
RESEARCH ARTICLE

Neutronics design of shutdown and control

systems for a Zero Power Experiments of

chloride-based molten salt fast reactor

Lakshay Jain1, Omid Noori-kalkhoranID
1,2*, Lewis Powell1, Andrew JonesID

1,

Daliya Aflyatunova3, Bruno Merk1,3

1 School of Engineering, University of Liverpool, Liverpool, United Kingdom, 2 School of Engineering, Cardiff

University, The Parade, Wales, United Kingdom, 3 School of Physical Sciences, The University of Liverpool,

Liverpool, United Kingdom

* o.noorikalkhoran@liverpool.ac.uk

Abstract

Nuclear power’s role as a reliable, baseload, low-carbon source and its importance in

achieving clean energy goals are being increasingly recognized with growing urgency

around decarbonization of the global energy systems. However, to deliver a long-term sus-

tainable solution, it is essential to develop innovative nuclear technologies for improving the

fuel utilization and reducing the nuclear waste disposal challenge. Zero Power Reactors

(ZPR) are an essential initial step for developing new nuclear technologies because they

allow for testing and refinement in a safe environment before large-scale deployment. This

paper discusses the design of a ZPR experiments for the development of iMAGINE, a novel

chloride-based molten salt reactor technology. The paper presents a detailed analysis of the

neutronic design for the shutdown and control systems of an experimental ZPR based on

the iMAGINE molten salt reactor technology. The study concludes that a split-core design

with a lower corner reflector as an extension of the lower annular reflector offers the most

robust ZPR configuration, offering optimum operational margins and maneuverability. This

design ensures safety, regulatory compliance, and sufficient control and shutdown perfor-

mance for the successful development of the iMAGINE technology.

1. Introduction

The United Nations has defined the challenge for all future energy systems through Sustain-

able Development Goal 7 (UN SDG 7)–ensuring access to affordable, reliable, sustainable, and

modern energy for all [1]. With the growing climate change emergency and the need for decar-

bonization of global energy systems, the importance of nuclear power in achieving net-zero

targets is being increasingly recognized across the world [2–5]. It is currently the only freely

manageable, very low-carbon energy technology with 24/7 availability to complement inter-

mittent renewables [6]. Consequently, more than 20 nations recently announced the goal of

tripling global nuclear energy capacity by 2050 during the World Climate Action Summit of

COP28 [7].
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Although nuclear energy has undoubted potential as a source of baseload energy while

reducing CO2 emissions [5], there is a strong need for the development of advanced nuclear

technologies for improvement in sustainability, economics, safety, reliability and proliferation-

resistance for long-term success and delivering on future requirements [8, 9]. iMAGINE, an

innovative nuclear system based on chloride molten salt fast reactor technology, was proposed

by Merk et al. to deliver on the aforementioned principles [10, 11]. It has been optimized for

integrated closed fuel cycle operation for improved fuel utilization as well as solving the

nuclear waste disposal problem. A comprehensive four-step plan–basic studies, experimental

zero power reactor, small-scale demonstrator, and industrial demonstrator–has been envis-

aged for the development of iMAGINE to ensure active risk reduction and quick progress [11,

12]. The importance of such a stepwise development paradigm for a game-changing technol-

ogy like iMAGINE has been previously highlighted [11, 13, 14] and coincides well with the

observations of General L. Groves, Project Lead, Manhattan Project about chances and risk

taking [15].

This paper focuses on the neutronic design of an experimental zero power reactor (ZPR)

for the iMAGINE system. A zero power experimental facility is a crucial initial step for the

development of a novel nuclear technology because of the following advantages [6]:

1. Lower costs and risks as compared to a large-scale project or demonstrator;

2. Faster development timelines (< 5 years);

3. Ability to train experts in the design, construction, and operation of future nuclear facilities

in a low-complexity setting;

4. Possibility to prove the quality and reliability of design tools;

5. Possibility for design and testing of novel instrumentation and systems; and

6. Mutual opportunity for developers and regulators to develop the regulatory framework for

non-light water reactor technologies.

Overall, zero power facilities provide a safe environment to test and refine innovative

nuclear technologies before large-scale deployment and offer the following broad benefits [6]:

1. Supporting the entire reactor development process (design, licensing, construction,

commissioning, and operation);

2. Training a new generation of skilled nuclear workforce; and

3. Establishing scientific leadership in advanced reactor technologies

The present work aims to investigate and consolidate the ideas presented in Ref. [6] with

rigorous modeling and simulation results, as appropriate at the current design stage. Compre-

hensive analyses of the neutronic design of shutdown and control systems for a Zero Power

Experiment (ZPE) as an important stepping stone towards the development of iMAGINE, and

more generally, chloride-based molten salt fast reactors have been presented in this paper. The

analysis is based on the steady state neutron transport equation (no time dependence), and

thus, neutron precursor concentrations don’t affect the system. The ZPR is assumed to operate

at room temperature (without any external heating) due to which the fuel is solid with no flow.

However, since steady state conditions are considered, neither flow nor precursor concentra-

tions (thus, delayed neutrons) will affect the system.

It must also be mentioned here that a two-step operation is planned for the proposed exper-

imental ZPR—first with fuel salt in the solid phase at room temperature followed by molten
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fuel salt at elevated temperatures—in close collaboration with the nuclear regulator. The solid

fuel in the first step will provide higher safety and reduced complexity to characterise the sys-

tem and perform essential reactor physics experiments, like critical experiments, neutron flux

measurements, etc. These experiments can then be used to improve, validate, and qualify the

calculation models as well as codes. This step will also involve the gathering of the necessary

nuclear data. Subsequently, the confidence gained from a well characterized solid salt based

ZPR and validated models will be used for step two with molten fuel, most likely through

external heating. This stepwise approach has been planned for active risk mitigation and high

engagement with the regulator at each step. Such an approach will enable mutual learning and

quick development of this promising technology, as well as developing the necessary regula-

tory framework. After the initial reactor physics experiments and required characterization of

the system, the proposed experimental ZPR can also be used to perform experiments with dif-

ferent salts leading to a versatile multi-purpose test facility. Additionally, we are also actively

researching advanced experimentation and instrumentation technologies for testing a variety

of salts in a given neutron field. The manuscript is organized as follows: Section 2 describes the

geometrical and material configuration for the basic ZPE setup. This is followed by a detailed

discussion about the shutdown and control systems, and evaluation of their respective worth

in Section 3. Design of the selected ZPE system is summarized in Section 4 and Finally, the

conclusions have been presented in Section 5.

2. Codes, model and methods

A split-core design has been proposed for the ZPE system where the experimental and opera-

tional parts of the reactor are split from each other and placed in two physically separated

areas (see Figs 1–3). This novel and innovative design originated through a series of workshops

held in Fall 2023 within the Reactor Physics Group, University of Liverpool. It has been pro-

posed primarily because of the following reasons [6]:

1. It eliminates the possibility of inadvertent addition of positive reactivity within the system

in the accidental scenario of failure of the upper core anchoring during system shutdown

leading to the upper part falling onto the lower core; and

2. Nuclear regulators are increasingly inclined towards the separation of operational and

experimental teams, as recently highlighted during the NEA workshop on ‘The demise of
zero power reactors’ [16]. The proposed design takes this requirement forward, embeds it

Fig 1. 3D illustration of the experimental zero power reactor (ZPR) system.

https://doi.org/10.1371/journal.pone.0309928.g001
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into the design and construction of the system, and thus, ensures complete independence

of the reactor operation from experiments. Consequently, ease of access to the experimental

hall, for both personnel and equipment, can be ensured while still maintaining strict access-

control to the operational areas limiting the possibility of misuse through any unauthorized

third-party access; and

3. It provides the possibility of a simple and effective shutdown mechanism by moving the

two parts away from each other. It can be swiftly actuated in the case of an emergency,

Fig 3. Central axial (XZ) cross-sectional view of the ZPE system model.

https://doi.org/10.1371/journal.pone.0309928.g003

Fig 2. Radial (XY) slice of upper part of the zero power experimental (ZPE) system model at an axial distance of

10 cm from the stainless steel floor.

https://doi.org/10.1371/journal.pone.0309928.g002
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promptly providing a large negative reactivity insertion. The shutdown mechanism is also

fail-safe and ensures passive safety (gravity assisted) within the system by moving away the

lower part while the upper part of the core rests on the intermediate floor (see Fig 3) and is

stationary.

An exhaustive discussion of the design ideology can be found elsewhere (see Ref. [6]). Fig 2

shows a radial slice of the experimental (upper) part of the computational model at an axial

distance of 10 cm from the stainless steel floor. It also represents the reference 2D computa-

tional model investigated in this paper. A view of the central axial cross-section of the ZPE

computational model has been given in Fig 3.

The fuel composition for the ZPE is based on the chloride salt system chosen for iMAGINE.

It consists of NaCl-UCl3-UCl4 in the eutectic composition of 42.5%– 17.0%– 40.5% (with 35%

U-235 and 99.9% Cl-37 enrichment). It must be noted here that the 35% U-235 enrichment is

the current working hypothesis but could be changed based on the requirements of the coun-

try where such a facility is located. Similarly, 99.9% Cl-37 enrichment is also a working hypoth-

esis which must be optimized based on the enrichment cost, criticality loss and, later, breeding

demand for a full reactor. A detailed discussion on the data of the salt system and the rationale

behind the choice is given in Ref. [17]. The solid fuel salt has a radius and total height of 58 cm

and 170 cm, respectively. The initial core dimensions for the reference model were derived

through a parametric study which is presented in Section 3.1.1. The fuel is contained in a stain-

less steel (SS304) vessel of thickness 2 cm surrounded by a high-silicon cast iron reflector (Hi-

Si Cast Iron) [18] of thickness 30 cm in both axial and radial directions. However, as seen in

Fig 3, the reflector is present in the upper corner of the ZPE system but absent in the lower cor-

ner (Upper corner of the system refers to the location where the upper axial and upper annular

reflectors intersect each other and Lower corner of the system refers to the location where the

lower axial and lower annular reflectors intersect each other). This configuration was chosen

as the presence of upper corner reflector reduces heterogeneity within the experimental part,

while absence of reflector material in the lower corner could potentially provide better opera-

tional performance. The effect of lower corner reflector on the operational characteristics of

the ZPE system will be investigated in Section 3.2, Section 3.3, and Section 3.5. As mentioned

earlier, the experimental (upper) and operational (lower) parts of the ZPE are separated using

an intermediate, 5 cm thick stainless steel (SS304) floor. It must be noted here that the thick-

ness of the intermediate stainless steel floor is a matter of optimization and discussion with the

regulator. A central experimental channel of radius 2.5 cm is also modeled in the upper core to

closely represent a realistic ZPE setup. It must be noted that the actual ZPE will consist of addi-

tional vertical as well as horizontal experimental channels [6]. However, these have not been

considered here as the simplified model used currently is sufficient for the design studies pre-

sented in this paper. The entire ZPE assembly is surrounded by a 1 m thick and 4 m high bio-

logical shield of barite concrete. For simplification, no biological shield has been considered in

the axial direction and vacuum boundary conditions were applied on all sides. Detailed geo-

metrical parameters for the system have been shown in Table 1. Since ZPE systems are

designed to operate at extremely low-power levels (< ~10 kW) to eliminate the need for any

heat removal systems as well as ensure very low radiation levels, all materials are considered to

be at room temperature of 27 ˚C (300 K). The detailed material configuration and composi-

tions have been provided in Tables 2 and 3, respectively.

The simulations have been performed with OpenMC [20] using 106 particles with a total of

100 batches (10 inactive and 90 active batches) and are based on ENDF/B-VII.1 nuclear data

library [21]. These detailed continuous energy Monte-Carlo calculations lead to a standard
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deviation of ~8 pcm which is appropriate for this type of neutronics analyses. Results of the

reference case, both 2D as well as 3D, have been benchmarked against other reputable monte

carlo codes such as MCNPX-2.7 [22], Keno-VI [23] from the SCALE-6.2.3 package [24] and

HELIOS-v2.03 [25] to check the validity and convergency and presented in Section 3.1.

3. Results and discussion

This section focuses on the neutronics design studies for the proposed ZPE system. It should

be noted here that although the current analyses are aimed towards chloride-based molten-salt

fast reactors, the design philosophy and methodology used in this paper would also be applica-

ble for the neutronics design of the control and shutdown systems of other molten salt

Table 2. Material configuration of the Zero Power Experiment (ZPE) system.

Parameter Material Density [g/cm3]

Upper Core
Fuel salt NaCl-UCl3-UCl4 eutectic 3.2112

Vessel/Fuel clad Stainless steel (SS304) 7.94

Annular reflector High silicon cast iron 7.01

Axial reflector High silicon cast iron 7.01

Lower Core
Fuel salt NaCl-UCl3-UCl4 eutectic 3.2112

Vessel/Fuel clad Stainless steel (SS304) 7.94

Annular reflector High silicon cast iron 7.01

Axial reflector High silicon cast iron 7.01

Other structures
Floor plate Stainless steel (SS304) 7.94

Wall Barite concrete 3.35

https://doi.org/10.1371/journal.pone.0309928.t002

Table 1. Geometrical dimensions of the reference Zero Power Experiment (ZPE) system.

Parameter Dimensions

Upper Core
Fuel height [cm] 120

Fuel radius [cm] 58

Cladding thickness [cm] 2

Annular reflector thickness [cm] 30

Axial reflector height [cm] 30

Experimental channel radius [cm] 2.5

Lower Core
Fuel height [cm] 50

Fuel radius [cm] 58

Cladding thickness [cm] 2

Annular reflector thickness [cm] 30

Axial reflector height [cm] 30

Other structures
Floor plate [cm3] 500 × 500 × 5

Wall inner radius [cm] 250

Wall thickness [cm] 100

Wall height [cm] 400

https://doi.org/10.1371/journal.pone.0309928.t001
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reactors, irrespective of the salt type. The present section is organized as follows–firstly, 2D

and 3D calculation results for the reference model using OpenMC along with their bench-

marking against other Monte-Carlo codes have been given in Section 3.1. This is important

since chloride based molten salt fast reactors could have neutron energy spectrum which is

very different from other reactor types and a significant fraction of neutrons have energies in

the unresolved resonance region [26]. Next, different possibilities for the shutdown and con-

trol systems have been discussed in Section 3.2 and Section 3.3, respectively. This is required

because multiple combinations of the shutdown and control systems are possible, and it is

essential to evaluate the operational envelope they offer to select the most optimum configura-

tion. The analyses of shutdown and control systems are followed by investigation of the sizes

of the experimental and operational parts for the split-core design in Section 3.4 to help opti-

mize the dimensions of the two parts. Finally, the net worth of the chosen shutdown and con-

trol systems in the envisaged operational state of the ZPE has been studied in Section 3.5. It

must be mentioned here that the entire optimization process is non-linear and, thus, the

sequence of scoping studies used here might not reflect the real process.

Table 3. Material compositions.

Material Atomic/Weight Fraction [%]

NaCl-UCl3-UCl4 eutectic †

NaCl 42.5

UCl3 17.0

UCl4 40.5

Stainless steel (SS304) ‡

C 0.080

Si 1.000

P 0.045

Cr 19.000

Mn 2.000

Fe 68.375

Ni 9.500

High silicon cast iron ‡ [18]

C 0.500

S 0.014

Si 15.320

Fe 84.166

Barite concrete ‡ [19]

H 0.3585

O 31.1622

Mg 0.1195

Al 0.4183

Si 1.0457

S 10.7858

Ca 5.0194

Fe 4.7505

Ba 46.3400

† –atomic fraction

‡ –weight fraction

https://doi.org/10.1371/journal.pone.0309928.t003
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3.1 Reference model

The proposed ZPE system is modelled using OpenMC and compared with results from

MCNPX-2.7 and Keno-VI for cross-validation (Keno-VI calculations have been performed in

the continuous energy as well as multi-group mode with 252 energy groups). The geometrical

(see Figs 2 and 3) and material (see Tables 1–3) configurations have been given earlier in Sec-

tion 2. The results of this cross-validation and benchmarking exercise for the 3D case have

been presented in Table 4. The results show excellent agreement with a maximum difference

of 95.21 ± 15.57 pcm between OpenMC and MCNPX-2.7. Although the results from different

codes are very close, they must be validated against actual experiments as unlike other reactors,

a significantly large fraction of the neutrons have energies in the unresolved resonance region.

No theoretical models exist for unresolved resonance treatment and all codes, stochastic or

deterministic, rely on p-tables which are adjusted to match experimental results. Thus, the

cross-validation exercise performed here should not be interpreted as doing away with the

need for experimental validation and is only to understand whether the subsequent analyses

can be based on a single code.

Similarly, the results for 2D case of the reference computational model have been presented

in Table 5. Like the 3D reference model, results from different codes for the 2D case are also in

excellent agreement with each other with a maximum difference of 166.94 ± 6.09 pcm between

OpenMC and HELIOS. However, it is interesting to see a difference of almost 970 pcm

between the multiplication factors obtained from HELIOS using its 173 and 316 energy group

libraries. This is because the experimental ZPR based on the iMAGINE system has a signifi-

cantly harder neutron spectrum [26] and a coarse energy group structure for fast neutrons can

lead to large discretization errors. This clearly shows the need to use a sufficient number of fast

energy groups for multi-group neutronic calculations.

3.1.1 Initial core dimensions. As mentioned earlier, optimizing the overall ZPR system is

a non-linear process which begins with some initial estimate for the system dimensions (iTera-

tion process). These “seed” values are based on the experience and expertise of the design

team. However, these initial dimensions are not fixed and undergo a parametric investigation

to find appropriate values (used earlier in the reference model). The results of these parametric

calculations have been shown in Table 6, where the total core height and radius are varied

from 160 cm to 180 cm and 50 cm to 65 cm, respectively. The aim is to identify those core

Table 4. Benchmarking results for reference ZPE model in 3D.

Code Multiplication Factor, k Difference [pcm]

OpenMC 1.01623 ± 0.00008 -

MCNPX-2.7 1.01725 ± 0.00014 95.21 ± 15.57

Keno-VI 1.01661 ± 0.00009 36.69 ± 11.44

https://doi.org/10.1371/journal.pone.0309928.t004

Table 5. Benchmarking results for reference ZPE model in 2D.

Code Multiplication Factor, k Difference [pcm]

OpenMC 1.14908 ± 0.00008 -

Keno-VI 1.14959 ± 0.00007 38.61 ± 8.05

HELIOS (173g) † 1.159803 804.83 ± 6.09

HELIOS (316g) ‡ 1.146877 -166.94 ± 6.09

† –using 173 energy group library of HELIOS, CCCP solver

‡ –using 316 energy group library of HELIOS, CCCP solver

https://doi.org/10.1371/journal.pone.0309928.t005

PLOS ONE Design of Shutdown and Control Systems for a Zero Power Molten Salt Reactor

PLOS ONE | https://doi.org/10.1371/journal.pone.0309928 October 16, 2024 8 / 26

https://doi.org/10.1371/journal.pone.0309928.t004
https://doi.org/10.1371/journal.pone.0309928.t005
https://doi.org/10.1371/journal.pone.0309928


dimensions for which the system has an excess reactivity between 1000 pcm and 2000 pcm.

This is sufficient to allow operational maneuverability during various experiments but not too

high that it is difficult to control. It is also desirable to have a core diameter to height ratio of

around 2:3 for the overall system. This is because a split-core design has been chosen for the

ZPE system and it would be ideal to have a core height to diameter ratio of unity in the upper

(experimental) part for maximum homogeneity. Based on these criteria, core height and radius

of 170 cm and 58 cm, respectively, are found to be most suitable. It is evident that for most

cases considered in Table 6, either the system lacks sufficient excess reactivity required for

experiments or has too much excess reactivity. Only two other cases–core height and radius of

160 cm and 60 cm, as well as 180 cm and 58 cm, respectively–are close enough to the above-

mentioned criteria. However, the ratio of core height to diameter is further away from the

desired value for the former, while the system has an excess reactivity of around 2400 pcm for

the latter. Thus, the initial dimensions for the reference model have been chosen as 170 cm

and 58 cm of core height and radius, respectively.

3.2 Shutdown system

The ZPE system has been designed in a split-core configuration with a stationary upper part

for experimentation and a movable lower portion for reactor operations and safe shutdown.

The reasons for choosing such a novel design have been outlined earlier in Section 2 and a

detailed discussion can be found elsewhere (see Ref. [6]). The upper part of the split-core con-

figuration rests on an intermediate stainless steel floor while the lower core (along with the

lower axial reflector) can be moved vertically for shutdown, as shown in Fig 4. The ZPE assem-

bly could be designed with or without the presence of reflector material at the lower corner of

the system (see Fig 3). This would lead to three different configurations as follows:

1. ZPE without lower corner reflector, as considered in the reference model (see Fig 5A)

2. ZPE with lower corner reflector as an extension of the lower axial reflector (see Fig 5B)

3. ZPE with lower corner reflector as an extension of the lower annular reflector (see Fig 5C)

Table 6. Multiplication factor of ZPR for different core dimensions.

Core Height [cm] Core Radius [cm] Multiplication Factor, k
160 50 0.93972 ± 0.00007

160 56 0.99180 ± 0.00008

160 58 1.00752 ± 0.00008

160 60 1.02265 ± 0.00008

160 65 1.05742 ± 0.00007

170 50 0.94774 ± 0.00007

170 56 1.00029 ± 0.00008

170 58 1.01623 ± 0.00008

170 60 1.03137 ± 0.00008

170 65 1.06642 ± 0.00009

180 50 0.95503 ± 0.00009

180 56 1.00797 ± 0.00009

180 58 1.02408 ± 0.00008

180 60 1.03926 ± 0.00008

180 65 1.07495 ± 0.00008

https://doi.org/10.1371/journal.pone.0309928.t006
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All three cases are modeled using OpenMC with the calculation settings given in Section 2.

The aim is to investigate the total shutdown worth as well as the rate of negative reactivity

insertion within the system for each case and identify the most suitable option(s). The chosen

Fig 4. Shutdown using core split.

https://doi.org/10.1371/journal.pone.0309928.g004

Fig 5. ZPE assembly configuration (a) without lower corner reflector; (b) with lower corner reflector as lower axial reflector; (c) with lower corner reflector as

lower annular reflector.

https://doi.org/10.1371/journal.pone.0309928.g005
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configuration should be fast acting and capable of introducing a large amount of negative reac-

tivity within the system even with a small gap. It should also provide a sufficient shutdown

margin and various performance parameters will finally be governed by the exact regulatory

requirements. For this study, it has been assumed that the system must have a shutdown worth

of minimum 5000 pcm. This is sufficient at the current stage of design studies and should also

satisfy the regulatory requirements in most countries [27]. It must be noted that the aim here

is to identify the most suitable configuration and appropriate modifications can be made dur-

ing the final design stages, if necessary.

The evolution in multiplication factor kð Þ of the system as a function of increasing core gap

(opening of the lower core) from 0 cm to 100 cm has been shown in Fig 6. The corresponding

reactivity insertion has been plotted in Fig 7. For each of the cases, multiplication factor

reduces and higher negative reactivity rð Þ is inserted within the system as the lower core is

moved further down. This is to be expected because the upper and the lower parts of the ZPE

core become increasingly disassociated from each other with larger core gap which is equiva-

lent to removal of fissile material from the system. If the core gap is increased further, k
and r would ultimately reach asymptotic values indicating that the upper and lower parts of

the ZPE are neutronically completely decoupled and exist as two independent smaller, subcrit-

ical systems. This has not been shown in Figs 6 and 7 for brevity. Importantly, there is suffi-

cient shutdown margin within the system (> 6000 pcm) for all cases, which will allow required

optimizations during the later stages.

It can also be seen that in fully closed configuration (no core gap), the ZPE system with the

lower corner reflector (dotted blue line with squares and dashed red line with circles) has a

multiplication factor ~500 pcm higher than the case with no lower corner reflector (solid

Fig 6. Multiplication factor at different core openings.

https://doi.org/10.1371/journal.pone.0309928.g006
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orange line with triangles). This is expected since the absence of the reflector would lead to

higher neutron leakage, as can be seen from Fig 8, which shows the change in leakage fraction

with increasing core gap. However, it is interesting to observe that the case with lower corner

reflector as an extension of the lower annular reflector has a similar slope to that without the

lower corner reflector. This shows that the rate of negative reactivity insertion (governed by

the amount of neutron leakage) within the system with respect to core gap is similar, as can

also be observed in Fig 7. The reactivity insertion in both cases is almost identical initially and

differs by less than 500 pcm throughout the entire range of core gap studied here. The best per-

formance (both, total worth and rate of reactivity insertion) is, however, seen for the case

when lower corner reflector is present as a part of the lower axial reflector.

The reason for this interesting behavior in evolution of the multiplication factor and

inserted reactivity with increasing core gap can be understood using the leakage fraction plot

shown in Fig 8. In the fully closed configuration, neutron leakage is substantially lower in the

presence of the lower corner reflector. Thus, the effect of every additional neutron leaking out

of the system in these cases, as a result of separation between the lower and upper cores, is

much higher than without the lower corner reflector. On the other hand, the differences seen

between the cases with lower corner reflector are due to the different unreflected lower core

area in the two cases. It is evident from Fig 5B and 5C (which have the same core gap) that the

lower ZPE core has a significantly larger unreflected area when the lower corner reflector is a

part of the lower axial reflector rather than the lower annular reflector. This results in higher

neutron leakage in the former (red dashed curve) as compared to the latter (blue dotted

curve).

Fig 7. Reactivity insertion at different core openings.

https://doi.org/10.1371/journal.pone.0309928.g007
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Based on the analysis carried out in this section and the selection criteria highlighted earlier,

the ZPE system with lower corner reflector as an extension of the lower axial reflector is the

most viable and preferred option. However, the final design choice should be such that it does

not interfere with the functioning of the control system and has been discussed in Section 3.3.

Also, the final design choice must only be made after assessing the performance of the control

system which has been investigated in Section 3.3.

3.3 Control system

Design of the control system of the ZPE assembly is based on vertical movement of the annular

reflector in the operational part, as shown in Fig 9. The idea is to control the reactor by manip-

ulating neutron reflection, and thus leakage, within the system. This ensures the presence of

diverse control and shutdown mechanisms for the ZPE system, which is an essential regulatory

requirement. A detailed discussion on the control system design can be found elsewhere (see

Ref. [6]). In principle, all cases described earlier in Section 3.2 are theoretically possible when

evaluating the control options (not all have been illustrated here for brevity). However, the

annular reflector will not be able to move freely if the lower corner reflector exists as an exten-

sion of the lower axial reflector. This could lead to a common cause failure and would violate

the basic safety design principle of independent control and shutdown systems. Thus, only two

different configurations will be possible:

1. ZPE without lower corner reflector

2. ZPE with lower corner reflector as an extension of the lower annular reflector

Fig 8. Leakage fraction at different core openings.

https://doi.org/10.1371/journal.pone.0309928.g008
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Similar to the analysis of shutdown systems in Section 3.2, both cases have been modeled

using OpenMC with the calculation settings given in Section 2. The aim is to investigate the

total worth of the control system as well as the rate of negative reactivity insertion in each case

to identify the more suitable option. The chosen configuration should provide the necessary

sensitivity while also providing sufficient control margin. This will be governed by the exact

regulatory requirements as well as the sensitivity required for the experiments. It must be

noted that the aim here is to identify the control configuration with better operational perfor-

mance. The system can be modified appropriately during the final design stages, if necessary.

Change in k of the system with respect to position of the lower annular reflector has been

plotted in Fig 10. The reflector opening is varied from 0 cm (fully closed) to 100 cm. The corre-

sponding reactivity inserted within the system has been shown in Fig 11. It can be observed

that k decreases (higher negative reactivity insertion) as the lower reflector is moved further

out before reaching asymptotic values at a reflector opening of ~60 cm. Increasing the reflector

opening leads to increase in the unreflected area of lower part of the ZPE consequently allow-

ing more neutrons to leak out of the system. As expected, for both cases, the ZPE assembly has

the maximum criticality when the reflector is fully closed, thus, minimizing neutron leakage.

Total worth of the control system for the case with (blue dotted curve with squares) and with-

out (red dashed curve with circles) lower corner reflector are ~4100 pcm and ~3600 pcm,

respectively. Even when considering the realistic operational range between 0 cm and 40 cm

(where the control curves have a smooth behavior and haven’t saturated), the corresponding

reactivity insertion is ~–3600 pcm and ~–3200 pcm, respectively. This should be sufficient for

the typical experimental operations expected in a ZPE facility.

When comparing the two cases, it can be seen that the starting multiplication factor in the

presence of lower corner reflector is higher than without it. This is expected as a higher

Fig 9. Control using annular reflector movement.

https://doi.org/10.1371/journal.pone.0309928.g009
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fraction of neutrons can leak out of the system when the lower corner reflector is missing (see

Fig 12). Due to this, the effect of every additional neutron leaking out of the system is higher in

the presence of corner reflector, as also observed from the higher sensitivity of the control sys-

tem (larger slope of the reactivity curve for the case with lower corner reflector) in Fig 11.

Thus, it can be concluded that the case with lower corner reflector as an extension of the lower

annular reflector offers a higher sensitivity as well as total control worth.

Using the results here along with discussions on the shutdown system presented in Section

3.2, it can be concluded that ZPE configuration with lower corner reflector as a part of the

lower annular reflector is the best choice overall, when considering the operational or regula-

tory perspective. It provides sufficient worth, speed and sensitivity for both the shutdown and

control systems, as well as satisfies basic safety principles. It must also be mentioned here that

the ZPE system with lower corner reflector as an extension of the lower axial reflector, the

most preferred option identified at the end of Section 3.2, was eliminated considering the engi-

neering view as it constrained the movement of the control system.

3.4 Size of the experimental (upper) and operational (lower) parts

After analyzing the different configurations for their shutdown and control performance, and

identifying the most suitable system, parametric studies have been carried out in this section

to understand the operational envelope offered by considering different dimensions for the

experimental and operational parts of the ZPE. Although, it might seem counter-intuitive to

investigate the dimensions of the two parts here, this order is appropriate since the analyses

performed earlier in Section 3.2 and Section 3.3 was aimed at understanding the different

Fig 10. Multiplication factor at different lower annular reflector openings.

https://doi.org/10.1371/journal.pone.0309928.g010
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design options for shutdown and control systems and identifying the most preferable configu-

ration. Optimizing the dimensions of the upper and lower parts of the ZPR will not fundamen-

tally affect the behavior of the chosen shutdown and control mechanisms but will only change

the available operational domain as well as experimental opportunities.

Ideally, the upper portion of the ZPE should be as large as possible for maximum homoge-

neity and minimizing any perturbations within experimental measurements arising from reac-

tor operation (movement of the lower annular reflector for reactor control), heterogeneity

within the system (material interfaces) or boundary effects. At the same time, it is essential that

the lower part is large enough to fulfil the operational and regulatory requirements with ade-

quate worth and sensitivity/speed for the shutdown and control systems. Finally, the combined

system formed by the operational and experimental parts should have sufficient positive reac-

tivity to allow ample operational maneuverability for different experiments. It should be noted

here that the overall size of the system would also be constrained by economic as well as practi-

cal considerations, including the enrichment of U-235 in the fuel in the country which is tak-

ing action to build such a facility [6]. A total core height of 170 cm has been considered for the

parametric studies reported in this section. The core radius has been fixed at 58 cm, as consid-

ered for the reference model leading to reasonable excess reactivity for experiments. The over-

all shutdown and control worth for different dimensions of the experimental and operational

core have been shown in Table 7. Based on the results of this parametric study, an upper

(lower) core height of 120 cm (50 cm), as considered in the reference model, is the most opti-

mum choice. It adequately fulfils various operational as well as experimental constraints while

balancing the different, often contrasting, requirements.

Fig 11. Reactivity insertion at different lower annular reflector openings.

https://doi.org/10.1371/journal.pone.0309928.g011
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3.5 Net shutdown and control worth under operational conditions

The analyses presented in Section 3.2 to Section 3.4 was focused on understanding the poten-

tial performance of different configurations for the shutdown and control systems, as well as

the effect of different core heights for upper and lower parts of the ZPE. However, the initial

criticality of the ZPE assembly was different in the presence and absence of lower corner reflec-

tor. In order to understand the total shutdown and control worth under operational condi-

tions, further detailed investigations have been carried out in this section.

Firstly, a criticality search was performed for both cases, with and without the lower corner

reflector, to determine the core radius for a starting criticality of 1.01 for the fully closed con-

figuration. This would provide ~1000 pcm of excess reactivity within the system for opera-

tional maneuverability during experiments. A criticality search with these considerations led

to a core radius of 56.5 cm and 57.2 cm, respectively, in the presence and absence of the lower

corner reflector.

Fig 12. Leakage fraction at different lower annular reflector openings.

https://doi.org/10.1371/journal.pone.0309928.g012

Table 7. Shutdown and control worth for various dimensions of the experimental (upper) and operational

(lower) parts.

Core Height Upper/Lower [cm] Shutdown Worth [pcm] Control Worth [pcm]

140/30 4333.58 ± 10.67 2211.90 ± 10.55

130/40 5389.68 ± 11.49 3052.76 ± 10.87

120/50 6680.52 ± 10.50 4091.55 ± 11.70

110/60 8309.13 ± 11.21 5415.98 ± 10.78

https://doi.org/10.1371/journal.pone.0309928.t007
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Next, the operational position of the control system was determined in each case (with and

without lower corner reflector) using the corresponding core radius by performing another set

of criticality searches. The operational position of the control system refers to the lower annu-

lar reflector opening for which the system has a multiplication factor of unity (1.0). The lower

annular reflector opening was determined to be 7.5 cm and 10 cm, respectively, in the presence

and absence of the lower corner reflector.

After determining the core radius and initial operational position of the lower annular

reflector, performance of shutdown and control systems was investigated for each case. The

core gap as well as lower reflector openings were varied between 0 cm and 100 cm, as done

previously for the analyses presented in Section 3.2 and Section 3.3. The change in multiplica-

tion factor at different core openings for both cases has been shown in Fig 13. The correspond-

ing leakage fractions have been plotted in Fig 14. The cases are represented using the following

nomenclature:

CR core radiusð Þ–RO reflector openingð Þ–LCR lower corner reflector presentð Þ

No significant difference is observed between the multiplication factor in the two cases for

different core openings (see Fig 13). The negative reactivity insertion is almost identical for

very small and large core openings, and the system without lower corner reflector (red dashed

curve with circles) slightly outperforms the other case (blue dotted curve with squares) for

intermediate core gaps. A maximum absolute difference of ~270 pcm (blue dotted curve with

squares in Figs 15 and 16) is observed between the two cases for a core opening of 25 cm, as

shown in Fig 15 (a magnified plot of the differences in reactivity inserted for core gaps of 0 cm

to 15 cm has been shown in Fig 16). It is important to mention here that this is well within the

error margin inherent in the design, the computational codes as well as the input cross-section

Fig 13. Multiplication factor at different core openings under operational conditions.

https://doi.org/10.1371/journal.pone.0309928.g013
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data. In relative terms (red dashed curve with triangles Figs 15 and 16), the maximum differ-

ence in performance of the two configurations is ~10% at a core gap of 12 cm. This is marginal

and the two cases can be considered to offer almost identical shutdown performance with a

total shutdown worth of ~5500 pcm, which is greater than the chosen design criteria of> 5000

pcm. It must be noted here that the size of the system as well as operational lower annular

reflector position are slightly different for the two configurations. This is also the reason for

different leakage fractions for the two cases (see Fig 14) despite almost identical negative reac-

tivity insertion. As mentioned earlier, the final design criteria would be fixed after exhaustive

discussions with the regulators.

Finally, reactivity within the system (with respect to critical state, k ¼ 1) for different

lower annular reflector openings in each case has been plotted in Fig 17 following the same

nomenclature, as used earlier for Figs 13 and 14. As mentioned previously, dimensions of the

ZPE in each case (with and without lower corner reflector) have been chosen such that the sys-

tem has a criticality of 1.01 k ¼ 1:01ð Þ in the fully closed configuration. This is equivalent to

an excess reactivity of ~1000 pcm, as observed in Fig 17. The system attains a multiplication

factor of unity k ¼ 1ð Þ at reflector opening of 7.5 cm (blue dotted curve with squares) and 10

cm (red dashed curve circles), respectively, with and without the lower corner reflector. It can

be seen that the control mechanism based on vertical movement of the lower annular reflector

has an operational range of +1000 pcm to –3250 pcm with lower corner reflector. When the

lower corner reflector is absent, the operational range is limited from +1000 pcm to –2600

pcm.

In conclusion, based on the results of shutdown and control performance presented in this

section, it can be clearly seen that the ZPE configuration with the presence of lower corner

Fig 14. Leakage fraction at different core openings under operational conditions.

https://doi.org/10.1371/journal.pone.0309928.g014
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reflector can offer more robust operation. The control system in this case has a larger total

worth along with higher sensitivity while the shutdown performance is similar to the case

without lower corner reflector.

4. ZPE system summary

This section summarizes the major design parameters of the ZPE system with lower corner

reflector which has been chosen based on the analyses presented in Section 3. A novel split-

core design has been proposed for the experimental ZPR in which the system is split into an

upper (experimental) part and a lower (operational) part. The experimental portion of the

ZPE is stationary with vertical and horizontal experimental channels while the lower core

(along with the lower axial reflector) and the lower annular reflector can be moved vertically.

Movement of the lower core and annular reflector serve as the shutdown and control systems,

respectively. The two parts of the ZPR are separated by an intermediate stainless steel plate

which also acts as the floor for the upper portion, thus eliminating the smallest possibility of

inadvertent addition of positive reactivity within the system in the accidental scenario of the

upper part falling onto the lower core due to a failure of the upper core anchoring during sys-

tem shutdown. This innovative design also ensures complete independence of the reactor

operation from all experiments.

The total core height of the ZPR has been chosen as 170 cm with upper and lower core

heights of 120 cm and 50 cm, respectively, separated by a stainless steel plate of thickness 5 cm.

The optimum core radius was found to be 56.5 cm and both portions of the core are contained

in a 2 cm thick stainless steel vessel. The reactor core and vessel are surrounded in both the

Fig 15. Change of reactivity inserted within the system with lower corner reflector in comparison to the case

without the lower corner reflector as a function of core openings (positive and negative values indicate lower and

higher negative reactivity insertion, respectively).

https://doi.org/10.1371/journal.pone.0309928.g015
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radial and axial directions by a 30 cm thick reflector of Hi-Si cast iron. Based on these parame-

ters, the estimated total mass of the fuel salt and other materials has been summarized in

Table 8.

The shutdown mechanism of the ZPR based on vertical movement of the lower core to

modify the core gap offers a shutdown margin of more than 6000 pcm. The shutdown curve

has been plotted earlier in Fig 7 (blue dotted curve with squares) and has not been reproduced

here for brevity. Fig 18 shows the control curve for the chosen ZPE configuration, i.e., reactiv-

ity insertion in the system at different lower annular reflector positions. As mentioned earlier,

control system based on annular reflector movement in the ZPR with lower corner reflector

has a total control worth of around 4250 pcm from +1000 pcm to -3250 pcm. Thus, the control

system provides sufficient operational maneuverability to perform various experiments by

having ~1000 pcm of reserve positive reactivity. It can also insert large negative reactivity

within the ZPR, offering a reasonable control margin.

5. Conclusions

With the increasing urgency of decarbonizing global energy systems while ensuring the avail-

ability and supply of reliable, 24/7 electricity for all, there is an ever-growing recognition of the

importance of nuclear energy in the overall energy mix. In order to play this role, there is a

strong need to develop novel nuclear technologies in addition to leveraging current reactor

systems. A step-wise approach has previously been proposed for iMAGINE, an innovative

technology based on molten salt reactors. A zero power experimental reactor is a crucial step

in this approach for fast development with quick learning, active feedback and risk mitigation.

Fig 16. Magnified view of the change of reactivity inserted within the system with lower corner reflector in

comparison to the case without the lower corner reflector as a function of core openings from 0 cm to 15 cm

(positive and negative values indicate lower and higher negative reactivity insertion, respectively).

https://doi.org/10.1371/journal.pone.0309928.g016
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The neutronic design of shutdown and control systems of the ZPE reactor based on iMAGINE

has been presented in this paper.

Initially, a reference model for the ZPE has been presented along with a discussion of the

Monte-Carlo results from different codes like OpenMC, MCNPX-2.7 and Keno-VI, including

a parametric analysis to demonstrate how the initial dimensions for the reference model were

obtained. This was followed by a description of the split-core design for the shutdown system.

Advantages of this novel design with physically separated upper (experimental) and lower

(operational) parts located in two different rooms were also presented. A shutdown worth in

excess of 6000 pcm could be achieved for each configuration of the shutdown system that was

considered. The highest total shutdown worth was observed in the case when the lower corner

reflector was present as an extension of the lower axial reflector. However, this configuration

could interfere with the proposed control system which uses vertical movement of the lower

annular reflector and was thus, discarded. Next, performance of the control system was inves-

tigated in two configurations–with and without the lower corner reflector (as an extension of

Fig 17. Reactivity (w.r.t. critical state, k ¼ 1) at different lower annular reflector openings under operational

conditions.

https://doi.org/10.1371/journal.pone.0309928.g017

Table 8. Estimated mass of different materials in the experimental Zero Power Reactor (ZPR) system.

Material Mass [103 kg]

Fuel salt 5.45

Stainless steel (vessel) 1.70

High silicon cast iron (reflector) 27.64

Stainless steel (floor) 9.93

https://doi.org/10.1371/journal.pone.0309928.t008
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the lower annular reflector). While both configurations performed satisfactorily with a total

control worth > 3600 pcm, it was seen that the control system had a higher total worth as well

as sensitivity in the presence of lower corner reflector.

This was followed by parametric studies to understand the effect of different heights of the

experimental and operational parts of the ZPE on its shutdown and control performance. It

was found that heights of 120 cm and 50 cm for the upper and lower parts, respectively, were

optimum considering the different constraints which included, sufficient control and shut-

down performance while ensuring minimum perturbations in the experimental part. Finally,

the net shutdown and control performances were investigated in a realistic operational sce-

nario. After performing criticality searches to determine the core radius (for excess reactivity

of ~1000 pcm in fully closed configuration for operational maneuverability during experi-

ments) and lower reflector opening (control system position) for steady state operation, the

total shutdown and control worth of the ZPE assembly in the presence and absence of lower

corner reflector were calculated. The core radius was found to be 56.5 cm and 57.2 cm with

Fig 18. Control curve for the chosen ZPE system. Zero denotes the reference reflector position at which the system is critical k ¼ 1ð Þ and corresponds to a

reflector opening of 7.5 cm, as shown in Fig 18 (sign convention for reflector position–negative when the lower annular reflector opening is more than the

reference position and positive otherwise).

https://doi.org/10.1371/journal.pone.0309928.g018
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and without the lower corner reflector, respectively. The corresponding lower reflector open-

ings were 7.5 cm and 10 cm, respectively. It was also seen that while the shutdown perfor-

mance was only marginally different in the two cases, performance of the control system was

significantly better when the lower corner reflector was present. Thus, the system design with

lower corner reflector as an extension of the lower annular reflector was chosen for ZPE

reactor.

Finally, the system parameters of the chosen configuration including dimensions were sum-

marized in Section 4. The total fuel salt inventory was estimated to be around 5.45 tons along

with ~11.63 tons and ~27.64 tons of stainless steel and high-silicon cast iron, respectively. The

shutdown system based on vertical movement of the lower core to modify the gap between the

operational and experimental portions offered a large shutdown worth of ~6500 pcm. The

control curve for the chosen configuration was also presented depicting the reactivity inserted

within the system at different lower annular reflector positions. The control mechanism

offered a robust operational envelope and allowed a reactivity insertion between +1000 pcm to

-3250 pcm with sufficient speed and sensitivity.

In the future, detailed analysis will be performed to optimize the location of both vertical

and horizontal instrumentation channels, as well as the detection and monitoring system. It

would also be desirable to perform high fidelity simulations of potential experiments that

would be of high interest for such a ZPE facility.
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