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Abstract 9 

Molten salt reactors (MSRs) present unique challenges in dynamic behavior due to the 10 

mobility of their fuel. In these reactors, delayed neutron precursors (DNPs) drift with the fuel 11 

circulation through the primary loop. As a result, a fraction of DNPs decays outside the core, 12 

effectively reducing the available delayed neutron population for reactivity control. Consequently, 13 

precise modeling of the distribution and behavior of DNPs is critical for accurate reactor dynamics 14 

simulations. In this study, the System Dynamics Analysis Tool (SDAT) was used to simulate a 15 

thermal-spectrum MSR under steady-state conditions and following transients. The effects of using 16 

reduced and expanded representations of DNPs with fewer or more groups than the conventional 17 

6-group model were investigated. Their impact on the simulated distribution of precursors in the 18 

primary loop, reactivity loss value, and reactor response to transients was analyzed. Simulation 19 

results showed that reduced models lead to the loss of the actual DNPs distribution data, resulting 20 

in less accurate estimates of reactivity loss. Reactor power predictions using these reduced models 21 

showed significant deviations compared to those using the conventional 6-group model in transient 22 

simulations. Expanded models offered a more accurate representation of the distribution of DNPs 23 



and reactivity loss estimates. Reactor power predictions using expanded models showed minimal 24 

deviation from the conventional 6-group model during the simulated transients. 25 

 26 

1. Introduction 27 

About 271 nuclides produced from fission have been identified as delayed neutron 28 

precursors (DNPs) (Brady, 1989). DNPs are fission fragments or daughters of fission fragments 29 

whose beta decay yields a daughter nucleus, which subsequently decays via neutron emission 30 

(Duderstadt and Hamilton, 1976). These neutrons emitted after a time delay from the fission 31 

process are called delayed neutrons. Delayed neutrons, though constituting a small fraction of the 32 

total neutrons produced by fission, are essential for maintaining the stability of the reactor. They 33 

slow the rate of reactivity changes, providing a time delay that enhances control and prevents rapid, 34 

potentially unsafe reactor power fluctuations (Hetrick, 1971). Accurately representing delayed 35 

neutron data is essential for reliable reactor simulations and effective prediction and control of 36 

reactor operating conditions. 37 

The molten salt reactor (MSR) is an advanced reactor design expected to play a key role in 38 

meeting the growing global demand for clean, sustainable, and safe energy solutions (LeBlanc, 39 

2010). It was chosen as one of the six reactors proposed by the GEN IV International Forum for 40 

the next generation of nuclear reactors (Serp et al., 2014). In liquid-fueled MSRs, the nuclear fuel 41 

is dissolved in molten salt, acting as both the fuel and the coolant (Riley et al., 2019; Wooten and 42 

Powers, 2018). These MSRs allow online refueling, enabling extended operation and better fuel 43 

utilization while enhancing safety through passive mechanisms such as freeze plugs (Wu et al., 44 

2022). Additionally, they improve waste management by efficiently burning actinides and allowing 45 

the continuous removal of fission products, thereby reducing long-lived radioactive waste 46 



(Elsheikh, 2013; McIntyre et al., 2013). Therefore, there has been a growing trend toward MSR 47 

development, with several research projects and demonstration efforts initiated worldwide 48 

(Abuqudaira et al., 2023).  49 

However, MSRs present unique challenges in reactor dynamics due to the mobility of their 50 

fuel (Brown et al., 2020; Huff, 2019). Unlike solid-fueled reactors, where DNPs remain stationary 51 

within the fuel matrix, MSRs experience DNPs drift as the fuel circulates through the primary loop 52 

(Krepel et al., 2008). This drift leads to the removal of DNPs from the reactor core. Depending on 53 

their half-lives, these DNPs may decay while circulating through the loop or survive long enough 54 

to reenter the reactor core. Therefore, the removal and addition of DNPs in and out of the core are 55 

influenced by the loop configuration and the flow rate in the primary loop. These unique 56 

characteristics of liquid-fueled MSRs make accurate DNPs data even more crucial for 57 

understanding and predicting reactor behavior during normal and abnormal conditions.  58 

Previous research on the effects of delayed neutron data on reactor dynamics has provided 59 

valuable insights into the complex interplay between this data and the simulated reactor response. 60 

Jo et al. (2022) examined the impact of delayed neutron data on dynamic reactivity in light water 61 

reactors. Simulation results emphasized the importance of accurate delayed neutron group data for 62 

reliable reactor safety analysis. Leconte et al. (2024) have identified inconsistencies in delayed 63 

neutron data across different nuclear data libraries, which can influence the calculated kinetic 64 

parameters and overall reactor dynamics, underscoring the need for precise and consistent delayed 65 

neutron data. Furthermore, (Zuo et al. (2022) developed the ThorCORE3D code to model the flow 66 

field effects of DNPs in liquid-fueled MSRs, revealing that the external loop recirculation time 67 

and fuel salt flow rate significantly impact the delayed neutron fraction and, consequently, the 68 

simulated reactor power and temperature. Collectively, these studies highlight the critical role of 69 



delayed neutron data in enhancing the accuracy of reactor dynamics simulations. However, there 70 

is a lack of research on the impact of DNPs models on reactor dynamics, particularly regarding 71 

their effect on reactivity loss and transient behavior simulations. 72 

This paper explores the impact of DNPs data on the dynamic response of a thermal-73 

spectrum MSR at steady-state and following transient conditions, focusing on two key aspects. 74 

First, it examines the effects of using reduced DNPs models, which consist of fewer than six 75 

groups. It evaluates the potential loss of accuracy in reactor dynamics simulations due to this 76 

simplification. Second, expanded models incorporating more than six groups are introduced and 77 

analyzed to assess their ability to provide a more detailed representation of DNPs behavior and 78 

reactor response. These analyses emphasize the critical role of accurate DNPs data in enhancing 79 

the fidelity of simulations, improving reactivity loss predictions, and ensuring the safe operation 80 

of MSRs, particularly during transient scenarios where precise modeling is crucial. 81 

The paper is organized into five sections. Section 2 introduces the reference MSR design 82 

used in the study, describes the loss of DNPs due to fuel salt circulation, and provides an overview 83 

of the models of DNPs. Section 3 details the dynamics tool used to track the behavior of DNPs in 84 

the primary loop, employing a one-dimensional multi-channel model for simulating the flow and 85 

decay of DNPs within the loop. Section 4 presents the research findings from reduced and 86 

expanded DNPs models, analyzing their impact on reactor dynamics under steady-state and 87 

transient conditions. The distribution of DNPs, their removal, the simulated reactivity loss values, 88 

and an extrapolation of the required number of groups to match the experimental reactivity loss 89 

value are presented under steady-state conditions. For transient simulations, specifically the 90 

reactivity insertion test and the primary pump failure test, the deviations of these models from the 91 

conventional 6-group model and their influence on reactor behavior were examined. Finally, 92 



Section 5 summarizes the main conclusions, discusses the implications of the findings, and 93 

suggests potential directions for future research. 94 

 95 

2. DNPs in MSRs 96 

This section provides an overview of the MSR design utilized in this study, discusses the 97 

DNPs loss in this reactor, and describes different modeling approaches for representing DNPs 98 

behavior in reactor dynamics simulations. 99 

 100 

2.1. Thermal-Spectrum MSR 101 

The Molten Salt Reactor Experiment (MSRE) was used as a reference design in this study 102 

due to the availability of design information. In addition, the published experimental data provides 103 

a benchmark for validating dynamic models. Its simple and representative configuration as a 104 

single-fluid MSR makes it particularly suited for exploring fundamental dynamic behaviors and 105 

emerging research topics. It was one of two demonstration reactors built at Oak Ridge National 106 

Laboratory as part of the Molten Salt Reactor Program (MSRP) (Abram and Ion, 2008). The 107 

MSRE operated for 4.5 years in the 1960s. A detailed description of the reactor design is available 108 

in previous studies (Robertson, 1965; Zanetti et al., 2014).  109 

An illustration of the fuel transit time in various primary loop components is shown in 110 

Figure 1. In the core, the fuel salt, a mixture of LiF, BeF2, ZrF4, ThF4, and UF4 salts, circulates in 111 

graphite moderator channels. The fuel transit time in the core is τC. As the fuel salt exits the reactor 112 

core, it passes into the hot leg, spending time in it (τHL). Then, heat is transferred to a secondary 113 

coolant salt, a mixture of LiF and BeF2 salts, in the heat exchanger. The fuel salt transit time in the 114 

tube side of the heat exchanger is τH. Eventually, the fuel salt circulates in the cold leg back to the 115 



core. The fuel transit time in the cold leg (including the downcomer) is τCL. Therefore, the fuel salt 116 

transit time in the loop outside the core region (τL) is then: 117 

 𝜏𝐿 = 𝜏𝐶𝐿 + 𝜏𝐻 + 𝜏𝐻𝐿 (1) 118 

 119 

Figure 1. Fuel salt transit times in the primary loop of the MSRE. 120 

 121 

2.2. Loss of DNPs 122 

The fuel circulation in MSRs removes a significant fraction of DNPs from the core (Cammi 123 

et al., 2012). These removed DNPs may decay, emitting delayed neutrons in the loop outside the 124 

reactor core. Thus, there is a reactivity loss due to these lost delayed neutrons (Wooten and Powers, 125 

2018). The degree of reactivity loss strongly depends on the fuel mass flow rate in the primary 126 

loop. A higher flow rate increases the fraction of precursors leaving the core before emitting 127 

neutrons, thereby decreasing the fraction of delayed neutrons contributing to core reactivity. 128 

Conversely, reducing the flow rate allows more precursors to decay within the core, decreasing the 129 

reactivity loss. 130 

An early practice in representing DNPs in reactor kinetics calculations is grouping them 131 

based on their half-lives into several groups. A six-group representation of DNPs is usually used 132 

in reactor kinetics and dynamics studies. The significance of this number of groups is evident from 133 



the insights gained through the kinetic behavior of various chain-reacting systems (Keepin, 1965). 134 

The kinetic parameters of the MSRE with 233U as the fissile material are listed in Appendix A, 135 

Table A.1. (Steffy R. C. and Wood P. J., 1969). Based on the MSRE design data with six groups of 136 

DNPs, the decay probability of precursors of each group is visualized after exiting the core and 137 

traveling through the external loop, as shown in Figure 2. It can be observed that the decay 138 

probability increases as the fuel salt transit time in the loop increases. In addition, groups with a 139 

longer half-life have a lower decay probability, while those with a shorter half-life have a higher 140 

decay probability. 141 

In this six-group representation of DNPs, it is apparent that some groups have a 142 

significantly shorter half-life than the fuel salt transit time in the loop. Thus, a significant or 143 

complete fraction of these DNPs will decay in the loop before the fuel salt reenters the core. 144 

However, each group combines several DNPs with an average half-life. Thus, the simulated 145 

fraction of DNPs that will decay in the loop outside the core region depends on the number of 146 

groups of DNPs and the uncertainty of these data. Therefore, the number of groups utilized in 147 

reactor dynamics studies and the uncertainty of these data will play a role in overestimating or 148 

underestimating the actual reactor behavior.  149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 



 157 

 158 

 159 

Figure 2. Decay probabilities of DNPs groups in the loop outside the core of the MSRE. 160 

 161 

2.3. DNPs Models 162 

Measuring delayed neutron data involves complex and precise techniques, starting with 163 

sample irradiation and ending with decay analysis to obtain delayed neutron activity curves (Brady, 164 

1989). Analysis of these curves results in obtaining yields and decay constants, which are fitted 165 

into multi-group models, with six groups being the standard choice. Extending the number of 166 



groups requires high-precision data and mathematical techniques to accurately resolve closely 167 

spaced decay constants and properly decompose the delayed neutron emission (Tuttle, 1975). 168 

Moreover, experimental validation of expanded models becomes increasingly challenging, as 169 

distinguishing between groups with similar decay constants introduces additional uncertainties. 170 

This work used the effective delayed neutron data for the MSRE with 233U fissile nuclide 171 

to examine the effects of reduced models on the dynamics simulations (Steffy R. C. and Wood P. 172 

J., 1969). Reduced models were obtained by group condensation process. The six-group 173 

representation provided in Appendix A, Table A.1 was reduced to two-group and single-group 174 

models. The condensation process of the six-group model into two-group and single-group models 175 

is shown in Figure 3. 176 

 177 

Figure 3. Condensation process of 6-group into 2-group and 1-group DNPs models. 178 

 179 

Condensating DNPs groups is a technique that simplifies reactor kinetics calculations by 180 

reducing the number of delayed neutron groups. The condensation process ensures that the 181 

effective decay constant and effective delayed neutron fraction in the reduced model approximate 182 

the original system’s behavior. The total effective delayed neutron fraction (βeff) for the reduced 183 

model is the sum of the original groups’ effective delayed neutron fractions (βeff,i): 184 



 𝛽eff =  ∑ 𝛽eff,𝑖
𝐺
𝑖=1  (1) 185 

The condensation of the decay constant is performed using a weighting function based on 186 

either the effective delayed neutron fraction or the concentration of DNPs (Ci). Both approaches 187 

result in identical decay constant values: 188 

 𝜆eff = 𝛽eff  
∑ 𝜆𝑖

𝐺
𝑖=1

∑ 𝛽eff,𝑖
𝐺
𝑖=1

 (2) 189 

 190 

 𝜆eff =  
∑ 𝜆𝑖𝐶𝑖

𝐺
𝑖=1

∑ 𝐶𝑖
𝐺
𝑖=1

 (3) 191 

Detailed 8-group physical data from the thermal neutron fission of 233U, as presented in 192 

Appendix A, Table A.2, were used for the dynamic simulation analysis of expanded models 193 

(Spriggs et al., 2002). While this data does not contain effective delayed neutron fractions, the 194 

physical values of the delayed neutron abundances can be used to find the delayed neutron 195 

fractions for each group using the effective delayed neutron fraction for the MSRE design with 196 

233U. The 8-group data was condensed into 7-group and 6-group models to ensure consistency in 197 

the comparison. The condensation of groups was performed, ensuring that the resulting groups 198 

preserved the total delayed neutron fraction and matched published 7-group and 6-group data in 199 

terms of the distribution of groups. The seventh and eighth groups in the 8-group model were 200 

condensed into one group in the 7-group model. In addition, the second and third groups in the 7-201 

group model were condensed into one group in the 6-group model. An illustration of the 202 

condensation process is shown in Figure 4. 203 



 204 

Figure 4. Condensation process of 8-group into 7-group and 6-group DNPs models. 205 

 206 

3. System Dynamics Analysis Tool 207 

System Dynamics Analysis Tool (SDAT) was developed for dynamics and stability 208 

analysis studies of reactor systems with stationary and flowing fuels. One of its key features is its 209 

ability to model the drift of DNPs in MSRs, which is critical for reactor kinetics and stability 210 

studies. The tool offers significant advantages in terms of visualization, providing intuitive 211 

graphical representations of complex reactor dynamics that enhance user understanding. Its user-212 

friendly interface facilitates seamless interaction with the model, allowing easy input and output 213 

data exchange. 214 

SDAT consists of a neutronics model represented by the point reactor kinetics model, a 215 

one-dimensional multi-channel thermal-hydraulics model to account for the mass and heat transfer 216 

in various reactor components, and a reactivity feedback model. Details on the description of 217 

SDAT models and the validation results of reactivity insertion tests conducted at the MSRE are 218 

available in previous work (Abuqudaira et al., 2024). In the point reactor kinetics model, a system 219 

of equations describes the time-dependent behavior of the neutron density and DNPs densities. 220 

The change in neutron density as a function of time can be represented by: 221 



 
𝑑𝑛(𝑡)

𝑑𝑡
=

𝜌(𝑡)−𝛽eff

𝛬
𝑛(𝑡) + ∑ 𝜆𝑖

6
𝑖=1 𝐶𝑖(𝑡) (4) 222 

Where ρ(t) is the net reactivity of the core as a function of time, βeff is the effective delayed 223 

neutron fraction, Λ is the mean neutron generation time, λi is the decay constant for the ith group 224 

of DNPs, and Ci(t) is the density of the ith group of DNPs as a function of time. For the system of 225 

equations governing the density change of DNPs as a function of time, the conventional set of 226 

equations has to be modified to account for the fuel salt circulation and, thus, the loss and addition 227 

of DNPs to the core (Macphee, 1958).  228 

In SDAT, the account for the DNPs motion can be modeled through a zero-dimensional or 229 

one-dimensional multi-channel model. In the one-dimensional multi-channel model, DNPs are 230 

produced from fission in the reactor core, drift through graphite channels, hot leg, tube side of the 231 

heat exchanger, and cold leg back to the core channels. The rate of change of group i DNPs density 232 

in the rth channel and zth node as a function of time is: 233 

 
𝑑𝐶𝑖(𝑡)(𝑟,𝑧)

𝑑𝑡
=

𝛽eff,𝑖

𝛬
 𝑛(𝑡)(𝑟,𝑧) − 𝜆𝑖𝐶𝑖(𝑡)(𝑟,𝑧) −

𝐶𝑖(𝑡)(𝑟,𝑧) − 𝐶𝑖(𝑡)(𝑟,𝑧−1)

𝜏𝑧
 (5) 234 

n(t)(r,z) is the one-group neutron density in the rth channel, zth node, and τz is the fuel salt 235 

transit time in the node. When the fuel salt exits the channels in the reactor core, it will be mixed 236 

in the hot leg. Thus, the concentration of the DNPs in the hot leg will be treated as a one-237 

dimensional single-channel model. In addition, one-dimensional single-channel treatment is 238 

adapted in the heat exchanger and cold leg. A simplified diagram of the tracking scheme of the 239 

DNPs in the primary loop is shown in Figure 5. 240 



 241 

Figure 5. Simplified diagram of the tracking scheme of the DNPs in the primary loop. 242 

 243 

4. Results and Discussion 244 

The MSRE operating at a thermal power of 8 MW was simulated in SDAT. In the core, it 245 

was reported that 97% of the fission power is deposited in the fuel salt channels, while 3% is in 246 

the graphite channels. The spatial power distribution adapted in SDAT was calculated from the 247 

reported power distribution for a nine-region MSRE model (Kerlin T. W. et al., 1971). The 248 

normalized power distribution in the core channels using SDAT is shown in Figure 6.  249 

 250 

Figure 6. Normalized power distribution in the core channels. 251 



In SDAT, the power distribution in the core channels is used in the thermal-hydraulics 252 

model to predict temperature distribution in various reactor components. This model uses reactor 253 

thermal power as input from the neutronics model. Thus, the same temperature distribution was 254 

obtained at steady-state in all simulations regardless of the implemented model of DNPs. The 255 

steady-state temperature distribution in various reactor loops is shown in Figure 7, Figure 8, and 256 

Figure 9. The fuel salt temperature increased as it flowed upward through the channels. The central 257 

channels exhibited the highest temperatures in the primary loop, attributed to the higher power 258 

density at the core center, resulting in more significant heat generation than the outer channels. 259 

The fuel salt temperature decreased in the heat exchanger as heat was transferred to the coolant 260 

salt in the secondary loop. Subsequently, the coolant salt transferred heat to the air in the tertiary 261 

loop, where it was ultimately rejected to the environment. 262 

 263 

Figure 7. Steady-state temperature distribution in the primary loop (Fuel salt). 264 

 265 



 266 

Figure 8. Steady-state temperature distribution in the secondary loop (coolant salt). 267 

 268 

 269 

Figure 9. Steady-state temperature distribution in the tertiary loop (air). 270 

 271 

Following the steady-state temperature distribution simulation, the influence of using 272 

reduced and extended models of DNPs on MSR dynamics simulations was thoroughly examined. 273 

The examination included evaluating the estimated distribution of DNPs, reactivity loss due to fuel 274 

salt circulation, and the reactor dynamic response to initiated transients. 275 

 276 



4.1. Reduced DNPs Models 277 

The impact of implementing two reduced DNPs models was analyzed under both steady-278 

state and transient conditions. These reduced models were created by condensing the standard 6-279 

group representation of DNPs into simplified 2-group and 1-group models within the simulation 280 

tool. The analysis focused on assessing the accuracy of the reduced models in predicting the 281 

estimated DNPs distribution, reactivity loss value, and overall reactor dynamic behavior in 282 

response to transient conditions. 283 

4.1.1. Steady-State 284 

The steady-state normalized concentration of DNPs in the primary loop was simulated for 285 

different models, as illustrated in Figure 10, Figure 11, and Figure 12. Normalization was 286 

performed by dividing the local concentration at each location by the maximum concentration 287 

value. Two main observations were noted using the conventional 6-group representation of DNPs. 288 

First, the distribution of groups with the longest half-lives was shifted to the upper part of the core. 289 

This tilt is a result of the fuel salt flow in the core. By comparison, the groups with the shortest 290 

half-lives tended to follow a distribution equivalent to the power distribution in the reactor core. 291 

Second, the shortest-lived groups of DNPs decayed almost entirely before reentering the core, 292 

whereas a significant fraction of the long-lived groups of DNPs reentered the reactor core. 293 

When comparing the distribution of DNPs across different group representations, it was 294 

shown that using fewer groups resulted in a distribution shifted toward the upper edge of the core. 295 

As a result, a significant fraction of the DNPs is expected to be simulated removed from the core. 296 

Depending on their half-lives, a fraction of these DNPs may not decay in the loop and renter the 297 

core. This fraction depends on the fuel salt transit time in the loop (τL), with more DNPs decaying 298 

or reentering the core based on their half-lives. Therefore, reduced DNPs models cannot accurately 299 



represent the distribution of DNPs in the core. Increasing the number of groups improves the 300 

accuracy of both the simulated spatial distribution and decay location of these precursors. 301 

 302 

 303 

 304 

 305 

 Figure 10. Normalized concentration of DNPs in the primary loop using the 6-group model. 306 

 307 



 308 

Figure 11. Normalized concentration of DNPs in the primary loop using the 2-group model. 309 

 310 

 311 

Figure 12. Normalized concentration of DNPs in the primary loop using the 1-group model. 312 

 313 

In MSRs, a fraction of DNPs leave the core with the flowing fuel salt. While some of these 314 

DNPs may later reenter the core, their temporary removal affects the delayed neutron population 315 

within the core. Thus, the core net reactivity is a non-zero value. This positive reactivity has to 316 

compensate for the reactivity loss because of the removal of delayed neutrons due to DNPs being 317 

removed during the fuel salt circulation. The percentage of DNPs removed from each group and 318 

the reactivity loss using different DNPs models are summarized in  319 

Table 1, Table 2, and Table 3. 320 



Using the six-group model, it can be demonstrated that groups with the longest half-lives 321 

had a significant fraction of their precursors removed from the core. In contrast, groups with the 322 

shortest half-lives had only a tiny fraction removed. The fraction of precursors removed depends 323 

on their spatial distribution within the core, which is influenced by the fuel salt flow and the decay 324 

characteristics of each group. The reactivity loss value did not follow this trend, as different groups 325 

have varying abundances (delayed neutron fractions) and half-lives. Although the group with the 326 

longest half-life, group 1, had a significant fraction of its precursors removed due to the shifted 327 

distribution, its contribution to reactivity loss was not the highest. This can be explained by its 328 

lower delayed neutron fraction and the longer half-live, which allowed a significant fraction of the 329 

precursors to renter the core. Group 2, however, contributed the most to the reactivity loss. This is 330 

due to the significant fraction of its precursors being removed from the core, its shorter half-life, 331 

and its higher delayed neutron fraction.   332 

When comparing the percentage of DNPs removed from each group and the reactivity loss 333 

values across different models, it becomes evident that reduced models resulted in a lack of 334 

accurate representation of the distribution of DNPs and, thus, the reactivity loss estimates. In this 335 

reactor design, the reactivity loss value was shown to be lower using more detailed group 336 

representations. These models better capture the nuances of precursor distribution and decay, 337 

resulting in more precise reactor reactivity loss predictions. Compared to the experimental 338 

reactivity loss value of 100.5 pcm reported for the MSRE (Abuqudaira et al., 2024), more detailed 339 

models with more groups provided more accurate estimates of reactivity loss. 340 

 341 

 342 

 343 

 344 



Table 1. The percentage of DNPs removed from each group and the reactivity loss using the 6-group DNPs model. 345 

Group 
Percentage of DNPs 

removed from the core 
Reactivity loss (pcm) 

1 65.82% 15.01 

2 64.91% 51.15 

3 52.86% 35.10 

4 30.01% 22.08 

5 5.24% 0.71 

6 1.30% 0.11 

Total 47.03% 124.17 

 346 

 347 

Table 2. The percentage of DNPs removed from each group and the reactivity loss using the 2-group DNPs model. 348 

Group 
Percentage of DNPs 

removed from the core 
Reactivity loss (pcm) 

1 64.75% 108.77 

2 24.27% 23.30 

Total 50.03% 132.07 

 349 

 350 

Table 3. The percentage of DNPs removed from each group and the reactivity loss using the 1-group DNPs model. 351 

Group 
Percentage of DNPs 

removed from the core 
Reactivity loss (pcm) 

1 63.38% 167.32 

 352 

 353 



4.1.2. Transients 354 

Two transient events were simulated using reduced and conventional DNPs models. The 355 

first transient involved a step reactivity insertion simulation. In the second transient, a primary 356 

pump failure resulting in a loss of flow rate was simulated. 357 

 358 

4.1.2.1 Reactivity Insertion 359 

In this transient event, a positive reactivity of 0.1βeff was inserted following steady-state 360 

reactor operation. As a result, the reactor power and fuel salt temperature started to increase. The 361 

increase in fuel salt temperature triggered negative reactivity feedback. Eventually, the negative 362 

reactivity feedback counteracted the inserted positive reactivity, and reactor power started to 363 

decrease. A plateau in the reactor power was observed due to the “hot” fuel salt exiting the core 364 

and “cold” fuel salt entering the core, which introduced a positive reactivity feedback, balancing 365 

the negative reactivity feedback due to the temperature increase. Eventually, the negative reactivity 366 

feedback reduced reactor power with minor oscillations due to the positive/negative reactivity 367 

feedback because of the fuel salt circulation process. Such a general trend was observed regardless 368 

of the model of DNPs implemented in the simulation. The reactor power using different models of 369 

DNPs and the relative deviation in reactor power using reduced DNPs models from the 6-group 370 

model following a step reactivity insertion of 0.1βeff is shown in Figure 13. 371 



  372 

Figure 13. Reactor power using different DNPs models and the relative deviation in power estimates using reduced DNPs models 373 

from the 6-group model following a step reactivity insertion of 0.1βeff. 374 

 375 

It can be observed that the deviation from the reference 6-groups model decreased as the 376 

number of groups increased. In addition, the deviation in the estimated power is more pronounced 377 

during the power peak. Using fewer groups resulted in the overestimation of the power peak value. 378 

In addition, it resulted in an underestimation of the time to reach the peak. Following the power 379 

decrease, reduced models started to fluctuate compared with the 6-groups model due to the 380 

simulated reactivity feedback relative to the reactivity loss value. These fluctuations were 381 

particularly pronounced following time intervals of approximately (τL), corresponding to the fuel 382 

salt transit time in the loop outside the core. The periodic markers (τL) on the time axis represent 383 

the fuel salt transit time outside the core, highlighting its influence on reactivity fluctuations. The 384 

magnitude of these fluctuations varied between models based on the fraction of DNPs reentering 385 

the core, highlighting how each model estimated the fraction of DNPs reentering the core after 386 

circulation through the external loop. However, as time progressed, the deviations gradually 387 

decreased as the reactor approached a new equilibrium, eventually becoming negligible once the 388 

system stabilized. 389 

 390 



 391 

The reactivity loss following the reactivity insertion as a function of time and the relative 392 

deviation using reduced DNPs models from the 6-group model is shown in Figure 14. The 393 

reactivity insertion resulted in a rapid increase in reactor power and, thus, the production of DNPs. 394 

More DNPs were removed from the core, and the reactivity loss increased. The negative reactivity 395 

feedback due to the fuel salt temperature increase counteracted the external reactivity insertion, as 396 

shown in Figure 15. Eventually, the reactivity loss stabilized at a value corresponding to the new 397 

simulated power level. The same behavior was observed regardless of the use of different DNPs 398 

models. The deviation in the simulated average fuel salt temperature in the reduced models 399 

compared to the 6-group model was small. However, the high deviation in the reactivity loss 400 

estimates affected the simulated reactivity feedback and, thus, the power behavior over time.  401 

 402 

Figure 14. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates using reduced DNPs 403 

models from the 6-group model following a step reactivity insertion of 0.1βeff. 404 

 405 



 406 

Figure 15. Average fuel salt temperature change using different DNPs models following a step reactivity insertion of 0.1βeff. 407 

 408 

To summarize the observations in reactivity insertion transient of 0.1βeff, although the 409 

reduced models preserved the overall power behavior, they introduced inaccuracies in key transient 410 

characteristics, including the peak power estimate and the power evolution over time. The use of 411 

reduced DNPs models led to overestimating the power peak compared to the conventional 6-group 412 

model. Specifically, the 1-group model overestimated the peak power by approximately 3.5%, 413 

while the 2-group model resulted in a deviation of only 0.25%. The discrepancies in reactivity loss 414 

estimates contributed to fluctuations in power deviation over time.  415 

 416 

4.1.2.2 Pump Failure 417 

In this transient, a simulation of a primary pump failure was carried out. As a result of the 418 

pump failure, the mass flow rate of the fuel salt in the primary loop started to decrease 419 

exponentially. Eventually, the mass flow rate was reduced by 25%. The normalized mass flow rate 420 

of the fuel salt in the primary loop following this pump failure is shown in Figure 16. The reduction 421 

in the mass flow rate caused an increase in the fuel salt temperature, which induced a negative 422 

reactivity feedback, acting in favor of a power decrease. This negative reactivity feedback 423 



exceeded the excess reactivity introduced by the reduced loss of DNPs at the lower mass flow rate. 424 

The change in reactor power and the relative deviation in reactor power using reduced DNPs 425 

models from the 6-group model, reactivity loss and the relative deviation in reactivity loss using 426 

reduced DNPs models from the 6-group model, and average fuel salt temperature using different 427 

group representations of DNPs following the primary pump failure are shown in Figure 17, Figure 428 

18, and Figure 19. 429 

 430 

Figure 16. Normalized fuel salt mass flow rate in the primary loop following a primary pump failure. 431 

 432 

As the mass flow rate decreased, the removal rate of DNPs also decreased, leading to a 433 

lower reactivity loss value. However, the removal rates of individual precursor groups varied 434 

depending on the DNPs model used. Thus, the change in the reactivity loss value is not the same 435 

for all models. The change in the estimated reactivity loss as a function of the mass flow rate in 436 

the loop is summarized in Table 4. It can be observed that the reactivity loss value changed most 437 

significantly using the 6-group model. Therefore, compared with the 6-group model, the power 438 

dip value was overestimated using the 1-group and 2-group DNPs models.  439 

Following the power dip, the decrease in fuel salt temperature led to negative reactivity 440 

feedback, which resulted in a power increase, reaching a peak. At this peak, the power deviation 441 



using the reduced models from the 6-group model is maximum, where it was around 3% using the 442 

1-group model and slightly above 1% using the 1-group model. Mainly, this behavior is due to 443 

increased reactivity loss deviation from the 6-group model. The reactor power showed oscillations 444 

caused by the reactivity feedback caused by the fuel salt circulation in the primary loop. These 445 

oscillations gradually decreased, and the system approached a stable state with a new reactivity 446 

loss value.  447 

  448 

Figure 17. Reactor power using different DNPs models and the relative deviation in power estimates using reduced DNPs models 449 

from the 6-group model following a primary loop pump failure. 450 

 451 

 452 

Figure 18. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates using reduced DNPs 453 

models from the 6-group model following a primary loop pump failure. 454 

 455 



 456 

Figure 19. Average fuel salt temperature change using different DNPs models following a primary loop pump failure. 457 

 458 

Table 4. Reactivity loss as a function of the mass flow rate in the primary loop using different DNPs models. 459 

Number of groups 
Reactivity loss (pcm) 

Change (%) 
100% flow rate 75% flow rate 

1 167.32 162.60 -2.82 

2 132.08 123.62 -6.41 

6 124.17 112.87 -9.10 

 460 

To summarize, the DNPs model influenced the simulated removal rate of DNPs, affecting 461 

the reactivity loss estimates. During a pump failure transient, the change in reactivity loss value 462 

was different, resulting in further deviation in the estimated reactivity loss in the reduced models 463 

from the conventional 6-group model. The average fuel salt temperature deviation in the reduced 464 

models, compared to the 6-group model, was significantly greater than that observed in the 465 

reactivity insertion transient. These differences impacted the simulated transient behavior, 466 

including the magnitude of the initial power dip and subsequent oscillations. 467 



4.2. Expanded DNPs Models 468 

Additional simulations incorporating expanded DNPs representations were performed to 469 

enable comparative analysis and assess the influence of the increased number of groups of DNPs 470 

on their simulated distribution, reactivity loss, and the reactor dynamic response.  471 

 472 

4.2.1. Steady-State 473 

The distribution of DNPs in the primary loop using the 6-group model is similar to what 474 

was shown in Figure 10. For the 7-group and 8-group models, the normalized concentration of 475 

DNPs groups is shown in Figure 20 and Figure 21. Expanded DNPs models led to a more accurate 476 

representation of the DNPs concentration in the primary loop. Specifically, group 2 in the 6-group 477 

model was expanded into two separate groups in the 7-group model, and the seventh group in the 478 

7-group model was further expanded into two groups in the 8-group model. The impact of this 479 

expansion on reactivity loss depends on how the altered distribution of DNPs, combined with the 480 

half-life of the expanded groups, influences the removal and reentry of DNPs into the core. The 481 

fraction of DNPs reentering the core is reactor design-dependent, influenced by the fuel salt transit 482 

time outside the core (τL). The percentage of DNPs removed from the core and the reactivity loss 483 

values are summarized in Table 5, Table 6, and Table 7. 484 

The overall observations align with findings from the reduced models, where groups with 485 

the longest half-lives exhibited a distribution shifted toward the upper region of the core, leading 486 

to significant removal from the core. However, a substantial fraction of these precursors managed 487 

to reenter the core due to their long half-lives relative to the fuel transit time outside the core in 488 

this design (τL ≈ 16.5 seconds). In contrast, the distribution of groups with the shortest half-lives 489 

remained more aligned with the power distribution in the core, resulting in minimal removal. 490 



Additionally, only a tiny fraction of these short-lived precursors reentered the core, as their half-491 

lives were much shorter than τL, leading to their decay before completing the loop. 492 

Therefore, the reactivity loss value decreased by expanding group 2 in the 6-group model 493 

into groups 3 and 4 in the 7-group model. This can be explained by the redistribution of DNPs, 494 

where the newly defined groups captured a more refined decay behavior. This shift resulted in a 495 

lower overall removal fraction and increased the fraction of DNPs that reentered the core before 496 

decaying, thereby reducing the net reactivity loss. Conversely, the reactivity loss value increased 497 

when group 7 in the 7-group model was expanded into groups 7 and 8 in the 8-group model. This 498 

increase can be attributed to the redistribution of DNPs, where the newly introduced group 499 

captured a portion of precursors with an even longer half-life. As a result, more precursors were 500 

transported out of the core before decaying, increasing the overall reactivity loss. However, the 501 

difference in estimated reactivity loss between the 6-group, 7-group, and 8-group models was 502 

minimal, not exceeding 0.08%. Thus, while the reduced models exhibited a significant deviation 503 

from the 6-group model in terms of reactivity loss, the expanded models, despite offering a more 504 

detailed distribution of DNPs in the primary loop of an MSR, resulted in only a negligible 505 

difference in the estimated reactivity loss. 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 



 514 

 515 

 516 

 517 

Figure 20. Normalized concentration of DNPs in the primary loop using the 7-group model. 518 



519 

520 

521 

 522 

Figure 21. Normalized concentration of DNPs in the primary loop using the 8-group model. 523 



Table 5. The percentage of DNPs removed from the core and the reactivity loss using the 6-group DNPs model. 524 

Group 
Percentage of DNPs 

removed from the core 
Reactivity loss (pcm) 

1 65.84% 13.85 

2 65.23% 54.31 

3 64.29% 28.36 

4 53.72% 26.12 

5 33.20% 1.26 

6 12.26% 0.41 

Total 47.09% 124.31 

 525 

 526 

Table 6. The percentage of DNPs removed from each group and the reactivity loss using the 7-group DNPs model. 527 

Group 
Percentage of DNPs 

removed from the core 
Reactivity loss (pcm) 

1 65.84% 13.85 

2 65.23% 28.76 

3 64.29% 25.46 

4 53.72% 28.36 

5 33.20% 26.12 

6 12.26% 1.26 

7 2.35% 0.41 

Total 47.05% 124.22 

 528 

 529 

 530 

 531 

 532 



Table 7. The percentage of DNPs removed from each group and the reactivity loss using the 8-group DNPs model. 533 

Group 
Percentage of DNPs 

removed from the core 
Reactivity loss (pcm) 

1 65.84% 13.85 

2 65.23% 28.76 

3 64.29% 25.46 

4 53.72% 28.36 

5 33.20% 26.12 

6 12.26% 1.26 

7 2.75% 0.41 

8 0.70% 0.02 

Total 47.06% 124.24 

 534 

 535 

4.2.2. Transients 536 

SDAT was used to simulate two transient events implementing the expanded and 6-group 537 

models. The first transient involved a step reactivity insertion simulation, while the second 538 

transient simulated a primary pump failure. 539 

 540 

4.2.2.1 Reactivity Insertion 541 

In this transient, a step reactivity insertion of 0.1βeff produced the same physical phenomena 542 

observed in the reduced models’ section. However, the deviation in reactor power predicted by the 543 

expanded DNPs models, compared to the conventional 6-group model, was negligible. Figure 22 544 

illustrates the reactor power for different DNPs models and the relative deviation of expanded 545 

DNPs models from the 6-group model following the reactivity insertion. The deviation in 546 

estimating the time to reach the peak and the power peak value was minimal compared to the 547 

reduced models. The 8-group model slightly overestimated the power peak, while the 7-group 548 



model underestimated it compared to the 6-group model. The maximum relative deviation in 549 

reactor power following the reactivity insertion was limited to 0.03%, which was achieved after 550 

two fuel salt transit times outside the core (2τL). Subsequently, the deviation of the expanded 551 

models from the conventional 6-group model gradually decreased over time. 552 

  553 

Figure 22. Reactor power using different DNPs models and the relative deviation in power estimates of expanded DNPs models 554 

from the 6-group model following a step reactivity insertion of 0.1βeff. 555 

 556 

Figure 23 shows that the reactivity loss value estimated by the expanded models was 557 

underestimated compared to the conventional 6-group model. Fluctuations in the reactivity loss 558 

estimates by the expanded models, compared to the 6-group model, were observed due to fuel salt 559 

circulation. Fluctuations in the reactivity loss estimates in the expanded models compared to the 560 

6-group model introduced reactivity feedback fluctuations. However, the deviation in the 561 

temperature change was minimal, as shown in Figure 24.  562 

To summarize this transient, while the use of expanded DNPs resulted in a more accurate 563 

representation of the DNPs distribution in the primary loop, the estimated reactivity loss remained 564 

close to that of the conventional 6-group model, leading to minimal deviation in the reactor’s 565 

response to reactivity insertion transient of 0.1βeff. Additional simulations of transients involving 566 

reactivity insertions up to βeff were conducted. A similar behavior was observed, with minimal 567 



deviation between the expanded and 6-group models. Thus, the expanded models’ impact on the 568 

reactor’s dynamic response to reactivity insertion transients was negligible, suggesting that the 569 

additional groups may not significantly improve transient behavior within the studied reactivity 570 

range. 571 

 572 

Figure 23. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates of expanded models 573 

from the 6-group model following a step reactivity insertion of 0.1βeff. 574 

 575 

 576 

Figure 24. Average fuel salt temperature change using different DNPs models following a step reactivity insertion of 0.1βeff. 577 

 578 

4.2.2.2 Pump Failure 579 

The reactor power following the primary pump failure and the relative deviation in reactor 580 

power using expanded DNPs models from the 6-group model is shown in Figure 25. The reactor 581 



power evolution remained consistent across different DNPs models following the pump failure. 582 

This consistency is a result of the slight deviation in the reactivity loss estimates over time using 583 

the expanded and conventional 6-group model. The reactivity loss and the relative deviation in 584 

reactivity loss estimates using expanded DNPs models from the 6-group model following a 585 

primary loop pump failure are shown in Figure 26. While the removal rate of DNPs from the core 586 

decreased as the mass flow rate decreased, this decrease was almost identical in the 6-group, 7-587 

group, and 8-group models, as summarized in Table 8. Consequently, the deviation in reactivity 588 

loss was minimal, and the simulated average fuel salt temperature exhibited negligible differences 589 

across all DNPs models, as shown in Figure 27. 590 

 591 

Figure 25. Reactor power using different DNPs models and the relative deviation in reactor power using expanded DNPs models 592 

from the 6-group model following a primary pump failure. 593 

 594 

 595 



 596 

Figure 26. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates using expanded 597 

DNPs models from the 6-group model following a primary loop pump failure. 598 

 599 

 600 

Figure 27. Average fuel salt temperature change using different DNPs models following a primary pump failure. 601 

 602 

Table 8. Reactivity loss as a function of the mass flow rate in the primary loop using different DNPs models. 603 

Number of groups 
Reactivity loss (pcm) 

Change (%) 
100% flow rate 75% flow rate 

6 124.31 113.07 -9.04% 

7 124.22 112.93 -9.09% 

8 124.24 112.93 -9.10% 

 604 



To summarize, the change in reactivity loss as the mass flow rate decreased was 605 

comparable between the expanded and conventional models. This indicates that while the 606 

expanded models offered a more detailed distribution, the removal rate and reactivity loss 607 

estimates from the expanded models were found to be in close agreement with those from the 6-608 

group model. As a result, the maximum deviation in reactor power was limited to just 0.03% when 609 

using the 8-group model compared to the 6-group model, highlighting the minimal impact of the 610 

expanded model on overall power predictions in a pump failure transient simulation. 611 

 612 

4.3. Prospective Trend 613 

As demonstrated in previous subsections, increasing the number of groups of DNPs 614 

improved the representation of their simulated distribution and allowed for more precise tracking 615 

of their behavior. In the reduced models, a higher number of groups decreased the percentage of 616 

DNPs removed from the core, thereby reducing the reactivity loss. Similarly, in the expanded 617 

models, this trend was observed except for the 7-group and 8-group cases, where an increase in 618 

the number of groups resulted in a higher percentage of DNPs removed from the core and, 619 

consequently, a greater reactivity loss. The reactivity loss values using SDAT simulations are 620 

compared with the reported experimental value, as shown in Table 9. These findings underscored 621 

the impact of the number of groups of DNPs on the accuracy of their simulated removal from the 622 

core and the corresponding reactivity loss.  623 

 624 

 625 

 626 

 627 

 628 



Table 9. Reactivity loss values compared to the experimental result.  629 

Method Number of groups of DNPs Reactivity loss (pcm) 

SDAT – Reduced 

representations 

1 167.32 

2 132.07 

6 124.17 

SDAT – Expanded 

representations 

6 124.31 

7 124.22 

8 124.24 

Experimental - 100.5 

 630 

These reactivity loss values were used to extrapolate the required number of groups to 631 

achieve a reactivity loss value identical to the experimental one of 100.5 pcm. The reactivity loss 632 

values obtained from reduced models were fitted using various mathematical approaches, with 633 

power-law fitting yielding the best fit. Extrapolation using the power fit determined that at least 634 

17 groups of DNPs are necessary to reproduce the experimentally observed reactivity loss value. 635 

Fitting the combined data from reduced and expanded models indicated that approximately 30 636 

groups of DNPs would be required to converge to the experimental result. Extrapolation of the 637 

reactivity loss values to obtain the required number of groups of DNPs needed to match the 638 

experimental reactivity loss value is shown in Figure 28. 639 



 640 

Figure 28. Number of groups of DNPs for matching the experimental reactivity loss value of 100.5 pcm. 641 

 642 

However, several sources of errors can be considered in these estimations: 643 

- The power-law fit used to extrapolate the required number of groups is subject to 644 

inherent uncertainties. The fitting process depends on the dataset used, and 645 

extrapolations beyond the available data points introduce potential deviations. 646 

Moreover, the reactivity loss values obtained may not always follow a strict power-law 647 

trend, leading to additional uncertainty in determining the required number of groups. 648 

- SDAT employs a one-dimensional multi-channel treatment of DNPs, which introduces 649 

approximations that may not fully capture their drift and diffusion in three-dimensional 650 

reactor geometries. These simplifications can lead to discrepancies in the simulated 651 

distribution, affecting the estimation of reactivity loss.  652 

- The experimental measurement of the reactivity loss value has its own uncertainties. 653 

Additionally, several published articles have raised concerns about the accuracy of the 654 

reported results from MSRE tests (Mochizuki, 2022; Zanetti et al., 2015). 655 



- The use of the extended model with 8-group data does not include importance 656 

functions, relying solely on the physical delayed neutron fractions rather than the 657 

effective values. This limitation introduces a source of error in the fitting process when 658 

using combined models. 659 

Despite these sources of error, the results still indicate a potential trend in the relationship 660 

between the number of groups of DNPs and the simulated reactivity loss value. However, while 661 

increasing the number of groups improves the accuracy of the precursors’ distribution and 662 

enhances fidelity in tracking precursors, it has minimal impact on the reactor’s dynamic response 663 

to transients.  664 

 665 

5. Conclusions 666 

This study assessed the impact of the adopted delayed neutron precursors (DNPs) model 667 

on molten salt reactor dynamics simulations. The distribution of DNPs in the primary loop, the 668 

removal percentage of DNPs, and the reactivity loss during steady-state reactor operation were 669 

compared using reduced and expanded DNPs models. Additionally, the simulated reactor power 670 

following initiated transients using reduced and expanded models was analyzed, all using the 671 

System Dynamics Analysis Tool (SDAT). Reduced models were obtained by condensing a 6-group 672 

model into 2-group and 1-group models. An extended 8-group model was used to derive condensed 673 

7-group and 6-group models.  674 

Results showed that adopting reduced DNPs models led to a misrepresentation of the actual 675 

DNPs distribution in the primary loop. Due to the fuel salt circulation, these reduced models shifted 676 

the simulated DNPs distributions toward the upper part of the core. As a result, a higher fraction 677 

of DNPs was removed from the core than the actual fraction. Depending on the design 678 



configuration, this removed fraction may either reenter the core or decay outside, depending on 679 

the decay characteristics of the individual groups. Therefore, this could lead to either 680 

overestimating or underestimating the reactivity loss value. For the Molten Salt Reactor 681 

Experiment (MSRE) design, the reactivity loss value was overestimated using the reduced models 682 

compared to the conventional 6-group model. This deviation in the estimated reactivity loss 683 

resulted in an overestimation of the power increase in a reactivity insertion of 0.1βeff and an 684 

overestimation of the power decrease in primary pump failure transient simulations. This deviation 685 

in the estimated reactivity loss resulted in oscillatory behavior of the power deviation from the 6-686 

group model due to the continuous fuel salt movement.  687 

Using expanded models of DNPs resulted in a more detailed representation of the DNPs in 688 

the primary loop and underestimating the reactivity loss value compared to the 6-group model. 689 

However, the influence of this distribution on the removal percentage and reactivity loss estimates 690 

was negligible. Furthermore, the deviation in simulated power following a reactivity insertion and 691 

pump failure transients was minimal. These findings suggest that expanded models improve the 692 

fidelity of DNPs distribution modeling. However, their impact on key reactor dynamics 693 

parameters, such as reactivity loss and power response, remains limited compared to the 6-group 694 

model. 695 

The fitting of the obtained reactivity loss data demonstrated that increasing the number of 696 

groups could help match the experimental reactivity loss value observed in the MSRE. 697 

Extrapolation indicated that at least 17 groups are necessary when using reduced models. 698 

Combining data from reduced and expanded models suggested that approximately 30 groups 699 

would be required to converge to the experimental result. However, several sources of error 700 

introduce potential deviations to these estimates. Despite these uncertainties, the results highlight 701 



a trend in the relationship between the number of groups and simulated reactivity loss. 702 

Nevertheless, while increasing the number of groups enhances the fidelity of precursor tracking, 703 

it has minimal impact on the reactor’s overall dynamic response to transients. 704 

Future research should focus on examining the impact of uncertainties in DNPs group 705 

fractions on the distribution of precursors, reactivity loss, and the reactor’s dynamic response. In 706 

addition, a comprehensive study on the influence of delayed neutron data from different nuclear 707 

data libraries on key reactor kinetics parameters is necessary. Investigating these aspects will 708 

enhance the accuracy of reactor simulations and improve confidence in transient analysis for MSRs 709 

and other advanced reactor systems. 710 

 711 
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  791 

Appendices 792 

The DNPs group parameters used in the simulations were based on published data for the 793 

MSRE and thermal neutron fission of 233U. Table A.1 presents the six-group delayed neutron 794 

parameters for the MSRE used in the reduced DNPs models. Table A.2 provides the eight-group 795 

delayed neutron parameters derived from the thermal neutron fission of 233U used in the expanded 796 

DNPs models. 797 

 798 

Table A.1. Six-group delayed neutron group parameters for the MSRE used in the reduced DNPs 799 

models (Steffy R. C. and Wood P. J., 1969). 800 

Group, i 
Half-life,            

T1/2, i (s) 

Effective delayed 

neutron fraction, 

βeff, i 

1 55.01 0.000228 

2 20.57 0.000788 

3 4.987 0.000664 

4 2.132 0.000736 

5 0.613 0.000136 

6 0.277 0.000088 

 801 

 802 

 803 

 804 

 805 

 806 



Table A.2. Eight-group delayed neutron group parameters in thermal neutron Fissioning of 233U 807 

used in the expanded DNPs models (Spriggs et al., 2002). 808 

Group Half-life (s) Relative abundance 

1 55.6 7.97E-02 

2 24.5 1.67E-01 

3 16.3 1.50E-01 

4 5.21 2.00E-01 

5 2.37 2.98E-01 

6 1.04 3.88E-02 

7 0.424 5.60E-02 

8 0.195 1.05E-02 

 809 

 810 

 811 

 812 


