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ABSTRACT 

This paper discusses the importance of modeling the transient behavior of multigroup cross sections in the 
context of coupled reactor physics and thermal-hydraulic computations with the SAS-DIF3DK computer code. 
The MACOEF macroscopic cross section methodology is presented. Results from benchmark verification 
calculations with a continuous-energy Monte Carlo code are reported. Analysis of the Chernobyl accident is made 
using correlated WIMS-D4M generated group constants with special emphasis placed on the impact of modeling 
assumptions on the progression of the accident simulation. Future modeling developments are listed. 

I. INTRODUCTION 

For coupled neutronics and thermal-hydraulics computations that provide predictions of changes in 
reactor material temperatures and densities due to changes in the reactor power amplitude and distribution, it is 
necessary to model the transient behavior of the multigroup cross sections used in the space-time neutronics 
solutions. For coupling of the DIF3D-K spatial kinetics code with the SAS thermal-hydraulic code, the MACOEF 
macroscopic cross section correlation methodology was developed and first applied in the analysis reported in 
Ref. 1. 

The neutronics model used is the DIF3D-K nodal diffusion theory kinetics model described in Ref. 2. 
Group constants are formulated in the MACOEF methodology, which SAS-DIF3DK has been programmed to use 
in conjunction with calculated independent feedback variables such as fuel temperature, coolant void kaction, and 
burnup. SAS-DmDK translates the full detail of the spatial thermal-hydraulic model to the neutronic model such 
that each neutronics spatial mesh is treated as a unique material region with uniform characteristics of 
temperature, material densities, and burnup with the transient group constants correlated for each specific node. 

The SAS-DIF3DK coupled spatial kinetics and thermal-hydraulics code (Ref. 3,4) has been applied to 
analysis of the Chernobyl accident of April 26, 1986. Two-group Chernobyl RBMK cross sections were generated 
with the WIMS-D4M code and correlation of group constants was formulated as a MACOEF data file. Chernobyl 
RBh4K lattice physics calculations were verified by comparison to continuous-energy Monte Carlo calculations. 
Static and transient models were developed for simulating the accident. This paper also includes results from 
analyses of the Chernobyl accident to demonstrate the sensitivity of calculated results to cross section assumptions, 
and the need for careful cross section preparation to obtain meaningful accident analysis results. Recom- 
mendations for improvements in SAS-DIF3DK modeling assumptions and suggestions for future work are 
discussed. 

11. WIMS LATTICE CELL CROSS-SECTIONS 

The Winkith Improved Multigroup Scheme (WIMS) code (Ref. 5 )  was used for the lattice cell 
calculations and to generate macroscopic multi-group cross-sections. The WIMS code has been used extensively 
for power and research reactor cell calculations and is well suited for analysis of Chernobyl RBMK type reactors. 
The version that has been selected for use in this analysis is the WIMS-D4 version maintained at ANL. It was 
originally developed in 1980 and has since been modified to interface with ANL neutronics code packages. 



Several upgrades have been added and the code is now named WIMS-D4M (Ref. 6). A ENDFB-V (Ref, 7) 
nuclear data library was generated using the NJOY (Ref. 8) nuclear data processing code and also includes the 
principal isotopes at elevated temperatures. 

The method of first collision probability (PERSEUS) is used to solve the transport equation in one- 
dimensional annular geometry, a typical pin cell arrangement. The main transport solution is preceded by a 
SPECTROX flux spectra calculation for a few spatial regions in 69 energy groups. The transport solution is then 
performed with 69-groups. The SPECTROX flux solution is used to collapse the 69-group cross sections into an 
intermediate group structure to be used in the main transport solution. Collision probability-based algorithms are 
then used to model detailed pin cells in a rod cluster geometry to solve the 2D(r,8) transport equation in the 
intermediate group structure. After completion of the main transport solution, the intermediate group cross 
sections are collapsed to the broad group structure and can be written in either microscopic or macroscopic 
ISOTXS format for use in subsequent ANL neutronics codes. For coupled physics and thermal-hydraulic studies 
the intermediate group structure has 30 groups and the broad group structure has 2 groups. 

111. MACOEF CROSS SECTION METHODOLOGY 

The MACOEF method is essentially a phenomenologically-based correlation technique in which changes 
in macroscopic, few-group cross sections are expressed as mathematical functions of changes in reactor material 
properties (temperatures, densities, burnup, etc.). The database of macroscopic few-group cross sections is 
generated using the WIMS-D4M lattice cell physics code, where the problems posed to the lattice physics code 
reflect assumed perturbations in reactor material properties. The nature and degree of the assumed perturbations to 
the reactor material properties are determined by the analyst based on known reactor operating conditions and 
changes to those conditions expected during the transients to be analyzed. The MACOEF method requires that the 
analyst must first identify the important neutronics phenomenon. For application to analysis of the Chernobyl 
accident the SAS-DIF3D fuel assembly cross sections are correlated as a function of coolant void, burnup, and fuel 
temperature. In each energy group, the cross sections for transport, fission, production, capture, and scattering are 
expressed as a function of coolant void, burnup, and fuel temperature as follows: 

where V is the coolant void fraction, B is the fuel burnup in MWd/kg, T is the fuel temperature in Kelvin, and SI 
and S, are assumed functions with the form: 

C1 + C2Ab + C3Ab2 + C4Ab3 

Si(a,b) = 
+ Aa(C5 + C6Ab + C7Ab2 + C8Ab3) 

+ Aa2(C9 + ClOAb + CllAbz+ C12Ab3) 

+ Aa3(C13 + C14Ab + C15Abz+ C16Ab3) 

This assumed functional form was determined by trial and error as providing the best compromise between the 
needs for accuracy on the one hand and simplicity on the other. With sixteen constants to be determined, sixteen 
points on the surface defined by (a, b) (void fraction and burnup, or void fraction and temperature) can be fit 
precisely, and the continuous functional form permits interpolation and limited extrapolation. 

The MACOEF methodology is applied to WIMS-D4M cell cross section generation for typical Chernobyl 
RBMK assembly designs. The geometry of a typical RBMK core can be modeled as a repeating lattice of 16 cells. 
Each fuel cell contains 18 discrete fuel pins positioned in two concentric rings within a water filled pressure tube 
enclosed in a 25 cm square graphite block. The repeating lattice is formed by a 4x4 array of 12 fuel assemblies, 2 
auxiliary absorber assemblies and 2 control assemblies. The multicell lattice option in WIMS-D4M allows for the 
linkage of multiple cells through intracell leakage fractions which are scaled proportionally to the interactive 



, 

surface areas. The coupled multicell option allows for inclusion of the impact of control rod position on the 
generation of adjacent fuel assembly cross sections. Cross sections are then generated for fuel assemblies and 
control assemblies with control rods inserted, and with control rods removed and replaced with either graphite rod 
followers or water rod followers. For each configuration the following principal cross sections were generated in a 
ISOTXS format: transport, total, capture, fission, production, total scatter, and ingroup scatter. Each principal 
cross section type is then individually fitted to provide a continuous functional correlation. 

In the MACOEF fitting procedure for the Chemobyl RBMK core, void fraction cross sectional values are 
calculated at coolant fractions of 0.2.0.276(nominal inlet), 0.812 (nominal outlet), and 1.0. Burnup cross 
sectional points are calculated at 0, 5 .  10, and 15 MWD/kg. (It must be noted the “void fraction” as used here 
combines the effects of liquid coolant density change and boiling/void formation, with a zero void fraction 
corresponding to a liquid density of 1.0 g/cc. Thus, the inlet condition has a “void fraction” of 0.276, even though 
it is all liquid, in order to adjust the effective coolant density for the temperature rise to 551 K. In what follows, all 
references to void fraction will be in terms of this “MACOEF” void fraction measure, unless noted otherwise). 
This determines the sixteen constants in the expression for S,, using a fixed fuel temperature of 823 K. In the 
second part of the fitting procedure, cross sections at void fractions of 0.2,0.276,0.812, and 1.0 and fuel 
temperatures of 300 K, 823 K, 3000 K, and 4000 K were used at the zero burnup condition to determine the 
sixteen constants in the expression for S,. Results of this fitting procedure are plotted in the Figs. 1-4 that follow. 

The variation in K, as a function of coolant void fraction is shown in Fig. 1 for average burnup levels that 
range from fresh fuel to fuel that has reached a burnup of 15 MWD/kg. Reactivity decreases with increasing 
burnup but also increases slightly with increasing coolant void fraction (Le. a positive coolant void effect). The 
solid lines represent the fitted MACOEF correlations and the symbols represent the actual WIMS-D4M calculated 
data. In Fig. 2 the variation in K, as a function of burnup is shown for coolant void fractions of from 20% to 
100%. The MACOEF fitted correlations coefficients (S,) are derived from the data in Figs. 1 and 2 and provide for 
a continuous transition for physics cross sections data as a function of changing material densities and burnup 
composition constituency. In Fig. 3 the variation in K, as a function of coolant void fraction is shown for 
temperatures that range from 300 K to 4000 K. The variation of K, as a function of temperature is shown in Fig. 4 
for coolant void fractions that range from 20% to 100%. The MACOEF fitted correlation coefficients (SJ are 
derived from the data in Figs. 3 and 1. 

V. CHERNOBYL LATTICE BENCHMARK 

As a benchmark of the MACOEF methodology VIM Monte Carlo (Ref. 9) calculations were carried out 
for a 4x8 lattice with periodic lateral boundary conditions and leakage axial boundary conditions. The lattice 
layout is shown in the following diagram. This repeating configuration is representative of a the Chernobyl 
RBMK core configuration and can be compared with a 4% x 4% lattice (where the comers are centered in cells 
with control rod positions) finite difference, diffusion theory calculation with reflective boundary conditions on thie 
y-boundaries and periodic boundary conditions on the x-boundaries. 

The finite difference calculations were made using the SAS-DIF3DK static neutronics option and made 
use of two-group cross sections prepared with the WIMS-D4M code. Both the VIM and WIMS-D4M cross 
sections were generated from ENDFD-V evaluated cross sections. The following table shows the comparison of 
the SAS-DIF3D 4% x 4% lattice model calculations with the 8 x 4 VIM lattice model. The comparisons are made 
for a reference configuration and two perturbations from the reference which model control rod effects and coolant 
voiding effects. For the reference configuration, which has 24 fuel assemblies, 4 auxiliary absorber assemblies. 2 
control assemblies with the control r d s  inserted and 2 control assemblies with control removed, k, is within the 
calculational uncertainty attributed to the VIM calculation. In the second comparison which is a measure of 
control rod modeling effects. the control rods are fully withdrawn. The difference between SAS-DIF3DK and VIM 
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Fig. 2. K-Infinity vs. Burnup for Various Coolant Voids. 
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Fig. 3. K-infinity vs. Coolant Void for Various Temperatures. 
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for both keff and A kef is about 1% time the standard uncertainty in VIM. In the third comparison all the water is 
removed from the fuel assemblies in the reference case and the calculated differences are about 2 times the 
standard uncertainty for kefl and 1 standard uncertainty for A ker Two group cross sections generated with 
multicell options in WIMS-D4M and fitted with the MACOEF method are adequate for the transient modeling in 
SAS-DIF3DK. 

SAS-DIMDK VIM 
Case 

kefl A kef keff A kef 
Reference 0.9937 - 0.993 f 0.002 - 

Withdraw 
Inserted 1.0662 0.0725 1.069 k 0.002 0.077 & 0.003 
Rods 

Void Water 

Assemblies 
from Fuel 0.9298 -0.0639 0.925 f 0.002 -0.067 f 0.003 

V. EFFECT OF FUEL TEMPERATURE CROSS-SECTION COEFFICIENTS 

Initial transient simulations in SAS-DIF3DK employed a MACOEF file that contained fuel temperature 
cross-section coefficients that were evaluated for a fresh fueled RBMK core state. Since these simulations did not 
produce temperatures greater than the melting temperature for either fie1 or clad, one of the parameters that 
needed further investigation in this study was the Doppler reactivity feedback. The sensitivity of the Doppler 



reactivity feedback to burnup, although small, turned out to be an important contributor during the accident 
transient. A new MACOEF file was generated containing fuel temperature cross-section coefficients for the 10 
MWDkg burnup state was created and employed in the transient analysis. The average burnup in the Chernobyl 
core at the time of the accident has been reported to be about 10.3 MWD/kg in Ref. 10. 

The difference in transient results using the fresh core MACOEF file (denoted as Old MACOEF) in a ful- 
core model is compared with that obtained for the 10 MWD/kg average burnup state (denoted as Base Run). 
Figures 5 6 ,  and 7 display the evolution of transient core power, maximum fuel temperature, and maximum clad 
temperature, respectively, using the fresh and burnup dependent MACOEF files. The use of the average burnup 
MACOEF file results in a more energetic transient in which a peak fuel temperature about 900 K higher than for 
the fresh core is attained at a slightly earlier time. In addition the maximum cladding temperature from the case 
using the burnup dependent MACOEF file is about 700 K greater than for the case using the fresh core MACOEF 
file. The significantly different results from these two cases is due to the fact that the Doppler reactivity defect 
becomes less negative with bumup as shown in Figure 8, and as stated in Ref. 11. This is due to the decrease in 
uranium 238 and increased presence of plutonium at higher burnup levels. 

VI. FUTURE DEVELOPMENTS IN CROSS SECTIONS FOR SAS-DIF3DK 

The combination of the existing MACOEF formulation with a lattice physics code such as WIMS-D4M 
has provided an adequate capability to specify correlated cross section for coupled spatial kinetics and thermal 
hydraulics calculations. However, several areas for improvement have been noted as the SAS-DF3D applications 
summarized here were carried out. First, the MACOEF formulation should be generalized to include functional 
forms more descriptive of physical cross sections behavior than the polynomial approximations now allowed. For 
example, fractional inverse power dependencies would likely describe fuel temperature (Doppler) dependence for 
many applications better than the option now available. Second, the MACOEF cross section specification should 
be expanded to include delayed neutron precursor data (decay constants, fractional yields, and emission spectra). 
Presently, this data must be supplied to SAS-DIF3DK from alternative sources. Third, a multidimensional lattice 
physics capability able to treat the level of heterogeneity associated with control rod effects on fuel cross sections k 
adjacent assembly locations and proximate axial locations is needed for spatial kinetics with control rod motions. 
Finally, the capability to describe decay heat effects accurately in SAS-DIF3DK requires an integrated burnup and 
decay heat model, and a reliable method for generation of input data. With these extensions, the accuracy and 
efficiency of coupled thermal-hydraulics/spacial kinetics calculations will be enhanced. 
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