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Applicability of DYMOS code for Daily Load-following Analysis of Molten Salt Reactors 

ABSTRACT 

	This paper presents applicability of a simple plant transient analysis code, DYMOS (Dynamic Analysis of Molten Salt Reactors) for daily load-following analysis of a Molten Salt Reactor (MSR). This code models the reactor core with one-point kinetics equations, incorporating the effects of molten salt circulation and transit time, and also includes the lumped major plant components such as a heat exchanger, a steam generator, and a turbine/generator. The DYMOS code has been previously validated against transient test results from the U.S. experimental thermal reactor MSRE, as well as accident analysis results for a 700 MWt molten salt fast reactor where a coupled approach of detailed 3D thermal-hydraulic modeling and one-point kinetics was utilized.
In this paper, as an additional verification of the DYMOS code, a shorter load-following operation is compared with a previous study, showing good agreement. Based on these verification results, daily load-following operation between 100% and 50% power levels (14-1-8-1 hours) for the MSR-FUJI was simulated. The results demonstrate that MSR-FUJI can achieve load-following solely through adjustments of the fuel salt flow rate, without requiring control rod movement. Moreover, due to the negligible effect of xenon poisoning in MSR-FUJI, the flow rate adjustment pattern remains straightforward.
[bookmark: _GoBack]Thus, it has been verified that DYMOS code can be applied for load following operations of molten salt reactors.
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1, INTRODUCTION 
Molten Salt Reactor (MSR) is one of the 6 advanced reactors in the Generation-IV International Forum (GIF), and developmental efforts of MSR have been in progress in many countries [1-3]. The advantages of this concept are improved safety, proliferation resistance, resource sustainability, and waste reduction. MSR under consideration in this study uses high temperature molten fluorides salts as nuclear fuel and secondary cooling system. One of these developments is to evaluate plant system behaviors during normal operations and accidents, which is indispensable for MSR design and licensing. From this point of view, many analytical codes have been proposed [4,5]. Some studies have been reported on transient behavior for Molten Salt Fast Reactor (MSFR) [6,7]. They are built using mainly neutronics and thermal-hydraulics coupled computational fluid dynamics (CFD) code, e.g. COUPLE code [8], HEAT code [9], COMSOL code [10,11], OpenFOAM code [12–15]. In some cases, system code like TRACE [16] is used. Recently, the PROTEUS-NODAL code, which is a 3D nodal transport code, has been developed at Argonne National Laboratory and benchmarked with TRACE and CFD [17].
[bookmark: _Hlk195782794] As discussed in the references [1-3], MSR has various advantages owing to liquid fuel concept. One of the advantages is that the MSR has excellent load-following capability, as discussed in an early study by Mitachi et al. [18]. However, previous analyses did not take into account a power generation system, and assumed instantaneous power changes, which do not accurately reflect actual daily load-following operation.
Recently, a transient analysis code DYMOS (Dynamic Analysis of Molten Salt Reactors) was developed by the authors, and validated by comparing its results with experimental data from the U.S. experimental reactor MSRE showing good agreement [19]. Besides that, comparison with results of accident analyses for a 700 MWt MSFR based on a combination of detailed 3D thermal/hydraulic code and one-point kinetic equations [20] showed good agreement [21]. Based on these validation results, the present study simulates daily load-following operation using the DYMOS code.
The DYMOS code can evaluate system transient with enough accuracy in a very short computing time, for example, in a few seconds for a full day load-following calculation on an ordinary PC. In our study, a Dell Inspiron 5583 with a CPU of Intel Core i7-8565U is used. When the results are plotted during the calculation, it takes more than one minute. Such fast calculation capability is quite useful for control system optimization, sensitivity study for various system parameters and so on. The objective of this study is to show applicability of the DYMOS code to analyses of daily load-following operation.  
 	
2. Description of the DYMOS code [21] and the reference model [22]
A plant model, a reactor kinetics model, and a heat transfer model in the DYMOS code are described in Appendix A [21], in order to clarify the configuration of the plant and the simple lumped parameter model in the DYMOS code. Also, the model presented in the reference [22] is explained in Appendix B, in order to clarify the difference of our simple model and the detailed model in the reference study. As described above, the DYMOS code is applicable only for molten salt reactors, where molten fuel salt is circulating through the reactor core and the primary loop.
[bookmark: _Hlk195513156]There are two remarks in the DYMOS model for load-following simulations. The first one is that xenon (Xe-135) behavior is not considered in the model. In LWR daily load-following operation, Xe-135 affects reactivity and its compensation is required [23-26]. For example, in PWRs, control rods and boron concentration have to be adjusted all the period of daily load-following [25,26]. As for BWRs, core flow rate has to be always adjusted even within a narrow power change [23,24]. Meanwhile, in MSRs, gaseous fission products (FPs) such as xenon are continuously removed from the reactor core by the FP gas removal system [27]. Based on our evaluation, reactivity of Xe-135 in MSR-FUJI is 0.6 %Δk [28], and assuming 90% removal of Xe-135 efficiency [29], then its reactivity is only 0.06 %Δk, which can be neglected in the analyses. That is, Xe-135 behavior can be neglected in reactor operation during daily load-following cycles. The decay constant of iodine and the effective decay constant of xenon, which is sum of decay constant itself and neutron absorption rate at rated power, are about , respectively. Thus, half-lives of iodine and xenon are almost around 10 hours. On the other hand, the circulation time of fuel salt in the reactor system ranges several seconds to 40 seconds, which are quite short in comparison with the half-lives for iodine and xenon. Thus, concentrations of iodine and xenon in the core and the loop can be expected to be identical.  
[bookmark: _Hlk200975210]The second remark is as follows. In general, MSRs are designed to inject helium (He) bubbles in order to remove FP gas [27, 28], and the amount of He injected is assumed to be approximately 0.5% of the fuel salt volume [30]. 
In the present analysis, it is assumed that the amount of He injected is proportional to the core flow rate. This design assumption is based on the consideration that, if the core flow rate is reduced while maintaining the same He injection rate, the volume of He within the core would increase and cause void reactivity change. The above assumption is intended to avoid such a complicated situation.

3. Verification of DYMOS results for daily load following analysis
Since there are no preceding papers discussing daily load-following operation for thermal neutron spectrum MSR, comparison was performed between the DYMOS code and a reference study for Molten Salt Breeder Reactor (MSBR) load-following in shorter time interval as 25 minutes [22]. This load-following operation is faster in the load change rate and shorter in the interval of operation than daily load-following case (in 24 hours). From this point of view, it might be pointed out that the reference transient is not appropriate for the verification of the DYMOS code. However, as can be seen in the following Fig. 2 to Fig. 4, the reactor system is stabilized in about 300 seconds after the load change is completed. In other words, the load decrease is completed at 460 seconds and the control rod reactivity, outlet and inlet temperatures stabilized at about 750 seconds. Therefore, even though the total transient interval is short, the reference reactor system transient can represent transient for a longer transient as daily load following operation.
From the other point of view of current light water reactors, xenon reactivity control is a concern during load following operation. The time constant of the transient is more than several hours, much longer interval is appropriate for the verification. However, as is described in Section 2., Xe-135 behavior is not necessary to be included, and thus this reference is appropriate to verify the DYMOS code.

3.1. Comparison of DYMOS results with a detailed model study 
Present study focuses on validation of the DYMOS code for application to daily load-following operation. From this point of view, detailed model results for a linear load change transient, in which the load demand decreases from 100% Rated Power (RP) to 40% RP at a speed of 10% RP/min. after the steady-state operation for 100 sec., and then, the load demand returns to 100% RP at the same rate after equilibrium has been established at 40% RP [22]. Xenon transient is not included in the reference, because of the same reason explained in Section 2. In the reference study, it is not described clearly that the primary loop flow rate is constant (Primary loop flow rate controller is not shown in control diagrams). In our study with the DYMOS code, the primary loop flow rate is assumed to remain constant.
The transient responses of the main system parameters presented in Reference [22] are compared with DYMOS results in Fig. 1. The main objective of the comparison here is to evaluate transient behavior of the DYMOS code for the primary loop. The secondary loop is not concerned here, because the parameters are control system dependent.
Fig. 1 shows reactor power and load demand as required (% of rated value). This is accomplished as the reference results are obtained with full control systems, the reactor power is controlled to follow the load demand.
Fig. 2 shows control rod reactivity used to achieve required reactor power. Reactivity is presented in pcm, which is defined as 0.00001 . In the DYMOS code, the required reactivity is obtained by adjusting it to solve the point kinetic equation so as to maintain fuel salt outlet temperature. The reason for the small discrepancy seen in Fig. 2 (also 3 and 4) would be due to the difference in control systems between the two analysis codes. As explained above, the DYMOS code does not have control systems for secondary loops. On the other hand, the reference code is installed various control systems as explained in Appendix B. 
Fig. 3 shows transients of reactor outlet temperatures (Tout). The reason for the outlet temperature decrease is due to the fact that the fuel salt flow rate is kept constant. Thus, the decrease of power generation caused the decrease of outlet temperature. These figures show that the results by the DYMOS code are in good agreement with those of the reference study. Fig. 4 shows transient of inlet temperature (). 
Relative errors of each parameter are also shown in Fig. 5. The relative error is defined as the difference between the DYMOS result and the reference value divided by the reference value. Those T-inlet and T-outlet errors are almost identical. The relative errors of control rod reactivity insertion are large during power change. This is because of the absolute values of the reactivity approach to zero. However, the maximum absolute error is less than 10 pcm. Thus, in the figure, plots for the reactivity less than 5 pcm are omitted.
The differences are seen. But the inlet and outlet temperature behaviors depend on the secondary loop response. In our study, detailed control of secondary loop is not taken into account. Thus, we understand that the difference is caused by the difference of the response of secondary loop, which means that the reference transient is due to feed forward control. 
In Fig.6, variation of each reactivity component is shown. Net reactivity is defined as sum of all components. It can be seen that reactivity of temperature feedback of fuel salt and graphite are compensated by control rod reactivity.  
As can be seen from the above description, the DYMOS model is a much simpler lumped parameter model than that presented in the reference. Even so, DYMOS analyses show similar results for daily load-following operations as explained above. As the conclusion of this section, the DYMOS code based on a lumped parameter model can be used for load-following operation for actual power plants. 
 
  



























Fig. 1. Power change pattern; Both Reference[22] and DYMOS powers are identical.
The load demand decreases from 100% Rated Power (RP) to 40% RP at a speed of 10% RP/min. after the steady-state operation for 100 sec., and then, the load demand returns to 100% RP at the same rate after equilibrium has been 












Fig. 2.  Comparison of required control rod reactivity to follow the power change in Ref. [22] and DYMOS. Dashed line indicates Ref. and solid line indicates DYMOS

established at 40% RP. In the figure, Ref. and DYMOS plots are identical. This is given as input for the DYMOS analysis.









Fig. 3.  Comparison of outlet fuel temperature variations for  Ref.[22] and DYMOS





Fig. 4. Comparison of inlet fuel temperature variations for Ref.[22] and DYMOS














               


              















Fig. 5.  Relative errors for T-inlet, T-outlet and CR reactivity insertion;                                                  Relative error is defined as (DYMOS- Reference Value)/(Reference Value)*100. Those T-inlet and T-outlet errors are almost identical.                              The relative errors of control rod reactivity insertion are large during power change. This is because of the absolute values of the reactivity approach to zero. However, the maximum absolute error is less than 10pcm. Thus, in the figure, plots for the reactivity less than 5 pcm are omitted. 


                 Fig. 6.  Reactivity components for fuel, graphite, CR and net  based on DYMOS                 


4. Application of the DYMOS code for daily load-following operation in MSR FUJI
As is described in Section 3, the DYMOS code is verified by the detailed model. Then, the DYMOS code is applied to daily load-following operation for MSR-FUJI. Plant description of MSR-FUJI and evaluation results are shown in this section.


4.1 Plant description of MSR-FUJI
MSR-FUJI is designed as a graphite moderated thermal MSR. The power output is reduced to 350 MWt, but all of the characteristics are similar to that of the referenced 2250 MWt MSBR [27]. In this study, the reactor core under consideration is FUJI-12 [31]. Main design parameters are listed in Table 1
[bookmark: _Hlk201566948]Note that the reactor parameters are evaluated through a detailed nuclear design code, SRAC [32]. Fuel density coefficient is included in the fuel temperature coefficient. 

Table 1 Main design parameters of FUJI-12 [31]
Main Specifications of FUJI-12 
Thermal power: 350 MWth
Electric power output: 150 MWe
Core radius/height: 2.0 m / 4.0 m
Graphite fraction in the core: 70 vol%
Fuel salt temperature (Outlet/Inlet): 980 K / 840 K
Fuel salt composition:
LiF (71.78 mol%), BeF2 (16.00 mol%), ThF4 (12.00 mol%), ²³³UF4 (0.22 mol%)
Fuel salt volume fraction in the core: 30%: (15.7 m³ ) 
Primary loop fuel salt volume: 20.2 m³（Sum of fuel salt volume in the core and the external loop）

Kinetic Parameters 
Fuel salt temperature reactivity coefficient: -0.00295 (%Δk/k/K)
Graphite temperature reactivity coefficient: +0.00130 (%Δk/k/K)
Delayed neutron fraction: 0.280% (6 delayed neutron groups are collapsed into 2) 
Delayed neutron fraction    
Decay constant (sec-1)        
Mean neutron generation time: 36 micro sec.
Fuel salt circulation time constants, in reactor and loop :    
(The above values are for rated conditions. Also, [image: ] and [image: ] are inversely proportional to the core flow rate.)

4.2 Evaluation of daily load-following operation without control rod
In this study, a representative example of daily load-following operation, known as the "14-1-8-1" mode, was considered. That is, the reactor operates at 100% output for 14 hours during the daytime, reduces output to 50% for 8 hours at night, and transitions linearly between these states in a 1-hour period. This mode is firstly based on the typical daily load demand behavior reported in an IAEA report [33] and the power change has been simplified as 14-1-8-1 based on the Japanese BWR study [23, 24]. 
To achieve this operational mode, the DYMOS code was used. In the DYMOS model, outlet temperature is controlled as constant in such a way that the fuel salt flow rate is adjusted according to the difference of actual outlet temperature and the design value. For example, when power demand decreases, inlet temperature increases due to the reduction of reduction of heat sink, which makes outlet temperature increase. The increase of outlet temperature controls the fuel flow rate to reduce. As the result, fuel salt temperature in the reactor increases (See Equation (6) in Appendix A), which gives negative reactivity due to the negative reactivity temperature feedback, which makes the reactor power decrease to 50%. However, fuel salt flow rate stabilized at 55%. The core outlet temperature is controlled constant, while the inlet temperature exhibits a slight increase.
The generator output was also assumed to follow the same pattern by giving the heat sink for the steam generator which is assumed to be identical to the load demand. 
Figure 7 shows power and fuel salt flow rate. It is shown that flow rate is kept higher than the relative power to adjust reactivity. Figure 8 shows the temperature transitions in the primary system for the reactor inlet and outlet temperatures, respectively. 
The secondary system temperatures are dependent on the system design and control system. In the current study, the secondary system is simply assumed as a heat sink, only the primary system parameters are focused.  
These results show that MSR can operate daily load-following only by changing flow rate and does not need to use control rod movement. Furthermore, as is described in Section 2, since reactivity change due to Xe-135 is negligible in MSR-FUJI, no other reactivity control is required






























Fig. 7. Reactor power and fuel salt flow rate during load following operation of 14-1-8-1.  
The power change is given and the flow rate is evaluated by DYMOS.



   
















Fig. 8.  Outlet, inlet fuel salt temperatures during load following operation of 14-1-8-1.                                   Graphite temperature is almost identical to the outlet fuel salt temperature. The calculation procedure is explained in Appendix A 　　　　　　　　　　　　

5. Conclusion
The DYMOS code is a very simple lumped parameter model, however, it can evaluate daily load-following operations with similar accuracy obtained by much detailed distributed parameter models. The reason that such a simple model can evaluate reactor transient is due to the simplicity of the reactor design of MSRs. 
Using the DYMOS code, it was demonstrated that daily load-following operation with a large variation between 100% and 50% power can be achieved only by adjusting the fuel salt flow rate, without control rod operation in such plants as UJI . This could be a good advantage for MSRs. The DYMOS code is quite simple. The simplicity of the nuclear and thermal models contributes to their transparency, that is, the models are readily comprehensible, for example, to safety experts and can be easily replicated for regulatory or licensing assessments. 
It is also true for the operators at the nuclear plant sites. When actual plants are operated, such model will be a good tool for the operators to find optimum operation procedure.
The current model does not include detailed control systems of secondary systems. These systems will be added in near future. These systems in the actual plants will be designed, developed and refined. For designing and optimization of such control systems, many simulation calculations will be required. From this point of view, a quite simple analysis model such as DYMOS will be useful. 
Appendix A: Description pf the DYMOS code [21]
[bookmark: _Hlk195782931]A.1. Plant model in the DYMOS code
Fig. A1 and Fig. A2 illustrate a schematic diagram and a simplified plant configuration as represented in the DYMOS code. The operational concept of Molten Salt Reactors (MSRs) significantly differs from that of conventional reactors such as light water reactors (LWRs), which typically employ solid-type nuclear fuel. Meanwhile, MSR adopts liquid-type nuclear fuel such as molten salt. As outlined in references [1-3], MSRs offer several key advantages, including enhanced safety features, reduced risk of nuclear proliferation, improved sustainability of fuel resources, and decreased production of radioactive waste.The MSR examined in this study utilizes high-temperature molten fluoride salt, which serves as the nuclear fuel in a primary loop, and serves as the medium for heat transfer in a primary loop and a secondary loop. The fuel salt contains fissile and fertile materials as fluoride. Within the reactor, the circulating fuel salt sustains criticality, and undergoes fission reactions to produce thermal energy. This nuclear heat is carried from the reactor core to a primary heat exchanger (HX) via the primary fuel salt loop. From there, thermal energy is conveyed to a steam generator (SG) through the secondary coolant salt loop, and ultimately converted to mechanical energy in a turbine-generator, provided the plant operates with a steam turbine system. 
Due to the circulation of the fuel salt in the primary loop, a portion of delayed neutron precursors exits the reactor core, with some eventually returning. This dynamic behavior is a distinctive aspect of MSR neutron kinetics. Beyond the point where heat is transferred to the secondary loop, however, the system operates similarly to a conventional thermal energy transport system. 
Based on the above considerations, each component and loops such as the fuel salt loop (primary loop) and subsequent loops of the DYMOS code are shown in Fig. A2.
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Fig. A1. Schematic diagram of MSR-FUJI (Reproduced courtesy of ITMSF).
　　　　　　　Turbine generator is not shown. 


[image: ]
Fig. A2.  Simplified diagram for DYMOS model for MSR power plants [3, 5] 


A.2 Reactor kinetics model 
The DYMOS code employs one-point kinetic equations to model reactor power, as outlined below. These equations are almost consistent with those traditionally used in the licensing analysis of LWRs. In fact, Equations (1) and (2) closely resemble the standard one-point kinetic equations found in classical reactor physics literature [3]. What sets the MSR model apart is the explicit consideration of delayed neutron precursor behavior within the circulating fuel salt. This is reflected in the third and fourth terms of the second equation, originally introduced by ORNL [34]. In other words, the conventional kinetics model, which has been developed for reactors using solid fuel, was modified to account for both the loss of precursors that exit the core with the flowing salt and the gain as some precursors return. To facilitate simplification of Equation (1), two new parameters have been introduced: βeff and βloss. These definitions are intended to streamline the mathematical treatment while preserving the physical meaning of precursor dynamics in flowing fuel systems. These equations are solved, assuming the reactor is operated at constant before time-zero.
Note that the point kinetic equation is applicable for both thermal reactors and fast reactors by changing kinetic parameters () for respective reactor types. Especially, neutron generation time is quite different from each other but not in the other parameters.
[image: ]　　	(1)
[image: ]	(2)                 	 	(3)
 　		(4)
			  	                          (5)

 : Number of neutrons  
 : Number of delayed neutron precursor of i-th group
 :  Decay constant of i-th group delayed neutron precursor 
 : Effective delayed neutron fraction
： Delayed neutron fraction for static reactor of its group
βloss：Loss fraction of delayed neutron by fuel salt flow
  : Neutron generation time
[image: ]： Fuel transit time in the reactor core
[image: ]： Fuel transit time in the primary loop outside the reactor core
:  Reactivity
; Fuel temperature and its rated value
; Graphite temperature and its rated value
; Fuel temperature reactivity coefficient
; Graphite temperature reactivity coefficient
; External reactivity

A.3 Heat transfer model
The thermal energy produced by nuclear fission is first carried to a (primary) heat exchanger via the circulating fuel salt loop. From there, it is transferred to a steam generator (SG), and ultimately to the power generation system. The corresponding temperatures throughout these stages can be determined by analyzing the energy balance across the system. The current plant model adopts a simplified, lumped-parameter approach, representing each subsystem as a single point. The governing equations used to describe this model are provided below. These expressions are either directly adapted from, or further simplified versions of, the models discussed in reference [34].
          		            (6)
 		                                         (7)
	             (8)
		(9)　      		   	           (10)

：Fuel salt temperature at reactor outlet, reactor inlet, graphite, heat exchanger, and steam generator
　: Mass of fuel, graphite and SG 
： Specific heat of fuel salt, graphite and SG 
 : heat transfer area and heat transfer coefficient in respective systems
         Subscript; hx for heat exchanger and SG for steam generator
  ：Fuel mass flow rate
　：Thermal power output (=fission power + decay heat)
  :  Heat generation in graphite moderator
： Heat sink in the steam generator

Here, the  term C(t-) in Equation (2) accounts for the transit time, associated with the circulation of molten salt within the loop. Various modeling approaches have been proposed to describe salt transport through piping. In this study, the simplest approach, which is a first-order time-lag model with a delay time of , is adopted, following the methodology outlined in the reference [35]. The transfer function of this treatment is shown below.
		  			      (11)
This model is also applied to the temperature of returning fuel salt, , in the above Equation (6).

The set of differential equations (1) through (10) is solved using numerical integration. Time steps of 0.01 to 1.0 seconds are tried, and the results are identical for time steps of 0.01 to 0.6 second. Thus, 0.1 seconds was confirmed to be sufficiently small for accurately calculating the dynamics involved in daily load-following operations. 
The language used for the analysis is Microsoft Visual Basic-6, which is well known for a long time to be reliable. The authors believe that the numerical results do not depend on the programing language.
[bookmark: _Hlk206173308]The simplicity of the nuclear and thermal models contributes to their transparency, that is, the models are readily comprehensible to safety experts and can be easily replicated for regulatory or licensing assessments.
However, the current DYMOS code does not cover whole plant systems and control systems, thus these functions would be required to be installed in the future.

Appendix B: Description of the model in the referenced study [22] 
B.1 Description of the reference model 
Brief description of the reference model is re-listed for the convenience of the readers.. It explains how well the plant is modeled in detail, compared with the DYMOS code.
The objective of the referenced study is to develop a comprehensive simulation platform capable of evaluating the control characteristics of a MSR plant under both normal and accident conditions. For this purpose, the 2250 MWt MSBR concept [27] was adopted as the reference design for system modeling and controller development. The simulation platform incorporates a nonlinear distributed-parameter model of the entire system, which includes a liquid-fueled reactor core with a graphite moderator, an intermediate heat exchanger, and a steam generator. Meanwhile, the DYMOS code adopts a lumped parameter model, which is simple but is verified having enough accuracy [21].
A novel control strategy is introduced, integrating both feedforward and feedback control schemes. This strategy is designed to respond to load variations by coordinating reactor power and steam temperature control systems, while accounting for input saturation and dead zones. Meanwhile, the DYMOS code does not include the delay by the control systems. This difference might affect the results of load-following simulations, as is shown in Section 3.
To accurately capture the temperature distributions within the system, the reactor core is discretized into N axial nodes and two radial zones for both the liquid fuel and the graphite moderator. Similarly, the molten fuel salt, heat exchanger tube walls, and secondary coolant salt are divided into N axial nodes. The steam generator is discretized in a comparable manner to ensure consistency in the thermal-hydraulic modeling. Meanwhile, the DYMOS code adopts one-point model for the reactor core. For example, since the reactor core of MSR is simple, that is only molten fuel salt and graphite exist in MSR-FUJI, the influence of temperature distribution is very small for transient behavior, as is verified in the previous study [21].
Table B1 shows main design parameters of the reference plant, and Table B2 shows parameters of heat transfer systems.







		Table B1 Main design parameters used in Ref. [22] 
	Parameters
	Values

	Total thermal power (MW)
	2250

	Core height (m)
	3.96

	Central zone/Outer zone diameters (m)
	4.39/5.15

	Total delayed neutron fraction (pcm)
	264

	Core transit time of fuel salt τc (s)
	3.57

	External loop transit time of fuel salt τL (s)
	6.05

	Reactivity coefficient of fuel (1/K)
	−2.4 × 10−5

	Reactivity coefficient of graphite (1/K)
	1.9 × 10−5

	Primary fuel salt
	LiF-BeF2-ThF4-UF4

	Core inlet temperature (K)
	838.7

	Core outlet temperature (K)
	977.6

	Fuel salt flow rate (kg/s)
	11945

	Secondary salt  
	NaBF4-NaF

	Secondary salt cold-leg temperature (K)
	727.6

	Secondary salt hot-leg temperature (K)
	894.3

	Secondary salt flow rate (kg/s)
	8971

	Feed water inlet temperature (K)
	644.3

	Steam outlet temperature (K)
	810.9

	Steam flow rate (kg/s)
	1487

	Steam pressure (MPa)
	24.82


	
Table B2 Parameters of heat transfer systems [22]     
	


	Parameters
	Values

	Fuel salt density (kg·m-3)                                                 
	3752 - 0.668(T - 273)

	Fuel salt specific heat ( J·kg−1·K−1)  　　　　　　　　　　　
	1357

	Graphite specific heat (J·kg−1·K−1)
	1760

	Fuel-graphite heat transfer coefficient ( W·m−2· K−1)
	6047

	Secondary salt density (kg·m−3)
	2252 − 0.711(T − 273)

	Secondary salt specific heat (J·kg−1·K−1)
	1507

	Tube wall density (kg·m−3)
	8671

	Tube wall specific heat (J·kg−1·K−1)
	569

	IHX fuel salt-wall heat transfer coefficient (W·m−2· K−1)
	13,786

	IHX secondary salt-wall heat transfer coefficient (W·m−2 ·K−1)
	9533

	Supercritical water/steam density (kg·m−3)
	2.144 × 10−2T2 − 33T + 12,748

	Supercritical water/steam specific heat (J·kg−1·K−1)
	1.797T2 − 2802T + 1.095 × 106

	SG secondary salt-wall heat transfer coefficient (W·m−2·K−1)
	4860

	SG water inlet-wall heat transfer coefficient (W·m−2·K−1)
	10055

	SG steam outlet-wall heat transfer coefficient ( W·m−2·K−1)
	8265


		　　　　　


B.2 Molten salt reactor
The neutron kinetics of the reactor are modeled using one-point kinetic equations, incorporating the drift of delayed neutron precursors as well as temperature reactivity feedbacks from both the molten fuel salt and the graphite moderator, as described in the previous section. That is, the reactor kinetics model is identical to the DYMOS code.

B.3 Heat exchanger 
The heat exchanger (HX) is designed as a shell-and-tube type, in which the primary fuel salt flows downward through the tube side, while the secondary salt flows upward through the shell side, which is divided to N axial nodes. Meanwhile, the DYMOS code regards the HX as a simple lumped parameter (one-point) model. But, as far as heat transfer in the loop, this simple model can be used.

B.4 Steam generator
The steam generator (SG) adopts a U-tube counter-current flow configuration, which is divided to N axial nodes. High-temperature secondary salt enters the shell side, while feedwater is introduced into the U-tube side, where it is converted into superheated steam via heat exchange with the secondary salt. The SG system is modeled in detail to accurately capture its thermal behavior. Meanwhile, the DYMOS code regards the SG as a simple lumped parameter (one-point) model. But, as far as heat transfer in the loop, this simple model can be used.

B.5 Transport time delay between various systems 
To account for the transport time of fluid between subsystems, transport delay equations are incorporated into the dynamic simulation platform. For the primary loop, the delays between the reactor core and the HX are modeled same as MSBR plant:
Tp,in(t) = Tf,out(t  ) 		 				(12)
Tf,in(t) = Tp,out(t  )						(13)
where Tp,in and Tp,out are the corresponding temperatures in the HX. And, Tf,in and Tf,out represent the inlet and outlet temperatures of the primary fuel salt in the reactor core. The delay times are τd1=2.0 sec. and τd2=2.3 sec..
For the secondary loop, transport delays in the hot and cold legs are similarly defined as:
Tss,in(t) = Ts,out(t  ) 	    					(14) 
Ts,in(t) = Tss,out(t  ) 		       				(15)
where Tss and Ts are the secondary-salt temperatures in the heat exchanger and the steam generator, respectively, the values of delay times  and  are 14.5 sec. and 11.9 sec. [22]. Meanwhile, the DYMOS code does not take into account of these time delay except the equation (12), because the time delay is compensated by the controller and thus the effect of the simplification on the primary system is negligible. Also, in this study, since primary system behavior is mainly focussed, this simple model can be used.

B.6 Reactor Power control system 
In response to variations in the electric grid load, the desired reactor power output is determined and translated into a corresponding set-point for the neutron flux. The deviation between this set-point and the measured neutron flux is input to a PID (Proportional Integral Derivative) controller. The resulting control signal is processed to generate an adjustment command, which is then sent to the control rod drive mechanism to determine the appropriate speed and direction of rod movement. Additionally, the feedwater control system and the steam generator control system are integrated into the overall control strategy to ensure coordinated plant operation. Also, the feed water controller and steam generator control system are taken into account. As is discussed in B.1, the DYMOS code does not include the delay by the control systems. This difference might affect the results of load-following simulations, as is shown in Section 3.

Appendix C: Calculation for nuclear parameters by SRAC [32]
The SRAC is a code system applicable to neutronics analysis of a variety of reactor types. The current system includes major neutron data libraries, and integrates five elementary codes for neutron transport and diffusion calculation. 
The fuel cell geometry for calculation of nuclear parameters of MSR FUJI is shown in Fig. C1, which shows how heterogeneity is treated. PIJ based on the collision probability method applicable to 16 kinds of lattice models and diffusion code CITATION are used for the evaluation. 
In SRAC calculations, fuel salt density effect is included in the fuel temperature coefficient.
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             Fig. C1.  Fuel cell geometry for calculation of nuclear parameters of FUJI in   SRAC;
Each fuel cell in the reactor is shown in the upper side of this figure. 
(A quarter core is shown.) Neutronic parameters are evaluated in the unit cell above. 
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T-inlet (℃)



Relative error of T-inlet	0	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	610	620	630	640	650	660	670	680	690	700	710	720	730	740	750	760	770	780	790	800	810	820	830	840	850	860	870	880	890	900	910	920	930	940	950	960	970	980	990	1000	1010	1020	1030	1040	1050	1060	1070	1080	1090	1100	1110	1120	1130	1140	1150	1160	1170	1180	1190	1200	1210	1220	1230	1240	1250	1260	1270	1280	1290	1300	1310	1320	1330	1340	1350	1360	1370	1380	1390	1400	1410	1420	1430	1440	1450	1460	1470	1480	1490	1500	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.18565997701351858	0.30896553095696883	0.31304943303029842	0.38698388032011738	0.48328946414300739	0.56932917077516976	0.64894460266339971	0.72210126172976496	0.7885838512714417	0.84622363031714865	0.91462540330316355	0.95464647498040389	0.99469523855990671	1.0267964804332808	1.0843534547240568	1.1360067710814139	1.1696863456180655	1.1991615635835522	1.21874137637983	1.2381557147551285	1.2926153055886795	1.3354847236549219	1.3828320848249145	1.4279675219865184	1.444585556658349	1.4831121326687113	1.5342886741750352	1.6037644077778093	1.6589825200641748	1.7180068167850824	1.7596659182136303	1.797111118364314	1.748861869055109	1.6642055553290778	1.5579450630293992	1.4292753655179216	1.262305599304284	0.89624865276451726	0.66438128424609599	0.49860170243638779	0.34029659837502785	0.17791613353731742	3.6497967069496137E-2	-9.915110169834325E-2	-0.21960185215686334	-0.33958282970787423	-0.43750056954419275	-0.53359710484063039	-0.62748606549753971	-0.71023680694982605	-0.78814731598997856	-0.85092653177769817	-0.91881252565538063	-0.97785459429183164	-1.0312526571896363	-1.0840940848897083	-1.1325696718845737	-1.1743210633346175	-1.2107758901592491	-1.2479589357407062	-1.2806440971766933	-1.3130601933581334	-1.3488171820684955	-1.368600655027072	-1.3949154894385649	-1.4198074295436978	-1.4327297748482637	-1.4575734609854301	-1.4737961564728403	-1.4877012779934933	-1.5060936146124775	-1.522896347827106	-1.5272551088505115	-1.5396411174003686	-1.5495456709669657	-1.5577759578452133	-1.5684249823210348	-1.5781405974389837	-1.5869730592034295	-1.5887915091090752	-1.6028391845112189	-1.602926737277119	-1.6090747156351886	-1.6146891719498406	-1.6198131931913673	-1.6244896303861625	-1.6287575826227474	-1.6326527328957057	-1.636207644856253	-1.6394527404893489	-1.6423082994023774	-1.7926601464358864	-1.7534029013770627	-1.6320877230900206	-1.4882651416743271	-1.3547868266749397	-1.1968674085017184	-1.0653287331330099	-1.0023188427501153	-0.95240465087766024	-0.9128958666593957	-0.87448143883317975	-0.86677770666795129	-0.83346206419992275	-0.79695835054105735	-0.7529303703020398	-0.72681459325651421	-0.68990936696276828	-0.66969015295226453	-0.63983202948043505	-0.58896505048324355	-0.53412592835839101	-0.5010351285223128	-0.4628087900223411	-0.43899969867059019	-0.4010485535283167	-0.35628187625699104	-0.31466527271941874	-0.29599537742995552	-0.26398058589294776	-0.25894251296168558	-0.24961482370834889	-0.24777636941380751	-0.2539026461453846	-0.26347125408111999	-0.28326740145696294	-0.31642859932792272	-0.22612527859509043	-0.230763630360829	-0.2229253932792486	-0.18968579707875016	-0.12839843402101525	-9.6065637860323072E-2	-6.5802496038107908E-2	-3.9791653523499643E-2	-1.5677358606887744E-2	7.8755468063742874E-3	2.172419988726889E-2	3.8797015248310848E-2	5.2453363664430812E-2	8.7068970515023894E-2	Relative error of T-outlet	0	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	610	620	630	640	650	660	670	680	690	700	710	720	730	740	750	760	770	780	790	800	810	820	830	840	850	860	870	880	890	900	910	920	930	940	950	960	970	980	990	1000	1010	1020	1030	1040	1050	1060	1070	1080	1090	1100	1110	1120	1130	1140	1150	1160	1170	1180	1190	1200	1210	1220	1230	1240	1250	1260	1270	1280	1290	1300	1310	1320	1330	1340	1350	1360	1370	1380	1390	1400	1410	1420	1430	1440	1450	1460	1470	1480	1490	1500	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	3.5488679111363476E-2	9.1982673441502349E-2	0.19431088842067284	0.25995029613564302	0.34615846868405659	0.4439635716525252	0.52488183558475909	0.5833380757736929	0.65688300188190363	0.69321613074742638	0.7890960747604967	0.82913078474225843	0.90600474633181649	0.92091928142928547	0.98323011841514818	1.0356220256774742	1.0706161593729386	1.1039829143057593	1.1628171237027913	1.1865060318872362	1.2232059401521425	1.2594433467038513	1.3049090260856793	1.3234636712405496	1.3518667532628839	1.4243338561779932	1.4388398504082605	1.5126278118248702	1.5752072885210675	1.6198672536905649	1.6703582242147192	1.7205510870267247	1.7524405587881942	1.7271381876367897	1.7206283925049457	1.6485563288043952	1.5442877657930572	1.2956490760788821	1.0161426950036518	0.81135952653421262	0.60629030940485495	0.42431246783950771	0.26620127814929911	0.13441724635671271	4.7562556683935196E-4	-9.2996681133188486E-2	-0.22989920685497822	-0.32425890636990151	-0.43166130916729717	-0.52662032197927855	-0.63282802408864491	-0.69937805859639668	-0.7932150998595755	-0.82926866398174948	-0.87251214838689217	-0.95803338795415849	-0.98006489146194209	-1.04442212185476	-1.0858115984341248	-1.116786953999696	-1.1691589163815639	-1.1663109150676778	-1.2119289584653452	-1.2481553464487416	-1.2832424239150566	-1.2910220677654343	-1.3215610888375211	-1.3484333533698787	-1.3502814490189294	-1.371853747652158	-1.3921455243325944	-1.4106637520690897	-1.4275637446719105	-1.4430171073939695	-1.4333356729054445	-1.4469361955923905	-1.4586601491544928	-1.4693624363495081	-1.4791297901558558	-1.4880439113408299	-1.4961764598325198	-1.5040347167912724	-1.5100991271751265	-1.5165655478792581	-1.522208660613263	-1.5273597336355322	-1.5320608611129833	-1.5363513331436307	-1.5402745060619671	-1.5429106196031008	-1.5668627254376555	-1.6433222682348214	-1.7659532061527139	-1.7653077953470313	-1.7030751899715633	-1.6558745519085452	-1.5380554313066306	-1.4337351540897598	-1.3190215751074219	-1.2537269336766859	-1.189325813462881	-1.1341363270265907	-1.0785234318620844	-1.0583596150695014	-1.0197226430794455	-1.0019894680703814	-0.96965693722359958	-0.93356473380016192	-0.91196642596350053	-0.88642496138349092	-0.86355241878209565	-0.84040799223596996	-0.7868296918813189	-0.77231906138899331	-0.70417358286704257	-0.68256719437959879	-0.65315992582429916	-0.62511744871722907	-0.62271527106461089	-0.5905852871326186	-0.57053560471885201	-0.51668510557269787	-0.52112616574227233	-0.52302352372583982	-0.48458093483315212	-0.51546736689929673	-0.53922451586089237	-0.47715638942384286	-0.42272263759709044	-0.39237364231070881	-0.37118470619651162	-0.31433280472182862	-0.28246238920524486	-0.22985054491021636	-0.2124422246609648	-0.18229572920162132	-0.16793376757983228	-0.13790261040694229	-0.1355054152406987	-0.10075639934491157	-5.9463879531197347E-2	Relative error of CR reactivity	0	10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	610	620	630	640	650	660	670	680	690	700	710	720	730	740	750	760	770	780	790	800	810	820	830	840	850	860	870	880	890	900	910	920	930	940	950	960	970	980	990	1000	1010	1020	1030	1040	1050	1060	1070	1080	1090	1100	1110	1120	1130	1140	1150	1160	1170	1180	1190	1200	1210	1220	1230	1240	1250	1260	1270	1280	1290	1300	1310	1320	1330	1340	1350	1360	1370	1380	1390	1400	1410	1420	1430	1440	1450	1460	1470	1480	1490	1500	-23.526993023394375	-22.408143714424963	-22.907552011604622	-21.371791977620862	-22.109544881814294	-21.942181628285727	-21.389853533063242	-21.036134369024786	-20.521458168113007	-20.728893930491608	-20.698275867189402	-20.68347090791271	-20.410790574474113	-20.425656531855367	-19.963264574232227	-19.653286413032429	-19.902912833333652	-19.961069525359797	-19.981806853827557	-20.023479621292122	-19.521231831499648	-19.734120514704898	-19.732496858102049	-19.852266721262492	-19.785830580056107	-19.712076611103697	-19.508285540884334	-19.431910259082859	-18.868293467057811	-18.157000889172494	-17.409854604744066	-16.651629107529995	-14.208613044304983	-12.857512591758821	-12.957415570794605	-12.652760508881608	-12.179444430857931	-11.657699360154695	-11.288612946780116	-10.830795393700466	-10.448844011366623	-9.9178663704149095	-9.5012366585534327	-9.2232123634695817	-8.8161133965726357	-8.4128443450473149	-8.1972055670604167	-7.8256771056881433	-7.4869605764426304	-7.1612846346495038	-7.0110002301312742	-6.7524450624444103	-6.7544837515038996	-6.5508293466767817	-6.4946027789131708	-6.2809722435719193	-6.0978803118426512	-5.9314133980321131	-5.7760443061978028	-5.6354722707310785	-5.505997998608799	-5.3876428715743403	-5.2646881953777696	-5.3278508601241805	-5.2376115572382673	-5.1545073808452475	-5.0787905465686078	-5.0104607201166571	-4.9476711498639947	-4.8904218358102725	-4.8368660257417764	-4.7888505753956405	-4.7444564981256887	-4.8275942324918164	-4.8170475042559842	-4.7838268854621138	-4.7524809452625041	-4.724822729602284	-4.6990083950280388	-4.6768818225358322	-4.6547552500436256	-4.6363164396334566	-4.6178776292227646	-4.6012826999366379	-4.5883756386213292	-4.5734196967930689	-3.17090892234304	-2.853347268015757	-3.7364369868207814	-4.8890125503414446	-5.9788218834250024	-6.9551311274472667	-7.8612670688275221	-8.6051014947049627	-8.8542600018665674	-9.2813958923328919	-9.0959260601581686	-9.5129045955745806	-9.7031536963940805	-9.7063605415770944	-10.303113850496471	-10.602136163905406	-10.857448064062606	-10.852803773032532	-11.141536497572707	-11.347538394032483	-11.102799760133337	-12.374252888467909	-12.918560688922884	-13.666776859393103	-13.489881689252654	-14.101870153261364	-14.913576947779978	-16.298749333391566	-16.923409076131808	-17.789963853418953	-19.243804210481624	-19.197480231485564	-20.741330394305209	-22.6632184386498	Time (sec)

Relative error (%)
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