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6.1

Introduction

In this chapter the subject of calculation of reactivity coefficients for
fast reactors is developed, starting with a discussion of the status of
relevant nuclear data and proceeding to the subjects of group cross section
generation and of methods of obtaining reactivity coefficients from group
cross sections. Reactivity coefficients measured in critical experiments are
compared with calculated values. Dependence of reactivity coefficients on
reactor design is discussed. Finally, results of the recent international
comparison of calculated reactivity coefficients are presented.
6.2

Nuclear Data Considerations
6.2.1

The Status of the Central Worth Discrepancy

The term "Central Worth Discrepancy" pertains to the apparent
systematic discrepancy between calculated and measured central reactivity
worths, especially perturbation sample worths, in a fast reactor. The size of
the discrepancy varies considerably with the nuclear data set used in the
calculations, and the discrepancy can be nearly eliminated by the use of
adjusted data sets. Several possible causes for this apparent discrepancy
have been suggested and errors in basic nuclear data remain one of the primary
concerns. The basic nuclear data include the differential cross sections that
are processed into broad group constants and subsequently used to compute an
absolute reactivity (Ak/k), and also include the delayed neutron parameters
(absolute and relative yields, decay constants) that are required to convert a
measured reactivity in units of dollars or in hours to an absolute reactivity.
If the basic nuclear data are indeed a major contributor to the central worth
discrepancy, then reactor analysts using differing and uncorrelated sets of
nuclear data should observe different systematic discrepancies. Thus, the
first and most obvious exercise is to compare the status of the central worth
discrepancy throughout the fast reactor community.
Recent work in the U.K. has given good agreement between calculated
and experimental reactivity worths for a variety of sample materials in
power-reactor mockup criticals. For the studies of MONJU and PFR (ZEBRA 11,
12, 13), the ratios of calculation to experiment (C/E) for the plutonium worth
are between 1.02 and 1.05.^J2 The improvement over the discrepancies observed
previously, of up to 30%, is attributed to three reasons:
1.

The use of revised delayed neutron data, based on an evaluation by Toralinson,3 which increased the experimental values
of about 8% in plutonium breeder assemblies.

2.

The use of the FGL5 adjusted cross section set1* which gives
good predictions of the fission rate ratios and reaction rate
distributions over the reactor. Some reactivity worths relative to plutonium were included in the data adjustment
studies, but absolute worths were not used.

3.

The use of plate samples for the perturbations which can be
accurately treated by the standard cell calculation methods,
rather than cylindrical or annular samples in a cavity.

accuracy of - 2 % . However, the C/E results for 6eff were between 0.93 and 0,95
for 7A, 7B and 9C1, with experimental uncertainties of 3%, and for 9C2 the C/E was
Q.89 with a larger experimental uncertainty of 4.5%. This discrepancy was
attributed to low delayed neutron data from the Keepin set, and it was shown that
evaluations by Tomlinson and Tuttle9 generally give agreement (within experimental
errors) for fissile sample worths. However, the 10 B worth is substantially
underpredicted. This anomalous behaviour axhibited by the 1 0 B worth is consistent
with U. S. experience for i Q B and other low energy absorbers. These observations
are a clear indication that a simple change in delayed neutron yields can not
account completely for the central worth discrepancy.

at
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Californium source measurements of Seff on plutonium-fueled assemblies
Argonne have generally given C/E values in the range 0.90 to 0.95. This bias
outside the estimated errors (4-5%) in these measurements. Noise measurements
Seff on plutonium and uranium-fueled assemblies (with experimental uncertainties
about 3%) have provided C/E values relatively close to unity.

In summary, the evidence from results using contemporary adjusted
data sets is that these give large improvements in calculated reactivity worths.
In addition the use of a higher absolute delayed neutron yield for 2 3 8 U results
in C/E values within a few percent of unity. However, the higher yields are not
supported by recent evaluations (e.g., Refs. 8, 12, and 13).
6.2.2

The Effects of Cross Section Uncertainties on Reactivity Coefficients

For most of the important nuclear data, the accuracy required by fast
reactor designers has not yet been attained. Although many cross section measurements are now performed to within 2% accuracy, the disagreement among independent
measurements is in many cases much greater. This can sometimes be traced to
inconsistent normalizations, thereby eliminating discrepancies. However, for
most of the materials of interest there still exist large energy ranges where the
only available measurements differ by ^5 to 20%. The Specialists Meeting on Fast
Fission Cross Sections
(June, 1976) concluded that the fission cross section of
235
0, which is a common standard in relative measurements, is consistent with an
evaluation known to ±3%, except from 250 to 400 keV (which is the energy range of
peak flux in fast reactors) where the scatter of the measurements suggests ±5%
uncertainty. Measurements of the
Pu fission cross section appear consistent
to ±3 to 5% over most of the energy range of interest. However, for the energy
range from 25 to 250 keV the uncertainty for this cross section is -7 to 10%.
The current state of nuclear data important for fast reactors is summarized in
Table 6.1. 5 The uncertainties listed are nominal uncertainties over the fast
reactor spectrum. The desired accuracies listed for each cross section are based
on studies
of the impact of uncertainties in nuclear data on important fast
reactor design parameters. For example, an accuracy of about 1% is required for
the
Pu (n,f) cross section so that fuel enrichments may be predicted well. As
indicated in Table 6.1, the most important cross sections in fast reactors
are the heavy metal fission and capture cross sections. This table also indicates
that cross section uncertainties for several of these isotopes are unacceptably
large.
Several sensitivity studies have evaluated the effects of nuclear
data uncertainties for the principal isotopes in LMFBRs. Studies by Hummel 17 ' 18
have verified the primary importance of the fission and capture cross sections of

239

Pu and 2 3 8 U . Studies by McKnight 16 > 19 have included the effects of data
uncertainties for the higher (than 2 3 9 Pu) plutonium isotopes upon LMFBR design
parameters. Bohn and Weisbin have published very complete sets of sensitivity
coefficients for selected ZPR-type fast critical assemblies,20 These sensitivity
studies can be used to illustrate the effects which the nominal data uncertainties
in Table 6.1 have upon safety coefficients.
These data suggest that a uniform change in a single cross section
within its uncertainty can produce changes in k e ff U P t o 3%i *-n reaction rate
ratios up to 10%, in fuel material worths up to 10%, in control
B and cladding
material worths up to 5%, and in sodium material worths up to 10%. The bias in
calculated eigenvalues for fast critical assemblies is much smaller (~1 to 2%)
than that suggested by the data uncertainties. This is likely the result of
cancelling errors as well as data adjustments. Furthermore, the 5 to 10% effects
which these data uncertainties have on calculated central material worths could
allow cross section adjustments to significantly reduce the central worth discrepancy.
The effects of 10% uncertainties in the fission and capture cross
sections of the principal heavy isotopes on safety coefficients, including sodium
void and Doppler, for a reference 1000 MWe LMFBR are given in Table 6.2.15 A
number of conclusions can be drawn from these sensitivity results. For several
important cross sections the uncertainties are still quite large, notably the
capture cross sections of 2 3 9 P u , 2 3 8 U and stainless steel. The uncertainty in
the 2 3 9 Pu fission cross section is significant in terms of its effect on predicting almost all the important safety parameters, including eigenvalue, power
distributions, material reactivity worths, and sodium void and Doppler reactivity
coefficients. Although the uncertainties in the data for the higher plutonium
isotopes are generally much larger than the uncertainties for
Pu, design
parameters are much less sensitive to their data. The most important data for
the higher plutonium isotopes are the fission cross sections of 2tf0Pu and 21fl Pu.
There has been no direct calculation of sensitivity coefficients for fission
product data. However, calculations
using various sets of fission product
data indicate the effects to be comparable to the effects of the higher plutonium
isotopes, i.e., large uncertainties combined with small sensitivities.
6.3

Methods Considerations
6.3.1

Cross Section Methods

The generation of broad-group cross sections from evaluated
nuclear data files is performed using either detailed multigroup slowing down
calculations or approximate methods based upon assumed spectra and parametric
fits to account for resonance shielding effects. The former methodology is
used by the U.K. computer program MURAL2** and the U.S. program MC 2 -2. 2 ' Both
of these code systems were developed primarily for use in the analysis of the
fast critical assemblies ZEBRA, ZPR and ZPPR, but are applicable to power
reactor neutronics needs as well. The approximate methods are based upon the
work of Bondarenko.26 Representative code systems which use this methodology
include the German code MIGROS, 27 and the U.S. code systems ETOX 28 /1DX, 29
MINX30/SPHINX,31 and NJOY. 32 Although several studies 3 3 - 3 5 , 3 9 have been
performed to intercompare code systems using a common data base, it is difficult
to draw any definitive conclusions regarding the applicab.lity of the various
methods or codes for the accurate calculation of reactivity coefficients in

TABLE 6.1.

Nuclear Data
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TABLE 6.2. Effects of Uniform Cross Section Changes on Safety
Parameters for a Reference 1000 MWe LMFBK
23a U Doppler, % k

Sodium Void, Zk

k

Reference Values:
Cross
Section

eff
1.0000

Inner
Core
1.5630

Outer
Core
0.3724

Total
1.9354

Inner
Core
-0.2016

Outer
Core
-0.1238

Total
-0.3254

Core Center
0.02250

Per Cent Change in Magnitude of Reference Value
Due to Cross Section Modification

Cross Section
Modification

"9of

-10%

-4.63

7.03

12.54

8.09

9.50

10.61

9.92

9.47

4a

oc

-10%

0.40

-2.27

-9.54

-3.67

3.04

3.66

3.27

-0.44

28

oc

-10%

1.93

-4.18

-14.49

-6.16

-0.12

-3.50

-1.41

-2.18

'•"of

-10%

-0.41

0.03

-3.71

-0.69

1.29

0.93

1.15

-0.02

**°o c

-10%

0.14

-0.65

-8.08

-1.04

0.89

1.09

0.96

-0.16

-10%

-1.28

2.82

8.63

3.94

2.00

2.69

2.26

-0.44
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power reactors. Most comparisons have been performed using simple homogeneous
benchmark assemblies. In general the agreement in calculation of integral
parameters among codes using the same methods is no better than agreement with
codes using quite different methods. The problems inherent in such comparisons
are evidenced by the published results of the CSEWG data testing committee.36
By comparing the codes and algorithms, a 0.9% difference between MC -2 and
ETOX/1DX in the calculation of kejf for the Pu fueled benchmark assembly
ZPR-6-7 were explained so that the real methods differences, such as the
resonance shielding, inelastic and elastic removal treatments, accounted for
less than 0.2%. However the 12% difference in the calculation of central
sodium worth could not be explained by the same arguments thus suggesting a
fortuitous cancellation of errors in the eigenvalue calculations. Attempts to
extend such comparisons to power reactor configuratioris including the assumptions made in the treatment of spatial heterogeneities, streaming paths and
other homogenization effects have not been successful. As a result of the
difficulties which occur in attempting to assess the accuracy of cross section
generation methods along with the errors and uncertainties iu the evaluated
data files, a great deal of attention has been given to the use of adjusted
cross section files, for the analysis of fast reactor systems.4'3' In the
U.K., France, Germany, Italy, and Japan data sets are used which have been
adjusted to permit accurate calculation of fast reactor critical experiments.
In the U.S. -here has recently been increased attention to adjusted data
files.
Such a strategy permits the use of approximate methods, consistent
with the derivation of the data base, with confidence in the neutronics
analysis. Problems with such a methodology occur when parameters are calculated for which the data were not adjusted or when the system deviates significantly from those used in defining the adjusted data file. The use of such
adjusted sets in the neutronics analysis of badly damaged cores might cause
significant difficulty. Results from a recent international benchmark calculation on a 1250 Mwe conventional mixed oxide FBR design,
discussed further in
Section 6.7, showed that the scatter in the values of integral parameters
calculated from adjusted cross sections is as great as the scatter in the
values of the nonadjusted cross sections. Further, the scatter due to processing of the same data set is as large as the scatter among data sets.
In performing safety related reactor physics calculations, computational economies require that the number of energy groups be as small as
possible while retaining accuracy. Several authors have investigated the
problem of group specification and have reached somewhat different conclusions.
Most critical experiment analysis in the U.K., U.S., and Germany is done using
approximately 30 energy groups generated by standard flux weighting procedures.
Kiefhaber
and Wade1*1 have found, however, that use of bilinear weighting
may be necessary to predict the reactivity worth of scattering materials
accurately on such an energy mesh. On the other hand Nelson, et al. 42 have
found that 12 group flux-averaged cross sections are perfectly adequate for
calculation of FTR safety parameters. This work agrees with the conclusions
of Vaeth, et al 4 3 who suggest that 15 groups are necessary, Meneley,44 who
recommends nine carefully chosen groups, and Schaefer45 who found that a CRBR
LOF transient could be adequately modeled with only nine energy groups. The
use of few groups complicates the cross section generation procedures because
of the need to account for space-dependent effects as the number of energy
groups is reduced.

6.3.2

Application of Three-Dimensional Calculations

The latest safety analysis codes model fuel assemblies in considerable detail, and to take full advantage of that detail it is desirable, and
perhaps necessary, to resort to three-dimensional neutronics. For a nutn'->-r of
years safety parameters have been calculated using three-dimensional, multigroup diffusion theory. Nelson et al.1*^ repo*.t a variety of finite-difference
calculations of reactivity worths for FTR models. Sehgal et al.
have done
similar calculations of sodium void coefficients for modular cores. Finitedifference calculations, with 30 energy groups, tend to require on the order of
one hour of computation (central processor) time per eigenvalue problem with the
fastest codes currently is use. McFarlane et al,
have reported sodium void
calculations of ZPPR Assembly 3 whio.h used spatial flux synthesis. Considering
the cost of soi'ie current accident analysis calculations, three-dimensional,
diffusion theory reactor kinetics is not out of the question. The SAS4A code
currently under development at Argonne National Laboratory will use a threedimensional diffusion theory model for a first order perturbation theory
calculation of reactivity tables and for quasistatic kinetics.
Two-dimensional r-z calculations are still performed in some
cases for reasons of convenience and economy. One estimate of the error in
this method is provided by calculations of Kier,
who compared 2D triangular
mesh calculations of control rod effects on the sodium void effect and the
Doppler constant with r-z calculations for the CEvRR. The overall error in core
sodium voiding reactivity for the r-z method was about +20%, with the error for
subassemblies in the region of substantial void worth as high as +40%, with the
error mainly in the leakage component. It was found that an r-z model gives
reasonably good results for spectrum-dependent properties, i. e. fuel wcrth and
Doppler constant.
6.3.3

Flux-Shape Effects in Fast Reactor Safety Calculations

Traditionally, point kinetics was used for all classes ot fast
reactor transients. The virtue of point kinetics is that it yields inexpensive
neutronics solutions. However, it entails an assumption, questionable in some
cases, that the neutron flux shape (the distribution in energy and space) can
be taken as time-independent and only the amplitude (overall flux level)
varies with time. For thermal reactors this assumption has been shown to lead
to serious errors in many transient situations.50 Investigation of the
adequacy of point kinetics in fast reactor calculations was, until recently,
much less advanced. The point kinetics assumption can be considered less
severe in homogeneous (non parfait) fast reactors than in thermal ones because
the former are more tightly coupled neutronically. Tight coupling limits tha
spatial extent of flux tilts to the immediate vicinif.y of nhe material or
temperature perturbation. For loosely coupled heterogeneous cores applicabi;ity
of the point kinetics assumption for operational transients requires more
detailed consideration.
The use of point kinetics is most justified for transients with
relatively small temperature and material distribution changes. Operational
transients and many design basis accidents fall into this category. It was
found, for example, that point kinetics errors were minimal in several CRBR
design basis accidents (with scram). 51 Point kinetics is adequate for this
class of transients in most fast reactors, possible exceptions being 1) heterogeneous designs, (Section 6.6.3) and 2) very large homogeneous cores.

For more severe transients involving large core distortions, point
kinetics can be inadequate. Insight into the limits of point kinetics for fast
reactor calculations has been provided by a nuwber of studies. However, most of
these tests had model limitations which prevented explicit determination of the
error in the outcome of r e a l i s t i c transients caused by using point kinetics.
These studies may be organized in three categories: general, predisassembly
oriented, and disassembly oriented.
The general category includes investigation., of spectral, spatial and
feedback effects.
In a relatively asild transient which emphasized spectral
effects, Meneley and Ott 52 found that point kinetics worked well. A much more
severe spectral shift examined by Stacey
caused serious point kinetics errors.
Jackson and Kastenberg^1* studied primarily spatial effects in two group calculations on a slab LMFBR. They found that point kinetics could be made to cope with
their spatially uniform feedback but not with nonuniform feedback. The l a t t e r
form of feedback usually occurs in realistic accident calculations. Kessler 55
investigated a transient with Doppler and thermal expansion feedback, driven by
strong control material motion. The "space-time" method predicted a more rapid
excursion than did point kinetics primarily because of the control-induced flux
shape change.
A predisassembly transient driven by a $5/s reactivity ramp and
containing limited thermal-hydraulic feedback was computed by Vaeth and Struwe.
Tr?y found that point kinetics slightly underpredicted important quantities at
the onset of disassembly. Static reactivity calculations for several states
predicted in a SAS56-computed loss-of-flow (LOF) accident (for the Fast Flux Test
Facility) have been reported.
The first order perturbation theory solutions
(similar to point kinetics) were in serious disagreement with adiabatic results.
Quasistatic and point kinetics transient calculations on a Clinch River Breeder
Reactor model, driven by temperature and material density histories from SAS,
were compared by Schaefer.
Due to cancellation of errors, one point kinetics
variation was found to produce relatively small reactivity errors at power
burst conditions.
CO

Disassembly calculations by Smith and Ott revealed that the magnitude of the point kinetics errors depends strongly on the initial conditions.
Soudreau and Erdmann
used static k-effective calculations at two points in a
VENUS -computer transient to determine that large point kinetics reactivity
errors can occur in hydrodynamic disassembly calculation on large LMFBR's. In an
extreme test, involving postulated extensive fuel slumping, point kinetics
completely broke down, failing even to predict the correct sign of reactivity
changes at the end of the calculation.6''
Several methods which allow the flux shape to vary with time can be
applied to accident calculations. The reader is referred to a number of review
articles for discussions of these aethods. 50 > 62 ~ 6S The quasistatic method 66 is
considered the most attractive kinetics tool for fast reactor accident calculations. If, as is true in most fast reactor calculations, the flux shape changes
slowly with time relative to the flux amplitude, then the quasistatic approach is
much more economical than direct numerical integration of the space-, energy-,
and time-dependent neutron kinetics equations. FX2-TH67. KINTIG43 and SIMMER 68 ' 69
are all multidimensional, multigroup kinetics code which use this method.
Synthesis has also been employed in fast reactor kinetics code, e.g., RADYVAR-2.43
Although synthesis is more economical than the quasistatic method, there is a
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reluctance to use this approach in fast reactor acciden: analysis because of the
uncertainties of t r i a l function s u i t a b i l i t y (error bounds unknown). A blending
of the quasistatic and time synthesis methods recently has been proposed, and
nay prove to be more efficient than either component.
The adiabatic method with precomputed flux shapes (which can be
reused in similar t r a n s i e n t s ) , is more economical that the quasistatic method,
but precomputation of accurate shapes is not feasible for r e a l i s t i c transients
driven by thermal-hydraulic feedback, When the flux shape is computed periodically during the transient calculation, adiabatic results are nearly as accurate
as quasistatic solutions
>g~ (for fast reactor only) but there is v i r t u a l l y no
compurational advantage gained by making the additional approximations, 0
The "spaee-time" neutronics is fully coupled to sophisticated
thermal-hydraulic models in a number of codes under development. The FX2
quasistatic neutronics capability has been coupled tc a number of feedback
models: the VENUSII60 and VENUS I I I 7 1 hydrodynamic disassemblycodes, the
POOL68 boiling pool r e c r i t i c a l i t y scoping code, and the FX2-TH° feedback models
suit'd for both operational transients and many design basis accidents. The
SIMMER-11 code 69 for extended material motion in disrupted cores has quasistatic
neutronics options. The dual capability will become available for the predisassembly accident phase when SAS4A is completed.
Also, predisassembly
thermal-hydraulic models are being developed in KINTIC-2.
The new accident analysis tools are providing mere definitive data
on the limitations of point kinetics. A preliminary calculations or extended
core motion in a 1000 MWe LMFBR (with SIMMER-I) predicted flux shape changes
which clearly show that point kinetics would be inadequate for this accident.
Using FX2/VENUS, the outcome of disassembly calculations was found to be
l i t t l e affected by flux shape effects when the reactor is small, but significant
effects were observed for larga LMFBR's.
Also, significant flux shape
effects have been observed in FX2/POOL calculat ions. > /:>
Although space-time kinetics studies have shown that point kinetics
can fail under certain conditions, the simpler model has been shown to be s a t i s factory for a considerable range of r e a l i s t i c transients. However, further investigation of the transient conditions of significance for reactor operations or
for safety for which space-time kinetics is definitely required is necessary.
6.4

Comparison of Calculated Reactivity Coefficients with Critical Experiments

Many of the reactivity coefficients that are important to safety analysis
have been studied experimentally on fast c r i t i c a l assemblies. A large amount
of experimental data and supporting analysis are available for sodium void
r e a c t i v i t i e s and Doppler effects.
Limited information exists to validate
methods for calculating reactivity associated with thermal expansion.
In post~disassembly analysis, some experimental data are available on r e a c t i v i t i e s associated with relocation of fuel and structural material.
Methods used in the analysis of the c r i t i c a l experiments are usually more
detailed than are practicable for safety analysis studies. However, a detailed
understanding of the physics involved is needed to identify major errors in
nuclear data, analytical methods, or experimental data reduction. Also, the
extrapolation of the c r i t i c a l experiment data to a power reactor case inevitably
involves increased uncertainties. Thus, detailed physics studies yield both a
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base upon which to calibrate the accuracy of methods used in safety analysis,
and from which uncertainties in power reactor parameters can be minimized.
6.4.1

Sodium Void Reactivity

Coefficients

Sodium void reactivity in LMFBRs has been reviewed by Kusters and
Ganesan/? and Butland and Grimstone.78 These papers provide useful summaries
of items affecting sodium void reactivity in fast power reactors, targets for
accuracy in predicting these r e a c t i v i t i e s , and current status including some
results from the c r i t i c a l experiment programs.
There appears to be a general consensus on the accuracy requirement
for power reactor predictions. Kusters and Ganesan discuss targets of about
+ 20* ( l a ) , although they caution that the value depends on the particular
design. Study of a number of large conventional LMFBRs recently led Otake, et
ai.,
to specify a required accuracy for sodium-void reactivity of +_ 30&.
Butland and Grimstone quote an acceptable uncertainty of +_ 20-25% on the
maximum positive reactivity. The total uncertainty comes from several
major sources and includes errors in cross sections, approximations in
modsiing, effects of fuel temperature changes during transients, and influence
of fission
product buildup during the cycle.
Some indication of the uncertainty in sodium void reactivity due
to differences in nuclear data and cross section processing is available
frora the I a variations of 12% (core voiding only) and 17% (core plus axial
blanket voiding) found in the recent IAEA/NEACRP benchmark calculations for a
1250 MW(e) LMFBR.39 This is discussed in more detail in Section 6.7.
Critical experiments are designed to reduce the uncertainties due
to cross sections and modeling. Predictions of void r e a c t i v i t i e s for the
power reactor generally use design calculations adjusted by bias factors
developed from analysis of the c r i t i c a l experiments. For consistency, bias
factors are derived using the same nuclear data library and similar methods as
in the design calculations. Uncertainties in bias factors are usually obtained
from an overall fit to a number of experiments. Additional uncertainties
arise in the extr •>l--ion from the c r i t i c a l experiment data.
Analysis of sodium void experiments in c r i t i c a l assemblies
is similar throughout the different laboratories. Two-dimensional diffusion
theory, usually through perturbation calculations, is the common technique,
but thvee-dimensional calculations are becoming more routine (Section 6 3.2).
Precise modeling as well as transport and mesh effects become increasingly
important as the core size increases 90 or when voiding is near singularities
such as control rods. It was found in ZPPR-7 analysis that sensitivities to
these effects va.y significantly between conventional and heterogeneous core
configurations.
For example, the spread in C/E values for different axial
void steps in a heterogeneous core is reduced by 30% when transport corrections
are applied, while in conventional cores the spread is typically corrected by
less than 10% for transport effects.
It is well known that rz models can
cause large errors in void reactivity if control rods are homogenized into
rings (Section 6.3.2). Recent evidence suggests that in larger cores, where
the calculated flux is increasingly sensitive to material perturbations and
modeling, use of rz models in relatively clean systems can cause a 6% error in
computed void worth. 80
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The experience at ANL in c r i t i c a l experiment analysis is the adequate account of spectral changes caused by sodium voiding requires on the
order of twenty energy groups. (Further discussion of the number of groups
required is given in Section 6.3.1) Cross section preparation must account
for both resonance heterogeneities and streaming within plates of tne c r i t i c a l
asembly. For the Latter the Benoist prescription of directional diffusion
coefficients is extensively used, although Che consensus is that it results in
too high a correction (by perhaps 10-15%), as noted below.
Many sodium void measurements have been made in the that c r i t i c a l
f a c i l i t i e s , ranging from studies in small zones to large mockup cores.
Analysis Leads to similar conclusions on the a b i l i t y to predict voiding
effects, although bias factors are different due to the data l i b r a r i e s (including
delayed neutron parameters) used. Kusters and Ganesan
note that in each of
the major programs, predi-.tion of central void effects in c r i t i c a l assemblies
results in a spread of 15-25%. The results from some recent experiments are
summarized below.
In the UK, the accuracy of power reactor calculations (1977)
has been based on the analysis of experiments in the ZEBRA mockups of MONJU
and PFR.81- Measurements in small pin zones were well predicted with FGL5 data
and gave bias factors close to unity for both the ron-leakage and leakage
terms. 8 ' 1 Analysis of plate zone measurements showe a the need for an improved
calculation of leakage components in this geometry. Extrapolation of these
results to a 1300 MW(e) reactor of conventional design resulted in uncertainties
of 10% (la) on both non-leakage and leakage components. This led to an
estimated uncertainty of 1$ ( l a ) for the r e a c t i v i t y associated with loss of
flowing sodium from a l l cere fueled subassemblies at equilibrium burnup.
The experimental data base has been extended by the large core (BIZET) program
on ZEBRA which included both homogeneous and heterogeneous d e s i g n s . 8 2
In the French measurements on MASURCA, central sodium void
effects were well predicted with CARNAVAL-III data for both plutonium and
uranium c o r e s . 8 3 Recent data have been obtained as part of the PRE-RACINE
program and analyzed with CARNAVAL-IV data. Sodium void measurements were
made in a clean plutonium zone with both 8% 2l+0Pu and 18% 21+0Pu fuel, and
in a central f e r t i l e zene to study a heterogeneous configuration.
>
In
the plutonium zone, calculations were in agreement with experiment when the
leakage component was less than about 50% of the non-leakage term. Predictions
of the axial variation were considerably improved by use of directional
diffusion coefficients but the results suggest that the Benoist formulation
overestimates the streaming correction. Replacement of 8% 2 4 0 Pu by the 18%
2 Q
** Pu fuel resulted in an increase of about 30% in the void coefficient.
The
changes were well predicted with CARNAVAL-IV data. Void effects in the
f e r t i l e zone were less well predicted with discrepancies of the order of 15%
for a central void in the i n i t i a l a n a l y s i s . 8 5 These studies are being extended
to include a central control rod and complex zones with several control rods
and f e r t i l e zones.
Predictions of sodium void r e a c t i v i t i e s for MONJU have been
made in Japan using experimental results from ZPPR-2, ZPPR-3, MZA and MZB.66
A bias factor was defined as (E-C) per kg of sodium removed and an average
value of (0.05 _+ 0.05) * 10"** Ak/k was found for core and blanket regions,
using the NNS-5 cross section s e t . The r e s u l t s for different assemblies were
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consistent within this uncertainty. For MONJU the maximum void worth was
predicted to be 1.33% Ak/k validated by a Japanese analysis of the maximum
void reactivity worth in ZPPR-3 which was predicted with a C/E of 1.02. This
study aLso concluded that the Benoist anisotropic diffusion coefficients
overpredict the leakage component.
Recent experiments at the FCA facility in Japan studied sodium
voiding in internal blankets, with differing composition and thickness, at the
center of a cylindrical core.
A homogeneous core was also built for comparison. The analysis used the JAERI-Fast set (Version II) and diffusion theory
with directional diffusion coefficients. Sodium void worths were reported to
be fairly well predicted but the positive worth in the heterogeneous core was
underestimated (by about 10-152 in the core near a central axial blanket)
while that in the homogeneous core was overestimated.
Extensive studies of the sodium voia effect have been made at
Karlsruhe, most recently on SNEAK-9,88 These data were used to improve
predictions of void reactivity in SNR-3QQ,88 Analysis using the KFKINR cross
sections indicated an uncertainty of 25% for the maximum positive void reactivity in SNR-300. However, a large contributor to the uncertainty was the
analysis of "high-2i*QPu" zones in SNEAK-9-C-2.
Recent U.S. results supplement earlier assessments for 350
MW(e) conventional cores.
Analysis of central void measurements in the ZPPR
simulation of conventional two-zone cores yields C/E ratios in the range 1.10
- 1.25 using ENDF/B Version IV data. This range applies to reactors of
different size (ZPPR-2 or 5 compared to ZPPR-9, 10A, or 10B), different
environments (near control rod positions or control rods), different enrichments, and different core fuel volume fractions (32 to 41%). Central voiding
in a carbide benchmark on ZPR-9 and the heterogeneous core assemblies of ZPPR
results in average C/E values that are about 10 and 15% lower than in conventional cores. The presence of the thorium central blanket zone in the heterogeneous core (ZPPR-8) did not change the C/E -atio for voiding in the adjacent
core region. Results for regions of negative void worth80 indicate that the
Benoist formulation overestimates the plate streaming effect.
6.4.2

Doppler Reactivity Coefficients

Measurements in the Southwest Experimental Fast Oxide Reactor
(SEFOR) in the early 1970s are the major sourer of experimental data on the
Doppler effect in an operating LMFBR. SEFOR was a sodium-cooled, mixed-oxide
system (20% PuO2, 80% depleted UC2), built by the General Electric Company
(GE). Large diameter rods (25.4mm) provided fuel temperatures characteristic
of an LMFBR while operating at a lower power density. Reactivity feedback was
measured in critical and prompt-critical transient tests in two versions of
the core. Core I contained BeO to soften the spectrum, thereby enhancing the
Doppler effect. In Core II the BeO was replaced with stainless steel.
Early analyses of the SEFOR experiments were performed by GE 9 0 and
the Hanford Engineering Development Laboratory (HEDL). 91 The GE calculations,
using Bondarenko reasonance self-shielding and ENDF/B-III cross section data,
yielded C/E values of 1.07 and 1.04 for cores I and II, respectively.
Using different methods and the FTR Set 300 cross sections, HEDL obtained C/E
values of 0.91 and 0.98 after increasing the measured value by 11% for Core I
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and by 5% for Core II*. Both organisations estimated a 10% uncertainty in
Che experimental values. In Germany, calculations with KFKINR data gave C/Es
values for both cores of 0 , 8 9 , 9 2
The other type of experimental data on Doppler r e a c t i v i t y is from
measurements with small samples of material ( e . g . , 1 kg UO2) in c r i t i c a l
facilities.
In these measurements the r e a c t i v i t y effect is determined
by o s c i l l a t i n g the sample, heated to several different temperatures, in and
out of a cold core. Although these measurements require substantial extrapolation to be useful in reactor design, they have the advantage of independently
yielding Doppler coefficients in different core zones. Furthermore, this data
base is extensive, including measurements of f e r t i l e , f i s s i l e , and structural
materials in different reactor configurations.
The measurement environment
includes plate fuel zone;;, yin fuel zones, sodium-voided zones, zones of
different enrichment and different plutonium isotopic composition, and close
proximity to control rods and sodium channels. 9 ^» 9
Using ENDF/B-III data, analysis o? 238U Doppler measurements at
ZPPR has resulted in C/E values of 1.04 - 1.08 for 238U samples in clean core
zones. Lower C/Es (0.90 - 0.95) are found for sodium voided cores.
Results
using ENDF/B-IV are lower by only a few percent.
In Germany, calculation with
KFKINR data underestimated SNEAK results by 11%. 92 » 95 In Japan, calculations
of FCA, ZPR-6-7, and 2PPR-2 r e s u l t s produced C/E values in the 0.93 - 1.03
range.
Measured results for
Pu Doppler reactivity
indicate a positive
effect of very small magnitude relative to 238y^ -^e 239pu contribution to
fuel Doppler reactivity is expected to be minimal. ThO2 Doppler effect
measurements were made in the central blankets of the ZPPR-8 heterogeneous
core. The magnitude of the effect was 7-22% larger than for the UO2 sample.
Ulng ENDF/B-IV data the C/E range for the two samples was 0.74 - 0.84 in the
blanket environment.
The uncertainty in the calculations of the Doppler effect
for FFTF and CRBR was taken as +_ 2 0 % . " In the United Kingdom, it is
estimated that the Doppler effect for a commercial-sized fast reactor at
operating temperatures is predictable to 1 5 % . " For extrapolation to higher
temperatures, the uncertainty goes to 25%. 8 2 To reduce the uncertainty, it is
suggested that further study of the spectrum is required in the range 50 eV to
10 KeV. Also, further information in the temperature range 2000°C to 3000°C
is necessary.
The isothermal Doppler worth was calculated in the NEACRP large
homogeneous LMFBR comparison (Section 6.7). 3 9 When the results from ANL,
Belgium, Cadarache, CNEN, EIR-2, HEDL, JAERI-1, JAERI-2, Karlsruhe, and the
UKAEA were compared, one standard deviation was + 5% for the normal core and
+_ 8% for sodium-voided core.
A difficult problem in making use of critical experiment
measurements of the Doppler coefficient in accident analysis is to extrapolate
the measurements to temperatures of up to 4000 - 5000 K, of interest for
accident calculations. The calculated Doppler coefficient dk/dT of fertile
materials for fast reactors varies approximately as T~Y, with Y = 1.0,*00
it

HEDL used different delayed neutron parameters and introduced a correction
for the crystalline binding effect in UO2.
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which is the reason the Doppler "constant" -T dk/dt is generally quoted. More
precisely, recent calculations of Y for the CRBR reactor using ENDF/B-IV data
and the MC 2 -2 code have given values in the range 1.10 - 1.15. Actually,
the calculated Y for2 3 8 U tends asymptotically to 1.5 at high energies, and
resonance self-overlap, increasingly important at high temperature, can cause Y
to exceed 1.5, 101 so that Y values exceeding 1.0 are not unreasonable. There
is some uncertainty in calculation of resonance self-overlap in
U because
of uncertainty in the statistics of resonances. No evaluation of this uncertainty or of that in the effect oi: p-wave resonances, which also increase Y , 1 0 2
appears to have been made, but the self-overlap uncertainty is probably not
large. It is believed that the MC^-2 code does an adequate job of calculating
the self-overlap effect.
It has not been possible to determine Y experimentally with any
great accuracy because of the limited temperature range. A value of 1.0 ^ 0.2
is consistent with SEFOR measurements on raixed-oxide fuel.90 The fissile
material Doppler coefficient is an additional source of uncertainty in
calculated values of Y because unresolved resonance parametersraus..be used.
The calculated Y for fissile material is about 1.5, and the total effect is
positive and about \Q% of the negative fertile material effect. Experimentally
the fissile material effect is closer to zero. If zero is used instead of the
calculated value, Y is reduced by about 0.03, not a large effect.
6.4.3

Thermal Expansion Reactivity Coefficients

Thermal expansion can provide a significant negative reactivity feedback during a transient. Freslon, et al.,
report that 40 seconds
into a hypothetical loss-of-f low-wit'r out-scram transient in PHENIX, the
calculated reactivity balance includes -245 pan for axial and radial expansion,
of a total of -106 pern (implying +139 pem from other feedback sources).
Measurements at ZPPR have been done which provide an experimentally-based
prediction of thermal expansion reactivity effects.101* The reactivity change
from core expansion was inferred from radial and axial small sample worth
distributions in ZPPR-5. The method was checked against central expansion
simulations in which drawers of expanded materials were oscillated into the
core and the reactivity measured. Results served to place an uncertainty of
_+_ 20% on axial and radial expansion reactivities.
6.4.4

Reactivity Coefficients for Cladding and Structural Material
Displacement

Reactivity measurements of axial steel displacement were
included in the Core Disruptive Accident (CDA) experiments of ZPPR-5. 105 In
these measurements fuel and some structural material remained in the central
zone. The analytical methods which produced consistent results for sodium
voiding also worked for steel displacement. Using ENDF/B Version IV data, a
C/E of 1.10 was obtained for steel displacement reactivity effects, even with
the presence of a control rod or a sodium channel located at the center of the
steel slump zone.
Some information on structural reactivity coefficients was also
obtained as part of the ZEBRA-8G106 program. Few-group transport calculations
produced reasonable agreement with experiments for most cases.
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6.4.5

Reactivity Coefficients for Fuel Displacement

Several types of fuel motion have been suggested as possibilities
in the event of a disassembly accident. In the CDA sequence on ZPPR-5 fuel
motion was restricted to axial displacement only, and consisted of moving both
the depleted U3O8 plates and the Pu-*U-Mo fuel plates. Fuel was slumped toward
the midplane in one experiment, and toward the axial blanket in another.
Slumping occurred in a region the approximate size of 18 GRBR subassemblies.
This fuel motion resulted in a zone that was essentially void (a small amount
of structural steel remained), and a zone of similar size in which the fuel
was doubled.
As with sodium void, it was important to properly account for
resonance heterogeneities and streaming within the plates in order to
accurately predict the reactivities. Calculations involving the large-volume
low-density region were much improved by use of transport theory. For the
large amount of fuel moved in the ZPPR-5 experiments, first-order perturbation
calculations failed to give good agreement. The presence of a control rod or
sodium channel did not influence significantly the ability to predict fuel
motion reactivity. When the fuel was slumped inward, the experimental reactivity of +1.80$ was predicted with a C/E of 0.98. With fuel slumped outward in
two configurations, the measured reactivities of -0.23$ and -0.09$ were
calculated to be -0.37$ and -0.26$, respectively.
Two types of fuel motion were studied in ZEBRA-8G and ZEBRA-12
experiments. These involved vertical compaction (or meltdown models) and
radial compaction (or vapor explosion models). In ZEBRA-8G, a variety of
meltdown configurations were built, to separate to some extent the effects of
fuel movement, sodium removal and leakage in large voids. The meltdown
configuration was made in this assembly in a zone approximately 220 mm square
at the core/radial blanket interface.
Analysis of the ZEBRA meltdown measurements indicated that transport calculations could adequately predict the effects within uncertainties
due to mesh, angular quadrature and few groups. This conclusion is in agreement with the ZPPR-5 studies. For diffusion calculations, a simple formulation
for anisotropic diffusion coefficients was derived*06 to take into account
axial and radial streaming in large cavities. The analysis for ZEBRA-12 was
carried out using these "effective" diffusion coefficients. For the meltdown
situations, these gave calculational discrepancies of about 10^ compared
with 5i from transport calculations. However, these techniques were not
able to accurately predict the radial compaction situation at the interface
where radial streaming effects were important.
6.4.6

Reactivity Coefficients in GCFR's

Experimental determinations of reactivity coefficients in GCFR
mockups have been made on the ZPR-9 facility at Argonne National Laboratory,
USA, lD/ and on the PROTEUS facility at the Swiss Federal Institute for Reactor
Research.108 Reactivity coefficients studied are the worths of steam entry,
helium depressurization,109 2 3 3 U Doppler, and 1 0 B. Using ENDF/B-IV data and
Benoist anisotropic diffusion coefficient in 29 group modified first order perturbation theory models to analyze the ZPR-9 results produced C/E values of
~1.3, 0.83, and 1.00 for the central worths of '•He, 2 ^ 8 U Doppler, and 1 0 B.

17
Experimental worths of 2 3 8 U Dopplar and l0 B increased by 92% and 442 respectively when simulated steam at 0.0082 gm/cc was introduced, and the C/E values
shifted to l.OQ and 1.12 respectively.
The steam entry was simulated by polystyrene beads (PROTEUS) and
polyethylene foam (ZPR-9). Its worth proved to be the most difficult of the
experiments to correctly compute as a result of the worth being comprised of a
positive component due to decreased leakage which is nearly cancelled by a negative component due to spectral softening. Tha experiments in all cases produced
positive worths upon simulated steam entry. The amplitude of the reactivity
change was much decreased by the introduction of poisons (control rods) which
(with fission products) are present in power reactors. Calculations, using the
methods described above, generally predicted worths of the wrong sign.
6.5

Problems of Grossly Distorted Cores
6.5.1

Neutronics Computations in Severely Distorted Reactor Configurations

In the analysis of accident scenarios one must often calculate the
change in reactivity which results from a postulated change in core configuration. So long as the prescribed distortion of the core i3 sufficiently small
(as in early stages of a hypothetical core disruptive accident (HCDA), or in a
disassembly with limited motion of core materials) problems encountered in
neutronics computations are very similar to those routinely dealt with in
reactor design. On the other hand if extended material motion occurs one may
be confronted with less familiar situations, for which neutronics computational
techniques have not been thoroughly developed. Thus, for example, near a
small melt-down zone the neutron spectrum is determined by the compositions of
adjacent regions. This spectrum is determined by the compositions of adjacent
regions. This spectrum is likely, then, to differ very little from the
spectrum in the normal core. On the other hand if the melt-down zone is large
the spectrum near this zone will be established principally by the melt-down
zone itself. In this case changes in the spectrum near the boundary of the
melt-down zone can be very substantial and very abrupt. Conventional methods
for preparing group cross sections might be inadequate. In such a situation
even an original cross section library such as an ENDF/B set that has been
used with good success for analysis of normal criticals might not be adequate
for severely distorted cores since processes which are enhanced in damaged
cores may change the relative importance of different types of cross sections.
Thus, for example, if streaming through voided lattice structures in the core
should be particularly important, the total cross sections of structural
materials might play an unusually large role in determining the size of
reactivity effects.
Errors in group cross sections would, of course, affect any
transport or diffusion computation based on multigroup approximations. Other
sorts of errors are peculiar to diffusion theory. It is clear, for example,
that the neutron diffusion equation is invalid in voids where, strictly
speaking, the diffusion coefficient, D, is infinite. However, diffusion
theory often can be used with some success in voids, with D assigned a large,
but finite, value. Diffusion calculations for reactors with holes in the core
were carried out, for various configurations, by Cahalan et a l . 1 1 0 In all the
situations which they studied the holes were totally enclosed in the core.
Generally, Cahalan et al.found that diffusion calculations were reasonably
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accurate, but errors in eigenvalues did become as large as 1% compared to
those from Sn calculations in computations for those configurations with the
largest holes. Errors due to neutron streaming may well, grow still larger for
even bigger holes, or holes which lead out of the core, into adjoining regions.
Special diffusion computer ;..\al techniques for dealing with
streaming through holes have been suggested by Cahalan et al, and also
by Collins et al, (Section 0.4.4)* 06 The accuracy of these techniques, like
the accuracy of simple methods based on nominal diffusion coefficients, may
also depend on the sizes of the postulated holes, and on their locations. It
should 'j« noted that all the void regions in the melt-down criticals discussed
ic, Section 6.5.2 ware well reflected. Yet some difficulties were encountered
in the use of the method proposed by Collins et al. even in these cases.
6.5.2

Critical Experiments in Simulated LMFBR Meltdown Cores

The Core Disruptive Accident (CDA) experiments in ZPPR-5 are
discussed in Sections 6.4.4 and 6.4.5. These experiments simulated sodium
voiding and fuel slumping in an 18-subassembly-size region at the center of
the CRBR mockup critical assembly. A second series of LMFBR meltdown experiments was later performed on ZPR--9 Assembly 32. In these measurements a
series of severe meltdown configurations was simulated in a small, clean core
for the purpose benchmarking the various analytical methods used in the
prediction of meltdown reactivity effects. The sequence (shown in Fig. 6.1)
started with a small cadaraaged reference core of characteristic "-MFBR outer
zone enrichment. The small core size was purposely selected to emphasize
leakage effects so that statistically meaningful Monte Carlo estimates of
eigenvalue errors could be obtained. A central zone of 18.96 cm radius was
voided of sodium (axial blanket voiding included). Fuel and cladding relocation were simulated by axially-symmetric slumps to core center and to the
core/blanket interface -- resulting in internal cavities containing only the
empty 2PR matrix tubes and drawers (~7% steel). Axially asymmetric slumps in
and out were also modeled as was an axially asymmetric inward slump with
blanket collapse. It should be noted that the damaged core configurations are
idealized in that 100% of the tael in the slump regions is moved rather than a
lesser fraction. In this sense the accidents simulated by this sequence of
cores represent very severe limiting cases. Because of the requirement to
maintain the o
ical facility in a safe configuration, the sequence of
configurations could not be achieved by simple rearrangements of a constant
fuel inventory. For the slump-in configurations it was necessary to remove
fuel from the core/radial blanket interface and/or from the slump zone to
avoid assembling a supercritical configuration in the facility.
Although the principal interest of this program was in the reactivity associated with material relocations, fission rate and reactivity coefficient spatial distributions, spectral indicators, and kinetics parameters were
also measured. Details of the experimental measurements and their results
obtained in the various configurations of the sequence are given in Refs. Ill
and 112.
Calculational models of the critical experiments spanned the range
of rigor from 3D Monte Carlo through 2D S n to 2D diffusion theory; all
were based on the use of ENDF/B-IV nuclear data. The 3D Monte Carlo models
used the continuous-energy-representation Monte Carlo code, VIM. The geometry
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was modeled in explicit plate-by-plate d e t a i l . Eigenvalues for four of the
meltdown configurations are summarized in Table 6.3. Additional details of
the calculations! methods and results are given in Ref. 112.
The conclusions to be drawn fron tha calculation to experiment
comparison discussed in Ref. 112 are summarized below:
a. No matter what calculational model was used, the eigenvalue
bias (C-E) changes from one configuration to another by an amount which
exceeds 3 HD.QQS. Although configurational distortion effects were purposely
exaggerated in the experiments, the results indicate that independent of
uncertainties in thermal, hydraulic and equation-of^state modeling, the
reactor physics methods themselves (including nuclear data) are a potential
source of spurious reactivity ramps in safety calculations.
b. The Monte Carlo (C/E)^ results, which are shown with their
la statistical uncertainties, lie in the range 0.991 to 1.000. The spread of
0.009 ~3t$ i n eigenvalue bias as a function of configuration is of the order
of three times the standard deviation in the difference between two Monte
Carlo eigenvalues. It seems reasonable to suppose,on this evidence, that the
ENDF/B-IV data themselves are responsible for a shift in eigenvalue bias, for
these very severe core rearrangements, which exceeds B in magnitude. Monte
Carlo statistics will have to be refined, however, before the size of this
shift can be determined very accurately.
c. S^PQ 2D-RZ transport calculations in 29 groups accounting for unit cell hetccogeneity effects on resonance and plate self shielding
and corrected for neutron streaming in the plate unit cells display a bias of
~+0.005 in eigenvalue relative to Monte Carlo and -0.001 to +0.006 relative to
experiment. The bias relative to Monte Carlo is relatively independent of
configuration, suggesting that the errors associated with discretizing the
space, energy, and angle dependences of the flux are relatively insensitive to
major shifts in leakage to absorption ratio. Thus, in spite of rapid spectral
changes in the damaged core configurations, standard methods for preparing
group cross sections predict eigenvalue changes reasonably well.
d. Diffusion theory 2D-RZ results in 29 groups, using the same
cross section set as the SI+PQ calculations and accounting for streaming
in the unit cells (but not the internal cavities) exhibit major rhifts in the
eigenvalue bias factor as a function of configuration.
e. Diffusion theory predictions of reactivity changes induced by
material rearrangements are, for the cores considered here, rionconservative
— underpredicting positive reactivities.
f. Errors in reactivity coefficients of material motion which are
predicted using first order perturbation diffusion theory are often large and
are a function of configuration. For a given configuration, the errors in
predicted worth are a -trong function of position.
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TABLE 6,3. Eigenvalue vs. Configuration in the
RSR Meltdown Core Criticals Program
Configuration
(Core Radius)

k

a
expt.

Diffusion
Theory-

Transport
Theory0

Monte Carlo

Reference
(44.1892 cm)

1.00Q91

0.99093

1.003330

0.99588 ± 0.00226

Na Void Zone
(44.1892 cm)

0.99698

0.98577

1.001277

0.98835 i 0.0024

Symm. Slump Out
(45.4892 cm)

1.00018

0.98651

1.004188

0.99625 i 0.00196

Sytnm. Slump In
(42.3940 cm)

1.00128

0.98308

1.008213

1.00134 ± 0.0024

Corrected for 2t>1Pu decay to Aug. 10, 1977.
b
Includes Gelbard anisotropic diffusion coefficients
streaming effects.
'SI+PQ

calculation using DIF3D code.

VIM Monte Carlo calculation - la.

to account for

in-plate
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6.6

Effect of Reactor Design on Reactivity Coefficients
6.6.1

Variatioa of Sodium Void Effect with Reactor Size, Composition,
and Burnup

The sodium void effect is positive in Pu-fueled reactors primarily
because of the way the 2 a 9 Pu fission cross section varies with energy. The
number of fission neutrons produced per neutron absorbed does not increase with
decreasing energy as rapidly as neutron absorption does, so that k« and the
neutron importance function decrease with decreasing energy,^
As a consequence, when sodium is removed with a consequent loss of moderation and
hardening of the spectrum, a reactivity gain occurs. Threshold fission in
fertile materials also contributes to the increase in the adjoint function
with increasing energy. (Actually the adjoint function goes through a minimum
around 6 Q 1-1Q kev, so that there is a negative contribution to the spectral
component at low energies). Leakage, which increases with energy, has an
important effect in reducing the adjoint function increase with energy. This
is the main reason that the spectral component of the sodium void effect
becomes more positive with increasing fertile-to-fissile ratio: i.e., the
leakage per absorption decreases. Increasing threshold fission also plays a
role in this. The leakage component of the sodium void effect, resulting from
the decrease in reactor transport cross sections, contributes an always
negative effect which decreases with increasing reactor size because of the
decrease in reactor flux gradient. An increase in reactor size at a given
fuel density causes an increase in fertile-to-fissile ratio, also leading to a
more positive sodium void effect.
How the sodium void effect varies with variations in reactor composition will depend on the total result of simultaneous changes that must be made
to maintain criticality. As already noted, a decrease in fertile-to-fissile
ratio tends to give a less positive sodium vcid effect. Balancing this T'ith
increased control rod absorption will tend to increase the. sodium-void effect
because the increased capture depresses the low-energy adjoint function. An
r-z model is in general not adequate to calculate this effect because the
leakage component of the sodium void effect is sensitive to the spatial flux
variations introduced by the control rods as noted in Section 6.3.2, and
because the sodium void effect is the result of a balance between the positive
spectral component and negative leakage component. Control rod effects over
a burn cycle will depend on the core breeding ratio, as this will determine
whether reactivity must be subtracted or added.
Fission products tend to make the sodium void effect more positive
because the energy variation of their capture cross sections is more rapid
than that of 2 3 9 Pu fission and capture or 2 3 8 U capture, leading to a sharper
energy variation of the neutron adjoint function. The net effect of fission
products over a cycle again depends on the extent to which their reactivity
effect is compensated by control rod withdrawal or by an increase in fissile
material content from core breeding.
Substitution of 2t+0Pu for 2 3 8 U at a given fertile-to-fissile ratio
leads to a more positive sodium void effect because of the lower fission
threshold and the more rapid increase with effective capture cross section
with decreasing energy resulting from the smaller resonance self-shielding
occurring at the lower 2lf0Pu concentration. Substitution of 24l Pu for 23 ^Pu
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leads to a more negative sodium void effect because of the more rapid rise of
th- ^ P u fission cross section with decreasing energy and because of the
lower capture-to-fission r a t i o , both of which tend to give a relative increase
in the low-energy adjoint function.
Increased moderation such as would correspond to a change from
carbide to oxide fuel at the same fuel density could be expected to make the
sodium void effect less positive because of the consequent flattening of the
adjoint function. Such an effect was not evident in comparative studies of
hypothetical 3000 Mwt oxide- and carbide-fueled LMFBR's in which core volume
fractions and heavy metal densities were the same; the small change in sodium
void effect observed was consistent with the change to be expected for a change
in f e r t i l e - t o - f i s s i l e ratio for a given fuel type.**3 Artificial increases in
the carbon and oxygpii to heavy metal ratio further confirmed that the difference
in moderating power between C and Q2 has a negligible effect on sodium void
worth. Actually, because of the higher fuel density of carbide fuel the
f e r t i l e - t o - f i s s i l e ratio will be higher for an optimized design for a given
total reactor power.
There is not much in the way of recent i l l u s t r a t i v e material available
for the individual effects of the other factors discussed above on the sodium
void effect.
Typical results for the overall effect of these factors have
been given by Su and Barthold**3 in a comparison of reasonable carbide and
oxide-fueled designs for a 3000 Mwt (1200 Mwe) LMFBR (Table 6.4). They
obtained higher total core voiding reactivity for carbide fuel than for oxide
fuel as shown in Table 6.5, mainly because of the higher f e r t i l e - t o - f i s s i l e
ratio for the carbide case even though the core was somewhat smaller.
The results in Table 6.5 show an increase in core sodium void worth
from the beginning-of-life (BOL) to the beginning-of-equilibrium cycle (BOEC)
which appears to be due mainly to the presence of fission products in the
latter case and to the buildup of fissile material in the blankets, effectivtiy
increasing reactor size. There is a further increase in sodium void worth in
going from BOEC to EOEC (end-of-equilibrium cycle) conditions. In the case of
oxide fuel this increase is mainly the net effect of a decrease from control
rod withdrawal and an increase from fission product buildup. The change in
fissile inventory is small. In the case of carbide fuel the core breeding
ratio is high enough that reactivity is gained rather than lost during the
cycle. In this case the net gain in sodium voiding reactivity is the combined
result of control rod insertion (positive), fission product increase (positive)
and decreased f e r t i l e - t o - f i s s i l e ratio (negative). Pu isotopic composition
changes were small over the cycle.
There is an inconsistency in Table 6.5 in that the fuel temperature
was taken as 13009K for the 3000 Mwt oxide case and 1100°K for the others.
The sodium void effect becomes more positive with increasing fuel temperature
corresponding to the difference between the voided and unvoided Doppler
constant. Adjusting the fuel temperature for the 3000 Mwt oxide case to
1100°K would lower the 6k for total core voiding by 0.0005.
In the case of the CRBR1*9 the sizable increase in the sodium void
effect from BOL to BOEC is apparently due to the combined effect of fission
product buildup, change in Pu isotopic composition, and effective reactor size

Table 6.4.

Characteristics of CRBR and 3000 Mwt (1200 Mwe) LMFBR

Fuel

Reactor

Core Vol.*
1

Core Regions/
Pu Isotope

BOL

BOEC

EOEC

F e r t i l e / F i s s i l e Ratio
CRBR H

Oxide

2500

Inner Core
Outer Core

238
239
240
241
242

5.4
3.5

5.6
3.8

I..0

0.9

67,,4
19.2
10.0
2.4

66.2
23.4

0.8
62.8
26.9
6.2
3.3

5,,7
3,,7

7.6
2.9

Fertile/Fissile Ratio
3000 Mwt 1 1 3

Oxide

9800

Inner Core
Outer Core

8.0
6.2

7.9

8.1

6.3

6.6

Pu Isotopic Composition
239
240
241
242

67 .9
19.4
10.3
2.4

67.8
20.3
9.3
2.6

%
67.5
22. 1
7.6
2.8

Fertile/Fissile Racio
3000 Mwt 1 1 3

Carbide

8100

Inner Core
Outer Core

10.7
7.8

Core Volume Fractions, Fuel/stainless steel/sodium:
CRBR
3000 Mwt O x i d e

0.356 (p*81.2%
0.399 (p=88.0%

T.D.)/0.226/0.418
T.D.)/0.216/0.385

3000 Mwt Carbide 0.378 (p=95.0% T.D.)/0.143/0.482
^Similar for 3000 Mwt Carbide.

10.6
7.9

10.0
8.1
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Table 6.5,

Whole-Core Sodium Voiding Reactivity

Voiding Reactivity, <5k/k
Reactor

Fuel

CRBR
Oxide
(940 Mwt)

Fuel
Temp, 'K

ENDF/B
Version

noo

Method

Core
Region

BOL

BOEC

EOEC

III

Pert.
Theory

Inner
Outer
Total

0.0109
-0.0024
0.0085

0.0140
0,0000
0.0140

0.0148
0,0002
0.0150

1100

IV

Pert.
Theory

Inner
Outer
Total

1100

III

k Calc.

Inner
Outer
Total

0.0115
-0.0027
0.0088

1100

IV

k Calc.

Inner

0.0130

1 00

IV

k Calc.

Inner

0.0138

0.0170
0.0013
0.0183

3000 Mwt

Oxide

1300

IV

Direct
k

Inner
Outer
Total

0.0177
0.0024
0.0255

0.0190
0.0034
0.0285

0.0220
0.0032
0.0256

3000 Mwt

Carbide

1100

IV

Direct
k

Inner
Outer
Total

0.0239
0.0012
0.0255

0.0257
0.0025
0.0285

0.0301
0.0334
0.0334

1100

IV

Pert.
Theory

Total

0.0246
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increase from Pu buildup in the blankets. This last effect would be relatively
more important in the CRBR than in la£ge reactors. Changes in contro*L rod
settings were not large betwe. n BOL and BOEC.
First-order perturbation theory using <5D = "TF2 generally gives
1
1
1
'
I
better results than <5D ~ -J
=• •=
•=— because of compensating errors in

S h

calculation of leakage and spectral components of the sodium void effect. For
the GRBR core the error in the first-named option for <5D, used in Table 6.5,
is +6% i. for the inner core for the BOL state. For the BOL state of the 3000 Mwt
carbide-fueled core the error is -4%. Because the reactivity change for local
voiding is likely to be of more interest than that for entire core voiding in
accident analysis, the errors in first-order perturbation theory should be
effectively less than those found by assuming whole-core voiding. It is
important to take account of the change in heavy-elerrent resonance selfshielaing on voiding of sodium; neglect of this leads to about a 20% underestimate of sodium void worth in the CRBR.
In the cases in Table 6.5 for the CRBR in which the Version IV cross
sections were used, the transport theory option in MC -2 for heavy-element
resonance-region calculations was selected instead of the simpler treatment
involving the narrow resonance approximation. This turned out to make the
void effect for the CRBR about 7% more positive, apparently mostly because of
an increase in shielded ^°U capture cross sections below about 1 keV. Aside
from this change from methods, the use of Version IV cross sections gives
about a 10% more positive inner-core voiding effect as is seen in Table 6.5.
Since according co Section 6.4.1 the C/E ratio of critical experiment sodium
voiding measurements using Version IV was already ~l.2O, use of the more
accurate method would increase the disparity between experiment and theory
even more. How large the discrepancy actually is depends on the correctness
of the suggestion made in Section 6.2 that the C/E of 1.13 for the central
worth of
Pu using Version IV cross sections is the result of cross section
errors rather than of an error in the reactivity scale.
Trends in steel worth with changes in reactor design and operating
conditons have not been explicitly considered here but would be similar to
those for sodium.
6.6.2

Variation of Doppler Coefficient with Reactor Size, Composition,
and Burnup.

The Doppler effect results primarily from a changing competition
between fission and capture as a result of a change in resonance self-shielding
with temperature. In an LMFBR the changes in self-shielding of interest are
mainly those in 2 3 8 U capture and occur mostly below about 25 keV, with the
median of the Doppler effect about 1 keV. The Doppler coefficient is thus
determined to a great extent by the amount of such flux, so that increasing
reactor size in general leads to a larger Doppler coefficient. Parasitic
capture such as is introduced by control poison and fission products lowers
the Doppler coefficient both because of resulting decrease in the low energy
flux and a reduction in the importance of low energy neutrons. The relative
amount of moderating material present is of course important in determining the
amount of flux in the Doppler energy region.
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Su and Barthold113 compared Doppler constants -T-r= for the 3000 Mwt
carbide- and oxide-fuelea LMFBR designs mentioned in the preceding section,
with results as shown in Table 6.6. There is not much difference in the
Doppler coefficients of the oxide and carbide designs: the greater moderating
power of the oxide fuel is offset by a higher core sodium content and lower
fertile-to-fissile ratio in the case of the carbide fuel. A comparison of the
oxide design with a hypothetical carbide reactor with the same core size, core
volume fractions, and fuel density gave a Dopplor constant for the carbide
fuel 88% of that for the o x i d e , ^ The much larger change in Doppler constant
over an equilibrium cycle in the case of the carbide design is the result of
the increase in core fissile content for this particular design, resulting in
lower fertile-to-fissile ratios and requiring control rod insertion. In the
oxide case the effect of control rod withdrawal on the Doppler constant about
balances the effect of fission product buildup over an equilibrium cycle.
Doppler constants for the CRBR
are saen to be smaller than for the
3Q0O Mwt designs corresponding to the lower fertile-to-fissile ratios.
6.6.3

Sodium Void and Doppler Reactivities in Heterogeneous Cores

Heterogeneous core configurations is result in a reduction in
sodium void reactivity. The reduction will depend on the neutronic coupling
between the different core zones which are separated from each other by
blanket regions. The weaker the coupling is between the different core
regions and the smaller the core regions are, the smaller is the sodium void
reactivity. In the concept of Ref. 114, in which two complete rows of blanket
elements separated core legions, there was only a few percent reactivity
coupling between core regions. Limitations in the achievable sodium void
reactivity come from thermal-hydraulic constraints as well as physics constraints. The physics constraint is the degree of coupling between different
core regions. As the neutronic coupling gets weaker the sodium void reactivity
decreases
and the sensitivity of power shape to burnup, enrichment and
enrichment split differences increases.*^5 A reactivity ramp in one region of
the reactor does not lead to a uniform rise in reactor power. Therefore,
while it is possible to calculate lower sodium void reactivities with decreasing
coupling of the different regions, there are practical limitations which do
not permit utilizing the full potential of low sodium void cores.
The reduction in sodium void effect is obtained primarily by
increasing the enrichment of the core regions, thereby reducing the positive
spectral component. There is also an increase in the leakage component caused
by increased flux gradients. The increase in core enrichment also lowers the
core Doppler coefficient.
Studies performed at ANL under contract with EPRI 1 1 6 for 1000 Mwe
oxide-fueled LMFBR's show that a limited reduction in flowing sodium void
effect from $5 or more for a homogeneous design to $2.5 is possible for a core
design that has a 15 year doubling time and is still fairly tightly coupled.
In the most promising of this series of design concepts there are a central

Table 6.6.

Doppler Constants for Isothermal Heating of Fuel

Doppler Constant

- i f x l0Reactor

CRBR100

3000 Mwt 113

3000 Mwt 113

Fuel

fDF^B
Version

Method

1100+2200

III

Pert.
Theory

Inner
Oucer
Total

1100+2200

IV

Pert.
Theory

Inner
Outer
total

k
Cal.

Inner
Outer
Total

72 .6
22. 2
94. 8

Temp, 'K
r

Oxide

Oxide

Carbide

1300+2200

IV

Gore
R

BOL

BOEC

EOEC

36. 7
10. 1
46. 8

39.5
13.1
52.6

Region

47. 4
14. 7
62. 1

41.4
13.8
55.2

1300+2200

IV

Pert.
Theory

Inner
Outer
Total

76. 2
22. 5
98. 7

1300+2200

IV

k
Calc.

Inner
Outer
Total

78. 9
19. 9
98. 8

65 .2 66.3
21.4
19.5
86. 6
85.8

71. 8
19.4
91. 2

55.8
17.2
73.0
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blanket and three core regions separated by blanket regions with average thicknesses varying from less than one row to between one and two rows of elements,
Tdk
the lattice pitch being 14.4 cm. The Doppler constant
J J in the core is of
the order of 0.0045 as compared to "-O.QQ85 for homogeneous designs, but would
be augmented by perhaps 40% by heating of the internal blanket regions, which
have a Doppler constant comparable to that of the core regions. The reduction
in sodium void worth indicated above could be sufficient to be rather advantageous from a safety standpoint.
The study of space-time effects for heterogeneous reactors is still
in an early stage. Unpublished results from ANL using the FX2-TH code 57 show
significant power perturbation effects in a control rod withdrawal accident
even in a fairly tightly coupled heterogeneous design.**
Whether these effects
would lead to a derating of che core compared to homogeneous designs to avoid
local fuel damage from hot spots remains to be determined. The question of
reactor stability especially for loosely-coupled cores also needs to be examined.
6.7. International Intercomparison of Calculated Reactivity Coefficients
Sodium-void, Doppler and central small-sample reactivity worths were
calculated and intercompared by several nations as part of an international
comparison calculation of a large (1250 MWe) LMFBR benchmark model. 39 The calculation was sponsored by the NEACRP in collaboration with IAEA, and a
specialists meeting was held in February, 1978 at Argonne National Laboratory to
discuss and evaluate the results. This international comparison calculation was
the first of these exercises (the previous one was held in 1971)1!-^ to deal significantly with safety parameters. The results are of considerable interest
since they are some indication of the degree of agreement or disagreement of
these parameters when calculated by different laboratories. Since the reactor
model was carefully specified in this exercise the differences in the results
are primarily an indication of the differences in the processed nuclear data
sets used in the calculation. The problem was specifically set up to minimize
the effects of methods differences.
The benchmark reactor specification was based on a 3260 MWt conventional
mixed oxide design with a 0.300 inch pin size developed at ANL in 1975.
The benchmark model was set up for R,Z modeling with specified homogeneous
compositions for each region of the reactor. The model contained no control
rods or control rod positions;. The core height was 40 inches (101.6 cm) and the
radii of the inner and outer core regions were 136.85 cm and 176.53 cm, respectively, giving a total core volume of 9950 liters. The core volume fractions were 41% for fuel, 38% for total sodium and 21% for total structural.
Eight configurations of the benchmark reactor were specified. These
included both sodium-voided configurations and configurations with hot fuel
so that the sodium-void and Doppler reactivities were deduced from eigenvalue
differences. Both the Doppler and small-sample reactivity worths are also
calculated for the sodium-voided environment.
The summary of the calculated results for the sodium void and Doppler
reactivities are presented in Table 6.7, and the results for the central isotopic
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TABLE 6.7.

Sodium Void and Fuel Doppler R e a c t i v i t y Worths

Na-Void

Worth

(k void
. , - krefJ / k refc
Solution

Inner
Gore

Core Plus
Axial Blanket

Isothermal Fuel Doppler
Worth
(k 22QQ - k - l l 0 0 ) / k U Q O
Config. i
Na In

Config. 3
Na Void

Mean

0.02116

0.02098

-0.00729

-0.00433

Std Deviation

0.00255

0.00352

0.00079

0.00062

Percent Difference Relative to the Mean
11.54

16.77

-1.46

3.91

-32.57

-44.50

-3.55

0.03

CADARACHE-1

6.58

6.23

3.48

12.22

CADARACHE-2

2.14

1.37

-4.07

6.45

CNEN

7.86

5.04

1.70

0.45

EIR-1

14.76

22.96

-

-

EIR-2

-7.46

-7.21

-

-

HEDL

-7.22

-6.64

0.32

12.22

JAERI-1

3.98

9.24

8.15

17.07

JAERI-2

11.50

15.62

-9.42

-4.63

JAERI-3

11.26

17.22

5.26

18.69

KARLSRUHE-1

0.50

-1.51

-6.24

-3.69

KARLSRUHE-2

-8.78

-12.93

-12.56

-6.80

2.66

3.61

30.65

-31.42

-3.25

-4.39

-0.09

-0.71

-13.51

-20.89

-12.17

-23.80

ANL
BELGIUM

SWEDEN
UKAEA
USSR
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reactivity worths are given in Table 6.8. In each table, the ra^ean value and
the standard deviation of the results are presented in the top two (2) lines.
In the remainder of the table the percent difference ifrom the mean value for
each parameter and solution are listed. Additional information on each of
the solutions is included in Table 6.9. A preliminary report on all of the
results from this international comparison calculation is included in Ref. 39,
and the draft final detailed report of the exercise is Ref. 120.
The primary conclusions of this exercise relating to reactivity coefficients are as follows:
1.
Considering the traditional difficulty in sodium void calculations,
the la variations of 12% and 17% in these results are surprisingly good.
Further, the sodium-void results do not correlate well with either the small
sample sodium worth or the one-group sodium transport cross section. The la
variations of the Doppler values (11% and 14%) are about the same as those for
the sodium-void values. This is a somewhat unexpected result which could be
due to either the temperature dependence of the ^38U cross section or the low
energy flux. There is no strong evidence that the spread in the Doppler
results is due to low energy flux differences since the Doppler results do not
correlate well with oth^r low energy indices such as boron worth. The mean
sodium-voided Doppler value is about 60% of the reference (sodium-in) Doppler
result.
2.
Table 6.9 indicates which of the data sets used in the calculations are
adjusted. The solutions were grouped into adjusted and non-adjusted groups and
the results intercompared. For parameters such as the eigenvalue and the
reaction rate ratios, which are normally used in the data adjustment schemes,
the variations among the results from the adjusted sets were considerably less
than for the results from the non-adjusted s e t s . However, for the safety
parameters, the variations among the results from the adjusted and non-adjusted
sets were about the same.
3.
According to the results in Table 6.8 239Pu central worths calculated
from the adjusted cross section sets are larger than those obtained using
ENDF/B-IV. This was contrary to expectation, given that typical C/E values for
fissile isotope central reactivity worths in critical asemblies are 1.15-1.20
for ENDF/B-IV calculations and ~1.0 for calculations using the adjusted sets
(e.g., CARANVAL-III and FGL5). This discrepancy is discussed in more detail in
Section 6 . 2 . 1 . These C/E differences could be due to differences in the
calculated central worths (Sk/k units), differences in the 3 e ff's used in the
data reduction or other differences in the experiments. When corrected for
differences in the radial flux distributions the calculated central worths for
ENDF/B-IV and the adjusted sets are about the same. The 6eff values differ
by 6 - 7%, which leaves about 10% of the central worth discrepancy due to
either experimental problems or unaccounted for in this exercise. It is
unlikely that a difference as large as 10% can be attributed to the experimental
techniques.
4.
The variations in the safety coefficient results observed in this
intercomparison are a measure of the differences in the nuclear data files
and/or the data processing codes in the participating countries. It is
related to, but not a measure of, the uncertainty in the calculation of LMFBR

TABLE 6 , 8 .

Central isotopU

Heaccivitf

ferChs

U 0 ~ b &k/k per iO2<*
Configuration 3 (Ma Void)

Configuration I (Na In)
Solution

233pu

Mean

118.7

Std. Deviatioft

4.4

ANL

23%

«a

Fe

-7.5?

-0.93

-1.06

-74,2

3.5
a. 2i
0.12
0.0?
4.3
Relative
to
the
Percent Difference
Kean

0,05

3.3

Pe

-0,64
0.35

0.0?

-0.89

-78.2

133,5

-3.8

1,4

-2.4

-5.0

0.5

-1.5

1,6

BELGIUM®

5.9

4,7

-20.5

13.5

3.0

-4,3

5.5

2.2

-0.2

-3,2

C&MMCIIB-I*

4.2

4.5

11.5

-11.7

5.3

-0.6

-0.3

11.8

-11.1

2.0

CU&RKBB-2*

6.0

5.8

2.9

-5.5

6.0

0.7

0.4

-1.3

-5.8

2.0

CNEW

-a. 5

6.6

2.8

O.i

-5.8

4.3

1,8

8.6

3.4

~>D.l

m-i-

-4.7

-6.4

-13.7

10.1

-6.1

-1.2

-0,6

-25. a

7.2

-0.2

BIR-2*

-3,3

-0.1

-3.8

-7.1

-0.4

3,S

-5.8

0.4

-3.6

JAK&I-t

-4.0

-4.3

-1.0

-2.6

-6.1

-1.9

-().»

3,6

1.6

-3.4

JABRI-2

0,4

-5.0

5.7

-0.9

0.3

0,5

J *F

15.0

i.A

1.7

JAERI-3

-1.5

-1.2

2.9

-5.9

10.0

-1.1

0,9

7.6

0,4

13.0

KAUSlltntt-1-

4.3

-2,2

15.3

5.4

-0.0

2.3

0.3

IS* 2

0.8

-1.2

KARLSRUHE-2 a

0.2

-5,9

8.6

10,5

4.0

-2.6

5.8

-0.2

-

~

-

-

_

-

4,7

2,1

-2.S

4.1

2.9

5.5

SWEDEN
UKA£A

-It.4
-O.S

-a.t

„

1.5

1c
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TABLE 6.9.

Solution
Label

Country

List of Solutions and Participants

Data Set

Adjusted

Solution Authors and
Meeting Attendees

fcNL

USA (ANL)

ENDF/B-IV

No

L. G. LeSage, D. C. Wade,
and R. D. McKnight

BELGIUM

Belgium

KEDAK-2

No

G. Minsart, R, deWouters

CADARCHE-1

France

CARNAVAL-III

Yes

Y. Y. Bouget, P. Hammer

CADARACHE-2

France

CARNAVAL-IV

Yes

CNEN

Italy

ENDF/B-IV

No

R. Conversano, A. Livrieri,
F. Raponi, D. Rinaldis,
and S. Zero

EIR-1

Switzerland

ENDF/B-IV

No

P. Wydler, J. Hadermann,
W. Heer, and H. U. Wenger

EIR-2

Switzerland

ENDF/B-IV

No

D. B. Marr, R. W. Hardie

JAERI-1

Japan

JENDL

No

H. Yoshida, H. Nishimura,
S. Iijima, T. Osugi,
Y. Kikuchi, T. Nakagawa,
K. Ikawa, and M. Hirata

JAERI-2

Japan

JAERI-FAST-2

Yes

M. Nakagawa, A. Zukeran

JAERI-3

Japan

GJAERI-FAST-2 (25)

Yes

A. Zukeran, M. Nakagawa

KARLSRUHE-1

Germany

KEDAK-3

No

C. Broeders

KARLSRUHE-2

Germany

KFKINR

Yes

SWEDEN

Sweden

ENDF/B-5

No

Klas Jirlow

UKAEA

England

FGL-5

Yes

J. L. Rowlands, C. J. D
C. G. Campbell

USSR

USSR

BNAB-70

No

M. Troyanov
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safety parameters. The actual design uncertainty in most of the safety parameters is lesT^than is indicated by the spread in the calculated results
because reactor designers routinely apply bias factors (usually derived from
critical experiments) to their calculated results. The bias factors, which
would have the effect of reducing Lhe spread among the results, were not
applied in this exercise.
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