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ABSTRACF

in a recent criticality analysis for an array of weter-moderated packages containing highly enriched uranium, the 123-
group cross-section library in the SCALE system was observed to have a nonconservative discrepancy of
approximately 3 to 3.5% when compared with more recently developed libraries. A simple representative system of
UO F H O was used to identify that the problem results from a lack of resonance data for "U. Only a single set of2

2 2 2
self-shielded cross sections, most likely corresponding to a water-moderated infinite dilute system, was provided with
the original data. The UO F H O study indicates that this limitation may cause nonconservative discrepancies as2 2 2
high as 5.5% for some water-moderated, highly enriched uranium systems. Characteristics of the systems where the
discrepancy is evident are identified and discussed.
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1 BACKGROUND

The 123-group neutron cross-section library' has been large number of nuclides available in the library.

included within the SCALE code system since the Reduced use at ORNL was based on the age and2

initial release of the system in 1980. The library pedigree of the cross-section data, not because of any

originates from pre-ENDF (Evaluated Nuclear Data specific indication of poor results against measured

Files) data as provided with the GAM ll' and data. In the early 1990s ORNL processed a 238

THERMOS * codes. The group structure is a group' library from ENDF/B V data and used a light-

combination of the 99 groups (93 fast groups) used by water-reactor (LWR) fuel pin flux to collapse the 238-

GAM and the 30 thermal groups (below 1.86 eV) used group data into a 44-group library?

by THERMOS. The library was created circa 1970 at
the request of the now defunct Reactor Division at In the fall of 1994, the cask certification staff at the

Oak Ridge National Laboratory (ORNL) for use in the U.S. Nuclear Regulatory Commission (NRC)

analysis of water-moderated reactor lattices. In the performed a series of analyses on an array ofoptimally

early 1970s when ORNL began supporting the cask moderated packages containing highly enriched "U.
2

certification staff at the U.S. Atomic Energy The analyses showed that the 123-group library gave

Commission (AEC), the 16-group Hansen-Roach karesults that were 3 to 3.5% lower than results
library (originally developed for the analysis of fast obtained both with the 27-group library and the

systems) and the 123-group library were the only recently developed 44-group library. The analyses

multigroup libraries that were both readily available were all performed with SCALE-4.2 using the

and accepted for criticality safety analyses. At the CSAS25/ KENO-V.a sequence. Independent analyses

request of the certification staff, ORNL processed using the MONK code and data' were performed by

ENDF/B-IV data to provide a few additional light- certification staffin the United Kingdom and indicated

element nuclides to the 123-group library (e.g., similar results to those obtained by the NRC stafTwith

calcium for use in concrete mixtures) and included the the 27- and 44-group libraries. Because the package

library in the data base for the SCALE code system. safety analysis had been performed with the 123-
group data, the NRC staff requested that ORNL

Development of the 27-group library' based on investigate this discrepancy (1) to determine the

ENDF/B IV data was completed by ORNL in the late reason for the discrepancy and (2) to provide guidance

1970s and was also included in the initial release of on the type (s) of systems where the discrepancy could

the SCALE code system. Although seldom used at result in a safety concern. The next three sections

ORNL aller 1980, the 123-group library had become review the work in chronological order, and the last

accepted by industry because ofits solid performance section provides a summary of the findings and

in the analysis of thermal criticality systems" and the recommendations for consideration by the NRC staff
and the user community.
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2 INITIAL SCOPING EFFORTS
!

After being notified of the analytical discrepancies by Table 2.1 CSAS25/ KENO-V.a results with the ,

the NRC staff, the initial assumption by the ORNL 123. group cross-section library for a set oflow-
,

staff was that there was a deficiency in the hydrogen. enriched lattice criticals of varying separation '

scattering cross section that yielded discrepancies in
Unitcalculated k,, values for systems with a large number -

Case se arah.on' cfmean-free paths between fissile units. Thus the ,,

id )staff began a search for measured critical systems that
would enable this assumption to be tested. A set of bawl 484 0.9986 (0.0010) 1.636 !
highly enriched criticals that appeared to have the bawl 484b 0.9830 (0.0013) 6.544 |
requisite separation between units were located, but bawl 484c 1.0003 (0.0014) 1.636
calculational models for the systems were not readily bawl 484d 0.9815 (0.0014) 1.636
available. Therefore a set of readily available, low- p2438x05 0.9981 (0.0014) 8.39
enriched critical arrays with varying unit separation p2438x17 0.9979 (0.0010) 5.05
distances were analyzed using models developed as p2438x28 0.9996 (0.0014) 6.88
part of the validation effort of the 44-group library.' p2615xl4 0.9920 (0.0014) 8.58

';

As the results in Table 2.1 demonstrate, these analyses p2615x31 0.9956(0.0015) 6.72
show no consistent trend with separation distance and p282712a 0.9997(0.0014) 13.72
indicate generally good agreement with the measured p282712b 1.0022(0.0008) 20.78
condition. p2827non 0.9964 (0.0014) 8.31

p2827u2a 0.9990 (0.0013) 14.11
The results obtained by the NRC staff, as well as the p2827u2b 0.9956 (0.0014) 15.32
validation used by the licensee, were reviewe i at p3314a 0.9997 (0.0016) 2.83/3.60,-

ORNL; The criticals used by the licensee appeared p3314b 1.0026 (0.0011) 2.83/4.94
sufficient to validate the presence ofinterstitial p3602b4 0.9968 (0.0015) 8.30 :

,
'

moderator between array units, and the validation p3602n2 1.0026 (0.0013) 11.20
*

.

results had acceptable agreement with measured p3602non 0.9996 (0.0017) 15.84
results. This situation, together with the ORNL results p3602s4 0.9980 (0.0015) 9.83

*

! to investigate the effect of unit separation, indicated p392612a 0.9929 (0.0015) 10.11
that the discrepancy resulted more from the particle p392614a 0.9967 (0.0016) 18.18
interaction physics within the fissile material than p3926n2 0.9930(0.0015) 6.59

,

'

from the radiation transport between units. It was p3926 nob 0.9903 (0.0016) 12.91
determined that a simple system should be used to p3926u2a 0.9974 (0.0013) 9.50

'

; help isolate the cause of the discrepancy and help p3926u4a 0.9943 (0.0015) 19.24

| characterize systems where the discrepancy would "The case identifier is the same as used in Ref. 4.
appear.,

:
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3 IDENTIFICATION OF THE PROBLEM |

The NRC model of the packaging system was used to 238-group library is the parent fine-group library for
define a simple, yet representative, system. An infinite the 44-group data, any bias in the 123-group library is
system of UO F 'H O was selected for study because more accurately defined by comparison with the 238-2 2 2 i

ofits simplicity and the significant amount of group results. Thus the ORNL staficoncludes that |
knowledge availabic on its neutronic behavior (a the discrepancy between the 123-group and 44 group
number of UO F H O critical sptems have been results in the low H/X range is due to the fact that the2 2

analyzed and used in parameter studies"'). The oxygen 44-group library was collapsed from the 238-group
and fluorine are scattering materials that provide little library using a thermal flux representative of a LWR
thermalization and very small capture cross sections. fuel pin. This collapsing flux is not representative of
Thus this system has the essential neutronic elements the UO F H:0 systems with low H/X values and can2

2of a flooded fissile uranium package without the lead to inaccurate treatment of the "U resonances.
ectra, low-enriched systemscomplexity of an actual package. The approach was to

Thus for these hard-spsU resonances dominate, the 44-2analyze the system using both the 123-group library where the effects of
and the new ENDF/B-V libraries for a range of group library appears to have a bias that increases
hydrogen-to-fissile material ratios (H/X) and for "U with decreasing H/X.
enrichment values of 99.99 wt % and 5.0 ut %. The
variation in H/X values provided a change in the A summary of the 44- and 123 group results provided
system spectrum from thermal (H/X > 200) to fast in Tables 3.1 and 3.2 are shown in Figure 3.1, where
(H/X < 10), whereas the enrichment variation was the k values are plotted as a function of the average
needed to assess whether the discrepancy even energy causing fission (AEF). Figure 3.1 shows that
occurred for low-enriched systems. The k_ values for the highly enriched systems the AEF obtained in
calculated for the UO F ~H O systems using the the 123-group calculations is slightly higher than that2 2

CSASl/XSDRNPM sequence of SCALE are provided obtained with the 44-group library, whereas for the
in Tables 3.1 and 3.2. Iow-enriched systems, the AEF is the same or slightly

lower than that obtained with the 44-group library.
The results for the highly enriched cases in Table 3.1 The conclusions drawn from Figure 3.1 and the data of
indicate that for well-themialized systems (H/X > 200) Tables 3.1 and 3.2 are that the discrepancy of concem
the SCALE 123 group library yields k_ values that are with the 123-group library (1)is significant for highly
approximately 0.5% lower than values obtained with enriched systems with H/X < 100, and (2) appears to
both the ENDF/B-V libraries. However, as H/X result from a problem with the "U cross-section data2

decreases and the spectrum hardens, the difference in because the discrepancy is only apparent for highly
k. results between the 123-group library and the enriched systems. '[
ENDF/B-V libraries increases. A discrepancy between
5.5 and 6% is observed for H/X values in the range of To help confirm the proposed cause for the
5 to 10. The highly enriched uranium package modeled discrepancy in k_ , the "U fission cross sections in
by the NRC had an H/X value of 21. At this H/X cach ENDF/B-V library were compared with the 123
value the results of Table 3.1 show a 4% discrepancy, group library, as shown in the plots of Figures 3.2 and
which is of the same magnitude seen by the NRC with 3.3. Although the energy group boundaries are not
the actual package system. identical,it is obvious that the 123-group cross

sections are generally higher in the resonance energy
For the hw-enriched system, the results of Table 3.2 range between I and 100 eV. The higher "U2

indicate that the 238- and 123-group results generally absorption that results from these higher cross
agree to within about 0.5% for all but the very lowest sections causes the flux below the resonance range to
H/X values. However, comparison of the 44 and be too low (see Figure 3.4). The low flux reduces the
123-group results seems to indicate a discrepancy number of fissions (see Figure 3.5) and provides an
similar to that observed for the highly enriched system, underprediction of k_ for the cases with H/X < 100.
but with a maximum difTerence of only 2%. Since tae
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Table 3.1 k values for UO,F, II,0 system with 99.99 wt % 23sU

N -N N -N
,%_ 238-group 123 23s123-group 44-group su 44 '%

II/X k. k. k k k
44 23

0 2.0443 2.0756 -1.51 2.0852 -1.98

5 1.7046 1.8080 -5.72 1.8038 -5.50

10 1.7035 1.8086 -5.81 1.8034 -5.54

20 1.7672 1.8436 -4.14 1.8399 -3.95 ;

50 1.8608 1.3931 -1.81 1.8939 -1.75 ;
'

100 1.8815 1.8987 -0.91 1.8984 -0.89

200 1.8341 1.8441 -0.54 1.8441 -0.54

300 1.7676 1.7758 -0.46 1.7759 -0.46

500 1.6362 1.6432 -0.43 1.6435 -0.44

700 1.5188 1.5256 -0.45 1.5259 -0.47
_

*

235Table 3.2 k values for UO,F, II,0 system with 5.0 wt % U

N - b38N - k" , % 238-group 123123-group 44 group 123 ,% |
II/X. k k k k k,gai

5 0.9074 0.9133 -0.65 0.8964 1.22

10 0.9734 0.9916 -1.84 0.9736 -0.02

20 1.0843 1.1070 -2.05 1.0909 -0.61

50 1.2722 1.2885 -1.27 1.2792 -0.55

100 1.3921 1.4026 -0.75 1.3979 -0.41

200 1.4499 1.4575 -0.52 1.4557 -0.40

300 1.4435 1.4504 -0.48 1.4497 -0.43

500 1.3847 1.3913 -0.47 1.3914 -0.48

700 1.3128 1.3192 -0.49 1.3196 -0.52

1000 1.2084 1.2146 -0.51 1.2152 -0.56

1500 1.0600 1.0659 -0.55 1.0666 -0.62
2000 0.9415 0.9471 -0.59 0.9477 -0.59

;NUREG/CR-6328 4
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The reason for the high cross sections in the resonance The last columns of Tables 3.1 and 3.2 also indicate
region can be traced back to a lack of resonance that results with the 123-group library increase I
parameters for "U in the 123-group library. The "U relative to results with the 233-group library for2

data were preshielded for LWR applications or systems with very low H/X. This trend explains why
correspond to nearly infinite dilution (i.e., II/X = =). the 123 group library has performed reasonably well
Thus the sam: 2"U cross sections are used for all in calculating fast criticals and thennal criticals even
cases. This methodology is incorrre in general, but is though a significant bias appears to exist between
especially bad for the highly enriched cases with low these extremes. The cause for this discrepancy at very
H/X values. Figure 3.6 shows a modification of low H/X values appears to be differences in the "U2

,

Figure 3.1 with additional data provided for the highly cross-section data at high energies. The high energy
2enriched cases using the 44-group library with nU of these very low H/X systems is far beyond the

processed at H/X = 0 and H/X = . Note that using a current area of concern, and a detailed investigation of
fixed value of H/X = = for "U resonance processing the differences in data was not performed. How:ver,2

in the 44 group library causes the 44 and 123-group the excellent agreement shown in Table 3.3 with the

| results to be in much better agreement for the low H/X modified 123 group "U data confirms that the cause2

2cases. of the discrepancy in k is due to differences in "U |
'

data. I

A final confirmation of the cause of the discrepancy
was obtained by generating a new set of "U cross-
section data for the 123-group library. The data were

| generated from ENDF/B-V data into the 123-group

| energy structure using the AMPX 77 code system.
1

The k., values shown in Tab!c 3.3 indicate that the '

revised 123-group library provides excellent
agreement with the 238-group library for all the highly
enriched UO F H O systems.2 2 2

Table 3.3 k values for UO F II 02 3

highly enriched uranium system
using revised 123-group library

Revised
123-group 238-group

II/X k_ _ k_

0 2.0852 2.0852
5 1.7969 1.8038

10 1.8022 1.8034
20 1.8415 1.8399
50 1.8963 1.8939

100 1.9006 1.8984
200 1.8458 1.8441
300 1.7771 1.7759
500 1.6439 1.6435
700 1.5258 1.5259
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4 APPLICATION TO REAL SYSTEMS

The revised 123-group library was used to analyze the study are included in Figure 7 and are designated as

NRC model of the packaging system where the "J. T. Thomas metal cylinder arrays." Note that these -

discrepancy was originally observed. The x,, results criticals have an AEF that is several orders of

obtained with the revised 123-group library, the magnitude higher than that obtained with the NRC

standard 123-group library, the 27 group library, and model of the packaging system under study. Also, one

the 238-group library are shown in Table 4.1. All the can observe that there is a broad range of AEF not

analyses were performed with the CSAS25/ KENO-V covered by these criticals or any other criticals that are

sequence of SCALE. Table 4.1 also shows the k,, readily known to the ORNL staff. Adding to.this lack

values obtained using the Po scattering approximation. of data is the apparent trend for k,,(1) to decrease

Note that although the calculated k,, values change with increasing AEF based on the thermal system

significantly from P to Po, the discrepancy between data and (2) to decrease with decreasing AEF based
3

the libraries does not change which reinforces the on the fast system data. This bias trend is also seen in

conclusion that hydrogen scattering does not play a the plot of the bias between the 123-group and 44-

significant role in the discrepancy under investigation. group libraries for the UO F H O system discussed2 2
above. This anomalous trend is caused by the fact that

As indicated early in this report, ORNL had shown in the "U data for the standard 123-group library is2

the late 1970s that the 123-group library agreed well preshicided to a fixed value. This fixed resonance self-
with measured low-enriched uranium criticals. Figure shicided value is adequate for thermal syctems and has

7 in ref.12 shows the results of CS AS25/ KENO-V little or no consequence for fast systems; however,in

calculations performed on a set of highly enriched the intermediate range an accurate self-shielded value

criticals. Four of the criticals used by the licensee for is important, and the preshielded value is inadequate.

analysis validation of the packaging system under

Table 4.1 Values of k,,r for the NRC model of the highly enriched package array

Model identifier

Library ann 6ao ann 7ao

27-eroup

P, scatter 1.1303 (0.0036) 1.1291 (0.0038)
P scatter 0.9628 (0.0036) 0.9550 (0.0039)3

123-eroup

P, scatter 1.0878 (0.0036) 1.0817 (0.0036)
P scatter 0.9316 (0.0039) 0.9194 (0.0035) |3

|
Revised 123-eroup i

P. scatter 1.1180 (0.004I) 1.1245 (0.0040) )
P scatter 0.9558 (0.0037) 0.9485 (0.0035) |

3

238-eroup

P sentier 0.9631 (0.0035) 0.9539 (0.0036)3

NUREG/CR-6328 12
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5 CONCLUSIONS AND RECOMMENDATIONS

The SCALE 123-group library does not contain enrichment UO F H O cases of Table 3.2. Any 123-2 2 2
resonance data for "U. A fixed resonance self- group calculation of a highly enriched uranium system

2

shielding value, corresponding apparently to an could have a significant nonconservative bias if the
infmite dilute system, is provided by the original 2"U o value is in the range of approximately 15 top

GAM-THERMOS data. This situation can cause 2000.
unacceptable, nonconservative discrepancies between
k , values calculated with the 123-group library and Unfortunately, there is no means to validate any
libraries that provide for a more rigorous treatment of library for systems where the intermediate-enerEy

|
the resonance region. Based on this study, the range is significant because there is an almost |
nonconservative bias is insignificant in low-enriched nonexistent data base of pertinent measured criticals.
systems but can be as large as 5.5% for highly For real systems in this region the practitioner is left
enriched systems with intermediate AEF values with little choice but to rely on corroborative agree-
between thermal and fast. ment between independent analyses with various

cross section libraries and data processing schemes,
In general situations where the AEF has not been together with development of trends with AEF indi-
calculated,it is recommended that the o value for "U cated by available criticals in order h develop an2

p
be examined to determine if the calculation might have appropriate calculational bias. Work to develop guide-
been influenced by the "U cross-section deficiency in lines for defining the range beyond which validation2

the 123-group library. The o value for nuclijej may trends should not be extended has been proposed. Thep

be estimated by DOE also has intermediate-energy criticals listed as a

/ high priority for future experimental programs.
o; = { N; o,; + 1'0 - C /Np _ j Acquisitnn ofintermediate-energy critical data from

I
'4 the countrics of the former Soviet Union is also a

possibility.

where In summary, the ORNL staff recommends that the
123-group library not be used for analysis of highly

o,i = effective scatter cross section of admixed enriched systems because of the deficiency of the "U2

nuclidei data. In fact, any calculations performed with the 123
N; = number density of admixed nuclidei group librmy should be considered biased until

demonstrated otherwise. Careful consideration should
"_4 = represents the effects of external be given to the range of validation and applicability of

8 moderators the validation to the systems at hand. Libraries such
where as the recently developed 44-group and 238-group
C = Dancoff factor and libraries enable rigorous treatment of the well-tested

ENDF/B-V data and should be better libraries.

a mean chord length for the fuellump
(validation by the user is still required) for use with

i
[= (4* volume oflump)/(surface area of

highly enriched systems. Similarly, the SCALE 27
lump)]

group library has been demonstrated to perform well
for highly enriched systems. For systems with an AEF

Although the H/X value is a good initial indicator of
outside tiie range of available critical data, indepen-

the thermalization of a system, the o, value is better dent analyses with other codes and data should be
for general characterization purposes because it allows

investigated and trends in k,y as a function of AEF
consideration of the effects of nonhydrogen

should be carefully studied.
moderators and/or extemal moderators. Table 5.1
gives the correlation of H/X to o for the highp

NUREG/CR 6328 14
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,

Table 5.1 Correlation ofII/X to o, UO F II,0 with 99.99 vc: % 225U2 3
~

II/X g," Bias.i'4
0 15 -1.98
5 124 -5.50

10 233 -5.54
20 452 -3.95
50 1,107 -1.75

100 2,200 -0.89
200 4,385 -0.54
300 6,570 -0.46
500 10,940 -0.44
700 15,310 -0.46

* o, = 4 a (3.7) + II/X * (20 + 3.7/2), assuming o (11) = 20.0,r
o (0) = 3.70,'r (F) = 3.70r

* Bias = (kn3 - k .) / k ,33 33

.

|

gf

a

|
|

I
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