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Abstract. The growing importance of nuclear energy in the overall balance calls for the further improvement 
of existing nuclear reactors. However, it is equally important that other reactor types are also considered. The 
report represents the concept of fast molten salt reactor, neutron-physical and thermo hydraulic calculations for 
several core models. It also presents the analysis of different core configurations including cylindrical, elliptical, 
and the block model with partition of energy generation and energy transmission functions. For further study the 
choice of geometry has been made based on criteria developed. After calculation of neutron-physical 
characteristics the optimization of core geometry has been carried out. The result of calculation of effective 
fraction of delayed neutrons is given. 
 
The modeling of nuclide composition evolution till steady-state operation has been carried out taking into 
account partial recycling of soluble and non-soluble fission products. Change in nuclide composition of uranium, 
plutonium and basic minor actinides is given. Time to reach steady-state has been determined. Based on obtained 
power density the thermo hydraulic calculation was carried out. There have been determined maximal 
temperature of core structures, density profile and fuel salt velocity. 
 
Key Words: molten salt fast reactor, optimization of core geometry, neutron-physical and thermo-hydraulic 
calculations 
 
1. Introduction 
 
At present one can observe an overwhelming tendency of rising interest to the molten salt 
reactor (MSR): they are included in program GENERATION IV [1], with research being 
conducted in France, Japan, India, and China [2]. Projects of the uranium-thorium MSR with 
a fast (TMSR [3]) and thermal (FUJI [4]) spectrum have been developed. 
 
Implementation of the MSR into the existing structure of nuclear power engineering is 
impossible without development of a demonstration molten salt reactor (DMSR). The DMSR 
is necessary, first of all, to refine and optimize the techniques of handling molten salts that 
contain fissile actinides and fission products (FP), as well as the techniques of extraction of 
soluble, insoluble and gaseous FP. The DMSR will make it possible to settle the issues related 
to solubility in a salt-bearer of rare-earth elements, noble metals and actinides (in the first 
place, their joint solubility), fuel salt interaction with structural materials, and molten salt 
spent nuclear fuel reprocessing. 
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2. Selection of the DMSR core geometry and arrangement 

There are different variants of the DMSR core geometry. The paper provides the analysis of 
thermal-hydraulic and neutron-physical properties of two geometries – cylindrical and 
elliptical. 

2.1. Cylindrical core geometry by the example of the MOSART reactor 
 
The MOSART reactor core [5] was considered as an example of cylindrical geometry. In 
order to account for the non-uniformity of power density by the core height and radius, the 
computational model of the reactor was split into 51 domains (FIG. 1, TABLE I). 
 
The MOSART project developers provide different variants of startup loadings [5]. For 
further calculations, we selected the loading by transuranium actinides from uranium oxide 
spent fuel of the PWR reactor facility with burnup of 50 GW∙day/ton of U after 10 years of 
exposure (FIG. 1) [6]. 
 

 
FIG. 1. Schematic diagram of the MOSART reactor, its computational model, mole fraction of 

actinides in a fuel-element column 

For neutron-physical calculations the authors used the PRIZMA code, based on Monte-Carlo 
method [7]. The kinetics of isotopic composition was calculated using the RISK code [8]. 
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The effective fraction of delayed 
neutrons βeff for fuel at rest was 
(0.34 ± 0.001) . In real conditions 
of fuel composition circulation, βeff 
will decrease due to fission of a part 
of predecessor nuclei beyond the 
core. To assess the evolution of βeff, 
fractions of delayed neutrons were 
calculated in the 6-group 
approximation (the ENDF/B-VI 
library of evaluated nuclei data was 
used [9]). Omitting the detailed 
description of the calculation 
procedure, we will note that we 
considered the dependence of fraction 
of delayed neutron yield on the 
spectrum and temperature. The 
analysis of the obtained results shows 

that the contributions of delayed neutron yields of minor actinides and neptunium into the 
total yield fraction is negligible. Thus, assessment of the influence of fuel salt circulation on 
group fractions of delayed neutrons can be limited to taking into account of 239Pu and 240Pu 
isotopes only (TABLE II).  

The calculation procedure for the 
effective fraction of delayed neutrons 
taking into account fuel salt 
circulation is the following: 
 – calculate the mass of fuel salt 
leaving the core for each group 
during an average delay time;  
 – calculate the difference between 
the mass of fuel salt loaded into the 
core and that of salt leaving the core;  
 – determine the fraction of delayed 
neutrons taking into account fuel salt 
circulation by means of multiplying 
the fraction of a corresponding group 

by the difference of relative fuel mass. At that it is assumed that if a nucleus-predecessor 
leaves the core, then a delayed neutron cannot contribute into sustaining of a chain reaction (a 
possibility of nucleus-predecessor returning into the core after the salt completed its 
circulation cycle is not taken into account). 
 
As a result of calculations, the fraction of delayed neutrons, taking into account fuel salt 
circulation, was 0.15%. The effective fraction of delayed neutrons was 0.16%, which is 
approximately 2 times less that the fraction of fuel at rest. Note that a more detailed 
calculation of βeff should inevitably give a higher value than the one provided here. 
 
Criticality was reached by means of changing the mole fraction of all actinides in the fuel salt 
while preserving the initial proportion of actinides. The fuel salt composition to reach 

TABLE I: BASIC  CHARACTERISTICS  OF THE  
COMPTATIONAL MODEL OF THE MOSART 

 REACTOR 
Thickness of graphite reflectors 0.2 m 

Thickness of steel shield 0.3 m 
Thickness of reactor vessel 0.055 m 

Radius of fuel salt inlet section 0.44 m 
Radius of fuel salt outlet section  0.5 m 

Radius of reactor vessel 2.25 m 
Gap between the vessel and the 

lower reflector 
0.5 m 

Radius of the lower reflector  1.7 m 
Length of the lateral reflector 3.6 m 

Salt-bearer of fuel components  157LiF – 
27BeF2 – 

58NaF % mole 
Thermal capacity 2400 MW 

TABLE II: PROPERTIES OF DELAYED NEUTRONS 
OF 239PU AND 240PU NUCLEI 

Group 
number 

239Pu/240Pu 
Average  

delay time 
Contribution of a group into the  

fraction of delayed neutrons 
1 75.35/73.54 5.78E-05/2.80E-05 

2 32.38/33.37 0.000376/0.000348 

3 8.82/8.57 0.000285/0.000221 

4 3.42/3.26 0.00052/0.000541 

5 1.17/1.15 0.000271/0.000306 

6 0.37/0.33 8.20E-05/0.000106 
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criticality is 99.64 (157LiF – 27BeF2 – 58NaF) + 0.36 
(MAF3

1 – NpF3 – PuF3)  mole. The results of power 
density calculations over computational domains are 
provided in FIG. 2.  
The main requirements to the core geometry from the 
viewpoint of optimization of thermal-hydraulic parameters 
were: 
 the absence or minimization of the number of 

recirculating and stagnant regions, 
 the maximum temperature of solid elements should not 

exceed operational limits and should allow using them 
throughout the reactor service life.  

 
Boundary conditions of thermal-physical computation: fuel 
salt velocity and temperature at the core input are 7.595 m/s 
and 600 °C, correspondingly; heat transfer coefficient from 
the outer wall of the reactor vessel is 10 W/(m2∙K) (air 

temperature 20 °C). The computational model is axis-symmetric, thus for a boundary 
condition at the symmetry axis the normal velocity component equals zero. The thermal-
hydraulic calculations were made in the ANSYS FLOTRAN software package [10]. 
 
The lower graphite reflector has the maximum temperature of 1010 °C (FIG. 3). Note that this 
value has been obtained ignoring power density in graphite that basically pertains to gamma-
quanta absorption (TABLE III). It's estimated that ~5% of total energy due to gamma-quanta 
interaction with matter is released in graphite. Hydrodynamic calculation shows the presence 
of stagnant regions in the lower and upper parts of the core (FIG. 3, shown in red rectangles), 
which may result in local fission-product build-up and, consequently, deformation of the 

neutron field. Precipitation of certain 
elements (for example, noble metals) is 
also possible due to local exceeding of 
their solubility limits. 

Analysis of neutron-physical and 
thermal-hydraulic properties of 
cylindrical geometry by the example of 
the MOSART reactor core allows us to 
draw the following conclusions: 
 presence of stagnant regions can 
result in local fission-product build-up 
and possible precipitation of some of 
them, 
 
 high temperature of a graphite 

reflector can considerably reduce its service life. 
 

                                                           
1
 MAF3 – trifluorides of minor actinides. 

 

FIG. 3. Temperature and velocity distribution 

FIG. 2. Power density 

distribution over 

computational domains 

(W/m
3
). 
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TABLE III: TEMPERATURES OF REACTOR STRUCTURAL ELEMENTS 

Structural 
element of a reactor facility 

Ignoring the power density due to 
photon reactions 

Including the power 
density due to photon 

reactions 
Average temp., °C Max. temp., °C Max. temp., °C 

Lower reflector 739 1011 1044 
Lateral reflector 813 883 983 
Lateral steel shield 774 866 982 
Upper reflector 807 862 950 
Upper steel shield 766 818 936 
Lateral part of the reactor vessel 709 795 897 
Upper part of the reactor vessel 733 754 833 
Lower part of the reactor vessel 612 618 618 
 
3.2. Elliptical core geometry 
 
For further analysis we have chosen the DMSR configuration consisting of an elliptical core, 
a lateral reflector, a steel shield and a vessel (FIG. 4, TABLE IV). The lateral reflector is 
made of pyrolytic graphite. The main requirements to graphite are low penetrability of salt, 
resistance to radiation and chemical exposure. The steel shield is intended for screening the 
reactor vessel from high neutron fluencies. The reactor vessel is made of Hastelloy-N. 

 
To determine the configuration for the elliptical 
DMSR core that would provide minimal critical 
mass and dimensions, calculations were performed 
to select an appropriate reflector thickness (FIG. 5). 
Based on calculation results, the selected thickness 
was 100 cm. The neutron spectrum is shown in FIG. 
5. Energy groups are ordered in accordance with 
BNAB-93 [12]. The fuel salt composition that 
ensures reactor criticality is 96 (46.57LiF –
 11.5NaF – 42KF) + 4UF4 % mole. To assess the 
influence of fuel salt velocity on βeff, calculations 
were performed in accordance with the procedure 
described above (FIG. 6). 
 

TABLE IV: MAIN CHARACTERISTICS OF THE ELLIPTICAL DMSR MODEL 
Thermal capacity 10 MW 

Fuel salt, % mole 46.57LiF – 11.5NaF – 42KF [11]  

Uranium-enriched fuel 29% 235U enrichment  

Temperature at the core inlet 600 °C 

Temperature at the core outlet 715 °C 

Core volume, m3 1 

Core: ellipsoid, minor semi-axis / major semi-axis, m 0.493/0.985 

Thickness of the graphite reflector, m 100 cm 

Thickness of the steel shield of the reactor vessel, m 0.3 

Thickness of the reactor vessel, m 0.055 

FIG. 4. Computational model of the 

DMSR with an elliptical core 
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FIG. 5. Effective K-factor (Keff) vs. reflector thickness; neutron spectrum at reflector thickness 20 cm 

and 100 cm. 

To perform thermal-
physical calculations, the 
elliptical DMSR core was 
split into 24 domains by 
radius and by height, and 
the reflector was split into 
9 domains. The analysis 
of calculations with the 
account for power density 
due to photon reactions 
(FIG. 7) shows that a 
graphite reflector has a 

maximum temperature of 893 °C. The hydrodynamic computation showed the absence of 
instabilities (stalls); the revealed insignificant stagnant regions in the core do not constitute a 
danger in terms of fission-product build-up. 

 
 

FIG. 7. Temperature (°C) and velocity (m/s) fields 

 
4. Simulation of nuclide composition evolution in the DMSR with an elliptical core 

 
Let us assume that a campaign is the time of reactor operation up to the moment, when the 
volume of replaced fuel equals the volume of the core. To determine the time to reach steady-
state operation conditions, simulation of nuclide compositions evolution with a reloading 
period of 73 days (micro-campaign duration) was performed. With the selected reprocessing 

FIG. 6. βeff vs. fuel salt velocity 
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period the campaign duration was 3 years. The following stages of the nuclear fuel cycle were 
simulated: 
 operation of a reactor facility during a micro-campaign. Neutron physical computation, 

computation of isotopic composition kinetics over a period of 73 days; 
 extraction of a part of the fuel for reprocessing; 
 upload of fuel salt of the initial composition to reach criticality; 
 operation of a reactor facility during a micro-campaign.  

These operations were 
repeated till the reactor 
reached steady-state 
operation conditions. 
 
By 235U and 238U isotopes, 
the reactor reaches steady-
state operation conditions 
after two years of operation 
(FIG. 8). The relative 
concentration variation of 
plutonium isotopes that 
contribute most into power 
density does not exceed 
20%, and less than 10% after 
4 years of operation.  
 
 

5. A concept of a block molten salt reactor with partition of energy generation and 
energy transmission functions 
 

A block molten 
salt reactor with 
partition of energy 
generation and energy 
transmission functions 
is a facility consisting 
of several blocks 
(FIG. 9). Each block 
is a cylindrical vessel 
filled with fuel salt 
(Fig. 10, TABLE V). 
Pipes for coolant salt 
circulation pass 
through each block, 
with control and 
protection system 
(CPS) rods installed in 
some of the pipes. The 

fuel salt is the FLiNaK eutectic solution with UF4 dissolved in it. FLiNaK is a coolant salt. 

The facility is equipped by neutron shields that allow one to extract a block for its 
replacement without stopping the reactor. When all the blocks are in operation (FIG. 9 shows 
four of those), neutron shields are raised up. If it is necessary to replace a block, the shields go 
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FIG. 8. Relative variation of actinides concentration 

FIG. 9. Block molten salt reactor 
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down to isolate the given block from the others. The time of block operation is determined, in 
the first place, by corrosion stability of the selected structural materials. Such reactor 
configuration with immobile fuel salt makes it possible to decrease the number of circuits to 
two, the first for coolant salt, and the second for water and vapor (or gas).  

 

FIG. 10. Computational model of a reactor block and its cross-section at the core level 

TABLE V: BASIC CHARACTERISTICS OF THE COMPUTATIONAL MODEL OF A REACTOR 
BLOCK 

Core height 102.901 (cm) 
Core radius  55.618 (cm) 
Thickness of upper and lower reflectors 20 (cm) 
Thickness of upper and lower collectors 50 (cm) 
Reactor vessel thickness 5.5 (cm) 
Thickness of a channel wall with coolant and CPS rods 0.5 (cm) 
Radius of a channel with coolant 2 (cm) 
Radius of a channel with CPS rods 1.7 (cm) 
Gap between a supporting pipe shell and an absorber rod (for 
coolant salt) 

0.2 (cm) 

Velocity at the collector input 0.76 m/s 
Temperature at the collector input 600 °C 
Thickness of gas gap between a channel shell and absorber rod 
material 

0.15 (cm) 

 
Preliminary results of neutron-physical calculations for a reactor block are the following: 
 – the fuel salt composition that ensures criticality of a block during an assumed period of 
time of its operation (10 years), taking into account the reactivity for burnup: 78FLiNaK + 
22UF4% mole. The 235U enrichment is 67%; 
 – at block power 10 MW, core volume 1 m3, reflector thickness 0.2 m and operational time 
10 years, the reactivity margin for burnup is 0.032056 Keff; 
 – to control the reactor, the absorber thickness in the CPS rods should be at least 1.2 cm; 
 – the effective fraction of delayed neutrons is 0.751 %.  
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6. Conclusion 
 

Cylindrical and elliptical DMSR core geometries have been studied from the viewpoint of 
neutron-physical, thermal-physical, and hydrodynamic properties. For the DMSR with an 
elliptical core, a simulation of nuclide compositions evolution was conducted, with the 
account for partial fuel reloads until the reactor reaches steady-state operation conditions by 
the 235U and 238U isotopes.  
 
One should note that analysis of the MOSART reactor properties with transuranium actinide 
loading was intended first and foremost for demonstration of fundamental properties of 
cylindrical core geometry, as well as calculation techniques for neutron-physical and thermal-
hydraulic properties of molten salt reactors. Based on this analysis, the following conclusions 
have been drawn: 
 – the presence of stagnant regions in the lower and upper parts of the core may result in local 
fission product build-up and possible precipitation of some of them, 
 – the effective fraction of delayed neutrons with the account for fuel circulation is 0.16%, 
which is approximately 2 times less that the fraction of fuel at rest (0.34%), 
 – the thermal-physical computation should take into account the power density due to 
interaction of gamma-quanta with the reflector material (~5% of total gamma-energy is 
released in graphite). Taking into account the power density due to photon reactions, the 
lower graphite reflector is characterized by the maximum temperature (1044 °C). A relatively 
high temperature of the graphite reflector may considerably decrease its service life.  
 
Based on the analysis of an elliptical model of the DMSR core with uranium loading, the 
following conclusions have been drawn: 
 – there are no instabilities (stalls); the revealed insignificant stagnant regions in the core do 
not constitute a danger, 
 – the effective fraction of delayed neutrons taking into account fuel salt circulation is 0.53%; 
 – taking into account the power density due to photon reactions, a graphite reflector has a 
maximum temperature (893 °C), 
 – by 235U and 238U isotopes, the reactor reaches steady-state operation conditions after two 
years of operation.  
 
Note that the effective fraction of delayed neutrons practically does not depend on the core 
geometry, and its low value, taking into account fuel salt circulation, will result in additional 
difficulties in reactor facility control.  
 
A concept of a block molten salt reactor with partition of energy generation and energy 
transmission functions has been introduced. According to preliminary results of calculations 
of neutron-physical properties, the following conclusions have been drawn: 
 – four rods with absorbing material (boron carbide) are sufficient to control criticality and to 
manage the reactor block; 
 – a capability to operate the reactor without reloads during a period of 10 years has been 
demonstrated; 
 – a relatively high fraction of delayed neutrons and a low reactivity margin for burnup will 
make it possible to enhance nuclear safety of the system. 
 
Undoubtedly, a more comprehensive analysis and a final choice of the DMSR core geometry 
require more detailed investigation into all possible core geometries. This paper, in the first 
place, is aimed at elaboration of a core geometry optimization techniques in terms of its 
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thermal-physical and neutron-physical properties and refining of the reactor design at the 
conceptual level. Optimization of MSR geometry and detailed thermal-physical calculations 
are subjects of further research.  

 
References 
 
[1] TANJU SOFU, Generation VI International Forum (GIF), IAEA Education and 

Training Seminar on Fast Reactor Science and Technology, ITEMS Campus in Santa 
Fe, Mexico City, 2015,  
www.iaea.org/NuclearPower/Downloadable/Meetings/2015/2015-06-29-03-NPTDS-
mexico/5-3-IAEASeminarMexicoCity-TSofu-GIFSummary.pdf 

[2] MERLE-LUCOTTE E., HEUER D., ALLIBERT M., Recommendations for a 
demonstrator of Molten Salt Fast Reactor, International Conference on Fast Reactors 
and Related Fuel Cycles: Safe Technologies and Sustainable Scenarios (FR13), Paper 
147, Paris, France, 2013 

[3] MERLE-LUCOTTE E., HEUER D., LE BRUN C. e. a., Fast Thorium Molten Salt 
started with Plutonium, Proceedings of ICAPP’06, Reno, NV USA, Paper 6132, 2006. 

[4] INTERNATIONAL ATOMIC ENERGY AGENCY, Status of Small Reactor Designs 
Without On-Site Refueling, Molten salt reactor for sustainable nuclear power – MSR 
FUJI, IAEA-TECDOC-1536, Vienna (2007), pp. 821-859. 

[5] IGNATIEV V., FEYNBERG O., Progress in Development of Li, Be, Na/F Molten 
Salt Actinide Recycler and Transmuter Concept, Proceedings of ICAAP, Nice, France, 
Paper 7548, 2007. 

[6] ZHIWEN XU, MUJID S. KAZIMI, MICHAEL J. DRISCOLL, Impact of High Burn 
up on PWR Spent Fuel Characteristics, Nuclear Science and Engineering, Vol. 151, 
pp. 261-273, 2005.  

[7] KANDIYEV YA. Z., MALAKHOV A. A. e. a., Estimation of the effect of small 
perturbations in multivariate calculations using the Prizma-D computer program,  
Atomic Energy, Vol. 99, N. 3, 2005 pp. 639 – 645. (in Russian). 

[8] MODESTOV D. G, The RISK-2014 Code to Solve Nuclear Kinetics Problems, 
RFNC-VNIITF preprint No. 243, Snezhinsk, 2014. (in Russian). 

[9] ENDF-6 Formats Manual, Data formats and procedures for the Evaluated Nuclear 
Data File ENDF/B-VI and ENDF/B-VII, Brookhaven National Laboratory, ENDF-
102, 2009. 

[10] BRUYAKA V. A., FOKIN V. G., SOLDUSOVA E. A., GLAZUNOVA N. A., 
ADEYANOV I. E., Engineering analysis in Ansys Workbench, Samara: Samara State 
Technical University, 2010. (in Russian). 

[11] LIZIN A.A., TOMILIN S.V., PONOMAREV L.I., e. a., PuF3, AmF3, CeF3 and NdF3 
solubility in LiF-NaF-KF melt, Atomic Energy, Vol. 115, N 1, 2013, pp. 11-17. 

[12] ZABRODSKAJA S.V., NIKOLAEV M.N., CIBULJA A.M., Delay Neutron Data for 
ABBN-93 Constant Set, Problem of Atomic Science and Technology, Series: Nuclear 
Constants, Issue 1, 1998 (in Russian). 

 

http://www.iaea.org/NuclearPower/Downloadable/Meetings/2015/2015-06-29-03-NPTDS-mexico/5-3-IAEASeminarMexicoCity-TSofu-GIFSummary.pdf
http://www.iaea.org/NuclearPower/Downloadable/Meetings/2015/2015-06-29-03-NPTDS-mexico/5-3-IAEASeminarMexicoCity-TSofu-GIFSummary.pdf
lazykinaa
Typewritten Text
IAEA-CN245-226




