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Abstract

Molten salt reactors (MSRs) present unique challenges in dynamic behavior due to the
mobility of their fuel. In these reactors, delayed neutron precursors (DNPs) drift with the fuel
circulation through the primary loop. As a result, a fraction of DNPs decays outside the core,
effectively reducing the available delayed neutron population for reactivity control. Consequently,
precise modeling of the distribution and behavior of DNPs is critical for accurate reactor dynamics
simulations. In this study, the System Dynamics Analysis Tool (SDAT) was used to simulate a
thermal-spectrum MSR under steady-state conditions and following transients. The effects of using
reduced and expanded representations of DNPs with fewer or more groups than the conventional
6-group model were investigated. Their impact on the simulated distribution of precursors in the
primary loop, reactivity loss value, and reactor response to transients was analyzed. Simulation
results showed that reduced models lead to the loss of the actual DNPs distribution data, resulting
in less accurate estimates of reactivity loss. Reactor power predictions using these reduced models
showed significant deviations compared to those using the conventional 6-group model in transient

simulations. Expanded models offered a more accurate representation of the distribution of DNPs
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and reactivity loss estimates. Reactor power predictions using expanded models showed minimal

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

1. Introduction

About 271 nuclides produced from fission have been identified as delayed neutron
precursors (DNPs) (Brady, 1989). DNPs are fission fragments or daughters of fission fragments
whose beta decay yields a daughter nucleus, which subsequently decays via neutron emission
(Duderstadt and Hamilton, 1976). These neutrons emitted after a time delay from the fission
process are called delayed neutrons. Delayed neutrons, though constituting a small fraction of the
total neutrons produced by fission, are essential for maintaining the stability of the reactor. They
slow the rate of reactivity changes, providing a time delay that enhances control and prevents rapid,
potentially unsafe reactor power fluctuations (Hetrick, 1971). Accurately representing delayed
neutron data is essential for reliable reactor simulations and effective prediction and control of
reactor operating conditions.

The molten salt reactor (MSR) is an advanced reactor design expected to play a key role in
meeting the growing global demand for clean, sustainable, and safe energy solutions (LeBlanc,
2010). It was chosen as one of the six reactors proposed by the GEN IV International Forum for
the next generation of nuclear reactors (Serp et al., 2014). In liquid-fueled MSRs, the nuclear fuel
is dissolved in molten salt, acting as both the fuel and the coolant (Riley et al., 2019; Wooten and
Powers, 2018). These MSRs allow online refueling, enabling extended operation and better fuel
utilization while enhancing safety through passive mechanisms such as freeze plugs (Wu et al.,
2022). Additionally, they improve waste management by efficiently burning actinides and allowing

the continuous removal of fission products, thereby reducing long-lived radioactive waste
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(Elsheikh, 2013; Mclntyre et al., 2013). Therefore, there has been a growing trend toward MSR
development, with several research projects and demonstration efforts initiated worldwide
(Abuqudaira et al., 2023).

However, MSRs present unique challenges in reactor dynamics due to the mobility of their
fuel (Brown et al., 2020; Huff, 2019). Unlike solid-fueled reactors, where DNPs remain stationary
within the fuel matrix, MSRs experience DNPs drift as the fuel circulates through the primary loop
(Krepel et al., 2008). This drift leads to the removal of DNPs from the reactor core. Depending on
their half-lives, these DNPs may decay while circulating through the loop or survive long enough
to reenter the reactor core. Therefore, the removal and addition of DNPs in and out of the core are
influenced by the loop configuration and the flow rate in the primary loop. These unique
characteristics of liquid-fueled MSRs make accurate DNPs data even more crucial for
understanding and predicting reactor behavior during normal and abnormal conditions.

Previous research on the effects of delayed neutron data on reactor dynamics has provided
valuable insights into the complex interplay between this data and the simulated reactor response.
Jo et al. (2022) examined the impact of delayed neutron data on dynamic reactivity in light water
reactors. Simulation results emphasized the importance of accurate delayed neutron group data for
reliable reactor safety analysis. Leconte et al. (2024) have identified inconsistencies in delayed
neutron data across different nuclear data libraries, which can influence the calculated kinetic
parameters and overall reactor dynamics, underscoring the need for precise and consistent delayed
neutron data. Furthermore, (Zuo et al. (2022) developed the ThorCORE3D code to model the flow
field effects of DNPs in liquid-fueled MSRs, revealing that the external loop recirculation time
and fuel salt flow rate significantly impact the delayed neutron fraction and, consequently, the

simulated reactor power and temperature. Collectively, these studies highlight the critical role of
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delayed neutron data in enhancing the accuracy of reactor dynamics simulations. However, there
is a lack of research on the impact of DNPs models on reactor dynamics, particularly regarding
their effect on reactivity loss and transient behavior simulations.

This paper explores the impact of DNPs data on the dynamic response of a thermal-
spectrum MSR at steady-state and following transient conditions, focusing on two key aspects.
First, it examines the effects of using reduced DNPs models, which consist of fewer than six
groups. It evaluates the potential loss of accuracy in reactor dynamics simulations due to this
simplification. Second, expanded models incorporating more than six groups are introduced and
analyzed to assess their ability to provide a more detailed representation of DNPs behavior and
reactor response. These analyses emphasize the critical role of accurate DNPs data in enhancing
the fidelity of simulations, improving reactivity loss predictions, and ensuring the safe operation
of MSRs, particularly during transient scenarios where precise modeling is crucial.

The paper is organized into five sections. Section 2 introduces the reference MSR design
used in the study, describes the loss of DNPs due to fuel salt circulation, and provides an overview
of the models of DNPs. Section 3 details the dynamics tool used to track the behavior of DNPs in
the primary loop, employing a one-dimensional multi-channel model for simulating the flow and
decay of DNPs within the loop. Section 4 presents the research findings from reduced and
expanded DNPs models, analyzing their impact on reactor dynamics under steady-state and
transient conditions. The distribution of DNPs, their removal, the simulated reactivity loss values,
and an extrapolation of the required number of groups to match the experimental reactivity loss
value are presented under steady-state conditions. For transient simulations, specifically the
reactivity insertion test and the primary pump failure test, the deviations of these models from the

conventional 6-group model and their influence on reactor behavior were examined. Finally,
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Section 5 summarizes the main conclusions, discusses the implications of the findings, and

suggests potential directions for future research.

2. DNPs in MSRs

This section provides an overview of the MSR design utilized in this study, discusses the
DNPs loss in this reactor, and describes different modeling approaches for representing DNPs

behavior in reactor dynamics simulations.

2.1. Thermal-Spectrum MSR

The Molten Salt Reactor Experiment (MSRE) was used as a reference design in this study
due to the availability of design information. In addition, the published experimental data provides
a benchmark for validating dynamic models. Its simple and representative configuration as a
single-fluid MSR makes it particularly suited for exploring fundamental dynamic behaviors and
emerging research topics. It was one of two demonstration reactors built at Oak Ridge National
Laboratory as part of the Molten Salt Reactor Program (MSRP) (Abram and lon, 2008). The
MSRE operated for 4.5 years in the 1960s. A detailed description of the reactor design is available
in previous studies (Robertson, 1965; Zanetti et al., 2014).

An illustration of the fuel transit time in various primary loop components is shown in
Figure 1. In the core, the fuel salt, a mixture of LiF, BeFz, ZrF4, ThFs, and UF4 salts, circulates in
graphite moderator channels. The fuel transit time in the core is tc. As the fuel salt exits the reactor
core, it passes into the hot leg, spending time in it (tnL). Then, heat is transferred to a secondary
coolant salt, a mixture of LiF and BeF. salts, in the heat exchanger. The fuel salt transit time in the

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



116  core. The fuel transit time in the cold leg (including the downcomer) is tcL. Therefore, the fuel salt
117  transit time in the loop outside the core region (1) is then:
118 TL == TCL + TH + THL (1)
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120 Figure 1. Fuel salt transit times in the primary loop of the MSRE.

119

121

122 2.2. Loss of DNPs

123 The fuel circulation in MSRs removes a significant fraction of DNPs from the core (Cammi
124 et al., 2012). These removed DNPs may decay, emitting delayed neutrons in the loop outside the
125  reactor core. Thus, there is a reactivity loss due to these lost delayed neutrons (Wooten and Powers,
126 2018). The degree of reactivity loss strongly depends on the fuel mass flow rate in the primary
127  loop. A higher flow rate increases the fraction of precursors leaving the core before emitting
128  neutrons, thereby decreasing the fraction of delayed neutrons contributing to core reactivity.
129  Conversely, reducing the flow rate allows more precursors to decay within the core, decreasing the
130  reactivity loss.

131 An early practice in representing DNPs in reactor kinetics calculations is grouping them
132  based on their half-lives into several groups. A six-group representation of DNPs is usually used

133  inreactor kinetics and dynamics studies. The significance of this number of groups is evident from
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the insights gained through the kinetic behavior of various chain-reacting systems (Keepin, 1965).
The kinetic parameters of the MSRE with 2**U as the fissile material are listed in Appendix A,
Table A.1. (Stefty R. C. and Wood P. J., 1969). Based on the MSRE design data with six groups of
DNPs, the decay probability of precursors of each group is visualized after exiting the core and
traveling through the external loop, as shown in Figure 2. It can be observed that the decay
probability increases as the fuel salt transit time in the loop increases. In addition, groups with a
longer half-life have a lower decay probability, while those with a shorter half-life have a higher
decay probability.

In this six-group representation of DNPs, it is apparent that some groups have a
significantly shorter half-life than the fuel salt transit time in the loop. Thus, a significant or
complete fraction of these DNPs will decay in the loop before the fuel salt reenters the core.
However, each group combines several DNPs with an average half-life. Thus, the simulated
fraction of DNPs that will decay in the loop outside the core region depends on the number of
groups of DNPs and the uncertainty of these data. Therefore, the number of groups utilized in
reactor dynamics studies and the uncertainty of these data will play a role in overestimating or

underestimating the actual reactor behavior.
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Figure 2. Decay probabilities of DNPs groups in the loop outside the core of the MSRE.

2.3. DNPs Models

Measuring delayed neutron data involves complex and precise techniques, starting with
sample irradiation and ending with decay analysis to obtain delayed neutron activity curves (Brady,
1989). Analysis of these curves results in obtaining yields and decay constants, which are fitted

into multi-group models, with six groups being the standard choice. Extending the number of
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groups requires high-precision data and mathematical techniques to accurately resolve closely
spaced decay constants and properly decompose the delayed neutron emission (Tuttle, 1975).
Moreover, experimental validation of expanded models becomes increasingly challenging, as
distinguishing between groups with similar decay constants introduces additional uncertainties.
This work used the effective delayed neutron data for the MSRE with 2*3U fissile nuclide
to examine the effects of reduced models on the dynamics simulations (Steffy R. C. and Wood P.
J., 1969). Reduced models were obtained by group condensation process. The six-group
representation provided in Appendix A, Table A.1 was reduced to two-group and single-group
models. The condensation process of the six-group model into two-group and single-group models

is shown in Figure 3.

Group |

Group 2 Group 1

Group 3
— — Group 1

Group 4

Group 5 Group 2

Group 6

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

Condensating DNPs groups is a technique that simplifies reactor kinetics calculations by
reducing the number of delayed neutron groups. The condensation process ensures that the
effective decay constant and effective delayed neutron fraction in the reduced model approximate
the original system’s behavior. The total effective delayed neutron fraction (Besr) for the reduced

model is the sum of the original groups’ effective delayed neutron fractions (PBefx;i):
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Bett = Nie1 Betri (1)
The condensation of the decay constant is performed using a weighting function based on
either the effective delayed neutron fraction or the concentration of DNPs (C;). Both approaches

result in identical decay constant values:

— Z?=1/1i
Aett = Pefr 5 forr (2)
G ..
A lelﬂ'lcl (3)

eff = ZiG=1 c;

Detailed 8-group physical data from the thermal neutron fission of *U, as presented in
Appendix A, Table A.2, were used for the dynamic simulation analysis of expanded models
(Spriggs et al., 2002). While this data does not contain effective delayed neutron fractions, the
physical values of the delayed neutron abundances can be used to find the delayed neutron
fractions for each group using the effective delayed neutron fraction for the MSRE design with
23U. The 8-group data was condensed into 7-group and 6-group models to ensure consistency in
the comparison. The condensation of groups was performed, ensuring that the resulting groups
preserved the total delayed neutron fraction and matched published 7-group and 6-group data in
terms of the distribution of groups. The seventh and eighth groups in the 8-group model were
condensed into one group in the 7-group model. In addition, the second and third groups in the 7-
group model were condensed into one group in the 6-group model. An illustration of the

condensation process is shown in Figure 4.
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Figure 4. Condensation process of 8-group into 7-group and 6-group DNPs models.

3. System Dynamics Analysis Tool

System Dynamics Analysis Tool (SDAT) was developed for dynamics and stability
analysis studies of reactor systems with stationary and flowing fuels. One of its key features is its
ability to model the drift of DNPs in MSRs, which is critical for reactor Kinetics and stability
studies. The tool offers significant advantages in terms of visualization, providing intuitive
graphical representations of complex reactor dynamics that enhance user understanding. Its user-
friendly interface facilitates seamless interaction with the model, allowing easy input and output
data exchange.

SDAT consists of a neutronics model represented by the point reactor kinetics model, a
one-dimensional multi-channel thermal-hydraulics model to account for the mass and heat transfer
in various reactor components, and a reactivity feedback model. Details on the description of
SDAT models and the validation results of reactivity insertion tests conducted at the MSRE are
available in previous work (Abuqudaira et al., 2024). In the point reactor kinetics model, a system
of equations describes the time-dependent behavior of the neutron density and DNPs densities.

The change in neutron density as a function of time can be represented by:
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Where p(t) is the net reactivity of the core as a function of time, Best is the effective delayed
neutron fraction, A is the mean neutron generation time, A; is the decay constant for the ith group
of DNPs, and Ci(t) is the density of the i group of DNPs as a function of time. For the system of
equations governing the density change of DNPs as a function of time, the conventional set of
equations has to be modified to account for the fuel salt circulation and, thus, the loss and addition
of DNPs to the core (Macphee, 1958).

In SDAT, the account for the DNPs motion can be modeled through a zero-dimensional or
one-dimensional multi-channel model. In the one-dimensional multi-channel model, DNPs are
produced from fission in the reactor core, drift through graphite channels, hot leg, tube side of the
heat exchanger, and cold leg back to the core channels. The rate of change of group i DNPs density

in the r'™ channel and z" node as a function of time is:

)" — ¢y ()=

Tz

dc;(t)™?
dt

_ Be[ff,i n(t)™? — A,¢;(t)™? — (5)

n(t)™ is the one-group neutron density in the r' channel, z" node, and 1 is the fuel salt
transit time in the node. When the fuel salt exits the channels in the reactor core, it will be mixed
in the hot leg. Thus, the concentration of the DNPs in the hot leg will be treated as a one-
dimensional single-channel model. In addition, one-dimensional single-channel treatment is
adapted in the heat exchanger and cold leg. A simplified diagram of the tracking scheme of the

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

4. Results and Discussion

The MSRE operating at a thermal power of 8 MW was simulated in SDAT. In the core, it
was reported that 97% of the fission power is deposited in the fuel salt channels, while 3% is in
the graphite channels. The spatial power distribution adapted in SDAT was calculated from the
reported power distribution for a nine-region MSRE model (Kerlin T. W. et al., 1971). The

normalized power distribution in the core channels using SDAT is shown in Figure 6.
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Figure 6. Normalized power distribution in the core channels.
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In SDAT, the power distribution in the core channels is used in the thermal-hydraulics
model to predict temperature distribution in various reactor components. This model uses reactor
thermal power as input from the neutronics model. Thus, the same temperature distribution was
obtained at steady-state in all simulations regardless of the implemented model of DNPs. The
steady-state temperature distribution in various reactor loops is shown in Figure 7, Figure 8, and
Figure 9. The fuel salt temperature increased as it flowed upward through the channels. The central
channels exhibited the highest temperatures in the primary loop, attributed to the higher power
density at the core center, resulting in more significant heat generation than the outer channels.
The fuel salt temperature decreased in the heat exchanger as heat was transferred to the coolant
salt in the secondary loop. Subsequently, the coolant salt transferred heat to the air in the tertiary

loop, where it was ultimately rejected to the environment.

670

I I 665
1645
||‘| |H|‘ .
635

630

[=2]
]
@
C

»
(92
o
Temperature (°C)
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272 Following the steady-state temperature distribution simulation, the influence of using

273  reduced and extended models of DNPs on MSR dynamics simulations was thoroughly examined.
274  The examination included evaluating the estimated distribution of DNPs, reactivity loss due to fuel

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

276
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4.1. Reduced DNPs Models

The impact of implementing two reduced DNPs models was analyzed under both steady-
state and transient conditions. These reduced models were created by condensing the standard 6-
group representation of DNPs into simplified 2-group and 1-group models within the simulation
tool. The analysis focused on assessing the accuracy of the reduced models in predicting the
estimated DNPs distribution, reactivity loss value, and overall reactor dynamic behavior in
response to transient conditions.

4.1.1. Steady-State

The steady-state normalized concentration of DNPs in the primary loop was simulated for
different models, as illustrated in Figure 10, Figure 11, and Figure 12. Normalization was
performed by dividing the local concentration at each location by the maximum concentration
value. Two main observations were noted using the conventional 6-group representation of DNPs.
First, the distribution of groups with the longest half-lives was shifted to the upper part of the core.
This tilt is a result of the fuel salt flow in the core. By comparison, the groups with the shortest
half-lives tended to follow a distribution equivalent to the power distribution in the reactor core.
Second, the shortest-lived groups of DNPs decayed almost entirely before reentering the core,
whereas a significant fraction of the long-lived groups of DNPs reentered the reactor core.

When comparing the distribution of DNPs across different group representations, it was
shown that using fewer groups resulted in a distribution shifted toward the upper edge of the core.
As a result, a significant fraction of the DNPs is expected to be simulated removed from the core.
Depending on their half-lives, a fraction of these DNPs may not decay in the loop and renter the
core. This fraction depends on the fuel salt transit time in the loop (tr), with more DNPs decaying

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



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

301 accuracy of both the simulated spatial distribution and decay location of these precursors.
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In MSRs, a fraction of DNPs leave the core with the flowing fuel salt. While some of these
DNPs may later reenter the core, their temporary removal affects the delayed neutron population
within the core. Thus, the core net reactivity is a non-zero value. This positive reactivity has to
compensate for the reactivity loss because of the removal of delayed neutrons due to DNPs being
removed during the fuel salt circulation. The percentage of DNPs removed from each group and
the reactivity loss using different DNPs models are summarized in

Table 1, Table 2, and Table 3.
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Using the six-group model, it can be demonstrated that groups with the longest half-lives
had a significant fraction of their precursors removed from the core. In contrast, groups with the
shortest half-lives had only a tiny fraction removed. The fraction of precursors removed depends
on their spatial distribution within the core, which is influenced by the fuel salt flow and the decay
characteristics of each group. The reactivity loss value did not follow this trend, as different groups
have varying abundances (delayed neutron fractions) and half-lives. Although the group with the
longest half-life, group 1, had a significant fraction of its precursors removed due to the shifted
distribution, its contribution to reactivity loss was not the highest. This can be explained by its
lower delayed neutron fraction and the longer half-live, which allowed a significant fraction of the
precursors to renter the core. Group 2, however, contributed the most to the reactivity loss. This is
due to the significant fraction of its precursors being removed from the core, its shorter half-life,
and its higher delayed neutron fraction.

When comparing the percentage of DNPs removed from each group and the reactivity loss
values across different models, it becomes evident that reduced models resulted in a lack of
accurate representation of the distribution of DNPs and, thus, the reactivity loss estimates. In this
reactor design, the reactivity loss value was shown to be lower using more detailed group
representations. These models better capture the nuances of precursor distribution and decay,
resulting in more precise reactor reactivity loss predictions. Compared to the experimental
reactivity loss value of 100.5 pcm reported for the MSRE (Abuqudaira et al., 2024), more detailed

models with more groups provided more accurate estimates of reactivity loss.
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Table 1. The percentage of DNPs removed from each group and the reactivity loss using the 6-group DNPs model.

Group rePnig:VeeIgaf%(e)rgﬂl?g\Icl;Sre 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

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

Group rcaf)rflg(fell(;af%zrgilll)e I\Ic}c))sre Reactivity loss (pcm)
1 64.75% 108.77
2 24.27% 23.30

Total 50.03% 132.07

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

Percentage of DNPs ..
Group removed from the core Reactivity loss (pcm)
1 63.38% 167.32
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4.1.2. Transients
Two transient events were simulated using reduced and conventional DNPs models. The
first transient involved a step reactivity insertion simulation. In the second transient, a primary

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

4.1.2.1 Reactivity Insertion

In this transient event, a positive reactivity of 0.1Befr was inserted following steady-state
reactor operation. As a result, the reactor power and fuel salt temperature started to increase. The
increase in fuel salt temperature triggered negative reactivity feedback. Eventually, the negative
reactivity feedback counteracted the inserted positive reactivity, and reactor power started to
decrease. A plateau in the reactor power was observed due to the “hot” fuel salt exiting the core
and “cold” fuel salt entering the core, which introduced a positive reactivity feedback, balancing
the negative reactivity feedback due to the temperature increase. Eventually, the negative reactivity
feedback reduced reactor power with minor oscillations due to the positive/negative reactivity
feedback because of the fuel salt circulation process. Such a general trend was observed regardless
of the model of DNPs implemented in the simulation. The reactor power using different models of
DNPs and the relative deviation in reactor power using reduced DNPs models from the 6-group

model following a step reactivity insertion of 0.1 is shown in Figure 13.
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Figure 13. Reactor power using different DNPs models and the relative deviation in power estimates using reduced DNPs models

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

It can be observed that the deviation from the reference 6-groups model decreased as the
number of groups increased. In addition, the deviation in the estimated power is more pronounced
during the power peak. Using fewer groups resulted in the overestimation of the power peak value.
In addition, it resulted in an underestimation of the time to reach the peak. Following the power
decrease, reduced models started to fluctuate compared with the 6-groups model due to the
simulated reactivity feedback relative to the reactivity loss value. These fluctuations were
particularly pronounced following time intervals of approximately (t1), corresponding to the fuel
salt transit time in the loop outside the core. The periodic markers (tL) on the time axis represent
the fuel salt transit time outside the core, highlighting its influence on reactivity fluctuations. The
magnitude of these fluctuations varied between models based on the fraction of DNPs reentering
the core, highlighting how each model estimated the fraction of DNPs reentering the core after
circulation through the external loop. However, as time progressed, the deviations gradually
decreased as the reactor approached a new equilibrium, eventually becoming negligible once the

system stabilized.
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392 The reactivity loss following the reactivity insertion as a function of time and the relative
393  deviation using reduced DNPs models from the 6-group model is shown in Figure 14. The
394  reactivity insertion resulted in a rapid increase in reactor power and, thus, the production of DNPs.
395  More DNPs were removed from the core, and the reactivity loss increased. The negative reactivity
396  feedback due to the fuel salt temperature increase counteracted the external reactivity insertion, as
397  shown in Figure 15. Eventually, the reactivity loss stabilized at a value corresponding to the new
398  simulated power level. The same behavior was observed regardless of the use of different DNPs
399  models. The deviation in the simulated average fuel salt temperature in the reduced models
400 compared to the 6-group model was small. However, the high deviation in the reactivity loss

401  estimates affected the simulated reactivity feedback and, thus, the power behavior over time.
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403 Figure 14. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates using reduced DNPs
404 models from the 6-group model following a step reactivity insertion of 0.1 Befr.
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Figure 15. Average fuel salt temperature change using different DNPs models following a step reactivity insertion of 0.1 Befr.

To summarize the observations in reactivity insertion transient of 0.1Bef, although the
reduced models preserved the overall power behavior, they introduced inaccuracies in key transient
characteristics, including the peak power estimate and the power evolution over time. The use of
reduced DNPs models led to overestimating the power peak compared to the conventional 6-group
model. Specifically, the 1-group model overestimated the peak power by approximately 3.5%,
while the 2-group model resulted in a deviation of only 0.25%. The discrepancies in reactivity loss

estimates contributed to fluctuations in power deviation over time.

4.1.2.2 Pump Failure

In this transient, a simulation of a primary pump failure was carried out. As a result of the
pump failure, the mass flow rate of the fuel salt in the primary loop started to decrease
exponentially. Eventually, the mass flow rate was reduced by 25%. The normalized mass flow rate
of the fuel salt in the primary loop following this pump failure is shown in Figure 16. The reduction
in the mass flow rate caused an increase in the fuel salt temperature, which induced a negative

reactivity feedback, acting in favor of a power decrease. This negative reactivity feedback
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exceeded the excess reactivity introduced by the reduced loss of DNPs at the lower mass flow rate.
The change in reactor power and the relative deviation in reactor power using reduced DNPs
models from the 6-group model, reactivity loss and the relative deviation in reactivity loss using
reduced DNPs models from the 6-group model, and average fuel salt temperature using different
group representations of DNPs following the primary pump failure are shown in Figure 17, Figure

18, and Figure 19.
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Figure 16. Normalized fuel salt mass flow rate in the primary loop following a primary pump failure.

As the mass flow rate decreased, the removal rate of DNPs also decreased, leading to a
lower reactivity loss value. However, the removal rates of individual precursor groups varied
depending on the DNPs model used. Thus, the change in the reactivity loss value is not the same
for all models. The change in the estimated reactivity loss as a function of the mass flow rate in
the loop is summarized in Table 4. It can be observed that the reactivity loss value changed most
significantly using the 6-group model. Therefore, compared with the 6-group model, the power
dip value was overestimated using the 1-group and 2-group DNPs models.

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

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



442  using the reduced models from the 6-group model is maximum, where it was around 3% using the
443  1-group model and slightly above 1% using the 1-group model. Mainly, this behavior is due to
444  increased reactivity loss deviation from the 6-group model. The reactor power showed oscillations
445  caused by the reactivity feedback caused by the fuel salt circulation in the primary loop. These

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

447  loss value.
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449 Figure 17. Reactor power using different DNPs models and the relative deviation in power estimates using reduced DNPs models
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453 Figure 18. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates using reduced DNPs

454 models from the 6-group model following a primary loop pump failure.
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Figure 19. Average fuel salt temperature change using different DNPs models following a primary loop pump failure.

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

Reactivity loss (pcm)
Number of groups 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

To summarize, the DNPs model influenced the simulated removal rate of DNPs, affecting
the reactivity loss estimates. During a pump failure transient, the change in reactivity loss value
was different, resulting in further deviation in the estimated reactivity loss in the reduced models
from the conventional 6-group model. The average fuel salt temperature deviation in the reduced
models, compared to the 6-group model, was significantly greater than that observed in the
reactivity insertion transient. These differences impacted the simulated transient behavior,

including the magnitude of the initial power dip and subsequent oscillations.
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4.2. Expanded DNPs Models
Additional simulations incorporating expanded DNPs representations were performed to
enable comparative analysis and assess the influence of the increased number of groups of DNPs

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

4.2.1. Steady-State

The distribution of DNPs in the primary loop using the 6-group model is similar to what
was shown in Figure 10. For the 7-group and 8-group models, the normalized concentration of
DNPs groups is shown in Figure 20 and Figure 21. Expanded DNPs models led to a more accurate
representation of the DNPs concentration in the primary loop. Specifically, group 2 in the 6-group
model was expanded into two separate groups in the 7-group model, and the seventh group in the
7-group model was further expanded into two groups in the 8-group model. The impact of this
expansion on reactivity loss depends on how the altered distribution of DNPs, combined with the
half-life of the expanded groups, influences the removal and reentry of DNPs into the core. The
fraction of DNPs reentering the core is reactor design-dependent, influenced by the fuel salt transit
time outside the core (1.). The percentage of DNPs removed from the core and the reactivity loss
values are summarized in Table 5, Table 6, and Table 7.

The overall observations align with findings from the reduced models, where groups with
the longest half-lives exhibited a distribution shifted toward the upper region of the core, leading
to significant removal from the core. However, a substantial fraction of these precursors managed
to reenter the core due to their long half-lives relative to the fuel transit time outside the core in
this design (1 = 16.5 seconds). In contrast, the distribution of groups with the shortest half-lives

remained more aligned with the power distribution in the core, resulting in minimal removal.
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Additionally, only a tiny fraction of these short-lived precursors reentered the core, as their half-
lives were much shorter than 1, leading to their decay before completing the loop.

Therefore, the reactivity loss value decreased by expanding group 2 in the 6-group model
into groups 3 and 4 in the 7-group model. This can be explained by the redistribution of DNPs,
where the newly defined groups captured a more refined decay behavior. This shift resulted in a
lower overall removal fraction and increased the fraction of DNPs that reentered the core before
decaying, thereby reducing the net reactivity loss. Conversely, the reactivity loss value increased
when group 7 in the 7-group model was expanded into groups 7 and 8 in the 8-group model. This
increase can be attributed to the redistribution of DNPs, where the newly introduced group
captured a portion of precursors with an even longer half-life. As a result, more precursors were
transported out of the core before decaying, increasing the overall reactivity loss. However, the
difference in estimated reactivity loss between the 6-group, 7-group, and 8-group models was
minimal, not exceeding 0.08%. Thus, while the reduced models exhibited a significant deviation
from the 6-group model in terms of reactivity loss, the expanded models, despite offering a more
detailed distribution of DNPs in the primary loop of an MSR, resulted in only a negligible

difference in the estimated reactivity loss.
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Figure 21. Normalized concentration of DNPs in the primary loop using the 8-group model.
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524 Table 5. The percentage of DNPs removed from the core and the reactivity loss using the 6-group DNPs model.

Group rePnig:VeeIgaf%(e)rgﬂl?g\Icl;Sre 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
527 Table 6. The percentage of DNPs removed from each group and the reactivity loss using the 7-group DNPs model.
Group rcaf)rflg(fell(;af%zrgilll)e I\Ic}c))sre 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
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Table 7. The percentage of DNPs removed from each group and the reactivity loss using the 8-group DNPs model.

Group rfnii)cveenc;af%(e)rgﬂl?el\lclz)sre 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

4.2.2. Transients
SDAT was used to simulate two transient events implementing the expanded and 6-group
models. The first transient involved a step reactivity insertion simulation, while the second

transient simulated a primary pump failure.

4.2.2.1 Reactivity Insertion

In this transient, a step reactivity insertion of 0.1esr produced the same physical phenomena
observed in the reduced models’ section. However, the deviation in reactor power predicted by the
expanded DNPs models, compared to the conventional 6-group model, was negligible. Figure 22
illustrates the reactor power for different DNPs models and the relative deviation of expanded
DNPs models from the 6-group model following the reactivity insertion. The deviation in
estimating the time to reach the peak and the power peak value was minimal compared to the

reduced models. The 8-group model slightly overestimated the power peak, while the 7-group
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model underestimated it compared to the 6-group model. The maximum relative deviation in
reactor power following the reactivity insertion was limited to 0.03%, which was achieved after
two fuel salt transit times outside the core (211). Subsequently, the deviation of the expanded

models from the conventional 6-group model gradually decreased over time.
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Figure 22. Reactor power using different DNPs models and the relative deviation in power estimates of expanded DNPs models

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

Figure 23 shows that the reactivity loss value estimated by the expanded models was
underestimated compared to the conventional 6-group model. Fluctuations in the reactivity loss
estimates by the expanded models, compared to the 6-group model, were observed due to fuel salt
circulation. Fluctuations in the reactivity loss estimates in the expanded models compared to the
6-group model introduced reactivity feedback fluctuations. However, the deviation in the
temperature change was minimal, as shown in Figure 24.

To summarize this transient, while the use of expanded DNPs resulted in a more accurate
representation of the DNPs distribution in the primary loop, the estimated reactivity loss remained
close to that of the conventional 6-group model, leading to minimal deviation in the reactor’s
response to reactivity insertion transient of 0.1Befr. Additional simulations of transients involving

reactivity insertions up to Ber were conducted. A similar behavior was observed, with minimal
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deviation between the expanded and 6-group models. Thus, the expanded models’ impact on the
reactor’s dynamic response to reactivity insertion transients was negligible, suggesting that the

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

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

from the 6-group model following a step reactivity insertion of 0.1 Betr.
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Figure 24. Average fuel salt temperature change using different DNPs models following a step reactivity insertion of 0.1 Betr.

4.2.2.2 Pump Failure

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

power using expanded DNPs models from the 6-group model is shown in Figure 25. The reactor
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power evolution remained consistent across different DNPs models following the pump failure.
This consistency is a result of the slight deviation in the reactivity loss estimates over time using
the expanded and conventional 6-group model. The reactivity loss and the relative deviation in
reactivity loss estimates using expanded DNPs models from the 6-group model following a
primary loop pump failure are shown in Figure 26. While the removal rate of DNPs from the core
decreased as the mass flow rate decreased, this decrease was almost identical in the 6-group, 7-
group, and 8-group models, as summarized in Table 8. Consequently, the deviation in reactivity
loss was minimal, and the simulated average fuel salt temperature exhibited negligible differences

across all DNPs models, as shown in Figure 27.
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Figure 25. Reactor power using different DNPs models and the relative deviation in reactor power using expanded DNPs models

from the 6-group model following a primary pump failure.
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Figure 26. Reactivity loss using different DNPs models and the relative deviation in reactivity loss estimates using expanded

DNPs models from the 6-group model following a primary loop pump failure.
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Figure 27. Average fuel salt temperature change using different DNPs models following a primary pump failure.

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

Reactivity loss (pcm)
Number of groups 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%
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To summarize, the change in reactivity loss as the mass flow rate decreased was
comparable between the expanded and conventional models. This indicates that while the
expanded models offered a more detailed distribution, the removal rate and reactivity loss
estimates from the expanded models were found to be in close agreement with those from the 6-
group model. As a result, the maximum deviation in reactor power was limited to just 0.03% when
using the 8-group model compared to the 6-group model, highlighting the minimal impact of the

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

4.3. Prospective Trend

As demonstrated in previous subsections, increasing the number of groups of DNPs
improved the representation of their simulated distribution and allowed for more precise tracking
of their behavior. In the reduced models, a higher number of groups decreased the percentage of
DNPs removed from the core, thereby reducing the reactivity loss. Similarly, in the expanded
models, this trend was observed except for the 7-group and 8-group cases, where an increase in
the number of groups resulted in a higher percentage of DNPs removed from the core and,
consequently, a greater reactivity loss. The reactivity loss values using SDAT simulations are
compared with the reported experimental value, as shown in Table 9. These findings underscored
the impact of the number of groups of DNPs on the accuracy of their simulated removal from the

core and the corresponding reactivity loss.



629

630

631

632

633

634

635

636

637

638

639

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

Method Number of groups of DNPs Reactivity loss (pcm)

1 167.32

SDAT — Reduced ) 132.07
representations

6 124.17

6 124.31

SDAT — Expgnded 7 124.22
representations

8 124.24

Experimental - 100.5

These reactivity loss values were used to extrapolate the required number of groups to
achieve a reactivity loss value identical to the experimental one of 100.5 pcm. The reactivity loss
values obtained from reduced models were fitted using various mathematical approaches, with
power-law fitting yielding the best fit. Extrapolation using the power fit determined that at least
17 groups of DNPs are necessary to reproduce the experimentally observed reactivity loss value.
Fitting the combined data from reduced and expanded models indicated that approximately 30
groups of DNPs would be required to converge to the experimental result. Extrapolation of the
reactivity loss values to obtain the required number of groups of DNPs needed to match the

experimental reactivity loss value is shown in Figure 28.
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642
643 However, several sources of errors can be considered in these estimations:
644 - The power-law fit used to extrapolate the required number of groups is subject to
645 inherent uncertainties. The fitting process depends on the dataset used, and
646 extrapolations beyond the available data points introduce potential deviations.
647 Moreover, the reactivity loss values obtained may not always follow a strict power-law
648 trend, leading to additional uncertainty in determining the required number of groups.
649 - SDAT employs a one-dimensional multi-channel treatment of DNPs, which introduces
650 approximations that may not fully capture their drift and diffusion in three-dimensional
651 reactor geometries. These simplifications can lead to discrepancies in the simulated
652 distribution, affecting the estimation of reactivity loss.
653 - The experimental measurement of the reactivity loss value has its own uncertainties.
654 Additionally, several published articles have raised concerns about the accuracy of the

655 reported results from MSRE tests (Mochizuki, 2022; Zanetti et al., 2015).
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- The use of the extended model with 8-group data does not include importance
functions, relying solely on the physical delayed neutron fractions rather than the
effective values. This limitation introduces a source of error in the fitting process when
using combined models.

Despite these sources of error, the results still indicate a potential trend in the relationship
between the number of groups of DNPs and the simulated reactivity loss value. However, while
increasing the number of groups improves the accuracy of the precursors’ distribution and
enhances fidelity in tracking precursors, it has minimal impact on the reactor’s dynamic response

to transients.

5. Conclusions

This study assessed the impact of the adopted delayed neutron precursors (DNPs) model
on molten salt reactor dynamics simulations. The distribution of DNPs in the primary loop, the
removal percentage of DNPs, and the reactivity loss during steady-state reactor operation were
compared using reduced and expanded DNPs models. Additionally, the simulated reactor power
following initiated transients using reduced and expanded models was analyzed, all using the
System Dynamics Analysis Tool (SDAT). Reduced models were obtained by condensing a 6-group
model into 2-group and 1-group models. An extended 8-group model was used to derive condensed
7-group and 6-group models.

Results showed that adopting reduced DNPs models led to a misrepresentation of the actual
DNPs distribution in the primary loop. Due to the fuel salt circulation, these reduced models shifted
the simulated DNPs distributions toward the upper part of the core. As a result, a higher fraction

of DNPs was removed from the core than the actual fraction. Depending on the design
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configuration, this removed fraction may either reenter the core or decay outside, depending on
the decay characteristics of the individual groups. Therefore, this could lead to either
overestimating or underestimating the reactivity loss value. For the Molten Salt Reactor
Experiment (MSRE) design, the reactivity loss value was overestimated using the reduced models
compared to the conventional 6-group model. This deviation in the estimated reactivity loss
resulted in an overestimation of the power increase in a reactivity insertion of 0.1Ber and an
overestimation of the power decrease in primary pump failure transient simulations. This deviation
in the estimated reactivity loss resulted in oscillatory behavior of the power deviation from the 6-
group model due to the continuous fuel salt movement.

Using expanded models of DNPs resulted in a more detailed representation of the DNPs in
the primary loop and underestimating the reactivity loss value compared to the 6-group model.
However, the influence of this distribution on the removal percentage and reactivity loss estimates
was negligible. Furthermore, the deviation in simulated power following a reactivity insertion and
pump failure transients was minimal. These findings suggest that expanded models improve the
fidelity of DNPs distribution modeling. However, their impact on key reactor dynamics
parameters, such as reactivity loss and power response, remains limited compared to the 6-group
model.

The fitting of the obtained reactivity loss data demonstrated that increasing the number of
groups could help match the experimental reactivity loss value observed in the MSRE.
Extrapolation indicated that at least 17 groups are necessary when using reduced models.
Combining data from reduced and expanded models suggested that approximately 30 groups
would be required to converge to the experimental result. However, several sources of error

introduce potential deviations to these estimates. Despite these uncertainties, the results highlight
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a trend in the relationship between the number of groups and simulated reactivity loss.
Nevertheless, while increasing the number of groups enhances the fidelity of precursor tracking,
it has minimal impact on the reactor’s overall dynamic response to transients.

Future research should focus on examining the impact of uncertainties in DNPs group
fractions on the distribution of precursors, reactivity loss, and the reactor’s dynamic response. In
addition, a comprehensive study on the influence of delayed neutron data from different nuclear
data libraries on key reactor kinetics parameters is necessary. Investigating these aspects will
enhance the accuracy of reactor simulations and improve confidence in transient analysis for MSRs

and other advanced reactor systems.
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Appendices

The DNPs group parameters used in the simulations were based on published data for the
MSRE and thermal neutron fission of 2**U. Table A.1 presents the six-group delayed neutron
parameters for the MSRE used in the reduced DNPs models. Table A.2 provides the eight-group
delayed neutron parameters derived from the thermal neutron fission of >*U used in the expanded

DNPs models.

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

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

_ Half-life, Effective dela}yed
Group, i _ neutron fraction,
T12,i (S) .
Beff, 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




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

808 used in the expanded DNPs models (Spriggs et al., 2002).
Group Half-life (s) Relative abundance
1 55.6 7.97E-02
2 245 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



