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Abstract

The grey Doameoff focter calowloted by Momnte Carle method iz applied to the oriticality
eelelntion  for oluster fuel buadles. Doancoff factors for five symmetrically differemt pin
positions of CANDUS? and CANFLEX fuel bundles n fidl three-dimensional geometry are
ealeinlated by Monte Carle methed. The concapt of equivalent Donedff factor s introduced
to use the grey Doncoff faclor in the resonance mloidalion besed on eguivalence thecrem.
The eyuivelent Dancoff factor which iz bosed on the realistic mode prodiuces am exact fuel
eollizion probobility and con be ysed in the resonanee coleuletion just as the black Dancoff
factor. The infinite mulfiplication facters based on the Black Damcoff facters coalewlated by
eolligion probability or Monte Corls method oare overestimaled by ebout 2mk for normol
condition and dmk for veid condition of CANDUST and CANFLEX fuel bundies in
coOMparisel With those based on the egquitalent Danceff frclors.

I. Introduetion

The equivalencs relation between a homogemeous and a heterogensous geometry has
been used in the calolatiom of the resomance crass sectiom im most core physics oodes.
The equivalemce relatiom can be  established if the fuel collizion probability in the
heterogensous geometry can be expressed as a summation of rational terms. The accuracy
af the resomance integral celoulation depends om how  accurately the fuel  collision
probability 15 expressed by rational terms and the fuel collision probability is related with
the Dancoff factor in closely packed lattices.

The calodation of the Dancoff factor for an actual reactor is very difficudt because of
the nom-umiformities founmd arcound the contral or absorber rod or in deregularly located
fuel pins like CANDTI fuel bundles. Though several approximate methods amd algorithms
have been developed, the errors due to the Dancoff factors have not been evaluated
sufficiently in the reactor physics calculation,'

In this study, black and grev Dancoff factors, ie., for perfectly and partially  absorbing
fuel rods, respectively, are calodated by the Maonte Carlo method for the cluster tyvpe fuel
bundles. The calewlated Dancoff factors are then applied to the criticality calewlation using
the WIMSD code? The concept of squivalent Danooff factor is introduced in this paper to
use the grey Damcolf factor in the equivelemce theorem.
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I . Resonance Absorption in Heterogeneous Systems

The resomange absorptiom in a heterogeneous system can be calewlated by solving the
newtron slowing-down equation applisd for a system of two regioms, fuel and moderator,
Only the fuel region containg resmmance absorbing material, while both regioms may
contain moderating nucla,’

The neutron flux distribution in the fuel region can be calowated numerically from the
slowing-down equation with given fuel collision probability, Pgpp. Resomancs integrals and
effective cross sectioms can them be calolated from the newtron flux distribution with fine
grop orass sections as follows:
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where the integration is over the cross section library group in question.

Dus to the difficulties and calowlation time in directly solving the slowing-down equation
for  heterogemeous media, the equivalence relation belween a homogensous amd a
heterogenemis medium has been used as a practical method of good accuracy for the
resomandg:  treatment in most reactor  phisics codes! The resonance integral of &
heterageneois medium may  be  interpolated from tabulated homogensols  resonanee
integrals through parameters dencting the heterogeneity of the medium in the equivalence
theorem. The homogeneous resonangs  integrals may  be  calowlated by solving  the
slowing-down equation directly for warious conditions of the reactor.

The equivalence relation betwsen a homogensous and a heterogensous  medium can be
astablished if Ppe{E) can be approximated as a summation of rational terms as follows:
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whereEf is total cross sectiom of the absorber and X .. 15 e5cape ¢rass  sectiom
determinad by the geometrical configuration of the medium, 1‘espua«::ti‘are];.*,5
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The accuracy of the resonance integral for the heterogensous medium based on the
equivalence theorem depends on how accurately the fuel calision probability is expressed
by the raticnal terms. The fuel collisiom probability is related to the Daneoff factor which
iz the probability that a neuwiron emitted from the surface of a fuel dement under
comgsideration with a cosing shape angular distribution enters another fuel element without
having a collizion with nuelei in the moderator or in the cladding, and depends om the
material properties and geometrcal configuration,

The fusl eollision probability Pee for the infinite regular lattice becomes®
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2y - fuel collision prabability for an isclated fuel rod,
Vi, &y 1 volume and total eross sectiom of fuel rod,
Cg o black Dancoff factor,

A? 4V,
A = c, andx=2jsj.

Eg. (4) can be conwerted to the summation of rational terms if oy is given as a rational
form.

If the rods in the lattice are located irreqularly such as im CANDTIZT or CANFLEX,
the approximations wsed in demiving the above equatioms are no longer walid and even the
caledation of the black Damooff factor is very  complicated amd needs  additional
approximations.

Maonte Carlo method was used im this paper to calculate Dancoff factors. With. the
mtroduction of "grey Damecoff factor O, where fuel rods are comsidersd to be partially
absorbing as in the actual nuclear reactors, the approximations cam be avoided and the
fuel collision probability for the lattice of fuel rods can be expressed in simple form as

P = py + (1—pC,. (5
The equivalent Dancoff factor ( Co) i5 then indroduced here to apply the grey Damcoff

factor in the resonance caloulaticom based om the equivalemce theorem. The egquivalemt
Dancoff factor is '"grev-equivalemt black Dancoff factor" which produces acourate fuel
collision probability that 15 exactly the same with the one calewlated using Fg. (4) and the
fusl collisiom probability has a switable form for the sguivalence relatiom, The equivalemt
Dangoff factor  is defined  as follows using Fgs. (4 and (5)
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. Monte Carlo Dancoff Factor Caleulation

Assuming constant source stremgth of the emerging neutrons om the whole surface of
the fuel region, one can calewlate the Dancoff factor as’
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where 8 = normal vector of the surfaces in the point 5,
L, Ip = meutran path lengths through madserator and  cladding  in the direction O,
respectively,
E‘;H ,E;C= total macroscopic oross sectiom of moderator and  cladding, respectively.

After the random wvamables  for the locatiom and directiom of the emitied neutron are
sampled and the lengths trawveled in different material regions are determined, the score
is calowlated. Fach neutron started is traced wuntil it collides with fuel (black Dancofi
factor) or escapes through the outer boundaries, including axial surfaces. The Damooff
factor is caleulated as the average of the scores owver all histories.

The algorithm is modified to allow the neutrons to pass repeatedly through fuel region
as well as moderator and cladding for the grey Dancoff factor calewlation. The probabilits



of getting absorbed in the fuel is obtained by summation of the probabilities for each of
the fuel regions crossed by the path,

A Monte Carlo program G-DANCOFFE that calowlates grev Damcoff factor as well as
black Dancoff factor was writtem in FORTREAN-TY and compiled im the HP-OOOKTIE
workstation and  verified through comparisons with Carlvik method® and DANCOFF-MC'
The Dancoff factors were calowlated for the five symmetrically differemt fuel pin locations
of CANDTIET and CANFLEX fuel bundles (Fig. 1.

CANDU37 CANFLEX

Calandria Tube

Pressure Tube

*pi.us for which Dancoff factors are calowlated.
Fig. 1 Cross Bectional Diagram of CANDTIAT and CANFLEX Fuel Bundles

I¥. Critieality Caleulation for CANDUS7 and CANFLEX Fuel
Bundles Using WIMSD code

The resomance treatment in the WIMED code is based on the equivalemce theorem and
the collision probability method. The chuster is divided into two regions for the resonance
integral calodation in the WIMBD code, inner and ouwter region. Pins in the outermost
ring belong to outer region. Other pins in the cluster belong to inner region and are
assumed to comsist of infinite array of pins.

The resonance integrals for the inmer pins and clhister-average pin are caloulated from
Dancoff factors given in the input file using the equivalence relatiom. The resonance
integral for the outer ping is calewlated to preserve the clusier-average resomance integral
in WIMSD.’

In the Monte Carlo method, the resonance integral for the outer pins is calowlated using
the inner and outer Dameoff factors as follows:'”

Va,+ (1— C™g,
Vau+ (1— O™,
where o, and g, are polential and escape orass sectioms, respectively.

The inmer and cluster Daneoff factors were calowlated as averages of the pins' Dancoff
factors included in each region in the Monte Carlo method.

A DEN (diserste ordinates) optiom was used in the transport calewlatiom. 69 group oross

section library where 13 groups belimg to resomamce emergy region was used in the
criticality calewlation, WIMED criticality caleulations for normal {coolant density L8075
gfoe) amd woid (eoclant demsity LH gcc) conditioms were performed o see the effect of
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Table 1. Dancoff Factore for CANDTZT and CANFLEX Ueed in WIMED Caleulation
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the Dancoff factor onm k.. in  actual conditions. Table 1 provides the Dancoff factors

calenlated by WIMED and the Monte Carlo method. Table 2 prowvides the calewlated
infinite multiplication factors.

The equivalent Dancoff factors for CANDUAT and CANFLEX fuesl bundles are smaller
than the black Dancoff factors by about I0% for chuster average pin and aboud 20% for
the inner pins  in the normal aondition, The differenges in k.. due to the differences in
the equivalent and black Dancoff factor are about 2mk for the normal conditiom and 4mk
for the woid condition,

¥. Conclusions

The hlack and grev Damcoff factors for CANDTUST and CANFLEX fusl bundles (that
comgist of complicated fiel clusters) were calowlated uwsing  the Monmte Carlo msethod, The
calenlated Dameoff factors were applisd to the criticality calculatiom using the WIMESD
oode.

The comcept of equivalent Danecf factor was introduced in this paper to use the grey
Dangoff factor in the equivalemce theorem. The infinite multiplication faciors based on the
Mack Dancoff factors caloulated by collisiom probability method as im WIMED or Monte
Carle method were overestimated by about 2mk for the normal condition and 4mk for
the woid condition of CANDUAT and CANFLEX cmpared with those based on the
equivalent Dancoff factors.

The equivalent Daneoff factor iz based om the realistic model sl which  actual
gecametrical configuration and fuel cross section are congidered and produces exact fuel
collision. probability.  The equivalent Dancoff also has a switable form to be used in the
equivalence relatiom and can be used just as the  black Daneoff factor im the ourrent
reactor physics  oodes.

The equivalemt Danmcoff factor cam remove amd evaluate errors that occur im the
resomandg:  caleulation wsing the black Dancoff factor and cam be used in the acourate
resomandge calowlation for any type of fuels without difficulties.
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