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1 INTRODUCTION 

This report describes the mathematical models and engineering data used for the 

generation of version 1 of the 2-group polynomial cross section library for the two 

PWR units at the Koeberg Nuclear Power Station. This library was prepared using 

the few-group coarse mesh cross section generation package of the Reactor Theory 

Programme at the Atomic Energy Corporation of South Africa Ltd. 

An overall description of the calculational scheme as well as descriptions of the 

various modules used for the generation of the cross section library is given in the 

next section. Section 3 contains a detailed description of the fuel assembly model 

and gives the values of the operational, parameters used. The methods used to 

generate the ex-core reflector data are described in Section 4. Details of the 

generation of the polynomial library are given in Section 5, while the assembly and 

reflector engineering data are listed in Appendices A and B respectively. 

2 CALCULATIONAL SCHEME 

Seven modules were used for the generation of the cross section library for 

Koeberg. Each of these performs a specific function and they are interfaced by a 

set of interface files. 

(A) PREP-PWR-1.0 [1] is a preprocessor code and is based on the PREWIM code 

used by the Spanish as part of their MARIA System [2], PREP-PWR-1.0 

generates a set of data files for most of the modules in the system to generate 

the cross sections. By far the most important task that PREP-PWR-1.0 

performs is the generation of the input data for the W1MS-D/4.1 code [3]. 

These data define the different fuel assemblies at various conditions (so-called 

states). The tremendous volume of input data which is required by the 

WIMS-D/4.1 code to perform a set of calculations for each fuel assembly 

makes it imperative that the process to be automated and not set up and 

controlled manually. The volume of data needed to correctly model a typical 



Koeberg assembly (including the depletion calculations etc.) is of the order of 

14 000 lines. 

(B) WIMS-D/4.1 performs the assembly (lattice) depletion calculations. This code 

is a modification of the WIMS-D/4 code [4] and is available from the Nuclear 

Energy Agency (NEA) Data Bank in France. The data generated by PREP-

PWR-1.0 are used by WIMS-D/4.1 to model the neutronics of the fuel 

assemblies as a function of the so-called state parameters. For each 

calculation WIMS-D/4.1 writes the microscopic cross sections, material 

number densities and other important information to a file for further 

processing by the WEDRO-1.1 [5] module. 

(C) WEDRO-1.1 performs the postprocessing of the WIMS-E files produced by 

the WIMS-D/4.1 code. The multi-group cross sections in the WIMS-E file are 

group-condensed, homogenised and written to a file for later use by the 

POLX-1.0 code [6]. WEDRO-1.1 also sets up the depletion chains for those 

isotopes which are treated microscopically. 

(D) XSDRNRSP [7J is a modified version of the XSDRNPM-S code [8] which 

forms part of the SCALE-2 code system. XSDRNRSP performs a simple 

transport calculation of the core and reflector to obtain a set of fluxes by 

which to collapse the reflector cross sections. It differs from the XSDRNPM-S 

code in two ways: a different method is used for collapsing the P n scattering 

matrices and total cross section, and a binary data file is generated for use by 

the EQUIVA-2.0 code [9], 

(E) EQUIVA-2.0 is a code which generates equivalent diffusion theory nodal 

parameters for the reflector regions from the data it r eives from the 

XSDRNRSP code. 

(F) POLX-1.0 generates the actual polynomial library from the data it receives for 

a given assembly or reflector from the previous modules. For the fuel 

assemblies POLX-1.0 uses a least squares method to fit quadratic polynomials 



through the data as functions of exposure, soluble boron concentration, 
moderator density and fuel temperature. For reflector data, on the other 
hand, POLX-1.0 fits quadratic polynomials through the data only as a function 
of the soluble boron concentration (PPM). 

(G) LINX-1.0 [10] combines all the polynomial cross section libraries for the fuel 
assemblies and reflector nodes into a global reactor polynomial cross section 
library. 

ASSEMBLY MODEL 

The fuel assemblies have been modelled in such a way that the model falls within 
the range of calculational ability of the WIMS-D/4.1 code. The geometrical model, 
physical specifications of the fuel assemblies and the operating conditions are 
described in the following sections. For more details of the model, the reader is 
referred to reference 1. 

Physical Characteristics 

The physical characteristics defining the geometry and material composition of 
the fuel assemblies are given in Appendix A. The fuel assemblies are modelled 
by a simplified one-dimensional cylindrical model as a cluster of rods, taking into 
account physical effects. The entire assembly is not modelled, but only a certain 
fraction is. Within this one-dimensional model a number of geometrical 
variations to the system, such as control rod insertion and burnable poison 
extraction, need to be modelled. 

The one-dimensional assembly model is made up of a number of annuli in which 
the fuel, control .and burnable poison rods as well as the guide tubes, structural 
material and inter-assembly water gap are represented. The centre of the 
geometric model always consists of a guide tube, control red or burnable poison 
rod depending on the current assembly status (i.e. whether burnable poison or 
control rods are present or not). The grids and sleeves have been averaged over 



the effective core height. 

The fuel assembly types in KOEBERG are all uniquely defined by their 

enrichment and burnable poison loading, details of which are given in Table 1 

below. 

Table 1: Assembly Types in KOEBERG Library 

Assembly ID Enrichment Burnable Poison 
Loading 

El1800 1.8 % 0 

E22408 2.4 % 8 

E32412 2.4 % 12 

E43100 3.1 % 0 

E53112 3.1 % 12 1 
E63116 3.1 % 16 I 

E73200 3.25 % 0 I 

Base/OfT-base Scheme 

The generation of the cross sections for the cross section library is performed 

using a base/off-base calculational philosophy which comprises two aspects. The 

first involves the assembly depletion calculations. These are normally performed 

at average operating conditions and are known as the base calculations. The 

second involves varying these conditions at the depletion points of the depletion 

calculation. These, in turn, are known as the off-base calculations. 

The set of parameters defining the condition of the system is referred to as the 

state parameters. The state parameters used for the KOEBERG library are 

exposure, fuel temperature, moderator density and soluble boron concentration. 



Cross sections are generated for each type of assembly at various state parameter 

conditions and these are then fitted by polynomials as functions of the state 

parameters to give the final polynomial cross section library. When generating 

these cross sections it is assumed that the state parameters can be varied 

independently, that is, that one state parameter can be modified while keeping 

the rest fixed. The effects of this assumption can be determined by generating 

cross sections for assemblies with a number of state parameters varied 

simultaneously and comparing these cross sections with those reconstructed from 

the polynomial library for the same conditions. 

When performing these calculations it must be noted that there is a direct link 

between the fuel temperature and the power. Thus, when varying the fuel 

temperature for an off-base calculation, the corresponding power level has to be 

determined. This is necessary to ensure the correct equilibrium xenon levels. 

There is also a direct link between the moderator temperature and density since 

the pressure is fixed. 

A vital aspect of this calculational scheme is the modelling of the thermal 

hydraulic behaviour of the assemblies at the various base and off-base conditions. 

This involves the calculation of the expanded radii of the rods and the material 

temperatures for a specified power. In addition to this calculation, the "reverse" 

calculation also needs to be performed, i.e. for a given fuel temperature, the 

corresponding power has to be determined. The thermal hydraulic calculations 

are performed by the TABASCO module [11] in PREP-PWR-1.0. 

For all assembly types loaded with burnable poisons, provision has been made 

for the extraction of the burnable poison rods. Provision has also been made for 

the insertion of control rods into all assembly types. Obviously control rods can 

only be inserted into burnable poison loaded fuel assemblies once the burnable 

poison rods have been removed. 

The calculations in this scheme a.e performed in the following way: The full set 

of off-base calculations is performed at time zero (0 MWD/T), after which the 



base calculation is performed (also at time zero). The assembly is then "burned" 
to the next exposure point (which is specified by the user) at base conditions and 
again commences with the set of off-base calculations at this new exposure point. 
This process in repeated for all the exposure points. 

Generation Specifications 

In this section the details concerning the actual conditions at which the different 
assemblies were modelled are given. The assembly lattice calculations were 
performed with the 24 energy group structure given in Table 2 below. This is the 
same energy group structure that is used by the Spanish for the same type of 
models. 

After the assembly calculations had been completed the 24-group cross sections 
were condensed to 2 energy groups with upper energy limits of 10 MeV and 
0.625 eV, respectively. 

All calculations were performed with a fixed coolant/moderator pressure of 
155 bar. This fixed pressure allows a direct relationship between the moderator 
temperature and density. This feature is used in the PREP-PWR-1.0 code to 
perform the off-base calculations for moderator density since the moderator 
temperature variation is given as input to PREP-PWR-1.0 and not the moderator 
density. 

A fixed specific power density of 37.86 MW/T (linear power density of 
183 W/cm) was used throughout the burnup calculations. Keeping the power 
fixed necessitated that the fuel temperature had to be changed as a function of 
burnup. The correlation between the fuel temperature and power as a function 
of exposure was obtained from TABASCO. 

After a sensitivity study, 17 exposure points were chosen at which the base and 
off-base calculations were performed. These exposure points are given in 
Table 3 below. 



Table 2: Energy-group Structure used for Assembly Calculations 

GROUP UPPER ENERGY (eV) GROUP UPPER ENERGY (eV) 

1 1.000 E+07 13 1.500 E+00 

2 2.231 E+06 14 U50E+00 

3 8.210 E+05 15 8.500 E-01 

4 1.110 E+05 16 6.250 E-01 

5 9.118 E+03 17 4.000 E-01 

6 9.069 E+02 18 3.200 E-01 

7 1.487 E+02 19 2.500 E-01 

8 4.805 E+01 20 1.400 E-01 

9 1.597 E+01 21 6.700 E-02 

10 9.877 E+00 22 5.000 E-02 

11 4.000 E+00 23 3.000 E-02 

12 2.600 E+00 24 1.500 E-02 

The variation of the state parameter values for the off-base calculations is fixed 
for each state parameter over the exposure range. The moderator temperature 
is varied by 15° above and below the operating value. The moderator 
temperature off-base values remain constant over the exposure range since the 
operating value is constant at 306.3°C. 

Ihe soluble boron concentration off-base values also remain constant over the 
exposure range. A base soluble boron concentration of 600 PPM is chosen and 
is varied by 600 PPM above and below this base value. 



Table 3: Exposure Points at which Calculations were Performed 

BURNUP 
STEP 

EXPOSURE (MWD/T) BURNUP 
STEP 

EXPOSURE (MWD/T) 1 

1 0 10 10 000 

2 150 11 12 000 

3 500 12 16 000 

4 1000 13 20 000 

5 2000 14 25 000 

6 3000 15 30 000 

7 4000 16 40 000 

3 6000 17 50 000 

9 8000 

In the above cases the values of both the base state parameters and the 
variations remain fixed. The same cannot, however, be said about the fuel 
temperature variations. In this case, although the variations are kept constant, 
the base fuel temperature is varied as a function of burnup as mentioned earlier. 
The fuel temperature is varied 200° above and below the base value at each of 
the exposure points. 

4 REFLECTOR MODEL 

Two-group homogenised baffle-reflector data were generated for two types of radial 
reflector nodes (coarse meshes having the same widths as fuel assemblies), namely 
for "flat-side" and "inner-corner" nodes. Fig. 1 defines the three basic types of radial 
reflector nodes used in reactor calculations. The data for the flat-side nodes were 



generated by means of the NGET-RM method [12,13], while those for the inner-
corner nodes were generated with the "improved" NGET-RM method [14]. In both 
cases the full group-to-group diffusion coefficient matrices were diagonalised using 
an approximate, but accurate method [IS]. The flat-side data are intended for use 
in "outer-corner" reflector nodes as well. This approach has been shown to be very 
successful and is probably one of the best methods developed to date for the 
modelling of PWR radial reflectors [16]. 

Flat-aide 
Reflector 
Node 

Outer-corn»! 
Reflector 
Node 

'Inner-oornm 
iRefiector 
'Node 

CORE 

Fig. 1. Definition of three types of radial reflector nodes 

Physical Characteristics 

The physical characteristics of the radial reflector are given in Appendix B. The 
soluble boron content is not given since this was varied according to the 
base/off-base strategy described previously. A base value of 900 PPM and off-
base values of 1800 and 1 PPM weie selected for the boron concentration in the 
reflector water. (Recall that only boron concentration was considered as a 
variable state parameter for the reflector.) 

Generation Specifications 

The NGET-RM method requires the results from a multigroup transport 
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calculation of the one-dimensional spectral geometry depicted in Fig. 2. The 

XSDRNRSP code [7] is used for this purpose, and to take proper account of 

transport effects, ihe code is used in an Sg - P 3 mode. The 69-group cross 

sections used in the XSDRNRSP calculations are obtained from two basic 

sources: 

(a) For the fuel region, 69-group homogenised assembly cross sections (P0 

transport-corrected) are obtained from WIMS-D/4.1 [3] calculations. 

(b) For the reflector region, 69-group P 3 cross sections are generated from 

ENDF-B/4 data [17] with the AMPX-2 package [18]. 

-Baffle 

CORE Water 

Fig. 2. Example of a typical 1-D spectral geometry 

The results of the XSDRNRSP calculations (for the different soluble boron 

concentrations) are used in EQUIVA-2.0 [9] to generate 2-group homogenised 

baffle/reflector data. In the case of inner-corner reflector nodes two non-zero 

empirical factors are used to reduce so-called two-dimensional effects [14], The 

values of these factors as used for the KOEBERG radial reflector are given in 

Table 4. 
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Table 4: Reflector Types in KOEBERG Library 

REFLECTOR ID EPITHERMAL 

EMPIRICAL FACTOR 

THERMAL 

EMPIRICAL FACTOR 

RFLFLT 0.0 0.0 

! RFLINR 0.171 -1.23 

5 POLYNOMIAL FITTING AND RECONSTRUCTION 

The fuel assembly data generated by WEDRO-1.1 and the reflector data generated 
by EQUIVA-2.0 are utilised in POLX-1.0 to obtain quadratic polynomial 
coefficients per assembly/reflector type. The various assembly/reflector type 
coefficients are merged and reordered in LINX-1.0 to meet the requirements of 
RECONS-1.0 for the reconstruction of nodal cross sections at any user specified 
conditions (state parameters). The polynomial library was generated with a two-
region exposure partition over the exposure range; namely 0 -8 000 MWD/T and 
8 000 - 50 000 MWD/T. This partition gave satisfactory results for the most 
important isotopes and materials. For more details on the library structure and the 
reconstruction procedure the user is referred to the RECONS-1.0 report [19]. 

An limited impression of the accuracy of the polynomial fitting can be gained by 
examining the reconstruction errors which are tabulated for each fuel assembly in 
Table 5. It should be noted that these errors were obtained by comparing 
reconstructed cross section data with the original reference data at the same data 
points used for the polynomial fitting. The first column in Table 5 identifies the 
assembly type, the second column the total number of data points fitted and the 
other columns report the number of points for which reconstruction errors fall 
within the range indicated. 

The reconstruction errors for the global polynomial library can be summarised in 
Table 6, where, the last column gives a breakdown of the percentage of the Unal 
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number of data points, for all assemblies, whose reconstruction errors fall within the 

indicated error bins. In general the larger reconstruction errors relate to less 

important isotopes/materials and reactions. 

Table 5: Reconstruction Errors per Assembly Type 

ASSEMBLY 

TYPE 

TOTAL < 1 

% 

(1-2) 

% 

(2-3) 

% 

(3-4) 

% 

(4-5) 

% 

>5 
% 

El 1800 19 992 19 441 234 120 87 43 67 

E22408 22 848 21827 380 147 111 42 341 

E32412 22 848 21833 381 145 112 34 343 

E43100 19 992 19 593 190 84 62 6 
" 

E53112 22 848 21935 275 181 127 38 292 

E63116 22 848 21922 275 205 108 52 286 

E73200 19 992 19 617 169 83 60 8 55 

Table 6: Global Library Error Distribution 

ERROR BIN % OF TOTAL 

< 1% 96.56 

1-2% 1.26 

2-3% 0.64 

3-4% 0.44 

4-5% 0.15 

I > 5% 0.95 
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6 CONCLUDING REMARKS 

In its present form the KOEBERG library is intended for two-dimensional nodal 

reactor calculations since axial reflector data have not yet been generated for the 

library. Furthermore, control rod data have been generated only for the 24-finger 

type of control clusters so that the lb-finger shutdown clusters cannot at present be 

modelled. 

Finally, the user is reminded that the routines MIXING and OUTFIL of RECONS-

1.0 should be modified to meet his/her specific requirements and that guidelines 

for integrating RECONS-1.0 into a diffusion cede can be found in the RECONS-1.0 

report. 
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APPENDIX A: ASSEMBLY SPECIFICATIONS 

All physical dimensions given here are at cold conditions (ie 20 °Q. 

FUEL PIN: 

U 0 2 radius 

Zircaloy-4 clad inner radius 

Zircaloy-4 clad outer radius 

0.4095 cm 

0.41775 cm 

0.47475 cm 

GUIDE TUBE AND INSTRUMENTATIONAL THIMBLE: 

Tube inner radius (Zircaloy-4) 

Tube outer radius (Zircaloy-4) 
0.57 cm 

0.612 cm 

CONTROL ROD: 

Absorber radius (Ag«In-Cd) 

Clad inner radius (SS-304) 

Clad outer radius (SS-304) 

0.433 cm 
0.437 cm 
0.484 cm 

BURNABLE ABSORBER ROD: 
(Pressurised with helium) 

Inner radius of inner clad (SS-304) 

Outer radius of inner clad (SS-304) 

Inner radius of BA (Borosilicate glass) 

Outer radius of BA (Borosilicate glass) 

0.2210 cm 

0.2375 cm 

0.2415 cm 

0.4265 cm 
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Inner radius of outer clad (SS-304) 0.4370 cm 

Outer radius of outer clad (SS-304) 0.4840 cm 

GENERAL ASSEMBLY SPECIFICATIONS: 

Reactor lattice 17 * 17 

Lattice pitch 1.26 cm 

Fuel assembly pitch (including water gap) 21.504 cm 

Fuel rods per assembly 264 

Number of guide tubes for control rods 24 

Number of instrumentation tubes 1 

Active assembly height 365.76 cm 

Mass U 0 2 per assembly 2006.3 g 

Mass of grids in active length 4276.0 g 

Mass of sleeves in active length 821.0 g 

MATERIAL CHARACTERISTICS: 

Materia] Density 

(g/cm3) • 

U 0 2 (95% of theoretical density) 10.412 

Zircaloy-4 6.55 

Coolant 1.00 

I.iconel 718 8.20 

Ag-In-Cd control 10.16 

Stainless steel 304 7.90 

Helium 10-4 

Borosilicate 2.237 
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BURNABLE POISON LOADING: 
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APPENDIX B: REFLECTOR SPECIFICATIONS 

All physical dimensions given here at hot operating conditions 

BAFFLE: 

Thickness 2.8575 cm 

Material SS-304 

Density 7.93 g/cm3 

Composition Co - 0.12 wt% 

Ni - 10.00 wt% 

Cr - 18.00 wt% 

Fe - 71.88 wt% 

REFLECTOR 

Thickness 

Material 

Density 

18.7505 cm 

H 2 0 + soluble boric acid 

0.753994 g/cm3 (corresponding to inlet water 

temperature of 286 °C) 
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