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Background 
 

Electricity generation in nuclear power reactors results in large amount of highly radioactive 
actinides and fission products. If the spent nuclear fuel is not considered as waste but as a by-
product, reprocessing of spent fuel generates considerable amount of fissile uranium, plutonium 
and long-lived, strongly radioactive waste. Handling, treatment and disposal of spent nuclear fuel 
and the radioactive waste is a key issue of nuclear energy generation. Thermal nuclear reactors 
currently in operation utilize natural uranium with an approximate efficiency of 0.5-0.7 %, so the 
economically recoverable identified uranium resources are only available for about 120 years [1]. 
This calls for more efficient fuel consumption. One option is the utilization of excess military 
fissile stockpiles for electricity production [1], keeping non-proliferation as a top priority. Other 
possibilities are the application of fast breeder reactors and the conversion of thorium into fissile 
uranium. With the introduction of nuclear energy systems based on the latter two options 
uranium and thorium resources would provide fuel for nuclear reactors at least for several 
hundred or even thousand years. However these new nuclear systems should also include 
partitioning, reprocessing of spent fuel and the transmutation of radioactive waste. 

Development of Generation IV nuclear reactors [2] aims to design new revolutionary 
reactors serving the aforementioned goals based on well known or experimental technologies 
currently available. One of the Generation IV reactor types under investigation is the molten salt 
reactor. Its main special attribute is that the fuel is liquid, which also functions as the heat carrier 
medium itself. Development of molten salt reactors started in the 1950s, first with the purpose of 
developing a small-sized nuclear reactor for aeroplane propulsion. Later the development 
focused on electricity production and the utilization of thorium, along with the breeding of fissile 
material. As a result the first and so far the only molten salt reactor was designed, built and 
operated during the Molten Salt Reactor Experiment (MSRE) programme at Oak Ridge National 
Laboratory in the 1960s [3]. 

Several molten salt reactor concepts were proposed in different national and international 
research projects. These include thermal reactors with a channel type core and graphite 
moderator similarly to the MSRE reactor. Other concepts have homogeneous single region cores, 
which are larger volumes that only include the molten salt fuel-coolant and very few structural 
elements (or control rods) if any. In case of these concepts the core is usually a cylindrical 
volume that is connected to coolant pumps, heat exchangers and other elements via pipes. A 
third type of the concepts is the multi-region molten salt reactor in which the core consists of two 
or more, generally radial regions [4]. Molten salt composition in the different regions may differ, 
and the regions can be homogeneous or could be channel type with graphite moderator. 

It can be said about every concept that extensive research is needed for the investigation of 
their feasibility in terms of neutronics, thermal-hydraulics, material research and chemistry. The 
liquid fuel-coolant raises fundamental issues to be solved concerning nuclear safety.  

Subject of my dissertation is the experimental and computational thermal-hydraulics 
investigation of the homogeneous single region Molten Salt Fast Reactor (MSFR) concept 
proposed within the EU 7th Framework Programme international research project EVOL [5]. 
The MSFR is a fast reactor concept, therefore it does not include graphite as moderator, and it 
does not have any internal structures in the core either, meaning that the core is a single 
continuous volume. Similarly to earlier molten salt reactors and concepts its liquid fuel-coolant 
is fluoride-based with thorium and fissile material dissolved in it. 
 
 
 
 
 
 



Research objectives 
 

Main objective of my research was the experimental and computational thermal-hydraulics 
investigation of the homogeneous single region Molten Salt Fast Reactor (MSFR) concept. In 
my theses I focused on four main topics: 
� Design and construction of an experimental model of the MSFR concept core with the 

purpose of being able to carry out Particle Image Velocimetry (PIV) measurements and 
comprehend the fundamental thermal-hydraulics behaviour of the modelled domain. 

� Carry out series of PIV measurements in order to investigate the flow characteristics of the 
MSFR core model and identify options of geometry modification with the purpose of the 
optimization of the core flow field. 

� Comprehensive uncertainty analysis of the complex of the experimental model and the PIV 
measurement system, which is essential when comparing with simulation results and for 
numerical model validation. 

� Optimization of the experimental geometry for better uniformity of the flow field, and based 
on the measurement results and with the application of the uncertainty analysis numerical 
(CFD) model validation through comparison with measurement data. 
I investigated the feasibility of experimental modelling of the MSFR concept using water as 

substitute working fluid. I had to consider modelling issues such as scaling and segmenting the 
geometry and the modelling and measurement possibilities and constraints as well. Bearing in 
mind these considerations following extensive numerical investigation I designed and built a 
scaled and segmented experimental model of the MSFR core based on the reference design and 
operational parameters. Applying Particle Image Velocimetry (PIV) measurement method I 
completed multiple measurement series on the experimental model. Results of the measurements 
made it possible to understand the basic thermal-hydraulics behaviour of the concept.  

One of the goals of the EVOL project was to optimize the proposed geometry in order to 
achieve a more uniform flow field in the core region of the MSFR. The unique experimental 
model gave an excellent opportunity to experimentally investigate the flow characteristics of the 
concept, and carry out measurements to study a solution of optimization by modifying the 
geometry. With the design and addition of a perforated flow distributor plate I successfully 
examined the possibility of modifying and improving the core geometry. By this modification I 
managed to enhance the uniformity of the flow field in the core region, thereby presenting a 
solution to the selected optimization problem. 

The experimental results not only allowed me to draw conclusions concerning the thermal-
hydraulics behaviour of MSFR, but the experimental data are also applicable for the validation of 
numerical results of Computational Fluid Dynamics (CFD) analyses. Following the completion 
of a comprehensive uncertainty analysis of the complex of the PIV measurement system and the 
experimental setup validation of computational models of the MSFR became possible. With the 
help of measurement data of the modified geometry, I set up an optimized, validated 
computational model of it. 

Throughout the whole work I continuously optimised and refined the PIV measurement 
system and the experimental setup itself in order to enhance measurement results, improve the 
measurement procedure. 

In my dissertation first I present a short summary on the history of molten salt reactors and a 
description of different proposed molten salt reactor concepts. Following that I summarise the 
most important physical properties of applied and proposed molten salt compositions together 
with the properties of the most important structural materials. Knowledge of such properties is 
essential for experimental and numerical modelling of molten salt reactors. Then I describe the 
investigated molten salt reactor concept and its features in detail, and discuss the possibilities and 
constraints of the experimental modelling of the selected molten salt reactor concept by 
presenting the results of extensive numerical investigation using Computational Fluid Dynamics 



(CFD) modelling. Following this – based on the findings of the aforementioned analyses – I 
describe the design and construction of the actual experimental mock-up. It is followed by a 
detailed breakdown of selected results of an extensive series of measurements of steady state 
operation conditions, and the discussion of the thermal-hydraulic characteristics of the proposed 
molten salt reactor concept. Together with the measurement results I present the comprehensive 
uncertainty analysis of the complex of the measurement system and the experimental model, 
which is essential for evaluation. Following that based on numerical analyses and further 
considerations I propose a modification of the experimental geometry that would allow the 
experimental investigation of the feasibility of enhancing the thermal-hydraulic characteristics of 
the proposed concept, and also present and discuss the measurement results of the modified 
model geometry. Together with the presentation of these results I also discuss the possibility to 
improve the core geometry of the molten salt reactor concept. 

Based on the comparison of the numerical results and the measurement data I present the 
validation of numerical models and present an optimal modelling setup for steady state 
simulation of the modified experimental geometry that provide the best agreement between 
calculation results and experimental data. 
 
Applied methods 
 

For experimental investigation of the problem I applied Particle Image Velocimetry (PIV) 
non-intrusive optical flow measurement technique. PIV is based on the concept of indirectly 
measuring fluid flow by the measured displacement and velocity of seeding particles added to 
the fluid flow. In a PIV measurement using an appropriate light source – in my case a pulsed 
Nd:YAG dual laser – the flow domain is illuminated for two short subsequent periods, and the 
light scattered on the seeding particles is recorded by a digital camera. Comparing the location of 
the particles on the two images their displacement can be determined, and by knowing the time 
delay between the pulses instantaneous velocity values can be derived. 

As numerical tool I used the ANSYS CFX three-dimensional Computational Fluid 
Dynamics (CFD) code. The code numerically solves the unsteady Navier-Stokes equations in 
their conservation form using the finite volume method. The CFX code utilises different 
turbulence models (for example k-ε, k-ω, etc) for calculation of non-laminar flows. For 
definition of the investigated flow domain I applied the ANSYS ICEM CFD geometry and 
volumetric mesh generating tool. 

During the design phase of the experimental setup the SolidWorks three-dimensional solid 
modelling computer-aided design and engineering (CAD-CAE) tool was extensively used. 
 
New scientific results, theses 
 
1. I proved that for the thermal-hydraulics investigation of a homogeneous molten salt reactor 

concept core an appropriately scaled and segmented experimental model is suitable. I 
designed and built a unique scaled and segmented experimental model of the MSFR molten 
salt reactor concept to experimentally investigate and comprehend the fundamental thermal-
hydraulics behaviour of MSFR. I designed and built the experimental model to be suitable 
for Particle Image Velocimetry (PIV) measurement technique, and through measurements I 
proved that the experimental model meets its goals and it works in the intended range of 
modelled core Reynolds number Re = (1.1 – 1.9)E+05 {1, 5, 7, 8}. 

2. I was the first to experimentally prove that the original simple cylindrical core geometry of 
MSFR concept was not optimal in terms of thermal-hydraulics and, indirectly, neutronics. 
As I identified through a comprehensive series of measurements, the reason was that the 
flow separated into two main domains in the modelled region, namely a high velocity jet in 
the inner region, going from the inlets toward the outlets, and a stagnating, recirculation 



region of very low velocity near the cylindrical wall between the inlet and outlet nozzles. As 
a result large temperature differences can be expected in the MSFR core, which could lead 
to significant disadvantageous differences in burn-up and reactivity {2, 5, 6}. 

3. Through measurements performed in a wide range of Reynolds numbers I found that by 
increasing Reynolds number the flow behaviour is similar and the observed flow separation 
is even stronger at higher Reynolds numbers, thus I confirmed that similar separation should 
be expected in real MSFR operation conditions {2}. 

4. Taking into account the specific properties of the complex of the scaled and segmented 
experimental mock-up and the PIV measurement system I modified a general uncertainty 
analysis method to perform comprehensive uncertainty analysis, and determined the total 
combined uncertainty of the measurement, which ranges between 5 % and 35% for the 
absolute value of velocity, only exceeding this range at very low velocities close to the 
cylindrical wall of the original model geometry {3}. 

5. In order to reduce the non-uniformities in the flow field of the core region, applying results 
of CFD analyses I proposed a flow distributor structure. Accordingly in order to achieve the 
objective a perforated plate has to be placed right above the inlet nozzles. By a thorough 
series of measurements I proved that such a perforated plate with the appropriate hole and 
pitch size was a feasible solution, as it significantly reduced radial differences in velocity 
profiles and the extent of recirculation areas in the modelled core region {3, 4}. 

6. I created an optimised numerical (CFD) model of the modified experimental geometry, and 
after comparison with measurement data I concluded, that in steady state calculations the 
best agreement between the experimental and numerical results can be obtained by the 
application of the Shear Stress Transport turbulence model and a mesh resolution that 
provides y+= 10 or better (lower) and – where applicable – the global edge length is not 
more than 1.5% of the total extent of the geometry {4}. 
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