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ABSTRACT

As part of the Initial Feasibility Study of the Fast Mixed Spectrum
Reactor, a series of benchmark calculations were made to determine the
sensitivity of the physics analysis to differences in methods and data.
Argonne National Laboratory (ANL), the Massachusetts Institute of Tech-
nology (MIT), and Oak Ridge National Laboratory (ORNL) were invited to
participate with Brookhaven National Laboratory in the analysis of a
FMSR model prescribed by BNL. Detailed comparisons are made including a

comprehensive study on the adequacy of the fission product trea*ments.
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1. INTRODUCTION

As part of the Initial Feasibility Study of the Fast Mixed Spectrum Re-

actor (FMSR) carried out during FY 1979, a series of benchmark calculations

were undertaken to determine the sensitivity of the physics analysis to differ-

ences in methods and data. Argonne National Laboratory (ANL), the Massachus-

etts Institute of Technology (MIT), and QOak Ridge National Laboratory (ORNL)

were invited to participate with Brookhaven National Laboratory (BNL) in the

analysis of a FMSR model prescribed by BNL.

Each participant utilized current state of the art methods available at

their respective installations. The model selected was the reference design

discussed extensively in the Initial Feasibility Report.(1)

The primary conclusions of the benchmark activities are:

1.

For the reference design, overall agreement between the participating
calculations was reasonable for parameters such as eigenvalue and
breeding ratio. For the equilibrium BOEC and EQEC, the results agreed
to within 1.5% in kq, with ANL showing the largest deviation from

the average.

0f all the efferts studied, the treatment of fission product cross
sections is clearly the most jmportant contributor to the observed
differences. This led BNL to implement a inore sophisticated treatment
than available in the initial calculations. Many of the differences
between the ANL and BNL results were then resolved.

Since spatial spectral effects are very important in the FMSR, care
must be exercised in generating region-wise few-group cross sections.

In particular, the local breeding ratio is quite sensitive to the



calculation of the local spectrum and treatment of the resolved
resonance region. Differences in determining local breeding,
especially in the moderator region, can significantly impact the
performance of the FMSR.

4. The results of the benchmark calculations indicate that all the meth-
ods and data predict essentially the same results, provided the anal-
yses take into account the need to carefully treat the spatial depen-
dence of the neutron spectrum.

5. Analyses of the benchmark results led to a careful review of the
available fission product treatments. A new "two lump" treatment has
been developed which predicts results in good agreement with thcse ob-
tained with an exact treatment.

This report will summarize the results of benchmark calculations in Sec-

tion 2. A detailed discussion on fission product treatments will be given in

Section 3 and the conclusions of the study are summarized in Section 4.



2. INTERCOMPARISON OF BENCHMARK CALCULATIONS

2.1 INTRODUCTION

The fact that differences can exist between different establishments os-
tensibly calculating the same system has been highlighted in papers by Weisbin
et al.(2) at Atlanta in 1974 and a Los Alamos report in 1978 by Kidman et
al.(3) in 1974. These differences stem from the various approximations util-
ized to obtain solutions to that system. These approximations may be inherent
in the basic system at an establishment or introduced by the analyst who fails
to select the niost appropriate model, either by lack of awareness or confine-
ment to available methods. These circumstances can be financial (i.e., the
computer code used runs for too long a time), spatial (i.e., the computer meri-
ory is too small or the algorithms are not sufficiently design-oriented to han-
dle a detailed problem), and logistical (the manpower and resources are not
available to do a more detailed survay within the time allotted).

The FMSR benchmark analyzed was performed by four participants: ANL, BNL,
MIT and ORNL. The calculation was based on an early FMSR design by BNL which
incorporated engineering design censiderations such as power flattening and
coolability. The original calculations by BNL were as detailed as possible
within the constraints imposed by the version of the 206(4) code available on
the Brookhaven CDC-7600 computer. The 2DB code is essentially group indepen-
dent, as far as space on the computer is concerned, thus permitting the use of
the LIB-IV 50-group cross-section 1ibrary.(5) The use of 50 groups was a coil-
promise between excessive running time and adequate detail in the energy des-
cription of the cross sections which was needed to properly represent the larye

number of different desiyn options which needed to be considered in the early



stages of the project. The fast regions of the FMSR are relatively innocuous
as far as caiculational methods are concerned. However, the introduction of
the moderator seems to introduce significant spectral effects necessitating
the use of a Targe number of groups to properly represent the low energy region
and the spatial spectral shifts associated with burnup. The large number of
groups also tends to mitigate some of the problems associated with few-group
cross sections such as those generated with the 10x(6) system, notably in the
elastic removal area and in the resolved resonance region.

In the following section, the benchmark problem is described, integral
parameters are compared, the effect of group collapsing is discussed, as well
as the fission product models used, and relevant one-group cross sections are

compared.

2.2 DESCRIPTION OF THE BENCHMARK PROBLEM

In order to compare methods and data in use at the different laboratories,
an early design of the FMSR, which contains all the essential features of this
reactor type designated the "reference" design, was selected for the benchmark.
An R-Z model was specified in as much detail as was possible within the re-
strictions of the 2DB version in use on the BNL CDC-7600 computer. A schematic
representation of this R-Z model is shown in Figure 2.1. The radial direction
was represented by 108 meshpoints; 18 meshpoints were used in the axial direc-
tion. The upper and central fuel regions were modeled by 34 regions correspond-
ing to the 34 cycles of the "equilibrium" fuel management scheme. However, the
axial blanket was modeled in less detail because of computer space limitations.
In the FMSR, there is no radial blanket in the sense of an LMFBR because fuel

assemblies that start off in "radial blanket" positions eventually become core
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Figure 2.1. R-Z Model for Benchmark Study




assemblies in later cycles. One of the adjustable parameters in an FMSR design
is the cycle length between fuel management shuffles. In the BNL calculations,
a cycle time of 185 days was selected based on the best available data at that
time. The cycle time has subsequently been increased to compensate for data
deficiencies partly uncovered hy this comparison.

The benchmark was calculated at BNL using the 50-group LIB-IV neutron
cross-section set processed by the 1DX code with no group collapsing. MIT
elected to use the same basic LIB-IV cross-section set processed by the SPHINX
code, but due to cost considerations, both in running time and computer stor-
age, used 10 energy groups. ORNL was also constrained by cost, although not in
size, to use 9 groups processed through their AMPX system. Although ANL had
the capability to perform 50-group calculations using the DIF3D code with cross
sections processed by the MCZ-SDX system, the basic ARC system modules cou-
pled to REBUS dictated the use of eight energy groups. The DIF3D code also had
limited editing capabilities since it is a relatively recent addition to ANL's
library. Table 2.1 summarizes the computational methods employed by each par-

ticipant in the benchmark calculations.

2.2.1 Group Collapsing Considerations

Group collapsing is used to save computer running time and storage, and is
the normal mode of operation in the fast reactor community both in the USA and
abroad. However, in the case of the FSMR, indiscriminate group collapsing can
yield some surprising results in all designs with the exception, perhaps, of an
all-fast system. BNL selected 50 energy groups because it was recognized that
in the initial design phase, with a wide variety of reactor configurations
under consideration, no specific collapsed cross-section set would adejuately

accommodate all designs. Further custom group collapsing for each new design

-6 -



Table 2.1

Methods and Data Utilized by FMSR Benchmark Participants

Calculation BNL-1 BNL-2 MIT-1 MIT-2 ANL ORNL
Basic Crass Sections ERNUF/B-1V ENDF/B-1V ENDF/B-IV ENDF/B-1V' ENDF/B-1V | ENDF/B-1V
Intermediate . )

Processing Code MINX MINX MINX MINX mMCe-2 AMPX
Intermediate Library

Groups 50/L1B-1V 50/L1B-1V 50/LIB-1IV 50/L1B-1V 171 126
Fission Product 2.7 NSFP ENDF/B 2.7 NSFP JAPANESE ENDF/B ORIGEN
Cross Sections Scheme 1-Lump Scheme Produced
Processing Code for

Broad Groups 1DX 1DX SPHINX SPHINX SDX XSDRN
Number of Broad Groups 50 50 10 10 8 9
Fuel MGT Code F2DB F2DB 2DB 2DB REBUS-DIF3D | CITATION




would involve a large amount of preprocessing, data manipulation, and human

time consumption with the 1DX code. it was, therefore, simpler and safer to
utilize 50 energv .oups, albeit at the expense of additional calculational
time.

ANL demonstrated that if the collapsing is done properly, then the re-
sults, as far as eigenvalues are concerned, differ by less than a half a per-
cent in ke. However, this applies to only one point in the fuel residence
time. In the FMSR, however, the compositions change markedly during the life
of the fuel assemblies. As will be seen later, the ANL breeding ratio compar-
isons, especially in the outer zones (1 and 2), show enough variation to have
an effect on the equilibrium cycle since these small effects are additive. This
could not be directly confirmed because the ANL fuel cycle calculations were
performed with only 8 groups and 17 double cycle lengths instead of the BNL

prescribed 34 cycles.

2.2.2 Fission Product Models

The fission product cross-section representations used by BNL were based
on LIB-IV which, in turn, is based on the Garrison-Roos lumping scheme.(7)
In this representation, xenon and samarium are treated explicitly; lumps are
used to represent the non-saturating, slowly saturating and rapidly saturating
groups. No scattering matrices are included for the Tumps. Two models were
used by BNL. The first, designated BNL-1, used the non-saturating lump only;
the cross-section magnitudes were multiplied by 2.7 to account for the other
fission products. The second model, designated BNL-2, is based on all five
cross-section sets. ANL also used a Garrison and Roos scheme to produce a sin-
gle lumped fission product. MIT used an evaluation from Japan by Kikuchi et

a].,(3) seen compared with ENDF/B-V in Figure 2.2, and ORNL used an ORIGEN

-8 -
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based, zone-dependent, Tumped fission product. The ORNL fission product cross
sections tend to be somewhat lower than their GCFR-based set in the regions
that control the reactivity of the FMSR, again an indication of the sensitivity
of the results to zone-wise cross-section representation upon collapse to few
groups. A subsequent study showed that at the 50-group level, the cross sec-
tions are much less zone dependent, except in the lower energy groups. This
would suggest the use of one global Tump at the 50-group level provided it were
generated for the moderator zone; it would therefore yield the correct results
for the moderated zone and reasonably good results for the fast zones where
there is little sensitivity to epithermal group cross sections. The resulting
one-group cross sections are compared in a later section.

As a result of the uncertainties in the lumped fission product cross sec-
tions and models, a detailed study of the fission product behavior as a func-

tion of burnup was carried out at BNL and is discussed in Section 3.

2.2.3 Comparison of ke and Breeding Ratio

Table 2.2 shows a comparison of the integral parameters calculated by the
four benchmark participants. Two sets of results are given for BNL (BNL-1 and
BNL-2) which correspond to different fission product treatments. The BNL-1,
MIT, ORNL and ANL calculations all utilize essentially the same fission product
treatment; namely, a single non-saturating lump. Thus, these four calculations
had the .ame fission product inventory and the same cycle length.(185 days).
The second BNL calculation, BNL-2, was carried out using five fission products

(Xe~135, Sm-149, rapidly, slowly and non-saturating tumps) and a cycle length

of 220 days.

Both BNL~1 and MIT-1 calculations were made without a scattering matrix

for the fission products to provide a more consistent comparison. ORNL

- 10 -



Table 2.2

Benchmark Results

Fission Product Eigenvalue K Breeding Ratio*
Participant Library BOC EOC 80C EOC
BNL-1 LIB-1V-Lump 0.982 1.000 1.68 1.61
BNL-2 LIB-1V-5 0.977 0.993 1.67 1.57
Fission Products
MIT-1 LIB-1V 0.986 1.004 1.67 1.60
MIT-2 JAPANESE 0.969 0.987 1.64 1.61
ORNL ORNL-4 0.979 1.002 1.66 1.58
ANL ENDF/B-II1 0.966 0.983 1.66 *x
AVERAGE 0.977 £ 0.007 | 0.995z 0.008 1.67
*n . _ Captures in (U-238 & Pu-240)

BR = Absorptions in (Pu-239 & Pu-241)

ek
Not available

-11 -



estimated that the scattering matrix is worth about -0.6% in multiplication
factor. Calculations made at BNL indicate a decrease of 1.4% in kg when the
fission product scattering matrix is approximated by the scattering matrix for
natural molybdenumn.

The fission product model used in the BNL-2 series of calcuiations indi-
cates that an even longer cycle time than 220 days is required. A 240-day cy-
cle time would ensure that the value of kg is unity at the end of the equil-
ibrium cycle.

An inspection of Table 2.2 shows the following:

l. A1l of the calculations agree with the average to within one percent

in kes

2. Agreement in calculated breeding ratio is excellent;

3. Differences between the calculations can be attributed in large part

to the fission product treatment;

4. The methods and data for all practical purposes are essentially equiva-

lent. However, as will be shown in the following sections, the treat-
ment of the highly spatially-dependent spectra needs to be handled

with care, especially in the resolved resonance region.

2.3 COMPARISON OF ONE-GROUP INTEGRAL PARAMETERS

To explore further the salient differences between the calculational mod-
els and data used in the benchmark analyses, a series of comparisons between
calculated integral parameters is presented. These include one-group cross
sections and spectral indices. The compdarisons have been collected for the
three representative regions of the reactor; namely, fast, transition fast to
epithermal, and epithermal zones. The zone designations correspond to the BNL

designations as shown in Figure 2.1 and are:

- 12 -



1. Zone 19 corresponds to the central fast spectrum region composed of
Tow enriched fuel with an accumulated fission product inventory
corresponding to one fourth of the reactor total.

2. Zone 32 is all in the fast region and has a high fissile enrichment
with a high fission product concentration.

3. Zone 34 is similar to Zone 32 but next to the beryllium moderator, and
therefore, more sensitive to the local epithermal spectrum.

4., Zone 10 corresponds to the inner moderated region composed of

partially enriched fuel with a low fission product concentration.

2.3.1 Comparisons in the Fast Regions

Table 2.3 compares fission cross sections in the two fast regions, Zones
19 and 32. As expected, there is 1ittle sensitivity of the fissile cross sec-
tions to the different cross-section generating methods. However, for the fer-
tile isotopes, U-238 and Pu-240, there are some differences though not large (6
to 12%). These differences can be attributed to differences in representing
the fission cross sections near the thresholds for fission.

Table 2.4 compares the absorption cross sections in the fast region. For
the fissile and fertile isotopes, the trends indicated in Table 2.3 are re-
peated. Since the absorption is pretty much dominated by fission in the fast
regions, this is not surprising.

In the case of the fission products, the differences are of the order of
25%. This is to be expected considering the differences in treatment. How-
ever, when the one-lump fission product used in the BNL-1 treatment is replaced
by the more explicit treatment used in BNL-2, agreement between BNL, ORNL and
ANL is quite good (4 to 7%). The high one-group absorption cross sections for

MIT stem from the higher fission product cross sections inherent in the

Japanese evaluation.
-13 -



Table 2.3

One-Group Fission Cross Sections

Zone 19 Reactor Center (Low Burnup)

Nuclide ANL MIT ORNL BNL - BNL*
8 Groups | 10 Groups | 9 Groups | 50 Groups | 50 Groups
u-235 1.50 1.53 1.49 1.50 1.50
U-238 .034 .036 .033 .036 .037
Pu-239 1.61 1.63 1.61 1.62 1.62
Pu-240 .354 .369 .347 .368 .370
Pu-241 1.96 2.00 1.95 1.97 1.96
Zone 32 Fast Region (High Burnup)
Nuclide ANL MIT ORNL BNL BNL*
8 Groups { 10 Groups | 9 Groups { 50 Groups | 50 Groups
U-235 1.49 1.530 —— 1.5 1.49
u-238 .047 .045 ———— .050 .050
Pu-239 1.64 1.65 ———- 1.65 1.64
Pu-240 431 419 ———- -446 .446
Pu-241 1.95 2.0 ——— 1.97 1.96

*Five fission products,

- 14 -
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Table 2.4

One-Group Absorption Cross Sections

Zone 19 Reactor Center {Low Burnup)

Nuclide ~ANL MIT URNL BNL-1 BNL-2*
Groups | 10 Groups | 9 Groups | 50 Groups { 50 Groups
U-235 1.86 1.91 1.85 1.87 1.86
U-238 .225 .235 .219 .221 .226
Pu-239 1.86 1.90 1.85 1.87 1.86
Pu-240 .633 .668 .621 -648 .650
Pu-241 2.24 2.30 2.23 2,25 2.24
FoPo** .263 .297 .261 .236 .252
Zone 32 Fast Region (High Burnup)
; ANL MIT ORNL BNL-1 BNL-2*
Nuclide Groups | 10 Groups | 9 Groups [ 50 Groups [ 50 Groups
U-235 1.83 1.89 —— 1.85 1.84
U-238 .226 .234 ———- .23 .228
Pu-239 1.88 1.92 ——-- 1.9 1.89
Pu-240 .731 .716 R .728 .719
Pu-241 2.23 2.29 -—-- 2.25 .223
F.p.x* .261 .291 -— .231 .244
*Five fission products, cycle time = 220 days

**Fission Product

- 15 =




2.3.2 Comparisans in the Transition Fast to Epithermal Spectrum Region

Table 2.5 compares the one-group fission cross sections for the transition
zone (Zone 34). Inspection reveals that for the fissile isotopes, the differ-
ences range from a few percent to 25 percent. In particular, good agreement
between the BNL-2, ANL and ORNL calculations is obtained upon replacing the
earlier BNL-1 one-iump fission product cross section with the more explicit
five fission products representation. These rasults indicate the sensit® ity
of the analysis to the fission product treatmert and led to the study of fis-
sion product treatment to be reported in Sectisn 3. As expected, the sensitiv-
ity of the fertile fission cross section is small due to the threshold nature
of the cross section. In other words, the high eneryy component of the spec-
trum appears to be fairly insensitive to the differences between the methods
and data utilized by the three participants.

Table 2.6 shows a comparison of the one-group absorption cross sections.
With regard to the fissile isotopes, the trends observed for the fission cross
sections are repeated to a large extent here. However, the differences are
more pronounced with differences as high as 35%. It should be noted that BNL-2
calculations are again in excellent agreement with the ANL calculations.

With regard to the one-group fission product absorption cross section, the
more explicit five-fission product treatment of BNL-2 is in good agreement with
the ANL results. However, both the BNL-2 and ANL results are 23% lower than
the ORNL and MIT resuits. It is clear that any further comparisons must be

based on a prescribed consistent fission product treatment.
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Table 2.5

One-Group Fission Cross Sections

Zone 34 Transition Fast to Epithermal Spectrum Reyion
. ANL MIT ORNL BNL-1 BNL-2%*
Nuclide 8 Groups | 10 Groups | 9 Groups | 50 Groups | 50 Groups
U-235 3.03 3.40 2.96 3.40 3.04
U-238 .042 041 .038 .046 .044
Pu-239 2.68 3.36 2.69 3.09 2.68
Pu-240 .368 .385 .370 .404 .398
Pu-241 4.39 5.35 4.74 5.47 4.6

*Five fission products, cycle time = 220 days

Table 2.6

One-Group Absorption Cross Sections

Zone 34 Transition Fast to Epithermal Spectrum Region

Nuclide ANL MIT ORNL BNL-1 BNL-Z*.‘ i
8 Groups | 10 Groups | 9 Groups | 50 Groups | 50 Groups
U-235 4.09 4.68 4.09 4,67 4.17
U-238 .352 .364 .355 .390 .369
Pu-239 3.72 4,95 3.82 4.41 3.79
Pu-240 2.83 6.70 .397 3.16 2.42
Pu-241 5.40 6.00 5.86 6.75 5.63
F.p** 1.30 1.6 1.6 .871 1.25

*Five fission products, cycle time = 220 days
**ission product
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2.3.3 Comparisons in the Epithermal Spectrum Region

Tables 2.7 and 2.3 compare the one-group fission and absorption cross sec-
tions, respectively, for the epithermal region. As expected, the largest dif-
ferences between the different calculational schemes will be manifested here.
The results will be very sensitive to treatment in the resolved resonance re-
gion, spatial group collapsing, and group structure. Inspection of Table 2.7
shows that the differences between the various methods yield differences as
large as 40% with the ORNL calculations showing the largest difference when
compared to the ANL, MIT and BNL calculations. The BNL and ANL calculations
are in very close agreement, lending some confidence to the ANL group collap-
sing methods as far as epithermal fission is concerned.

Comparison of absorption (mainly capture) in the epithermal region, as
shown in Table 2.8, reveals some interesting points:

1. For the important isotope U-238, the MIT, ORNL and BNL calculations
agree to within 4%. The ANL calculations indicate a U-238 capture
rate that is 20% lower than the others.

2. The ANL broad group set was obtained using the MCZII/SDX system
which has an accurate resonance treatment based on RABBLE, the re-
maining treatments use the narrow resonance approximation (NRA). It
is thus somewhat puzzling that the one-group cross sections based on
the NRA are higher than thcse based on an exact treatment, since one
would expect the exact collision density to increase in the interior
of a resonance yielding a higher cross section. The Pu-240 absorption
cross section follows the expected trend, in that the one-group cross
section corresponding to the exact calculation is higher than the

cross section based on the NRA (see Table 2.8).
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Table 2.7

One-Group Fission Cross Sections

Zone 10 Epithermal Spectrum Region

Nuclid ANL MIT ORNL BNL-1 BNL-2*
Auctide | g groups {10 Groups | 9 Groups | 50 Groups | 50 Groups
y-235 13.4 12.0 11.7 12.6 12.5
U-238 .035 .039 .028 .034 .033
Pu-239 14.5 14.3 13.8 15.7 15.6
Pu-240 .342 .332 .292 .354 .350
Pu-241 22.1 22.8 23.7 24.7 24.4
*Five fission products, cycle time = 220 days
Table 2.8
One-Group Absorption Cross Sections
Zone 10 Epithermal Spectrum Region
Nuclid ANL MIT ORNL BNL BNL*
uctide 8 Groups | 10 Groups | 9 Groups | 50 Groups | 50 Groups
U-235 17.9 16.6 16.3 17.3 17.3
U-238 .556 .646 .665 .673 .669
Pu-239 21.7 22.3 21.5 24.5 24.4
Pu-240 102.4 40.4 92.2 82.0 72.6
Pu-241 28.7 29.5 30.7 31.8 31.4
FoP** 11.55 6.72 19.2 2.92 9.74

*Five fission products, cycle time = 220 days
**Fission product
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Based on the above comparison, it is seen that the differences in U-238
capture in the moderated zones are not entirely due to the WRA, which is usual-
ly the chief cause of differences in this energy band, but involve other
factors. These factors include the number of broad groups and the choice of
group boundaries. It is felt that the latter is particularly important in the
moderated zone where individual resonances play an important role. This point
will be discussed in the section on group collapsing. Finally, the U-238 cap-
ture cross section in the resonance range is particularly important in the
FMSR, since it controls the enrichment of the fuel before it enters the fast
part of the core.

3. For the fertile Pu-240 isotope, there is a wide range in values varying
by as large as a factor of 2.55, with the MIT values showing the larg-
est deviation from the others (approximately a factor of 2 lower than
the average of the others).

4. For the fission product absorptions, there is reasonable agreement
(v~20%) between the ANL and BNL-2 calculations. However, the ORNL
results are approximately a factor of two higher and the MIT results ap-
proximately 40% lower. Differences of the order of 20% are reasonable,
but a factor of two indicates that some basic differences in treatment

need to be resolved.

2.3.4 Spectral Shift Effects

A measure of the spatial dependence of the neutron spectrum is the spec-
tral index. Such indices as the ratio of fissile to fertile fissions and the
ratio of fertile capture to fertile fissions give the degree of spectral soft-
ening or hardening, a high index corresponds to a soft spectrum and a small in-

dex to a hard spectrum. For comparison, a gas-cooled breeder usiny oxide fuel
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has a fissile to fertile ratio of 32 and a conventional LMFBR has an index of
around 50.

Table 2.9 gives a comparison of the spectral indices. Inspection shows
the degree of spectrum softening with the indices varying by a factor of five
from the fast to epithermal spectrum zones. For the Pu-239 fission to U-238
fission ratios, there is good agreement in the fast region (~10%), poorer
agreement in the transition region (v30%) and epithermal regions {(v20%). BNL
and ANL calculations are in reasonably good ayreement (v10%). Similar con-
clusions can be drawn by comparing the U-235 to U-238 fission ratios.

For the important U-238 capture to U-238 fission ratios, good agreement
(10%) is observed for the fast region and transition regions (v12%). The ANL
and BNL results are in excellent agreement. However, in the epithermal spec-
trum region, the ANL results are about 27% lower than the average of the BNL,
MIT and ORNL results. These results are consistent with the one-group absorp-

tion cross section comparisons of Table 2.8.

2.3.5 Effect of Group Collapse on One-Group Cross Sections

In order to gain some perspective on the effect of using fewer groups, a
comparison was made between calculations using 10 and 50 groups. The BNL 50-
group library was collapsed to 10 groups using the 1DX code. Zone-wise cross
sections were obtained for four zones; namely, two for each fast zone, a tran-

sition zone, and the moderator zone. The ten-energy group structure is given

in Table 2.10.

As expected, the cross sections in the fast region were rather insensitive
to group structure. Table 2.11 presents the one-group cross sections for the

transition and moderator zones.
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Comparison of Spectral Indices

Table 2.9

239238

o /of
Lab/Groups ANL/8 MIT/10 ORNL/S BNL /50
Fast 34.9 36.7 ——— 33.1
Transition 63.8 81.9 70.8 67.2
Epithermal 416.7 478.9 492 .5 465.9

0%35/0%38
Lab/Groups ANL/8 MIT/10 ORNL/9 BNL/50
Fast 31.7 34.0 —— 30.0
Transition 72.1 82.9 77.9 73.9
Epithermal 387.0 402.7 416.4 373.9

238,238

oc /0%
Lab/Groups ANL/8 MIT/10 ORNL/9 BNL /50
FaSt 3.8 4-2 - 3.6
Transition 7.4 7.9 8.3 7.5
Epithermal 15.0 20.7 22.8 19.0
GCFR Critical Experiment(g) 0%39/0%38 = 32.4
zpp-2(10) 0235/0238 = 50.0
JEZEBEL (Fast){l1) 023/6230 = 4.7
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Table 2.10

Group Structure for BNL 10-Group Library

Group Number Upper Energy (eV)

1 19.771E+6
2 3.6788E+6
3 1.3534E+6
4 4.9787E+5
5 1.8316E+5
6 6.7379E+4
7 2.4788E+4
8 9.1188E+3
9 3.3546E+3
10 4.5400E+2
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Table 2.11

Comparison of BNL 10-Group and 50-Group Calculetions

One-Group Cross Sections

TRANSITION ZONE

50 ENERGY GROUPS

MODERATOR ZONE

TRANSITION ZONE

10 ENERGY GROUPS

MODERATOR ZONE

Fission Fission Absorption Fission Fission Absorption
y-235 3.4 12.6 7.3 3.5 12.3 16.2
U-238 0.046 0.034 0.673 0.047 0.032 0.581
Pu-239 3.09 15.7 24.5 3.31 16.7 25.3
Pu-240 0.404 0.354 82.0 0.497 0.350 83.5
Pu-241 5.47 24.7 31.8 5.52 27.3 31.8
238 4,239
g /cf 0.041 0.033
a?39 0.56 0.52
238
-0 026 0.022
BR - m%‘g’g‘ . .




Examining Table 2.11, it is seen that the uranium cross sections show
little sensitivity to group structure with the exception of the important
absorption cross section for U-238, where in the moderator zone, there is a
change of 14% in the capture cross section upon reducing the number of yroups
from 50 to 10.

In the transition region, there appears to be a yeneral change in the
spectrum shape as evidenced by the increase in the fissile cross sections and
an increase in the fertile fission cross sections.

In the moderator region, there is a somewhat contradictory behavior.
While the fissile cross sections for the 10-yroup case are higher, the U-236
capture cross section is lower. Also, the ratio of U-233 capture to Pu-239
fission decreases upon going from 50 to 10 groups and there is a slight de-
crease in the plutonium alpha. The only conclusions to be drawn froi this be-

havior are:

1. There is some spectrum softening upon reducing the number of yroups

from 50 to 10.

2. The most pronounced effect, however, appears to be in the resonance
capture treatment of U-238.

3. The U-238 capture cross section is reduced, and for the FMSR, this can
have important and significant impact on the breeding in the mederator

zone, inasmuch as this determines the enrichment of the fuel at time

of shuffling to the fast region.
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3. FISSION PRODUCTS

3.1 INTRODUCTION

The treatment of fission products in the FMSR concept requires a different
approach from that taken in analyzing conventional reactor designs for the fol-
lowing reasons:

a) The spectrum varies from extremely hard (harder than the GCFR) to com-
paratively soft (with a substantial fraction of the neutrons in the
resolved resonance range}. Thus, the conventionally accepted fission
product treatments used for fast reactors or those used for power re-
actors are not directly applicable.

b} The Tong fuel exposure times required in the FMSR require more atten-
tion to the entire fission product chain, i.e., simple Tumped fission
product treatments as used in fast reactors are not sufficiently accu-
rate.

¢) The long fuel exposure times lead to production of a substantial
amount of fission products. Due to the relatively high capture cross
sections of these fission products, sufficient care and accuracy are
required in their determination.

From the above, it is clear that the conventional treatments of fission
products are not satisfactory. Several studies have been carried out to deter-
mine a more acceptable way of dealing with this problem. The following sec-
tions will outline the previously used one-Tump model, the currently used mod-

el, and finally, work that is in progress on a two-lump model.
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3.2 FISSION PRODUCT MODEL USED IN THE INITIAL FMSR FEASIBILITY STUDY

The 50-group LIB-IV fission product cross-section 1ibrary(7) was used in
the Initial Feasibility Study. This set Tumps all fission products into five
groupings.(7) These are based on thermal reactor experience and are thus more
consistent with a well-moderated spectrum. They are Xe-135, Sm-149, a Rapidly
Saturating Lump (RSFP), a Siowly Saturating Lump (SSFP) and a Non-Saturating
Lump (NSFP), for each fissionable isotope. Brookhaven's original treatment
considered the non-saturating lump only and adjusted its cross sections by a
multiplicative factor to account for the remainder of the fission products and
the fact that two fission products are emitted per fission event. Since the
cross sections for RSFP, SSFP, Xe-135 and Sm-149 are higher than the NSFP, this
factor is customarily taken to be larger than 2; in fact, the actual value used
was 2.7. In the fast zone of the FMSR this model is reasonably satisfactory
and it also conforms with current fast reactor practice. However, in the mod-
erated zones, it was found that this model failed to represent the fission
products accurately. In order to estimate the magnitude of the possible error
involved, a new fission product lump was defined. This lump was composed of a
mixture of NSFP and SSFP in the approximate ratio of their yields, 1.6 to .4,
respectively. Using this revised lump, the BOEC value of ke was lowered by
0.4% and the overall spectrum hardened, refiecting increased absorption in the
resolved resonance range due to the explicit inclusion of the SSFP. The re-
sults of this calculation suggested a revision in the treatment of fission

products and a departure from the one-lump model.

3.3 CURRENTLY USED FISSION PRODUCT MODEL

The current FMSR fission product treatment uses the full Garrison-Roos(9)

scheme recommended for use with ENDF/B-3 and implemented in the LIB-IV fast
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reactor library, albeit without scattering matrices for the lumps. This con-
sists of the isotopes Xe-135 and Sm-149 with scattering matrices and the three
lumps as indicated in the previous section without scattering matrices. The
composition of the lumps together with an estimate of their worth in the fast
spectrum regions of an FMSR (based on the Kikuchi one-group fast reactor cross
sections(8) are shown in Table 3.1. The effect of using the model on the

FMSR can be seen in Figure 3.1 and can be summarized as follows:

1. The Xe-135 isotope was unimportant in describing the long-term reac-
tivity effects in the FMSR.

2. Sm-149 and Sm-151 (which are the main constituents FMSR-wise of the
rapidly saturating lump) are important in their amelioration of fuel-
moderator interface power-peaking effects. Figure 3.1 and Table 3.1
both show that the non-saturating and the slowly-saturating lumps are
the most impertant and are responsible for over 90% of the absorption
in the bulk of the FMSR. However, the lumping and their descriptive
titles of Garrison and Roos are based on the properties of the con-
stituent nuclide in thermal reactor systems and are not meaningful in
an FMSR (or LMFBR) context. Investigations to obtain more meaningful

groupings are described in the next section.

3.4 EFFECT OF SCATTERING MATRIX

The previous model does not include a scattering matrix for any of the
three lumped fission products. Scattering matrices were provided for samarium
and xenon only; the other fission products were represented solely by their re-
spective absorption cross section. Although such a representation may be ac-
ceptable for conventional FBR reactor designs where the percentage compositicn

of fission products is comparatively low, it is inadequate for the FMSR where
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Table 3.1

Garrison-Roos Scheme

Isotope FMSR Ranking Yield Absorption (%) Total (%)
Xe~135 ———— .0715 .0003 .0003
Sm-149 5 .0130 5.16 5.16
RS .0134

Cd-113 -—— .04

Sm-151 8 3.32

Gd-155 ———— .09

Gd-157 —— .10 3.55
SS .4010

Mo-95 12 1.73

Tc-99 4 6.61

Rh-103 2 7.31

Xe-131 15 2.88

Cs-133 6 6.33

Nd-143 13 2.59

Nd-145 17 2.29

Pm-147 10 3.70

Sm-152 -——— .71

Eu-153 16 1.85 36.01
NS

Rest 1.5011 55.28 55.28
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the fission product composition can be as high as 15%-20% of the discharge
heavy metal. Such a large fission product fraction has a substantial effect on
the neutron spectrum and thus the breeding ratio, cycle length and other per-
formance characteristics. In order to investigate this effect, a scattering
matrix for natural molybdenum was added for the three lumped fission products.
The group total cross section of the revised Tumps was adjusted to equal the
sum of the fission product absorption and the molybdenum scattering cross sec-
tions. This approach is only approximate since the self-shielding factors for
the new lumps cannot be corrected precisely. The implication of including a
scattering matrix for all the fission product lumps was estimated by carrying
out a simple calculation of an equilibrium cycle core. This calculation did
not include the full series of calculations leading up to an equilibrium core
cycle. The result of this calculation was a 1.4 percent reduction in keff

which indicates that all new fission product evaluations should include explic-

it scattering matrices.

3.5 CURRENT ACCURATE MODEL

As was mentioned earlier, the existence of a wide range of spectra from
very hard (harder than LMFBR) to softer than an oxide-fueled LMFBR, but harder
than epithermal, plus the large buildup of fission products (of the order of
15% to 20% of the fuel at the end of 1ife) results in the need for an accurate,
burnup-dependent fission product Tumping model that would be applicable to the
wide range of spectra in the FMSR.

The proposed model consists of a two-lump fission product set, one based
on the "odd-A" fission products and the other based on the "even-A" fission
products, where "A" is the atomic number of the fission product. The rationale

for this model is based on the fact the "odd-A" isotopes' Tumped microscopic
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absorption cross section is several times higher than the "even-A" isotopes'
lTumped microscopic cross section. This large difference in the lumped micro-
scopic cross sections results in a higher rate of transfer of the "odd-A" iso-
topes to the "even-A" isotopes than vice versa. As a result, the rate of
buildup of the "even-A" isotopes with burnup will be much faster than the "odd-
A" isotopes. The net effect of this is a noticeably large drop in the total
microscopic lumped fission product absorption cross section as a function of
burnup. This drop which is basically due to the burnup dependence of the fis-
sion products cannot be predicted with a one-lump fission product model. The
use of a nonburnup-dependent one-lump model can result in a substantial over-
estimation of the effective fission product absorption cross section at hiah
burnups.

To study these effects and the behavior of the "two-lump” model, a de-
tailed burnup analysis of 181 fission product elements in 84 chains was per-
formed using a 154-group fission product 1ibrany(10) (which was generated
from the ENDFB/4 library) and tre fission product code EPRI-CINDER.(11) The
BNL analysis was carried out for two different spectra, one representing the
"soft" spectrum zones of the FMSR (which includes moderator) and the other rep-
resenting the "hard" spectrum zones of the FMSR. Figure 3.2 shows the neutron
spectrum in the two representative zones. The fission product behavior was
studied using the following procedure: Starting with the 154-group fission
product Tibrary for 181 elements and the collapsing code TOAFEN,(IO) two sets
of four-group cross sections compatible with the EPRI-CINDER input format were
generated for each of the above spectra. Next, the burnup dependence of the
fission products in each spectrum was analyzed using the detailed 84 fission
This "exact" behavior was then compared to the results of the

product chains.
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TOAFEW
(COLLAPSING BASED ON THE
DESIRED SPECTRUM)

FOUR-GROUP LIBRARY
FOR EACH SPECTRUM

CINDER
(DEPLETION STUDIES)

Figure 3.3. Sequence of Calculations Used in Fission Product Studies
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two-lumn "odd-even" and other models such as the one-lump and Garrison-Roos
model. Figure 3.3 shows the sequence of calculations described above.

Figure 3.4 shows the burnup dependence of the lumped fission product mi-
croscopic absorption cross section of the even-A, odd-A and all isotopes due to
the fission of Pu-239 in the soft spectrum. As can be seen, the lumped micro-
scopic absorption cross section of the "odd-A" isotopes is approximately four
times higher than the "even-A" isotopes. Also, the lumped microscopic abscrp-
tion cross section of the "even-A" isotopes goes through a very slow increase
with burnup whereas the "odd-A" idotopes' Tumped microscopic absorption cross
section, after an initial jump (primarily due to xenon and samarium buildup),
drops steadily. The net effect is a steadily declining Tumped microscopic ab-
sorption cross section for all isotcupes after the early peak has been passed.
This drop is approximately 12.5% from the peak to 107,000 MWD/¥4T and 16.5% from
the peak to 185,000 MWD/MT. The dashed line represents a "one-lump” microscop-
jc cross section generated at 68,000 MWD/MT. The difference between the dashed
line and the microscopic cross section for all isotopes represents the error
that would be introduced in the microscopic absorption cross section if a one-
lump cross section at 68,000 MWD/MT is chosen to represent this burnup-depen-
dent behavior.

As was mentioned earlier, the higher absorption cross section of the "odd-
A" isotopes results in a higher rate of transfer of "odd-A" isotopes to "even-
A" isotopes than vice versa. Consequently, the “"even-A" isotopes' rate of
buildup is higher than the "odd-A" isotopes, as is shown in Figure 3.5. This
effect can be seen more clearly by looking at the odd and even fraction of the
fission products produced as a function of burnup, shown in Figure 3.6. Note

that the total fission product adds up to two fission product isotopes per
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fission at all times. At the beginning of the burnup, the fractions of the
even and odd isotopes are essentially the same, but as the fuel exposures in-
crease, the fraction of the "even-A" isotopes increases and the fraction of the
"odd-A" isotopes decreases. At 50,000 MWD/MT, the fractions of the odd- and
even-A isotopes are 0.92 and 1.08, respectively. At 100,000 MWD/MT, these
fractions are 0.84 and 1.16. At 150,000 MWD/MT, these fractions change to 0.76
and 1.24. So it can be seen that the difference in the fractions of the even
and odd isotopes increases substantially as a function of burnup.

To examine the behavior of the proposed "odd-even" model, the detailed
burnup studies of the 84 chains of fission products, which are considered to be
very close to the exact behavior of the fission products, were compared to the
burnup characteristics of the two-lump model. In the two-lump model, a capture
in an atom of the "odd-A" Tump results in the production of an atom of the
"even-A" Tump and vice versa.

Table 3.2 compares the one-group lumped macroscopic absorption cross sec-
tion of the detailed study labeled "exact" and the two-lump model. The one-
group lumped macroscopic absorption cross sections shown in Table 3.2 were gen-
erated by collapsing the four-group cross sections at each burnup step based on
the specific zone spectrum. Before discussing the results of Table 3.2, it
should be noted that the initial odd and even four-group cross sections and
yields are taken at the peak burnup point of the microscopic cross section
curve. Looking back at Figure 3.4, it can be seen that there is an initial
jump in the microscopic absorption cross section due to the saturation of the
several chains (primarily the xenon and samarium chains). Unless these chains
are explicitly represented, this initial jump cannot be expected to be repro-

duced by the two-lump model. Due to this fact, the initial four-group cross
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Table 3.2

Comparison Between the lLumped Macroscopic Absorption Cross Section
of the Exact and the Two-Lump "Odd-Even" Model (Cross Sections_ Due

to Pu~239 Fission in the Soft Spectrum Zone)

Burnup Exact £ Lump Difference
(MWD/MT) Tl (erl) (%)
0.78 0.992235-8 0.145313-7 +6.0
563.8 0.100000-4 0.104520-4 +4.5
1879.5 0.345387-4 0.347583-4 +0.6
4486.9 0.909663-4 0.898903-4 -1.1
9773.8 0.181202-3 0.178246-3 -1.6
19549.6 0.355755-3 0.356319-3 -0.3
29321.4 0.523704-3 0.523441-3 -0.05
39095.2 0.686307-3 0.701950-3 +2.2
48869.0 0.844479-3 0.859262-3 +1.7
58642.8 0.998891-3 0.101227-2 +1.3
68416.7 0.115005-2 0.116129-2 +0.9
78190.5 0.129835-2 0.131777-2 +1.4
87964.3 0.144409-2 0.147352-2 +2.0
97738.1 0.158851-2 0.162023-2 +1.9
107511.9 0.172883-2 0.175561-2 +1.5
117288.7 0.186819-2 0.188837-2 +1.0
127059.6 0.200572-2 0.201870-2 +0.6
136833.4 0.214155-2 0.214679-2 +0.2
146607,2 0.227576-2 0.227796-2 +0.09
156381.0 0.240840-2 0.240235-2 -0.2
166154.8 0.253965-2 0.252496-2 -0.5
175928.6 0.266944-2 0.264593-2 -0.8
185702.5 0.279786-2 0.276536-2 -1.1
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sections and yields for the odd and even lumps were normalized at the peak
point of this curve. This procedure will result in an overprediction of the
absorption cross section at the beginning of the fuel exposure. But, since the
fission product abundance is very small at these initial small burnups, the
error introduced by this overprediction at the beginning of burnup should be
very small. Work is currently under way to introduce one or two explicit
chains along with the two lumps to see if this initial jump can be reproduced.
Looking back at Table 3.2, it can be seen that the two-lump model can predict
the burnup behavior of the exact treatment very closely. The maximum deviation
of the two-lump model from the exact treatment over the 185,000 MWD/MT of burn-
up is about 2%. This is essentially the type of accuracy that is extremely de-
sirable for the FMSR calculations due to the large fission product buildup.

An exercise was performed to examine how well this burnup dependence of
the fission products can be predicted using a one-lump model. A set of lumped
four-group cross sections was generated at 68,000 MWD/MT. The choice of the
burnup point at which the one-lump cross-section set is generated depends on
the length of burnup cycle and the burnup behavior of the fission products. In
this case the 68,000 MWD/MT was chosen to represent the middle of a burnup cy-
cle of the order of 14% to 15% exposure. The results are shown in Table 3.3
for Pu-239 fission in the soft spectrum zone. The results show that the one-
Tump model underpredicts the macroscopic absorption cross section by as much as
9% in the early part of fuel exposure up to 68,000 MWD/MT and then it overpre-
dicts the absorption by about 12% at 185,000 MWD/MT.

A comparison was also made between the detailed treatment and the Garri-
scr-Roos treatment currently included in the LIB-IV cross-section library. The

results are given in Table 3.4 and are plotted in Figure 3.7. It can be seen
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Table 3.3

Comparison Between the Lumped Macroscopic Absorption Cross Section
of the Exact and the One-Lump Model Generated at 68,000 MWD/MT
(Cross Sections due to Pu-239 Fission in the Soft Spectrum Zone)

Burnup E:xact Z: Lump Difference
(MWD/MT) (cm-1) (cm=-1) (%)
0.78 0.992235-8 0.132654-7 +33.0
563.8 0.100000-4 0.955112-5 -4.4
1879.5 0.345387-4 0.318370-4 -7.8
4486.9 0.909663-4 0.827758-4 -9.0
9773.8 0.181202-3 0.165551-3 -8.6
19549.6 0.355755-3 0.331098-3 -6.9
29321.4 0.523704-3 0.496645-3 -5.1
39095.2 0.686307-3 0.662189-3 -3.5
48869.0 0.844479-3 0.827736-3 -1.9
58642.8 0.998891-3 0.993284-3 -0.5
68416.7 0.115005-2 0.115883-2 +0.7
78190.5 0.129835-2 0.132437-2 +2.0
87964.3 0.144408-2 0.148992-2 +3.1
97738.1 0.158851-2 0.165546-2 +4.2
107511.9 0.172883-2 0.182102-~2 +5.3
117288.7 0.186819-2 0.198655-2 +6.3
127059.6 0.200572-2 0.215210-2 +7.2
136833.4 0.214155-2 0.231765-2 +8.2
146607.2 0.227576-2 0.248320-2 49.1
156381.0 0.240840-2 0.264487-2 +9.9
166154.8 0.253965-2 0.281429-2 +10.8
175928.6 0.266944-2 0.297983-2 +11.6
185702.5 0.279786-2 0.314540-2 +12.4
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Table 3.4

Comparison Between the Lumped Macroscopic Absorpticon Cross Section
of the Exact and the Garrison-Roos Model (Cross Sections Due to
Pu-239 Fission in the Soft Spectrum Zone)

Exact Garrison-Roos
Burnup Ea Za Difference
(MWD/MT) {corl) (crl) (%)

0.78 0.992235-8 0.215323-7 +117.0
563.8 0.100000-4 0.154558-4 +54.0
1879.5 0.345387-4 0.551594-4 +59.0
4486.9 0.909663-4 0.130990-3 +43.0
9773.8 0.181202-3 0.256034-3 +41.0
19549.6 0.355755-3 0.492151-3 +38.0
29321.4 0.523704-3 0.714641-3 +36.0
39095.2 0.686307-3 0.927618-3 +35.0
48869.0 0.844479-3 0.113388-2 +34.0
58642.8 0.998891-3 0.133518-2 +33.0
68416.7 0.115005-2 0.153268-2 +33.0
78190.5 0.129835-2 0.172722-2 +33.0
87964.3 0.144409-2 0.191931-2 +32.0
97738.1 0.158851-2 0.210930-2 +32.0
107511.9 0.172883-2 0.229740-2 +32.0
117288.7 0.186819-2 0.248375-2 +32.0
127059.6 0.200572-2 0.266842-2 +33.0
136833.4 0.214155-2 0.285172-2 +33.0
146607.2 0.227576-2 0.303313-2 +33.0
156381.0 0.240840-2 0.321293-2 +33.0
166154.8 0.253965~2 0.339110-2 +33.0
175928.6 0.266944-2 0.356801-2 +33.0
185702.5 0.279786-2 0.374284-2 +33.0
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that the Garrison-Roos treatment consistently overpredicts the macroscopic ab-
sorption cross section by over 30%. This result suggests that the fission
product contribution to sodium void calculations in LMFBR calculations using
the popular Garrison-Roos procedure may be overly pessimistic.

A similar study was performed for the fast region (hard spectrum) of the
core where the detailed treatment of the fission products was compared to the
proposed two-lump model. Figure 3.8 shows the behavior of the “exact” micro-
scopic cross section due to fission of Pu-239 in the hard spectrum as a func-
tion of burnup. It should be noted that the spectrum of the representative
fast zone is harder than a typical LMFBR spectrum due to the existence of metal
fuel instead of oxide fuel. In Figure 3.8 the drop from the peak to 102,000
MWD/MT is 6.3% and the corresponding drop from the peak to 185,000 MWD/MT is
10.4%.

Table 3.5 shows the comparison between the one-group lumped macroscopic
absorption cross section generated using tnhe "exact" treatment and the two-
Tump model. As can be seen, the maximum difference is about 2.3% at 185,000
MWD/MT. Results of the comparison between the detailed treatment and a one-
lump model generated at 68,000 MWD/MT are given in Table 3.6. Note again that
the error varies from a 5% underprediction to about a 7% overprediction. Table
3.7 shows the comparison between the detailed and Garrison-Roos treatment.
Note again that the Garrison-Roos treatment consistently overpredicts the ab-
sorption by approximately 28%.

The results of Tables 3.6 and 3.7 are very important with respect to the
LMFBR calculations. These resuits show that even in a spectrsum that is harder
than a typical LMFBR and, consequently, has a Tower absorption cross section

drop with burnup, the error in using a one-lump cross section is quite large.
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Table 3.5

Comparison Between the Lumped Macroscopic Absorption Cross Section
of the Exact and Two-Lump Model (Cross Sections Due to Pu-239

Fission in the Hard Spectrum Zone)

Burnup :E::xact :Z:a Difference
(MWD/MT) (cm1) (em1) (%)
0.78 0.498830-8 0.727433-8 +45.0
563.8 0.489729-5 0.523471-5 +6.8
1879.5 0.170867-4 0.174272-4 +1.9
4486.9 0.453672-4 0.451817-4 -0.4
9773.8 0.912053-4 0.899484-4 -1.3
19549.6 0.181583-3 0.178266-3 -1.8
29321.4 0.270117-3 0.266030-3 -1.8
39095.2 0.356896-3 0.350310-3 -1.8
48869.0 0.442047-3 0.434171-3 -1.7
58642.8 0.525785-3 0.516677-3 -1.7
68416.7 0.608182-3 0.597889-3 -1.7
78190.5 0.689378-3 0.677872-3 -1.6
87964.3 0.769478-3 0.756668-3 -1.6
97738.1 0.848576-3 0.834346-3 -1.6
107511.9 0.926752-3 0.910941-3 -1.7
117288.7 0.100407-2 0.096505-3 -1.7
127059.6 0.108060-2 0.106110-2 -1.8
136833.4 0.115640-2 0.113474-2 -1.8
146607.2 0.123151-2 0.120749-2 -1.9
156381.0 0.130598-2 0.127938-2 -2.0
166154.8 0.137985-2 0.135048-2 -2.1
175928.6 0.145314-2 0.142080-2 -2.2
185702.5 0.152590-2 0.149034-2 -2.3
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Table 3.6

Comparison Between the Lumped Macroscopic Absorption Cross Section
of the Exact and the One-Lump Model Generated at 68,000 MWD/MT
(Cross Sections Due to Pu-239 Fission in the Hard Spectrum Zone)

Burnup ZaExact Za Difference
(MWD/MT) (cm1) (eml) (%)
0.78 0.498830-8 0.693683-8 +39.00
563.8 0.489729-5 0.499450-5 +2.00
1879.5 0.170867-4 0.166483-4 -2.56
4486.9 0.453672-4 0.432856-4 -4.58
9773.8 0.912053-4 0.865711-4 -5.08
19549.6 0.181583-3 0.173141-3 -4.64
29321.4 0.270117-3 0.259711-3 -3.85
39095. 2 0.356896-3 0.346280-3 -2.97
48869.0 0.442047-3 0.432852-3 -2.08
58642.8 0.525785-3 0.519421-3 -1.14
68416.7 0.608182-3 0.605992-3 -0.30
78190.5 0.689378-3 0.692561-3 +0.40
87964.3 0.769478-3 0.779133-3 +1.25
97738.1 0.848576-3 0.865702-3 +2.01
107511.9 0.926752-3 0.952273-3 +2.75
117288.7 0.100407-2 0.103884-2 +3.46
127059.6 0.108060-2 0.112541-2 +3.70
136833.4 0.115640-2 0.121198-2 +4 .80
146607.2 0.123151-2 0.129855-2 +5.44
156381.0 0.130598-2 0.138512-2 +6.06
166154.8 G.137985-2 0.147169-2 +6,65
175928.6 0.145314-2 0.155826-2 +7.23
185702.5 0.152590-2 0.164483-2 +7.79
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Table 3.7

Comparison Between the Lumped Macroscopic Absorption Cross Section
of the Exact and the Garrison-Roos Model (Cross Sections Due to
Pu-239 Fission in the Hard Spectrum Zone)

Exact ison-
Burnup :Z:a :Z::arrISon roos Difference
(MWD/MT) (em 7]y (em1) (%)

0.78 0.498830-8 0.985911-8 +97.0
563.8 0.489729-5 0.709039-5 +44.0
1879.5 0.170867-4 0.235717-4 +37.0
4486.9 0.453672-4 0.609219-4 +34.0
9773.8 0.912053-4 0.120712-3 +32.0
19549.6 0.181583-3 0.237255-3 +30.0
29321.4 0.270117-3 0.350303-3 +29.0
39095.2 0.356896-3 0.460409-3 +29.0
48869.0 0.442047-3 0.568031-3 +28.0
58642.8 0.525785-3 0.673547-3 +28.0
68416.7 0.608182-3 0.777268-3 +27.0
78190.5 0.689378-3 0.879453-3 +27.0
87964.3 0.769478-3 0.980314-3 . +27.0
97738.1 0.848576-3 0.108751-2 +27.0
107511.9 0.926752-3 0.118610-2 +27.0
117288.7 0.100407-2 0.128381-2 +27.0
127059.6 0.108060-2 0.138773-2 +28.0
136833.4 0.115640-2 0.148384-2 +28.0
146607.2 0.123151-2 0.157930-2 +28.0
156381.0 0.130598-2 0.167417-2 +28.0
166154.8 0.137985-2 0.176850-2 +28.0
175928.6 0.145314-2 0.186232-2 +28.0
185702.5 0.152590-2 0.196677-2 +28.0
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This lTeads to the conclusion that a more detailed, burnup-dependent lumping
model such as the proposed odd-even model is also necessary for the fast re-
actor studies.

A1l the results reported so far have been for the Pu-239 fission in the
"soft" and "hard" spectra. Similar studies were performed for U-235 and U-238
fission in both spectra. The conclusions were very similar to the ones stated
above. The one-lump and Garrison-Roos treatment substantially overpredict the
absorption at high burnups. The two-lump burnup-dependent "odd-even" model can

follow the exact behavior within approximately 2%.

3.6 CONCLUSIONS

The following conclusions can be drawn from the study to date:

a) The initial one-lump model may be an inadequate representation for the
entire reactor, being valid only in the fast core.

b) The currently used groupings {Sm-149, RSFP, SSFP and NSFP) are based
on thermal reactor experience. (Quantities such as yields are charac-
teristic of thermal fission.) In addition, no explicit scattering
matrix is provided in the LIB-IV 1ibrary for the three lumped fission
products. These are considered disadvantages of the Garrison-Roos
model in the FMSR application.

c) In comparing.the one-lump and Garrison-Roos treatment with the "ex-
act" behavior, it was found that both models substantially overpredict
the fission product absorption at high burnups. This could lead to,
among other effects, an overprediction of the sodium void coefficient

at high burnups.

- 48 -



d)

In view of the above mentioned shortcomings of the currently used
model, a new two-lump burnup~dependent "odd-even" model was developed.
This model is capable of predicting the "exact" behavior of fission
product absorption as a function of burnup over a wide range of spec-
tra with a maximum error of approximately 2%. Based on this it has
been decided to adopt the two-lump model as the basic fission product
Tumping model for the FMSR calculations. Work is currently under way
to generate a multigroup lumped fission product library which includes

a complete downscattering matrix.
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4, CONCLUSIONS

The FMSR benchmark served a very useful purpose in that it oprovided a

mechanism for comparing state of the art calculations and data. In particu-

lar, it

marks.
The
1.

provided more stringent comparisons vis-a-vis the standard FBR bench-
This is due to the large spectral variations in the FMSR.

primary conclusions from the benchmark activities are:

For the reference design, overall agreement between the participating
calculations was reasonable for parameters such as eigenvalue and
breeding ratio. For the equilibrium BOEC and EQEC, the results
agreed to within 1.5% in ke, with ANL showing the largest deviation
from the average.

0f all the effects studied, the treatment of fission product cross
sections is clearly the most important contributor to the observed
differences. This led BNL to implement a more sophisticated treat-
ment than available in the initial calculations. Many of the dif-
ferences between the ANL and BNL results were then resolved.

Since spatial spectral effects are very important in the FMSR, care
must be exercised in generating region-wise few~group cross sections.
In particular, the local breeding ratio is quite sensitive to the
calculation of the local spectrum and treatment of the resolved re-
sonance region. Differences in determining local breeding, espe-
cially in the moderator region, can significantly impact the per-
formance of the FMSR.

The results of the benchmark calculations indicate that all the
methods and data predict essentially the same results, provided the

analyses take into account the need to carefully treat the spatial
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dependence of the neutron spectrum. In addition, a consistent fis-
sion product treatment is essential.

With regard to the fission product treatment, the following conclusions

apply:

1. The initial one-lump model is not adequate for the entire reactor
although it is suitable for the fast region.

2. The present groupings of fission products are based on thermal reac-
tor experience and most do not include a scattering matrix. These
shortcomings were closely assessed and corrected.

3. Analyses of the benchmark results led to a careful review of the
available fission product treatments. A new "two lump” treatment
has been developed which predicts results in good agreement with

those obtained with an exact treatment.
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