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Abstract: The paper focuses on the performance of reflector trap passive safety system 

incorporated in the GFR 2400 reactor design. Multiple studies are raising question about the 

technical feasibility of the GFR 2400 concept, thus the new neutron trap passive system is 

introduced in the paper to cope with abnormal operation of this reactor. The coupled 

calculation scheme is used in the paper, where NESTLE code is used for coupled steady state 

and transient simulations of the reactor performance. The NESTLE code system solves multi-

group transient diffusion equation utilizing nodal expansion method and is internally coupled 

with thermal-hydraulic sub-channel code. The SCALE6 software package is used for 

processing of macroscopic multi-group cross-sections that are used in the NESTLE code. The 

performance of the neutron trap passive system is simulated by the developed model for typical 

abnormal transients, such as control rod withdrawal or primary blower shutdown during the 

full power operation. Curie point latch acts as the actuation mechanism of the passive system. 

Temperature distributions are studied and the applicability of the neutron trap passive safety 

system is discussed in the paper. 
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1. INTRODUCTION 

The Gas-Cooled Fast Reactor, referred as GFR 2400, was chosen by Generation IV 

International Forum as a perspective concept of fast reactor design [1]. The main advantage of 

the GFR 2400 is utilization of closed fuel cycle, high power density with compact dimensions 

of core, minimal activation of helium coolant and possibility of minor actinides transmutation. 

However, the technical feasibility of this concept is questionable [2], mainly due to the 

performance in the case of unprotected loss of flow (ULOF) and unprotected transient 

overpower (UTOP) scenarios. Currently, the neutron passive system implementation in the 

GFR 2400 design is being investigated at INPE [3]. The actuation system is based on Currie 

point latch system [4]. The purpose of this safety system is to mitigate the ULOF and UTOP 

scenarios and can be actuated by temperature rise of the coolant at the outlet from the core. The 

implementation of neutron trap safety system is discussed in this paper and investigation of its 

operation during the ULOF and UTOP scenarios is presented. The nodal simulator NESTLE 

[5] was used for the analysis of coupled steady state and transient calculations with thermal 

feedback. The TRITON sequence within the SCALE6 code system [6] was utilized for the 

macroscopic cross-section library processing suitable for NESTLE code. 

2. OVERVIEW OF GFR 2400 

The GFR 2400 core consists of 516 fuel assemblies with 217 fuel pins in each placed in 

hexagonal lattice. Detailed geometry model of the fuel assembly and the pin can be found in 

[7]. The fuel material is (U-Pu)C with americium content which originates from reprocessed 

fuel. The core layout is shown in Fig. 1-a where the two fuel regions are considered. The 



difference between these two regions is the content of plutonium isotopes while the outer and 

inner core fuel assemblies reach volumetric enrichment of Pu 17.65 % and 14.12 % 

respectively. This geometry was chosen to achieve flat neutron distribution in the core. Silicon 

carbide (SiC) was chosen as cladding material due to its good mechanical stability during 

normal operation where the temperature difference of the He coolant between inlet and outlet 

is in average 400 °C (Tab. 1). However, this material can be easily penetrated by fission gas 

products and therefore extra inner liner was added in the cladding design in the form of W14Re 

and Re [7]. This material enhances fission gas products retention and prevents fuel-cladding 

chemical interaction. The reactivity is controlled by 18 control (CSD) and 13 diverse (DSD) 

safety devices. Both systems are identical and are placed in 4 concentric rings in the core (Fig. 

1-a). 

 

  

a) View of GFR 2400 reactor design [3] b) View of neutron trap assembly [3] 

Figure 1. Cross-sectional view of GFR 2400 reactor design and neutron trap assembly 

 

The proposed design of the neutron trap is shown in Fig. 1-b. The wrapper and both 

cladding structures are made from AIM1 stainless steel. The B4C absorber, with atomic 

enrichment 90 % of 10B isotope, is placed under the surface of the wrapper. MgO moderating 

material is placed near the center of the assembly and its purpose is to amplify the absorbing 

properties of B4C. The entering neutrons into the assembly are slowed down in MgO moderator 

and afterwards are captured by boron isotopes in absorber material B4C. This moderating 

material is chosen due to its high melting temperature (2848 °C) [3]. More about material 

properties of GFR 2400 can be found in [8,9]. The assumed actuation mechanism is a Currie 

point latch which incorporates ferromagnetic material that will lose its magnetic properties at 

some certain temperature [10]. In analysis presented in this paper, the temperature sensitive 

material is Fe-Ti-O with Currie temperature 850 °C [11] and its specific heat capacity is 

approximately 0.9 J.g-1.K-1 [12]. The mass of Fe-Ti-O is approximately 3 kg per each neutron 

trap assembly. The time of full insertion of all neutron trap assemblies was set to 2.0 s and the 

insertion speed can be adjusted by the pneumatic equipment as in the case of BWR reactors. 

Thermal power of GFR 2400 is 2400 MWth (Tab. 1). The current design incorporates 

indirect Brayton cycle where primary circuit consists of 3 loops with 3 blowers. The primary 

coolant is He and the secondary coolant is a mixture of 20 % He and 80 % N2. The secondary 

circuit is connected with the tertiary via steam generator where the coolant is water. The whole 



design should achieve efficiency of electricity generation at the level 45 %. More thermal-

hydraulic properties can be found in our former analysis [13]. 

 

Table 1. Thermal-hydraulic properties of GFR 2400 [7] 

Parameter Value Parameter Value 

Thermal power [MW] 2400 Primary coolant He 

Primary pressure [MPa] 7 Pressure drop in core [MPa] 0.143 

Mass flow rate [kg.s-1] 1213 Bypass flow rate [kg.s-1] 60 

Coolant inlet temp. [°C] 400 Core outlet temp. 780 

 

3. METHODOLOGY 

The cross-sections needed by the NESTLE code should be prepared according to:  

where �̂�𝑥𝑔 represents the macroscopic cross-section for reaction type x, 𝑎𝑗𝑥𝑔 is the expansion 

coefficient of the proposed series, ∆𝜌𝑐 stands for the change in coolant density [lb.ft-3] from 

reference condition, ∆𝑇𝑐 is the change in coolant temperature [°F] from the reference condition, 

∆√𝑇𝐹𝑒𝑓𝑓 represents the change in square root of effective fuel temperature [°F] from the reference 

condition and ∆𝑁𝑠𝑝 stands for the change in the soluble poison number density from the 

reference condition [5]. To process macroscopic cross-section data, the TRITON sequence of 

SCALE6 code package has been used. The scheme of the whole calculation process is presented 

in Fig. 2.  

3. 1. TRITON sequence methodology 

TRITON sequence uses the NEWT transport code for 2D calculation of the neutron 

spectra of the investigated case. The calculated neutron spectrum is used for weighting and for 

production of homogenous energy collapsed cross-section library. The TRITON Primer for the 

macroscopic cross-section processing proposes to use reflective boundary condition in radial 

direction during this process [14]. This method can be applied for light water reactors, however 

in fast reactor systems it may result in deviation of the reaction rates on particular nuclides in 

investigated assembly. The main reason is that the migration length of neutrons in LWR is in 

order of few centimeters and contrary, the migration length in GFR 2400 is much longer. 

Therefore, in this analysis vacuum radial boundary condition was set and the investigated case 

was placed into homogenous mixture in hexagonal geometry with the radius of outer hexagon 

51.47 cm. The purpose of this specific geometry is that, the homogenous mixture will provide 

correct neutron spectrum for macroscopic cross-section processing. The representation of this 

geometry can be found in [9]. By this procedure all macroscopic cross-sections were prepared 

for all assemblies and material structure in GFR 2400. Coarse mesh of the TRITON sequence 

calculation was 160 elements in each direction and fine mesh of each fuel pin was 4 elements 

in each direction. All calculations performed in SCALE utilized 252 group cross-section library 

based on ENDF/B-VII.1 [15] evaluated data. 
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Figure 2. Calculation scheme 

 

Nuclide vector of the homogenous mixture (which surrounds investigated assembly) was 

changed by the developed genetic algorithm to preserve the reaction rates and consequently 

weighted macroscopic cross-sections in the area of interest equal to the real conditions of the 

core. The K-MART sequence, which uses the results of the KENO-VI Monte Carlo code, was 

used for this purpose [6]. The investigated systems were one outer fuel assembly at the core 

periphery, one inner fuel assembly at the center of the core and one on the boundary with outer 

fuel region, one radial reflector at the boundary with the outer fuel region, one rod follower 

located in the middle of the core (where DSD can be inserted), one inserted DSD into 

investigated rod follower structure, one axial plenum region, one axial reflector region and one 

neutron trap assembly which was placed instead of investigated radial reflector. 

3. 2. NESTLE methodology 

NESTLE code uses collapsed homogenized macroscopic cross-section library prepared 

according to the Eq. (1). Two energy groups were used where the middle boundary was set to 

400 keV. Macroscopic cross-sections were prepared for the states (referred as branches) defined 

in Tab. 2. The first row of Tab. 2. represents the reference state and all other combinations of 

branches with reference state were analyzed. In all cases, the change of macroscopic cross-

section was linear, therefore these 10 states can be assumed sufficient for analysis proposed in 

this paper.  

 

Table 2. Modeled branches during macroscopic cross-section processing 

Density of coolant [kg.m-3] Coolant temp. [K] Fuel temp. [K] 

4.9439* 673.15* 973.15* 

3.4350 1173.15 1273.15 

2.5327 1323.15 1623.15 

2.2763 1473.15 1773.15 

          * Reference state 

 

Two scenarios were investigated with the possible actuation of the neutron trap safety 

system: 

a) Rapid withdrawal (within 0.2 s) of one CSD in the first ring of the reactivity control 

system at nominal power operation. In this case, it was necessary to split transient into 



two stages due to the numerical instability of whole transient process modeled in the 

NESTLE code. The first transient estimated thermal power of the core and the 

actuation time of the neutron trap system after withdrawal of one CSD. The second 

transient used these parameters as initial parameters and the transient analysis was 

made with simultaneous insertion of all neutron trap assemblies into the periphery of 

the core (where the first ring of radial reflectors is replaced as indicated by yellow 

color in Fig. 1-a) in the time frame of 2.0 s. 

b) Continuous shutdown during 3.0 s of one blower in primary circuit at nominal power 

operation. During this time period, the total flow rate of coolant in the primary circuit 

decreased continuously (from 1213 kg.s-1 to 808.67 kg.s-1) and symmetrically for each 

node. Flow inertia and other thermal-hydraulic effects were not considered. This 

scenario was also calculated in two stages as scenario a) where the second stage 

modeled the insertion of the neutron trap assemblies. 

The actuation mechanism of the neutron trap safety systems was activated when the 

average coolant outlet temperature increased to 850 °C and 3 kg of Fe-Ti-O material was heated 

to this temperature. Equilibrium Xe and Sm condition was used for each time step during the 

calculation. These simplifications together with the time steps of the transients were chosen to 

achieve the best numerical stability of neutronic and thermal-hydraulic models.  

4. RESULTS 

4. 1. Reaction Rates Estimation 

The relative change of nuclide weighted macroscopic cross-sections between the real 

condition of the core and the modeled case, where the investigated assembly was placed in the 

middle of homogenous mixture, was less than 10 % in all simulated cases except in the case 

where DSD and neutron trap was simulated. The worst results were obtained on nuclides 11B 

for the weighted macroscopic cross-section of absorption in the fast energy group. In the case 

of simulated DSD the relative change was 52.6 % and for neutron trap 87.7 %. However, this 

error is negligible when is compared with total absorption on all boron isotopes. In the case of 

DSD, the macroscopic cross-section of absorption on 10B was 1 195 764.6E-08 ± 78 394.2E-08 

cm-1 and for 11B was 3.6E-08 ± 2.6E-08 cm-1 for fast energy region. For the case of neutron 

trap, the macroscopic cross-sections of absorption on 10B and 11B were 3 867 910.9E-08 

± 395 993.5E-08 cm-1 and 3.2E-08 ± 0.4E-08 cm-1 respectively. Therefore, the contribution of 
11B to the total macroscopic cross-section of absorption on boron isotopes was less than 

0.00030 % for the DSD assembly and less than 0.00009 % for the neutron trap assembly. 

 

4. 2. NESTLE simulation 

Results of the scenario a) with rapid withdrawal of one CSD assembly are shown in Fig. 3. 

Red line in the figures represents actuation of the neutron trap passive system and it also shows 

where the transient calculation was divided into two stages. After withdrawal of the CSD 

assembly in 0.2 s, the thermal power increases immediately up to the 114.63 % Nnom and from 

this point the power generation oscillated around this value until the neutron trap safety system 

was actuated (Fig. 4). The reason of the power stabilization is due to the effect of thermal 

feedback on neutronic properties of the system and due to the equilibrium Xe and Sm initial 

condition. The time when the safety systems is actuated was set to the point, when the whole 

ferromagnetic material Fe-Ti-O is heated by 50 °C from temperature 800 °C, what is the average 

outlet temperature of He coolant. This time was calculated at the level of 0.2 s according to the 

simple calorimetric equation. Average temperature of the coolant reached 850 °C in less than 



1.4 s and the actuation of the neutron trap assemblies was conservatively set to the time 1.6 s 

after initiation of the transient. It was possible to calculate just 0.4 s of the transient when the 

neutron trap assemblies were inserted into the periphery of the core due to the numerical 

instability of the coupled transient calculation. At the time 1.6 s represented by red line in Fig. 

3-a, it can be observed that restart of the transient calculation increased the fuel temperature 

approximately about 90 °C. However, after this point, temperature of the fuel (Fig. 3-a) and the 

coolant (Fig. 3-b) in the hot channel started to decrease and after insertion of the neutron trap 

assemblies to 132 cm axial position, the power generation rate was reduced to the level of 73.01 

% Nnom. 

 

  
a) Axial fuel temperature distribution b) Axial coolant temperature distribution 

Figure 3. Results for the hot channel during the control rod withdrawal transient 

 

 

Figure 4. Thermal power evolution during both transients 

 

The results of scenario b), where the operation of one blower was terminated, are shown 

in Fig. 5. Due to the low heat capacity of He coolant, the temperature increased rapidly with 

the corresponding decrease of the coolant flow. The average coolant temperature reached 

850 °C in less than 0.4 s (decrease of flow rate to 1192.78 kg.s-1) and the power generation rate 

was not significantly influenced by this transient before the actuation of the passive safety 

system (Fig. 4). At the time 0.6 s the passive system was actuated and during transient the power 

generation rate was decreased to the level 35.73 % Nnom. Also in this case the numerical 

instability occurred at the time 1.5 s. Up to this point, the neutron trap assemblies were inserted 

into the height 90.75 cm and the coolant flow rate decreased to the value 1038.84 kg.s-1. 

Although the fuel temperature started to decrease in the scenario b) after the initiation of 

the passive system, the coolant temperature increased continuously due to the continuous 

decrease of the coolant flow. The end of the coolant flow decrease was set to the time 3.0 s. 

Therefore, it is difficult to assess if the neutron trap passive safety system will improve the 

response of this transient. For this purpose, calculation of one additional conservative steady 

state was performed with the neutron trap assemblies inserted and stabilized in the height of 

90.75 cm (position that corresponds to the calculated end of this transient before numerical 



instability occurred), with one blower totally shutdown (flow rate 808.67 kg.s-1) and with power 

generation rate reset back to 100 % Nnom. The maximal estimated temperature of the fuel was 

1591.08 °C what is below the melting temperature of the fuel and cladding. 

 

  
a) Axial fuel temperature distribution b) Axial coolant temperature distribution 

Figure 5. Results for the hot channel during the continuous shutdown of one blower 

5. DISCUSSION 

It has to be noted that the used version of NESTLE 5.2.1 was developed for the PWR and 

BWR reactors. Therefore, the numerical instabilities may occur when the code is used for the 

analysis of fast reactor systems such as GFR 2400. It is assumed that the numerical instabilities 

are caused by the time step chosen during transient calculation, where the time step has to be 

set according to the Courant limit. Due to the high velocity of the He coolant in GFR 2400 (98 

m/s), the time step should be at the level 0.001 s for the chosen geometry. This time step is also 

used during neutronic transient calculation as a divisor for the flux extrapolation between the 

time steps and for the estimation of the neutron source parameters during the calculation of 

fixed source transient problem. Thanks to the implemented implicit solution method for the 

thermal-hydraulic calculation, it was possible to increase the time step, however it was not 

possible to totally eliminate numerical instabilities. Further investigation is needed in this field 

to be able correctly calculate GFR 2400 transients by the NESTLE code (ver. 5.2.1). 

6. CONCLUSION 

Transient analysis is a key element during the design and operation phase of the nuclear 

reactors. Nodal diffusion codes are used for this purpose and in this paper the calculation of 

two transients were performed for the GFR 2400 reactor design by the NESTLE code. The 

macroscopic cross-section library was processed by the TRITON sequence, where the 

developed genetic algorithm accelerated the whole process. The first transient calculation 

estimated the response of the neutron trap passive system to the rapid withdrawal of one control 

rod assembly when no SCRAM occurred during this scenario. It was demonstrated that the 

neutron trap safety system may mitigate the consequences of the increased reactivity by this 

transient in sufficient time and may prevent any core damage in this case. The second transient 

analysis was performed for the scenario when operation of one blower was terminated and the 

total coolant flow rate decreased by one third. In this case numerical instability occurred and 

therefore it is difficult to say, if the neutron trap safety system improves the response also to 

this transient scenario. Further investigation is needed in the module of numerical transient 

solver included in NESTLE code for the improvement and validation of transient simulations 

made by this code for fast reactor systems. 
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