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ABSTRACT 

 

 
A steady-state neutron kinetics model of the Angra-1 NPP at BOL (Beginning Of Life) has been developed with 

the PARCS V2.7 neutron diffusion code. The information of the burnable poison rods, fuel enrichments and 

control rod banks distributions within the core have been taken from the Angra-1 FSAR (Final Safety Analysis 

Report) and implemented in the model. The macroscopic cross sections for the fast and thermal neutron groups 

have been calculated with the WIMSD-5B lattice cell code. The cross sections were obtained for the rodded and 

unrodded cases for each composition in the core. In order to establish the initial steady-state, an eigenvalue was 

made with the PARCS V2.7 code for three steady-state scenario cases reported at the FSAR;  a keff of 1.0733 

was obtained for the unrodded case,  keff of 1.0718 for a 24% of bank D inserted case and keff of 0.8512 for the 

full rodded case. The normalized core power density distributions were obtained and compared with the 

corresponding FSAR case. 

 

 

 

1. INTRODUCTION 

 

Simulations of complex scenarios in NPPs (Nuclear Power Plants) have been improved by 

the utilization of coupled thermal-hydraulic and neutron kinetics system codes thanks also to 

the development of computer technology and new calculation methodologies. These aspects 

make possible of performing transport calculation schemes with accurate solutions. The main 

aim of the coupling techniques is to introduce three-dimensional (3D) neutron modeling of 

the reactor core into system codes mainly to simulate transients that involve asymmetric core 

spatial power distributions and strong feedback effect. 

 

In a previous work [1], a thermal-hydraulic model of the Angra-1 NPP was developed with 

the RELAP5 (Reactor Excursion and Leak Analysis Program) code [2], using the information 

included in the FSAR report [3]. Good results were obtained for the steady-state scenario. 

After that and with the objective of performing coupled calculations, a neutron kinetics model 

was developed with the PARCS V2.7 [4] neutron diffusion code. The BOL core data 

described in FSAR [3] were used to perform the simulations. 
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2. ANGRA-1 CORE COMPOSITIONS 

 

All information regarding  the geometry, the composition and distribution of the burnable 

poison rods,  as well as the arrangement of the different fuel enrichments rods and the control 

rod banks at BOL core (as reported at the Angra-1 FSAR[3] report), have been used in order 

to calculate the macroscopic cross sections for the fast and thermal neutron groups within the 

core with the WIMSD-5B lattice cell code.  

 

The reactor core consists of a cartesian geometry with 121 FA´s (fuel assemblies) where each 

one has an array of 16 x16 elements. Each FA in Angra-1 includes a bundle of 16x16=256 

rods. 235 of them are fuel rods; 20 are guide tubes for insertion of control rods or burnable 

poison rods, and 1 for instrumentation.  

 

The reflector is composed of water + steel, and it is shown in Table 1. 

 

Table 1: Reflector composition and dimensions.  

Zone Composition Thickness (inch) 

Top Water + steel 10 

Bottom Water + steel 10 

Side Water + steel 15 

H2O/U Molecular ratio, Lattice     2.23 

 

2.1. Angra-1 fuel arrangement 

 

Figure 1 shows the fuel (F) and reflector (R) distribution as it was modeled in PARCS code. 

In total, there are 177 assemblies, where 121 of them contain fuel rods, and 56 are modeled as 

reflector. The total area of the 177 assemblies represents the equivalent cross-sectional area 

of the equivalent core which diameter is 9.96equivalentD inches (from the FSAR[3]). 

 

 
                         Figure 1: Distribution of reflector and FA´s in the Angra-1 core. 

 

- R Reflector 

- F Fuel 
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Angra-1 core at BOL (from the FSAR[3]) has three different fuel enrichment rods, 2.1, 2.6 

and 3.1 %, as represented in Figure 2 (a). Figure 2 (b) shows the distribution of the different 

FA´s as modeled with the PARCS code. 

 
 

 

 

 

Figure 2 (a): Fuel compositions distributions in 

the Angra-1 core at the FSAR[2]. 
 

Figure 2 (b): Fuel and reflect distributions in 

the Angra-1 core as modeled in PARCS. 

 

2.1. Angra-1 burnable poison rods arrangement 

 

At BOL, the Angra-1 core has a set of burnable poison rods (BPRs) assemblies inserted in the 

guide tubes. The number of burnable poison rods per FA is 20 rods. 

 

The burnable poison rods are composed of a Borosilicate glass, which is a high neutron 

absorber, in the form of Pyrex tubing with a central void region. They are inserted at BOL for 

reactivity control and enhanced fuel utilization. 

 

The presence of BPRs during depletion hardens the neutron spectrum due to the removal of 

thermal neutrons by capture in 
10

B and by displacement of moderator, resulting in lower 
235

U 

depletion and higher production of fissile plutonium isotopes. Enhanced plutonium 

production and the concurrent diminished fission of 
235

U due to increased plutonium fission 

have the effect of increasing the reactivity of the fuel at discharge and beyond. Consequently, 

an assembly exposed to BPRs will have a higher reactivity for a given burnup than an 

assembly that has not been exposed to BPRs [5]. 

 

Figure 3 shows a cross-section of a burnable poison rod. The borosilicate is only located at 

the end of the rod, being the upper part of the inner rod composed of stainless steel. The 

cladding material of the BPRs is also stainless steel.  

R – Reflector 

3.1 – 3.1% fuel enrichment 

2.6 – 2.6% fuel enrichment 

2.1 – 2.1% fuel enrichment 
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Figure 3: BPR cross-section. 

 

There are three different FA´s at the core in the relation of the number of BPRs contained in 

them. The FA´s containing BPR´s can contain 8, 12 or 16 BPRs. The positions where the 

burnable poison rods are inserted into the core are shown in Figure 4. 

 
Figure 4: BPRs and neutron source loading pattern. 

 

The Borosilicate in the form of Pyrex composition is shown in Table 2. 

 

Table 2: Composition of the Borosilicate Glass. 

Compositions % in composition 

B2O3 0.13 

SiO2 0.81 

Na2O 0.04 

Al2O3 0.02 
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2.2. Angra-1 Control Rods Arrangement 

 

Control rods are disposed in 6 banks, as detailed in Table 3. 

 

Table 3: Control rod banks  

Bank number as 

implemented in 

PARCS 

Symbol in 

Figure 5 

Number of 

clusters 

Bank 1 A 8 

Bank 2 S1 8 

Bank 3 D 4 

Bank 4 C 5 

Bank 5 B 4 

Bank 6 S2 4 

 

Figure 5 shows the arrangement of the control rod assemblies within the core. 

 

 

 
 

Figure 5: Rod cluster control assembly pattern 

 

Table 4 shows the composition of the control rods and the characteristics of the clusters. 

 

Table 4: Control rod characteristics.  

  

Composition Ag (80%), In (15%), Cd (5%) 

Clad material Stainless steel 304 

Clad thickness 0.0175 inch 

Number of 

clusters 
33 

Number of 

absorber rods per 

cluster 

20 
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3. ANGRA-1 MACROSCOPIC CROSS SECTIONS GENERATION WITH THE 

WIMSD-5B LATTICE CELL CODE 

 

 

The Winfrith Improved Multigroup Scheme (WIMSD-5B) is a general code for the reactor 

lattice cell calculation on a broad range of reactor systems.  It solves the transport equation 

for the generation of macroscopic cross sections with a collision probability calculation for 

each fuel cell in the element in 69 energy groups. Then passes to an equivalent cylindrical 

configuration of the element where a 24 groups calculation is made assuming null net current 

at the boundary. 

 

The isotopic weighted composition for each isotope contained in each assembly considering 

the control rods, burnable poison rods, cladding and different fuel enrichments, as it is 

described in the FSAR[2], is calculated and implemented at the WIMSD-5B inputs. The 

model has 9 compositions for the FA´s, where each FA represents one neutron kinetics node 

in the PARCS model, as it can be seen in Figure 2(b). 

 

Thus, the group constants needed for solving the neutron diffusion equation are obtained for 

each FA composition with the WIMSD-5B code and then two files with the group constants 

in a readable by the PARCS V2.7 code format were generated with a program which was 

written in Fortran at the DEN/UFMG and which calls to the WIMSD-5B code, reads the 

output and writes the calculated group constants into the two corresponding files.  

 

One of the files was called NEMTAB which contains all the constants for the fast and 

thermal groups. In this case, 5 ranges of mean fuel temperatures and 5 coolant density (the 

number of ranges is up to the user) were calculated. So, for each composition we will have 

5x5=25 inputs for the WIMSD-5B code and hence, 25 values for each constant of the neutron 

diffusion equation for the 5 mean fuel temperatures and 5 moderator density ranges. 

 

The other file is called NEMTABR, which is obtained with the same methodology of the first 

one, thus containing the information of the same quantity of group constants but in the case 

of the control rod bank inserted in the corresponding FA (or composition) for which the 

group constants are being calculated. 

 

Table 5 shows the 8 compositions in the Angra-1 NPP BOL core in the case of no control rod 

banks insertion. 

 

Table 5: Compositions of the core. 

 
Number of FA´s with 

8 BPR´s 

Number of FA´s 

with 12 BPR´s 

Number of FA´s 

with 16 BPR´s 

Number of FA´s 

without BPR´s 

Number of FA´s 

Fresh fuel 

3.1% 
8   32 40 

Fresh fuel 

2.6% 
4 16 12 8 40 

Fresh fuel 

2.1% 
4   37 41 

     Total =121 

 

Accounting to the insertion of control rod banks and their positions, we have more 

compositions, due to the control rod banks arrangement as seen in Figure 5. The number of 

FA compositions is shown in Table 6. 
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Table 6: Compositions of the core accounting for the control rod banks 
  Fresh fuel 3.1% Fresh fuel 2.6% Fresh fuel 2.1%  

Number of FA´s 

with 8 BPR´s 
BANK A     

BANK B     

BANK C     

BANK D     

BANK S     

NO BANK 8 4 4  
Number of FA´s 

with 12 BPR´s 
BANK A     

BANK B     

BANK C     

BANK D     

BANK S     

NO BANK  16   
Number of FA´s 

with 16 BPR´s 
BANK A     

BANK B     

BANK C     

BANK D     

BANK S     

NO BANK  12   
Number of FA´s 

without BPR´s 
BANK A  8   

BANK B   4  

BANK C   5  

BANK D   4  

BANK S1/S2   8/4  

NO BANK 32  12  
Number of FA´s 

 40 40 41 
TOTAL 

121 

 

 

4. PARCS V2.7 NEUTRON KINETICS MODEL 

 

The description of the Angra-1 core model, as it is implemented in the PARCS V2.7 input, is 

as follows: 

 

Radial plane 

 

15 X and 15 Y grid nodes are assumed in the radial plane, each one 19.718 cm length. Since 

we have 121 fuelled assemblies, the corresponding cross-sectional area is 

  22
7577.412119718.0 m , which is the area of the 96.9 inches equivalent core diameter. 

 

Axial plane 

 

The active axial length of the core is of 365.76 cm height. It was nodalized in 32 planes, so 

that each one is of 11.43 cm height. The planes 1 and 34 correspond to the top and bottom 

reflector with an axial length of 25.4 cm each. Hence, this model has a total of 34 axial 

planes. 
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5. RESULTS 

 

Two cases were calculated, and the results were compared with the FSAR[3] values. 

 

The two cases were: 

  

Case A - The BOL core, unrodded, no-xenon, hot full power with keff=1. 

Case B - The BOL core, 24% of Bank D inserted, equilibrium-xenon, hot full power with 

keff=1. 

 

For both cases a Boron concentration of 1290 ppm diluted in the coolant is considered, as 

described in FSAR[2]. 

 

Case A - Figure 6 shows the FSAR[3] normalized radial power density distribution. 

 
 

 
Figure 6: FSAR[2] normalized power density distribution for BOL, unrodded core, hot 

full power, no xenon, keff=1. 
 
 

Figure 7 shows the normalized power density distribution obtained with the PARCS V2.7 

model. The obtained value for the neutron multiplication factor was keff=1.0733. As it can be 

seen, the calculated values are slightly overestimated about the reference data. The model 

needs to be adjusted to improve the results. 
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Figure 7: PARCS V2.7 normalized power density distribution for BOL, unrodded core, 

hot full power, no xenon, keff=1.0733. 

 

The 3D plot of Figures 6 and 7 values are shown in Figures 8 and 9. 
 

 
Figure 8: FSAR[2] normalized power density distribution for BOL, unrodded core, hot 

full power, no xenon plot, keff=1. 
 

 
Figure 9: PARCS V2.7 normalized power density distribution for BOL, unrodded core, 

hot full power, no xenon plot, keff=1.0733. 

 

Case B - Figure 10 shows the FSAR[3] normalized radial power density distribution.  

  



INAC 2015, São Paulo, SP, Brazil. 

 

 
Figure 10: FSAR[3] normalized power density distribution for BOL, 24% of Bank D 

inserted, hot full power, Equilibrium xenon, keff=1. 
 
 

Figure 11 shows the normalized power density distribution that was obtained with the 

PARCS V2.7 model. The obtained value for the neutron multiplication factor was 

keff=1.0718. The same simulation behavior of the case A was observed in the case B. The 

model is reproducing proportionally the reference results, needing only some more adjust. 

This modeling work is in progress.    

 
 

 
Figure 11: PARCS V2.7 normalized power density distribution for BOL, 24% of Bank D 

inserted, hot full power, Equilibrium xenon, keff=1.0718. 
 

The 3D plot of Figures 10 and 11 values is shown in Figures 12 and 13. 
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Figure 12: FSAR[3] normalized power density distribution for BOL, 24% of Bank D 

inserted, hot full power, Equilibrium xenon plot, keff=1. 

 

 

 
Figure 13: PARCS V2.7 normalized power density distribution for BOL, 24% of Bank D 

inserted, hot full power, Equilibrium xenon plot, keff=1.0718. 

 

Moreover, the case of full rodded core was calculated, for which a value of keff=0.8512 was 

obtained. For this case, there are not reference data at the FSAR[3], but the results are 

expected with the keff value decreasing with the insertion of all control rod banks. 

 

 

6. CONCLUSIONS  

 

A neutron kinetics model was developed with the neutron diffusion code PARCS V2.7 for the 

Angra-1 BOL core. Macroscopic cross sections were obtained with the WIMSD-5B lattice 

cell code. 

 

A value for the keff of 1.0733 and keff of 1.0718 were obtained for cases A and B, respectively. 

The normalized power density distributions were compared with the FSAR[3] values. A keff 

value of 0.8512 was obtained for the case of full insertion of the control rod banks core. 
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Reasonable and accurate results were obtained for the Angra-1 BOL core, but adjustments in 

the model are necessary. The next step is to execute the coupled neutron-kinetics/thermal-

hydraulics model to simulate some interesting safety analysis situations. 
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