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Abstract

Nuclear power offers sustainable, abundant, and economically competitive energy produc-
tion with a carbon footprint close to zero. Within the spectrum of Generation IV nuclear
power plant designs, the liquid-fuel Molten Salt Reactor (MSR) features several potential
benefits in terms of enhanced safety, reduced proliferation risks, and economic competi-
tiveness. Furthermore, high outlet temperatures enable compatibility with process heat
applications, and several designs for small modular MSR’s show significant promise.
Concerning successful licensing and commercialization of MSRs, Modeling, and Simula-
tion (MS) techniques are required to demonstrate plant behavior under a wide range of
operational and accidental scenarios. This is done throughout the design development
stages and for the safety assessment of the plant. However, the liquid fuel employed in
MSRs introduces several key differences between these and other types of nuclear reactors
based on solid fuel, which result in a fundamentally different approach to modeling and
simulation.
This Ph.D. thesis focuses on the development of Multiphysics coupling techniques applied
to Molten Salt Reactors. Specifically, Monte-Carlo particle transport software capable of
modeling heat production from nuclear fission is coupled to high fidelity Computational
Fluid Dynamics (CFD) software to accurately capture the impact of the fuel being liquid
on the intrinsic operational and safety features of the plant. Alongside this method, a dif-
ferent technique of deterministic neutron transport modeling is also explored. This thesis
provides an overview of possible approaches for Multiphysics modeling of MSRs and dis-
cusses potential benefits and drawbacks of the techniques applied within this work. The
methods developed can be used for the design development and optimization of MSRs.
Besides, the work holds merit for other areas of MS applications wherein coupling between
different physical phenomena is required.
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Chapter 1

Introduction

So the ideas of molten �uorides
�rst came into the chain
reaction community by 1945. I
was a disciple of Eugene
Wigner's, and I was bitten by
the 'homogeneous' bug, and I've
never quite recovered from that.

Alvin Weinberg, 1997

1.1 Molten Salt Reactors: A Brief History

After the discovery of the nuclear �ssion phenomenon by Lise Meitner, Otto Hahn, and
Fritz Strassman back in1938[1], it did not take long to realize the substantial potential
that the �ssion reaction had in terms of energy generation. The following decades will
see rapid growth in the number of nuclear reactors designed to run �ssion chain reaction
in a controlled manner in order to generate heat and electricity. As of today, the nuclear
�ssion reactors are providing around4:3%of the global primary energy shares and around
10:1% of the total electricity shares [2].
From the very �rst experimental reactor, the Chicago Pile-1, to the nowadays advanced
reactors, the industry of nuclear power generation saw four stages of development. The
nuclear power plants are classi�ed into four generations, based on the novelty of design
approaches, enhanced economy, and improved safety features.

Figure 1.1: The evolution of the nuclear power plant industry (Image courtesy: Technol-
ogy Roadmap Update for Generation IV Nuclear Energy Systems,2014)

As Figure 1.1 indicates, we are now operating GenerationIII + power plants; all the
nuclear power plants that are operating currently, have at least one thing in common:

3



CHAPTER 1. INTRODUCTION

they utilize solid nuclear fuel mostly in form of pellets, packed into fuel rods and as-
semblies. In the late1940s, however, the US government-funded project known as the
Aircraft Reactor Project aimed to deploy a liquid nuclear fuel in form of the �ssile ma-
terial dissolved in �uoride salts [3], [4]. The plan was to come up with a design of a
compact reactor that can be placed on an aircraft and thus it had to have high power
density and operate at very high temperatures. There was a consensus amongst the
project participants that the conventional solid fuel scenario will be outperformed by
having a liquid-fueled reactor [5]. The Aircraft Reactor Experiment in1954showed the
feasibility of the concept with the salt having an operational temperature range of922
K (inlet) to 1088K (outlet) at a nominal power of 2:5 MW [4]. Although the idea of
having a reactor on an aircraft was eventually abandoned, the project evolved into the
civil nuclear power production sector and resulted in the construction and the operation
of the Molten Salt Reactor Experiment (MSRE) at the Oak Ridge National Laboratory in
the 1960s [6]. The experimental campaign proved the feasibility of having liquid �uoride
salt as a reactor fuel carrier and provided substantial insight into the fuel salt chemistry
and the radiation-induced material damage.
The concept of having a liquid nuclear fuel came back to the nuclear power community
in 2000when the international nuclear energy community set out to de�ne and develop
GenerationIV nuclear energy systems. The goals of the GenerationIV initiative are to
enhance the sustainability and economical competitiveness of the new generation nuclear
power plants as well as to ensure safety and reliability by adopting novel, largely passive
safety features. Furthermore, the new generation power plants will exhibit increased pro-
liferation resistance [9]. Several advantages of the molten salts that make them especially
attractive as fuel carrier, are [6]:

ˆ The fuel is liquid during the reactor normal operation: no solid fuel fabrication and
reprocessing costs.

ˆ The fuel burn-up is not limited by the radiation-induced damage to the structural
components or reactivity loss, as the fuel can be reprocessed online.

ˆ The liquid fuel can operate at higher temperatures thus increasing the heat to power
e�ciency: the liquid fuel can be used for high-temperature process heat production.

ˆ No high-pressure vessel and piping is required, as liquid molten salt operates at
near atmospheric pressure.

ˆ The liquid molten-salt fuel has strong negative Doppler and density feedback coef-
�cients which result in enhanced stability and safety of the system. The Doppler
coe�cient re�ects the response of the neutron absorption cross-sections in resonance
energy range to the increase in fuel temperature; the higher is the temperature, the
broader are the resonance absorption peaks leading to more neutrons being ab-
sorbed and subsequently less of them being available for �ssion, which prevents the
reactor power from rising. Similarly, the density coe�cient re�ects the increase in
the neutron leakage probability when the fuel density decreases due to the rise of
temperature. Both these feedback mechanisms are crucial in ensuring the safe and
stable operation of nuclear reactors. Doppler and density coe�cients of the fuel
are both negative and are stronger for the liquid fuel because the heat is released
directly in the fuel salt.

ˆ The salts do not interact vigorously with water and air.
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Reactor and Country Neutron Spectrum Salt type Fuel cycle

MSRE, USA Thermal Fluoride 232Th � 233U,235U

TMSR-LF, China Thermal Fluoride 232Th � 233U

MSFR, EU Fast Fluoride 232Th � 233U, MA

CMSR, Denmark Thermal Fluoride salts 232Th � 233U,235U, SNF

CAWB, Denmark Thermal Fluoride 232Th � 233U

IMSR, Canada Thermal Fluoride 235U

MOSART, Russia Fast Fluoride 238U � 239Pu

LFTR, USA Thermal Fluoride 232Th � 233U

TMSR, USA Thermal Fluoride 232Th � 233U

MCFR, USA Fast Cloride 232Th � 233U
Table 1.1: Overview of several main MSR design concepts based on the neutron energy
spectrum and fuel cycle: MA stands for Minor Actinides and SNF stands for Spent
Nuclear Fuel.

ˆ MSRs can be built as compact modular units which makes them well suited for the
modern electrical grid needs.

Alongside the above-mentioned advantages, the Molten Salt Reactors also exhibit several
drawbacks, such as [7], [8]:

ˆ The utilization of molten salts as a fuel carrier demands a thorough understanding of
the salt chemistry and interaction mechanisms with the reactor structural materials.

ˆ The absence of fuel cladding and rods implies a diminished number of radionuclide
barriers.

ˆ Potentially high radiation loads on the reactor containment can be expected.

ˆ Establishment of appropriate safeguard approaches is required.

In the framework of the GenerationIV forum, the liquid fuel molten salt reactor has been
chosen as one of the six key technologies with the o�cial concept within the Generation
IV framework being the non-moderated Molten Salt Fast Reactor [9]. In parallel to this
concept, several other, mainly thermal reactor concepts are being developed and are at
di�erent stages of design and deployment. Some of them envisage the implementation of
the Th-U fuel cycle, wherein the fertileTh can be used to breed new fuel in an MSR and
bring to a closure of the fuel cycle. Other design concepts focus on burning the nuclear
waste from conventional nuclear reactors, acting as e�cient waste transmuters. Many of
these design concepts are small modular reactors, ensuring fast deployment to practically
any location and o�ering a solution to the clean energy demand. A summary of some key
MSR designs [8] based on the neutron spectrum and fuel composition is given in Table
1.1 .
All of the reactor designs presented in Table 1.1, except the MSRE, are at various de-

velopment stages with most of them scheduling prototypes between2022and 2030. Such
a considerable activity towards the development and deployment of MSRs indicates that
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MSRs could potentially become a key player in the nuclear energy market.

1.2 Recent developments in MSR modelling

One of the hurdles on the way towards licensing and deploying the MSRs is the
development and validation of dedicated simulation tools capable to capture the relevant
phenomena of liquid fuel. Such Multiphysics modelling tools should aim to re�ect the
relevant characteristics of liquid fuel.
Nuclear reactors are complex systems featuring multiphysics processes, e.g conjugate heat
transfer, nucleate boiling, neutron kinetics, taking place on a multiscale level ranging from
micro to mesoscale phenomena. The di�erent software tools that are developed to model
the relevant processes in nuclear reactors are thus designed to run at di�erent time and
length scales [11]. Usually, these software tools are coupled in a manner known as an
operator-splitting approach, wherein the software tools exchange information only once
per time-step. In order to achieve high accuracy with this approach, it is often times
necessary to choose the smallest time and length scale for the information exchange
between the software and this may lead to a computational ine�ciency of the coupling
method [10]. The correct and accurate Multiphysics modelling is essential and even more
demanding for liquid-fueled MSRs, as the �uid �ow characteristics directly impact the
core kinetics. The impact of the liquid fuel on the neutronics can be manifested via:

ˆ Transport of delayed neutron precursors with the �ow.
In MSRs as in all other nuclear reactors, the reaction responsible for heat production
is nuclear �ssion. A �ssion event occurs when a neutron with suitable energy gets
absorbed in a �ssile nucleus in the fuel. As a result,� 200MeV recoverable energy
is released, and additional� 2:5 neutrons are emitted which makes the reaction
self-sustainable. A very small amount of �ssion neutrons (typically less than1%) is
emitted not instantaneously when the nucleus �ssions, but long after the initial �s-
sion, from the beta-decay of the �ssion products, called delayed neutron precursors.
According to their half-lives, the delayed neutron precursors are categorized into
groups ranging from short- (a tenth of asecond) to long-lived (tens of seconds)
precursors. Thus, the neutrons available for the �ssion chain reaction are either
prompt or delayed. Even though the fraction of the delayed neutrons is small, they
are crucial to the operation of a nuclear power reactor. If a reactor would have been
relying on prompt neutrons only, any, even slight change in the e�ective neutron
multiplication factor would have resulted in a drastic increase of reactor power on
a very small time scale, making it impossible to control such a reactor [13]. It is
due to the impact of the delayed neutrons that control and operation of nuclear
power plants are possible, and it is thus very important to be able to accurately
estimate the fraction of the delayed neutrons in the reactor. Usually, instead of
talking about the average fraction of the delayed neutrons denoted as� , it is com-
mon to use the� ef f instead, called the e�ective delayed neutron fraction which is
the product of the physical fraction� and an importance factor. This importance
factor re�ects the di�erences between the prompt and delayed neutron properties
and the relative e�ectiveness of the delayed neutrons depending on their emission
spectrum. Calculation of the� ef f typically involves the introduction of the adjoint
neutron transport equation the solution to which gives the neutron importance [14].
Deterministic as well as Monte-Carlo methods are available for the calculation of
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the � ef f [15], [17] and the� ef f can also be measured in the reactors [18].
If the fuel is liquid, besides the above mentioned di�erence between� and � ef f due
to the di�erences in energy spectrum between the prompt and the delayed neutrons,
some delayed neutron precursors will have su�cient time to be transported with
the �ow and they will be re-distributed in the core before they decay and give birth
to a delayed neutron. These spatial e�ects will have a direct impact on the� ef f . In
MSRs, the motion of the fuel results in a decrease of the� ef f value. To calculate the
� ef f for the MSRs, the fuel velocity has to be taken into account explicitly. Some
previous works achieve this by adopting analytical, deterministic, or Monte-Carlo
methods [19], [20].

ˆ In a nuclear �ssion power plant, most of the heat is produced by the �ssion fragments
interacting with the surrounding atoms as a result of which their kinetic energy is
ultimately transformed into thermal energy. On top of that, the kinetic energy of
prompt neutrons and the energy of prompt gamma rays are also contributing to
heat production. Additionally, the decay of neutron-rich �ssion fragments results
in energy production via� and delayed
 rays and there is some energy production
also from the capture
 rays released after a radiative capture of neutrons. Whereas
�ssion energy release ceases after the reactor shutdown, the highly unstable �ssion
fragments continue decaying long after the shutdown, producing decay heat. If not
removed properly, the decay heat can cause major safety-related problems after the
shutdown and it is thus important to be able to assess the production of the decay
heat correctly. Since the �ssion fragments can be transported with the fuel �ow,
just as the delayed neutron precursors, this is another aspect of the modelling of a
liquid fuel that has to be tackled carefully.

Additionally, the possibility of online reprocessing of the fuel in MSRs as well as the
nuances of the salt interaction with structural materials and thermal loads on the struc-
tural materials due to the high radiation �elds, also imply the necessity of developing
integrated modelling platforms that will have the capability to assess e.g. fuel behavior
and system thermal-mechanics as well as some speci�cs of the salt chemistry. Thus, it
is of importance to develop methods and tools for multiphysics modelling of MSRs and
there has been a signi�cant e�ort towards the development of dedicated tools for multi-
physics modelling of MSRs recently.
Most of the multiphysics modelling tools developed for the MSRs recently, feature neu-
tron kinetics modelling based on approximations, e.g. a multi-group neutron di�usion
approximation. Even though the di�usion approach is an approximation to the neutron
transport phenomena, it is computationally lightweight and gives reasonably accurate
results when applied to reactor analysis and is thus often a desired alternative to the
computationally heavy stochastic neutron-kinetics analysis methods, such as the Monte-
Carlo method [12]. Moreover, the di�usion approximation-based solvers are widely ap-
plied for MSR studies, because they can be integrated well with thermal-hydraulics and
thermal-mechanics sub-solvers to form a single software suite. Examples of such solvers
are several, e.g. theGen-Foam solver developed byFiorina et al. [16], which adopts
multi-group di�usion approximations for solving the neutron transport problem coupled
to a thermal-hydraulics and thermal-mechanics sub-solvers. Both the neutronics and the
thermal-hydraulics modules are implemented in the OpenFOAM C++ toolbox based on
the standard �nite volume method.
Another example is the multiphysics solver developed byCervi et al. [21], [22] and featur-
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ing not only multi-group di�usion approximation but also a more accurateSP3 approxi-
mation to the neutron transport coupled to either one- or two-phase thermal-hydraulics
solvers in OpenFOAM.
In yet another similar approach a modelling suite is developed byBlanco et al. [23],
featuring a neutronics solver (multi-group di�usion or SP1 and SP3 transport) imple-
mented in OpenFOAM and coupled to thermal-hydraulics and thermal mechanics solvers
in OpenFOAM.
Other developments include the utilization of conventional software, such as the work
by Cammi et al. [24] featuring modelling of MSRs using a conventional �nite element
analysis software COMSOL Multiphysics.
In contrast to the above-presented examples where the main development e�ort is done
for the implementation of the neutronics module and the coupling strategy between the
neutronics and the �uid �ow, some tools are relying on completely in-house developed
solvers for both the neutronics and thermal-hydraulics, such as the multi-physics pack-
age developed byTiberga et al. [25] and comprised of two in-house developed software;
Phantom-SN multi-group Boltzmann equation solver for neutronics coupled to the DF-
Flows parallel solver for incompressible Navier-Stokes equations. Both the software are
based on the Discontinuous Galerkin Finite Method for space discretization [25].
Other e�orts in the MSR research community feature extension of codes developed ini-
tially for light water or other solid-fueled reactor studies to facilitate liquid fuel charac-
teristics, such as the work presented inKrepel et al. [26] in extending the in-house Light
Water Reactor(LWR) di�usion code DYN3D which resulted in DYN3D-MSR.
In a similar manner, Kophazi et al. [27] coupled in-house codes DALTON and THERM
to analyze the MSRE.SIMMER-III was also extended to facilitate liquid fuel modelling,
as presented inWang et al. [28].
Finally, some high-�delity simulation environments for MSR modelling are developed as
well, e.g. the Moltres featuring deterministic neutronics and thermal-hydraulics solvers
in the Multiphysics Object-Oriented Simulation Environment(MOOSE) [29].
Table 1.2 summarizes some of the multiphysics tools developed recently.

1.3 Thesis Objective and Outline

In view of the foregoing, the objective of this work is to develop multiphysics mod-
elling techniques focusing on coupling neutronics to thermal-hydraulics for the analysis of
MSRs and to demonstrate the feasibility of the developed techniques by either code-to-
code validation or, when available, by comparing to experimental data. Three methods
are developed and applied to the coupled simulations of the MSRs in steady-state as well
as transient scenarios.
The �rst method presented in the second chapter features a steady-state assessment of the
Molten Salt Fast Reactor (MSFR) applying �rst conventional codes (ANSYS CFX for the
thermal-hydraulics and MCNP for the neutronics) and comparing the results to a simpli-
�ed deterministic neutron transport solver based on di�usion approach, implemented in
the open-source library OpenFOAM and coupled to an OpenFOAM thermal-hydraulics
solver. Compared to the solvers described before, the solver developed in this work solves
only a one-group di�usion equation, which, as previous works show, is suitable for the
analysis of the fast spectrum Molten salt Reactors [30]. However, an extension to multi-
group di�usion approximation is necessary if the solver is to be applied to the analysis

8



CHAPTER 1. INTRODUCTION

of thermal spectrum MSRs.
Despite this method having clear advantages in terms of facilitating the coupling, imple-
menting dedicated numerical methods to reduce the coupling nonlinearities, and being
computationally lightweight, this approach also implies the necessity to do extensive soft-
ware development and make sure that all applied approximations yield valid results.

Developer NK module TH module

CNRS SP or multi-group di�usion single-phase incompressible Navier-Stokes

PoliMi SP or multi-group di�usion single-phase/two-phase, compressible/incompressible Navier-Stokes

PSI & EPFL SP or multi-group di�usion incompressible, single phase Navier-Stokes

TU Delft SN solver for multi-group Boltzmann incompressible Navier-Stokes

Univ. of Illinois Multi-group di�usion compressible/incompressible Navier-Stokes

Table 1.2: Several multiphysics modelling tools developed for MSR analysis

In a di�erent approach, it is possible to utilize already validated single-physics codes
for reactor neutron kinetics and thermal-hydraulics analysis and to focus on developing
a coupling interface and strategy that will allow for accurate coupling. In this work,
an external coupling technique is implemented between OpenFOAM and Serpent Monte
Carlo neutron transport code based on an existing multiphysics interface between these
two software, which facilitates straight-forward data exchange between the two software.
Monte-Carlo simulations are the most accurate approach to solving the neutron transport
phenomenon, and there have been several approaches developed recently to apply coupled
Monte-Carlo/CFD methods to the analysis of MSRs. For example, standalone Monte-
Carlo codes have been used together with CFD codes to assess the steady-state behavior
and the initial neutronic and thermal-hydraulic design of the MSFR [31], and the Serpent
Monte-Carlo code has been extended to allow for the modelling of the fuel �ow and in-
tegrated with OpenFOAM to account for e.g. fuel compressibility e�ects [32]. However,
the coupled Monte-Carlo/CFD approach is not as widely applied as the previously de-
scribed solvers relying on approximations to the neutron transport modelling. The reason
is �rstly the computational time that a Monte-Carlo simulation could potentially take in
order to have reliable statistics. Considering that for MSR studies the Monte-Carlo code
will have to be coupled to a CFD code which is also often time-consuming, especially for
large models and �ne grids, the combination of two can potentially cause a bottleneck
in terms of computational resources. Another shortcoming of using Monte-Carlo codes
in Multiphysics modelling of MSRs can be attributed to the fact that the validated and
largely used Monte-Carlo software might not be easily compatible with CFD software and
the coupling between the two will not result in a close monolithic piece of software but
rather a coupling interface should be developed. This work attempts to develop a reliable
way to such coupling, utilizing accurate Monte-Carlo methods and to investigate whether
this technique can yield physically adequate results in a computationally reasonable time.
Two possible coupling mechanisms are discussed in Chapter 3 and Chapter 4 respectively.
The �rst mechanism described in Chapter 3 is based on coordinate-based delayed neu-
tron precursor tracking in combination with the fuel velocity �eld obtained from an
OpenFOAM CFD solver in order to re�ect the fuel movement and its impact on the
neutron kinetics. This method is tested by simulating a single channel of the MSRE and
comparing fuel and graphite temperatures to the model calculations available from the
design phase of the MSRE. Additionally, the capability of the coupling mechanism to
model transients is tested by comparing the results to experimental data available from
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the MSRE operation phase.
The second mechanism described in Chapter 4, is based on developing an additional
passive scalar transport solver in OpenFOAM, which, relying on delayed neutron precur-
sor decay constants and fractions as well as the initial delayed neutron precursor source
obtained assuming static fuel and extracted from Serpent, solves for the transport of de-
layed neutron precursors and writes an updated source which re�ects the fuel movement
and which is used as an input for subsequent neutronics simulation in Serpent. This
technique is benchmarked using the results from a multi-physics numerical benchmark
for codes dedicated to molten salt fast reactors.
The advantages of this coupling approach are the usage of validated software for individ-
ual physics and limited code development required. As a disadvantage, the computational
burden of the Monte-Carlo approach can be mentioned as well as the accuracy issues due
to the operator-splitting nature of the coupling mechanism, which requires the usage of
small time-steps in transient simulation regime and results again in increased computa-
tional time.
The coupling methods developed and tested in this work as well as the application cases
can be summarized as:

ˆ Neutron Di�usion solver coupled to a CFD solver: 1-group neutron di�usion and
delayed neutron transport equations are implemented in OpenFOAM and coupled
to a single-phase, incompressible Navier-Stokes equations solver in OpenFOAM.
Tested on steady-state MSFR example.

ˆ Monte-Carlo software coupled to CFD, no delayed neutron precursor transport:
MCNP and ANSYS CFX are used to carry out a comparison of results to the
above-mentioned method results. Tested on steady-state MSFR example.

ˆ Monte-Carlo software coupled to CFD with simpli�ed DNP transport: Serpent is
coupled to OpenFOAM with the velocity �eld from CFD used to shift the DNPs in
Serpent. Tested on a single-channel MSRE analysis.

ˆ Monte-Carlo software coupled to CFD with DNP transport solver implemented
in OpenFOAM: Serpent is coupled to OpenFOAM CFD solver and an additional
solver for DNP transport implemented in OpenFOAM. Tested using the results of
a multiphysics benchmark for molten salt reactors.

Additionally, results of a CFD assessment of an experimental natural circulation loop
are presented in the last chapter of the thesis, relevant for the passive decay heat removal
systems envisaged for molten salt reactors.
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Chapter 2

Multiphysics modelling of Molten
Salt Reactors

Liquid salt employed as a fuel carrier and primary coolant in Molten Salt Reactors (MSRs)
introduces several fundamental di�erences in the modelling of such reactors. The �uid
�ow dynamics has a direct impact on the neutron kinetics; most notably, the liquid fuel
introduces neutronics e�ects related to the �ow turbulence, stagnation zones, and trans-
port of delayed neutron precursors with the �ow. Several largely used and validated
codes for neutron transport and nuclear reactor kinetics modelling, e.g. MCNP [10],
PARCS [25] or SERPENT [24], are intended mainly for solid fuel modelling and it is in
many cases not so straightforward to modify these codes to be applied to liquid fuel mod-
elling. Thus, in recent years e�orts have been made towards the development of dedicated
modelling tools for MSRs. The main common feature of these tools is the methods and
solvers allowing for coupled neutronics and thermal-hydraulics multiphysics modelling of
the MSRs with the impact of the liquid fuel on the neutronics being taken into account
explicitly.
A common approach in the MSR research community is to implement simpli�ed neutron
transport solvers (e.g. based on the neutron di�usion approximation [26], or on the spher-
ical harmonics methods [27]) often using the �nite volume method (FVM) [11], e.g. the
OpenFOAM C++ based FVM toolbox. As already mentioned in the introduction of this
work, the motivation behind e�orts in the MSR community towards the development of
such customized solvers, is the attractive possibility to have a monolithic, single software
suite with dedicated sub-solvers that will allow for a higher �delity coupling compared to
a more conventional approach of coupling two or more distinct software via information
exchange interfaces.
In this chapter, following the aforementioned approach, a simpli�ed solver for the neutron
transport equation is implemented in OpenFOAM using the neutron di�usion approx-
imation and assuming only one energy group in the energy discretization. This rather
simple neutronics solver is coupled to a standard thermal-hydraulics solver available in
OpenFOAM, which solves for single-phase, incompressible �ow, adopting the Boussinesq
approximation for density [6]. In order to gain con�dence in the performance and the
physical accuracy of the developed solver, two conventional and well-validated software:
MCNP [10] for neutron transport and ANSYS CFX [5] for the �uid �ow dynamics are
used to compare the results obtained with the OpenFOAM solvers.
The modelling results using MCNP and ANSYS CFX can be used for the preliminary
system analysis and to obtain an initial steady-state picture of the system, e.g. neutron
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�ux distribution, temperature, and velocity �elds [23]. On the other hand, MCNP is
designed for solid fuel analysis and despite some attempts to facilitate intrinsic features
of liquid fuel within MCNP [19], [20], this requires substantial modi�cations to the source
code and it is not undertaken in this work. This means that when the simpli�ed di�usion
solver is compared to the MCNP results, e.g. the delayed neutron precursor transport
e�ects cannot be compared, because MCNP does not account for it. For the same reason,
the test cases facilitating the comparison of the two codes are not extended to transients,
because the impact of delayed neutron precursor movement is of signi�cant importance
especially in fast transients [7].
The Chapter is organized as follows: a brief description of each single-physics solver
(MCNP, ANSYS CFX, OpenFOAM thermal-hydraulics, OpenFOAM neutronics) is given.
The coupling techniques are presented and explained. A brief system description is pro-
vided for the Molten Salt Fast Reactor (MSFR), which is used for the validation case.
Finally, the results of the analysis of the MSFR steady-state operation are presented and
discussed.
The main outcome of the modelling e�orts described in this Chapter is included in the
paper "Coupling Techniques for Multiphysics modelling of Molten Salt Reactors" (A.
Nalbandyan, E.B.Klinkby, B.Lauritzen) published in the proceedings of theG4SR-1 In-
ternational Conference (November 2018, Ottawa, Canada) See Part II, Paper 1.

2.1 Multiphysics Coupling Techniques

The multiphysics analysis is not new to reactor modelling and usually implies coupling
between di�erent relevant codes for reactor physics, chemistry, and fuel performance, e.g.
neutron kinetics, thermal-hydraulics, structural mechanics, and material chemistry. A
thorough review of the multiphysics coupling concepts for reactor modelling is presented
in [1]. Typically, two approaches to the multiphysics modelling are adopted: coupling
of two (or more) distinctive physics codes via a dedicated interface [2] or development
of a single framework with speci�c modules within it for the modelling of each physical
phenomenon [3]. The �rst approach also referred to as a conventional Operator Splitting
(OS) technique, is mostly �rst-order accurate in time and updates each relevant physics
once per time step. This approach to the solution of coupled equations leads to either
limited accuracy or to the necessity of applying a very small time step at increased
computational costs. The second approach adopts implicit time integration schemes to
ensure that all single-physics residuals converge within a time-step before moving on to
the next time-step [4].
For the MSRs, where the fuel is simultaneously the primary coolant, the accuracy of
coupling becomes a necessary prerequisite for the reactor modelling and safety studies.
In this Chapter examples of both using conventional software with an information passing
interface as well as of developing a customized solver are presented:

ˆ A solver is developed for the neutron transport equation adopting the one-speed
(one energy group) neutron di�usion approximation, making use of the OpenFOAM
C++-based library.

� All neutron-kinetics constants required for the implementation of the solver
are generated using Serpent Monte-Carlo software.

ˆ This deterministic neutron transport solver is coupled to an OpenFOAM CFD
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solver for one-phase, incompressible Navier-Stokes equations with Boussinesq ap-
proximation.

ˆ The customized neutron transport solver and the CFD solver are compared to two
validated conventional software: MCNP and ANSYS CFX.

2.2 Neutron Transport modelling

For a successful design of a nuclear reactor, it is essential to be able to describe the
neutron �eld distribution as a function of space and time as well as to give the angular
and the energy dependencies. The neutron transport through a medium is described by
the linear Boltzmann equation known as the neutron transport equation. In its very
generic form, this equation is given as follows:
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wherex is the position vector,
 is the angular vector,E is the energy,t is time, 	 is the
angular neutron �ux, � t is the total cross-section,� p is the prompt neutron spectrum,�
is the delayed neutron fraction,� f is the �ssion cross-section,� i is the i th delayed neutron
precursor decay constant andCi is the i th neutron precursor group concentration. This
�rst-order integro-di�erential equation states that the net change in neutron population
over time can be represented as a balance between the neutron gain and neutron loss
terms. Neutrons can be lost due to collision and leakage. These losses are represented by
the second and the third terms on the left-hand side of Eq. 2.1. Neutron gain on the other
hand can be either due to the �ssion, due to the scattering from a di�erent energy group,
or due to an external source. The production due to the �ssion has two contributing
terms: direct production of prompt �ssion neutrons and production of delayed neutrons
due to the � decay of excited �ssion products. The gain terms are thus terms 1, 2, 3,
and 4 on the right-hand side of Eq. 2.1.
The above equation is solved together with the equation for the delayed neutron precursor
balance. For the precursor groupi it is as follows:
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The �rst term on the right-hand side represents the decay of the delayed neutron pre-
cursors and the second one is the source term which describes the production of new
delayed neutron precursors. We will revisit Eq. 2.2. later in this Chapter, to introduce a
fundamental di�erence between the delayed neutron precursor balance equation for the
solid fuel as written above from the equivalent equation for liquid fuel.
Despite Eq. 2.1 describing the neutron �eld spatial and time distribution very accurately,
it is not practical to solve this equation for large geometries, thus for the practical reactor
physics problems approximations to this equation are considered. These mathematical
approximation models are various, e.g.

ˆ The di�usion approximation which is the simplest approximation to the transport
theory and will be introduced and used later on in this work
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ˆ Other higher-order approximations such as the spherical harmonic (PN ) and sim-
pli�ed spherical harmonic (SPN ) approximations.

ˆ The point kinetics approximation which is even simpler than the transport theory
and the approximations used for its solution provided above and is applicable to
time-dependent reactor problems.

The transport equation can also be solved without signi�cant approximations by adopting
a stochastic Monte-Carlo method [28].
In this Chapter two solution methods are presented: the di�usion approximation is used
in a customized solver, whereas the Monte-Carlo method is represented by MCNP.

2.2.1 Deterministic modelling: The Di�usion Approximation

The di�usion approximation is a widely used technique in reactor analysis due to its
simplicity and relative accuracy [18]. As the name suggests, the di�usion approximation
treats the neutron transport in the medium similar to the di�usion of solvent in a so-
lution. Depending on the number of energy groups considered, a di�erentiation is done
between one-group, two-group, or multigroup di�usion approaches. If there areN groups
considered, for the groupg the di�erential equation to be solved is:
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where Dg is the di�usion constant, � ag and � fg are the group absorption and �ssion
cross-sections,� h! g, h is the index used to identify the energy groups other than the
group g itself, � g! h are the group transfer cross-sections,� tot is the physical delayed
neutron fraction, � pg is the prompt neutron emission spectrum and� dg is the delayed
neutron emission spectrum. Depending on the cross-section libraries, the number of
delayed neutron precursor groups is either six or eight.
Certain boundary conditions have to be de�ned for the solution of the di�usion equation
[29], [30]:

ˆ The di�usion theory does not yield valid results near the boundary surface between
the di�usion medium and the outer space. To overcome this issue, a so-called
vacuum boundary condition is speci�ed at a distanced from the real boundary of
the di�usion medium, where the �ux is set to vanish.

d = 0:71� � tr = 0:71� 3 � D = 2:13� D(cm) (2.4)

where � tr is the neutron transport mean free path in the medium andD is the
medium di�usion coe�cient [30]. Typically though, d is very small compared to
the reactor dimensions and can be neglected.

ˆ Between two di�usion media the neutron �ux and the neutron current have to be
continuous across the boundary.

2.2.2 Stochastic modelling: The Monte-Carlo Method

Equation 2.1 can also be solved without adopting any signi�cant approximation methods
by using Monte-Carlo modelling technique. Monte-Carlo method is a set of mathemati-
cal algorithms utilizing multiple random samplings to obtain a solution for mathematical
and physical problems that could be di�cult to solve with other methods. The method
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has been developed in the late 1940s and used sampling based on pseudo-random num-
bers to solve statistically both probabilistic and deterministic problems. This numerical
simulation method found its applications in physics, chemistry, biology, etc. In particle
transport problems Monte-Carlo method found its unique place, being able to simulate
the life of a particle from its birth until death, and answering such questions as deter-
mining the free path of the particle, the new direction, and energy after a collision, and
so on. In contrast to the deterministic methods, the Monte-Carlo method does not solve
the particle transport the equation for an average particle behavior, but rather simulates
individual particles and detects some aspects of their average behavior. The advantages
of the Monte-Carlo method for neutron transport include the possibility to simulate the
exact geometry and energy-dependent physics and a very precise calculation of the neu-
tron �ux and power distribution in the reactor core. However, it should be noted that the
Monte-Carlo method has high demand regarding the computational resources because a
large number of particle histories has to be simulated to have acceptable statistical un-
certainties in the simulation. Moreover, for the regions with sparse neutron population
special techniques have to be applied to reduce the variance of Monte-Carlo calculations
and to compensate for under-sampling [34].

2.3 OpenFOAM Multiphysics Solver

OpenFOAM is an open-source C++ library based on the Finite Volume Method
(FVM) with broad capabilities in modelling complex �ow, turbulence and heat transfer,
etc [13]. Besides CFD applications it also has dedicated solvers for solid-mechanics and
acoustics. The toolkit allows for relatively straightforward discretization and solution of
di�erential equations using high-level operator notation and thus has been widely adapted
for customized solver development. In particular for reactor physics analysis, several
neutron transport solvers have been recently developed in OpenFOAM, mainly for the
analysis of MSRs, but also for other reactors, e.g. the sodium-cooled fast reactor [16], [3].
Below a description of the thermal-hydraulics and neutronics solvers used in this work is
given.

2.3.1 Thermal-Hydraulics Solver in OpenFOAM

For this work, the buoyantPimpleFoamheat transfer solver with Boussinesq approxi-
mation is adopted to model the liquid fuel �ow in the reactor core. The Boussinesq
approximation allows to avoid solving the full compressible Navier-Stokes equations and
to treat the density as variable only in the buoyancy term of the momentum equation.
The Navier-Stokes equations solved are:
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+ r � (� u) = 0 (2.5)

where� is the �uid density and u is the velocity.
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where� is the �uid density, u is the velocity, g is the gravitational acceleration,� is the
stress tensor andp is the static pressure �eld.
Finally, the energy equation in terms of enthalpy is solved :
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where h is the enthalpy, K is the kinetic energy,u is the velocity, � is the density, g is
the gravitational acceleration,p is the pressure �eld andHS is the heat source which
is the term that comes from the solution of the neutronics module and can be presented as:

HS = E f � � f � �( W=cm3) (2.8)

where E f is the heat produced per �ssion,� f is the �ssion cross-section and� is the
neutron �ux.
The solution algorithm adopted for thermal-hydraulics is the PIMPLE which is a hy-
brid approach composed of theSIMPLE combined with PISO algorithms [12]. This
algorithm applies a predictor-corrector approach to the solution of the momentum and
pressure equations. Within each time step, the momentum equation is solved �rst. Then
the mass �uxes are calculated and the pressure equation is solved. After the pressure
�eld is obtained, the mass �ows are updated and the momentum equation is solved again.
The procedure is repeated until convergence is reached. After all residuals drop below
the user de�ned criteria, PIMPLE moves to the next time step [13].

2.3.2 Neutronics Solver in OpenFOAM

The neutronics solver discretizes and solves the one-group neutron di�usion equation
together with the transport equation for the delayed neutron precursors:
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where v is the average neutron velocity,� is the scalar neutron �ux, D is the medium
di�usion coe�cient, � a is the one-group neutron absorption cross-section,kef f is the
e�ective multiplication factor, � is the total fraction of the delayed neutrons,� f is the
one-group neutron �ssion cross-section,� i , and Ci are the delayed neutron group-wise
fractions and group-wise concentrations respectively,D 0 is the molecular di�usion coe�-
cient responsible for the level of turbulent convection of the delayed neutron precursors.
As compared to the Equation 2.2, the new equation for delayed neutron precursors has
two new terms: delayed neutron precursor transport with the velocity u �eld and turbu-
lent convection.
The one-group cross-sections and the delayed neutron precursor data are generated in
Serpent 2.1.31adopting the ENDF-BVII.1 cross-section data library. Eight delayed neu-
tron precursor groups are considered.
The one-group cross-sections are assumed to have a linear dependency from the fuel
density and logarithmic dependency on the fuel temperature [21]:

�( T; � ) =
�
� 0

(� T (log
T
T0

) + � 0) (2.11)

whereT is the actual temperature,T0 is the reference temperature,� 0 is the cross-section
at the reference temperature and� T is the Doppler coe�cient.
The kef f in the simulations in this Chapter is set to1 , i.e. the system is critical at
steady-state. More details about the neutronics solver can be found in Appendix A.
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2.3.3 Coupling scheme and solution algorithm

The coupling scheme is shown in Figure 2.1 - the coupling procedure is as follows:
ˆ The thermal-hydraulics solver is called and solves for the �ow velocity, pressure,

and temperature.
ˆ The temperature and density �elds are used to update the one-group cross-sections.
ˆ The velocity �eld is passed to the neutronics solver for the transport of delayed

neutron precursors.
ˆ The neutronics solver is called and solves for the �ux and the delayed neutron

transport with the updated cross-sections and velocity �eld.
ˆ A heat source is obtained.
ˆ The heat source is updated in the thermal-hydraulics module.
ˆ The cross-sections and the velocity �eld are updated and the neutronics problem is

solved again.

Figure 2.1: The coupling scheme between the thermal-hydraulics and neutronics solvers
in OpenFOAM: the thermal-hydraulics problem is solved �rst and �xed point iterations
are performed between the solvers within each time step to ensure the convergence of the
temperature and neutron �ux �elds.

Similar to the iterative method used to converge the solution to the Navier-Stokes
equations within each timestep, to fully resolve the non-linearities due to the coupling
of di�erent physics phenomena, a standard �xed point iteration method is adopted [15].
The iterations between the thermal-hydraulics and neutron kinetics solvers are repeated
until convergence is reached.
The solvers used for di�erential equations are reported in Table 2.1.

Equation Solver
Energy Preconditioned bi-conjugate gradient stabilized

Pressure Preconditioned conjugate gradient
Velocity Preconditioned bi-conjugate gradient stabilized
DNPs Preconditioned bi-conjugate gradient stabilized

Neutron �ux Preconditioned conjugate gradient
Table 2.1: Solvers used for the di�erential equations
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As for the time scheme, the 2nd order implicit Crank-Nicolson scheme is used for time
derivatives. For the Crank-Nicolson scheme, an o�-centering coe�cient� is introduced,
such that the integration of an ordinary di�erential equation _y = f (y; t) from timestep n
to n + 1 can be represented as [14]:

yn+1 � yn = 
hf n+1 + (1 � 
 )hf n (2.12)

where 
 is a weighing coe�cient equal to 0:5 for the standard Crank-Nicolson scheme
and

� =
1 � 




= 1 (2.13)

In OpenFOAM, the scheme is de�ned as:

ddtSchemes
{

default CrankNicolson <coeff>
ddt(phi) CrankNicolson <coeff>;

}

where the coe�cient de�nes the blending between Euler and Crank-Nicholson schemes.

2.4 ANSYS CFX and MCNP Solvers

2.4.1 ANSYS CFX CFD software

ANSYS CFX is a high �delity, high accuracy CFD software used over a wide range of
�uid �ow modelling applications [5]. The software is based on the �nite volume approach,
wherein the governing equations of the respective physics, e.g. �uid �ow, are integrated
and stored in the �nite volumes constructed by discretization (meshing) of the spatial
domain. ANSYS CFX implores vertex-centered method for the discretization, where the
variables are stored on grid points (Figure 2.2 ). This method is di�cult to implement
numerically and requires more storage memory as the variable storage grid is large, but
it o�ers better performance than the more popular cell-centered FVM when it comes to
distorted grids [11].

Figure 2.2: Vertex centered discretization on a quadrilateral (left) and a triangular (right)
grids.

The code also has strong application in the safety analysis of nuclear reactors [8].
The solver is based on the solution of the unsteady Navier-Stokes equations in their con-
servation form: continuity, momentum, and energy equations are solved simultaneously
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together with two state equations for density and enthalpy used to close the system. The
incompressible �ow equations are:

r � (u) = 0 (2.14)
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(2.17)

cp = cp(T) (2.18)

The equations (2.14)-(2.16) represent mass, momentum, and energy conservation, and the
equations (2.17)-(2.18) are the state equations for incompressible �ow. In the equations
(2.14)-(2.18)� is the �uid density, u is the �ow velocity vector, h is the total enthalpy, �
is the stress tensor,p is the pressure andT is the temperature. After applying FVM on
this set of di�erential equations, they are transformed into a set of algebraic equations
which can be represented in a generic form as:

A[T] = b (2.19)

where A denotes the solution matrix coe�cients, T is the vector of unknowns and b is the
equation right-hand side. ANSYS CFX uses a coupled solver, meaning that fully implicit
methods are applied to solve the equations as a single system. The solver performs outer
(time) iterations and inner (linearization) iterations. The solver applies a false time step
for steady-state solutions, which acts as a guiding parameter helping the solution to
converge faster to steady-state conditions [9]. The set of algebraic equations obtained
after linearization of the di�erential equations is solved using the Algebraic Multigrid
method, whereby the convergence process is accelerated by carrying out the iterations
on a progressively coarser virtual mesh and then transferring the results back to a �ner
mesh [9].
The software also has an in-built CAD creation (Design Modeler or Space Claim) and
meshing tools. Both structured and unstructured meshes are supported. The geometry
can be exported directly into MCNP format.

2.4.2 MCNP Neutron Transport Code

The MCNP software is a general-purpose particle transport software widely used in reac-
tor physics [10]. It is based on the Monte Carlo method; the solution to the integral form
of the neutron transport equation (the Boltzmann equation) is obtained by simulating a
large number of particle histories and recording user-requested aspects of their average
behavior. MCNP6 is applied in the present work, with theENDF � BV II: 1 libraries
for the neutron interaction cross-sections [31]. AKCODE routine is applied to calculate
the eigenvalues for the critical system and to obtain the neutron spectrum and �ux. Ad-
ditionally, for this work, the heat distribution in the problem geometry is obtained using
a superimposed mesh tally of type A, available in MCNP for visualizing �ux, dose, heat
deposition, and other quantities on a cylindrical, spherical, or rectangular grid [33]. A
tally multiplier is used to convert the �ux output written by the tally to heat deposition
and to normalize the results to an appropriate total power level.
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2.4.3 Coupling mechanism

The coupling scheme is presented in Figure 2.3; �rst, the ANSYS CFX solver is called and
solves for the �uid �ow, e.g. the velocity, density, and temperature �elds are obtained.
In this simple steady-state coupling the velocity impact on the neutron transport is not
considered; the temperature and the density �elds are the only coupling parameters
transferred from the CFD solution to the neutronics input. Subsequently, an MCNP
standard KCODE calculation is performed to obtain the in-core heat distribution. The
heat source is then mapped back into the CFD solver and the cycle is repeated. Several
iterations are done until the convergence of the temperature �eld residuals drops below
the user-speci�ed criteria.

Figure 2.3: ANSYS CFX-MCNP Coupling Mechanism

2.5 Modelling of the MSFR Steady-State behavior

In this section, the two above-described coupling techniques are applied to investigate
the steady-state behavior of the MSFR. It has to be underlined, that MCNP-ANSYS
CFX coupling is used as a reference framework to assess the capability of the one group
di�usion solver and the OpenFOAM thermal-hydraulics solver to describe the system
correctly in terms of the main physical phenomena, as both MCNP and ANSYS CFX are
validated and accepted commercial codes. This coupling technique however does not take
into account any speci�cs related to the liquid fuel due to the limitations of the software
packages.

2.5.1 The MSFR design description

The Molten Salt Fast Reactor (MSFR) concept has been chosen as a Generation IV sys-
tem and is in active development since 2004 [22]. The outline of the reactor conceptual
design is shown in Figure 2.4.

The MSFR is a fast spectrum reactor with �uoride salts adopted as a fuel carrier.
The �ssile inventory can be comprised of either233U, 235U, natural U or trans-uranic
(TRU) elements (Pu, Np, Am, Cm). The perspective of TRU usage makes the MSFR an
attractive option as a nuclear waste burner. Moreover, both fuel scenarios include232Th
as a fertile element, allowing for the realization of the closed fuel cycle.
The main system components for the MSFR are brie�y outlined below.

ˆ Reactor Core
Based on generic reactor design glossaries, the active core of the MSFR is the vol-
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Figure 2.4: Conceptual design of the MSFR

ume of the fuel salt where most of the �ssion events occur and the bulk of the energy
is released. The fuel salt is injected from the bottom of the core and is extracted at
the top. The inlet temperature is 650 °C, the outlet temperature depends on the
core power level, and the nominal power of3 GWth is 750°C. This is also close to
the upper limit of the estimated range of the material structural integrity (800°C).

Figure 2.5: The preliminary MSFR design with cylindrical core

The initial parametric studies resulted in a cylindrical core shape, and in this chap-
ter the modelling considers a cylindrical core shape depicted in Figure 2.5. However,
as it will be shown, such a shape results in large zones of �ow stagnation, which
then leads to excess temperature and high thermal loads on the reactor vessel. Due
to this the reactor core shape was optimized and a new, re-circulation-free shape
has been proposed [17]. Chapter 3 of this work presents modelling results with the
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new core design and it is demonstrated that the stagnation and the resulting salt
high-temperature issues are mostly resolved.

ˆ Heat Exchangers, Pumps and Other Structural Components
The reactor design envisages 16 fuel loops, each comprised of a pump and a heat
exchanger. Each fuel loop removes roughly 187MW th energy.
Several heat exchanger designs were proposed and studied, the current candidate
is the plate type heat exchanger [23]. When choosing an optimal heat exchanger
design several factors, e.g. the pressure drop, the material corrosion/erosion con-
siderations, the compactness of the design, etc. have to be considered. A �nal
de�nition of the heat exchanger design for the MSFR will thus require substantial
modelling and parametric studies.
The pumps ensure su�cient �ow through the core to have appropriate temperature
rise and they a�ect the fuel circulation time and the core power level. No speci�c
requirements are present for the pumps.
Other components of the reactor are the upper and the lower core re�ectors com-
posed of Ni-based alloy, the fertile blanket with232ThF4 which also serves as a radial
re�ector for the neutrons, and �nally the reactor vessel housing the core compo-
nents, the piping, etc. The material composition for the Ni-based alloy is speci�ed
in Table 2.2 and is used throughout this chapter [23].

Ni W Cr Mo Fe Ti C Mn Si Al B P S
0.79 0.01 0.08 0.0074 0.0063 0.0029 0.0029 0.0026 0.0025 0.0005 0.0003 0.0002 0.00004

Table 2.2: Alloy composition for the structural components (at. fraction)

ˆ Fuel Salt
Typically, �uoride or chloride-based salts are considered as fuel carriers for the
molten salt reactors, with the �uoride-based salts having wider application than
the chloride salts. This is mainly because �uorine chemistry has been more exten-
sively studied and there are examples of �uorine salt behavior in the reactor core
from the e.g. MSRE. Additionally, for the thermal spectrum reactors, �uoride salts
are a logical choice, as chlorine hardens the neutron spectrum. A favorable scenario
for using chloride salts is a fast spectrum reactor intended for burning actinides;
actinides have a higher solubility in chloride salts and form lower melting point so-
lutions as with �uoride salts. In the case of the MSFR, the �uoride salt is chosen as
a fuel carrier based on several considerations such as stability under irradiation, the
possibility of reprocessing, good compatibility with Th, and no production of ra-
dioisotopes that are di�cult to handle, such as the36Cl in case of the chloride salts.

As mentioned before, both TRUs and U isotopes can be used in the initial �ssile
composition of the MSFR fuel. The generic fuel vector composition is77:5% LiF
and 22:5% ThF 4-UF4, or 77:5% LiF and 22:5% ThF 4-TRUF 3. In this chapter, the
233U based fuel is considered. The fuel thermophysical properties are reported in
Table 2.3. The initial fuel inventory is shown in Table 2.4.
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Quantity Value at 973.5K
Density[g cm� 3] 4125

Dynamic viscosityPas 0.01
Thermal conductivity [ Wm� 1K � 1] 1.009
Calori�c capacity Cp [ Jkg� 1K � 1] 1596

Table 2.3: Fuel salt (77:5% LiF and 22:5% ThF 4-UF4) parameters calculated based on
the formulas provided in [32].

Fuel Salt Li F 232Th 233U

29 62.6 7.4 1

Blanket Salt Li F 232Th

29 62.6 8.4
Table 2.4: Fuel and blanket salt initial composition (mol %)

A constant online fuel reprocessing is envisaged for the MSFR. Two main systems
are designed for this: the gaseous bubbling system for the removal of insoluble �ssion
products, e.g. noble gases, and the batch reprocessing system, wherein a constant
amount of the fuel salt (circa 40 l/day) is extracted from the core, cleaned, and the
�ssile elements are re-injected into the core. This chapter does not deal with the
modelling of fuel reprocessing. For further details on the reprocessing systems of
the MSFR, the reader is referred to e.g. [16].

The main parameters of the MSFR for the nominal operation considered in this chapter
are summarized in Table 2.5.

Parameter Value Unit
Thermal Power 3 GW

Inlet temperature 650 °C
Outlet temperature 750 °C

Fuel Salt volume 18 m3

Blanket Salt volume 7.3 m3

Core dimensions Height-2.255, Radius-1.1275 m
Fuel recirculation time 4 s
Table 2.5: Main parameters of the reference MSFR design

2.5.2 Model geometry and setup

A 3D geometry is adopted in this work, with a cylindrical core geometry (D = h =
2:25m). The geometry is depicted in Figure 2.6:1=16th of the entire reactor model is
considered, thus one loop is modelled with the in-core fuel and the heat exchanger. The
total salt volume is 1:2m3, with an in-core to total salt volume ratio of approx. 0:5.
The unstructured tetrahedral mesh is used. The mesh is constructed using ANSYS Work-
bench, and then translated into OpenFOAM format and used for both the CFD and the
di�usion neutronics solver.
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Figure 2.6: MSFR single loop geometry (left) and an example CFD mesh (right)

The MCNP neutronics model adopts the same geometry as the ANSYS CFX and
OpenFOAM; an in-built capability of ANSYS CFX allows for an easy geometry transla-
tion into MCNP supported format.
To calculate the volumetric heat source in MCNP, a coarser mesh is superimposed over
the geometry (Figure 2.7).

Figure 2.7: MCNP geometry (left) and the in-core superimposed mesh tally (right)

2.5.3 Model assumptions and boundary conditions

The assumptions made for the modelling and the boundary conditions are outlined below.

� In ANSYS CFX, the pump is modelled as a general momentum source added
via the user de�ned functions option to the continuity equation;

S = � C � (u � u ref ) (2.20)

whereC is the momentum source coe�cient,u is the velocity vector andu ref

is the reference velocity value one wants to achieve in the domain.
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� The heat exchanger is modelled as a heat sink to achieve650°C inlet temper-
ature. This is again achieved by using the user de�ned functions option.

� The standard k � � turbulence model is used.
� The heat source for the fuel is coming from neutronics module, in this case

from the MCNP superimposed mesh tally results and is added as an external
source to the energy equation via a user de�ned function .

As for the boundary conditions:
� A symmetry boundary conditions are applied on the symmetry cut planes for

both the velocity and the temperature.
� A no-slip boundary condition is applied to the velocity on the core walls and

an adiabatic wall boundary condition is applied to the temperature to achieve
a thermal insulation of the domain.

� In OpenFOAM, the pump is modelled as a porous source using the Darcy-
Forchheimer model [5].

r P = ( �D +
1
2

�F u)u = �D u +
1
2

�F u2 (2.21)

whereD and F are the viscous and inertial loss coe�cients and thed and f
coe�cients for OpenFOAM can be calculated as:

d = D� (2.22)

f =
�F
2

(2.23)

where� is the dynamic viscosity and� is the density.
� The heat exchanger is modelled as a heat sink:

Sink = 
 � (T � T0) (2.24)

where
 is a volumetric heat transfer coe�cient, T is the actual fuel tempera-
ture and T0 is the inlet temperature.

� The realizablek � � turbulence model is used.
� The heat source is obtained from the neutronics solver and is added to the

energy equation.
The boundary conditions are chosen as follows:

� Symmetry boundary conditions on the symmetry cut planes are applied, just
as in the ANSYS CFX.

� For the remaining walls a no-slip boundary condition is applied to the velocity,
and an adiabatic boundary condition is applied to the temperature, again
identical to the ANSYS CFX boundary conditions.

Thus, for the thermal-hydraulics part, the ANSYS CFX and the OpenFOAM mod-
els are adopting identical approaches regarding the implementation of the heat and
momentum sources and the boundary conditions. The only di�erence is the adop-
tion of the realizable k � � turbulence model in OpenFOAM as compared to the
standard k � � model in ANSYS CFX. The realizablek � � model has a superior
behavior compared to the standard model when applied to the modelling of com-
plex �ow patterns with vortexes and stagnation zones. It was thus of interest to
apply this model for the analysis of the MSFR, to see whether the �ow distribution
is more uniform with this model. Unfortunately, the model is not available for the
ANSYS CFX version used in this work.
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MCNP criticality calculation KCODE with the parameters speci�ed in Table 2.6 is
used for �ux calculations. 2 � 106 neutron histories are simulated in MCNP resulting in
105 pcm uncertainty on thekef f . A cylindrical mesh tally of type A is superimposed over
the core in MCNP to score the heat deposition in the core. For the neutron �ux, vacuum
boundary conditions are used in the axial direction and re�ective boundary conditions
for the symmetry planes.
All constants (delayed neutron precursor group decay constants, half-lives, cross-section
and di�usion coe�cient values) used in the OpenFOAM solver are generated in Serpent
using the sameENDF � BV II: 1 data library as in MCNP calculations. The �ux cal-
culated by the one-group neutronics solver is used to calculate the power density and to
pass it to the temperature equation as a heat source.

Parameter Value Default value
nsrck (number of source histories per cycle)10000 1000

rkk (initial guess for kef f 1 1
ikz (number of histories to skip) 100 30

kct (total number of cycles) 200 200
Table 2.6: MCNP KCODE Parameters

2.5.4 Results and discussion

In Figure 2.8 the velocity �eld distribution and the velocity plots for the fuel salt �ow are
depicted, as predicted by ANSYS CFX CFD solver (Figure 2.8a) and the OpenFOAM
CFD solver (Figure 2.8b). Both solvers predict a large �ow stagnation zone near the core
wall, where the �ow stream is trapped and re-circulation occurs. As it is shown later,
this causes an undesirable temperature hot spot to be formed, which could cause thermal
overloading on the core structural materials and in general, is outside the range of the
operational temperatures desired for the MSFR. This characteristic �ow pattern which
is a direct result of the core design became one of the main driving factors for the MSFR
core design to be modi�ed from a cylindrical to a toroidal shape [17].

Figure 2.8: (a) Velocity �eld ANSYS CFX (b) Velocity �eld OpenFOAM (c) Mesh impact
on the average in-core velocity distribution
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Figure 2.9: Heat source radial distribution: MCNP results with1� con�dence interval
and the OpenFOAM 1 group di�usion solver results

The mesh impact on the in-core velocity distribution is shown in Figure 2.8c. The
results are provided for coarse, medium, and �ne meshes in ANSYS CFX and for the �ne
mesh only in OpenFOAM, because the mesh independence study was performed in AN-
SYS CFX only, and then the converged grid was translated to and used in OpenFOAM.
It is evident, that the grid coarseness has a signi�cant impact on the results; the mesh
converged velocity �eld (542246elements) is on average20%lower than the one obtained
with the coarse mesh.
When comparing the results obtained for the same �ne mesh in ANSYS CFX and Open-
FOAM, the pro�les show a relative di�erence of around 5 % in the central part of the
core and the recirculation zone. The di�erence attributed to the turbulence model; the
realizablek� � , which is not available for ANSYS CFX, is more stable and better adapted
to resolve �ows with strong gradients and recirculation.

In Figure 2.9 the heat distribution in the core is shown obtained from MCNP and the
OpenFOAM solver.
As a reminder, the volumetric heat source can be written asHS = � � � f � E f , where�
is the neutron �ux, � f is the one-group �ssion cross-section and �nally,E f is the energy
released per �ssion.

Acceptably good agreement between the rather simple one-group di�usion model and
the MCNP calculation can be appreciated. The one-group di�usion solver is overestimat-
ing the MCNP results by an average of6%. This can be attributed to the fact that a
one-group cross-section value is used in the OpenFOAM, generated by Serpent and the
�ssion heat source is calculated after the neutronics solver solves for the �ux with a very
simple one-group approach, whereas MCNP directly tallies the �ssion heat source on a
superimposed mesh and is, in general, relying on very accurate calculation methods.
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Figure 2.10: In-core temperature distribution obtained by ANSYS CFX and Open-
FOAM(right).

Finally, the temperature distribution in the core is shown in Figure 2.10. Due to
the large stagnation zone, the temperature rises above the expected range for the MSFR
steady-state operation and reaches1350K . As already discussed for the velocity, the
cylindrical core shape results in a speci�c �ow pattern leading to the �ow stagnation and
a consequent formation of an overheated fuel region which can cause unnecessary thermal
loads on the reactor vessel structural materials as well as have undesirable e�ects on the
neutronic performance of the fuel.
Some di�erences in the temperature pro�le between ANSYS CFX and OpenFOAM are
noticeable; even though the average in-core temperatures and the temperature di�erences
between the inlet and the outlet are close, there is a larger hot-zone predicted by Open-
FOAM. This is attributed to the fact that the �ssion heat source is slightly larger for
OpenFOAM calculations, and to the fact that OpenFOAM predicted lower velocity in
the recirculation zone.

2.6 Conclusion

In this Chapter, a preliminary coupled thermal-hydraulics neutronics analysis of the
MSFR at steady-state condition was performed using a simple one-group neutron di�u-
sion solver implemented in OpenFOAM and coupled to an OpenFOAM standard CFD
solver.To validate the results, it was decided to compare the OpenFOAM CFD results
(velocity and temperature distributions) to simulation results obtained with a largely
validated commercial CFD code; ANSYS CFX. Additionally, the �ssion heat source dis-
tribution in the core obtained from the one-group di�usion solver in OpenFOAM has
been compared to the results in MCNP, a widely used and validated neutron transport
software based on the Monte-Carlo method. To facilitate the comparison, the heat source
obtained from MCNP was given to ANSYS CFX and the average fuel temperature and
density from ANSYS CFX were used to update the MCNP input.
The comparison of the results between the respective software is satisfactory, taking into
account that di�erent approaches to the solution of the neutronics problem were adopted,
one very precise and the other one very simple.
This coupling technique does not take into account any impact of the fuel �ow on the
neutronics, e.g. delayed neutron precursor transport or possible retention of the delayed
neutron precursors inside the core due to the �ow stagnation near the radial wall.
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The main conclusion for the modelling e�orts described in Chapter 2 is:
ˆ Despite the simpleness of the neutron transport solver developed in OpenFOAM,

it seems to agree reasonably with MCNP results.
ˆ The velocity and temperature �elds from OpenFOAM agree with the ANSYS CFX

results, thus the coupling is realized correctly.
As future work, several improvements could be implemented to further develop the solvers
described in this Chapter:

ˆ Develop a multi-group di�usion solver to replace the one-speed approximation used
here.

ˆ Test the neutronics solver developed in OpenFOAM for transient simulation regime.
ˆ Verify the solver by comparing it to other multiphysics software suits that have the

same capabilities and use the same modelling approach for the neutronics, i.e. the
di�usion approximation.
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Chapter 3

Coupled Monte Carlo - CFD
modelling of Molten Salt Reactors

In this chapter, a coupling technique implemented between the Serpent Monte Carlo
code v2.30 [1] and an OpenFOAM C++ [10] based toolbox v18.06 is presented. The
coupling interface is implemented using Python routines and it is based on exchanging
relevant coupling terms between the Serpent neutron transport modelling software and
the OpenFOAM CFD solver. The impact of the liquid fuel on the delayed neutron pre-
cursor (DNP) �eld is taken into account by using the velocity �eld from the CFD solver to
shift the DNP production positions in the Serpent neutronics calculations. The coupling
method is validated by comparison to the experimental data and the model calculations
for the Molten Salt Reactor Experiment.
This chapter builds on the fact that in chapter 2 the applicability of the OpenFOAM
CFD solvers to the analysis of the liquid fuel in MSRs has been demonstrated; Open-
FOAM allows for high �delity CFD modelling of �uid �ow dynamics and it is well suited
for implementing user-tailored features. Moreover, a dedicated multiphysics interface
is already available between Serpent and OpenFOAM allowing for the exchange of non-
uniform temperature, density, and �ssion power distributions between the two software [4]
which is well suited to be used in this work. Compared to the di�usion solver presented
in chapter 2, the di�erences of this coupling approach are:

ˆ Serpent relies on Monte Carlo techniques for the solution of the neutron transport
equation and thus, it presents the most accurate way of solving the neutron trans-
port equation. No approximations and assumptions are used in the method applied
to the solution of the neutron kinetics problem, in contrast with the di�usion ap-
proximation used in chapter 2.

ˆ Each of the respective software codes for CFD and neutronics can be used as they
are, without modi�cation of the source codes. This limits the development and
debugging process to the coupling interface only.

The main issue of concern when using Monte-Carlo/CFD coupling is the computational
cost of the simulations which is high due to the statistics requirements of the Monte-
Carlo methods and can also be substantially high for �ne mesh CFD analysis. Moreover,
if a mesh grid is also used in the neutronics calculations, this makes the neutron track-
ing process more time-consuming. However, there are some remedies for the issue of
the computational time; the Monte-Carlo computational cost can be reduced by using
pre-calculated neutron propagation in the reactor, e.g., the Transient Fission Matrix ap-
proach which has been developed recently [3]. As for the CFD part, usually modern
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CFD software have very good parallel computing capabilities which can help run large
calculations in a reasonable time.
On the other hand, the method described in this chapter and featuring two standalone
software coupled via some information transfer routines can be numerically outperformed
by more monolithic coupling strategies featuring solution of both the neutronics and the
CFD problems by the same software suite. The method described in chapter 2 is one ex-
ample of such an approach; although simple in implementation regarding the neutronics
part, it featured two solvers implemented in the same software frame and utilizing the
same spatial and temporal discretization methods and solution algorithms with a pos-
sibility to easily iterate between the modules to reach convergence. chapter 2 also gave
an overview of other high-�delity software packages developed for MSR studies that al-
low for very good numerical stability and coupling accuracy due to their implementation
strategy. Recently some work has been done also to allow such a high-accuracy internal
coupling between Monte-Carlo and CFD codes; in [25] the authors present a technique of
coupling some OpenFOAM routines to Serpent at source code level allowing for e�cient
tracking and shifting of DNPs.
However, the examples of coupling Monte-Carlo codes to CFD for MSR analysis are not
as many as the implementation of other, more computationally light-weight approaches
to neutron kinetics modelling.
The method presented in this chapter aims to realize an external coupling between Ser-
pent and OpenFOAM and to investigate whether this approach demonstrates good per-
formance when applied to the analysis of liquid fuel MSRs, speci�cally the MSRE.
The structure of the chapter is as follows: �rst, the neutronics module (Serpent Monte-
Carlo code) and the CFD module (conjugate heat transfer solver in OpenFOAM) used in
this work are described followed by a detailed description of the coupling approach im-
plemented between OpenFOAM and Serpent. Then a description is given for the Molten
Salt Reactor Experiment (MSRE) which has been chosen as a test case in this chap-
ter. This is followed by test model description, result presentation, and discussion. The
coupling is validated against the data available from the MSRE. Both steady-state and
transient scenarios are modelled.
The main results of this chapter are presented in the "Coupled Neutronics/Thermal Hy-
draulics Assessment of Graphite Moderated Molten Salt Reactors", (A. Nalbandyan, E.B.
Klinkby, B. Lauritzen, J. Groth-Jensen, R. Steyn, Proceedings of the 18th International
Topical Meeting on Nuclear Reactor Thermal Hydraulics. American Nuclear Society, p.
5342-5355. See Part II, Paper 2 of this thesis).

3.1 Neutron transport modelling in Serpent

Serpent is a continuous energy Monte Carlo code intended for particle transport mod-
elling. It is a three-dimensional software, operates in steady-state as well as the transient
mode, and can be used for a variety of reactor physics applications, such as criticality
and burnup calculations, transient analysis, and validation of deterministic codes [1]. The
neutron tracking in Serpent is a combination of delta-tracking and surface-tracking ap-
proaches, with the former being used by default and the latter only in presence of strong
absorbers in the geometry [2]. Serpent estimates a reaction rate by scoring reaction rate
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estimates over the problem geometry and energy domain during the simulation:

R =
1
V

Z

V

Z

E
f (r; E )�( r; E )d3rdE (3.1)

Rimplicit =
NX

i =1

f i � i (3.2)

where R is the reaction rate, V is the volume of the domain where the simulation is
carried out, E is the energy domain of the problem,f (r; E ) is the response function
which can be e.g. a cross-section of interest, such as total macroscopic �ssion or absorp-
tion cross-section and�( r; E ) is the neutron �ux and Rimplicit is the implicit reaction
rate estimate which is scored based on the �ux estimate and the response function and
can be interpreted as an expected rate of occurrence for a speci�c reaction. There are
also analog estimators available in Serpent which directly count the number of events
of the particular type. As in any Monte-Carlo-based code, results obtained in Serpent
have statistical uncertainties and several points have to be kept in mind when setting
up simulations to obtain statistically trustworthy results. In particular, in traditional
k-eigenvalue calculations for a steady-state �ssion chain reaction, a su�cient number of
neutrons per generation has to be simulated and a su�cient number of cycles has to be
skipped to obtain converged source distribution before starting to score reaction estima-
tors [5].
One of the features available in Serpent and used in this work is the inbuilt multiphysics
interface which enables temperature and density �eld exchange with external solvers [4].
This interface allows for separation of the density and temperature information from the
main Serpent geometry information [6].In this work, the multiphysics interface de�nition
is based on the unstructured OpenFOAM mesh. As �nite volume meshes can in general
have a large number of elements, Serpent applies an adaptive search mesh that is super-
imposed over the imported OpenFOAM mesh which speeds up the process of retrieving
temperature and density data at interaction points [7]. The unstructured mesh-based
geometry and interface are de�ned as follows:

1) 9 1 2 % interface card 9
2) 1 ./volpower % volumetric power distribution as output
3) -1 900 % nominal density to be used and temperature
4) 5 3 2 2 2 % adaptive search mesh parameters
5) poly mesh/points % adaptive search mesh folder
6) poly mesh/faces
7) polyMesh/owner
8) polyMesh/neighbour
9) materials.txt
10) rhos.txt 1 % non-uniform density �le
11) Ts.txt 1 % non-uniform temperature �le
12) -1 % mapping each cell to a unique power tally bin

Some recent applications of Serpent multiphysics capabilities include coupling to fuel
performance codes, depletion calculations, coupling to thermal-hydraulics, and solid me-
chanics [8], [9].
Another feature of Serpent that is extensively utilized in this work is the generation of
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prompt and delayed neutron sources. To retrieve these sources, the following line has to
be included in the input:

set savesrc FILEPATH [PN PP NX NY NZ]

The PN and PP values are used to adjust the probability of storing an individual neutron
or a DNP to the source, NX, NY, and NZ specify the Cartesian mesh size used to tally
the DNPs. There are two ways in Serpent to track the DNPs: point-wise and mesh-
based. If the �rst one is used, there is no need to specify a grid size di�erent from the
default 1 � 1 � 1. If, however, one wants to use the concentration of DNPs per grid cell
rather than the absolute number of the DNPs produced in the domain, then customized
Cartesian mesh can be de�ned.
The source generation routine writes four �les:

ˆ source:main - An ASCII list with general information on the saved neutron and
DNP sources.

ˆ source:live- A binary list of neutrons saved randomly at di�erent interaction points.
ˆ source:prec- An ASCII list of delayed neutron precursors at the beginning and at

the end of simulation, based on mesh: e.g., if only one cell was speci�ed (default
option), this �le will look as follows:

0 0 0 0.000000E+00 0.000000E+00
0 1 0 0.000000E+00 0.000000E+00
0 2 0 0.000000E+00 0.000000E+00
0 3 0 0.000000E+00 0.000000E+00
0 4 0 0.000000E+00 0.000000E+00
0 5 0 0.000000E+00 0.000000E+00
0 6 0 0.000000E+00 0.000000E+00
0 7 0 0.000000E+00 0.000000E+00
1 0 0 1.366033E+18 1.535576E-06
1 1 0 2.654902E+18 2.601758E-06
1 2 0 1.167101E+18 2.049288E-06
1 3 0 7.528236E+17 2.247747E-06
1 4 0 5.342619E+17 2.012693E-06
1 5 0 6.995189E+16 2.345596E-06
1 6 0 2.668216E+16 2.147624E-06
1 7 0 3.382217E+15 1.257258E-06

where the �rst column indicates the beginning (0) and the end (1) of the simulation
interval, the second column is the number of the DNP groups (0-7), the third column
is the total population of the DNPs, and the last column is the estimated relative
error.

ˆ source:precpoints- A binary list of the DNPs according to their birth coordinates.
There are nine columns in this �le; thex; y; z coordinates where the DNP was scored,
four parameters that are not used with default values of1; 0; 0; 1, the weight of the
precursor, and the precursor group. As an example, the �rst three lines of a generic
source:precpoints�le after decoding from binary format is shown, where the birth
coordinates of the DNP are given for three DNPs from group 5, 4 and 3:
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55.47,89.48,66.56,1.0,0.0,0.0,5.634e-05,1.51,5.0
58.47,80.51,56.93,1.0,0.0,0.0,0.00147,3.44,4.0
51.27,100.40,47.02,1.0,0.0,0.0,0.005,7.56,3.0

The sources generated during a criticality source simulation are a prerequisite to set-up
and run a transient simulation in Serpent. Moreover, when continuing the transient from
the previous time-step, the sources generated for the previous time-step have to be pro-
vided.
In the current work Serpent, 2 version 2.1.31 is used.

3.2 Conjugate heat transfer modelling in
OpenFOAM

For modelling an MSRE like system with the fuel salt and the solid graphite mod-
erator, a conjugate heat transfer solverchtMultiRegionFoam [11] in OpenFOAM [10] is
suitable. The Navier-Stokes equations for the mass, momentum, and energy for the liquid
domain and the energy conservation equation for the solid domain are discretized and
solved with dedicated temperature coupling boundary conditions applied on the solid-
liquid interface. The main equations for the �uid domain are;
The continuity equation:

@�
@t

+ r � (� u) = 0 (3.3)

where� is the �uid density and u is the �uid velocity �eld.
The momentum conservation equation is:

@(� u)
@t

+ r � (� uu ) = �r p + � g + r � � (3.4)

whereu is the �uid velocity �eld, � is the �uid density, g is the gravitational acceleration,
� is the stress tensor.
Finally, the energy conservation equation written in terms of enthalpy, is as follows:
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= �r � q + r � (� u) + � g � u + �HS (3.5)

whereh is the �uid enthalpy, K is the kinetic energy,u is the velocity, � is the density.
HS is the heat source term.
For the solid body only the energy conservation equation is discretized and solved:

@�h
@t

= r (� r h) (3.6)

where h is the speci�c enthalpy and� = k=Cp is the thermal di�usivity de�ned as the
ratio between the thermal conductivity and the speci�c heat capacity.
The coupling between the solid and �uid bodies is de�ned using two additional conditions.
At the �uid to solid interface the temperatures are assumed equal:

Tf = Tw (3.7)
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The heat �ux entering the domain in one region is equal to the heat �ux leaving the
domain in the other region:

kf
@Tf
@n

= � ks
@Tw
@n

(3.8)

wherekf and ks are the �uid and solid thermal conductivity respectively,Tf is the �uid
temperature next to the wall, Tw is the solid wall temperature, andn is the directional
normal to the wall.
The coupled system of momentum-pressure equations and the energy equation are solved
using the PIMPLE algorithm [12]. It is a combined version of theSIMPLE [13] and
PISO [14] algorithms. One of the bene�ts of thePIMPLE algorithm is that larger time
steps can be used because Courant (Co) numbers larger than 1 are acceptable:

Co = � t
nX

1

uxi

x i
� Comax (3.9)

for a generic n-dimensional problem, the Courant-Friedrichs-Lewy condition is given by
the Equation 3.9; aCo number larger than 1 means that the information from a given
mesh cell during the given time-step can propagate further than to the immediate neigh-
bor cell. This can understandably, result in instability and divergence of the solution.
On the other hand, when theCo number is limited to one, this usually implies very small
time steps and a drastic increase in computational time. However, thePIMPLE algo-
rithm, as mentioned above, combines the steady-stateSIMPLE and the transient PISO
algorithms to solve this restriction onCo number by searching for a steady-state solution
via SIMPLE algorithm withing each time-step of the transientPISO, before moving on
to the next time-step. This means that only the converged steady-state solutions are
propagated from one time-step to another, ensuring the stability of the transient solu-
tion.
The general structure of thePIMPLE algorithm is as follows:
within a single time step

ˆ Solve for momentum
ˆ Compute the mass �uxes
ˆ Solve for pressure
ˆ Correct the mass �uxes
ˆ Re-calculate the velocity �eld
ˆ Re-calculate the pressure based on the corrected velocity

The correction for pressure and velocity �elds is repeated according to the user-speci�ed
number of outer correctors.

3.3 The coupling approach

In Figure 3.1 the coupling scheme is presented as implemented for the steady-state
simulations. The routine starts with calling Serpent, which then performs a standard
criticality source simulation with uniform starting temperature and density to obtain
volumetric power distribution in the system for a given power level. The power distri-
bution is then passed to the OpenFOAM which then solves for the mass, momentum,
and energy using the volumetric heat source written by Serpent. The non-uniform tem-
perature and density distributions are used to update the neutronics cross-sections and
the k-eigenvalue calculation is repeated. As the nuclear reaction cross-sections depend
on the temperature and density via the Doppler and density feedback mechanisms, it
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is important to update the temperature and density distributions to obtain the correct
neutronics picture of the system. The iterations between the thermal-hydraulics and neu-
tronics modules are repeated until temperature and volumetric heat source convergence.

The steady-state coupling scheme is thus quite closely resembling the traditional operator
splitting approach, as e.g. the ANSYS CFX and MCNP coupling discussed in chapter 2.
However, the dedicated multiphysics interface implemented between Serpent and Open-
FOAM makes the coupling more tailored and the iteration routine automatized via a
Python script, ensures that both modules are converged before the results are accepted.
The user can either set a �xed number of iterations and check whether the temperature
and the heat source reach a steady-state distribution and do not change any longer, or
convergence criteria could be de�ned and monitored for the temperature and the heat
source residuals.

Figure 3.1: Steady-state coupling scheme. CSS stands for Criticality Source Simulation.

For time-dependent simulations, the coupling scheme is shown in Figure 3.2 and the
procedure is as follows:

ˆ Using the same mesh grid as for the CFD, perform a Serpent Criticality Source
Simulation (CSS) to obtain the power map in the fuel as well as the prompt neutron
and delayed neutron precursor sources (see Section 3.1 for a detailed description
of source �les). Note, that using the same mesh grid here is necessary because
we are aiming to utilize thevolpower �le written directly by Serpent and already
in a compatible format for OpenFOAM, and since thevolpower writes the heat
deposition per cell, we need identical mesh for both the neutronics and the CFD
modules.

ˆ Solve for mass, momentum, and energy in the CFD module using the power map
from the Serpent CSS. This will provide us with the velocity �eld necessary for the
DNP transport and with temperature and density �elds to update the neutronics
input.

ˆ Using the prompt neutron and delayed neutron precursor sources CSS, run a tran-
sient mode simulation (TMS) in Serpent, on a coarse mesh grid. The transient
mode simulations in Serpent also called dynamics mode simulations, allows the as-
sessment of the time-dependent evolution of the system, e.g. the power evolution
with time after a reactivity insertion in the system. This is achieved by having a
time binning de�nition in the problem setup, on top of the and similar to the energy
binning used for k-eigenvalue calculations. The time binning is de�ned as follows:

tme Name 2 NB Tmin Tmax

where Name is a user-chosen name for the time discretization, 2 indicates uniform
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binning, NB is the number of bins, Tmin and Tmax are the lower and upper time
limits respectively, e.g.0a to 1s.
Since the transient simulations usually take more time than a CSS in Serpent, to
save some computational time we do not use the same �ne CFD grid for the TMS.
As in this coupling approach, point-wise DNP tracking is used as opposed to mesh-
based tracking, it is not needed to have identical meshes for the neutronics and the
CFD modules.

ˆ Using the velocity �eld obtained from the CFD module and the delayed neutron
precursor (DNP) distribution source from the TMS; perform precursor transport
and write a new DNP source. There are several ways to perform the transport:
the most exact one would be to loop over the DNP birth coordinates, match those
with the same coordinates on the CFD grid and read the corresponding velocity
value. Then, knowing the neutronics time-step and the velocity, one can calculate
the corresponding coordinate shift for the birth positions of the DNPs:

A (x; y; z) = A (x0; y0; z0) + � A (x; y; z) = A (x0; y0; z0) + u � � tn

where A (x; y; z) is the new generic DNP position vector,A (x0; y0; z0) is the orig-
inal position vector from the Serpent DNP source corresponding to static fuel,
� A (x; y; z) is the changes in the position considering that the fuel is not static and
is simply the product of the velocity (u) and the neutronics time-step� tn .
However, considering that there is a substantial number of coordinates to loop
through, for some cases, when the velocity �eld is uniform, or when only the axial
transport of the DNPs is signi�cant, the above-described routine can be somewhat
simpli�ed, e.g. by dividing the problem geometry into several regions and assuming
uniform average velocity within each of the regions. Then one only needs to check
to which region the certain DNP coordinates belong, and shift them by the velocity
�eld of that region. In this work, the axial transport of the DNPs is of importance,
and the uniformity of the axial velocity pro�le allows to use the average domain
velocity to shift the DNPs rather than adopting the more time-consuming approach
of looping through the DNP birth coordinates and �nding the point on the CFD
mesh grid that matches the given DNP birth position to extract the corresponding
velocity value.

ˆ Per one CFD time-step (� tCF D = 1s), there are 10 corresponding Serpent TMS
calculations (� tn = 0:1s), as the neutronics response time scale is smaller than that
of the CFD. At the end of the neutronics iterations, the newly established power
level is used to derive the power adjustment factor to set the normalization power
level for the next time-step step.

ˆ Proceed to the next time step: use the power adjustment factor to set the new
normalization power level for the Serpent CSS, use the temperature and density
pro�les from CFD as well to update the CSS input, and perform a CSS calculation
to obtain the new volumetric power for CFD and the new neutron and DNP source
�les for the TMS.
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Figure 3.2: Transient coupling scheme. TMS stands for Transient Mode Simulation.

Some Python code snippets showing the routines to shift DNPs and to control the itera-
tions between the CFD and neutronics modules as well as the script for decoding DNPs
binary source �le written by Serpent can be found in Appendix B.

3.4 Application of the Coupling Methodology

In the following sections of the chapter, the application of the above-presented cou-
pling methodology to the steady-state and transient analysis of the Molten Salt Reactor
Experiment [15](Figure 3.3) is presented. MSRE is of particular interest as the only
molten salt reactor that has been in operation and the only source of experimental data
for the molten salt reactors. In this work, the analysis is con�ned to a simpli�ed model
of only one fuel channel with an adjacent moderator region. The main goal is to assess
the ability of the above-described coupling model to reproduce acceptable results when
compared to the experimental data both qualitatively and quantitatively.

3.4.1 MSRE system description

The Molten Salt Reactor Experiment operated at the Oak Ridge National Laboratory
from 1964 to 1967 and aimed at showcasing several attractive factors of molten salts as
fuel and coolant, i.e.

ˆ The liquid fuel o�ers enhanced burnup capabilities, not limited by radiation damage
to the structural materials and reactivity loss, thanks to the online reprocessing
capabilities.

ˆ High-temperature process heat production and thermal e�ciencies comparable to
fossil-fuel plants.

ˆ No need for high-pressure vessel and piping.
ˆ Good neutron economy due to the low parasitic neutron absorption cross-section.
ˆ The �uoride salts used in the MSRE do not react rapidly with the water or air.
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Figure 3.3: MSRE vessel outline [19]

Initially, the plant was designed to be operated at 10MW thermal power for the ex-
perimental �ndings being reasonably scalable for a full-scale industrial plant. However,
due to the technical limitations of the heat exchanger, this was reduced to 7MW . The
general outline of the reactor is presented in Figure 3.3.
The reactor vessel is 1.524m in diameter and 2.438m in height and contains a graphite
core structure; 1.370m diameter and 1.626m in height. The fuel enters the core at the
top of the vessel, it is evenly distributed in the �ow distributor section and �ows down-
wards to be collected in the lower plenum. Here the salt passes through �ow straightening
vanes and �ows upwards through the graphite moderating channels. The fuel salt exit-
ing the core is collected in the fuel pump and pumped into a shell and tube type heat
exchanger where the heat is removed by the secondary coolant salt (Figure 3.4 ). This
salt dissipates the heat in air-cooled radiators. Helium is used as a cover gas as well as
to remove volatile �ssion gaseous products from the fuel salt in the fuel pump. There are
four drain tanks to keep the fuel salt when it is not in use as well as several mechanisms
to prevent the salt from freezing at any point during the operation, e.g. there are heaters
in the radiator and special shut-o� doors to close the air�ow in case the reactor power
drops.
To control the reactor power during power operation air�ow adjustment in the radiator is
used, whereas at low power operation the control rods are used to keep the �ux constant
and the air�ow is used to regulate the temperature.

Figure 3.4: MSRE Primary Heat Exchanger [19]

The reactor core is composed of graphite blocks called stringers with half-channels
being machined into the four faces of the stringers to form a passage for the fuel salt. A
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typical stringer drawing is shown in Figure 3.5.

Figure 3.5: The MSRE graphite stringer

It can be seen that the half-channels machined into the stringer faces form a passage
for the fuel which has roughly an ellipsoidal shape. There are 1160 fuel channels in the
MSRE core, counting the annulus between the core can and the graphite block and the
annuli around the control rod thimbles.
There are three control rods in the MSRE design, located in the center of the core, as
depicted in Figure 3.6. The main purpose of these rods is to provide excess reactivity to
e.g.compensate for xenon poisoning or loss of delayed neutrons due to the fuel �ow. The
principal factor in the reactor shutdown mechanism is the negative temperature feedback
coe�cient of the fuel salt, together with the three control rods being dropped into the
core by gravity when the reactor power level reaches 15MW . However, the shutdown
mechanism is not strongly dependent on the fast-acting rods. As an absorber material,
gadolinium oxide is used in the rods. There is also graphite sampling equipment in the
center of the core to investigate the graphite moderator behavior under irradiation and
its interaction with the fuel salt.

Figure 3.6: MSRE control rod and graphite sample arrangement [19]

The main operational parameters of MSRE are summarized in Table 3.1.
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Parameter Value Unit
Design thermal power 10.00 MW

Fuel inlet T 908.15 K
Fuel inlet P 1.38 bar

Fuel outlet T 935.93 K
Fuel outlet P 0.48 bar

Average power density 14.00 kW=l
Total �ow rate 272.55 m3=h

Table 3.1: MSRE Fuel Operational Parameters [19]

Several fuel options were considered for the MSRE; highly enriched fuel with235U,
partially enriched fuel with 235U, fuel with 232Th-235U and �nally fuel with 232Th-233U
which was used for dynamic analysis. The last fuel was tested to investigate the scenario
of the reactor being operated with235U bred from 232Th. The fuel salts composition is
reported in Table 3.2.

Salt 1 Salt 2 Salt 3 Salt 4

LiF 70.000 66.800 65.000 58.900

BeF2 23.600 29.000 29.100 36.500

ZrF4 5.000 4.000 5.000 4.500

UF4 0.400 0.200 0.900 0.115

ThF 4 1.000 0.000 0.000 0.000
235U enrichment 93.140 93.140 34.400 0.000
233U enrichment 0.000 0.000 0.000 91.490

Table 3.2: Fuel salts composition inmol% and the �ssile nuclide fraction (enrichment)
in atom%

The main properties of the graphite are summarized in Table 3.3. The results of the
analysis of the MSRE graphite were considered to be satisfactory for a research reactor;
it was compatible with the fuel salt with an acceptable percentage of noble metal �ssion
products being plated on the graphite and acceptable dimension changes due to the
irradiation [16].

Property Value Unit
Density 1.83-1.89 g=cm3

Total porosity 17.70 %
Thermal conductivity (without grain) 658.68 W=m2=K

Speci�c heat at 922.00 K 1758.46 J=kg=K
Table 3.3: MSRE graphite properties [16]
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3.4.2 MSRE modelling and validation of fuel
circulation-induced e�ects

As it was already mentioned, the fuel circulation in Molten Salt Reactors induces some
speci�c e�ects related to the reactor kinetic behavior, mainly due to the transport of de-
layed neutron precursors with the fuel �ow. In this section, a theoretical model developed
at ORNL and accounting for the reactor period dependence on the fuel circulation time
is brie�y described. This theoretical model was validated during the zero-power kinetic
experiments and these experiments are also described very brie�y [17].
It is convenient to analyze the fuel circulation related e�ects at very low reactor power
because at negligible power levels these e�ects reduce to essentially two contributors:

1. Reactivity loss due to the delayed neutron precursors decaying in the external loops
of the reactor and not in the core.

2. E�ects due to the shift of the delayed neutron precursors in the direction of fuel
circulation.

The ORNL theoretical model related the static reactivity normally calculated by reactor
analysis tools available at the time, to the reactor asymptotic period. Thus, the e�ect of
the fuel circulation on the reactor period can be evaluated. The time-dependent reactor
equations used in the ORNL model for the neutron �ux and for the delayed neutron
precursors, accounting for the fuel transport in the axial direction, are :
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here� and ci are the neutron �ux and the delayed neutron precursor concentration, u_z is
the fuel velocity in axial direction, � i is the decay constant,� T is the total delayed neutron
fraction (the sum of individual � i group fractions), L is the total neutron loss operator
(leakage, absorption and inelastic scattering) andP is the production by �ssion operator.
The prompt and delayed neutron energy spectra are denoted asf P and f di respectively.
As it can be seen from Eq. 3.11, the delayed neutron precursor concentration depends
on the transport of the precursors in the axial direction with the fuel �ow.
If one assumes that the operatorsL and P are time-independent, for a �xed rod position,
then we can look for a condition under which the �ux and precursor concentrations vary in
time in form of ewt , wherew� 1 will be the reactor stable period and the static reactivity
would then be the largest eigenvalue of the �ux equation. Through some meticulous
mathematical derivations described in details in [17], the general in-hour equation which
relates the stable period to the static reactivity is obtained:
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where� s is the static reactivity, ! is the reactor period and� is the prompt neutron
generation time. Notice, that this equation resembles the in-hour equation for static fuel,
but di�ers from it by � i e�ective production fractions for the delayed neutron precursors
which are now reduced by a
 i term which depends on the reactor period and the rate of
the fuel circulation (fuel velocity).
In the ORNL model, to calculate the static reactivity � s, the reactor geometry is sub-
divided into several sub-regions: reactor core, upper and lower plenums, and external
piping (Figure 3.7).
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Figure 3.7: The MSRE core model used in ORNL neutronics calculations [17]

The general procedure to compute the static reactivity used in this approach can be
described as follows:

ˆ Calculation of static and adjoint neutron �uxes using standard reactor physics anal-
ysis tools.

ˆ From the reactor inverse period and the static �ux distribution corresponding to
the same state, calculate the static precursor concentration in the fuel,c0

i (z).
ˆ Once the concentration is known, calculate the precursor axial distribution:

ci (z) = � kc0
i (z) (3.13)

ˆ Finally, calculate � s
The developed calculation model gives the relation between the reactor period and the
reactivity and explicitly takes into account the e�ect of delayed neutron precursor move-
ment. In Figure 3.8the the delayed neutron emission axial density in the fuel salt is
shown calculated according the above described model, for stationary fuel case (no fuel
movement), for reactor stable period of 10 s (the period is constant in time), and for 0 s
period, i.e. critical reactor with circulating fuel, where the period is de�ned as:

� =
ld

k � 1
(3.14)

where ld is the mean generation time with delayed neutrons andk is the multiplication
factor.
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Figure 3.8: Axial distribution of delayed neutron precursor concentration for di�erent
reactor periods (calculation results) [17]

Alongside the theoretical model, several zero power experiments were carried out on
the MSRE to investigate the e�ects of fuel circulation on reactivity. These experiments
attempted to measure the control rod's worth at di�erent conditions. Two baseline exper-
iments were performed; establishment of the critical235U concentration for stationary
fuel with all control rods withdrawn, and the extra amount of 235U needed to reach
criticality with circulating fuel and all rods withdrawn, as the circulating fuel caused
reactivity loss.

Figure 3.9: Control rod worth for stationary (left) and circulating fuel(right), model and
experiment [17]. The dots correspond to measurement points, the continuous line is the
�tted curve for stationary fuel.

After the baseline experiments, rod worth measurements were done with the fuel
stationary and then circulating and the reactor period was measured for each critical
rod position. This was done by �rst adjusting the rod to make the reactor critical
then withdrawing the rod to a �xed position and keeping it there until the reactor power
increased by a certain prescribed amount and then the rod was lowered to bring the power
back to the initial level. The di�erential worth of one of the rods measured for stationary
and circulating conditions and compared to the numerical calculation results is presented
in Figure 3.9 [17]. Fairly good agreement between the model and the measurements can
be noted, with the deviations stemming from the experimental uncertainties as well as
several assumptions made in the calculation model.
The general conclusion regarding the e�ects of fuel motion on reactivity is that there is
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a net loss of reactivity due to the motion of delayed neutron precursors and distortion
of the emission towards the upper core and plenum. In the Results sections of this
chapter, a comparison between the results obtained with the coupling method and the
ones discussed here is presented. Note, that similar to the method developed at ORNL
to encounter for fuel motion by considering DNP transport in the axial direction of the
fuel motion, the method used in this work to shift DNPs and described in the sub-section
3.3, similarly facilitates the DNP transport, considering transport in the axial direction,
with the �ow.

3.5 Model setup

This section describes the geometry models, materials, boundary conditions, and other
model setup parameters for the MSRE simulations carried out in this chapter.
As Monte-Carlo simulations are already computationally heavy, and in this work, the
objective is to establish the feasibility of coupled CFD Monte-Carlo modelling protocols
on a test case of the MSRE, in which case an entire-core CFD mesh would be in the order
of several million cells, it was deemed suitable to start with a single-channel analysis.
This is to limit the computational burden but also to make it easier for the debugging of
coupling routines. The main limitation of using a single-channel model is that information
on the radial distribution of parameters such as the neutron �ux or the fuel temperature
can not be obtained.
Before starting the coupled analysis, a purely neutronics calculation using Serpent was
run on the entire core model to obtain the power distribution in the core as well as the
axial and radial �uxes. No thermal-hydraulics coupling e�ects are considered at this
stage. The full-core model is presented in Figure 3.10 [18].

Figure 3.10: MSRE full core model in Serpent: top view (left) and side view (right)

The lattice temperature for the calculations with the full-core model is considered
uniform 922K , the fuel is fresh (no �ssion product poisons) and the control rods, as well
as the experimental sample position, are estimated as70% gadolinium oxide - 30% Al
oxide and pure graphite rods respectively.
As for the single-channel model, two-channel shapes are considered; a simpli�ed cylindri-
cal fuel channel is considered in one approach, as opposed to the actual nearly-ellipsoidal
shape of the fuel passage formed by half-channels machined into the graphite faces in the
MSRE. The fuel to moderator ratio is kept constant for both models. The main purpose
is to �nd out to which extent the shape simpli�cation a�ects the results of the analysis.
Note, that the ORNL calculations model considered cylindrical channel shape as well.
The two models are depicted in Figure 3.11. The main parameters for the geometry are
summarized in Table 3.4.
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Figure 3.11: Single-channel models: cylindrical and stadium-shaped channels. The draw-
ing in the lower-center is the original ORNL drawing for the channel shape and dimen-
sions.

Channel shape Radius [mm] Height[mm] Graphite lattice side length [mm] Fuel vol. fraction
Cylindrical 9.016 1600 36.560 0.244

Stadium-shaped 24.200� 10:200 1600 33.740 0.244
Table 3.4: Main geometrical parameter values for both channel types

A structured hexagonal mesh is used to model the two geometries, presented in Figure
3.12. The mesh grid independence study shows that for the cylindrical model1:8 � 105

mesh elements are su�cient to ensure independence, meanwhile for the stadium-shaped
channel 2:3 � 105 mesh cells are required. The mesh orthogonal quality is reported in
Table 3.5. As a reminder, the mesh orthogonal quality is an important characteristic
showing how close the mesh elements are to the optimal size and shape on a scale of 1
being an ideal match and 0 being the worst possible quality. Usually, for models where
structured meshing is possible, an orthogonal quality above 0.8 is achievable.

Model Number of elements Orthogonal quality

Cylindrical

5:0 � 103 0.87
4:0 � 104 0.90
3:0 � 104 0.92
9:0 � 104 0.94
1:8 � 105 0.98

Elliptical

5:0 � 103 0.87
1:0 � 104 0.90
5:0 � 104 0.92
1:1 � 105 0.94
2:3 � 105 0.98

Table 3.5: Mesh element number and orthogonal quality for considered model
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Figure 3.12: Mesh used for the thermal-hydraulics simulations

Thanks to the multiphysics interface between Serpent and OpenFOAM, the same
geometry used for thermal-hydraulics studies can be transferred to Serpent for the neu-
tronics calculations (Figure 3.13).

Material � [kg=s] � [Pas] k[Wm� 1K � 1] Cp[Jkg� 1K � 1]
Fuel salt [at 922 K] 2080 0.007 5.530 1970
Graphite [at 922 K] 1860 - 58.800 1760

Table 3.6: Fuel and graphite main properties [20]

The boundary conditions for both neutronics and thermal-hydraulics modules are
summarized in Table 3.7; radially in�nite geometry is considered through the re�ective
boundary condition applied on the graphite stringer periphery, whereas axially the ge-
ometry is �nite and vacuum boundary condition is applied on both the fuel and the
graphite upper and lower boundaries. For steady-state and transient analysis di�erent
fuel compositions are used, reported in Table 3.9 for the steady-state and in Table 3.8
for the transient. This is done to be able to carry out comparisons with the available
ORNL data in a consistent manner. The �ssile nuclide is235U at 93% enrichment for
the steady-state part and233U at 91:49%enrichment for the transient simulation to be
consistent with the experiments. The main thermal-hydraulics properties for the fuel are
presented in Table 3.6.

Figure 3.13: Top view: geometry used for neutronics calculations in Serpent
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Quantity BC/IC Value Unit
Temperature Neutronics IC, fuel 923.5 K

Neutrons Neutronics BC, graphite and fuel axial dir vacuum -
Neutrons Neutronics BC, graphite radial dir re�ective -

Temperature CFD BC, fuel inlet 923.5 K
Velocity CFD BC, fuel inlet 0.183 m=s

Table 3.7: Initial and boundary conditions (IC and BC) for neutronics and CFD modules

The inlet velocity for the fuel channel is chosen based on the assumption made in
the ORNL thermal-hydraulics model of MSRE, wherein the entire core is divided into 5
regions with characteristic velocities (Table 3.10). The particular channel modelled here
is assumed to be positioned in the section of the core with the most full-sized channels
in it (region 2) and thus the velocity of the fuel is 0.183m=s.

Component mol %
LiF 70.00

BeF2 24.85
ZrF4 5.00
UF4 0.15

Table 3.8: Fuel vector composition for the steady-state calculations [19]

Component mol %
LiF 58.900

BeF2 36.500
ZrF4 4.500
UF4 0.115

Table 3.9: Fuel vector composition for the transient calculations [19].

Region Number of full sized channels Fuel volume fraction Average fuel velocity [m/s]
1 12 0.256 0.600
2 940 0.224 0.183
3 108 0.224 0.454
4 78 0.142 0.249
5 0 1.000 0.079

Table 3.10: Core regions used in the ORNL thermal hydraulics model. Region 5 is the
annulus between the graphite and the core shell [19].

3.6 Results and Discussion

In this section �rst the axial and radial �ux distributions for the entire MSRE core
as well as the power distribution in the core are shown, obtained by performing a purely
neutronics simulation in Serpent. The goal is to compare the obtained values to the
ORNL available data to check the correct set-up of the neutronics model.
After that results on steady-state and transient single-channel analysis are shown and
compared to the ORNL results. For the steady-state, fuel and graphite axial temperatures
are compared to model calculations performed at ORNL. For the transient part, the power
evolution after a step reactivity insertion is compared to ORNL experiments.
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3.6.1 Full-core �ux and power distribution

The full-core �ux and power density distributions are presented in this sub-section, for the
reactor power level of10MW . In Figure 3.14 the radial and axial �ux distributions in the
MSRE core are shown and compared to the �ux distribution calculated by ORNL using
Equipoisemulti-group di�usion code [21]. The overall agreement in the shape and the
numerical values between the ORNL calculations and the Serpent results are satisfactory
and the relation of the slow �ux to the fast �ux is captured correctly. Moreover, a �ux
depression caused by the control-rod timble around 5 cm is visible for the Serpent model
as well as it is for the ORNL calculations. It can be noticed, that the discrepancies when
comparing the axial �uxes are lower than for the radial �uxes: the average discrepancy
between the axial fast �uxes is3%, whereas for the axial thermal �uxes it is7%. The
discrepancies are larger for the radial �uxes: the fast radial �uxes di�er by an average
of 5%, and the radial thermal �uxes di�er by an average of15%. Note, that all reported
average di�erences are calculated excluding the boundary values; there is no information
available in the [19] report on the boundary conditions used for the ORNL multi-group
di�usion neutronics module calculations and the �ux values at the boundaries di�er with
respect to the Monte-Carlo exact solution results (for the radial �ux the di�erence is the
largest, � 45%). The overall di�erences between the Monte-Carlo simulation results and
the Equipoise calculation results are attributed to the neutronics model implementation
in Equipoise:

ˆ The code is limited to 2D problem geometries.
ˆ The entire MSRE geometry is represented as 19 di�erent cylindrical regions with

di�erent proportions of basic materials (fuel, moderator, and INOR).
ˆ The materials within each separate region are treated as a homogeneous mixture,

which means that in the regions where non-homogeneity (more than one material)
is present, only the overall �ux shape can be calculated.

ˆ Apart from these geometry and material-related simpli�cations, the code solves for
two-group di�usion, which lacks precision when compared to the continuous-energy
Monte-Carlo methods.

The statistical deviation for Serpent calculations is within2% and a 2� con�dence
interval is included in Figure 3.14 for the Serpent results.

Figure 3.14: Radial and axial �ux distributions. The radial �ux is sampled at the core
mid-plane, the axial �ux is sampled at18cm from the core center line.

In Figure 3.15 the normalized �ssion density distribution in the fuel is provided.
Again, the agreement between the Serpent andEquipoiseis good.
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Figure 3.15: Left: �ssion rate in the fuel: brighter color means higher rate of �ssion.
Right: Normalized axial �ssion density distribution

3.6.2 MSRE steady-state analysis

In this section, the main results for the reactor single-channel analysis under steady-
state operating conditions are reported and compared to the results available in the
MSRE design and operation report [19]. Figure 3.16 shows the heat deposition in the
fuel for the cylindrical and the elliptical channel types, as calculated by Serpent. The
axial power distribution pro�le follows closely the earlier shown axial �ux distribution in
the reactor core. The channel shape does not a�ect the power spatial distribution and
both the cylindrical as well as stadium-shaped channels predict almost identical power
distribution in the channel.
This volumetric power distribution is used as a heat source for the CFD module as it is
discussed below in relation to the temperature distribution in the channel.

Figure 3.16: Fuel heat deposition for the stadium-shaped channel (top) and the cylindrical
channel (bottom)

The fuel radial and axial velocity pro�les are shown in Figure 3.17 and Figure 3.18.
It is clear from the radial distribution, that the fuel has a larger velocity in the central
part of the channel and the velocity decreases next to the wall, due to the laminar nature
of the �ow. This has an important e�ect on the temperature distribution in the fuel and

59



CHAPTER 3. COUPLED MONTE CARLO - CFD MODELLING OF MOLTEN
SALT REACTORS

the adjacent graphite stringer, as shown later.
When comparing the stadium-shaped channel and the cylindrical channel, the shape
a�ects slightly the axial velocity, resulting in 0:005m=s higher axial velocity than for the
cylindrical channel. As the stadium-shaped channel forms a more narrow and elongated
passage for the �ow, a slightly higher �ow velocity in the stadium-shaped channel is
normal.

Figure 3.17: Fuel velocity radial pro�les. In case of the elliptical (stadium-shaped) chan-
nel the major axis is used.

Figure 3.18: Fuel velocity axial pro�les: top-left for the elliptical channel (stadium-
shaped), bottom-left for the cylindrical channel

The Re number calculation justi�es that the �ow is laminar and there is no need to
consider a turbulence model, as theRe number for both channel models is in the range
of 1200 to 1800.
Finally, Figure 3.19 compares the axial temperature in the fuel and the graphite. Both
the simulation and the ORNL model calculations agree, that in the graphite stringer the
temperature is higher than in the adjacent fuel channel during steady-state operation:

Tg = Tf + � T (3.15)

The temperature di�erence� T is attributed to:
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Figure 3.19: Temperature distribution in the fuel channel and the adjacent graphite
stringer. The simulation is compared to the MSRE model calculations [19]

a. The Poppendiek e�ect: the laminar �ow results in the near-wall fuel velocity being
lower than the velocity in the channel central part. Combined with the internal heat
generation in fuel, this causes the fuel temperature adjacent to the wall to be higher
than the average across the channel. The ORNL model considers coe�cients for
cylindrical channel order to evaluate the Poppendiek e�ect [22]. This assumption
might slightly overestimate the Poppendiek e�ect, as shown in Figure 3.19.

b. The heat �ow from graphite causes temperature drop across the graphite-fuel inter-
face. The di�erence between this temperature and the mean graphite temperature
is necessary to conduct heat from the graphite.

When comparing the agreement between the simulations and the ORNL model calcula-
tions, it can be noticed, that:

ˆ For the fuel:
� The ORNL model calculations assume an inlet temperature of909:61K , which

is 1:46K higher than the inlet temperature used in the simulations. This
is related to the fact, that in the ORNL model calculations the reactor is
considered to be consisting of the main core and the peripheral regions and the
fuel is assumed to heat up after entering the reactor at908:15K and reaching
the main core. The simulations, however, consider the average reactor inlet
temperature of908:15K as a channel inlet temperature in the simulations.

� The fuel temperature calculated by the ORNL model has a relative di�erence
of 0:75K on average and a maximum relative di�erence of2:57K compared to
the simulation results with the actual channel shape, a2:25K average relative
di�erence, and a4:26K maximum relative di�erence compared to the simula-
tion results considering the cylindrical fuel channel shape.
The di�erences between the model calculations and the CFD simulations can
be attributed to the fact that the ORNL model is a strictly analytical approach
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to the calculation of the temperatures in the fuel channel and the adjacent
graphite stringer, it only accounts for the fuel radial velocity impact and the
temperature distribution shape is derived from the shape of the fuel power
density by further considering that the radial and the axial power-density dis-
tributions are separable. The following analytical expression is then used in
the model for calculating the fuel temperatures:

Tf (r; z) = Tf (z = 0) + �
A r

u(r )
cos� � cos[

�
77:7

(z + 4:36)] (3.16)

where � is a constant de�ned as(Qf )m

(�C p ) f
((Qf )m is the speci�c power which in-

cludes the heat added from the moderator and(�C p)f is the speci�c heat) and
� is de�ned as �

77:7(0 + 4:36). A r is the radial variation in the power density
distribution and u(r ) is the radial velocity �eld.
The simulations, on the contrary, represent a full 3D model of the channel and
the graphite stringer. The velocity �eld (both radial and axial components)
are taken into account when solving for temperature and the volumetric heat
source is directly coming from a neutronics calculation rather than using an
analytical expression for the power density distribution.
Additionally, the ORNL model shows the individual fuel channel and the ad-
jacent graphite stringer axial temperatures for the hottest radial position in
the core, whereas the simulations consider one arbitrary fuel channel.
Considering the above mentioned, the discrepancies between the analytical
ORNL model and the CFD simulations are acceptable.
The di�erences between the two CFD simulations with the actual channel
shape and the cylindrical channel shape are attributed to the shape of the
heat transfer area and the �ow distribution.

ˆ For the moderator:
� The ORNL model calculations have an average relative di�erence of2:52K

compared to the CFD simulations with the cylindrical channel shape and a
di�erence of 4:72K in the case of the actual channel shape. In both cases,
the CFD simulations are underestimating the temperature in the graphite
stringer compared to the model calculations. The ORNL model calculates the
temperature in the graphite by evaluating the temperature di�erence between
the graphite and the fuel and adding it to the fuel temperature (Eq. 3.22).
As explained above, this di�erence is attributed to the Poppendiek e�ect and
the temperature across the channel-stringer wall. The Poppendiek e�ect is
evaluated in the ORNL model by assuming a cylindrical channel shape which is
expected to overestimate the real temperature distribution. The temperature
at the channel-stringer wall as well cannot be calculated analytically for the
actual channel shape, thus an approximate method is adopted, wherein two
graphite stringer geometries are considered; one represents the stringer as a
cylinder with the same cross-sectional area as the actual graphite stringer
in the MSRE has and the other one as a slab cooled on both sides. The
�rst approximation is underestimating the temperature and is considered as
a lower limit value, whereas the second one overestimates the temperature
and is considered as an upper limit value. Subsequently, the temperature at
the channel-stringer wall is assigned a value in between these two. It is thus
not surprising that the model calculations with approximations that tend to
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overestimate the temperature distributions predict higher temperatures in the
graphite stringer compared to the CFD simulations where no approximations
are used.

� The temperature rise in the graphite stringer is not only due to the heat con-
duction from the hot fuel but also due to the production of heat within the
graphite moderator itself due to the neutron and gamma heating. The ORNL
calculations assumed6% of the total reactor power to be generated in the
graphite due to neutron and gamma heating and this is the value used to as-
sign uniform heat generation in the graphite. There are no details provided in
the report [19] as to how exactly the calculations resulted in the reported 6%
value. The Serpent simulations presented in this work account for neutron and
prompt gamma heating, as Serpent does not account for delayed gammas. The
Serpent simulations result in4:3% of the power being produced in graphite
and this is the value used as a heat source for the graphite.

The fuel mean temperature, the graphite bulk mean temperature, as well as the average
temperature di�erence between the fuel and the graphite, are reported in Table 3.11.
Note, that no graphite permeation by fuel is considered for the presented results neither
in the simulations nor in the ORNL model calculations.

Model Fuel T K Graphite T K � T K
ORNL 930.7 957 26.3

Cylindrical channel 931.5 955 23.5
Stadium-shaped 929 950 21

Table 3.11: Fuel and graphite mean temperatures and the temperature di�erence for
steady-state operation

3.7 Reactivity insertion transient

In this section results of a step reactivity insertion transient for233U, based fuel are
presented and compared to the MSRE data [23] and MSRE theoretical predictions based
on the model described in [24]. During the initial approach to power operation with
233U fuel, measurements of the �ux response to step reactivity perturbation were taken
for three power levels: 1, 5, and 8MW . OpenFOAM-Serpent simulation is performed
for 8 MW power level only.
The reactor initial power level is 8MW and the reactivity insertion is 0.0248%�k=k .
The delayed neutron precursor movement is explicitly taken into account via coupling
between the �ow �eld and the neutronics module as described in Section 3.3. Simple
re-entry of the delayed neutron precursors into the channel is considered based on the
characteristic circulation time; the DNPs that end up outside the core are re-injected back
with a delay corresponding to the out-of-channel time based on the fuel re-circulation.
As shown in Figure 3.20 the power increases rapidly during the �rst second after the
reactivity insertion. The simulation results predict a slightly higher peak at around 8.74
MW , whereas the MSRE data shows a peak power of 8.6MW . The power increase is
accompanied by the fuel temperature increase. The power starts decreasing until about
10 s due to the negative temperature feedback coe�cient. Between10 and 17s it can be
noticed that the power level is reaching a plateau since that the temperature of the fuel
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Figure 3.20: Power response to the reactivity insertion

in the channel does not change in this interval and the feedback mechanism has balanced
the e�ects of the step reactivity insertion. When the hot fuel which exited the channel
after the initial power increase re-enters the channel together with the DNPs, the power
goes down again, and at around 40s after the reactivity insertion reaches 8.2MW . The
experimental limitations on data processing related to the noise level [23] allow to make
an overall reactor behavior comparison only; however, this comparison shows that the
main temperature feedback e�ects are captured. It should be mentioned, however, that
the out-of-channel treatment of the DNPs in the coupling approach is very simple and
should be enhanced in the future to take into account the decay of the DNPs and the
realistic out-of-core time which in this case is not realizable as only one single channel is
modelled.

3.8 Conclusion

This chapter presented a coupling approach between Serpent Monte-Carlo code and
OpenFOAM CFD library. The coupling features an exchange of the relevant coupled
terms between the neutron-kinetics and the thermal-hydraulics. The convergence of indi-
vidual physics is ensured via iterating the single-physics solvers within a time-step. The
e�ects of the fuel motion are taken into account by introducing the fuel velocity as an
operator that acts on the coordinate-based delayed neutron precursor positions. The
information on delayed neutron precursors is available from the Serpent calculations.
The coupling approach is tested for the MSRE single fuel channel modelling with an
adjacent graphite stringer. Both steady-state and transient scenarios are modelled. The
steady-state temperature pro�les in the fuel and the graphite are in good agreement with
the ORNL model calculations. The transient scenario of reactivity insertion is compared
to both model calculations and the experimental values. It can be appreciated that de-
spite a somewhat simpli�ed treatment of the delayed neutron precursor transport, the
simulation results capture the overall transient behavior and the reactor thermal feedback
mechanism. The advantages of this coupling technique are:

ˆ The most accurate modelling approach for the neutronics module is used.
ˆ No extensive modi�cation of the software used is necessary.

The main drawbacks of the approach are:
ˆ The CFD model requires mesh which is in the order of magnitude of105 for a single

fuel channel and an adjacent graphite stringer; scaling this up to an entire reactor
would require substantial computational resource for the CFD.

ˆ In the transient mode the simulation time is dictated by the time required for the
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Monte-Carlo simulations. Considering that high statistics have to be ensured and
that the neutronics time-step is an order of magnitude smaller than the thermal-
hydraulics time-step.

ˆ The coupling follows the mechanism of the traditional operator splitting approach.
Thus, the order of accuracy is expected to be lower than for the more integrated
coupled solvers which solve for di�erent physics simultaneously.

The clock-times for the CFD and the neutronics modules for both the steady-state and
the transient simulation regimes are reported in Table 3.12. Since the neutronics time-
step is 10 times smaller than that used for the CFD module, it is easy to see that e.g. in
the time-dependent simulation mode for the cylindrical channel, it will take� 10 hours to
simulate 1s in Serpent as compared to only� 0.003 hours to simulate 1s in OpenFOAM.
This shows that the main bottle-neck for coupled Monte-Carlo CFD simulations is the
computational time taken up speci�cally by the Monte-Carlo neutronics solvers.

Channel shape Mesh cell number Simulation regime N of processors Module Clock-time (min )
Cylindrical 1:8 � 105 Steady-state 1 TH 11.33
Elliptical 2:3 � 105 Steady-state 1 TH 22.30

Cylindrical 1:8 � 105 Steady-state 30 NK 51.00
Elliptical 2:3 � 105 Steady-state 20 NK 252.00
Elliptical 2:3 � 105 Time-dependent 1 TH 0.466
Elliptical 16 Time-dependent 20 NK 115.00

Table 3.12: Simulation times reported for the cylindrical and elliptical channel shapes,
for the CFD module (TH) and the neutronics module (NK). N processors indicates the
number of processors used. Note, that for the steady-state regime the total simulation
time is reported. For the time-dependent regime, the time it takes to complete one
time-step is reported.
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Chapter 4

The Multiphysics Benchmark for
Molten Salt Fast Reactor and the
Veri�cation of Serpent-OpenFOAM
Coupling Approach

As it has already been discussed in this work, in recent years several multiphysics coupling
methods and coupled solvers dedicated to the analysis of the MSRs have been developed.
Most of these solvers feature in-house neutronics solvers adopting various approximations,
e.g. neutron di�usion or spherical harmonics methods, and they are coupled to commer-
cial or customized, in-house developed CFD solvers. Most of these coupling approaches
have been developed and tested in application to the Molten Salt Fast Reactor (MSFR),
as it is the o�cial design concept accepted by the Generation IV forum [1]. As there is not
much experimental and operational data available on the MSRs, and those available are
limited to the graphite-moderated MSRs, there was a need to develop a baseline bench-
mark to be used to validate the various coupling approaches developed for the MSFR.
Recently results on a multiphysics benchmark for codes developed for the Molten Salt
Fast Reactor were published [2]. In this benchmark, several participants compare their
results for the steady-state as well as transient operational regimes of the MSFR, aiming
to spot and quantify any possible sources of discrepancies stemming from the coupling
approaches. DTU was not an initial participant in the benchmark, however, considering
the value of the benchmark for the veri�cation of coupling techniques developed for the
MSRs, it was decided to test the coupled Serpent-OpenFOAM approach based on this
benchmark. In this chapter selected observable from the benchmark are compared to the
results obtained with the coupled Serpent-OpenFOAM approach. The method used to
perform the benchmark is largely identical to the one described in chapter 3 of the thesis,
with the exception of the handling of the delayed neutron precursor transport modeling.
Instead of having the �ow velocity as an external parameter acting on the delayed neutron
precursor �eld, a dedicated passive scalar transport solver is developed in OpenFOAM
capable to handle explicit mesh-based transport of the DNPs.
On top of comparing Serpent-OpenFOAM results to those obtained by the benchmark
initial participants, a comparison to an in-house multiphysics solver SEALION developed
by Seaborg Technologies is performed as well [12].
The results of this veri�cation benchmark are presented in the paper "Veri�cation and
benchmarking of multiphysics coupling techniques for modelling of molten salt reactors",
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submitted for publishing to the Annals of Nuclear Energy journal (see Part II, Paper 4).
The raw data used to generate the plots shown in this chapter can be downloaded here:
https://github.com/AshNlb/MSFR_Numericalbenchmark_Data.git
Additionally, Appendix C presents the OpenFOAM source code �les used to implement
the DNP transport solver.

4.1 Brief description of the codes used by the
participants

A very brief description of the codes used by four initial benchmark participants for
thermal-hydraulics as well as neutronics modules is presented below. On top of that,
a short description is given also for the SEALION code [12] and the DTU approach is
explained in details.

ˆ TU Delft
� Phantom SN Multi-group Boltzmann equation solver coupled to the delayed

neutron precursor transport equation is used for the neutron transport.
� DGFlows parallel solver for incompressible Navier-Stokes equations is used for

the �uid dynamics part.
Both solvers are based on a Discontinuous Galerkin Finite Element Method (DG-
FEM) for space discretization whereas for time discretization implicit Backward
Di�erentiation Formulae (BDF)are used [4].

ˆ CNRS
� Multi-group di�usion or SP1 and SP3 spherical harmonics approximations,

implemented usingC + + libraries in OpenFOAM is used for the neutron
transport.

� OpenFOAM solver for a single-phase incompressible �ow with Boussinesq ap-
proximation and PIMPLE algorithm is used for the �uid dynamics. For the
detailed description refer to [5].

ˆ PoliMi
� Multi-group di�usion method is used for the neutron transport modelling,

implemented usingC++ libraries in OpenFOAM.
� OpenFOAM solver for single-phase incompressible �ow with Boussinesq ap-

proximation is used for the �uid �ow dynamics.
For detailed code description, see [6], [7], [8], [9], [10].

ˆ PSI
� Gen-Foam multiphysics solver with possibilities to use multi-group neutron

di�usion or spherical harmonics approximation, implemented usingC ++ li-
braries in OpenFOAM is used for the neutron transport modelling.

� For the �uid �ow modelling an OpenFOAM based solver for incompressible
�ow is used.
For detailed code description, see [11].

This concludes the list of the four initial participants involved in the development and
performance of the benchmark. The DTU and the SEALION approaches are described
below.

ˆ SEALION (Seaborg Technologies)
� Modi�ed point-kinetics equations with pre-computed temperature feedback for

the neutron transport part is used.
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� For the �uid �ow modelling, a modi�ed incompressible, single-phase Navier-
Stokes CFD solver with Boussinesq approximation in OpenFOAM.
For details, see [12].

The DTU approach used in this work is implemented as follows:
ˆ DTU

� Neutron transport is realized in Serpent Monte-Carlo code.
� For the thermal-hydraulics part an OpenFOAM solver for incompressible �ow

with PIMPLE algorithm and Boussinesq approximation.
� The delayed neutron precursor transport is modelled with an additional scalar

transport solver implemented in OpenFOAM with the group constants being
imported from Serpent.

The coupling scheme is presented in Figure 4.1.

Figure 4.1: The Coupling Scheme

The coupling is implemented as follows:The cycle is started by a Serpent crit-
icality source simulation. The volumetric heat source, as well as the DNP
fractions and decay constants, the average number of neutrons emitted per
�ssion, and the energy released per �ssion are obtained.
Additionally, the initial distribution of the DNP source corresponding to a
static fuel is extracted. In Chapter 3 it is described, that Serpent allows to
track DNPs either on a coordinate basis or a mesh basis. While in Chapter 3
the coordinate-based tracking is used, it is convenient for the DNP transport
solver developed in this chapter to use the mesh-based tracking. The mesh
speci�ed in Serpent for DNP tracking has the same cell number as the one
used in the thermal-hydraulics module. Thus, we obtain a concentration of
DNPs of each group in each mesh cell. An example of how a typical DNP
source written on a mesh basis is shown below:

� 1 2 3269 438393000000000000 0
1 2 3270 413797000000000000 0
1 2 3271 384222000000000000 0
1 2 3272 349589000000000000 0
1 2 3273 310259000000000000 0
1 2 3274 266984000000000000 0
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1 2 3275 220752000000000000 0
1 2 3276 172601000000000000 0
1 2 3277 123439000000000000 0
1 2 3278 73888400000000000 0
1 2 3279 24463000000000000 0
1 2 3280 23594200000000000 0
1 2 3281 71077100000000000 0
1 2 3282 118229000000000000 0
1 2 3283 164336000000000000 0
1 2 3284 208638000000000000 0
1 2 3285 250231000000000000 0
1 2 3286 288262000000000000 0
1 2 3287 322103000000000000 0

The �rs column indicates the end of the simulation (1), the second column is
the DNP group (in this case 2), the third column is the mesh cell number (in
this case cells 3269-3287 are shown), the fourth column is the number of DNPs
of the given group in the given cell and the last column is the absolute error.

� The volumetric heat source is passed on to the OpenFOAM CFD solver which
solves for the mass, momentum, and energy.

� The converged velocity �eld from the CFD solver together with the initial
DNP source distribution is used then in the DNP scalar transport solver. The
DNP scalar transport solver solves then the following equation for each DNP
group:

@Ci
@t

= �r (uci ) + r � Dr Ci � � i Ci + � i � � f � (4.1)

The fuel velocity �eld is thus taken into account explicitly. All the relevant
terms for the DNP production and decay are extracted from Serpent.

� Once the converged DNP distribution is obtained, together with the non-
uniform temperature and density �elds from the thermal-hydraulics solver it
is passed to the neutronics module, and the Serpent calculation is repeated.

� For transient scenarios, it is important to understand on which time-scale the
neutronics and the thermal-hydraulics response is occurring and how often
the coupled quantities have to be exchanged between the modules to yield
valid results. From the neutronics point of view, the non-uniform temperature
and density are used as input from the CFD solver together with the DNP
�elds obtained from the DNP transport solver. The CFD solver needs the
volumetric power from neutronics and the neutron transport solver needs the
DNP constants and the DNP distributions from the neutronics module. Pro-
vided that the selected time-step in the thermal-hydraulics module is small
enough, we obtain the temperature and density �elds and pass them on to the
neutronics module where a criticality eigenvalue simulation is performed to
obtain the new power source and the constants needed for the delayed neutron
precursor transport solver. This input data is circulated back to the thermal-
hydraulics module and the thermal-hydraulics problem is solved again with
the updated input. The argument behind running neutronics in a steady-
state regime is that when obtaining the instantaneous picture of the system
neutronics, the thermal-hydraulics input can be assumed to stay �xed. As
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the thermal-hydraulics time-scale is larger than that of the neutronics and
the thermal-hydraulics picture of the system changes due to the changes in
the power pro�le coming from the neutronics, this assumption can be made
without the risk of missing relevant feedback mechanisms. In the same way,
it is assumed that when performing a steady-state neutronics simulation, the
thermal-hydraulics input can be assumed to be �xed.
To ensure a convergence of the results, the solvers are iterated in this manner
within a time-step.

4.2 Benchmark geometry

As a benchmark geometry, the lid-driven cavity problem is used, which is a standard
CFD problem used to test new solvers and solution methods due to its simplicity [3].
The problem geometry is a simple 2D square domain �lled with liquid, with Dirichlet
boundary conditions on all sides; three static sides and one moving side on which velocity
is imposed. The geometry and the boundary conditions are shown in Figure 4.2.

Figure 4.2: Benchmark geometry and boundary conditions [2]

The cavity is �lled with liquid molten salt: LiF-BeF 2UF4. The material properties
for the salt are given in Table 4.1. The fuel salt composition is speci�ed in Table 4.2.

Property Units Value
Density kgm� 3 2:0 � 103

Kinematic viscosity m2s� 1 2:5 � 10� 2

Volumetric heat capacity Jm � 3K � 1 6.15� 106

Thermal expansion coe�cient K � 1 2.0� 10� 4

Prandtl number - 3.075� 105

Schmidt number - 2.0� 108

Table 4.1: Salt properties [2]

Isotope 6Li 7Li 9Be 19F 235U
Atomic fraction (%) 2.11488 26.0836 14.0992 56.3969 1.30545

Table 4.2: Salt composition [2]

The benchmark is carried out in three phases:
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1. Phase 1 - Participants present results on single-physics testing, without any cou-
pling.

2. Phase 2 - The coupling between thermal-hydraulics and neutronics is gradually
introduced and the e�ect of it is accounted for under steady-state operational con-
ditions.

3. Phase 3 - The transient behavior of the system in presence of the coupling is inves-
tigated.

The main benchmark results will be compared with the published results in this work.
For a detailed explanation of how the other participants performed the work, the readers
are referred to [2].
In OpenFOAM, the standard blockMeshutility is used to generate the model mesh. This
utility generates structured hexahedral mesh by decomposing the geometry domain into
a set of hexahedral blocks. For this work, meshes of di�erent coarseness are considered,
with a uniform expansion in x, y, z- directions. The meshes are presented in Figure
4.3. The model is pseudo-2D:z direction has a depth of 1 m, but only one mesh cell is
speci�ed alongz and all the boundary conditions in this direction (front and back faces)
are speci�ed asempty, which forces the solver to not solve conservation equations for
these boundaries.

(a) 40� 40 mesh (b) 60� 60 mesh

(c) 80� 80 mesh (d) 100� 100 mesh
Figure 4.3: Grids used for the mesh independence sTU Delfty

A mesh independence study performed on the grids shown in Figure 4.3 resulted in
the 60 � 60 mesh being selected as a baseline for the simulations. As a criterion for
checking the mesh independence, the average velocity in the domain is chosen and the
results are reported in Figure 4.4.

All thermal-hydraulics and neutronics simulations presented in this work are per-
formed on the60� 60 mesh grid. Using the same grid for both thermal-hydraulics and
neutronics allows for direct communication between the two modules, e.g. the volumet-
ric heat source and the delayed neutron precursor distributions can be generated and
used without any further modi�cations related to the grid translations. The OpenFOAM
generated mesh is linked to Serpent used for the neutronics simulations by a dedicated
multiphysics interface.
The mesh grid speci�cations are given in Table 4.3.
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Figure 4.4: Average �ow velocity as a function of mesh cell number
Participant Mesh grid

CNRS nonuniform 200� 200
PoliMi uniform 400� 400

PSI nonuniform 200� 200
TU Delft uniform 50� 50

DTU nonuniform 60� 60
Table 4.3: Mesh grids used by benchmark participants. Non-uniform refers to a mesh
re�ned towards the cavity walls.

All the numerical schemes used by the participants for the integration of time deriva-
tives, di�usion and convection terms, are reported in Table 4.4.

Term Participant Numerical Scheme
Di�usive CNRS Gauss Linear

PoliMi Second order schemes
PSI Upwind centered

TU Delft DG-FEM
DTU Gauss linear corrected

Convective CNRS Gauss upwind
PoliMi Second order schemes

PSI Upwind biased
TU Delft DG-FEM

DTU Gauss upwind
Time derivative CNRS Implicit Euler

PoliMi Implicit Euler
PSI Implicit backward Euler

TU Delft BDF
DTU Implicit Euler

Table 4.4: Numerical Schemes used by the benchmark participants.

To quantify the relative di�erences between di�erent participants in absence of a
reference solution, a metric is employed, de�ned as follows:

� C =

vu
u
u
t

P Np
i =1

�
Qc(r i ) � Qavg(r i )

� 2

P Np
i =1 Q2

avg(r i )
(4.2)
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here r i denotes a point on the sample line,Np = 201 is the number of points used to
sample the quantity QC for a given codeC. From de�nition of � C it can be seen, that
the expected result is the average value ofQavg(r i ) = 1

NC

P NC
c=1 Qc(r i ) excluding the code

under scrutiny. A collected measure for the full set of codes is taken to be the averaged
value of � C : � = 1

NC

P NC
C=1 � C .

4.3 Single physics veri�cation

In this section, the thermal-hydraulics results obtained by OpenFOAM v6.0 and the
neutronics results obtained in Serpent 2.31 are compared to the benchmark results. No
coupling whatsoever is present at this stage, the independent single-physics solvers are
being tested.

1. A thermal-hydraulics standalone test is performed and the resulting velocity �eld
is compared to the results of other participants.
As an input, uniform temperature of 900K and lid velocity of 0.5m=s is assumed.
Velocity horizontal components along the cavity vertical centerline are compared.
In Figure 4.5 the velocity horizontal component along the vertical centerline is plot-
ted and compared to the benchmark results and the velocity magnitude distribution
is shown.
The agreement between all participants is excellent, which is not surprising because
the cavity problem is just a standard CFD problem and should be well resolved by
all CFD solvers in use. The average discrepancy between DTU results and the
results of the other participants is� 0:55% for the vertical centerline. The other
participants report 0:8% relative discrepancy between their results for the vertical
centerline.

Figure 4.5: Velocity horizontal component along the vertical centerline of the cavity
The slight di�erence between the DTU results and the other participants is at-
tributed to the di�erences in the mesh grid (di�erent coarseness and di�erent han-
dling of mesh re�nement).

2. A neutronics standalone test is performed and the �ssion rate density distributions
are compared.
As an input, a uniform fuel temperature of 900K and a power level of 1GW are
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taken.
The �ssion rate density along the vertical centerline is extracted for comparison
(Figure 4.6) as well as the initial excess reactivity of the system (Table 4.5)is re-
ported. To achieve high statistics,106 neutrons per cycle were simulated in Serpent,
with 300 active and 50 inactive cycles respectively. The simulation took approxi-
mately 4 hours to complete running in parallel on 30Intel (R)Xeon(R)CPUE5 �
2680v2@2:80GHz processors.

Figure 4.6: Fission rate density along the horizontal centerline

Participant � (pcm)
CNRS-SP1 411.3
CNRS-SP3 353.7

PoliMi 421.2
PSI 411.7

TU Delft-S2 482.6
TU Delft-S6 578.1

.DTU 739 � 7.3
SEALION 741� 2.5

Table 4.5: The excess reactivity of the system

The agreement between the DTU results and the other participants for the �ssion
rate density is good, with an average relative di�erence of1:6%. The values at
boundaries are higher in the DTU case than for the other participants and it is at-
tributed to the di�erent treatment of the vacuum boundary conditions for di�usion
and higher-order transport codes.
Regarding the system initial reactivity, it can be noticed, that the participants have
a relative di�erence of up to 224 pcm (e.g. TU Delft-S6 vs CNRS SP-3) which is con-
sidered acceptable, and as the later results show, it does not seem to have an impact
on the e.g. temperature distributions. The DTU approach which uses a highly ac-
curate neutronics modelling approach, predicts a 253 pcm higher reactivity value as
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compared to the average of all the other results. The di�erence for the DTU results
is mainly attributed to two reasons; DTU method adopts highly accurate Monte-
Carlo code for the neutronics part, which can be expected to give some di�erences
when compared to other, more simpli�ed transport codes. Apart from this, it has
to be noted as well, that di�erently from other participants, DTU and SEALION
approaches initially used JEFF-3.2 nuclear data libraries instead of JEFF-3.1. The
reason for this is the incompatibility of the Serpent-2 release used in this work
with JEFF-3.1 libraries for some nuclides (interested readers can check more about
this issue here: (https://ttuki.vtt.fi/serpent/viewtopic.php?f=24&t=2328&
p=6444&hilit=ENDF+Law+67+not+supported#p6444).It was possible later on to
obtain a JEFF-3.1 data library version compatible with Serpent-2 and to quantify
the relative di�erence between the two libraries. The di�erence in excess reactivity
when evaluated with Serpent2 using JEFF-3.1 vs JEFF-3.2 is 386 pcm which is
consistent with the di�erence between the average of the other participant and the
DTU and SEALION codes. For the �ssion rate densities, the relative di�erence
was found to be� 0:2%, whereas for the temperature distributions the relative
di�erence when using the heat source generated with the two libraries went down
to � 0:02% (see Additional Plots in this chapter). It was thus decided to not re-
peat the benchmark calculations with the JEFF-3.1, as the systematic uncertainties
coming from the data libraries are relatively very small.

3. Temperature testing is performed considering a one-way coupling in form of the
�ssion heat source being imported from the neutronics solver.
Fixed velocity �eld from the thermal-hydraulics standalone test and a volumetric
heat source from the neutronics standalone test are taken as an input.
Non-uniform temperature distribution is obtained and shown in Figure 4.7. The
agreement with the benchmark is very good, with the relative discrepancy between
the DTU and other participants being 0:2 � 0:4% and these discrepancies are at-
tributed to the accumulation and superposition of the discrepancies coming from
the standalone thermal-hydraulics and neutronics modules.

Figure 4.7: Temperature distribution along the vertical centerline

This concludes the single-physics veri�cation stage. The CFD solver used in this work
agrees very well with the other participants in predicting the velocity and temperature
�elds. The neutronics module in Serpent is also in good agreement with the other neu-
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tronics models and the noticed discrepancies in the excess reactivity are due to the usage
of a di�erent transport method and a di�erent nuclides library.

4.4 Steady State veri�cation

1. An investigation of the impact of liquid fuel on the delayed neutron precursors is
undertaken at this step.
The neutron transport problem is solved in the presence of fuel motion, with �xed
fuel velocity from thermal-hydraulics standalone test, with T=900K and P=1 GW.
The delayed neutron precursor source is sampled along the vertical centerline, shown
in Figure 4.8. Additionally, reactivity loss concerning the stationary fuel due to the
movement of delayed neutron precursors is reported in Table 4.6.
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Figure 4.8: DNP source along the vertical centerline

The DTU results for the delayed neutron precursor source have a relative discrep-
ancy of2:8% compared to the other participants. This is attributed to the system-
atic discrepancies accumulating from the previous steps.

Participant � � � 0(pcm)
CNRS-SP1 -62.5
CNRS-SP3 -62.6

PoliMi -62
PSI -63

TU Delft-S2 -62
TU Delft-S6 - 60.6

DTU - 60� 15
SEALION -55.2

Table 4.6: Reactivity change compared to the stationary fuel due to the movement of
delayed neutron precursors

It can be appreciated, that all participants report very close reactivity losses, with
a di�erence of only a fewpcm.
The distribution of the 1st and the 5th groups of the delayed neutron precursors is
given in Figure 4.9. The 1st group of the DNPs, with a half-life of 55s, has enough
time to be transported with the �ow and to di�use. Consequently, the DNPs from
group 1 will have a vertically shifted horizontally expanded spatial distribution.
Group 5 with a half-life of only 2.37s, decays closer to the original production
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