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Abstract
The Bet-up of a cross section generating code system based on fundamental nuclear data is described. The basic source of data is the UK Nuclear Data Library containing cross section tabulations for most of the
materials important in Reactor Physics Calculations. Effective resonance
cross sections calculated from resonance parameters are added together
with thermal scattering data. The applicability to light-water reactor systems of the group cross sections produced is demonstrated by means of
calculationally simple test examples.
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1.

INTRODUCTION

Throughout the world much effort is devoted to collecting and evaluating
measured data for neutron interaction with matter. The evaluated "best
values" of data relevant to r e a c t o r physics calculations a r e edited as evaluated data l i b r a r i e s and made available to the u s e r s in the form of magnetic
data tapes. The work described in this report was undertaken in order to
utilize the knowledge stored on these tapes for reactor physics calculation
purposes.
A program system has been constructed for the production of multigroup c r o s s sections on the basis of the British evaluated nuclear data
1 2)
library, UKNDL * '. The tabulated data of the UKNDL have been converted
into the so-called MASTER TAPE 3)' containing 76-group c r o s s sections for
all materials found in the UKNDL. This tape will be the starting point until
the c r o s s sections from an updated version of the UKNDL a r e substituted.
4)
In the program CRS ' the problem-dependent data for thermalization and
resonance reactions a r e supplied. Flux calculations and condensation a r e
also performed in the CRS code, and the resulting group c r o s s sections a r e
edited in a form ready for use in various r e a c t o r physics codes.
Test calculations performed as an investigation of the applicability of
the data system to light-water r e a c t o r calculations a r e included in the r e port. The calculations a r e : Criticality calculations for spherical benchmark experiments, burn-up calculations for the Yankee Rowe reactor, and
calculations of the effective multiplication factor for critical uniform lattices.
2. PRINCIPLES FOR THE DATA SYSTEM SET-UP
A number of requirements exist of a data system providing c r o s s s e c tion data for reactor physics calculations, the specific requirements being
dependent upon the sort of calculation to be performed. In our case it has
not yet been decided to what reactor the data will be applied; not even the
reactor type is known. F o r that reason a data system involving fittings to
special problems is not at issue, and the only thing feasible is to base the
c r o s s section generating on fundamental nuclear data.
The accuracy in predicting different reactor physical quantities of importance to, for instance, safety analysis and reactor economy studies is
greatly dependent on the accuracy of the nuclear data involved. It is generally accepted that the uncertainties on calculated integral quantities
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- 6 should not exceed
t

1%onkefl,

- 10% on isotopic inventories during burn-up,
- 10% on material worths-,

and

- 20% on Doppler coefficients.
Uncertainties in the calculations arise of course not only because of
the cross sections, but also because of approximations in the calculational
methods. A 1 % error in the multiplication factor for a limited reactor
region will cause an error in the overall power distribution of roughly 10%,
and an accuracy of 10% in the power distribution is about the highest obtainable in realistic cases with the present methods of calculation, on the a s sumption that the cross section values are exactly known. So the I per cent
accuracy demand on k „ (or k, .) is consistent with the ability of the codes
for flux and power distribution calculations. The 10 and 20 per cent criteria
on the other quantities probably reflect what i s thought to be possible with
the present status of nuclear data and calculational methods rather than
what i s desirable. Improvements in the confidence level of these quantities
might result in reduced safety margins. As to the prediction of isotopic
composition of irradiated fuel, the precision of the calculation i s very important for the determination of an economically optimal fuel management
scheme; according to A. F. Henry ' millions of dollars could be saved for
instance by changing the enrichment by 0.1 per cent at the right place if the
calculations were sufficiently accurate to allow that place to be determined.
Reports on comparisons between the results obtained by "modern" calculations using the most recent fundamental nuclear data and the results of
older codes with their respective cross sections most often show that the
old programs agree best with experiments. This is quite natural, because
over a long time the "not-fundamental" data accumulate experience in the
solution of the specific problems they are intended for, and in many c a s e s
the data contain fittings which neutralize calculational errors in the reactor
physics codes. Calculations based on fundamental nuclear data will, on the
other hand, in many cases yield results for the integral reactor parameters
outside the tolerated error limits mentioned above.
The fundamental nuclear data for reactor physics purposes are available
as evaluated data libraries stored on magnetic tape in a form suitable for
computer processing. When the data of these libraries fail to predict the
reactor physics quantities with the accuracy wanted, the reason is that the

knowledge of some neutron c r o s s sections, even in areas very important in
reactor physics, i s still too poor to allow the evaluators to select th» correct data. In some areas measurements are impossible with the present
status of technology, and in other cases two or more experimental methods
which are judged to be equally good give discrepant results. A survey of
the at present most troublesome discrepancies i s given by J. J. Schmidt in
ref. 6.

For thermal reactor purposes the worst of the outstanding discrep23ft

ancies i s associated with the resonance capture integral of U
; the resonance integrals obtained from the best available sets of resonance parameters
are about 10% higher than those found by the measurements of the average
238
U
capture c r o s s sections. Some other discrepancies are serious in fast
reactor calculations, but not very important for thermal systems, for
instance those concerning the fission spectra for the main fissile nuclides
239
and the energy dependence of ». The o-value for Pu
, which i s greatly
energy-dependent, i s also a source of trouble in fast reactor calculations.
An evaluated data set which i s known to contain uncorrect data, partly
caused by such well-known discrepancies, may be handled in different ways.
One i s to adjust the basic data by varying the c r o s s sections in certain energy regions o r by changing s o m e of the resonance parameters until agreement i s obtained with integral measurements. Another is to calculate
integral parameters from the existing data and then introduce the corrections
if necessary. The latter method i s in u s e in France, West Germany, and
the United Kingdom, whereas the former i s used for instance in Sweden and
7)
the U. S. A. . This fundamental disagreement makes the three main evaluate« data libraries fall into two groups; in the evaluation of version III of
the ENDF/B ' results from integral measurements are taken into consideration, whereas the evaluators of the KEDAK 9 ' and the UKNDL ' 2 ' select
the c r o s s section values given by the best differential data.
The data generating code system described in this report i s based on
the following principles:
(1) The basis i s fundamental nuclear data; i. e. the evaluated data library
UKNDL is used, supplemented with thermal scattering models and with
resonance parameters for some important nuclides.
(2) Updating should be possible as better knowledge of nuclear data i s
attained.
(3) It is attempted as far as possible to create easy communication to the
reactor physics codes which use the system as a data supply.

- 9-

- 8The fact that the UKNDL was chosen implies that fitting of the basic
nuclear data was avoided. It seems to me, that the most commendable way
of handling the unresolved data problems is to simply wait for their solution in a later version of the evaluated library, and in the meantime get
through by means of experience concerning how far off and to which side
the calculated results will lie. Only at one point is a correction introduced;
the U
resonance integral is reduced by the ad hoc formula described in
section 3. 2.
Some testing of the data-generating system has previously been performed in the calculations on the first core of the Dresden I boiling water
reactor ', in the benchmark calculations on homogeneous critical spheres
performed by Neltrup ', and in the lattice calculations presented at the
1 2)
Nordic Reactor Physics Meeting. November 1 972 in Helsinki '. At the

3.1.

The SIGMA MASTER TAPE
The SIGMA MASTER TAPE ' contains fine group cross sections for the
i

o)

materials available in the UKNDL, version 1968 ' ', from which it was
generated. The processing code used i s SIGMA, for which only a preliminary report exists ', but the program scope is very similar to that of
GALAXY '. The line group structure i s constructed on the theory that the
gro-ips should be fine enough for the c r o s s sections to be applicable to all
sorts of reactor calculations, but on the other hand the number of groups
should not exceed what i s practicable for a flux calculation. The MASTER
TAPE will hence not need to be regenerated before an updating of the basic
data i s wanted.

calculations involving a minimum of "foreign" codes will be presented; the

From these criteria a 76-group structure was set up, the 76 groups
spanning the energy range from 10" to 15 MeV. Normally the 35 lowestlying energy groups are regarded as thermal groups; the limit between fast
and thermal is thereby fixed at 1. 855 eV, as in the well-known cell program
LASER '. In fact, the 35 thermal groups are identical to those of LASER,
with the gatherings of narrow groups around the thermal resonances of
P u 2 3 9 at 0. 3 eV and of P u 2 4 0 at 1 eV.

purpose i s to check the data system without the addition of uncertainties
from the succeeding neutronics programs.

Honeck

moment a project with the purpose of testing the entire reactor physics
code system at Risø is in progress; the calculation model is the Connecticut
Yankee PWR, and the project tests the data system especially as regards
its ability to predict the temperature coefficients '. In this report test

3. DATA SYSTEM DESCRIPTION
The task of the data system is to transform the various nuclear data
into a form convenient for reactor physics calculations. This means that
the data should be converted into effective group cross sections as the
succeeding neutronics codes all involve multigroup flux solutions. The
multigroup approach is used at all energies, as this method is more flexible
than, for instance, one involving a pointwise representation of the thermalization region.
The sources of data fall into three main blocks, the MASTER TAPE,
the resonance treatment, and the thermal scattering treatment. These
three parts are combined by means of a program called CRS ', which
besides that sees to the cross section transfer to the user codes. The
details of the cross section preparation will be described in the following
sections of this chapter.

Scattering anisotropy i s accounted for by the transport correction of
i 71
', where the sum of the first-order Legendre coefficients for the

scattering from a group is subtracted from the self-scattering term. This
correction i s used only for the elastic scattering cross section. The elastic
and inelastic cross sections are combined into one scattering matrix,
whereas the (n, 2n) and (n, 3n) processes are included in the fission cross
section. Because of these processes the full fission matrix has been r e tained for the description of neutron production.
The group cross sections are stored in binary form on a magnetic tape.
The production of the tape and the formats are described in ref. 3.
3. 2. Resonance Treatment
The data system i s provided with resonance data from the RESAB
18 19)
Program System ' '. RESAB File 1 produces effective resonance cross
sections either by semi-analytical methods from resonance parameters or
by condensation of the detailed resonance c r o s s sections with a flux spectrum
obtained by a collision probability theory solution of the slowing-down equation In a very fine energy mesh.

The cross section tables for the latter

method can be calculated from resonance parameters in the multi-level
routine DORES 20 ', which i s part of the RESAB File 2 program.
tively the tabulations of the UKNDL may be used.

Alterna-

- 11 -

- 10 For normal calculations the resonance treatment includes the nuclides
QOC

U

91R

, U

239

, and Pu

. In the standard mode of producing the resonance

c r o s s sections, resonance parameters are used with DORES for the s-wave
part of the U

cross section in the energy region where resonances are
23S

239

resolved. For U
and Pu
the UKNDL data are used, as the resonance
parameters of these nuclides are available only in a very limited low-energy
interval. AU UKNDL data are given at room temperature, but the contribution to the Doppler effect from fissile nuclides i s not very important in
thermal reactors. The detailed slowing-down calculation is then performed
for the resolved region, and effective group cross sections are produced.
In the unresolved region an analytical calculation based on statistical param238
eters is applied for U
, and this is also the case for the p-wave contribution to the U
cross section in the resolved region. The resulting effective
resonance group cross sections are transferred via punched cards to the
CRS code.
For the supply of one such set of group cross sections two RESAB-runs
are necessary. First a cross section tape i s produced in a RESAB File 2
run, and then the effective cross sections are prepared by RESAB File 1.
To facilitate the resonance treatment the routine RESOREX ', developed
by Neltrup, was incorporated in the CRS program.
In RESOREX interpolation is performed in tables of group resonance
integrals calculated by RESAB as a function of two parameters, the temperature and the effective NR scattering cross section. The latter parameter i s
calculated from the unit cell specification by means of an equivalence principle, reducing the cell to an equivalent homogeneous mixture. The library
238
for RESOREX contains group resonance integrals for U
capture and for
235
239
both capture and fission in U
and Pu
. Its generation by RESAB calculations is described in ref. 21. In the present version of the library the
resonance integrals are tabulated at nine values of the NR scattering cross
section, but at two temperatures only, 861 and 1 200 K. It has been shown,
however, that extrapolation in the square root of temperature even to room
temperature gives accurate results. As demonstrated in ref. 21 the routine
generally yields cross sections in good agreement with those calculated by
RESAB.
The RESOREX treatment is limited to fuel rod cells, and the materials
235
238
239
allowed are in the fuel U
, U
, and Pu
, for which effective resonance
cross sections are produced, and O. RESOREX has an option for metal
fuel, but the present library is valid only for oxide. The clad materials
are Al, Zr, Fe, Ni, and Cr, and the moderator may contain H, D, C, andO.

If other materials are included in the cell description for CRS, they will
simply be ignored by RESOREX.
Besides the group resonance cross sections, RESOREX calculates and
prints the Oancoff correction factor for a uniform lattice. Two Dancoff
factors are calculated; for one of them the cladding is considered as a NR
scatterer, and for the other a WR scattering correction factor is applied
(for details s e e ref. 21). Options are included in RESOREX for square and
hexagonal cell Dancoff correction, but in CRS only the cylinder cell approximation can be activated. Finally RESOREX calculates some constants which
are to be used in determining correction factors to the removal cross sections
for the source depletion during slowing down through the resonance groups,
as proposed by ASKEW '.
As deduced in ref. 22 a correction to the resonance group removal
c r o s s section for the fact that the flux decreases on the way down through
a resonance group may be expressed as

f(p) = " - P - ' P - P , .
(i-p)jc(1 + if-E-)

.

Here
p i s the escape probability of the group,
T i s the group lethargy width,
t i s the cell average mean logarithmic decrement, and
t i s the number of neutrons entering the group divided by the total
number of neutrons slowed down past the upper energy limit. If the scattering nuclides are too heavy to make the neutrons skip the group completely,
X • I.

Otherwise, if the group is narrow or the scattering material con-

tains light nuclides, the value of x will be

E
u

•E[ •

aE
" u

,
a +

oln

-Ef

1 - a + a In a
where E u and E^ are upper and lower energy boundary of ine group, and
a i s determined by

(«)'
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- 12 A is the atomic weight of the s c a t t e r e r .

in the c a s e of hydrogen x i s

expressed simply as

This removal correction is in CRS calculated in all groups included in
the RESOREX resonance treatment for the nuclides H and D only, although
the correction i s m o r e significant for the heavier nuclides. The reason for
this choice is that the hydrogen and deuterium isotopes a r e considered far
the most important for the slowing down in water r e a c t o r s . All of the outscattering c r o s s sections from a group a r e multiplied by the correction
factor belonging to the group. This change i s compensated for in the selfscattering term, the total c r o s s section being left unaltered.
In the case of hydrogen the effect of the c o r r e c t i o n is a slight lowering
of the removal c r o s s section, causing a reduction of the calculated multiplication factor for usual rod lattices. F o r the Yankee r e a c t o r investigated in
chapter 5 of this report the effect is approximately a 0. 5% reduction in k -_
The build-up of Fu isotopes is only slightly affected.
Burn-up calculations show that the resonance integral of U
as calculated by RESAB from the present resonance p a r a m e t e r library is too high
by about 10%, in accordance with the well-established discrepancy between
238
capture mentioned in

differential and integral measurements of the U

chapter 2. This caused the only departure in the CRS c r o s s section s y s t e m
from the principle of using only unfitted fundamental data. The resonance
238
in the groups where resolved resonances w e r e used a r e

integrals of U

simply reduced by the amounts calculated from the formula applied in
WIMS 2 3 ) :

Dresden I
also predicted the Pu build-up to a good accuracy. But no discussion of whether the 0.2 barn factor of the formula should perhaps be
slightly higher or lower will be presented here, because the mere introduction of a such correction i s in serious contravention of the basic principles of the data system. It i s to be hoped that better knowledge of the
data will soon make it unnecessary.
The resonance treatment s o far i s limited to the three nuclides U
238
239
*
U
, and Pu
. For the calculations at high burn-up values or for calculations involving recycled fuel the higher Pu-isotopes ought to be included,
at least the possibility of calculating the Doppler broadening of the Pu
1 eV - resonance would be desirable. Furthermore, if for instance Th-U
systems should be treated, the resonance treatment would naturally have to
be extended to include these isotopes as well.
3. 3. Thermal Scattering
For the treatment of thermal scattering the routine NELKINSCM ' was
first built into the CRS program. NELKINSCM i s based on the Nelkin model
for H in H„0 and a modified Nelkin model for D in D„0. For other nuclides
the free gas model i s applied. The transfer probabilities are calculated
from energy mid-point to energy mid-point of the thermal part of the fine
group structure, and the transformation into group transfer cross sections
i s simply done by multiplying the transfer probability by the lethargy width
of the receiving group. It appeared, however, that the upper part of the
calculated thermal flux spectrum showed some strange oscillations where
it was expected to fall off smoothly towards the epithermal level. An example
of this abnormal picture is shown in fig. 4 . 4 . a in section 4.4 of this report
(dashed curve).
It was found that the effect was caused by the, in this respect, too
broad groups of the MASTER TAPE group structure. Therefore it was
251
decided to make another thermal scattering routine, NELLY ', which was

)barns.

to use a library generated by NELKINSCM in a greater number of groups.
The NELLY library was made in the following way:

In this formula T is again the group lethargy width, • i s the effective
NR scattering c r o s s section of the RESOREX equivalence principle, and I
is the corresponding group resonance integral.

First scattering matrices were produced in a 205-group thermal structure at a number of temperatures for the materials H, D, and a number of
selected values of atomic weight.

This calculation was a rather time-

This correction of course has the effect of making the multiplication
239
factor higher and the production of Pu
lower. In chapter 5 of this report
it i s demonstrated that the calculation results for the Yankee reactor are

thermal MASTER TAPE groups by assuming a Maxwell thermal flux, and

quite satisfactory with the correction applied.

atomic mass and temperature.

Burn-up calculations for the

consuming computer task.

The 205-group data were condensed to the 35

the 35-group data were fitted by polynomial expressions with the parameters
The coefficients of these polynomials were

- 14 stored in the NELLY library.
The thermal spectrum obtained by using the NELLY c r o s s sections
looks m o r e reasonable (fig. 4 . 4 . a). Besides the NELLY routine only performs a simple interpolation, and it i s therefore much faster than
NELKINSCM. However, as is also demonstrated in chapter 4, the calculated k , , is very insensitive to the thermal scattering data, s o the previous
eff
10)
ly reported results, for instance of the Dresden calculations ', where
NELKINSCM was used a r e s t i l l valid.
The NELKINSCM and NELLY routines may be used for HjO and DjO
moderators and for all m a t e r i a l s for which the free atom model i s a good
approximation. But for a graphite moderator, for instance, they are
inadequate. Therefore the thermal scattering code FLANGE II '. which
p r o c e s s e s the thermal data from the ENDF/B ' library, was imported.
Unfortunately the scattering law data files of the ENDF/B have not yet been
r e l e a s e d 2 7 ' ; only the m a t e r i a l s Be and BeO are available, and therefore the
work with FLANGE II has been suspended for the time being.
3.4.

The CRS P r o g r a m

The combination of the MASTER TAPE data, the thermal scattering
4)
data, and the resonance data is done by the CRS program '. This program
also contains flux solution routines which perform the flux spectrum calculation in the fine-group structure (76 groups) and condensation routines
which produce few-group c r o s s sections by condensation with the calculated
spectrum. Output options corresponding to the p r o g r a m s most commonly
used a r e available.
Two flux solution routines a r e found in the present version of the
program. One of them is a zero-dimensional routine, which i s able to
s e a r c h for criticality by varying one of the three parameters k --, the
buckling, or a poison specified by its absorption c r o s s section. A groupdependent buckling may be used. Naturally this routine i s used for homogeneous problems, but it may be useful in some heterogeneous c a s e s too,
where the spatial spectrum variation is not too important, for instance if
condensation is performed only into 10 or m o r e groups, the necessary
number of condensed groups being, of course, dependent upon the nature
of the problem.
The other flux routine is one-dimensional and uses collision probability
theory for determining the flux and the k „ - and k ,_ A group-dependent
buckling may be applied; it is only used for determining the k „ and will

- 15 not affect the calculated flux. The boundary conditions are specified as
greyness, which may also be group-dependent.
The one-diinensional routine i s used when cross sections for unit cells
are to be produced, and it i s very suitable for cells which may be regarded
as asymptotic, for instance usual PWR c e l l s . It i s also used when few-group
data for water gaps and structural materials are wanted; in such cases a fuel
zone i s made by cell homogenization, and for instance a slab geometry spectrum i s calculated (in the c a s e of a water gap surrounding a BWR box).
For BWR spectrum calculations it i s impossible to define an asymptotic
unit cell because of the great influence on the spectrum from the water between the boxes. It has appeared, however, that reasonably good results
are obtained by using the homogeneous spectrum for the condensation to 10
groups ', in other words the 10-group system is a sufficiently fine energy
division to make the condensed cross sections rather insensible to the
spatial variation of flux within the cell. A better approximation in the BWR
c a s e would probably be to apply the cluster geometry routine MAM1C
to
the flux solution; by transformation of the BWR box into an annular cluster
surrounded by a water zone, the spectrum influence from the water gap
could be accounted for. So a natural further development of the CRS program
would be to build into it the MAM1C routine, and if the problems are limited
to four material regions, the flux solution will presumably be possible even
in the 76-group structure.
3.5.

Communication to the Reactor Physics Programs Using the C r o s s

Section Data
The condensed c r o s s sections from CRS proceed to other codes where
as a principal rule a better spatial description replaces the fine energy
solution. In a typical calculation the next stage code will be the box burn-up
program C D B 2 9 * 3 0 ' .

The unit cell burn-up part of CDB, called CEB, is

available as a separate code which i s used for the Yankee reactor calculations described in chapter S of this report.

From CDB the data, now in the

form of homogenized box average c r o s s sections, are transferred to the
29)
overall calculation programs, the two-dimensional TWODIM ', or the
three-dimensional SYNTRON 32 '. This i s the usual way through the program
complex; besides the CRS program contains options for producing cross
sections for the one-dimensional S -code DTF IV

' (used for the calcula-

tions of chapter 4), the two-dimensional S -code TWOTRA1T ', and the
29)
collision probability theory code CELL '.

- 17 -

- 16 The most commonly used group structures are shown in table 3 . 5 . a as
subsystems of the 76 fine-group structure.

described in detail in ref. 3. Cell burn-up calculations are normally performed in the 10-group structure; the 5- and 2-group systems are used for
the box and overall flux solutions.

The 10 burn-up groups have previously

been demonstrated to be adequate for reactor calculations (see refs. 10 and
29), and besides it is not eas^ to switch over to another system because the
fission product data of the burn-up cod*>s are developed for these 10 groups
(CEB-FIPO, ref. 31). The energy group description in the overall calculations is more flexible; the number of groups applied here depends upon how
many spatial meshes are wanted, i. e. how many flux points in total the
computer i s able to handle.

Table 3.5. a.
Group structures expressed in fine-group numbers

76-group structure 110group structure 5-group structure 2-group structure
4 fast groups con- 3 fast groups
taining the fine
containing the
groups
fine groups

1 fast group containing the fine
groups

1 - 13

k l fast groups

1 4 - 26

1 - 13

27 - 30

14 - 26

31 - 41

27 - 41

1 - 41

Limit between fast and thermal: 1.855 ev
5 thermal groups
containing the
Fine groups
4 2 . 47

35 thermal groups

2 thermal groups
containing the
fine groups

48

52

42 - 55

53

55

56 - 76

56

63

64 - 70
71 - 76

4 . CALCULATIONS ON HOMOGENEOUS CRITICAL SPHERES

The fine-group structure i s

1 thermal group
containing the fine
groups

42 - 76

In most of the calculations which may be undertaken to test the reliability of a data system neutronics codes with all their uncertainties and approximations are involved. This of course makes it difficult to tell if an
eventual error is due to inaccurate cross sections. For that reason measurements on simple geometry assemblies are desirable, for instance homogeneous spherical systems, for which an accurate one-dimensional transport
calculation should determine the flux and reactivity as well as allowed by the
applied cross sections.
For the testing of the data system two sets of such critical experiments
were selected, both of them "clean'', i. e. well documented with all information needed for the calculations. Both sets concern spherical reactors
for which diameters, material contents, and measured k .. (about 1) are
given. For each of the spheres k ., was calculated by the most accurate
methods possible and compared with the experimental value. The two
series of experiments are the critical uranium-fuelled spheres of Gwin and
Magnuson ' ' at ORNL and the bare spherical systems from the Pu experiments performed at Hanford by Kruesi et al. '. Three of the spheres
from each of these s e r i e s have been used by Slaggie ' for checking the
data of the ENDF/B ' versions 1 and 2, and the same six spheres were
proposed by Neltrup as a benchmark calculation at the Nordic Reactor
Physics Meeting at Risø, November i 971. The Neltrup's calculations are
reported in ref. 11.
About the value of benchmark calculations on such geometrically
simple assemblies it might be said that good agreement between theory and
experiment in these cases by no means guarantees that the data system is
applicable to for instance light-water reactor calculations. But combined
with test calculations for relevant light-water lattices they may give an
indication of whether or not eventual good agreement i s due to cancelling
out of errors, and this again is important for the reliability of the system
in changing to a different reactor type. Unfortunately only very limited
parts of the data system are checked; in this c a s e where dilute aqueous
solutions of high-enrichment fuel are used, especially the water scattering
235
239
kernel and the thermal cross sections of U
and Pu
are important,
whereas the epithermal data only slightly affect the reactivity because of
the very effective moderation.

. 18 4.1.

Table 4 . 1 . ?

U 2 3 J Spheres
The critical experiments of Gwin and Magnuson

*

include eleven

Number densities and radii of ORNL spheres

U 2 3 5 and U 2 3 3 fuelled reactors consisting of a spherical aluminium shell
filled with a light-water solution of uranyl nitrate and different concentra-

Experiment No.

tions of boric acid. These experiments have been carefully analysed by
Staub et al. in ref. 39 where corrections to the measured eigenvalues are
reflection of the room.

B

The influence on the eigenvalue of the distortion

from spherical shape of the containers is shown to be negligible.

Further-

more the reported eigenvalues, obtained by period measurements, are
corrected for the applied value of the delayed neutron fraction which was
slightly lower than the more recent values.

The experimental uncertainty

in isotopic composition is estimated as corresponding to - 5% on k—.
Of the eleven critical experiments, six were fuelled with U

.

These

experiments were excluded from the present calculations, because the

34.595

radius (cm)

found for effects such a s the reactivity value of the sheU and the neutron
m

1

0

H

0.066228

O

0.033736

«

N
„234

1.869,0-4

Z'B

„235

S

4.8066,0-5

„236

1.38,o-7

„238

2.807,0-6

0

IS

5.3810-7

2

3

4

34.595

34.595

34.595

5.2,0-6

1.04,o-5

1.28,0-S

0.066148

0.066070

0.066028

10
61.011

0
0.066354
0.033592
0.033800
0.033865
0.033902
2 . 1 2 9 , o - 4 2 . 3 9 2 , 0 - 4 2.548,„-4 1 . 1 1 6 I 0 - 4
4.09,o-7
6.31,o-7
7.16,0-7
7.62,o-7
5 . 6 2 0 6 , 0 - 5 6 . 3 9 4 4 | 0 - 5 6.7959,0-! 3 . 6 I 8 5 , 0 - !
2.20,0-7
1.63,o-7
1.8410-7
1.97,o-7
3.281,o-6 3.734,0-6 3.967,0-6 1.985)0-6

purpose of this work is primarily to check the data with reference to U
light-water systems, and no resonance treatment for U
built into the CRS program.

-Th fuel has been

The remaining spheres were experiments Nos.

1, 2, 3, and 4 with a radius of 34. 595 cm, and experiment No. 10 with
radius 61.011 cm. Experiments Nos. 1 and 10 had no admixture of boron;

Table4.1.b

in the rest of the smaller spheres the boron content and consequently the
Experimental eigenvalues of ORNL spheres

fuel concentration was gradually increased, which permits an eventual
systematic error due to the boron absorption c r o s s section to be investigated
In table 4 . 1 . a the data needed for the k

a

calculation are listed.

The

number densities for the five compositions are taken from ref. 36, except

Experiment No.

1

Measured k .,

1.0018

1.0073

Corrected k „
eff

1.00026

0. 99975

2

4

10

1.0090

1.0028

1.00129

0. 99994

0. 99924

1.00031

3

for the oxygen number density, which is calculated in ref. 39 from the
chemical compounds in the solutions.

Table 4 . 1 . b gives the measured

eigenvalue reported in refs. 35 and 36 together with the eigenvalue obtained
after the corrections of ref. 39 have been used.

The corrected measured

eigenvalue is to be compared with the calculated one. All experiments
were performed at a temperature of 293 K.

- 20 4. 2. Pu Spheres
A large number of critical experiments with aqueous Pu solutions performed at Hanford are reported by Kruesi et a l . 3 7 ) .

One of the experimen-

tal series, the nitrate experiments, was chosen for the calculations.

In

these series the reactors were unreflected stainless-steel spheres of two
sizes where a solution of nitric acid was brought to criticaUty by gradual
adding of plutonium nitrate in small amounts.

The critical concentration of

plutonium i s varied by different concentratio; o of nitrate and a small addition of iron.

For each of the experiments the concentrations were deter-

mined for a composition just above and one just below criticaUty so that the
reported concentrations, obtained by interpolation between the two states,
should be those of the exactly critical conditions.
The reactors had nominal diameters of 1 6 and 18 inches respectively,
and the walls of the spheres were 0.050 inches SS 347.
was covered by a 0. 020-inch layer of cadmium.

The 18-inch reactor

The effective radii of the

reactors to be used for the calculations were obtained by measuring the
reactor volumes.
In table 4. 2. a the number densities and temperatures for the 18-inch
spheres are given, and in table 4. 2. b the corresponding data for the 16-inch
experiments.
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Table 4 . 2 . b

section 3.5). For the condensation to 10 groups a homogeneous 76-group
spectrum for the fuel mixture was calculated, assuming a group-dependent
buckling given by

Data for Hanford 1 6-inch spheres
Experiment
No.
H
<0
to

N

7

8

9

10

11
B

0.064117

0.064057

0.063878

10.1412 J 0 -4 10. 6268, 0 -4 15.8334 1 0 -4

0.062563

1 7 . 4 8 4 7 ] 0 - 4 27. 3733,„-4

O

0.034771

0.034870

0.036092

0.035848

0.037210

Fe

1.l216)0-6

1.2942)0-6

1.3373 ) 0 -6

1.9197 1 0 -6

1.9305 1 0 -6

Pu239

8.4001)0-5

8. 7 4 2 9 ] 0 - 5

9.2474]0-5

9. 2088 ] 0 -5 1 0 . 4 2 7 8 ] 0 - 5

2 Z. P u 2 4 0

3.6400 ] Q -6

3. 7886 1 Q -6

4.0072, Q -6

3. 9904 ] Q -6

Temperature (K)

296

297

296

!"a
S o
3 O

297

2
g

-

(R+ 0 . 7 1 / I t r g ) 2 '

0.060293
where B

i s the buckling term in group g, R the sphere radius and Z
tr g
the macroscopic transport cross section of the group. By this procedure *a
first guess of the eigenvalue is at the same time obtained from the CRS
program.
Resonance c r o s s sections for U
, U 2 3 8 , and P u 2 3 9 were supplied
from the RESAB program '. Because of the very small concentrations the
infinitely dilute group cross sections of the MASTER TAPE might have been
used, but as these data will never be used in a "realistic' 1 reactor calculation, testing of them would hardly be worth-while. The examination of the
RESAB c r o s s sections is more interesting, even in the limit of infinite
dilution.

4.518710-6

295

Measured volume 34.1 5 litres corresponding to an effective radius of
20.1265 cm.
Reactor wall 0.127 cm SS 347

For the stainless-steel wall and the cadmium cover cross sections
were condensed with the spectrum calculated for one of the fuel mixtures.
Although this spectrum corresponds better to the centre of the sphere than
to the shell, these c r o s s sections are thought to be sufficiently accurate, as
the reflection effect of the wall implies only a small correction of the eigenvalue.

4. 3. Methods of Calculation
In order to do the flux and k , , calculations as accurately as possible
and because of the very limited size of the assemblies the one-dimensional
Sn program DTF IV ' was used. The order of the S_n calculation was taken
to be Sg, and a flux calculation mesh of 25 space points was applied in the
fuel mixture, distributed in the same way as reported by Neltrup '. Two
meshes were added in the stainless-steel wall for the Pu spheres and one
for cadmium in the cases where the cadmium cover was present. The
eigenvalues of the U spheres have been corrected for the wall effect and
therefore their shells were neglected. As shown by Neltrup''' by variation
of the number of meshes and the S order, the 25 space points and the S„
n
g
approximation are sufficient for these calculations. As the DTF IV program
is very slowly converging for this type of problems, the very strict convergence criterion of 10" on the eigenvalue was used in order to guarantee
properly converged results.
The cross sections for the transport calculations were produced in the
DTF IV format by CRS. The standard 1 0-group structure was used (see

2

*

I
I
f

The main difference in calculational method between the present calculations and those of Neltrup for s i x of the cases ' i s that the NELLY procedure has now become operational and has been used for the thermal scattering data instead of the old version of NELKINSCM used by Neltrup. With
its library on the basis of 205 thermal groups the NELLY routine should
give a more accurate treatment of the thermalization. In addition the convergence criterion waB made a factor of ten stricter - giving an eigenvalue
only about 0.05 per cent higher. The cadmium cover accounted for here
was omitted in Neltrup's calculations; its reflection raises k ., by a small
amount for the 18-inch diameter Pu spheres.
For the ENDF/B test calculations of Slaggie ' a transport code very
similar to DTF IV was used. The ENDF/B and the Risø results should
therefore be directly comparable.
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4.4.

Table 4 . 4 . a

Results of Sphere Calculations

Calculations for some of the spheres with an earlier version of the CRS
program are reported by Neltrup '. The most important difference from
the present calculations is the thermal scattering treatment which in the
calculations of Neltrup was performed by an old and inaccurate version of
the procedure NELKINSCM. This procedure has now been replaced by the
interpolation routine NELLY (see section 3. 3), and as the homogeneous
spheres are very well-moderated assemblies, they were expected to be
sensitive to the thermal scattering cross sections. In fact, the work of
Slaggie ' was undertaken particularly to test the light-water thermal scattering data of the ENDF/B.
In fig. 4 . 4 . a the thermal spectrum as calculated in the CRS code for
ORNL sphere No. 1 is shown together with the spectrum obtained by using
the old NELKINSCM version. The spectra are somewhat arbitrarily
normalized to the same value in group No. 69. It i s seen that the spectrum
of the new calculations is slightly harder and that the small oscillations in
the epithermal part due to a random nature of the transfer c r o s s sections
235
have vanished. (The dip at 1.14 eV is caused by a resonance in U
). But
although very great differences exist between the two sets of thermal transfer cross sections, the spectrum s e e m s to be relatively unaffected, indicating
that the system i s rather insensitive to the thermal scattering kernel. The
CRS calculated k ~ for the sphere was lowered by only 2 per mille because
of the spectrum hardening.
235
The results for the U
-fuelled ORNL spheres are listed in table
4 . 4 . a. Together with the calculated k f . ' s the deviation from the corrected
measured ones are given and for comparison the results of Neltrup ' and
the ENDF/B version I and II results of Slaggie '. The calculated values
are a bit low compared with the experiments, and the agreement is slightly
worse than in the calculations of Neltrup. As seen from fig. 4 . 4 . a the
main part of the thermal flux falls within the two lowest energy groups of
the 1 O-group structure, and in order to examine the influence of this possibly unfavourable distribution of groups a 14-group calculation for sphere
No. 1 was set up where each of the two groups were split into three. By
this the ke{i was raised by about 0.002, leaving an error just below the
magic limit of 1 %.

Eigenvalues for ORNL spheres
Experiment No.

1

2

3

4

10

Corrected
measured

1.00026

0. 99975

0. 99994

0. 99924

CRS

0. 9786

0.9782

0. 9752

0.9766

1.00031
0.9878

0. 9883

0. 9903

DTF IV
Deviation from
measurement

0.9894

0. 9895

0. 9867

-0.01086

-0.01025

-0.01324

-0.01094 -0. 01001

0. 9915

DTF IV,
14 groups
Neltrup, ref. 11

0.9927

0. 9907

ENDF/B I)

0. 9928

0. 9928

U.9940
0. 9930

0. 9881

0. 9881

0. 9877

ENDF/B IP

r e f 3 8

In fig. 4 . 4 . b the deviation between the corrected measured and the
calculated eigenvalue, a k, is shown for the five cases, plotted as a function
of the U
concentration. The ENDF/B calculations for three of the spheres
are also shown. Care should be taken in the comparison with the ENDF/B
as another data handling method was used in these calculations, and it is
shown that the results are sensitive at least to the group structure, but a
first impression i s that the two data systems give results which are very
much alike. The calculation with the CRS c r o s s sections falls between the
two ENDF/B calculations in the three c a s e s .
The five points calculated are distributed around a mean value of A k =
-0.0111 with deviations corresponding to the experimental uncertainty of
- 1 /4%. It s e e m s difficult to deduce anything concerning data inconsistencies
from these points as no certain dependence on the boron content or the sphere
size is shown. Perhaps a slight tendency of k .. to decrease with increasing
2«
en
U
concentration is indicated, an impref;3ion which is emphasized by the
opposite trend of the ENDF/B results.
The calculated eigenvalues of the Hanford Pu spheres are given in
tables 4 . 4 . b and 4 . 4 . c for the 18- and 16-inch spheres respectively. The
two sets of ENDF/B results and the results of Neltrup are shown as well.
Again the improved treatment of the thermalization caused a slight worsening
of the agreement with experiment, but here the calculated values are too

- 27 - 26 high.

In fig. 4 . 4 . c the difference between calculated and measured eigen-

The ENDF/B gives even higher results with very little difference

values for the Hanford spheres i s plotted as a function of the concentration
239
of Pu
(the measured values are 1 in all cases). The points are more

between the two versions.

dispersed than for the ORNL spheres.

That part of this effect i s due to

experimental uncertainty i s seen by comparison of the number densities of

Table 4 . 4 . b

for instance spheres 9 and 10 with calculated eigenvalues of 1.0336 and
1. 021 9 respectively (tables 4. 2. b and 4 . 4 . c). In going from experiment

Calculated eigenvalue for Hanford 18-inch spheres

No. 9 to experiment No. 10 the concentration of both iron and nitrate i s
Experiment No.

2

1

4

3

5

6

raised by small amounts, but the measured Pu concentration is decreased
to give the difference in calculated values of k — for the two spheres of

CRS

0. 9745

0. 9822

0. 9772

0. 9765

0.9808

0. 9831

DTF IV

1.0027

1.0108

1.0057

1.0051

1.0098

1.0128

corresponding to the two reactor s i z e s .

eigenvalues for the larger spheres i s 1.0078 which is rather good, whereas

Neltrup, ref. 11
ENDF/B I

}

[ ref. 38
ENDF/B II )

1. 0005

1.0101

1. 0076

1.0167

1.0082

1.01 71

—.,- — _

about 1 per cent. Apart from this scattering the results fall into two groups
The mean value of the calculated

for the small ones it i s 1.0246 which i s unacceptable.
The excessive calculated reactivity might be explained by absorbing
impurities in the fuel mixture.

Some of the experiments of ref. 37 were

analysed for impurities, but these were not. However, it s e e m s unlikely
that the influence of impurities should be s o dependent upon reactor dimensions.

Table 4 . 4 . c
Calculated eigenvalues for Hanford 16-inch spheres
Experiment No.

7

8

9

10

Distortion of the shells from spherical shape might lower the m e a s -

ured reactivity in relation to what i s calculated on the assumption of an
39)
ideal sphere. In the c a s e of the ORNL spheres it has been shown
that a
departure from sphericity of just under 1 per cent in the diameter i s quite
11

unimportant.

For the Hanford spheres the measured volumes are in good

agreement with the nominal diameters s o that no basis is found for the
CRS

0.9848

0. 991 2

0. 9988

0.9867

0. 9861

DTF IV

1.0194

1.0261

1.0336

1.0219

1.0222

assumption that an important distortion should exist here.
Consequently the reason for the discrepancy must be sought in the calculations and most likely in the Pu data.

The conclusion of Slaggie
that
239
should

DTF IV, harder
fission spectrum

1.0055

Neltrup, ref. 11

1.0201

ENDF/B I ,
\ ref. 33
ENDF/B IIJ

1.0266

spectrum because of the very important leakage of the fast neutrons in the

1.0266

small systems.

in particular the thermal c r o s s sections of the ENDF/B for Pu

be suspected cannot explain the strong dependence on reactor dimensions.
One thing which could give such a dependence i s an error in the fission
An examination of the fission spectra of V

and Pu

in

the ten groups showed somewhat surprisingly that they are almost identical
239
in the UKNDL data. Presumably the fission spectrum of Pu
should be
harder.
To check if the calculated k -- of the spheres is sensitive to the fission
spectrum a test run with a different spectrum was made for one of the small
spheres. No. 11. In the 10-group structure which was used for the calculations the fission spectrum falls in groups Nos. 1 and 2. The harder spectrum

- 29 28

was constructed simply by adding 0. 05 to the spectrum value in the f i r s t
group and subtracting the s a m e amount in the second.
lowering of k

ff

The effect was a

from 1. 0222 to 1.0055, showing that the hardness of the

fission spectrum has a great influence for these s y s t e m s .
The eigenvalue calculations for the homogeneous spherical r e a c t o r s
w e r e undertaken to test s o m e essential parts of the data library, especially
235
239
the thermal c r o s s sections of U
and Pu
and the thermal scattering
treatment for light water.

The results for the uranium s y s t e m s proved

pretty satisfactory, considering the uncertainties in the calculation.

The

calculated eigenvalues were systematically slightly too low, but seemed to
i n c r e a s e with a finer energy group division.

In the judgement of the deviation

it should also be borne in mind that it was not investigated whether the
t r a n s p o r t correction over- or underpredicts the scattering anisotropy of the
systems.
As to the Pu spheres the agreement is generally worse. But it s e e m s
239
that the e r r o r might be due to the fission spectrum of Pu
, and if this i s
the case, the situation is not too bad for normal uranium-fuelled light-water
r e a c t o r s where the leakage i s l e s s important, and in addition the concentra239
235
tion of Pu
is s m a l l compared with that of U
at moderate burn-up values.
Finally, with regard to the thermal scattering kernel, it may only be
concluded that the calculated eigenvalues a r e very insensitive. The individual
thermal group transfer c r o s s sections a r e very different in the calculations
of Neltrup ' and in the p r e s e n t ones, but nevertheless the eigenvalues only
differ by a few per m i l l e s .

8
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5. UNIT CELL BURN-UP CALCULATIONS
FOR THE YANKEE ROWE REACTOR
•

Saltere radius 34 S9$ c

An accurate prediction of the production and destruction of heavy i s o -

4 Sphere radius • ' Otl c

topes during burn-up i s necessary for estimating the lifetime of a power

o Sphere rtMfcus J l . W S c n . H e «
the transport colcuujli««

reactor fuel loading and consequently for the predetermination of fuel costs.

s ENGF/B caorulatians. S l O f f i C

For the establishment of a fuel management strategy giving the optimal fuel

Ak

performance it i s also important to be able to calculate the isotopic composition of irradiated fuel.

a*

at

03

04

at

a<

cross sections of the uranium and plutonium isotopes greatly influence the

0 1 M 10*" M o m s U w / c t n '

07

calculated isotope inventories of the spent fuel.

-O005
Version I
-aov
-ao«

The accuracy of burn-up calculations i s of course

greatly dependent upon the quality of the data library used; especially the

aoos

—

.

-*» — — • — - * - j m i

j

To gain confidence in the

data system with respect to the isotopic burn-up calculations one must

— Mean value a u = OOH)

Versten R

check the data by comparison with mass-spectrometric analyses of the
•

EK per i mentol uncertainty -**

composition for fuel irradiated to high burn-up values.

- j^U

The MASTER TAPE - CRS system has previously been used for burn-up
calculations on the first core of the Dresden I reactor with fairly good
Fig. 4 4 b .

Difference b e t w e e n calculated a n d corrected m e a s u r e d e i g e n values tor ORNL spheres a s a function ot t h e I T

concentration

results'"'.

F o r the Dresden I measurements of isotopic composition are

available for exposures until about 20, 000 MWD/TU; the bulk of the data.
however, have burn-up values between 0 and 10,000 MWD/TU.

As the

Dresden reactor i s a boiling water reactor no really asymptotic spectrum
exists, and the burn-up calculations had to be performed at the box level
with the consequence that the testing of the c r o s s section data i s veiled by
the calculational inaccuracies of the box code. So the Dresden burn-up

Ah
o
0XJ30

calculation i s more of a check of the entire complex MASTER TAPE - CRS -

-

0.015

Mean value for

I t - .ncli spheres : Afc = 1024«

— - ? - - — ^ • s C T — —
_-~-" o
o

aozo

F o r the Yankee reactor situated at Rowe, Massachusetts, measurements of isotopic compositions of spent fuel have been published for burn-up

aois
Mean value for I t - inch spheres
Ak s 10078

aoto
0.005

CDB than simply of the data generating system.

"
oi

oi

as

o.i

values until 46, 000 MWD/TU.
— — • if*- — — — — ~
• •
F
o*

•

1
u

The Yankee reactor, being a PWB, has fuel

—

1
o'

boxes containing 304 or 305 fuel rods, and therefore the interior rods of the

A
1
as

i
a«

_j
io

» T O * * * * * * PW1*)

boxes are irradiated in a flux spectrum which to a good approximation i s
independent of the influence from water gaps and control rods. For the

0.005
o

Ifi -inch spheres

•

I f - inch spheres

burn-up calculations on such interior rods a simple asymptotic pin cell
code i s sufficient.

The Yankee measurements have been compared with

A Calculation for sphere 11 with a harder frssion spectrum

Risø calculations before 2 9 ', but at that time the c r o s s sections from the

a EWDF/B

LASER

1 and n calculations . Stoggie

' library were used.

It may perhaps be true that the old-fashioned design of the Yankee core
makes the reactor unfit for testing of a code system intended for use on
Fig.« 4 c

Oitteranct
Hantard

b>twt«n

l l * l r n

as

calculated a n d

m * a i u r « d t i g r n v o l u e s tor

a function ot th» P u ' " c o n c e n t r a t i o n

modern power reactors.

But for natural reasons measurements on modern

- 32 reactors at high burn-up values are not available, and furthermore the
results of the experimental investigations of the Yankee core have been
fully published thanks to a series of programs under contract between the
Westinghouse Atomic Power Division and the U. S. Atomic Energy Commission. Most of the measurements for commercial reactors are classified,
so, despite its drawbacks, the Yankee reactor still seems to be the best
object for an evaluation of the reliability of a data system for burn-up purposes.

- 33 Table 5 . 1 . a
Yankee reactor core data (dimensions and densities refer to cold conditions)
Average core diameter (cm)

190.75

Active core height (cm)

233.40
136

Nominal system pressure (atm)
Nominal specific power (kW/kg U)

18.75

The present calculations check the cross section data of the heavy i s o topes, in particular the ratios of cross sections for the different nuclides.
But also the calculated spectrum influences the isotopic build-up, so the
data for all the components of the fuel cell are important. It was the intention by means of these calculations to try to reach a conclusion concerning
the optional resonance correction to the H removals and the ad hoc reduction of the U
group resonance integrals described in section 3. 2 of this

Fuel rod pitch (cm)

Average fuel temperature ( C)

578

report.

Fuel material

uo 2

The pin cell burn-up code CEB to be used for the calculations has
been shown to work satisfactorily in the work of K. E. Lindstrøm Jensen 29)'.
5.1.

The Yankee Core and the EYC Project

The Yankee nuclear power plant was started up in August 1 960 and was
operated at the nominal full power, 392 MWt, for the first time in January
I 961. The reactor is a PWR of Westinghouse construction, and the core I
description is found in ref. 40. Initial fuel composition was taken from
ref, 41. Here only the data of importance to the present burn-up calculations will be given.
The Yankee initial core contains a total of 76 fuel elements with a fuel
length of 233 cm. The entire core can be approximated by a cylinder with
the diameter 1 91 cm. Each fuel element is composed of 9 subassemblies
with 6 x 6 fuel rods giving a total of 18 x 18 rods in the element, but at the
edges of the elements some fuel rods have been omitted to save space for
the blades of the cruciform control rods or their zirconium followers, and
at the centre one empty rod position forms an instrumentation channel. The
number of rods for a fuel element is then 305 for the element type A and
304 for the element type B. The fuel element types A and B are shown in
fig. 5 . 1 . a. In table 5 . 1 . a the core data needed for the unit cell calculations
are listed.
Under the Yankee core evaluation program, the EYC project*'' i 2 \
spent fuel from the Yankee core I was analysed for isotopic composition

Fuel rod outside diameter (cm)
Cladding thickness (cm)

1.0719
0.8636

Moderator temperature (°C)

0. 0533
0. 7468
268

Average clad temperature ( C)

280

Fuel pellet diameter (cm)

Fuel enrichment (w/o U

235

)

3.40

U 2 3 4 loading (kg)

10.18
20908
4.1

U 2 3 5 loading (kg)

711

U 2 3 6 loading (kg)
U 2 3 8 loading (kg)

4.1
20188

Average density of UOa (g/cm )
Initial uranium fuel loading (kg)

Cladding material
Density of SS 348 (g/cm )

Type 348 SS
7.80

Average composition of SS 348 (w/o)
Fe
Cr

69.03

Ni
Mn

10.95
1.74

Moderator material

18.28

HzO

UO„ linear expansion coefficient (10"
C" )
SS linear expansion coefficient (10" °C )

0.794

Density of H , 0 at 268°C and 136 atm (g/cm 3 )

0.7820

1.777
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and burn-up. Selected fuel rods partly from the asymptotic spectrum of the
interior region of the fuel boxes and partly from the perturbed spectrum
near water gaps and control rods were cut into pieces, and between one and
six pellet-size samples from each rod were taken out for analysis. The fuel
rods irradiated in the asymptotic spectrum were most of them taken from
the corners of the central subassembly, i. e. far from both the box edges
and the water hole at the centre of the box.
The analysed samples fall into 3 groups, called phases I, II, and III.
Phase 1 consists of the samples collected after the shutdown of core I. 56
rods from 14 different boxes were removed and a total of 1 91 samples were
prepared, spanning the burn-up range from I, 300 to 1 8, 000 MWD/TU. Two
of the irradiated core I elements remained in their places during the second
fuel cycle; the rest of the core II loading was identical to the fresh core I
fuel. After the final shutdown of core II one of the two elements was destructed to form the 28 phase II samples from 7 different fuel rods. These
samples had burn-up values from 10, 000 until 31, 000 MWD/TU. The last
fuel element was kept outside the core during the third cycle and inserted
again for further irradiation in core IV. From this element the phase III
samples were cut; the 32 phase III samples from 8 fuel rods had burn-up
values from 16, 000 to 46, 000 MWD/TU. But as the highest burn-up samples
are those from the rods near water gaps, the asymptotic spectrum measurements used for comparison with pin cell calculations go no further than
40, 000 MWD/TU.

Typ* B e*«m*nt
304 fuel rod*

Typ* A element
305 fuel rod*

Fig. 5.1. a. Yankee fuel element cross section.

In fig. 5. 2. b cores I, II, and III with the position of the phase II and
III elements are sketched. As the fuel loading of core IV is different from

.76 elements of fresh
/ 3 * % enrichment fuel

that of cores I and II, the phase III element in its last cycle had other sur239
roundings, but this was estimated to give a production of Pu
in the
421
asymntotic rods lowered by only 1 / 2 - 1 per cent '.

r:

--L
j

4;:-

ij

,% elements of fresh
3 * 7 . enrichment fuel

2 elements of depleted
3 4*/. tnrichmtnt fu*l
from cor* I

^ 3 6 elements of depicted 41%
enrichment fuel from core ITJ
Phase 01 fuel element
si elemenl of highly
df pitted 34% •nnchmtnf
fuel from cores I and D

3 elements of depleted 3 4%
enrichment fuel from core HI

Fig. 5-1b Yankee cores 1,1, and IV

E
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5, 2. Unit Cell Burn-up Calculations

Table 5 . 2 . a

In table 5. 2. a the data used for the unit cell burn-up calculation a r e
shown. The pellet-to-clad gap in the fuel rod was homogenized with the
UO« in contrast to the calculations in ref. 29 where the gap was homogenized with the clad. It seems to be more physically c o r r e c t to expand the
234
fuel over the entire volume of the fuel tube. The isotope U
i s not in234
eluded in the hurn-up code, so the fuel content of U
was simply omitted
in the calculations. F r o m the components of the cladding SS type 348 the
iron, chromium, nickel, and manganese were accounted for individually,
and the rest, impurities constituting about one weight per cent of the m a terial, were replaced by iron.

Yankee core I unit cell description (hot, full power)
Oiter region radius (cm)
Fuel (U0 2 )
Clad (SS 348)
Moderator (HjO)

0. 3802
0.4338
0. 6073
Temperature (°C)

Fuel
Clad
Moderator

The burn-up calculations were performed by means of the program
CEB ' with the fission product treatment of the routine F I P O 3 1 ' . T h r e e
spatial regions were used for the fuel, clad, and moderator respectively.
Initially two time steps of 4 and 1 2 days a r e taken to account for the Xe and
Sm build-up; then three time steps of 30 days and the number of 60-day
steps necessary to reach a burn-up of 45, 000 MWD/TU a r e applied. This
procedure was shown to be adequate in the work of K. E. Lindstrøm Jensen '
and was also found to be satisfactory in the calculations on the Dresden I
r e a c t o r '.

578
280
268
Number density (10 24 a t o m s / c m3 )

,„235
Fuel'

u236
U238

lo

10-group c r o s s sections were supplied from the CRS code, condensed
from the 76 groups with the spectrum calculated by the one-dimensional
collision probability theory routine GEPUR. In the CRS flux calculation the
s a m e three spatial regions as in CEB were applied. The c r o s s sections
were regenerated once, at 4200 MWD/TU, to account for the influence on
the fine group flux spectrum from Xe, Sm, and the initial Pu build-up. As

7.5089x10"*
4.3094 x l O " 6
2.1051 x l O " 2
4.3621 x l O " 2

Fe
Cr
CladM

5.7271 x l O " 2
1.6286 x 1 0 " 2
8. 6422 x l O " 3

Mn

1.4675 x 1 0 " 3

Mod.{ 0

5. 2 3 8 6 x 1 0 " 2
2.6193x10"2

242

no data exist on the SIGMA MASTER TAPE for Pu
a 10-group c r o s s
section set for this isotope generated by LASER ' was inserted.
Three such burn-up calculations were performed, one where neither
the correction to U
resonance cross sections nor the H removal resonance correction was used, one with only the U
correction, and one with
both corrections. The removal correction is a theoretically based modification of the outscattering c r o s s section in the resonance groups, whereas
238
the U
is a simple reduction of the resonance integral, introduced b e cause of observed erroneous Pu production r e s u l t s .

Power density (W/cm)
Fuel mass density (g U/cm)
Buckling (cm" )

5.3.

73.35
3.912
0.0007

Multiplication Factors

The calculated beginning-of-life k „ i s listed in table 5.3. a for the
three types of c r o s s sections together with the measured values taken from
ref. 43. For the hot, clean, full-power condition both the CRS values and
the CEB values are given, but for the state with equilibrium Xe and Sm
concentrations only the CEB values exist.
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The CRS-calculated multiplication factors as calculated in the 76 groups
of the MASTER TAPE should be the best possible bid of the data system.
The 10-group CEB calculations agree with CRS as to the k,„ values; in the
case of k -j, however, a difference of as much as half a per cent is found.
This has two reasons: In CRS an incorrect homogenization of the diffusion
constant (see also chapter 6), and in CEB an incorrect condensation of the
diffusion constant (because the diffusion constant in CEB is made from the
1 O-group cross sections). Both inaccuracies influence only the buckling
term; because of the small dimensions of the Yankee reactor and the correspondingly great buckling the effect is rather significant here. The CRS
and the CEB flux and eigenvalue calculations are virtually identical, apart
from the number of groups.
The CRS values for the clean condition fall near the lower limit of
experimental uncertainty in the case of no corrections and near the upper
limit in the case where both corrections are applied. The value with only
the U
correction is higher. The "true" value, however, must lie above
the measurement; because the unit cell calculation includes nothing of the
irrelevant absorption which is present in the reactor - spacers, control
rod followers, and so on, and the k , , including both corrections i s therefore judged to be the best one.
The CEB-calculated values for the equilibrium Xe and Sm condition are
situated around the measured value in a manner quite similar to the clean
case. This indicates that the contributions from the Xe and Sm are calculated correctly.
Fig. 5. 3. a shows the calculated eigenvalue as a function of burn-up
:orre<
with no corrections, with the U
correction alone, and with both corrections
.239
applied. The three curves meet at high burn-up, where the extra Pu"
the case of no corrections compensates for the high parasitic absorption
cross section of U
The measured beginning-of-life multiplication factors and the end-of-life
average exposure of core I, obtained from ref. 41, are included for comparison. The curve for no corrections at the first glance seems to fit the
measurements best, but considering that a correct overall treatment for
the whole core would lower the curves, the agreement is quite as good for
the one with both the U
and the H correction.

Table 5.3. a
Measured eigenvalues for the Yankee reactor
compared with unit cell calculations
Hot, clean, full power:
Measured
CRS, 76 groups i
'
°
*^ # no corrections
CEB, 10 groups )
CRS. 76 groups ,

U238

CEB, 10 groups !

correction

CRS, 76 groups j U 2 3 B and
CEB. 10 groups ) H corrections

k

-

P
0.0985-0.0073

1.1393
1.1396

k

eff

1.1035^0.0081*
1.0963
1.1007

1.160S
1.1608

1.1166

1.1544

1.11 06
1.1157

1.1 211

1.1547

Hot, full power,
equilibrium Xe and Sm:
Measured

0. 0693^0.008

CEB, 10 groups, no corrections
238
CEB, 10 groups, U
correction
CEB, 10 groups, U 2 3 8 and H

1.1062
1.1 266
1.1207

1.0718^0.0090*
1.0685
1.0881
1.0824

corrections
*The measured k „ i s obtained as exp(p).

5.4.

Isotopic Concentrations

In figs. 5.4. b through 5 . 4 . h the calculated isotopic concentrations are
compared with the measurements of phases I, II, and III. The measured
points are drawn as a function of total accumulated fissions per initial atom
238
of U
to avoid an eventual systematic error from an incorrect value of
the energy released per fission. The connection between the burn-up and
the total accumulated fissions is shown in fig. 5.4. a; it is seen that the num238
-3
ber of fissions per initial U
atom is to a first-order approximation 10
times the burn-up value in GWD/TU. All measurements were taken from
ref. 42.
In fig. 5.4. a the experimentally determined points are compared with
the CEB calculations. The curves from the three different calculations
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cannot be distinguished. Apparently no disagreement i s found between the
built-in fission energies of CEB and those used in ref. 42.
Figs. 5 . 4 . b - 5.4. d show the destruction or build-up of the uranium
235
isotopes 235, 236, and 238. In the case of U
the calculation with neither
238
U
nor H removal correction i s slightly higher than the one with both corrections; the reason for this i s the excessive Pu production in the calcula238
tions with uncorrected U
cross sections. The corrections seem to give
a better agreement with the experimental points. The calculated curve for
U
, fig. 5 . 4 . c, lies far above the measured values; the reason for this
is a too low destruction rate because all thermal cross sections for U
are zero in the UKNDL and therefore on the SIGMA MASTER TAPE too.
The three calculations give almost identical results for this isotope. In
238
fig. 5.4. d all the three calculated curves for U
are drawn; it seems
that the one with both corrections is in best agreement with the measurements - at least the uncorrected curve lies a bit too low.
The corresponding curves for the plutonium isotopes 239-242 are given
in figs. 5.4. e - 5 . 4 . h . The three different curves can only be distinguished
239
for Pu
, so for the rest of the isotopes only one curve is drawn. For the
239
case of Pu
shown in fig. 5 . 4 . e the curve with the corrected cross sections is quite acceptable in comparison with the experiments, but perhaps
the Pu concentration at high burn-up i s a bit too low, indicating either that
238
the reduction of the U
cross section is too large or that the absorption
239
cross section of Pu
is too high. If the latter is the case, a correspondingly high concentration of Pu 240 should be found in fig. 5.4. f (provided that
239
240
the Pu
a value is correct). In fact the calculation for Pu
lies slightly
above the measured values, but this again might as well be explained by a
240
too low absorption. A too low Pu
absorption is very likely as no Doppler
broadening of the resonances is included for this isotope, and at leust for
the resonance at 1 eV the Doppler broadening i s suspected to be important.
241
The calculated Pu
concentration in fig. 5.4. g is in good agreement with
242
the experiments and the calculation for Pu
in fig. 5.4. h lies slightly
higher than the measured points.
As a conclusion drawn from the Yankee calculations the two optional
corrections, to the U
resonance cross sections and to the removals of
H in the resonance groups, seem to improve the agreement with experiment,
238
but possibly the resonance cross sections of U
are slightly over-corrected. The calculated isotopic compositions are generally in acceptable
agreement with the measurements, although some suspicion is left regarding
the data of the Pu isotopes. The uranium isotopic composition i s calculated
quite satisfactorily, apart from U 2 3 6 because of its lack of thermal cross
sections.
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6. UNIT CELL CRITICAUTY CALCULATIONS

moderated by H-O/D.O mixtures. Also the last five experiments were
excluded, as large experimental buckling uncertainties are reported for
these cases '. The data for the remaining 35 test cases are shown in
table 6 . 1 . a. where the experiments are identified by the numbers applied
in ref. 44.
The equivalent cylinder cells for the lattices span a wide range of the
cell parameters which are varied. Enrichment values are found from
235
1.328 to 4.069 atom per cent U
. pellet diameters from 0. 7544 to 1.5265

An essential feature of any nuclear data system is its reliability in
predicting the effective multiplication factor of a given reactor configuration,
the more so as the k „ calculation is the one most frequently performed in
reactor core studies. Besides a very great number of critical experiments
on relevant lattices have been carried out and a r e available in the literature,
so it seems very natural to include lattice criticality calculations in the
testing of a c r o s s section generating program. By selecting lattices of
varying characteristics one is able to evaluate systematic errors which
might exist in the basic data or in the data handling.
F o r the present calculations a number of regular critical lattices were
chosen for which measured Ducklings were reported. F o r such lattices the
test calculation can be performed in a very simple way in the CRS code
itself; a unit cell calculation with the measured overall buckling should
give a k , . of unity, supposing of course that the buckling value is correct.
As most critical experiments have rather small dimensions, the leakage is
important and uncertainties in the measured bucklings will greatly affect
the calculated eigenvalues. Therefore the resulting k -- values must be
expected to lie somewhat scattered, but the mean value should be one unless
the experiments a r e biased from systematic e r r o r s .
The eigenvalue calculation is done in cylinder geometry by means of the
one-dimensional collision probability theory routine of CRS. Three regions
a r e applied, one in the fuel, one in the clad, and one in the moderator, and
the energy group structure is the normal 76-group structure of the MASTER
TAPE. The two corrections, the resonance depletion correction of the
238
removal c r o s s sections and the reduction of the U
resonance integral,
a r e used in accordance with the conclusions of chapter 5 of this report.
This calculational procedure is the same as the one normally used when
spectrum calculations are performed for cross section condensation purposes.
6.1.

Description of Critical Lattices

In ref. 44 the data a r e given for 11 6 well-defined uniform lattices,
collected for calculations testing the Westinghouse cell program LEOPARD.
The first 55 of these experiments which a r e fuelled '/ith UO ? , were <;onsidered for the present test calculations, the rest a r e U metal lattices. As
calculations on light-witer lattices were found to be the most relevant at
the moment, 1 5 of the experiments were excluded, because they a r e

cm, equivalent cell radii from 0.5804 to 1. 3435 cm, and moderator boron
contents from 0 to 3,440 ppm. The measured critical bucklings vary between 17. 2 and 95.68 m~ . Stainless-steel clad i s used for 25 of the experiments; the remaining 10 experiments have aluminium clad. The
aluminium clad with its low absorption cross section behaves almost as
zircaloy as regards the neutronics calculations.
The experiments were all performed at room temperature, in the cal3
culations taken as 300 K. The water density used is 1 g/cm . The aluQ

minium clad is regarded as pure Al with a density of 2.71 g/cm . The
SS 304 of the stainless-steel-cladded rods contains, according to the AISI
specifications, 18-20% Cr, 8-12% Ni, and max. 2% Mn. For the present
calculations the composition 1 9% Cr and 10% Ni was used, and as no information of the Mn content was obtainable, the content 1.74% reported fcr
the Yankee reactor ' was taken as a typical value. Because of the great
absorption of Mn, this value i s important for the calculations. The density
q

of the stainless steel is 7. 9 g/cm .
Two of the experiments. Nos. 37 and 50, have been used by Slaggie as
ENDF/B benchmark t e s t s 3 8 ' .

- 53 6.2. Calculated Multiplication Factors

Tabte 6.1 . a .
Data for critical lattices
EnrichCase
Number ment

o o 2 I Pellet 1 Clad

diameter material

tensity

1.328

(cm)

{cm)

(at.*)
1

L*ttic«
Clad
thickneas Ditch

Cad
outer
ttameter

7.53

1.5265

Al

0.0711

1.6916

.

-

7.52

0. 9h55

-

10.53

0.9728

.

1.1506

'

2.512"
1. 558"

-

"

-

1.558"

.

.

-

1.806*

S
6
7
8
9

.
2. 734

10.18

0.7620

SS 304

0.0408!

0.8594

11
12
13
M
16

.

17

3.745

18

.

19
20
21
22
23
24
29

1.652"
1.652*
1.0287
1.1049

10

,;,

.
.
.
.
4.069

.
.
.
_
.
.

10.37

_
_
.
.
.
,

0.7544

.
"

.
"

_

_
.
.
.

.

9.46

1.1278

.
.
.
.
.
"
.
.
.
'

.
-

"

-

.
0.0406

1.0617

"

1.2522

-

1.5113

0.8600

_

1.2090

"

1.1938
1.45S4
1.5621
1.6891
1.2S22
1.0617

-

26
34
37
42
43
44
45

.
2.490
3.037

.

4.069

47

.
.
.

M

2.490

46

28.37

0

30.17

2. 359*

2
3
4

2.205'

Moderator Measured
boron
critical
content
buckUnf
J
K " I . . A m>- i

.

.

10.24

1.0297

9.28

1.1268

-

.
.
1.4297

9.45

.
.
.

i 0.24

.

Al
SS304

* Triangular lattice«: all othara are aouare

29.06
25.28

-

34.22

.
-

63.«
65.64

462

25.21
32.59
35.47
40.75
53.23

60.07
52.92
47.5
68.8
68.3
95.1
95.68
74.64

718
1278

63.66

1350

38.39

1495

33.38

0
3440

88.0
17.2

40.99

1.450

0

79.0

1.5113

1.2701

0.0813
0.0716

70.10
50.75

2.198

1565

65.52
92.84

1.2060

0.0813

-

-

1.2060

.
.
Al

;
-

-

-

1.555
1.555
1.684
2.198
2.381
1.511S

68.61
69.25

91.79
10.2

In GEPUR, the collision probability theory flux calculation routine of
CRS, the k — is calculated after the flux calculation by adding the term
DB to the absorption cross section in all regions and dividing the total
neutron production by the total absorption (D - diffusion constant. B =
buckling). The buckling specified has no influence on the calculated flux.
For the present lattice calculations where the buckling values are unusually
high, this procedure yields inaccurate k „ results, because in fact it involves a wrong homogenization method for the diffusion constant; especially
the k — values obtained for the Al clad lattices are wrong. Therefore the
k ^ given in the CRS code was ignored, and another k„. obtained from the
homogenized cell constants i s reported here.
For the calculation the equivalent cylinder cell dimensions and the
number densities were calculated from the data given in table 6 . 1 . a. Where
a pellet-to-clad gap exists, it was homogenized with the clad, as this was
expected to do less harm than if the fuel was expanded to fill out the clad
tubes; for zero power experiments as those investigated here, the fuel
pellets presumably keep their initial dimensions in contrast to the case of
power reactors.
The calculated multiplication factors, k. . and k „» are given in tables
6.2. a to 6.2. f for the 35 cases of table 6 . 1 . a. The experiments were
divided into groups of related lattices, to give the possibility of investigating
differences between the individual series of experiments.
In fig. 6. 2. b the calculated values of k „ are shown as a function of
the measured buckling value. The mean calculated k „ is 0. 9941. The
different experiment series were assigned the symbols given in fig. 6.2. a;
the open symbols refer to the two series of Al clad lattices and the rest to
those with SS clad. As was to be expected the points lie somewhat more
dispei sed at the higher buckling values, otherwise no trends are deduced
from the plot versus buckling.
To investigate if systematic data errors affect the calculated multiplication factors, the data were plotted as a function of different important
cell parameters. In fig. 6.2. c the calculated points are shown verms
enrichment and in fig. 6 . 2 . d versus the fuel region diameter; neither of
the two plots shows any trend of the calculation. But in fig. 5.2. e the cal235
culated k „ values are plotted against the cell ratio of H to U
atoms,
and here the calculated k „ shows a tendency to decrease with increasing
235
moderating ratio. For the lattices with a H to U
atom ratio below 200

55 •
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the mean value seems to be close to one. whereas all points of higher
moderating ratio fall below the line of unity. The same trend i s found for
the individual measurement series. As realistic light-water reactor lattices are well under-moderated, their multiplication factors according to
this should be predicted fairly accurately. The Yankee reactor unit cell
dealt with in chapter 5 of this report has a H to U
ratio of 87.18
in fig 6 2 f the effective multiplication factors are shown as a function
of boron content in the moderator for the three experiment series where the
moderator boron poisoning was varied. A slight tendency of k r f f to decrease with increasing boron content is found, but the two-point
which the greatest boron concentration is found shows the opposite trend,
so no definite conclusion can be drawn from the present material.
The only certain indication of systematic errors is found in the dependence of k „ upon the moderating ratio. It is difficult to say if the reason
is for instance an error in the resonance data or in the thermal scattering
data or both. The fact that the triangular lattices Nos. 1 -8 have almost
constant k „ values over a wide range of moderating ratios points towards
the Danco« factor, but the explanation might as well be that the H removal
correction simply over-corrects at the high moderating ratios.
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Table 6. 2. a.

Table 6.2. f

Triangular lattices, Al clad, no boron
Al clad, square lattices, moderator boron content varied

k

inf

k

eff

6

7

8

1.1156

1.1369

1.1415

1.1289

0.9891

0.9936

0.9923

0.9914

5

2

3

1.1440

1.1440

1.1298

1.1248

0.9892

0.9912

0. 9908

0. 9899

1

Case No.

4

Case No.
k
k

37

50

inf

1.3255

1.0874

eff

1.0174

1.0009

Table 6. 2. b
SS clad,square lattices, pitch varied

s

'eff

12

15

16

11

1.1667

1.2049

1.2283

1.2259

1.2080

1.1797

1.1859

1.0021

1.0042

0.9961

0.9958

0. 9981

0. 9957

0. 9993 9 . 9886

9

inf

14

13

10

Case No.

Table 6. 2.c
SS clad,square lattices, moderator boron content varied
19

20

23

24

1.3365

1.2542

1.2133

1.1335

1.1240

1.1057

0. 9946

0. 9896 0. 9883

0.9889

0. 9887

0. 9882

Case No.
k

inf

k

eff

22

21

Table 6.2.d
SS clad,square lattices, pitch varied (two enrichments)
Case No.
k

mf

k

eff

43

42

44

45

46

47

1.1968

1.2108

1.2821

1.3178

1.3195

1.2945

0.9906

0.9708

1.0035

0.9943

0.9937

0.9793

Table 6.2.e.
Miscellaneous SS clad square lattices
Case No.
k

k

inf

eff

17

18

25

26

34

1.2742

1.3365

1.3446

1.0676

1.3161

1.0065

0.9962

0.9985 1.0001

0.9957

1.2352

7. CONCLUSION
A data-generating system which utilizes physical basic data was constructed, and it seems to work rather satisfactorily for light-water reactor
calculations. Although the library used, UKNDJL version 1968, has been
updated, it seems unnecessary to change to the new version, the more so,
as for practical calculation purposes experience from a great number of
calculations i s by far the most important for the confidence one may have
in the predictions from a code complex.
As regards the data for the plutonium isotopes the situation is different.
Both the plutonium spheres of chapter 4 and to some extent the burn-up calculations of chapter 5 indicate errors in the plutonium cross sections, so it
seems that the basic library, the SIGMA MASTER TAPE, should be updated
if systems for which these are of great influence are to be dealt with, for
instance fast breeder reactors or thermal reactors containing reprocessed
fuel. Perhaps a more detailed resonance treatment for the plutonium isotopes will also prove desirable.
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