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ABSTRACT 

Dynamics of the Molten Salt Reactor - one of the 'Generation IV' concepts - was studied 
in this paper. The graphite-moderated channel type MSR was selected for the numerical 
simulation of the reactor with liquid fuel. The MSR dynamics is very specific because of two 
physical peculiarities of the liquid fueled reactor: the delayed neutrons precursors are drifted 
by the fuel flow and the fission energy is immediately released directly into the coolant. 
Presently, there are not many accessible numerical codes appropriate for the MSR simulation, 
therefore the DYN3D-MSR code was developed based on the FZR in-house code DYN3D. It 
allows calculating of full 3D transient neutronics in combination with parallel channel type 
thermal-hydraulics.  

By means of DYN3D-MSR, several transients typical for the liquid fuel system were 
analyzed. Those transients were initiated by reactivity insertion, by overcooling of fuel at the 
core inlet, by the fuel pump start-up or coast-down, or by the blockage of selected fuel 
channels. In these considered transients, the response of the MSR is characterized by the 
immediate change of the fuel temperature with changing power and fast negative temperature 
feedback to the power. The response through the graphite temperature is slower. Furthermore, 
for big MSR cores fueled with U233 the graphite feedback coefficient can be positive. In this 
case the addition of erbium to the graphite can ensure the inherent safety features. The 
DYN3D-MSR code has been shown to be an effective tool for MSR dynamics studies. 

1 INTRODUCTION 

The first projects for reactors with liquid fuel go back to the pioneers’ time of nuclear 
energy, when various designs with different fuel-type have been proposed. From those the 
Molten Salt Reactor (MSR) could be considered as the most developed project [1]. The 
research on MSR was performed mainly in the Oak Ridge National Laboratory (ORNL), 
where the Molten Salt Reactor Experiment (MSRE) was realized in the sixties. This 
experiment has shown that the molten salt technology beside the energy production offers 
three main advantages:   

 

1) excellent neutron economy, 
2) continuous or in-batch reprocessing, 
3) inherent safety features.  
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These three advantages make the MSR attractive also for the present Generation IV 
(GIF) initiative [2]. The aim of the GIF initiative is the development of technologies that 
achieve safety performance, waste reduction, and proliferation resistance while providing a 
nuclear energy option that is economically competitive. The MSR is studied also for spent 
fuel partitioning and transmutation (P&T) purposes. It is the aim of P&T to separate the 
different components of spent fuel (partitioning) and to reduce the radiotoxicity, mainly by 
the transmutation of actinides. A critical MSR can serve as transmutor with acceptable 
burning rates. The time period the radiotoxic inventory needs to reach the level of uranium 
ore can be shortened by transmutation from millions of years to less than one thousand years. 

 Within the GIF initiative the graphite-moderated channel type MSR based on the 
previous ORNL research is considered (Fig. 1). In this MSR, the mixture of molten fluoride 
salts circulates through the whole primary circuit acting as fuel and coolant simultaneously. 
The fuel, in the form of uranium tetra fluoride, is dissolved in the carrier salt. The core is 
formed from hexagonal graphite blocks each with a central fuel channel (see Fig. 2). The 
liquid fuel causes two physical peculiarities: the fission energy is released predominantly 
directly into the liquid fuel and the delayed neutrons (DN) precursors are convected (drifted) 
by the fuel flow out of the core. Therefore, specific tools are needed for the reactor dynamics 
analysis of the MSR.     

Consideration of the MSR within the GIF initiative and in the EU-project MOST 
(Review of Molten Salt Technology) in which we participated was the motivation to develop 
DYN3D-MSR for MSR dynamics simulation at the Institute of Safety Research. The code 
DYN3D-MSR [3] is based on the FZR in-house code DYN3D [4] which was developed and 
validated initially for LWR applications. Worldwide, only one comparable code is presently 
suitable for the 3D spatial numerical simulation of MSR dynamics. 
 

 
 

Figure 1: Scheme of MSR [2]. 
 



139.3 

Proceedings of the International Conference “Nuclear Energy for New Europe 2005” 

2 MATHEMATICAL MODEL 

The DYN3D-MSR code consists of a neutron-kinetics and a thermal-hydraulics part [5] 
and both were modified for the MSR purpose.  

 
2.1 Neutron-Kinetics 

The neutron-kinetics model is based on the neutron diffusion equation with two energy 
groups. The prompt fission neutron source is calculated using the same nodal flux expansion 
method as the basic DYN3D code. Part of the neutrons is released with time delay when the 
precursor nuclides decay. Due to the drift of these precursors with the liquid fuel along axial 
direction an extended delayed neutrons model had to be implemented. The drift is described 
by an additional convective term in the equation for precursors concentration. The drift must 
also be considered in the primary circuit loop outside the core (see Fig. 1). For each DN 
group, the precursors balance equation has the following form:   

 

( ) ),,(),(),(v
),(

tzCtzQtzC
zt

tzC λ−=
∂
∂+

∂
∂

 (1) 

 

where C is the precursors concentration, v is the fuel (drifting) velocity, Q is the source 
function, and λ  is the decay constant for the given group. The precursors source function Q is 
calculated from the neutron flux in the same way as in the basic DYN3D code. Q vanishes 
outside the reactor core. Equation (1) is solved for each DN group and each node. In the core, 
the same nodalization is used as for the neutron flux calculation. Assuming constant drift 
velocity within one node and during one time step, the equation can be integrated in each 
node. The overall DN distribution can be found with the method of characteristics by means 
of these nodal solutions. Again, as a consequence of the drift, the DN precursors propagate 
through the entire primary circuit. Thus, the effect of precursors motion on the neutron-
kinetics depends on the flow velocity and on the volumetric fuel proportion in the core and in 
the residual primary circuit, respectively.  

 
2.2 Thermal-Hydraulics 

The thermal-hydraulics part of DYN3D-MSR is also based on the DYN3D light water 
reactor model [6]. The energy balance equation for the liquid fuel reads:  
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where ,ρ  h, and v are the fuel density, enthalpy, and velocity respectively. The three 
sources represent the direct heat release Qfission, the decay heat Qdelay, and the heat exchange 
between graphite and salt Qgraphite. The heat source Qgraphite is defined by heat release and heat 
conduction in the graphite and by heat exchange between graphite and liquid fuel. The heat 
conduction and heat transfer models had to be modified. Heat exchange correlations were 
implemented for the liquid fuel. The heat conduction model was adopted for the solid graphite 
structures. The method of effective heat transfer coefficients was used to calculate the 
temperature distribution in the graphite. To determine these transfer coefficients an analytical 
solution of the heat conduction equation must be known in the graphite. Thus, the hexagonal 
graphite blocks were approximated by cylinders with an inner fuel channel and divided into 
segments (Fig. 2). 
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Figure 2: The delayed neutrons distribution depends on the salt velocity (left), salt-graphite 
heat exchange (middle), and temperatures distribution in a single graphite channel (right). 

3 VALIDATION AND RESULTS 

In the frame of the MOST project, a validation benchmark was defined, based on the 
experimental data measured during the MSRE [7]. The cross-section libraries appropriate for 
the calculation were prepared by EdF using the Apollo code [8]. The benchmark was 
calculated by means of different codes in five institutions [9]. For the validation of DYN3D-
MSR neutronics, especially the fuel pump start-up and coast-down transients are important. 
During these two transients the fuel flow velocity varies and the DN distribution is changing. 
However, constant power is maintained by means of control rods. The compensative 
reactivity introduced by the rods is the comparative value (Fig. 3).  

Figure 3: Compensative reactivity inserted by control rods during the fuel pump start-up (left) 
and coast-down (right) transients. Original ORNL and calculated JEF DN data were used. 

 

After successful validation, the code was applied to several hypothetical transients in a 
typical MSR core [10]. The cross-section libraries for the calculation have been prepared in 
the frame of the MOST project by EdF with the Apollo code for two cases: for the reactor 
with fresh fuel and for the reactor with equilibrium fuel composition. However, for both 
simulations the calculated graphite feedback coefficients are positive. Therefore, inherent 
safety features could not be assured. This can be eliminated by adding erbium to the graphite. 
Corresponding cross-section data libraries with the erbium addition have been prepared.  

The 300 pcm prompt reactivity jump is presented as an example of different power 
transients. The power increases rapidly during the first few seconds of this transient. 
However, the response of fuel salt temperature is immediate and the power increase is 
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slowed-down rapidly due to the negative reactivity introduced by the fuel temperature. The 
long-term behaviour is determined by the slowly growing graphite temperature through the 
moderator temperature feedback coefficient (Fig. 4).  

Figure 4: Response of the power (left) and of the average fuel temperature (right) to the 
prompt reactivity jump (300 pcm) for the equilibrium case  

with and without erbium in the graphite. 
 

4 SUMMARY AND OUTLOOK 

The delayed neutrons drift and the direct release of fission energy into the liquid fuel are 
two attributes specific to MSR dynamics. The appropriate models have been integrated into 
the DYN3D-MSR code. The code was validated against the experimental results from the 
MSRE. Then it was applied to several hypothetical transients analyses, where space-
dependent effects are relevant. In the considered transients, the response of the MSR is 
characterized by the immediate change of the fuel temperature with changing power and fast 
negative temperature feedback to the power. The response through the graphite temperature is 
slower. Furthermore, the graphite feedback coefficient can be positive for big MSR cores. The 
addition of erbium to the graphite ensures inherent safety features. The DYN3D-MSR code 
has been shown to be an effective tool for MSR dynamics studies. In the future the code is 
scheduled to be extended by modeling the heat exchanger between primary and secondary 
circuit and by considering the reprocessing unit, to cover a wider spectrum of transients.  
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