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ABSTRACT 

Indian Molten Salt Breeder Reactor (IMSBR) is being designed and developed in BARC with main objective of 

utilizing thorium abundance in India. In order to design the reactor, it is necessary to study the thermal hydraulic 

behavior of various molten salts. Moreover, considering the importance of natural circulation in high temperature 

systems, experimental studies on natural circulation of molten salts are required. This paper deals with the 

fabrication of loop with molten salt, LiF+ThF4 (22.5-77.5 wt%), which is proposed as blanket salt for Indian 

MSBR program. Loop is fabricated with 15NB Sch 40 pipe made of Hastelloy-N material having height of 

400mm and width of 300 mm. CFD analysis for natural circulation of the same loop is also carried out. CFD 

simulation is performed for steady state and transient cases at different heater powers. Various transients such as: 

step power change, heater trip and start-up of natural circulation etc. are also carried out. Comparison of CFD 

results with standard correlation for steady state flow has been done.  
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1 INTRODUCTION 

Molten Salt Breeder Reactor (MSBR) is based on molten salts, which acts as fuel, blanket and coolant for the 

reactor, as it has high boiling point, enable us to operate the system at low pressure and high temperature [1]. 

There are two types of molten salt based reactor concepts, one is liquid fuel and other is based on solid fuel with 

molten salt as a coolant. The technology used for MSRs based on a liquid fuel is fundamentally different from the 

solid fuel technologies currently in use. Some of the advantages specific to MSRs (in terms of safety/reliability, 

for example) result directly from this characteristic. Furthermore, this type of reactor is particularly well adapted 

to the Thorium fuel cycle (Th-
233

U) which has the advantage of producing less minor actinides than the Uranium-

Plutonium fuel cycle (
238

U-
239

Pu). The fuel of the MSR is based on the dissolution of the fissile material (
235

U, 
233

U, or 
239

Pu) in an inorganic liquid that is pumped at a low pressure through the reactor vessel and the primary 

circuit, and thus also serves as the primary coolant. The heat generated in the fission process is transferred in a 

heat exchanger to a secondary coolant, which is also generally a molten salt. This intermediate loop is introduced 

for safety reasons: to avoid direct contact between the steam and the fuel. The operating temperature of the MSR 

is in between 550 and 750 °C, the lower limit being determined by the fusion temperature of the salt and the upper 

one by the corrosion rate of the structural material.  

The present work deals with the CFD simulation of the rectangular loop with open source OpenFOAM CFD tool. 

Vertical heater and horizontal cooler arrangement for natural circulation of salt in computational domain are 

considered. Hexahedral meshing in all four legs whereas tetrahedral meshing in corners are used in the loop and 

mesh independency test was also carried out. Laminar model for steady state and transient cases were chosen to 

carry out simulations [2]. CFD simulation is performed for steady state and transient cases at different power level. 

Results obtained in CFD simulation are analyzed and discussed in detail. The transient CFD studies performed are: 

step power change, heater trip and start-up of natural circulation.  
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2 LITERATURE REVIEW 

Most of the previous investigations related to molten salt studies were based on the experimental works. These 

studies were carried out to measure the physical properties of molten salts [3] and heat transfer characteristics [4]. 

The heat transfer performance of a proposed MSBR coolant salt [NaBF-NaF (92-8 mole %)] and fuel salt [LiF-

BeF2-ThF4-UF4 (72-16-12-0.3 mole %)] was measured in forced convection loop by Silverman et al. [5]. The 

results of these experiments were similar for both salts and indicate that the proposed salts behave as normal heat 

transfer fluids with an extended transition region. Navier Stokes and energy conservation equations to estimate 

thermal gradients in a molten salt were also used [6]. Khokhlov et al. [7] proposed analytical equations to evaluate 

the density, viscosity, heat capacity, and thermal conductivity of various molten salt mixtures of Li, Na, Be, and 

Zr fluorides. Recently Graydon et al. [8] performed experimental studies using fluoride salt (FLiNaK) operating at 

up to 700°C however, the heater provided temperature differentials of up to 30°C. Experiments were performed to 

examine the use of Laser Doppler Velocimetry, Infrared videography, and visualization using standard 

videography through sapphire windows. Ferng et al. [9] also presented CFD methodology for investigating the 

thermal-hydraulic characteristics of FLiNaK salt. The proposed model was validated through comparison with 

existing correlations and experimental data of friction factor.  

The significant novelties of this work are: first, to study thermal hydraulic behavior of molten fluoride salt in 

passive mode inside a rectangular loop, which is not available in open literature. Second, to use OpenFOAM CFD 

code to predicts the behavior of natural circulation phenomena for high temperature molten fluoride salt after 

some modifications. Third, comparison of CFD results with standard correlations available in literature of 

rectangular loops for validation.    

3 DESCRIPTION OF EXPERIMENTAL SETUP  

As the natural circulation data for molten salts are scarce, a 

molten salt loop is designed, fabricated and under 

commissioning. A loop is fabricated with 15NB Sch 40 pipe 

made of Hastelloy-N material having height of 400mm and 

width of 300 mm as shown in figure 1. Extra lengths are 

provided on each vertical leg for accommodation of molten 

salt expansion. A melt tank is positioned on top of loop for 

initial filling of salt inside the loop. Six surface heaters, four on 

each leg of rectangular loop and two on each expansion leg are 

mounted. One tape heater on melt tank and connecting pipe is 

also wrapped. Proper arrangement for continuous argon gas 

purging to maintain inert atmosphere has been done. Adequate 

instrumentation is provided for molten salt temperature, heater 

control, pressure & oxygen monitoring in the argon gas.  

    

4 MODEL DESCRIPTIONS 

CFD simulations for natural circulation of molten fluoride salt 

in a rectangular loop having height 400mm, width 300mm and 

14mm internal diameter as a computational domain has been 

performed in OpenFOAM CFD tool. Computational domain 

having both horizontal leg are tilted at 5 degree inclination 

with horizontal Vertical heater (red) and horizontal cooler 

(blue) configuration to support natural circulation of the 

molten fluoride salt as shown in figure 2. 

 
Figure: 1 LiF+ThF4 Experimental Setup 
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Figure: 2 Computational Domain in OpenFOAM Figure: 3 Hexahedral and tetrahedral mesh for loop section in 

OpenFOAM 

In rectangular loop section different types of mesh were generated with different number of finite volume grids. 

Keeping in mind the CFD simulation time, tetrahedral mesh is generated at all four corners whereas hexahedral 

and pyramids mesh are generated in pipe section. Observations of flow in pipes are of much more significance 

than corners. Figure 3 represents the types of mesh generated in rectangular loop as computational domain. 

The Reynolds-averaged model used to analyze the thermal hydraulic characteristics for the incompressible molten 

salt of LiF+ThF4 (22.5-77.5 wt%) includes equations for continuity,  momentum and energy. The initial 

temperature for all simulations is set at 600 °C, and the operating pressure is at 1 atm. A uniform heat flux is 

defined on the heater surface as per simulation requirements. Heat rejection on cooler surface was modeled by 

heat transfer coefficient and ambient temperature as input to model various cooler capacities.  

4.1 Model Assumptions 

The following assumptions have been made: 

 Fluid is single phase, Newtonian and incompressible. 

 Boussinesq approximation is valid, i.e. density differences are only important in producing buoyancy. 

 Fluid properties are constant except in the formulation of buoyancy term. 

 An adiabatic boundary condition at the rectangular loop walls is applied. 

4.2 Initial and Boundary conditions 

4.2.1 Initial Condition 

 Temperature of whole domain is specified as 600 ˚C, which is above melting point temperature (~ 565 ˚C) 

of molten fluoride salt. 

4.2.2 Boundary Conditions 

 Different heat fluxes at heater are specified as per the practical applicability of loop as will be specified 

during experiment. 

 Ambient temperature and appropriate heat transfer coefficients are specified at cooler. 

 No-Slip condition which specifies that velocity of fluid particles is zero on the wall of pipe. 

 Walls of loop except heater and cooler are considered adiabatic. 

4.3 Methodology  

CFD simulations have been performed using the open source CFD code OpenFOAM 2.2.2 (2013). The standard 

available steady state buoyantBoussinesqSimpleFoam solver and transient buoyantBoussinesqPimpleFoam solver 

using finite volume method are used for steady state and transient simulations. The basic governing steady state 
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and transient equations used for simulations. SIMPLE and PIMPLE both algorithm [10] were used to solve 

coupled equations of pressure, velocity and temperature. Upwinding method was used for velocity, temperature 

and turbulence equations. All the solutions were considered to be fully converged when the sum of scaled 

residuals was below 10
-6

. All the computations have been performed on an Intel i7 motherboard computer having 

a quad processor with 16 GB RAM and 2.8 GHz processor speed. 

4.4 Mesh Independency 

The grid independency for the steady state case of 

the computational domain was investigated by 

considering three different grids: (1) 93857; (2) 

119495 and (3) 145243. Out of total 119495 cells, 

70% are of hexahedral type. To check the grid 

independence, temperature variation along the 

center line of heater leg is considered. Difference 

between the results of 119495 and 145243 grids is 

very less as shown in figure 4. As results of 119495 

and 145243 grids are nearly same, from this test it 

is concluded that model with gird size 119495 and 

above can be used for simulation. 

 

 

  

 

5 RESULTS AND DISCUSSIONS 

5.1 Steady State Results 

Variable magnitude should be constant with respect to spacial locations in the computational domain to achieved 

steady state condition. During CFD Simulation in OpenFOAM temperature and velocity data at different locations 

are generated in post processing. Figure 5 represents steady state temperature distribution along the center plane 

of the computational domain. Steady state velocity distribution can be seen in figures 6(a) and 6(b) along heater 

and cooler central planes respectively. 

 
 

Figure: 5 Steady state temperature distribution in the loop Figure: 6(a) Steady state velocity (m/s) 

distribution along heater central plane 

Figure: 4 Temperature values obtained at center line of 

heater leg for the three different grids. 
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Figure: 6(b) Steady state velocity (m/s) distribution along cooler 

central plane. 

 
Figure 7 represents the plot of variation of temperature with iteration time for different locations. Simulation 

parameters like power 500W at heater, heat transfer coeffiecient (h) 79 W/m
2
K at cooler and ambient temperature 

303 K are used as input. Initially some fluctuations in the graph can be observed due to startup of natural 

circulation. Further increase in temperature of loop is observed and finally temperature curve becomes flate which 

means amount of heat rejection at cooler surface becomes equivelent to heat addition at heater surface. Hence 

steady state condition is reached in the compotational domain. 

  
Figure: 7 Variation of temperature with iteration time for heat input 

Q= 500W at heater for steady state case. 

Figure: 8 Variation of velocity across sectional distance for heat 

input Q= 500W at heater for steady state at time step 14000 S. 

 

Figure 8, velocity variation along the cross sectional distance for same case as above, showing magnitude of 

velocity at heater outlet is less at center as compared to near wall velocity. It is due to heating effect near surface 

of heater which causes the local density gradient near surface. Natural convection phenomena predominant due to 

above reason leads to less velocity at center which is different from general pipe flow phenomena. At other 

locations i.e. heater inlet, cooler inlet and outlet velocity profile deviation is either negligible or very little as 

compared to general pipe flow velocity profile.  

5.2 Transient results 

Transient studies are carried out to simulate some postulated accidental scenario in the molten salt based systems. 

The main objective is to observe the behavior of molten salt during various transient conditions. Figure 9 showing 

temperature distributions along radial distance at input, output locations of both heater and cooler.  
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Figure: 9 Variation of temperature across sectional distance for 

heat input Q = 500W at heater for transient case. 
 

5.2.1 Heater Trip Transient 

In the power failure scenario the consequences of sudden non-availability of heat source is simulated using heater 

trip transient. This transient was realized by setting the main heater power to zero value from steady state at some 

power. Initial conditions for this transient are as follows: loop was in steady state at 500W power. The start of the 

heater trip was simulated at 18000s. At this time the main heater power was set back to zero value from 500W.  

  
Figure: 10 Inlet outlet temperature variations in Heater and cooler 

after 18000S for heater trip transients 

Figure 11 Step power change transient from 250W to 500W. 

As shown in Figure 10 at the start of the transient, heater outlet temperature decreases rapidly and came closer to 

the heater inlet temperature due to the loss of heat source. This temperature drop was accomplished quickly and 

the inlet and outlet temperature of the heater then decreased together.  

5.2.2 Step Power Change Transient 

Initially simulation started in the loop with heat flux 250W at heater surface and heat transfer coefficient 48 

w/m
2
K at cooler surface. Steady state was achieved with this condition in the loop. So to know the heater power 

change effects in the loop, transient condition was started with changing the main heater power to 500W from 

250W. The effect of this power change is shown in Figure 11 in terms of change in temperature with time. Heater 

outlet and cooler inlet temperature increases more sharply compare to cooler outlet and heater inlet just after 

increasing the main heater power and again steady state condition attained in the loop. 
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6 VALIDATION OF CFD RESULTS  

An analytical approach is used for comparison of results in steady state condition for various heater power levels. 

Steady state flow prevail in a natural circulation loops when buoyancy force is balanced by the retarding frictional 

force. In this case retarding frictional forces are pipe frictional losses due to flow and losses due to change in 

geometrical parameters whereas generated buoyancy head as a driving force are considered. Based on this general 

approach analytical calculations were carried out for steady state mass flow rates for a rectangular loop. The flow 

rates obtained in CFD analysis are compared with analytically calculated values as shown in figure 12. 

  
Figure: 12 Steady state natural circulation flow rates at different 

power levels. 
Figure: 13 Comparison of CFD data with steady state correlation 

given by Vijayan et. al [11]. 

Obtained mass flow rates were used in standard correlation and compared with CFD results as shown in figure 13. 

Vijayan et al. [11] showed that steady state flow in single phase uniform or non-uniform diameter natural 

circulation loops can be expressed as.  

 

 
where constants „c‟ and „r‟ depend upon the nature of flow (i.e. laminar or turbulent). Parameter NG depends upon 

geometry of the loop. It can be observed from above graph that CFD results are matching with the analytical 

results.  

7 CONCLUSIONS 

 A rectangular loop is made for natural circulation studies in molten salt LiF+ThF4. The loop is under 

commissioning.  

 CFD studies of the loop are carried out to simulate various steady state and transient cases and found that 

proposed CFD model can capture the thermal-hydraulic characteristics of proposed blanket salt for IMSBR.  

 The natural circulation steady state mass flow rates for different heater power levels are compared with 

standard available correlation and analytical calculations. Comparison results are in good agreement (+ 10%).  

 Further validation of the CFD data will be carried out when the experimental results of the loop will available. 

 

Nomenclature 

c constant in steady state correlation 
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g     Acceleration due to gravity, m/s

2 

Grm Modified Grashof number  

h Heat transfer coefficient, W/m
2
 K 

Lt    Total length, m 

NG geometry parameter 

Q Total heat input, W 

r constant in steady state correlation 

Ress Steady state Reynolds number, vDh/υ 

t       Time, s 

T    Temperature, °C 

Uz Velocity along heater 

Uy Velocity along cooler  
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