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ABSTRACT 

This paper reports some results obtained using the methodology based on the T-NEWT 

control module of SCALE 6.1 for the calculation of the effective, two-group cross sections for 

the 2-D assembly-reflector geometry of TMI-1 PWR given in NEA/NSC/DOC (2013)7 

benchmark [1]. The calculation of the effective two-group cross sections of the reflector zone 

is performed both for a homogenized geometry and for the exact 2-D one. The effect on the 

results of a variation of the boron concentration in the moderator zones is also investigated. 

The outcomes of the reference case are then compared with those obtained from a calculation 

performed with the Monte Carlo code SERPENT and those (MCNP5, DRAGON) presented 

in the available literature for the same benchmark problem. The differences in the numerical 

values obtained from the various codes are also discussed. 

1 INTRODUCTION 

The reactor three-dimensional neutronics calculations for the evaluation of the core 

parameters, despite the enormous increase in the computational power, are still performed 

with methods that solve the diffusion equation. This approach is primarily adopted in an 

industrial context where it is necessary to perform sufficiently accurate calculations within 

affordable computational times. In a PWR, it is seen that this type of calculation is rather 

sensitive to the assessment of the necessary preliminary evaluation of the condensed and 

homogenized effective cross section library of the reflector zone. In fact, this zone, which 

reflects neutrons, acts as a thermal neutron absorber, and causes a high neutron flux gradient 

at the core/baffle interface, is characterized by a complex geometrical structure. Nevertheless, 

to date only a few studies have been published about approaches and methods for a rigorous 

calculation of reflector constants and effective cross-sections. For this reasons, a deterministic 

and a Monte Carlo calculation have been performed for the evaluation of the assembly-

reflector constants with the detailed geometry as presented in NEA TMI-1 PWR benchmark. 
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2 METHODS 

The calculation of the effective condensed cross sections was carried out with a 

reference deterministic method and then, for a comparison calculation, with a stochastic 

method. The calculations have been performed for three cases:  

1. [het/het] heterogeneous geometry system (assembly, shroud and water) and 

heterogeneous cross sections evaluation (assembly, shroud, water); 

2. [het/hom] heterogeneous geometry system (assembly, shroud and water) and 

homogeneous cross sections evaluation (assembly, reflector); 

3. [hom/hom] homogeneous geometry system (assembly, reflector) and homogeneous 

cross sections evaluation (assembly, reflector). 

The next sections present of the options used for the deterministic and stochastic codes. 

2.1 Deterministic code 

The deterministic calculation was performed using the T-NEWT control module of 

SCALE 6.1.3 [2]. In detail, the T-NEWT sequence used consists of the two typical 

consecutive steps: the cross section processing for self-shielding, and the transport 

calculation. The first step was realized with the Functional Sequence CENTRM that assesses 

the cross section in the non-resolved range with the BONAMI Module, and with the 

CENTRM Module in the resolved range. The CENTRM Functional Sequence is the most 

rigorous sequence available in SCALE for cross section processing. The second step – 

transport calculation – was performed with the transport, two-dimensional, discrete ordinate 

module NEWT (New Esc-Based Weighting Transport) that uses the ESC (Extended Step 

Characteristic) approach. The cross sections library that has been used is the v7-238 based on 

the ENDF/B-VII (Release 0); the cross sections, after the transport calculations, were 

collapsed to two groups: thermal (0 – 0.625 eV) and fast (0.625 eV – 20 MeV), and 

homogenised for the reflector and assembly zones. The diffusion coefficient has been 

calculated as one third of the inverse of the transport macroscopic cross section. The 

geometry of the assembly-reflector system, the material composition and the physical 

constants (temperature, density, enrichment) were specified according to [1]. The quadrature 

and scattering orders (Sn and Pn) were respectively set to 16 and 1 (2 only for the moderator 

material) in the T-NEWT notation. The convergence criterion was set to 10-5 for the criticality 

coefficient and to 10-4 for the spatial convergence of the inner and outer iterations. The 

number of rings in the fuel pin zone for the transport calculations was set to 1 for the UO2 fuel 

pin and to 5 for the UO2+Gd2O3 gadolinium fuel pin. The critical spectrum was obtained with 

the B1 option. The grid computational mesh for the unit cell (fuel pin, guide tube and 

instrument tube) was chosen equal to 16 (4 in the x direction and 4 in the y direction). The 

grid mesh for the assembly zone was chosen equal to 225 (15 in the x direction and 15 in the 

y direction). In the shroud zone 96 meshes (6 in the x direction and 16 in the y direction) have 

been applied; for the water reflector zone the meshes that have been used were 720 (45 in the 

x direction and 16 in the y direction). In the geometry construction the inter-assembly water 

blade has been also included. 

2.2 Monte Carlo codes 

A preliminary calculation of the effective multiplication factor was performed by the 

MCNPX 2.7.0 code so as to verify the neutronics response of SERPENT on the TMI-PWR 

benchmark system. The cross sections library used was the ENDF/B-VII (Release 1) with 
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reactions data at the temperature of 600 K, this value being the closest available to the 

benchmark one (551 K). The thermal scattering data chosen for light water treatment were 

those of the lwtr.16t library. The simulation was performed with 650 cycles (skipping the first 

50) and a neutron population of 5E+05 particles per cycle. 

The SERPENT code was run with ENDF/B-VII based cross sections library again at the 

temperature of 600 K. The cross sections were collapsed using a two-groups energy structure: 

a fast group above 0.625 eV and a thermal group below that. The geometry used was a cube 

that includes two assembly-reflector systems; this choice has been necessary since SERPENT 

allows the use of reflective boundary conditions only in geometries where the outer boundary 

surface is a square, a hexagonal cylinder, or a cube (surfaces are here listed as defined in the 

Serpent code). Moreover, SERPENT does not allow the use of mixed boundary condition 

(e.g. reflected and black) in the same direction [3]. For this reason, in order to simulate a 

black boundary condition, a small zone (1 mm) of pure, high-density Gd-157 was artificially 

inserted in the x-direction at the right end of the reflector zone, in order to remove thermal 

neutrons. The thermal scattering data chosen for light water treatment was that contained in 

the lwj3.11t library. The simulation was performed with 650 cycles - skipping the first 50 - 

and a population of 5E+05 neutron particles per cycle for the het/het case and 3E+05 for the 

het/hom one. 

3 RESULTS 

This section presents the results obtained with the three codes used. Table 1 shows a 

comparison of the effective multiplication factor results obtained with MCNPX 2.7.0, 

SERPENT and SCALE 6.1.3 for the het/het case.   

Table 1: Keff results with deterministic and Monte Carlo codes for the het/het case 

  SCALE 6.1.3 MCNPX 2.7.0 SERPENT  

Keff 1.22923 1.22735 ± 0.00004 1.23362 ± 0.00007 

 

Figure 1: Profiles of fast and thermal flux, in arbitrary units, as generated by SCALE 6.1.3; 

the black line indicates the boundary between assembly and reflector zone 
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Figure 2: Thermal flux map generated by SCALE 6.1.3 

 

 

Figure 3: Flux map generated by SERPENT  
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Figure 1 represents the x-profile of the fluxes along the centerline as obtained by 

SCALE 6.1.3. The high-density computational mesh chosen for the assembly zone allows a 

correct reproduction of the fine-structure behavior of thermal and fast fluxes due to the 

lumped fuel arrangement; the effect of the central instrument tube filled with water can also 

be seen. Figures 2 and 3 show the thermal flux map on the entire domain of the assembly-

reflector system generated by SCALE and SERPENT (see [3] for the colour codes) 

respectively. Table 2 presents the effective cross sections (cm-1) and the diffusion coefficients 

(cm) in the usual notation, calculated by SCALE 6.1.3 and SERPENT respectively. 

Table 2: Scale 6.1.3 and SERPENT results  

  
SCALE 6.1.3  

[het/hom] 

SERPENT  

 [het/hom] 

  Assembly Reflector Assembly var Reflector var 

Keff 1.22923 1.23346±0.00009 

Ʃa1  1.00E-02 1.68E-03 1.02E-02 8.00E-05 1.75E-03 4.50E-04 

Ʃa2 1.10E-01 1.71E-02 1.08E-01 7.00E-05 1.71E-02 1.50E-04 

Ʃf1 3.46E-03 0.00E+00 3.50E-03 8.00E-05 0.00E+00 - 

Ʃf2 7.84E-02 0.00E+00 7.71E-02 8.00E-05 0.00E+00 - 

Ʃ12 1.66E-02 3.15E-02 1.75E-02 7.00E-05 3.30E-02 1.40E-04 

Ʃ21 1.65E-03 3.28E-04 1.77E-03 8.20E-04 3.31E-04 1.79E-03 

Ʃtot1 5.56E-01 6.85E-01 5.65E-01 2.00E-05 6.87E-01 6.00E-05 

Ʃtot2 1.45E+00 2.06E+00 1.44E+00 3.00E-05 2.06E+00 2.00E-05 

νƩf1 8.88E-03 0.00E+00 8.83E-03 8.00E-05 0.00E+00 - 

νƩf2 1.94E-01 0.00E+00 1.88E-01 8.00E-05 0.00E+00 - 

D1 1.484 1.371 1.058 
 

0.893 
 

D2 0.351 0.249 0.308 
 

0.219 
 

 

Table 3 shows the results for the heterogeneous case with SCALE 6.1.3 and SERPENT 

(“n.a.” means that the value is not directly available because the related quantity has been 

calculated as combination of other values). 

Table 3: Scale 6.1.3 and SERPENT results 

  
SCALE 6.1.3 

[het/het] 

SERPENT  

[het/het] 

  Assem. Shroud Water Assem. var Shroud var Water var 

Keff 1.22923 1.23362±0.00007 

Ʃa1 1.00E-02 4.48E-03 3.76E-04 1.02E-02 7.0E-05 4.16E-03 3.4E-04 3.94E-04 2.2E-04 

Ʃa2 1.10E-01 1.48E-01 1.08E-02 1.08E-01 6.0E-05 1.22E-01 1.1E-04 1.05E-02 2.0E-05 

Ʃf1 3.46E-03 0.00E+00 0.00E+00 3.50E-03 7.0E-05 0.00E+00 - 0.00E+00 - 

Ʃf2 7.84E-02 0.00E+00 0.00E+00 7.71E-02 6.0E-05 0.00E+00 - 0.00E+00 - 

Ʃ12 1.66E-02 1.40E-03 4.55E-02 1.75E-02 6.0E-05 1.58E-03 1.7E-03 4.70E-02 1.3E-04 

Ʃ21 1.65E-03 1.94E-03 2.52E-04 1.77E-03 7.5E-04 1.98E-03 2.6E-03 2.52E-04 1.6E-03 

Ʃtot1 5.56E-01 5.54E-01 7.46E-01 5.65E-01 2.0E-05 5.48E-01 1.1E-04 7.48E-01 7.0E-05 

Ʃtot2 1.45E+00 1.16E+00 2.11E+00 1.44E+00 3.0E-05 1.12E+00 1.0E-05 2.10E+00 1.0E-05 

νƩf1 8.75E-03 0.00E+00 0.00E+00 8.83E-03 n. a. 0.00E+00 n. a. 0.00E+00 n. a. 

νƩf2 1.91E-01 0.00E+00 0.00E+00 1.88E-01 n. a. 0.00E+00 n. a. 0.00E+00 n. a. 

D1 1.484 1.077 1.756 1.057 n. a. 0.649 n. a. 1.072 n. a. 

D2 0.351 0.293 0.248 0.308 n. a. 0.300 n. a. 0.216 n. a. 
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Table 4 presents the results, for the same problem, as reported in [4, 5], and calculated with 

DRAGON and MCNP5+TEDM codes (“n.a.” means here that the value is not reported in the 

literature quoted). The diffusion coefficient are in cm. 

Table 4: DRAGON and MCNP5 results 

  DRAGON [4] MCNP5 + TEDM [5] 

  Assembly Shroud Water Assembly Shroud Water 

Keff 

 

n. a. 

 

n. a. 

Ʃa1 1.12E-02 4.69E-03 2.20E-04 9.59E-03 4.72E-03 4.03E-04 

Ʃa2 1.14E-01 1.50E-01 1.10E-02 8.80E-02 1.49E-01 1.13E-02 

Ʃf1 n. a. 0.00E+00 0.00E+00 n. a. 0.00E+00 0.00E+00 

Ʃf2 n. a. 0.00E+00 0.00E+00 n. a. 0.00E+00 0.00E+00 

Ʃ12 1.67E-02 2.00E-03 5.13E-02 1.80E-02 1.40E-02 5.34E-02 

Ʃ21 1.00E-06 0.00E+00 2.80E-04 n. a. n.a. 2.43E-04 

Ʃtot1 n. a. n. a. n. a. n. a. n. a. n. a. 

Ʃtot2 n. a. n. a. n. a. n. a. n. a. n. a. 

νƩf1 8.43E-03 0.00E+00 0.00E+00 7.14E-03 0.00E+00 0.00E+00 

νƩf2 1.61E-01 0.00E+00 0.00E+00 1.49E-01 0.00E+00 0.00E+00 

D1 1.4375 1.455 1.4712 1.4376 1.4556 1.4705 

D2 0.826 0.6362 0.2525 0.8273 0.6364 0.2523 

 

The cross sections for the hom/hom case were also evaluated. Table 5 lists the results of 

homogeneous case and a comparison with the heterogeneous one. 

         Table 5: SCALE 6.1.3 results of homogeneous and heterogeneous case 

  
SCALE 6.1.3  

[het/hom] 

SCALE 6.1.3 

 [hom/hom] 

 
Assembly Reflector Assembly Reflector 

Keff 1.22923 1.23752 

Ʃa1 1.00E-02 1.68E-03 9.97E-03 8.83E-04 

Ʃa2 1.10E-01 1.71E-02 1.11E-01 2.46E-02 

Ʃf1 3.46E-03 0.00E+00 3.45E-03 0.00E+00 

Ʃf2 7.84E-02 0.00E+00 7.90E-02 0.00E+00 

Ʃ12 1.66E-02 3.15E-02 1.65E-02 3.95E-02 

Ʃ21 1.65E-03 3.28E-04 1.59E-03 4.58E-04 

Ʃtot1 5.56E-01 6.85E-01 5.54E-01 7.13E-01 

Ʃtot2 1.45E+00 2.06E+00 1.45E+00 1.99E+00 

νƩf1 8.88E-03 0.00E+00 8.74E-03 0.00E+00 

νƩf2 1.94E-01 0.00E+00 1.93E-01 0.00E+00 

D1 1.484 1.371 1.489 1.674 

D2 0.351 0.249 0.349 0.256 

 

Table 6 shows the impact on Ʃa2 for the water zone only for a variation of the boron 

concentration. In detail, the first column gives the values used for the boron concentration (in 

ppm), the second presents the values of effective multiplication factor, the third the variation 

of Keff, the fourth Ʃa2, the fifth the variation of Ʃa2, and the sixth the relative percentage 
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difference of Ʃa2. In Table 6 all variations for a given boron concentration are calculated with 

respect to the values corresponding to a concentration 300 ppm lower. 

Table 6: SCALE 6.1.3 results for different boron concentration 

SCALE 6.1.3  

[het/het - water reflector zone] 

Cb Keff ΔKeff Ʃa2 ΔƩa2 ΔƩa2/ Ʃa2 

[ppm] [-] [pcm] [cm-1] [cm-1] [%] 

0 1.22923 - 1.08E-02 - - 

300 1.19601 -3322 1.69E-02 6.10E-03 56.29 

600 1.16560 -3041 2.30E-02 6.01E-03 35.49 

900 1.13722 -2838 2.89E-02 5.93E-03 25.83 

1200 1.11058 -2664 3.47E-02 5.85E-03 20.25 

1500 1.08549 -2509 4.05E-02 5.77E-03 16.62 

1800 1.06179 -2370 4.62E-02 5.70E-03 14.07 

 

Finally, Figure 4 presents the trend of the variation of thermal absorption cross section versus 

the boron concentration in the water reflector zone. 

  

 
Figure 4: SCALE 6.1.3 variation of Ʃa2 with boron concentration 

 

4 CONCLUSIONS 

The work carried out in this paper has tested the real ability of SCALE 6.1.3 suite to 

perform effective cross sections calculation for the assembly-reflector zone. The results are in 
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heterogeneous case except that, in the shroud zone, for some cross sections, the differences 

range between 12% and 17%. The diffusion coefficients are quite different but SERPENT 

may produce incorrect results if the homogenization is restricted to a higher universe [3]. The 

comparison with the other numerical results quoted in the literature shows major differences, 

especially with the MCNP5+TEDM approach. The results of the homogenized geometry 

[hom/hom] show a difference between 0.5% and 45% with respect to the heterogeneous one. 
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Further investigations will be carried out to understand the reasons of the differences in the 

results presented. 
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