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ABSTRACT 

 

Fast reactor technology aimed on improved safety and sustainability as in accord to the goals of 

Generation IV candidates [1], places specific requirements on the validating the codes which are used for 

evaluation of the performance and behaviour of such systems. A new calculation benchmark has been 

proposed for the startup core of the Superphénix reactor. The paper gives an overview of the benchmark 

content, provides the core model definition for static neutronics calculations and presents preliminary 

results on core performance and comparisons with some experimental data, obtained during startup trials. 

The calculation results allowed concluding that the developed model can serve as an appropriate basis for 

benchmark activity. 
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1. INTRODUCTION 

 

The sodium-cooled fast reactor Superphénix (SPX) with its 358 fuel subassemblies (SAs) and about 

5.7 tons of plutonium was the largest ever constructed liquid metal cooled reactor in the history of nuclear 

energy production (see Fig. 1). The construction works started in 1977 in the area of Creys-Malville near 

Lyon in France within the reach of the river Rhone. After about eight years of build-up and preparation, 

the first critical state was achieved. In 1986 the power plant started to generate electricity and on 

December 9, 1986 reactor reached the full power level. During its operation time, countless experiments 

and measurements were conducted and considerable amount of precious data from the lifetime of large 

fast reactor were collected. This data should not be forgotten but employed in order to validate the codes 

calculating the fast reactors. 

 

The first set of the measurements were gained during the start-up tests organized in four phases [2] as a 

transition between the construction progressive completion and reaching the rated power. The last fourth 

phase has included an extensive program with numerous tests carried out during few months of 

commissioning after the first core SAs have been loaded, so as to measure the core characteristics, the 

neutron fluxes, the power distributions, the control rod worth and the responses to transients with 

feedback coefficient determination. 

 

In frame of the Horizon-2020 ESFR-SMART EU project [3], a new calculation benchmark of the SPX 

core is proposed for validation of calculation tools. The results of the benchmark are expected to 
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contribute to and allow better understanding of the neutronics and thermal hydraulics modelling aspects 

of a large sodium-cooled fast reactor core at static and transient conditions. An advantage of experimental 

results was taken in order to prove the accuracy of the model. The benchmark will consist of two main 

parts, which are static neutronics and transient analysis of the core behaviour. 

 

In this paper, the core specification for static neutronics modelling is presented as a first part of the 

benchmark which aims to validate calculation tools used for evaluation of neutron physics characteristics 

of the core: criticality, power spatial distribution, worth of control rods (CRs), reactivity feedback 

coefficients using available experimental measurements, where possible. Cross-comparisons between 

different codes results and comparison with experimentally observed core characteristics will provide 

effective basis for analysis of both quality of the models and calculation tools performance. The core 

neutron physics characteristics obtained in the first phase will define neutronics basis for the second part 

devoted to transient analysis [4]. 

 

Heterogeneous core model for neutronics is proposed as a reference geometry which is to be adopted in 

accord to the input of different calculation tools. Thus it may consider additional homogenization 

procedure for some detailed parts of the geometry. Primary circuit description considers multi-channel 

core representation with appropriate boundary conditions at core inlet and core outlet. Assumptions 

needed on modelling of thermal expansion of core elements, fuel properties are to be formulated. 

 

After the introduction, where main Superphénix reactor characteristic and description of available data are 

given, the second chapter provides details on the core specification developed, including geometry data 

and materials content, as well as an overview of the assumptions and reference data taken into account for 

preparation of the core model. Third chapter summarizes some results including comparison with 

experimentally obtained values. In the last chapter the main findings are summarized and outlook on the 

next steps of the benchmark is given. 

 

 

 
 

Figure 1. View of the SPX reactor core when being loaded with dummy fuel sub-assemblies 

but with a part of the core in its final form: the fertile S/A, neutron shielding, etc. [2] 
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2. SUPERPHÉNIX CORE AND STATIC NEUTRONICS BENCHMARK DESCRIPTION 

 

2.1. General Parameters of the Core 

 

Table I summarizes general parameters of Superphénix reactor core as reported in [5] as well as the 

nominal operating conditions defined as the basis for the static neutronics benchmark. 

 

Table I. General parameters of the Superphénix reactor core 
Parameter Unit Value 

Thermal / electric power MW 2990 / 1242 

Average fissile / fertile fuel temperature °C 1227 / 627 

Primary sodium inlet / outlet temperature °C 395 / 545 

Fissile/fertile fuel - (U,Pu)O2 / UO2 

Intrinsic density of fuel pellet (fissile/fertile) %TD 95.5 

Fissile fuel density %TD 82.6 

Axial blanket fertile fuel density %TD 87.9 

Radial blanket fertile fuel density %TD 91.6 

Stoichiometry ratio O/M - 1.98 

Fissile fuel enrichment in the inner / outer subcore % 16.0*/19.7* 

Total mass of plutonium in the fissile core kg 5780 

Mass of Pu-239 isotope in the fissile core kg 4054 

Mass of U-235 isotope in the fissile core kg 142 

Volume of the fissile core m
3
 10.75 

Equivalent diameter of the fissile core m 3.70 

Height of the fissile pellet stack m 1.00 

Height of the lower/upper breeder blanket m 0.30 / 0.30 

Height of the radial blanket fertile pellet stack m 1.60 

Number of subassemblies in the inner/outer subcore - 193**/171** 

Number of subassemblies in the radial breeder blanket - 234** 

Number of control rods (CSD/DSD) - 21 / 3 

Subassembly pitch in the diagrid mm 179.0 
(*) Enrichment is defined as a ration of mass of 235U and all Pu isotopes to mass of all heavy metal isotopes, differs 

from considered in the benchmark 

(**) Differs from considered start-up core configuration 

 

There is a lack of detailed specification of the first core load available in open literature sources. 

Therefore a number of assumptions based on the engineering judgements had to be made during the 

benchmark specification development. These assumptions were done using the following check list: 

 fuel inventory is consistent with [5]; 

 initial first core reactivity evaluated at 180°C is as reported in [6]; 

 reactivity effects of transition from 180C to hot zero power (HZP) and hot full power (HFP) 

conditions are as reported in [7]. 

The data of a homogenized core benchmark [8] has also been used as basis for definition of core 

configuration and material content. 

 

2.2. Definition of the Core Model 

 

2.2.1. Core axial and radial layout specification 

 

The core layout which corresponds to the experimental program at start-up is defined as shown in Fig. 2. 

In current layout the neutron guide assemblies were neglected as compared to the layout, given in [8] and 

changed into radial breeder assemblies. Axial structure of the different SAs in the model along with axial 
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zones dimensions corresponding to as-fabricated geometry is given in Fig. 3. The zones described in the 

benchmark model as heterogeneous structures are marked with HET, while zones having a homogeneous 

description are marked with HOM. All HET zones of the model consider detailed SA structure arranged 

with the given diagrid pitch in plane and sodium outside hexcan. The CSD rods in Fig. 3 are shown at the 

parking position, which is at the top of the fissile core. Since there is lack of design data for the DSD rods 

in open literature, the same heterogeneous design was assumed for the DSD rods as for the CSD ones. 

The length of DSD rod absorber is assumed 1000 mm and all three rods are considered at the upper 

parking position at the top of the upper axial blanket. 

 

2.2.2. Subassemblies geometry specification 

 

The radial cross sections of the fissile and fertile pin bundles as well as CSD SA are shown in Fig. 4. The 

axial and radial dimensions are shown in Fig. 3 and Table II, respectively. Using the data of Tables I and 

II the material volumetric fractions have been calculated in the fuel zones of the core, which are given in 

Table III for reference. The axial sectioning of the SAs has been established on the basis of data in [5], 

[9], [10] and [11]. The fissile pin section has a height of 2700 mm and includes the following axial 

regions (see Fig. 3 and Table II for the dimensions): 

 Lower pin plug, modelled as a solid cylinder; 

 Lower gas plenum, modelled as an empty pin cladding; 

 Fuel pellet support, modelled as a hollow cylinder with inner hole diameter of 5.0 mm 

 Solid fertile pellet stack of lower axial blanket with geometry of the pellet and cladding; 

 Hollow fissile pellet stack; 

 Solid fertile pellet stack of upper axial blanket; 

 Upper gas plenum, modelled as an empty pin cladding; 

 Upper pin plug, modelled as a solid cylinder. 

The equivalent outer diameter of all rods has been used in the calculations to take into account additional 

steel material of the spacer wire. The lengths of the gas expansion plena as in [11] fit to provide the total 

fission gas plena volume of 43 cm
3
 as in accord to data in [5]. Sodium plenum above the pin section is 

intended to model the sodium flow transition section from the pin bundle to the outlet section and 

modelled as an empty hexcan structure. The outlet section represents upper steel shielding of the 

subassembly. It is modelled as a solid sleeve having outer dimension of the hexcan and inner sodium flow 

path of 70 mm in diameter. 

 

The modelled pin section of the blanket SA with length of 1900 mm includes the same axial regions as 

the fissile SA except the hollow fissile pellet stack (Table II and Fig. 5). As in case of the fissile SA, there 

is no complete data set available on the fertile SA design. The total length of the gas expansion plena has 

been evaluated to provide the total fission gas plena volume of 40 cm
3
 as in accord with [5]. For 

simplicity, the upper gas plenum, upper pin plug, sodium plenum above the pin section and the outlet 

section are chosen to be identical to the ones of the fissile SA. The inlet section has the same design as the 

outlet one. 

 

CSD SA is modelled as a hexcan structure with the absorber rod body inside the hexcan at axial curtain 

position. The absorber rod body is modelled as an absorber pin bundle within cylindrical sleeve (Table II 

and Fig. 6). The sleeve dimensions used are found in [2]. There is no data found on the absorber pellet 

outer diameter and it has been adjusted to ensure an appropriate reactivity worth of the CSD rods as 

compared to the experimentally observed value of about 8600 pcm [12]. There is no complete data set 

available on the design of the diluent SAs and radial reflector SAs. The homogenized compositions for 

these regions as provided in [8] have been taken as basis. The inlet and outlet sections are unified with 

other SAs and have heterogeneous design, as described above for the fissile and fertile SAs. 
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Figure 2. Subassembly arrangement in the model of the start-up core 
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Figure 3. Axial structure of different subassemblies in the model 

   
 

Figure 4. Fissile SA cross 

section 

 

Figure 5. Radial breeder blanket 

SA cross section 

 

Figure 6. CSD SA cross 

section 

 

Table II. As-fabricated radial dimensions of fissile, radial breeder blanket and CSD subassemblies 
Parameter Unit Fissile Blanket CSD 

Hexcan outer flat-to-flat size mm 173.0 173.0 173.0 

Hexcan wall thickness mm 4.5 4.5 4.5 

Number of pins - 271 91 31 

Pin pitch mm 9.8 16.9 22.77 

Spacer wire diameter mm 1.2 1.1 - 

Pin cladding inner diameter mm 7.37 14.66 18.0 

Pin cladding outer diameter mm 8.50 15.80 19.0 

Pin cladding thickness mm 0.565 0.57 1.0 

Pin cladding outer diameter accounting for spacer wire mm 8.584 15.838 - 

Fissile fuel pellet diameter mm 7.14 - - 

Fissile fuel pellet inner hole diameter mm 2.0 - - 

Fertile pellet diameter mm 7.07 14.36 - 

Absorber pellet diameter mm - - 17.0 

Rod body outer diameter mm - - 149.0 

Rod body wall thickness mm - - 2.0 

 

Table III. Material volume fractions in the fuel zones of the core 

Material 
Volume fraction, % 

Fissile SA Radial breeder blanket SA 

Fuel* 41.66 55.36 

Pin cladding (accounting for spacer wire) 14.86 9.26 

Hexcan 9.47 9.47 

Sodium 34.01 25.92 
(*) Fuel with smeared density 

 

2.2.3. Core materials specification 

 

There is a lack of detailed information available in open literature sources on the design of subassemblies 

and material content of the startup core. Most detailed information can be found in [5], [8] and [9]. 

Additional data on fuel composition can be found in [13]. There are curtain difference between number of 

fuel subassemblies and arrangement with respect to data, provided in [5]. The number of subassemblies in 

the inner and outer subcores and in radial breeder blanket is reduced as compared to data in [5] (see 

Table I), as it is noted in Fig. 2. Fuel composition data available in [5] has been taken as a basis for 

benchmark. The data on fuel composition in [8] is also evaluated for consistency and comparison. 

Nuclide number densities of materials used in the benchmark for as fabricated conditions are listed in 

Tables of Appendix A. 
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In [5], the total mass of Pu, mass of Pu-239 and mass of U-235 are provided for the fissile core volume, 

which are 5780 kg, 4054 kg and 142 kg respectively. Plutonium composition is not available in [5]. For 

the needs of benchmark the Pu composition has been constructed “from scratch” on the basis of the 

additional data, available in [13] on isotope vector of Pu, used in production of the fissile fuel. Pu isotope 

vectors for two contributions, from GGR and PWR reactors spent fuel, as provided in [13] are 

summarized in Table IV. These two contributions have been used to construct the Pu vector for the fissile 

fuel in the benchmark, assuming similar Pu-239 content in plutonium, as it is defined in [5], which is 

about 70%. The mixture of Pu from GGR with 70% and Pu from PWR with 30% has been considered 

further for the benchmark core. Additionally, Am-241 isotope was included in the Pu vector with content 

of 1.38%mass to account for realistic fuel conditions, as in accord to [8]. Uranium vector has been also 

evaluated on basis of data in [5]. Reconstruction of the depleted uranium content for the fissile core 

results in a uranium vector provided in Table V, which contents 0.5%mass of U-235 isotope. There is no 

corresponding data available for the fertile fuel. Depleted uranium with mass content of 0.25% has been 

taken. 

 

There are certain differences with the fuel composition data in [9] with respect to Pu vector and depleted 

uranium vector in fissile fuel. In [9], the Pu-239 content is somewhat different, namely, about 67%mass 

and 70%mass in the inner and outer subcores respectively, and content of U-235 in the depleted uranium 

of fissile fuel is about 0.4%mass, while for the fertile fuel the same depleted uranium is used with U-235 

content of 0.25%. The fuel enrichments, as in accord to definition [5] (see Table I), of the fissile fuel of 

the inner and outer subcores in [8] are equal to 16.3 and 19.4% respectively, what differs from the values 

given in [5]. With the use of this fuel specification the criticality level calculated by CEA for the hot 

nominal operating conditions equal to about 2400 pcm is somewhat higher than the evaluated value of 

about 2090 pcm, as in accord with [6] and [7]. 

  

The theoretical densities (TD) of plutonium and uranium oxides used in the benchmark are listed in 

Table VI. The porosity of both fissile and fertile fuel is equal to 95.5%, as given in [5]. The stoichiometry 

ratio of both oxides is set to 1.98. Applying the fuel specification constructed as described above with the 

fuel enrichments as given in Table I for the isothermal core conditions at 180°C, the core criticality level 

for the benchmark model also exceeds the experimentally observed value of 3710 pcm [6] (the value of 

3950 pcm can be found in [2]). Thus it has been decided to reduce the fuel enrichments in the inner and 

outer subcores to values of 15.48% and 19.07% respectively, keeping the same ratio between two values 

of 0.812 as in [5] to profile the radial power release distribution. The composition of the 316Ti 

construction steel which is the only steel used in the model is given in Table VII. The physical densities 

of the 316Ti steel and boron carbide of the control rod absorber are given in Table VI. Sodium density in 

HET regions is calculated as follows [14]: 

𝜌𝑁𝑎[𝑔/𝑐𝑚
3] = (219.0 + 275.32 ∙ (1 − 𝑇 2503.7⁄ ) + 511.58 ∙ (1 − 𝑇 2503.7⁄ )0.5) ∙ 10−3, 

where T is sodium temperature in K. 

 

 

Table IV. Pu isotopic vectors used in the benchmark 

Isotope 
Content, %mass 

Pu from GGR Pu from PWR Pu mixture used in benchmark 

Pu-238 0.00 1.70 0.50 

Pu-239 76.70 56.50 69.67 

Pu-240 20.10 23.60 20.86 

Pu-241 2.80 12.50 5.63 

Pu-242 0.40 5.70 1.96 

Am-241 - - 1.38 
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Table V. Uranium isotopic vectors used in the benchmark 

Isotope 
Content, %mass 

Fissile fuel Fertile fuel 

U-235 0.005 0.0025 

U-238 0.995 0.9975 

 

Table VI. Densities of the solid materials (at 20°C) 
Material UO2 PuO2 316Ti steel B4C 

Density, g/cm
3
 10.970* 11.460* 7.95 2.400* 

(*)Theoretical density 

 

Table VII. Composition of 316Ti construction steel used in the benchmark 

Element Cr Ni Mo Mn Si C Ti P Fe 

Content, %mass 16.0 14.0 2.5 1.7 0.6 0.05 0.4 0.03 64.72 

 

 

2.2.4. Approach on thermal expansion of core elements 

 

Few assumptions have been used in order to obtain temperature expanded core geometry, as listed below: 

 All steel elements of the core expand axially and radially with the linear expansion coefficient of the 

316Ti steel, which is defined hereafter below. The steel density is corrected in accord to this 

expansion. 

 Radial expansion of the diagrid which defines the subassembly pitch in the model is calculated with 

use of linear expansion coefficient of 304L steel, in accord to design of the core. 

 For the calculation of fuel expansion the fuel pellet stack height is only modified in accord with linear 

expansion coefficient of MOX fuel, which is defined hereafter below. The radial dimensions of the 

fuel pellet have been kept as fabricated and the fuel density is modified correspondingly, to keep the 

fuel mass constant. 

 Fuel pellet stack expansion is calculated individually from cladding expansion assuming conditions 

with no contact and mechanical interaction between fuel pellet and cladding. 

 The homogenized compositions HOM in the model (see Fig. 3) are expanded with the 304L diagrid 

steel expansion coefficient in plane and with the 316Ti steel expansion coefficient axially, assuming 

material mass conservation. It is to notice that due lack of design the assumption may lead to not fully 

realistic variation of material masses in the volume (i.e. sodium). 

 Boron carbide pellet stack is also expanded with corresponding linear expansion coefficient ensuring 

mass conservation. 

In accord to these assumptions, fuel lower boundary is defined at unique level for both fissile and breeder 

subassemblies for any expanded configuration, while the upper boundary may vary, if different fissile and 

fertile temperatures are used. 

 

For calculation of linear dimension change of the materials due to an increase of temperature from the 

reference temperature of 20°C (0°C for MOX) to the operational temperatures the equations for the mean 

linear expansion coefficients presented in Table VIII was used. 

 

Table VIII. Linear expansion coefficients for the materials used in the benchmark 
Material Ref. Linear expansion coefficient, 𝑲−𝟏; temperature T in K 

MOX fuel [15] 
9.828 ∙ 10−6 − 6.39 ∙ 10−9 ∙ 𝑇 + 1.33 ∙ 10−12 ∙ 𝑇2 − 1.757 ∙ 10−17 ∙ 𝑇3, 273𝐾 ≤ 𝑇 ≤ 923𝐾 

1.1833 ∙ 10−5 − 5.013 ∙ 10−9 ∙ 𝑇 + 3.756 ∙ 10−12 ∙ 𝑇2 − 6.125 ∙ 10−17 ∙ 𝑇3, 923𝐾 ≤ 𝑇 ≤ 3120𝐾 

316Ti steel [16] 1.294 ∙ 10−5 + 9.354 ∙ 10−9 ∙ 𝑇 − 3.314 ∙ 10−12 ∙ 𝑇2 

304L steel [16] 1.216 ∙ 10−5 + 9.877 ∙ 10−9 ∙ 𝑇 − 3.323 ∙ 10−12 ∙ 𝑇2 

B4C - 5.0 ∙ 10−6 
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2.3. Expected Results 

 

2.3.1. Reference core configurations for core model validation 

 

The following three core configurations have been selected for the modelling as reference for criticality 

prediction: 

 

 Case1: “180°C”. It is a first critical core configuration after all subassemblies of the first core were 

loaded. The core criticality is evaluated at level of 3710 pcm [6] with all control rods withdrawn at 

the top of fissile height. To model this configuration all the core elements dimensions and material 

densities are calculated as at 180°C and the isotope temperatures have been set to 453 K. 

 

 Case 2: “HZP”. This core state is defined as an isothermally heated-up core at 400°C and has been 

considered during startup tests, in particular, for evaluation of the isothermal reactivity coefficient kiso 

for the range of core temperatures between 180°C and 400°C. The criticality level for this 

configuration has been evaluated on the basis of the given experimental value of kiso [7] and set to 

3079 pcm
†
 with all control rods at the parking position (at the top of the fissile height). To model this 

configuration all the core elements dimensions and material densities are calculated as at 400°C and 

the isotope temperatures have been set to 673 K. 

 

 Case 3: “HFP”. The core at hot full power conditions has been considered with all fissile fuel at 

1227°C and all fertile fuel at 627°C, while the rest of materials in the core are kept at 400°C. The 

criticality level for this configuration has been evaluated as follows. Assuming reactivity drop of 

about 1620 pcm with regard to 180°C, as can be assessed from [7], the criticality at HFP 

configuration is evaluated at level of 2090 pcm with all control rods withdrawn at the top of fissile 

height. To model this configuration all the core elements dimensions and material densities, except 

fuel pellet stack, are calculated as at 400°C and the isotope temperatures have been set to 673 K. The 

fissile fuel pellet stack height is calculated as at average temperature of 1227°C, while all fertile fuel 

in the axial and radial blankets is modelled at 627°C. Correspondingly, the fuel isotope temperatures 

are set to 1500 K and 900 K respectively for fissile and fertile fuels. 

 

2.3.2. Static neutronics core performance and comparison with experimental data 

 

As a first part of the benchmark, following core characteristics have been evaluated in current study: 

 Core criticality at reference and benchmark configurations. 

 CSD rods worth: As it can be found in [12], the total weight of all CSD rods is experimentally 

evaluated at level of 8630 pcm for the “180°C” core configuration. 

 Reactivity coefficients: Isothermal coefficient, its expansion component and its component related to 

Doppler effect have been evaluated experimentally during startup tests for core transition from 400°C 

to 180°C [7]. These values are calculated in current study using expansion laws for the core described 

above. 

 Reaction rates: Specific fission reaction rates have been measured during startup tests for evaluation 

of axial and radial neutron flux distribution in the core with help of fission foils with U-235, U-238 

and Pu-239 [17]. The core and axial blanket reaction rate distributions were measured by irradiating 

several special subassemblies at 3 MW for 2 hours. In current study there is an attempt done to 

reproduce those measurements performed at T1 core configuration [17], which considers all CSD 

                                                 
†
 evaluated as follows: Keff(“HZP”) = Keff(“180°C”) – (2.87 pcm/°C ∙ 220°C) = 3079 pcm 
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control rods uniformly inserted in the core keeping reactor at critical state. More particular, results of 

calculations will be compared to the following measurements results: 

 Axial profile of the U-235 fission rate profile obtained in the SA of the inner subcore in 7
th
 row 

located close to the boundary between inner and outer subcores (marked by a black circle in 

Fig. 2); 

 Radial fission rate of U-238 at the fissile height slightly above the level of the critical control rod 

position (157.4 cm as in [17]); 

 Radial fission rate of Pu-239 at about the middle of Upper Axial Blanket height (193.5 cm as 

in [17]). 

 

2.3.3. Reactivity feedback effects and branch calculations 

 

The reactivity coefficients suggested for evaluation in the benchmark are as follows: 

 Doppler constant [pcm], calculated zone-wise; 

 Sodium density coefficient [pcm/°C], calculated zone-wise; 

 Axial fuel expansion [pcm/°C], calculated for inner subcore, outer subcore and radial blanket; 

 Clad expansion coefficient [pcm/°C]; 

 Hexcan expansion coefficient [pcm/°C]; 

 Diagrid expansion coefficient [pcm/°C]. 

Their detailed definitions for modelling in the benchmark are to be formulated later on. In addition, some 

assumptions are necessary and will be formulated for definition of control rod drive lines (CRDL), 

strongback and vessel wall expansion coefficients (all in pcm/°C). These contributions depend on the 

control rod critical position and on models assumed for account for thermal inertia of structure and 

differential expansion of the vessel and its components. In current study these effects have not been 

evaluated, except the global core Doppler constant for different conditions. 

 

3. CALCULATION RESULTS WITH SERPENT 2 MONTE CARLO CODE 

 

The described model has been implemented as an input file for the Serpent 2 code, a 3D continuous-

energy Monte Carlo particle transport code for reactor physics application, continuously being developed 

by the VTT Technical Research Centre of Finland since 2004 [18]. The JEFF311 library was used in the 

calculations presented below. A temperature-dependent model has been created applying the expansion 

laws as described above. Input preparation is facilitated by means of the TSP tool [19]. Calculations have 

been performed on CSCS Cray XC40 supercomputer with 7∙10
6
 source neutrons in one cycle and 4∙10

3
 

active cycles, resulting in standard deviation of multiplication factor of about 1 pcm. 

 

3.1. Criticality 

 

Results of criticality calculations for different cases are listed in Table IX. An appropriate agreement with 

experimentally measured values can be stated for all reference configurations. Using the two calculations 

(cases 1 and 13) for “180°C” core configuration – with all CSD control rods withdrawn and located at the 

top of the fissile height and fully inserted till bottom of the fissile height – the CSD control rods total 

weight has been evaluated at level of 8661 pcm. This value is in agreement with experimentally observed 

value of 8630 pcm [12]. The HZP configuration with inserted CSD control rods by 40 cm (case 12) is 

considered as reference critical configuration for evaluation of fission reaction rates in the core. 

 

Set of calculations presented in Table IX is intended for evaluation of Doppler constant and may serve as 

a basis for benchmark code-to-code comparisons. It includes cases linked to reference temperature 

libraries thus allowing to avoiding inaccuracies due to Doppler effect evaluation for intermediate 

temperatures. Three kinds of Doppler constant (Table X) have been evaluated based on the data in 
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Table IX on criticality for different cases. First two lines of the Table X are the Doppler constants related 

to isothermal core heat-up and thus characterise Doppler effect on all isotopes in the core, including 

contribution of the construction steel isotopes. Next, the fuel Doppler constant has been evaluated, 

assuming all fuel isotopes temperature rise up to 600 K. One can conclude that calculated Doppler effect 

on construction steel isotopes (mainly Fe) is 8.4% of the total effect and results in increases of absolute 

value of Doppler constant by 116 pcm. In current calculations this effect contributes to the Doppler 

component of isothermal expansion reactivity effect described in next section. Last value presented in 

Table X is obtained for the identical fuel heat-up assuming critical core configuration with inserted by 

40 cm control rods. Insertion of control rods decreases the Doppler constant by 48 pcm or 3.5%. This 

effect has to be considered comparing the experimentally observed and calculated values of isothermal 

expansion coefficient. 

 

Table IX. Criticality of the core at different configuration 

Case 

ID 

CSD 

insertion* 

[cm] 

Temperature for XS/geometry [K] 
Calculated Measured 

reactivity 

[pcm] 

C – E 

[pcm] k-eff [-] 
Reactivity 

[pcm] Fissile Fertile Other 

1 0 453/453 453/453 453/453 1.03668 3538 3710 -170 

2 0 673/673 673/673 673/673 1.02886 2805 3079 -274 

3 0 1500/1500 900/900 673/673 1.01903 1867 2090 -223 

4 0 300/293 300/293 300/293 1.04362 4180 - - 

5 0 300/453 300/453 300/453 1.04246 4073 - - 

6 0 300/673 300/673 300/673 1.04080 3920 - - 

7 0 600/673 600/673 600/673 1.03053 2963 - - 

8 0 900/673 900/673 900/673 1.02483 2423 - - 

9 0 600/673 600/673 300/673 1.03139 3043 - - 

10 40 300/673 300/673 300/673 1.00824 817 - - 

11 40 600/673 600/673 600/673 0.99893 -107 - - 

12 40 673/673 673/673 673/673 0.99742 -258 - - 

13 100 453/453 453/453 453/453 0.95127 -5131 - - 
(*) From the top of fissile height 

 

Table X. Doppler constant for different conditions 
Calculation case Value [pcm] 

Case 6 – Case 7 -1381 ± 2 

Case 6 – Case 8 -1363 ± 2 

Case 6 – Case 9 -1265 ± 2 

Case 10 – Case 11 -1334 ± 2 

 
3.2. Isothermal Expansion Coefficient 

 

For evaluation of the isothermal expansion coefficient two configurations have been considered: “180°C” 

and “HZP” (cases 1 and 2 in Table IX). In accord to the definition given above, both configurations 

assume CSD control rods withdrawn up to the top of the fissile height. It means there is no control rods 

related contribution in the calculated effect. Assuming isothermal heat-up and expansion of all reactor 

structures, like vessel, diagrid, strongback, core, control rod drive lines, the influence of control rod and 

core mutual displacement is considered as very limited. Transition of the core from “180C” to “HZP” 

leads to drop of the reactivity by –735 pcm. Corresponding value of isothermal temperature coefficient 

kiso is equal to 3.34 pcm/°C (Table XI). 

 

The expansion component has been evaluated on the basis of two calculations with different geometry 

applying identical cross section library (cases 5 and 6 in Table IX). With no account for effect of control 
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rods, there is an appropriate agreement stated with experimentally evaluated value. Doppler component is 

the main contribution of the isothermal expansion effect and evaluated as at first line of Table X. The 

isothermal coefficient calculated using the two component contributions is equal to 3.18 pcm/°C. This 

difference is resulted from the calculation of Doppler broadening of resonances by the Serpent 2 code for 

exact temperatures used in two reference core states (453 K and 673 K). 

 

Table XI. Isothermal expansion coefficient and its components 
Parameter Benchmark* Calculation [7] Experiment [7] 

Isothermal temperature coefficient (400–180°C) [pcm/°C] 3.34 (3.18**) 2.63 ± 0.53 2.87 ± 0.14 

Expansion component k [pcm/°C] 0.70 0.67 ± 0.23 0.74 ± 0.15 

Doppler component KD [pcm] 1381 1086 ± 217 1180 ± 118 
(*) Calculations do not consider inserted CRs and differential effect of CR movement due temperature expansion of the vessel 

and its inner structures 

(**) Calculated value as sum of two individual components 

 

 

Considering control rods at critical position and reduced Doppler constant, the corresponding absolute 

value of the Doppler component is reduced by 19 pcm. It results in a reduction of the isothermal 

temperature coefficient by about 0.1 pcm/°C and gives value of 3.10 pcm/°C, what is closer to the 

experimentally evaluated value. Introduction of the control rods effect may also influence the expansion 

component. Withdrawal of CRs by 25 pcm (about 2 mm) as result of differential core vessel and its inner 

structures expansion would lead to correction of the expansion component by -0.12 pcm, resulting in a 

value of 0.58 pcm/°C. Together with corresponding Doppler constant reduction due to CR critical position 

it would result in isothermal temperature coefficient equal to -2.98 pcm/°C what is good within 

experimentally observed uncertainty. 

 

Few additional remarks are of importance for analysis performed above. Firstly it should be noted that 

particular uncertainty is introduced in the calculated isothermal coefficient by poor assumption on 

modelling of the expansion of the diluent and radial reflector zones and compositions. It is hardly possible 

to predict, how knowing of the detailed geometry would influence the expansion component. This effect 

is considered as almost negligible. Second remark is related to uncertainty of the modelled fuel with 

respect to realistic situation. Regarding Doppler effect dependence on fuel content, in particular, on fuel 

enrichment and quality of Pu vector, for higher Pu mass content in the fuel and different Pu vector the 

evaluations of Doppler constant have been performed, which are not reported here. The Doppler constant 

absolute value may deteriorate by up to 100 pcm, what would also lead to decrease of the isothermal 

coefficient by about 0.3 pcm/°C. Last remark is general and is related to nuclear data library choice. 

Analysis revealed that application of ENDF-B/VII library results in a lower by about 500 pcm 

multiplication factor for reference core states. Application of this library would require increase of the Pu 

enrichment in the core to reach the reference criticality levels. 

 

3.3. Reaction Rates 

 

For calculation of the reaction rates as proposed by the benchmark the number of the detectors has been 

placed into the Serpent 2 model. Fig. 7a presents the axial profile of the U-235 fission rate calculated for 

HZP critical core configuration as compared to the data provided in [17]. The close to critical position of 

the CSD control rods inserted by 40 cm is shown in Fig. 7a. Both profiles have been normalized to make 

maximum value equal to 1. There is an appropriate agreement between the fission rate profiles in the 

modelled core and experimental data for the whole fuel height, which includes lower axial blanket, fissile 

height and upper axial blanket. Fig. 7b demonstrates the radial profile of the U-238 fission rate at fissile 

height for HZP core configuration with CRs inserted by 40 cm. The detector axial position in the model is 

chosen in accord to the axial position of the experimental foils, which was about 20 cm below top of the 
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fissile height. Both profiles have been normalized to make the maximum value equal to 1. The 

experimental points include arbitrary chosen 3% error bars, while for the calculated values the statistical 

error is relatively small (below 0.2%). There is also appropriate agreement between the radial fission rate 

profiles obtained at the fissile height in the modelled core and in the experiment. Fig. 7c shows the radial 

profile of the Pu-239 fission rate in the upper axial blanket. The detector axial position in the model is 

chosen in accord to the axial position of the experimental foils, which was about 15 cm above the top of 

fissile height. Both profiles have been normalized to the maximum value equal to 1. The experimental 

points include 3% error bars, while for the calculated values the statistical error is relatively small (below 

0.4%). There is also appropriate agreement between the radial fission rate profiles obtained at the fertile 

fuel in the modelled core and in experiment. 

 

   
a) b) c) 

Figure 7. Comparison of calculated results with measured data normalized to 1 for Case 12 (HZP core 

configuration with CRs inserted by 40 cm): (a) axial fission rate profile of U-235; (b) radial fission rate profile 

of U-238 in fissile region; (c) radial profile of Pu-239 fission rate in upper blanket 

 

 

4. CONCLUSIONS 

 

The paper summarizes the definition and preliminary results of a new benchmark on Superphénix reactor 

startup core. The detailed definition of the heterogeneous core model is given as constructed on the basis 

of available open literature sources. The preliminary evaluation of core neutronics performance is 

presented, including prediction of the core criticality at different configurations, some reactivity feedback 

characteristics of the core and spatial distributions of the reaction rates for evaluation of the neutron flux 

shape in the core. Some values have been compared with experimentally observed ones. 

 

It has been demonstrated, that chosen assumptions and design data for establishing of the benchmark 

allow representing the experimentally observed characteristics of the startup core. Observed differences 

with experimental values and the possible reasons are also discussed. The values calculated in this phase 

of benchmark can be used for code-to-code and library comparison. 

 

The model is intended for further benchmark analysis, in particular, for calculation of reactivity feedback 

contributions and reactivity coefficient set for the transient analysis. 
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APPENDIX A. 

 

Table A.I. As-fabricated isotope number densities of the fuel, ×10
24 

1/cm
3 

Isotope Inner subcore fuel Outer subcore fuel Fertile fuel 

U-235 1.01274E-04 9.71287E-05 5.92251E-05 

U-238 1.98991E-02 1.90845E-02 2.33323E-02 

Pu-238 1.78335E-05 2.21382E-05 - 

Pu-239 2.45976E-03 3.05349E-03 - 

Pu-240 7.33391E-04 9.10417E-04 - 

Pu-241 1.97174E-04 2.44768E-04 - 

Pu-242 6.84331E-05 8.49515E-05 - 

Am-241 4.82584E-05 5.99070E-05 - 

O 4.65798E-02 4.66433E-02 4.63152E-02 

 

Table A.II. As-fabricated isotope number densities of non-fuel core materials, ×10
24 

1/cm
3 

Isotope 316Ti steel 90% boron carbide Diluent Radial shielding 

C-nat 1.99483E-04 2.46696E-02 - - 

Si-28 9.46910E-04 - 6.22000E-04 4.23000E-04 

Si-29 4.64444E-05 - 3.15000E-05 2.14000E-05 

Si-30 2.96324E-05 - 2.09000E-05 1.42000E-05 

P-31 4.63709E-05 - - - 

Ti-46 3.43812E-05 - 2.30000E-05 1.57000E-05 

Ti-47 3.03458E-05 - 2.10000E-05 1.43000E-05 

Ti-48 2.94438E-04 - 2.12000E-04 1.44000E-04 

Ti-49 2.11661E-05 - 1.58000E-05 1.08000E-05 

Ti-50 1.98618E-05 - 1.55000E-05 1.06000E-05 

Cr-50 6.66387E-04 - 2.19418E-04 3.32910E-04 

Cr-52 1.23572E-02 - 4.23704E-03 6.41983E-03 

Cr-53 1.37473E-03 - 4.80447E-04 7.27957E-04 

Cr-54 3.35867E-04 - 1.19593E-04 1.81204E-04 

Mn-55 1.48147E-03 - 9.40570E-04 6.39840E-04 

Fe-54 3.35763E-03 - 1.01918E-03 1.54425E-03 

Fe-56 5.08275E-02 - 1.61170E-02 2.44205E-02 

Fe-57 1.15320E-03 - 3.86584E-04 5.85750E-04 

Fe-58 1.50826E-04 - 4.92016E-05 7.45500E-05 

Ni-58 7.87595E-03 - 2.51082E-03 3.80428E-03 

Ni-60 2.93277E-03 - 9.64157E-04 1.46539E-03 

Ni-61 1.25393E-04 - 4.20455E-06 6.37055E-06 

Ni-62 3.93381E-04 - 1.34029E-04 2.03075E-04 

Ni-64 9.70357E-05 - 3.41527E-05 5.17467E-05 

Mo-92 1.89224E-04 - 6.57917E-05 9.96832E-05 

Mo-94 1.16625E-04 - 4.10090E-05 6.21341E-05 

Mo-95 1.99765E-04 - 7.05797E-05 1.06938E-04 

Mo-96 2.08043E-04 - 7.39491E-05 1.12043E-04 

Mo-97 1.18571E-04 - 4.23390E-05 6.41493E-05 

Mo-98 2.98169E-04 - 1.06978E-04 1.62086E-04 

Mo-100 1.17644E-04 - 4.26936E-05 6.46866E-05 

Cu-63 - - 1.31000E-04 8.93000E-05 

Cu-65 - - 5.85000E-05 3.98000E-05 

B-10 - 8.88105E-02 - - 

B-11 - 9.86783E-03 - - 

Na-23 - - 5.76350E-03 1.09310E-02 

 


