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POVZETEK 

Opisali snio programski paket, CORD-2, ki se uporablja pri projektnih izračunih 
sredice pri upravljanju tlačnovodnega reaktorja. Prikazana je uporaba paketa in 
računskih postopkov za tipične probleme, ki nastopajo pri projektiranju sredice. 
Primerjava glavnih rezultatov z eksperimentalnimi vrednostmi je predstavljena kot 
del preveritvenega procesa. 

ABSTRACT 

Functional description of the programme package CORD-2 for PWR. core de
sign calculations is presented. Programme package is briefly described. Use of the 
package and calculational procedures for typical core design problems are treated. 
Comparison of main results with experimental values is presented as part of the 
verification process. 

1 Introduction 
Development of applied reactor physics calculations started at J.Stefan Institute 
simultaneously with the construction of our first NPP KrSko in mid-seventies a« 
part of a wider national project of development and transfer of nuclear technology. 
Program package for reactor core reload design calculations is one of the practical 
results of the project. 

Core design calculations for I'WH management are prepared to: 

• ensure energy production to the end of the planned operational cycle of the 
power plant (the period between two successive fuel reloads), 

• ensure operation within techniral specifications taking into account the mechan
ical limitations of different reactor components, 

• optimize fuel utilization (consumption). 
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Ensuring energy prod ur 1ion and optimizing fuel utilization are interrelated and 
they need accurate mathematical core modelling. Optimization of fuel utilization 
demands operation close to the fuel mechanical limitations which are guaranteed 
by the manufacturer. On the other hand, technical specification prescribe margins 
which ensure safe operation. To satisfy the safety requirements, engineering factors 
are frequently applied to allow for calculational uncertainties. Using more refined 
calculational tools such uncertainty factors can be reduced, thus enabling better 
optimization of fuel consumption without reducing the operational safety margins. 

The development of know-how and tools for core design calculations is important 
because: 

• the existing software is commercial, therefore its price is high, 

• the program codes are verified for a limited range of problems, 

• the interests of fuel suppliers and power plant managers are different, therefore 
the possibility of independent experts opinion is not negligible. 

Our own knowledge and developed programme codes can be useful for the nuclear 
power plant managers and for the administration for nuclear safety a« the basis for 
an independent expert opinion. 

The reactor physics division at J .Stefan Institute has been involved in PWR core 
design calculations for several years. On the basis of past experiences programme 
package CORD-2 was recently developed. Us design objectives are: 

• the use of our own and noncommercial foreign software, 

• portability (use on different computers). 

• simplicity. 

• sufficient accuracy. 

The noncommercial WIMS-D4 code with an extended library of group constant 
is used for transport cell calculations. Other programs are the result of our own 
development, including the CNOMER code for global power distribution in ID, 2D 
and 3D diffusion approximation with a nodal method using Green's functions and 
with a thenuohydraiilic module for considering the feedback effects. 

2 Description of the CORD-2 System 

The COR D-2 system consists of a number of libraries with precisely defined formal, 
a set of utility programs fpr library maintenance, data retrieval and other data 
handling tasks and calcnlational modules (lattice transport code, diffusion code, 
titer mobydraulics code etc.). A block diagram representing the system is shown in 
Figure J. 
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Figure 1: Dlock diagram representing the CORD-2 system 

2.1 Data libraries 

There are six data libraries relevant to the CORD-2 system. They are the following: 

Wimtib is the WIMS library summary file which provides a conversion table 
between isotope ZA designation * and the WIMS material number. 
Tlds is relevant when a nonstandard WIMS library is used. The 
Wimlib library is prepared once for all the WIMS libraries which are 
used. 

Dimlib contains plant dependent data (dimensions, temperatures, geome
try). 

Isolib is the isotopic inventory library file which contains fuel isotopic com
position vectors as a function of burnup, tabulated at different initial 
enrichments and average operating conditions during burnup. It can 
be generated by CORD-2 modules. 

'ZA s 1000 * atomic number + mass numb« 
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Faslib is the key library to core design applications for a particular power 
plant. It contains detailed information on irradiation history for 
each fuel assembly in the core. Given the loading scheme (in Corlib 
library format), all other relevant information concerning individual 
fuel assemblies i« extracted from the Fatliblibrary files. A new Corlib 
file is automatically constructed and it forms the basic input for the 
design calculations. 

Faslib library format and maintenance instructions are described in 
refptt'iire [.*}). 

Corlib library files contain reactor core distribution data such as loading 
scheme, axial and radial temperature and power distribution data 
etc. The data can result from design calculations or from the actual 
(measured) opera!ing conditions. A Cor/t&file containing all relevant 
information can also be used for automatic updating of the fuel 
assembly Fwlib library files, as described in [3]. 

Formats and procedures for constructing Corlib files at different de
sign stages are described in reference {4) 

Rcfiib is the reactivity coefficient library. It is read by the GNOMER 
code and is used for adjusting the cross sections to the calculated 
rare condition* (boron concentration, local temperatures and xenon 
level). 

2.2 Calculational modules 

The main transport code is the WINS lattice code [5]. It Is selected because It Is 
noncommercial (and thus freely available) and includes the most rigorous resonance 
treatment. 

For power (and neutron (lux) distribution calculations, nodal codes are recom
mended. For fuel assembly houiogenizatiou automatic Input generation is provided 
for the GBOMER code [6] because it offers directly the multigroup and the critical-
ity search options. For global reactor calculations with thermohydraulic feedbacks 
the user can also use OMOMER, or any other diffusion code at his convenience (NEXT 
code [8] for example). 

Similarly, temperature distributions which correspond to specified axial power 
and burntip distributions can be calculated externally with the CTEHP code [7], The 
calculational modittc of CTEHP (routine CHNTMP and routines called within) is also 
used in GHOMER and, some of the utility codes. 

The calculationnl uiodulw are not rigidly built into the system, therefore they 
are replaceable. 

3 Hardware requirements 

The system was developed ou VAX machines under VMS operating system, but 
it can easily be adapted for other environments, including personal computers. A 
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practical limitation i« the running time, which may restrict the degree of accuracy 
requested by the user (from input). 

4 Validation 

CORD-2 system has been validated against the experimental data of the Krško 
NPP (Westinghouse 600J»/1f*e) and the Almaraz benchmark (2). Detailed results 
are presented in separate reports [9J and they indicate that CORD-2 system is 
sufficiently accurate in predicting the parameters which are required to insure safe 
operation of nuclear power plants. 

Main source of measured data for Krško NPP have been the start-up physics 
tests and flux map measurements during operation. Only a few quantities can be 
compared directly (boron concentration). Some measured quantities (such as power 
distributions) arc processed and presented by computer codes, which use calculated 
parameters. They can be accurately compared only if the calculated parameters are 
also provided by the same cakulatioival procedures. Third kind of quantities can 
be measured only indirectly (Doppler coefficient) or are not measured at all (fuel 
temperature). In such case comparison is done to reference calculations if they exist. 

The most important quantities, which must be accurately predicted by nuclear 
core design calculations are the following: 

• critical boron concentrations and cycle length, 

• power and burnup distributions, 

• total power peaking factors, 

• maximal moderator temperature coefficient and 

• control rod worths. 

Complete analysis of agreement between calculated and measured values can not 
be presented in this text. Only some examples are given in illustration. It must be 
emphasized strongly, that the presented CORD-2 results have been obtained without 
any adjustments: neither in the cross section library (which Is based on ENDF/B-V 
data as much as possible),, nor in any other parameter in the system. The use of 
inferior methods ha« never been compromised for the sake of better agreement iu the 
calculated results. This approach will be followed until the end of the verification 
process, when specific recommendations for adjustments will be given if necessary. 

The results are compared also to (.'OUD-0 calculations. CORD-0 is an old version 
of CORD system, which has bron in use for core design calculations for last 0 
years. CORD-0 is bawd on 2-D lini I e differences diffusion approximation, also other 
physical models (e.g. fuel element homogeuization) are less sophisticated than in 
CORD-2. It is important to noto. that some physical models in CORD-0 were 
adjusted to experimental results of the first few cycles of NPP Krško operation. 

Differences between measured and predicted boron concentrations are presented 
in Tab.l for hot zero power with all rods withdrawn core conditions at the beginning 
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of cycles 1-9. It is evident, that the predicted critical concentrations calculated with 
CORD-0 and CORD-2 lie within the permissible ±Wppm interval for the first 7 
cycles. In cycles 8 and 9 VANTAGE fuel was introduced. As it can be seen from 
Tab.l, CORD-0 methodology results in an underpredictio« of the critical boron 
concentration, but the samo value« calculated with CORD-2 stay within the accept
able interval. Uia« and standard deviation are shown in Tab.2 for CORD-0 and 
CORD-2. Standard deviation is4iigher for CORD-0 (cycle 1-9) as the introduction 
of VANTAGE fuel influence the calculations. 

Table 1: Critical boron concentration calculated with CORD-0 and CORD-
2 compared to measured values for cycles 1-9 at HZP, BOL, ARO. 

Cycle 

1 
2 
3 
4 
5 
0 
7 
8 
9 

CORD-0 

C'glppm) 

1434. 
1552 
mm 
1753 
1593 
182» 
1890 
1997 
2098 

&C'B[ppm] 

-11 
-3 
+5 
-17 
-18 
-36 
+4 
-50 
-93 

CORD-2 

c*»[wH 

1450 
1500 
1703 
1819 
1632 
1882 
1921 
2073 
2207 

&CB[pim) 

+5 
+11 
+52 
+49 
+21 
+21 
+35 , 
+20 
+16 

Table 2 : Systematic bias in the predicted boron concentration and standard 
deviation for CORD-0 and CORD-2. 

Cycle 

1-7 
1-9 
1-9 

System 

CORD-0 
CORD-0 
CORD-2 

Bias 
[ppm] 
-10.0 
-24.3 
+26.2 

a 
[ppm] 
13.4 
29.6 
15.2 

Relative error between measured and predicted fuel element power distribution 
for cycles 1-3 at HZP. BOL. ARO are presented in Table 3. It can be seen, thai 
predicted fuel element power distribution agree« on average to better than ±3% 
with the measurements. The maximum difference is about 6%. Note that the power 
distributions are not measured directly. They are obtained by processing neutron 
flux signals using parameters supplied by the desiguer, based on his calculations. 
Some of the observed discrepancies can be attributed to this cause. 

Calculation« of reactivity coefficients and burnup characteristics are in progress. 
The results will be presented ns they become available. 
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Table 3 : Relative error between measured and predicted fuel element power 
distribution for ryrles 1-3 at HZP, BOL, ARO. 

-5.1 
3.5 
6.4 

-3.8 
-1.4 
0.9 

-4.2 
0.4 
2.0 

1.1 
0.3 
0.5 

2.9 
5.1 
0.4 

1.5 
8.5 
0.7 

2.2 
-0.6 
-4.0 

-3.5 
-1.3 
1.4 

-5.(5 
1.2 
3.T 

-0.9 
-0.9 
-0.9 

-2.9 
1.1 
2.8 

3.1 
(i.3 
2.2 

0.2 
-0.1 
-4.4 

3.1 
0.0 

-3.8 

-4.3 
0.2 
4.9 

-0.6 
-1.0 
2.5 

-3.2 
2.5 
2.9 

-1.5 
-2.6 
-2.0 

0.0 
-2.5 
-3.9 

1.0 
-2.6 
-5.3 

-0.2 
-0.2 
-0.3 

-3.1 
1.0 
5.3 

1.3 
-3.0 
-0.8 

-2.5 
-1.7 
-2.6 

0.7 
-0.3 
-0.5 

2.4 
-3.3 
-4.9 

0.9 
5.2 
6.2 

J.8 
5.5 
5.6 

-0.1 
-2.9 
-1.3 

0.7 
-0.9 
0.1 

0.1 
-5.3 
-5.0 

CY1 
CY2 
CY3 

BOLH2 
Relative 

1.4 
6.2 
4.7 

0.4 
-0.3 
-0.1 

2.7 
-2.7 
-2.5 

3.4 
-3.8 
-2.7 

,P ARO 
error [%] 

4.0 
0.6 
1.5 

5.6 
0.9 
1.6 

5 Conclusions 

Programme package (''OKI')-2 is in »bo validation pha.se. Verification is made on the 
basis of comparing calculations and measurements for all previous operational cycles 
of NPP Krško and for infornnftoiial benchmark test for NPP Almaraz. Previous 
results show reasonably good agreement between calculations aud measurements. 

It can be concluded, that CORD-2 package can be used for PWR reload nuclear 
design calculations. Accuracy of predictions can be improved if correction factors 
derived from systematical bias of some calculations, are introduced. The code pack
age validation is performed on a 2-Joop VVestinghouse type reactor, but can easily 
be extended to any other type of PWR with rectangular lattice. 
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Answers to questions from the audience 

1. What is the uncertainty of the experimental measurements in the quanti
ties presented in the paper? 

The error in the boron concentration measurements is in principle close to 
±5ppm. In practice, additional errors are introduced (primary circuit water sam
pling technique, for example). From experience, the uncertainty in the boron con
centration measurements in some cases can exceed lOppm. 

The errors in the power distribution measurements arise from: 

• errors in the intercalibration of the detectors, 

• errors in the measurements interpretation (i.e. conversion to power), 

• errors in interpolation (power is not measured in all fuel assembly channels. 
Interpolation is performed based on some parameters provided by the designer, 
which are consistent with his calculational methodology. For this reason the 
"measured" power distributions are slightly biased towards the power distribu
tions calculated by the designer). 

The designer allows for about 5% uncertainty in the measured power distributions. 
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