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ABSTRACT 

This study deals with the proposal of a simple heterogeneous control rod design for the 

GFR2400 GEN IV reactor and with the evaluation of its effectiveness. As the first step, the 

available homogenous design was studied using both stochastic and deterministic approaches 

to identify the absolute worth and the interferences of the control devices. On the basis of the 

achieved results a simple heterogeneous control rod design was proposed with an aim to 

achieve comparable reactivity worth with the homogenous one, using exactly the same 

material composition and volume fractions of materials. A special part of this paper is dealing 

with the introduction of system of movable reflector which may serve as an additional safety 

system for accidental reactivity control. The analysis of this system was performed for both 

homogenous and heterogeneous control rods using the MCNP5, SCALE and DIF3D codes. 

1 INTRODUCTION 

The Generation IV International Forum (GIF) is a cooperative international endeavor 

trying to define and perform research and development for the next generation of nuclear 

energy systems. The GIF Technology Roadmap [1] has identified the six most promising 

reactor concepts. One of them is the Gas-cooled Fast Reactor (GFR). This reactor is a high 

temperature He cooled system operated in closed fuel cycle. It is often seen as a complement 

and alternative to the SFR deployment, which benefits from a more mature technology [2]. 

The GFR2400 reactor is considered to be the conceptual design of the large-scale Gas-cooled 

Fast Reactor. The GFR2400 design features ceramic fuel and structural materials both 

allowing high temperatures and efficient use of helium coolant. One of the biggest concerns 

in terms of such a challenging system is the reactivity control system. The GFR2400 reactor is 

still in development, therefore no final design of the control rods has been selected so far and 

only homogenous material compositions are available. Although homogenous calculations 

can provide sufficient results, but if one needs to account for heterogeneity effects, one should 

investigate the real design of the reactivity control system. Therefore it is justified to propose 

to investigate the heterogeneous control rod design. 
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2 DESCRIPTION OF THE GFR2400 REACTOR  

2.1 Description of the general reactor design 

The GFR2400 design is a large scale power unit with a thermal power of 2400 MWth. In 

order to ensure adequate heat transfer during operation the pressure of the primary coolant is 

as high as 7 MPa. For safety reasons, the coolant volume fraction in the core is high, 

maintaining the natural circulation of a coolant even under pressurized conditions, especially 

when active systems are not available. The global primary arrangement of the secondary cycle 

is based on three main loops (3 × 800 MWth), each accommodating an IHX blower enclosed 

in a single vessel. The final choice of the power conversion system has not been made so far, 

though the indirect Brayton cycle with the He-N2 mixture seems to be a promising solution. 

Since the GFR2400 is designed to withstand high temperatures, ceramic compositions are 

under investigation for cladding and structure materials. The pin type fuel of a 165 cm active 

height consists of uranium plutonium carbide (UPuC). To ensure fission product confinement 

the pins are surrounded by tungsten-rhenium (W14Re) and rhenium (Re) refractory liners and 

with the state-of-art SiC/SiCfib cladding. [3]. The GFR2400 active core consists of two zones, 

namely inner core (IC) and outer core (OC), with the average PuC volumetric content of 

14.2%, and 17.6% respectively. In the radial direction the fuel regions are surrounded by six 

rings of Zr3Si2 reflector assemblies and in the axial region by 1 m high axial reflector of the 

same material composition placed above and below the fission gas plenum. A general view of 

the GFR2400 core can be found in Figure 1. The inner and outer parts consist of 264 and 252 

fuel assemblies. The control rod (CR) system is composed of 13 Diverse Safety Devices 

(DSD) and 18 Control and Safety Devices (CSD) with the same material composition of B4C 

(90% of 10B). The rod follower is made of a structural material (containing SiC). The 

geometrical data can be found in[5]. 

  

Figure 1: Cross sectional view (left) and numbering scheme (right) of the GFR2400 core [4] 

2.2 Description of the material compositions 

On the basis of the carbide pin type core design, available in GoFastR internal 

documents [5], 3D hexagonal models of the GFR2400 MWth core have been prepared in 

SCALE6 [6], MCNP5 [7] and DIF3D  [8] as well as an RZ core model in PARTISN [9]. In 

case of the MCNP5 and SCALE6 core models the fuel regions were modelled 

heterogeneously and the remaining parts, like the gas plenum, the reflector assemblies and the 

CSD and DSD devices, were modelled homogenously. For the DIF3D and PARTISN models 

homogenous material compositions were used. For comparison, the homogenous core models 

were prepared in MCNP5 and SCALE6 as well. As it has already been mentioned, no final 
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design of control rod is available for the GFR2400 pin core design. Interesting results can be 

found in [10], where a simple control rod design for the plate tape GFR core was introduced. 

However, the performance of the pin type core is obviously different, thus it will be 

advantageous to propose our control rod design. The details can be found it in the next 

sections.  

3 DEFINITION OF THE CALCULATION CASES 

For this analysis two stochastic (MCNP5 and SCALE6) and two deterministic (DIF3D 

and PARISN) computational codes were used, each of them brought his benefits to be able to 

fully cover the investigated area. In case of the SCALE system the KENO6 module was used 

with 238 group ENDF/B VII.0 [11] data libraries. For the MCNP5 calculations presented in 

this paper continuous energy (CE) ENDF/B VII.0 data libraries were prepared using the 

NJOY99 [12] code. DIF3D is a deterministic diffusion code which works with region wise 

cross-section libraries in ISOTXS format. For the presented calculations the nodal method 

was used. 620 group cross-sections in MATXS format were processed using the NJOY99 and 

the TRANSX [13] code was used to convert the homogenous cross-sections in MATXS 

format to problem dependent ISOTXS cross-section libraries. To reduce the computational 

cost and to perform transport corrections the 620g structure was collapsed to 25 groups using 

region dependent flux from the PARTISN transport calculation as weighting function.  

The initial state of the reactor is in this paper defined as nominal operation conditions, 

where all the structural materials, fuel and coolant have nominal temperatures. All CR are 

positioned in the upper edge of the fuel, at position h=165cm (marked as "All up").  Since no 

final heterogeneous design of the control rod had been made, a design approach was proposed 

and a simple heterogeneous control rod design was developed.  

The control rod worth was calculated for homogenous and heterogeneous cases. In all 

of them the reactivity worth was calculated for several configurations. Due to the one-sixth 

symmetry of the reactor core, only unique devices were investigated. The investigated devices 

were fully inserted at the given position in the reactor core, marked as “down”.  For the 

selected homogenous and heterogeneous CR also the interference from other devices was 

investigated through the calculation of amplification factors. 

 Either fast or thermal reactor systems may benefit from the system of a partially 

moveable reflector incorporated in the design, since the significant adjustable leaks of 

neutrons could be used for reactivity control in case of accident managing. This phenomenon 

was also studied in this paper, for various configurations. The removed assemblies were 

dropped to the lower edge of the fuel part and the investigation was performed based on local 

multiplication factors (LMF) results as well as the worth of the removed reflector assemblies. 

4 DEVELOPMENT OF THE HETEROGENEOUS CONTROL ROD DESIGN 

Due to shielding effects of the absorber pins the worth of a heterogeneous CR design is 

considerably lower than that for the homogenous one. This phenomenon was identified in 

[10] where the plate type GFR2400 core was investigated and a simple heterogeneous CR 

pattern was developed. However, it can be assumed that absorbers do not behave in a same 

way in different neutron spectra; therefore it is justified to investigate the performance of a 

system of CR for the pin type GFR2400 core. On the one hand, due to the increase of leakage 

rate in case of CR insertion it is not required to accommodate high-worth systems for fast 

reactors, but on the other hand, it may be advantageous for some special cases, when local 

power generation issues should be solved.  In [14], where the performance of the GFR2400 
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core with homogenous CR design was investigated, it was found out that the insertion of 

control rods lead to a formation of decoupled neutronic zones, where the local multiplication 

factors exceeded the value of 1. However, it has been proven, that these effect might be 

eliminated by accommodating high-worth control rods. Therefor to overcome this 

phenomenon it is justified to maximize the control rods worth. In the presented paper the 

control rod design optimization was based on steady state single pin Monte Carlo 

calculations. Certainly, there were many effects not taken into account that could have 

influenced the optimization process. Isotopic composition changes due to burnup, heat 

generation, cross section uncertainties, thermo-hydraulic considerations, behavior under 

transients, changes of mechanical properties, material defects and so on. To account for all of 

them, more comprehensive studies would be required. 

In every control rod design the assessment of the optimal pin radius should be an 

important consideration. In terms of neutronics it could be managed through the investigation 

of the neutron penetration distance, performed on a simple absorber pin. It is a 1D approach 

preventing any interference caused by shielding or geometrical influences of the surrounding 

absorber pins. On the basis of the homogenous material composition of the control rods a 

simple pin design was created. This methodology is well explained in paper [4]. The top view 

of the cross-section of the single-pin absorber assembly is shown in Figure 2 (left).  

 
 

Figure 2: 2D cross-section of a single pin model and results of the mesh tallies [4] 

The radius of the B4C absorber was calculated to 5.16 cm while the total radius of the 

pin including the cladding and the void space between the clad and the absorber was 6.28 cm. 

The outer wrapper of the absorber S/As was made of SiC structure and the remaining part of 

the assembly was filled with helium coolant at 70 bar pressure. The absorber assembly was 

fully inserted into the central DSD0 channel of the presented GFR2400 ceramic pin core, 

while the remaining CSD and DSD assemblies were set to the upper parking position. A 

steady state Monte Carlo criticality calculation was performed. To assess the neutron flux as a 

function of pin radius, fine cylindrical neutron mesh tallies were used with the step of 1 mm. 

The plot of the results is shown in Figure 2 (right). 

The comparison of the neutron flux in different positions showed that a pin radius of 2.8 

cm would be appropriate to decrease the neutron flux by the value of two. It is in good 

accordance with the mean free path in B4C (2.56 cm). For various pin radii equivalent 

positions from the pin boundary were calculated and the corresponding values of the neutron 

flux were compared. For better comparison 2 coefficients were introduced. The C1 coefficient 

Eq. (1) represents the ratio of the neutron flux 𝜑𝑖  at the given position to the flux at the 

boundary between the absorber and the cladding 𝜑0, normalized per unit of absorber pin 

radius 𝑟𝑎𝑏𝑠. 

𝐶1 =
𝜑𝑖

𝑟𝑎𝑏𝑠.𝜑0
                                         (1) 
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It is obvious that for economic reasons the design of the reactivity control system 

should be as simple as possible, thus the number of absorber pins in the S/As should be 

minimized. To meet this requirement, an additional C2 coefficient was introduced (2), which 

modifies Eq. (1) to account for the total number of fuel pins 𝑁𝑝𝑖𝑛 per given absorber mass.  

𝐶2 =
1000.𝐶1

𝑁𝑝𝑖𝑛
                                      (2) 

To evaluate both neutronic and economic effectiveness, the C1 and C2 coefficients were 

graphically compared in Figure 3. The C1 coefficient shows the best performance for thin 

pins; whereas the C2 coefficient acquires its maximum for pins of large radii. If one makes the 

intersection of the two curves one may find the optimal pin radius that provides sufficient 

reactivity worth for a simple design. In our case it lies in the region of 5 - 6 rings. On the basis 

of the obtained results a heterogeneous control rod design accommodating 61 fuel pins of 

0.854 cm diameter in 5 ring configuration with a central wrapper was selected for further 

calculations. The results, proving the effectiveness of the proposed design, can be found in the 

next section. 

 

Figure 3: Comparison of the C1 and C2 coefficients 

5 RESULTS OF THE CR WORTH AND REFLECTOR REMOVAL 

The excess reactivity of the system was calculated to 1521 pcm by MCNP5 and 1058 

pcm by DIF3D. Taking into account the different approaches the 463 pcm between MCNP5 

and DIF3D can be considered as a good agreement. The average number of neutrons per 

fission event was calculated to 2.91 and the effective fraction of delayed neutrons to 381 ± 7 

pcm. For these purposes MCNP5 was used.  

5.1 Calculations performed on the homogenous models 

The results of the calculation of the control rod worth Δρi are shown in Table 1, where 

ΔMC stands for the relative deviation between MCNP5 and the KENO6 or DIF3D. The 

shadowing and anti-shadowing effects of the control rods were investigated through the 

calculations of amplification factors, by means of Eq. (3). In this equation ∆ρ1,2..N stands for 

the worth of all devices, ∆ρi for the worth of the investigated device and ∆ρ(1,2..N)−i for the 

total worth of control devices expect the investigated one.  
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𝐴𝐹𝑖 =
∆𝜌1,2..𝑁 − ∆𝜌(1,2..𝑁)−𝑖

∆𝜌𝑖
 (3) 

Table 1: Results of the homogenous core calculations 

Identifier 
MCNP5 CE KENO6 238 group DIF3D 25 group – nodal method 

Δρi [pcm] AF [-] Δρi [pcm] ΔMC [%] AF [-] Δρi [pcm] ΔMC [%] AF [-] 

All down 12229.1 - 12333 0.85 - 11964.6 -2.16 - 

DSD 4285.9 1.003 4317 0.73 1.000 4188.4 -2.27 1.008 

CSD 7931.6 1.001 8014 1.04 1.000 7742.0 -2.39 1.004 

CSD1R 1418.6 0.822 1438 1.37 0.815 1372.2 -3.27 0.830 

CSD2R 4592.0 1.494 4629 0.81 1.641 4570.0 -0.48 1.609 

CSD2 286.9 0.418 291 1.42 0.370 256.7 -10.53 0.272 

CSD10 260.6 10.083 249 3.53 10.714 238.7 -8.41 9.483 

DSD0 282.0 0.295 297 -4.45 0.214 251.4 -10.88 0.286 

DSD4 288.9 1.719 296 -2.91 1.708 264.6 -8.39 1.217 

The results are showing that the deviation in the CR worth is at the level of 2 to 3 %, 

besides the cases where single assemblies were calculated (10 %). For the “All down” case 

the average deviation was 394 pcm between MCNP5 and KENO6 and 198.6 between 

MCNP5 and DIF3D. Taking into account the different philosophies of the stochastic CE 

MCNP5 and MG KENO6 and the deterministic diffusion theory DIF3D code, the agreement 

between the codes can be concluded as satisfactory. However, we should bear in mind that in 

all cases DIF3D underestimated the worth of the control rods. This phenomenon should be 

studied in more details in the future.  

5.2 Calculations performed on the heterogeneous models 

For the proposed control rod design an analysis was performed in MCNP5 and KENO6 

to investigate its efficiency. The investigated parameters were the ratio of the worth of the 

heterogeneous and homogeneous CR and the amplification factors. The results are in Table 2.  

Table 2: Results of the heterogeneous core calculations 

Identifier 
Δρ [pcm] MCNP5 Δ𝜌𝑖

𝑟  

MCNP5 

Δρ [pcm] KENO6 Δ𝜌𝑖
𝑟  

KENO6 

AF [-] 

Homo. Het. Homo. Het. MCNP5 KENO6 

All down 12364 11273 0.912 12333 11259 0.913 - - 

DSD 4367 4010 0.918 4317 3972 0.920 1.004 1.004 

CSD 8016 7234 0.902 8014 7259 0.906 1.004 1.004 

CSD1R 1472 1352 0.919 1438 1329 0.925 0.862 0.849 

CSD2R 4640 4303 0.927 4629 4299 0.929 1.586 1.500 

CSD2 305 265 0.866 291 260 0.894 0.494 0.361 

CSD10 255 239 0.938 249 241 0.968 8.839 9.045 

DSD0 303 269 0.890 297 260 0.876 0.347 0.191 

DSD4 299 264 0.883 296 274 0.926 1.756 1.576 

For the case “All down” MCNP5 showed the overall CR efficiency of 0.912. The 

highest value was found in case of the CSD 10 position (0.938) and the lowest value in case 

of CSD3 (0.855). There is a good agreement between the MCNP5 and KENO6 results. The 

total worth of all heterogeneous safety devices was calculated to 11273 pcm (11259 pcm), the 

worth of the CSD devices 7234 pcm (7259 pcm) and the worth of DSD devices 4010 pcm 

(3972 pcm). Shadowing effects can be seen for CSD 2 and DSD 0 devices and intermediate 

anti shadowing effect in case of the DSD 4 device. In addition, local multiplication factors 

(LMF) [FR13] were investigated for the calculation case “All down”. The analysis has 

identified local hot spot areas in the boundary between the inner and outer cores, where the 

LMFs exceeded the value of unity. These hot spot areas can be seen in Figure 4.  
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Figure 4: Spatial distribution of the LMFs in the core 

It can be seen that around the control rods the LMFs were lower than one, but in regions 

about 2-3 rings the influence of the absorber was considerably attenuated. The local hot spot 

areas were present even in case of the homogenous CR design, but with lower magnitude. To 

eliminate the hot spot areas and thus decrease the LMFs the first and the second ring of 

reflector were removed. The reflector removal could increase the leakage rate of the core and 

then impact the neutron balance in the hot spot areas. The case with 2 removed reflector rings 

is shown in Figure 5. 

 

Figure 5: Spatial distribution of the LMFs in the core with 2 removed reflector rings 

The worth of a removal of one and two rings of reflector S/As was calculated to 2490 

pcm (2527) and 4420 pcm (4485) respectively. The results in bracket are from the KENO6 

calculation. From Figure 5 it is obvious that the local multiplication factors were considerably 

reduced, however for some S/As they were still higher than 1, which was due to the relatively 

low worth of the heterogeneous CR design. 

Conclusion 

The GFR2400 concept brings a challenging ceramic fuel pin core design. Due to the 

early stage of development, one of the most important parts, the control rod design, is not 

finished yet; therefore only homogenous compositions are available. To account for 

heterogeneity effects, the questions of a real CR design should be addressed in an appropriate 

manner. The work described in this paper can be divided into three steps; the analysis of the 
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available homogenous CR configuration, the proposal of a simple heterogeneous CR design 

and the investigation of reflector removal on the core performance. The behaviour of the 

homogenous core model was investigated by the means of stochastic and deterministic codes. 

The control rod worth as well as the interferences of the CRs was studied and satisfactory 

agreement was achieved between the calculation codes. The difference in the calculated 

excess reactivity was lower than 500 pcm and the deviation in the control rod worth was lover 

than 10 % in all of the cases. Based on the analysis of neutron penetration distance a simple 

heterogeneous CR design was proposed, consisting of 54 fuel pins of 0.854 cm in diameter in 

5 ring configuration. To prove the effectiveness of the proposed design an analysis was 

performed in MCNP5 and KENO6 where the same parameters were investigate as for the 

homogenous one. The calculations have shown an overall efficiency, which is the ratio of the 

worth of the homogenous and heterogeneous CR, of 0.912. For the heterogeneous CR design 

a calculation of local multiplication factors (LMF) was performed which identified a 

formation of local hot spot areas, where the LMFs where higher than one even in a case where 

all CRs where inserted in the core. This phenomenon was studied in [FR13] where a relation 

between the magnitude of the hot spot areas and the control rod worth was realised. It has 

been proven, that it is theoretically possible to override this phenomenon by accommodating 

ideal “black” absorbers, however real heterogeneous control rod designs will probably not 

have the required worth. As a possible solution, the removal of 1 and two rings reflector S/As 

was studied. The worth of 1 and 2 rings of removed reflector S/As were 2490 pcm (2527  

pcm) and 4420 pcm (4485 pcm). Since the worth of a single assembly was higher in case of 1 

ring, 27.7 (28.1) pcm vs. 23.4 (23.7) pcm, the 1 ring configuration was declared as the most 

promising one. Although the LMF values have decreased, but some of the fuel S/As still 

remained supercritical. It can be concluded that the reflector removal could be a good solution 

for accidental reactivity control and in combination with CRs of higher worth it may 

overcome the formation of local hot spot areas. 
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