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ABSTRACT 

The renewed interest in molten salt coolant technology is backed by the 50 years history of molten 

salt nuclear technology development, mainly in Oak Ridge National Laboratory (ORNL). In Indian 

context MSBR is found to be one of the options for sustainable nuclear energy generation, especially 

in the third stage of the nuclear programme.  The system can be operated at high temperature which 

makes high efficiency power conversion and efficient hydrogen generation through thermo-chemical 

reactions possible. At present development is in progress in BARC on two molten salt reactor 

concepts, one is pool type and the other is loop type. Here the design of pool type concept with 

850MWe power is described. The core is designed to operate in the fast spectrum region so the 

conversion of U-233 breeding is possible from thorium. Preliminary thermal hydraulic analysis is 

carried out with LiF-ThF4-UF4 as the primary fuel and coolant. The blanket material is also a molten 

salt, LiF-ThF4. Reactor physics calculations are also carried out for the feasibility studies of the core 

design of the reactor. FLiNaK is used as the secondary coolant for the calculations.  Both forced 

circulation and natural circulation options are evaluated.  
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INTRODUCTION 

Recent interest on Molten Salt Reactor (MSR) is due to several advantages over the other types of 

reactors design. MSRs are based on a liquid fuel, so that their technology is fundamentally different 

from the solid fuel technologies currently in use. Some of the advantages specific to MSRs, in terms 

of safety and reliability, result directly from its liquid fuel characteristic. Molten Salt Breeder Reactor 

(MSBR) is being designed and developed in BARC with main objective of utilizing thorium 

abundance in India. MSBR meets many of the future goals of nuclear energy, in particular, enhanced 

safety with strong negative temperature coefficient of reactivity, improved sustainability, increasing 

the proliferation resistance of nuclear energy, stable coolant, low pressure operation that do not 

require expensive containment, easy to control, passive decay heat cooling and unique characteristics 

of actinide burning and waste reduction. MSBR is based on molten salts, which acts as fuel, blanket 

and coolant for the reactor. In the present day scenario, safety is the main requirement for wide 

acceptance of nuclear energy in public. It is seen that in case of Liquid Metal Fast Breeder Reactors 

(LMFBR) pool type design is widely adopted due to the lower probability of leakage of the coolant. 

In case of MSRs since the fuel is mixed with the primary coolant, consequent of leakage of the 

coolant much more severe. Considering this, feasibility study of a pool type MSFR is carried out and 

the details of the analyses are described in the paper. Apart from forced circulation cooling option, 

natural circulation cooling option is also explored in the concept.  

 

LITERATURE REVIEW 

The development on the molten salt reactor started since the inception of nuclear reactors. Aircraft 

Reactor Experiment was the first reactor operated with liquid fuel salt in 1954 by ORNL. In 1964 

Molten Salt Reactor Experiment (MSRE) became critical and operated successfully for 4.5 years. 

Subsequently the MSR development has been slowed down possibly due to give way the development 

of Liquid Metal Fast Breeder Reactors (LMFBR) [1]. Recently the interest on MSR has been initiated 

mainly for this is found to be effective way for the closed fuel cycle for thorium [2]. GIF has listed 

MSR as one of the six reactor concept in generation IV category. Reactor design on different concepts 
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like MOSART (Russia), MSFR (France) and FUJI concept (Japan, USA, Russia) are in progress in 

different countries. Serp et al. [1] gives the overview of the developments on MSR in different 

countries.  

 

Pool type of reactors is largely used in the LMFBR reactor design since 1970s. The pool type and 

loop type reactor designs are compared in IAEA TECDOC 1569 [3]. BN-350, a sodium cooled fast 

rector is the only loop type reactor which was successfully operated for a long time. Several care had 

to be taken to avoid leakage through the piping. The effective design resulted large diameter piping 

with length as long as 40 meteres to separate the reactor core and valves. Major design changes have 

to be carried out to facilitate natural circulation in the primary fluid for passive decay heat removal. 

The pool type design has been found to be advantageous in many aspects and is reported in the 

TECDOC. It is also reported that there is no additional difficulties found in maintenance of the heat 

exchangers and in-core service compared to the loop type. For lead cooled reactor also pool type 

design has been adopted since 1970s because of frequent incident of primary coolant accidents in the 

loop type designs. By making vessel in mono block structure all the equipments can be incorporated 

within the vessel and it is possible to completely eliminate valves and piping in pool type design [4]. 

The pool type design is usually not being seriously considered in molten salt reactor design which 

may be due to the fact that ARE and MSRE were of loop type and there is no operating experience on 

the pool type MSRs. However, currently Terrestrial Energy Inc. [5] is carrying out work on a pool 

type molten salt concept called Integral Molten Salt Breeder Reactor (IMSBR). In addition to the 

advantages mentioned in TECDOC-1596, it is also reported that the pool type reactor can be designed 

as sealed module for easy deployment, possibility of elimination of dump tank by incorporating 

passive decay heat removal system in the core and ease of scale up the reactor design for higher 

power.  

 

Though the two experimental MSRs i.e. ARE and MSRE are of forced circulation type, a few natural 

circulation cooled concepts have been evaluated in 1960’s. Romie and Kinyon [6], studied a 60MWth 

molten salt reactor with natural circulation. It was found that the natural circulation design requires 

42.0% more salt compared to the forced circulation design with same power. Another concept was 

studied for a 5 MWth natural circulation reactor by Zasler [7]. The reactor power could be increased to 

50MWth by adding a pump and replacing the sodium exchanger. Zasler [8] also studied a 576MWth 

natural circulation MSR concept and concluded that the trade off between elimination of fuel salt 

pump and increase in inventory of the fuel salt is the main factor to decide whether natural circulation 

or forced circulation MSR are to be preferred. Zwaan et al. [9] studied on the concept on the natural 

circulation cooled 20MWth nuclear battery for process heat applications. The concept considers 

TRISO coated fuel and molten fluoride salt coolant with 5-10 years interval for refuelling. Thermal 

hydraulic calculations are done with two types of coolant molten fluoride salt and molten tin. With 

molten salt the fuel temperature was found to be higher due to poor heat transfer in the fluid. Pauzi et 

al. [10] carried out thermal hydraulic studies on a natural circulation cooled MSR concept. CFD 

analyses were carried out using laminar, Spalart-Allmaras and standard k-ω model to understand 

nature of flow. It was found that for this nature of thermal hydraulics standard k-ω model was found 

to be the best model from the convergence of the solution point of view. Zitkela and Valenta [11] 

studied a concept of MSR with fuel salt flow with ‘gas lift’mechanism. Helium gas is used to 

bubble the outlet of the core to make it two phase flow and strong buoyancy force is created to assist 

the natural circulation of the fuel salt. The bubbled gas also helps to remove the fission gas from the 

salt.   

     

From the literature it is found that pool type MSR concept has been new and very few studies are 

being carried out. Few natural circulation cooled concepts were studied in 70’s and there are also 

recent literatures on natural circulation concepts. Keeping in the view of the preference of pool type 

configuration in LMFBR and necessity of the natural circulation heat removal for reactor safety, 

preliminary studies on a pool type MSBR concept with an option for natural circulation is carried out. 

The description of the reactor under study is given in the following section. 
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DESCRIPTION OF THE CONCEPTUAL REACTOR GEOMETRY 

 

 

The schematic of the 

concepts is shown in Fig 1. 

The core of the conceptual 

design consists of the 

inventory of the salt and the 

reflector, made of high 

temperature alloy placed at 

top and bottom of the core. 

The core is surrounded by an 

annular fertile blanket, 

through which the fertile salt 

LiF-ThF4 is circulated. After 

getting heated in the core the 

fuel salt is passed through an 

annular riser to the primary 

heat exchanger. For natural 

circulation option the vertical distance between the core and heat exchanger is maintained by 

providing a adiabatic section. The fertile blanket is connected to a header from where the salt will be 

taken out of the core through the piping for reprocessing. In this configuration the heat exchanger is 

the place where the maximum pressure drop occurs. Tube-plate type heat exchanger is chosen for this 

application after a brief literature survey because this gives lower pressure drop in the plate side. The 

fuel salt after rejecting heat in the primary heat exchanger flows down to the core through the down  

 

comers. The geometry of the down comers is evaluated between  annular and circular holes on the 

periphery of the core surrounding the fertile blanket. The result of the evaluation is discussed in the 

later sections. Sacrificial molten salt layer which will be in solid state during normal operating 

conditions is designed around the reactor core to manage decay heat during accidental scenarios. It 

will also prevent the corrosion of the reactor vessel during normal operating conditions. The 

secondary salt is FLiNaK which is circulated by forced flow in a loop. The salt flows through the tube 

side of the primary heat exchanger to cool the fuel salt which flows in the plate side of the heat 

exchanger. The heat from the secondary coolant is transferred to the tertiary side through the 

secondary heat exchanger. Supercritical CO2 is considered as the tertiary fluid which is the working 

Fig 1 Schematic of the Pool type MSBR (a) Natural circulation 

cooling and (b) Forced circulation cooling 

Fig 2 Conceptual layout of the pool type MSFR system 

circulation cooling and (b) Forced circulation cooling 
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fluid of Brayton Cycle for electricity generation. Figure 2 shows the overall scheme of the reactor 

system 

 

CHALLENGES IN POOL TYPE MSBR CONCEPTS AND THE POSSIBLE SOLUTIONS 

The design of the pool type concept was critically evaluated and reported in IMSBR preliminary 

design report [12]. The major challenges given in the report are outlined and the possible solutions are 

mentioned in Table 1. 

Table 1 Challenges and possible solutions of pool type reactor design 

Sl 

No 

Challenges Possible Solutions 

1 Difficulty in replacement 

of the annular reflector    

The frequent replacement of the reflector (3.2yrs) is required if the 

material contains Ni-56 and Boron as impurity [13]. The solution 

could be either avoiding these impurity or replace the only the first 

15 cm layer of the reflector at regular interval.  

     

2 Accessibility of pump and 

heat exchanger 

maintenance.  

The peripheral location of the primary pumps and heat exchangers 

in the reactor vessel are different so the obstructions by each 

component on the other are eliminated.    

3 High temperature material 

availability for natural 

circulation design   

High temperature composite materials developments for reactor 

application are reported  in many literatures [14]. Components can 

be made at commercial level if a robust technology development 

program can be formulated and implemented.    

4 Salt inventory is more in 

case of natural circulation 

option 

The salt inventory in the natural circulation option is found to be 

41.6% higher than the French MSFR design [15]. The rise in 

inventory could be compensated with the gain of eliminating 

primary pump, which may result high maintenance cost and time  

during breakdown. The forced circulation option has the salt 

inventory similar to the MSFR French design.  

 

THEORETICAL STUDIES 

Thermal hydraulic and reactor physics calculations are carried out for the pool type concepts. For 

thermal hydraulic studies temperature dependent thermo physical properties of the salt are taken from 

Rouch et al. [15] and Sohal et al. [16]. The pressure drops in the heat exchangers are calculated from 

the correlations given in Shah and Sekulic [17]. For pressure drop calculations in the various 

components of PHT circuit, Idelchik [18] is referred relations on hydraulic resistances. For natural 

circulation analysis 1D flow in the PHT is assumed and for preliminary thermal hydraulic analysis is 

carried out to optimise the geometry of the PHT circuit. 3D CFD studies were carried out for the full 

scale geometry of the PHT circuit. The pressure drop formulations for the primary heat exchanger are 

recast in the form of volumetric pressure drop term in the momentum equation of PHOENICS [19]. 

The heat generation in the core is assumed to be uniform and heat generation per unit volume is given 

as input. For forced circulation the flow momentum is given in terms of velocity in all the 

downcomers as the input to simulate the pumped flow. The heat exchanger is assumed as the constant 

temperature sink for simplification of the computation. 

 

Preliminary reactor physics feasibility analysis of the pool type IMSBR with natural circulation has 

been carried out for a static core in hot operating condition operating in fast neutron spectrum [20]. 

The modelled pool type reactor includes components like IHX, riser, down comers etc. The analyses 

have been carried by varying several design parameters to explore breeding ratio and 
233

U inventory. 

 

RESULTS AND DISCUSSION  

Preliminary thermal hydraulics analysis is carried out to find the various parameters of the concept 

with both natural circulation and forced circulation options. For natural circulation option by keeping 

the inlet temperature 650
o
C the geometry of the reactor is optimised to limit the reactor outlet 

temperature 1000
o
C. The geometry is optimised in such a way that fuel inventory is also minimised. 
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This is done by parametric studies of the chimney diameter, adiabatic section height and down comer 

size. Figure 3 and 4 show the results. The adiabatic section height increases the buoyancy head in the 

core but the addition of extra length in the PHT circuit increases the frictional pressure loss as well as 

fuel salt inventory. The effect of variation of adiabatic height and chimney outer diameter on the fuel 

inventory is shown in Fig 3. For down comer geometry it is found that the cylindrical holes on the 

periphery of the core give lower fuel salt inventory compare to the annular passage for same pressure 

drop in the core. So 16 holes are chosen as the down comer in the core and the effect of the hole 

diameters along with the adiabatic section height on the fuel inventory is studied. Figure 4 shows the 

result of the analysis. From the optimisation analysis it is found that the minimum inventory can be 

achieved is 74.5 tons which is 41.6% higher than the French MSFR design in terms of specific power 

(GWth/Tons of fuel Salt). The geometry for forced circulation option is also optimised and the fuel 

salt inventory is found to be 42.0 tons. Table 2 shows the major design parameters of both the options 

of the reactor concept.  

 

 
Annular Riser inner dia= 0.35m  

No  of down comer hole= 16 

Fig 3. Variation of Fuel salt inventory with 

adiabatic section height and riser outer 

diameter.  

Fig 4. Variation of Fuel salt inventory with 

adiabatic section height and down comer hole 

diameter.  

 

Table 2 Major Design parameters of the pool type MSBR concept 

  

 

 

 

 

 

 

 

 

 

 

 

 

Reactor Neutronic Studies 

Preliminary core neutronics feasibility analysis of the pool type IMSBR with natural circulation 

shows that the initial fissile (
233

U) inventory in the present configuration is 5.4 T/GWe, whereas initial 

BR has been found to be ~1.1 with 2.7% 
233

U content with around 94% conversion/breeding occurs in 

core. The use of 0.5% (mol) of helium in fuel to extract the gaseous fission products makes the 

spectrum softer, which resulted in slightly higher excess reactivity and slightly lesser initial BR. The 

amount of Th-232 present in molten salt fuel is found to be 32.3 T. The effect of Pa-233 removal from 
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Sl 

No  

Parameters Option-1 

Natural 

Circulation   

Option-2 Forced 

Circulation 

1  Power  850MWe/1900MWth  850MWe/1900MWth 

2  Inlet/Outlet Temperature  650/1000
o
C  700/800

o
C  

3  Fuel Salt / Blanket Salt  LiF-ThF4-UF4/LiF-ThF4  

4 Inventory of the Fuel Salt 74.5 tons 42 tons 

5  Secondary/ tertiary coolant  FLiNaK/SCO2  

6  Velocity in the core  0.20 m/s  0.77 m/s  

7  Primary/Secondary pump power  - / 0.65MW  0.71MW/0.65MW  
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the fuel with burnup of 800 FPD is shown in figure 5. The effects of refuelling of different volumes of 

fuel for corresponding removal of burned fuel have also been studied (Fig 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CFD Analysis 

3D CFD analysis is carried out using PHOENICS code to find the velocity and temperature 

distribution in the PHT circuit of the reactor. The analysis is carried out for both the concepts. Fig 7 

shows the results of the analysis at normal operating conditions. It can be seen from Fig 7 (a) that the 

variation of the temperature is linearly increasing from inlet to outlet and the flow distribution is free 

from any local disturbance. However the maximum temperature in the core found to be higher than 

the estimated value. Modification of the core geometry especially at the outlet is required to avoid 

local recirculation of the fuel salt. For forced circulation the temperature distribution, as shown in Fig 

7 (b) is as per expectation and no local high temperature regions were found. This may be due to the 

high flow rate and better mixing of the fuel salt. However care has to be taken to ensure uniform flow 

at the inlet by providing suitable distributor.  

 

 

(a) 

 

(b) 

Fig 7 Velocity and Temperature distribution in the Pool type MSBR concept with (a) natural 

circulation cooling and (b) forced circulation cooling 

 

CONCLUSIONS 

Preliminary studies on thermal hydraulic and core neutronic were carried out for a conceptual pool 

type Molten Salt Breeder Reactor (MSBR). The feasibility study for natural circulation cooling as 

well as forced circulation cooling during normal operating conditions were carried out using 1-D 

formulation. It is found that with forced circulation option the inventory of the fuel salt can be 
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maintained at 42.0 tons, which is quite acceptable compared to other MSFR concepts. For natural 

circulation the outlet temperature is found to be 1000
o
C, which is still much lower than the boiling 

temperature of the molten salt (~1400
o
C). The inventory for the natural circulation option is found to 

be 41.6% higher than the concept of French MSFR design. Reactor physics feasibility analysis is also 

carried out for static core to assess core inventory and breeding potential, more rigours parametric 

analysis considering various reprocessing rates is under study. 3D CFD study on the full scale core of 

the reactor for both options of cooling are carried out to find the velocity and temperature distribution 

in the core. The design can be further improved by detail analysis of the reactor core, accounting heat 

transfer among core components, detailed modelling of the heat exchanger and dynamic modelling of 

the core neutronics. It may be mentioned that MSBR design warrants an inherently coupled core 

neutronics & thermal hydraulics multi-physics analysis. 
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