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Abstract—The increasing deployment of renewable energy 

sources has raised concerns about the ramp-rate limitations of 

conventional steam and combustion turbines in providing load 

following during wind and solar transients. As one of the 

promising Generation IV reactor technologies, thorium molten 

salt reactors (TMSR) have a number of advantages in terms of 

their fuel cycle. In addition, recent advancements in reactor 

thermal hydraulics have increased the thermal feedback 

potential for TMSR. This paper examines the transient power 

characteristics of a TMSR with improved reactivity feedback 

performance by analyzing the neutronics and temperature 

interactions with reactor power feedback. Detailed simulations 

are given that include the nonlinear and transport delay effects of 

TMSR circulating-fuel reactor dynamics. 

 
Index Terms—Molten salt reactor, thorium.  

 

I. INTRODUCTION 

olten salt reactors are a type of circulating fuel nuclear 

reactor. This reactor type has been investigated since the 

1960s, most notably as part of the molten salt reactor 

experiments conducted at Oakridge National Laboratories [1]. 

One of the chief advantages of a circulating fuel reactor is that 

in the event of an accident that leads to excessive temperature 

rise then a freeze plug or similar device will melt, thereby 

draining a subcritical mixture of fuel from the reactor core. 

This ensures the reactor is maintained in a shutdown state in a 

manner where decay heat can be easily removed [3]. In 

addition, the use of thorium has received attention. A thorium 

molten salt reactor (TMSR) is when 
233

Th is used as the fissile 

material source.   
232

Th breeding into 
233

U has been examined 

as an alternative that mitigates some of the proliferation and 

disposal hazards associated with a 
235

U/
238

U based fuel cycle 

[4]. International development is underway in conventional 

reactor configurations that employ a thorium fuel cycle [8].  

The fundamentals of a thorium reactor are that during 

reactor operation 
232

Th absorbs thermal neutrons and then 

through subsequent –decay is converted to 
233

Th. This decays  
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into protactinium-233, which then undergoes –decay into 
233

U, which is the fissile material used in the following 

analysis. A circulating fuel reactor [5] consists of a liquid fuel 

mixture that is pumped through the reactor core where the 

combined density of the reactor fuel results in a controlled 

fission process.  

As shown in Fig. 1 (obtained from [6]), the liquid fuel then 

circulates to a primary heat exchanger which then heats an 

isolated secondary loop which in turn heats a gas or steam 

generator for driving a conventional turbine generator. The 

fluid fuel is treated and replenished in a continuous manner at 

a chemical processing station, thereby avoiding lengthy plant 

shutdowns for refueling operations.  

In terms of the system design, the reactors kinetics 

equations for the zero-power space-independent formulation is 

modified to account for the time delay effects of delayed 

neutron precursors exiting the reactor for a period of time that 

varies with the liquid fuel circulating velocity. In this research, 

it is assumed that the fuel recirculation is maintained at 

constant velocity. During reactor operation, 
232

Th is absorbs 

thermal neutrons and then through subsequent –decay is 

converted to 
233

Th. This decays into protactinium-233, which 

subsequently undergoes –decay into 
233

U, which is the fissile 

material used in the following analysis.     

II. MOLTEN SALT REACTOR KINETICS 

The zero-power kinetics for circulating fuel reactors are 

derived in [9] and [13] along with linearization techniques to 

determine the associated transfer functions. The following 

uses the notation and procedure detailed by Cammi et al in 

[11]. For a 
233

U reactor, the neutron density n(t) varies with 

respect to six delayed neutron precursors ci(t) with total 

reactivity (t), 
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The delayed neutron precursors have the following dynamics 

with the core circulation time (the time for an incremental 

liquid fuel volume to transverse from entering the reactor core 

neutron flux to when it exits) denoted as C and the time for an  
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Fig. 1.  Molten salt reactor configuration [6]. 

 

incremental liquid fuel to travel through the external primary 

path as EC,  
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The initial delayed neutron precursor concentrations are 

needed for running simulations of the reactor dynamics. An 

initial neutron precursor density n0 is assumed and the 

individual precursor densities are computed by setting (2) 

equal to zero,  
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For convenience in analyzing the dynamics for the reactor 

kinetics, the neutron density is normalized to        and 

the precursors likewise normalized as         ⁄ . 
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For deriving the linearized kinetics and subsequently the 

Laplace domain transfer functions, the neutron and precursor 

densities are written as variations from the initial equilibrium 

values (3)-(4) as [11], 
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The equivalent linearized neutron and precursor dynamics 

from (5)-(7) and derived from (1)-(2) become  
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The linearized state equations (8)-(9) are then transformed to 

the Laplace domain [11], 
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The open-loop transfer function relating the linearized neutron 

density to reactivity inputs is defined  

 

     
  ̃   

  ̃   
         (11) 

 

The parameters used in simulating (11) are called out in 

Table 1. These values used in this research are the same as 

those employed by Cammi et al [11]. These are selected in 

order to match the experimentally measured dynamic 

performance observed in the MSRE [2]. This provides a 

degree of confidence for the achievability of the following 

simulation results. 

III. REACTIVITY FEEDBACK 

Increasing reactor core temperature results in a negative 

reactivity. This is due to several mechanisms [7], but the 

primary effects include the reduced fuel density due to 

temperature dependent volume increases (i.e., a positive 

temperature coefficient of expansion in the molten salt 

mixture). In addition, the effective cross-sectional area for 

absorption is reduced with increasing temperature.  A 

simplified first order model that relates change in reactivity to 

changes in reactor power (as indicated by neutron density) is 

derived in [13] as 

 

 

TABLE I 
TMSR PARAMETERS 

Symbol SI Units Value 

𝛽 pcm 666.1 

𝛽  pcm 22.3 

𝛽2 pcm 145.7 

𝛽3 pcm 130.7 

𝛽4 pcm 262.8 

𝛽5 pcm 76.6 

𝛽6 pcm 28.0 

𝜆  𝑠   0.0124 

𝜆2 𝑠   0.0305 

𝜆3 𝑠   0.111 

𝜆4 𝑠   0.301 

𝜆5 𝑠   1.14 

𝜆6 𝑠   3.01 

𝜏𝐶  s 8.5 

𝜏𝐸𝐶  s 17 
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Fig. 2.  Thermal feedback of reactor dynamics. 
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where  is the temperature coefficient of reactivity;  is the 

fractional flow replacement rate of the liquid fuel coolant 

through the reactor and is a consequence of the reactor’s 

thermal hydraulics; and Kth accounts for reactor heat capacity. 

Recent work ([14], [15], [16]) has shown that the thermal 

feedback parameters  and  can be varied using computation 

fluid dynamics and improved neutronics modeling for molten 

salt reactor configurations ([9], [10]). Given this capability, 

the closed-loop dynamics of reactor power  ̃    with respect 

to reactivity input disturbances can be designed. This provides 

a method to design the dynamic response of the reactor to load 

transients in the electrical generator through thermal effects 

being coupled to the reactor inlet temperature. Thus, given 

requirements for load-following of the electrical system due to 

fluctuations in wind and solar power output that is connected 

to the TMSR through the electric transmission grid, the TMSR 

can provide continuously varying output power for load 

following.  

IV. WIND AND SOLAR TRANSIENT CONTROL 

The closed-loop system is shown in Fig. 2, where external 

reactivity disturbances (s) represent the effect of generator 

power fluctuations due to changes in electrical loading arising 

from wind and solar production variances. These types of 

excursions can be as high as a transition from zero to full-rated 

power over a period of 15 minutes. Thus, a reactor controller 

than allows for stable thermal response due to step changes in 

reactivity can be evaluated as a means of assessing the load 

following capability of the reactor. For this research, a large 

1000pcm reactivity step change was evaluated. In order to 

develop the thermal feedback control, a Bode plot of the loop 

gain is given in Fig. 3. This is used to design the controller 

parameters for H(s) in a manner to meet the dynamic response 

corresponding to 100% power change in a 15 minute time 

interval that would provide load-following capability for the 

worst-case wind and solar variability. The controller 

parameters are       ,          6 and         . 

Using the kinetics of (1)-(2), the resulting nonlinear reactor 

power response due to a 1000pcm step change of input 

reactivity is shown in Fig. 4. It is observed that the reactivity 

transient has a settling-time of 15 seconds, which exceeds the  

 
Fig. 3.  Bode plot of G(s) and H(s). 

 

 
Fig. 4.  Reactor power step response.  

 

 

load following characteristics of the electrical loading. 

However, it is noted that the overall system also includes the 

conventional steam/gas turbine dynamics as shown in Fig. 1. 

Thus, the significance of also designing the secondary system 

turbine governor and this should not be neglected in order to 

meet the overall load following requirements. 

V. CONCLUSION 

Recent developments in thermo-hydraulics have indicated 

improved capability of the TMSR to respond to the thermal 

transients that are encountered due to renewable generation. A 

linearized model is developed in order to design the power 

feedback dynamics. The resulting thermal controller is shown 

to exceed requirements needed for following the transients 

anticipated by wind and solar energy resources.  
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