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warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents

that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States Government or

any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.
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• X-energy’s Mechanistic Source Term (MST) Approach

• Mechanistic Source Term Models

• Q&A

Outline
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Mechanistic Source Term (MST) Approach

• Scope:
• Included: Description of MST models used to determine radionuclide transport phenomena and estimate 

mechanistic source terms used to support the preliminary analysis and evaluation of the Xe-100

• Excluded: Actual implementation evaluation cases and outputs (included in a future XSTERM Topical Report)

• Interfacing Documents:
• Risk-Informed Performance-Based Licensing Basis Approach for the Xe-100 Reactor (ML21196A071)

• Xe-100 Licensing Topical Report: Transient and Safety Analysis Methodology (ML25077A285)

• Xe-100 Principal Design Criteria Licensing Topical Report (ML24047A310)

• Xe-100 Licensing Topical Report TRISO-X Pebble Fuel Qualification Methodology (ML22216A179)

• Xe-100 Licensing Topical Report Atmospheric Dispersion and Dose Calculation Methodology (ML23268A456)
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Mechanistic Source Term (MST) Approach

• Xe-100 MST methodology is part of the implementation of a risk-informed, 
performance-based design and licensing basis according to the Nuclear Energy Institute 
(NEI) 18-04 and Nuclear Regulatory Commission (NRC) Regulatory Guide (RG) 1.233

• Regulatory Guidance (SECY-93-092):
• Reactor and fuel performance under normal and off-normal operating conditions is sufficiently well 

understood to permit a mechanistic analysis. 

• Sufficient data should exist on the reactor and fuel performance through the research, development, and 
testing programs to provide the adequate confidence in the mechanistic approach.

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

• Events considered in the analyses to develop the set of source terms for each design are selected to bound 
severe accidents and design-dependent uncertainties.
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Mechanistic Source Term (MST) Approach

 Xe-100 source terms are:

• Event-specific 

• Determined mechanistically using models of fission product (FP) generation and transport

• Accounting for the reactor’s inherent and passive design features and the performance of 
FP release barriers that constitute the functional containment 

• Inclusive of the quantities, timing, physical and chemical forms, and thermal energy of the 
release

• Different from light water reactor source terms based on severe core damage event(s) 
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Radionuclide Release Barriers Mechanistically Modelled Radionuclide Transport Phenomena

Mechanistic Source Term (MST) Approach
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MST Models

LTR Appendix Model Scope Codes implementing similar capability

A FPM Fuel Performance (particle failure fractions) PARFUME (INL), PANAMA, STACY

B THM Thermodynamics VSOP-THERMIX-KONVEK, AGREE (UMich), STAR-CCM+ (Siemens)

C SOLM
Time-dependent radionuclide production, 

transport & release from fuel elements
PARFUME (INL), GETTER, FRESCO, STACY

D GASM Steady-state gaseous fission product release PARFUME (INL), NOBLEG, STACY

E DUSTM Graphite / metallic dust production N/A

F HPBM
Dust, fission and activation product behavior 

in primary circuit
DAMD (PBMR), PADLOC (GA), RADAX, SPATRA, RADC (GA), MELCOR 

(Sandia)

G CORRM
Air/water Ingress, 

fuel materials corrosion rates 
OXIDE-4 (GA), TINTE, GRACE (FE), STAR-CCM+ (Siemens), Fluent (ANSYS)

KSIM
Plant simulator using 

point-kinetics core model with 
spatial and thermo-dynamics coupling

MGT / TINTE, AGREE (UMich), RELAP-7 (INL), Flownex (M-Tech)

TRITM Tritium plant mass balance TRITGO (GA), THYTAN (JAEA), TPAC (INL), TMAP (INL), ORIGEN-S (ORNL)

Dispersion/Dose Off-Site doses MACCS (Sandia), HotSpot (LLNL), RASCAL (NRC), ADDAM (AECL)  

US-DOE Code

Other

Commercial NQA-1 Code 

German (Legacy) Code

XSTERM

Xe-100 Licensing Topical Report, Atmospheric Dispersion and Dose Calculation Methodology (ML23268A456)
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XSTERM Code

• Evaluation Model for the quantification of Xe-100 source terms and dose calculations 
• Implementation of the MST models presented in this TR, part of X-energy safety analysis code suite
• Developed under X-energy Quality Assurance Program
• Goal: NQA-1 qualification

• Verification and Validation, Uncertainty Quantification in progress

• Line-by-line code verification, comparison with analytical solutions, automated testing in the continuous-
integration framework

• Phased validation – each phase aims at validating a set of medium and high ranked phenomena from the 
Xe-100 Safety Analysis PIRT

• Phase 1: Activity Release and Transport (FPM, GASM, SOLM, HPBM)

• Phase 2: Reactor Temperature and Power (TDM, KSIM)

• Phase 3: Dust Production (DUSTM)

• Phase 4: Exposure to Oxidating Environments (CORRM, TRITM)

• Uncertainty Quantification Plan based on the Xe-100 Safety Analysis PIRT
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Core MST Models Relationship
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THM: Thermodynamics Model
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THM: Application Domain

Xe-100 Single-Pebble / Core Calculations Fuel Compact Calculations (Validation)
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THM: Phenomena Modelled

• Conductive Heat Transfer: Fourier law of heat conduction with 
space-, temperature- and dose-dependent conduction coefficients

• Zehner-Bauer-Schlünder model in the pebble bed

   𝜆𝜆𝑝𝑝𝑝𝑝 = 𝜆𝜆𝑠𝑠𝑠𝑠 + 𝜆𝜆𝑟𝑟 + 𝜆𝜆𝑓𝑓
• Reflector graphite model based on research of G. Haag

• Convective Heat Transfer: Kugeler-Schulten correlation

• Radiative Heat Transfer: Stefan-Boltzmann law

• Heat Sources: fission, gamma, decay heat (DIN-25485 standard)

• Pebble temperatures: 1D-radial heat conduction through pebble mesh 
zones with core node temperature as boundary condition – semi-analytic

• Particle temperatures: 1D-radial heat conduction through particle mesh zones 
with pebble zone temperature as boundary condition – semi-analytic

• Compact temperatures: 2D-axisymmetric heat conduction through compact 
zones with prescribed outer temperature – finite-difference discretization + 
successive-over-relaxation iterative method
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THM: Material Properties
• Explicit correlations or data fits

• Generally temperature-dependent => iterations
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THM: Input Data and Boundary Conditions

• Second order least-squares mapping from VSOP grid to simplify heat transfer calculations

Xe-100 Reactor VSOP Model MST Model

Total core mass flow rate (Flownex)

Disclaimer: Values shown above only for illustrative purposes
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THM: Time-Stepping Algorithm

• Backward Implicit/Explicit Iterative Method

• Iterative calculation to converge reactor and 
coolant temperatures in each time-step

• Transient simulations

• Establishing steady state
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FPM (Particle Failure Probability Model)
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FPM: Phenomena Modelled

• Pressure vessel failure of TRISO particles

• effects of pyro-carbon (PyC) irradiation-induced creep on the effective stress of 
the silicon-carbide (SiC) layer

• Irradiation-Induced dimensional change of PyC layer

• Fission gas pressure

• Kernel irradiation swelling

• Kernel thermal expansion

• Kernel migration (Amoeba)

• Fission product corrosion

• SiC thermal decomposition

• Manufacturing defects

• Exposed kernel (i.e., defect of all coating layers)

• SiC defect (i.e., defect of the SiC layer with at least one other coating layer intact)

• Inner PyC layer defect

• Dispersed heavy metal fraction
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SOLM (Fission Product Transport Model)
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SOLM: Phenomena Modelled

• Fission product production by direct fission in kernels, recoil from kernels to the buffer layer, 
decay and activation

• Fission product removal by means of decay and activation

• Transport and release of fission products from particles and fuel elements by means of diffusion

• Effects on isotope transport and retention from as-manufactured particle defects, contamination 
and particle failures that may occur during operation
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SOLM: Modelling Scope

• Calculate isotope concentrations in fuel elements and particles
• for all core meshes, following the multi-pass re-loading scheme to reach desired 

burnup to create an isotope library with the concentration distributions 
(initial condition for steady-state inventory and transient calculations)

• for a single sphere/compact to model irradiation and safety (annealing) 
experiments (validation) and isolated fuel element calculations

• Calculate the release over birth (R/B) ratios for steady-state irradiations 
and fractional releases for transients
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SOLM: Methodology

• Time-dependent heat conduction equation with 
temperature-dependent effective diffusion coefficients

• 1D radial (pebbles) or 2D axi-symmetric (compacts)

• Boundary conditions: Zero surface concentration or 
sorption transfer via iso-thermic exchange between 
pebble surface and thin gas layer

𝐷𝐷𝑒𝑒𝑓𝑓𝑓𝑓 = 𝐷𝐷1𝑒𝑒𝑒𝑒𝑒𝑒 −
𝑄𝑄1
𝑅𝑅𝑅𝑅

+ 𝐷𝐷2𝑒𝑒𝑒𝑒𝑒𝑒 −
𝑄𝑄2
𝑅𝑅𝑅𝑅
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SOLM: Numerical Solution

• Implicit Euler method for time-stepping for pebbles and compacts, or 
backward-difference method (BDF2) for compacts

• At each time step, a system of linear algebraic equations arising from the 
finite difference discretization of the diffusion and source terms is solved:

⇒ 3-diagonal matrix system for pebble geometries 

– solved by Gaussian elimination

⇒ 5-diagonal matrix system for compact geometries 

– solved by the Gauss-Seidel iterations
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GASM (Gaseous Fission Product Transport Model)
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GASM: Phenomena Modelled

• Steady-state gaseous fission product (FP) release from particles and pebbles (R/B ratios)

• Short half-lives of the gas isotopes => transport from the fuel kernel through intact coatings can be neglected

• FP sources:

• heavy metal (HM) contamination of matrix/outer PyC layers of particles

• failed particles

• Two models dynamically switching based on fuel temperature: Röllig Model and Richards Model

Failed Particles

HM Contamination
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DUSTM: Dust Production
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DUSTM: Phenomena Modelled

• Graphite and metallic dust production from 
• pebble-pebble and pebble-reflector abrasion

• pebble abrasion during its transport through the fuel 
handling system (FHS) piping

• control rod abrasion during its movements over the 
operating period

• Dust particle size spectrum lumped into bins, based on 
the historical measurements from the German pebble-
bed reactor AVR
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DUSTM: Methodology

• In-Core dust production
• Wear from friction based on the theory of asperity contact

• Total dust production proportional to geometry-dependent                                                            and 
frictional force

• Frictional force proportional to temperature-dependent friction coefficient and height-
dependent load pressure on the pebbles

• Load pressure on the pebbles computed by modified Janssen’s silo pressure formula including 
the effects of pressure drop

• Dust production in fuel handling system (FHS)
• Proportional to empirically determined dust generation rate per meter of pebble movement in 

the FHS, number of fuel passes and length of the FHS pipe

• Dust production in the reactivity control system (RCS)
• Proportional to empirically determined dust generation rate per meter of RCS rod motion and the 

total RCS rod distance travelled during the operation time

• Dust production rate parameter determined by applying the model on the AVR reactor 
operation data and adjusting the parameter to yield the measured total lifetime dust in AVR

• Graphite/metallic dust ratio obtained from the Vampyr II experiment data

dust production rate parameterdust production rate parameter
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HPBM: Helium Pressure Boundary Model
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HPBM: Phenomena Modelled

• radionuclide (RN) release from pebbles,

• deposition on component surfaces (RN, dust),

• plate-out on dust (RN)

• re-entrainment into circulating He (RN, dust), 

• intra- and inter-component transport (RN, dust), 

• RN transmutation through activation and radioactive decay

• RN removal through radioactive decay

• RN sorption into the graphite dust and de-sorption into circulating helium
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HPBM: Phenomena Modelled 

DUSTM SOLM
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HPBM: Particle Mass Transfer

(1) Liftoff of elemental radionuclide from plated-out dust 

(2) Liftoff of plated-out dust from component surface 

(3) Sorption of elemental radionuclide from plated-out dust into helium 

(4) Plateout of entrained dust onto component surface 

(5) Plateout of entrained elemental radionuclide onto plated-out dust 

(6) Sorption of entrained elemental radionuclide into plated-out dust 

(7) Liftoff of elemental radionuclide from component surface

(8) Plateout of elemental radionuclide onto component surface 
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HPBM: Numerical Solution

• Coupled set of 2D partial differential equations for multi-phase flow and mass balance

• Phases:

1. Helium gas

2. Circulating dust

3. Deposited dust 

4. Circulating isotopes

5. Deposited isotopes

• Finite volume + Backward Implicit-Explicit Method (IMEX) discretization



© 2025 X Energy, LLC, all rights reserved 34

CORRM: Core Corrosion Model
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CORRM: Methodology

Corrosion Rate =
(Kinetic Factor)(Driving Force)

(Adsorption Term)

with temperature-dependency of kinetic factor and adsorption terms modelled by Arrhenius-type correlation

• Applied to fuel element graphite materials to determine the radionuclide release 
enhancement due to corrosion

• Based on correlation for H-451 fuel element graphite investigated at General Atomics

Material State Atmosphere

UCO kernel
Normal Trace H2O

DLOFC Air/He

PyC coating H2O ingress H2O/He

“US A3-3” matrix
Normal Trace H2O

DLOFC Air/He
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Overall Mechanistic Source Term Calculation



© 2025 X Energy, LLC, all rights reserved 37

Phone: 301.358.5600
530 Gaither Rd., Rockville, MD 20850

x-energy.com @xenergynuclear

X Energy, LLC

Milan Hanus
mhanus@x-energy.com 

Q & A

http://www.x-energy.com/
mailto:mhanus@x-energy.com
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List of Acronyms

CORRM Corrosion model PyC Pyrolytic-carbon

DLOFC Depressurized loss of forced cooling Q&A Questions & answers

DOE Department of Energy R/B Release to birth ratio

DUSTM Dust production model RCS Reactivity control system

FHS Fuel handling system RG Regulatory Guide

FP Fission product RN Radionuclide

GASM Gaseous FP release model SiC Silicon-Carbide

HM Heavy metal SOLM RN diffusion and release model

HPBM Helium pressure boundary model THM Thermo-hydraulics model

HTGR High Temperature Gas-cooled Reactor TR Topical Report

KSIM Neutron kinetics & plant simulation model TRISO Tristructural-Isotropic

MST Mechanistic source term TRITM Tritium release model

NQA Nuclear Quality Assurance UCO Uranium Oxycarbide

PIRT Phenomena identification and ranking table XSTERM X-energy’s mechanistic source term code suite
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