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2.1,2 Analysis of JUPITER Critical Experiments by JENDL-3.2
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Applicability of the JENDL-3.2 library to large FBR cores was evaluated using JUPITER experimental data.
The nuclear characteristics treated in the present report include criticality, reaction rate ratio, space dependency of
C/E values, sodium void reactivity and Dopplcr reactivity. As a conclusion, JENDL-3.2 is judged to be a well-
balanced library for prediction of large FBR core parameters. The unification of integral experimental
information from JUPITER and differential nuclear data of JENDL-3.2 will enhance the accuracy and reliability
of large FBR core design.

1. Introduction
A series of critical experiments for large FBR core study, JUPITER, was analyzed with a JENDL-3.2-based

70-group constant set, JFS-3-J32, referred to as J3.2 hereafter. The C/E values of JUPITER were compared with
those of the earlier JENDL-2 and JENDL-3.1-based libraries (J2 and J3.1), and their physical consistency was
evaluated by extensive use of the cross-section sensitivity method. Further, J3.2 was preliminarily adjusted
using these C/E values from JUPITER experiments and the results were compared with those of J2.

2. Outline of JUPITER Experiment
The JUPITER critical experimental was a joint research program between US DOE and PNC of Japan,

using the ZPPR facility at ANL-klaho from 1978 to 1988. The aim of JUPITER was to study the nuclear
characteristics of large LMFBR cores with variant core concepts and structures, which were divided into four
series of experiments.

The first series was JUPITER-I (ZPPR-9 through 10D/2), a set of critical experiments for conventional
two-zone homogeneous cores of 600 to 800 MWe-class FBRs, including a clean benchmark core and six
engineering mockup cores with control rods or control rod positions. The second set was performed as
JUPITER-II (ZPPR-13A through 13C), and studied six radially-heterogeneous cores of 650 MWe-class. For the
third series, half of JUPITER-III (ZPPR-17A through 17C) was dedicated to the investigation of three axially-
heterogeneous cores of 650 MWe-class. Finally, the ZPPR-18A through 19B cores, both the latter half of
JUPITER-III and Io series, consisted of five 1,000 MWe-class homogeneous cores with enriched uranium in the
outer core region. The JUPITER program is the largest critical experiment in the FBR history so far, and the
data include much valuable information for large FBR core study.

3. Analytical Methods of JUPITER
The standard calculational flow of fast reactor analysis[2j is divided into three parts as depicted in Fig.l.

The first step is to generate homogcni7.cd effective cross-sections from a basic 70-group constant set such as
J3.2, by means of one-dimensional heterogeneity cell models. The preceding J2 and J3.1 constant sets were also
used for comparison here. In JUPITER analysis, there are some features in this homogenizing procedure: (a)
each plate is stretched in height to make a one-dimensional model from as-built structure, where total atomic
numbers of the plate are conserved (Plate-stretch model), (b) the background cross-section to take the plate-
heterogeneity into account is based on Tone's method[3], which can treat the resonance shielding effect of mutual
nuclides in plural plates more precisely than the traditional Dancoff coefficient, and (c) effective transport cross-
sections are evaluated by current(l/ot^)-weighted self-shielding factors, which are regarded as more physically
reasonable than flux(l/ot)-weighted ones.

Next, to obtain basic analytical values, reactor characteristics are calculated using three-dimensional XYZ
diffusion theory with Benoist's anisotropic diffusion coefficients[4], which can treat the streaming effects of the
plate structure. Mere, the number of energy groups is 18 or 70, depending on the complicatedness of target core
parameters. The standard mesh size is approximately 5 cm. The compositions of drawers are homogenized for
each core region and each drawer type.

As the last step, the basic analytical values are corrected for many aspects to obtain the most detailed-
modeling results. The correction factors considered in the present study are: the transport effect using three-
dimensional XYZ model[5], the mesh effect for extrapolating to zero-mesh-sized values, the number-of-energy-
group effect if needed, an all-master model to reflect the slight difference of drawer-wise compositions, a multi-
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drawer model to treat the interference between fuel and blanket regions, and the cell-asymmetry effect that is
needed only for JUPITER-1 experiment.

Besides the standard calculational procedure above, some new detailed analytical methods have been applied
recently. One is the continuous energy Monte Carlo method[6,7], which enables us to simulate the complicated
as-built structure without any approximations, although much computing time is needed to get small statistical
errors. The other is the ultra-fine energy structure calculation(8] over 150,000-cnergy groups, which can handle
individual resonance peaks precisely unlike the coarse 70-group analysis.

Further, one special feature of the present study is the wide use of cross-section sensitivity analysis, only
from which the physical consistency of various C/E (calculation/experiment) values can be judged quantitatively
against both different cores and nuclear characteristics. An attempt to adjust J3.2 by a set of 84 data from
JUPITER was preliminarily performed in this context. The detail of the cross-section adjustment method applied
here is described elsewherc[8,9).

4. Evaluation
In this chapter, the analytical results of JUPITER experiments by J3.2 are summarized and evaluated from

the viewpoint of applicability to large FBR cores. The nuclear characteristics evaluated here include criticality,
reaction rate ratio, space dependency of C/E values, Na void reactivity and Doppler reactivity.

(1) Criticality
The final C/Es of JUPITER criticality using J3.2 are summarized and compared with those from J2 and

J3.1 in Fig.2. The analytical values based on J3.2 slightly underestimate the criticality by the order of -0.5%dk,
while the C/E dependency on core heterogeneity is reduced from that of J2. Although the C/E values seem rather
closer to those of J2 than J3.1, sensitivity analysis indicated that the nuclide-reaction-wise contributions were
extremely complicated and canceled with each other as shown in Fig.3. This means that these C/E values of
JUPITER cannot be easily applied to other cores with different compositions or cross-section sensitivities by the
simple bias method.

In order to verify the performance of the standard JUPITER analytical method, Table 1 compares the results
for ZPPR-9 criticality with those of Monte Carlo codes. The standard JUPITER method can be judged to be
quite accurate for the criticality evaluation, since it agrees with the Monte Carlo method only in the difference of
approx. 0.1 %dk.

The change of criticality C/Es from the cross-section adjustment of J3.2 is shown in Fig.4, compared with
that of J2. All adjusted C/Es for both libraries become almost unity in spite of the wide variety of core concepts
in JUPITER. Further, although the C/Es before adjustment were a little different between J3.2 and J2, they
agreed almost identically after adjustment. This fact is quite satisfying from the reliability viewpoint of the
adjusted library.

(2) Reaction Rate Ratio
Figure 5 shows the C/Es for the reaction rate ratio of U-238 capture to Pu-239 fission (C28/F49) in

JUPITER cores. Apparently the C/Es of C28/F49 by J3.2 are overestimated by 4-6%, which is just the same as
the previous J2 case. On the other hand, the recent result at FCA showed good agreement between experiment
and analysis for this reaction! 10], which is not consistent with the JUPITER's results. Since the difference of
cross-section sensitivity or analytical methods between JUPITER and FCA could not explain the inconsistency
of C28/F49, it seems that experimental methods of JUPITER need some reviewing. After adjustment of cross-
sections in Fig.6, the C/E values improved by 3%, but are still overestimated consistently in JUPITER cores.

For the reaction rate ratio of U-235 fission to Pu-239 fission (F25/F49), the C/Es of J3.2 seemed to be
improved by 2% from J2 as seen in Fig.7. The adjusted C/Es in Fig.8 were lowered by 2% in both cases of J3.2
and J2.

Figures 9 and 10 show the C/Es of the reaction rate ratio of U-238 fission to Pu-239 fission (F28/F49)
before and after adjustment, respectively. In JUPITER, however, the C/Es of F28 reaction cannot be used for
nuclear data evaluation since the scattering of measured values was too large.

(3) Space Dependency of C/E Values
The past analytical results of JUPITER by J2 indicated the C/Es of control rod worth and reaction rate

distribution systematically changed with the radial positions in cores[l 1]. Figure 11 shows the C/E dependency
of control rod worth on radial positions in the ZPPR-9 core for various libraries. The persistent 'C/E space
dependency' of J2 was found to be largely alleviated by using J3.2, though it still exists in some degree. The
results of the other cores are shown in Fig. 12 with similar improvement by J3.2, except for ZPPR-19B case that
has different characteristics due to the presence of enriched uranium in the outer core region. The nuclide-wise
contributions of this improvement for space dependency in ZPPR-10A are examined in Fig. 13. We find this
change comes from the combination of many nuclides and reactions as in the case of criticality. The C/Es of
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control rod worth can be further improved by the adjustment as shown in Fig. 14, especially for the case of
ZPPR-19B.

A similar tendency for the F49 distribution is found in Fig 15. The J3.2 set improved the C/E space
dependency from J2 except for the ZPPR-19B case. Figure 16 shows the adjusted results for the F49
distribution. Although the C/Es seem to be excessively corrected by the adjustment, the values are deviated only
by less than 2%, which is within the experimental and analytical errors of JUPITER. The results of reaction rate
distribution are considered as consistent with those of control rod worth.

Although the problem of C/E space dependency was almost solved by the adoption of J3.2 and the cross-
section adjustment, there still remain other concerns about the space-dependent characteristics of large FBR cores,
that is, the underestimation of reaction rate in blanket regions. Figure 17 shows the C/Es of F49 reaction rate
distribution in the radially heterogeneous core, ZPPR-13A, where the C/E values are obviously lower in the
internal blanket rings and radial blanket region. To reduce the underestimation of reaction rate in blanket regions,
a correction was tried using a continuous energy Monte Carlo calculation. The correction was found to improve
the C/Es in the blanket regions to a degree as shown in Fig. 17. From this fact, there might be possibilities to
solve the problem by applying some modified analytical methods such as the direction-flux-weighted group-
constant generation technique as proposed by R.N.Hill, et al[12|.

(4) Sodium Void Reactivity
One of the large concerns about the former J2 library in FBR application was the well-known extreme

overestimation of sodium void reactivity! 11 ]. The C/Es of sodium void reactivity by J3.2 were in the range of
0.95-1.15 and greatly improved from the J2 case as seen in Fig. 18. The leakage and non-leakage components of
sodium void reactivity from J3.2 and J2 are compared in Fig. 19 for various void region sizes. The improved
J3.2 prediction comes from rather small changes of the non-leakage term. Figure 20 shows the nuclide-wise
contributions of sodium void reactivity changes from J2 to J3.2. It is found that sodium inelastic and Pu-239
capture reactions, which were not considered important before, mainly contributed to this improvement, although
many other nuclide-reactions have opposite effects and canceled with each other, as in the case of criticality.

From the viewpoint of nuclear data evaluation, there might occur a question about why U-238 inelastic
reactions did not contribute to the sodium void reactivity changes as shown in Fig. 20, in spite of the large
difference of the evaluated inelastic cross-sections between J3.2 and J2. Figure 21 gives the answer, that is, the
changes of scattering matrix components from J3.2 to J2 canceled with each other for sodium void reactivity,
although the effect of each matrix component is very large for the reactivity value. This fact means we need to
consider not only the total cross-sections of inelastic reactions but also matrix-wise to improve the prediction
capability of a library. We are going to include the treatment of inelastic matrix-wise components in the next
step of the cross-section adjustment study.

As seen in Fig.22, the adjustment of J3.2 made the C/Es of sodium void reactivity move closer to unity for
the inner-blanket voiding case of ZPPR-17A as well as for core-regions, which is preferable from the viewpoint
of physical consistency.

(5) Doppler Reactivity
In JUPITER, Doppler reactivity was measured as a kind of sample worth. Figure 23 shows the C/Es of

Doppler reactivity for various temperature ranges in ZPPR-9 core. Relatively, the C/Es of J3.2 improved by 4%
from those of J2 clue to the extension of the U-238 unresolved resonance region in J3.2. The absolute values of
Doppler reactivity are, however, still significantly underestimated.

Since the Doppler reactivity by the sample worth experiment was found very sensitive for the modeling
methods of reactor analysis as designated in Table 2, it seems we need to study further the analytical method from
the reactor physics viewpoint for such as the interference effect between Doppler sample and core fuel, as well as
the treatment of the resonance region in nuclear data evaluation.

5. Conclusion
As a conclusion of the present study, the J3.2 library is judged to be a well-balanced library for applicability

to large FBR cores, especially from the viewpoint of the C/E space-dependency and the sodium void reactivity,
although there is room to further improve the performance. On the other hand, the sensitivity analysis of
JUPITER indicated that the C/E values should not be simply applied to reactor design works without reflection
of sensitivity difference between experiments and design cores, since the components of prediction changes by
different libraries were found to be exceedingly complicated. Therefore the unification of integral experimental
information from JUPITER and differential nuclear data of J3.2, by the cross-section adjustment, is considered as
the most promising policy to enhance the accuracy and reliability of large FBR core design.
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Table 2 Correction Factor for ZPPR-9 Doppler Reactivity

Diffusion, Isolated lump model (JENDL-3.2-based 70 group): C/E = 0.86

• Transport & Mesh correction : -3%

• Cell asymmetric correction : -5%

After Corrected : C/E = 0.79

< Other Effects >
+2%

• Cell heterogeneity model and Definition of a tr for core fuel:

(Tone, Current (1/a,2) - weighted cr,r
— Dancoff, Flux (1/<T,)-weighted a ,r)

• Core modeling for flux and adjoint calculation : +3%

(Sample included -• Not included)

• Resonance Interference Effect by PEACO-X : +5 - +7%

(JENDL-3.1-based 151,700 group, FCA, S.Okaiima)
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