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Activation and Shutdown Dose Rates

• Materials in fusion devices are 
activated by high-intensity, high-
energy neutron fluxes.

o Radioisotopes are created which 
decay (usually β±) and emit 
secondary gamma rays.

o This creates a residual 
radiation field which can 
persist long after shutdown.

• Shutdown dose rate (SDDR) is 
an important safety 
consideration.
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Neutron flux Activated materials

SDDR field

Activation calculations typically assume materials are static between 
activation and decay.

This is not the case for moving fluids.

Neutron flux leads to material activation, which affects SDDR.

Image credit: Alex Valentine
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Fluid Activation
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Fluid circuits could transport activated material (i.e. 
radiation sources) outside the bioshield.

Image credit: Tom Berry

OFFICIAL - COMMERCIAL

Flowing materials which could be 
present in fusion devices include:

• Coolants (Water, CO2, He) 

• Breeder (PbLi, molten salts) 

Fluid circuits could transport activated 
material outside primary shielding.

This has implications for:

• Dose rates to workers.

• Heating in sensitive components & 
electronics.

• Accident scenarios e.g. LOCA (Loss of 
Coolant Accident).

• Waste management & compliance.
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Water Activation
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Water activation generates particularly high-activity, short-lived radionuclides through reactions 
on oxygen isotopes.

Reaction Radionuclide Half-life (s) Threshold (MeV) Decay radiation

16O(n,p) 16N 7.1 10 γ (6.1, 7.1 MeV)

16O(n,2n) 15O 122 20 γ (200% 0.5 MeV)

17O(n,p) 17N 4.2 9 n (0.4, 1.2 MeV)

18O(n,γ) 19O 27 <1 γ (0.2, 1.4 MeV)

​Fusion neutron reactions generate 16,17N, which decay in seconds but produce neutrons 

(secondary activation) and high-energy gammas (dose rate).

Exact flow behaviour has significant impact on activity, so accurate modelling is important.
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CFD for Fluid Activation Modeling
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OpenFOAM-calculated velocity streamlines through JCC-15 
Water Expansion Tank (WET) at a flow rate of 55.1 L/min.

Image credit: Aleksander Dubas[1]

[1] T. A. Berry et al., ‘Integration of fluid dynamics into activation calculations for fusion’, Fusion 

Engineering and Design, vol. 173, p. 112894, Dec. 2021, doi: 10.1016/j.fusengdes.2021.112894.

[2] R. Pampin et al., ‘Improving the estimation of activation levels in flowing liquids under irradiation and 

decay’, Nucl. Fusion, vol. 61, no. 3, p. 036003, Jan. 2021, doi: 10.1088/1741-4326/abce3d.

Computational Fluid Dynamics (CFD) captures 
the distribution of flow paths.

• Previous works[1][2] showed CFD improves 
fluid activation model accuracy:
o Closer match to experimental results 

compared to the conventional approach: 
assuming a flat distribution.

• In particular, CFD is important for pipe system 
components with variation in flow rates:
o laminar flows or

o turbulent flow through certain components

https://doi.org/10.1016/j.fusengdes.2021.112894
https://doi.org/10.1088/1741-4326/abce3d
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Limitations of CFD & the Case for 

Surrogate Models

Limitations of full circuit CFD:

• Computationally expensive to model entire 
complex fluid circuits.

• Inflexible to design changes: a change in 
one part of the system would require re-
running the analysis in full.

• In addition, CFD is not required where flow 
profile is known to be flat.

(Note: this is the case for turbulent fast-flowing 
coolant through straight pipes, i.e. a significant 
proportion of most coolant fluid circuits.)
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Laminar and Turbulent Flow Velocity Profiles

Image source: EngineeringLibrary.org, taken from "DOE Fundamentals 
Handbook: Thermodynamics, Heat Transfer, and Fluid Flow"

A need was identified for a surrogate model which can provide an approximate solution for 

residence times in a parametric pipe section at a much cheaper computational cost.
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Surrogate Models & Gaussian Process 

Regression

• Surrogate models provide an approximation 
of a full-fidelity model. Whether via:

o A lower fidelity / lower physics etc. numerical 
model.

o A data-driven statistical model.

• A Gaussian Process Regressor:

o Is a statistical model.

o Fits the most likely function to available data.

o Provides uncertainty-quantified predictions 
(mean and standard deviation) for unknown 
inputs.

o Can scale to arbitrary number of 
dimensions.
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2D Example of gaussian process regression

Image credit: Sci-kit Learn Documentation
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Core Concepts Summary & Motivation

Summary

• Fluids in fusion devices are exposed to 
neutron radiation.
o These fluids can transport activated 

material outside of the bioshield.

o This has safety & environment 
implications.

• To accurately predict fluid activation, we 
need the residence time distribution 
(RTD) of the fluid throughout the circuit.

• Computational Fluid Dynamics (CFD) 
can provide this, but is:
o Computationally expensive and thus 

inflexible to design changes.

o Unnecessary for the majority of pipe 
sections. 

OFFICIAL - COMMERCIAL11

Motivation
To flexibly integrate CFD into fluid activation 

modelling, a need was identified for a tool which 

can:
• Maintain a database of RTDs for parametric pipe 

system components.
• Provide uncertainty quantified RTD predictions 

by training on the database.

• Where data is insufficient, automatically run a CFD 

simulation to update the database.

FARBASE (Fluid Activation Residence time 

dataBASE) was developed to meet this need.
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Turbulent Flow Laminar Flow

FARBASE Mock CFD Module
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To support testing & development without the need for full CFD, the MockSimulation class 
returns CFD-like data by Hagen-Poiseuille approximation for steady state flow in straight 
circular pipes.
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FARBASE Geometry Module
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Straights Tapers

Elbows / Bends

Splitters & Recombiners

Expansion Tanks

• Provides parametric generation of CFD-ready 
pipe component geometries.

o Implemented with Gmsh OpenCascade.

o Exports CAD as .stl files, including inlet & outlet 
patches.

• The module is readily extensible, using an 
abstract base class to define the interface.

o New components implement the abstract 
methods, and are then ready to be used by the 
rest of the code.

class Geometry(ABC):
"""Abstract base class for a pipe system component geometry.
"""

...

@abstractmethod
def write_stls(self, directory: Path | str) -> None:
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FARBASE Simulation Module

Inputs

• Geometry (.stl files)

• Flow Conditions

o kinematic viscosity

o volumetric flow rate

Post-processing

• Sample residence times on outlet boundaryProbes 
weighted by velocity in the outlet direction

OFFICIAL - COMMERCIAL15

FARBASE's parametric placement of OpenFOAM 
boundaryProbes on the outlet of an arbitrability 

oriented pipe section.

Sample of boundaryProbes data generated by FARBASE's Simulation Module

Outputs

• Velocity​

• Residence times 
("Age" in OpenFOAM)​

Provides a list of residence times for fluid leaving the outlet.
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FARBASE Gaussian Process Module

• Implemented using the 
GaussianProcessRegressor class from scikit 
learn

• The FARBASE GaussianProcessor class 
takes an instance of a subclass of 
PipeSystemComponent

• The FARBASE GP does not predict 
residence times directly.
o Instead, it predicts the parameters needed 

to describe the RTD.
o RT samples can then be taken from the 

distribution.

• The module also features:
o Anisotropic length scales

So each input parameter may set its own 
numerical length scale.

o Noise kernels
To handle any stochastic noise induced by 
random sampling.

OFFICIAL - COMMERCIAL16

Inputs
(N > 3, varies by 
component)

• geometry 
parameters (by 
component)

• nu kinematic 
viscosity

• vfr volumetric flow 
rate

Outputs
(N = 3 * n_outlets)

• mu lognormal 

location parameter​ μ
• sigma lognormal 

scale parameter σ​
• t_min minimum 

residence time

Lognormal probability 
distribution function for 

different values of σ

Image source: Wikimedia 
Commons
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FARBASE Plotting Module
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FARBASE contour plots showing GPR mean posterior predictions after training on 
MockSimulation data for a Straight component. 

Contour map of GPR mean posterior prediction for 2D slice in the input space.
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FARBASE Plotting Module

Validation of model fit by test-train split (by default 20:80).

OFFICIAL - COMMERCIAL18

FARBASE parity plots showing GPR prediction accuracy after training on MockSimulation 
data for a Straight component. 
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FARBASE User Flowchart

OFFICIAL - COMMERCIAL19
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FARBASE Usage Example

• The FARBASE API was designed to be simple 
to use, exposing useful options while providing 
sensible defaults.

• The user only needs to interact with the 
GaussianProcessor class and whichever 
Component subclasses they require.

o The API is identical for each component.

o Parameter space differences are handled 
under the hood when building the 
surrogate model and saving/loading 
data.

o Cross-compatibility between component 
data is supported where sensible.

from farbase import GaussianProcessor, Straight

# Instantiate Gaussian process regressor for a
# straight pipe section.
pipe_component = Straight()
pipe_gp = GaussianProcessor(pipe_component,
                            num_sim_procs=4)

# Load training data.
pipe_gp.load_data("data/straight.csv")

# Build surrogate model.
pipe_gp.build()

# Query the model.
query_params = {

 "r": 10.0e-3,  # pipe inner radius  (m)
 "l": 75e-3,  # pipe length  (m)
 "nu": 1.2e-6,  # kinematic viscosity  (m^2/s)
 "vfr": 1e-5,  # volumetric flow rate (m^3/s)

}
samples = pipe_gp.query_and_sample(query_params, 1000)

OFFICIAL - COMMERCIAL20

FARBASE example usage demonstrating building a 
surrogate model, using it to predict an RTD, and 

taking 1000 samples from that distribution



|

FARBASE Modules

• Contains the main GaussianProcessor class which handles 
building and querying the surrogate models.

• Also handles generation of a sample plan for populating an empty 
database via Latin Hypercube sampling.

gaussianprocess

• Contains classes representing various pipe system components.

• Each component handles file I/O as appropriate for its 
parametrisation.

components

• Contains classes for generating parametric pipe section 
geometries.

geometry

• Contains a class for fitting lognormal probability distribution 
function to residence time data.

• Readily extensible to other probability distribution functions, if the 
need arises in future work.

probabilitydist

OFFICIAL - COMMERCIAL21

• Contains a function for sampling residence times 
from raw data.

sampler

• Contains classes for automatically setting up, 
running, and extracting results of OpenFOAM CFD. 

simulation 

• Contains a class for generating Mock CFD data via 
Hagen-Poiseuille approximation for a straight circular 
pipe. 

mock 

• Contains various plotting functions for aiding 
visualisation, validation, and verification.

plotting
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Plans for Future Work

Using FARBASE:

• Implement FARBASE into GammaFlow.

• Use in activation analysis of JSI TRIGA fluid activation 
experiment[3] as a validation case study.

Developing FARBASE:

• Support & bug fixes for integration into GammaFlow.

• Gather feedback & feature requests for next version.

• Add pipe system components to the geometry engine 
as required.

Other Applications:

FARBASE could be applied to any problem where fluid 
residence times play a key role.

• e.g. modelling the transport of Activated Corrosion 
Products (ACPs) in coolant and liquid breeder circuits

OFFICIAL - COMMERCIAL22

Flow diagram for a fluid activation experimental rig at the 
JSI TRIGA research reactor.

Image credit: Tom Berry

[3] D. Kotnik, J. Peric, D. Govekar, L. Snoj, and I. Lengar, ‘KATANA - water activation facility at JSI TRIGA, Part I: Final 

design and activity calculations’, Nuclear Engineering and Technology, Oct. 2024, doi: 10.1016/j.net.2024.09.036.

https://doi.org/10.1016/j.net.2024.09.036
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Summary
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• In order to accurately model activation in 
fluid circuits exposed to neutron fluxes, 
we need to know the residence time 
distributions (RTDs).

• FARBASE was developed to:
o Maintain a database of RTDs for parametric 

pipe system components.

o Provide uncertainty quantified RTD 
predictions from a GPR trained on the 
database.

o Automatically run CFD to update the 
database as required.

• FARBASE is intended to be used by fluid 
activation codes (e.g. GammaFlow) to 
provide flexible CFD integration and improve 
accuracy.

Thank you for listening!

Any questions?

Ask now or email me at: 
luke.humphrey@ukaea.uk

This work has been carried out within the framework of the EUROfusion Consortium, funded by the European Union via the 

Euratom Research and Training Programme (Grant Agreement No 101052200 — EUROfusion). Views and opinions expressed are 

however those of the author(s) only and do not necessarily reflect those of the European Union or the European Commission. 

Neither the European Union nor the European Commission can be held responsible for them.

mailto:luke.humphrey@ukaea.uk

	Slide 1: UKAEA
	Slide 2: In this talk...
	Slide 3: In this talk...
	Slide 4: Activation and Shutdown Dose Rates
	Slide 5: Fluid Activation
	Slide 6: Water Activation
	Slide 7: CFD for Fluid Activation Modeling
	Slide 8: Limitations of CFD & the Case for Surrogate Models
	Slide 9: Surrogate Models & Gaussian Process Regression
	Slide 10: In this talk...
	Slide 11: Core Concepts Summary & Motivation
	Slide 12: In this talk...
	Slide 13: FARBASE Mock CFD Module
	Slide 14: FARBASE Geometry Module
	Slide 15: FARBASE Simulation Module
	Slide 16: FARBASE Gaussian Process Module
	Slide 17: FARBASE Plotting Module
	Slide 18: FARBASE Plotting Module
	Slide 19: FARBASE User Flowchart
	Slide 20: FARBASE Usage Example
	Slide 21: FARBASE Modules
	Slide 22: Plans for Future Work
	Slide 23: In this talk...
	Slide 24: Summary

