the
barrier promotes vaporization or aerosolization of MAR contained within the IHTS. These processes
transfer MAR to the cover gas of the IHTS. Once MAR is introduced to the intermediate loop, it is
modeled with behavior similar to MAR in the primary loop, with modifications made to adjust for the
separate chemical forms of given radionuclide phases. MAR in the IHTS will be sequestered within the
nitrate salt barrier where potential paths to release include vaporization out of the molten salt, or
mobilization of the bulk salt through aerosolization.

6.4.5 Radionuclide Transfer During AOOs or DBEs

The MAR in graphite dust is released by degassing or through reactive vaporization. The models
developed for tritium transport into, and out of, graphite will describe releases of other radionuclides

MAR is released or escapes from the cover gas systems by mechanical damage to piping systems
that would exceed steady state leak rates of the system. Hermeticity of the gas handling system is
specified to maintain acceptable leak rates, but damages or breakages in these systems could release
gaseous MAR under an AOO or DBE. Additionally, unintended chemical or temperature transients could
compromise the ability of filters or traps to retain MAR. These systems retain MAR through a variety of
chemical reactions or physical trapping processes. By exposing these systems to unintended conditions,
such as changes in chemical environment or temperature, the MAR becomes mobile and escapes the
system. The quantity of MAR that could be released in such a scenario will be limited by the appropriate
operating limitations for each system. By replacing media that sequester MAR before safety significant
quantities of MAR have been accumulated, failure of the media in AOOs or DBEs cannot result in safety
significant releases.
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The cold trap and salt filtration systems in the CCS will accumulate MAR flowing with the reactor
coolant. Failures in the cold trap or filtrations systems could release stored MAR due to mechanical
failures or temperature transients. MAR released from such features within the CCS will recombine with
the flow of molten Flibe and be returned to the MAR inventory within the reactor coolant. This MAR
will interact with the molten Flibe. In scenarios where the primary piping is compromised, a spill of
reactor coolant will result. The MAR that is sequestered in filters and cold traps of the CCS will be in the
form of nonvolatile solid phases because mobile or volatile phases will be removed by the gas sparging
system before the accident initiates. The quantity of MAR that could be released in either scenario will
be limited by the pre-established operational limits. As a result, failure of these media alone will not
result in safety significant releases.

The processes for MAR mobilization from nitrate salt in the IHTS will be analogous to MAR transport
in the PHTS. Transport via aerosolization and transport via evaporation accounts for variations in the
chemical environments between the two systems. The concentration of MAR in the IHTS is orders of
magnitude lower than in the PHTS due to dilution in the large inventory of nitrate salt. AOOs and DBEs
such as salt spills or temperature transients are covered using similar models as are used for the PHTS.

MAR may be released or escape from the cover gas systems of the IHTS by mechanical damage to
piping systems that exceed steady state leak rates of the system. Hermeticity of the gas handling system
will be specified to maintain acceptable leak rates, but damages or breakages in these systems will
release gaseous MAR under an AOO or DBE. Additionally, unintended chemical or temperature
transients could compromise the ability of filter or traps to retain MAR. These systems retain MAR
through a variety of chemical reactions or physical trapping processes. By exposing these systems to
unintended conditions, such as changes in chemical environment or temperatures, the MAR may
become mobile and escape the system. The quantity of MAR that is released in such a scenario is limited
by the appropriate pre-established operational limit for each system.

6.4.6 Radionuclides Transferred During DBAs

Quantities of material at risk that will be allowed to accumulate in the other sources of MAR are
limited by pre-established operational limits. As previously stated, these operational limits will be set
such that no quantity of MAR that could result in a safety significant release will accumulate in these
potential sources during operation of the plant. These restrictions ensure that none of the associated
media that retain these sources of MAR will be safety related. Therefore, the assumptions and
treatment of these systems described in Section 6.4.5 for AOOs and DBEs cover DBAs with sufficient
conservatism.
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7 EVALUATING RADIONUCLIDE TRANSPORT IN THE GAS SPACE AND ATMOSPHERIC
TRANSPORT

This section provides the gas space radionuclide transport methodology, which includes the
grouping of radionuclides, characterization of aerosols, reactor building transport modeling in
RADTRAD, and atmospheric dispersion modeling in ARCON96.

7.1 IMPORTANT SOURCE TERM PHENOMENA ASSOCIATED WITH GAS SPACE TRANSPORT

The phenomena relevant to the transport of radionuclides in gas space are separated into two sets:
phenomena associated with events involving an intact reactor coolant boundary, and phenomena
associated with events involving a compromised reactor coolant boundary.

7.1.1 Phenomena for Gas Space with Intact Reactor Coolant Boundary

Table 2-8 identified the following phenomena relevant to gas space-related source term
methodology under conditions associated with an intact reactor coolant boundary as having a high or
medium importance to safety:

e [l

1]

7.1.2 Phenomena for Gas Space with Compromised Reactor Coolant Boundary

Table 2-9 identified the following phenomena as relevant to gas space-related source term
methodology under conditions associated with a compromised reactor coolant boundary as having a
high or medium importance to safety:

e |l
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7.2 RADIONUCLIDE GROUPS

Table 7-1 provides the KP-FHR gas transport radionuclide groups modified from the default
RADTRAD grouping table (Reference 10). Radionuclides are grouped based on similar expected chemical
and transport phenomenology. A representative radionuclide is chosen from the group to evaluate its
RF in the gas space; all other radionuclides within the radionuclide group are assumed to have the same
RF as the representative radionuclide. If radionuclides are expected to form a compound that behaves
differently than the representative radionuclide, those compounds are given their own radionuclide

group.

Within the gas space, the movement of radionuclides is modeled as either a gas or as an aerosol.
While LWR models may either source different radionuclide groups at different rates or remove
radionuclide groups preferentially with scrubbers or sprays, the KP-FHR source term methodology only
models gravitational settling of aerosols and radioactive decay within rooms as decontamination
processes within the reactor building. This effectively reduces the traditional radionuclide groups to two
groups: aerosols and gases.

7.3 CHARACTERIZING AEROSOLS

This section details the mechanical aerosol generation methodology for two scenarios in the KP-
FHR design basis: pipe breaks and PHSS transients.

7.3.1 Material at Risk During a Pipe Break

The material at risk for a compromised reactor coolant boundary involving a pipe break is the
circulating activity of the fluid contained in the pipe (either Flibe or nitrate salt). This section
demonstrates the methodology to calculate an airborne release fraction (ARF) using the assumptions
in Table 7-2.

Airborne release fractions are quantified from the salt leaving the pipe and from the salt
splashing on a surface. Assigned location of a postulated pipe break is in the most conservative pipe
segment in the loop (i.e., the location that produces the highest activity in the gas space). The
capability of insulation materials to retain and reduce releases from Flibe leaks is neglected, so the
assumptions of mechanical aerosolization will bound actual releases from insulated parts of the
coolant boundary.
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7.3.1.1 Aerosolization of Salt Leaving the Pipe

The breakup length of the jet, Lyreak(m), in Equation 72 formed from the break flow, assuming that
droplets are much smaller than the diameter of the jet (equal to the break diameter, do(m)), is
correlated by References 11 and 12:

Dy 0.5 Equation 72
Lpreax = 5.0dg <P_>
9

where:
py = the fluid density (i.e., Flibe or nitrate salt in kg/m?3)
pg = the gas density (e.g., air) (kg/m?3)

This is valid when the Weber number in Equation 73 is greater than approximately 10 (Reference 11
and 12):

2
Wes = U dopg >~ 10 Equation 73
o

where:
Wey = the Weber number for the jet
o = the surface tension (N/m), and

u = the initial break flow velocity (m/s) provided in Equation 74:

1
<2AP> /2 Equation 74
u=2~=CpXx
Pf

If the predicted jet breakup length is longer than the expected room size, the ARF calculated in
Equation 91 is conservative because a limited jet breakup is predicted to occur for large break accident
given the expected size of the compartments. Smaller breaks would imply the potential for complete
jet breakup but still bounded by the ARF in Equation 91. The driving pressures are low relative to the
range of available data.

7.3.1.2 Aerosol Formation from Jet Breakup

The first step in calculating the aerosol formation from jet breakup is to calculate a representative
diameter for the resulting distribution of particles. A formula for the arithmetic mean droplet diameter
D was derived by Reference 51 as:
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The spray distribution can be represented by the Rosin-Rammler size distribution function which takes

the from:
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fo=10—exp|— X

where:

fp = the fraction of the total volume of the collection of drops below a given drop diameter D,
X =the size parameter given by:

X = [1" (1 — 1)] SMD Equation 82
q

where, I' is the gamma function.

Equation 81 can be linearized using Taylor series expansion such that it becomes:

f = 1 ( D )q Equation 83
D

[

1]
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The fraction of the spray contained in drops below any size, pp (M), is given by the Rosin- Rammler
formula in Equation 91 (Reference 12).

a .
ARFp = f, = 1.0 — exp (_ (Pyn) ) Equation 91

where,

g = the spread in the droplet size distribution (methodology assumes q is 2.4)

X is defined in Equation 82

When using the assumed value of q = 2.4, X = 1.529 for a driving pressure of 2 barg. The ARF as a
function of driving pressure is shown in Figure 7-1 and assumes a particle diameter of 50 um. This ARF

occurs if the jet is allowed to travel to its breakup length.

7.3.1.3 Aerosolization of Salt Splashing on a Surface

Aerosols are generated by spills because the spilled liquid entrains air into the developing pool,
and this air causes bubble burst aerosol formation as it leaves the pool. Correlations for continuous
spills into already-formed pools are bounding (Reference 12).

For an intact, coherent liquid jet, the velocity at impact, V;is provided in Equation 92.

Vr = (u? + 2gH)*/? Equation 92
where:
u = the break flow velocity (m/s) as calculated in Equation 74
g = the gravitational constant (9.8 m/s?)
H is the fall height (m).

The velocities for a one-meter drop are shown in Figure 7-2.

Equation 93 for the gas entrainment rate by a plunging, coherent liquid jet gives satisfactory
agreement with experiments Reference 13 and 12.
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uation
—Z = 0.04Fr2® (—) a
Qr d

where:

Qg = the volumetric flow rate of entrained gas

2
Qs = the volumetric flow rate of spill liquid (um ‘1—0)

do = the break diameter (m)

Fri = the jet Froude number defined by Equation 94 (Reference 12)

v? .
j Equation 94
Fry = ——
gdo

L.
Equation 93 is based on experiments with d—’ <100 and % > 0.4. Equation 93 may have to be
0 f

extrapolated beyond the available database when applied to actual spill conditions to lower pressure
and velocity regimes, which should be conservative as the impact forces causing aerosolization are
significantly reduced. The Froude number (Equation 94 and the gas entrainment rate (Equation 93)) are
shown in Figure 7-3.

The aerosol generation rate Q. is defined in Equation 95 by the entrainment rate of liquid drops
emerging from the bursting bubbles (Reference 12).

Qen = EQq Equation 95

where, the entrainment coefficient E has a low value of £ = 2x1077 (Reference 12) as the recommended
bubble burst entrainment coefficient for waste liquid with high concentrations of impurities see Figure
7-4 from Ginsberg (Reference 14). To be conservative, Flibe with impurities is assumed to be best
represented by E= 2.1x107%, which bounds the Garner water-CaCos data. All bubble burst aerosols are
generated in the 1 to 10 um range (References 15 and 16), so all entrained aerosols predicted by
Equation 95 constitute the ARF as Equation 96 (Reference 50 and 16).

Q
ARFsp1asn = QL: Equation 96

The ARF from spills are negligible compared to the ARF from jet breakup given the assumed one
meter drop height as shown in Figure 7-5.

7.3.1.4 Treatment of AOOs, DBEs and DBAs for Splashes
[l
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7.3.2 Pipe Break Airborne Release Fraction Approach

Key parameters considered when analyzing a break location are the pressure at the break location (i.e.,
cover gas pressure plus pump head plus gravitational head minus frictional losses) and the total amount
of Flibe available to leak out of the break. The methodology assumes that when a fluid aerosolizes, all
dissolved radionuclides aerosolize at an equivalent fraction due to very low liquid-phase mass diffusion

rates.

[

1]
7.3.3 Material at Risk in the Pebble Handling and Storage System

7.3.3.1 TRISO fuel

MAR in the TRISO fuel will be quantified using KP-Bison for an equilibrium cycle PHSS loading.
7.3.3.2 Plated Aerosols
7.3.3.2.1 Graphite Dust

The MAR associated with graphite dust is determined by quantifying the radionuclide loading
associated with the dust and the graphite dust generation rate.

[

MAR activities per unit dust volume can be calculated by Equation 97.

MARMatrixM Equation 97

MARgp = GD

MMatrix
where:

MARGp = the MAR for all graphite dust in the PHSS

MARwatrix = the calculated MAR in the matrix material
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Mt = the mass of the matrix material containing MARwatrix
Mo = the mass of the graphite dust being generated as calculated by Equation 98.
MGD = RGDT Equation 98

where:
Rep? = the graphite dust settling rate in kg/year®

T = the operating timeframe for the PHSS in year

7.3.3.2.2 Flibe Dust

Flibe is expected to freeze into relatively large fragments (i.e. greater than the 50um fallout particle
diameter) in the PHSS and is not expected to mobilize given the combination of driving force for
resuspension and the aerosol fallout criteria. This MAR is assumed to have the same mass normalized
activity levels as the reactor coolant. This is consistent with assumptions typically used in aerosol
transport codes such as MELCOR (Reference 17). This value will be used as the critical diameter for
aerosol formation correlations. When calculating the airborne release fraction from correlations for
sprays and spills, the bounding respirable particle diameters (<10um) are applied to aerosol generation
rate correlations (Reference 49).

7.3.3.3 Cover Gas
The cover gas MAR will be quantified using the methods discussed in Section 4.3. Flibe aerosols
generated in the cover gas region are included in the cover gas MAR.
7.3.4 Airborne Releases for Material at Risk in the Pebble Handling and Storage System
7.3.4.1 Diffusion

MAR in the PHSS could be released from fuel pebbles if the pebbles experience a temperature
transient severe enough to cause diffusion of the radionuclides through the pebble. Pebbles could
experience transients in the handling or storage portions of the PHSS:

e Temperature transient in pebble handling - Pebbles will not reach failure temperature due
to events (e.g., spills, loss of forced circulation) that occur in the PHSS (consistent with the
design features described in Section 2.3.4).

e Temperature transient in pebble storage - The pebble storage tanks have the potential of
losing forced circulation for a given period of time. Under these circumstances, the fuel
temperatures will be calculated and radionuclides subsequently diffused. No holdup will
be credited for radionuclides released to the storage tank.

7.3.4.2 Cover Gas Leakage

The KP-FHR operates at near ambient pressure. However, in a cover gas leakage event, the MAR
from the cover gas and settled graphite dust are modeled as being released into the reactor building.
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7.3.4.3 Mechanical Damage

For mechanical stresses, such as crushing and pebble impacts, ARF products are based on loss of
functional containment surrounding pulverized spent fuel fragments taken from the worst-case release
fractions listed in NUREG/CR-6410, and listed in Table 7-3. These values are conservative for TRISO
particles because the pebble and fuel matrix hold relatively little MAR and the TRISO coatings would
minimize stress on most of the fuel kernels due to both the particles small spherical size and the high
strength of the SiC layer in either an impact or crushing event involving the pebble.

The PHSS would stop operation upon detection of ongoing mechanical damage to the fuel pebble,
consistent with design features described in Section 2.3.4.

[

7.4 BUILDING TRANSPORT MODELS

The KP-FHR source term methodology includes the RADTRAD code to model building transport.
There are no changes to the RADTRAD governing equations. The description of the building transport
models in this section includes how the gas is modeled for:
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¢ Non-Risk-Significant AOOs and DBEs
* Risk-Significant AOOs and DBEs
e DBAs
If no distinction is provided, the model applies to all AOOs, DBEs, and DBAs.

Unless the parameter value is specified in this section, the RADTRAD default parameters are
utilized. This includes, but are not limited to, dose conversion factors, decay constants, breathing rates,
and numerical convergence parameters.

7.4.1 RADTRAD Model Structure

RADTRAD is a simplified compartmental radioactive material transport code that is used to
determine EAB and LPZ dose estimates for the KP-FHR without modifying the code structure and only
relying on models that are not LWR-specific. The following subsections will describe how a RADTRAD
model is constructed.

7.4.1.1 Single Radionuclide Release

The KP-FHR source term methodology includes the RADTRAD model of a single source of
radionuclides that are transferred into a single volume like the reactor building. The radionuclides are
subject to a holding time in the building as described in Section 7.5.2 during which time radioactive

decay (Section 7.4.2.2) and aerosol settling (Section 7.4.2.1) are modeled. % values mapping release

from the “holdup” room (e.g., “two hour” DBA passive leakage assumption in the reactor building) to
the environment.

A Symbolic Nuclear Analysis Package (SNAP) schematic of a single radionuclide source RADTRAD
model is shown in Figure 7-6. This model structure is applicable to AOO, DBE, and DBA analyses.

7.4.1.2 Multiple Radionuclide Releases

Radionuclide sources for certain event sequences, such as vapor release from the primary system,
dynamically change magnitude over the course of the transient. These releases can be modeled as a
series of discrete, constant release rate sources that flow into the reactor building to conservatively
represent the releases to the gas space. Each discrete source is passed into a “no-holdup” volume before
combining the content of these volumes in the reactor building. Recent improvements to RADTRAD
allow for a relatively large number of sources to be connected to a single volume which precludes the
need for the no-holdup volumes. If achievable with the RADTRAD code, all sources will be directly
connected to the reactor building volume to reduce model complexity.

No aerosol deposition (see Section 4.1.2.1) is allowed in the “no-holdup” volume.

A SNAP schematic of a multiple radionuclide source RADTRAD model is shown in Figure 7-7. This
model structure is applicable to AOO, DBE, and DBA analyses.

7.4.2 Release Models

7.4.2.1 Henry Correlation for Aerosol Deposition
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The Henry correlation for aerosol deposition is the only modeled physical removal mechanism in
the gas space. It does not explicitly model gravitational settling rates differently for different particle
sizes. It correlates the removal rate to the aerosol density. The Henry correlation is provided in Equation
99 (Reference 10):

h p ;
A — Cl( 7Zf)( 14 )(pA)k Equatlon 99
pp,ref

where:
A = the gravitational settling rate constant (1/hr)

hres = 5.0m, as determined from the ABCOVE test AB5
h =the user provided fall height in meters
pp = the user-provided particle density in kg/m?3

Pp.ref= the theoretical sodium oxide particle density of 2270 kg/m?, as determined from the ABCOVE
test AB5

pa =the aerosol density in the volume, calculated by RADTRAD using Equation 100

XM, Equation 100
v

Pa
where:

M, =the mass of the aerosols in the volume calculated by RADTRAD

V = the user defined volume (the KP-FHR building volume must be large enough to conservatively
bound the size of the beryllium enclosure).

The coefficients applied to the data are:
C;=0.022 and k=0.6 when p, > 6 x 107° kg/m3
C;=0.0016 and k=0.33 when ps < 6 x 107 kg/m?

The Henry correlation conservatively models aerosol deposition when applied to Flibe, carbon, and
nitrate aerosols. The Henry correlation is fit to sodium combustion aerosol depositions measurements
from ABCOVE ABS tests (Reference 56) and is included in RADTRAD for generic aerosol gravitational
deposition. A large fraction of the aerosols settled onto the floor of the AB5 experimental vessel. The
aerosol density experienced in AB5 was bounded between 103 g/m3 and 170g/m3. When Flibe aerosols
generated from vaporization in fusion reactors were measured, the particle diameters were recorded
to range from 0.3 to 3 um after 0.25s, which are within the lower range of sodium combustion particle
sizes measured in AB5 and consistent with the default 1um particle diameter for the Henry correlation
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(References 46 and 1) While only studied under a short timeframe for pulsed-fusion applications,
agglomeration of these Flibe aerosols from smaller to larger particles and preferential settling of larger
aerosols were observed between 0.001s and 0.25s demonstrating that the formation of larger aerosol
size distributions should be expected if the distribution were allowed to continue to agglomerate and
settle.

The implementation of the Henry correlation in RADTRAD only includes radioactive masses when
calculating aerosol densities. The result of excluding non-radioactive aerosol masses will be an under-
prediction of aerosol settling in the reactor building. RADTRAD cannot be used to track non-radioactive
materials because the input and output files only tracks materials in terms of activities as opposed to
masses or atoms. [[

1]

The Henry correlation is only applied to aerosol settling in the reactor building where temperatures
provide assurance that vapors will have condensed to aerosols. Gas transport in volumes where
temperatures cannot be assumed to be low enough to condense aerosols (e.g., the cover gas region) do
not use the Henry correlation, thus transporting vapors like gases.

The A generated from the Henry correlation reduces the activity of the i isotope, A;, in the gas
space through Equation 101.

dA;(t
dltf ) = —14;(¢t) Equation 101

7.4.2.2 Radioactive Decay

Decay of radioactive materials is calculated by RADTRAD (Reference 10) using decay data from
ICRP-38 (Reference 45). Consistent with RG 1.145, only radionuclides in ICRP-38 are carried into the
RADTRAD analysis and thus no radionuclide decay constants are user-defined.

RADTRAD models radionuclide decay from the initiation of the transient. No portion of the KP-FHR
source term methodology other than gas space transport incorporates radionuclide decay thus
preventing double counting of the radionuclide decay’s impact on the releases. This is consistent with
LWR source term methodologies which hold radionuclide decay until the dose calculation component
of the source term evaluation (Reference 7). Errors resulting from decay-based radionuclide group
transitions will not impact the radioactive mass of a given radionuclide group by more than four percent
within a thirty-day analysis window.

7.5 BUILDING TRANSPORT INPUTS
7.5.1 Activities of Radionuclide Sources

Activities are sourced into the gas space from salt vaporization, salt aerosolization, or direct release
from the fuel handling system using the “activities per MW” RADTRAD input. The total number of MW
is set to 1.0 to avoid unintentional scaling. RADTRAD treats all gases as gas and everything else as
aerosols using the models described in Section 7.4 for the radionuclide groups described in Section 7.2.
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If the Henry correlation is not used in a volume, aerosols will transport as gases. The Henry
correlation will not be used in high temperature volumes, such as the cover gas, thus effectively
modeling aerosol radionuclide transport as vapors in high temperature regions.

The timing of the release and the release duration into the reactor building is determined by the
sequence boundary conditions. If the release cannot be modeled as a single, constant radionuclide
release to the reactor building, the modeling structure in Section 7.4.1.1 represents the release.

There is no difference between how radionuclides are sourced for AOOs and DBEs versus DBAs.

7.5.2 Volumetric Flow Rates

Volumetric flow rates can be impacted by heating, ventilation, and air conditioning (HVAC) systems
as well as a temperature gradient between the beryllium confinement rooms and the rest of the
auxiliary building. For buildings that are not designed to be “leak-tight”, wind loadings on the exterior
of the building can cause a “wind-tunnel” effect which can affect the gas leakage out of a given room.
AQOs and DBEs will model room flow rates differently than DBAs.

For scenarios that model no holdup in a volume, the source term analysis models the “no effective
holdup” as a leakage rate of 6.9 x 10° % volume per day (Reference 46).

[
1]

7.5.2.1 Volumetric Flow Rates for AOOs and DBEs
[l

1]

7.5.2.2 Volumetric Flow Rates for DBAs

Volumetric flow rates for DBA calculations will be prescribed deterministically to ensure a
conservative result. The reactor building is assumed to be a nonsafety-related structure, so additional
holdup beyond a passive leakage rate in the building is not credited in DBAs. The beryllium confinement
building’s passive leakage rate is set to a value equivalent to releasing all radionuclides in the building
within a two-hour window. This passive leakage rate is consistent with NRC guidance in Regulatory
Guide 1.183 for analyzing an event during fuel handling operations in an LWR fuel building or in
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containment when containment is open. The DBA volumetric flow rate will assume a 2-hour holdup
time consistent with guidance in RG 1.183, Appendix B.

The RADTRAD user’s manual describes a method for translating the 2-hour holdup time in RG 1.183
to a constant leakage rate (Reference 46). The volume normalized form of the leakage rate (i.e., in
percent volume per day as opposed to cubic feet per minute) is provided in Equation 102:

R(t) = e~ @t Equation 102
where,
R(t) = the time-dependent retention concentration of the material in the volume atmosphere
Qv = the fractional volumetric flow rate per hour

t = the time it takes to achieve that retention fraction.

[

1]

7.5.3 Aerosol Formation Heights

Aerosol formation heights are typically determined by the source of the aerosol creation. The
Henry correlation ratios the problem-specific aerosol formation to the sodium spray source in the AB5
experiment which subsequently generated the sodium oxide aerosols. The higher the aerosol source in
aroom, the longer aerosols take to settle in that volume.

7.5.3.1 Aerosol Formation Heights for AOOs and DBEs
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7.5.3.2 Aerosol Formation Heights - DBAs
[l

1]

7.5.4 Aerosol Particle Density

The particle density is set to the density of the predominate material at standard temperature and

pressure:

These values will be used for all AOOs, DBEs, and DBAs.

7.5.5 Atmospheric Dispersion Ratios

1]

% EAB and LPZ values are determined using the ARCON96 code. The use of ARCON96 models are

described in Section 7.7.
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7.6 BUILDING TRANSPORT OUTPUTS
7.6.1 Worst Two-Hour Dose

DBA analyses require the worst two-hour doses to evaluate the source term against regulatory
limits. RADTRAD computes the cumulative doses over a two-hour rolling window, reports the time
period for the worst two-hour window, and provides the total effective dose equivalent (TEDE) over
that time period (Reference 46).

7.6.2 Cumulative 30-day dose

KP-FHR source term analyses require the cumulative thirty-day doses for the KP-FHR LBEs.
RADTRAD reports a summary of the cumulative TEDE doses over the simulation time. All RADTRAD
simulations are run for a minimum of 30 days. If the TEDE dose is still rising after thirty days, the
RADTRAD simulation is extended until any increase in TEDE dose is less than half a percent per day. The
entire dose history is reported and thirty-day doses after the onset of radionuclide release will be
reported for AOOs and DBEs. For DBAs, either the thirty-day doses after the onset of radionuclide
release or the duration of the plume (as defined using the half a percent per day TEDE criteria),
whichever is longer, will be reported.

7.6.3 Release Fractions

The RF from the gas space is used to gain analysis insights and support quasi-quantitative sensitivity
analysis and is not used to support the movement of grouped radionuclides through the gas space. The
RF of the gas space is calculated using Equation 104.

DLBE Holdup

RFgs = Equation 104

DNo Holdup

where:
RFss = the release fraction for the gas space
D¢ Holdup = the dose over the relevant time period assuming whatever LBE building holdup
conditions are used
Do Hotdup = the dose over the relevant time period assuming no holdup

7.7 ATMOSPHERIC DISPERSION MODELS
The KP-FHR source term methodology includes the governing equations used by ARCON96 as
presented in the manual (Reference 9) for near-field dispersion analysis of EAB and LPZ %s. All LBEs

satisfy the applicable supporting requirements in the non-LWR PRA standard (Reference 47) or must

justify why they are not applicable. While ARCON96 was originally intended for the evaluation of control

room %s, as described in RG 1.194, the fundamental models in ARCON96 are appropriate for near-field

scale EAB and LPZ %s (see Section 2.5.4), when coupled with the methodology described in Sections 7.7

through 7.9 for selecting inputs and processing outputs. These sections provide the technical basis and
methodology for using ARCON96 to compute near-field EAB and LPZ %S for a KP-FHR, consistent with

the intent of RG 1.145 regarding directional dependence.
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7.7.1 Selecting the Conservative Release Distance

ARCON96 calculates directionally dependent, time averaged %s from the side of building from

which radioactive material is being released to the specified dose receptor (i.e., the EAB and LPZ). [[

7.7.2 Calculation of the Time Averaged Percentile % Values

ARCON96 provides time averaged directional %s at the 95th percentile. The 95th percentile
directionally independent %s are computed by setting the sector window to 360 degrees. The 99.5th

percentile directionally dependent %s are calculated from the complementary cumulative distribution

functions provided in the standard outputs from ARCON96.

ARCON96 provides these complementary cumulative distribution functions in terms of the total
number of one-hour periods that would produce a % greater than a given value. Dividing this frequency

distribution by the total number of one-hour inputs produces the probability that the % would be greater
than a given value. From this set of complementary cumulative distribution functions, the value for % is
greater than 99.5 percent of the data, and can be determined for each time period (e.g., 0-1 hour, 0-2

hours, ..., 0-720 hours).

The % for 0-2 hours are the maximum of the 0-1 hour and 0-2 hours % The % for a given time

interval that does not start from zero can be calculated using the methodology in the ARCON96 manual
(Reference 9), only using the i" percentile values instead of the 95" percentile values as shown in
Equation 105.

Xifh%tile Xith%tile
‘tho P tZ n - tl n
Xt %tile 3 Qt2 Qt1

Q t1ot, tZ - tl

Equation 105

where:
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yith%tile th aX . T
N = the i percentile Zpulled from the complementary cumulative distribution
Q, Q

functions averaged between zero and t;
xithontile th X . T
= = the i percentile = pulled from the complementary cumulative distribution
Q, Q

functions averaged between zero and t;
yithotile

= the i" percentile 4 averaged between t; and t;
Qt,t, Q

[

1]

7.7.3 Selecting the Conservative Release Wind Direction

For each release location, all 16 wind directions will be analyzed consistent with RG 1.145. For DBAs
and non-risk-significant AOOs and DBEs, the most conservative wind direction is used to determine dose

at the receptor using the 99.5th percentile )5( values. For risk-significant AOOs and DBEs, all 16 sectors

are sampled uniformly to determine the distribution of site boundary dose. A wind from the true north
is 360 degrees, and a wind from the true south is 180 degrees. True north will be assumed to be plant
north for design-related applications if a site-specific true north is not available.

7.8 ATMOSPHERIC DISPERSION INPUTS

This section describes ARCON96 input parameters and their treatment for LBEs.

7.8.1 Release Inputs
7.8.1.1 Release Height

For AOOs, DBEs, and DBAs, the release height is set to zero meters. Ground level releases are
bounding for all release types.

7.8.1.2 Building Area

[
1]

7.8.2 Receptor Data

7.8.2.1 Direction to Source
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The direction to source is the direction from the receptor to the source in degrees. This direction
is the center of the wind direction window (e.g., center of each ~22.5 degrees sectors for direction
dependent calculation, 180 degrees for direction independent calculation).

7.8.2.2 Distance to Intake
The distance to the intake (i.e., receptor) is the distance to the EAB and LPZ for AOOs, DBEs, and

DBAs. The release locations will be defined as a set of building walls closest to the EAB and thus the
distance of the release location to the EAB and LPZ, d, will be less than the total EAB and LPZ distance,
thus decreasing diffusion.
7.8.2.3 Intake Height
The height to the intake (i.e., receptor) is the height of the intake above ground level at the EAB
and LPZ for AOOs, DBEs, and DBAs. It is set to a ground level intake of 0.0m for conservatism.

7.8.2.4 Terrain Elevation Difference

The terrain elevation difference is the difference in elevation between the base of the reactor
building and the EAB and LPZ. This difference will be zero or negative (e.g. the EAB fence-line should be
at a lower elevation than the reactor building) with a magnitude that will be site specific. The magnitude
of this value is either determined by the site or should bound a range of sites.

7.8.3 Meteorological Data

Meteorological data are input to ARCON96 using meteorological data files (Reference 9) and

consistent with the guidance in RG 1.23. All meteorological data must have one record per hour.

7.8.3.1 Wind Direction Sector Width

For direction dependent calculations, the wind direction sector width is set to 45 degrees,
consistent with RG 1.145. For direction independent calculations, the wind direction sector width is set
to 360 degrees.

7.8.3.2 Minimum Wind Speed

The minimum wind speed used for all calculations is 0.5 m/s and is the boundary below which
winds are considered “calm” (Reference 9). Calm winds conservatively place the receptor directly
downwind of the release point in ARCON96.

7.8.3.3 Surface Roughness

Surface roughness is set to a default 0.2m unless it is shown that it is more conservative to set a

site-specific value.
7.8.3.4 Averaging Sector Width Constant

Averaging sector width constant is set to a recommended value of 4.3 and is related to the
appropriateness of the sector width value. This value is set to default unless it is shown that it is more
conservative to set a site-specific value.
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7.8.3.5 Initial Horizontal Diffusion

The initial horizontal diffusion coefficient is used to reduce conservatisms by defining the source
over a virtual area. For DBAs and non-risk significant AOOs and DBEs, the initial horizontal diffusion
coefficient, oy, is set to zero.

For risk significant AOOs and DBEs, oy is calculated by determining the radius of a virtual circle over

which the release occurs and dividing that radius, r, by 2.15 to ensure that 90 percent of the plume is
contained with the circle as shown in Equation 106.

Oy =5=¢ Equation 106

7.8.3.6 Initial Vertical Diffusion

The initial vertical diffusion coefficient is used to reduce conservatisms by defining the source over
a virtual area. [[

1]

7.9 DISPERSION OUTPUTS
7.9.1 Pre-calculated 95th percentile

ARCON96 reports 95th percentile Q values for five time intervals:
1. Zero to two hours

2. Two to eight hours

3. Eight to twenty-four hours

4. One day to four days

5. Four days to thirty days

[

1]

7.9.2 Complementary Cumulative Distribution Functions

By default, ARCON96 reports the complementary cumulative distributions of counts of hourly
meteorology data that produce a %greater than a given value averaged from zero to: 1, 2, 4, 8, 12, 24,
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48, 96, 168, 360, and 720 hours. A plot of the raw data using the first sample problem provided by

ARCON96 is shown in Figure 7-9.

By dividing these counts by the total number of hourly meteorology data provided to ARCON96,
the complementary cumulative distributions are transformed from counts to percentiles, as shown in

Figure 7-10. These curves are then used to calculate the time averaged % values needed for the

RADTRAD analysis (see Section 7.7.2). The horizontal lines on Figure 7-10 denote the 95th and the 99.5th

percentiles, respectively.
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Table 7-1 KP-FHR Radionuclide Groups and Representative Elements and Compounds for Gas Space

[
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Table 7-2 Pipe Break Assumptions in Aerosol Characterization Methodology Demonstration

Assumption

Properties

The leaked salt from the hot leg is at 650°C:

Density = 1963 kg/m?, p = 2413 - 0.488T(K) [kg/m?]

Viscosity = 6.78x107 kg/m-s, p=1.16 x10™e37>¥7K)

[Pa-s = kg/m-s]

Surface tension = 0.182 N/m, ¥ =260 - 0.12T(°C)
[dynes/cm] = 182 dynes/cm = 0.182N/m

Confinement gas properties at 0 barg and
57°C (330.15 K) and has the following
properties:

Density = 1.07 kg/m?

Viscosity = 2.0x107° kg/m-s

Break properties

Loss Coefficient, Co=0.61

Pipe diameter = 14 inches (full diameter break)

Pipe at leak location is suspended 1 m off the ground

Internal pressure at pipe break provides constant
driving pressure of 2 bar gauge

Cover Gas

Slightly above atmospheric pressure
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Table 7-3 Summary of the 95" Percentile ARF from NUREG/CR-6410

Material Type ARF
Noble Gases 7E-2
Tritium 1E-2

lodine 2.5E-3
Cesium 2E-3
Fuel Fines 8E-7

© 2022 Kairos Power LLC 152 of 195



KP-FHR Mechanistic Source Term Methodology

Non-Proprietary

Doc Number

Rev

Effective Date

KP-TR-012-NP-A

March 2022

Table 7-4 Determination of B

AP (Pa) A (m?) Qp,pnni/D** Qp X B/D** B4 B
2.62E+06 3.14E-06 8.54E+04 2.72E+04 3.19E-01 0.62
2.62E+06 1.00E-05 2.14E+05 8.67E+04 4.05E-01 0.69
2.62E+06 2.00E-05 3.71E+05 1.73E+05 4.68E-01 0.73
2.62E+06 7.60E-05 1.07E+06 6.59E+05 6.17E-01 0.82
1.38E+06 3.14E-06 2.11E+04 7.07E+03 3.36E-01 0.63
1.38E+06 1.00E-05 5.28E+04 2.25E+04 4.27E-01 0.7
1.38E+06 2.00E-05 9.14E+04 4 .50E+04 4.92E-01 0.74
1.38E+06 7.60E-05 2.64E+05 1.71E+05 6.49E-01 0.84
6.90E+05 3.14E-06 4.65E+03 1.65E+03 3.55E-01 0.65
6.90E+05 1.00E-05 1.16E+04 5.25E+03 4.51E-01 0.72
6.90E+05 2.00E-05 2.02E+04 1.05E+04 5.21E-01 0.76
6.90E+05 7.60E-05 5.82E+04 3.99E+04 6.86E-01 0.85
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Figure 7-1 Airborne Release Fraction and Sauter Mean Diameter as a Function of Pipe Pressure
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Figure 7-2 Initial and Impact Velocity of the Salt Given a One Meter Drop as a Function of Pressure
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Figure 7-3 The Froude Number and the Gas Entrainment Rate as a Function of Pressure
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Figure 7-4 Entrainment Coefficient for Bubble Burst Aerosols from Ginsberg
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Figure 7-5 Airborne Release Fractions for a One Meter Drop Height as a Function of Pressure
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Figure 7-6 A SNAP graphical schematic of a single source RADTRAD model
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Figure 7-7 A SNAP Graphical Schematic of a Multiple Source RADTRAD model
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Figure 7-8 Notation for Tritium Flows in One Node of the Downcomer Region
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Figure 7-9 Raw Complementary Cumulative Distribution Produced by the SAMPLE problem in
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Figure 7-10 Complementary Cumulative Distribution Produced by SAMPLE Problem in ARCON96
With Counts Converted to Percentiles
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8 CONCLUSIONS AND LIMITATIONS

8.1 CONCLUSIONS

This report documents the mechanistic source term methodology to calculate off-normal
radiological source terms and consequences for AOOs, DBEs, and DBAs for the KP-FHR. Kairos Power is
requesting NRC approval of this methodology (subject to the limitations in Section 8.2 below) for use by
licensing applicants of a KP-FHR as an appropriate means to calculate: consequences of AOOs and DBEs
for evaluation of frequency-consequence targets and quantitative health objectives (QHOs); and source
terms to evaluate DBA consequences to ensure that the KP-FHR meets the dose limits in 10 CFR 50.34.
Such analyses are required by 10 CFR 50.34(a)(1)(D), 10 CFR 50.34(b)(1), 10 CFR 52.47(a)(2)(iv), 10 CFR
52.79(a)(1)(vi), 10 CFR 52.137(a)(2)(iv), 10 CFR 52.157(d). The evaluation of beyond design basis events
is outside the scope of this topical report.

8.2 LIMITATIONS

This section describes limitations on the use of the source term methodology presented in this
topical report. Each limitation must be addressed in safety analysis reports associated with licensing
application submittals which use this methodology or justification provided for the item remaining
open.

1. Approval of KP-Bison for use in fuel performance analysis as captured in Reference 4.

2. Justification of thermodynamic data and associated vapor pressure correlations of
representative species.

3. Validation of tritium transport modeling methodology.

4. Confirmation of minimal ingress of Flibe into pebble matrix carbon under normal and accident
conditions, such that incremental damage to TRISO particles due to chemical interaction does
not occur as captured in Reference 8.

5. Establishment of operating limitations on maximum circulating activity and concentrations
relative to solubility limits in the reactor coolant, intermediate coolant, cover gas, and radwaste
systems that are consistent with the initial condition assumptions in the safety analysis report.

6. Quantification of the transport of tritium in nitrate salt and between nitrate salt and the cover
gas

7. The phenomena associated with radionuclide retention discussed in this report is restricted to
molten Flibe. The retention of radionuclides in solid Flibe is beyond the scope of the current
analysis.

8. The methodology presented in this report is based on design features of a KP-FHR provided in
Section 1.2.2 and Section 2.3.4. Deviations from these design features will be justified by an
applicant in safety analysis reports associated with license application submittals.
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APPENDIX A. SAMPLE SOURCE TERM CALCULATION: ANTICIPATED OPERATIONAL

OCCURRENCE

Al SAMPLE CALCULATION

This anticipated operational occurrence sample calculation is for a large Flibe leak and is provided
to illustrate the KP-FHR source term methodology presented in this topical report. The design details
included in this Appendix are not intended to reflect final KP-FHR design details, and Kairos Power is not
requesting NRC approval of the results of this calculation. This sample calculation is provided to
illustrate the KP-FHR source term methodology presented in this topical report.

A.2 EVENT DESCRIPTION

The initiating event is a large pipe break in the hot-leg of the primary coolant loop, allowing a Flibe
to leak out. The control rod and/or shutdown blades insert into the core to stop additional fission energy
and the primary pumps trip causing primary system flow to coast down with the flow inertia of the
system. The reactor vessel isolates, and the normal decay heat removal system starts to remove excess
energy from the fuel pebbles, graphite structures, and reactor vessel.

The fuel and Flibe are then assessed for releases to a gas space such as the reactor building. Once
in the building, aerosols may gravitationally settle onto surfaces and both gases and aerosols will leak
out of the building to the environment. The system is designed to accommodate such an event while
preventing excessive Flibe level loss in the vessel, and significant air ingress from the reactor building
back into the vessel to preclude the displacement of argon cover gas beyond operating limits.

This sample problem is intended to illustrate methods presented in this topical report. However, the
design information used in the calculation are not final KP-FHR design inputs, and certain areas of the
methodology were simplified with conservative assumptions. These assumptions include:
e A higher activity in the Flibe based on a continuous accumulation of radionuclides over an
assumed 20-year Flibe design life.
e Conservative heavy metal contamination transport assumptions in the fuel
e Tritium transport is not explicitly modeled according to the methodology presented in this
topical report. The tritium contribution is conservatively modeled as an instantaneous “puff”
release.

The following design inputs are assumed for the sample calculation in addition to the design
features assumed in the methodology:

e The cover gas pressure is approximately 0.03 MPa gauge.
e The primary pump pressure head is 0.2 MPa during normal operation
e The HVAC system is tripped (i.e., conservatively assumed failed) at the event initiation.

e Pipes at break location are assumed to be suspended 5 meters above ground and 3 meters
below the primary pumps.

e [tis assumed that the KP-FHR has no tritium permeation barrier coatings (i.e. permeation
reduction factor equals 1.0). The salt activity is determined by using:
e the steady state tritium concentration of 6.12x10°® mol-T/m3 or 0.177 Ci-T/m?3
¢ the assumed quantity of salt in the primary system of 105,400 kg
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e the density of salt at 900K (p = 2413 - 0.488T (K)) of 1973.8 kg/m?

The tritium MAR distributed throughout the primary system is shown in Table A-1. It is
assumed that the tritium concentrations have reached steady state saturation conditions by
4.75 years and that these numbers can be applied to a 20-year core. However, structural
graphite tritium inventories are still slowly growing in time at 4.75 years and these numbers
assume no shutdown or maintenance time which would allow for desorption of structural
tritium.

e The mass of the Flibe in the reactor is assumed to be 105,403 kg with a 15,000 kg leak from
the hot leg. The flow loss coefficient is Cp = 0.61 and the pipe diameter is 14 inches. The
leaked salt from the hot leg is assumed to be 923.15 K with a density of 1963 kg/m?3, viscosity
of 6.78x103 kg/m-s and a surface tension of 0.182 N/m. Confinement gas properties at 0 barg
and 57°C (330.15 K) provide the standard properties of air: a density of 1.07 kg/m? and a
viscosity of 2.0x10° kg/m-s.

e The system is designed such that it can accommodate a large salt spill while maintaining
system temperatures such that the release of tritium from structures can be approximated
from steady state degassing rates (i.e., 340 Ci/day). This rate, which exclude tritium transport
through the intermediate heat exchangers (IHXs) due to the pipe break and corresponding
pump trips, which quickly isolate most of the tritium from the IHX, is conservatively
represented by: a pebble recirculation removal rate of 150 Ci/day, a hot leg release rate of 80
Ci/day, a reactor pressure vessel release rate of 60 Ci/day and a cold leg release rate of 50
Ci/day.

A3 SOURCE TERM EVALUATION

The MAR for this sample event are identified using the methods presented in this topical report.
The barriers identified that release MAR during this event sequence are the structures such as graphite
and steel, Flibe coolant, and gas space (i.e., buildings and off-site dispersion). TRISO fuel contributes to
steady state MAR that contributes to the MAR within the coolant. This section provides the
quantification of MAR in each barrier, the attenuation factor evaluations, the atmospheric dispersion
calculation, and the resulting dose at the EAB.

A.3.1 Evaluation of Releases from the Fuel

Most of the non-tritium radionuclides in the Flibe are diffused into the Flibe over the operating life
of the core. Hence, understanding what constituents are assumed to leak into the Flibe is key to
understanding Flibe MAR. The TRISO particles are the primary retention mechanism for fission products
in the KP-FHR as detailed in this topical report. The MAR in the TRISO particle is held up by the fuel
kernel and its three protective barriers. These layers have varying manufacturing and in-service defect
fractions that impact their radionuclide retention functions during steady state operations.

The left-hand portion of Figure 2-1 in the topical report graphically depicts the primary cohorts of
TRISO particles. These cohorts will determine the amount of MAR contained in fuel pebbles as opposed
to being bound up in the Flibe. Fission products from exposed kernels in-service failures and failed SiC
layer TRISO particle types are released into the Flibe coolant prior to the transient. The inventory is
based on the parameters defined in Table A-5.
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A.3.2 Evaluation of Releases from Flibe

Flibe MAR consists of circulating activity originating from irradiation of uranium and thorium
impurities in the coolant, a slow accumulation of the pebbles’ heavy metal contamination and fission
products, and activation products in the coolant. Radionuclides in the Flibe take four primary forms: salt
soluble fluorides, noble metals, oxides and dissolved gases.

It is assumed that MAR will transition from the spilled Flibe into the gas space proportional to MAR
that exists in the hot-leg pipe. In order to determine the cumulative ARF for the pipe break accident,
the quantities must be determined for the pressure history of the break location due to pump coast-
down, the instantaneous quantities for mass flow rate out of the break, ARF for the leaking Flibe, aerosol
formation rates as well as integral quantities for the mass flow rate out of the break, ARF for the leaking
Flibe and aerosol formation rates.

For this sample calculation, a pre-determined amount of Flibe is assumed to be available to leak.
Once the leak reaches that integral quantity of leaked Flibe, the leak is assumed to end.

Aerosolization of the bulk fluid Flibe mobilizes non-gas radionuclides without separating them from
the Flibe. Gas radionuclides are separated from the Flibe aerosols and travel as gases. All radionuclide
groups are assumed to move into the gas space in the same proportions to the Flibe as they exist in the
circulating coolant.

However, the leaked Flibe must be broken into small enough particles to facilitate gas transport.
All non-aerosolized Flibe is assumed to pool and freeze in the reactor building. The fraction of spilled
Flibe that aerosolized for subsequent gas transport is known as the Airborne Release Fraction (ARF).
ARFs will change as a function of break pressure and therefore must be evaluated continuously over the
duration of the leak. As such, a time dependent model of break pressure and corresponding flow rates
will be required to assess the integral ARF.

Flibe aerosolization occurs through two pathways: aerosol generation from jet breakup of Flibe
leaving the pipe and from splashing of the Flibe jet once it impacts a surface. The ARF for jet breakup
and splash breakup of Flibe is computed in accordance with the methodology provided in this topical
report.

A.3.3 Evaluation of Releases from Structures

Tritium is the only modeled MAR to be held up in the structures such as the pebbles, structural
graphite, vessel, hot-leg piping, cold-leg piping, and IHXs. All other radionuclides that can be held up in
the structures are assumed to be de minimis. Table A-1 displays the inventories of tritium MAR assumed
in this calculation for structures, which is consistent with no permeation reduction coatings.

In steady state, tritium is constantly sorbed and desorbed by various structures producing steady
state holdup inventories of tritium MAR. During the transient, the reactor SCRAMs and the production
rate of tritium drops to effectively zero. The structures will then desorb their stored tritium into
neighboring fluids (e.g., Flibe or gas). This process is limited by the relative concentrations of tritium in
the structures and the neighboring fluids.
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While the normal decay heat removal system is working, system temperatures are kept at or below
operational limits for Reactor Vessel Auxiliary Cooling System (RVACS) actuation and tritium desorption
rates can be bounded by extrapolating steady state transfer rates. During a pipe break, the associated
primary pump trip will effectively cut off the IHXs from being effective tritium removal pathways
because primary flow through these heat exchangers are shut off. By not crediting tritium removal
through the IHX, tritium is assumed to desorb from the system’s structures at approximately 340 Ci/day.
All tritium desorbed from the structures are conservatively assumed to directly transfer into the reactor
building.

A.3.4 Evaluation of Gas Space Releases and Atmospheric Transport

The gas space is the only barrier that accepts MAR from other barriers. Radionuclide transport into
the gas space can occur through congruent vaporization of the Flibe pool, congruent and reactive
vaporization of the spilled Flibe pool, mechanical aerosolization of Flibe, and desorption of tritium from
the graphite structures, fuel pebbles, vessels, pipes, and IHXs.

Radionuclide release is assessed for the various gas space barriers with building release models and
atmospheric dispersion models. RADTRAD is used to calculate release in the reactor building.

The key inputs to RADTRAD are radionuclide activities being sourced into rooms in the reactor
building, gas transport rates from room to room and % values to convert release from the building to

doses at the site boundary or other areas of interest. The key outputs of RADTRAD are the worst two-
hour dose (for DBAs), and thirty-day dose (for Licensing Basis Events (LBEs) that are AOOs or DBEs).
Radionuclides coming out of the Flibe and structural materials will be sourced immediately into the
reactor building.

The reactor building is assumed to have a leakage rate of one percent per day radionuclides can
attenuate by gravitational settling of aerosols and radioactive decay of all radionuclides.

Transport within the gas space is divided into a building transport model and an atmospheric
dispersion model. The building model requires four inputs aside from the Flibe releases and % calculated

for this sequence to calculate the building releases. The model requires gas flow rates, room volume,
the Henry Correlation and the aerosol release height. The reactor building is assumed to be 1000 m3. A
leak rate and flow rate consistent with the methodology will be used and the Henry correlation will use
the density of Flibe and aerosol release height consistent with the methodology and the assumptions
made in Section A.2.

The mass of Flibe aerosol generated from the break is calculated in Equation A2. Figure A-1 shows
the time history of liquid and aerosol Flibe entering the reactor building; only the aerosol Flibe enters
the gas space. When the mass of Flibe leaking out of the break reaches 15,000 kg is calculated in
Equation Al:

terit T[DZ
My = ft—o u(t)Tpfdt = 15,000 Equation Al
where:
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Mg (t) = the mass of Flibe leaking out of the break (kg)
u(t) = the break flow velocity (m/s)

D = the pipe diameter (m)

pr = the fluid density (kg/m?3)

t =time (s)

The break flow velocity u(t) is calculated using Equation 75 of this topical report.

The integrated aerosol generated is a function of My and ARF(t):

M, = tthf(t) X ARF(t) dt Equation A2
where: =
M, =the mass of total aerosol generated in kg
ARF(t) =the ARF at time t; is the sum of ARF from jet breakup and splash aerosolization

The cumulative ARF is calculated by dividing the total aerosol mass generated by the total liquid
Flibe mass leaked. Using the RF and ARF values calculated above, Table A-2 summarizes the computation
of the input to the gas space MAR.

The radionuclides that contributed doses above 2.5x107° rem are shown for both AOO conditions
in Table A-3 Radionuclides for AOO Leakage Conditions that Produce a Thirty Day TEDE Above 2.5E-05
rem and no holdup conditions in Table A-4 Radionuclides for No Holdup Leakage Conditions that
Produce a 30 Day TEDE Above 2.5E-05 rem. These results will be used to calculate the gas and aerosol
release fractions. In these lists, the only gas that contributes dose above 2.5x107 rem is tritium, all other
radionuclides will transport as aerosols.

The release fraction for the AOO structural desorption of tritium is calculated using the 30-day
tritium dose for AOO building leakage (10.1 mrem), the 30-day tritium dose for no holdup building

101 mrem _ 0.132). The release fraction
76.5 mrem

for the AOO aerosols resulting from a salt spill of 15,000 kg of hot leg Flibe is calculated using the 30-
day aerosol dose for AOO building leakage (0.37 mrem), the 30-day aerosol dose for no holdup building

leakage (32 mrem) and the release fraction for the gas space (% = 0.012).

leakage (76.5 mrem) and the release fraction for the gas space (

A4 CONCLUSIONS:

Table A-6 presents the 30-day RF for various radionuclide groups for individual barriers and
multiplied across all barriers. The 30-day dose for this scenario as calculated by this evaluation is 10.5
mrem. This dose is dominated by a conservative, non-mechanistic release of tritium from sorbed
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structures such as graphite, reactor vessel, piping, and the IHX. Aerosols from the spill contributed only
0.36 mrem of dose dominated by Pu-238 which is produced by transmuting a combination of dispersed
uranium released by the pebble matrix which is given no credit for radionuclide holdup and uranium

impurities inherent in the Flibe upon initial salt loading.

In order for this accident sequence to be considered non-risk significant, the frequency of
occurrence for this pipe break should be shown to be less than 9.6x1072 events per reactor year.
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Table A-1 Tritium Distribution in Primary System with no Permeation Barrier Coatings at 4.75 Years

Reactor Hot and Cold Intermediate
Component Salt Pebble Reflector . .
Vessel Leg Piping Heat Exchanger
'”Vfgit)ory 9 4743 1181 320 60 55
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Table A-2 Summary of the Activity Transmission from Flibe to Gas Space

Total Flibe (kg)

Release Fraction
for Spilled Flibe

Time for Spill to
Complete (s)

Total Aerosol Mass
Released (kg)

Total Aerosol
Airborne Release
Factor

1.05403E+05

1.42E-01

1.18E+01

5.11E-02

3.4E-06
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Table A-3 Radionuclides for AOO Leakage Conditions that Produce a Thirty Day TEDE Above 2.5E-05

rem

Radionuclides

EAB Dose (rem)

Total 1.047E-02
H-03 1.010E-02
Pu-238 1.300E-04
Cm-244 1.000E-04
Cm-242 9.000E-05
Pu-241 6.000E-05
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Table A-4 Radionuclides for No Holdup Leakage Conditions that Produce a 30 Day TEDE Above

2.5E-05 rem
Radionuclides EAB Dose (rem)
Total 1.0847E-01
H-3 7.6500E-02
Pu-238 9.8000E-03
Cm-244 7.3600E-03
Cm-242 6.7500E-03
Pu-241 4.4700E-03
Am-241 1.5600E-03
Sr-90 8.2000E-04
Pu-239 3.9000E-04
Pu-240 3.2000E-04
Ce-144 1.4000E-04
Am-242m 1.1000E-04
Am-243 8.0000E-05
Cm-243 7.0000E-05
Cs-134 4.0000E-05
Am-242 3.0000E-05
Eu-154 3.0000E-05
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Table A-5 Source Term Inventory Calculation Parameters
Fraction Fraction of
Year Fission U Impurities Th Impurities
Inventory (yr) of HMC Product - -
y Released PP PP
Released
6™ Pass 20 1E-05 1.96E-04 2
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Table A-6 Summary of Release Fraction Values for Various Radionuclide Groups Across Various

Barriers
RN Group Structures/Pebbles Flibe Building Total
Gas (tritium) 1.0 1.0E+00 1.32E-01 1.32E-01
Gas (other) de minimis 3.4E-06 2.53E-02 8.63E-08
All Other de minimis 3.4E-06 1.16E-02 3.94E-08
Groups
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Figure A-1 Mass of Aerosol Generated from the Leak as a Function of Time
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APPENDIX B. SAMPLE SOURCE TERM CALCULATION: DESIGN BASIS ACCIDENT

B.1 SAMPLE CALCULATION

This appendix provides a sample design basis accident consequence analysis assuming a loss of all AC
power and normal decay heat removal with subsequent RVACS operation. This sample calculation is
provided to illustrate the KP-FHR source term methodology presented in this topical report. The design
details included in this Appendix are not intended to reflect final KP-FHR design details, and Kairos
Power is not requesting NRC approval of the results of this calculation.

B.2 EVENT DESCRIPTION

The initiating event is a station blackout (loss of all AC power) which disables normal decay heat
removal capability. The operation of the nonsafety-related control rods is not credited. The shutdown
blades insert into the reactor to stop additional fission energy and the RVACS valves automatically fail
open to remove decay heat from the vessel via radiative heat transfer to water panels positioned along
the side of the vessel. The fuel, Flibe, and structures are then assessed for releases to the gas space.
Radionuclides that enter the cover gas region are transported with no holdup to the reactor building.
Once in the reactor building, some aerosols may gravitationally settle and both gases and aerosols will
leak out of the reactor building to the environment using the conservative DBA leakage assumptions.
Radionuclides and cover gas leak from the system, but there is negligible counter-current flow that leads
to significant air intrusion into the system.

This sample problem is intended to illustrate methods presented in this topical report. However,
the design information used in the calculation are not final KP-FHR design inputs, and certain areas of
the methodology were simplified with conservative assumptions. These assumptions include:

e A higher activity in the Flibe based on a continuous accumulation of radionuclides over an
assumed 20-year Flibe design life.

e Conservative heavy metal contamination transport assumptions in the fuel

e Tritium transport is not explicitly modeled according to the methodology presented in this
topical report. The tritium contribution is conservatively modeled as an instantaneous “puff”
release.

e Reactor buildings and filters that will provide additional aerosol scrubbing are not accounted
for in this calculation.

The following design inputs are assumed for the sample calculation in addition to the design features
assumed in the methodology:

e Consistent with the DBA leakage assumption of the methodology, the HVAC system is
assumed to trip at the beginning of the DBA.
e |tis assumed that the KP-FHR has no tritium permeation barrier coatings (i.e. permeation
reduction factor equals 1.0). The salt activity is determined by using:
e the steady state tritium concentration of 6.12x10°® mol-T/m3 or 0.177 Ci-T/m?3
¢ the assumed quantity of salt in the primary system of 105,400 kg
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e the density of salt at 900K (p = 2413 - 0.488T (K)) of 1973.8 kg/m?
The tritium MAR distributed throughout the primary system is shown in Table B-1. It is
assumed that the tritium concentrations have reached steady state saturation conditions by
4.75 years and that these numbers can be applied to a 20-year core. However, structural
graphite tritium inventories are still slowly growing in time at 4.75 years and these numbers
assume no shutdown or maintenance time which would allow for desorption of structural
tritium.

e There are 105,400 kg of Flibe in the system available for evaporation during the transient and
that the radionuclides dissolved uniformly into the entire inventory of the reactor coolant.

e Cover gas pressure is 0.03 MPag (1.3 atm).

e Radionuclides evaporate through the vertical piping that penetrates the vessel head and the
Flibe free surface. These pipes are three pebble extraction pipes of 10 in (0.254 m) diameter,
and three pebble insertion pipes of 2 in (0.0508 m) diameter.

e The length of pipe between the Flibe free surface and the top of the vessel head in which
radionuclides escape is assumed to be 1 ft (0.3m).

e Reference diffusivity of Aris 2 x 10° m?/s.

e Cover gas space volume is 5.5 m? and the reactor building volume is 1,000 m3.

B.3 SOURCE TERM EVALAUTION

The MAR for this sample event are identified using the methods presented in this topical report.
The MAR is located in the fuel, Flibe, and structural materials. This section provides the quantification
of MAR in each barrier, the attenuation factor evaluations, the atmospheric dispersion calculation, and
the resulting dose at the EAB.

B.3.1 Evaluation of Releases from the Fuel

An evaluation of the release fraction of non-tritium MAR in the fuel results in negligible quantities
of radionuclides being released from intact fuel particles. The majority of the release from the fuel
results from manufacturing defects of the fuel (failed TRISO layers or dispersed heavy metal). This non-
tritium MAR contained in the fuel attenuates through the TRISO layers in steady state operation to
either the Flibe coolant barrier or the gas space barrier. A calculation using SERPENT2 accounts for the
MAR that has been transferred to the circulating activity in the Flibe and gas space. A thermal fluids
analysis of the SBO demonstrates that the fuel will not reach temperatures that result in additional fuel
failures. Therefore, no additional non-tritium fuel MAR is released after the initiation of the transient.

The tritium release from the fuel pebbles is determined to be de minimis, and therefore treated
conservatively consistent with the de minimis guidance in the methodology. The amount of tritium in
the fuel pebble is described in the assumptions in Section 9.2, and it is assumed to be “puff released”
with an attenuation factor of 1.0.

B.3.2 Evaluation of Releases from Structures

Consistent with the treatment of tritium in the fuel, the entire steady state tritium inventory held
up by structural materials is conservatively assumed to be released over a one-second duration. The
attenuation factor of the structures MAR is set to 1.0.
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B.3.3 Evaluation of Releases from Flibe

A SERPENT2 calculation provides the total non-tritium MAR circulating in the Flibe (The Flibe
inventory includes Flibe in the core, hot leg, cold leg, downcomer and intermediate heat exchanger)
using the inputs in Table B-2. This non-tritium MAR in the Flibe is released to the gas space via
vaporization, consistent with the methodology described in this topical report. The RF of radionuclide
groupings that are not gases in Flibe for each duration analyzed are summarized in Table B-3. The
cumulative AF for the other radionuclide groupings in Flibe are calculated consistent with the
methodology of this topical report and the results are summarized in Table B-4. The radionuclides are
released over seven durations:

e Five 6-hr releases (Durations 1 to 5)
e One 18-hr release (Duration 6)
e One 132-hr period to capture the remaining release (Duration 7)

The release for Duration 1 is the accumulated release at the end of Duration 1. For the remaining
durations, the release is the accumulate release at the end of that duration, subtracted by the releases
in prior duration(s). The releases over the duration of the transient for the radionuclide groups are
shown in Figure B-1through Figure B-3.

The amount of tritium MAR in the Flibe is provided in Section 9.2 and assumed to be puff-released
(an attenuation factor of 1.0) into the gas space. Any tritium that is assumed to puff release from other
barriers (i.e. fuel and structures) is conservatively assumed to pass directly through the Flibe to the gas
space. All inventory of gases in circulating activity and tritium are released over the first second.

B.3.4 Evaluation of Gas Space Releases and Atmospheric Transport

The gas space release evaluation includes radionuclide transport through the building and
atmospheric dispersion.

The following inputs were used for the building transport model:

e Gas volumetric flow rates:

o I

1]
e Room Volume: The cover gas space volume is assumed to be 5.5 m>. The reactor building is
assumed to be 1,000 m?3.
e The Henry correlation uses the density of Flibe of 2195 kg/m?3. Density input in RADTRAD is in
g/cm3.
e The aerosol release height is set to the minimum value to 0.25 m above the vessel head.
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For the atmospheric dispersion model in RADTRAD, the calculation uses bounding % values from

the Clinch River Early Site Permit (Reference 54) for the EAB at 335 m from the reactor building and LPZ
at 1 mile from the reactor building.

DBA acceptance criteria are based on ensuring that the worst two-hour rolling average dose at the
EAB during the transient does not exceed 25 rem. Therefore, the entire transient is analyzed so that
RADTRAD can perform the rolling average dose calculation.

The thirty-day dose evolution at the EAB for the RVACS transient is shown in Figure B-4 for the
isotopes shown in Table B-5.

Another DBA acceptance criterion is that the thirty-day dose the LPZ does not exceed 25 rem. The
thirty-day LPZ dose evolution is shown in Table B-5

The radionuclides that contributed thirty-day EAB doses above 2.5 x 10 rem are shown in Table
B-5. Tritium is the dominant dose driver compared to other radionuclides.

B.4 CONCLUSIONS

Evaluations of DBAs must assure that both the worst two-hour dose at the EAB and the thirty-day
LPZ dose are maintained below a TEDE of 25 rem. The worst two-hour EAB dose is experienced in the
first two hours (i.e., 0-2 hours) of the SBO sample calculation with a TEDE dose of 0.71 rem. The thirty-
day LPZ dose is calculated to be 0.045 rem. Both of these doses are below the 25 rem acceptance criteria
for DBAs.

TEDE doses, dose rates, and timings were dominated by the assumed tritium desorption from
structures (e.g., pebbles, structural graphite, vessel, piping, IHXs). RVACS operation during this event
prevented fuel and Flibe temperatures from releasing significant quantities of stored MAR to the site
boundary.

This sample calculation exercises the methodology presented in this topical report. However, some
simplifying design assumptions resulted in overly conservative results. The conservative treatment of
tritium release artificially inflates both the worst 2-hour EAB dose and the 30-day LPZ dose. Not all of
the desorbed tritium would reach the reactor building to be leaked out of the environment due to
engineered cleanup systems. The tritium that would reach the reactor building would likely do so at a
slower rate, pushing the tritium that does make it to the EAB and LPZ out in time either past the 30-day

window or, at-least, into smaIIer% time-averaged intervals which would effectively lower the dose of

the leaked tritium. An unquantified fraction of the tritium would also exist as T,0 (i.e., aerosol) instead
of T, (i.e., gas) which would allow for un-modeled deposition of tritium. Additionally, radionuclides in
the Flibe gases group have limited but non-zero solubility in Flibe. The retention and RF of these
radionuclides at their solubility limits within the Flibe barrier would likely slow the release of gas

radionuclides and would lower the dose due to the release being in the smaIIer% time-averaged

intervals.
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Table B-1 Tritium Distribution in the Primary System with no Permeation Barrier Coatings at 4.75

years
Component | Salt | Pebbles | Reflector | Reactor Vessel Hot anf:l .COId Intermediate Heat
Leg Piping Exchanger
Inventory (Ci) 9 4743 1181 320 60 55
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Table B-2 Flibe Source Term Inventory Calculation Inputs
Flibe Fraction of Heavy Fraction of Fission Uranium Thorium
Lifetime | Metal Contamination | Products Released Impurities of the | Impurities of the
(years) Released from Fuel from Fuel Flibe (ppm) Flibe (ppm)
20 1E-05 1.96E-04 2 1
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Table B-3 Release Fractions of Radionuclide Groups in Flibe
Radionuclide | Duration Duration Duration Duration Duration Duration Duration
Group 1 2 3 4 5 6 7
SaF'Itusoor'i:t;'e 1.086-08 | 3.39E-08 | 4.92E-08 | 5.07E-08 | 4.46E-08 | 8.19E-08 | 1.22E-07
Elements
Dependent 1.08E-08 | 3.39E-08 | 4.92E-08 | 5.07E-08 | 4.46E-08 | 8.19E-08 | 1.22E-07
on Redox
Low
Volatility 5.98E-19 | 5.96E-18 | 1.34E-17 | 1.43E-17 | 1.06E-17 | 1.13E-17 | 2.59E-18
Noble Metal
Oxides 1.29E-27 | 3.72E-26 | 1.25E-25 | 1.39E-25 | 8.58E-26 | 5.63E-26 | 3.50E-27
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Table B-4 Cumulative Attenuation Factor of Flibe Radionuclide Groups

Radionuclide Group Release Fraction
Salt Soluble Fluoride 3.93E-07
Element Dependent on Redox 3.93E-07
Nobel Metals 5.87E-17
Oxide 4.48 E-25

Nobel Gases and Tritium 1.0
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Table B-5 EAB TEDE Dose Results

Radionuclide

EAB Dose (rem)

Total 7.16E-01
H-3 7.05E-01
Xe-138 2.85E-03
Cs-138 2.34E-03
Pu-238 1.54E-03
Cm-244 1.15E-03
Cm-242 1.05E-03
Pu-241 7.01E-04
Kr-88 2.67E-04
Am-241 2.45E-04
Xe-135m 1.69E-04
Sr-90 1.28E-04
Kr-87 1.10E-04
Pu-239 6.20E-05
Rb-88 5.50E-05
Pu-240 5.10E-05

© 2022 Kairos Power LLC

190 of 195



KP-FHR Mechanistic Source Term Methodology

Non-Proprietary

Doc Number

Rev

Effective Date

KP-TR-012-NP-A

March 2022

Figure B-1 Cumulative Release of Salt Soluble Fluoride and Elements Dependent on Redox from Flibe
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Figure B-2 Cumulative Release of Noble Metals from Flibe
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Figure B-3 Cumulative Release of Oxides from Flibe
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Figure B-4 Thirty Day Doses at the EAB
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Figure B-5 Thirty Day Doses at the LPZ
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