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EXECUTIVE SUMMARY

This licensing topical report provides X Energy, LLC’s (X-energy) approach to develop evaluation models
and analysis methods used for transient and safety analyses for the Xe-100 reactor. The Xe-100 is a 200
MW?1 (80 MWe) pebble bed high-temperature gas-cooled reactor design.

This report follows the evaluation model (EM) development and assessment process described in US
Nuclear Regulatory Commission Regulatory Guide 1.203, “Transient and Accident Analysis Methods,” to
prepare the Xe-100 plant evaluation model. Regulatory Guide 1.203 includes the following four
elements, which are addressed within the report:

1. Establish requirements for EM capability
2. Develop assessment base

3. Develop EM

4. Assess EM adequacy

Additionally, the approach X-energy has provided for developing the transient and safety analysis
methodology and performing analyses for the Xe-100 plant includes elements of the risk-informed,
performance-based methodology documented in Nuclear Energy Institute 18-04, Revision 1, “Risk-
Informed Performance-Based Technology Inclusive Guidance for Non-Light Water Reactor Licensing
Basis Development.” Combining elements of the risk-informed methodology with the guidance of RG
1.203, X-energy has established an approach for defining and categorizing licensing basis events,
developing EMs, modeling the plant, and performing analyses.

In addition to EM development, this report provides high-level descriptions of the codes that will be
used to model the Xe-100, along with the phenomena to be modeled by the codes. The report also
contains a list of quality assurance procedures applicable to code development and verification, as well
as analysis performance and documentation. Finally, this report documents the performance of the
safety analysis, using the EM and code methodology described herein for the following three events:

1. Spurious withdrawal of reactivity control system control rods
2. Depressurized loss of forced circulation
3. Steam generator tube rupture

This LTR can be used to support safety analysis reports for prospective Xe-100 licensing applications
under 10 CFR 50, 10 CFR 52, or a future 10 CFR 53.
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Abbreviations/Acronyms

AOO Anticipated Operational Occurrence

ARCAP Advanced Reactor Content of Application Project
ARDC Advanced Reactor Design Criteria

ATWS Anticipated Transients Without Scram

BDBE Beyond Design Basis Event

BUMS Burnup Measurement System

CFD Computational Fluid Dynamic

CFR Code of Federal Regulations

cl Conventional Island

CRW Control Rod Withdrawal

DBA Design Basis Accident

DBE Design Basis Event

DCS Distributed Control System

DE Dose Equivalent

DLOFC Depressurized Loss of Forced Cooling

EAB Exclusion Area Boundary

EBS Equivalent Break Size

EM Evaluation Model

EMDAP Evaluation Model Development and Assessment Process
F-C Frequency Consequence

FHS Fuel Handling System

FHSS Fuel Handling and Storage System

FIMA Fissions per Initial Metal Atom

FOM Figure of Merit

FSC Flownex Screening Criteria

FW Feedwater

HCS Helium Circulator System

GDC General Design Criteria

H2TS Hierarchical, Two-Tiered Scaling
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HPB Helium Pressure Boundary

HPFWP High Pressure Feedwater Pump

HTR High-Temperature Reactor

HTS Heat Transport System

HVAC Heating, Ventilation, and Air Conditioning
IET Integral Effects Test

IPS Investment Protection System

IPyC Inner Pyrolytic Carbon

ISG Interim Staff Guidance

IUAT Inter-Unit Access Tunnel

LBE Licensing Basis Event

LOPF Loss of Primary Flow

LOSC Loss of Secondary Cooling

LPZ Low-Population Zone

LTR Licensing Topical Report

LWR Light-Water Reactor

MCR Maximum Continuous Rating

MHTGR Modular High-Temperature Gas-Cooled Reactor
MST Mechanistic Source Term

NEI Nuclear Energy Institute

NGNP Next Generation Nuclear Plant

NOC Normal Operating Condition

NRC U.S. Nuclear Regulatory Commission

NSRST Non-Safety Related with Special Treatment
OPyC Outer Pyrolytic Carbon

OCTP Operationally Characteristic Time Period
PDC Principal Design Criteria

PIRT Phenomena Identification and Ranking Table
PKPIRT Phenomena and Key Parameter Identification and Ranking Table
PLOFC Pressurized Loss of Forced Cooling

PLPRS Primary Loop Pressure Relief System

PRA Probabilistic Risk Assessment
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PWG PIRT Working Group

PyC Pyrolytic Carbon

QA Quality Assurance

QAP Quality Assurance Plan

RB Reactor Building

RCCS Reactor Cavity Cooling System

RCS Reactivity Control System

RCSS Reactivity Control and Shutdown System

RG Regulatory Guide

RN Radionuclide

RPS Reactor Protection System

RPV Reactor Pressure Vessel

RSS Reserve Shutdown System

SAR Safety Analysis Report

SARRDL Specified Acceptable System Radionuclide Release Design Limit
SDA Standard Design Approval

SE Simulation Environment

SEMP Systems Engineering Management Plan

SFSS Spent Fuel Storage System

SG Steam Generator

SGTL SG Tube Leak

SGTR SG Tube Rupture

SiC Silicon Carbide

SR Safety Related

SRP Standard Review Plan

SSC Structure, System, and Component

TEDE Total Effective Dose Equivalent

TICAP Technology-Inclusive Content of Application Project
TI-RIPB Technology-Inclusive, Risk-Informed, and Performance-Based
TRISO TRistructural-1ISOtropic

uco Uranium Oxycarbide

V&V Verification and Validation
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Transient and Safety Analysis Methodology

1. Introduction

1.1 Purpose

This report describes the methodology and computer codes that define the evaluation model used to
analyze plant transients and perform safety analysis calculations for the Xe-100 reactor. This
methodology was developed in accordance with the guidance of NRC Regulatory Guide 1.203.

1.2 Scope

The evaluation model (EM) and analysis methods described herein apply to the transient and safety
analysis performed to support the preparation of the SAR as defined in 10 Code of Federal Regulations
(CFR) 50.34, “Contents of applications; technical information” [1]. This report provides a high-level
description of how X-energy plans to approach performing production safety analyses and how X-energy
plans to address the methodology elements described in US NRC Regulatory Guide (RG) 1.203,
“Transient and Accident Analysis Methods” [2]. This report does not provide the details of specific codes
that will be used to perform safety analyses or how specific analyses have been categorized or
performed. Once all transient and safety analysis methodology validation activities are complete, this
report will form the technical basis for performing transient and safety analyses in support of
applications per 10 CFR Part 50, 10 CFR Part 52, or a future 10 CFR Part 53.

1.3 Document Layout

This report presents the high-level approach that X-energy is applying to develop the EM and perform
analysis for transient and safety analyses for the Xe-100 plant for review by the NRC staff through the
guidance of RG 1.203 [2]. It summarizes the relevant regulatory requirements and guidance, overall
transient and accident analysis approach, Xe-100 plant modeling, and quality assurance for transient
and safety analyses that will be performed to support the XE-100 plant. The layout of the report follows
the elements described in RG 1.203. The methodology also relies on the technology-inclusive, risk-
informed, and performance-based (TI-RIPB) process for selection of licensing basis events (LBEs)
described in NEI 18-04 [3]. Specific requests for NRC staff review and approval are provided in

Section 13.

14 Interfacing Documents

This Licensing Topical Report (LTR) is one of several reports covering key regulatory issues submitted to
the U.S. Nuclear Regulatory Commission (NRC) staff as part of Xe-100 pre-application process. The
X-energy transient and safety analysis methodology is part of the overall approach to implement a risk-
informed, performance-based design and licensing basis as described in Nuclear Energy Institute (NEI)
18-04 [3] and endorsed and clarified by NRC Regulatory Guide (RG) 1.233 [6].

This LTR interfaces with the following documents:

e Xe-100 Licensing Topical Report, “Principal Design Criteria” [49].

e Xe-100 Licensing Topical Report, “TRISO-X Pebble Fuel Qualification Methodology” [50],
provides the technical foundation for the fuel qualification approach as well as the planned fuel
fabrication, irradiation, safety testing activities, and approach to qualify the Xe-100 fuel (UCO
TRISO-coated particles).
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1.5

Xe-100 Licensing Topical Report, “GOTHIC and Flownex Analysis Codes Qualification” [15]
presents the GOTHIC and Flownex theory and bases model development for the DBA evaluation
model. The topical report also discusses GOTHIC and Flownex code qualification and quality
assurance.

Xe-100 Licensing Topical Report, “Reactor Core Design Methods and Analysis” describes the
reactor core design analysis methodology and computer codes used to analyze the Xe-100
reactor at the beginning of life, startup, power ascension, and at equilibrium conditions. Output
from those codes and methods provides some of the input to the safety analysis evaluation
model described in this topical report.

Xe-100 Licensing Topical Report, “Mechanistic Source Term Approach” describes the functional
containment methodology to determine the source term for the Xe-100 reactor [26].

Outcome Objectives

X-energy is requesting NRC review and approval of the evaluation model to analyze design basis
accidents (DBAs) as defined in NEI 18-04 to support the preliminary analysis and evaluation of the Xe-

100.
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2. Overview of Regulatory Requirements and Guidance

The following sections provide an overview of the NRC regulatory framework used to demonstrate the
DBA EM adequately analyzes accident and transient behavior of the Xe-100.

2.1 10 CFR Regulatory Requirements

The Xe-100 Transient and Safety Analysis Methodology supports the Xe-100 safety analyses required to
comply with the appropriate sections of:

e 10 CFR 50.34(a) (Construction Permits)

e 10 CFR 50.34(b) (Operating Licenses)

e 10 CFR52.17(a)(1)(ix) (Early Site Permits)

e 10 CFR52.47(a)(2)(iv) (Design Certifications)
e 10CFR 52.79(a)(1)(vi) (Combined Licenses)
e 10 CFR52.137(a)(2)(iv) (Design Approvals)

e 10 CFR52.157(d) (Manufacturing Licenses)
e 10 CFR 100 (Reactor Site Criteria)

2.2 NRC Policy Statements

2.2.1 Policy Statement of the Regulation of Advanced Reactors

Reviewed and reissued in 2008, the Advanced Reactor Policy Statement [4] provides overarching
direction to advanced reactor developers like X-energy and informs the approach to regulation and
addressing regulatory requirements. The final policy statement includes multiple design attributes that
could assist the NRC to establish the acceptability and/or ability to license advanced reactor designs.
These attributes inform the way X-energy assessed the 10 CFR Part 50 technical requirements
associated with design and programmatic elements of the Xe-100. An assessment of the Xe-100 with
respect to each of the policy attributes is expected in future licensing application content.

2.2.2 SECY-15-0002

As described in SECY-15-0002 “Proposed Updates of Licensing Policies, Rules, and Guidance for Future
New Reactor Applications” [32], the NRC staff is undertaking rulemaking to align Parts 50 and 52 based
on experience with new reactor licensing lessons learned in the 2000s and 2010s.

X-energy is following this rulemaking activity to assess any impacts of the proposed rule on this report’s
subject matter.
2.3 NRC Guidance/References

The following guidance documents developed by the NRC staff and its contractors were used to develop
the transient and accident analysis methods described in this topical report.
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2.3.1 RG1.203

RG 1.203, “Transient and Accident Analysis Methods,” [2] describes a process that the NRC staff
considers acceptable for use in developing and assessing EMs that may be used to analyze transient and
accident behavior that is within the design basis of a nuclear power plant.

The EM establishes the basis for methods used to analyze a particular event or class of events. This
concept is described in 10 CFR 50.46 for LOCA analysis but can be generalized for all analyzed events
described in the Standard Review Plan (SRP) [47][47], and other regulatory guidance.

An EM is the calculational framework for evaluating the behavior of the reactor system during a
postulated transient or design-basis accident. As such, the EM may include one or more computer
programs, special models, and all other information needed to apply the calculational framework to a
specific event, as illustrated by the following examples:

1. Procedures for treating the input and output information (particularly the code input arising
from the plant geometry and the assumed plant state at transient initiation).

2. Specification of those portions of the analysis not included in the computer programs for which
alternative approaches are used.

3. All other information needed to specify the calculational procedure.

4. The entirety of an EM ultimately determines whether the results are in compliance with
applicable regulations. Therefore, the development, assessment, and review processes must
consider the entire EM.

To produce a viable model, certain principles should be addressed during the model development and
assessment processes. Specifically, the NRC has identified the following six basic principles as important
to follow in the process of developing and assessing an EM:

1. Determine requirements for the EM. The purpose of this principle is to provide focus throughout
the EM Development and Assessment Process (EMDAP). An important outcome should be the
identification of mathematical modeling methods, components, phenomena, physical
processes, and parameters needed to evaluate the event behavior relative to the Figures of
Merit (FOM) described in the SRP [47] and derived from the general design criteria (GDC) in
Appendix A to 10 CFR Part 50 [8]. The phenomena assessment process is central to ensuring that
the EM can appropriately analyze the particular event and that the validation process addresses
key phenomena for that event.

2. Develop an assessment base consistent with the determined requirements. Since an EM can
only approximate physical behavior for postulated events, it is important to validate the
calculational devices, individually and collectively, using an appropriate assessment base. The
database may consist of already existing experiments, or new experiments may be required for
model assessment, depending on the results of the requirements determination.

3. Develop the EM. The calculational devices needed to analyze the events in accordance with the
requirements determined in the first principle should be selected or developed. To define an EM
for a particular plant and event, it is also necessary to select proper code options, boundary
conditions, and temporal and spatial relationships among the component devices.
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4. Assess the adequacy of the EM. Based on the application of the first principle, especially the
phenomena importance determination, an assessment should be made regarding the inherent
capability of the EM to achieve the desired results relative to the FOMs derived from the GDC.
Some of this assessment is best made during the early phase of code development to minimize
the need for later corrective actions. A key feature of the adequacy assessment is the ability of
the EM or its component devices to predict appropriate experimental behavior. Once again, the
focus should be on the ability to predict key phenomena, as described in the first principle. To a
large degree, the calculational devices use collections of models and correlations that are
empirical in nature. Therefore, it is important to ensure that they are used within the range of
their assessment.

5. Follow an appropriate quality assurance protocol during the EMDAP. Quality assurance
standards, as required in Appendix B to 10 CFR Part 50, are a key feature of the development
and assessment processes. When complex computer codes are involved, peer review by
independent experts should be an integral part of the quality assurance process.

6. Provide comprehensive, accurate, up-to-date documentation. This is an expected requirement
for a credible regulatory review. It is also clearly needed for the peer review described in the
fifth principle. Since the development and assessment process may lead to changes in the
importance determination, it is most important that documentation of this activity be
developed early and kept current.

A summary of the EMDAP [2] is shown in Figure 1.
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Element 1

Establish requirements for evaluation model capability

1. Specify analysis purpose, transient class and power plant class

2. Specify figures of merit

3. Identify systems, components, phases, geometries, fields and

processes that should be modeled
4. Identify and rank phenomena and processes

similarity criteria

SET scale up capability

Element 2
Develop assessment base

5. Specify objectives for assessment base
6. Perform scaling analysis and identify

7. Identify existing data and/or perform
IETs and SETs to complete data/base
8. Evaluate effects of IET distortions and

9. Determine experimental uncertainties

a4

Element 3
Develop evaluation model

10. Establish EM development plan
11. Establish EM structure
12. Develop or incorporate closure

models

Closure relations (bottom-up)

13. Determine model pedigree and applicability
to simulate physical processes

14. Prepare input and perform calculations
to assess model fidelity and/or accuracy

15. Assess scalability of models

Element 4

Assess evaluation model adequacy

Integrated EM (top-down)
16. Determine capability of field equations and
numeric solutions to represent processes and
phenomena
17. Determine applicability of EM to simulate
system components
18. Prepare input and perform calculations to
assess system interactions and global
capability
19. Assess scalability of integrated calculations
and data for distortions

20. Determine EM bases and uncertainties

Return to appropriate
elements, make and
assess corrections

~

Adequacy decision

Does code meet
adequacy standard?

Yes

Perform plant
event analyses

Figure 1: Elements of Evaluation Model Development and Assessment Process (EMDAP)

Revised 5/02/2023
X Energy, LLC

Security Classification: Non-Proprietary

Page 6
Layout: DLT-007 Rev 9



Non-Proprietary Doc ID No: 007834
Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

The following subsections describe how X-energy has addressed (or plans to address) elements
described in NRC RG 1.203 [2] for EMDAP for the Xe-100 safety analyses. A high-level summary of how
EMDAP is being addressed for Xe-100 is provided in Figure 2. This section also documents further
development to be completed or that will be documented in other LTRs.

Element 1
Establish Requirements for EM Capability

1. Xe-100 Pebble-Bed HTGR, NEI 18-04 process defined LBE evaluation & transient
classes

2. PIRT-informed Figures of Merit (FOM), evaluating NEI 18-04 & RG 1.232 for PDC
development

3. NEI 18-04 risk-informed classification of SR/INSRST SSCs, includes additional PIRT-
informed modeling considerations

4. NEI 18-04 methodology of PRA-informed PIRT, based upon NGNP PIRT

Element 2 Element 3
Develop Assessment Base Develop EM
Addressed in separate submittals under 10. X-energy EM QA & V&V procedures are
development (Applies for steps 5 through 9) documented

11. EM structure shown in Figure 5
12. Code manuals with closure models to be
provided in V&V submittals

!

Element 4
Assess EM Adequacy

Xe-100 EM Adequacy Assessments are currently under development in separate
submittals

Figure 2: Xe-100 Specific EMDAP

2.3.1.1 Element 1: Establish Requirements for Evaluation Model Capability
Step 1: Specify analysis purpose, transient class, and power plant class

The purpose of the Xe-100 transient and safety EM is to define the process by which each specific
transient analysis for the Xe-100 reactor is analyzed in compliance with the regulations for this reactor
(see Section 2 for specific regulatory requirements). The primary purpose of the DBA EM is to calculate
offsite doses for comparison with the regulatory acceptance criteria. The analysis of events and event
classes are determined through the Xe-100 PRA using the NEI 18-04 [3] methodology. This step will
follow the process described in the Xe-100 RIPB LTR [9]. Section 3 provides a high-level overview of the
Xe-100 plant design for which the EM is applicable.

The events included in the DBA EM are the events listed in Section 11.2, which were identified using the
full power PRA [10].

Step 2: Specify figures of merit

Revised 5/02/2023 Page 7
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Non-Proprietary Doc ID No: 007834

Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

Per RG 1.233 [6], Design Basis Accidents (DBAs), which rely on the safety-related (SR) SSCs, should be
performed using deterministic methods. The DBAs will use deterministic FOMs. For example, RG 1.233
states: “there should be no DBAs with significant releases from two or more modules or radionuclide
sources.” The DBA FOM methodology for Xe-100 is discussed in Section 7.

Step 3: Identify systems, components, phases, geometries, fields, and processes that must be modeled

Information for some of the systems, subsystems, and components required for Step 3 and utilized in
the Appendix B (Appendix B) analyses are included below for the Xe-100 reactor. At this stage of Xe-100
development, the majority of SSCs that require modeling have been identified at the functional level
and are being more fully developed through the preliminary design. The analyses of Appendix B do not
provide an example of the full scope that is required for RG 1.203 Step 3; X-energy will provide updated
information in future submittals. The full scope of safety-related SSCs are determined through the NEI
18-04 methodology [3], and a preliminary safety classification of all SSCs are performed to inform early
safety analysis activities (some of which were performed to further evaluate the impact of safety-related
classification determinations). As the Xe-100 PRA and safety analysis results are refined for the Xe-100
reactor, the safety-classification of specific SSCs will be evaluated for changes.

Step 4: Identify and Rank Key Phenomena and Processes

A phenomena identification and ranking table (PIRT) was compiled for Xe-100 [22]. The PIRT will be re-
evaluated as changes are made to the PRA and safety analysis as the information from [22] is
constituted from existing PIRTs for NGNPs, which were modified based on knowledge of the Xe-100
conceptual design. If the Xe-100 PIRT changes as the design matures, the changes will be evaluated to
determine the extent evaluations will be performed to be expected to occur through the preliminary
design phase and be provided in future submittals.

The existing PIRTs used as a basis for the Xe-100 are acknowledged to be generic in nature and
therefore, all listed phenomena may not be fully applicable to the Xe-100 reactor. A process, described
herein, was followed through which phenomena specific to the Xe-100 design were identified.

The following steps were executed to prepare the initial Xe-100 PIRT:
1. The events to be analyzed were identified.

2. Aliterature search was carried out to identify potential sources of PIRTs that may be relevant for
the Xe-100.

3. The PIRTs identified in Step 2 were assessed.
4. Relevant information (for FOMs and SSCs related to Xe-100) was extracted and collated.

5. Information not explicitly relevant to the Xe-100 reactor, such as phenomena specific to
prismatic fuel, was not included.

6. Phenomena identification numbers were updated to reflect areas of relevance.

7. The information from open literature sources is presented as found and no editorial revisions
were executed. Original notes and references are maintained.

8. The generic PIRTs were used to create a Xe-100 specific PIRT for normal operating conditions
and the initial Xe-100 deterministic safety analysis cases. The phenomena included in the Xe-100
PIRT:
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e Were of High or Medium rank.

e Occurred in components simulated during initial Xe-100 deterministic safety analysis
cases.

Section 8 discusses the Xe100 specific PIRT during NOC and transients.

2.3.1.2 Element 2: Develop Assessment Base

The information for the steps in Element 2 is maturing, based on past HTGR technology examples and
current state of the field. This information will be captured in separate Verification and Validation (V&V)
documents for the codes that will make up the Xe-100 EM. These individual documents will be
submitted to the NRC staff for review when they are available.

Step 5: Specify objectives for assessment base
Step 6: Perform scaling analysis and identify similarity criteria

Step 7: Identify existing data and/or perform integral effects tests (IETs) and separate effects
tests to complete the database

Step 8: Evaluate effects of IET distortions and Separate Effects Test scaleup capability
Step 9: Determine experimental uncertainties as appropriate

Specific codes (Flownex and GOTHIC) were selected for the event sequences under evaluation. In some
cases, combinations of the codes are used to model a given event; selection for production runs were
made to support SAR development. The work of past HTGR technologies and licensing precedents
support the basis for establishing the V&V plans and methods. X-energy evaluates the effectiveness of
each method and implements improvements to model as required. For instance, the Xe-100 benefits
from extensive use of high-fidelity computational fluid dynamics (CFD) to model thermal phenomena
across the plant.

Qualification of validation data used in validation exercises performed by X-energy will mainly utilize the
peer review method identified in ASME NQA-1, Part IV, Section 400 based on the available data
attributes. Data qualification will be completed in accordance with QAP 3.10 [55] and documented in
validation plans, validation reports and code applicability reports. QAP 3.10 requires that validation
data is identified and qualified and requires that measurement uncertainties are specified. Assessment
of the data will be conducted by the analyst(s) responsible for completing the validation exercise.

2.3.1.3 Element 3: Develop Evaluation Model

Step 10: Establish an evaluation model development plan

See Section 6 for a list and description of the software V&V procedures applicable to the
development and performance of the safety analysis EM, including procedures for
documentation requirements and configuration control.

Step 11: Establish evaluation model structure

An Xe-100 EM high level analysis flow chart is documented in Section 5.1 Code development and
phenomena modeled for the codes that make up the Xe-100 EM is discussed in Section 10.
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Additionally, the plant models can be found in the base decks for the codes that will make up
the Xe-100 EM. These base decks and modeling details will be made available for NRC review
once finalized.

Step 12: Develop or incorporate closure models

A full description of the closure models and the associated equations used in the Xe-100 EM are
provided.

2.3.1.4 Element 4: Assess Evaluation Model Adequacy

Information for Steps 13-20 are found in Sections throughout this LTR. Section 10 contain specifics. As
the EM matures, this document and others will be evaluated for any necessary revisions.

Step 13: Determine model pedigree and applicability to simulate physical processes
Step 14: Prepare input and perform calculations to assess model fidelity or accuracy
Step 15: Assess scalability of models

Step 16: Determine capability of field equations to represent processes and phenomena and the
ability of numeric solutions to approximate equation set

Step 17: Determine applicability of EM to simulate system components

Step 18: Prepare input and perform calculations to assess system interactions and global
capability

Step 19: Assess scalability of integrated calculations and data for distortions

Step 20: Determine EM biases and uncertainties

2.3.2 RG1.232

RG 1.232 [5], “Developing Principal Design Criteria for Non-Light Water Reactors,” describes the NRC’s
proposed guidance on how the GDC in Appendix A, “General Design Criteria for Nuclear Power Plants,”
of 10 CFR Part 50 may be adapted for non-LWR designs. This guidance may be used by non-LWR reactor
designers, applicants, and licensees to develop Principal Design Criteria (PDC) for any non-LWR designs,
as required by the applicable NRC regulations, for nuclear power plants. The RG also describes the NRC's
proposed guidance for modifying and supplementing the GDC to develop PDC that address two specific
non-LWR design concepts: Sodium-Cooled Fast Reactors, and Modular High-Temperature Gas-Cooled
Reactors (MHTGRs). Since the MHTGR design is closely aligned with the HTGR technology, the Xe-100 is
based upon, many of the MHTGR design criteria are relevant to the Xe-100’s safety analyses.

RG 1.232 provides one approach to development. NEI 21-07 provides guidance into an RIPB approach to
developing PDC. The Xe-100 PDC are derived from RG 1.232, Appendix C and the RIPB methods and
guidance of NEI 18-04 and NEI 21-07 and documented in Xe-100 Licensing Topical Report, “Principal
Design Criteria” [49]. The status of how PDC will be derived for the Xe-100 to determine FOMs for the
safety analysis EM is discussed within this report.

Revised 5/02/2023 Page 10
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Non-Proprietary Doc ID No: 007834
Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

23.3 RG1.233

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,” [6] provides the NRC staff’s guidance on using a TI-RIPB methodology to
inform the licensing basis and content of applications for non-LWRs, including, but not limited to,
molten salt reactors, HTGRs, and a variety of fast reactors. The RG is for use by non-LWR applicants
applying for permits, licenses, certifications, and approvals under 10 CFR Part 50, “Domestic Licensing of
Production and Utilization Facilities” and 10 CFR Part 52, “Licenses, Certifications, and Approvals for
Nuclear Power Plants.”

Regulatory Guide 1.233 endorses the guidance of NEI 18-04 [3] as one acceptable method for informing
the licensing basis and determining the appropriate scope and level of detail for parts of applications for
licenses, certifications, and approvals for non-LWRs. The NRC staff had no significant exceptions to the
guidance in NEI 18-04 but did provide clarifications and points of emphasis as detailed in the RG. X-
energy provided responses to these clarifications in its topical report on the subject [9]. NEI 18-04
outlines an approach for use by reactor developers to select LBEs, classify Structures, Systems, and
Components (SSCs), determine special treatments and programmatic controls, and assess the adequacy
of a design in terms of providing layers of Defense in Depth. The methodology described in NEI 18-04,
and RG 1.233 also provides a general approach for identifying an appropriate scope and depth of
information that applications for licenses, certifications, and approvals should provide.

As described herein, X-energy is implementing the NEI 18-04 approach and uses safety analysis methods
as described herein as a means of evaluating plant performance and response to various DBAs. This is
discussed further, as necessary, in this report.

2.3.4 Regulatory Guide 1.253

Regulatory Guide 1.253 [7] endorses the methodology described in NEI 21-07, with clarifications and
additions, where applicable, as one acceptable process for use in developing certain portions of the SAR
for an application for a non-LWR construction permit or operating license.

The guidance indicates source term information should cover all radioactive material inventories and
include the type, quantity, and timing of the release of radioactive material from the facility during LBEs.
Analysis methodologies, assumptions, bases, and justifications associated with transport of radioactive
material from its point of origin to the accessible environment should be included. For an LMP-based
safety analysis, the use of a mechanistic source term, consistent with the advanced non-LWR PRA
standard definition should be included.

2.3.5 NUREG 2246

NUREG-2246, “Fuel Qualification for Advanced Reactors,” [51] provides a fuel qualification framework
for advanced reactor designs, including power and non-power reactors, to support regulatory findings
that nuclear fuel is qualified for use. This NUREG discusses the fission product retention functions of the
nuclear fuel. Specifically, Section 3.2, G2-Safety Criteria, addresses the role of the fuel in the protection
against the release of radionuclides. X-energy plans on submitting Revision 4 of the “Xe-100 Licensing
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Topical Report TRISO-X Pebble Fuel Qualification Methodology”, which will meet the requirements of
this NUREG.

2.3.6 DANU-ISG-2022-01, Review of Risk-Informed, Technology Inclusive Advanced Reactor
Applications-Roadmap

The U.S. NRC staff is providing this interim staff guidance for two reasons. First, this interim staff
guidance (ISG) provides guidance to facilitate the preparation of non-light water reactor (non-LWR)
applications for construction permits or operating licenses under Title 10 of the Code of Federal
Regulations (CFR) Part 50, “Domestic Licensing of Production and Utilization Facilities,” or combined
licenses, manufacturing licenses, standard design approvals, and design certifications under 10 CFR Part
52, “Licenses, Certifications, and Approvals for Nuclear Power Plants.” Second, this ISG provides
guidance to NRC staff on how to review such an application.

The guidance in this ISG provides (1) a general overview of the information that should be included in a
non-LWR application submitted under 10 CFR Part 50 or 10 CFR Part 52; (2) a review roadmap for NRC
staff with the principal purpose of ensuring consistency, quality, and uniformity of staff reviews; and (3)
a well-defined base from which the staff can evaluate proposed differences in the scope of reviews (e.g.,
construction permit versus operating license). Specific sections of the information described in this ISG
are primarily aligned with the Licensing Modernization Project methodology as endorsed in 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,” issued June 2020, as one acceptable process for applicants to use when developing
portions of an application. Nonetheless, the concepts and general information in this ISG may also be
used to inform the review of an application submitted using other methodologies (as applicable) such as
one based on a maximum hypothetical accident or deterministic approaches.

X-energy will utilize DANU-ISG-2022-01 [33] for guidance in preparing the Xe-100 applications under 10
CFR 50 or 52, as applicable.

2.4 US HTGR Precedents

The X-energy team evaluated multiple reactor technology safety analysis reports and, when available,
safety evaluation documents from domestic and international experiences. The extensive experience
gained through the General Atomics’ Modular HTGR review, as documented in NUREG-1338 [39], and
Next Generation Nuclear Plant (NGNP) licensing strategy, including white paper development for
technical and policy considerations, provided useful insight for the Xe-100 approach to meeting
regulatory requirements. Of particular interest are the phenomena identification and ranking tables
(PIRT) of relevant phenomena common among HTGRs matured through the NGNP program. X-energy is
undertaking an activity to screen the NGNP PIRTs to determine where further progress has been made
in the state of knowledge and understanding of HTGR and TRISO fuel technology.

Exelon transmitted a general description of the South African version of the Pebble Bed Modular
Reactor (PBMR) to the NRC as an introduction to the PBMR. It was transmitted for information only and
no formal review was requested. The body of the document stated, “This document presents an
overview of the PBMR, the concept, the basic principles of design, safety analysis, and operation. It is
not intended to be used (or maintained) as a design document.”
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2.5 X-energy NRC SER for Xe-100 Topical Report: Transient and Safety Analysis
Methodologies Framework, Revision 1

The NRC issued a Safety Evaluation (SE) on October 8, 2021 for Revision No. 1 of the Xe-100 Topical
Report: Transient and Safety Analysis Methodologies Framework. The NRC concluded the following:

Based on the above discussion, the NRC staff concludes that X-energy has provided an adequate
plan for developing an evaluation model to be used for transient and accident safety analysis.
Specifically, the steps and plan elements appear appropriate and indications from the NRC staff
audit of documents provided are that the approach taken by the applicant is sound and conforms
with RG 1.203. However, detailed design development is still underway and numerous aspects of
the proposed methodology are not yet sufficiently finalized for the NRC staff to make findings that
could support a finding of acceptability for a safety analysis methodology. Accordingly, the TR is
subject to the limitations and conditions noted above and cannot be used by itself as an acceptable
evaluation methodology. Based on the information provided in the TR request, the NRC staff finds
the proposed approach is reasonable for continued safety analysis methodology development. The
NRC staff will make a final determination of the acceptability of the transient and accident analysis
methodology when the complete, detailed design and approach, including applicable testing, is
completed and incorporated as part of submittals to the NRC for review as part of future licensing
activities referencing or including the TR.

The NRC identified four limitations that prohibits the NRC from completing their review to assess the
acceptability of the evaluation model. The NRC also concluded that the staff will make a final
determination of the acceptability of the transient and accident analysis methodology when the
complete, detailed design and approach, including applicable testing, is completed and incorporated as
part of submittals to the NRC for review as part of future licensing activities referencing or including the
TR.

X-energy believes that while the Xe-100 design is not finalized, it is at a point to support X-energy’s
request for the US NRC to review and approve the proposed approach to performing transient and
safety analyses for the Xe-100 reactor.

The four limitations are listed below along with how the limitations are addressed (developed) in this
TR.

1. An appropriate set of FOMs, justified for the full spectrum of events to be modeled for the X-
energy design will need to be provided. This is likely to require sufficient design finalization such
that scenario classes and operational regimes can be identified or bounded.

Section 7., Xe-100 Figure of Merit, discusses the FOM Acceptance Criteria, FOM Phenomena,
and provides a summary of the phenomena. Section 8., XE-100 Phenomena ldentification and
Ranking Tables, discusses FOMs used in the Safety Analysis and PDCs supported, dose
consequence parameters related to FOM, and the controlled state parameters related to the
FOM.

2. Afinal PIRT (or functionally similar tool) and list of relevant SSCs and phenomena to be modeled,
along with relevant assumptions, should be made available as part of a future submittal related
to the TR in order to facilitate review of the final evaluation model.
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Section 8, XE-100 Phenomena Identification and Ranking Tables, discusses the methodology,
PIRT Panel, IN-Core PIRTs and associated SSCs, and the modeled phenomena. Section 9 contains
a discussion on the Phenomena and Key Parameter Identification and Ranking Table (PKPIRT).
Appendix C lists the In-Core FOM PIRTS and Appendix D lists the Xe-100 Transient and Safety
Analysis PKPIRTSs.

3. Adequate verification and validation assessment information should be made available to the
NRC staff as part of future submittals supporting the codes that make up the evaluation model.
This verification and validation information should be justified to reasonably bound the
operational envelope for the design for any applicant referencing the TR. To the extent that the
computer codes are coupled to one another, the verification and validation of the coupled
configuration should also have adequate verification and validation associated with the
configuration exercised as used for the safety analysis.

Section 6, Code Verification and Validation Plans, provides a summary of the Code V&V plans for
VSOP; MST; Flownex and GOTHIC. More detailed V&V information can also be found in
References [17], [26], and [15], respectively.

4. In order to link the transient and accident analysis methodology to the design itself, an applicant
utilizing the TR needs to justify the use of the model for the design. This justification must
discuss the capability of the model in the context of what is needed to appropriately represent
the design and discuss how the model is applicable to the design, including consideration of
system interactions occurring in the design, system conditions (which may affect the
applicability of models or validation data). Uncertainties associated with the evaluation model
and the validation data should be discussed in accordance with RG 1.203.

Section 10, Xe-100 LBE Evaluation Model, discusses the model and how it is used in the design.
Section 11 and Appendix B describe and demonstrate the specific capability of the model for
three events. Section 9, Transient and Safety Analysis Uncertainty Methodology, discusses the
model uncertainties.
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3. Xe-100 Plant Structures, Systems, and Component Overview

The Xe-100 is a Generation IV advanced pebble-bed High-Temperature Gas-Cooled Reactor (HTGR),
utilizing Uranium Oxycarbide (UCO) TRIstructural-1ISOtropic (TRISO) coated fuel embedded in spherical
fuel elements to form fuel pebbles. The standard Xe-100 Plant is a four-unit nuclear plant, each unit
producing 200 MWt power converted to 80 MWe output for a total of 320 MWe connected to the grid.
Alternatively, some or all of the plant’s power can be used to produce steam. Each Xe-100 unit consists
of a nuclear island (NI) and a conventional island (Cl) as shown in Figure 3.

The Xe-100 plant is designed such that the conventional island systems are commercially available or
off-the-shelf and can be optimally configured to suit the end user’s requirements. The NI, on the other
hand, is the standardized part of the design and remains unchanged irrespective of the application.

The Xe-100 is highly maneuverable; it can ramp up and down at ~5% per minute within the 100% and
40% power range. The reactor can also operate at stable power levels as low as 25% but with limited
maneuverability. The plant is designed to handle a transition from full power to house load conditions
without causing a reactor trip. All four units of the Xe-100 plant are controlled from a single control
room.

Nuclear Island Conventional Island

i

.

FEEDWATER

Figure 3: Schematic Representation of Xe-100 Nuclear Island and Conventional Island
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3.1 Xe-100 Nuclear Island SSC

The Xe-100 nuclear island module consists of the Reactor System (RS), Steam Generator System (SGS),
Helium Circulator System (HCS), and Fuel Handling System (FHS), Reactor Cavity Cooling System (RCCS),
Startup and Shutdown System (SSS), Feedwater System, and Steam System.

The RS and SGS subsystems are illustrated in Figure 4. A pair of circulators transports the helium coolant
through the pebble bed core, transferring heat from the fuel pebbles and reflectors in the reactor
pressure vessel (RPV) to the steam generators (SGs).

The fuel is recirculated continuously during operation. The fuel pebbles are loaded into the core while
the reactor is operating through a central tube at the top of the RPV. A fuel handling and discharge
system at the bottom of the core removes spent fuel pebbles through the bottom of the RPV. The burn-
up measurement system (BUMS) evaluates each pebble for physical damage and burn-up. The pebbles
are either reloaded back into the core or sent to the spent fuel storage. A typical pebble goes through
this evaluation process six times before it is removed from the reactor after reaching the burn-up limits.
Online refueling has the advantage of increasing the Xe-100 availability to beyond 95%.

The main nuclear island characteristics, including dimensions, thermal power, and major operating
conditions are given in Table 1 [40].
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Figure 4: Xe-100 Reactor and Steam Generator Subsystem Components
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Table 1: Xe-100 Reactor Main Characteristics

Thermal power 200 MWt Helium flow rate (excluding bypass) Il Ie
Effective Core volume I P Helium pressure 6 MPa

Core average power density I Ik Pebble packing fraction ) Ie
Effective Core Height I ne Particle packing fraction Il I°
Effective Core Diameter I ne Burnup 168 GWd/MTU
Average pebble passes through the |6 Enrichment 15.5%

core

Heavy metal loading per pebble m ur Moderation ratio (C/U) 0 n°
TRISO-coated particles per pebble |~19,000 U-235 per pebble Il ne
Gas inlet temperature 260°C Daily pebble charge Il ne

Gas outlet temperature 750°C Average fuel residence time Il ne

3.1.1 Reactor System

The Reactor System operates as the heat source for the steam generator, heating helium from 260°C to
750°C at 100% power. The RS subsystems include the fuel, reactor core structures, and reactivity control
and shutdown system (RCSS), pressure boundary system (PBS), hot gas duct system (HGD), and primary
loop pressure relief system (PLPRS).

The helium flow path in the RS is illustrated in Figure 5. Helium enters the RS from the annular cross
vessel at the bottom of the RPV and enters the core barrel through slots on the outer periphery of the
core barrel bottom plate. Helium then flows upwards in an annular gap between the core barrel and the
bottom reflector graphite before entering the vertical riser channels in the side reflector. The riser
channels direct helium to the upper inlet plenum from where helium flows radially inwards to the top of
the core. Helium then flows downward through the pebble bed and exits through holes in the bottom
reflector into the outlet plenum and leaves the outlet plenum through the hot gas duct to the steam
generator. [42]
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Figure 5: Reactor System Helium Flow Path
3.1.1.1 Fuel

The active core volume is filled with approximately 224,000 spherical fuel pebbles to form the pebble
bed. Each pebble contains approximately 19,000 TRISO-coated UCO particles. Fissions within the fuel
particles generate the nuclear heat which is conducted to the pebble’s surface. The heat generated in
the core is transported by helium to the steam generator and converted into steam, which powers the
turbine generator to produce electricity.

3.1.1.2 Reactor Core Structures

The reactor core structures consist of the core graphite structures, core barrel, and defueling chute.
These structures provide neutron reflection, shielding, mechanical support, and guidance for the fuel
pebbles moving through the core.
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The core graphite structures are safety-related systems since they are part of the passive heat removal
geometry post-accident and provide structural stability for the core. They also provide channels for
insertion of control and shutdown rods, and as well as helium inlet and bypass flow channels.

The core graphite structures are made of four sub-assembilies: the side, top, and bottom reflectors, and
defuel chute as shown in Figure 6.

[

1’

Figure 6: Graphite Reflector Cross Section Rendering

Revised 5/02/2023 Page 20
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Non-Proprietary Doc ID No: 007834
Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

The core barrel encloses the graphite reflectors surrounding the reactor core. It provides the support for
the graphite structures and maintains the core structural integrity and geometry of the fuel pebbles.

The defuel chute is located at the bottom fuel cone, where fuel pebbles are discharged into the fuel
handling system (FHS) and either recirculated back into the reactor core or discarded into the spent fuel
casks.

3.1.1.3 Reactivity Control and Shutdown System

Reactivity control is performed through three independent mechanisms which include: strong negative
fuel and moderator temperature coefficients, controls rods, and shutdown rods.

The first and most important reactivity control is the inherent negative fuel temperature coefficient.
During normal operation, the inherent reactivity control means that reactor thermal power can be
controlled simply by changing the rate of helium circulation through the reactor. During off-normal
events when the forced cooling is lost, the reactor will inherently shut itself down to a hot standby
condition, in which the decay heat and stored energy produced in the core is removed by the passive
heat removal mechanism of the RCCS via boiloff for a minimum 72-hours [35], while maintaining the
TRISO fuel particles within their acceptable fuel design limits. After 72 hours, it is assumed that the
onsite staff will be able to connect equipment to refill the RCCS with water.

Two diversely actuated means of reactivity control and shutdown are provided. These are the reactivity
control system (RCS) and reserve shutdown system (RSS), each comprised of two banks of nine control
rods. The RCS is used during normal power operation to control the SG inlet temperature and to bring
the reactor to a hot standby condition. The RSS is provided for diversely actuated negative reactivity
insertion and to bring the reactor to a cold shutdown condition and to maintain it in that cold shutdown
condition indefinitely. Each of the two independent control rod systems can shut the reactor down to a
hot standby condition, but both are needed to bring the reactor into a cold shutdown condition.

3.1.1.4 Pressure Boundary System

The pressure boundary system (PBS) consists of three vessels: (1) the RPV and (2) the steam generator
pressure vessel (SGPV) which are connected through (3) a cross vessel (CV). The RPV contains the
reactor vessel internals (RVI) which consist of the core barrel, the structural supports for the core barrel,
graphite blocks, and fuel.

3.1.1.5 Hot Gas Duct System

The hot gas duct system (HGDS) comprises the ductwork that channels the hot gas from the reactor to
the steam generator as show in Figure 7. The HGDS is housed inside the CV. The HGDS consists of two
concentric flow zones. The inner circular zone, or hot pipe, contains the hot helium coolant at 750°C and
the outer annular zone returns the cooled helium coolant at 260°C.
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Figure 7: Hot Gas Duct and Connection to Bottom Reflector

3.1.1.6  Primary Loop Pressure Relief System

The function of the PLPRS is to provide adequate overpressure protection of the reactor system. The
Xe-100 RS pressure boundary consists of the RPV, Cross Vessel (CV), Steam Generator Pressure Vessel
(SGPV), Helium Circulator Pressure Vessel (HCPV), and the Defuel Chute Pressure Vessel (DCPV) [42]. In
an overpressure event of the RS, the PLPRS activates and helium flows from the SGPV to the PLPRS.

The PLPRS consists of power operated relief valve (PORV), safety relief valves (SRVs), three-way valves,
and rupture discs as shown in Figure 8.
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Figure 8: PLPRS Schematic Diagram

3.1.2 Steam Generator System

The steam generator system (SGS) components include the helical heat exchangers and helium
circulators. The SGS is designed to accommodate heat transfer from the primary fluid to the secondary
fluid, creating superheated steam with enough margin for electricity generation or process steam
production. The SG is a counter-flow, helical tube, dual-tube bundle, and the SG is capable of producing
superheated steam. There are a total of [[ 117 tubes
in each bundle. Table 2 summarizes the characteristics of the steam generator tubes.

The hot helium flow enters the SGS through the cross vessel via the hot gas duct and hot elbow after it
exits the core. On the helium return path, the cold helium leaves the steam generator after exiting the
helium circulators and flows between the outer annulus of the hot gas duct and the inner wall of the
cross vessel to return to the reactor system as shown in Figure 9 [42].

On the secondary side, the water enters through the feedwater nozzle, where it is split in the feedwater
tube sheet into two SG tube bundles [43]. The water then flows upwards, counter to the direction of the
helium. As the water enters the tube bundle region, it heats up and eventually transitions to steam,
where it is then further heated. The super-heated steam flows via the transition bundle, compensation
segment, and upper bundle to the steam tube sheet and steam nozzle where it exits the SGS.

Revised 5/02/2023 Page 23
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



b o d
%

Non-Proprietary

Xe-100 Licensing Topical Report

Transient and Safety Analysis Methodology

Doc ID No: 007834
Revision: 2
Date: 11 March 2025

Number of Tubes

Table 2: SG Tube Bundle Characteristics

[l

I

Number of tubes per circuit

[l

P

Tube cylinder winding direction

[l

I

Flow Circuits

[l

P

Flow Nozzles

[l

I

Effective tube length

[l

I

Total tube length

[l

IP

Tubes outer diameter

[l

P

Tube wall thickness

[l

IP

Horizontal pitch

[l

P
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177
Figure 9: Flow Paths in SGPV

3.1.3 Helium Circulator System

The Helium Circulator System (HCS) circulates the primary loop helium through the SGS and RS. The
helium circulators are contained within the SGS blower cap, which is part of the SGS pressure boundary.

The HCS comprises two motor-driven radial helium circulators, each nominally rated at 50% of the
design helium flow through the primary helium circuit [41]. The helium circulators are physically located
on top of the Steam Generator, as shown in Figure 4. Helium is routed to the circulators from the SG
heat transfer section by interfacing SG internal ducts. Helium exits the circulators into the SG vessel
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upper plenum from where it returns to the reactor vessel. A check valve is provided at the inlet of each
circulator to enable operation on a single circulator when one circulator is shut down or out of service.

In the normal operating mode, the two circulators of the HCS operate in parallel at speeds determined
by the Plant Control System. The design operating range of the circulators is 5% - 110% of the nominal
speed at maximum continuous rating (7200 rpm). The actual speed of the circulators will vary in
accordance with the modes and states of operation and the demands for plant power output during
both steady state operation and normal operation maneuvering.

3.1.4 Reactor Cavity Cooling System

The RCCS is a water-cooled system designed to remove heat from the reactor cavity. The RCCS is Non-
Safety Related with Special Treatment Design (NSRST) active design for normal operation and AOOs with
a Safety Related (SR) passive mode that provides a 72-hour boiloff volume for Design Basis Event (DBE)
and DBA conditions [35].

During normal operations, the RCCS will keep the reactor cavity walls below 65°C and the reactor vessel
below 370°C. During accident conditions, the RCCS will keep the reactor citadel walls below 175°C, the
reactor vessel below 540°C, and the core barrel below 593°C [35].

The RCCS model is still under development; thus, for purposes of the safety analysis only boundary
conditions are used.
3.1.5 Fuel Handling and Storage System

The fuel handling and storage system (FHSS) consists of two separate subsystems. The FHS handles the
fuel pebbles while they are inside the RPV and includes functions such as loading, unloading, and
recirculating the fuel. The spent fuel storage system (SFSS) handles the fuel pebbles when they are
outside of the primary helium pressure boundary and includes functions such as receiving, handling, and
storing new and spent fuel. The FHSS is not classified as a safety-related system.

3.2 Functional Containment

The functional containment of Xe-100 reactor is a set of RN retention barriers which ensure that RNs are
retained at their source in the fuel, so that the NRC regulatory requirements and facility design goals for
release of RNs are met at the EAB across a full range of normal operating conditions and all LBEs.

There are five successive barriers to fission product radionuclide release that constitute the functional
containment, as shown schematically in Figure 10:

1. UCO fuel kernel

2. TRISO coatings

3. Pebble fuel matrix

4. Helium pressure boundary
5. Reactor building

The TRISO fuel and pebble qualification methodology is summarized in a licensing topical report [40],
which includes supplemental testing of TRISO-coated UCO fuel particles in graphite pebbles.
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Figure 10: Xe-100 Functional Containment-Radionuclide Barriers

3.2.1 TRISO Fuel Particle (UCO Fuel Kernel and Triso Coatings)

In the Xe 100 design, the TRISO fuel particles consist of a microsphere UCO fuel “kernel”, buffered by a
layer of porous pyrolytic carbon, and coated with two layers of dense pyrolytic carbon--Inner Pyrolytic
Carbon (IPyC) and Outer Pyrolytic Carbon (OPyC) layers, and a Silicon Carbide (SiC) layer sandwiched in
between as shown in Figure 11. Each of the physically independent layers of TRISO coatings plays a role
in preventing RNs from being released into the HPB.

e UCO Kernel — The UCO kernel serves as an important barrier to RN release by immobilizing many
of the fission products and delaying the release of others.

e Buffer — The buffer layer consists of a low-density (¥50% theoretical density) isotropic pyrolytic
carbon. The primary purpose of the buffer layer is to provide void volume for gaseous fission
products to limit pressure buildup within the coated particles.

o Inner Pyrolytic Carbon — The IPyC forms the first load-bearing barrier against the pressure
exerted by gaseous fission products and reaction products (CO, CO,) within the fuel kernel and
buffer layer.
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e Silicon Carbide — The primary purpose of the SiC layer is to prevent the release of these mobile
fission metals from the reactor core.

e Outer Pyrolytic Carbon — The primary function of the OPyC layer is to protect the SiC layer against
damage in the fuel manufacturing processes following the coating process.

The TRISO fuel particles are designed to withstand extremely high temperature without losing their
ability to retain radionuclides under all accident conditions. Fuel performance has been tested at
temperatures up to 1800°C for approximately 300 hours. The safety analysis, to be completed, will
assess fuel performance during accident conditions and is expected to demonstrate large margins to the
dose limits.

Porous Buffer Carbon
Attenuate fission recoils
& accommodate intemal fission gases

Dense Inner Pyrolytic Carbon
HCI by-products protective layer

Silicon Carbide
Pressure vessel Metallic
fission products barrier

Dense Outer Pyrolytic Carbon
Structual protection for the
SiC layer Fission product barrier
Bonding surface for matrix

Figure 11: TRISO-Coated Fuel Particle

3.2.2 Fuel Pebble

The fuel pebble (or fuel sphere) and TRISO fuel particle designs including their nominal dimensions are
depicted in Figure 12. As shown, the 60-mm diameter spherical fuel element consists of two zones: the
inner spherical region is known as the fuel zone, and the outer shell surrounding the fuel region known
as the fuel-free zone. The 50-mm diameter fuel zone of each fuel pebble contains approximately 19,000
TRISO fuel particles evenly distributed in a carbonized organic binder and nuclear-grade graphite matrix
material. The fuel-free zone is a 5-mm thick shell of the same matrix material formed by a high-pressure
isostatic pressing process and machined to final dimensions. X-energy has selected the US equivalent of
German A3-3 (“US A3-3”) matrix as the reference matrix for the Xe-100 fuel element. The relatively low
particle packing fraction in the fuel zone (about 10% in the Xe 100) and pebbles being fully wetted by
the helium everywhere, leads to lower temperature gradients across the fuel particle as compared to
prismatic fuel designs and lower maximum fuel temperatures during normal operation.
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Figure 12: Pebble Fuel and TRISO Fuel Particle Design

3.2.3 Helium Pressure Boundary

The Helium Pressure Boundary (HPB) provides an independent, passive, and concentric fourth functional
containment barrier to radionuclide release. The inherent properties of the fuel, core materials, and
helium coolant minimize the potential for adverse fuel-coolant pressure boundary interactions to
enhance the independence of this barrier. Any radionuclides released from the fuel will circulate
throughout the primary helium circuit and reactor pressure vessel and may deposit onto or lift off from
surfaces or dust particles.

The helium circuit has monitoring and active filtration capabilities to continuously measure and remove
contamination to remain below operating limits while the reactor is in-service, to reduce normal
operations emissions and post-accident releases. The helium purification system is classified as
nonsafety-related with special treatment, due to not being credited for radionuclide removal during
DBA or Beyond Design Basis Event (BDBE) event sequences to meet dose consequence limits.

3.2.4 Reactor Building

The Reactor Building (RB) serves as the fifth and final concentric passive barrier to fission product
radionuclide release, and provides the functions required by PDCs 71 (Reactor building design basis) and
72 (Provisions for periodic reactor building inspection). The US regulatory requirements for the RB are
specified in RG 1.232 App. C. However, as stated in PDC 71 of RG 1.232 App. C, "It is noted that the
reactor building is not relied upon to meet the offsite dose requirements of 10 CFR 50.34 (10 CFR
52.79).”
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X-energy document “Xe-100 Plant Building Design Document Report” provides information on the
design of the Reactor Building and other Nuclear Island structures.

The RB is the only safety-related structure on site and houses the main components of the Xe-100
reactor system, including the reactor pressure vessel, steam generator and fuel handling system. The RB
internals comprise two main vertical chambers, the reactor vessel citadel, and the steam generator
citadel, as shown in Figure 13.

The shell of the RB is standard reinforced concrete wall construction with stainless-steel plate formwork
on the interior faces. Floors inside the structure also consist of prefabricated steel reinforced concrete,
with stainless-steel plate cladding acting as the formwaork. Steel supports are used to brace the reactor
core and steam generator and attach to the floors and walls using embedded steel anchorage. RB
inspections will be performed via an in-service inspection program to monitor for degradation
mechanisms.
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Figure 13: Reactor Building Section View - Reactor Vessel and Steam Generator Citadels

Reactor building structural integrity is maintained in part by the RCCS providing adequate cooling of the
concrete. The RCCS provides sufficient cooling for the concrete structure to remain intact, ensuring
structural integrity of the reactor pressure vessel and other supported SSCs and that a coolable

geometry is maintained.

The RB design also includes an overpressure relief path to atmosphere, which is passively activated
during a postulated large helium coolant or steam piping failure.
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The RB design includes a Heating, Ventilation, and Air-Conditioning (HVAC) system which is not classified
as safety-related but can perform many of the reactor containment functions for risk reduction and
defense-in-depth purposes.

The RB is not relied upon to mitigate the consequences of fuel failures following DBAs. There is no
requirement for the structure to be leak tight, as most RNs are retained in the fuel.

3.3 Inherent Safety Characteristics

The inherent safety design approach of the Xe-100 is built upon two characteristics of the design
features. The first is the inherent radionuclide retention capabilities of TRISO fuel, which ensures the
confinement of the radionuclides within the fuel under all operating and accident conditions that there
can be no significant release from the fuel particles. The excellent fission product retention capability of
US-developed UCO TRISO-coated particle fuel has been demonstrated for temperatures up to 1800°C
for 300 hours, and degradation mechanisms typically require long periods of time to significantly impact
the retention function.

The second characteristic is that the Xe-100 is designed to be intrinsically safe, which means that no
operator action or actively powered system is required to ensure that the maximum fuel temperature
stabilizes at acceptable levels. The following characteristics of the Xe-100 design contribute to making
the design intrinsically safe:

e large negative fuel and moderator temperature coefficients that inherently limit reactor power
increase and gradually bring down reactor power under accident conditions without negative
reactivity insertion of control rod or reserve shutdown system.

e Asingle-phase, chemically inert, neutronically transparent, and high thermal conductivity
helium heat transport fluid with low stored energy, minimizing the functional requirement for
containment of energy in a postulated breach of the reactor helium pressure boundary.

e Alow core power density and high core surface-to-volume ratio that limits the fuel temperature
rise during the most limiting conditions of loss-of-forced cooling and depressurization of the
primary circuit.

e Small excess reactivity made possible because the core is refueled via semi-continuous on-
power refueling.

34 Passive Safety Characteristics

Xe-100 passive safety design features are defined as features engineered to meet their required
functional design criteria without (a) needing successful operation of active systems with mechanical
components such as pumps, blowers, heating, ventilation, and air conditioning or sprays that require an
external power source; (b) depending on alternating current electric power; or (c) relying on operator
actions.

Passive safety characteristics of the Xe-100 design include:

e Alarge solid graphite moderator/reflector structure with very high temperature capability. The
graphite provides large heat capacity in the core that delays the timing of and reduces the
magnitude of core thermal transients. Limiting transients occur over hours and days, not
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seconds. No fast-acting active safety systems are required to maintain the fuel within specified
acceptable fuel design limits.

e A passive heat transfer path from the fuel to the external atmosphere. This heat transfer path
through the graphite moderator/reflector and the reactor vessel to the RCCS, and to the
external atmosphere has the capacity, without requiring any active systems, to limit fuel,
reactor pressure vessel, and reactor cavity structural concrete temperatures so that degradation
of the fuel-element barriers is limited to acceptable levels and there is no degradation of the
core geometry. The initial RCCS make-up/emergency tank inventory will ensure at least 72 hours
of passive heat removal using the RCCS boil-off mode [35].

3.5 Xe-100 I&C Systems

The high-level control bandwidths among different Xe-100 I&C systems [13] are depicted in Figure 14,
namely, the distributed control system (DCS), investment protection system (IPS), reactor protection
system (RPS), and the post event monitoring system (PEMS). The bandwidth is the area where each
system has primary control. Within the bandwidth, control setpoint, runbacks, and other limits are set
so that the I&C will respond to maintain control of the plant. The function and operation of the various
control systems is continuously refined during the design process and analyses may result in specific
functions being reallocated to a different the system during the design evolution.

The DCS bandwidth, demarcated with the green band, defines the allowable bandwidth in which the
DCS will control the plant during normal operations. When plant parameters move into the yellow band
outside the DCS control range, annunciators will be activated to alert the operators of the specific plant
parameter which has deviated from the normal operating range.

The IPS bandwidth, demarcated with the orange band, defines the limits for the plant parameters which
pose a risk to the plant investment. If a plant parameter exceeds the yellow limits and moves into the
orange band, the IPS will override DCS control and force a transition to a lower operating mode to allow
the plant operators to find and respond to the root cause of the abnormal plant parameter.

The RPS bandwidth, demarcated with the red band, limits the plant parameters that pose a potential
risk to public or worker safety. When a plant parameter reaches the red bandwidth, the RPS will send
trip signals to dedicated and isolated actuators according to the pre-defined trip matrix that will ensure
the plant maintains safe operation.

The PEMS, in addition to the DCS, continuously monitors and stores the status of the plant in a hardened
storage system. The PEMS will flag the plant parameters which deviate from the green band. The PEMS
will furthermore monitor all the predefined plant areas and parameters during and after an event, so
that an analysis of the plant behavior prior to the event can be undertaken.
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Figure 14: Relationship of RPS to Other I1&C Systems

3.5.1 Distributed Control System

The DCS is categorized as a non-safety-related system. The DCS provides a common interface to all plant
systems, with associated instrumentation and actuated devices. Each Xe-100 unit will have independent
DCS controllers that are also functionally distributed, such that individual units and redundant trains are
not implemented in a single controller.

3.5.2 Investment Protection System

The IPS is categorized as a non-safety related system. The IPS monitors and provides protective controls
for variables essential to preventing damage of the Xe-100 reactor components and system. The IPS
accomplishes this by detecting parameters deviating from the allowed range for normal operation and
triggering protective actions or trips, which force a system transition to a lower operating mode. The IPS
only provides control functions if the DCS fails to maintain the selected plant parameters within the
required limits.

3.5.3 Reactor Protection System

The RPS is a safety-related system that provides automatic trips for the Xe-100 reactor [13]. The RPS
monitors specified safety parameters and generates multiple independent trip signals when a safety
parameter has exceeded the predetermined setpoint. It uses two-out-of-four trip logic to initiate
actuation signals to the RSS, releasing the reserve shutdown system (RSS) rods into the core and
resulting in a rapid shutdown of the reactor. The RPS will only send trip signals if the IPS fails to maintain
the plant parameters within the required limits.

The RPS [13] continuously monitors redundant key parameters of the Xe-100 plant. If two or more of the
four channels exceed a given setpoint, the RPS removes the enable signals that allow the reactor to
operate, thus placing it in a safe condition. Two fast-acting, separate, diverse, and independent
shutdown means are utilized. The Xe-100 Core Design analysis [12] shows that the inherently safe
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design of the TRISO fuel pebble and large negative temperature coefficient provide protection without
inserting rods. Control rods are inserted by gravity after power is removed by the RPS. In addition to
shutting the reactor down, the protection system mitigates chemical attack and the release of
radioactive nuclides by isolating the steam generator and stopping the helium circulators.

Signals that are needed for indication and plant process are provided to the PEMS, DCS, and IPS via a
Class 1E isolation device. The PEMS, DCS, and IPS cannot send information to the RPS. For the RPS to
operate, it requires DC electrical power. Two redundant and independent 125V dc switchboards, each
derived from two different sources, provide power to each RPS cabinet.

Once the RPS determines that a reactor trip will occur, it deenergizes the Reactivity Control and
Shutdown Rod Bank CRDMs. Based on the type of reactor trip initialized, one or more of following are
also deenergized:

e Helium Circulators
e |[solation Valves for the Feedwater to S/G (train 1 and 2)
e [solation Valves for the Main Steam for S/G (train 1 and 2)

Preliminary PRS reactor trip setpoints are provided in Table 3.

Table 3: RPS Response Matrix
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4. Transient and Safety Analysis Methodology Overview

4.1 Implementation of NEI 18-04 Guidance

X-energy has implemented the guidance found in NEI 18-04 [3] as the systematic, risk-informed, and
performance-based (RIPB) approach to establishing the LBEs for the Xe-100 [9]. The RIPB licensing basis
approach LTR [9] summarizes how the Xe-100 approach to design a licensing basis development adopts
the NEI 18-04 methodology as endorsed by RG 1.233. The RIPB LTR includes information describing how
X-energy has:

o Defined the LBEs that will be used in safety analysis reports required for licensing applications in
10 CFR 50.34 (a)(4) and 10 CFR 50.34(b)(4) to meet the dose requirements of 10 CFR
50.34(a)(1)(D) and 10 CFR 50.34(b)(1) and the quantitative safety goals set by the NRC.

e Defined the safety classification of SSCs.

e Evaluated the adequacy of defense-in-depth provided by the plant capabilities and
programmatic controls.

The details of the X-energy approach and methodology for developing a RIPB licensing basis are not
replicated herein. The process described in [9] is being followed to develop the Probabilistic Risk
Assessment (PRA) event sequences, select and categorize LBEs, define Required Safety Functions and
other PRA safety functions (PSFs), and classify SSCs. These outcomes from the NEI 18-04 process inform
the safety analyses. Consistent with the guidance of NEI 18-04, DBAs are selected from the DBEs
identified by the PRA.

4.2 Execution and Evaluation of DBAs and External Hazards Analyses

As stated in the X-energy RIPB LTR [9], the NEI 18-04 methodology is used for the design and licensing
basis development of the Xe-100. These methods require that specifically defined deterministic analyses
be performed for DBAs. For the analyses identified as DBAs using NEI 18-04, the EM and methods
described in this report will be used.

External hazards and associated analyses will also be evaluated in the PRA using the same NEI 18-04
methodology. Any DBE based on an external hazard initiator that is selected for DBA analysis as defined
in NEI 18-04 will be run through the EM described herein.

4.3 Identification of Analyses Requiring Source Term Analysis

X-energy has prepared an LTR to NRC describing the approach for performing mechanistic source term
(MST) analysis for the Xe-100 [26]. NEI 18-04 [3] contains the following discussions on how mechanistic
source term analysis fits into the overall analysis process:

The evaluation of the consequences of all LBEs are supported by mechanistic source terms.

Thus, the LBEs can inform the determination of the limiting source terms and potential releases
to be considered for operational radiation protection in normal operations as well as AOOs and
DBEs that can then be used to identify design-specific shielding, filtering capability of the
heating, ventilation, and air conditioning system, monitoring, and other requirements for
different types of non-LWRs.
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4.4 Normal Operations and Demonstrations of Licensing Basis Events

A description of how normal operations are modeled for the Xe-100 is contained in Appendix A. This
appendix includes information on pre-equilibrium core, initial startup core, internal and external
hazards, and fuel handling. Additionally, examples of three LBEs are included in the Appendix B of this
report to demonstrate X-energy’s execution of the EMDAP. See Section B.1 for spurious withdrawal of
reactivity control system control rods, Section B.2 for the DLOFC LBE and Section B.3 for the evaluation
of SGTL and SGTR LBE. The appendices contain the preliminary event sequence description,
methodology and assumptions, results, and conclusions. In all cases, the analyses were conducted using
preliminary design information to exercise safety analysis capabilities and perform preliminary
assessments of SSC performance. In addition, Section B.3 describes elements of the safety analysis
unique to steam generator tube leak and rupture events.

4.5 Treatment of Decay Heat

After reactor shutdown, whether deliberate or initiated by control devices, the output of energy due to
nuclear fission stops, but heat produced by the decay of fission products continues. On average over the
first hour, this heat output amounts to about 2% of the preceding reactor power [16], which
subsequently decays slowly. Integrated over the first 24 hours, it matches [[ 11° of reactor
full-power operation. This decay heat is transferred to the coolant and moderator that surround the fuel
pebbles, thereby heating these materials. The decay heat must be removed to prevent overheating and
failure of the fuel. This passive heat, for the Xe-100, is removed by passive means (e.g., conduction in
the graphite materials).

The decay heat generated in the fuel during and following an accident is modeled based on the DIN
25485 standard [16] that was derived for pebble bed reactors with a Low Enriched Uranium cycle. The
decay heat resulting from decay of fission products and actinides in each pebble is calculated by a
convolution integral summing up the contributions of the in-core prior history of each pebble. The Xe-
100 code tracks the irradiation and power history of each fuel pebble as part of the process of
calculating decay heat.

“Non-local heating” refers to heating other than from fission energy release. The predominant source of
non-local heating is energy transfer from neutron and photon interactions with materials in the reactor
structures (e.g., control rods, graphite moderator and graphite reflectors, core barrel, pressure vessel).
Assessment of these effects requires a tool that can model both the neutron and gamma fields.
Including non-local heating effects leads to a temperature redistribution throughout the core and
reactor structures. Preliminary assessments indicate that temperature changes would typically be +10°C,
but in some instances could be as much as £30°C. However, due to the online refueling and continuous
shuffling of the pebbles through the core, the reactivity change due to the non-local heating will be
compensated by changes in the local fueling rate and will not contribute significantly during the normal
operation and reactivity addition for the transients. A quantitative assessment of non-local heating
effects will be included in the next phase of the analysis.

4.6 Residual Heat Removal

Residual heat is normally removed in an active mode via the SG and start up and shutdown system. It
can also be removed both actively and passively (by conduction, natural convection, and radiation) by
the RCCS. The reactor is designed with a relatively high surface area to volume ratio, maximizing its
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capacity for passive cooling via the RCCS. When the reactor is shutdown, active heat removal is usually
accomplished by the primary helium circulators and the steam generator, which transfer heat to the
secondary loop (steam and liquid water cycle of the power conversion system). From there heat is
rejected via the Start-up and Shutdown System, operating in a residual heat removal mode. Heat
rejection via bypass to the main condenser is a further alternative.
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5. Xe-100 Transient and Safety Analysis Code Development

5.1 Xe-100 Transient and Safety Analysis Flow Chart

Figure 15 documents an example high-level structure for performing safety and transient analyses for
the Xe-100 reactor. The figure shows the inputs to the various codes, the order in which the types of
codes are run, how the codes feed information into one another, and the final outputs that are
generated. The analysis is an iterative process given that the dose consequence information can be fed
back into the RIPB NEI 18-04 methodology to refine the analysis.

[

177
Figure 15: Xe-100 DBA Analysis Flowchart

5.2 Neutronics Code

Steady-state conditions during normal operation are calculated with a neutronics computer code, which
includes comprehensive numerical simulation of the multi-scale, physical neutronics and
thermodynamic phenomena of high-temperature gas-cooled reactors in a thermal neutron spectrum.
This leads to setting up the reactor and its fuel elements, processing the relevant cross-sections,
evaluating the neutron spectrum, and performing the multi-group neutron diffusion calculation in two
or three dimensions, while fuel burnup, fuel shuffling, reactor control, thermal hydraulics, and fuel cycle
costs are continuously performed as per input definition. The thermal hydraulics part (steady state and
time-dependent) is restricted to high-temperature reactors (HTRs) and in two dimensions. The code can
simulate all phases of reactor operation from the initial startup toward the equilibrium phase.

The neutronics code system includes internal modules for defining the fuel geometry and performs
online neutron energy group collapsing of nuclear cross sections for few-group neutron diffusion
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analysis. However, a temperature-dependent resonance integral evaluation for different resonance
absorber concentrations related to the fuel considered is performed with an external module of the
neutronics code system prior to the analysis.

Reactor physics input to the EM is provided by VSOP-99, which is further described in X-energy LLC
Licensing Topical Report, “Reactor Core Design Methods and Analysis" [37].

5.3 Thermal Hydraulics Analysis Codes

A system level thermal-hydraulics analysis code will be used for modeling all components of the reactor
including pumps, heat exchangers and pebble bed reactor core. The kinetics and temperature modeling
in the code applicable to reactor physics are described here:

e The pebble bed core is modeled as a porous medium discretized into nodes, based on
discretization of the core into axial zones and radial zones (including reactor, reactor cavity and
reflector).

e Heat transport conditions within each node are homogeneous.
o Heat transfer from the fuel to the helium and to the graphite reflector is modeled.

e The temperature profile for the fuel pebbles in each node are identical and are represented by
one representative fuel pebble.

e Time variation is simulated with a point kinetics model with properties that lump the properties
of all nodes, and the same relative power response is then imposed on each of the nodes.

e The power and temperature calculations are coupled; an essential aspect of modeling a core
with strong negative temperature reactivity feedback.

Two of the codes utilized for the Xe-100 Safety Analysis integrated plant transients for Thermal
Hydraulics are GOTHIC and Flownex. Flownex provides the short-term transient response and GOTHIC
provides the long-term transient response. The short-term transient is defined as the period at which
SSCs are actively responding to an initiating event, forced cooling remains available or the primary
system is actively depressurizing. The long-term transient is defined as the period at which passive heat
transfer begins and no additional active plant responses to the initiating event are considered. The X-
energy applications of Flownex and GOTHIC are described in "Xe-100 Licensing Topical Report GOTHIC
and Flownex Analysis Codes Qualification"[15].

5.3.1 Flownex SE

Flownex Simulation Environment (SE) [27] is a thermal-hydraulic system code that solves the cross-
sectional averaged (1-D) conservation of mass, momentum, and energy equations using the finite
volume method for steady state and transient calculations, as well as under accident conditions in the
Xe-100 reactor. Flownex includes an integrated point kinetics model and specialized models for
representing HTGRs.

Flownex utilizes the Reactor Builder Script and Runtime Neutronics Script to model the Xe-100 reactor
asymmetrically with neutronic power generation and reactivity feedback. The Reactor Builder Script
[28] generates a discretized reactor network on the Flownex drawing canvas, allowing the user to see
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the network topology that the solver operates on. This allows the user to query results of individual
components on the canvas to unambiguously interpret the simulation results.

The Runtime Neutronics Script, in conjunction with the generated reactor vessel internal components,
allows for configurable integrated neutronics calculations and the distribution of heat to the appropriate
regions in the reactor vessel in 2-D axial and radial directions. The runtime neutronics script models
point kinetics neutronics including neutron power from various user-specified precursor groups, decay
heat groups, and iodine and xenon poisoning. In addition, the script provides the ability to model
temperature feedback effects from user-specified temperature feedback groups.

5.3.2 GOTHIC

GOTHIC is a versatile, general-purpose thermal-hydraulics software package [44]. GOTHIC applications
include the design, licensing, safety, and operating analysis of nuclear power plant systems,
containments, and confinement buildings. GOTHIC solves the conservation equations for mass,
momentum, and energy for multicomponent, multiphase compressible flow in lumped parameter
and/or multi-dimensional (1-, 2-, or 3-D) geometries. GOTHIC is used to simulate reactor building
response to high-energy line breaks (HELB), such as HPB depressurization events and feedwater line
breaks. Flownex results provide the necessary boundary conditions to the GOTHIC RB model.

5.4 Mechanistic Source Term

A separate licensing topical report addressing Mechanistic Source Term (MST) [26] was submitted to
NRC, addressing the physical phenomena that leads to such releases, gives an overview of pertinent
experimental data, and outlines an approach to V&V the code for use in event-specific source term
development and subsequent transient analyses. The approach to functional containment in the design
of the Xe-100 will be discussed along with functional containment performance criteria to be assessed in
future analyses.

As part of X-energy’s radiological code development process, a comprehensive software code, XSTERM,
has been developed for the quantification of the Xe-100 source terms and dose calculations. XSTERM is
described in the Mechanistic Source Term (MST) licensing topical report [26].

5.5 Flownex Screening Criteria

The Flownex code is used to characterize the Xe-100 system response and calculate expected pebble
average temperature responses during the transient phase of the event?. Since Flownex does not
calculate radionuclide (RN) production, decay, and release, it cannot provide a dose consequence
estimate.

Flownex screening criteria (FSC) (response surfaces) were developed with XSTERM? to provide a dose
estimate based on Flownex calculated pebble temperatures. The screening criterion serve as a bridge
between Flownex predicted temperatures and XSTERM RN releases to provide dose consequence

! The transient phase of an event is the time prior to entering either PLOFC or DLOFC conditions. GOTHIC is used to
predict pebble temperatures expected during the DLOFC or PLOFC phase and, to estimate dose, the Long Term
Cooling dose methodology is used, not the FSC.

2 Generation of the FSC uses the EXPM, TDYNM, FPM, and SOLM models of XSTERM.
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estimates for an event. The FSC is intended to produce conservative, but not excessively so, dose
estimates and identify those events that may warrant a more detailed RN release and dose analysis.

An FSC response surface considers variation in pebble burnup (12%, 17%, and 19% Fissions per Initial
Metal Atom (FIMA))3, nodal pebble average temperature (700°C to 1850°C), and pebble temperature
hold times (0 to 60 hours). The hold time is composed of two distinct pebble heatup periods; Phase A
when fission power is greater than decay power, and Phase B when fission power is less than decay
power and DLOFC conditions® have not yet been achieved (events that terminate in a Pressurized Loss of
Forced Cooling (PLOFC) do not have a Phase B period). The key distinction between Phase A and Phase B
is the temperature profile within the pebble. During Phase A the profile is determined by the pebble
power and helium temperature while during Phase B there is no profile, and the pebble temperature is
determined by the helium temperature.

There are two FSC response surfaces; one for events classified as DBAs and one for events classified as
non-DBAs. These response surfaces are developed with the manufactured fuel failure fraction and
atmospheric dispersion factors (X/Q) appropriate for each classification.

The FSC provides an estimate of the following for the heat-up component of the transient phase dose:
e Dose (TEDE) for the control room and site boundary (400m)
e Isotopic inventory increase (27 isotope source term)
e Plateout inventory increase Dose Equivalent-131 (DE I-131)

e (Circulating inventory increase (DE Xe-133)

3 FIMA is the fraction (usually expressed as a percentage) of the initial heavy metal atoms that have undergone
fission.
4 DLOFC conditions are entered when the circulator non-return valve has closed, fission power has dropped below
decay power, and the helium pressure has reduced to atmospheric.
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6. Code Verification and Validation Plans and Scaling

6.1 VSOP99/05 Code Verification and Validation Plan

The V&V plan for VSOP99/05 [16] is documented in Reference [17], which identifies a problem definition
for the Xe-100 Physics Code Suite and presents a review of relevant experimental datasets for potential
validation use, and finally recommends validation exercises from those identified that would support the
validation of VSOP.

6.2 Flownex Code Verification and Validation Plan

The Flownex V&V work is supported by a validation program documented in Reference [15]. The
validation exercises, which are based on experimental data or independent analytical solutions, are
identified in the following subsections. The phenomena active in the validation exercises are noted and
the associated figures of merit relevant to the validation are also identified.

Since dose is not calculated by Flownex, parameters predicted by Flownex which have a significant
impact on subsequent dose assessments should be considered as candidates for validation. Such
parameters are those which measure conditions under which radionuclide release becomes more
probable, which could challenge a boundary to radionuclide release, or which could transport
radionuclides to the environment. The Flownex Xe-100 figure of merit parameters are:

e Fuel temperature. The fuel temperature is used as a screening criterion to assess when further
detailed analysis using a fuel code is required to assess radionuclide release from the fuel. In
addition, predicted fuel average temperatures are used to determine the fuel temperature
reactivity feedback.

o Helium temperature. The primary circuit helium temperature affects the fuel temperature and
is a boundary condition for fuel temperature calculations performed by VSOP.

e Primary side coolant flow. The primary circulation flow impacts the fuel temperature and is a
boundary condition for fuel temperature calculations performed by VSOP.

e Primary side coolant pressure. The HPB system pressure is a boundary condition for subsequent
assessments with other codes and is relevant to the integrity of the helium pressure boundary
(including relief valve lifts), and retention of radionuclides within the pressure boundary.

e Reactor power. Reactor power directly influences the fuel temperatures. The point kinetics
model in Flownex relies on the accurate derivation of point kinetics input parameters and
reactivity coefficients from the VSOP reactor physics code.

e Break discharge flow.

. Primary side: in the Xe-100, the break results in a loss of circulation in the core,
increasing fuel temperatures but reducing reactor power due to the strong negative fuel
temperature reactivity feedback.

. Secondary side: A break in the steam generator tube results in water ingress into the
reactor core. The water ingress introduces positive reactivity into the core and degrades
the graphite components through water/graphite reactions.
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e Reactor pressure vessel wall temperatures. The RPV temperatures determine the heat removal
by radiation and natural convection from the reactor internals in post accidents and the integrity
of the RPV.

The most important FOM in Flownex transient analysis is the fuel temperature prediction. Accurate
modeling of the pebble temperatures, and more specifically the fuel temperatures of the TRISO
particles, are important for two primary reasons. The first is related to fuel temperature reactivity
feedback, which is credited in safety analysis performed with Flownex to limit or terminate power
excursions. The second is related to assessment of potential radionuclide releases from the fuel. Fuel
temperatures predicted by Flownex may be used as a screening criterion to assess when further detailed
analysis using a fuel code is required to assess radionuclide release from the fuel. The accuracies of
Flownex Xe-100 fuel temperature predictions are presented in Reference [46].

6.3 Mechanistic Source Term Code Verification and Validation Plan

The MST validation and verification plan for XSTERM is described in the Xe-100 Mechanistic Source Term
(MST) Licensing Topical Report [26]. A separate licensing topical report for XSTERM will be submitted for
NRC review and approval in the near future.

6.4 GOTHIC Code Verification and Validation Plan

The situations considered in the GOTHIC validation plan are listed below. Specifics on this plan are
documented in Reference [15].

A. Steady-state normal operating conditions for the Helium Pressure Boundary (HPB) and
secondary side of the Steam Generator (SG) as the initial condition for various transients

Reactor Cavity Cooling System (RCCS) performance
Control Rod Withdrawal (CRW)

Pressurized Loss of Forced Cooling (PLOFC) transients
Depressurized Loss of Forced Cooling (DLOFC) transients

Steam generator tube rupture (SGTR) events

® " mo 0w

Air ingress (Al)
H. Reactor Building (RB) response.

For all the accident scenarios, the primary safety concern is offsite dose. Since dose is not calculated by
GOTHIC, parameters predicted by GOTHIC which have a significant impact on subsequent dose
assessments should therefore be considered as candidates for validation. Such parameters are those
which measure conditions under which radionuclide release becomes more probable, which could
challenge a boundary to radionuclide release, or which could transport radionuclides to the
environment.

Based on the intended uses of GOTHIC, potential figures of merit (FOM) for validation are:

A. Fuel temperature. Validation supporting fuel temperature prediction is warranted since fuel
temperatures predicted by GOTHIC may be used as a screening criterion to assess when further
detailed analysis using a fuel code is required to assess radionuclide release from the fuel.
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6.5

6.5.1

6.5.1.1

Primary side coolant pressure. Assessment of the primary side pressure is relevant to the
integrity of the helium pressure boundary (including relief valve lifts), and retention of
radionuclides within the pressure boundary.

Break discharge. The relevance of the break discharge figure of merit differs from breaks in the
primary side and secondary side:

1. Primary side: The primary side break discharge is considered as a candidate for
validation because it is a means by which radionuclides could be transported from the
primary side coolant to the environment. While GOTHIC is not expected to be the
analysis of record for short-term mass & energy (M&E) release, the
blowdown/depressurization behavior still needs to be adequately predicted as part of
DLOFC transients because it establishes the initial conditions for long-term cooling.

2. Secondary side: A break in the steam generator tubing results in water ingress into the
reactor core. The water ingress introduces positive reactivity into the core and degrades
the graphite components through water/graphite reactions. The increase in reactor
power and degradation of graphite components is relevant to the fuel temperatures and
fuel integrity making break discharge from the secondary side a candidate for validation.

Steam ingress into Core Region. Determination of the amount of steam entrained in the primary
helium and reaching the core region will be needed to assess the amount of oxidation occurring
between steam and graphite and subsequent flammable gas production.

Reactor pressure vessel wall temperature. A figure of merit is required to assess the
effectiveness of heat removal for events in which the post event heat sink becomes heat
removal by radiation and natural convection from the reactor vessel. The heat removal from the
reactor vessel occurs from the vessel wall, through the reactor cavity and ultimately to the
reactor cavity cooling system. In addition to the fuel temperature figure of merit noted
previously, a temperature within the reactor cavity or cavity walls is a suitable figure of merit for
assessing the effectiveness of heat removal through the reactor cavity.

Xe-100 Scaling Methodology
Scaling Approach Methodology

Description of the Hierarchical Two-Tiered Scaling (H2TS) Method

Full-scale test facilities are generally prohibitively expensive to build and operate. Therefore,
experimental facilities are commonly built at reduced scale to alleviate some of the cost in construction
and maintenance. Ideally, the scaled facility, or model, would be able to perfectly capture all of the
physics and phenomena of the full-scale, or prototype design. However, exact similarity between
prototype and model is impossible to achieve. As a result, compromises in the design of the model are
made to minimize distortions in important phenomena and allowing more distortion in processes that
are less important. The H2TS method of deriving characteristic time ratio of each process helps to
determine what processes are important or less important [34]. [52]
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When the H2TS method is applied to a system, characteristic time ratios of the thermal fluids processes
being modeled are derived. Each of these ratios provides a quantitative measure of how relevant a
process is and provides a scaling hierarchy. There are four basic elements to the H2TS method [34]. A
flow diagram for how the elements interact with each other are given in Figure 16. [52]

Stage 1 Stage 2 Stage 3 Stage 4
SYSTEM = SCALE TOP-DOWN/SYSTEM BOTTOM-UP/PROCESS
DECOMPOSITION IDENTIFICATION SCALING ANALYSIS SCALING ANALYSIS
PROVIDE;
Conservation
equations
PROVIDE:
System PROVIDE DERIVE: PERFORM:
hierarchy HIERARCHY FOR: Scaling groups and Detailed scalin
Volumetric characteristic analysis for 9
IDENTIFY: concentrations time ratios im :rtant rocesses
Characteristic: A P P
concentrations rea ESTABLISH: .
geometries concentrations Scaling hierarchy D::T;,E..; ::’;JI;LIDATE‘
processes i
Process time IDENTIFY:
scales Important
processes
to be addressed in
bottom-up/process
scaling analyses

Figure 16: Hierarchical H2TS Methodology flow diagram

The first element breaks down the whole system into a hierarchical set of subsystems. The subdivided

systems are then further subdivided into interacting modules. The interacting modules are then divided

into interacting materials which are further divided into the interacting phases. Each phase is then
characterized into one or more geometrical configurations that can be described by the mass,

momentum, and energy field equations that incorporate several processes. The general process for
doing a system decomposition is shown in Figure 17.
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Figure 17: H2TS System Decomposition Process

The second element of the H2TS process identifies the scaling level at which similarity criteria should be
developed. This will be dependent on the phenomena that is being examined. For instance, if mass,
momentum, and energy is being transferred between two phases (liquid and gas), then scaling must be
done at a phase level to capture the interaction of the phases in the model. [52]

The third element of H2TS is to perform a top-down or system scaling analysis. Top-down scaling is done
by non-dimensionalizing the mass, momentum, and energy field equations using appropriate reference
conditions. From the top-down scaling analysis the characteristic time scales of each process are
derived. As previously mentioned, the characteristic time scales provide a scaling hierarchy and
identifies important processes to be addressed in the next element, bottom-up scaling analysis.[52]
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The fourth element of H2TS is bottom-up scaling analysis. Bottom-up scaling is a detailed analysis of the
system and assures that the processes identified from top-down scaling are fully addressed. Bottom-up
scaling ensures that data produced from a test facility is comparable to the prototype. Top-down scaling
analyses and bottom-up scaling analyses are done in an iterative fashion until no significant distortions
in the important physical phenomena of interest are present. However, this is not always possible and it
will then be important to quantify any biases or distortions in the test facility. The H2TS method
provides characteristic time ratios for the transfer processes of interest. To obtain the characteristic
time ratios, a control volume balance equation is written for each constituent “k” as

av,
;;pk = A[Qyi] Z[jknAkn] + S, ()

where Y, is the conserved property (e.g., mass, momentum, and energy per unit volume), V;, is the
volume of the control volume, @, is the volumetric flow rate, ji,, Ay, is the transport process term, jin
is the flux of the conserved property from constituent “k” to “n” through area Ay, and Sy is any
distributed sources or sinks in the control volume. The first term on the right hand side of Equation (1)
is the convective flux of the conserved property and is given as

AlQrYi] = [Qr¥i)in — [QkWi)out - (2)

Equation (1) can be non-dimensionalized by introducing the following non-dimensional relationships in
terms of the normalization factors of the system:

Vk l/)k Qk
ViEo— Yr=-—; Qf =——;
Vk,O l/)k,o Qk,o
. Jkn Agn Sk
+ — + — +
] = - ; A = 5 Sy =
fen ]kn,o fen Akn,o k Sk,o

By substitution, Equation (1) becomes:

avipic

, . 3
Vk,olpk,o T = Qk,olpk,oA[QI:—lplt] t z []kn,oAkn,o] []IjnA;n] + Sk,oSI:— . ( )

Dividing Equation (3) by the normalization factor in front of the convective term yields

AV i

' 4
dc+ = A[Qﬁrlﬂ;] t Z My, []l_c'—nAZn] + l_[SkS]-C'— ’ ( )

Where,

tt =

Tk

From Equation (4), the residence time of constituent “k,” the characteristic time ratio for the transfer
processes between “k” and “n,” and the characteristic time ratio for the distributed source or sink term
within the control volume are given by
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., = Vio (5)
g Qk,o '

Hkn = jkn,oAkn,o ) (6)

Qk,olpk,o

and
Sk o (7)
M, = ————,
ok Qk,olpk,o

respectively. By comparing the magnitude of the characteristic time ratios, the process can be ranked by
its importance to the problem. This is important to do because the important processes need to be
preserved from prototype to model. If [1 < 1, then the process has a very small characteristic frequency
(i.e., rate of change), (w;), for a given residence time t.,,, and accordingly has a very large characteristic
time, 7;. In other words, a significant change happens for a relatively short period of time whereas an
insignificant change happens for a relatively long period of time. However, if I > 1, the process of
interest is deemed much more important and makes significant contributions to the system.

However, it is impossible to exactly duplicate all of the characteristic time ratios in the reduced scale
model. Letting M,, be the set of characteristic time ratios for the prototype and M, be the set of
characteristic time ratios for the model, the following relationship is true:

M, # M, . (8)

It is possible to preserve a subset of the characteristic time ratios that describe the most important
processes such that the following relationship is true:

[Milxe-100 = [Milcest - (9)

Equation (9) allows the model designer to optimize the model design such that similarity is preserved in
important processes and allow distortion in less important processes. This optimization is done by
adjusting the physical geometry, fluid properties, operational conditions, and the boundary conditions
of the model. Each characteristic time ratio has two specific parts, the specific frequency and the
residence time constant. Equation (10) illustrates this:

I; = w;Tey - (10)

The specific frequency, w;, quantifies the mass, momentum, and energy transfer rates for the process.
The residence time, 7, is the total time available for the process to occur in the control volume. If a
process has I1; much smaller than one, than that process is of limited importance in the transient. This is
because a small amount of the conserved property will be transported during the time of the transient.
If I1; is approximately or greater than one, then that process is important to the behavior of the
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transient. This is because a large amount of the conserved property will be transported during the time
of the transient.

Since the similarity criteria cannot be satisfied for all of the characteristic time ratios, the scaling
distortions in the model need to be analyzed. The distortion can be quantified by calculating the
fractional difference in the amount of the conserved property transferred between prototype and
model,

(1], = [Mi]m (11)

PF =",

If the distortion factor is equal to zero, the model can perfectly simulate the specific process. If the
distortion factor is positive, the model transfers less of the conserved property compared to the
prototype. If the distortion factor is negative, the model transfers more of the conserved property
compared to the prototype. If the characteristic time ratios and distortions have been quantified, design
specifications of the test facility can be determined. [52]

Figure 18 below summarizes the H2TS scaling methodology to be applied to the Xe-100 safety analysis
EM.
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Figure 18: Xe-100 Scaling Methodology
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6.5.2 Aspects of the H2TS Approach

The Hierarchical, Two-Tiered Scaling (H2TS) methodology proposed by Zuber, et. al. [34], as described in
Section 6.5.1, presents a rigorous approach to scaling using both a top-down and bottom-up approach.
The top-down approach focuses on global system behavior and interactions whereas the bottom-up
approach focuses more on ensuring the identified experiments adequately represent the details of the
target NPP application. For the current phase of the Xe-100 project, the bottom-up aspects of the H2TS
methodology are most relevant since it will help identify any gaps that may exist in the identified
validation activities used to quantify the accuracy of codes used in the safety analysis. Aspects of the
top-down and bottom up approaches will be used for the DBA EM.

6.5.2.1 Step 1: Identify Relevant and Critical Phenomena

The phenomena important for safety analysis have already been identified in the in-core PIRTs,
discussed in Section 8. Scaling will be addressed for all high and medium ranked phenomena, focusing
first on the highly ranked phenomena.

Significant distortions in the highly ranked phenomena may mean that although the experimental data is
valuable for evaluation of fitness for purpose of a code, it is not suitable for quantifying code accuracy
for use in the downstream safety analysis. If an experiment is found to have very high similarity for the
highly ranked phenomena as defined in Step 3 below, then it may be possible to disposition distortions
as discussed in Step 4 below.

Work is ongoing to evaluate which of the highly ranked phenomena is deemed most critical and once
the critical phenomena are identified, those will be addressed as a first step.

6.5.2.2 Step 2: Define Key Characteristics and Dimensionless Groups

Xe-100 will perform a dimensional analysis to define a set of dimensionless groups representative of the
critical phenomena related to the key parameter(s). Itis anticipated that a limited number of
dimensionless groups (on the order <10) will be defined as being critical to the Xe-100 safety analysis.

A. Top Down Scaling Analysis

The third element of the H2TS method requires performing a ‘top-down’ (system) scaling analysis
for each of the hierarchical levels. The top-down scaling analysis serves the following purposes:

e |t establishes the governing time scale for the hierarchical level (i.e. control volume) of interest,

e Itidentifies all the transport phenomena pertinent to the governing control volume balance
equations,

. It provides the dimensionless groups that characterize each of the transport phenomena and
which were used to establish the relative importance of the phenomena. These groups are
called characteristic time ratios.

The top-down scaling analysis will be performed by writing the governing control volume balance
equations for each hierarchical level.

Revised 5/02/2023 Page 53
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Non-Proprietary Doc ID No: 007834
Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

B. Bottom Up Scaling Analysis

The fourth element of the H2TS method requires performing a ‘bottom-up’ (process) scaling
analysis. The purpose of the bottom-up scaling analysis will be to provide the closure relations for
the characteristic time ratios. The closure relations may consist of models or correlations for specific
processes such as critical flow, flow pattern transitions, and other local phenomena. These closure
relations will be used to develop the final form of the scaling criteria for purposes of scaling the
individual processes of importance to system behavior.

6.5.2.3 Step 3: Assess Similarity Between the Experimental Data and the Xe-100

Once the key characteristics and dimensionless groups have been identified they need to be evaluated
for the experimental facility/data and the Xe-100. With these values calculated they can be compared to
see if there is a good similarity by evaluated the ratio of test and reactor conditions. A similarity ratio for
a generic dimensionless group Il can be defined as:

test T .
————— = similarity ratio

nreactor
Ideally, the similarity ratio would be close to unity, which would represent excellent agreement between
the test and reactor characteristics. Since dimensionless groups are a simplified way to represent
complex systems, similarity of unity is not strictly required. In some cases, the dimensionless groups may
simply imply a similar order of magnitude and the appropriate level of similarity needs to be evaluated
on a case-by-case basis.

6.5.2.4 Step 4: Determining Adequacy of V&V to Reactor Conditions

The determination of adequacy of code accuracy calculated from validation activities to reactor
conditions may be addressed in several ways and flexibility is needed since it is unlikely that a single
method will be found to be acceptable for all system characteristics and dimensionless groups. This will
need to be addressed on a case-by-case basis, but some examples based on similarity ratio agreement
are presented below.

The scaling distortion represented by the similarity ratio needs to be discussed along with the
significance represented by the relative magnitude of the dimensionless pi group for a specific process
or phenomenon. A discussion of only the scaling distortion itself is not meaningful without considering
the relative importance of the relevant process or phenomenon. The ranges of similarity ratios provided
below are examples only to provide a framework for discussion of the graded approach to treating
scaling results.

6.5.2.5 Similarity Ratio Near Unity

If the similarity ratios for the key characteristics and dimensionless groups are near unity there is good
agreement between the test and the reactor, and it can be argued that scaling effects are negligible and
guantified code accuracy derived from the V&V is appropriate.
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6.5.2.6 Similarity Ratio Shows Same Order of Magnitude

A similarity ratio of >.1 or <10 implies that the test and Xe-100 have similar orders of magnitude and are
still quite similar, but it is likely that some scaling distortions are present. If all the key characteristics
and dimensionless groups are found to be the same order of magnitude with some even being close to
unity it could be argued on a case-by-case basis that no additional scaling is required and the
assessment data applied in the V&V is appropriate. These arguments may point to the wording in italics
below where RG 1.203 acknowledges that it is essentially impossible to design an experiment for a
complex system and maintain complete similarity:

In most applications, especially those with a large number of processes and parameters, it is
difficult, if not impossible, to design test facilities that preserve total similitude between the
experiment and the plant. (Section 1.2.2 of Reference [2])

As an example, the Xe-100 Reactor Building is not credited for retention of any radioactive releases in
the safety analysis. If that very conservative and non-physical assumption can still lead to acceptable
margins to dose limits, perhaps it can be argued that any scaling effects would have significantly less
impact on the results than the conservative assumptions used if dose were the FOM.

The scaling distortion in this range represented by the distortion factor needs to be discussed along with
the significance represented by the relative magnitude of the dimensionless pi group for a specific
process or phenomenon. Basically, a discussion of only the scaling distortion itself would not be
meaningful without considering the relative importance of the relevant process or phenomenon.

If similarity ratio falls within this range, but the phenomenon is considered very important in the PIRT,
then steps discussed in Section 6.5.2.7 apply.

In general, minor (insignificant) processes/phenomena are expected to have larger scaling distortions
compared to major (significant) ones as the pi groups are relatively small for insignificant ones. In this
case, neglecting largely distorted but insignificant phenomena will be justified to allow X-energy to focus
only on significant high-ranked phenomena in the scaling analysis.

6.5.2.7 Similarity Ratio Shows Order of Magnitude Differences

If the similarity ratio is greater than 10 it is likely that scaling effects exist, and V&V test data may not be
appropriate even if the accuracy from the validation activities is very good. If this occurs, the expected
approach will be to review Safety Analysis margins for the FOMs and if large margins exist argue that
scaling effects are small compared to the available margin. If possible, additional test data may be
added to the assessment base that reduces or eliminates the scaling distortion for important
phenomena.

6.5.3 Guidance from Regulatory Guide 1.203

Table 4 below summarizes the specific clauses that are noted as being important to the development of
an EM and scaling to reactor conditions in US NRC Regulatory Guide 1.203, Section 1.2.2 [2], and the
status of the Xe-100 methodology.
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Table 4: Reg. Guide 1.203 Section 1.2.2 Compliance

Scaling analysis should be conducted to ensure that Yes The scaling plan proposes a methodology for

the data, and the models based on those data, will be scaling via the four steps outlined above.

applicable to the full-scale analysis of the plant

transient

Scaling compromises identified here should ultimately Yes The code bias is identified as the key

be addressed in the bias and uncertainty evaluation in accuracy metric of interest in the Scope and a

Element 4 methodology for scaling the accuracy (bias) is
provided in the four steps outlined above.

Representing the behavior expected during the No This step is in progress and is being

postulated transient and to investigate the scalability addressed via the V&V of the safety analysis

of the EM and its component codes for representing codes

the important phenomena

Need is to demonstrate the experimental database is No This step is in progress and is being

sufficiently diverse that the expected plant-specific addressed via the V&V of the safety analysis

response is bounded, and the EM calculations are codes

comparable to the corresponding tests in non-
dimensional space

The scaling analyses employ both top-down and Yes The H2TS method is proposed for the top-
bottom-up approaches. down and bottom-up scaling analyses

In most applications, especially those with a large Yes Text in italics implies it is expected that some
number of processes and parameters, it is difficult, if parameters/characteristics in experiments are
not impossible, to design test facilities that preserve likely to show some level of distortion with the
total similitude between the experiment and the plant. full-scale reactor. This is addressed in Step 4

Therefore, based on the important phenomena and
processes identified in Step 4 and the scaling
analysis described above, the optimum similarity
criteria should be identified, and the associated

where it is proposed that if many of the
important characteristics/groups show good
agreement it may be acceptable to have

scaling rationales developed for selecting existing poor‘(‘ar. agregmen.t for spegific it.ems.
data or designing and operating experimental The “similarity ratio” is defined in as a
facilities. measure of similarity in Step 3 and a method

is proposed in Step 4 for scaling the accuracy
based on the similarity ratio.
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7. Xe-100 Figure of Merit

The Xe-100 design project uses the NEI-18-04 [3] process to define the safety design requirements for
the Xe-100 systems, structures, and components. The NEI-18-04 process characterizes the safety
consequences of system transient events (LBEs) using an offsite dose metric as the FOM. X-energy is
using a suite of codes including Flownex and GOTHIC for system-level thermal hydraulics and XSTERM
for radionuclide production, transport, dispersion, and ultimate offsite release characterization.
Together these codes will be used to calculate the FOM for each transient event. The FOM for Xe-100
safety analyses is radiation dose (TEDE) at the EAB (400m)[25].

7.1 FOM Acceptance Criteria

The analysis shall demonstrate that applicable requirements of 10 CFR 50.34 [1] are met for a safety
analysis event:

e Anindividual located at any point on the boundary of the exclusion area for any 2-hour period
following the onset of fission product release would not receive a radiation dose in excess of 25
rem Total Effective Dose Equivalent (TEDE).

e Anindividual located at any point on the outer boundary of the low population zone, who is
exposed to the radioactive cloud result 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.

These criteria are met conservatively by demonstrating that the 30-day dose at the EAB is less than 25
rem TEDE for all events. Acceptance criteria for AOOs, DBEs, and BDBEs include verifying that the
radiation dose at the EAB is less than the F-C target as defined in NEI 18-04 and in Chapter 3 of the Xe-
100 PSAR.

In addition to and in accordance with NEI 18-4, non-DBA LBEs are defined as risk-significant if the 30-day
EAB doses exceeds 2.5 mrem and the frequency of the dose is within 1% of the F-C Target. Such LBEs
require additional detail in the PSAR (or FSAR).
7.2 FOM Phenomena
The total TEDE dose comprises dose from the following phenomena:

e Leak from the HPB per day through imperfect seals

e Release of Helium Circulating Inventory

e Plant Transient Contribution (FSC)

e Long-term Explicit XSTERM Dose Contribution

e Liftoff Contribution

e Steam-off/Wash-off Contribution
These phenomena are summarized below:

e 0.1v/oleak per day: This dose release quantity accounts for the fact that up to 0.1% of the
helium circulating volume is expected to leak from the HPB per day through imperfect seals.
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e Release of He Circulating Inventory: This dose release quantity accounts for the inventory of
RNs present in the circulating helium in the HPB. When a break or relief valve lift occurs, this
source term is released into the reactor building and subsequently the environment.

e Plant Transient Contribution (FSC): The Flownex screening criteria (FSC) tool is used to account
for the RNs released during a plant transient event (i.e., prior to long-term passive heat
removal). This tool will be used to calculate the dose due to fuel heatup and will also be used to
screen out the use of explicit XSTERM runs for the plant transient portions of the event.

e Liftoff Contribution: This quantity accounts for the contribution of RNs that are plated out onto
the HPB surface and then ‘lifted off’ due to a break or valve lift which results in relatively higher
velocities near the break.

e Steam-off/Wash-off Contribution: These phenomena are unique to the SGTR events. Similar to
the lift-off contribution, these quantities account for removal and release of plated-out RNs due
to steam or water impingement resulting from a rupture of a steam generator tube and ingress
of water/steam into the HPB.

e Long-term Explicit XSTERM Dose Contribution: This quantity accounts for the “long term”
portion of the event (i.e., DLOFC or PLOFC consequences). This phase of the transient is
expected to result in minimal releases due to lack of motive force to remove any circulating RNs
within the RPV.

An example of the FOM definition for the Steam Generator Tube Rupture (SGTR) DBA event, which is
expected to include all the phenomena defined above, is shown in Figure 19. This figure depicts how
each individual phenomenon is separately calculated and added to the TEDE total, which becomes the
event’s FOM (line corresponding to the green arrow). In this example, the acceptance criterion (top red
line) of 25 rem is assumed.
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Figure 19: Example FOM Calculation for SGTR DBA Event
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8. Xe-100 Phenomena ldentification and Ranking Tables

Development of the PIRT is described in this section. Appendix C provides a summary of all the
phenomena that were considered by the PIRT panel, and their importance for each event, broken down
by FOM.

8.1 Xe-100 PIRT Methodology

The purpose of the ranking of phenomena relevant to the Xe-100 pebble bed High-Temperature Gas
Reactor (HTGR) is compliance with the U.S. NRC Regulatory Guide 1.203 for the identification and
assessment of the importance of phenomena during the execution of safety analysis.

The Xe-100 PIRT process consists of the following steps:
1. Assembly of a panel of recognized experts in the relevant discipline areas
2. Specification of a Nuclear Power Plant (NPP)
3. Specification of a transient, including progression of events
4. Specification of a Figure of Merit (FOM) or FOMs
5. Identification of plausible phenomena that could influence the FOM
6. Ranking of the phenomena in terms of their impact on the FOM
7. Documentation of the above steps in a report

The Xe-100 PIRT is developed based on the work performed by the PIRT Working Groups (PWG)
documented in Reference [22].

8.2 Safety Analysis Figures of Merit

The FOMs applicable to the Xe-100 safety analysis calculations as determined by the PDC-to-FOM
walkthrough are given in Table 5. The FOMs are numbered according to the first PDC in which they
appear. If multiple FOMs first appear against a single PDC, the number after the dash is incremented.

The Environmental Conditions FOM is still under development. The intent of tracking environmental
conditions is to verify the performance of modeled SSCs relative to the PRA expectation as defined in
the Event Sequences Analysis. An example would be ability to restart helium circulator under
depressurized conditions following possible HCS exposure to adverse temperature/pressure/radiation
following an HPB break.
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Environmental
Conditions

Table 5: Safety Analysis Figure of Merits

The purpose of this FOM is to inform the
environmental qualification to be prescribed
for key SR and NSRST SSCs. Upon full
maturity of the SSC special treatments,
clearly defined acceptance criteria will be
developed for each SSC. This will result in
this FOM being broken down into multiple
specific FOMs in a future effort.

4,16,22, 34, 44,
61, 71

GOTHIC and/or
Flownex

10-1

HPB Circulating
Activity

The purpose of FOM this FOM is to meet the
Specified Acceptable Radionuclide Release
Design Limit (SARRDL) Outlined in the Xe-
100 Technical Specifications.

10, 20, 25, 26

XSTERM

10-2

Reactor Fuel
Temperature

The purpose of this FOM is to demonstrate
fuel temperatures that ultimately are used to
meet FOMs 10-1, 16-1, and 19-1. In addition,
gross failure acceptance criteria may be
placed on the fuel temperatures, of which the
safety analysis must demonstrate compliance

10, 16, 20, 25, 26,
34

Flownex

10-3

Reactor Fuel Time-
at-Temperature

The purpose of this FOM is to demonstrate
the fuel does not remain at elevated
temperatures for periods of time outside of
the applicability of the XSTERM fuel-temp-to-
dose-conversion screening criteria.

10, 16, 20, 25, 26,
34

Flownex

11-1

Total Core
Reactivity

The purpose of this FOM is to demonstrate
the ability to maintain subcriticality and
control of reactivity following shutdown of the
reactor, as well as demonstrate that prompt
criticality is precluded.

11,26

Flownex

12-1

Total Reactor Power

The purpose of this FOM is to demonstrate
that reactor power is able to be controlled
and does not result in undamped oscillations
during transient events.

11

Flownex

14-1

Flammable Gas
Production

This FOM is applicable for Steam Generator
Tube Rupture (SGTR) events only. The
purpose of this FOM is to determine that
production of flammable gases does not
generate a flammable concentration within
the HPB.

14,71

Flownex
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15-1 ASME Pressure The purpose of this FOM is to inform the 15,28, 31, 34,70 | Flownex

Vessel Quantities | analyses used to demonstrate meeting
ASME Boiler and Pressure Vessel Code
(BPVC) criteria for the chosen pressure
vessel materials.

16-1, 60-1 | Offsite Dose The purpose of this FOM is to meet 16, 60 XSTERM
regulatory acceptance criterion regarding
offsite dose at the EAB.

19-1 Control Room Dose | The purpose of this FOM is to meet 19 XSTERM

regulatory (10CFR50.67) acceptance criteria
as well as meet the intent of PDC-19.

8.3 Xe-100 PIRT Panel

The Xe-100 PIRT panel comprised experts in relevant fields and qualified to address physical phenomena
of the plant. The following table (Table 6) shows the titles of the panelists.

Table 6: PIRT Panel Voting Members

Technical Lead, In-Core Physics HTGR Reactor Physics

Engineering Manager, Main Power Systems | Xe-100 Reactor Design

Xe-100 Safety Analysis Manager and Xe- | Xe-100 Safety Analysis, GOTHIC and T-H Transient
100 Safety Analysis Lead Safety Analysis Methods

HTGR Principal Consultant HTGR Operations

Sr. Consultant HTGR Source Term

Materials Engineer, Graphite HTGR Structural (Graphite)

Principal Analysis Engineer HTGR Thermal Hydraulics - Flownex

Structural Analysis Manager Structural Analysis

8.4 PIRT Panel Inputs

The process by which inputs were provided to the PIRT panel was created to optimize the amount of
time PIRT panelists spent with the phenomena, while not compromising the technical integrity of the

5 As the PIRT panel extended over months, there were delegates who stood in for those on the PIRT panel
depending on the meeting. Leanne Galanek stood in for Dr. Tim Lucas, and Brian Hallee stood in for Dr. Kyle
Metzroth.
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exercise. The PIRT panelists were presented with ‘Supplemental Phenomena’ sheets which were created
by the following steps [22]:

1. The PWG report for the associated PIRT panel meeting was extracted into a spreadsheet list.
This included the phenomena number (provided by the PIRT Project Execution Plan), a
phenomena description (provided by the PIRT Project Execution Plan), the rationale (provided
by the PWG), the associated FOMs (provided by the PWG), the importance®, and level of
knowledge.

2. Phenomena were then sorted into two separate spreadsheets based on the FOMs for discussion
(see Section 8.5.1). These were mapped using the ‘Associated FOMSs' provided by the PWG.

3. Once the two supplemental FOM sheets were configured, PIRT panelists were instructed to go
into both FOM sheets, and fill out a number of rows:

a.

Importance Agreement- If the panelist agreed with the importance ranking, they would
select ‘Yes'. If the panelist disagreed with the importance ranking, they would select ‘No’. If
the panelist had a question, or felt unqualified to speak to importance, they would select
‘Unsure’.

Importance Rating- For those that disagreed with the importance from Revision 1 of the
PIRT, the panelists were given the option to propose a different importance from ‘Low’,
‘Medium’, and ‘High’. As the PIRT panel meetings matured, panelists were also given the
option to select ‘Inactive’ for that phenomenon given the FOM, if, in their opinion, the
phenomena did not apply to the scenario. Definitions of the different levels of importance
are given in the PIRT Execution Plan [23].

Importance Comment- At the PIRT panel meetings, PIRT panelists were encouraged to
include a comment if they wanted to have a recollection of why they indicated a particular
importance, since some panel meetings could extend for multiple sessions.

Knowledge Rating- Options were provided for indicating whether PIRT panelists believed
that there was ‘Adequate’, ‘Some’, or ‘None’ level of knowledge for the given phenomenon.
Definitions of the different levels of knowledge are given in the PIRT Execution Plan [23].

Knowledge Comment- At the PIRT panel meetings, PIRT panelists were encouraged to
include a comment if they wanted to have a recollection of why they indicated a particular
knowledge level, since some panel meetings could extend for weeks.

8.5 In-Core PIRTs

The first step in the process of developing the Flownex model is to specify the analysis purpose and
identify the transient class to be analyzed. This PIRT is meant to cover the EM for all in-core related
transient events. The Xe-100 transient and safety analysis In-Core PIRT identified are categorized in the
following event groups:

e Control Rod Withdrawal

51t should be noted that Revision 1 of the X-energy PIRT only considered the FOM of Dose.

Revised 5/02/2023 Page 63

X Energy, LLC

Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



s' Non-Proprietary Doc ID No: 007834

" Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

e Loss of Secondary Cooling (LOSC)

e Steam Generator Tube Rupture (SGTR)

e Depressurization

e Pressurized Loss of Forced Cooling (PLOFC)
e Seismic

e Normal Operating Conditions (NOC)

e Fuel Mechanical Performance

8.5.1 Figures of Merit

The PIRT panel determined to refine the scope (upon approval from the PIRT panel for each event
group) of FOMs to the two items below, Dose Consequence and Controlled State. These two high-level
FOMs were a composite of several parameters related to the FOM proposed by the PWGs (with the
option for the PIRT panel to include additional ones) selected as a logical grouping for the parameters
related to the FOMs which fell into similar categories.

The parameters included in the Dose Consequence FOM, as voted upon by the PIRT panel, are listed in
Table 7 below.

Table 7: Dose Consequence Parameters Related to the FOM/Event

Control Room Dose \ \ N N N \ \ N
Offsite Dose v v v v v v v v
Radionuclide Inventory N

The parameters included in the Controlled State FOM, as voted upon by the PIRT panel, are listed in
Table 8. The ASME pressure quantities, from Table 5 is not included because it was determined that
ASME pressure quantities were both downstream of a ‘controlled state FOM’, and not of consequence
from a safety perspective when the phenomena associated with the controlled state FOM is properly
modelled. HPB Circulating Activity and Flammable Gas Production were not included because they are
not the most important FOMs to support the safety analysis modeling as determined by the PIRT panel.

Table 8: Controlled State Parameters Related to the FOM

Reactor Fuel Temperature \/ \/ N v N N

Reactor Fuel Time-at- N N
Temperature

Total Core Reactivity \/ \/ l \/ N N N

Total Reactor Power \/ \/ \/ N 3 \ N
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The Operationally Characteristic Time Periods (OCTPs) are defined in RG 1.203 as time periods, “in which
the dominant processes and phenomena remain essentially constant”. This framework was voted upon
by the PIRT panel so that consideration could be given to the entire event, from start to finish. Each
phenomenon that was considered was presented to the PIRT panel, with the panel noting during which
time period this phenomenon was of highest importance. Table 9 lists the OCTPs for each event group
considered by the PIRT panel. This will be verified during V&V.
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Table 9: OCTPs for Selected Event Groups

Control Rod Withdrawal Reactivity Addition

Shutdown (decrease in reactivity)
Heat Up

Maintenance Activities

Tube rupture; rapid moisture detection trips circulators

Ingress continues until primary and secondary pressures equilibrate; release out
of SRV expected.

Depressurized long-term heat removal if SRV sticks open.

Pressurized long-term heat removal and potential for additional longer-term SRV
releases.

Leak initiated and subsequent depressurization

Core heat-up

Long term heat removal

eismic A-Ref?

Pebbled compaction and consequential reactivity addition
Depressurization and fuel heatup

Long-term heat removal

eismic B-Ref?

Pebble compaction and consequential reactivity addition
Depressurization and fuel heatup

Long-term heat removal

Feedwater line breaks and reactor trip
Circulator coast down or PRV 0 opens (and recloses)
Long term cooling on RCCS

Coast down of circulators and loss of forced flow
Heat up of fuel and primary circuit
Long-term heat removal

Shutdown (subcritical, Mode 3 and below)

Transition from shutdown to power, or power to shutdown
Steady State Power Operation

Transient Power Operation

SGTR

e ol

B w

Depressurization

Seismic

Loss of Secondary Cooling

PLOFC

Normal Operation

PO IO IO OO OO LN

7 Seismic Design Basis Accident (DBA) with small 10 mm diameter leak developing in the HPB.

8 The terminology agreed to by the PIRT panel in the meeting was ‘Pebble compaction and consequential reactivity
addition’, however this was later amended to note that it should read ‘Pebble bed compaction and consequential
reactivity addition’.

9 Seismic DBA with large 95 mm diameter break developing at the point where the inlet pipe connects to the top
of the RPV.

10 Terminology selected by PIRT panel of ‘PRV’ is different nomenclature, but the same component as SRV
discussed in other panel meetings.

11 The NOC PIRT panel also noted that these OCTPs included any load following or maneuvering within any of these
modes. NOC includes operating the Xe-100 for electrical power or process steam generation. An equilibrium core
was assumed.

Revised 5/02/2023 Page 66
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



~' Non-Proprietary Doc ID No: 007834

" Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

8.5.2 Systems, Structures, and Components

The SSCs associated with the selected in-core events are listed in Table 10 below.

Table 10: SSCs Associated with Selected In-Core Events

Fuel Pebble v v v v v v v v
Helium Circulators \ N N, N N N o
Instrumentation and Control \/ \ N \/ N N N N
Primary Side Metallics 12 \/ N N A N N N N
Reactivity Control and Shutdown | V N N N \ N N
System

Reactor Building \ V V \ \ V \/ V
Reactor Cavity Cooling System?3 | l l \/ \/ N N N
Reactor Supports o N N N . \ N
Secondary Side Metallics 15 v N N N N \ N N
Site6 ~ v N N N . N \
Structural Graphite v N N N N \ N N

8.5.3 Control Rod Withdrawal PIRTs

Control Rod Withdrawal initiating events are defined as a withdrawal of at least one control rod or
safety rod, or rod group/cluster, in one and only one unit. This can be caused due to spurious signals
from the reactivity control systems, human error, or other rod control system malfunctions.

8.5.4 Loss of Secondary Cooling PIRTs

Although Loss of Secondary Cooling initiating events are not included in the PRA Event Sequence
Analysis, they are treated as equivalent to the Loss of Primary Flow (LOPF) initiating events. LOPF
initiating events are defined as a total loss of primary flow due to a trip of both circulators in one and
only one unit. The possible causes of such a trip include common cause circulators failure, spurious trip
signal to both circulators from the DCS, IPS, or Reactor Protection System (RPS), loss of circulators

12 primary side metallics include all metals that make up the HPB and subject to ASME BPVC Sec 3 Div. V.

13 The RCCS SSC considered by the PWGs is the standpipes located in the reactor citadel surrounding the reactor
pressure vessel (RPV) due to the reliance only on passive (buoyancy-driven) flow in the standpipes during a DBA
event.

14 Reactor vessel supports are required to be seismically qualified and beholden to ASME BPVC Sec 3 Div V criteria
to ensure integrity of the RPV.

15 Secondary side metallics include metals that make up the conventional island and balance of plant SSCs.

16 The 'site' SSC describes the EPZ used to report the offsite dose FOM from safety analysis results.
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support system such as a loss of the Nuclear Island Cooling Water or electric power, or an operator
action induced trip (including intentional trip actions).

8.5.5 Steam Generator Tube Rupture PIRTs

The SGTR initiating events are defined as a leak of equivalent break size larger than 10mm or a complete
rupture (double ended break) of equivalent break size 25mm of one or more tubes in one bundle in the
steam generator in one and only one unit. The possible causes include high cycle fatigue or loose parts.
However, it is assumed that such high energy rupture might impact adjacent tubes rendering both
bundles unavailable.

The upper bound of the SGTR range is treated as a double ended guillotine break of one or more tubes
in one bundle in the steam generator (SG) in one and only one unit. A break spectrum study has been
performed to suggest that the maximum credible size tube break is closer to 25mm for one bundle.

The SG will be designed to ensure that a complete rupture of one tube will not propagate to cause
consequential failure of other tubes due to steam jets or tube whip. Additionally, SG tubes are
seismically qualified precluding multi-tube breaks due to seismic accelerations.

8.5.6 Depressurization PIRTs

Depressurization initiating events include the Small, Medium, and Large Depressurization events, each
of which refers to a leak or breach in the helium pressure boundary and applying to one and only one
unit:

e Small depressurization (SD): an equivalent break size up to 10mm. Possible breaches include
breaks in HPB instrument lines, fuel inlet or outlet piping to RPV, or any other HPB components
of diameters 10mm or less.

e Medium depressurization (MD): equivalent break size larger than 10mm and up to 65mm in
diameter. Possible breaches include breaks in fuel inlet or outlet piping to RPV or any other HPB
components of diameters in that range.

e large depressurization (LD): equivalent break size larger than 65mm in diameter. Possible
breaches include breaks fuel inlet or outlet piping to RPV, or any other HPB components of
diameters larger than 65mm.

The PWGs presented depressurizations as a single event covering small, medium and large
depressurizations (SD, MD, LD). The time to reach atmospheric pressure in the primary during MDs and
LDs occur over similar timeframes (minutes). Very small SDs may take hours to depressurize, affording
some ability to account for natural circulation in the core and enhanced heat removal capability via RCCS
during the depressurization. However, the PWGs determined any additional phenomena would be
covered by the PLOFC PIRT. The PIRT panel selected both a DBA small depressurization, and the Large
Depressurization for the dose consequence and Controlled State FOMs, respectively.

8.5.7 Seismic PIRTs

The seismic event is not covered in the current PRA and thus there are no LBEs identified. As such, the
seismic analysis, including a seismic PIRT, is a deterministic evaluation of a hypothetical seismic event in
the Xe-100 plant. The Seismic PIRT and corresponding events are outside of the current DBA EM.
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8.5.8 Pressurized Loss of Forced Cooling PIRTs

The Pressurized Loss of Forced Cooling (PLOFC) is characterized as an initiating event that leads to loss of
both helium circulators.

8.5.9 Normal Operation Condition PIRTs

According to the NGNP, Normal Operation Condition refers to “steady-state, routine load changes,
startup and shutdown, and other conditions and transients not involving failures of safety-grade systems
or components.” Normal Power Operation is usually the starting point for the transient and accident
analyses. The Normal Power Operation for Xe-100 ranges from 100% to 40% (Mode 5c).

During normal operation, some RNs will be released to the helium due to manufacturing defects and
impurities in the TRISO fuel particles and carried by the helium coolant deposited on structures or
adhere to graphite dust. The steady-state inventory of the RNs in the primary circuit is a balance
between circulating gas and vapor adsorption on HPB surfaces and on accumulated dust (graphite and
metal) particles, decay, and removal via the Helium Purification System (HPS) for the RNs released from
the fuel pebbles.

The steady-state inventory of RNs in the reactor core generally consists of following:
e Circulating in the reactor coolant (including on circulating dust)
e Plated out onto surfaces inside the HPB

e Adsorbed onto graphite and metal dust that has accumulated in various locations in the HPB

Dust can be formed by the mechanisms:
e Interaction of fuel elements in the pebble bed
e Force acting on the fuel pebbles in the fuel handling machine
e Interaction between fuel elements and reflector structure
e Forces acting on fuel elements by insertion of shutdown rods into the core

In a transient or accident, there will be a redistribution of the steady-state inventory of RNs within the
primary circuit. An opening in the HPB, either due to a relief valve lifting or a break in the piping, can
increase local coolant flow rates near the break. Higher flow rates can result in plated out radionuclides
detaching from surfaces (liftoff) or in re-entrainment of deposited dust. The additional circulating
radionuclides caused by liftoff can increase the radiological dose for an event if released to the
environment.

8.5.10 Fuel Mechanical Performance PIRTs

Phenomena related to Fuel Mechanical Performance have been selected as those important for
maintaining structural integrity of the pebble?’. Because the pebble is a fuel compact of graphite, the

7 This is distinguished from the phenomena related to TRISO particle behavior, as being those set of phenomena
which would be important for modeling any mechanisms which would degrade the fuel compact, and associated
loading scenarios which drive them.
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FMP phenomena considered as part of this exercise are those included in NUREG-6944, Vol. 5, “Graphite
PIRT” [38].

For all FMP phenomena, the SSC component considered is the Fuel Pebble. There is no explicit initiating
event considered for the evaluation of FMP. Instead, the PIRT panel considered as events any loading
scenarios which might be experienced at the pebble from the moment of introduction of the pebble to
the system through the Fuel Handling System, through its lifetime until storage in the air environment of
the Spent Fuel Storage Facility. Fuel mechanical performance transients are not considered as part of

the DBA EM.
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9. Transient and Safety Analysis Uncertainty Methodology

The graded approach outlined in NEI 18-04 being used in the design and licensing of the Xe-100 reactor
requires that an upper bound dose consequence be established for each postulated DBA. This report
provides a methodology whereby an estimate of the calculated uncertainty for dose, or any other
desired FOM can be characterized and whether sufficient margin exists to regulatory thresholds.

9.1 Uncertainty Analysis Methodology

The uncertainty analysis methodology follows the guidance described in Regulatory Guide 1.203 [2]. In
summary, for the safety analysis evaluations, all key uncertainties should be identified and accounted
for. The safety analysis should incorporate appropriate uncertainty allowances for the parameters
relevant to the analyzed accident scenario. Such uncertainties include modeling and plant input
parameter uncertainties. The key types of uncertainties to be accounted for are:

e Modeling-relevant parameters: Associated with the accuracy of the construction of the models

e Plant input Parameters (or Operational Parameters): Characterize the state of the plant’s SSCs,
or used to actuate a mitigating system

e Measurement uncertainties: Available from the plant instrumentation and control system
documentation, or the technical specifications

e Code Uncertainty: Includes bias and uncertainty related to how accurately the computer code
selected matches benchmark experiments. See Reference [15] for more details on Code
Uncertainty.

All key uncertainties will be identified and accounted for either using conservative analysis (where the
conservatisms must be demonstrated) or via best-estimate-plus-uncertainty evaluations (BEPU). In
addition, the uncertainty analysis will support the needs of the PRA Standard (ASME/ANS RA-S-1.4-
2021) as noted in Table 4.3.16.1-5 of the standard:

“Uncertainties in the mechanistic source terms and associated radionuclide transport
phenomena shall be identified, characterized, and quantified to the extent practical. Key sources
of model uncertainty and assumptions shall be identified, and their potential impact on the
results shall be understood. Those sources of uncertainty that are not quantified shall be
assessed via sensitivity analysis.”

The consequence effects of the model uncertainties and related assumptions will occur by performing a
gualitative or quantitative evaluation of the effects of the individual sources of uncertainty or of
combinations of interest.

9.2 Uncertainty Analysis Input Methodology

Uncertainty analysis is the process through which the impact of input uncertainties on the output code
calculations is assessed and quantified. The input uncertainties are either inputs to the code itself or
arise from uncertainties in the embedded models in the code. The uncertainty in a FOM parameter is
quantified either by propagating input uncertainties through the code to the key output parameters or,
if sufficient information is available, from other sources such as validation, in which the uncertainty is
directly applied to the final calculated value of the key output parameter.
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There is a risk that an incorrect conclusion being reached if the source for which the sensitivity analysis
is being performed does not adequately represent the model. This limitation will be identified in the
V&V process for the EM codes when determining the bias and bias uncertainty of key parameters
associated with high-ranked phenomena in the Xe-100 PIRT. If uncertainty is too large, rather than
incorporate a large penalty against the safety analysis FOMs, additional IET/SET data may be
incorporated into the assessment basis to broaden the applicability of the code/models, or revisions to
the underlying code/models may be required.

The methodology used to define the highly ranked parameters where uncertainty is to be evaluated is
the PK-PIRT approach described in Reference [24]. The definition of +\- 20 for these parameters is found
in Reference [53].

Uncertainty runs are evaluated using a deterministic stack-up to the high-ranked parameters pegged to
their worst case tolerance level. This has been demonstrated to be representative of a >99% tolerance
level.

There are two common approaches to establishing the importance or ranking of uncertain input
parameters:

1) Sensitivity analysis
2) Phenomena and Key Parameter Identification and Ranking Table (PIRT) Process

Method 1 is quantitative and either mathematical or statistical in nature, while method 2 is qualitative
and makes use of information regarding the parameters obtained from other sources, such as
descriptions of the models in which they are employed.

The uncertainty inputs chosen for the Xe-100 transient and accident analysis are based on those inputs
responsible for the thermal-hydraulic response of the plant and reactor core temperatures during an
accident condition, e.g., DBA, as modeled using Flownex software.

In addition to identifying the list of inputs pertinent to the evaluation of uncertainties, an uncertainty
distribution, and its associated range of uncertainty (bandwidth), typically +/-20 is assigned to each
parameter of interest. In many cases an uncertainty distribution is available in the literature, but the
underlying mathematical fit to the data is not known. Therefore, it is unknown if the uncertainty
distribution is applicable to the property as applied in the Xe-100 DBA EM. This assumption will be
removed for FSAR and the uncertainty values will be thoroughly justified. For those parameters where
an uncertainty distribution was not available, other methods will be used to provide qualitative insight
regarding the impact on analytical results. If no basis for the uncertainty bandwidth of a parameter
could be found, it is assumed that a large uncertainty bandwidth of +/-10% of the nominal value would
be sufficient to envelope the actual unknown +/-20 value. This is based on insight from other research
associated with the parametric uncertainty of graphite thermal conductivity [36]. If the parameter is
found to be a significant contributor to any safety analysis FOMs during sensitivity studies, the +/-10%
value will be revisited for appropriateness.
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9.3 Xe-100 PKPIRT Methodology

In the associated PKPIRT process, the high and medium ranked phenomena are linked to models of
these phenomena in the analysis code. The basis for the linking is theory and associated documentation
for the analysis code. In this way, the representation of a given phenomenon is specified using a
mathematical framework.

While each phenomenon is characterized by one or more parameters, they may be calculated, complex,
and not subject to propagation. Take the case of the convective heat transfer coefficient, which directly
impacts convective heat transfer but is a calculated quantity depending on other parameters.

To facilitate the propagation, the phenomena characterizing parameters are decomposed into more
fundamental quantities using the code specific theory and associated documentation. It is possible that
further decomposition is possible that stops when the result is a parameter or parameters that are basic
and for which an uncertainty distribution can be assigned. These parameters or sub-parameters
constitute the set of uncertainty parameters.

The transient and safety PKPIRT process along with extreme value sensitivity analysis provides a means
by which the uncertainty in a code calculation can be estimated without executing a full uncertainty
analysis.

The PKPIRT process are summarized as follows [24]:

1. An accident or accident category and Figure of Merit (FOM) parameter are specified. Multiple
FOMs can be specified although the resulting execution will be more complicated.

2. High and medium ranked phenomena impacting the FOM (from a PIRT) are specified.

3. To keep the PKPIRT process tractable, the high and medium phenomena are further assessed
and ordered in terms of their impact on the FOM. The goal is to end up with approximately 5
phenomena. If there are 5 or more high ranked phenomena, the medium ranked phenomena
can be dropped at the outset.

4. The top 5 phenomena from the order list are specified.

5. The remaining phenomena are then decomposed into models embedded in the code using
theory and other documentation. A model can be a phenomenological (from first principles) or
empirical (correlation based) or consist of a simple equation.

6. The models are then decomposed into characterizing or governing parameters.

7. For each model, the parameters are ranked in terms of their influence on the model. A high,
medium, and low-ranking scheme can be used.

8. It may be possible to decompose the characterizing or governing parameters into more
fundamental related parameters. The decomposition process stops when it is likely that
sufficient information exists to accurately specify the parameter (see step 12).

9. The goal is to end up with approximately 2 parameters per model. So, if there are more than 2
high ranking parameters, the medium and low parameters can be dropped.

10. Potential correlations between the parameters, within and across models, should be assessed.
Only one of a pair of correlated parameters should be maintained to avoid double accounting.
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11. The remaining parameters are listed in a table.

12. For each of the parameters from PKPIRT step 11, an uncertainty distribution should be obtained.
Ideally, these would have a basis in validation or experiment.

13. For each of the distributions an extreme value, on the conservative side, should be obtained. For
a normal or peaked distribution, the 2-sigma value can be chosen.

14. Simulation of the target analysis is executed with the first parameter at its extreme value. The
calculated value of the FOM parameter is noted.

15. Keeping the first parameter at its extreme value, a second analysis case is run with the second
parameter at its extreme value. The calculated value of the FOM parameter is noted.

16. This iterative process is continued for all the remaining parameters. In this way, the relative
contribution of the individual parameters can be assessed.

17. The delta between the baseline value of the FOM parameter and the final value of the FOM
parameter is an estimate of the uncertainty in the FOM parameter.

The total system response can be represented as the square root of the sum of the squares of the
individual modal responses. The total system response is calculated (using offsite dose as the example
FOM) as:

2

Opose = \/zil(“;fe) (0,)? (12)

Where,
oDose = dose standard deviation
N = Number of cases run with different independent parameter variations
Dose = calculated dose (TEDE)
x = Variable being changed
ADose = Change in dose based on a change in variable ‘x’
Ax = Change in variable X’
ox = Standard deviation of variable ‘X’

This method is based upon the statistical assumption that all modal responses are completely
independent.

The Xe-100 uncertainty methodology is comprised of a hybrid extreme value analysis derived from the
PKPIRT process and deterministic-conservative approach discussed in the above sections. This is due to
capabilities and limitations of the safety analysis software Flownex and XSTERM. Both Flownex and
XSTERM support generating contributions to the calculated offsite dose resulting from a particular
safety analysis event. The final offsite dose (TEDE) is considered a FOM. Table 11 below summarizes the
various contributions to this FOM and how the uncertainty is treated for the respective phenomenon.
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Table 11: FOM Uncertainty Analysis Contributions to the Offsite TEDE

Plant Heat-up During Initial Transient Flownex Apply PKPIRT Extreme Value Inputs

Release of HPB Circulating Inventory XSTERM Apply DBA value

Building Deposition and Filtration (Reduction Factors) | N/A Do not credit

Plant Long-Term Heat up (PLOFC/DLOFC) GOTHIC, XSTERM Apply PKPIRT Extreme Value Dose
Result

Steam-off and Wash-off During Tube Rupture Events | XSTERM, ANSYS CFX | Apply PKPIRT Extreme Value Inputs

RN Liftoff Due to Breaks/Openings in HPB XSTERM Apply DBA value

9.3.1 Acceptance Criteria
Acceptance criteria for the PKPIRT uncertainty analysis are that the down-selected ten or fewer
parameters are varied by the code for calculating each event category’s FOM as given in Tables 7 and 8
in Section 8.5.1. Additionally, the uncertainty distribution for these parameters must be quantified. [24]
9.3.2 PKPIRT Panels
The PKPIRT panels consisted of, at a minimum, the following personnel:

e 1 experienced analyst

o 1 experienced code developer

e 1 generalist

e 1 facilitator (can also be the same person as the ‘generalist’)

Table 12 lists the personnel comprised the various PKPIRT panels for the different accident categories.

Table 12: PKPIRT Panel Member Roles and Responsibilities

Generic Flownex Plant Transients | Facilitator XE-100 V&V Technical Lead
Generalist XE-100 Safety Analysis Lead
Experienced Analyst XE-100 Principal Consultant
XE-100 Senior Safety Analyst
Code Expert XE-100 Flownex Senior Engineer
Control Rod Withdrawals / Rapid | Facilitator XE-100 V&V Technical Lead
Reactivity Insertions Generalist XE-100 Safety Analysis Lead
Experienced Analyst XE-100 Safety Analysis Lead
Code Expert XE-100 Flownex Senior Engineer
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Steam Generator Tube Rupture

Generalist & Facilitator

XE-100 Safety Analysis Lead
XE-100 V&V Technical Lead

Experienced Analyst

XE-100 Design Analysis Manager

Code Expert

XE-100 Safety Analyst

Seismic Event

Facilitator

XE-100 Safety Analysis Lead

Generalist

XE-100 V&V Technical Lead

Experienced Analyst

XE-100 Safety Analysis Lead

Code Expert XE-100 Flownex Senior Engineer
PLOFC Facilitator XE-100 V&V Technical Lead
Generalist XE-100 Design Analysis Manager
Experienced Analyst XE-100 Principal Consultant
Code Expert XE-100 Principal Consultant
DLOFC Facilitator XE-100 V&V Technical Lead
XE-100 Safety Analysis Lead
Generalist XE-100 Design Analysis Manager

Experienced Analyst

XE-100 Principal Consultant

Code Expert

XE-100 Principal Consultant

Steady state Circulating Inventory

Facilitator

XE-100 Safety Analysis Lead

Experienced Analyst

XE-100 Principal Consultant

Reviewer

XE-100 V&V Technical Lead

Liftoff Evaluation

Facilitator

XE-100 Safety Analysis Lead

Experienced Analyst

XE-100 Principal Consultant

Reviewer

XE-100 V&V Technical Lead

9.3.3 General Plant Transients PKPIRT

The Generic Transients include the following events:

o Depressurization events

e LOSC events
= MFLB
= SLB
= LOFW

e LOSP events

e Circulator trip events

Revised 5/02/2023
X Energy, LLC

Security Classification: Non-Proprietary

Page 76
Layout: DLT-007 Rev 9




Non-Proprietary Doc ID No: 007834
Xe-100 Licensing Topical Report Revision: 2

Transient and Safety Analysis Methodology Date: 11 March 2025

e Reactor Trip
e  Turbine Trip
e Loss of Nuclear Island Cooling water

Among these events, the LOSC and Depressurization events bound the listed Generic Transient events.
The primary FOM for the Generic Transient events is the fuel temperature. Hence, the phenomena that
are ranked highest are those that affect the core directly.

o Appendix D lists high and medium ranked PIRT associated with the fuel temperature FOM for
the general plant transients.

e Table 17 lists the ordering of down-selected PIRT associated with the fuel temperature FOM for
the Loss of Secondary Cooling depending upon whether the events are DBA or non-DBA.

e Table 18 lists the PKPIRT events for depressurization based on whether the events are DBA or
non-DBA.

The LOSC and Depressurization tables are identical except that the depressurization events do not
contain helium heat capacity or the circulator coastdown rate as the depressurization results in these
parameters having a negligible effect on fuel temperatures.

Note that the parameters identified as “High” are ones that have a direct effect on the fuel
temperatures for the short-term LOSC and depressurization Flownex transients. These rankings are
considered preliminary and have not been based on explicit Flownex analyses.

9.3.4 Control Rod Withdrawals PKPIRT

The primary FOM for the Control Rod Withdrawal event is fuel temperature. Down-selected PIRT
ordering is shown in Table 19 and the PKPIRT with associated extreme-value uncertainties for the CRW
event given in Table 20.

9.3.5 Steam Generator Tube Rupture PKPIRT

SGTR events are more complex than other postulated accidents due to a combination of consequential
phenomena that occur. In addition to the loss of forced cooling and subsequent fuel time-at-
temperature, there’s also the reactivity insertion from steam ingress into the core, over-pressurization
from moisture ingress and production of oxidation byproduct gases, additional dose effects created by
moisture ingress, oxidation byproduct gases being potentially flammable (particularly hydrogen), and
oxidation potentially affecting graphite components or fuel pebble structural integrity.

The plant “Transient” phase of the event is the primary focus of the SGTR PKPIRT development, which
ends once the moisture ingress ceases, the circulators have coasted down, and primary pressure begins
to equilibrate. The SGTR dose consequence FOMs are Flammable Gas Production (FOM 14-1) and Offsite
Dose (FOM 60-1).

The highly ranked SGTR PIRT associated with the Flammable Gas Production and Offsite Dose FOMs are
listed in Table 21, with the down-selected PIRT ordering for the SGTR events given in Table 25 and
PKPIRT extreme values given in Figure 23.
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9.3.6 Loss of Forced Cooling PKPIRTs

GOTHIC 8.4a [45] is used for analyzing the PLOFC and DLOFC events. The selected FOM for these events
is the peak fuel temperature. The phenomena ordered in terms of impacting the FOM for the LOFC
event are shown in Table 24 with PKPIRT extreme values given in Table 25. The DLOFC event
additionally considers break size and location to be dispositioned via sensitivity studies and then set as
initial condition. Break size and location is not included in extreme value analysis.
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10. Xe-100 DBA Evaluation Model

The Xe-100 DBA evaluation model is the calculational framework for evaluating the behavior of the
reactor system during a postulated transient. There is one Evaluation Model for modeling all LBEs
(AOOs, DBEs, BDBEs, and DBAs) of the Xe-100, comprising several calculational devices: Flownex,
XSTERM, and GOTHIC computer codes.

10.1 Initial Conditions Methodology

The initial steady-state normal operating conditions that serve as initial conditions for the
demonstration safety analysis cases in Appendix B are calculated using the following computer codes:

e VSOP - steady-state 2-D and 3-D neutron flux, power, and temperature distributions (Section
5.2)

e Flownex — steady-state mass flow rate and heat balance (Section 5.3.1)

e FSC/XSTERM — steady-state isotope inventory, fission product release from fuel, radioactivity in
helium HTS, leakage through HPB under normal steady-state conditions (Section 5.4)

Table 13 [11] lists the key neutronic, thermal and gas dynamics, and fuel parameters that characterize
the Xe-100 under normal operating conditions. Figure 20 shows the flow process diagram of the Xe-100
steady-state full power operating conditions.

Table 13: Initial Steady-State Conditions

Core Thermal Power 200 MW(t)18

Average fuel and moderator temperature I P

Core average power density I Ik

Xenon load I Ik
RCS rod insertion I JIF1°
Reactivity worth of rod withdrawal I ne
RSS shutdown rod position Withdrawn and poised
Total worth of RSS and RCS rod insertion I ne

Fuel U-235 Enrichment 15.5 wt%

Fuel average discharge burnup I ks
Pebble-average maximum fuel temperature I 1P

He mass flow rate in pebble bed core I Ie

He inlet temperature 260°C

18 Core thermal power, reactor outlet temperature, main steam temperature and main steam pressure are control parameters
in the Distributed Control System (DCS), and the values here are their preliminary control setpoints.
19 Distance from bottom of top reflector to bottom tip of control rods [[ 11°.
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He outlet temperature 750°C

He primary circuit average pressure 6.0 Mpa

Main Steam temperature 565°C

Main Steam pressure 16.5 MPa

Decay heat DIN 25485 standard
Material properties 30 years of fluence20
Initial failed fuel fraction I ne

The initial conditions are as follows:

For transient and safety analysis demonstration cases (Appendix B), the initial condition is a core
operating at 100% maximum continuous rating (MCR), which is 200 MWt. Analyses at part and
0% MCR are planned for future development pending revised PIRT.

The 9 B4C control rods under Reactivity Control System (RCS) control are used to maintain the
core critical. The rod insertion (expressed in terms of the position of the control rod lower tip
relative to the bottom of the top reflector) is [[ 11°.

The core region contains TRISO fuel pebbles in 6 passes with uranium burnup ranging from 0
(just injected into the stream) to 169 GWd/t-HM on discharge at the end of the sixth pass.

The neutronics design parameters are developed using Xe-100 Core Design methodology and
reported in the Core Design Report [12].

The steady-state mass and heat balance are developed by Xe-100 Design and reported in the
Xe-100 Heat and Mass Balance Report, pending design finalization [14].

The Distributed Control System (DCS) is assumed to be functioning normally prior to an accident,
such that the core thermal power, reactor outlet temperature, main steam temperature, and
main steam pressure are at their control setpoints.

20 Refers to graphite reflector properties.
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Figure 20: Xe-100 Steady-State Full Power Operating Conditions
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10.2 Boundary Conditions Methodology

In the safety analysis, a variety of systems, processes, and codes form boundary conditions (BC) and
interfaces with the EM of interest. The final set of boundary conditions and interfaces for each EM will
be outlined in future submittals to the NRC for review.

The Flownex model is used to predict the overall system response of the Xe-100 when integrated with
the rest of the power system. Therefore, Flownex is used to provide thermal and flow boundary
conditions to other codes. Specifically, Flownex calculates the thermal and flow boundary conditions
across the reactor used in the VSOP, FSC, and GOTHIC simulations.

10.3 States for Safety Analysis

The examples of Xe-100 safety analysis methodology in this report’s appendices are focused on a full
power nominal operating state. The reactor is assumed to be generating 200 MWt and 80 MWe. Future
work will include finalizing the methodology for running cases from lower initial power as necessary to
demonstrate that the analysis covers all operating modes and states and considering uncertainties in the
key parameters that may affect the analysis outcome, including but not limited to uncertainties in initial
reactor power and variations in the initial values of plant operating parameters.

Analysis based on nominal operating conditions is important to provide an understanding of the
expected plant response to AOOs, DBEs, BDBEs, and DBAs. Analysis from nominal operating conditions
provides a baseline for understanding the impacts of uncertainties and variations in initial parameter
values. For the included examples, the analyses provide helpful insights into the performance of SSCs in
fulfilling the Xe-100’s required safety function and their candidacy as safety-related SSCs. While the
event sequences were highly deterministic (assuming multiple failures in both cases), the analyses
fulfilled their purpose for preliminary SSC performance evaluation.

The current design of operating modes and states for the Xe-100 [31] are shown in Figure 21. The
operating modes and states have matured through the Conceptual Design phase and will be finalized in
Preliminary Design. For the example analyses in Appendix B, the plant is operating in Mode 5. The figure
shows the transition from a cold defueled state (1a), through startup and power raise, to full power
operation (5c). It is noted that the shutdown action of the RPS is not credited in the example cases.
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Figure 21: Xe-100 Normal Operation Modes and States (Preliminary)

Revised 5/02/2023
X Energy, LLC

Page 83
Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Doc ID No: 007834
Revision: 2
Date: 11 March 2025

Xe-100 Licensing Topical Report
Transient and Safety Analysis Methodology

10.4 Xe-100 Transient and Safety Analysis Process

A DBA in the Xe-100 transient and safety analysis falls into two portions, the “plant transient” and
“passive cooling” portion. Each DBA is analyzed using computer codes with different processes as
described below.

10.4.1 Plant Transient

The “plant transient” event is defined as the portion of the scenario when plant parameters are evolving
on the order of minutes or seconds in response to an initiating event, prior to entry into long-term
passive cooling scenarios. It is expected that most of the fission product release will occur during this
transient period since there is no significant driving force for fission products during the passive cooling
period.

Figure 22 provides a flowchart of the high-level structure of performing transient and safety analyses for
the Xe-100 reactor. The figure illustrates the inputs to the various codes, the order in which the types of
codes are run, how the codes feed information into one another, and how the final outputs are
generated. The analysis is an iterative process given that the dose consequence information can be fed
back into the RIPB NEI 18-04 methodology to refine the analysis.

Figure 22 also denotes the safety analysis process for DBAs; however codes are not directly coupled via
automatic scripts. Doses are calculated from Flownex and GOTHIC results by evaluating core
temperatures against pre-compiled quasi-steady-state XSTERM analyses. EM codes are not coupled
temporally or spatially.

As shown, the plant transient event is analyzed using the Flownex code. The Flownex analysis is stopped
when the scenario enters “passive cooling” mode with no further system response expected (i.e., valve
lifts, system action, etc.).

The plant transient event is further screened for the need to execute an XSTERM run using the FSC
toolsets. The FSC is used to correlate Flownex time-at-temperature results to an offsite release obtained
using pre-executed XSTERM runs performed on a simplified pebble geometry. Due to the simplified
nature of the FSC studies, certain physical phenomena, such as release of the circulating inventory or
plated-out inventory on the HPB walls, must be calculated using separate studies with stand-alone
XSTERM modules.
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Figure 22: Xe-100 Transient Safety Analysis Flowchart

1P

Revised 5/02/2023
X Energy, LLC

Security Classification: Non-Proprietary

Page 85
Layout: DLT-007 Rev 9



Doc ID No: 007834
Revision: 2
Date: 11 March 2025

Xe-100 Licensing Topical Report

Transient and Safety Analysis Methodology

10.4.2 Long-Term

Following the plant-transient portion of the event, a long-term passive cooling scenario is entered where
plant parameters are not significantly changing. This long-term portion is entered once the core is simply
conducting and radiating heat away. It is expected that most of the fission product release will occur
during the heat up period since that is where the significant driving force for fission products exists
(largest pressure and temperature swings and gradients).

For the long-term portion of the transient Pressurized Loss of Forced Cooling (PLOFC), Depressurized
Loss of Forced Cooling (DLOFC), Steam Generator Tube Rupture PLOFC (SGTR-PLOFC), or if the Flownex
analysis does not meet the FSC, then GOTHIC and XSTERM must be run explicitly to account for the
offsite release. The purpose of evaluating the worst case PLOFC and DLOFC is to estimate the expected
peak fuel temperatures and fuel failure fraction to determine the fitness for service of the fuel. The total
release for any specific event, including any long-term portion of the event, can be calculated, as
depicted in Figure 23 below.

[

17
Figure 23: Xe-100 Long-term (Passive) Cooldown Safety Analysis Flowchart

10.5 Use of Flownex in the Evaluation Model

Flownex models are being developed for the safety analysis work supporting the submittal of a
Preliminary Safety Analysis Report (PSAR). The base model is derived from the full mass and energy
balance Flownex model for the Xe-100. It provides a common base of model inputs, components, solver
settings, and formatted reporting to reduce duplication of work and unify the presentation of analysis
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results. This base model will be modified as appropriate for the scope of each analyzed DBA scenario.
The base model is intended for short-term transient analysis of the Xe-100 DBAs on the scale of
approximately one hour. Components, systems, and boundary conditions in the full model that are not
used for Safety Analysis scenarios are disabled. The base model is built in a modular fashion, such that
the boundaries between subsystems are well-defined. Further details regarding the Xe-100
implementation of Flownex are provided in LTR “GOTHIC and Flownex Analysis Codes Qualification”
[15].

10.6 Use of GOTHIC in the Evaluation Model

GOTHIC is used to simulate the Xe-100 RB response to the DBA. In addition to calculating the
temperature and pressure distributions in the RB, GOTHIC also keeps track of transport of radioactive
isotopes and dust and their retentions throughout the RB. Section 5.3 provides a brief description of the
GOTHIC code and Section 10.4.2 provides a description of the long term cooling following the transient
portion of a transient event. The GOTHIC computer code, version 8.3 (QA) [45], is used for this analysis.
GOTHIC is described further in LTR “GOTHIC and Flownex Analysis Codes Qualification” [15].
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11. Specific Transient and Accident Analysis Methodologies

The following key assumptions are common to all modeled initiating events: [10]

The plant control and protection systems (DCS, IPS, and RPS) will be designed so that expected
plant transients that occur on one reactor-turbine unit do not disturb or adversely affect
operation of the remaining reactor-turbine units unless the initiating event affects a system
shared by multiple units.

Rundown or trip of both circulators by IPS or RPS after an initiating event is modeled only for a
condition similar to loss of feedwater or water ingress to the HPB.

SG isolation valves are only closed when there is a water ingress condition or when they need to
be closed to mitigate a feedwater or main steam line break event.

The SG steam isolation valves may be held open for a period to allow the steam to blowdown to
the condenser and minimize further ingress into the primary.

Forced cooling can be maintained using main loop HTS equipment (steam bypass to the
condenser, and recirculation of condensate and main feedwater to the steam generator) or SSS
equipment (at least one of the two circulators if the reactor is at reduced power or shut down).

The SSS is designed to be capable of operating independently of the main FW system. The plant
will be designed to restart a circulator and SSS heat removal as soon as possible following the
initiating event and before there is a significant delayed fuel release. In addition, the SSS is
designed to provide continuity of forced cooling upon failure of the main loop forced cooling
without exceeding design limitations for thermal shock on wetted steam generator components.

If the initiating event does not involve an HPB breach and adequate forced or passive heat
removal is successfully provided, there will be no release of radionuclides to the environment
except for normal leakage. Based on the current state of knowledge about the plant response to
the initiating events that do not involve an HPB breach, for sequences in which there is
successful forced cooling or RCCS cooling of the primary system, pressures will not reach the
PLPRS safety valve setpoint and the HPB will remain intact despite success or failure of the
control rods or shutdown rods. The same is true for SG tube leak or rupture events if there is
successful dump of the SG water/steam inventory to the condenser.

Under conditions when the RCCS fails and the primary system remains pressurized, it is assumed
that operator actions to intentionally depressurize the HPB will be taken using the PLPRS PORV.
If the depressurization function is unsuccessful, the event-sequence model assumes that the
reactor vessel would be damaged in a manner that would challenge RB structural integrity and
core geometry, RB HVAC filtration will be precluded, and reactor building radionuclide retention
will be compromised.

Releases out of the PLPRS PORYV or safety valves are assumed to be directly vented to the
environment and bypass the RB pressure-relief dampers and HVAC filtration systems.

The PLPRS PORYV will only be opened as a result of operator actions to prevent damage to the
reactor vessel in the event of failure of the RCCS in pressurized conditions. There are no signals
to the PORVs to open them automatically by the DCS, IPS, or RPS.
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e The plant control systems (e.g., DCS, IPS, and RPS) will have interlocks to ensure that circulators
are run down or tripped if there is no SG heat removal via FW or SSS system. The possibility of
failure to trip or run down the circulators is considered only for selected initiating events
involving an immediate loss of SG feedwater.

e Although the response of the reactivity control systems is identified in the sequence
development, during a loss of forced cooling condition the reactor will become subcritical due to
the negative temperature coefficient as fuel temperatures increase until core heat removal
balances core heat generation. At this point in time, the heat rejected from the reactor vessel
will match and exceed the decay heat, which will allow core temperatures to decrease, in which
case the negative temperature coefficient will cause a reactivity increase. Re-criticality may
occur at a low-power level due to positive reactivity feedback and xenon decay, and the reactor
power may oscillate about a very low power level, but not sufficient to significantly impact core
temperatures or the magnitude of the delayed fuel release. Hence, failure to trip the reactor has
little, if any, impact on the resulting end state.

11.1 Acceptance Criteria

11.1.1 Offsite Dose

The analyses represented in this report demonstrate compliance with the offsite and control room dose
limits in 10 CFR 50.34 as described in Section 7.1 of this report.

11.1.2 Control Room Dose

The control room dose criteria of 5 rem is described in the Xe-100 PDC 19, which is based on the
MHTGR-DC 19 from Regulatory Guide 1.232 [5], Appendix C. X-energy calculates the expected control
room dose over a 30-day period, beginning at the time of the DBA’s initiating event.

11.1.3 Helium Pressure Boundary Activity

The HPB maximum allowable activities for plate-out and circulating inventories are governed by the
Xe-100 technical specifications SARRDL. Maximum values are defined by the steady state circulating
inventory and plate-out XSTERM analysis.
11.2  Full-Power Transients
The following LBEs have been identified using the full-power PRA [10]:
1. Turbine Trip
2. Reactor Trip
3. Partial Loss of Primary Flow (Single Circulator Trip)
4. Loss of Primary Flow
5. Loss of Main Feedwater Flow
6. Loss of Offsite Power
7

Control Rod Withdrawal
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10.
11.

12.
13.
14.

15.

16.

17.
18.
19.

20.

Small Helium Pressure Boundary Breach

Medium HPB Breach

Large HPB Breach

Steam Generator Tube Faults

a. Small SG leaks from 1 to 10mm in Equivalent Break Size (EBS)

b. Moderate SG leaks and ruptures from 10 to 25mm in EBS

Partial Loss of Nuclear Island Cooling Water

Loss of Nuclear Island Cooling Water System

Feedwater Line and Main Steam Line Breaks within the Nuclear Island Auxiliary Building
a. Feedline Break

b. Steam Line Break

Feedwater Line and Main Steam Line Leaks and Breaks inside of the RB
a. Feedwater Line Leak (up to 2.5mm EBS) in the SG citadel

b. Feedwater Line Small Break (2.5 to 25mm EBS) in the SG citadel with induced medium HPB
depressurization

c. Feedwater Line Large Break (25 to 213mm EBS) in the SG citadel with induced large HPB
depressurization

d. Main Steam Line Leak (up to 2.5mm EBS) in the SG citadel

e. Main Steam Line Small Break (2.5 to 25mm EBS) in the SG citadel with induced medium HPB
depressurization

Main Steam Line Large Break (25 to 353mm EBS) in the SG citadel with induced large HPB
depressurization

Loss of Condensate Flow to Deaerator
Loss of Instrument Air

Loss of Nuclear Island Module and Reactor Building Heating, Ventilation, and Air Conditioning
System

Fuel Handling System (FHS) line break
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For purposes of demonstration of the evaluation model and methods, three events are considered in
detail:

1. Control rod withdrawal analyzed via Flownex
2. Depressurized loss of forced cooling (DLOFC) analyzed via GOTHIC

3. Steam generator tube leaks and ruptures analyzed via Flownex and GOTHIC

11.2.1 Control Rod Withdrawal

The PRA analysis identified several control rod withdrawal (CRW) scenarios, one of which was selected
for the purposes of demonstrating the safety analysis methodology using Flownex. The evaluation of
this scenario is described in Appendix B.1 of this report.

11.2.2 Depressurized Loss of Forced Cooling
Appendix B.2 of this report presents the analysis of a DLOFC sequence via the GOTHIC model described
in this report.

11.2.3 Steam Generator Tube Leaks and Ruptures

Appendix B.3 describes the additional considerations for the transient and safety analysis of steam
generator tube leaks and ruptures owing to the issues unique to these events and was evaluated using
Flownex and GOTHIC.
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12. Quality Assurance for Transient and Safety Analysis

X-energy developed and implemented a Quality Assurance Program (QAP) which implements X-energy's
Topical Report XEQAPD-NP, “Quality Assurance Program Description,” Revision 3 submitted to the NRC
in August of 2020 [48]. The X-energy QAPD is based on the applicable portions of both Appendix B,
“Quality Assurance Criteria for Nuclear Power Plants and Fuel Reprocessing Plants,” to, Title 10 of the
Code of Federal Regulations Part 50, “Domestic Licensing of Production and Utilization Facilities,” (10
CFR 50) and American Society of Mechanical Engineers (ASME) NQA-1-2015, “Quality Assurance
Program Requirements for Nuclear Facilities,” as endorsed by NRC Regulatory Guide (RG) 1.28, “Quality
Assurance Program Criteria (Design and Construction),” Revision 5. The NRC reviewed this report and
determined that X-energy XEQAPD Revision 3 satisfies the quality assurance requirements of Appendix B
to 10 CFR 50 (ADAMS Accession No. ML20233A910). The activities described in this LTR are subject to,
and conducted in accordance with, the provisions of the approved X-energy QAPD.
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13. Conclusions and Limitations

13.1 Conclusions

This document describes the evaluation model developed by X-energy to analyze DBAs for the Xe-100
reactor developed in accordance with RG 1.203. Code verification and validation information will be
provided as part of future submittals supporting the codes that make up the EM. This verification and
validation information will be justified to reasonably bound the operational envelope for the design for
any applicant referencing the DBA EM methodology.

13.2 Limitations

X-energy is requesting NRC review and approval of the evaluation model presented to analyze design
basis accidents (DBAs) as defined in NEI 18-04 to support the preliminary analysis and evaluation of the
Xe-100 subject to the following limitations:

e The evaluation model described herein shall be used in combination with the NRC approved
versions of the following LTRs:
1. Xe-100 Licensing Topical Report GOTHIC and Flownex Analysis Codes Qualification [15]
2. Xe-100 Licensing Topical Report Mechanistic Source Term Approach [26]
3. Xe-100 Licensing Topical Report Reactor Core Design Methods and Analysis [37]

e The evaluation model described herein cannot be used to support a final safety analysis report
until validation and verification of the following have been approved by the NRC:

1. VSOP and STAR-CCM+ [37]

2. Gothic and Flownex [15]

3. Mechanistic Source Term methodology [26]
4

XSTERM (licensing topical report to be provided at a future date)
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Appendix A. Normal Operations

A.1.  Pre-Equilibrium Core and Initial Startup Core

It is expected that the fuel temperature coefficient of reactivity will differ in a fresh core or pre-
equilibrium core compared to normal operating conditions due to different isotopic makeup of the fuel.
Comparable information will be generated for fresh fuel to assess the system response in Initiating
Events where the negative fuel temperature feedback is a key element.

Prior to equilibrium operation, the Xe-100 must first be loaded with fuel, brought to criticality under
cold conditions, i.e., room temperature, heated up by conventional means at first, then switch to
nuclear heating. It will then be in a ‘run-in’ or pre-equilibrium phase of operation.

A.1.1. First Core Loading and Startup

Initially, the core is loaded with pure graphite pebbles (also called blanks). Cold commissioning tests of
the fuel handling system (FHS) are performed first.

In taking the Xe-100 from a core filled with pure/unfueled graphite pebbles (blanks) through its various
stages to the steady-state operational modes, the following criteria are observed:

e The total number of pebbles in the core is measured to be approximately 224,000

e Maximum allowable temperature in the fuel calculated [[ 1°
e Maximum allowable power per pebble calculated [[ 1n°
e Maximum allowable power per TRISO particle calculated [[ 1P

o k-eff to remain in the range of 1.000 to 1.001.

e Number of pebbles measured [[

1P

o The reserve shutdown system (RSS = bank of 9 shutdown rods) and the reactivity control
systems (RCS = bank of 9 control rods) will be available to ensure that the reactor can be shut
down safely at any time

First criticality is achieved by removing blank pebbles and loading fuel pebbles with an enrichment of
4.95%% by weight in U-235 with the RCS and RSS rods poised above the core. Once criticality is achieved
and new 4.95% enriched pebbles are added, the RCS rods are used to control criticality while the RSS
rods remain poised.

From the start, the blank pebbles are circulated, while a portion of the blanks is removed and replaced
by 4.95% enriched fuel pebbles. The blank pebble circulation is stopped after the first fuel pebble is
removed from the core. When all blanks have been removed from the core, the process is changed to
discharge the spent startup fuel pebbles of 4.95% enrichment, and later those with the highest burnup.

During this initial process, the discharged blanks are replaced by 4.95% fuel pebbles and after all blanks
have been replaced, 15.5% enriched pebbles are loaded to compensate for the reactivity demand due to

21 4.95% is used here for purposes of describing the evolution of the core. The exact initial enrichment may differ.
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the build-up of neutron absorbing fission products. The BUMS will distinguish between the 4.95% and
15.5% initial level enriched fuel pebbles, since the 15.5% pebbles might overtake at some stage the
4.95% pebbles in terms of their momentary burnup performance.

The startup and run-in simulations are performed based on the assumption that full power condition
(200 MWH1) is achieved as soon as neutronically achievable (for practical purposes this approach might
deviate from the actual regime to be followed). The following four distinct phases are simulated:

e Phase 1 - Cold (room temperature) criticality achieved [[
11°. Upon reaching criticality, the RCS and RSS
control rods worth will be measured by rod insertion tests.

e Phase 2 — Hot criticality with starting and ending [[
11°. The RCS and RSS rods worth will be confirmed
under hot conditions.

e Phase 3 — Running-in with starting and final [[ 1n°
e Phase 4 — Equilibrium cycle

An important capability of the system of multi-physics codes is demonstrated in Section A.1.4, i.e., the
explicit thermal cell definition to evaluate the thermal spectra related to the changing fuel composition
in the core in association with the updated core composition throughout the transition and run-in
phases of the reactor. A modeling approach was followed to simulate the calculated switchover of the
temperature-dependent resonance integrals at each of these discrete positions to ensure a relatively
smooth transition of k-eff.

A.1.2. Heating of Core

The next step is [[

1
The following step is [[

1P

A.1.3. Run-In Period of Operation

After the onset of nuclear heating, the next aim is [[ 11P. The RSS and RCS
rods are again inserted and withdrawn to demonstrate the shutdown margins.

After about [| 117, switchover to full-power mode is possible. For
purposes of the startup and run-in calculations, this is demonstrated and after the switchover to 200
MWt power operations, the RSS and RCS rods are inserted and withdrawn to demonstrate the
shutdown margins.

Between [[ 117, the RCS can be inserted into positions to maintain criticality.
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On about [[ 1%, the reactivity requirement demands a fueling rate that would demand [[
1.

By this time all graphite pebbles are removed and the start to steady-state conditions are initiated.

Reactivity adjustments will continue for some time by the FHS manipulation.

As the run-in phase progresses, fission products are building in and all neutronics and feedback
parameters are converging on their equilibrium steady-state values.
A.1.4. Sample Implementation of One Pre-Equilibrium Core Design Option

The results of the design options described in the three preceding subsections are described in this
section. The core startup and run-in period were simulated with a neutronics code [[

11F and operating at
200 MWt power.

Figure 24 shows the gradual replacement of graphite pellets with fuel pebbles during the run-in period,
and Figure 25 shows the ramping up in power and maximum fuel temperature over the same period.

[

1
Figure 24: Number of Graphite and Fuel Pebbles in the Core During Run-In Period
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[

1’

Figure 25: Core Thermal Power and Maximum Fuel Temperature During Run-In Period

A.1.5. Temperature Reactivity Coefficient in Pre-Equilibrium Core

The temperature reactivity coefficient is a key measure of intrinsic core safety characteristics for any
particular state.

The temperature reactivity coefficient was computed with a neutronics code at 6 different core states,
with progressively increasing reactor power and decreasing number of graphite pellets in the core.

The pre-equilibrium core coefficients are preliminary, and subject to change. Nonetheless, it is noted
that:

e The temperature coefficients for the first four states are dominated by the much larger
(negative) moderator coefficient and (positive) reflector coefficient, due to the significant
amounts of graphite pebbles in the core.

e The temperature reactivity coefficient remains negative for all pre-equilibrium core states
examined and is consistently more negative than for the equilibrium core.
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These results are preliminary but indicate that the safety characteristics of a fresh core, as exemplified
by the temperature coefficients, are better than those of an equilibrium core. Consequently, the results
of a postulated accident occurring in an equilibrium core and that leads to fuel heatup are expected to
bound the results of the same postulated accident occurring during the startup and pre-equilibrium
phases.

A.2. Steady-State Equilibrium Core

The VSOP equilibrium core simulation consists of a series of iterative variations between calculating the
burnup periods and fuel shuffling (through the core) steps. The Xe-100 axial core model is subdivided
into 5 radial flow channels, each of which is subdivided in calculation sub-units, called layers, which are
sub-divided in turn into six batches to represent the six core passes. Following a series of calculation
steps the layers move downward simultaneously in the respective channels. In this way the effect of
axial flow velocities is simulated for each channel. It was found that after several hundred such cycles,
the characteristics per burnup period were reproduced identically. The cycle achieved at this stage is
accordingly termed the “equilibrium cycle”. This cycle characterizes the largest part of the 60-year
reactor life [12].

A.2.1. Enrichment

The equilibrium core of the Xe-100 is filled with approximately 224,000 fuel pebbles. Each standard fuel
pebble contains 7 g of heavy metal; fuel enrichment is 15.5% by weight. When a burn-up of
approximately 169,400 [MWd/(MTU)] is reached, total fissile content is approximately 2.6% by weight
(1.52 wt% in U-235).

A.2.2. Power Density Distribution

Xe-100 operating on the Multi-Pass (MEDUL) fuel management scheme, where fuel pebbles are
reintroduced into the core several times until reaching their target burnup. The Fuel Handling System
detects the burnup level of the discharged pebbles by gamma-ray spectrometry. Pebbles that have
reached the target burnup level are discharged to spent fuel storage; otherwise, they are reintroduced
to the top of the core. Applying the same multi-scale, multi-physics approach for every passage of
randomly distributed fuel pebbles through the core, a varied axial power profile is estimated
representing the temperature and flux dependent isotopic composition. The axial and radial power
profiles for a 6-pass MEDUL cycle of the Xe-100 equilibrium core are shown in Figure 26 and Figure 27
[12].
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[

17
Figure 26: Axial Power Profile Distributions vs. Height of the Xe-100 Equilibrium Core
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[
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Figure 27: Radial Power Profile Distribution vs. Radius of the Xe-100 Equilibrium Core
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A.2.3. Neutron Flux Distributions

The maximum fast and thermal flux distributions in the radial direction is observed at about [[
11° below the bottom of the top reflector as shown in Figure 28. In Figure 29 the maximum fast and
thermal flux distributions are shown in axial direction through the center of the core [12].

[

1P

Figure 28: Maximum Thermal and Fast Neutron Flux Distributions in Radial Direction
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[

1

Figure 29: Thermal and Fast Neutron Flux Distributions in Axial Direction

A.2.4. Temperature Coefficients of Reactivity

The isothermal temperature coefficients of reactivity computed by VSOP are shown in Figure 30. The
individual effects of these coefficients are defined as follows [12]:

e The Doppler (or fuel temperature) coefficient reactivity feedback acts promptly. This negative
effect stabilizes the nuclear chain reaction.

e The moderator temperature coefficient (MTC) acts promptly when temperature change of the
moderator is the primary event. The time for temperature changes from the fuel to the
moderator to take effect is delayed in the order of fractions of a second.

e The reflector temperature coefficient (RTC) of reactivity feedback is only weakly coupled to
power changes in the fuel. Heat transfer between the core and reflector takes place mainly
through helium flow, thus causing considerable delay of effect of the RTC.
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[

1’

Figure 30: Isothermal Temperature Coefficient of Reactivity Over Xe-100 Operational Range

A.2.5. Reactivity of Control and Shutdown System

In the VSOP calculation model, the RCS and RSS are simulated by boron-10 with a concentration of 2.14
x 10* atoms/barn-cm in 3-D, plus a stoichiometric mixture of graphite, including impurities. The channel
size and boron concentration are derived from the method of equivalent cross sections (MECS).

The characteristics of stepwise insertion of 9 RCS followed by 9 RSS rods from the normal operating
conditions are presented in Figure 32.

Group 1 comprises 9 RCS rods in the top position, while group 2 comprises 9 additional RSS rods located
in the lower edge of the top reflector. Full insertion of both groups at 100 [°C] provides a capability of
about [[ 117. The so-called ‘flux shift effect’ is demonstrated where the interaction
between overlapping RCS and RSS rods, associated rods shadow reduction and RSS insertion seems to
suggest a reduction in shutdown margin as the flux shifts toward the upper core region. It is thus
recommended not to insert the RSS beyond the point indicated around [[ 117 depth [12].

Guaranteed safe shutdown via the automated RCSS (RCS+RSS) is achieved as follows:
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1. The negative temperature coefficient of reactivity will shut down the nuclear chain reaction in
the event of an unintended core heat-up incident.

2. Incase of areactor trip, the RPS effectively isolates the failsafe RCSS actuators as the individual
systems fully insert. After full insertion, the RCSS will be automatically interlocked with a
mechanical safeguarded system.

3. Should the RCS spuriously step out during normal operation, the RSS will insert and cause the
reactor to shut down to hot conditions.

4. Inthe unintended event of failure to insert either the RCS and/or RSS, the low excess reactivity
in the core can be easily covered by discharging about 1.5 m3 of fuel (~ 8,000 pebbles). Analysis
performed suggests a reduction by about [[ 117 after discharging [[ 117 pebbles.
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[

17
Figure 31: Characteristics for 2 x 9-Rod RCS+RSS at Operating Temperature
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A.2.6. Load Following Capabilities

The load-following VSOP simulation is a quasi-steady state analysis done by subdividing the
computational time steps for the burnup calculation into a sequence of small, time intervals (1 hour or
shorter). During these calculations the build-up history of I-135 and Xe-135 are explicitly followed
numerically for the large number of fuel batches by sub-dividing the total simulation period into smaller
steps of a few minutes each. At the start of every time interval, a diffusion calculation is performed,
which provides a corresponding neutron flux distribution over the full core. This, in turn, yields the
multiplication factor, Keff, which must be compensated by the reactivity control system. Figure 32
shows the load-following profiles to be expected from the Xe-100 for load following scenarios 100-20-
100%, 100-40-100%, 100-60-100%, and 100-80-100%.

[

17
Figure 32: Load-Follow Simulations of the Xe-100 Equilibrium Core
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Appendix B. Demonstration of Full Power Scenarios

Three scenarios have been selected to demonstrate the transient and accident analysis methodologies
described in this LTR: spurious withdrawal of RCS control rods, Depressurized Loss of Forced Cooling,
and steam generator tube leaks and ruptures.

B.1.  Withdrawal of Reactivity Control System Control Rods

During the CRW LBE, all 9 RCS rods are withdrawn from their initial partially inserted positions adjacent
to the core, while the reactor is operating at 100% MCR [30]. The purpose of this transient is to assess
the response of the IPS and RPS systems in recognizing and responding to this transient event and
shutting down the reactor to a safe and stable shutdown condition.

B.1.1. Methodology

The CRW scenario are analyzed in Reference [30] using Flownex version 8.14.0. After a brief null
transient, the CRW transient is initiated by withdrawing the full RCS bank at a rate of 1.2 cm/s (the
design maximum withdrawal rate is 1.0 cm/s). The RPS high neutron flux setpoint is reached 3.3s into
the transient at which point the reactor scrams and the full bank of RCS and RSS rods are inserted, which
shuts the reactor down. Secondary cooling on the main loop is maintained with the HPFWPs and the
reactor comes into a safe and stable shutdown state with active circulation through the core.

B.1.2. Assumptions

The assumption for this transient is that the circulator continues to operate with secondary Main Loop
Cooling.

B.1.3. Model Inputs

The model inputs are identical to the inputs from the base model in Reference [29].

B.1.4. Uncertainty Inputs

The PKPIRT uncertainty process is applied to the CRW AOO event. The parameters that are varied for the
CRW scenario are shown below and in Appendix B of Reference [24].

e Fuel pebble Graphite Thermal Conductivity (-7%)
o Reflector Thermal Conductivity (-10%)

e Pebble Bed Effective Thermal Conductivity (-5%)
e Helium Conductivity (-5%)

e Pebble Bed Friction Factor (10%)

e Fuel Pebble Graphite Heat Capacity (-6%)
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B.1.5. Acceptance Criteria

The acceptance criteria for this scenario are that the radiological consequences for this event are not
risk-significant and the plant is in a safe and stable shutdown condition. The results of the analysis show
that there is no offsite dose release, and the plant is in a safe and stable end state and thus the
acceptance criteria are met.

B.1.6. Sequence of Events

This event begins with all 9 control rods being withdrawn by a postulated RCS failure at an assumed
maximum rate of 1.2 cm/s. The withdrawal increases the core reactivity until the RPS high neutron flux
setpoint is reached and the reactor scrams. The circulators continue to operate with secondary cooling
provided by the HPFWPs, and the reactor ends in a safe and stable shutdown state.

B.1.7. Flownex Simulation Results

The Flownex model in Reference [29] was used to simulate the RCS control rod withdrawal event. Figure
33 shows the control rod position for the event. The reactor power response is shown in Figure 34. The
reactivity behaviors are shown in Figure 35. The reactor internal temperature responses are shown in
Figure 36. The reactor outlet temperature response is shown in Figure 37. The circulator speed response
is shown in Figure 38. The reactor outlet pressure is shown in Figure 39.

As shown, initially the power spikes up because of the positive control rod reactivity insertion. The
reactor scrams on high neutron flux then shuts the reactor down. The maximum fuel temperature does
not exceed the normal operating value for the duration of the transient, and fuel temperatures are
decreasing at the end of the simulation. Furthermore, the primary system pressure remains under the
lifting setpoint of the PLPRS valves. Therefore, there are no RN releases expected.
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Figure 33: Withdrawal of Control Rods DBA — Control Rod Position

Figure 34: Withdrawal of RCS Control Rods — Reactor Power

1P

1P

Revised 5/02/2023
X Energy, LLC

Security Classification: Non-Proprietary

Page 113
Layout: DLT-007 Rev 9



Doc ID No: 007834
Revision: 2
Date: 11 March 2025

Xe-100 Licensing Topical Report
Transient and Safety Analysis Methodology

[

[

177
Figure 35: Withdrawal of RCS Control Rods — Reactivities (dk/k)

17
Figure 36: Withdrawal of RCS Control Rods — Reactor Core Temperatures
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Figure 37: Withdrawal of RCS Control Rods — Reactor Outlet Temperature

17
Figure 38: Withdrawal of RCS Control Rods - Circulator Speeds
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Figure 39: Withdrawal of RCS Control Rods — HPB Pressure

B.1.8. Uncertainty Analysis Results

Table 14 compares the fuel temperatures at the end of the plant transient phase. The results show
increases of less than 5°C in maximum and average fuel temperatures. However, this does not change
the offsite dose release for this event as the temperatures are below the normal operating
temperatures.

Table 14: CRW PKPIRT Plant Transient Fuel Temperature Comparison

CRW LBE Nominal 99.5 901.1 651.5
PKPIRT CRW 103.0 905.3 656.6

B.1.9. Figure of Merit Results

The FOM results show there are no offsite or control room dose consequences and the reactor remains
subcritical due to reactor scram.

Note that this analysis represents the transient portion of the event and does not include the long-term
(to 30 days) dose, which would be calculated using a GOTHIC representation of a PLOFC event.
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B.2. Depressurized Loss of Forced Cooling

The GOTHIC DLOFC analyses analyze a 65 mm break in the refueling tube from an initial steady-state
condition of 100% MCR. The purpose of the event is to demonstrate that off-site doses remain within
applicable limits.

B.2.1. Methodology

The DLOFC event is analyzed in Reference [45] using GOTHIC8.4a(QA). A null transient at nominal
conditions and null transients with PK-PIRT uncertainties included were run with the GOTHIC Xe-100
base model until steady-state conditions were achieved. The DLOFC transient cases were then
performed by restarting the appropriate steady-state model with transient modifications applied. For all
transients, a 65 mm break in the refueling tube was assumed to occur at time = 0 seconds. Reactor
kinetics are not currently incorporated in the Xe-100 GOTHIC model. The DLOFC event is a heat up event
where the negative reactivity insertion due to negative fuel and moderator reactivity coefficients will
lead to a relatively rapid reduction in reactor power to decay heat levels (in the event of rods failing to
insert). Therefore, for the GOTHIC DLOFC transients, reactor scram was delayed to ~25 seconds with a
decay heat curve being applied thereafter. Circulator coast-down and FW/Steam isolation were initiated
by the appropriate RPS/IPS trip signals.
B.2.2. Assumptions
The assumptions for the GOTHIC DLOFC analysis are as follows:

e The plant is initially operated at steady-state conditions at 100% MCR.

e A 65 mm break in the refueling tube is assumed to occur at time = 0 seconds.

e Reactor trip is assumed to occur at 25 seconds.

e FW/Steam isolation are assumed to occur normally based on appropriate RPS/IPS trip signals.

e Circulator trip takes place 20 seconds after an RPS trip signal.

B.2.3. Model Inputs

The model inputs are identical to the inputs specified for the GOTHIC Xe-100 base model described in
Reference [45].

B.2.4. Boundary Conditions
The following boundary conditions were applied to the GOTHIC DLOFC analysis:
e The 65 mm break was assumed to blow down to a region at constant atmospheric pressure.
e Heat removal from the RPV outer surface in the reactor cavity region by the RCCS was credited.

e Heat loss from other outer surfaces of the HPB was not credited.

B.2.5. Acceptance Criteria
The acceptance criteria for this DBE are as follows:

e The dose evaluation is within the F-C target for a DBE.
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e The event does not progress to more severe conditions.

B.2.6. Sequence of Events
The sequence of events for the GOTHIC nominal DLOFC transient is as follows:
e T=0sec 65 mm break in refueling tube occurs
e T=35sec RPS trip signal on low HPB pressure
e T=235sec Helium circulator coastdown begins
e T=235sec FW/steam isolation begins
e T=25sec Reactor scram is assumed
e T=~515sec  Helium blow-down ends
e T=18.5hours Peakfuel temperature occurs

e T=30days End of transient calculation

B.2.7. GOTHIC Simulation Results

The GOTHIC steady-state and transient DLOFC models are described in Reference [45][48]. Figure 40
shows the peak fuel temperature for this event. The average fuel temperature response is shown in
Figure 41. During the heat-up phase of the event, the energy input to the pebble bed due to the delayed
reactor scram and decay heat exceeds heat losses through the HPB boundary (i.e., heat losses from the
RPV outer surface). The peak fuel temperature of 1777°C occurs at 18.5 hours. After this point, heat
losses from the RPV outer surface exceeds the decay heat production resulting in a gradual decrease in
the fuel temperature.
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Figure 40: GOTHIC Nominal DLOFC Peak Fuel Temperature
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Figure 41: GOTHIC Nominal DLOFC Average Fuel Temperature

B.2.8. Uncertainty Inputs

The PKPIRT uncertainty process was applied to the GOTHIC DLOFC analysis. The parameters that are
varied are shown in Table 15.

The pebble bed and reflector emissivities are incorporated into the GOTHIC pebble bed effective
conductivity model; therefore, the pebble bed effective conductivity uncertainty was assumed to cover
both emissivity uncertainties. The DLOFC is a slow heat-up event, and for the DLOFC transient at
nominal conditions, the fuel pebble centerline to surface temperature difference was found to be ~1°C
at the time of peak temperature; therefore, the fuel pebble conductivity uncertainty was not included.
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Table 15: GOTHIC DLOFC PK-PIRT Uncertainties

Pebble bed effective conductivity -5%
Fuel pebble conductivity 1%
Reflector graphite thermal conductivity -30%
Pebble bed emissivity -1%
Reflector emissivity -T%
Power +2%
Decay Heat +5.7%

B.2.9. Uncertainty Results

DLOFC cases were run with uncertainties considered individually along with a single “extreme” case that
combined all uncertainties. The results of these cases are presented in Table 16. The results show that
the temperature increase above nominal for the “extreme” PK-PIRT case (175°C) is almost equal to the
sum of the temperature increases for the individual PK-PIRT cases (173°C). This demonstrates that the
individual uncertainties are independent and, therefore, an overall uncertainty can be determined by
applying “square root of the sum of the squares”; this gives a combined uncertainty temperature
increase of 89°C. Thus, the peak DLOFC temperature is the peak nominal temperature (1777°C) plus the
uncertainty (89°C) giving a nominal + uncertainty peak temperature of 1866°C.

Table 16: GOTHIC DLOFC PK-PIRT Results

Nominal 1777 0
Extreme 1952 175
Uncertainty Cases

Fuel Eff Cond -5% 1806 29
Power+2% 1817 40
Decay+5.7% 1833 56
Reflector-30% 1825 48
Sum 173
Square Root of Sum of Squares 89
Nominal + Uncertainty 1866
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B.2.10. Figure of Merit Results

The calculation of the DLOFC dose is currently in progress.

B.2.11. Air Ingress

The DLOFC event analyzed is a 65 mm break in the refueling tube that discharges into the CRDM region
of the reactor cavity; therefore, the only means for air ingress for this event is back flow from the CRDM
region into the refueling tube. For the current revision of the DLOFC analysis, a reverse flow loss
coefficient was applied to the 65 mm break junction in order to minimize calculational “
extremely small break flows after the DLOFC blow-down is complete (and thereby reduce the
computation time for the transients). However, GOTHIC DLOFC studies with no reverse flow loss
coefficient have been performed and show back flow into the refueling tube to be insignificant. In
addition, after the DLOFC blowdown is complete, the CRDM region (along with the rest of the reactor
cavity) will be filled entirely with Helium. Due to the “diving-bell” concept of the Reactor Building design,
and due to Helium being lighter than air, the only means for reintroducing air into the CRDM region will
be via molecular diffusion. Thus, the very small amount of back-leakage into the break will consist
almost entirely of Helium.

noise” due to

The “diving-bell” Reactor Building concept is illustrated in Figure 42 through Figure 44. These figures
show the progress of Helium flow within the Reactor Building due to a Helium leak from the HPB. The
“diving-bell” Reactor Building design consists of an inner “citadel” region containing the reactor and
steam generator cavities along with other equipment areas. Outside of the citadel is an outer annular
region. The annular region is connected to regions outside of the Reactor Building via various access
points. In addition, at the top of the annular region there is a relief pathway leading to the atmosphere.
Near the bottom of the Reactor Building, the citadel and annular region are connected via one-way
valves (or relief panels).

For the DBA DLOFC described in this section, the Helium blow down is into the CRDM region above the
reactor vessel. The feature labelled as “Reactor Vessel Citadel Plug” in Figure 42 has flow passages that
allow flow from the CRDM region into the upper Reactor Vessel Cavity. From the Reactor Vessel Cavity,
the flow is directed downwards to the bottom of the citadel where one-way values (or relief panels) are
located. When overpressure occurs in the vicinity of the relief panels, the relief panels swing open and
direct flow into the reactor building annulus that surrounds the reactor citadel. Flow from the annulus is
then eventually released to the atmosphere. When sufficient pressure has been relieved from the
citadel, the relief panels reclose. Closure of the relief panels helps to minimize the amount of air
reintroduced back into the reactor citadel.
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Figure 42: Initial Helium Leak in Reactor Vessel and Steam Generator Citadels
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Figure 43: Helium Fills Citadels and Triggers One-Way Valves
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Figure 44: “Diving Bell” Path for Helium Containment and Removal
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B.3. Steam Generator Tube Leaks and Ruptures

This subsection discusses the evaluation of steam generator leak (SGTL) and rupture (SGTR) LBEs.

B.3.1. Initiating Event Description -
Two initiating events have been selected to represent faults in the steam generator. These include:

e Small Steam Generator Leak (SGTL) — This is defined as a steam generator tube leak with an
equivalent break size from 1 to 10mm.

o Moderate Steam Generator Tube Leak or Rupture (SGTR) — this is defined as a steam generator
tube leak or rupture with equivalent break size from 10mm to 25mm. The largest size
corresponds to that from a double-ended break of a single tube.

Each initiating event covers a range of leaks sizes based on the approach used to estimate the initiating
event frequencies.

Water ingress from the SGTL event can be detected by moisture monitors and is expected to progress
more slowly. However, the setpoints for IPS and RPS automatic mitigating actions would still be met but
would provide a greater opportunity for operator actions to manually shutdown or trip the reactor, and
steam is dumped to the condenser via the turbine bypass valve (TBV).

For the SGTR event, the SG tube leak size is sufficient to exceed the reactor trip setpoints of the IPS or
RPS and isolation and dump of the SG to the condenser.

It is expected that the affected module could be restarted and returned to service following repairs of
the leaking SG bundle, although this could be a relatively long outage.

B.3.2. Mitigating Strategies and Key Assumptions

The mitigating strategies and key assumptions for the SGTL and SGTR events regarding plant response
and SSC capabilities in addition to those discussed in Section 11.1 are:

e Itis assumed that the SG is designed to ensure that upon rupture of a single tube, there will be
no consequential failures of other SG tubes due to steam jets or tube whip.

e  Moisture monitors are provided in the primary system to detect moisture. Once moisture is
detected the strategy is to shut down the reactor, isolate the steam generator, determine the
leaking bundle, and re-establish forced cooling via the SSS to reduce core temperatures below
the level where core oxidation rates are minimized, and subsequent delayed fuel releases may
be prevented.

e Upon detection of excessive moisture in the primary system, the reactor is tripped, the SG is
dumped to the condenser until reaching a specified steam pressure and then isolated, and the
circulators will be run back by the IPS or tripped by the RPS on indications of loss of feedwater.

e The SG bundle pressures will be sampled to determine which bundle is leaking. When the leak
location is identified, the affected SG bundle will be isolated and taken out of service. The non-
leaking primary loop will then be restored to enable forced cooling via the SSS system.

e Restoring forced cooling via the SSS will fail if there is failure to isolate the SG. Under such
circumstance, the primary system will be depressurized via the Primary HTS SVs.
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e When the normal plant response to water ingress to the primary system to cooldown and
isolate the SG is successful, lifting of the PLPRS safety valves and any RN releases from the
primary system are prevented.

e Inthe event of failure to isolate the SG, the operators will manually trip the main feedwater
pumps, which will cause the pressure drop across the SG tube break to reverse and terminate
the water ingress into the primary system.

e If the SG is successfully isolated, it will result in a loss of main feedwater. The circulators will
either be run back by the IPS or tripped by the RPS to prevent a challenge to the reactor vessel
due to increased vessel temperatures.

e If the PLPRS safety valves are lifted or if the PORV is open intentionally to depressurize the
primary system, the exhaust of the valves will be vented directly to the atmosphere unfiltered,
and the RB pressure relief dampers will not be challenged.

o The successful opening of the PLPRS safety valves is sufficient to prevent vessel failure for all
modeled event sequences challenging the safety valves.

The RB will be designed in a manner that when the PLPRS safety valves open, the RB integrity will
not be challenged, and the RB pressure relief panels will not be challenged.

e Water steam reactions with the reactor core and graphite materials will produce mixtures of
water gases (H2, CO, and CO2), which may be released via the PLPRS safety valves into the RB.

e The RB HVAC filtration system will be capable of filtering releases from the PLPRS safety valves
or from failures of any HPB failures from over-pressurization.

e If the RB pressure relief dampers fail to open or fail to reclose after opening, the HVAC filtration
will not be effective.

B.3.3. Event Sequence Description

The immediate plant response to an SG tube leak or rupture event is a trip of the reactor via IPS, RPS, or
operator action, followed by RPS functions to momentarily dump excess steam to the condenser, isolate
the SG, and a runback or trip of the circulators. If the steam is not dumped to the condenser, the
primary system pressure is expected to increase to a level challenging the PLPRS safety valves.

If isolation of the SG is not successful, the operators or plant control systems will trip the main FW
pumps to reduce the driving head for water ingress to the primary system.

Following successful SG dump and isolation, forced cooling via SSS will be established using the non-
leaking SG bundle. If this is not successful, RCCS cooling is used until forced cooling is restored. There
will be no RN releases with successful SSS or RCCS cooling because the leaking SG bundle is isolated and
the primary safety valves do not lift.

If the RCCS fails, consideration is given to intentionally depressurize the HPB to prevent thermal creep
rupture of the reactor vessel under pressurized conditions. If depressurization is successful, there is the
possibility of RB HVAC filtration. If depressurization fails, this model assumes vessel failure and RB
damage with minimal RN retention.

Revised 5/02/2023 Page 127
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Doc ID No: 007834
Revision: 2
Date: 11 March 2025

Xe-100 Licensing Topical Report

Transient and Safety Analysis Methodology

If the SG dump to condenser is not successful, the PLPRS safety valves will open and fail to reclose. The
end states are resolved by determining whether there is successful or failed RCCS cooling and whether
RB HVAC filtration is effective.

If failure to trip the reactor occurs, it is assumed that the faults that cause reactor trip failure also cause
failure to dump the SG and isolate and failure to trip the circulators. In these sequences, the reactor
power level will be controlled by the negative temperature coefficient and the degree of heat removal
via the RCCS.

If the primary system safety valves fail to open to mitigate the pressure rise from the water ingress, it is
assumed that the overpressure of the reactor vessel will result in multiple breaches of the HPB and a
severe challenge to the RB pressure relief dampers to protect the RB integrity.

B.3.4. Plant Response Sensitivity and Source Term Analysis

The initiating event frequency for small SG tube leaks accounts for the full range of leak and break sizes
from 1mm to 10mm. The initiating event frequency accounts for all tube break locations. The plant
response and source term analysis need to consider the full range according to the following guidance:

o The best estimate leak size used for the mean consequence of small SG Tube Leak (SGTL) LBEs
should be based on the geometric mean between 1 and 10mm, which is 3.16mm.

e The sensitivity and uncertainty analysis for the small SGTL LBE should cover the range from 1 to
10mm and break locations at the top and bottom of the SG.

e The impact of SGTL leak size on the timing of reaching alarms and setpoints for indications of
moisture in the control room, achievement of IPS and RPS setpoints, PLPRS safety valve
setpoints, and quantity of water/steam ingress into the primary system should be determined
based on realistic assumptions.

The initiating event frequency for medium SGTL and SGTR accounts for the full range of leak and break
sizes from 10mm to 25mm. The initiating event frequency accounts for all tube break locations. The
plant response and source term analysis need to consider the full range according to the following
guidance:

o The best estimate leak size used for the mean consequence of medium SGTL and SGTR LBEs
should be based on the geometric mean between 10 and 25mm, which is 15.8 mm.

e The sensitivity and uncertainty analysis for the small SG Leak LBE should cover the range from
10mm to 25mm break size and break locations at the top and bottom of the SG.

B.3.5. SGTR-Specific Modeling Methodology

The SGTR initiating event introduces water into the HPB, requiring some additional phenomena to be
modeled. The methodology used to capture the consequences of these phenomena are described
below.

B.3.6. Break Flow

The inflow of water from the SG tubes into the HPB is an addition of mass and energy. This is modeled
using either (1) basic orifice discharge flow for break sizes less than the inner diameter of the SG tube or
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(2) sudden expansion exit losses for a tube for break sizes equivalent to a double-ended guillotine break
[18].

B.3.7. Oxidation Reaction between Steam and Graphite

At the high temperatures present in the Xe-100 during normal operations and accident conditions,
contact between steam and graphite results in an oxidation reaction. The dominant reaction at high
temperatures produces products of hydrogen and carbon monoxide.

The reaction has the potential to create two adverse effects: (1) the creation of flammable gases that
may be released into the reactor building, (2) creation of an extra mole of gas per every mole of graphite
reacted, raising the pressure in the HPB.

Scientific literature provides an empirical graphite corrosion rate model (the Boltzmann-Langmuir-
Hinshelwood (BLH) kinetic reaction model) to determine the reaction rate of the available concentration
of carbon (graphite). The rate is determined as a function of three variables — the reaction temperature,
the partial pressures of steam (reactant), and the hydrogen gas product. The constants for the empirical
BLH model are determined by fitting the BLH model to kinetic corrosion test data for each grade of
graphite in the Xe-100 [19]. This rate model is implemented into the Flownex and GOTHIC thermal
hydraulic models to calculate the rate at local node conditions and inject or remove the requisite
amounts of product or reactant gas into the fluid flow paths.

B.3.8. HPB Fluid Mixture

The introduction of water into the HPB changes the working fluid of the HPB from pure helium to a
mixture of water and incondensable gases. The incondensable gases include the helium and the
hydrogen and carbon monoxide byproducts of the steam-graphite oxidation reaction. Both Flownex SE
and GOTHIC provide the capabilities of using fluid mixtures as the working fluid in the HPB and will track
the local concentration conditions throughout the nodes in the model.

B.3.9. Change in Neutron Moderation

The presence of water molecules in the Xe-100 reactor core affects the neutron moderation, which
results in a reactivity insertion compared to the inert helium environment in normal operating
conditions. The VSOP steady state neutronics code is used to simulate the overall core reactivity in the
presence of varying concentrations of steam in the core. The Flownex model uses those results as input
and adjusts the total reactivity of the point kinetics script to account for the change in reactivity based
on the RCSS position and change in temperature feedback coefficients [29]. The adjustment is made on
the basis of number of hydrogen atoms in the core. The GOTHIC model uses power input from Flownex,
so this reactivity change effect is transferred with that input.

B.3.10. Steam-off of Radionuclides from HPB Surfaces

The presence of steam in the HPB changes the absorption and adsorption behavior of radionuclides
deposited on the HPB surfaces. The XSTERM suite of mechanistic source term codes contains modified
deposition coefficients to account for the change in circulating inventory during a SGTR event. The
Flownex SE SGTR model is used to determine the amount of water ingress for the various LBEs, and an
XSIM integrated run is performed to compute the change in circulating inventory [20]. That additional
circulating inventory is converted to a TEDE for use in the overall FOM dose stackup.
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B.3.11. Wash-off of Radionuclides from SG Surfaces

A break or rupture of an SG tube results in high-energy discharge of steam or liquid water, which
impinges on the surrounding tubes and support surfaces. This impingement causes some amount of
mechanical cleaning of deposited radionuclides on those surfaces. A CFD analysis is used to quantify the
area of surfaces surrounding the break location that experience a steam velocity higher than the normal
operating helium velocity, or the area of surfaces that are contacted by liquid water. It is assumed that
all of the deposited radionuclides in this affected area are lifted off into the circulating inventory and are
available for release as dose.

The XHPB module of the XSTERM suite of mechanistic source term codes provides the deposited
amount of radionuclide activity in the SG at the start of the transient. The CFD results for the given
break size are used to compute a fraction of affected surface area of the SG, and that fraction is
multiplied by the total deposited activity to get the increase in circulating activity due to wash-off. That
increase in activity is converted to a TEDE for use in the overall FOM dose stackup.

B.3.12. Acceptance Criteria

In addition to normal dose limits, SGTR events must demonstrate that the concentration of the
flammable gases produced by the steam-graphite oxidation reaction remain below the lower
flammability limit (LFL) for a fluid mixture in the given environment [21]. The calculation of these
parameters is in progress.

B.3.13. Uncertainty Analysis

The selected PKPIRT parameters for the SGTR are the break size and the circulator coastdown behavior.
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Appendix D. Xe-100 Transient and Safety Analysis PKPIRTs

D.1. General Plant Transient PKPIRTs

The table (Table 17) below lists General Plant Transient down-selected PIRT ordering given in Table 5 of
Reference [24].

Table 17: General Plant Transient Down-Selected PIRT Ordering

[

I

D.1.1. LOSC and Depressurization PKPIRT

The table (Table 18) below lists LOSC PKPIRT key parameters ranked “High” in importance given in Table
7 of Reference [24].

Revised 5/02/2023 Page 148
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



Doc ID No: 007834
Revision: 2
Date: 11 March 2025

Xe-100 Licensing Topical Report

Transient and Safety Analysis Methodology

Table 18: LOSC PKPIRT Ranked “H” in Importance (DBA vs. Non-DBA)

[

1P

The table (Table 19) below lists Depressurization PKPIRT key parameters ranked “high” in importance
given in Table 8 of Reference [24].

Table 19: Depressurization PKPIRT Ranked “H” in Importance (DBA vs. Non-DBA)

[

1’
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The table (Table 20) below lists CRW down-selected PIRT ordering given in Table 11 of Reference [24].

Table 20: CRW Down-Selected PIRT Ordering

[

177
The table (Table 21) below lists CRW PKPIRT key parameters given in Table 15 of Reference [24].
Table 21: CRW PKPIRT Key Parameters

[
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D.2. Steam Generator Tube Rupture PKPIRT

The table (Table 22) below lists SGTR high-ranked PIRT associated with Flammable Gas Production and
Offsite Dose FOMs given in Table 23 of Reference [24].

Table 22 : SGTR Highly Ranked PIRT Associated with Flammable Gas Production & Offsite Dose FOMs

[
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The table (Table 23) below lists SGTR down-selected ordering given in Table 24 of Reference [24].

Table 23 : SGTR Down-Selection PIRT Ordering

[

1P
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The table below lists SGTR PKPIRT key parameters given in Table 27 of Reference [24].

Table 24: SGTR PKPIRT Key Parameters

[

Iig

D.3. DLOFC (GOTHIC) PKPIRT

The table below lists “High” ranked DLOFC PIRT associated with Peak Fuel Temperature FOM given by
table in Section F.3.2 of Reference [24].

Table 25: LOFC PIRT Ordering Associated with Peak Fuel Temperature FOM (Ranked “H”)

[
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The table below lists DLOFC PKPIRT key parameters given in table in Section F.7 of Reference [24].
Table 26: LOFC PKPIRT Key Parameters

[

1P

Revised 5/02/2023 Page 156
X Energy, LLC Security Classification: Non-Proprietary Layout: DLT-007 Rev 9



	Abbreviations/Acronyms
	1. Introduction
	1.1 Purpose
	1.2 Scope
	1.3 Document Layout
	1.4 Interfacing Documents
	1.5 Outcome Objectives

	2. Overview of Regulatory Requirements and Guidance
	2.1 10 CFR Regulatory Requirements
	2.2 NRC Policy Statements
	2.2.1 Policy Statement of the Regulation of Advanced Reactors
	2.2.2 SECY-15-0002

	2.3 NRC Guidance/References
	2.3.1 RG 1.203
	2.3.1.1 Element 1: Establish Requirements for Evaluation Model Capability
	2.3.1.2 Element 2: Develop Assessment Base
	2.3.1.3 Element 3: Develop Evaluation Model
	2.3.1.4 Element 4: Assess Evaluation Model Adequacy

	2.3.2 RG 1.232
	2.3.3 RG 1.233
	2.3.4 Regulatory Guide 1.253
	2.3.5 NUREG 2246
	2.3.6 DANU-ISG-2022-01, Review of Risk-Informed, Technology Inclusive Advanced Reactor Applications-Roadmap

	2.4 US HTGR Precedents
	2.5 X-energy NRC SER for Xe-100 Topical Report:  Transient and Safety Analysis Methodologies Framework, Revision 1

	3. Xe-100 Plant Structures, Systems, and Component Overview
	3.1 Xe-100 Nuclear Island SSC
	3.1.1 Reactor System
	3.1.1.1 Fuel
	3.1.1.2 Reactor Core Structures
	3.1.1.3 Reactivity Control and Shutdown System
	3.1.1.4 Pressure Boundary System
	3.1.1.5 Hot Gas Duct System
	3.1.1.6 Primary Loop Pressure Relief System

	3.1.2 Steam Generator System
	3.1.3 Helium Circulator System
	3.1.4 Reactor Cavity Cooling System
	3.1.5 Fuel Handling and Storage System

	3.2 Functional Containment
	3.2.1 TRISO Fuel Particle (UCO Fuel Kernel and Triso Coatings)
	3.2.2 Fuel Pebble
	3.2.3 Helium Pressure Boundary
	3.2.4 Reactor Building

	3.3 Inherent Safety Characteristics
	3.4 Passive Safety Characteristics
	3.5 Xe-100 I&C Systems
	3.5.1 Distributed Control System
	3.5.2 Investment Protection System
	3.5.3 Reactor Protection System


	4. Transient and Safety Analysis Methodology Overview
	4.1 Implementation of NEI 18-04 Guidance
	4.2 Execution and Evaluation of DBAs and External Hazards Analyses
	4.3 Identification of Analyses Requiring Source Term Analysis
	4.4 Normal Operations and Demonstrations of Licensing Basis Events
	4.5 Treatment of Decay Heat
	4.6 Residual Heat Removal

	5. Xe-100 Transient and Safety Analysis Code Development
	5.1 Xe-100 Transient and Safety Analysis Flow Chart
	5.2 Neutronics Code
	5.3 Thermal Hydraulics Analysis Codes
	5.3.1 Flownex SE
	5.3.2 GOTHIC

	5.4 Mechanistic Source Term
	5.5 Flownex Screening Criteria

	6. Code Verification and Validation Plans and Scaling
	6.1 VSOP99/05 Code Verification and Validation Plan
	6.2 Flownex Code Verification and Validation Plan
	6.3 Mechanistic Source Term Code Verification and Validation Plan
	6.4 GOTHIC Code Verification and Validation Plan
	6.5 Xe-100 Scaling Methodology
	6.5.1 Scaling Approach Methodology
	6.5.1.1 Description of the Hierarchical Two-Tiered Scaling (H2TS) Method

	6.5.2 Aspects of the H2TS Approach
	6.5.2.1 Step 1:  Identify Relevant and Critical Phenomena
	6.5.2.2 Step 2:  Define Key Characteristics and Dimensionless Groups
	6.5.2.3 Step 3:  Assess Similarity Between the Experimental Data and the Xe-100
	6.5.2.4 Step 4:  Determining Adequacy of V&V to Reactor Conditions
	6.5.2.5 Similarity Ratio Near Unity

	6.5.2.6 Similarity Ratio Shows Same Order of Magnitude
	6.5.2.7 Similarity Ratio Shows Order of Magnitude Differences

	6.5.3 Guidance from Regulatory Guide 1.203


	7. Xe-100 Figure of Merit
	7.1 FOM Acceptance Criteria
	7.2 FOM Phenomena

	8. Xe-100 Phenomena Identification and Ranking Tables
	8.1 Xe-100 PIRT Methodology
	8.2 Safety Analysis Figures of Merit
	8.3 Xe-100 PIRT Panel
	8.4 PIRT Panel Inputs
	8.5 In-Core PIRTs
	8.5.1 Figures of Merit
	8.5.2 Systems, Structures, and Components
	8.5.3 Control Rod Withdrawal PIRTs
	8.5.4 Loss of Secondary Cooling PIRTs
	8.5.5 Steam Generator Tube Rupture PIRTs
	8.5.6 Depressurization PIRTs
	8.5.7 Seismic PIRTs
	8.5.8 Pressurized Loss of Forced Cooling PIRTs
	8.5.9 Normal Operation Condition PIRTs
	8.5.10 Fuel Mechanical Performance PIRTs


	9. Transient and Safety Analysis Uncertainty Methodology
	9.1 Uncertainty Analysis Methodology
	9.2 Uncertainty Analysis Input Methodology
	9.3 Xe-100 PKPIRT Methodology
	9.3.1 Acceptance Criteria
	9.3.2 PKPIRT Panels
	9.3.3 General Plant Transients PKPIRT
	9.3.4 Control Rod Withdrawals PKPIRT
	9.3.5 Steam Generator Tube Rupture PKPIRT
	9.3.6 Loss of Forced Cooling PKPIRTs


	10. Xe-100 DBA Evaluation Model
	10.1 Initial Conditions Methodology
	10.2 Boundary Conditions Methodology
	10.3 States for Safety Analysis
	10.4 Xe-100 Transient and Safety Analysis Process
	10.4.1 Plant Transient
	10.4.2 Long-Term

	10.5 Use of Flownex in the Evaluation Model
	10.6 Use of GOTHIC in the Evaluation Model

	11. Specific Transient and Accident Analysis Methodologies
	11.1 Acceptance Criteria
	11.1.1 Offsite Dose
	11.1.2 Control Room Dose
	11.1.3 Helium Pressure Boundary Activity

	11.2 Full-Power Transients
	11.2.1 Control Rod Withdrawal
	11.2.2 Depressurized Loss of Forced Cooling
	11.2.3 Steam Generator Tube Leaks and Ruptures


	12. Quality Assurance for Transient and Safety Analysis
	13. Conclusions and Limitations
	13.1 Conclusions
	13.2 Limitations

	14. Cross References and References



