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Abstract. INVAP usescomputational tools to predict the behavior of the reactor to be Budty
new reactor needscreasinglydetailed analysis from differeipioints of view, aswuclear safetyand
fulfillment of user requirements (flux and production levels, spectra requirsnperturbatios etc)
Furthermore, his analysis must be modeled wiltonsistent level of detail from all the engineering
variables INVAP has been on continuous development of the calculafistemused for design and
optimization of nuclear reactors. The calculation codes have been polished ancednhéh new
capabilities as they were needfat the reactor designmproving its safety, fuel economy and
performance. Nowadays, this calculation line is divided in two main codes: CAIOR) and Core
(CITVAP) codes. The homogenized and condensed macroscopss &ection(XS) is one of the
main parameters used as interface betvibe#im codeswhich are calculatethy theCell code andhey
are used as input by the Core code.

The present worlsummarizegshe different theories, algorithms and numerical approacked by
CONDOR to generate the required paramefens. description coverall the calculation stagé®m
the geometrical input up to the generation of the output parameters, destnbidifferent methods
used in the different stages.
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1 INTRODUCTION

Figure 1shows INVAP’s calculation lineMochi, 201L), which has been used by INVAP
and several of its customers for the design, optimization and folfpwf several reactors
throughout the world obtaining optimal results, like BANUR, RA8, ETRR2, OPAL,
CAREM, CNA-Il, etc. These codes are also used by nuclear engineering students, master’'s
and doctoral thesis students of the Balseiro Institute, performing a largbenuoh
calculations for different reactor types such as MTR, PWR, BWR, PHWRGARFBR
ADS and Homogeneaureactors.

XS-Library Database-File

e O

Figurel: INVAP Calculation Line

CONDOR (Villarino, 2002 is the cell code used for the fuel assen(Bl%) analysis and
the calculation of the homogenized and condensed macrosk¥&itt was designed to
properly calculate th€A at cell level using low calculation time. The user interfaces (input
and outputareflexible and easy to usend were speciallgevelopedo minimize user errors
andallow easy integration with other calation codes.
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CONDOR can use one ofwo transport methadfor the calculation of the fluxn the
system under analysi€ollision Probabilities methodCP) and Heterogeneous Response
Method (HRM).

Regarding the geometmypodeling capabiliies CONDOR canmocel the systenmin four
different geometries: 143lab, 1D-Cylindrycal, 2D-Cylindrycal, and 2D-&neral.

The program is divided in modules and each of them has a specific task. Thetidesofi
the different algothmsused by the programill be given following those modules, some of
them arenot relevant from the numerical method point of view, kthey will provide a
general overview of the CONDOR code and will h#lp readeunderstand ira betterway
the CONDOR cagpallities.

2 CONDOR GENERAL DESCRIPTION

CONDOR was initially developed for Atucha and EmbaideP FA's analysis(Villarino
19903 Villarino 1992), butduring its developmenthe capabilities to model CARENFAs
were added andeveralvalidationswere done against VVER reactors in the frame of the
CAREM proyect(Villarino, Lecot 1996. Additional capabilities to model MTHFAs were
added first addingslab geometry and later thi¢eterogeneoufesponse MethodVillarino
and Stamm’ler, 1984/illarino, Stamm’ler, Ferri & Casal 1992

During this process several methods and algorithms were added to improve not only the
cdculation capabilities but the overall performance of the CONDOR code.

To model different geometries CONDOR code uses different transport and resonant
methods, which are presented Table 1 identifying its characteristic forhé available
geometries

Geometry | Transport Method Resonant Treatmen Resonant Region
1D-Slab CP Integral Method Slab Regions
1D-Cylindrical CP Integral Method | Pin and annular regions
Pin and annular region
2D-Cylindrical CP Integral Method in clusterwith rings or
polygonal distribution
2D-General HRM Sub Group Method Any geometry

Tablel: CONDORgeometry and resonant treatment method

Some examples of the geometry modeling capabilities are presented in the following
sectionsidentifying the method used together with main considerations.

2.1 1D-Slab Geometry

For 1-D slab geometry, a set of different thicknesses and compositions aredaboae
boundary conditionfeft and right)are introduced (i.e. reflective, white, free). As an example,
Figure 2shows a 1D-Slab mod#iat consists of three materials divided in several zones

Figure2: 1D-Slab model.
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2.2 1D-Cylindrical Geometry

To model 1D cylindrical cases, CONDOR, allows faeng a set of different radii and
compositons and a boundary condition is introduced (i.e. reflective, white, free). As an
exampleFigure 3shows a 1Dzylindrical case

Figure3: 1D-Cylindrical maiel.

2.3 2D-Cylindrical Geometry

For 2D cylindrical geometry thatonsistsof a set of pinsCONDOR assemblethe
geometry of the system as follows

e Define the region of the system without pios rods For example the coolant,
moderator, and structural matds. This definition is done for annular or regular
polygons regions.

¢ Define thetype ofpinsor rods and their distribution. This distribution is only valid for
annular or regular polygon rings.

e The pin or rod distributiooverlags the non pin definition.

Only oneboundary condition is introduced (i.e. reflective, white, free), as an exahgle t
Figure4 shows a VVER, ATUCHAand PWR 2DCylindrical modes.

Figure4: 2D-Cylindrical modes.

2.4 2D-General Geometry

Finally, CONDOR allows the definition of generall2geometries. For this cases, the
whole system, usuallyBA, is divided into space elements, were the number of geometrically
different space elements fiequentlysmall. These space elements ewupledto model the
whole system. Different boundary conditions can be introduced in each extemansexd
the systemin Figure 5VVER, PWR and MTRFAs are shownincluding the space element
types of each of them
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Figure 5: 2D-General models.

3 USERINPUT

This module is not importafitom methodology point of viewbut it isimportant from one
of the concepts of the INVAP calculation lingser integration.

The CONDOR input is handled by the Ffeemat packagé¢Villarino, 2010, which eases
the input preparation, for example using parameters and operating with them dpung i
processing. This package is also used by other programs included in INVARtoahduie
like HGEO, ARCANE, etc

4 PROGRAM INPUT

This moduleconverts user input to program input (for example radii to volumes, or density
and weight fractions to numerical densities, isotope raatkerial expansion due burnup or
resonant effects, etc). ik na importantfrom a methodology point of viewbutadds several
important user friendly capabilities the code.

Vector algebra is used to deal with the complex geometries to be hanthhed?Dgeneral
geometry caseg\ccordinglyit is used for volume deulation, intersections between segments
to expanda user segment into program segments, removing segments hidden by rods or pins,
etc.

5 RAY TRACING.

This module is dedicated to perform the ray tracing to be used for the QRaic Only
geometrical mformation is processed in such a way to allow in a following module the
calculation of the group dependent CPs. It means that thicknesses in cm andngse
meshes are saved. In a following step, the thicknesses in cm are converted to mean free paths
through the group dependent total XS, allowing the calculation of the CP. As an example,
Figure 6shows a Chord, identifying the information needed for the CPs calculation (i.e. the
thicknesses).
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Figure6: Ray tracing sample for 2D General geometry.

5.1 1D-Slab Geometry

For 1-D slab geometry, the storage of the ray tracing data is only implemented to preserve
the general structure of the code, as far as #Orchses the calculation of the CPs does not
need a numerical integration in geomgfsyamm’ler and Abbate, 1983

5.2 1D-Cylindrical Geometry

As for the 1D slab geometryfor 1-D cylindrical geometry the storage of the ray tracing
data is only included to preserve the gahstructure of the program. The main difference is
that the calculation of the CP needs-dilmensional numerical integration (over radii
coordinate), which is performed using a gauss quadrédtmenm’ler and Abbate, 1983

5.3 2D-Cylindrical Geometry

For this case, the calculation of tl&P needs 2Bdimensional numericaintegration
(Carlvik, 1965: over radii and azimuthal coordinates. This numerictdgration is done as
follows:

e Azimuthal integréion: It is done over onlyhe symmetry angle of the system, where a

given number of equspaced integration angles are used.

e Radii integration: A smart analysis of the radii dependence of the system is carried out,
to determine a set of maebands (Villarino, Stamm’ler, Casal & Ferri, 1992
Villarino, 19909 where a set of eqigpaced rays are defined. The main characteristic
of these macrtnandss that theCPinside each mao-bandis continuous in function of
the radii.

The surface and volumes of the mesaesintegrated and compared with the real values.

This information is used in two different ways:

¢ If the differences are bigger thargiven value the ray tracing scheimeepeated with a
bigger number of rays or chordsproving the geometrical integration.

¢ Independently of the final precision, the ray tracing data (thicknesses and warights)
modified to preserve thealvolumes and surfaces of the system.

5.4 2D-General Geometry

For general 2D geometry CP calculations, a Zlimensional numerical integration (over
radii and azimuthal coordinates) is compulsory. This numerical integration is done in a similar
way that in 2DEylindrical Geometry
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The calculation of the CBre divided is region to region, surface to region and surface to
surface integration. This is done using two different ray tracing schemesn¥®andSurface
integration. In both integrations the madrand algorithm and the normalization of the
volumesand surface are used as in the previous geometry

6 MACROSCOPIC CROSSSECTION

The calculation of the macroscop{§ is carried outisingthe microscopiS given in the
nuclearXs library and the burnup and state dependent numerical demdities materia.

The exception of this calculation is the in the resonant groups and for the rasotapés.
In such cases CONDOR usgifferent approaches depending in the geometry under analysis.

6.1 1D-Slab Geometry, 1D-Cylindrical Geometry and 2D-Cylindrical Geometry

In the® geometriethere are two differerdptions:

¢ Integral resonant methobtamm’ler& Abbate, 1988 The escape equivaleMtS is
calculated using a two term rational approximation for the glabor annularesonant
regions(Villarino, 1992).

e Dancoff factor calculation can besed tocalculate the escape equivalet®. This
option requires a transport calculation per resonant group or for a given resonant group.
After the calculation bthe equivalent escap&S is calculated, the interaction between
resonant absorbers and the removal correction factor are evaluated with the same
methodology as the integral resonant method.

6.2 2D-General Geometry

For this geometry cases, the methods desdriim last section cannot be applied and
another approach must be implemented. Thus, for gendbalg@ometries the subgroup
resonant method is uséitharra 199Q Notari and Garrafo 1986 The implematation of this
method in the CONDOR code basically consists of the calculation of theghetthependent
escape XS (through the subgroup absorption XS). It means that a given number ofttranspor
calculations are needed. Currently, CONDOR uses 3 transpadulations, when
condensation option is used, or 3 transport calculation per resonant group without this option.

When this escape XS is calculated a similar approach as the integral resonant method can
be used to deal the interaction between resonant absorbers, and the removal X8rcorrecti
factor.

7 COLLISION PROBABILITIESAND RESPONSE FLUXES

The data needed for the flux calculation are the response fluxes. For all the geometries,

these data are calculated by two different methods:

e Directly from the CPs.n this case the CP neetb be calculated and depends on the
geometry of the systemA new algorithm to calculate the GRvas applied reducing the
calculation timgVillarino 19903 Weiss 199D

e For a given system,t iis possible to calculate response fluxesm previously
calculated values if theotal XSs have small perturbatior{¥illarino and Stamm’ler
1996 Wio 1984. This variationalmethoddoes not dependn themodelinggeometry,
but due to its implementation, it is conceptually different for theGberal geometry.

The following sections explairthe differencesbeween the calculation of the €Rand
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Response Fluxes.

7.1 1D-Slab Geometry CP calculation.

In this geometry, th&€Psare calculated usinthe ray tracing data provided previously,
wherethe structure of those data is similar to-CHlindrical and 2BCylindrical geometries.
Basically the region to regio@Ps are calculated together with the region to surfacel he
surface to surfac€ps.

7.2 1D-Cylindrical Geometry CP calculation.

In this geometry, theCP are calculated usinthe ray tracing data provided previously,
wherethe structure of those dataatso similar to 1D-Slaband 2DCylindrical geometries.
Only region to regiorCPs are calculated, and the remaini@gs are calculated based on the
balance equations of ti@Ps.

7.3 2D-Cylindrical Geometry CP calculation.

In this geometry, th€CP are calculated usinthe ray tracing data provided previously,
wherethe structure of those data is similarlid-Slab andlD-Cylindrical geometries. Only
region to regionCPs are calculated, and the remaini@s are calculated based on the
balance equations of ti@&Ps.

7.4 2D-General Geometry CP calculation.

In this geometry, th€Ps are calculated usintpe ray tracing data provided previouslys A
it was explainedin section 5.4 this ray tracing data is divided in volume and surface
integration. The volume rayacing data is used rfahe region to regiol©Ps (which do not
have angular dependencehd the srrface ray tracing data is used fasrgace to region and
surface to surfac€Ps (which can have angular dependence).

This division calculates numerically more staldlBs, requiring less computational effort
for the numerical integration

7.5 Response fluxes calculation from CP.

When CPs are numerically integrated, CONDOR performs a normalization of those
variables to preserve the five balance equations o€€Villarino, 19900, then response
fluxes can be calculated.

7.6 Variational Method for Response fluxes calculation.

If a given system was previously calculated, it is possible to analyze the difference in the
total XS between previous and actwase, and if this difference is smaller than a given value,
the variational method can be uggfilarino and Stamm’ler 1996/Nio 1984. In CONDOR,
this analysis is done by group takimgto account small differences in the XS due to burnup
effects.

Additionally to this burnup dependent analysis and in the case of the HRM method, it is
possible to do similar comparison between two geometriegiyal spacelementgVillarino
and Stamm’ler 1996and apply this variational method if the differences in the total XS are
smaller than a given value
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8 MULTIGROUP CALCULATION

The energy dependence of the flux is carried out in this module. Normally étian
requires an iterativprocess for the convergencetbé energy dependence (outer iterations)
and iterative process for the convergence of the spatial flux for a gneemp dinner
iterations).

The CP method does not need inner iterations, but thd HEed it to solve the spatial
distribution of the coupling currents between the space elements.

To improve the outer iteration process different acceleration techniqueswpdeenented
in CONDOR coddStamm’ler & Abbate 1983

e Overrelaxation factor over fission source and thermal fluxes.

e Thermal iterations over two different levels, depending of theoapkering source.

e Fundamental Rebalancing method.

When HRM is used, CONDOR performs the iterative process between elgordeting
the space elemenby thetotal out current of each element. It medahat CONDORSstars to
iterate from the elements with higher coupling with its neighbors.

As far as CONDOR code is used in several reactor designs, all optimization algawiéhms
analyzed in order to avoid numerical concerns. As an example, when CONDOR is used for
Fast Reactorgalculations most of the thermal acceleration algorithms produce numerical
issues. For this reason CONDOR automatically detects it through thestdeaering source
if those methods can be used or not, disabling them if not and using only threlaxation
factor on the fission source.

9 CRITICAL SPECTRA

CONDOR performs bunup and condensation of the XSising critical spectra. This
spectra is calculatiefor a homogeneous infinite system, using(Btamm’ler & Abbate 1983
or Diffusion theory.The heterogeneous system is homogenized with the transport infinite
calculate flux.

The same method is used for the calculation e&tfective multiplication factor when an
externalbuckling is given.

CONDOR can also perforadjointflux calculatiors using the same method, whienetic
parameters are required.

10 BURNUP CALCULATION

The changes in the numerical densities due to burnuemetion effects are taking into
account in this moduleThe Differential equations are solved exactly using the Laplace
transformation, but to use this method, the burnup chains must be ling&iaetn’ler &
Abbate 1983

CONDOR uss an iterative process to simulatiee depletion of the system with constant
power, this process is carried out just solving the heavy metal burnup chains, and after
convergence, the fission product burnup chains are solved.

The burnup calculation can be done using three different schemes:

e Direct methodusing the flux at the current time to predict the numerical densities for

the next time.

¢ PredictorCorrector methodStamm’ler & Abbate 1933using the flux at thewrent

time to predict the numerical densities the next time (predictor stepnd using the
flux at the next time to burns the numerical densities from the current time to the next
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time (Corrector step)The final numerical densities are the averagkievaf the
predictor and corrector step. CONDOR uses the followamgproximation the
corrector flux is used as predictor flux for the next burnup, stethis way only one
transport calculation per burnup step is done.

e Full PredictorCorrector methadThis method is similar to the previous one, but the
predicto flux for the next burnup step is calculatby CONDOR performing two
transport calculations per burnup step.

11 OUTPUT

This module is not importarftom methodology point of viewbut it is very imprtant
from the calculation line integration.

CONDOR performs the evaluation of all the variables adéat the analysis of the system
under calculatiomnd provids the required parameter for the next calculation stage. As it can
be seen in thé&igure 1 CONDOR provides informatiorthat can be used lseveral codes
like: static calculation using macroscopic or microscopic XS, Numerical densities for monte
carlo codes, dynamic data for transient codes, etc. CONDOR also gemedaita basthat
includes all relevant dattg be used for the graphic post-processor POS_(@@ishi, 201).

12 STATE TREESAND MOVEMENTS.

This module is not importarftom methodology point of view, but it provides a huge
flexibility for the calculation cell parameters data with dependence of the core parameters. For
example

¢ Allowing the movement of the control rod during the operation.

e Providing temperature, density dependenttXerform thermahydraulic feedback.

e Providing Boron dependent XS for simulation of PWR or shutdown system,

13 UTILIZATION.

This section does not describe any numerical method, Bunimarizeswo different
aspect of the utilization of code. It does not provide an extensive list of refeydmat
examples of validation and applications of the code to give an idea of its utilizattbn
modeling capabilities

13.1Validation

CONDORIs continuously verified and validated for different applicatioasg different
tools or benchmarks:
e Against dfferent codesWIMS, MCNP, SERPENT, HELIOS, PHOENIX, etc.
e Theoretical benchmark&or MTR and NPP.
e Experimental benchmarkdMTR, WWER, PWR, BWR, TRIGA, Fast Reactprs
Subcritical systems, etc.

Anotherimportant aspect is this processcesried out by different ingutions: INVAP,
CNEA, ARN, ANSTO, CRDN and Balseiro Instig) providing a solid behavior of the code
under different applications and users.

13.2Modéels
Different models are given to show de modeling capabilities cE®NDOR code.
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Figure 7shows 3 different MTRnodels Standard MTR FAWWR FA and a MGCMaster
Control FA.

e 1
F = |
=== |
| ==—0x————|
=== i i : |
[ =S==——-=—— |
F—= |
F = |
=== |
| ==——0x——__——|
=== i i E |
SSS=—=——=————|

Figure7: MTR, WWR and MeMaster FAModels.

Figure 8shows 4 different Models of NPP: A VVER FA,standardPWR FA, a macro
cell of a PWRMOX FA, and a Macro cell of AtuchalRPPFA.

Figure8: NPP FA models: VVER, PWR, PWROX and CNAII.

Finally Figure 9shows a whole core model of the ZR6 reseagelotor.
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Figure9: ZR-6 Whole core model

14 FUTURE WORK

CONDOR code is in continuous improvemernd currently there are several
improvementunder development in different levels of progress. Some ointipi®vements
are developedh the framework of the Upgrade of INVAP’s proprietary calculation linesld@ed
with the contribution of the Argentine National Agency of Technological anch&@ePromotion
(Agencia Nacional de Promocién Cientifica y TecnolégisdlPCyT), through the funds of the
Argentine Technological Fundsgndo Tecnoldgico Argentino, FONTAR

e Geometry gtension to includ@D modeling capabilities
¢ Including Method of Characteristics (MOC).
¢ Improving of the Nuclear Data library, to exparglgalculation capaliies with:
o (n,2n) and (n,3n) reactions.
0 More detailed kinetic parameters calculation.
o MOC with higher order of anisotropic scattering.
o Gamma flux calculation.
e ThermatHydraulic Feedback
o Parallelization
e Integration through MPI with CITVAP code.

15 CONCLUSION

CONDOR code is a flexible todhat can baised in a wide range of reacto®ONDOR
was tested in very complex geometrg®wing good results with low computational effort
and resourceds-or example some users fmem 2D whole core calculations for apsik and
macroscopic XS calculations.

It is used for different institutiongroviding a solid behavior of the code under different
applications and users.

Currently isone of thetools used in the Balseiro Institute the academic training of the
studens inthe Nuclear Engineerincareer. It is also used in the Degree, Master and Doctoral
thesis of the Balseiro Institute.
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