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SCALE Code System
Analysis enabling nuclear technology advancements

• Transport
– Monte Carlo
– Deterministic

• Point depletion
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0 2016 – present: 
Increased Fidelity, 
Infrastructure Modernization, 
Parallelization, Quality 
Assurance
Solutions for extremely complex 
systems
High-fidelity shielding, depletion 
and sensitivity analysis in 
continuous energy
Modern, modular software design
Scalable from laptops to 
massively parallel machines
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SCALE Code System
Reactor physics and used fuel characterization

Fork 
detector

PWR 
assembly

Front
view

Top
view

Burnup 
(MWd/MTU)

Pin-by-pin
burnup and
radioactive

source terms

Power distribution for AP-1000 reactor

User interface for facility-wide
source term characterization



4 SCALE Methods for MSR Analysis

Liquid-Fueled Molten Salt Reactors
Extending methods for solid fuel reactors

• Solid fuel reactor characteristics
– Fission products and actinides remain with the fuel until reprocessing (if applicable)
– Excess reactivity control occurs with soluble boron/burnable absorbers

• Liquid fuel reactor characteristics
– Fuel flows with carrier material (delayed neutron precursor drift)
– Includes continuous and batch chemical processes

    1 fuel
   11 fuel
   21 fuel
    2 clad
    3 coolant
    4 gap
    5 moderator
    6 channel tube
  311 fuel with 5.0% gd2o3
  312 fuel with 5.0% gd2o3
  313 fuel with 5.0% gd2o3
  314 fuel with 5.0% gd2o3
  315 fuel with 5.0% gd2o3
  316 fuel with 5.0% gd2o3
  317 fuel with 5.0% gd2o3

Core simulator 
(e.g., PARCS)

Lattice physics
calculation

Burnup-dependent 
constants

Flux in energy group 171

 1.65935E+00
 1.54542E+00
 1.43148E+00
 1.31754E+00
 1.20360E+00
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Liquid-Fueled Molten Salt Reactors
Core designs using molten fuel salt

• Fast spectrum molten salt reactor (MSR) cores 
are usually large volumes of salt

• Thermal spectrum cores incorporate fixed 
moderator material

• Multiple fuel stream designs include
– Different salt compositions
– Fissile and fertile salt compositions

• Multiple spectrum zones include 
– Different fuel-to-moderator ratios
– Driver and blanket zones for breeding

½-core fast spectrum design.1
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¼-core thermal spectrum design.2

1 “An Assessment of a 2500MWe Molten Chloride Salt Fast Reactor” (1974).
2 “Design Studies of 1000-MW(e) Molten-Salt Breeder Reactors” (1966).
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Motivation
Develop MSR modeling and simulation capabilities in SCALE

• Account for the flowing fuel materials in a liquid-fueled system
– Model precursor drift and its effect on neutronics and depletion
– Remove isotopes with specific rates or portions of the fuel salt

• Draw on reactor physics tools within the SCALE code system
– Neutron transport and depletion
– Strong quality assurance program

• Provide ORNL modeling and simulation tools applicable to liquid-fueled 
reactor problems
– Assessment of MSR impact on fuel cycle outcomes
– Fuel cycle and core optimization and design
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Reactor Physics Analysis
Challenges in neutronic modeling and simulation

• Delayed neutron precursor drift occurs in flowing fuel
– Delayed neutron precursors are radioactive fission products that release neutrons 

upon decaying
– In solid fuel systems, the movement of these delayed neutron precursors is negligible
– In liquid fuel systems, the precursors move away from their birth location and may 

decay outside the core, changing the neutron source distribution within the core

• Fission source calculated by standard lattice physics codes is biased
– Prompt neutrons and some delayed neutrons are emitted in the liquid fuel while it is 

still inside the core
– Some delayed neutrons are emitted after the liquid fuel leaves the core (coolant loop, 

chemical processing, etc.)
– Effect on k eigenvalue is on the order of a few hundred pcm
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Reactor Physics Analysis
Effect of precursor drift on transport equations

• Additional term in the neutron transport and precursor equations accounts 
for the precursor movement

• Often, delayed and prompt fission is effectively lumped
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• Total, prompt, and delayed nubar (average neutrons released per fission)

• Total, prompt, and delayed 𝜒 (neutron emission) spectra (J precursor groups)

• β (delayed neutron fraction)

• 𝛼 (group normalized neutron fraction)

Reactor Physics Analysis
Notation
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Delayed Neutron Precursor Drift Models
Molten Salt Reactor Experiment Zero-Dimensional (0D) Model

• Molten Salt Reactor Experiment (MSRE) 0D model
• Consideration of in-core (𝜏c) and out-of-core (𝜏e) times to correct for 

the delayed neutron precursors that exit the core before decaying
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Delayed Neutron Precursor Drift Models
One-dimensional (1D) model

• A 1D precursor drift model has been implemented into SCALE
– Considers a 1D velocity and power profile
– Accounts for recirculating precursors

1D precursor drift problem showing boundary conditions.
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Delayed Neutron Precursor Drift Models
Applying correction factors to account for drift

• Objective is to obtain flow-adjusted parameters (𝜒 and nubar)

• Use correction factors from the precursor solutions

– Axially dependent correction factor:

– Integrated correction factor:
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Delayed Neutron Precursor Drift Solutions
Analytical solutions for precursor drift

• To provide solutions for testing precursor drift modules
• 0D model is unable to account for effects from power shapes

Delayed neutron precursor concentrations 
in the primary loop of a liquid-fueled MSR.

Analytic Correction Factors (F) Using 
Different Models



14 SCALE Methods for MSR Analysis

Delayed Neutron Precursor Drift Solutions
Effect of power shape on correction factors

• Power shape greatly affects the in-core distribution of precursors
• Sinusoidal power profiles result in large factors near core boundaries

Comparison of axially dependent group correction factors from SCALE and analytical 
solutions with constant (left) and sinusoidal (right) power profiles. Analytical solutions are 

plotted as a line; SCALE solutions are plotted as points.
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Delayed Neutron Precursor Drift Applications
Simple Molten Salt Breeder Reactor (MSBR) unit cell model

• Two-dimensional (2D) transport model of an MSBR unit cell
– 233U and thorium tetrafluorides dissolved in a FLiBe carrier salt
– Graphite moderator blocks

• 1D precursor drift model
– 340 cm core height
– 630 cm primary length
– 48 cm/s velocity

• 2D model used to generate group constants 
for a 15 cm region before the outlet of the core

SCALE 2D transport 
MSBR unit cell.
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Delayed Neutron Precursor Drift Applications
Effect on fission emission spectrum and nubar

• Large effect on the number of neutrons emitted per fission
• Over six times the amount of delayed precursors located in the 

region with respect to the solution without precursor drift

Flow-adjusted 𝜒 (left) and nubar (right) using the correction factors.
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Delayed Neutron Precursor Drift Applications 
Effect on criticality and spectrum

• Effect on criticality align with theoretical expectations
• Small observed effect on the neutron spectrum (consider this for 

use in cross section processing)

SCALE-calculated k using flow-corrected constants 
(core-averaged constants included).

Normalized neutron flux in the two-dimensional 
unit cell with and without precursor drift.
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Delayed Neutron Precursor Drift Applications
Effect on group constant generation

• Two-group constants perform 
fairly well for this 
thermal system

• Largest effect is due to 
the flow-adjusted nubar

SCALE-calculated two-group cross sections using flow-
corrected constants (core-averaged constants included).
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Ongoing Efforts
Molten Salt Reactor Tools

• Determine the effect of flow-adjusted constants on self-shielding 
calculations

• Implement into Monte Carlo transport
• Integrate material-accounting capabilities with the transport and 

depletion modules within SCALE
– Provide the SCALE transport and depletion tool with access to continuous 

removal capabilities
– Develop a method to include the removed states

• Develop inputs to interact with these tools, with intentional generic 
implementation to provide a broader application space
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Adapting SCALE Methods for MSR Analysis
Key points

• Detailed a simple 1D model for calculating precursor distribution
• Used correction factors to generate flow-adjusted parameters to 

implement during neutron transport calculations
• Demonstrated in applications to analytic and MSR problems

– Analytic problems verify performance of the 1D model in SCALE
– Application to a simple unit cell problem aligns with theoretical expectations

• Defined continuing scope of the implementation of MSR tools 
into SCALE
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