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4. Iantroduction.
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iiAs shown in preceeding papers<i,2> of tﬁis seminar, the predic-

‘tion of the behaviour of nuclear reactors in use nowadays can be
performed with good accuracy. The applied calculational procedu-

;res however, are not the same for the different. reactor types
?e g. for fast or thermal reactors. S;nce abcut 16 vears: increasing

Anterest can be observed concerning the des;gn of light water
reactors with very tight lattices (LWTLR). The incentive of these
investigations is to increase the conversion ratiocs from fertile

;Lnto fissile fuel (CR) in the established light water reactors LWR
.in order to obtain an improvement of the fuel utilization in a
‘closed fuel cycle. Both the thorium/U233- cycle <3,4> and the ura-

nium/plutenium- cycle are investigated. Most of these investiga-
tions are concentrated on the U/PU- cycle. The main reason for

- this choice 1s the availability of the technical facilities for
_this fuel-cycle and the availability of plutenium from spent LWR
* fuel. This paper only Wlll deal with the U/Pu-~cycle. ,

:Tightening the lattice in a light water reactor leads to & strong
épithermal neutron spectrum. This spectrum hardening enables,

»%fogether with the use of plutonium, good conversion ratics and a
- significant improvement of the fuel utilization. Especially Pul241

has very good fissile properties, characterized by the number of
fission nmeutrons.per absorption, ETA (Figure 1).

Howevgr, the use of plutonium fuel in a harder neutron spectrunm

innt cnly improves the conversion ratios, but also leads to a change

in the behaviour of the reacter ceore after coolant density changes.
It is well-known, that fast reactors have & positive void-effect
with consegquences for the licensing procedures and for the safety-
svestems. It has been found that in the case of using reazlististic
fuel in a LWTLR, e.g. pluteonium from PWR-fuel zfter 323 GWD/THM mean
burnup and about 10 vears off-core and reprocessing time, similar
problems may occuri{d}. Because one of the main cbjectives of the

'LWTLR- development is to maintain Light Water Rezctor (LWR)~ cha~

racteristics<{é), also e.g. & sufficiently negative reactivity-effect
after decrease of the coolant density, the voiding effects must be



predictable ‘with a sufficient accuracy. This means, that both cores
with an epithermal and a2 fast neutron spectrum have to be predicted
accurately with the same calculational procedures, starting from
the same nuclear data base.

In the next chapters brief discussions of the LWTLE- characteris-
tics, of czlculational procedures for fast and thermal reactors,
of the development of new procedures for the LWTLR at the Kern-
forschungszentrum XKarlsruhe (KfK) and of validation investigstions
for LWTLR- systems will be presented. More detailed information
may be found in referenced(7>.

2. Charascteristics of LWITLR- systems.
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The main purpose of the LWTLE~ development is to intrease the
conversion ratio of & light water reactor {(LWR) by hardening the
nean neutron spectrum in the core. This means that the properties
of a thermal reactor move inte the direction of the characteris-
tics of fast breeder reactors (FBR). From this point of view it
seems significant to compare the main properties of LWR and FBE and
to try to estimate the potential of the LWTLR within this range.
Most of the LWTLR- investigations concern pressurized water reactor
(PWR)- modifications (advanced PWR , APWR). Table 1 shows sonme
comparisons of an APWR with LWR and FBR. Typic&l numbers for mean
enrichment, for burnup and for conversion ratios are given.

In our copinion the lower itwo rows characterize the main problems

for an APWR: possible positive veid reactivity and recriticality

configurations after severe malfunctions. Until now we did only &
few estimates for recriticality cases. The void problems, on the

cther hand, have been zanalyzed in more detail. It has been found,

that the vold behaviour of an APWR is very sensitive to the spe-

cial design considered<S’. :

Concerning the calculational teols for PWRs and FBRs it is known
that both reactor types can beé predicted very well, but with
diffefent approximations for the solution of the basic eguations
for the cmlgulation of zone~ averaged cross sections. One of the -
first tasks starting LWTLR- investigations must zlso be to check
the capability of the available calculstional procedures for this
reactor, which requires both the predictibility of the operating
case (with epithermal neutron spectrum) and the voided configura-
tion (with wvery hard fast neutron spectrum).

The Figures 2 and 3 give an impression of differences between the
reactor types PWR, APWR and FBR. In Figure 2 & comparison of the

" flux per unit energy is shown. The calculations have been carried

out in the 69 WIMS group structure<d8>. The influence of the large
plutocnium resonances below 4 eV is observed clearly in a Pu-fusled
APWR and FBR. This picture illustrates the importance of a proper
treatment of the resonance absorption in wn APWR; an -APWR has its
flux maximum there. In Figure 3 the differences between the reactor
types are shown in another way. The cumulative reactien rates for
capture and fission demonstrate the different importance of the
thermazl, the resonance and the fast energy regions for each reactor
type. For these reasons it was not sure in advance that one of the
established methods for LWR and FER are usezble for design calcula-
tions of an LWTLR, particularly with respect to the investigations



'far voided cmnfiguratioﬁs.

3. Analysis of talculation procedures.
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The peutronic reactor galculations are usually separated inte a
few main tasks:

a) Preparaticon of mean macroscopic cross section sets for all
reactor zones, both for the operating reactor and for the voided
tase.

"b) Calculation of time-, space- and energy- dependant neuviron
fluxes inp the rezctor, including the associated reactivity
values.

c) These czlculations are often followed by evaluztions, e.g. for
the determination of (zone dependant) conversiocn ratios or power
density maps.

Cnly the first task shows lazrge differences between the solution
procedures for LWRs and FBRs. For whole-core calculations the same
methods can be applied for both reactor types, e.g. two- or three-
dimensional diffusion theory in a coarse multigroup scheme.

The zone group constants for these reactor calculations, €.g. for
capture, fisgsion, scattering etc., are determined by preserving

the reactltion rates in these zones. The group constants for the
common reaction types ctan be cobtained by simple flux welighted
averaging. The probtlem is, that no proper general flux guses can be
made for this averaging "a priori". Using specific properties of
the reactor types, different approaches have been established for
this flux guess in FBR- and LWR- investigations.

3.1 Approximations for fast reactor calculatiognal procedures.
For a fast.-réactor with hard neuvtrox spectrum and large mean
neutron free path it is assumed, that the space- und energy-
dependant flux may be separated into the product of space~ and
energy~ dependant compounents. This simplifies the problem in such
a8 way, that the weighting fluw becomes only energy- dependant. A
further assumption is ususlly & weak energy- dependance of the
tellision density, flux times total cross section. In & standard
ctalculation all materisls of & reactor zone are homogenized and
group ctonstant sets may be calculated straight forward with the
‘exception of the resonance region.

The calculation of the group constants in the resonance region
is a complex problem because of the strong space- and energy-
dependant selfshielding effects. -

In our standard FBR~ method spatial selfshieldung is not taken
into account. For the energetic selfshielding several approxima-
tions have been introduced. In the FBE- solution at KfK the nar-
row rescnance (NR) approximaticon is applied, stating & siowly
varying collission density in the neighbourheod of the resonances.
Lumping- and shadowing- effects are not important and therefore
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‘they are not taken into account. The effective group constants in

the resonance region are obtained from interpolations in precal-
culated resonance tables following the spo called o- ctoncept as
introduced by Abagyvan et.al.(9>. More detailed information about
the standard FBR- cross section calculation code GRUCAL may be
found in ref. <103.

For the LWTLR- investigations this FER- methods have been modi-~
fied on the basis of equivalence theorems for heterogeneous .and
homogenecous reactor fuel zones. These modifications contern the
determinztion of the o- value for the interpolation in the
resonance tables. The corrections applied are well-known in the
literature, see e.g. reference (ii}:

a) the lumping effect of the fuel rod by the volume-towsurface
correction.

b} shadowing effects of the fuel rods by the Dancoff~ correction
as proposed by Sauer(iZ) and Williams and Gilai{i3:.

2.2 Approx;matlons for thermsl reactor ca‘culaulon procedures

For & thermal] reactor the mean neutron free paths are smaller
than the reactor zones and it is assumed that the flux guess may
be obtained from the space- and energy~ dependant flux distribu-
tion in a&a representative cell of this zone, placed in an infinite
array of such cells. Usuzally a one dimensional many group calcu-
lation in transport approximation {(discrete ordinates method Sn
or teollission probability method CPM! is performed to generate
this weighting flux.

The thermal reactor codes available for pur investigations were
HAMMER<{414)> and WIMS/D<(8). Both systems have code-own data libra-
ries, containing older nuclear data; they predict thermal systems
rather well. The resonance treatment in these codes is different.
Whereas HAMMER calculates the weighting spectrum iteratively as
propesed by Nordheim{15>», WIMS/D =applies respnance itabulations
with interpolation schemes based on equivalence theorems, similar
to our modified FBR- methods. However, compared to ocurs, the
WIMS/D interpolation scheme is more refined (intermediate reso-
nance approximztion IR, Bell- factor).

Although the program HAMKOR(14é), developed from HAMMER, nay
calculate the depletion of fusl in & PWR satisfactory compared
with experiments, we observed that this syvstem is not suited for
reactivity investigations of APWR- systems. For that reason only
& few comparative calculations have been performed with this
pProgranm.

The WIMS/D code showed good agreement for the tight lattice
experimnentis we have investigated {(see chapter 5 and ref.{i7>),
but calculations for the voided case, starting from the same
data base, have large discrepancies compared with the results of
reliable FBER- codecs{18) (Figure 4). Because these FBR-codes have
been checked intensively with results of experiments with hard
neutron spectradi?’, we believe WIMS/D is not adequate for study-
ing voided core configurations. Therefore one has to be sceptic
with the interpretation af publlcatlons using WIMS/D for such
purposes. : B

£
N
3

O

T

R

il

Ty

-
-



[4/3

i e e e L el

Benchmark investigations in collaboration with the University of
Braunschweig (TUBS) and with Krafiwerkunion (KWU){17> and further
extensive anzlysis of calculatipnal procedures showed that at KfK
no adequate tools were avalaible te calculate both normal and vei-
ded LWTLR- systems with sufficient mccuracy with one code system.

The modified FBR- codes for homogenized reactor zones cannct be
applied for the normal reactor condition because the plutonium
resonances in the low V. energy region cause strong space~depen-
dant shielding effects. For this rezson the basic assumption for
the homogenization, separation of space—- z&nd energy- dependance,
is not wvalid. Figure § shows & comparison of the fluxes in the
unit-cell of a FBE- zone and an APWR- zone. Whereas the syntheza-
tion of the space- and energy- dependance for the FBR-cell obvi-
ously is valid, in the case of the APWR-cell it is certzinly not
gllowed.

As pointed out before, the available thermal code WIME/D was not

able to predict the voided lattices with sufficient accuracy.

Two alternatives for the improvement of cur calculational toocls
for LWTLRE~- applications were discussed:

4) improvement of the data library in & thermal code, &.g. WIMS,
or

B} establishment of thermal code features in the FBR~ system.

'Bécause our FBE~ ceodes, collected in the program sysitem KAPROS
{20}, are very powerful and flexible we decided to introduce the
main advantages of the WIMS/D code into KAPROS.

These improvements are:

a) establishment of a 69 group constant library with the energy
group structure of WIMS, but based cn the newest nuclear data

at KfK. This group structure includes the treatment of upscat-
tering.

b) introducticn of 2 clightly modified version of the one-dimen-
sional collission probability method (CPM) from WIMS for cell-
calculations.

The characteristics of these developments are:

4.1 The 69 group libraries G&PCOLD and G&9HOT.

a) Energy structure: &9 WIMS groupboundaries<8>. One of. the
advantages of this structure is the good resoluticn of the first
resonances of Puf3?9, Pul40 and Pul4i1 up to 4 eV. Selfshielding for
fuel with significant Pu~ content can be described satisfactory.

b) Scattering matrices: in the thermal region below 4 eV the
original WIMS/D matrices are used, otherwise new calculated data
from KEDAK-4¢21> with the help of the standard FBR~ codes using
the collission density spectrum of a typical APWR~ lattice for
the weighting (MIGROS3<22>, MITR2<(23> and GRUMA(24>). .

The upscatter matrices for hydrogen and oxygen at reactor ocpera-
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tion temperatures were calculated with the code NJOYL{25:, starting
from an ENDF/B-V library{26>.

c} All other group constants are recalculated from KEDAK-4 with
the procedures mentioned zbove. For a large number of fission
products, group constants have been provided by ECHN~ Petten{27?,
which are comparable in quality or even better than ENDF/B-V
evaluations. '

d) The data storage has the same format as the FBR- libraries,
that means separate data types are used for the different degra-~
dation and emission cross sections as elastic and inelastic scat-
tering and n-&n reactions. This dats separation is advantageous
for the calcilation of systems with hard neutron spectra, where
these reactions are important. They may be changed and zdjusted
separately  if necessary. In meost thermal codes, e.g. WIME/D and
HAMMER, only one tranfer matrix is applied for =zll degrzdation
processes.

Other advantages ©of the use of the FBE- storage mode are that
existing FBR- codes for the calculation of zone dependant macros-
copic-cross sections can be applied with only small changes for
the betier treatment of the heterogenities in these zones ahd the
possibility to use the numerous available evaluation programs:

2 disadvantage st the beginning was that the modified FBR- codes
could not treat temperature dependant iransfer matrices. It has
been observed, that at least two matrices for the moderator ma-
terials must be used for cold znd hot lasttices, especially for
burnup studies.

Two libraries which only have differences in the WIMS thermal
energy region are availasble.

A) The library Gé69COLD contains matrices at about 300K below 4 eV.
The group cross sections for the heavy nuclides are determined at
300K. This library is used for the recalculation of experiments at
Toon temperature.

B) The library G&FHOT contzins the matrices for the mean tempera-
tures at operational level {( 580K for hydrogen and 700K for oxvgen)
and cross sections for the heavy nuclides at Y00K. This library is
used for the APWR- design caiculations at nominal power.

In the meantime the standard FBR~ code GRUCAL for the calculation
of macroscopic group cross -sections hias the capability to treat
temperature dependant upscattering. At the present time, the gene-
ration of a &69-group library with temperature dependant scattering
matrices is in progress.

4.2 The one dimensional cocllission probability program WEKCPN.
The commonly used cell program in WIMS is a one dimensional
collission probsbility program derived from the THESEUS codel28).
Only a few modifications were necessary to adopt the WIMS program
in the KAPROS system. These modifications in WEKCPM are related to
the cross section preparation for the interface files and to the
handling of the program input. The data transfer of the results to
other KAPROS- programs is organized in the same way as established
before in the discrete ordinates program ONETRA, derived from
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the Los Alamos code ONETRANKZ2?}. In this way cohpariscns between
WEKCPHM and ONETRA can be performed eas;ly, e.g. for verification
purposes

4.3 Burnup calculations.

One of the most important LWTLR- parameters is the achievable mean
burnup of discharged fuel, determined by the number of reloads for
the fuel zand the number of full power days per cyvcle. The predic-
tion of the crucial parameter "full power days/cycle, FPD/cycle”
showed large discrepancies in the first APWR~ publicationsi7)>, see
glso Table 2. In the meantime a trend to more uniform, accurate
resulis for the burnup calculations can be observed<7}. These re-
sults are in good agreement with our published datad($,7), based on
calculations with the KAFROS- module BURNUP{(30).

The module BURNUP has been developed for FBE- burnup calculaticns
{231) from the XKORIGEN- code(32>. Slight modificaticns enable the
application for thermal and epithermal reactors. BURNUFP treats =ll
transitiocns between nuclides. The data for these transitions are
stored on module-own libraries like in KORIGEN. During & depletion
talculation BURNUP checks the availability of system dependant
one~group cross sectioms. In this case these data are used, other-
wise the data from the library will be taken. The number of fis-
sion products used is defined by the code~libraries. E.g. the same
number as in KORIGEN (ge 1200) may be taken into amccount, but as
the other extremum, also one pseudo fission product pair, as often
done for FBR~ investigations.

With these extensions the KAPROS system contzins adequate calcu-
lztion modules for &1l tasks during the neutronic design of fast,
epithermal and thermal reactors, including depletion. Particular-
1y the expected accuracy for the most important parametlers seens
to be sufficient for comparitive studies. For the detziled analy-
sis of a final concept and for detailed evaluations of LWTLR-
experiments it may become necessary to improve both the resonance
treatment and the weighting procedures for the cross sectlnns in

the eplthermal and fast groups.

A'flexible new-pracedure,KARBUS, KArlruhe Remctor BUrnup System,
enables the automatized execution of these tasks and orgsnises the
data transfer between the codes. With 2 minimum of user input the
following talculations can be performed: determination of number
densities in reactor cells and in homogenized reactor zones, cal-
culation of. zonedependant macroscopic cross sections with (modi-
fied) fast reactor methocds or from homogenized results of cell
calculations with the collission probability method CPM or the
discrete ordinates method Sn, calculation of zero-, one- ,two- =zud
three- dimensional neutron flux distributions, including upscat-
tering, calculation of power maps, conversion ratios and absolute
fluxes, depletion and fuel] management investigations. & more
detailed description of the contents of the KAFROS~- system and of
the procedure KARBUS may be found in the KAPROS-own program des-
criptions and in reference{(33’.

The organisation of the use of fast computer storage and of the
slower external one is very flexible, so only the computer capx-
city determines the limits of the possible complexity of the pre-
blems. At least ca 2 ME fast memory must be available.



b} The results for the thecoretical lattice showed large ditteren-
ces between the applied methods, especially for void-cmlculations.
2 main part of these discrepancies could bhe explained by date
differences (e.g. for inelastic scattering eof 13238).

-

S.2 Recent LWTLR- lattice experinments.
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The discrepancies in the benchmark results and the increasing
interest for the LWTLR- develcpment demconstrate the need for rele-
vant experimental data for tight light water moderated lattices
with MOX- fuel with PulZ2-contents in the order of 10-20%. Several
~activities have been initizted in order to perform such experi-
ments, e.g. in the PROTEUS-facility &t Wuerenlingend{37», the
SNEAK~ facility at Karlsruhe(28>, the ERASME experiment and the
MELUSINE experiment in France(39>.

Whereas the FPhase I experiment in PROTEUS and the SHNEAK~experiment
had to be tarried out with not well suited fuel {(developed for
special FBR- experiments), the French experiments and the Phase I1
experiment in Wuerenlingen will use relevant MOX-fuel<(40>.
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