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Summary

The purpose of this thesis is to discuss the use of liquid metals in next-generation
nuclear fission and fusion reactors. Liquid metals can be employed as coolant (fis-
sion machines) or as coolant/breeder/carrier for the tritium exploitation (in future
fusion rectors), since they present good thermo-physical and nuclear properties with
respect to water. Due to the complexity of the systems where liquid metals have
to be used, suitable multi-physics tools must be developed to correctly retrieve the
inherent physical aspects of their employment. Several European initiatives are
today supporting the research and development of this tools, as for instance, the
EUROfusion consortium and the PASCAL project (where the FALCON consortium
is heavily involved). Thus, the work here presented aims to verify, test and develop
tools and new models for the multi-physics assessment of advanced nuclear system
based on liquid metals. For this reason, two areas of activity are discussed: mod-
elling of Liquid Metal-Cooled Reactors for future Generation IV reactors within
the context of reactor physics and thermal-hydraulics assessments, and modelling
of radioisotope transport in liquid metals in fusion systems.

The first part of this thesis regards the use of liquid metals in future fission
nuclear reactors. The activities have been carried on with the scope to pursue
the verification activities of the FRENETIC code, a multi-physics tool that has
been being developed in the last years at Politecnico di Torino. Currently, the
FALCON consortium and the PASCAL project are supporting the design of the
ALFRED reactor in order to exploit Lead Fast Reactors technology. As a conse-
quence, the benchmark of FRENETIC has been performed on the ALFRED core,
analysing both steady state and transient coupled scenarios. To accomplish this, a
temperature-dependent cross section library has been built using the Monte Carlo
code Serpent-2. As second verification activities for the neutronic module, FRE-
NETIC has been benchmarked against the SIMMER code using the same set cross
sections calculated by Serpent-2.

With the aim to broaden the application domain of FRENETIC, a methodology
to generate the data to simulate also secondary contributions to the total thermal
power as photon heat deposition and the KERMA of neutrons has been developed.
The generation of photon data (i.e, the attenuation coefficients, the deposited en-
ergy per particles, the cross section of (n, γ) interactions) has been carried out
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to retrieve also the thermal power due to KERMA of neutrons and photons by
a high-level detailed Serpent-2 model of the EBR-2 Sodium-cooled Fast Reactor.
A previous benchmark coordinated by the IAEA on the EBR-2 reactor (SHRT-
45R) has been chosen, to test also several strategies of spatial homogenisation in
Serpent-2 due to the high complexity of the core configuration.

As final activity in the framework of the European project PASCAL, a prelim-
inary design of a design-oriented-code, EFIALTE, for the deformed fuel bundle in
Lead Fast Reactors has been assessed. EFIALTE is part of the suite of design-
oriented-code (TEMIDE, TIFONE, ANTEO+), whose development is currently
coordinated by ENEA Bologna. Its application encompasses the End-Of-Life con-
dition and/or the accidental scenario of a fuel rod displacement. Specifically, the
core solver of this code has been derived and implemented, solving the mass and
momentum conservation equations - including the transverse momentum equation,
accounting for possibly different pressures among sub-channels located at a given
axial location.

Concerning the fusion-related activities, the design of an extractor of tritium
from the PbLi by suitable numerical models to assess the tritium permeation has
been carried out. The PbLi is the liquid metal breeder which is foreseen in one of the
concepts of the WCLL Breeding Blanket for the future EU DEMO reactor. Several
technologies are being investigated, and one of the promising solutions is based on
Permeator Against Vacuum (PAV) technology. The first part of the work consists
in the development of a new model for the evaluation of the permeated flux from
the carrier (the PbLi) by means of an extractor where a pressure drop is established
across a metallic membrane. Two regimes of permeation have been focused: the
Surface-Limited, when the permeation is strongly conditioned by surface effects
of the membrane, as the recombination and dissociation. The other one is called
Diffusion-Limited and it is established when the the surface effects are faster than
the diffusion in the bulk of membrane. The model has been developed starting
from previous works and the physics modelling has been extended to the case of
liquid-membrane-vacuum treating the transport from the liquid metal bulk towards
the wet side of the membrane as the source of permeation.

The above-mentioned model has been used to perform efficiency analyses on the
PAV mock-up that has been designed starting from the constraints of geometry pre-
scribed in TRIEX-II facility (ENEA Brasimone). An experimental campaign was
foreseen to test the technology with hydrogen. Unfortunately, due to the outbreak
of COVID-19 pandemic in the 2020, the tests have been postponed beyond the end-
ing of this PhD. The design of the mock-up has been conducted by a preliminary
sizing of the vessel and holed plate where the pipes (the membrane) are located.
The assessment have been performed with analytical formulas for thin shell and
plates, and then verified with a set of FEM analyses considering the operational
and accidental conditions. A set of CFD analyses have been assessed to study the
effects of the mass flow repartition (i.e, the turbulence level in each single pipe) on
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the extraction efficiency, as well as the surface conditions.
Finally, the application of the developed model has been exploited on the ex-

tractor up to EU DEMO scale. The Tritium Extraction and Removal System has
been sized to achieve the required extraction efficiency foreseen in DEMO with
a methodology to design the membrane, the vessel encumbrance and the number
of pipes has been developed. The sizing have been carried on by changing the
operative conditions, in order to find the best solution for the permeation.

Results for the fission part have shown good agreement for the activity on the
FRENETIC code. On the ALFRED reactor, the benchmark between Serpent-
2 and the deterministic tool has highlighted an improvement of the accordance
(keff and thermal power distribution) when the geometry simulated in FRENETIC
corresponds to the one of the Monte Carlo simulation. Furthermore, the verification
of the neutronic solver of FRENETIC with respect to the SIMMER core has shown
good results in terms of neutronic flux solution, showing the good capability of
FRENETIC to simulate the neutronic flux with the diffusion theory. Regarding
the EBR-2 reactor, the correctness of the methodology for the generation of photon
data, as well as the spatial homogenisation optimisation, has been demonstrated.
The thermal fission power and the neutron KERMA power have been correctly
retrieved. On the contrary, the photon flux was not well reproduced by FRENETIC,
and this discrepancy arose from the incapability of Serpent-2 to provide the photons
multiplicity production which led to an underestimation of photon flux. Concerning
EFIALTE, the solver has been tested with promising results on a simple undeformed
test case: the exchange of flow rate is correctly retrieved when a proper driver is
provided as boundary condition.

For the fusion-related activities, the new model for the permeation has been
compared with another permeation model (purely diffusion-limited), showing great
accordance between the evaluation of the extraction efficiency. The model is ca-
pable to encompass both surface-limited and diffusion-limited permeation regimes
when the respective set of permeation properties are introduced in the model. As
a consequence, the evaluation of extraction efficiency of the mock-up based on the
PAV technology has been carried out together with its design. The study has also
shown the main effects due to the main variables (membrane condition, tempera-
ture, pressure of H/T and PbLi mass flow rate) on the permeation efficiency. With
this information, the design has been extended to EU DEMO scale, where the
operating conditions of the extractor have been selected by means of a method-
ology developed to be compliant with the prescribed constraints of the design of
extraction system.
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Chapter 1

Introduction

Handle so, daß die Maxime deines Willens jederzeit zugleich als Prinzip
einer allgemeinen Gesetzgebung gelten könne

Act in such a way that the maxim of your will could always hold at the same
time as a principle of a universal legislation

– Immanuel Kant, Kritik der praktischen Vernunft

The purpose of this thesis is to discuss the use of Liquid Metals (LMs) in next-
generation nuclear fission and fusion reactors. The general objective of this effort
is to develop, verify and apply computational tools to the design and analysis of
inherently multi-physics nuclear systems based onLMs.

Two areas of activity are discussed: modelling of Liquid Metal Cooled Reactors
(LMCRs) for future Generation-IV reactors within the context of reactor physics
and thermal-hydraulics assessments, and modelling of radioisotope transport in LM
in fusion systems. These two lines of activity are discussed in different sections of
the thesis.

This introductory chapter offers a brief introduction and rationale for each topic,
as well as an explanation of the work objective and a perspective on the important
outcomes acquired.
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Introduction

1.1 Liquid Metal-cooled Fast Reactors

1.1.1 Background and motivation
The Generation-IV International Forum (GIF) initiative [1] is presently pursuing
the development of LMCRs. GIF promotes the development of sustainable, safe,
and cost-effective nuclear reactors that minimise the creation of radioactive waste
with a long half-life and reduce the danger of proliferation. Three of the six selected
designs have a fast neutron spectrum, which enables the long-term radiotoxicity of
nuclear waste to be reduced and the fuel usage efficiency to be increased. Two of
these three selected technologies are based on LMs.

The first one implies sodium as coolant, namely Sodium Fast Reactors (SFRs),
since the sodium presents several thermo-physical properties particularly suitable
for the GIF proposal, as high thermal conductivity and low corrosion power. More-
over, the SFR technology can also exploit the use of Mixed Oxide Fuel (MOX) [2]
since the coolant has also a good neutronic economy, allowing the possibility to
have compact reactors and high power densities. Several sodium-cooled reactors
were already commercialised from the 1970s up to 1990s for electricity produc-
tion (Phénix and Super-Phénix in France), and experimental campaigns to support
safety studies and development of Fast Reactors were carried on in research reac-
tors (Experimental Breeder Reactor (EBR) and Experimental Breeder Reactor-2
(EBR-2) in USA) during the same period.

The second concept foresees the use of lead, which falls within the category
of Heavy Liquid Metal Cooled Reactors (HLMCRs). HLMCRs have increased
inherent safety features with respect to SFRs (the lead is inert), together with
the potential to achieve a higher thermodynamic efficiency of the plant due to
the larger margin to boiling. In this framework, the most important European
initiatives now underway is the Fostering ALFRED Collaboration (FALCON) in-
ternational consortium, where industries as ANSALDO Nucleare are also involved.
FALCON is designing the Advanced Lead-cooled Fast Reactor European Demon-
strator (ALFRED) [3], and the Proof of Augmented Safety Conditions in Advanced
Liquid-Metal-Cooled Systems (PASCAL) project [4] is currently ongoing to develop
computational tools and design experimental facilities to support ALFRED con-
struction. Italy is heavily involved in PASCAL, due to the participation of univer-
sities belonging to CIRTEN consortium and research institutions as ENEA which
has over 15 years of experience on lead technology.

Design of LFR cores require a multi-physics approach that must be able to deal
with a large number of physical aspects coming from NEutronic (NE), Thermal-
Hydraulic (TH) and Thermo-Mechanic (TM). To carry out this multi-disciplinary
task, especially during the conceptual and design phase, fast computational tools
are required to take into account all the safety criteria and to perform prelimi-
nary optimisation processes to respect the above-mentioned constraints. With this
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mindset, in the last years Politecnico di Torino has been developing a computa-
tional tool for simulating normal operation and accidental scenarios in LMCRs,
Fast REactor NEutronic/Thermal-hydraulIc Code (FRENETIC). the FRENETIC
code is a multi-physics tool [5] that can perform coupled (NE+TH) steady state and
transient analyses at full-core level. The TH module of the code has been already
verified and validated against experimental data, and Verification&Validation (VV)
activities are still ongoing for the NE module and for coupled calculations.

Another class of tools which support the designer during the early stage of the
design phase are the so-called Design-Oriented Codes (DOCs). These codes are
able to rapidly perform simulations in a well defined application domain, in order
to suggest the best solution to optimise performance and the relationship between
the interested system and the others. An example of DOC is ANTEO+ [6], a TH
Sub-Channel (SC) code for the simulation of a single FA. One of the goals of the
PASCAL project is the development of a DOC for the assessment of the TH of a
deformed FA, a condition occurring e.g. during an accidental scenario or in the End-
Of-Life (EOL) condition, when the Fuel Assembly (FA) has experienced sufficient
irradiation to be deformed due to swelling of fuel. This new code, namely Esame
di Fasci Irregolari per Analisi Locale TErmoidraulica (EFIALTE), is intended to
perform the same analysis of ANTEO+ by also including the transverse mixing
among SCs in deformed geometry.

1.1.2 Aim of the fission-related activities
This part of the work addresses the modelling of LMs for the LMCRs. Specifically,
verification activities of the FRENETIC code are further carried out. To this aim,
two main test-cases are studied. In the first one, a multi-physics benchmark on
the ALFRED core is carried on, comparing the results calculated by FRENETIC
in a coupled scenario (NE+TH) with respect to the Monte Carlo code Serpent-2
[7], which is regarded as a reference. A systematic approach is followed, in order
to improve the agreement between the two tools when thermal feedback are also
considered. To accomplish the verification of the NE module of FRENETIC on
the ALFRED case, the code is compared with the SIMMER code [8] in a pure NE
scenario, in order to assess the accuracy of the multi-group diffusion solution with
respect to the transport calculation.

To complete the activities on FRENETIC, the possibility to simulate also sec-
ondary contributions to the generated thermal power inside a fission reactor such as
the heat deposited by γ rays is investigated. To achieve this objective, the diffusion
modelling of the NE module is adopted also for photons, and a second benchmark
between the FRENETIC code and Serpent-2 (NE+PHotonic (PH)) on the test
case of the EBR-2 (SFR) is presented. To accomplish this activity and therefore
enlarge the application domain of the tool, the development of a methodology for
the generation of effective photon data to test the capability of the PH module of
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FRENETIC is needed, to correctly simulate the photon flux and the related heat
deposition together with the fission power.

In the context of the development of DOCs, a multi-physics approach can be
also adopted to quickly assess critical operational and/or incidental conditions.
The development of the EFIALTE code, in the framework of the PASCAL project,
is aimed to complement the DOCs suite of ENEA for LMCRs to be used during
the design phase, before going into detailed verification analyses. With respect to
ANTEO+, which is able to verify the nominal operation condition (or the BOL
condition) of the FA, the target of this tool is to complete the analysis by the
modelling of the deformed geometry (given as input), and on this geometry to
perform the calculation of the diversion mass flow rate due to momentum difference
among the SCs. These exchanges cause net mass fluxes among the gaps of SCs,
therefore a suitable model of these phenomena is necessary to perform an accurate
TH simulation of a deformed bundle.

1.2 Liquid metal in nuclear fusion reactors

1.2.1 Background and motivation
Pursuing fusion energy is motivated by the need of large-scale sustainable and pre-
dictable low-carbon electricity generation in a projected future world with signif-
icantly increasing global electricity demand. Nowadays the development of fusion
technology is supported by EUROfusion consortium [9] and the most promising
fusion reactor concept is based of the tokamak, in which a ionised gas (the plasma)
reacts to establish the fusion reaction by means of a magnetic field containment.

The most promising nuclear fusion reaction to be exploited for electricity pro-
duction involves deuterium and tritium as reactants [10]. While the former can be
extracted, e.g., from the seawater, the latter is radioactive with an half-life of ∼12
years [11]. Therefore, it cannot be found in nature in a quantity sufficient for the
fuelling of a tokamak.

The EUropean DEMOnstrator (EU DEMO) reactor [12] is expected to generate
power by nuclear fusion in the 1950s [13] and show tritium self-sufficiency using a
Breeding Blanket (BB) for the production of the tritium on-site [14][15]. The prac-
ticality and dependability of the tritium breeding blanket are critical for EU DEMO
and commercial power plant operation. Tritium self-sufficiency demands effective
breeding and extraction technologies that keep tritium inventories to a minimum.
One of the developed BB designs, named the Water Cooled Lithium Lead (WCLL)
BB, adopts flowing Lead-Lithium (PbLi) as breeding material. Tritium generated
in the BB is subsequently transported out of the blanket by the PbLi mass flow
rate and should be removed in a specific part of the PbLi loop called the Tritium
Extraction and Removal System (TERS) to close the fuel cycle.
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To reduce tritium losses and inventory in the machine, the TERS will be the
first subsystem met by the PbLi exiting the reactor. Several technologies are being
studied to extract the tritium from the LMs. These concepts of extractor were
previously examined in [16], using the Gas Liquid Contactor (GLC) technology
[17] (featuring two steps of extraction). Other technologies under consideration
include the Vacuum Liquid Contactor (VLC) and the Permeator Against Vacuum
(PAV).

The PAV has been recognised as a potential technology for the TERS in the
EU DEMO perspective: liquid PbLi containing dissolved tritium will flow through
channels defined by a membrane, with vacuum on the other side. Thus, the tritium
will cross the membrane and be delivered to the successive stages of the tritium
fuel cycle to be reprocessed, that is, combined with deuterium and injected as fuel
in the core plasma.

1.2.2 Aim of the fusion-related activities
This part of the work is devoted to the design of the extractor based on the PAV
technology, from the mock-up of the permeator to test the technology up to EU
DEMO scale TERS. The main task is the assessment of the required membrane
length to achieve the nominal extraction efficiency. For the dimensioning of the PAV
membrane, a proper estimation of the tritium permeated flux in nominal operating
conditions is needed. To perform this estimation, a new numerical model has to be
developed in order to deal with all the possible permeation regimes.

After sizing the membrane, a design of the PAV mock-up has to be performed.
The target of the analyses is the TM performances to correctly assess the integrity
of the extractor during the nominal operating condition and the emergency condi-
tion. Moreover, a Computation Fluid Dynamic (CFD) study is necessary to inves-
tigate how the PbLi mass flow distribution in the component affects the extraction
efficiency.

Finally, with the conclusions of the previous points, the study is extended up
to the EU DEMO scale. The aim of the study is to design the extractor where
the foreseen constraints for EU DEMO are considered, in terms of pressure drop,
encumbrance of the extractor(s) and membrane lengths. The analysis is carried on
with a parametric approach, to identify the best solutions among the possible ones
to achieve the required extraction efficiency.
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Part I

Liquid metal-cooled nuclear
fission reactors
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Chapter 2

Neutronic benchmarks of the
FRENETIC code for the
multi-physics analyses of Lead
Fast Reactors

The most promising future fission reactor concept proposed by GIF foresees the
use of lead as coolant. In the European context, Italy and Roumania are heavily
involved in the development of ALFRED. Indeed, the joint European project PAS-
CAL is ongoing to support the development of the ALFRED reactor. On the Italian
scenario, research institutions as ENEA and CIRTEN consortium are involved to
develop numerical codes for the design and the assessment of safety aspects, using
a multi-physics approach. Indeed, in the last years, Politecnico di Torino has been
developing a multi-physics code, FRENETIC, where NE and TH parameters are
evaluated in a coupled scenario. FRENETIC addresses steady state and transient
simulations at full-core level. The transient scenarios are simulated by Initiating
Events (IEs) for both physics, with the target to give a fast response to verify and
optimise the design of the reactor. The VV activities on FRENETIC have been
conducted on the TH module [18], whereas for the NE module is still ongoing. In
this chapter two benchmark activities performed on the FRENETIC code are de-
scribed, both for the verification of the capabilities to assess coupled calculation,
and for standalone NE simulations.

The first carried out activity consisted in performing a comparison between
the steady-state power distribution calculated by the FRENETIC code with the
Monte Carlo code Serpent-2 [7], taken as reference solution. The objective is to
benchmark the NE module of the FRENETIC code, in order to assess its accuracy
and identify possible improvements in the core modelling approximations. The
model implemented in Serpent-2 is discussed, following a brief introduction to the
ALFRED reactor. After that, the approach used for the effective cross sections
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calculations is shown, and the comparison of Serpent-2 and FRENETIC results is
provided.

The comparison with Serpent-2 allowed to develop an optimised model for FRE-
NETIC of the ALFRED core. The barrel and the external lead have been modelled,
leading to a more satisfying neutronic benchmark in Hot Zero Power (HZP) condi-
tion. This new configuration has been further verified for the accuracy also in the
presence of thermal-feedback effects, and thus served as an excellent starting point
for the safety and stability analyses that are required during the development of
the ALFRED design.

In the second part of the benchmark the thermal feedback effects have been
taken into account. The calculation is carried out in Hot Full Power (HFP) con-
dition, with the complete geometry of ALFRED implemented in the FRENETIC
code. Finally, the results of a steady-state coupled FRENETIC simulations are
displayed and compared to the Serpent-2 simulation with an imposed temperature
distribution consistent with FRENETIC.

The second benchmark activity addresses a standalone comparison of the NE of
FRENETIC against SIMMER [8]. Here the level of discretisation for FRENETIC
is deeply studied on the results of the first benchmark activity on the ALFRED
rector. The input consistency between the two code is assured by a common set of
cross sections calculated by Serpent-2. As for FRENETIC, the methodology used
in SIMMER to solve for the thermal fission power is analysed, in order to improve
the agreement between the two tools.

The study here reported is part of the works published in [19][20], and it has
been performed in collaboration with Eng. Nicolo’ Abrate, Dr. Giuseppe Francesco
Nallo and Dr. Mattia Massone.

2.1 The FRENETIC code
The FRENETIC code simulates the neutronics and thermal-hydraulics of the re-
actor core, which is made up of closed hexagonal FAs, using:

• a multi-group diffusion model for neutrons, discretised with a coarse mesh
nodal method at the assembly level;

• a 1D advection/diffusion model for the LM flowing within each assembly,
assuming no cross-flow among drivers, but considering heat transfer between
assemblies

The models and discretisation methods used are aimed at simulating core behaviour
under operating and accidental settings in a computationally efficient way. The
computational tool development has included a number of validation activities (e.g.,
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[18][21]), which have confirmed FRENETIC capabilities and allowed for the iden-
tification of some necessary future developments, such as the inclusion of a module
for the simulation of photon gamma heat and decay heat deposition [22].

The code is divided into two modules: the NE module solves the neutron flux
distribution that provides the thermal energy in each FA using an ad hoc nodal
technique to solve the time-dependent multi-group diffusion problem. The domain
is discretised using a coarse mesh structure, and the flux is integrated inside the
under consideration volume to retrieve the thermal power. This module solves a
broad system of equations:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
vg

∂

∂t
ϕg(r, t) = ∇ · (Dg(r, t)∇ϕg(r, t)) − Σg(r, t)ϕg(r, t) +

G∑︂
g′=1

Σgg′(r, t)ϕg′(r, t)+

(1 − β)χg(r)
G∑︂

g′=1
νΣfg′ (r, t)ϕg′(r, t) +

R∑︂
i=1

χgi
(r)λici(r, t) + Sg(r, t), g = 1 . . . G

∂

∂t
ci(r, t) = βi

G∑︂
g′=1

νΣfg′ (r, t)ϕg′(r, t) − λici(r, t), i = 1 . . . R

(2.1)
where R and G indicate, respectively, the delayed neutron precursor families and
neutron energy groups.

The TH module solves the temperature distribution throughout the axial length
of each FA using 1D modelling. When inter-assembly heat transfer is considered,
neighbouring FAs are weakly connected in the radial direction. This 1D+2D tech-
nique is based on the research group prior work simulating superconducting mag-
nets for nuclear fusion reactors [23]. The TH module solves the transient 1D mass,
momentum, and energy balance implicitly in time for each FA for the z component
v(z, t) of the flow velocity and for the lead temperature TP b(z, t) and pressure p(z, t)
pair, using a finer spatial mesh than the NE module. The complete set of equations
for this module is available in [5].

Due to the coarser mesh along z of the neutronic module in comparison to the
TH solver, two assumptions about the fuel and coolant temperatures are made:

1. the temperature profile in each pin at the coarse mesh location zj is considered
to be represented by a single averaged temperature;

2. the coolant temperature is averaged throughout the whole xy cross section of
the FA.

The first point implies the following:

Tc,f (zj) = 1
Lh

∫︂ zj+Lh/2

zj−Lh/2
Tc,f (z′)dz′, (2.2)

where Lh is the z dimension of the NE domain.
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The coupling occurs through the exchange, at times steps correctly established
in line with the time scales of the phenomena, of information about the power distri-
bution (NE information sent to the TH module) and the temperature distribution
(TH information provided to the NE module). The feedback effect is considered to
be linear in nature and it is represented by bi-variate linear interpolations on the
cross section values, starting with reference data at various temperatures:

Σ(Tc, Tf ) = Σ(Tc0, Tf0) +
(︄

∂Σ
∂Tf

)︄
T c

(Tf − Tf0) +
(︄

∂Σ
∂Tc

)︄
T f

(Tc − Tc0). (2.3)

As a result, it is necessary to generate a set of multi-group cross sections for each
of the materials present in the reactor at various fuel and coolant temperatures.
Due to the nonlinear nature of the TH issue, the steady-state configuration for
the temperature distribution is computed using a pseudo-transient cycle, with the
distribution at each computing step being transferred to the NE module.

2.2 The ALFRED reactor
ALFRED is one of the most important European initiatives for the development of
LFR technologies (see Fig. 2.1). It is a 300 MWth pool-type prototype system that
intends to demonstrate LFR technological maturity, as well as analyse the viability
of LFR Small Modular Reactors (SMRs).

The LFR core offers certain benefits over commercial Light Water Reactor
(LWR). Indeed, it burns more fuel, does not require coolant pressurisation, and
allows the thermodynamic cycle efficiency to be increased due to the higher op-
eration temperature. However, because of the fast neutron spectrum and of the
interest in using nuclear fuels with a certain percentage of plutonium, the resulting
kinetic parameters are quite different from those of LWR cores and are associated to
a faster time-dependent response, thus requiring rigorous analyses of the dynamic
features under operational and accidental conditions.

Due to the faster neutron kinetics, thermal-feedback becomes much more im-
portant in controlling the reactor. As a result, in order to evaluate the core perfor-
mances, a suitable modelling of the NE-TH coupling is required.

The basic design of ALFRED core consists of:

• 171 FAs, with 127 fuel pins;

• 4 Safety Rods (SRs);

• 12 Control Rodss (CRs).

Each fuel assembly is organised in a triangular lattice and a stainless steel hexagonal
wrapping is present. Control and safety rods (CRs and SR, respectively) control the
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Figure 2.1: ALFRED reactor 3D sketch proposed by ANSALDO Nucleare [24].

core reactivity in both normal and unexpected operation settings. Both CRs and
SRs have a B4C poison length. An external reflector made of three rings of dummy
elements, containing pins composed of zirconia, surrounds the central portion of
the core, where the FAs, CRs, and SRs are located. A barrel surrounds the core,
and lead is also present in the surrounding volume, which will be referred to as
"external lead" in the following. This is cold lead (i.e. 400 °C) running toward the
inlet plenum from the pumps.

2.3 The Serpent-2 model of ALFRED for multi-
group nuclear data generation

The Monte Carlo code Serpent-2 is utilised in this study to collapse the continuous-
energy nuclear data into a few-groups energy structure and to homogenise them over
the reactor heterogeneous regions [25], providing the input for the FRENETIC NE
module. Additionally, the same Serpent-2 model is used as a reference to compare
to the FRENETIC results. The collapsing (in terms of energy) and homogenisation
(in terms of space) procedures are carried out using a complete three-dimensional
model of the ALFRED reactor, represented in Fig. 2.2. The core design and mate-
rial compositions are compatible with the Begin-Of-Life (BOL) configuration (com-
pletely removed CRs) reported in [3]. In order to ensure the convergence of calcula-
tions, input parameters have been optimised with a convergence study, as reported
in Fig. 2.3. The Shannon entropy shows that the number of inactive cycles for the
fission source are sufficient to achieve its convergence.
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(a)

(b)

Figure 2.2: ALFRED reactor Serpent-2 model. (a): xy section; (b): yz section
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Figure 2.3: ALFRED reactor convergence analysis of the Monte Carlo simulation.

As Table 2.1 shows, these simulation parameters provide a high degree of con-
vergence of the fission source. The indicators used were implicit and analog keff, as
well as the Shannon entropy. After properly configuring a Serpent simulation, ap-
propriate tallies (both in energy and space) must be determined in order to obtain
spatially homogeneous and energy collapsed cross sections. After that, the method
is repeated with varying coolant and fuel temperatures to build the cross sections
library required by FRENETIC.

Table 2.1: Serpent-2 parameters for the evaluation of cross sections in the Monte
Carlo ALFRED transport model.

Serpent-2 setup Values

Particles number per batch 10E6
Inactive cycles 500
Active cycles 1000
MPI processes 8
OMP threads per MPI 12

2.3.1 Nuclear data energy collapsing
Regarding the energy groups structure, effective cross sections and other nuclear
data are calculated by estimating the corresponding reaction rate on an energy
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interval and then dividing it by the integrated flux on that range:

Σx,g(r) =

∫︂ Eg

Eg−1
dE ′Σx(r, E ′)ϕ(r, E ′)∫︂ Eg

Eg−1
dE ′ϕ(r, E ′)

(2.4)

where x is the generic reaction that a neutron can suffer along its flight, and g
the generic group limited by (Eg−1, Eg). This ratio results in an effective cross
section for that energy range that correctly retains the reaction rate (for an infinite
medium).

The task of determining the number of energy intervals and their boundaries is
delicate. This was accomplished in the current work by analysing neutron spectra
in the most critical regions of the core, as shown in Fig. 2.4). The latter illustrates
the neutron spectra as calculated by Serpent-2 in the HZP condition.
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Figure 2.4: ALFRED reactor neutron flux spectra computed by Serpent-2 for se-
lected regions of the core. Black dashed lines: energy cuts; magenta dashed line:
additional group added to better account for the reflector spectrum[19].

There is a constraint in the energy discretisation for the group structure: the
fifth group, with an upper energy limit of about 10-2 MeV, is capable of describing
neutron activity in the fuel regions, but looks insufficient for the outer regions.
Indeed, if a single energy group less than 10-2 MeV is considered, the existence
of a greater proportion of thermalised neutrons in the reflectors and dummy com-
ponents is entirely ignored. To address this issue, an additional energy group has
been introduced, as six groups are adequate to approximate the energy distribution
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behaviour of varied materials. The limits of the derived energy groups are shown
in Table 2.2.

Table 2.2: Six-group data adopted to perform the macroscopic cross section energy
collapsing and spatial homogenisation.

Group Upper boundary [MeV] Lower boundary [MeV]

1 2.000 · 101 1.353 · 100

2 1.353 · 100 1.832 · 10−1

3 1.832 · 10−1 6.732 · 10−2

4 6.732 · 10−2 9.119 · 10−3

5 9.119 · 10−3 2.000 · 10−5

6 2.000 · 10−5 1.000 · 10−11

2.3.2 Spatial homogenisation
The energy collapsed cross sections must be homogenised across spatial areas in ac-
cordance with the FRENETIC code structure (i.e., homogeneous on the hexagonal
fuel assembly and axially heterogeneous according to the neutronic coarse mesh-
ing). As far as the core modelling in Serpent-2 is concerned, as in Fig.2.2, some
areas (most notably those located far from the fission source) were combined into
a single universe for the cross section tally in order to produce a more accurate
statistics.

Figure 2.5: ALFRED reactor radial arrangement of the regions adopted for the
cross sections homogenisation.

The outside lead (denoted by ocher in Fig.2.5), the barrel (denoted by light
grey), and the dummy elements region (denoted by dark grey) are all regarded to
be three distinct radial zones. Additionally, the 12 CRs are combined into a single
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detector. The 4 SRs have been chosen similarly. Rather than that, it has been
believed that cross sections averaged across a selection of FAs (shown in magenta
in Fig. 2.5) might be typical of the complete zone for the Inner Fuel (IF) area.
The Outer Fuel (OF) region has been treated similarly, with typical FAs shown
in red. It should be noted that the fuel assemblies evaluated for homogenisation
are those that are surrounded by similar assemblies. This option was made to
strike a balance between complete homogenisation of the inner and outer fuel rings
and assembly-level homogenisation, which would undoubtedly give a greater but
perhaps unneeded degree of detail.

As illustrated in Fig. 2.6, the few-group cross sections assessed by Serpent-2 were
first homogenised axially according to the finest attainable discretisation, which
takes into consideration all of the different regions. However, the axial discretisation

Figure 2.6: Serpent-2 axial discretisation for each radial region for the ALFRED
reactor.

used for the FRENETIC code is often different, and perhaps coarser than the one
used in a transport simulation. This is due to the necessity to avoid too optically
thin areas, which would make difficult the convergence of the nodal method used in
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FRENETIC [26] for the spatial solution of the diffusion equation. Each of the coarse
axial sections in the FRENETIC model requires a single spatial value for the multi-
group cross section, which has to be linked to those calculated by the transport
model for the fine subdivisions that comprise that coarse axial region. This is
accomplished through the use of a proper spatial post-homogenisation procedure
that is carried out in such a way that the reaction rate for each material is preserved.
The post-homogenisation procedure results in the computation of a new set of cross
sections based on the flux and effective integral nuclear data of each material in the
coarser regions, i.e. the FRENETIC axial mesh. The integrated data provided by
Serpent-2 are integrated on the complete volume of each material and collapsed on
the energy grid division, thus there are six values of integrated flux in the volume
where the generic material is located, as well as the related cross section. The
averaging is performed as:

Σ̃g,i :=

∫︂
Vi

dr
∫︂ Eg

Eg−1
dEΣ(r, E)ϕ(r, E)∫︂

Vi

dr
∫︂ Eg

Eg−1
dEϕ(r, E)

≈

Ni∑︂
j=1

hj,i

∫︂ Eg

Eg−1
dEΣj(E)ϕj(E)

Ni∑︂
j=1

hj,i

∫︂ Eg

Eg−1
dEϕj(E)

≈

Ni∑︂
j=1

hj,iΣg,jϕg,j

Ni∑︂
j=1

hj,iϕg,j

(2.5)

where hi is the axial length of the FRENETIC mesh and hSerp is the height of the j-
th Serpent-2 axial region which falls within the ith axial coarse mesh of FRENETIC.
The index j goes from 1 to N, where N is the total number of materials (i.e., Serpent-
2 regions) localised in the ith axial region of the FRENETIC mesh. The integration
should be conducted on the right volume where the homogenisation occurs, but
because the transport model provided a single value of the group-averaged flux for
each material, it was assumed that the integrated flux was simply proportional to
the axial length. This indicates that the flux for the gth group is averaged over the
volume as if it were constant. Finally, the quality of results calculated by Serpent-2
regarding the thermal power is reported in Fig. 2.7.

2.4 ALFRED inner core FRENETIC simulation
The nuclear data set produced in the preceding section was used as input to the
NE module of the FRENETIC code. This data-set is distributed using the radial
"zoning" scheme seen in Fig. 2.8. The axial coarse regions seen in Fig. 2.6, which
are each defined by a single spatial value of the cross sections, are then discretised
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Figure 2.7: Relative Standard Deviation (RSD) of the thermal power calculated by
Serpent-2 for the ALFRED reactor.
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into a sufficient number of sub-nodes to guarantee that the flux solution is grid
independent.

Figure 2.8: ALFRED reactor radial scheme of the FRENETIC model.

The model was compared to a steady-state reference result obtained using the
identical Serpent-2 computations used to generate the cross sections set. The bench-
mark was carried on by imposing the identical thermal power of 300 MWth and the
same boundary conditions on both simulations (i.e., the transport calculation per-
formed in Serpent-2 and the coarse-mesh diffusion calculation performed in FRE-
NETIC). Due to the fact that this benchmark is primarily meant to verify the NE
module, the temperatures of all materials in the FRENETIC core have been set to
673 K when the NE module is run in stand-alone mode. It is worth noting that
the FRENETIC model of the core (Fig. 2.8) contains all parts where lead flows,
but not the barrel or dummy. This restriction is caused by the thermal-hydraulic
module inability to simulate assemblies with stationary lead or solid parts such as
the barrel. This restriction is artificial at the moment, as the code is executing the
neutronic solver standalone, and will be loosened at a subsequent step. The calcu-
lations of effective multiplication eigenvalues computed by the two codes are first
compared in Table 2.3. The radial distribution of the fission power computed by
Serpent-2 and FRENETIC is then shown in the Fig. 2.9. The total power is phys-

Table 2.3: Comparison between the effective multiplication eigenvalues provided by
Serpent-2 and FRENETIC when the external barrel and lead are not considered.

- Serpent-2 FRENETIC ∆keff

keff 1.08122 ± 3 pcm 1.07673 449 pcm

ically relevant because it corresponds to the exchange variable between the NE and
TH modules in multi-physics simulations. A qualitative comparison demonstrates
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(a)

(b)

Figure 2.9: Radial power map (in MW per FA) computed by FRENETIC (a)
without including barrel and external lead, and the power computed by Serpent-2
(b).
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that the FRENETIC code accurately reproduces the radial power distribution: for
example, in the BOL configuration studied here, the greatest value of power per FA
is not found at the core centre, but at the beginning of the more richer outer fuel
zone. In comparison to Serpent-2, FRENETIC correctly retrieves this particular
characteristic. The Figs. 2.10 and 2.11 illustrate a more methodical comparison.

Specifically, Fig. 2.10 depicts the map of the relative error between the thermal

Figure 2.10: ALFRED reactor radial map of the relative error between the power
per FA computed in FRENETIC and in Serpent-2.

power per FA of the two calculations, whereas Fig. 2.11 shows the axial distribution
of the calculated linear power for FAs 1, 6, and 8. The relative difference, rather
than the absolute value, is provided here to emphasise how FRENETIC overesti-
mates the power per FA in the core centre, while underestimating it for FAs placed
radially outside. This impact is readily apparent when a comparison is made in
a radial path through the core, as seen in Fig. 2.11c. This radial distribution of
the relative error indicates that the issue is with the domain extension of the two
models (i.e., the absence of a barrel and external lead in the FRENETIC model),
which explains in part why the multiplication constants were different between the
two calculations.
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(a) (b)

(c)

Figure 2.11: Comparison between the linear power calculated by Serpent and FRE-
NETIC for three selected FAs for the ALFRED reactor. Serpent-2 values are
represented in dashed-point line, whereas the ones calculated by FRENETIC are
piece-wise constant. Comparison between the radial power profiles calculated by
Serpent-2 and the FRENETIC model for some selected FAs in HZP.

24



2.5 – Improved FRENETIC model: inclusion of barrel and external lead

2.5 Improved FRENETIC model: inclusion of
barrel and external lead

Additional explanations for this mismatch include the homogeneity of space and
the energy collapse of nuclear data. To distinguish between these effects, the
FRENETIC model for ALFRED has been enhanced by the addition of barrel and
dummy components, while keeping in mind that this expanded computational do-
main is viable for NE assessment but suffers from the TH module constraints. This
was accomplished by introducing artificial FAs to the last two areas, as seen in
Fig. 2.12a. These FAs are artificial in the sense that they do not contribute to the

(a) (b)

Figure 2.12: ALFRED reactor radial scheme (a) and 3D sextant visualisation (b)
of the improved FRENETIC model (i.e., including barrel and external lead).

thermal-hydraulic behaviour but are accounted for by the neutronic model using
appropriately produced nuclear data. In this way, the core radial pattern is totally
compatible with the Serpent-2 model. The radial and axial heterogeneity of the
ALFRED core as implemented in the FRENETIC code is seen in Fig. 2.12b. The
comparison of the effective multiplication eigenvalues calculated by the two code
demonstrates the upgraded fidelity given by the improved model with respect to
the Serpent-2 reference one, as reported in Table 2.4. As predicted, the results of

Table 2.4: Comparison between the effective multiplication eigenvalues provided by
Serpent-2 and FRENETIC when the external barrel and lead are not considered.

- Serpent-2 FRENETIC ∆keff

keff 1.08122 ± 3 pcm 1.08194 72 pcm
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the FRENETIC NE run for the improved ALFRED model indicate that the rel-
ative error on the calculated power has been significantly decreased by including
the barrel and lead outside the latter, as shown in Fig. 2.13. The relative error on

(a) (b)

(c)

Figure 2.13: Comparison between the linear power calculated by Serpent-2 and
FRENETIC for three selected FAs in HZP (b) for the ALFRED reactor. In (c) the
radial power profiles calculated by Serpent-2 and the improved FRENETIC model
for some selected FAs in HZP are compared.

the power produced per FA is shown in Fig.2.14, along with the statistical uncer-
tainty of the Serpent-2 results, which naturally rises as one moves from the core
centre to its perimeter. The remaining source of inaccuracies, albeit minor, is due
to the energy collapsing or spatial homogenisation processes used to construct the
FRENETIC data set.
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Figure 2.14: ALFRED reactor percentage relative difference between the power (in
MW per FA) computed by Serpent-2 and FRENETIC.
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2.6 FRENETIC coupled simulation of ALFRED
in the steady-state condition

Following the successful NE benchmark exercise, a steady-state simulation in multi-
physics mode, that is, with the NE-TH coupling taken into consideration, was done.
As previously stated, the FRENETIC TH module does not take temperature change
in the barrel or exterior lead areas into account. This enables the simulation to
be run with the important NE impact linked with the existence of these locations
while ignoring the (far less significant) TH effects.

2.6.1 Temperature dependence of cross sections library
The procedure mentioned above in Serpent-2 modelling has been repeated multiple
times, with the temperature of the lead coolant and fuel varying, while the tem-
perature of the structural elements has been set in Serpent based on the arithmetic
average of the coolant and fuel temperatures. This procedure is required because
the FRENETIC code analyses thermal-feedback by interpolating cross sections be-
tween at least two temperatures based on the local temperature of the fuel and
coolant. Table 2.5 lists the fuel and coolant temperatures considered for the pro-
duction of the cross section library. The lower triangular arrangement of the table
is owing to the fact that the fuel temperature is always larger than the coolant
temperature, at least for the reactor operational scenarios relevant for the current
study.

Table 2.5: Temperatures values adopted for the Serpent-2 runs used to evaluate
the few-group cross section.

Tfuel [K]
Tcoolant [K] 673 1073 1473

673 ×
1073 × ×
1473 × × ×

2.6.2 Steady-state results of FRENETIC models for the
ALFRED reactor

FRENETIC simulations generate temperature values for each FA at various z co-
ordinate for the coolant and fuel. If such information is directly imported into
Serpent-2, the input file should treat each every mesh used in the FRENETIC
model as a new universe with its own temperature and composition, and the re-
sulting memory demand becomes prohibitively large. As a result of confirming that
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the greatest temperature difference between FAs within the same radial zone is less
than 1 K, a collection of concentric regions has been found, each characterised by
a single temperature value. All materials in the regions below the active zone have
been considered to be at 673 K axially (i.e., the inlet temperature). Similarly, the
regions above the active zone have the same temperature as the average core out-
put temperature. Rather than that, the active zone of each FA has been separated
into ten axial segments, each of which is defined by its corresponding average tem-
perature as determined by FRENETIC. This results in a smaller number of areas,

Figure 2.15: ALFRED reactor temperature distribution adopted in the Serpent-2
model operating in HFP conditions.

which enables Serpent-2 to execute a keff calculation with a physically significant
temperature distribution (Fig. 2.15). The new estimations of the multiplication
eigenvalue for both codes are reported in Table 2.6, showing that the validity of
FRENETIC forecasts is further confirmed in the presence of thermal feedback ef-
fects. As in the prior situations, similar comparisons of power have been made.

Table 2.6: Comparison between the effective multiplication eigenvalues provided by
Serpent-2 and FRENETIC when barrel and external lead are considered in HFP.

- Serpent-2 FRENETIC ∆keff

keff 1.07848 ± 6 pcm 1.07902 54 pcm

The radial distribution of power is shown in Fig. 2.16a, whereas the linear power
in three FAs is depicted in Fig. 2.16b. As final result, in Fig. 2.17 the relative error
among the power calculated by the FRENETIC code and the Serpent-2 model for
each FA is reported.
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(a)

(b)

Figure 2.16: Comparison between the radial power profile calculated by Serpent-2
and FRENETIC for some selected FAs in HFP (a). In (b) the comparison be-
tween the linear power calculated by Serpent-2 and FRENETIC for three selected
is shown.
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Figure 2.17: Percentage relative difference between the assembly-wise power com-
puted by Serpent-2 and FRENETIC in HFP.

2.7 Dynamic analyses with FRENETIC of AL-
FRED core during emergency scenarios

On the basis of the good results of the activity performed in the frame of [19],
it has been decided to proceed with the utilisation of the code FRENETIC to
perform some simulations allowing to characterise the multi-physics behaviour of
the ALFRED core and address some safety-relevant transient cases. In this section
two relevant IEs are examined. The first regards the accidental introduction of a
SR. This implies an insertion of negative reactivity with the consequent shutdown of
the reactor. The second one simulates a Loss Of Flow Accident (LOFA), in which
the total mass flow rate is arbitrarily decreased, in order to initiate a reactivity
transient by the TH module by raising up the fuel temperature. In this scenario,
the reactor is safely shut-down by passive effects due to changes in microscopic
cross sections of materials and the related decrease of coolant density.

To correctly address this study, the actual steady-state condition that a multi-
physics code adopts as initial condition for a transient calculation and how such
steady-state is achieved. As can be seen from the previous results, the multi-physics
simulation of the ALFRED core (with all SRs withdrawn) has led to a multiplication
constant above criticality of around 8000 pcm. Such result is consistent with design
requirements regarding excess reactivity, and such excellent reactivity is in the real
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system compensated by the movement of the control and safety rods to achieve,
and maintain, a critical condition during operation. When such situation is to be
simulated with a multi-physics code, the common practice is to “force” the system
to be critical at the beginning of the time-dependent simulation, by dividing the
multiplication term in the neutron balance equations by this “initial” keff . It is
however true that, if such value is far from unity, the resulting critical state may
be characterised by different physical conditions, in terms of spatial and spectral
neutron distribution, with influence to the following transient simulation.

For the above reason, and in order to be more representative of the ALFRED
core configuration when in operation, the previous setup has been modified by
changing the position of the control rods, in order to start from a configuration
closer to criticality. This operation has led to the core configuration as in Fig. 2.18.
In this new configuration the control rods are inserted with a ∆z = 29 cm and the
related FRENETIC mesh has been modified, and this has required a new spatial
homogenisation procedure. In this new condition, the steady state calculation
with FRENETIC gives keff = 1.01294. By the insertion of the CRs in such a

Figure 2.18: ALFRED core configuration with CRs position adjusted to reach a
condition closer to criticality.

way to reach the criticality condition, the neutron flux is constrained to settle the
power, as Fig. 2.19a shows. Therefore, the evidence of these insertions can be
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easily appreciated in Fig. 2.19b, where the comparison with the previous power
distribution when the CRs are extracted is performed.
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Figure 2.19: ALFRED core power distribution with rods insertion adjusted to reach
a condition closer to criticality (a) and relative difference with respect to the case
having withdrawn CRs (b).

2.7.1 ALFRED time-dependent purely neutronic simula-
tion

Here the first transient is presented. In this analysis, the transient is purely neu-
tronic without considering the thermal feedback due to changes in temperature.
This can be justified by the fact that the thermal feedback are of the secondary
order with respect to the great amount of reactivity due to a complete insertion
of a poison length in the active length of the core. Thus, it is redundant also to
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consider the passive effects on the neutronic parameters since the insertion is faster
than other effects. The transient has been conducted with a total time of 9 seconds,
with a change of insertion velocity at 5 seconds where a SR was faster inserted.
In Fig. 2.20 the scheme of the transient is illustrated. The results (Figs. 2.21a

Figure 2.20: IE in the pure NE transient where a SR falls in the core.

and 2.21b) show how the insertion of the SR leads to a fast decrease of the power
generation. The evident change of slope in reactivity around at 5 seconds is due
to a faster insertion of the SR in the time interval (5,9) seconds. Since the rod is
in a region with a high neutron importance, the effects are significant. Indeed, the
power generation reach approximately zero in almost 50 seconds. However, it must
be noted that if the TH feedback were present, the negative insertion of reactivity
would be damped. In conclusion, this case can be considered as an estimation on
the reactivity worth of one safety rod insertion. As it is evident in Figs. 2.22a
and 2.22b, this transient implies a significant distortion of the radial neutron flux
distribution, and therefore of the radial power map. This particular kind of tran-
sient is not suitable for simulation by means of point kinetics approach, due to fast
changes of shape and amplitude of the neutron flux.

2.7.2 ALFRED time-dependent coupled NE/TH simula-
tions

As last case proposed, here the transient due to modification of TH boundary con-
ditions is discussed. To induce the variation, the mass flow rate of all coolant
pumps is reduced following the exponential behaviour reported in Fig. 2.23, where
the mass flow rate for the central FA is shown. Here the simulation is carried
on in coupled conditions, since the Control System is considered out of service.
Therefore, the NE solver must take into account the thermal response of the in-
creasing in temperature values to correctly assess the temperature-dependency of
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(a) (b)

Figure 2.21: Thermal power (a) and reactivity evolution in NE transient(b) due to
SR insertion.

(a) (b)

Figure 2.22: Radial power map (in MW per FA) at t=0s (a) and t=7s (b) due to
SR insertion.
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the cross sections for the power generation. The transient has been conducted for
300 seconds, but the variation in reactivity and related thermal power are showed
until 150 s. The assumed reduction of the flow rate neglects natural circulation
effects too because, the quantification of which would require the presence of an
external module for the primary circuit of the reactor. Therefore, this is of course
a conservative estimate. This kind of transient can be suitably modelled by adopt-

Figure 2.23: Mass flow rate reduction of the central FA.

ing a point-kinetic approach [27], since the neutron flux shape is lesser influenced
by the nature of transient. On the other side, the amplitude is quite affected by
thermal effects, since the absorption of the lead tends to decrease in force of the
coolant density reduction, while the temperature of the fuel tends to increase. In
Figs. 2.24a and 2.24b the behaviour of the reactivity and generated power during
this transient is shown. As expected, feedback effects associated to the increase of
the fuel temperature lead to a significant reduction of the generated power, mainly
for the Doppler Effect.

(a) (b)

Figure 2.24: Reactivity and thermal power evolution calculated by the FRENETIC
code when a LOFA transient is simulated in the ALFRED reactor.
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2.8 Code-to-code SIMMER/FRENETIC compar-
ison for the neutronic simulation of ALFRED
core

Here the second benchmark activity is presented. In the sections above, the neu-
tronic module was compared against the Serpent-2, yielding quite good results in
terms of assembly-wise power distribution and effective multiplication factor. The
inclusion of some inactive sections, such as the core barrel and the external lead, is
critical for proper evaluation of the key neutronics quantities in the reactor model.
This research also examined the extremely good agreement between the thermal
feedback effects evaluated by FRENETIC, which uses a library of pre-computed,
temperature-dependent few-group constants, and Serpent-2, which directly changes
the continuous-energy nuclear data. However, the influence of the many numerical
and modelling assumptions contained in FRENETIC (e.g., nodal diffusion rather
than a mesh-less transport model) should be also considered.

Therefore, FRENETIC is compared in this study to SIMMER III/IV [28], which
is a reference multi-physics tool in the context of core-disruptive incidents in liquid
metal-cooled fast reactors [8]. The features of SIMMER NE module, a multi-group
discrete ordinates code, are well suited to the FRENETIC qualification require-
ments, allowing the development of a progressively detailed simulation framework,
with the goal of assessing and isolating the various discrepancies between the two
tools.

To achieve complete consistency of the code-to-code comparison, both codes
use the identical set of homogenised few-groups data calculated with Serpent-2.
Finally, some conclusions are reached, and future prospects on the optimisation of
energy discretisation using a genetic algorithm [29] are considered.

2.8.1 Comparison simulation framework
Input data consistency

Because the goal of this work is to examine the influence of the various numerical
and modelling methodologies used in the NE models of the two codes, it is critical
to ensure that their models and input data are as consistent as feasible. The multi-
group cross-section library management is a significant distinction between the two
codes. FRENETIC requires a set of few-group parameters for each area given by
the user, whereas SIMMER typically computes the multi-group cross-section set
required for the full-core computation internally based on the actual core state. To
overcome this limitation, the SIMMER code has been forced to read the same data
set of cross section provided by Serpent-2 in the FRENETIC format.
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ALFRED core geometry model

Another distinction between the two codes is how the core geometry is handled.
FRENETIC provides for the consideration of two-dimensional systems in which
the reactor is considered to be made up of flat, hexagonal SAs, as well as three-
dimensional systems in which each SA is axially extruded. SIMMER, on the other
hand, allows to treat the entire core with a detailed three-dimensional cartesian
discretisation, or it can reduce the geometrical complexity with a cylindrical r-
z discretisation, which prevents from identifying the polar localisation of specific
assemblies, such as the CR. These geometrical differences have led to the suggestion
that the FRENETIC 3D calculations be compared to both the 2D and 3D SIMMER
models, in order to estimate the influence of the cartesian approximation of the
hexagons, whose shape is slightly perturbed as sketched in Fig. 2.25, and the impact
of the position of the CR rings in the cylindrical model. For the 2D analyses please
refer to [20].

Figure 2.25: Cartesian mesh employed by SIMMER to approximate the hexagonal
geometry.

Few-group constants generation

The 3D ALFRED core model used in this study for Serpent-2 calculations is the
same of the previous chapter, considering the HZP condition. The various SAs
(fuel, control, dummy, etc.) are represented by a pin-by-pin heterogeneous model,
whilst the barrel and reflectors are considered to be built of homogeneous materials.

The Serpent-2 model is used in two configurations: in the first one, indicated in
the following as off-critical, the CRs are completely withdrawn; in the second one,
the CRs are inserted in such a way that the upper edge of the absorber zone is 11 cm
above the core mid-plane, which is located at the half-height of the fuel assemblies
active zone. This configuration, indicated in the following as close-to-critical, allows
to almost achieve criticality (keff=1.00002(4)).

In Fig. 2.26 the conditions of off-critical and close-to-criticality are showed. It
has to be noted that the cross sections for the above-mentioned conditions have
been re-calculated according to these axial positioning, using the adopted energy
grid of the previous chapter and published in [19].
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(a)

(b)

Figure 2.26: Off-critical (a) and close-to-critical (b) axial configurations of the
ALFRED 3D model for the few-group constants calculation.
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2.8.2 3D code-to-code comparison
The next step in the benchmark activity consists in the comparison of SIMMER and
FRENETIC for the same 3D ALFRED B model, sketched in Fig. 2.27, in terms of
keff , assembly-wise power distribution and linear power in two representative FAs.

(a)

(b)

Figure 2.27: Radial (a) and axial (b) section of the ALFRED 3D model for the 3D
comparison between FRENETIC and SIMMER.

Results for the close-to-critical configuration

Several SN discretisation orders have been considered in SIMMER. The compo-
sitions along the SAs have been represented consistently between the two codes,
following the procedure described in [19]. In Table 2.7, the values of keff for each
SIMMER SN order are compared with the ones calculated by FRENETIC and
Serpent-2; as done in the previous sections, the latter is taken as reference.
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Table 2.7: Comparison among keff provided by SIMMER (SMR) at different SN or-
der, and keff computed with FRENETIC (FRN) and Serpent (SRP). The reference
case is provided by Serpent-2, keff,SRP = 0.99999(8), whereas FRENETIC yields
keff,FRN = 0.99819 (∆keff,SRP−FRN=172 pcm).

S2 S4 S6 S8

keff,SMR 0.99631 0.99973 0.99927 0.99908
keff,SMR − keff,FRN (pcm) -188.57 154.79 108.74 89.71
keff,SMR − keff,SRP (pcm) -368.97 -25.61 -71.65 -90.68

The S2 case, in Fig. 2.28, shows rather large discrepancies in both power and
axial distributions; these differences are evident also looking at the keff , which differs
from Serpent-2 and FRENETIC by more than 180 pcm. The power distribution
discrepancies are affected by the cartesian-hexagonal mesh approximation, which
might play a particular role in combination with the limited number of directions
available for the streaming.

Excluding the S2 case, whose behaviour has been already commented, SIM-
MER seems to show the tendency to converge to a keff lying between Serpent-2
and FRENETIC when the SN order increases. Such behaviour is expected, since
the cross-sections computed by Serpent-2 have been post-homogenised and there-
fore SIMMER should not converge to the Serpent-2 value. Notwithstanding this,
SIMMER provides better results than FRENETIC, considering that the solution
scheme is based on transport rather than diffusion. In general, calculations from
S4 to S8 provide very similar results, with excellent agreement in terms of both
power and linear distributions. The differences are concentrated in the neighbour-
hood of the CRs (with the worst behaviour observed for cells which are near two
CRs), as expected with diffusion codes. The effect of the Cartesian-hexagonal mesh
difference is clear in all cases, as the results do not show the 60◦ symmetry that
is proper of the design. A closer look to Fig. 2.29, compared with Fig. 2.30 and
Fig. 2.31, shows that the S4 case provides slightly lower discrepancies between SIM-
MER and FRENETIC. This does not mean that the SIMMER S4 better represents
the physics, rather that it is closer to the description produced by the FRENETIC
diffusion calculation. Actually, the S4 case is already an adequate description of
the core physics, as opposed to the S2 scenario.

Results for the off-critical configuration

In order to assess the effect of the CRs on the flux and power profiles commented
before, an additional case with the CRs extracted from the active region has been
studied. Table 2.8 provides the multiplication factor differences calculated by FRE-
NETIC, SIMMER and Serpent-2, and hence the worth of the CRs bank. SIMMER
and FRENETIC are in very good agreement, predicting a CR worth that differ by
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Figure 2.28: Relative difference on the assembly-wise power (right) and axial power
profiles (left and centre) for the S2 case. The left axial profiles correspond to the
central FA; the centred ones, to the FA between two CRs in the 2nd sextant.
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Figure 2.29: Relative difference on the assembly-wise power (right) and axial power
profiles (left and centre) for the S4 case. The left axial profiles correspond to the
central FA; the centred ones, to the FA between two CRs in the 2nd sextant.
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Figure 2.30: Relative difference on the assembly-wise power (right) and axial power
profiles (left and centre) for the S6 case. The left axial profiles correspond to the
central FA; the centred ones, to the FA between two CRs in the 2nd sextant.
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Figure 2.31: Relative difference on the assembly-wise power (right) and axial power
profiles (left and centre) for the S8 case. The left axial profiles correspond to the
central FA; the centred ones, to the FA between two CRs in the 2nd sextant.

just 2 %. This agreement is evident also from Fig. 2.32, showing that the CR effect

Table 2.8: Comparison among keff computed by FRENETIC, SIMMER and
Serpent-2 for the configurations with CRs withdrawn and inserted.

FRENETIC SIMMER (3D, S8) Serpent-2

keff,CRout 1.07924 1.08256 1.07616(4)
keff,CRin 0.99818 0.99973 0.99999(8)

CR worth (pcm) 8106 8283 7616(9)

on the power per FA predicted by the two codes correspond in most of the positions.
The 3D ALFRED B model is adopted for the simulation for both FRENETIC and
SIMMER (S8) employing the same number of axial nodes. The largest discrep-
ancies are observed in the neighbourhoods of the CRs, which is in line with poor
representation offered by the diffusion in presence of absorbers. In fact, diffusion
fails to adequately model large anisotropies: indeed, the presence of CRs causes a
large distortion in the flux - and, hence, in the power - for neighbouring FAs, both
radially and axially. The central plots in Fig. 2.28 to Fig. 2.31, representing all the
SN simulations, show that the results of the two codes tend to be very different at
the bottom, while the profiles agreement improves with the elevation, where the
absorber effect is less significant. Considering that the CRs are inserted from the
bottom, this observation is in line with the expectations, in that diffusion, as op-
posed to transport, is not able to correctly model the flux in the vicinity of strongly
absorbing materials. This fact, together with the already commented difference in
the cartesian-hexagonal modelling adopted by the codes, produces the evident dif-
ference in the radial power map in Fig. 2.31. Therefore, the power distributions
of the case having the CR extracted (Fig. 2.33) presents much lower discrepancies
than the corresponding case with the CRs inserted. (Fig. 2.31).
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2.9 Conclusions
The purpose of the first part of the present chapter is to construct an accurate sim-
ulation model of the ALFRED core, using the Serpent-2 code as a baseline against
which the outcomes of the multi-physics code FRENETIC may be compared. The
FRENETIC benchmark exercise in contrast to Serpent-2 enabled the evaluation of
the correctness of FRENETIC full-core simulations, while also highlighting some
areas that require more research and development. The optimisation of the AL-
FRED model used in FRENETIC has yielded good results, with a considerable
increase in prediction accuracy for neutronic simulations under various tempera-
ture settings, and indicating the next step to take in this direction. Several other
advancements have been found as a result of these findings:

• extension of the TH module to allow modelling of assemblies with stagnant
lead in linked NE-TH mode without the use of fictional assemblies;

• enhancement of the energy group structure by the use of more sophisticated
techniques [29].

Regarding dynamic simulation performed with FRENETIC on the ALFRED
reactor, the setup of the simulation has been further improved to correctly repre-
sent the critical, equilibrium condition of the system, and different perturbations
have been introduced to study the most significant physical phenomena of this de-
sign. The simulations performed also allowed to identify some limitation in the
applicability of FRENETIC for what regards the computational efficiency, related
to some optimisation aspects of the NE module currently not exploited totally in
the coupled simulation mode. This observation is now leading the current research
work, to improve the computational performances of FRENETIC.

In the last part, the comparison between the FRENETIC code and SIMMER
has been addressed. Different options for the geometrical representation of a hexag-
onal core in SIMMER were compared to the coarse-mesh approach adopted in
FRENETIC, which is tailored for hexagonal SAs. Neutronic simulations were per-
formed, carefully ensuring the consistency of the nuclear data fed to the two codes,
showing that the FRENETIC diffusion solution is in very good agreement with the
SIMMER SN transport solution. As perspectives, the natural prosecution of this
benchmark activity would be represented by considering the multi-physics NE-TH
coupling in both codes, which would allow to further qualify the FRENETIC code
for the multi-physics simulation of LMCRs.
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Chapter 3

Neutron-gamma coupled
simulation of the EBR-2 during
the SHRT-45R

In a fission reactor, the thermal power is mainly due to the energy released by
fission. There are also minor contributions to the total thermal power, given by the
γ releasing and energy released in matter by the travel of particles. The gamma
contribution can be divided into prompt γ , mainly due to fission events, or delayed
γ (and β) by emission of delayed neutrons and radioactive decays. Furthermore,
the inelastic scattering or radiative captures of neutrons produces γ. The last
contributions are quite minor with respect to the former, and it due to kinetic
energy released in matter, as known as KERMA. These contributions arise from
the travelling of particles (neutrons) and radiation (γ) that, in principle, lose their
energy by ionisation and collision. In fact, when a particle is absorbed, the carried
energy is deposited in the absorption site.

The FRENETIC code solves the multi-group diffusion equation for neutrons,
and in first approximation, the same strategy can be applied also model the diffusion
of photons [22]. To perform this, a suitable set of data for the deposited energy by
neutrons (KERMA and fission) and gamma rays (KERMA and heat transported
by the radiation) must be provided to the code, to correctly simulate the total
heat deposition. Thanks to the similarity in the modelling of photons diffusion and
neutrons, a set of effective nuclear data must be retrieved from a tool which is able
to describe the interaction of photons with matter. To accomplish this, Serpent-2
has been used to compute the attenuation coefficients (Compton and photo-electric
effects, Rayleigh scattering and pairs production) for photons, as well as the effective
cross sections for neutrons and their related γ production cross section. Therefore,
a methodology has been elaborated [30] to calculate from Serpent-2 the entire data
set for neutrons and photons.

To test the FRENETIC code when the photons diffusion is included, the case
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test of the EBR-2 has been selected. These analyses were previously performed in
[27] without considering the photon heat deposition contextually to a Coordinate
Research Program (CRP) organised by the IAEA [31]. In this CRP, a set of
experimental data collected during two tests were delivered to allow the validation
of computational codes for the design of FRs. In this chapter, the description
of the test case is provided, with particular emphasis on the test setup during the
Shutdown Heat Removal System 45R (SHRT-45R) and on the methodology to build
the 3D Serpent-2 model. Afterwards, the discussion about the energy collapsing
and spatial homogenisation procedures are presented. From these analyses, the
results of the Monte Carlo model are used to generate a cross sections library for
neutrons, and the attenuation coefficients for photons. With this set of nuclear
data, the steady state simulation during the configuration proposed in the SHRT-
45R is carried on with FRENETIC in a coupled scenario NE-PH. The results of
FRENETIC simulations are compared with the ones provided by Serpent-2 both
for neutrons and photons, to verify both the generation of effective data by means a
spatial/energy homogenisation, and the correctly assessment of photon distribution.

3.1 SHRT-45R Test
The SHRT-45R program was carried out in the EBR-2 reactor between 1984 and
1986. Its aim was to support liquid metal reactors design, by providing experi-
mental data for the validation of computer codes for the design. Several tests were
conducted, including Loss Of Flow Accident (LOFA) of the primary loop when an
unprotected transient is concerned, in order to assess the safety of passive systems
and the physical mechanisms for the reactor shutdown as reactivity feedback. Con-
cerning the latter, in a LMCR the shutdown is accomplished for the major part by
the Doppler effect in the fuel and its thermal deformation. Other important effects
are the deformation of structural materials and the change of coolant density due
to temperature distribution. The geometry variations increase the neutron leakage,
which implies the lowering of power generation (i. e., changing in neutron spectrum
and spatial distribution) and therefore, the passive shutdown of the core.

In this framework, the SHRT-45R test was conducted by simulating an unpro-
tected LOFA both for core and the system at large. The tripping of the primary
and the secondary loops was done and the SCRAM procedure was intentionally
prevented from being activated. Fuel and sodium temperatures quickly increased,
keeping however acceptable values from the boiling point as the power generation
was lowered by the passive reactivity feedback. During the transient, the sodium
temperature was measured in two different locations inside the core: the first set of
measurements was collected in a fuel-loaded assembly (XX09), whereas the other
one was assessed by a dummy elements in stainless steel (XX10).
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Figure 3.1: EBR-2 core pattern (Run 138B) for the SHRT-45R. In the legend, the
typologies of sub-assemblies are also reported.

3.1.1 EBR-2 core configuration in the SHRT-45R
During the SHRT-45R, the EBR-2 core was loaded with a configuration named
Run 138B. The core was composed by a large variety of Sub-Assemblys (SAs),
encompassing also several experimental and two instrumented elements. In Fig. 3.1
the adopted core pattern is shown. Regarding the fuel elements, the inner region
of the core was loaded with three types of sub-assemblies: the Half-Worth Driver
(HWD), High-Flow Driver (HFD) and nominal driver. The HWDs were nominal
drivers where half of the fuel was loaded; the HFDs were drivers with larger sodium
mass flow rate from the high-flow plenum with respect to the nominal ones. The
control of the reactor was accomplished by 8 High Worth Control Rods (HWCRs).
Notwithstanding they were considered as control elements, they were fuelled and
completely extracted during the test. By means of this extraction the poison length,
constituted by B4C, was outside the active length of the core. Thus, to give the
maximum contribution in terms of reactivity, their active lengths were partially
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aligned with the nominal position of the active length of the core. The same
criteria was decided for the 2 Safety Rods (SRs), where the insertion led to have the
active length below the nominal active length position of the rest of the core. As a
consequence, the upper stainless steel reflector inside the driver was partially aligned
with the other fuel elements. To allow the extraction/insertion, both HWCRs and
SRs were inserted in a hexagonal guide tube fixed to the high-pressure plenum of the
core. A group of dummy sub-assemblies in stainless steel were inserted in the central
region of the core, denoted by SST Dummy. Other SAs were mainly experimental
and they will be described in the next section. To conclude the general overview
of the loaded pattern of the inner region of the core, particular attention has to be
placed on the instrumented drivers XX09 and XX10, in which the measurements
of sodium temperature were carried on. The XX09 was fuelled, whereas the XX10
was totally made in stainless steel. Outside, several rings made in stainless steel
enclosed the inner region and they formed the reflector. The latter had the function
to increase the neutron flux in the core and, concurrently, to lower the energy of
neutrons in order to promote the capture events inside the blanket. The blanket,
indeed, was completely loaded with depleted uranium aiming the fertilisation of
U-238 and even isotopes of plutonium.

To correctly locate each SA in the core, Argonne National Laboratory (ANL)
proposed an identification convention. The core was divided into 6 sextants from
A to F, as shown in Fig. 3.2. Moving from the centre to the outside direction in
each sextant, a first number could be assigned to the row (#r) and a second one to
the distance from the central SA (#c). The numeration must follow the reference
dashed line of each sextant. In this way, each SA could be identified with an alpha-
numerical code #cX#r, where the couple #c#r was allocated in the sextant X.

3.1.2 Sub-assembly geometry - Core
Generally, all the fuelled SAs inside the inner region of the reactor could be divided
into three axial macro regions: the first and the third region were axial reflectors in
stainless steel, and the second one contained the active length with fuel. Going into
the detail of the geometry description, the fuelled drivers were further divided into
two other groups, depending on the manufacturing. The MARK-IIAI presented a
difference in the fuel elements length with respect to the reference SA of the group
MARK-IIA. Moreover, the MARK-IIAI drivers belonging to the HFDs presented
a bigger hole in the nozzle, in order to increase the sodium mass flow rate. In
the 138B configuration, the HWDs belonged to the group of MARK-IIAI. This
implied a different geometry for the modelling into the transport code, with higher
values of mass flow rate for the TH analyses. Regarding the structural materials,
two different stainless steels were used. The SS316 was implied with structural
function, as in the wrapper of the SA, the fuel cladding and the wire spacer among
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F

Figure 3.2: SHRT-45R core pattern: sextant division proposed by ANL.
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the pins. The SS304 was used for the axial reflectors, for the nozzle in the lowest
region of the SA and for the upper fixture in the upper plenum. However, nozzles
and upper plenum are not modelled, since the modelling regards the core and not
the components of the primary system.

MARK-IIA and MARK-IIAI

The geometrical details for the MARK-IIA and MARK-IIAI are reported in Fig. 3.3.
Concerning the details of the fuel disposition, both MARK-IIA and MARK-IIAI
presented the same configuration, which also included the case of the HWD where
the half of fuel rods were dummy elements made in SS316. Moving to the axial

(a) (b)

Figure 3.3: Cross sections of MARK-IIA/MARK-IIAI (a) and the MARK-IIAI
partially loaded (b) in the EBR-2 during the SHRT-45R.

description, an example for the MARK-IIAI is shown in Fig. 3.4. The general
division among the three regions is clearly visible: the lower and upper shield were
made in SS304; in the fuel plenum, He was present to allow thermal-dilatation or
deformation induced by fission reaction. It is pivotal to show how, in this type of
fuel elements, the gap between the fuel and the cladding was filled by sodium. For
the detailed description of each blue prints, please refer to [32].

HWCRs and SRs

The HWCRs and the SRs were manufactured as MARK-IIS driver. They were
located in a hexagonal guide tube (thimble), in order to allow the extraction/inser-
tion. This wrapper was fixed and completely made in SS316, whereas the structural
material of the SA was made in SS304. As stated before, both HWCRs and SRs
were fuelled. With respect to internal structure, the cross section is reported in
Fig. 3.5. The HWCRs/SRs presented 61 fuel pins wire-spaced in SS316. The fuel
cladding was in SS316, as the hexagonal internal wrapper.

As for the MARK-IIA/I, the axial division was quite the same [32], but the
poison elements of B4C were placed in the upper reflector region. The HWCRs
carried 7 poison pins, each of ones had a gas plenum, a spring and an axial reflector
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Figure 3.4: Axial scheme of the MARK-IIAI fuel driver.

Figure 3.5: Cross section of MARK-IIS in the EBR-2 during the SHRT-45R.

in SS304. Instead, the SRs did not contained poison elements, but a longer axial
reflector with respect to the MARK-IIA/I SA.

XX09, XX10, SST-K, XY-16, X320C, X402A, X412 and XETAGS

To conclude the description of the SA typology in the core, a description of the
experimental and instrumented drivers. The SST-K dummy element was made
entirely in SS304, composed by 7 pins enclosed inside a hexagonal wrapper with
the same dimensions of the generic fuel driver.

The XX09 and the XX10 were the instrumented SAs used for temperature
measurements. Both SAs were included in a thimble, as in the MARK-IIS. In [32]
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the axial scheme of the XX09 is reported. For the location of the thermo-couples,
please refer to [32]. Regarding the XX10, there was no fuel in the active region.
In fact, its structure was more similar to a dummy element (SST-K) with all the
pins in SS304. The XX10 included 19 dummy elements long as the MARK-IIA fuel
element. As in the XX09, the flow mixer and the same thermo-couples were also
installed in it.

Regarding the experimental elements, they were actually ascribable to the al-
ready mentioned MARK-IIA/I, MARK-IIS and SST-K dummy. They are indicated
in Fig. 3.2 as XY-16, X320C, X402A, X412 and XETAGS. The XY-16 had 61 solid
elements in SS304 with the design of the MARK-IIS, thus, it was located inside a
thimble. The X320C was an assembly for structural irradiation, therefore it could
be comparable to a SST-K dummy element. The X402A and the X412 were consid-
ered as a MARK-IIA element, whereas the XETAGS was a MARK-IIAI completely
fuelled, in which Xe TAG gas was loaded into the fuel plenum.

3.1.3 Sub-assembly geometry - Reflector and Blanket
Moving outside, the EBR-2 presented 4 rings for the reflector in SS304. The internal
structure was composed by a unique elements with hexagonal shape and 6 cuts
to allow the sodium passage. The whole structure (SA wrapper and its internal
structure) was composed by SS304. In [32] the axial description is reported. The
last region of the core was the blanket, where the fuel elements were fuelled for the
major part with depleted uranium, together with fission products and actinides [32].
The typical fuel element for the blanket was formed by 19 pins, wire-spaced inside
the hexagonal wrapper (Fig. 3.6). The whole structure, including the cladding for
the fuel elements, were made in SS304.

Figure 3.6: Cross sections of blanket elements in the EBR-2 during the SHRT-45R.
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3.2 EBR-2 3D Monte Carlo model for the gener-
ation of nuclear data

3.2.1 Aim of the study
The methodology to build the Monte Carlo model for the EBR-2 reactor during the
SHRT-45R for the generation of collapsed nuclear data for neutrons and attenuation
coefficients for γ rays is explained. The evaluation is carried out with a few-groups
energy structure by means of a 3D full-core simulation. This level of detail is
necessary in order to:

• model the high level of heterogeneity in composition and in-core configuration;

• preserve the differences among the classes of SAs involved during the test;

• optimise the data generation (collapsing domain) for neutrons and γ rays,
which is not predictable a priori.

The 3D transport model has been organised using the approach in the following.
The methodology for the input pre-processing is divided into 4 modules. Each
module is supposed to treat a different aspect of the methodology. The geometry
module creates the geometry of the core (radially and axially), mapping ANL
labelling with respect to the one adopted in FRENETIC. Subsequently, each class
of SA is discretised in coarser regions in order to perform a homogenisation for
materials along the axial direction.

The material module elaborates the whole inventory of materials in the reac-
tor. The composition for each fuelled element is assessed, using the available data
from [32]. For the structural materials and sodium, an average mass composition
has been used, as well as for xenon and helium.

The information processed by geometry and materials modules are then passed
to the mesh module: the geometry of each sub assembly class is coupled with its
related composition, to build the core geometry at full level element-by-element.
The generation of integral data is in charge to the Group Constant Universe (GCU)
module, in which the strategy to collapse few-groups energy constants is optimised
both for neutrons and γ particles.

3.2.2 Geometry
Core map

In the Run 138B, the core was loaded with 637 SAs with a regular pattern for each
sextant. Each sextant contained 160 SAs, with the exception of the sextant A,
where the central assembly belonged to. A pure geometrical construction has been
performed to obtain the coordinates of each driver, ensuring the above-mentioned
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correspondence with ANL convention. To construct the core geometry, some con-
siderations about the SAs geometries must be done: all the loaded drivers presented
the same maximum encumbrance, although they could have different internal or-
ganisation. This encumbrance is delimited by the external wrapper which is the
same for all the assemblies, as shown in Fig. 3.7. To model also the clearance of

Figure 3.7: Details of the radial geometry for the construction of the core in the
transport model.

coolant among the drivers, the maximum encumbrance has been virtually extend
to a larger hexagonal area, whose apothem is half of the drivers pitch as to take the
same amount of sodium per SA. In Fig. 3.7, the clearance of sodium can be seen in
the blank area delimited by the wrapper (grey) and the external dashed line. The
pitch between two SAs was 5.8929 cm with the distribution reported in Tab. 3.1.
The generic coordinates of the driver centre in the sextant A are given by

Table 3.1: Number of SAs in each sextant.

Ir 1 2 3 4 5 6 7 8 9 10 11 12 13
IFA 13 12 12 11 10 9 9 8 7 6 4 3 2

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
xc,A = x0 − p(IFA,i − 1) + p

2(Ir − 1)

yc,A = y0 + l
[︃
1 + sin

(︃
π

6

)︃]︃
(Ir − 1)

(3.1)

where the factor Ir refers to ith row from 1 to 13, IFA,i considers the element number
in the same row (up to IFA) , l is the hexagon side, p is the pitch and (x0, y0) are
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the coordinates of the second driver with (−p, 0) centre. The latter translation
is necessary to not to consider the central element since it is in common with the
other sextants. With these information, the sextant A can be built.

Setting the angle θ of rotation to 60°, the integer Isext is changed from 0 to 5
(A to F) according to the sextant that has to be built, and due to the symmetry,
the centres of the sextant A can be easily rotated over the entire angle in order to
obtain the whole set of coordinates.[︄

x′
c,sext

y′
c,sext

]︄
=
[︄

cos(Isextθ) sin(Isextθ)
− sin(Isextθ) cos(Isextθ)

]︄ [︄
xc,A

yc,A

]︄
(3.2)

The nomenclature proposed by ANL is expressed by the relationship⎧⎨⎩Xcol = IFA,i + Ir

Yrow = Ir
(3.3)

where IFA,i encompasses from 1 to IFA, and IFA and Ir have the same meaning (and
reciprocal relation) of the previous equations. In this way, the equivalence between
the geometrical position of SAs and the alpha-numerical nomenclature can be used
to link the geometry to the reactor configuration. The Table 3.2 shows the results
of the geometry modelling, and by means of this set of coordinates, for each sextant
from A to F the relationship between the ANL convention and the geometry of the
model can be assessed to properly collocate each driver.

Table 3.2: Correspondence between the core geometry and the nomenclature pro-
posed by ANL.

xc [cm] xc [cm] Xcol S Yrow
0 0 1 A 1

−5.892900 0 2 A 1
−11.78580 0 3 A 1
−17.67870 0 4 A 1
−23.57160 0 5 A 1
−29.46450 0 6 A 1
−35.35740 0 7 A 1
−41.25030 0 8 A 1
−47.14320 0 9 A 1
−53.03610 0 10 A 1
−58.92900 0 11 A 1
−64.82190 0 12 A 1
−70.71480 0 13 A 1
−76.60770 0 14 A 1

With the same approach, the core map can be retrieved also for FRENETIC.
Since the mesh is the same for both codes, the geometrical disposition of core
elements does not change. On the contrary, the element numeration for FRENETIC
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follows a different logic: the core lattice is filled moving in the opposite direction
along the x axis, keeping the same orientation for the y axis. This can be obtained
by inverting the rotation direction:[︄

x′
c,F RN

y′
c,F RN

]︄
=
[︄
cos(Isextθ) − sin(Isextθ)
sin(Isextθ) cos(Isextθ)

]︄ [︄
xc,A

yc,A

]︄
(3.4)

In this way, the orientation to map the sextants is kept since the reference axis is
always tilted by 60°. Refer Fig. 3.8 for the correspondence.
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Figure 3.8: Core map with the ANL label and related numeration in FRENETIC. In
red the ANL convection and in blue the numeration in FRENETIC are, respectively,
reported.

The guideline to correctly load the core pattern is given by Fig. 3.2. Each
element can be classified with respect to its typology, taking also into account the
level of fuelling. For instance, a driver of the MARK-IIAI class could have the half
of fuel and this leads to have a further division among drivers of this family. In
Fig. 3.9 the core map for the Monte Carlo model is shown: this fine classification
of SAs takes into consideration not only the geometry of the driver itself (along the
axial direction), but also the mass of fissile material.
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Figure 3.9: Core map of the EBR-2 3D Monte Carlo model during the SHRT-45R.
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Sub-assembly axial discretisation

The axial modelling has been carried on using the detailed geometries in available
in [32]. The target is to provide the volume fractions of each material in each type
of SA. By means of this, the spatial homogenisation technique has been adopted.
The hypothesis behind this approach is related to the expected neutron behaviour:
the core geometry was relatively small if it is compared with the mean free path of
neutrons, therefore the spatial effects inside the SA can be considered negligible.
This practice is well accepted in fast systems, taking also in account the smallness
of the SAs.

As specified in the benchmark deliverable, the experimental drivers (XY16,
X320C, X402, XETAGS and X412A) can be adequately associated to the already
discussed SAs. Therefore, the structures to be analysed are:

• MARK-IIAI partially loaded;

• MARK-IIAI fully loaded (containing XETAGS);

• MARK-IIA (containing X402 and X412A);

• HWCR MARK-IIS;

• SR MARK-IIS;

• SST-K dummy element (containing XY16 and X320C);

• Radial reflector;

• Blanket fuel assembly;

• Instrumented driver (XX09 and XX10).

Secondly, for each type a coarse discretisation has been introduced to separate
all the regions where there are significant differences in geometry and/or compo-
sition. The axial discretisation is reported in the next table. As said before, the
generic SA can be divided into 3 main regions: lower reflector, active length, up-
per reflector. Notwithstanding this, the active length (when present) has been to
further separated by the plenum region to isolate the fuel from other non fissile
materials (helium in particular).

The next step is the calculation of the real volumes of each materials, accordingly
to the considered structure moving along the axial direction:

VTOTi =
Nreg∑︂
i=1

Vi =
Nreg∑︂
i=1

Ai∆zi (3.5)

where
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• Nreg is the number of region where the ith material is present

• Ai is the ith area of the considered material

• ∆zi is the height of the volume concerning the ith material

In this way the total volume VTOTi of the ith material is calculated for each coarse
region.

The last step is the calculation of the volumes fraction with respect to a reference
volume. The latter is assumed to be:

Vref = Ahex(zn − zn−1) (3.6)

where Ahex is the hexagonal cross section area that embraces also the sodium clear-
ance between contiguous assemblies. To be more understandable, please refer to
Fig. 3.10: the grey area represents the area occupied by the generic assembly, as

Figure 3.10: Reference area for the axial homogenisation (not in scale)

they had the same encumbrance. The dashed orange area regards the external
clearance of the generic assembly. In this way, each driver includes also the related
portion of sodium among the others in order to consider the volume of sodium of
the clearance. The value 2.9465 cm is the half of the pitch. The difference zn −zn−1
is the distance between the generic two planes which defines the coarse region in
where the homogenisation is performed. Thus, the homogenisation procedure is
carried on according to:

xVj,n
=

VT OTj

Vref

=

Nreg∑︂
i=1

Ai∆zi

Ahex∆zn

with n = 1, ..., Nhom, j = 1, ..., Nmat (3.7)

where Nhom is the number of homogenised regions and Nmat is the number of ma-
terials. Depending on materials which are involved (fuel, stainless steel, plenum
gas or B4C), the sodium volume is computed as the difference with respect to the
others. Moreover, although there may be negligible differences in composition of
SS304 and SS316, their respective volume fractions are calculated by considering
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Table 3.3: Example of volume fractions calculated for the MARK-IIAI fully loaded.

Driver type Coarse regions Materials Fractions

MARK-IIAI

Lower Ref
SS304 0.5108
SS316 0.0669

Na 0.4223

Active length

fuel 0.2694
SS304 0
SS316 0.2230

Na 0.5408

Plenum

He 0.2964
SS304 0
SS316 0.2271

Na 0.4615

Upper Ref
SS304 0.4748
SS316 0.0669

Na 0.4583

Figure 3.11: Example of axial discretisation in the 3D Monte Carlo model of the
EBR-2: the homogenised regions are reported for the SA class MARK-IIAI (fully
loaded)
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them as different. An example of the output of the procedure is reported in Ta-
ble 3.3. In this example the division in coarse regions is expanded with the detail
about the materials and their volume fractions. Similar results have been obtained
for the whole set of SA classification, which is not reported in this study to simplify
the discussion. The Fig. 3.11 represents the coarse regions (for the MARK-IIAI)
where the homogenisation has been performed.

In the next flowchart (Fig. 3.12) the procedure is resumed. This method has
been applied for each SA class of the entire core, to provide a complete description of
the geometry starting from detailed information and moving towards the simulated
model.

Figure 3.12: Flowchart of the spatial homogenisation for the axial modelling in the
3D Monte Carlo model of the EBR-2.
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3.2.3 Material inventory
After the geometry modelling, the materials inventory has been analysed. The
benchmark specifications gives the whole isotopic composition for the inner core and
the blanket. The nominal fuel employed in the EBR-2 was the U-5Fs, although the
core was partially depleted before running the SHRT-45R test. Therefore, the iso-
topic composition has been given after a burnup corresponding to the fuel swelling
of 6.88%, which made necessary the inclusion of fission products and actinides in
the original composition. These information are specified for three equal segments
along the active length, where the first is lower part, the second the middle one
and the third the last one. The Table 3.4 shows the table-type with the isotopic
composition for each assembly. The Lumped-Fission-Product (LFP) entries indi-

Table 3.4: Example of isotopic composition in [atoms/(barn cm)] for the MARK-
IIAI fuel assembly 1A1.

Isotope 1A11 1A12 1A13
U-234 8.32093489023E-08 9.89178923581E-08 7.19888149055E-08
U-235 3.45383816412E-03 3.44914295295E-03 3.46751551840E-03
U-236 1.75723381505E-05 1.73345154977E-05 1.53747751836E-05
U-238 1.74865995117E-03 1.74814960213E-03 1.74957857944E-03
Np-237 1.29516379409E-07 1.44908506460E-07 1.06754812219E-07
Pu-236 8.46740506475E-14 1.14073217454E-13 6.06560041200E-14
Pu-238 7.61553044693E-10 8.29153878552E-10 5.60322418162E-10
Pu-239 4.88128442942E-06 4.86668844687E-06 4.27090697740E-06
Pu-240 8.72196716598E-09 7.98951422355E-09 6.70047461794E-09
Pu-241 1.31241359165E-11 1.15726748345E-11 8.79862159181E-12
Pu-242 1.38488315535E-14 1.20707754976E-14 8.03667047486E-15
Am-241 4.54547476100E-14 4.02155043639E-14 2.99135986394E-14

Am-242m 3.23745017110E-17 2.80712386044E-17 1.86655057945E-17
Am-243 1.04172446076E-17 8.68971310664E-18 5.38622376975E-18
Cm-242 1.00274400107E-16 8.69318348011E-17 5.77990701932E-17
Cm-243 3.16120402450E-20 2.40149844333E-20 1.63679144157E-20
Cm-244 1.79030443285E-20 3.55805143812E-21 2.20572855153E-21
Cm-245 4.07166671213E-24 4.02992016064E-25 2.79742722868E-25
Cm-246 3.59918557076E-28 2.35607737876E-29 1.51736976618E-29

LFP:U-235 2.94226428628E-04 2.99156400355E-04 2.82825231071E-04
LFP:U-238 2.52969812222E-06 2.97870320774E-06 2.18368147300E-06
LFP:Pu-239 7.34810754989E-08 7.92980338586E-08 5.55484309261E-08
LFP:Pu-240 3.27429737180E-11 3.41801166150E-11 2.13305484821E-11
LFP:Pu-241 1.09959804191E-13 1.02202498781E-13 6.30781206645E-14

La-139 1.89359907857E-05 1.92820074350E-05 1.81755707159E-05
Nd-148 5.01356690063E-06 5.10645042594E-06 4.81320386747E-06
Fissium 6.71053356410E-04 6.71053356410E-04 6.71053356410E-04

cate the sum of atomic composition derived from the fission of the father-isotopes.
These values have been specified in a second document during the CRP. The last
row named Fissium reports other fission products, which were present only in the
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inner core. As for the LFP, the Fissium entries were released later. The informa-
tion provided for the LFP reports the absolute composition of the other isotopes
that has to be normalised with respect to the total quantity reported in the rows
"LFP:Z-A", where Z is the element and A is the mass number. The composition of
LFP is normalised as

xLFP,i = mLFP,i
NLFP∑︂
j=1

mLFP,j

, i = 1, ..., NLFP (3.8)

where NLFP is the total number of LFP isotopes. Then, the set of LFP for each
father-isotope is obtained with

V LFP:Z−A = XLFPMLFP:Z−A (3.9)

where V LFP:Z−A indicate the vector of normalised LFP normalised on the ith LFP
value, the XLFP are the mass fractions vector and MLFP:Z−A the total quantity of
LFP reported in Table 3.4. The same approach is adopted for the Fissium entry,
as the mass fractions for Fissium isotopes are also provided.

The composition tables refer to the cross section area with the half of the pitch,
as in the radial description is defined. Each composition is processed following the
next procedure:

1. the ithfuel assembly is selected

2. the composition is read from the data of the benchmark specification. For
each segment of the active length:

(a) the LFPs are calculated
(b) the Fissium composition is calculated
(c) the complete set of isotopes is retrieved

3. the isotope name is converted into the library format of the transport code,
associating the provided calculation to the ith fuel assembly label

In this way, each SA accords with its fuel composition in format proposed by ANL,
that is then passed to the mesh module to construct the input for the simulation.
The above algorithm is repeated for each composition presents in the data of the
benchmark. Due to the large computational resources to store all the data for
each fuel assembly, an average fuel composition has been derived from this level of
detail. In fact, the mentioned procedure is performed at each level of the fuel and
consequently, the memory usage for each SA is multiplied by a factor 3. Moreover,
there are negligible differences among the most important isotopes in the three
levels of the active length. The average value for the generic isotope xth,avg is simply
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calculated by a weighted average on the volume but, due to the same volume of
each segment, it results as

xi
avg = ArefH

xi
1 + xi

2 + xi
3

3ArefH
= xi

1 + xi
2 + xi

3
3 , i = 1, ..., Nitp (3.10)

where xi
1, xi

2, xi
3 are the related concentrations in each segment for the isotope i,

H is the total height of the active length and Aref is the hexagonal cross section
area referred to the pitch and Nitp is the total number of isotope in the fuel. It
should also point out that no information are available about the mass density
of the fuel at this burnup, therefore the hypothesis to keep the dependency on
the temperature only for the microscopic cross section has been adopted, keeping
constant the atomic densities. With this assumption, the information about the
temperature is inserted in the fuel inventory by changing the reference temperature
in the microscopic cross section libraries, whereas the mass density is given by the
sum of atomic densities.

As already mentioned, the structural materials employed were two austenitic
stainless steels. The SS316 was used mainly for the cladding of the fuel rods, for
the wrapper of the MARK-IIA/I and the MARK-IIS, whereas the SS304 for the
external thimble in the MARK-IIS, in the blanket, in the radial reflector and for the
lower/upper shields. As for the fuel, both compositions are calculated in such way
that the homogenisation with the other materials is straight forward. The reference
compositions are provided in mass fractions and they are reported in Tab. 3.5

Table 3.5: Mass composition for the SS316 and SS304 in the EBR-2.

Element SS316 SS304
C 0.00070 0.00080
Cr 0.17000 0.19000
Fe 0.66605 0.68845
Mn 0.02000 0.02000
Ni 0.11000 0.09000
P 0.00045 0.00045
S 0.00030 0.00030
Si 0.01000 0.01000

Mo 0.02250 0
Sum 1 1

Each element is assumed to be composed by the most abundant isotope in
the natural composition. With respect to the assumptions for the fuel about the
temperature dependency, here the effect is taken into account for the mass density
too. In other words, the microscopic cross section from the library will be loaded
at the modified temperature, as well as the mass density will be changed according
to the new value.
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The EBR-2 was cooled by sodium. Since there are no information about its
composition, the latter has been assumed to be composed by pure sodium. The
mass density value (g/cm3) is selected according to [33].

The last material to describe is the absorber in the HWCRs. The neutronic
poison consisted of B4C, with the natural B composed by B-10 and B-11. As spec-
ified in the benchmark document, the mass density is assumed to be independent
of temperature and it is fixed at 2.40 g/cm3. The mass fractions are reported in
Table 3.6.

Table 3.6: Composition of B4C expressed by mass fractions for the poison length
of the HWCR in the EBR-2.

Isotope Mass fraction
B10 0.1449
B11 0.6377
C12 0.2174
Sum 1

3.2.4 Serpent-2 input
The aim of this part of the pre-processing is the coupling of what has been done in
the geometry with respect to the assembly typology, and the related information
about the composition of the entire set of materials in each assembly. The functions
of the mesh module are:

• to extract the geometry from the ith assembly of each coarse region;

• to create the homogenised composition library for each coarse region;

• to build the Serpent-2 input.

The geometry of each coarse region is constant with respect to the position in the
core, therefore a data-set for the generic assembly typology can be constructed. In
this data-set, the information related to the heights of coarse regions are reported
since the reference cross section area is constant. Other information required are the
materials and their quantities. As Table 3.7 shows, in the last column a Serpent-2
identifier is defined: these labels allow the code to correctly identify the region,
i. e. the material mixture with a unique name for that specific class of SA. As a
consequence, it is not to further necessary to define the common materials among
the same typology: the only region which is crucial to distinguish is the active
length since the fuel volume contains a different material depending on the core
position, although the volume fractions are constant. This allows to save computa-
tional memory because the material mixture not fuel-inclusive is always the same
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Table 3.7: Example of the generic assembly data-set used by the mesh builder for
Serpent-2.

MARK-IIAI [zn-1 zn] cm xv Materials Serpent-2 entry

Lower Ref 0 - 62.387
0.0669 SS316

MARKIIAIf_LR0.5108 SS304
0.4233 Sodium

Active Length 62.387 - 99.037

0.2693 Fuel

MARKIIAIf_AL0.2230 SS316
0 SS304

0.5077 Sodium

Plenum 99.037 - 121.574

0.2964 He

MARKIIAIf_PL0.2271 SS316
0 SS304

0.4615 Sodium

Upper Ref 121.574 - 167.12
0.0669 SS316

MARKIIAIf_UR0.4748 SS304
0.4583 Sodium

for the considered class of SA. Moreover, this common definition enlarges the com-
putational domain in which the scoring is performed, thus increasing the quality of
results.

The material libraries are calculated for each data-sets. For mixtures that are
not depending on the core position, the respective volume fractions are considered
and the homogenised composition is created in this way:

1. to read the Serpent-2 identifier from the SA class data-set;

2. to identify the respective volume fractions;

3. to create the mixture with the Serpent-2 identifier

The mixing operation is obtained by using the mix command of Serpent-2. The
latter can be used to facilitate the generation of materials in such a way to get the
access to the general database where the composition inventory is stored, and then
to perform the homogenisation by weighting the masses on the volume fractions.
Results of this procedure are shown in Table 3.8. Concerning the active lengths, the
mixing procedure must take into account the specific composition or, in other words,
the core position. In fact, a proper mixed material has to be generated according
to SA class and the related composition. It should be emphasised that the fuel
composition is already normalised on the reference cross section area on which the
volume fractions are calculated, therefore the fuel composition was first divided by
its volume fraction in the materials inventory, and afterwards multiplied again by
the same in the mixing operation. This operation is consistent since the fact that
the volume in which the mixture is then positioned (the computational volume in
the Serpent-2 mesh) is the same of the homogenisation procedure. Going back to
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Table 3.8: Homogenised composition example for Serpent- 2.

Mixture Volume fractions
mix MARKIIAIf_LR
SS316 6.688239E-02
SS304 5.107714E-01
Sodium 4.223462E-01
mix MARKIIAIf_PL
He 2.964E-01
SS316 2.271E-01
SS304 0.0000
Sodium 4.615E-01
mix MARKIIAIf_UR
SS316 6.688239E-02
SS304 4.748473E-01
Sodium 4.582703E-01

the generation of the mixture for the active length, each SA in its class is thus
processed with the association of ANL label: according to the SA classification, the
active region is uniquely identified with its core position and it contains its average
fuel composition. An example is given in Table 3.9, which reports the whole set of
mixtures for a generic assembly belonging to the MARK-IIA class.

Table 3.9: Example of mixtures set for the MARK-IIA class used in Serpent-2.

mix MARKIIA_LR
SS316 6.688239E-02
SS304 5.107714E-01
sodium 4.223462E-01
mix MARKIIA_AL_4A1
fuel_4A1 2.692672E-01
SS316 2.230324E-01
sodium 5.077004E-01
mix MARKIIA_PL
He 3.013099E-01
SS316 2.270846E-01
sodium 4.688164E-01
mix MARKIIA_UR
SS316 6.688239E-02
SS304 4.701310E-01
sodium 4.629866E-01

Now the the geometry in Serpent-2 can be created following the next logic:

1. creating the reference geometry of the generic SA (hexagonal base area, infi-
nite in z direction);

2. filling the above surface with each material as it was axially infinite;
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3. cutting the material with the respective planes considering the proper axial
discretisation;

4. putting this portion of the infinite material into the respective volume in the
considered assembly identified by ANL label;

5. filling the core lattice using ANL label.

This approach gives the possibility to extract singularly the integral nuclear data
of a single region (axially) or to compute them by integrating all over the volume.
In fact, the way of how to perform the scoring depends not only on composition-
s/geometry, but also on the position. Therefore, to be more flexible as possible
the input has been prepared to calculate the parameters at the lowest geometrical
level, i. e, the single axial region in each SA. The points 1 and 2 produce a list
of materials that are all infinite along the z direction inside a hexagonal surface.
Since Serpent-2 is universe-based, each material fills the reference surface in order
to have a material-universe, which is easier to collocate inside the final geometry.
Refer Fig. 3.13. The points 3 and 4 complete the final assembly geometry: each

Figure 3.13: Example of Serpent-2 filling procedure to create the mesh in the 3D
Monte Carlo model for the EBR-2.

material-universe is cut by its couple of planes along the axial direction, and then
it is filled in the final universe of the ith SA. In this way, each core driver has its
proper description along the vertical axis, each region is a defined universe where
Serpent-2 can perform the collapsing, and finally the entire SA can be placed in
the core lattice (point 5).

70



3.2 – EBR-2 3D Monte Carlo model for the generation of nuclear data

Figure 3.14: EBR-2 core lattice simulated in Serpent-2 in the plane (x, y).
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The results of this methodology are reported in the next two figures. Fig. 3.14
shows the core lattice at the middle active length in the plane xy. Each colour
represents the mixed composition with structural materials, sodium and fuel in
each element. Due to the fact of having different fuel vectors, the heterogeneity
can be appreciated since each SA has a slightly different composition. The blue
region corresponds to the SS304 radial reflector and now homogenised in stainless
steel and sodium; the pink region is the blanket, which appears filled with the same
material. In fact, to optimise the memory consumption, an average composition
for this region has been calculated: the presence of U-235 is negligible since the
blanket was designed to hold fertile materials as U-238, Th-232 or plutonium even
isotopes. Therefore, a low neutrons importance can be expected as well as their
energy distribution. Moreover, the discrepancy among the average blanket com-
position and the original one-by-one is quite low, thus the approximation is well
justified.

In Fig. 3.15 the section is taken along the y axis in the centre of the core, showing
the plane (x, z). The internal description of fuel assemblies is pointed out. The

Figure 3.15: EBR-2 core lattice simulated in Serpent-2 in the plane (x, z) at y = 0.

common materials have the same colour, whereas the active regions are different as
said in the previous paragraph. In Fig. 3.16 the position of the HWCRs can be also
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noticed: the level of withdrawal was such that the bottom of the fuel bundles of
the HWCR was lower of 21.06 cm than the bottom of the fuel bundle of the generic
fuelled driver. In this position, the B4C did not face the active region of the core,
setting up the condition for an unprotected accident. For the SR (not reported in
figure), the insertion level was of 15.97 cm below the active length of the active
region, in order to have the fuel bundle of the SR partially inserted in the colder
region of the core.

Figure 3.16: Relative position of the HWCR with respect to the common fuelled
driver.

3.2.5 Neutron spectra and spatial distribution analyses
The homogenisation of nuclear parameters for both neutrons and photons requires
further considerations for the group constant generation, for the spatial definition
of the integration domain and the energy structure of the collapsing groups. The
ENDF/B-VIII library has been used [34] in Serpent-2 calculations, together with
an additional library for photons from the MCNP code at temperature of 400 K.

As far as the energy discretisation of the neutrons energy is concerned, the
group-structure can be defined by analysing the spectra of fuel elements one-by-one.
Fig. 3.17 shows the spectra of the fuel assemblies in the inner core by integrating the
flux in the active region. This result indicates that the neutrons energy distributions
are quite the same at the higher energy moving from the centre of the core (fuel
elements with index 1S#) towards the periphery (fuel elements with row 7S#) as S
is the generic sextant and # is the elevation with respect the core centre. Moving
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Figure 3.17: Active length spectra of the inner core.

close the radial reflector, the probability to have a neutron with the energy between
2E-4 MeV and 1E-2 MeV tends to be higher. This effect can be explained with the
scattering of the stainless steel at lower energies for the external fuel elements. As
the system considered is fast, at energy lower than 2E-4 MeV, the statistical quality
worsen since the total interaction rate is quite low.

Regarding the blanket and radial reflector, the spectra have been calculated
considering their respective entire domains. The statistical quality is better, since
the results are evaluated on a larger spatial domain with respect to the single fuel
assembly. In fact, the neutrons in the inner region of core have a mean free path
of order of 5 cm, which is almost twice the physical dimension of the single core
element. Moreover, considering what has been said in the material processing, the
blanket region has a proper average composition, thus the local spatial information
on fuel discrepancies is lost. Going trough the analysis of these spectra (Fig. 3.18),
the radial reflector energy distribution confirms the influence on the peripheral fuel
elements of the inner core about the increasing of the interaction probability: in
the energy range [1E − 4; 1E − 3] MeV the spectrum presents a relative maximum.
Also at lower energies (below 1E-4 MeV), neutrons collide inside the reflector, a
non-negligible fraction travel towards the blanket with even lower energy. The
effect is clearly visible in the spectrum of the blanket. The energy range around
1E-5 MeV presents the characteristically captures by plutonium isotopes and U-
238. This implies that the final energy structure for the homogenisation has to
take into account also what happens below 1E-4 MeV, despite the bad quality of
results for the inner core region. Moreover, the photon production is expected to be
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Figure 3.18: Reflector and Blanket spectra for the EBR-2 using the Super Imposed
Universes (SIUs) for the spatial homogenisation.

important due to capture events in the by fertile isotopes, confirming the necessity
of having a group energy structure that is able to describe the above-mentioned
phenomena.

By means of these analyses, some preliminary conclusions about the spatial
definition of the collapsing domains can be drawn. The relative position among
SAs of the same class is quite negligible if it is compared with the length travelled
by a neutron arising from the inner region of the core, since the spectra have the
same distribution nearby the centre. Therefore the entire inner active region could
be described by a single domain between the centre and the radial reflector. To
verify this hypothesis, a more general space definition to calculate the spectrum of
the core has been introduced in the model. Radially, the core has been divided into
3 regions:

• the inner core, in turn divided into 3 axial parts:

– the lower part corresponding to the lower axial reflector;
– the active part corresponding to the active length;
– the upper part corresponding to the upper axial reflector;

• the radial reflector;

• the blanket.

The lower part of the inner region has been defined considering the dimensions of
the lower reflector of the generic MARK-IIA/I SA, since it is the most representative
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Figure 3.19: EBR-2 spectra of the SIUs for the group constant generation analysis.

fuel assembly in the inner core. The same consideration has been done for the upper
one. As a consequence, the shifting of HWCRs and SRs is lost in this process due to
the partial insertion of their active lengths inside the considered domain. Results
are shown in Fig. 3.19. With respect to Fig. 3.18, the blanket and the reflector
do not present any difference, since the integration domains are the same. On the
contrary, the spectrum calculated on the volume corresponding to the active length
of the generic MARK-IIA/I presents a better statistic at lower energy. Apart from
this secondary effect, mainly due to the increase of the integration volume, the
shape remains quite the same. This confirms the above-supposed hypothesis about
the low effect of the related positioning among the fuel assemblies, in that neutrons
are not dramatically affected by discontinuity in element geometry due to the high
value of their mean free path as compared to the pitch of core elements. Upper and
lower axial reflectors present the same behaviour of the radial reflector, supporting
the effect of the scattering of neutrons also in the axial direction. At this point, a
few-group energy structure can be adopted for neutrons. The tally used here is the
same presented in [35] (Table 3.10). This energy subdivision aims to represent the
considerations already illustrated. In Fig. 3.20 the energy structure is reported on
the spectra. The first group preserves mainly the fission spectrum, since at those
energies the major events are the emission of fast neutrons; the second and the
third groups isolate the absorption due to sodium; the fourth takes into account
the absorption due to manganese present in the stainless steel; the fifth group
gives importance to the scattering effects provided by stainless steel and finally the
sixth one allows to take into account for the capture events in the blanket. This
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Table 3.10: Six-group data adopted to perform the group constant energy genera-
tion.

Group Upper boundary [MeV] Lower boundary [MeV]

1 2.0 · 101 4.0 · 10−1

2 4.0 · 10−1 6.0 · 10−2

3 6.0 · 10−2 1.0 · 10−2

4 1.0 · 10−2 1.5 · 10−3

5 1.5 · 10−3 2.5 · 10−4

6 2.5 · 10−4 1.0 · 10−11
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Figure 3.20: Energy group structure applied to the EBR-2 spectra (spatial collaps-
ing in SIUs) for the group constant generation for neutrons.
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energy grid has been already employed in [35] to study the transient of the SHRT-
45R, where the reactor was modelled as a homogeneous cylinder to calculate the
cross sections for neutrons. Furthermore, since this model improves the geometrical
description of the system preserving the local position of core elements, the previous
analysis has pointed out that the geometrical effects (positioning, differences in SA
classes) have a low effect on the energy distribution of particles, thus it is reasonable
to adopt the same energy structure.

To complete the discussion, the spatial neutron flux distribution has been anal-
ysed taking advantage of the previous spectral analyses. Figure 3.21 reports the
flux distributions in the plane (x, y) with the adopted energy sub-division, spatially
integrated along the axial length. These results are in good agreement with the con-
clusions arisen from the energetic analyses: neutrons travel long distances without
experiencing relevant distortions at higher energies (Figs. 3.21a, 3.21b and 3.21c),
where the majority of fast fission occurs. As the energy decreases, the radial reflec-
tor presents higher value of the flux, which means that neutrons are decreasing their
energy due to scattering after the shortening of their mean free path (Figs. 3.21d,
3.21e). The last group shows (Fig. 3.21f) a lesser presence of neutrons in the inner
regions of the system. The latter explains the darker colour in the inner region with
respect to Fig. 3.21e, whereas the reflector continues to have particles at thermal
energy.

As Serpent-2 performs the estimation of reaction rates by using Monte Carlo
techniques, quantitative information related to the accuracy of results are also
provided. The entire estimation has been carried out by using the parameters
reported in Table 3.11. The last point for the neutron constants generation regards

Table 3.11: Serpent-2 parameters for the evaluation of spatial homogenisation do-
mains and the few-structure energy grid.

Serpent-2 setup Values

Particles number per batch 5E6
Inactive cycles 50
Active cycles 500
MPI processes 8
OMP threads per MPI 12

the analyses of the cross section, which resumes the accuracy of the line of reasoning
to build the temperature-dependent library. In Table 3.12 the effective total cross
sections for the considered domains are reported. First, the 1st group shows the
order of magnitude of the mean free paths in the respective region: the maximum
length that a neutron can be travelled is around 5 cm, which is almost the dimension
of a single core element. As the lowest group is concerned, the mean free path is
reduced below 1 cm, especially in the radial reflector. This confirms the hypothesis
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(a) ϕ1 (b) ϕ2

(c) ϕ3 (d) ϕ4

(e) ϕ5 (f) ϕ6

Figure 3.21: Spatial distribution of neutron flux in the six group energy structure.
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Table 3.12: Σt calculated with the six groups energy structure according to the five
coarse regions. Results are in cm-1.

Domain Σt,1 Σt,2 Σt,3 Σt,4 Σt,5 Σt,6

LOWER REF 0.18160 0.19828 0.28167 0.48957 0.49172 1.1989
ACTIVE CORE 0.18841 0.23361 0.31620 0.46287 0.45204 0.97528
UPPER REF 0.11843 0.14055 0.20899 0.39260 0.37534 0.96883
RADIAL REF 0.20996 0.22865 0.32860 0.55543 0.62305 1.5748
BLANKET 0.29913 0.39251 0.47708 0.55627 0.52463 0.94770

to have a great amount of particles in this region, therefore it is reasonable to expect
an important generation of photons in this volume.

Concerning the Relative Standard Deviation (RSD) of Serpent-2 results, the
values are reported in Table 3.13. The highest value is in the core, according to
have very few interactions in that region with energies in the considered range.
Notwithstanding this, the value is still acceptable since the thermal flux is very
low, as Fig. 3.21f shows.

Table 3.13: RSD of the Σt calculated with the six groups energy structure according
to the five coarse regions.

Domain RSDt,1 RSDt,2 RSDt,3 RSDt,4 RSDt,5 RSDt,6

LOWER REF 1.38e-05 1.74e-05 2.60e-05 3.00e-05 3.00e-05 5.6e-04
ACTIVE CORE 5.00e-06 7.60e-06 1.50e-05 6.60e-05 7.20e-05 1.4e-03
UPPER REF 3.40e-05 3.00e-05 4.60e-05 7.00e-05 9.80e-05 6.6e-04
RADIAL REF 9.60e-06 9.20e-06 1.26e-05 1.16e-05 1.64e-05 3.6e-04
BLANKET 1.02e-05 9.20e-06 1.22e-05 3.20e-05 3.60e-05 5.2e-04

A further level of description of the system can be obtained with the evaluation
of cross sections inside some critical sub-domains as the HWCRs, SRs, and the
other classes of core elements that are different from the common fuel elements.
In fact, the location of experimental driver, instrumented and control ones can be
preserved by calculating the data inside their volume. For instance, the effect of
the poison length inside the HWCRs can be accurately assessed by collapsing in
there the cross sections. The same logic can be adopted for the cold assemblies as
the dummy elements SST-K and the XX10, avoiding the thermal power generation
which derives from the integration with the other fuelled drivers. Results for the
HWCRs of this calculation are reported in Table 3.14. The HWCRs were located
in proximity of the radial reflector and partially extracted. As a consequence, the
extraction level implies the inclusion of fission reaction rates in those regions that
are at zero fission power (LOWER and UPPER REF in the inner core) and a larger
statistics in the 6th group due to scattering of the reflector. Moreover, the presence
of the B4C is a singularity in the modelling when the diffusion theory is used, for
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Table 3.14: Σt calculated with the six groups energy structure into the HWCRs
poison length domain. Results are in cm-1.

Domain Σt,1 Σt,2 Σt,3 Σt,4 Σt,5 Σt,6

5A1B4C 0.22423 0.30067 0.38922 0.55051 0.56975 1.2801
5B1B4C 0.22366 0.30081 0.38973 0.54955 0.56844 1.2843
5B3B4C 0.22378 0.30064 0.38996 0.54974 0.56840 1.2784
5C3B4C 0.22370 0.30073 0.39003 0.54947 0.56822 1.2817
5D1B4C 0.22425 0.30074 0.38939 0.55085 0.56814 1.2778
5E1B4C 0.22371 0.30076 0.38964 0.55039 0.56801 1.2840
5E3B4C 0.22356 0.30078 0.39009 0.54965 0.56688 1.2805
5F1B4C 0.22395 0.30071 0.38939 0.55054 0.56840 1.2794

instance in the FRENETIC code. To overcome this, a detailed analysis has been
conducted. Results show that there are negligible differences among the HWCR
elements for the whole set of energy groups. On the other hand, their inclusion in
the coarse domains of the inner core would lead to an under-estimation of reaction
rates if they were integrated with the other elements. Furthermore, the poison
will be virtually dislocated inside the inner core, losing the information of spatial
effect due to local absorption. These effects can be avoided by defining a proper sub-
domain for the integration of data, in order to average the cross sections all over the
HWCR drivers. Details on SST-K dummy or SR elements are not discussed due to
their collocation nearby the centre where the interactions are considerably at higher
energy, therefore it is reasonable to assume that the positioning is unimportant for
spectral effects.

To conclude the analysis on neutrons cross sections generation, the discussion
on the spatial integration has led to the definition of the collapsing domain with the
next guideline. The relative positioning at higher energy has a negligible influence
with respect to the heterogeneity in composition and geometry. Relevant effects
are appreciable at lower energy, where the mean free path of neutrons are quite
smaller than the assembly geometry and the particles become sensible to difference
in compositions. An example is the capturing in the blanket by the plutonium
isotopes. The former are also present in the fuel elements of the inner region, but
the the spectra analysis does not show evidence of appreciable capturing events.
Thus, since the inner region faces the major part of fast neutron flux, an element-
by-element approach is redundant. This suggests to preserve the heterogeneity in
those assemblies that are dummy or instrumented ones, to avoid the generation
of power if the entire inner region is used for the cross sections homogenisation.
Therefore, the power generation can be taken as a first criterion for the domains
generation. This first approach identifies the domains on which the cross sections
ca be generated, and they are resumed in Table 3.15.
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Table 3.15: EBR-2 general collapsing domain for the homogenisation of integral
data.

INNER CORE RADIAL REFLECTOR BLANKET

Lower reflector

Reflector elements

Blanket driverActive region
Upper reflector

HWCRs
SRs

Reflector elementsSST-K
X320C, XY16
XX10, XX09

3.2.6 Generation of the attenuation coefficients for photons
Regarding the photons production and their propagation, some clarifications for the
next discussion are required. At the moment Serpent-2 is not well optimised for the
generation of the attenuation coefficients, alike for neutron cross sections. First, the
code is not able to calculate the multi-group data with the same straightforward
approach used for neutrons: the limitation on the multi-group constants genera-
tion arises from the impossibility to reconstruct the scattering matrix if a few-group
energy grid is provided. Therefore, all the calculations for the generation of atten-
uation coefficients here discussed are assumed to be in a mono-kinetic approach.
Secondly, Serpent-2 cannot currently model photo-nuclear reactions as (γ, n), thus
only the photo-atomic ones can be simulated, as Compton scattering, photo-electric
effect, Rayleigh scattering and pair productions. However, in the next future the
capability to take into account also photo-nuclear reactions will be available, as
reported in [36].
A strategy to overcome these limitations has been studied to retrieve attenuation
coefficients to be used in the FRENETIC code. The general definition to calculate
the effective attenuation coefficient in a certain group for the xth reaction can be
written as

µ̄x,g(r) =

∫︂ Ei

Ei−1
dE ′ϕp(r, E ′)N(r)σx(E ′)∫︂ Ei

Ei−1
dE ′ϕp(r, E ′)

(3.11)

if the (Ei−1, Ei) energy interval is considered. As mentioned above, the incapabil-
ity to generate multi-group constants leads to the collapsing of energy-dependent
quantities on the whole energy axis. Therefore, the 3.11 for the gth group can be
generalised in

µ̄x(r) =

∫︂ ∞

−∞
dE ′ϕp(r, E ′)N(r)σx(E ′)∫︂ ∞

−∞
dE ′ϕp(r, E ′)

(3.12)

82



3.2 – EBR-2 3D Monte Carlo model for the generation of nuclear data

By knowing the photon flux and its distribution, the microscopic cross section for
the xth photon reaction and the atomic composition distribution the parameter can
be assessed. Here comes the advantage of having defined the material as a mixtures:
the dependency on the space is lost, and the integration for the xth photo-reaction
in a single homogenised region becomes

µ̄x =

∫︂ ∞

−∞
dE ′ϕp(E ′)Nσx(E ′)∫︂ ∞

−∞
dE ′ϕp(E ′)

. (3.13)

The above relation is correct only if the composition is made by a single nuclide.
Since the attenuation coefficient represents the probability per unit length to suffer
a collision for a given element as the photon travels along its direction, the total
probability in a mixture to suffer a collision per unit length is given by

µ̄x = µ̄x,1 + µ̄x,2 + µ̄x,3 + ... + µ̄x,N (3.14)

if N is the total number of elements involved in the mixture in the integration
domain. Therefore, the generic attenuation coefficient for a given mixture in a
defined domain using the mono-kinetic approach can be finally expressed as

µ̄x =
N∑︂

i=1

∫︂ ∞

−∞
dE ′ϕp(E ′)Niσx,i(E ′)∫︂ ∞

−∞
dE ′ϕp(E ′)

(3.15)

where N is the number of involved elements in each region. This implies that
Serpent-2 has to score only the photon flux since the homogenised mixture is known
by the input, and the microscopic cross sections are retrieved for each element by
the code with a separate routine. To be useful for FRENETIC, the photo-atomic
reactions have been re-organised as in the next, since the code is not able to manage
secondary photons:

• Rayleigh and Compton scattering summed in a scattering coefficient µs;

• pairs-production and photo-electric effect summed in an absorption coefficient
µa.

The last element to complete the set of data required for FRENETIC is the diffusion
coefficient Dγ. Serpent-2 does not provide an estimation for the diffusion coefficient
for photons, thus an approximation for it must be adopted with the available data.
Assuming that photons are well treated by a single group diffusion equation, a first
approximation of Dγ can be formulated using the P1 definition as

Dγ = 1
3 (µt − µs,1)

(3.16)
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where µt is the total attenuation coefficient as the sum of the above-defined scat-
tering and absorption coefficients, and µs,1 is the first moment of the scattering
coefficient. Due to the lack of information about the scattering moments, the diffu-
sion of photons is assumed to be isotropic and the previous definition degenerates
in:

Dγ = 1
3µt

(3.17)

Although this definition is correct in the framework of photon modelling by diffusion
theory, other studies have investigated the dependency of the diffusion coefficient
on the absorption coefficient. In [37], an alternative definition is exposed and the
diffusion coefficient is assumed to be independent on the absorption coefficient. In
conclusion, the definition here used to retrieve the Dγ is

Dγ = 1
3µs

(3.18)

Photon flux distribution and spectral analyses

In Fig. 3.22 the energy distributions of photons inside the main coarser regions
adopted for neutrons are shown, (without the refinement proposed in Table 3.15)
to allow a consistent comparison. Scattering phenomena (Rayleigh and Compton)
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Figure 3.22: Photon spectra in the EBR-2 integrating in the SIUs used for neutrons.

are evident at lower energy than 10-1 MeV. The stainless steel elements present a
larger probability to have photons with energy in the range of (10-1, 1) MeV, which
is reasonable with respect to the related distribution of neutrons in the same range.
Regarding the energy range of fast fission, Serpent-2 associates a γ ray release in
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places where fission happen, therefore the spectrum related to the active region
follows with quite accuracy the one of neutrons in the active region reported in
Fig. 3.20. It is also evident that the pairs-production is negligible, since there are
no depressions around 1.022 MeV in the all considered regions.

Regarding the spatial distribution of photons, in Fig. 3.23 the distribution of
photon flux is shown, in order to how particles are propagated. To conclude the dis-

Figure 3.23: Photon distribution in the EBR-2, normalised on the maximum.

cussion on the spatial distribution, the coarse regions (Table 3.15) used for neutrons
results also suitable for the photons attenuation coefficient generation: by means
of the same structure, the photon production cross sections are exactly calculated
where the photons are emitted, and then they are propagated in such a way to well
represent the γ heat deposition, especially in SST-K and radial reflector elements.

3.2.7 Group-Constant-Universe generation optimisation
After illustrating the method to generate the attenuation coefficients, the second
criterion for the spatial homogenisation is assessed. The general idea is kept: the
division is performed by separating the non fissile regions in the SA classes from
their active portions (along the axis), and the cold assemblies are treated separately
(in the radial pattern). A second step in the discretisation has been introduced,
taking advantage from the common universes in which the materials are defined.
The coarse regions reported in Table 3.15 are further divided among the SA classes.
In fact, Serpent-2 performs the scoring for the homogenisation in a universe each
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time it is located in a cell of the computational domain. This second level of
analyses arises from:

• avoiding the definition of SIUs to collect results in whole core, to reduce the
impact on memory consumption and on the calculation time;

• avoiding the integration among mixtures that are sensible different in a single
domain. An example is the axial reflector, mainly in stainless steel and the
plenum, in which helium is present.

Therefore, the inner core coarse region has been expanded into sub-regions, aim-
ing to better describe each single SA class. This expansion is reported in Ta-
ble 3.16. To better understand how the generation is thus performed, the case of

Table 3.16: EBR-2 finer spatial definition for the generation of integral nuclear data
for neutrons and photons.

Assembly class Domain Sub-domain

Fuel

Lower reflector MARK-IIA, MARK-IIAI (full/half)
Active region (GCU) MARK-IIA, MARK-IIAI (full/half)

Plenum MARK-IIA, MARK-IIAI (full/half)
XETAGS

Upper reflector MARK-IIA, MARK-IIAI (full/half)

HWCR

Lower reflector
Active region (GCU)

Poison
Plenum

Upper reflector

SR
Lower reflector

Active region (GCU)
Upper reflector 1-2

Dummy SST-K, X320C, XY16

Reflector Radial
Blanket

Instrumented XX09/XX10
Lower reflector

Active region/Dummy
Upper reflector

fuel is illustrated: the lower reflector of the fuel assembly is common to MARK-
IIAI/MARK-II, therefore the generation of the cross sections (and photons data)
can be performed in each lower reflector of each MARK-IIA assembly and MARK-
IIAI (full/half). At the end of the calculation, there are:

• a set of nuclear data for the MARK-IIA lower reflector, resulting from the
integration of the scoring in each assembly of the MARK-IIA class
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• a set of nuclear data for the MARK-IIAI lower reflector, resulting from the
integration of the scoring in each assembly of the MARK-IIAI class;

This is consistent with the considerations about particles distributions, since the
effects due to the position is far less significant, but the scoring results more homo-
geneous and representative of the heterogeneity in the core (both for photons/neu-
trons).

3.2.8 Generation of energy deposition coefficients for neu-
trons and photons

Serpent-2 does not provide the same routines for the photons generation data as
well for neutrons. Therefore, an ad hoc procedure to get information about their
production and released energy has been elaborated. To calculate an effective
photons production cross section due to neutrons interactions, the strategy is:

1. to define a detector to score the reaction rate (per universe) of photon pro-
ductions by neutrons;

2. to define a detector to score neutron fluxes in the six energy group structure;

3. to perform the division to get the cross section.

The reaction rates estimation for this kind of reaction is calculated by Serpent-2
as:

R(n,γ),g = 1
V

∫︂
V

dr
∫︂ Eg

Eg−1
dE ′Σn,γ(r, E ′)ϕ(r, E ′) (3.19)

where the Σn,γ(r, E′) corresponds to the MT = -5 with respect to [38]. The corre-
sponding neutron flux is:

ϕg = 1
V

∫︂
V

dr
∫︂ Eg

Eg−1
dE ′ϕ(r, E ′) (3.20)

For both equations, the volume V is set to 1, to have a total reaction rate instead
of a reaction rate density. Performing the division, the Σ(n,γ),g is obtained:

Σ(n,γ),g =

∫︂
V

dr
∫︂ Eg

Eg−1
dE ′Σn,γ(r, E ′)ϕ(r, E ′)∫︂

V
dr
∫︂ Eg

Eg−1
dE ′ϕ(r, E ′)

= R(n,γ),g

ϕg

(3.21)

By means of this, the few-group (n, γ) cross sections production set can be calcu-
lated for each material (universe).

After the calculation of production cross sections, the amount of energy de-
posited by neutrons and photons must be evaluated. Serpent-2 presents several
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models to assess the energy deposition of particles [39]. For the present study,
the adopted model foresees a coupled calculation NE/PH (mode 3). In general,
Serpent-2 imposes the normalisation on the total power with the next relation:

PTOT = Pf + Pn,K + Pγ,K (3.22)

where:

• Pf is the fraction due to the proper energy of fission plus the delayed contri-
butions in the fission site;

• Pn,K is the thermal power provided by the neutrons as they travel and deposit
their energy when absorption occurs;

• Pγ,K is the thermal power provided by the photon as they travel and deposit
their energy when absorption occurs.

In order to not to lose the delayed contributions of β and γ energy, the option to
include in the fission site these energies has been set. In this way, the only fraction of
the total available energy when fission happen is in charge to neutrons and photons
KERMA and their energy when they are absorbed after travelling in the reactor.
This estimation is performed setting a detector for the total energy generated, with
the response function MT = -80. Results of this estimator are given in thermal
power for each universe. A distinction between photons and neutrons energy grid
must be done: the neutrons are treated according to the six energy group for
the GCU calculations, whereas the photons are mono-kinetic. This implies that
Serpent-2 calculates six values of thermal power in each material for neutrons, and
one single value for the thermal power in each material due to photons.

To be useful for the FRENETIC code, these contributions must be attributed
to some energy-per-unit-length coefficient. In fact, the calculation of thermal power
in the tool is performed using the same structure of the fission power definition:

P =
Ng∑︂

g=1

∫︂
V

drEf,g(r)Σf,g(r)ϕg(r) (3.23)

where the product Ef,g(r)Σf,g(r) has the unit of MeV/cm. Therefore, the energy es-
timated by Serpent-2 in a certain universe is used to define this equivalent KERMA
coefficient for photons and neutrons [40]. For these results the MT = -4 has been
used for neutrons, and for the photons the MT = -26. Starting from the Serpent-2
results, the equivalence is obtained as:

KF RN
n,g =

KSRP
n,g

ϕg

(3.24)
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where KSRP
n,g is the thermal power deposited in the material in the g-th group.

Analogously, for the photons KERMA in FRENETIC:

KF RN
γ =

KSRP
γ

ϕp

(3.25)

according to have one single group for the data collapsing. The mono-kinetic photon
flux is obtained by defining a proper detector to score the flux in each material
between the energy range of 100 keV and 20 MeV, as Serpent-2 has the cut-off of
photon libraries at 100 keV:

ϕp =
∫︂

V
dr
∫︂ 20 MeV

100 keV
dE ′ϕp(r, E ′) (3.26)

3.3 EBR-2 results for the NE/PH coupled simu-
lation

Here the results of calculations performed with FRENETIC are shown. The bench-
mark is conducted by comparing the integral results with respect to the ones of
Serpent-2 and, as a consequence, the evaluation of the accuracy of the spatial dis-
cretisation for the homogenisation is assessed. A first simulation in FRENETIC
is set without considering the external sodium in the blanket periphery (Scenario
A). In a second step, an additional layer of sodium has been included nearby the
blanket FAs, in order to limit the geometry discrepancies between the two models
(Scenario B). Finally, the optimisation of the group constant generation is com-
pleted with a finer discretisation of the blanket, and a coupled simulation NE/PH
is performed with the FRENETIC code (Scenario C).

3.3.1 Purely NE simulation performed by FRENETIC in
steady state condition: Scenario A

In Scenario A, the simulation in FRENETIC has been set up by creating the ge-
ometry according to the mesh used in Serpent-2 excluding the slender volume of
sodium surrounding the blanket. The core pattern is shown in Fig. 3.24. The leg-
end entries as CMP, CMF and CMA mean, respectively, Core MARK-IIAI partially
loaded, Core MARK-IIAI fully loaded and Core MARK-IIA, whereas RIB is the
acronym for Reflector in the Blanket. Notwithstanding the same material of the
radial reflector, these elements experience a quite different flux with respect to the
ones in the radial reflector, therefore they have been treated separately.

The axial discretisation is performed following the logic reported in Table 3.16
and shown in Fig. 3.25. It is noteworthy the fact that experimental drivers X402,
X412A and XETAGS, although they contain the same materials that constitute the
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Figure 3.24: EBR-2 core pattern in FRENETIC simulation in Scenario A.

lower/upper reflectors of the most common core assemblies, have been associated
to MARK-IIA/I. The black lines delimit the coarse mesh of FRENETIC along the
axial direction. To refine the mesh, a finer grid has been used to further discretise
the coarse region, paying attention not to have small optical regions compared with
the mean free path of neutrons [26].

The multiplication eigenvalue calculated by FRENETIC, in this scenario, is
compared with the one of Serpent-2 in Table 3.17, whereas the relative error between
the respective fission power distributions is shown in Fig. 3.26.

From the data provided by Serpent-2, the contributes to the total thermal power
are reported in Table 3.18. The difference between the two values reported Ta-
ble 3.17 in can be explained with the different boundary conditions (lack of sodium
in FRENETIC) between the two models and with the approximation made in the
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Figure 3.25: EBR-2: axial subdivision of materials in the FRENETIC simulation.
The labels in the legend derive from Serpent-2.

Table 3.17: Comparison between the effective multiplication eigenvalues calculated
by FRENETIC and Serpent-2 in a pure NE simulation on the EBR-2 reactor.

keff,FRN keff,SRP ∆keff

0.98946 0.98786(2) 160 pcm

Table 3.18: Contributions to the total thermal power calculated by Serpent-2.

Thermal Power [MW]

Pfiss 54.58
Pn,K 0.50
Pγ,K 4.92

PTOT 60.00
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Figure 3.26: Comparison of the thermal fission power of results provided by FRE-
NETIC and Serpent-2. The power computed by the deterministic code has been
normalised on the fission power reported in Table 3.18.
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blanket. The active length of the blanket, as shown in Fig. 3.15, was included
between two other regions: the foot of the blanket driver (stainless steel) and the
upper part where sodium is the major component. To avoid bad statistics in those
peripheral regions, the generation of the data set has been performed on the entire
volume. Therefore, the collapsing volume used in Serpent-2, thus FRENETIC, is
the one reported in Fig. 3.25 (BLK_AL). Although the reaction rates have been
preserved since there is accordance on the generation (Serpent-2) and on the inte-
gration of reaction rates (FRENETIC), this approximation behaves as a dilution
of fertile material with respect to the spatial effects. The discrepancy of the flux
nearby the boundary is caused by the different geometry considered by the two
codes. In fact, the computational domain of FRENETIC is delimited exactly by
the last ring of FAs, leading to a strong gradient of the flux on the boundary. On the
contrary, the Monte Carlo model presents a slender volume of sodium (Fig. 3.14),
moving further away the frontier from the blanket.

3.3.2 Purely NE simulation performed by FRENETIC in
steady state condition: Scenario B

Having observed great discordance close to the boundaries between the two codes,
the geometry of FRENETIC has been expanded by adding a representative volume
of sodium which was already included in Serpent-2 and was initially neglected.
For an even better consistency between the two simulation, the Serpent-2 model
has been slightly changed with respect to Fig. 3.14. The new setup of the model
calculated by Serpent-2 is reported in Fig. 3.27. The new setup for the FRENETIC
code is shown in Fig. 3.28. In this new configuration the domain is expanded with
the external sodium, and the reflector has been further refined into 4 hexagonal
rings in order to better describe the flux gradient among the energy groups. As a
consequence, a new set of cross section data for neutrons have been calculated as
well as for the external sodium. In this condition the agreement with Serpent-2 for
the thermal fission power is improved, as shown in Fig. 3.29. In the last ring of the
blanket, neutrons are travelling at low energy; indeed, as reported in Table 3.12,
the last group indicates a mean free path in the order of ∼ 1 cm. Therefore,
the addition of an external sodium layer which is much larger than the mean free
path of particles reduces the leakages as many outgoing neutrons experience back-
scattering. Globally, the error on the fission power is thus reduced, improving the
accordance in the inner core too.

In order to complete the discussion on the neutron flux, the comparison of
results calculated by FRENETIC and Serpent-2 is depicted in Fig. 3.30. First,
the discrepancies in the blanket are reasonably caused by having homogenised the
whole region in a single domain. In fact, as the average energy of neutrons decreases
(moving towards low energy groups), the distribution calculated by FRENETIC
is marginally under estimated with respect to Serpent-2. This happens since the
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Figure 3.27: New Serpent-2 model for the generation of collapsed data for the EBR-
2 reactor with the external sodium.
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Figure 3.28: Expanded mesh for the FRENETIC code for the simulation of the
EBR-2 reactor in Scenario B.
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Figure 3.29: Comparison between the fission power computed by the FRENETIC
with respect to the one calculated by Serpent-2 for the EBR-2 reactor in Scenario
B.

blanket FAs nearby the reflector are exposed to a neutron flux which is energetically
different from the ones at the core boundaries. Second, the flux shape calculated
by FRENETIC is slightly over estimated in the reflector. This is confirmed by the
radial flux distribution, showed in Fig. 3.31 for the SAs from 1 to 14. The reflector
is present at SA 7 to 10, and the flux is always bigger than the one simulated
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(a) (b)

(c) (d)

(e) (f)

Figure 3.30: Comparison between the neutron flux computed by FRENETIC and
Serpent-2 on the few-group energy structure in Scenario B.

by Serpent-2. To further improve the concordance between the two tools, a more
detailed scenario for FRENETIC has been studied, and the results are showed in
Section 3.3.3.
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(a) ϕ1 (b) ϕ2

(c) ϕ3 (d) ϕ4

(e) ϕ5 (f) ϕ6

Figure 3.31: Comparison between the neutron flux computed by FRENETIC and
Serpent-2 on the few-group energy structure for a selected number of FAs. Serpent-
2 values are in black lines, whereas the FRENETIC ones are in red.

3.3.3 NE-PH simulation performed by FRENETIC in steady
state condition: Scenario C

In this last scenario, the computational domain in Serpent-2 is the same reported
in the previous section (Fig. 3.27). The new setup in FRENETIC includes the
sub-division of the blanket into 5 rings, in order to improve the description of
local effects due to slowing down and capture events. The mesh for FRENETIC is
illustrated in Fig. 3.32.

In Table 3.19, the eigenvalues for the three scenarios are summarised. The
agreement increases as the collapsed cross sections are generated on smaller volume,
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Figure 3.32: Computation mesh for FRENETIC including the refinement of the
blanket in Scenario C.
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where the flux does not present great azimuthal gradients. The incisive improve-

Table 3.19: Comparison among the effective multiplication eigenvalues calculated
by FRENETIC and Serpent-2 for the EBR-2 reactor in Scenarios A, B and C.

Scenario keff,FRN keff,SRP ∆keff

A 0.98946 0.98786(2) 160 pcm

B 0.98916 0.98790(2) 125 pcm
C 0.98909 118 pcm

ment has been obtained by adding the external sodium. In this way, the reflection
caused by sodium has been taken into account in the periphery of the blanket,
moving further away the boundary condition (incoming neutron current equal to
zero) imposed by FRENETIC on the frontier. Moreover, in Scenario B the reflec-
tor has been refined to better detail its gradient at lower energy groups (Fig. 3.31e
and Fig. 3.31f, black lines). Moving to Scenario C, the comparison of the thermal
fission power calculated by FRENETIC against the one of Serpent-2 is reported
in Fig. 3.33. With reference to Fig. 3.29, this last result shows a good agreement
with Serpent-2. The average error in the inner core region is very low, with some
exceptions due to the spatial homgenisation. For instance, the FA located in the
position 7A5 is a MARK-IIAI partially loaded that has been homogenised with
other MARK-IIAI FAs. The latter are positioned for the major part in the centre
of the core, where the fast flux is dominant. Nearby the reflector, instead, neutrons
undergo scattering phenomena due to stainless steel, thus it is reasonable to assume
that the energy distribution of neutrons here is quite different when compared to
the centre. As a consequence, there is a substantial spectral difference among that
FA and the others.

In the blanket, the relative error is lower than the previous scenarios. The
finer sub-division presents a more homogeneous distribution of the error along each
hexagonal ring, since neutrons emerging from the reflector have smooth distribu-
tion. At the same time, the local effects are preserved, since the blanket FAs
localised in the neighbouring of the reflector are significantly different with respect
the ones on the border. This is confirmed by the comparison of flux calculated
for this scenario, taking again Serpent-2 as a reference (Fig. 3.34). The overall
error is decreased, especially in the blanket FAs far from the boundary (Fig. 3.34a,
Fig. 3.34d), whereas in the radial reflector the overestimation at lower energies is
still present, compatible with the approximation performed by the diffusion theory
(Fig. 3.34e).

With regards to photons, the reaction rates of γ production due to neutron
interactions are shown in Fig. 3.35. Since in FRENETIC the production of γ is
proportional to the neutron flux by means of the cross section in the gth group, the
overestimation located in the reflector is clearly visible also in the photon source.
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Figure 3.33: Comparison between the fission power computed by the FRENETIC
with respect to the one calculated by Serpent-2 for the EBR-2 reactor in Scenario
C.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.34: Comparison between the neutron flux computed by FRENETIC and
Serpent-2 on the few-group energy structure in Scenario C.
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The spots in the first group (Fig. 3.35a) are caused by the spatial homogenisation.

(a) (b)

(c) (d)

(e) (f)

Figure 3.35: Comparison between the photon production rate computed by FRE-
NETIC and Serpent-2 on the few-group energy structure in Scenario C.

In fact, the first ring of the radial reflector is sharply coupled with the inner region of
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the core; the heterogeneities are negligible nearby the core centre, but they become
predominant in proximity of the reflector. Therefore, if the homogenisation is
performed according to Fig. 3.32 for the material "REF1", the effective cross section
is conditioned by all this non-uniformity in the spatial distribution. A proof for
this consideration can be found in the flux distribution provided by Serpent-2 for
some assemblies of the ring REF1, shown in Fig. 3.36. The blue line represents the
integrated flux in the first group for the assemblies of the reflector according to the
index reported along the x: the assembly 539 (7A1 for the convention proposed
by ANL) presents an imbalance with respect to the other elements. Therefore, the
average value for the first group will overestimate that local value, leading to the
hot spot in Fig. 3.35a.

E
1

E
2

E
3

E
4

E
5

E
6

Figure 3.36: Flux distribution calculated by Serpent-2 on the six-group energy
structure where the cross sections for the material "REF1" are generated.

With respect to the other groups (Fig. 3.35d and Fig. 3.35e), the reaction rates
calculated by FRENETIC are overestimated in the inner core. These discrepancies
arise from the spatial homogenisation of the Σn,γ, as already illustrated in Fig. 3.36.
Indeed, although there is an good accordance among the fluxes in the few-groups
energy structure, the collapsing of the neutron production cross section is performed
by merging different core elements with different neutron distributions (especially
near the reflector). The overestimation is, however, of order of ∼ 2-3 %, whereas
the effect in the reflector is more evident.

Concerning the photon flux ϕγ, the relative error between the two codes is
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pointed out in Fig. 3.37. As expected from the reaction rates for the γ production,

Figure 3.37: Comparison between the photon flux calculated by FRENETIC and
Serpent-2 in Scenario C for the EBR-2 reactor.

the most evident error lies in the radial reflector. In fact, the overestimation in this
region can be related directly with the of neutron fluxes calculated by Serpent-2
FRENETIC. The latter overestimates the neutron distribution in the stainless steel
with respect to Serpent-2, leading to the higher production observed by Fig. 3.35.

In addition, the blanket presents a lower streaming of photon in FRENETIC,
whereas the inner core has a good agreement with Serpent-2. As a second point,
there is a lack of information about the photon multiplicity production. In fact,
Serpent-2 does not provide as output an equivalent ν̄n,g for the photon production:
the detector used for the estimation of the reaction rate of γ production, indeed,
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provides the reaction rate of (n, γ) interaction, rather than the total production of
photons.

FRENETIC treats the photons with same physics of neutrons (with only dif-
ference that the Dγ is isotropic): the (n, γ) interactions act as the fission for the
neutrons. The neutron density production when a primary neutron undergoes fis-
sion is in the form of

ν̄n,gΣn,gϕg (3.27)
with ν̄n,gΣn,g being the data provided to FRENETIC as input. Similarly, the photon
density production is in the form of

νγΣn,γϕγ. (3.28)

However, Serpent-2 provides only Σn,γϕγ, while it is not possible to obtain the
photon multiplicity νγ. The consequent underlying assumption in FRENETIC is
that the each (n, γ) interaction produces exactly one photon.

Table 3.20: Comparison among the relevant photon quantities calculated by FRE-
NETIC and Serpent-2.

Parameter Serpent-2 FRENETIC Ratio (SRP/FRN)

(n, γ) total reaction rate
[︂γ

s

]︂
2.95659E+19 3.1317E+19 0.94

total photon flux Φγ

[︂γ cm

s

]︂
1.25937E+20 4.5797E+19 2.75

- Table 3.20 shows that the average expected multiplicity is 2.75 photons per in-
teraction. However, it is important observing that the photon multiplicity is largely
variable throughout the core, as it is an inherent property of the nuclides, exactly
as the fission neutron multiplicity. Moreover, the photon multiplicity features an
energy dependence that should be considered too: as a consequence, the material-
dependent values should be consistently condensed with the neutron spectrum.

This results in a deformed shape of photon flux, leading to a significantly differ-
ent photon deposited thermal power with respect to Serpent-2. The relative error
is shown in Fig. 3.38. In turn, this issue affects the normalisation for the different
contributions to the total power. Since the thermal power deposited by photons is
underestimated by FRENETIC, especially in the blanket, the amplitude of neutron
flux is changed accordingly in order to be compliant with the normalisation at 60
MW. Furthermore, a change in the flux amplitude influences as well the thermal
power due to KERMA of neutrons, as reported in Table 3.21.
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Figure 3.38: Comparison between the photon thermal power calculated by FRE-
NETIC and Serpent-2 in Scenario C for the EBR-2 reactor.

Table 3.21: Comparison among the contributions to the total thermal power com-
puted by FRENETIC and Serpent-2.

Parameter Serpent-2 [MW] FRENETIC [MW]

Pfiss 54.58 57.92

Pn,K 0.50 0.54

Pγ,K 4.92 1.54
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3.4 Conclusions and perspectives
The activity conducted on the EBR-2 reactor has been addressed with the purpose
to carry on the verification of the neutronic module of the FRENETIC, including
also the photon heat deposition. Indeed, the FRENETIC code is able to simulate
also the photon diffusion, by means of the same multi-group diffusion equations
used for neutrons.

The study here reported has considered the test-case of the EBR-2, a SFR. On
this reactor, an experimental campaign were performed to validate computational
tools, thanks to a CRP proposed by IAEA. One of this test, namely the SHRT-45R,
treated an unprotected LOFA to demonstrate the inherent physical mechanisms to
passively shutdown the reactor.

During the SHRT-45R, the core was partially depleted and heavily instrumented
to retrieve experimental data, as sodium temperature. Several SA typologies were
loaded inside the reactor (fuelled, dummy assemblies, experimental and so on and
so forth), different in their internals and fuel composition.

To perform the steady state simulation in FRENETIC, including photon diffu-
sion, a set of cross sections for neutrons and photon data were needed. The Monte
Carlo Serpent-2 has been used to generate the required data by means of a 3D
full-core model at SA level. The high level of heterogeneity has been systematically
treated, aiming to accurately preserve the thermal power generation: first, starting
from the data collected in the framework of the CRP, the SAs have been classified
with respect to their function and geometry; second, the material inventory has
been reconstructed, including the burnup in each core element; third, preliminary
spectral and spatial analyses have been conducted with Serpent-2 to identify a suit-
able few-group energy grid structure to collapse the neutron cross sections. This
energy grid has been used to calculate effective parameters for neutrons, with par-
ticular attention to the spatial aspects of the homogenisation. A first attempt of a
coarse spatial grouping has been used for neutron: results of this homogenisation
have suggested the necessity to refine the spatial scheme for the collapsing, lead-
ing to finer spatial (radially/axially) schemes to generate the homogenised cross
sections.

After having identified a suitable spatial arrangement, a methodology to com-
pute the energy deposition by neutrons and photons in terms of fission power and
KERMA has been developed. This was needed since Serpent-2 is not well opti-
mised to generate the required homogenised photon data as well as for neutrons.
By means of the Monte Carlo model used for the generation of cross sections, the
single contributions to the total thermal power for both particles have been calcu-
lated. These information have been post-processed to generate the input for the
FRENETIC code, as well as the attenuation coefficients for photons.

These data have been used to build a set of simulations in FRENETIC, to
firstly check the accuracy of the energy/space homogenisation for neutrons, and
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secondly to perform the coupled calculation with photons. Results have shown
very good agreements between the thermal fission power (and the related neutron
flux) computed by the deterministic code and the transport one. Successive spa-
tial refinements have been introduced in both codes, to take into account other
phenomena as the scattering due to external sodium surrounding the core or the
spatial gradient in the reflector/blanket.

The overall outcomes in term of multiplication eigenvalues are in good accor-
dance between the two tools, confirming the accuracy in the homogenising proce-
dure to generate the effective data. The approach used for the energy deposition
provides good results for the neutron KERMA, whereas for photons some difficul-
ties have been highlighted. Although the reaction rate of (n, γ) is correctly assessed
by both codes, Serpent-2 does not provide the photon multiplicity production for
FRENETIC. This lack of information leads to an underestimation of the photon
flux, affecting also the other contributions to the total thermal power.

Therefore, in the future the possibility to calculate the photon multiplicity (as
well as for neutrons when fission happens) by Serpent-2 will be addressed to cor-
rectly retrieve the total power. With this new data, the validation of the NE/PH
module of FRENETIC will be completed by using the experimental measurements
of the SHRT-45R, to correctly simulate the transient with FRENETIC in a multi-
physics framework (NE+PH+TH) when neutrons and photon are evaluated with
the inclusion of thermal-hydraulic feedback.
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Chapter 4

Preliminary development of a
DOC for deformed fuel bundles in
Lead Fast Reactors: the EFIALTE
code

In the framework of the European joint project PASCAL, the necessity to develop
fast computational tools aiming to support the design phase of the ALFRED core
is currently ongoing. One of the tasks in which ENEA and the CIRTEN consortium
are involved regards the development of a DOC for the assessment of the SC mix-
ing phenomena which occur in a deformed fuel bundle (occurring, for instance, in
accidental condition). This tool, namely EFIALTE (Fig. 4.1), is part of the suite of
DOCs (TIFONE, ANTEO+ and TEMIDE) and their development is coordinated
by ENEA Bologna.

Figure 4.1: Inferno, Canto XXXI: Ephialte in manacles among the giants.
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The EFIALTE purpose is to assess the distribution of temperature, pressure
and mass flow rate in a hexagonal closed fuel assembly, accounting for the coupling
between the transverse and axial momentum equations. The state-of-the-art for
this assessment is represented by ANTEO+, a SC code where the coupling among
the SCs (Fig. 4.2) is mainly due to turbulent momentum exchange and/or buoyancy,
but not to the localised pressure drops which implies a net mass exchange [6]. This
approximation is well justified by the validation domain of ANTEO+: the latter
aims to help the design in the nominal condition of the fuel bundle, or, at BOL.
In fact, important mixing phenomena can occur not only in accidental condition,
but also at the EOL condition when the reactor has experienced a certain level of
thermo-mechanical stresses.

In this chapter, the general derivation for deformed fuel bundles is elaborated
starting from the mass and axial/radial momentum conservation. The mathemati-
cal model is then cast into a matrix form in order to generalise as much as possible
the treatment of the geometry. A preliminary application to an undeformed test
case is presented, to demonstrate the possibility to solve the coupling among the
sub-channels when a pressure drop among the latter is established.

Figure 4.2: Example of sub-channels coupling in the generic fuel bundle.

4.1 Physical model
Here the physical model for the EFIALTE code is presented. The derivation for
mass and momentum conservation law is treated in their integral form, assuming
the flow as steady state. Consistently with the scope of the EFIALTE code design as
foreseen in PASCAL, the present work is limited to the purely hydraulic modelling,
thus leaving the calculation of the temperature field for future developments. As
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a consequence, the derivation of energy conservation law is not discussed, and the
flow is assumed to be isothermal in the whole domain.

To retrieve the equations for mass and momentum, three generic SCs i, j and
k are considered. The geometry is presented as undeformed to not to complicate
the discussion, although the quantities are evaluated in the generic condition.

Figure 4.3: Three generic SCs i, j, k for the evaluation of diversion mass flow rates.

4.1.1 Mass law conservation
The mass conservation law allows to perform a balance in the SC i when it exchanges
mass towards the gaps of the neighbouring SCs. To do this, a control volume with
height dz is considered for the SC i. The latter faces the SCs j and k as reported
in Fig. 4.4. The variation of mass flow rate in the SC i depends on:

Figure 4.4: Axial mass balance on the generic control volume on the SC i.

• turbulent mixing mass flow rate w
′
ji and w

′
ik, and the reciprocal contributes

w
′
ij and w

′
ki;
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• diversion mass flow rate wji and wik;

In order to correctly retrieve the net exchange of mass flow rates among the SCs
gaps, a sign convention must be adopted. The SCs of j type gives mass flow rates
to the SC i, whereas the SCs of k type receive mass flow rate from the channel i.
Since the turbulent mixing mass flow rates are equal in absolute value when they
are averaged on a sufficient time interval (as in the steady state condition), their
net contribution to the channel i is zero. Making a balance on the control volume,
the mass conservation law is obtained as:

ṁi + dmi

dz
dz − ṁi = wjidz − wikdz (4.1)

where the indexes ji mean that the mass flow rate goes from j to i and it is positive,
and the index ik indicate that the mass flow goes from i to k ans it is negative.
Therefore, for the channel i, the mass conservation law can be expressed as:

dmi̇
dz

=
NSC∑︂
j=1

wij (4.2)

where NSC is the number of SCs and the negative sign is associated to the convention⎧⎨⎩wij ≥ 0 if i < j
wij < 0 if i > j

(4.3)

4.1.2 Axial and transverse momentum conservation laws
The momentum conservation law describes the axial and transverse momentum
of the coolant in each SC. The axial momentum variation for a given SC is due
to gravity, friction due to the portion of the wet perimeter in the SC, localised
pressure losses and net transverse momentum exchange with neighbouring SCs. The
latter can be caused by either net mass exchange (with the consequent momentum
transport) or by mixing effects (which do not imply a net mass exchange).

Axial momentum conservation

The axial momentum conservation law considers the fluxes associated to the diver-
sion mass flow rates and forces as gravity and continuous friction (See Fig. 4.5).

The local balance on the SC i leads to:

piAi,z − (pi + dpi)Ai,z+1 − Fidz − ρigVi =[︂
fDwikuidz + fTw

′

ikuidz + fTw
′

ijui + ṁiui + d(ṁiui)
]︂

+

−
[︂
ṁiui + fDwjiujdz + fTw

′

kiukdz + fTw
′

jiujdz
]︂ (4.4)
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Figure 4.5: Axial momentum balance on the generic control volume on the SC i.

If the last equation is then divided by the dz, the relative pressure loss per unit
length is:

−dpiAi,z+1

dz
= ρig

Vi

dz
+ Fi − pi

Ai,z

dz
+ pi

Ai,z+1

dz
+ fDwikui+

+fTw
′

ik(ui − uk) + fTw
′

ij(ui − uj) − fDwijuj + d(ṁiui)
dz

(4.5)

Here the mass conservation law is introduced for the last contribution. In fact:
d(ṁiui)

dz
= dmi̇

dz
ui + mi̇ dui

dz
(4.6)

where the first term is expressed by 4.2, transforming the former equation in

dmi̇
dz

ui + mi̇ dui

dz
= (wji − wik)ui + mi̇ dui

dz
= uiwji − uiwik + mi̇ dui

dz
(4.7)

The coolant can increase its speed if there are either a change in the cross section
of the SC, or a variation in its density (conversely for the specific volume). These
effects are taken into account by the derivative of velocity with respect to the axial
direction:

dui

dz
= dṁ

dz

vi

Ai

+ mi̇ vi
d

dz

(︃ 1
Ai

)︃
+ mi̇

Ai

dvi

dz
=

= (wji − wik) vi

Ai

+ mi̇ vi

∆z

[︄
1

Ai,z+1
− 1

Ai,z

]︄
+ mi̇

Ai

dvi

dz

(4.8)
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Here, the derivative of the area along z is approximated by its finite difference,
since the geometry of the SC is known at each axial point. On the contrary, the
evaluation of the Ai in the first and in the third terms of 4.8 requires a further
consideration. In the real condition, the coolant velocity increases/decreases by
decreasing/increasing of the cross section area, which is a continuous function of
the axial length. In this model, all the quantities are calculated in the centroid of
the control volume, as sketched in Fig. 4.6. This is necessary since the velocity

Figure 4.6: EFIALTE centroid of the control volume in the generic SC i.

is different if it is calculated at the inlet, at the middle or at the outlet of the
control volume due to the changing of the cross section area. To avoid under/over
estimation, the velocities can be evaluated in the centroid, assuming an average
area given by:

Ai = Vi

∆z
(4.9)

This is also consistent also in the undeformed condition, where the volume Vi is
constant and the Ai is equal to the Ai,z = Ai,z+1.

The specific volume is function of pressure and the hentalpy or, in other words,
its thermodynamic state. Therefore,

dvi

dz
= ∂vi

∂p

dp

dz
+ ∂vi

∂h

dh

dz
(4.10)

Combining this result in the 4.5

− dpiAi,z+1

dz
= ρig

Vi

∆z
+ Fi − pi

(︃
Ai,z

∆z
− Ai,z+1

∆z

)︃
+ wikui (fD − 1) +

fTw
′

ik(ui − uk) + fTw
′

ij(ui − uj) + wji (ui − fDuj) +

mi̇
⎡⎣(wji − wik) vi

Ai

+ mi̇ vi

∆z

(︄
1

Ai,z+1
− 1

Ai,z

)︄
+ mi

Ai

(︄
∂vi

∂p

dpi

dz
+ ∂vi

∂h

dhi

dz

)︄⎤⎦
(4.11)
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and the general (i.e. valid for both the deformed and the undeformed case) formu-
lation for the axial momentum conservation law is obtained:

−

⎡⎣Ai,z+1 + ṁiuiρi
∂vi

∂p

⎤⎦dpi

dz
= ρig

Vi

∆z
+ Fi − pi

(︃
Ai,z

∆z
− Ai,z+1

∆z

)︃
+

wikui (fD − 2) + fTw
′

ik(ui − uk) + fTw
′

ij(ui − uj)+

wji (2ui − fDuj) + Aiuiṁi

∆z

(︄
1

Ai,z+1
− 1

Ai,z

)︄
+ m2

i

Ai

∂vi

∂h

dhi

dz

(4.12)

Axial momentum conservation in undeformed geometry

If in the 4.12 the geometry is undeformed, the terms which refer to variation of
the cross section area are equal to zero. In fact, if Ai,z = Ai,z+1 = Ai the previous
equation becomes:

−
[︄
1 +

(︃
mi̇
Ai

)︃2 ∂vi

∂p

]︄
Ai

dpi

dz
= Fi + ρigAi + wikui (fD − 2) +

wji (2ui − ujfD) + fTw
′

ik (ui − uk) + fTw
′

ij(ui − uj) + mi̇ 2

Ai

∂vi

∂h

dh

dz

(4.13)

By dividing the last expression by Ai, the undeformed axial momentum law is
found. If the condition of isothermal is applied, the derivative of enthalpy along z
can be neglected,

−
[︄
1 +

(︃
mi̇
Ai

)︃2 ∂vi

∂p

]︄
dpi

dz
=
(︃

mi̇
Ai

)︃2
fi

Pb,i

2Aiρi

+ ρig+

wikui

Ai

(fD − 2) + wji

Ai

(2ui − ujfD) + fT
w

′
ik

Ai

(ui − uk) + fT
w

′
ij

Ai

(ui − uj)
(4.14)

and considering all the possible SCs j that are facing the SC i, the latter equation
becomes:

−
[︄
1 +

(︃
mi̇
Ai

)︃2 ∂vi

∂p

]︄
dpi

dz
=
(︃

mi̇
Ai

)︃2
fi

Pb,i

2Aiρi

+ ρig+

1
Ai

NSC∑︂
j=1

fTw
′

ij (ui − uj) + 1
Ai

NSC∑︂
j=1

⎧⎨⎩wijui (fD − 2) , for wij ≥ 0 i −→ j

wij (ujfD − 2ui) , for wij < 0 j −→ i

(4.15)

Transverse momentum conservation

The transverse momentum takes into account the momentum which is transferred
between a gap from the channel i to a generic channel j. It is a net contribution,
due to a physical movement of coolant mass flow rate due to a pressure difference,
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Figure 4.7: EFIALTE transverse momentum derivation

called diversion mass flow rate. If two adjacentSCs are considered, the distance
between two fuel rods is Sij, whereas the equivalentlength (perpendicular to the
rods) where the diversion mass flow rate experiences a pressure loss is l. With
respect to Fig. 4.7, the difference between the channel i and j is due to:

∆pt = pi − pj = f
l

Dh,i

w2
ij

2A2
t ρi

= f
l

4Sijdz

2dz

w2
ijdz2

2S2
ijdz2ρi

= f
l

4S3
ijρi

wij|wij| (4.16)

where the wij|wij| gives the sign of the pressure drop, At is the transversal area that
the coolant faces, and the Dh,i is the hydraulic diameter of the gap. The difficult is
to find a suitable value for the product fl. Moreover, if the geometry is deformed,
the At can result as twisted with respect to the normal direction of the diversion
mass flow rate. At this point of the study, the geometry is considered undeformed
and the product fl is conservatively considered equal to 0.001.

4.2 Mathematical model
After presenting the general formulation for momentum and mass conservation,
here the mathematical scheme to solve for the diversion cross flow wij is illustrated.
Since this formulation aims to put in a suitable way the coupling between the axial
and transverse momentum to get the coolant mass exchange among the SCs, the
next hypotheses are considered:

• steady state condition;

• the flow is isothermal;
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• the geometry is undeformed;
The general system to be solved is⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dmi̇
dz

=
NSC∑︂
j=1

wij

−
[︄
1 +

(︃
mi̇
Ai

)︃2 ∂vi

∂p

]︄
dpi

dz
=
(︃

mi̇
Ai

)︃2
f

Pb,i

2Aiρi

+ ρig+

1
Ai

NSC∑︂
j=1

fTw
′

ij (ui − uj) + 1
Ai

NSC∑︂
j=1

⎧⎨⎩wijui (fD − 2) , for wij ≥ 0 i → j

wij (ujfD − 2ui) , for wij < 0 j → i

pi − pj = f l
4S3

ijρi
wij|wij|

(4.17)

where the first and the second equations solve the velocity field (i. e., the mass
flow) and the pressure field, whereas the third implies the coupling among the SCs.
To solve the two differential equations, a numerical scheme is required. This system
has to be solved for the each SC in each axial point. To assure the unconditional
stability of the numerical scheme, the Implicit Euler method is used for the inte-
gration of the space dependency. Applying the numerical scheme to the previous
differential equations, velocity and pressure fields can be retrieved for each SC as⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

ṁz+1
i = ṁz

i + ∆z

(︄
∆mi̇
∆z

)︄z+1

pz+1
i = pz

i + ∆z

(︄
∆pi

∆z

)︄z+1 (4.18)

where the derivatives of mass flow rates and pressure losses are given by 4.17. In
order not to complicate the discussion, all the quantities from this point onward
are considered to be calculated at z + 1 point.

The conservation of mass and axial momentum are linked among the SCs by the
transverse momentum equation. In fact, the latter describes the net mass exchange
among SCs consequent to the difference of pressure between two adjacent SCs (i, j).
Since the diversion mass flow rate between two contiguous SCs is associated to a
unique interface, the SCs couple (i, j) corresponds to a single k interface, thus a
change of notation can be adopted

wij = wk (4.19)

where the index k corresponds to the index (i, j) of the SCs. As a consequence, the
pressure inside the generic i SC can be written as:

pi = qi +
NK∑︂
k=1

rikwk (4.20)
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where:

• qi is the axial term due to gravity, continuous pressure loss and turbulent
exchange mixing;

• NK is the total number of the interfaces;

• rik is the driver of the transverse exchange towards all the NK interfaces. This
term depends on the relative velocity between two contiguous SCs (i, j).

For the ith SC, the qi contribution is defined as

qi = pz
i −

⎡⎣⎛⎝mi

Ai

⎞⎠2
fi

2Dh,iρ
+ ρg + bi

Ai

⎤⎦⎡⎣1 +
⎛⎝mi

Ai

⎞⎠2
∂vi

∂p

⎤⎦−1

∆z (4.21)

where bi is the ith component of the vector related to the turbulent exchange b
vector. For the sake of compactness, the last definition can be generalised in matrix
form since all the quantities are solved simultaneously at the same axial node. If
NSC is the total number of SCs in the system, the next matrices can be defined as:

a =

⎡⎢⎢⎢⎣
A1
A2
...

ANSC

⎤⎥⎥⎥⎦M =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(︃
m1

A1

)︃2
0 ... 0

0
(︃

m2

A2

)︃2
... 0

... ... ... ...

0 ... ...

(︄
mNSC

ANSC

)︄2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.22)

F =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

(︄
f1

2Dh,1ρ

)︄
0 ... 0

0
(︄

f2

2Dh,2ρ

)︄
... 0

... ... ... ...

0 ... ...

(︄
fNSC

2Dh,NSCρ

)︄

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.23)

G =

⎡⎢⎢⎢⎣
ρg 0 ... 0
0 ρg ... 0
... ... ... ...
0 ... ... ρg

⎤⎥⎥⎥⎦V =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

∂v1

∂p
0 ... 0

0 ∂v2

∂p
... 0

... ... ... ...

0 ... ...
∂vNSC

∂p

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.24)

Regarding the turbulent exchange b, some considerations about the connection
of each SC must be discussed. The topology of the connections gives the relation
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about the convention of mass exchange sign and the number of the interfaces.
First, a matrix which identifies the physical connections (i, e., the interfaces) must
be known. To assess this, a matrix K can be build with NK rows, corresponding to
the number of interfaces. The number of columns is fixed at 2 since the k interface
faces always 2 single SCs: each column contains the index of the SCs across the
interface, with the convention to have i < j. Therefore the number of rows depends
on the geometry of the fuel bundle, and a generic SC can have multiple exchanges
with a different number of interfaces.

By means of the K matrix, the exchange matrix D can be built. The latter
contains the information related to the direction of the mass flow rates, or in other
words, it defines the sign convention of the exchanges. The matrix D has NK rows
as the number of the interfaces, and NSC columns as the number of SCs. For the k
interface, the element dk,i of D is:

• -1 if the SC gives mass flow rate towards the interface;

• 1 if the SC receives mass flow rate towards the interface;

• 0 elsewhere, since only 2 SCs can exchange mass each other on a single inter-
face.

These two matrices are useful to conveniently evaluate the exchange of momentum
and mass, since the selection of the row in the K matrix automatically identifies
which SCsare involved on the k interface, and consequently the matrix D give the
signs of exchange with its element dk,i. An example for D and K is provided in
the next with NSC = 6 and NK = 6:

K =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 2
2 3
3 4
4 5
5 6
1 6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
D =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1 1 0 0 0 0
0 −1 1 0 0 0
0 0 −1 1 0 0
0 0 0 −1 1 0
0 0 0 0 −1 1

−1 0 0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.25)

Concerning the turbulent mixing exchange b, its generic term bi is defined as:
NSC∑︂
j=1

fTw
′

ij (ui − uj) (4.26)

Using the information provided D matrix, the relative velocity between i and j can
be computed as

∆u = −Du (4.27)
if u is the column vector that contains the velocity of coolant in each SC. The
second factor that has to be expressed is the turbulent mixing flow rate w

′
ij. The
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constitutive relations for the numerical values of this matrix will be exposed in
the next section where the closure definitions are reported. For the moment, the
mathematical aspect of this matrix is analysed. The vector wmix has the dimension
of NSC × 1 rows, as well as the turbulent friction factor fT. Therefore, the relation
4.26 can be now written as:

b = DTdiag(∆u)diag(fT)diag(wmix) (4.28)

Finally, the column matrix q can be built as

q = pz −

⎡⎣MF + G + diag(a)−1b

⎤⎦INSC,1

⎡⎣INSC,1 + MV INSC,1

⎤⎦−1

∆z (4.29)

The sign of the generic term is conditioned by the matrix D with the logic
reported in Fig. 4.8. The terms in the lowest level of the flowchart are determined

Figure 4.8: Exchange matrix R logic evaluation with the four formulation for the
rik.

by the sign of the diversion mass flow rate. In fact, according to the 4.17, the
expression of the exchange term can be:
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1. if dk,i is equal to 1:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
rik = ui

Ai

(2 − fD)
⎡⎣1 +

⎛⎝mi

Ai

⎞⎠2⎛⎝∂vi

∂p

⎞⎠⎤⎦−1

for wk ≥ 0

rik = 1
Ai

(2ui − fDuj)
⎡⎣1 +

⎛⎝mi

Ai

⎞⎠2⎛⎝∂vi

∂p

⎞⎠⎤⎦−1

for wk < 0
(4.30)

2. if dk,i is equal to -1:⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
rik = ui

Ai

(fD − 2)
⎡⎣1 +

⎛⎝mi

Ai

⎞⎠2⎛⎝∂vi

∂p

⎞⎠⎤⎦−1

for wk ≥ 0

rik = 1
Ai

(fDuj − 2ui)
⎡⎣1 +

⎛⎝mi

Ai

⎞⎠2⎛⎝∂vi

∂p

⎞⎠⎤⎦−1

for wk < 0
(4.31)

These elements build a sparse matrix R which has the dimensions of NSC × NK,
so in general it is not squared. The pattern of R is the same of the matrix DT

because it is build on the basis of the connection among the SCs. As last step, the
pressure in all SCs of the fuel bundle can be expressed, according to the 4.20, as:

pz+1 = pz + ∆z

⎛⎝∆p

∆z

⎞⎠z+1

=

pz −

⎡⎣MF + G + diag(a)−1b

⎤⎦INSC,1

⎡⎣INSC,1 + MV INSC,1

⎤⎦∆z + Rw∆z

(4.32)

with w as the column vector of the diversion mass flow rates.
To retrieve the transversal exchange, a single couple of SCs (i, j) is concerned.

If the definition 4.20 is written for the SCs i and j, their difference leads to:

pi − pj = qi − qj +
NK∑︂
k=1

(rik − rjk) wk = sl +
NK∑︂
k=1

(rik − rjk) wk (4.33)

where l refers to the specific interface of the couple (i, j). At this point, the trans-
verse equation can be used to substitute the difference between pi and pj. Therefore,
the final expression for the interface l from 1 to NK is given by:

NK∑︂
k=1

(rik − rjk)wk − clwl|wl| + sl = 0 (4.34)

Particular attention must be drawn on this last expression: the l index refers to
a specific interface where the diversion cross flow is evaluated, whereas the index
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k refers to all the interfaces in the domain. Indeed, a single SC can exchange
with different adjacent SCs, since it receives or gives mass and momentum by the
driving term rik towards the related gaps. Therefore, the sum takes into account
the different contributions to the channel i with respect to neighbouring channels
that are exchanging mass and momentum with the others. The index l, which is
included in the range of NK, allows to evaluate the diversion mass flow rate of that
specific interface, considering at the same time the net exchanges with the other
SCs.

Thus, if this equation is written for all the possible l interfaces, a system NK×NK
is obtained, and the transfer matrix T can be defined starting from R. This is
possible since the latter already contains the other physical connections of i and j
when the interface k is solved. The matrix T is equal to

T = R − IPR (4.35)

where the permutation matrix IP is defined starting by the information of K.
Each row of K contains the indexes (i, j) which correspond, respectively, to the
row indexes of R to build the difference (rik − rjk).

Regarding cl and sl, cl is the component of the diagonal matrix C where the
localised pressure drops of the gaps are inserted, and s is the column vector of the
difference of the axial momentum of the generic couple (i, j) according to K :

C =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

f1
l

4S3
1ρ

0 . . . 0

0 f2
l

4S3
2ρ

0
... . . . ...
0 0 . . . fNK

l
4S3

NK
ρ

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
s =

⎡⎢⎢⎢⎢⎣
s1
s2
...

sNK

⎤⎥⎥⎥⎥⎦ (4.36)

Finally, the diversion mass flow rate w can be obtained by solving the next system,
also called CROSSFLOW SCHEME :(︃

T − C|w|
)︃

w + s = 0 (4.37)

4.2.1 Constitutive equations and solution algorithm
The mathematical formulation of the CROSSFLOW SCHEME needs a set of

constitutive equations to complete the definitions of the previous matrices. These
closure relations are necessary to correctly evaluate

• the friction factor fi;

• turbulent mixing mass flow rate w
′
ij in the vector wmix
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since the turbulent and diffusive correction cross flow terms fT and fD are input
data and they vary from 0 to 1. For the friction factor in the axial direction, the
correlation given by [41] is generally suitable for liquid metals flowing in circular
pipe. The physical properties have been take from [6]. The cross section area of
the SC is not circular, therefore the hydraulic diameter must be used:

fi = 0.316
Re0.25

Dh,i

(4.38)

Other correlations shall be implemented in the final version of the code to cover
the entire foreseen validation domain.

Several correlations are available in literature for the turbulent mixing mass
flow rate. In general, this mass flow rate is in the form of:

w
′

ij = βijSijGij (4.39)

where βij is the turbulent mixing parameter which depends on position of the SC
(i. e., the gap), Gij is the average specific mass flow rate of the SCs (i, j). Due to
the dependence of the SC typology (internal, corner or boundary), a more general
relation for this quantity is used for the moment, which is in the form of:

w
′

ij = ρ
ϵ

lij
Sij (4.40)

with ϵ is the turbulent diffusivity and lij is the mixing length, under the hypothesis
to have the mixing momentum length and mixing thermal length as equal. If in the
previous relation the correlation of Rogers and Rosehart reported in [42] is used for
the mixing length, the 4.40 becomes

w
′

ij = K1SijGij
De,ij

Dr

(︂
Reij

)︂−0.1
⎛⎝Sij

Dr

⎞⎠K2

(4.41)

where K1 is 0.0018 and K2 is 1.4 for triangular cells, and Dr is the rod diameter.
The solution algorithm is shown in Fig. 4.9. The solver takes as input the

geometry of the SCs and the temperature on which the physical properties are
calculated (the dynamic viscosity and mass density of lead). On the basis of the
geometry, the interfaces matrix K and the connection matrix D are determined. At
this point, the whole calculation domain is assessed, since the number of axial points
is defined by the user by choosing a spatial discretisation step ∆z. The boundary
conditions are imposed in each SC with the mass flow rate and the pressure. Here
the iterative calculation starts:

1. to solve the spatial point z + 1, a first guess for the diversion mass flow rates
is assumed;
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2. to retrieve the mass flow rate in the node z + 1, the mass conservation law is
solved and the matrix M is composed;

3. the u vector is calculated:

• the friction factor in the axial direction is found;
• the turbulent mass flow rates are determined;
• the relative difference between (i, j) can be built with in the vector ∆u;

4. the axial momentum law is solved for each SC, to construct the matrix R;

5. here the transfer matrix T is computed and the matrix C is summed to it;

6. the diversion mass flow rates are computed in the vector w.

When the point 6 is reached, error checks on pressure and diversion mass flow rates
are performed, and the new values of the diversion mass flow rates are updated in
the first point. It should be noted that in the compute of C, the issue of the non-
linearity of localised pressure drops with respect to the solution vector w is solved
by using the previous value of the diversion mass flow rate. This is justified by the
expected small changes of the diversion mass flow rates between an iteration and
another. To assure a low level of oscillation of the solution for pressure and mass
flow rates, the new values are under-relaxed to enhance the speed of convergence.
The iterations are repeated until both errors are lower than the imposed tolerance,
then the calculation is moved to the next axial point.

Although this procedure has been built for the undeformed condition, the ex-
tension to the deformed condition is straightforward: the geometry has to be built
according to the foreseen deformation, and in the matrix formulation the terms
related to the variation of the areas have to be included. Moreover, the coupling
scheme between the inlet pressure and outlet pressure is foreseen: in this study, the
inlet pressure is imposed together with the mass flow rate. In the practice, the inlet
mass flow rate is known as well as the outlet pressure at the end of fuel bundle.
Therefore, the inlet pressure must be found according to have the same value of
pressure at end of SCs. In other words, a relation between the exit pressure and
inlet pressure has to be included in the model, to allow the flowing of the imposed
mass flow rates for each SC. Notwithstanding these open-issues, in the next section
a test case is shown with an application to a domain composed by 6 SCs.

4.3 Test case: undeformed 6 sub-channels do-
main

The geometry is composed by 7 pins in a regular triangular lattice. With respect
to Fig. 4.10, there are 6 SCs with 6 internal interfaces (orange ones), while the
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Figure 4.9: CROSSFLOW SCHEME solution alghorithm in undeformed geoemtry.
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Figure 4.10: Test case for the EFIALTE solver in undeformed condition.

external ones are assumed impenetrable. Each pin has a diameter of 0.525 cm and
the pitch is 1.386 cm. The axial length is 10 cm and the spatial discretisation step
is ∆z = 1E-4 m. In this configuration, the matrices D and K are in:

K =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 2
2 3
3 4
4 5
5 6
1 6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
D =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

−1 1 0 0 0 0
0 −1 1 0 0 0
0 0 −1 1 0 0
0 0 0 −1 1 0
0 0 0 0 −1 1

−1 0 0 0 0 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.42)

Regarding the boundary conditions, the inlet mass flow rate [kg/s] for each SC and
the inlet pressure [Pa] are:

m =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.7
0.7
0.7
0.7
0.7
0.7

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
p = 105

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

4.19
4.20
4.20
4.20
4.20
4.19

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.43)

The difference in the SCs 1, 3 and 6 is assumed a priori in order to create the
driver for the initial exchange. The matrix R is in the form of (here is reported in
the general form, since it is updated at each iteration):

R =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

r1,1 0 0 0 0 r1,6
r2,1 r2,2 0 0 0 0
0 r3,2 r3,3 0 0 0
0 0 r4,3 r4,4 0 0
0 0 0 r5,4 r5,5 0
0 0 0 0 r6,5 r6,6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.44)
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T =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

r1,1 − r2,1 −r2,2 0 0 0 r1,6
r2,1 r2,2 − r3,2 −r3,3 0 0 0
0 r3,2 r3,3 − r4,3 −r4,4 0 0
0 0 r4,3 r4,4 − r5,4 −r5,5 0
0 0 0 r5,4 r5,5 − r6,5 −r6,6

r1,1 0 0 0 −r6,5 r1,6 − r6,6

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(4.45)

4.3.1 Preliminary results
The preliminary results are reported in Figs.4.11, 4.12 and 4.13. Since the inlet

SC 1

SC 2

SC 3

SC 4

SC 5

SC 6

Figure 4.11: Diversion mass flow rate for the test case in undeformed condition.

pressure in the SCs is not equal, the diversion mass flow rates are established in
the first axial region of the fuel bundle. As the mass is being exchanged between
SC 1 and SC 6, the other SCs are involved in the process in order to compensate
the difference. As the pressure in the SCs becomes equal, the diversion mass flow
rate decreases to zero and the system reaches the equilibrium condition until the
last axial point.

4.3.2 Conclusions and perspectives
The design and the pursuing of the LFRs is currently supported by the PASCAL
project for the design of the ALFRED core. Indeed, in the framework of PASCAL,
the development of new tools for the assessment of accidental condition of the FA in
a HLMCRs and their validation by future experimental campaigns is one of the main
targets to be achieved. Furthermore, fast computational codes for the preliminary
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SC 1

SC 2

SC 3

SC 4

SC 5

SC 6

Figure 4.12: Pressure at each axial point for the test case in undeformed condition.

SC 1

SC 2

SC 3

SC 4

SC 5

SC 6

Figure 4.13: Mass flow rates for the test case in undeformed condition.
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verification of operating conditions (as BOL/EOL) have to be envisaged. This
type of study requires the so-called DOCs, that are computational codes able to
simulate different phenomena in order to give a first verification of the conceptual
design. ENEA Bologna is currently coordinating the development of a DOCs suite
(ANTEO+, TIFONE, TEMIDE) for the complete analyses of LFRs, in which each
code is able to verify, and thus produce an output/input, for the other codes of the
group to create a consistent multi-physics framework of analysis.

The general purpose of the EFIALTE code is to assess the distribution of mass
flow, temperature and pressure of SCs when the geometry of the FA in LFRs is de-
formed. This deformation can arise from two principal conditions. First, as natural
evolution of the FA geometry in the EOL condition; second, when an accidental
condition (as the displacement of a fuel rod) is considered. In both scenarios, rele-
vant mixing phenomena occur, leading the FA to unpredictable operating condition,
which requires an assessment during the design phase itself.

Therefore, the model on which EFIALTE is based has to treat the solution of
mass flow, transverse and axial momentum, energy conservation laws to retrieve
the diversion mass flow rates among the SCs in the single FA. It is pivotal to point
out that this kind of analyses is, at present, already performed by ANTEO+ but
with a different application domain. In fact, ANTEO+ is able to simulate normal
operating condition of the FA as the BOL in nominal geometry, when the net mass
exchanges are negligible and the pressure in each SC can be assumed constant in
the transverse direction.

The preliminary work on this new model for EFIALTE deals with the solution of
mixing effects in a pure hydraulic scenario. The general mathematical formulation
(CROSSFLOW SCHEME) in deformed/undeformed condition for the evaluation
of diversion mass flow rates has been formulated. To test the possibility to solve
the transverse mixing, the undeformed situation has been studied in a simple test
case constituted by 6 SCs. Since the considered geometry is assumed undeformed,
the driver of the mass exchange has been obtained by imposing a different inlet
pressure in 2 SCs of 6, in order to establish a forced unbalance of pressure. The
CROSSFLOW SCHEME has shows promising results: the diversion mass flow rate
is correctly retrieved when a proper driver (i.e., the different pressure at the inlet)
is provided as boundary condition.

Future activities on this tool are foreseen by NEMOgroup at Politecnico di
Torino, including in the CROSSFLOW SCHEME the implementation of the for-
mulation for deformed geometry and the energy conservation law. In fact, at the
moment the effects related to buoyancy have been neglected, as the thermal turbu-
lent exchanges of momentum. In the end, a strategy to calculate the correct inlet
pressure when the outlet pressure at the end of the sub-channels is imposed will be
implemented, in order to simulate an operating condition nearer the real one.
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Part II

Liquid metals for nuclear fusion
reactors
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Chapter 5

Tritium mass transport modelling
for the PAV of the EU DEMO
Tritium Extraction System

The most promising nuclear fusion reaction to be exploited for electricity production
in a tokamak involves deuterium and tritium as reactants [10]; while the former
can be extracted, e.g., from the seawater, the latter is radioactive with an half-life
of ∼12 years [11]. Therefore, it cannot be found in nature in a quantity sufficient
for the fuelling of a tokamak. For this reason, it will be produced on-site by the
breeding of the lithium in the blanket [15]. For the EU DEMO reactor, aiming at
demonstrating the electricity production from nuclear fusion reaction in Europe by
the middle of this century, one of the options is to have a breeding blanket cooled
by water [15] or helium [43] and exploiting PbLi as liquid breeder. To extract the
tritium from the PbLi, a TERS should be foreseen in the plant: it will close the fuel
cycle avoiding the accumulation of radioactive inventory in the machine. Several
technologies are being investigated for the EU DEMO TERS [44], but currently the
most promising seem to be the GLC, the VLC and the PAV [45].

While the former two rely on the direct contact between the tritium carrier
(PbLi) and the secondary side of the extractor (a stripping gas, e.g. helium, in the
GLC [46], or vacuum in the VLC), the PAV technology is based on tritium transport
across a membrane permeable to tritium [47]. The membrane separates the PbLi,
in which the dissolved tritium, after being generated within the blanket, has a given
partial pressure, from the secondary side, where vacuum is pumped. The tritium
pressure difference across the membrane is thus the driver of the permeation. The
liquid alloy of PbLi with dissolved tritium passes through channels whose wall is the
membrane itself. For the dimensioning of the PAV membrane, a proper estimation
of the tritium permeated flux in nominal operating conditions is needed. To perform
this estimation, suitable numerical models must be adopted.
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Such models already exist, e. g. that developed in [48], where the tritium per-
meation was considered to be dominated by the diffusion across a Nb membrane
also in view of the assumption of atomic dissolution of the tritium in the PbLi (jus-
tified in [49] and [50]). This model was already used for a preliminary dimensioning
of the PAV for the EU DEMO TERS [51]. The latter, however, requires a model
accounting for the fact that in some operating conditions the permeation regime
can be limited by phenomena localised on the membrane surface facing the liquid
metal (or the vacuum) rather than by the diffusion across the membrane itself, as
shown in the next Section. Consequently, besides the surface phenomena on the
vacuum side already partially included in [48] as an upgrade of the previous model
based on [52], it is necessary to introduce a more detailed description of the surface
partial fluxes on both the inner and outer sides of the membrane.

The permeation model in [47] can be used as a reference for that: it accounts
for the surface phenomena when a gas mixture faces a metal membrane. Therefore,
the gas follows the kinetic theory since the equations were developed for gas-metal-
vacuum interactions. However, the liquid nature of the tritium carrier (PbLi in the
EU DEMO) does not allow to use such model, developed for gaseous carriers.

Therefore, the present chapter deals with the development of a new model for
the tritium permeation across a membrane from a liquid carrier, in order to support
the design of the EU DEMO TERS based on PAV technology. Properly setting all
the input parameters, the new model will be able to address both surface and
diffusion regimes.

5.1 Permeation physics and modelling
The aim of the above-mentioned PAV design process is the calculation of the re-
quested length for the permeator channels (i.e. the membrane) where the PbLi
flows, in order to reduce the concentration of the dissolved tritium below a pre-
scribed value before returning the carrier to the breeding blanket. This concentra-
tion reduction is usually expressed in terms of efficiency (η) of the PAV:

η = 1 − Cout

Cin
(5.1)

where Cout and Cin are the tritium bulk concentrations in PbLi at the PAV outlet
and inlet, respectively. A detailed model of the interactions between the tritium
and the involved materials (mainly the liquid metal and the membrane) is thus
fundamental. Such a model will rely on several assumptions:

• steady state operation (the EU DEMO TERS will operate in this condition
for most of the time, being the plasma flat top duration 2 h out of a ∼ 8000 s
duty cycle [53])
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• the velocity profile in the PbLi is considered to be fully developed in turbulent
regime along the entire channel length

• the tritium velocity within the PbLi is the same as that of the PbLi flow

• the mass diffusion is driven by tritium partial pressure gradients and, as in
[48], it is not influenced by the presence of helium bubbles in PbLi flow.

The PbLi flow carries the tritium within the channel; its concentration can thus be
described by the advection equation

∇ ·
−→
JT = −−→v · ∇CT (5.2)

where

• −→
JT is the tritium mass flux ([mol/m2/s])

• −→v is the velocity of PbLi in the channels ([m/s])

• CT is the tritium concentration in the PbLi ([mol/m3])

Starting from the above-mentioned assumptions, the next simplifications are
introduced:

• the entire system is considered to be isothermal (the temperature directly
influences the transport and permeation parameters of each involved material)

• the different species involved are in thermodynamic equilibrium

• in view of the turbulent mixing, the tritium concentration is almost uniform
(and close to the bulk value) across most of the channel cross section (the
concentration gradient is localised close to the membrane wall)

• the tritium mass transport in the radial direction is dominated by the tur-
bulent mixing within the fluid bulk, the diffusion (in the fluid close to the
membrane wall) and the permeation (across the membrane), while in the ax-
ial direction it is dominated by the advection driven by the PbLi flow; thus
the diffusion across the channel is predominant with respect to that along
the channel, that can be neglected if the advection in the same direction is
considered in the model.

As a result of the last two simplifications, and similarly to what was done in
[48], the analysis of the tritium concentration in the PAV can be described by the
combination of two 1D models:
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• pure advection of the tritium concentration in the PbLi bulk along the axial
(z) channel direction, so that in the case of cylindrical coordinates, used to
describe the circular pipes (inner radius ri) adopted as channels in the design
proposed in [51] and [45], (5.2) becomes:

2πri · JT(z) = −v · πr2
i · dCT,b(z)

dz
(5.3)

where v is the PbLi speed in the axial direction, CT,b is the tritium bulk
concentration in the PbLi and JT is the tritium flux across the membrane
surface;

• permeation across the membrane, in the radial (r) direction, influencing the
tritium mass flux JT across the membrane surface; the concentration gradient
in the PbLi close to the membrane wall is also accounted for.

5.1.1 Physical process
The permeation across the membrane is generally influenced by phenomena oc-
curring on the surface of the membrane and diffusion mechanisms inside its bulk.
Several studies investigated how gases permeate through a metal surface, leading
to the identification of two permeation regimes:

Diffusion-Limited (DL), where the permeation is driven by the gradient of con-
centration inside the metal bulk;

Surface-Limited (SL), where the permeation is strongly influenced by the surface
effects; the contribution of the concentration gradient inside the membrane
can be neglected because the diffusion across the membrane bulk is by far
faster than the surface processes.

To correctly identify in which regime the device operates, the dimensionless perme-
ation parameter described in [54] for the membrane is typically used as a criterion

W =
2KrtKs

√
pin

D
(5.4)

where the Kr is the recombination constant ([m4/s/mol]), t is the membrane thick-
ness ([m]), Ks is the solubility constant ([mol/m3/

√
Pa]), D is the mass diffusion

coefficient ([m2/s]) of the membrane material, and pin is the partial pressure ([Pa])
of the gas (to be permeated) impinging the surface. The factor 2 is present since two
atoms are involved in the surface effects, as shown in [55]. The hydrogen isotope
solubility constant and mass diffusion coefficient for several membrane materials
are provided by [56]; if specific values for the tritium are missing, the hydrogen
properties are adopted, re-scaled dividing them by

√
3 as suggested in [57]. The
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dimensionless permeation parameter represents the ratio between the flux that
would be allowed to cross the membrane surface and that allowed to cross the
membrane bulk, for the same concentration gradient. Therefore, if W << 1 the
regime can be considered SL, whereas a W >> 1 implies that the permeation
is completely diffusion-driven. For an exhaustive explanation on the permeation
parameter, please refer to [55].

The temperature and pressure influence the permeation mechanism across the
membrane. Several materials (e.g. Fe, V, Nb and Ta, [51]) have been investigated
in order to identify possible candidates with good resistance to the corrosion in-
duced by the PbLi, and with high mass permeation characteristics, see e.g. the
plot in figure 1 of [58]. For this study the membrane has been assumed made by
Nb, one of the candidates for the PAV being designed for the EU DEMO TERS;
however, in spite of a very high permeability and solubility, it shows a low recom-
bination coefficient, see Fig. 5.1 where properties of Nb membrane by [56], [59] and
[60] are reported. These values of recombination constant represent the condition

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
10

-15

10
-10

10
-5

10
0

10
5

1273 1105 938 770 603

Figure 5.1: Nb mass transport properties used in this work. The dashed line refers
to the permeability Φ calculated by [56], whereas mass diffusion coefficient D and
Sievert constant Ks are measured by [60] and reported in [56]. The temperature
relation for the recombination constant Kr in case of a contaminated surface is
provided by [59].

of having the (inner or outer) surface oxidised or contaminated: at low tritium
partial pressure pin, even at an high temperature (leading to higher values of the

139



Tritium mass transport modelling for the PAV of the EU DEMO Tritium Extraction System

recombination constant) the regime is SL, since the higher temperature results also
in much lower values of the solubility constant. At the same time, the mass diffu-
sion coefficient increases with temperature, further reducing W. On the contrary,
assuming a non-contaminated surface (e.g. at the beginning of the operation, or
using a suitable coating of the Nb membrane, as done in [51] with Pd), the regime
is DL for any temperature value, being the recombination constant ∼ 5 orders of
magnitude larger (as reported in Fig. 3 of [47]). The parameters used for the eval-
uation of W in some different cases relevant for the PAV of the EU DEMO TERS
are reported in Table 5.1. The temperature ranges from 330 °C to 500 °C, being
the lower bound the foreseen outlet temperature of the PbLi from the Breeding
Blanket, and the upper bound the maximum currently considered in the case of
PbLi post heating to improve tritium permeation. To assess the gas permeation

Table 5.1: Comparison among different surface conditions of Nb membrane at
different temperatures when the tritium pressure pin and the membrane thickness t
are 100 Pa and 0.4 mm, respectively. The permeation parameter W is also reported
for each condition.

Nb surface T
[°C]

Ks

[mol/m3/
√

Pa]
Kr

[m4/mol/s]
D

[m2/s] W [-]

Contaminated 330 726.92 6.77 · 10−13 3.7563 · 10−9 1.048 · 10−3

500 96.11 3.94 · 10−10 5.8816 · 10−9 5.146 · 10−2

Non-contaminated 330 726.92 6.022 · 10−8 3.7563 · 10−9 93.23
500 96.11 6.022 · 10−6 5.8816 · 10−9 787.29

through a metallic membrane when a liquid wets the surface, some considerations
about the physics of permeation in the membrane are required. A reference sys-
tem formed by gas-membrane-vacuum is considered first: the gas (or one of its
isotopes) impinges on a solid metallic membrane with a certain thickness, while
on the other side the vacuum is present. In this condition, if a pressure gradient
(i.e. a concentration gradient) exists across the membrane, a molecular gas flux is
established. As the behaviour of the gas can be described by the kinetic theory
when the gas has a certain temperature and pressure, the concept of solubility is
introduced. Since the solubility of a gas into a solid compound is a dynamic process
between the metal and the gas itself, it is important to link this phenomenon to
the surface condition. In fact, the permeated flux depends, firstly, on the reactivity
of the surface to the impinging gas. The condition of the surface determines which
permeation regime is established. In the reference system, the permeation source is
imposed by temperature and pressure, according to the kinetic theory. In a system
where, instead, the membrane is wet by a liquid metal, the gas source does not
follow the kinetic theory. Notwithstanding this, the gas source is still a function
of temperature and pressure due to the fact that a concentration gradient exists
across the membrane. This dependency is explicated by the relationship between
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the gas concentration and its partial pressure with the solubility, which is typical
of the membrane. Therefore, in this new system configuration the membrane is
supposed to behave as in the reference system, since the physics of the surfaces and
of the membrane bulk does not change.

As the operation in SL regime is not excluded, the model in [48] should be
completed with a more detailed description of the surface partial fluxes on both the
sides of the membrane. In this new model, the membrane is graphically “expanded”
to represent also the surface phenomena (conventionally taking place in the zone
delimited by the real surface and the dashed lines inside the membrane in Fig. 5.2)
and the mass flux cannot be anymore considered diffusion-driven. According to the
model in [47], developed for the interface between a gas and a metal membrane,
the relevant partial fluxes across the surface (represented also in Fig. 5.2) are:

• f1 adsorption flux (from the gas bulk to the membrane surface);

• f2 desorption flux (from the membrane surface to the gas bulk);

• f3 absorption flux (from the membrane surface to the metal bulk);

• f4 de-absorption flux (from the metal bulk to the membrane surface).

• f5 diffusion flux (inside the metal bulk).

Figure 5.2: Scheme of the tritium mass fluxes across the Nb membrane, in the case
of a gas carrier. The surface phenomena are conventionally represented here as
taking place in the zone delimited by the real surface and the dashed lines inside
the membrane.

Adsorption, desorption, absorption and de-absorption are also called chemisorp-
tion. In general, the membrane can be asymmetric as far as surface properties are
considered: surface reactions could be different on the two membrane surfaces. For
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instance, a coating could be present on the vacuum side, making f
′
1 and f

′
2 different

from those on the other surface. Moreover, f
′
1 must be taken into account only

if a counter pressure is considered, on the vacuum side. Hereafter, the surface is
supposed to be symmetric, concentrating only on the more general case of an in-
terface between the (bi-atomic) gas and the membrane. The equations used in [47]
to compute the above-mentioned partial fluxes are:

f1 = 2Γs(1 − θi)2 (5.5)

f2 = 2δθ2
i (5.6)

f3 = αθi (5.7)
f4 = βC1(1 − θi) (5.8)

f5 = −D
∂C

∂x

⃓⃓⃓⃓
⃓
x=ri

(5.9)

where:

• θ is the coverage surface fraction, i.e. the fraction of the membrane surface
which is covered by tritium molecules ready to go through surface phenomena;
the subscript "i" (and, in the following, "o") refers to the inner (outer) side of
the membrane;

• Cw1 (Cw2) is the generic isotope concentration at the inner (outer) surface;

• s (s′) is the sticking coefficient, which expresses the probability that a molecule
dissociates in contact with the inner (outer) surface;

• Γ is the mass flux of the generic isotope impinging the wall, depending on tem-
perature and pressure (in a gas-membrane-vacuum system as that reported
in Fig. 5.2, the incoming gas flux follows the kinetic theory in the form of

Γ = ϕpin (5.10)

where ϕ depends on the temperature as described by Eq. (2) in [47]);

• the coefficients α, β, δ express the reaction rate in the respective fluxes: they
are temperature-dependent (with an Arrhenius-type dependence), and they
are specific for each material since they depend on atomic superficial density;

• the mass diffusion coefficient D of the membrane expresses the diffusion flux
JT,D according to the Fick’s law.
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For a complete discussion about reaction rates please refer to [47]. The major
issue is the availability of direct measurements of reaction rates for each partial
flux. To overcome this lack, recombination, dissociation and Sievert constants have
been introduced starting from the definition of the mass fluxes. Considering the
flux balance at the inner surface, the following system of equations is obtained:⎧⎪⎪⎨⎪⎪⎩

f1 + f4 = f2 + f3

f5 = f3 − f4

(5.11)

in which the first equation is valid only in steady state conditions, i.e. when there
is no tritium accumulation on the surface. Using the flux definitions for f1...5, the
system becomes: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

2Γs(1 − θi)2 + βC1(1 − θi) = 2δθ2
i + αθi

−D
∂C

∂x

⃓⃓⃓⃓
⃓
x=ri

= αθi − βC1(1 − θi)

(5.12)

When the system reaches the equilibrium (JT,D = 0), the derivative of the concen-
tration goes to zero, therefore:

C1 = α

β

(︄
θi

1 − θi

)︄
(5.13)

Substituting the ratio between the coverage surface fractions from the first equation
of (5.12):

θi

1 − θi

=

⌜⃓⃓⎷(︄Γs

δ

)︄
(5.14)

C1 = α

β

⌜⃓⃓⎷(︄Γs

δ

)︄
= α

β

⌜⃓⃓⎷(︄ϕs

δ

)︄
√

pin (5.15)

In the last equality the incoming mass flux has been expressed with (5.10). Here
an important result is provided, which defines the Sievert constant for a certain
material as:

Ks = α

β

⌜⃓⃓⎷(︄ϕs

δ

)︄
(5.16)

The (5.15) expresses the relationship between the concentration and its partial
pressure. According to the previous derivation, the dependency on the temperature
comes from the surface fluxes definition. Due to the behaviour of reaction rates,
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showing an Arrhenius-type temperature dependence, the (5.16) can be suitably
formulated in the same way. If a proper solubility energy Es is defined, the (5.15)
becomes:

C = Ks
√

p = Ks0e
−Es/(KT )√p (5.17)

The same derivation can be applied also for recombination and dissociation con-
stants (please refer to [47], [55], and [61]), simplifying the modelling: Ks, Kr and
Kd phenomenological constants defined as volume properties for a certain material
that convey surface effects, not related anymore to the atomic density and reactivity
of the considered surface.

5.1.2 Model
In the next section the model is presented, applying the previous analysis to the
membrane when the PbLi wets the metal. Turbulence and related transport phe-
nomena in the PbLi are coupled to the dissociation and recombination fluxes in the
membrane.

Mass transport across PbLi flow

In the model presented in [47], these equations were developed for gas-metal-vacuum
interactions; so the gas follows the kinetic theory and the source term Γ in f1 is a
function of temperature and pressure. The inner side of the membrane is now wet by
a liquid, with a radial tritium concentration profile supposed to be almost uniform
(and close to the bulk value) in view of the turbulent mixing, except close to the
membrane wall where the concentration gradient is localised (see the simplifications
in Section 5.1 above). The source term Γ is therefore driven by that gradient:

JT = hT

(︄
CT,b(z) − CT,l(z)

)︄
(5.18)

where hT ([m/s]) is the mass transport coefficient in PbLi (temperature dependent)
and CT,l is the tritium concentration nearby the membrane wall on the PbLi side
(note that the temperature and pressure dependence is included in both tritium
concentration values). The molecular gas flux is established by the concentration
gradient across the membrane; being the concentration on the other side of the
membrane nearly zero (if vacuum is present), the concentration CT,l nearby the
wall promotes the permeation, behaving as the "source" of the impinging gas on the
membrane. The mass transport coefficient quantifies how fast the tritium crosses
the flow boundary layer. It has the physical meaning of the tritium radial velocity,
which results from the combination of diffusion and mass transport by the PbLi
turbulent motion (being the latter dominant with respect to the former). The mass
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transport coefficient is evaluated by means of empirical formulations, some of which
are listed in [52]; that used in this model was developed by [62]:

Sh = 0.0096Re0.913Sc0.346 (5.19)

where Sh is the Sherwood number, Re the Reynolds number and Sc the Schmidt
number, defined as:

Sh = dihT

DP bLi

(5.20)

Re = ρP bLivdi

µP bLi

(5.21)

Sc = µP bLi

ρP bLiDP bLi

(5.22)

and in turn depending on the PbLi mass density ρP bLi [kg/m3], the channel inter-
nal diameter di [m], the PbLi dynamic viscosity µP bLi [Pa s] and the tritium mass
diffusivity in the PbLi DP bLi [m2/s]. Since the correlation for the mass transfer
coefficient was developed for water, its application to the PbLi leads to an ex-
trapolation of the results, due to the out far-ranging of the Sc number [48]. For
further information about the validity of this correlation please refer to [62]. For
the complete set of PbLi properties, please refer to [63].

The partial pressure can be expressed by the Sievert’s law, with the hypothesis
of thermodynamic equilibrium between the gas and its atomic form:

CT = Ks
√

pT (5.23)

Note that this relation between the concentration and its partial pressure is in
principle valid only in equilibrium conditions, i.e. if the net permeated flux is
zero. However, the relation (5.23) is still adopted part of developed permeation
models, even if the permeated flux is not actually zero, but it is very low. Through
the (5.23), the concentration nearby the Nb membrane can be expressed with its
partial pressure as:

CT,l(z) = KP bLi
s

√︂
pT,l(z) (5.24)

where KP bLi
s is the solubility constant of the tritium in the PbLi and pT,l is the

partial pressure.

Mass transport across the membrane

In the DL case, as surface mechanisms are orders of magnitude faster than the mass
diffusion in the membrane itself (and can thus be neglected), the partial pressure
on the membrane surface (pT,l) and in its bulk (pT,w), i.e. at the interface between
the PbLi and the membrane, can be considered in equilibrium. Moreover, if the
equilibrium across the membrane is (almost) satisfied (pT,b = pV C), the overall
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net permeated flux is (almost) zero, and the (5.23) can then be used to evaluate
(almost) exactly the concentration from the equilibrium partial pressure.

On the contrary, in the SL case at the (inner, but possibly also outer) surface
of the membrane non-negligible recombination and dissociation phenomena occur,
as presented in [55], leading to a non-equilibrium in the partial pressure between
the surface (pT,l) and the bulk (pT,w) of the membrane.

To obtain an expression for recombination JT,r and dissociation JT,d mass molec-
ular fluxes, the equilibrium condition is considered. In the general case of a bi-
atomic gas impinging the wall to permeate across it, the molecular recombination
flux involves two atoms which could reconstitute the original impinging molecule if
the proper energy ∆Er is provided by the membrane. Being 2C2

T,w1 the probability
to have in the lattice two atoms close to each other, the recombination flux JT,r

is proportional to the square of the concentration through the phenomenological
(recombination) constant KNb

r :

JT,r = 2KNb
r C2

T (5.25)

This equation expresses the flux that leaves the membrane in the molecular form,
and it depends on the tritium concentration inside the membrane CT,w. The disso-
ciation mass flux represents the flux that penetrates the membrane in atomic form
after a dissociation process of the impinging molecule on the membrane surface.
Since the impinging gas flux depends on pressure and temperature as described in
[47], it is suitable to relate JT,d to the partial pressure of the tritium in the PbLi
near the membrane wall pT,l by the phenomenological dissociation constant KNb

d

as:
JT,d = 2KNb

d pT,l (5.26)
The factor 2 means that two atoms are involved in the process. If the equilibrium
is reached

JT,r = JT,d (5.27)
and therefore follows

C2
T = KNb

d

KNb
r

pT (5.28)

giving an expression for the Kd as function of the solubility and recombination, as
the (5.23) shows:

KNb
d = KNb

r (KNb
s )2 (5.29)

This approach can be applied on both membrane surfaces, considering how the
tritium behaves in the PbLi and in the vacuum (See Fig. 5.3). On the inner surface
of the membrane, i.e. where the PbLi wets the Nb, the tritium is supposed to be
dissolved in atomic form, as reported in [49]. Consequently, the recombination and
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Figure 5.3: Scheme of the tritium mass fluxes included in this model. Surfaces have
been expanded according to Fig. 5.2 to show where superficial mass fluxes origin.

dissociation fluxes expressed in (5.25) and in (5.26) on this surface do not involve
two atoms. Therefore, at the inner surface JT,r1 and JT,d1 are defined as:

JT,r1(ri, z) = KNb
r C2

T,w1(z) (5.30)

JT,d1(ri, z) = KNb
d pT,l(z) (5.31)

where pT,l is the tritium partial pressure related to CT,l as expressed by (5.23). On
the outer surface, i.e. where the Nb membrane faces the vacuum, the recombina-
tion is supposed to form tritium molecules. Thus, two atoms produce one tritium
molecule. Moreover, if the counter pressure pV C is (realistically) larger than 0, an
incoming dissociation mass flux will be present. Respectively,

JT,r2(ri, z) = 2ro

ri

KNb
r C2

T,w2(z) (5.32)

JT,d2(ri, z) = ro

ri

KNb
d pV C (5.33)

where the ro

ri

is introduced to account for the different area the flux is referred to.
The mass diffusion flux inside the membrane bulk can be expressed by the

Fick’s law, depending on concentrations underneath the surfaces of the membrane.
Considering the cylindrical geometry of the membrane and assuming the mass
diffusion coefficient to be isotropic:

JT,D(ri, z) = −DNb∇CT = DNb
CT,w1(z) − CT,w2(z)

rilog

(︄
ro

ri

)︄ (5.34)
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where Cw,1 and Cw,2 are the concentrations underneath the inner and the outer
surfaces, respectively. If the permeation is SL, the contribution of the diffusion
could be neglected: due to the different velocity of the two mechanisms, the diffusion
is much faster than the recombination/dissociation processes on the surfaces, and
the concentration gradient inside the bulk would be smoothed.

These equations can be coupled in a system that includes the diffusion of the
tritium and its solubility in the PbLi mass flow, the surface effects on the inner
surface of the Nb and on the outer surface, where there is the vacuum pressure
pV C : ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

JT (ri, z) = hT

(︄
CT,b(z) − CT,l(z)

)︄
JT (ri, z) = 2ro

ri

KNb
r C2

T,w2(z) − ro

ri

KNb
d pV C

CT,l(z) = KP bLi
s

√︂
pT,l(z)

JT (ri, z) = DNb
CT,w1(z) − CT,w2(z)

ri log
(︄

ro

ri

)︄
JT (ri, z) = KNb

d pT,l(z) − KNb
r C2

T,w1(z)

(5.35)

The previous system is non-linear in the unknowns pT,l (or the concentration
CT,l), in the CT,w1 and in the CT,w2, being the permeated flux JT (ri, z) referred to
the inner radius of the membrane ri. The set of equations must be solved at each
axial coordinate along the z-axis. The aforementioned system produces one real
solution for the mass flux JT (ri, z) which depends only on partial pressures, i.e the
tritium concentration, once the temperature is fixed. Coupling this system with
the 5.3, the concentration distribution inside the PbLi bulk can be determined:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dCT,b(z)
dz

= − 2
riv

JT (ri, z)

JT (ri, z) = hT

(︄
CT,b(z) − CT,l(z)

)︄
JT (ri, z) = 2ro

ri

KNb
r C2

T,w2(z) − ro

ri

KNb
d pV C

CT,l(z) = KP bLi
s

√︂
pT,l(z)

JT (ri, z) = DNb
CT,w1(z) − CT,w2(z)

ri log
(︄

ro

ri

)︄
JT (ri, z) = KNb

d pT,l(z) − KNb
r C2

T,w1(z)

(5.36)

The first equation of (5.36) allows computing the gas concentration in the PbLi
bulk along the hydraulic channel; this concentration is reduced as the axial coor-
dinate increases because the tritium flux permeates through the membrane in the

148



5.2 – Verification

r-direction. To solve the first order ordinary differential equation, a Forward Euler
scheme has been used:

CT,b(zn+1) = CT,b(zn) − 2∆z

riv
JT (ri, zn) (5.37)

where the CT,b(zn+1) is the unknown of the problem and n is the index of the nodal
discretisation along the channel length.

With the system of equations in (5.36) is possible to calculate the membrane
length needed to obtain the desired permeation (extraction) efficiency in the PAV,
following these steps for each node zn:

1. The mass flux JT (ri, zn) at zn can be calculated from (5.35);

2. The tritium bulk concentration in the PbLi at zn+1 is then computed from
(5.37);

3. The value of the tritium concentration CT,b(zn+1) becomes the known term
in the (5.36) for the node zn+1, and the system can be solved again for the
JT (ri, z(n+1));

The procedure is repeated until the efficiency expressed by (5.1) is higher than (or
equal to) the desired value: the axial coordinate of the z-node is the membrane
length required to provide that efficiency.

5.2 Verification
The model verification is performed here in two steps:

• Order-of-Accuracy (OoA) test;

• Code-to-code comparison (or benchmark).

5.2.1 Order-of-Accuracy test
To rigorously apply the code verification procedure, the Method of the Manufac-
tured Solution (MMS) [64][65][66][67][68] is adopted here to assess the OoA of the
model. From the system (5.36), the variables to be solved are:

• JT : mass flux of gas isotope;

• CT,b: gas concentration inside the PbLi bulk;

• CT,l: gas concentration nearby the membrane wall in the PbLi;

• CT,w1: gas isotope concentration inside the Nb bulk on the inner side;
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• CT,w2: gas isotope concentration inside the Nb bulk on the outer side;

• pT,l: partial pressure of the gas isotope nearby the membrane wall damped
by the PbLi (related to CT,l);

The manufactured solution approach foresees the introduction of fictitious source
terms in the original system:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

dCT,b(z)
dz

= − 2
riv

JT (ri, z) + Q1

JT (ri, z) = hT

(︄
CT,b(z) − CT,l(z)

)︄
+ Q2

JT (ri, z) = 2ro

ri

KNb
r C2

T,w2(z) − ro

ri

KNb
d pV C + Q3

CT,l(z) = KP bLi
s

√︂
pT,l(z) + Q4

JT (ri, z) = DNb
CT,w1(z) − CT,w2(z)

ri log
(︄

ro

ri

)︄ + Q5

JT (ri, z) = KNb
d pT,l(z) − KNb

r C2
T,w1(z) + Q6

(5.38)

The source terms Q1,...,6 are obtained imposing the shape of the variables as reported
in Table 5.2: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Q1 = dCT,b(z)
dz

+ 2
riv

JT (ri, z)

Q2 = JT (ri, z) − hT

(︄
CT,b(z) − CT,l(z)

)︄
Q3 = JT (ri, z) − 2ro

ri

KNb
r C2

T,w2(z) + ro

ri

KNb
d pV C

Q4 = CT,l(z) − KP bLi
s

√︂
pT,l(z)

Q5 = JT (ri, z) − DNb
CT,w1(z) − CT,w2(z)

ri log
(︄

ro

ri

)︄
Q6 = JT (ri, z) − KNb

d pT,l(z) + KNb
r C2

T,w1(z)

(5.39)

Due to the low values of physical constants involved in the model, the former have
been re-normalised as reported in Table 5.2. Results of verification are presented
in Fig. 5.4b in black dash line, showing the correctness of equations in the model.

The convergence analysis is performed on a case-study where the channel length
is imposed and the temperature is fixed at 330 °C. For the reference case has been
used a ∆z = 10−5 m to discretise a length of 2 m, comparing the gas isotope
concentration in the PbLi bulk at z = 1 m. Results are shown in Fig. 5.4a. Two
different values of PbLi velocity are compared to point out the effect of the turbu-
lence on the permeated mass flux. As expected, the order of accuracy is of the 1st

order, as the forward Euler foresees.
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Table 5.2: Function shapes applied to variables set for the manufactured solution
verification and parameters. The constants A, L, ϕ and ω have been fixed to A = 10,
L = 1, ω = 0.5, ϕ = π

4 , di = 9.2 mm, do = 10 mm.

Variable Shape Parameter Value

JT (ri, z) A

[︄
1
2 sin

(︄
πz

L

)︄
+ 1

]︄
TP bLi 330 °C

CT,b(z) A

[︄
1 + sin

(︄
πz

L

)︄]︄
pT,b 100 Pa

CT,l(z) A

2 e

z

L KNb
s 2 mol

m3
√

Pa

CT,w1(z) A

4 e

z

L DNb 10−3 m2

s

CT,w2(z) A

[︄
1
2 sin

(︄
πz

L

)︄
+ 2

]︄
pV C 0.1 Pa

pT,l(z) A sin(ωz + ϕ) KNb
r 1 m4

mol s

10
-4

10
-3

10
-2

10
-1

10
-7

10
-6

10
-5

10
-4

10
-3

v
PbLi

 = 0.5 m/s

v
PbLi

 = 1 m/s

(a) (b)

Figure 5.4: Results of verification and convergence study. In 5.4b dash and symbolic
lines are the variables set calculated imposing the fictitious source terms. The
manufactured solutions reported in Table 5.2 are in continuous and symbolic lines.
In 5.4a results of convergence analysis are shown. Two different values of vP bLi are
reported.
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5.2.2 Code-to-code comparison
Here the code-to-code comparison is presented. As stated before, the model in-
troduced in this work can describe the tritium permeation, encompassing all the
possible phenomena which affect the tritium mass flux across a metallic membrane.
In order to perform the benchmark, the reference model which has been taken into
account is the one presented by [52]. In the latter, the tritium permeation is com-
pletely DL, neglecting the superficial effects. Under this hypothesis, the interface
between the PbLi and the Nb membrane can be modelled imposing the equilibrium
of the partial pressure according to:

Cw,s

KNb
s

= Cw,l

KP bLi
s

(5.40)

where the KP bLi
s is the solubility of the PbLi and the Cw,s the concentration of the

tritium in the inner side of the Nb membrane. The radial motion of the tritium is
still due to the turbulence of the PbLi from the concentration in the bulk (CB) to
the one near the Nb wall (Cw,l), with the mass transport coefficient KT . Inside the
membrane, the mass diffusion is expressed by the Fick’s law by the mass diffusion
coefficient Ds.

On the outer side of the metallic membrane, the recombination process is not
considered and the tritium concentration C is supposed to be zero since the vacuum
is present. In Fig. 5.5 the reference scheme of the model presented by [52] is
reported. According to what is said in the latter, the behaviour of the tritium bulk

Figure 5.5: Scheme of tritium permeation model reported in [52]. The permeation is
completely DL, and the concentration of tritium on the outer side of the membrane
is zero due to absence of recombination process together with the vacuum condition.
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concentration at a certain axial point along the extractor can be expressed by:

CT,b(z) = C0 exp
(︄

− 4KT z

vdi

ξ

ξ + 1

)︄
(5.41)

in which the C0 is the initial tritium concentration inside the PbLi and the ξ is
an dimensionless parameter that weights the permeation on the solid or on the
liquid. In particular, if ξ is larger than 1, the permeation is controlled by the liquid
metal, whereas in the other case it is dominated by the solid membrane. For further
description please refer to [52]. The other parameters involved in the model are
the same of the ones used in this work. In particular, the effect of PbLi velocity is
still present with the mass transport coefficient KT , i. e. the grade of turbulence,
together with the geometrical impact due to the inner diameter di. Therefore, apart
from the treatment of the superficial effect of the membrane, the evolution of the
tritium concentration in this model is ruled by temperature, geometry and mass
properties of all the materials.

The aim is to compare the results, in terms of tritium extraction efficiency,
between the reference model and the model of this work when the same permeation
regime is considered. Since the reference one is completely DL, the first step is
to put the other one through the same condition. As Table 5.1 reports, when
a non-contaminated membrane is concerned, the permeation regime is DL. The
latter results as a consequence for taking into consideration a higher value of the
recombination constant, which affects only the model to be tested. Thus, the same
set of properties is used for both models. The other condition is to have the same
boundary conditions. In particular, the outer side of the membrane is assumed
to be exposed to vacuum (pV C = 0), and to have the concentration CT,w2 equals
to zero. The latter corresponds to force the tritium to instantaneously leave the
membrane in atomic form. Consequently, the balance equation on the outer side
of the membrane interfacing the vacuum

JT (ri, z) = 2ro

ri

KNb
r C2

T,w2(z) − ro

ri

KNb
d pV C (5.42)

becomes redundant, since the unknown CT,w2 is turned into a known value.
In Fig. 5.6 the benchmark results are shown when an extractor length of 1 m

is concerned at vP bLi = 0.5 m/s. The geometrical parameters are di = 9.2 mm,
do = 10 mm, and the partial pressure pT,in = 100 Pa. The tested model reproduces
with a maximum relative error of 0.38%, at the end of the channel, the extraction
efficiency with respect to the DLM at 330 °C. In the other cases, the maximum
relative error at the end of extractor is, respectively, 0.07% for 400 °C and 0.12%
for 500 °C.
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Figure 5.6: Comparison between the model developed by [52] (DLM) and the one
presented in this work (SLM). Three different operational temperatures are shown
for both models. The coloured dash lines are for the SLM, whereas the symbolic
black lines are for the DLM.

5.3 Surface-Limited vs. Diffusion-Limited mod-
elling on a test-case

In this section, the current model is applied to a test-case when the permeation
regime is SL. The results are then compared with the ones foreseen by the DLM
one [52]. According to what is reported in Table 5.1, if the Nb is contaminated
the regime will be SL. One reason for this condition is the presence of the oxidised
compounds formed by the Nb itself. In fact, the Nb tends to be oxidised quite easily
when it is exposed to air: the perfect vacuum is not achievable in the extractor,
therefore it is reasonable to analyse how the formation and/or the presence of
contaminating compounds affects the extraction efficiency.

With respect to the previous analysis performed in the benchmark, now the
tritium concentration on the outer side of the membrane is not set at zero any-
more. This causes the recombination phenomenon to be taken into consideration,
as devised in (5.42). On the contrary, the condition on the perfect vacuum is still
present for both models, by the fact that the DLM does not make allowance for
the incoming flux from the vacuum. As result, the balance equation on this side
becomes:

JT (ri, z) = 2ro

ri

KNb
r C2

T,w2(z) (5.43)
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The setup for the test-case is the one used in the benchmark analysis. Results of
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Figure 5.7: Comparison between the model developed by [52] (DLM) and the one
presented in this work (SLM) when the latter models the SL regime. Three different
operational temperatures are shown for both models. The coloured dash lines are
for the SLM, whereas the symbolic black lines are for the DLM.

the comparison are shown in Fig. 5.7. The extraction efficiency tends to increase
due to the higher value of the recombination constant as well as the temperature
increases, always keeping the efficiency of the SL regime lower than the DL one.
Firstly, the mass diffusion in the membrane is faster than chemisorption effects on
the interfaces, leading to a flattening of the concentration profile. In this way, the
mass flux is not influenced by the diffusion due to the Nb, instead the recombina-
tion/dissociation phenomena limit the mass flux from the PbLi bulk towards the
vacuum. As a consequence, the mass gradient tends to be lower. Secondly, the
DLM assumes that tritium leaves the membrane instantaneously in atomic form.
All the tritium which arrives on the vacuum side is immediately extracted. Instead,
the SLM foresees that the tritium leaves the membrane in molecular form: this can
happen only if two atoms are located sufficiently close with a proper recombination
energy. Thus, the recombination phenomenon is a statistical event, with a prob-
ability lower than 1. The same happens in the interface between the liquid metal
and the Nb, furthermore reducing the permeated tritium.
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5.4 Conclusions and perspective
The tritium extraction in the future EU DEMO Reactor is today an open issue to
close the fuel cycle in situ. Promising technology as the GLC and the PAV technol-
ogy are under investigation, in order to achieve the design efficiency for the isotope
extraction. The latter is based on the extraction by pressure difference across a
metallic membrane of the tritium from the PbLi, where the it is formed by the
breeding of the Li-7. Although models there are permeation models to estimate
the mass flux, the presence of a liquid metal wetting the membrane introduces a sig-
nificant difference for the permeation rate with respect to a pure extraction where
the gas impinges on the metal. Moreover, the operative conditions of the mem-
brane (low pressure, high temperature) lead to surface effects which can strongly
changed the permeation mechanism. The model here presented aims to include the
transport due to turbulence of the liquid metal in the channel together with the
recombination and the dissociation phenomena on membrane interfaces. Starting
from a deep analysis of the previous model which have properly investigated the
behaviour of several materials for fusion application about the gas extraction, two
different permeation regimes have been identified (DL and SL regimes). The Nb
membrane is one of the candidate for the membrane of the PAV due to its high
mass permeability, although it has a lower value of recombination constant when
contaminating compounds are present. Therefore, considering the case in which
the permeation is SL, surface effects (recombination and dissociation) have been
included in the tritium mass flux balance on both membrane sides, also when the
pressure in the vacuum side is not actually zero. In this way, as the theory confirms,
the mass diffusion in the metal bulk can be neglected: velocities of recombina-
tion/dissociation rates are much lower than diffusion one, leading to a smoothness
in the concentration profile. By the solution membrane equations, the permeated
mass flux can be finally figured out. Coupling this with the transport in the PbLi
of the tritium concentration, the tritium concentration along the extractor can be
foreseen. As result, the membrane length to achieve the design efficiency can be
estimated, to correctly sizing the extractor.

Some mathematical analyses have been conducted on the aforementioned model.
The verification activity has been done with the manufactured solutions approach,
proving the correctness of the equations. Then, the OoA has been carried on to
assure the convergence of the numerical scheme adopted for the discretisation of the
tritium evolution along the permeator length. In conclusion, two test cases have
been simulated to perform extraction efficiency analyses. Firstly, a benchmark with
a pure DLM has been carried on with three different values of the temperature.
Using a set of value for the recombination constant which represents the condition to
have a non-contaminated membrane, the permeation regime has been put through
DL condition. The proposed model has shown a successful agreement with the
reference DL one. Secondly, a comparison between the two regimes (SL and DL)
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5.4 – Conclusions and perspective

has been done. When the permeation is SL, i. e. the membrane is contaminated,
the extraction efficiency results lower than the DL regime, even at high temperature.
Therefore, a longer membrane in the extractor will be required to get the target
efficiency if the permeation regime is SL.

In perspective, validation activities are foreseen, thanks e.g. to the experimental
campaign that is going to start at the research centre in ENEA Brasimone, where a
mock-up for the PAV extractor will be tested in the facility TRIEX-II (Chapter 6).
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Chapter 6

Design of the EU DEMO Tritium
Extraction System mock-up based
on PAV technology

In this chapter the conceptual design of the mock-up based on the PAV technology is
discussed. The mock-up has been sized based on the constraints on the TRIEX-II
facility at ENEA Brasimone, starting from the basic equations for the thermo-
mechanical assessment for the vessel and holed plate where the niobium pipe are
allocated. Then, the CFD analyses have been carried out, to verify if the mass flow
rate is well distributed within the manifolds and among the parallel pipes. After
verifying the PbLi flow repartition, a Finite Element assessment of the mechanical
behaviour of the mock-up has been conducted, since the analytical formulas are not
able to correctly model the critical points as border effect or junction. Finally the
permeation model developed in the previous chapter has been applied to investigate
how the hydrogen is extracted from the carrier. Moreover, an uncertainty analyses
has been performed to guide the experimental campaign. However, the evolution of
COVID-19 pandemic has postponed the validation activity beyond the end of this
PhD program. Therefore, the expected results of the uncertainty analyses have been
used to assess the effects of the parameters on the extraction efficiency to support
the development of the PAV technology up to EU DEMO scale. The final results of
the mock-up engineering can be found in the work presented at SOFT2020 where
an advancement [69] in the design has been made for the experimental campaign.

6.1 TRIEX-II facility
TRIEX-II is a facility located in ENEA Brasimone (See Fig. 6.1) where experiments
for the TERS are conducted. In the facility a loop is present where PbLi with
dissolved hydrogen or deuterium (in order to substitute the tritium and reduce

159



Design of the EU DEMO Tritium Extraction System mock-up based on PAV technology

the radiobiological risk) is circulated. In the facility, the actual constraints on the

Figure 6.1: TRIEX-II facility in ENEA Brasimone.

mock-up mainly concern the geometrical dimensions of the extractor (related to the
space allocated for its installation) and the allowable pressure drop, see Table 6.1.
The pump can provide a pressure head of 2 bar when the maximum mass flow rate
is circulated. Therefore, the maximum pressure drop allowed in the mock-up is 0.5
bar, since ∼1.5 bar are taken by the distributed and localised pressure drops in
the loop. Concerning the permeator pipe length, it is limited by the installation
point of the component within the loop: the height of the highest point of the
PAV pipes must be lower than the pressuriser height, to avoid a depressurisation
in the pipes. Consequently, the allowed height of the pipes is 0.9 m (including the
U curve), resulting in a vessel height of ∼1.1 m. The maximum external diameter
of the vessel is also constrained by the allowable encumbrance within the circuit.

Table 6.1: Constraints for the PAV in the TRIEX-II facility.

Item Limit Value

PbLi mass flow rate ≤ 4.6 kg/s
Pump pressure head ≤ 2 bar
PbLi temperature ≤ 530 °C
Pipe material Pure niobium
U-pipe height ≤ 0.9 m
Manifold height ≤ 15 cm
Vessel external diameter ≤ 20 cm
Vacuum pressure ≥ 10−6 mbar

The PAV technology is based on the extraction of the radioisotope from the
LM by mass transport mechanisms when a pressure gradient is kept across the
membrane. The PbLi mass flow rate flows inside pipes (i.e. the membranes) while
the vacuum is pumped on the other side (see Fig. 6.2a) from the top of the vessel
(see Fig. 6.2b). Each vessel contains the channels for the PbLi flow: the wall of
the channels is the hydrogen permeation membrane. The parallel channels are
“U-shaped” and shown in Fig. 6.2b.
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Three manifolds are present at the bottom of the vessel:

• an inlet manifold, taking ¼ of the entire manifolds volume

• an outlet manifold, also taking ¼ of the entire manifolds volume

• a mixing manifold, taking ½ of the entire manifolds volume; it contains also
a draining pipe to allow the PbLi discharge from the mock-up in case of
accidents.

The PbLi is collected at the inlet section in a manifold, then passes through a first
set of U-pipes reaching an intermediate manifold. From the latter and through a
second set of U-pipes the PbLi flows to the outlet manifold (see Fig. 6.2).

6.2 Aim of the work
The aim of this work is to provide a preliminary dimensioning of the mock-up based
on PAV technology. The results are obtained starting from the design proposed for
the PAV mock-up in [45] with the final constraints imposed in the TRIEX-II facility
at ENEA Brasimone. The sizing is followed by a transport analysis to investigate
the hydrogen permeation across the membrane with a newly developed surface
limited model, aiming at estimating the extraction efficiency.

In order to dimension the component, it will be necessary to determine:

• the number and the location of pipes;

• the thickness of both plate and vessel;

• the dimensions of the manifolds (i.e. the height of PbLi chamber).

The detailed assessment of the design is carried out with CFD analyses for the
calculation of the mass flow repartition in each channel and with a TM analysis
to verify the mechanical stress in operating and test conditions. The transport
model provides the extraction efficiency given the geometry. A comparison with
the results of the model presented in [52] is showed. As in [70] and [45], the PAV
system must meet a given extraction efficiency η (with a desired target, in EU
DEMO, of at least 80%), defined as

η = 1 − Cout

Cin
(6.1)

In 6.1 Cin (the hydrogen concentration at the PAV inlet) is an input parameter
depending on hydrogen dissolved in the LM, while Cout depends on the mock-up
design. The design process is divided into three preliminary steps, followed by a
detailed check of the results:
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(a) (b)

(c)

Figure 6.2: Schematics of the PAV system (a) and (b) 3D view of the PAV design
proposed here. In (c) the wiew of the mock-up design proposed is shown: the inlet,
outlet and intermediate manifolds are highlighted. The PbLi pattern is shown with
green arrows.
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6.3 – Sizing of the mock-up

1. the sizing of the vessel thickness starting from its outer diameter (prescribed
by the installation in TRIEX-II) and estimated firstly using the thick shell
theory; also the plate thickness is estimated following the same procedure;

2. the sizing of the PAV pipes (membrane), namely their diameter and length in
order to have a pressure drop lower than the prescribed limit and satisfy the
constraints on its maximum height when installed in the facility, see above;

3. the design of the layout (and definition of the number) of the PAV pipes to
be inserted in the holed plate, satisfying the given constraint on the pitch;

The detailed assessment of the design PbLi flow distribution by CFD analyses and
of the mechanical stress by a TM model is then performed to assess the preliminary
sizing obtained from the three steps reported above.

6.3 Sizing of the mock-up
This section contains the description of the dimensioning of the mock-up following
the three steps described above.

6.3.1 Sizing of the vessel thickness
In order to estimate the thickness of the plate and vessel, analytical formulas have
been applied. In a second step, a finite element approach is adopted for the TM
analysis, see Section 6.3.5, to compensate the limits of the analytical formulas and
confirm the design. The material of the vessel and plates is the martensitic steel
10CrMo9-10 [71] due to low corrosion rate compared with austenitic steel. Its TM
properties were taken from a data sheet of the Gruppo Lucefin company [72] and
are referred to the standard UNI EN 10273: 2008. The temperature-dependent
adopted properties, reported in Table 6.2, refer to a temperature of 330 °C.

Note that the upper part of the vessel is not in direct contact with PbLi, so that
it can in principle be made using a non-martensitic steel. However, its connection
with the martensitic steel plate would require a welding between two different
materials; for this reason, the same material has been adopted for the plate and
vessel in this design and analysis. For the pipe (membrane), the pure niobium has
been chosen for its mass transport properties together with its good TH properties
(see Table 6.2). The maximum von Mises stress in the plates must be lower than
the maximum allowable stress. The cylindrical vessel design instead, in addition
to this requirement, must consider also the collapse due to instabilities, as it is a
component under vacuum conditions subject to external atmospheric pressure.

As regards the vessel thickness, the stress distribution can be computed with an-
alytical formulas, valid in zones far from geometrical discontinuities, if the following
assumptions hold:
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Table 6.2: Thermo-mechanical properties of the mock-up materials at 330 °C.

Material Density
[kg/m3]

Young
Modulus
(E) [GPa]

Poisson
coefficient

(ν)

Thermal
expansion
coefficient
(α) [K-1]

Yield
strength

(σy)
[MPa]

Max
allowable

stress
[MPa]

10CrMo9-10 8700 169.5 169.5 14.2e-6 162 108

niobium 8570 96.65 96.65 7.09e-6 16.2 10.8

• cylindrical wall;

• thick shell;

• axial symmetry.

Adopting the thick shell theory, the radial and the circumferential stress can be
computed as:

σθ = A + B

r2

σrr = A − B

r2

(6.2)

as discussed in [70], where r is the radius of the vessel. The constants A and B
depend on the external and internal load where pi = 1.7 bar and pe = 1 bar

A = pi
r2

i
r2

e − r2
i

− pe
r2

e
r2

e − r2
i

B = pi
r2

i r2
e

r2
e − r2

i
− pe

r2
i r2

e
r2

e − r2
i

(6.3)

To be conservative, the equivalent stress is then calculated with the Tresca criterion:

σTresca = σθ − σrr (6.4)

where σθ and σrr are, respectively, the maximum and minimum stresses. The
calculation is performed starting from a proper value of the Safety Factor (SF)
with respect to the maximum allowable stress and, consequently, the correct value
of the radius is found:

SF = σmax

σTresca
(6.5)

Since the sizing must consider the accidental condition of the internal pressure
of 10 bar, a value of 5 has been chosen for the SF above, whereas the safety
factor (SFASME) for the materials has been selected by the ASME VIII Div.1 (See
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6.3 – Sizing of the mock-up

Table 6.2). Therefore, a 4.25 mm vessel thickness is proposed with a SF of 5. This
value will be assessed with a Finite Element Method (FEM) analysis in both normal
operation, where the internal pressure is imposed at 10-6 mbar (the operational
value), and test conditions (10 bar of internal pressure, if a pipe collapses).

For the plate, the analysis starts from the analytical formulas for a non-perforated
planar plate. This case is just an indication of the real value of the thickness since
the plate of the mock-up is perforated: the holes will locally increase the stress,
so that the analytical estimation is expected to be non-conservative. Furthermore,
this approach averages the stresses along the thickness. Consequently, the FEM
analysis is necessary.

In the case of a plate with constrained edges, the maximum radial and circum-
ferential stresses are located at the edges and are equal to:

σr,max = 6
s2

⎛⎝pr2
e

8

⎞⎠
σθ,max = ν

6
s2

⎛⎝pr2
e

8

⎞⎠ (6.6)

where p = 10 bar and re is the plate radius which coincides with the internal radius
of the vessel of 9.57 cm. The axial stress is equal to 0, as the plates have usually
low thickness with respect to the other dimensions. Applying the relation 6.6 with
the definition of SF equal to 2, the thickness of the plate can be found equal to 12
mm.

6.3.2 Sizing of the PAV pipes
In this part the geometry of the PAV membrane (namely, the pipes) is addressed.
The principal constraint is on the pressure drop which influences the choice of the
pipe internal diameter and therefore, the external encumbrance on the plate. The
allowable ∆p in the pipes is 0.5 bar with the velocity v of 0.5 m/s of mass flow
rate of PbLi as desired value inside each channel. The contributions to the total
pressure drop are:

• localised: inlet and outlet nozzle, inlet and outlet regions to the pipes in the
manifold, curves;

• distributed along the pipes.

Since the total length of the pipes is about 4 m, using the definition of pressure
drop due to distributed friction

∆p = 4f

di
L

1
2ρv2 (6.7)
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where the friction factor f is calculated by [41], di is the internal diameter of
pipes, and L is the length of the straight part of pipes, the contribution to the
total pressure losses results more than two order of magnitude larger than the
sum of localised pressure drops. In order to find a good compromise between the
encumbrance on the plate (related to the maximum number of allowable pipes)
and the pressure drop, two diameters are considered, see Table 6.3. The diameter

Table 6.3: Comparison of possible solutions for the membrane dimension.

Inner diameter ∆p ṁ

5 mm 1.2 bar 0.77 kg/s
9.2 mm < 0.5 bar 2.57 kg/s

of 5 mm leads to non-allowable pressure drop, therefore this solution could be
adopted only if the velocity of PbLi was decreased to 0.3 m/s with a lower value of
inlet mass flow rate. In this way, the constraint on the pressure drop is satisfied,
but the decrease of PbLi speed causes a lower value of Re number, reducing the
transport phenomena from the bulk to the membrane interface. This will lead to
the adoption of pipes with the inner diameter of 9.2 mm (outer diameter of 10 mm)
to have acceptable pressure drop with a sufficient value of Re number.

6.3.3 Number and layout of the PAV pipes
According to the constraint on the pitch between the pipes, dictated by the space
required to weld them (see Table 6.1), a layout of the pipes maximising their num-
ber (in order to maximise the total mass flow rate processed by the mock-up) is
proposed. It consists in a disposition in square lattice as reported in Figure 6.3 As

Figure 6.3: Plate and bottom view of the mock-up. Quotes are in mm.

a result, a maximum number of 8 U-pipes per passage can fit in the allocated area
of the plate within the vessel; the inlet mass flow rate in Table 6.3 is calculated
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6.3 – Sizing of the mock-up

Table 6.4: Geometrical dimensions for the plate and the inlet/outlet manifolds.

Dimension [mm]

Pipes pitch p 30
Plate diameter 191.5
Inlet/outlet/draining pipe outer diameter 36.64
Inlet/outlet/draining pipe inner diameter 26.32
Mock-up height 1022
Mock-up diameter 200
Nb pipe length 872
Vessel thickness 4.25
Plates thickness 12
PbLi manifold height 50
Inlet/outlet length 10

considering that number of pipes while the other geometry details are in Table 6.4.

6.3.4 Detailed TH analyses
In this paragraph, the flow distribution among the different pipes is assessed by
means of a suitable CFD analysis with STAR-CCM+ [73] of the manifolds (see
Figure 6.4), as the flow speed influences the extraction efficiency.

Figure 6.4: 3D view of the subdomains adopted for the CFD analysis of the mani-
folds: inlet manifold (light blue), mixing manifold (orange), outlet manifold (red).

In order to reduce the computational cost of the analysis, the three manifolds
are analysed separately following this flow chart:

167



Design of the EU DEMO Tritium Extraction System mock-up based on PAV technology

1. Analysis of the inlet manifold, prescribing the total mass flow rate on the inlet
pipe and a 0-gauge pressure in correspondence of the outlet surface of the 8
pipes (cut 5.2 cm from the plate), see Fig. 6.4. The output of this analysis is
the mass flow rate in each of the 8 pipes where the PbLi exits the subdomain
inlet manifold.

2. The output of the calculation in point 1, namely the mass flow rate in each
of the 8 pipes at the outlet of the subdomain inlet manifold, is prescribed
in the corresponding 8 pipes where the PbLi enters the subdomain mixer
manifold. A 0-gauge pressure is also prescribed on the outlet surface of all
the 8 pipes where the PbLi exits the subdomain mixer manifold, i.e. at the
beginning of the second passage (the discharge pipe is considered closed, as
normal operation is analysed). The result of this CFD simulation is the flow
repartition among the 8 pipes at the outlet of the subdomain mixer manifold.

3. The output of the analysis in point 2, i.e. the mass flow rate in each of the 8
pipes at the outlet of the subdomain mixer manifold, is used as input to be
prescribed in the corresponding pipes where the PbLi enters the subdomain
outlet manifold. The other condition prescribed is a 0-gauge pressure on the
outlet surface of the outlet pipe. The outcome of the simulation is the pressure
on each of the 8 pipes at the inlet of the subdomain outlet manifold.

The pressure drop in the mock-up pipes is then estimated according to [41] for the
friction factor, considering the different pipe lengths and the different mass flow
computed in each pipe. In the curved region of the pipe, the following formula is
adopted to compute the pressure drop [74].

∆p = ρv2

⎛⎝ di

Rc

⎞⎠+ 4fc

⎛⎝Lc

di

⎞⎠0.5

ρv2 (6.8)

where Rc is the curvature radius, Lc is the averaged curved length and

fc = f + 0.01
⎛⎝ di

2R

⎞⎠0.5

(6.9)

f = 0.07725⎡⎣log10

⎛⎝Re

7

⎞⎠⎤⎦2 (6.10)

After this first iteration, the following steps are performed:

4. CFD analysis of the mixer manifold prescribing, on the outlet surface of the
mixer manifold outlet pipes, the pressure computed at point 3 on the outlet
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Figure 6.5: Mass flow rate repartition in the mock-up. The pipes of the first passage
are indicated in blue, those of the second passage are indicated in orange.

manifold inlet pipes incremented by the pressure drop in the different pipes.
The flow repartition among the mixer manifold inlet pipes, equal to that
computed at point 1 for the inlet manifold outlet pipes, is also prescribed.
The result of the calculation is the pressure on each inlet surface of the mixer
manifold inlet pipes and the mass flow rate repartition among the mixer
manifold outlet pipes.

5. CFD analysis of the inlet manifold, prescribing on the outlet surface of the
inlet manifold outlet pipes the pressure computed at point 4 on the inlet
surface of the corresponding mixer manifold inlet pipes incremented by the
pressure drop in the different pipe, and prescribing the total inlet mass flow
rate on the inlet pipe. The outcome of the calculation is the pressure on the
inlet pipe surface and the mass flow rate repartition among the inlet manifold
outlet pipes.

The results in terms of flow repartition among the different pipes in the first passage
(connecting the inlet and the mixing manifolds) and second passage (connecting the
mixing and the outlet manifolds), respectively, are reported in Figure 6.5. From the
results, the average value (named in the legend AV1/2) 0.321 kgs of the mass flow
rates for both passages can be computed. In the first passage (from inlet manifold
to the mixer) the maximum spread related to the average value is 7.23 % in the
pipe 1, whereas for the second passage (from the mixer to the outlet manifold) in
the pipe 15 is 15.8 %. In the inlet manifold the pipe 5 presents the highest value
of mass flow rate, since it is collocated along the axes of the feeding pipe. In the
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mixer manifold, pipes 9, 12, 15 get a lower value of the mass flow because they
experiment a larger pressure drop due to the short curvature radius as well as in
pipes 1, 4, 7.

6.3.5 Detailed TM analyses
A preliminary 3D TM analysis with FEM (using COMSOL 5.1 Multiphysics tool
[75]) has been carried out on the vessel. Normal operating condition and acciden-
tal operating condition have been studied, where environmental temperature and
pressure are 20 °C and 1 bar. Even if the vessel has been designed to resist to
an internal pressure of 10 bar, a relief valve is supposed to open to discharge the
pressure wave when the internal pressure reaches 1.7 bar. Consequently, the FEM
analyses is performed in these cases:

• normal condition: pin = 0 bar, at TPbLi = 330 °C and TPbLi = 500 °C;

• accidental condition: pin = 1.7 bar, at TPbLi = 330 °C and TPbLi = 500 °C

In Fig. 6.6, the bottom plate deformation can be seen, respectively, at TPbLi = 330°C
and TPbLi = 500°C during normal operating conditions: The deformation of the
upper plate is presented in the next figures. In corresponding of welding between
the vessel and the plate, the analytical theory (suitable for cylindrical wall, thick
shell and axial symmetry, far from geometrical discontinuities) loses its validity.
This effect can be solved with a series of clamps to compensate the discontinuity, to
assure the structural resistance in both operating conditions (respectively, normal in
Fig. 6.7a and accidental in Fig. 6.7b). The analysis has revealed that the maximum
stress is reached in the junction where the plates are welded to the vessel. For the
holed plate, the behaviour is different: in Fig. 6.7c the deformation in the accidental
condition is negligible. With respect to the upper plate, the presence of the septum
that divides the inlet/outlet manifold works as a joint. The same effect can be
appreciated in the normal operating condition, where the bend is lower than upper
plate.

6.4 Study on the extraction efficiency
After the sizing of the mock-up, the hydrogen extraction performances are analysed.
In this case, the membrane length is fixed, therefore the free parameters are the
temperature of the PbLi and its flow velocity. In fact, the latter influences the
permeation due to the degree of turbulence for the mass transport coefficient, as in
the Chapter will be shown.

The temperature affects all the physical properties both for PbLi and the
membrane. Since the operating condition is steady state, the temperature field
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(a)

(b)

Figure 6.6: Stress distribution close to the holed plate in normal operating condi-
tions. In a) the PbLi temperature is 330 °C, in b) the PbLi temperature is 500 °C.
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(a)

(b)

(c)

Figure 6.7: Stress distribution close to the upper plate in normal operating con-
ditions, when the external pressure is 1 bar while the internal pressure is 0 bar
when the PbLi temperature is 330 °C a). In b) the details on upper plate when
the external pressure is 1 bar while the internal pressure is 1.7 bar and the PbLi
temperature is 330 °C are shown. In c) the details on bottom plate stress can be
appreciated in the same case.
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is assumed to be isothermal. For this reason, the temperature is an indepen-
dent uniform variable uniform for each material. The needed PbLi properties are
ρl[76],µl[76],Dl[50],Kl[50].

6.4.1 Surface-Limited Regime vs. Diffusion-Limited Regime
In this section the results of the application of the model described in the Chapter 5
are reported. Both cases of permeation regime in SL and DL are shown in Fig. 6.8.
When the mock-up operates at low temperature, the permeation regime is SL,
leading to a lower mass flux across the membrane than the one in DL. This is due,
in particular, to a lower value of recombination phenomena (and consequently the
dissociation mechanism) that acts a further resistance to the permeation. This
effect is evident at 330 °C, where the pure DL regime has an efficiency of ∼20%,
whereas the corresponding case in SL regime the extraction efficiency is ∼5%.
As the temperature increases, the surface mechanisms become lesser important,
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Figure 6.8: Effect of the variation of the PbLi temperature on the hydrogen extrac-
tion efficiency when the flow velocity is fixed at 0.5 m/s.

moving the permeation to the DL regime, in which the mass flux is only affected by
the mass resistance of diffusion in the membrane bulk. Indeed, when the considered
temperature is 500 °C, the extraction efficiencies are similar. It must be noted
that these effects are consistent even if the membrane is contaminated, since the
permeation is forced to be SL. In fact, a lower value of recombination constant can
be also a consequence of impurities in the membrane. In this case, a temperature
increase leads to a permeation in diffusion-limited regime, since the chemisorption
effects are attenuated.
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6.4.2 Sensitivity analyses
To show the effect of the other parameters as the turbulence of the PbLi in the
pipes and/or the membrane properties, an uncertainty analysis has been performed.
This activity was foreseen for the experimental campaign on the mock-up on the
TRIEX-II facility, but due to the COVID-19 pandemic, the validation activities
was postponed beyond the end of this PhD program.

The analysed parameters are:

• mass transport coefficient;

• mass flow repartition;

• permeation condition.

Notwithstanding this, an evaluation of the possible scenarios for the validation
has been prepared to support the conceptual design of the TERS based on the PAV
technology. A test matrix has been elaborated, considering as input the following
data:

• Temperature range: 330 °C - 450°C;

• PbLi mass flow: 1.2 kg/s - 4.6 kg/s;

• inlet partial pressure of H2: 200 Pa;

• Pressure vacuum side: 0.01 Pa;

With this range of operating parameters, the text matrix example is shown in
Table 6.5. The target of the analysis is to investigate how the uncertainty on
the mass transport coefficient (related to the adopted correlation) in the PbLi, the
degree of turbulence (the mass flow rate) in the pipes and the permeation properties
affect the performance of extraction.

Table 6.5: Test matrix example for the uncertainty analyses of the experimental
campaign of the mock-up on TRIEX-II facility.

PbLi mass flow [kg/s]
T [°C] 1.2 2.9 4.6

330 η1,1 η1,2 η1,3
390 η2,1 η2,2 η2,3
450 η3,1 η3,2 η3,3
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Effect of mass transport coefficient hT

Considering the effect of the mass transport coefficient hT, the correlation adopted
for its estimation is reported in [77] and it has a confidence interval of ± 13%. To
show only this effect, the other parameters are fixed. In particular, the average
values for each mass flow rate is retained in the pipe, and the properties for the
niobium membrane are taken from [56]. In this condition, the mass transport
coefficient is manually altered up to the minimum/maximum value starting from
the average one. In Fig. 6.9 two phenomena are highlighted. The first one, in
Fig. 6.9a, is the efficiency increase when the mass flow rate decreases: this is due
to the increase of the residence time of the hydrogen molecule in the PbLi as
the transport effect along the pipe is reduced. In this figure the mass transport
coefficient is fixed at the nominal value. The highest efficiency value is reached
when the temperature is 450 °C (reduction of surface phenomena) and the mass
flow rate is 1.2 kg/s (lower diffusion time with respect to the transport time). In
this operative condition, the membrane is more permeable than the other points,
and the reduction of PbLi velocity enhances the diffusion towards the membrane
surface.

The second one is the impact of the mass transport coefficient when the PbLi
velocity is fixed. If hT is altered in its confidence interval, the importance of the
transport towards the wall becomes more evident (See Fig. 6.9b for the case of 1.2
kg/s). In fact, if the mass flow rate value is kept constant (i. e., the PbLi flow
velocities in the pipes), a reduction of the mass transport resistance enhances the
permeation (higher hT), confirming the impact of the velocity both on transport of
hydrogen along the pipe and its transport towards the wall.

The two effects are summarised in Fig. 6.9c where the operating condition is at
the maximum temperature (450 °C) and the mass flow rates encompass the range
[1.2-4.6] kg/s. As the figure shows, an increase in the mass flow rate induces an
increase of outlet partial pressure of hydrogen, due to the predominance of PbLi
transport with respect to the permeation. The highest value is reached again when
the mass flow rate is 1.2 kg/s and the hT has its maximum. To conclude, the
major resistance to the permeation is due to the PbLi since two opposing effects
are present: the transport towards the membrane due to a higher mass transport
coefficient (higher turbulence) and the advection of hydrogen along the pipe.

Effect of mass flow repartition

Here the effect of the mass flow repartition is discussed, since each pipe contributes
to the extraction efficiency by the proper mass transport coefficient. Indeed, the
split of mass flow rate due to the pressure drops, which is different for each pipe as
showed in Fig. 6.5, induces small differences about hT in each tubes. This implies
that, in principle, the hydrogen is differently extracted in the permeator as the level
of turbulence is concerned. To retrieve this effect, an example of flow repartition
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(a)

(b)

(c)

Figure 6.9: Effect of mass transport coefficient on the hydrogen extraction efficiency
in the mock-up. In (a) the average value of the hT is used. In (b) variation of hT
is reported for a single case of mass flow rate. In (c) the effect of mass flow rate at
fixed temperature is showed.
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is taken as a reference from [69], and it is applied to the investigated mass flow
rate range. Each outlet concentration is evaluated at the end of pipe (entry of each
manifold). Here, the average concentration C is calculated as:

C =

Np∑︂
i=1

Ci
mi̇
ρ

Np∑︂
i=1

mi̇
ρ

(6.11)

where Np is 8 as the number of pipes, and ρ is the PbLi mass density. The average
concentration of hydrogen is thus calculated in each manifold, setting a new initial
value for the permeation in the next collector. Concerning the niobium properties,
the ones calculated by Steward [56] are used.

In Fig. 6.10 the results of analysis are shown. It is evident that a slightly
difference in the mass transport coefficient does not affect in significant way the
outlet concentration of hydrogen. This is due to the fact that the mixing effect
in each collector averages the different concentration at the outlet of each pipe.
Moreover, a rebalance effect on the permeation is present: if a pipe receives less
mass flow rate, the permeated flux is increased, as stated in the previous section.
In conclusion, the permeation is not affected with significant effect when there are
slightly differences in the mass flow rate in each pipe.

Permeation properties of the niobium membrane

Recently, CIEMAT has measured a new set of niobium properties [78] that confute
those calculated by Steward. In the results of CIEMAT, the recombination constant
Kr decreases by increasing of temperature. To show the effects of this implication,
the next case has been calculated keeping the average mass flow velocity in each
pipe since it has no influences on the permeation. With respect to Fig. 6.11a, the
case calculated with the Steward’s properties is reported for direct comparison.
In Fig. 6.11b the calculation performed with the set of properties measured by
CIEMAT is shown. The permeation is always negligible since the surface resistances
increase as the temperature increase. This means that if this new set of properties
was confirmed, the niobium membrane would not be suitable for the extractor based
on PAV technology.

Niobium surface condition

The last examined case regards the state of the surface of the niobium membrane.
In fact, according to [79], if the metal is contaminated, the value of recombination
constant is lower than that for a clean surface. This implies a greater resistance on
the walls with respect to the case of pure membrane, which leads to a SL permeation
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(a)

(b)

Figure 6.10: Effect of mass flow repartition on the extraction efficiency in PAV
mock-up. In the right axis the efficiency is reported. In (a) the effects of mass flow
repartition is showed for different temperatures, while in (b) the case with 1.2 kg/s
is showed at vary temperatures.
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(a)

(b)

Figure 6.11: Effect on the extraction efficiency with two different sets of niobium
properties: in (a), the property of Steward are used, whereas in (b) the new set
measured by CIEMAT is adopted.
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regime. To show the influence of the membrane condition, the extraction efficiency
is computed and compared in both operating scenarios.

(a)

(b)

Figure 6.12: Effect on the extraction efficiency depending on the niobium membrane
surface. In (a) the niobium is contaminated, while in (b) the membrane is clean.

From Fig. 6.12 it is evident that in presence of a clean niobium surface, the
extraction efficiency is quite higher than the case of contaminated niobium. This
is due to the recombination constant, because it behaves as an enhancer of the
permeation: higher value implies a major number of hydrogen atoms that are able
to recombine and leave the membrane faster, avoiding the flattening of the gradient
concentration in the membrane. In fact, the flattening of the gradient is mainly
due to the different velocities of surface effects: if the latter are slower than the
diffusion in the membrane bulk, the chemisorption acts as stopper for the diffusion,
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leading to lower efficiencies. To conclude, the niobium membrane performs worse
extraction when its surface is contaminated, as by the formation of oxides.

6.5 Conclusions and perspectives
The primary purpose of this effort was to develop a PAV mock-up with a niobium
membrane with the intention of installing it sequentially in the TRIEX-II facil-
ity and characterising its performance. A cylindrical structure with U-tubes was
chosen to reduce the total size of the components, and the membrane thickness in
comparison to a planar arrangement. niobium was chosen as the membrane ma-
terial due to its high hydrogen permeability, low susceptibility to oxidation, and
reduced cost. A FEM analysis hes been carried on to verify the preliminary sizing
by means of analytical formulas. As well, a CFD study has been perform to as-
sure the level of turbulence in the pipe, since the hydrogen transport towards the
membrane is mainly affected by PbLi velocities.

The design was adjusted to minimise the spread of PbLi speed between the
pipes, taking into consideration criteria for overall dimensions and pressure losses.
The ideal PbLi speed for hydrogen isotopes penetration was determined to be 0.5
m/s, where at 500 °C, the mock-up demonstrates a potential maximum extraction
efficiency of around 40-45%.

In the framework of the validation activity foreseen in TRIEX-II, an uncertainty
analysis has been carried out. The main parameters have been deeply investigated
in order to optimise the extraction efficiency and to understand how the latter is
affected by the temperature, partial pressure and niobium condition. Considering
the niobium surface, a possible foreseen solution to avoid corrosion and thus enhance
the permeation, is to use the PdAg coating. The recombination constant of the
coating is higher than the niobium one, leading to a reduction of surface resistance
to the permeated flux at lower temperature.
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Chapter 7

Conceptual design of a PAV-based
tritium extractor for the WCLL
BB of the EU DEMO

In this chapter, the scalability of device analysed in Section 6 is assessed for the
TERS up to EU DEMO scale. The design is performed considering the foreseen
constraints for the WCLL BB.

The methodology is carried on by means of the new permeation model developed
in Chapter 5, taking into account the results achieved in the uncertainty analyses
on the PAV mock-up. The prescribed constraints impose a certain limit of the
pressure drops which results in a limit for the membrane length. The latter is
the main parameter to be determined in order to achieve the nominal efficiency of
80-90%.

To carry on the study, a parametrically analysis is conducted varying the inlet
temperature of the PbLi and the membrane geometry in order to be compliant with
the prescribe pressure drop. As showed in the previous section, the temperature in
the main parameter which affects the permeation regime. Therefore, a comparison
among the solutions found with the SL and the DL are showed, to identify the best
options. Most of this work has been presented at SOFT2020 [80].

7.1 TERS based on PAV up to EU DEMO scale
In this conceptual design of the TERS, the working principle is the same proposed
in the Section 6.2. The PbLi that exits the BB is collected in the intake manifold,
which distributes the flow via a first set of U-pipes before reaching the mixing
manifold. From the latter, where the PbLi mixing enables the tritium concentration
to be homogenised in the event of non-homogeneity in the first passage, and via
a second set of U-pipes, the PbLi flows eventually to the outlet manifold. See
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Fig. 7.1. In the extractor foreseen for the EU DEMO, each set has U-pipes placed
in a square lattice with a 5 cm pitch, which enables the pipes to be correctly welded
to the plate.

(a) (b)

(c) (d) (e)

Figure 7.1: View of the PAV design proposed here: a) 3D view, b) top view of the
vessel internals (with the inlet/outlet and discharge pipes in transparency), c) side
view of the vessel internals (with inlet and outlet manifolds) and side view of the
passage 1 d) and passage 2 e).

Concerning the TERS for the WCLL BB at system level, a possible configuration
is presented in Fig. 7.2. This P&ID is similar to that described in [81] for the TERS
of the Dual Coolant Lithium Lead (DCLL) BB. Following its escape from the BB,
the liquid PbLi from the loop enters the PAV, where tritium is removed, and then
returns to the PbLi loop, where it is extracted again. The efficiency of the PAV is
dependent on several factors, including the pressure gradient established across the
permeator membrane; consequently, the vacuum level established on the vessel side

184



7.2 – Conceptual design strategy

of the membrane is critical and must be carefully selected, as it has implications for
the vacuum system. The vacuum line is comprised of an extraction line connecting
the PAV to the tritium plant, which is powered by a pair of vacuum pumps (HVP01
and RVP01). In the event of a tritium plant emergency shutdown, the vacuum line
directs the extracted tritium to the GETTER systems, which store the tritium
until the tritium plant is restored. V16 is closed while V07 is opened. During the
start-up phase, the helium line is necessary to fill the PAV vessel. The vessel air
is removed through the V03-V05 line: the PAV is supplied with helium at a high
pressure from the He main line, avoiding the need for pumps, and is diverted to the
low pressure helium line. Helium is also utilised as a stripping gas in the GETTER
systems after they exceed their tritium storage capacity. A tritium extractor is
planned to separate the tritium from the helium, recovering the helium (which will
be returned to the low pressure pipe), and transporting the pure tritium to the
tritium plant. The potential of encountering non-standard operating situations has
been considered, necessitating, for example, the discharge of the PbLi to the T01
through the three parallel sets of valves and rupture discs under the PAV.

7.2 Conceptual design strategy
The preliminary dimensioning of the PAV for the EU DEMO TERS begins with
an assessment of the required length for the permeator membranes, i.e. the U-
pipes. Along with defining the pipe diameter, this result also defines the vessel
size. The pipe length is calculated by specifying the required extraction efficiency
η and estimating the distribution of the tritium concentration in the PbLi using
appropriate permeation models. The findings obtained using a SLM will be com-
pared to those obtained using a pure DLM, as described below. To optimise the
shape of the permeator while still adhering to the design limitations, parametric
scanning is performed by

• the pipe diameter, using available commercial values for Nb pipes;

• the PbLi inlet temperature, that can be increased by means of suitable
heaters, if the permeation process must be enhanced to reach the desired
target efficiency (even though this will result in an overall plant efficiency
reduction, due to the heater power consumption).

7.2.1 Design constraints and inputs
The primary limits on PAV dimensioning are space occupancy (which is determined
by the amount of space provided for its installation in the plant) and permitted
pressure drop, as shown in Table 7.1. The maximum permeator length (40 m) is
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Figure 7.2: P&ID of the PAV system for theEU DEMO TERS. PAV; G: getter
system; HVP: high vacuum pump; RVP: rough vacuum pump; TT: temperature
sensor; PT: pressure transducer; TS: tritium sensor in PbLi; AC: tritium sensor in
gas phase; V: valve; FT: flowmeter; RD: rupture disk; T: storage tank; He/T: He
- tritium separator. The tritium path in normal operation mode is highlighted in
red.
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Table 7.1: Constraints for the EU DEMO TERS design.

Variable Constraint

Pressure drop in the extractor ≤ 2 bar
Vessel diameter DV ≤ 7 m
Devices for each BB loop max 2 in parallel
Vessel height L 10 m
Efficiency η ≥ 80%

determined by the vessel maximum height and the presence of two U-pipe pas-
sageways. The WCLL BB design incorporates four PbLi loops for OutBoard (OB)
segments and two loops for InBoard (IB) segments. The dimensioning of the PAV
required to extract tritium from one of the OB loops is carried out here, as they
have the highest mass flow rate (up to 264 kg/s), as shown in Table 7.2: if the
dimensioning demonstrates that the PAV is capable of processing that mass flow, it
will also be capable of processing the lower mass flow in the IB loops. Additionally,
a maximum of two parallel vessels is specified for each circuit to ensure redundancy
in the event of a failure without exceeding the maximum space occupancy. The
efficiency must be at least 80% and, if feasible, raised to 90% [82] in order to de-
crease tritium inventory within the PbLi loop. The extractor will be situated near
the reactor, at the highest point of the PbLi circuit. The design inlet pressure is
4.6 bar, with a relief valve that allows the PbLi content in a tank to be released in
the event of a component pipe rupture.

Apart from the PbLi mass flow rate to be processed, the model used to design
the permeator also takes into account its thermodynamic properties, as well as the
tritium partial pressure at the membrane inlet, as shown in Table 7.2. The latter
has a list of all the inputs.

Table 7.2: Input data for the dimensioning of the OB PAV.

Parameter Value

Tritium inlet partial pressure (pT,b) 100 Pa
Design PbLi inlet temperature (T ) 330 °C
PbLi inlet pressure (p) ∼15 bar
PbLi mass flow rate (Wt) 264 kg/s

7.2.2 Design approach
Due to the fact that all thermophysical characteristics are temperature dependent,
the latter is the first independent variable: because the PAV operation is isothermal,
it is consistent across all materials. Following that, the following qualities are
evaluated:
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PbLi: ρP bLi, µP bLi, DP bLi, KsP bLi;

Nb: DNb, KsNb, KrNb, KdNb;

The following stage is to determine the geometrical dimensions of the pipes, most
notably the inner diameter. To generate credible results from the model, the corre-
lation used for the mass transfer coefficient must change within the validity range
of the Reynolds number (Re). This constraint, when paired with the correct in-
ner diameter di of the pipes (as determined by commercial sheets [83], results in a
predefined PbLi speed. As a result, at the specified temperature value

v (di, T ) = Re · µP bLi

di · ρP bLi

(7.1)

moving between the lowest and maximum values of the Re number, as defined by
the correlation validity range described in [77]. Each combination of (di, T ) results
in a unique mass flow per pipe, allowing the total number of pipes required to
handle the whole mass flow rate to be calculated. Even though the membrane
length is unknown at this point, the pressure drop per unit length [Pa/m] for any
combination of (di, T ) is already calculable at this point. The friction factor f is
correlated using the formula provided by [41]:

f = 0.316
Re0.25 (7.2)

and it is applicable to circular pipelines carrying liquid metal. As a result, the
pressure decrease per unit length is as follows:

∆pl = 4f

di

1
2ρP bliv

2 (7.3)

Using both models for the two tritium penetration regimes within the permeator
and the temperature, the inner pipe diameter, and the PbLi speed, it is feasible to
determine the length necessary to achieve the required extraction efficiency. The
required membrane length is highly dependent on the permeation regime and is
calculated by assessing the bulk tritium concentration CT,b at each axial coordinate
z inside the pipes using 5.3, until the desired extraction efficiency is obtained. After
determining the length, the total pressure drop may be calculated.

The parametric analysis is carried out by modifying the temperature and inner
diameter of the pipe. The final design will then be chosen by the solution that
minimises the overall pressure loss in the PAV and the maximum encumbrance.
The inner diameter of the pipes through which the PbLi flows determines the
number of tubes required to handle the total mass flow while fulfilling the fluid
speed limitation; with a fixed pitch of 5 cm between the pipes, this defines the
diameter of the vessel(s).

188



7.3 – Results

Due to the fact that varying the PbLi speed results in varied membrane length,
pressure drop, and mass flow rate behaviours in the pipes, the acceptable option
for successfully completing the design is represented by a trade-off between all
parameters (temperature, pipe diameter and membrane length). This trade-off
occurs as a result of the membrane length and the number of pipes, after the
selection of an appropriate PbLi speed that ensures a total pressure drop less than
the relevant limit. Fig. 7.3 illustrates the design process, which may be resumed
as:

1. a temperature value determined by parametrically raising it from the design
to 400 °C and 500 °C;

2. the speed is determined by the permitted Re range and the temperature;
as a result, the mass flow rate per pipe and the number of pipes may be
determined;

3. the pressure loss per unit length is calculated using the speed and temperature
at the preceding step;

4. the permeation model calculates the membrane length necessary to attain the
required efficiency for each speed value;

5. within the constrained encumbrance, the best solution is developed that sat-
isfies all of the requirements (pressure drop, membrane length, and vessel
diameter).

7.3 Results
The dimensioning results, including the parametric investigations, are presented
here. They are produced by enforcing an extraction efficiency of 90%, which is
greater than the required minimum of 80%, in order to limit the tritium inventory
inside the PbLi loop. The dimensioning process seeks to determine the membrane
length and vessel diameter (which are directly proportional to the number of pipes)
that fulfil all restrictions. According to the design procedure (Fig. 7.3), the PbLi
speed is predetermined using 7.1, after the required range of Re values is chosen. As
seen in Fig. 7.4, the membrane length and the number of pipes behave differently
as a function of the total pressure drop (i.e. the PbLi speed):

• The mass flow rate per pipe (and hence the pressure drop) increases as the
PbLi speed increases, resulting in a reduction in the number of pipes as the
pressure drop grows.
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Figure 7.3: Flowchart of the design process for the PAV proposed here: on the
left the constraints given in input are present, and on the right the operations are
reported.
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Figure 7.4: Comparison between the trade-off when both permeation regimes are
considered at η = 90%. Here the di = 13 mm at T = 500 °C case is reported. The
orange lines show the membrane length (left axis) and the light blue lines show the
pipe number (right axis). The trade-off for each regime is highlighted by a black
circle.
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• On the contrary, when the speed increases, the membrane length tends to grow
due to the decrease in the residence period of the tritium during extraction;
accordingly, longer membranes are necessary to achieve the goal efficiency
(and consequently the total pressure drop tends to further increase).

The spatial restrictions impose a limit on both the membrane length (left axis
in Fig. 7.4) and the number of pipes (indirectly) (right axis in Fig. 7.4). Finally, the
pressure drop limits impose a limit on the x-axis of Fig. 7.4. Due to the behaviours
described above, the latter restriction places a limit on the minimum number of
pipes and the maximum length that are permitted. The space of acceptable design
values is defined as the intersection of these acceptable values and those imposed
by encumbrance limitations. This space can be limited (but not necessarily tiny)
or infinite. In the first scenario, because the number of pipes is the more strict
limitation (because more pipes require more welds, which are crucial structurally),
the maximum pressure drop is kept, although at the expense of a longer membrane.
The second scenario retains the pressure drop nearest to the threshold, while main-
taining a manageable amount of pipes. The pressure drop constraint is regarded
indicative for the time being, as the circulator pressure head is not yet determined
throughout the design phase. As a result, only solutions within twice the 2 bar
threshold are maintained in Fig. 7.5: this is true only for the membrane operating
in the SL regime at 330°C.

The findings of both models are compared in Fig. 7.5a: for both specified diam-
eters, the surface-limited model predicts a longer membrane than the pure DLM,
suggesting that contamination of the Nb membrane (requiring the employment of
an SLM) reduces efficiency. Notably, only heating the PbLi to 500°C allows for
a design solution that satisfies almost all constraints (with a 90% efficiency); at
400°C, the pipe length required to achieve the target extraction efficiency is more
than twice the acceptable value, while at 330°C, the pressure drop is unaccept-
ably high. If the mass flux of tritium is restricted by surface phenomena, and the
recombination/dissociation mechanisms are orders of magnitude slower than the
mass diffusion in the membrane, the limiting factor is no longer the mass diffusion
in the membrane. The membrane becomes shorter as the temperature increases, as
the recombination constant (for the SLM) and diffusion coefficient (for the DLM)
tend to increase, resulting in a greater tritium flux across the membrane.

As shown previously, the pressure decrease recorded in Fig. 7.5b is nearly always
close to the maximum permissible amount. Larger values are preserved only in a
few circumstances where a suitable solution cannot be found.

The diameters of the permeator vessel computed by the SLM (and by the DLM
at 330°C) are shown in Fig. 7.5c: the constraint on maximum encumbrance is
always satisfied when a single vessel is used for each loop. The diameter of the
vessel, in particular, is determined only by the number of pipes it should contain
(after the pitch between the pipes in the lattice is established), as seen in Fig. 7.5d.
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Figure 7.5: Results of the PAV dimensioning considering different pipe diameters
and PbLi temperature, and a 90% target extraction efficiency. a) Permeator length;
b) pressure drop; c) vessel diameter; d) number of pipes in each vessel. Where
available, the maximum allowed value is reported as a black dashed line. The color
legend is the same for all figures.
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The latter is the ratio of the overall mass flow rate to the mass flow rate carried in
each pipe, which is determined only by the pipe diameter and PbLi speed chosen
in the design process.
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Figure 7.6: Comparison of the requested membrane length in SL regime at different
temperatures for different target extraction efficiencies for a) di = 9.2 mm and b)
di = 13 mm.

The comparison of membrane lengths produced with varied target extraction
efficiencies is shown in Fig. 7.6. Both situations of di = 9.2 mm (Fig. 7.6a) and
di = 13 mm (Fig. 7.6b) are illustrated, with the temperature being parametrically
varied in the SL regime. Due to the increased penetrated flow as the temperature
rises, the desired duration tends to decrease. On the other hand, if the desired
efficiency is increased while maintaining the same temperature, longer membranes
are necessary to force a lower tritium concentration at the PAV exit. At 330°C,
the extraction efficiency of 90% cannot be achieved without a significant pressure
drop; so, that example is not included in Fig. 7.6.

To summarise, as seen in Fig. 7.5 and Fig. 7.6, it is conceivable to operate the
EU DEMO TERS presented here with the extraction efficiency (conservatively) up
to 90% in order to minimise the tritium inventory:

• in a DL regime at any temperature, including the WCLL working temperature
of 330°C;

• at 400 °C, also in a SL regime, but with at least two permeators connected
in series (or with a drop to 70% of the goal extraction efficiency);

• at 500 °C, as well as in a SL regime, to achieve the desired extraction efficiency.
Future advancements of the overall EU DEMO design will result in the optimal
alternative being chosen from those presented here, mostly based on the permissible
TERS operation temperature and the relaxing of certain space limits.
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7.4 Conclusion and perspectives
The EU DEMO TERS conceptual design, based on PAV technology, has been de-
tailed. The permeator geometry is shell-and-tube in nature, with the Nb membrane
serving as the pipe wall and the tritium recovered from the PbLi flowing through
the pipes through vacuum pumping. Additionally, a preliminary P&ID for the
TERS has been shown, highlighting certain critical valve functioning.

The preliminary dimensioning of one vessel for the PAV has been completed
for one of the BB OB WCLL loops, with a target tritium extraction efficiency of
90% and a tritium inventory of less than one kilogram. Two distinct models of
tritium permeation were utilised, as the permeation will be SL or DL depending on
the membrane surface conditions, contaminated or uncontaminated. The results
demonstrate that, in the event of a polluted membrane, the efficiency, space, and
pressure drop requirements imposed by the design may be met by raising the PbLi
temperature to increase permeability. On the other hand, with a non-contaminated
membrane, the full flow of a WCLL loop may be processed in a single permeator
without heating the PbLi and yet meet all limitations.

To assess the performance of the PAV, a mock-up is being produced [69]: it will
be tested at ENEA Brasimone under EU DEMO-like working conditions. Moreover,
a new set of permeation properties for Nb is being measured to update the current
mass properties available in literature. In general, these tests will be utilised to
determine the permeator effective operating regime and to validate the associated
model.
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Chapter 8

Final conclusions and perspectives

This thesis deals with the modelling of LMs in future fission and fusion machines.
Due to the versatile properties of LM as coolant (for LMCRs) or as coolant/breed-
er/carrier (for future fusion reactors) for tritium, a multi-physics approach is needed
to correctly model the phenomena involved by its exploitation. In particular, the
development of this type of computational codes to be used during the firstly design
phases addresses this target by means of fast analyses for the inherent safety of the
design (as in the case of FRs). Moreover, some aspects have to be investigated to
develop new systems which will be able to increase the reliability and the safety of
processes (for instance, as in the EU DEMO reactor for the tritium cycle). To do
this, the European framework is currently supporting the research and the devel-
opment of these tools for both fission and fusion machines, by means of consortium
as EUROfusion or FALCON.

The work presented in this thesis has the scope to verify, test and develop tools
and new models for the multi-physics assessment of advanced nuclear system based
on LMs.

For the fission machines (Section 8.1), the main target is the benchmark of
the results calculated by the FRENETIC code on relevant test cases as ALFRED
(LFR) and EBR-2 (SFR) with respect to other state-of-the-art tools, as Serpent-
2 or SIMMER. Furthermore, to broaden the application domain of FRENETIC
when multi-physics simulations are required, a methodology to test the capability
of the PH module has to be developed to obtain the needed data from Monte
Carlo simulations. Concerning the development of new models, the necessity to
study the mixing phenomena due to deformation or accidental conditions in FAs
of LFRs with respect to the nominal condition is one of the main activities of the
PASCAL project, which is currently supporting the design of the ALFRED reactor.
Mixing phenomena of coolant among fuel rods become important when there is a
net mass flux due to deformation, therefore a new mathematical model to assess
these exchanges has to be formulated. Then, the latter has to be implemented in
the EFIALTE code, one of the DOCs suite developed by ENEA Bologna. In this
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context, the purpose of the EFIALTE code is the assessment of different scenarios
with respect to the ones already treated by the ANTEO+ code, whose application
domain is restricted to the nominal or BOL conditions.

Concerning the fusion machines (Section 8.2), the extraction of tritium from
the PbLi is the main topic of the discussion. As the tritium is produced (and thus
dissolved) inside the LM due to the capture of a neutron by Li-7, the necessity
to close the fuel cycle is one of the most important target of the EU DEMOs
reactor to guarantee the sustainability of the fusion reaction and to minimise the
loss of the radioactive isotope for safety aspects. One of the candidate technology
to accomplish these features for the EU DEMO reactor is the PAV, where the
tritium can permeate through a metallic membrane when a pressure difference
across the latter is established. Since the permeation is strongly affected by the
operating (temperature and pressure) and membrane conditions (contaminated or
not-contaminated), a new model to assess the total quantity of extracted tritium
from the LM has to be derived, encompassing all the possible permeation regimes
(SL or DL). The scope of this model is the estimation of the required length to
achieve the prescribed extraction efficiency for the extractor, including the surface
phenomena together with the mass diffusion inside the metal bulk. Then, the model
has to be applied for the sizing and study of extraction performances on a mock-up
based on the PAV concept, that is being installed in TRIEX-II in ENEA Brasimone.
The validation activity was also foreseen, but due to pandemic COVID-19 situation,
it has been postponed beyond the end of this PhD program. The assessment of
the mock-up has to be conducted following a multi-physics approach, by means of
CFD and FEM analyses of the component, together with the permeation study. As
final application, the TERS up to EU DEMO scale has to be carried out, in order
to find the best operating conditions for the extractor that are compliant with the
foreseen constraints.

8.1 Fission-related activities
The fission-related activities have been carried on with the scope to pursue the
verification activities of the FRENETIC code, a multi-physics code that has been
being developed in the last years in Politecnico di Torino. FRENETIC is able to fast
simulate steady state and transient condition of LMCRs by means of two modules
which solve the NE aspects with a multi-group diffusion equations, and TH ones
by a 1D+2D approach for the temperature, pressure and velocity distributions. In
this way, the code is capable to take into consideration the thermal feedback of the
system is proper cross sections libraries temperature-dependent are provided.

Due to the strongly interest of Italy in the development of LFRs technology in
the European context by its involving in the joint PASCAL project for supporting
the design of the ALFRED reactor, the latter has been analysed with FRENETIC.
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To perform the study, a cross section libraries temperature-dependent has been
build by means of the Monte Carlo code Serpent-2. The optimisation of the model
have been carried on considering different level of modelling in FRENETIC, in
order to increase the accordance between the results of the two tools. Results have
shown excellent agreement when the external regions of the core are included in
the FRENETIC code when the thermal feedback are also included in the transport
model to perform the comparison.

With this improved model, the NE module of FRENETIC have been verified
with the SIMMER code. The activity has been conducted with the same set of
cross sections library in the HZP condition calculated by Serpent-2. The aim of
the benchmark was to test the capabilities of FRENETIC to solve the neutronic
parameter by multi-group diffusion theory with respect to discrete-ordinate meth-
ods used by SIMMER. Results of the 3D analyses have shown good concordance
between the two codes, aiming to demonstrate the accuracy of the diffusion model
in FRENETIC compared with the SIMMER transport solution.

As stated before, a methodology for the inclusion of thermal energy deposited by
photons in FRENETIC when the code works in a coupled scenario NE/PH has been
developed. Indeed, in FRENETIC a NE module is available and it uses the same
multi-group diffusion equations adopted for neutrons. To test this capability of the
code, a complex case on the EBR-2 Sodium-cooled FR has been studied. On the
EBR-2 several experimental campaigns were conducted, aiming to demonstrate the
effect of thermal feedback on reactivity to passively shutdown the reactor, when
a series of unprotected accidents were simulated. The reactor configurations of
these tests (SHRT-45R and Shutdown Heat Removal System 17 (SHRT-17)) have
been released during a CRP of IAEA. The EBR-2 was very heterogeneous during
the SHRT-45R, both for the core configuration and fuel composition. By means
of a 3D Monte Carlo simulation with Serpent-2, a set of cross section data have
been calculated, studying in particular the effect of the spatial homogenisation to
preserve the generation of thermal power. A methodology for the generation of
photon data (i.e, attenuation coefficients, the deposited energy per particles, the
(n, γ) production) has been developed to retrieve also the thermal power due to
KERMA of neutrons and photon. The set of collapsed data have been used in
the FRENETIC code, by adding successive levels of detail both in transport and
diffusion model. Results have shown the correctness of the methodology for the
generation of photon data, as well as the spatial homogenisation. The thermal
fission power and the neutron KERMA power is correctly retrieved, whereas for
photon the incapability of Serpent-2 to provide the photons multiplicity production
has led to an underestimation of photon flux. As a consequence, the related photon
power is not well reproduced by FRENETIC. Notwithstanding this, the complex
case of the SHRT-45R has been deeply exploited for photon, giving the possibility
to pursue the validation of the FRENETIC code in theSHRT-45R transient if a
complete set of photon data is provided.
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Final conclusions and perspectives

As final activity in the framework of the European project PASCAL, a prelimi-
nary design of a DOC for the deformed fuel bundle in LFRs has been assessed. This
code, namely EFIALTE, aims to model the SC mixing in accidental conditions (or
in EOL condition) when the deformation of fuel rods is concerned. Since one of the
foreseen capabilities in the code is to evaluate also the power and temperature dis-
tributions inside the bundle, the code purpose is to work in a multi-physics context,
together with other DOCs as ANTEO+, TIFONE and TEMIDE. Starting from the
integral equations for mass flow, transverse and axial momentum in a pure hydraulic
deformed scenario, the general formulation for evaluation of the diversion cross flow
has been achieved. To test the possibility to solve the transverse mixing, the unde-
formed situation has been studied. The so-called CROSSFLOW SCHEME shows
promising results: the diversion mass flow rate is correctly retrieved when a proper
driver (i.e., a different pressure in the inlet pressure) is provided as boundary con-
dition. Foreseen activities on this tool are foreseen by NEMOgroup in Politecnico
di Torino, including the general formulation of deformed geometry and a scheme
which is able to calculate the correct inlet pressure, if an outlet pressure at the end
of the SCs is imposed.

8.2 Fusion-related activities
This part of thesis is has been devoted to the design of an extractor of tritium from
the PbLi, the LM breeder which is foreseen in one of the concepts of the WCLL
BB for the future EU DEMO reactor. Several technologies are being investigated,
and one of the promising solutions is based on PAV technology.

The first part of the work consists in the development of a new model for
the evaluation of the permeated flux from the carrier (the PbLi) by means of an
extractor where a pressure drop is established across a metallic membrane. A
deeply study has been carried on regards the mass transport properties of PbLi
and metals as niobium, identify two regimes of permeation. When the permeation
is strongly conditioned by surface effects of the membrane, as the recombination
and dissociation, the diffusion in the metal bulk is neglected and the permeation is
called SL. On the contrary, when the the surface effects are faster than the diffusion
in the bulk of membrane, the permeation is driver by the gradient of concentration,
and the operating condition is called DL. The model has been developed starting
from previous works, where systems as gas-membrane-vacuum were studied in order
to identity the mass flexes due to surface and bulk of the membrane, when a
pressure drops is established across the membrane. The physics modelling has
been extended to the case of liquid-membrane-vacuum (or counter pressure, if it
is present), treating the transport from the LM bulk towards the wet side of the
membrane as the source of permeation.

The model has been verified with respect to other DLMs. Indeed, this model
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can encompass the two permeation regimes by changing the physical constants as
diffusion mass coefficient, recombination constant and solubility constant. There-
fore, a parametric analyses on the foreseen mock-up of the extractor have been
carried on, to estimate the extraction performances if the geometry is imposed.

The PAV mock-up has been designed starting from the constraints of geometry
prescribed in TRIEX-II facility (ENEA Brasimone), where an experimental cam-
paign was foreseen to test the technology with hydrogen. Unfortunately, due to
the outbreak of COVID-19 pandemic in the 2020, the tests have been postponed
beyond the ending of this PhD. The design of the mock-up has been conducted
by a preliminary sizing of the vessel and holed plate where the pipes (the mem-
brane) are located. The assessment have been performed with analytical formulas
for thin shell and plates, and then verified with a set of FEM analyses considering
the operational and accidental conditions.

A set of CFD analyses have been assessed to study the effects of the mass
flow repartition (i.e, the turbulence level in each single pipe) on the extraction
efficiency. These results have been parametrically studied to highlight the effects of
the temperature, partial pressure and surface condition on the outlet concentration
of hydrogen. As final results, the most influencing parameters are the temperature
of the system (which affects the surface phenomena of the membrane) and the
hydrogen transport from the PbLi to the membrane. Moreover, the presence of
impurity in the membrane changes significantly the permeation, leading to lower
efficiencies in the SL condition than DL one.

The final application of the developed model has been exploited on the extrac-
tor up to EU DEMO scale. By assessing of the most affecting variables on the
extraction efficiency, the TERS has been sized to achieve the required extraction
efficiency foreseen in EU DEMO. A methodology to design the membrane, the
vessel encumbrance and the number of pipes has been developed, if a set of con-
straints are provided. The sizing have been carried on by changing the operative
conditions, in order to find the best solution for the permeation. Indeed, if the per-
meation is moved towards DL regime, the employed length are shorter than theSL
regime. This implies lower pressure drops per unit length, which promotes also the
turbulence by higher mass flow rate for single pipe.

As perspectives for this work, the implementation of the model in a system-level
tool is foreseen to study the performance of the whole extraction system, encom-
passing SL and DL permeation condition. Furthermore, the possibility to coat the
membrane on the vacuum side to avoid contamination (for instance, the oxida-
tion) are currently understudy, could lead to have higher extraction efficiency since
also in SL condition due to lower impact of surface phenomena at low operating
temperature.
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