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The design of high-performance lead-based fast reactors (LFRs) has become a

hotspot in the advanced reactor system. This study evaluates the neutronics

performance improvement based on the small LFR SLBR-50. Parameter

sensitivity analyses are conducted, including height-to-diameter ratio (H/D),

reflector assembly arrangement, and pitch-to-diameter ratio in fuel assembly,

fuel material, and fuel enrichment partitioning. Numerical results of eigenvalue

in burnup procedure, assembly power distribution, and energy spectrum are

analyzed using the Monte-Carlo code RMC. Our findings indicate that the fuel

material, fuel partitioning, and H/D are the three most important factors in LFR

design. The neutronics performance analyses will assist in LFR design.
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Introduction

Lead-based fast reactor (LFR) (Cinotti, 2009) is one of the six most promising

advanced reactor systems among the fourth-generation nuclear reactors (U.S. Doe

Nuclear Energy Research Advisory Committee and the Generation IV International

Forum, 2002; Cinotti et al., 2010; Zhang et al., 2020a; Zhang et al., 2020b). The lead-based

coolant shows good neutronics characteristic in less neutron absorption and moderation,

thereby leading to harder neutron spectrum, closed fuel cycle, long-life core without

refueling, and better neutron economy. Likewise, the lead-based coolant has better

chemical inertness and thermal conductivity. Considering these characteristics, LFR

shows good advantages in safety, sustainability, and efficient conversion of uranium.

The idea of LFR was originally proposed for submarine propulsion in 1950s in Russia

(Zhang et al., 2020b). The LFR was applied on the nuclear submarine in 1963 (Fazio, 2007),

and corrosion behavior was studied for controlling of low oxygen concentrations (Kurata et al.,

2008). After the proposition of the fourth-generation nuclear reactor, studies and

developments of the lead-based nuclear reactor were conducted. In Russia, SVBR-100

(Zrodnikov et al., 2006; Zrodnikov et al., 2011) and BREST-300 (Smimov, 2012) were

designed for power generation. In Europe, a lead-based reactor was rapidly developed under

the framework of science project. In addition, a small modular lead-based reactor, SEALER
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(Wallenius et al., 2018; LeadCold Reactors Company, 2022), was

designed by Swedish LeadCold Company for polar region

application. Furthermore, an experimental reactor MYRRHA

(Abderrahim and D’hondt, 2007), demonstration reactor

ALFRED (Frogheri, 2013; Alemberti, 2020), and prototype

reactor ELFR (Frogheri, 2013) have been under research and

development. In the United States, a small transportable modular

lead-cooled reactor SSTAR (Sienicki, 2005; Smith et al., 2012) was

conceptually designed with the cooperation of ANL and LLNL. In

Asia, several lead-cooled reactors were designed, such as LSPR

(Sekimoto, 2001) and CLEAR-SR (Wang et al., 2015a). In

general, the LFR attracted great attention after the proposal of a

fourth-generation nuclear reactor system. In addition, large sums of

conceptual designs were proposed with different reactor parameters.

In conceptual design of the lead-based reactor, the refueling cycle

was extended to over 5 years. Several designs, such as the SSTAR

reactor, cancelled the refueling procedure in full cycle.

In this study in reactor physics, parameter sensitivity analyses

were conducted based on a small LFR SLBR-50 (small lead-based

breeding reactor), which was conceptually designed in the Nuclear

Power Institute of China for scientific research. Several important

designing parameters were analyzed using the control-variates

method, such as the core height-to-diameter ratio (H/D),

reflector assembly arrangement, pin pitch-to-diameter ratio (P/D)

in fuel assembly, fuel material, and fuel enrichment partitioning. In

theory, these parameters have a great influence on the neutronics

design. In the control-variates method, only one parameter was

changed and analyzed. The detailed influences will be analyzed in

quantity, and the most important design parameter will be pointed

out. In this way, compared with the original reactor design,

neutronics performance will be improved with sensitivity

analyses and more reasonable design parameters.

In the neutronics design, the Monte-Carlo code RMC (She,

2012; Wang et al., 2015b; Liu et al., 2017) was adopted for critical

and burnup calculation with large-scale parallel ability. ENDF/

TABLE 1 Original parameters of the SLBR-50 reactor (Zhao et al., 2021).

Items Parameter Items Parameter

Reactor power 50 MWt Fuel diameter 8.0 mm

Hot condition average temperature 700 K Air gap thickness 0.1 mm

fuel enrichment 19.75% Clad thickness 0.6 mm

Uranium total weight 3,835.3 kg Clad outer diameter 9.4 mm

CR absorber material B4C Fuel rod distance 10.9 mm

Reflector material BeO Assembly box thickness 2 mm

Clad material Stainless steel Assembly pitch 93.5 mm

Coolant material Lead Assembly inner distance 88.0 mm

Barrel material Stainless steel Assembly outer distance 92.0 mm

Fuel assembly amount 144 Active core height 95 cm

Control rod assembly amount 18 Outer reflector diameter 82 cm

Reflector assembly amount 48

FIGURE 1
Hexagonal assembly geometry of the SLBR-50 reactor (Zhou
et al., 2018).

FIGURE 2
Whole-core model of the original design in the SLBR-50
reactor (Zhou et al., 2018).
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TABLE 2 Conditions and results of the height-to-diameter analysis.

Case 1 Case 2 Case 3 Case 4 Case 5

Conditions

Fuel enrichment 19.75% 19.75% 19.75% 19.75% 19.75%

Uranium weight/kg 3,839.5 3,834.1 3,838.7 3,835.3 3,837.7

Barrel thickness/cm 20 20 20 20 20

Fuel assemblies amount 150 138 120 114 102

Active core equivalent diameter/cm 125.35 120.65 110.65 108.00 102.51

Active core height/cm 91.3 99.1 114.1 120.0 134.2

H/D 0.73 0.82 1.03 1.11 1.31

Results

Eigenvalue (BOL) 1.01693 1.02089 1.02626 1.02559 1.02084

FIGURE 3
Radial core configuration in the height-to-diameter ratio analysis.

FIGURE 4
Radial core configuration in the reflector analysis.
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B-VII.0 (Steven, 2006) data library and ACE format cross-section

data were applied. In critical transport calculation, the free gas

model was built for elastic scatter cross-section, and probability

tables were used for unresolved resonance calculation. In burnup

calculation, detailed depletion chains containing thousands of

isotopes and CRAM (Zhou et al., 2018) depletion method were

adopted. Moreover, source convergence acceleration and large-

scale parallel methods were applied.

Original design of the SLBR-50
reactor

Table 1 reports the original parameters of the SLBR-50 reactor.

The thermal power was 50MW. The UO2 fuel enrichment was

19.75%, and the total weight of uranium was 3,835.3 kg. Geometry

parameters are presented in the right column of Table 1. Basic

hexagonal assembly and whole-core models of SLBR-50 are

presented in Figures 1 and 2. The radius for fuel, gap, and clad

was 0.4, 0.41, and 0.47 cm, respectively, in each fuel rod. The

assembly pitch was 9.35 cm and the box thickness was 0.2 cm for

the fuel assembly. In the whole core, 144 fuel, 18 control rod, and

48 reflector assemblies were arranged.

Parameter sensitivity analyses for
neutronics performance
improvement

In this section, parameter sensitivity analyses were conducted

with the fixed-variable method based on the original scheme of the

SLBR-50 reactor. Basic parameters were set to be consistent with the

original design of SLBR-50, including the reactor power, fuel

enrichment, and pin-cell geometry construction. Other important

neutronics results were also analyzed in the research, including fuel

weight, power peak factor, and energy spectrum. To simplify the fuel

weight analyses, it was converted to the comparison of eigenvalue in

burnup procedure in certain fuel weight. Key factors for the

parameter sensitivity research and performance improvement

included the H/D, the reflector assembly arrangement, the P/D

in fuel assembly, fuel material, and fuel enrichment partitioning.

As for the calculation condition, it remained same in

analyses. A total of 800,000,000 active particles were used

(800 generations comprising 100,000 neutrons per generation,

of which 200 generations were skipped). The standard deviation

of eigenvalue result was 7 pcm, which is reasonable in design

calculation.

Height/diameter

Core H/D is one of the important parameters for research,

and it has great influence on neutron leakage. In particular, the

neutron leakage is more significant in fast reactors with longer

TABLE 3 Conditions and results of the reflector assembly amount
analysis.

Case 1 Case 2 Case 3

Conditions

Reflector assembly amount 0 42 84

Fuel enrichment/% 19.75 19.75 19.75

Uranium weight/kg 3,838.7 3,838.7 3,838.7

H/D 1.03 1.03 1.03

Fuel assembly amount 120 120 120

Barrel thickness/cm 10 10 10

Barrel inner radius/cm 80 80 80

BeO Reflector assembly amount 0 42 84

Results

Eigenvalue (BOL) 1.02989 1.04865 1.04843

Assembly 3D power peak 1.966 1.735 1.721

Assembly 2D power peak 1.499 1.323 1.310

FIGURE 5
Assembly power distribution results on the beginning of life of the reflector amount analysis.
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neutron free path. To apply the control-variates method in the

research of H/D, uranium weight, fuel enrichment, fuel

assembly structure, and barrel thickness were set to be

consistent. The active core equivalent diameter was

calculated from the number of fuel assemblies, and the

active core height was adjusted considering the total

uranium weight. Furthermore, radial reflectors were

neglected in the H/D analysis. Calculation conditions and

part of results are listed in Table 2. As shown, the fuel

enrichment and barrel thickness were set to 19.75% and

20 cm in all cases, respectively. Radial fuel assembly amount

and axial fuel assembly height were adjusted to make the total

fuel weight almost consistent in 3,834–3,840 kg. In this way,

H/D was verified to range from 0.73 to 1.31 in five cases.

Radial cut of the active core of these five cases is presented

in Figure 3.

Eigenvalue results of the burnup procedure are presented

in Table 2. The eigenvalue result was the largest in case 3 with

a H/D close to 1.0, where the neutron leakage could be fully

decreased. It can be concluded that the H/D parameter should

be close to 1.0 in the reactor physics design, and it shows a

great effect on neutron leakage reduction.

Reflector

The reflector outside of the active core is the second research

parameter. It is also an effective way to improve the neutron

FIGURE 6
Burnup calculation results of the reflector material analysis.

TABLE 5Geometry parameters of the pitch-to-diameter ratio analysis.

Case 1 Case 2 Case 3

Pitch/cm 1.09 1.05 1.00

Diameter/cm 0.94 0.94 0.94

P/D 1.16 1.12 1.06

Assembly size/cm 8.8/9.2/9.35 8.52/8.92/9.07 8.18/8.58/8.73

Coolant gap/cm 0.62 0.62 0.62

TABLE 4 Conditions and results of the reflector material analysis.

Al2O3 BeO MgO PbO ZrO2

Conditions

Reflector material density*/gcm−3 3.987 2.8 3.6 9.53 5.67

H/D 1.03 1.03 1.03 1.03 1.03

Fuel assembly amount 120 120 120 120 120

Reflector assembly amount 42 42 42 42 42

Results

Eigenvalue (BOL) 1.04368 1.04885 1.04568 1.03519 1.03643

FIGURE 7
Energy spectrum results on the beginning of life of the
reflector material analysis.
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reaction rate and reduce the neutron leakage rate. The reflector

assembly amount and material need to be analyzed based on case

3 (H/D = 1.03) in the H/D research.

Similar to the H/D research, the fixed-variable method was

conducted in the reflector analysis. First, the reflector

assembly amount was studied on three cases, as shown in

Figure 4. In these three cases, the only difference lied in the

amount of reflector assemblies. BeO was conducted as the

reflector material in the reflector amount analysis. The

reflector barrel was modeled explicitly outside the reactor

active core.

Eigenvalue and assembly power peak results are presented

in Table 3. Reflector assemblies showed good performance in

terms of decreasing neutron leakage. The eigenvalue results

increased from 1.02989 to 1.04865 with 42 reflector

assemblies. The radial assembly power peak also

improved, from 1.499 to 1.323 and 1.310. The detailed

radial power distribution of beginning of life (BOL) is

presented in Figure 5. These results show that the radial

reflector has good performance in eigenvalue improvement,

and 42 reflector assemblies were enough. The power

flattening and assembly power peak decrease were due to

FIGURE 8
Assembly power distribution results on the beginning of life of the reflector material analysis.

FIGURE 9
Fuel assembly and core structure in the pitch-to-diameter ratio analysis.
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the higher reaction rate of 235U near the reflector assembly,

which was caused by the obvious thermalization phenomenon

of BeO. The thermalization phenomenon of the BeO

reactor can be found in the subsequent reflector material

analysis.

Moreover, reflector material was studied with 42 reflector

assemblies. According to reference previous study (Liu et al.,

2017), Al2O3, BeO, MgO, PbO, and ZrO2 can be applied as the

reflector material in LFR. Eigenvalue burnup calculation results

are presented in Figure 6, where the EFPD was effective full

power days. BOL eigenvalues are listed in Table 4. BeO showed

the best performance of eigenvalue results. The eigenvalue result

was 1.04885 on the BOL with the BeO reflector, which was

1,366 pcm larger than the PbO reflector.

Further, the energy spectrum and assembly power

distribution results on the BOL were analyzed. The energy

spectrum was tallied and integrated from 0.1 eV to 1.0 MeV

with 28 sectors. The core-averaged energy spectrum results for

different reflector materials are shown in Figure 7. The energy

spectrum showed the highest distribution in the fast energy

range of 104 eV–106 eV for the PbO material. In the thermal

energy range of 1–1000 eV, flux was the highest for the BeO

material. These results showed that the BeO reflector material

had the best moderation ability. Thermalization of energy

spectrum occurred, and the reaction rate was improved with

the BeO reflector. In the assembly power distribution results

of the BeO reflector, in Figure 8 thermalization phenomenon

was also observed. The minimum assembly power peak was in

the inner assembly and the outmost fuel assembly showed

larger power because of the strong moderation ability of the

BeO reflector. Thus, it can be concluded that the reflector

material has great influence on the reactor energy spectrum

and has further effect on the reaction rate. Energy spectrum is

thus an important factor for the research.

Pitch/diameter

The third parameter is in the P/D in the fuel assembly. The

P/D parameter influences the scattering and absorbing of

coolant, which affects the neutron absorption and leakage.

In the P/D parameter research, 42 BeO reflector assemblies

were adopted considering the better neutronics performance

in reflector analyses. Based on the original SLBR-50 design,

three cases were analyzed with different P/D parameters,

including 1.16 (case 1), 1.12 (case 2), and 1.06 (case 3).

The detailed geometry parameters are shown in Table 5. As

for fuel rods, fuel rod diameters remained the same and the

pitch was adjusted from 1.09 to 1.00 cm. As for fuel

assemblies, the assembly size was changed to maintain

equal distance between the outmost fuel rod and assembly

box in the three cases. In this way, fuel weight can be

consistent in the P/D analysis. The fuel assemblies of these

cases are shown in Figure 9. In assembly figures, the decrease

in assembly size was too small to be captured. In whole-core

figures, the size of the reactor core was reduced as the P/D was

decreasing.

Eigenvalue results in the burnup procedure are presented in

Figure 10. Case 3 with the smallest P/D showed the best

eigenvalue performance. Eigenvalue results of the three cases

were 1.04865, 1.06191, and 1.07866, respectively, in BOL. In

addition, energy spectrum distributions are presented in

Figure 11. The energy spectrum of case 3 was the softest, and

the energy spectrum distributions of the three cases showed

minor differences compared to reflector material analyses. The

FIGURE 10
Burnup calculation results of the pitch-to-diameter ratio
analysis.

FIGURE 11
Energy spectrum results on the beginning of life of the pitch-
to-diameter ratio analysis.
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assembly power distribution results on BOL are presented in

Figure 12. The radial assembly power peak factors were 1.32,

1.31, and 1.30 for the three cases, respectively, which also had

unobvious differences.

Based on sensitivity analyses, the P/D parameter had great

influence on eigenvalue results. The eigenvalue differences in the

BOL can extend to 3,000 pcm in sensitivity analyses. The

differences were mainly caused by the neutron absorption for

the lead coolant and neutron fission for fuel rods. Decreasing P/D

was an effective way to improve eigenvalue and decrease fuel

weight. However, the P/D parameter cannot be so small

considering the heat exchange capability in thermal-hydraulics

analyses.

FIGURE 12
Assembly power distribution results on the beginning of life of the pitch-to-diameter ratio analysis.

TABLE 6 Conditions of the fuel material analysis.

UO2 UN U-Zr

Conditions

Fuel material density/gcm−3 10.38 14.32 15.92

Fuel enrichment/% 19.5% 16% 14%

Uranium weight/kg 3,840.2 5,677.2 6,015.2

U-235 weight/kg 741.2 898.7 842.1

H/D 1.03 1.03 1.03

Fuel assembly amount 120 120 120

Barrel thickness/cm 10 10 10

Barrel inner radius/cm 80 80 80

Reflector assembly amount 42 42 42

Fuel assembly P/D 1.16 1.16 1.16

FIGURE 13
Eigenvalue results of the fuel material analysis in the burnup
procedure.
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Fuel material

Fuel material is an important factor in the research. The

neutron fission absorbing and scattering are affected by fuel

materials. In this study, traditional UO2, new-type UN, and

U-Zr alloy fuel materials were analyzed. In the fuel material

research, the same fuel assembly and core structure were

applied, as shown in Figures 9A,D. Fuel enrichments were

adjusted to realize the similar burnup depth with the same

reactor geometry design and reactor power. Detailed

calculation conditions of the fuel material analysis are

listed in Table 6. In particular, fuel densities and uranium

weights were significantly different in the analysis. In fuel

material analyses, all parameters remained the same, except

for fuel material and fuel enrichment.

FIGURE 14
Energy spectrum results on the beginning of life of the fuel
material analysis.

FIGURE 16
Core configuration of the fuel partitioning.

FIGURE 15
Assembly power distribution results on the beginning of life of the fuel material analysis.
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Eigenvalue results of the fuel material analysis in the burnup

procedure are presented in Figure 13. The decrease of eigenvalue

results along the burnup procedure is the most obvious for the

traditionalUO2material. TheU-Zrmaterial showed the best burnup

performance according to the eigenvalue results. The phenomenon

was conducted by the different energy spectrum performance of

these fuel materials, which is presented in Figure 14. New-type U-Zr

and UN materials showed greater energy distribution on fast

energy > 104 eV. The energy spectrum was harder for the new-

type fuel material than traditional UO2 material. Therefore, more

conversion and breeding reaction occurred, and the burnup depth

can be extended for new-type materials. Likewise, the assembly

power distributions are compared and shown in Figure 15.

According to assembly power results, the assembly power peak

for these three fuel materials were 1.32, 1.35, and 1.33, respectively.

Fuel materials had little influence on the power distribution.

Fuel partitioning

The power flattening is an important parameter in neutronics

performance analyses. The most straightforward way to improve

power flattening performance is in the fuel partitioning with

different enrichment. In this study, the fuel partitioning analyses

were based on the U-Zr fuel material. Three kinds of fuel with

different levels of enrichment were employed, such as 16%, 14%, and

12%. In this way, the fuel partitioning was analyzed using two

patterns, including a low-leakage pattern (high enrichment–fuel

inner layout) and high-leakage pattern (high enrichment–fuel outer

layout). Furthermore, core loading without partitioning was

analyzed as the control group. The core configuration of fuel

partitioning is shown in Figure 16.

Assembly power distributions on the BOL are presented in

Figure 17. The power peak factor increased from 1.32 to 1.71 in the

low-leakage pattern. In contrast, the high-leakage pattern showed a

great effect on power flattening, and the power peak factor can be

decreased to 1.07. In the high-leakage pattern, higher

enrichment–fuel assemblies were located at the edge of the active

core to improve the fission reaction rate and realize power flattening.

Conclusion

LFRs show several merits in the advanced reactor systems and

have already become a research hotspot in the design of LFR. In this

study, parameter sensitivity analyses of neutronics performance

improvement were conducted based on a 50-MWt small lead-based

reactor (SLBR-50), which was conceptually designed for research.

The research of neutronics performance improvement was

conducted with the fixed-variable method in performance

improvement. Five key parameters were analyzed, including H/D,

reflector assembly arrangement, P/D in fuel assembly, fuel material,

and fuel partitioning. As for neutronics results, eigenvalue, assembly

power distribution, and energy spectrum were analyzed.

FIGURE 17
Assembly power distribution results on the beginning of life of the radial power flattening analysis.
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According to parameter sensitivity analyses, it can be concluded

that parameters optimization show good effect on decreasing

neutron leakage, energy spectrum thermalization, and power

flattening, which improves the neutronics performance. As for

these parameters, fuel material, fuel partitioning, and H/D are

the three most important factors.

In the future, a high-performance lead-based reactor will be

designed based on the parameter research.
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